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The electronic and geometrical structures of the ground and excited states of the 3d-metal dioxiges ScO
TiOy, VO, Cr0,, Mn0O,, FeQ, CoG, NIiO,, CuG, and ZnQ along with their singly charged negative ions

have been calculated using the density functional theory with generalized gradient approximation for the
exchange-correlation potential. We have considered oxo, peroxo, and superoxo isomers in both neutral and
anionic series. The ground states of all 3d-metal dioxides and their anions possess oxo forms, except for
copper dioxide, which prefers a superoxo form. All the dioxides have a large number of isomers closely
spaced in total energy. The champion, Fe@ossesses five isomers within an energy range of 0.35 eV. The
energy gap between oxo, peroxo, and superoxo isomers decreases along the seriesAftorZAtR ScQ

has peroxo and superoxo isomers which are close in total energy to its oxo ground state. The electron affinities
are computed for all types of isomers and are compared to available experimental data. On the average, our
theoretical values are within 0.2 eV from the corresponding experimental data. All the ground-state dioxides

and their anions are found to be thermodynamically stable except fop, Zm@ch is unstable toward

dissociation of molecular oxygen.

Introduction

Transition metal oxides constitute one of the most fascinating
classes of inorganic solids, exhibiting a very wide variety of
structures, properties, and phenoméndhile the structure and
properties of bulk 3d-metal oxides are rather well studigd,

not much is known about the structure and properties of the
gas-phase 3d transition metal oxide particles. The latter are

widely used in homogeneous catalysid in particular for
oxidation of halocarbons®
Experimentally&7 the ground states and spectroscopic con-

stants of the 3d-metal monoxides from ScO to ZnO have been
obtained in the gas phase. Experimental investigations of 3d-
metal dioxides, however, have mainly been performed under

conditions of matrix isolation using electron-spin resonance
(ESRP~15 and infrared (IR)*20 spectroscopies. The ESR data

have been used to predict a linear symmetric geometry for

MnO,! that contradicts a recent observation of a bent config-
uration of this dioxide?> Another controversial example repre-
sents copper dioxide. While ESR experiméatdattributed it
a bent end-on structure, laser-induced emisgiphotoexcitios?
and photolysi® data are consistent with a linear symmetric
configuration of Cu@. Assignment of a bent end-on structure
of CuG, was based on observations of inequivalent oxygens;
however, Mattar and Oz¥ihave shown that oxygens could be
magnetically nonequivalent even at a symmetric configuration
of this dioxide.

Andrews and co-worket% 30 have produced all the 3d-metal
dioxides (from Sc®@ to ZnQ,), in reactions of laser-ablated
transition metal atoms with oxygen molecules in condensing

various species in unknown charge states that greatly complicate
an unambiguous assignment because neutral, positively, and
negatively charged states of the same species might have similar
isotope-substitution patterns. Thus, vibrational frequencies at-
tributed initially to Sc@?! have been reassigned later to St
Comparison to theoretical vibrational frequencies is also
somewhat complicated. First, vibrational frequencies of mon-
oxides trapped in matrices are shifted with respect to their values
measured in the gas phase by-HD cnt1.21730 Sych shifts

are unknown for dioxides because there are no data on their
gas-phase vibrational frequencies. Second, standard theoretical
calculations provide harmonic vibrational frequencies, and
anharmonic corrections should be taken into account when
theoretical frequencies are to be compared with experimental
values.

Since various experimental studies have been performed using
different methods for producing 3d-metal dioxides followed by
their trapping into inert gas matrices, considerable variations
in the values of measured vibrational fundamentals have been
observed. For example, thre fundamental (symmetric stretch)
of CrO, was found to be 93%; 9608 91424 and 895+ 20
cm~1,38 respectively. Similarly, thes fundamental (asymmetric
stretch) was found to be 978,97137 96438 97018 and 965
cm~1.24 Thus, the frequencies measured under different experi-
mental conditions differ by as much as 50 ©mEven larger
differences are observed between results of calculations by using
different post-HF and DFT methotswith basis sets of
approximately equal quality. For example, Chertihin et &lave
computed the above vibrational frequencies of £ube 1025

inert gases. They have measured the IR Spectra of isotope_and 1071 le, while we have obtained smaller values of 968
substituted species and assigned vibrational frequencies base@nd 998 cm?, respectively.

on the analysis of isotope-multiplet splittings and the results of
theoretical calculations performed by different post-Hartree
Fock (HF) and density-functional theory (DFT) methods.

During the past five years, all the 3d-metal dioxide anions,
except for Zn@-, have been probé®3%46 by laser photoelec-
tron spectroscopy. This experimental technique provides rather

However, their matrices have contained a large number of accurate values of binding energies of the extra electron attached
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OMO or MO, M(O,) MOO energy structures. Tables presented in this work contain results
of calculations of the lowest energy isomers and figures show
CfO\O 0—% total energy shifts of excited states stable toward dissociation
with respect to the corresponding ground states of neutral 3d-
metal dioxides. The present calculations should be considered

hi h valent ‘:"0"0 3“”3""‘“’ as a first approximation to the correct solution, and higher levels
_ g side-on  en on of theory and more sophisticated basis sets need to be employed
Figure 1. Structure of three types of dioxide isomers. to unquestionably assign the lowest energy states in these
systems.

in the anions. Besides, photoelectron spectra contain information
concerning electronically and vibrationally excited states. Thus,
additional data (such as vibrational frequencies) on the structure
of an anion and its neutral parent can be obtained from In our previous study of the structure of 3d-metal monoxides
photoelectron specttd Some previous estimates of electron and their anions, the exchange-correlation potential was con-
affinities of 3d-metal dioxides have been obtained from mass structed using three different generalized gradient approxima-
spectrometry experiments, e.g., for ¥ However, the latter tions: (1) Becke’s exchangeand PerdewWangs' correlatioff
technique provides usually much larger uncertainty bars than functionals (BPW91), (2) Becke’s exchafgand Lee-Yang—
the laser electron spectroscopy does. Parr correlatioff functionals (BLYP), and a hybrid HFDFT
The properties of neutral 3d-metal monoxides have been approach?~>7 (B3LYP). It was found that the largest deviations
computed by using several post-HF methétscluding the from experimental values for the bond lengths are as follows:
infinite-order coupled-cluster method with all singles and BPW91, +0.018 A (at MnO); BLYP,+0.023 A (at NiO);
doubles and noniterative inclusion of triple excitations [CCSD- B3LYP, 4+0.043 A (at CuQ); and CCSD(T%0.047 A (at CuO).
(T)].%° The anions of the 3d-metal monoxides were computed Harmonic vibrational frequencies show the following largest
recently! by DFT methods and by a hybrid HartreEock deviations from the experimental values: BPW958 cnt?
density-functional-theory method (HFDP¥)%5 with the so- (at MnO); BLYP,—62 cnt? (at ZnO); B3LYP,—145 cnt! (at
called B3LYP exchange-correlation potenfiéf’ No similar NiO); CCSD[T], —68 cnt?! (at CuO). Overall, the BPW91
systematic calculations have been reported on the 3d-metalmethod appears to provide the most consistent results; thus, we
dioxides or their anions. Although all of the neutral dioxides have chosen this method for performing calculations for 3d-
have been computél305875 at different levels of theory = metal dioxides as well.
including HF, post-HF, and B3LYP methods, only a few papers  The calculations are performed using the molecular orbital

Computational Details

of Andrews and co-workets2° and some othe?%%°71have theory where linear combinations of atomic orbitals (MO-
addressed the structure of isomers with different types of oxygen LCAO) centered at various atomic sites constitute molecular
bonding. orbitals. For the atomic orbitals we have used the standard

Theoretical studies on the structure of the 3d-metal dioxide 6-311H-G* basis (Sc to Zn, [10s7p4d1f ]; O, [5s4p1d]) due to
anions are rather scarce. Some of these studies have beelvachter8® and Hay’ as implemented in the Gaussian 94
performed by using DFT methods, namely, $c@21TiO,~,58 software®® Extensive geometry optimizations were performed
MnO,",*? and Fe@ .76 The ScQ~ anion was computed also  starting with various guess geometrical and electronic configura-
by the CCSD[T] and CASPT2 metho#sand the Fe@ anion tions for each spin multiplicity for both neutral and anionic
was computed at the MBPTevel”” The latter level failed dioxides of the oxo, peroxo, and superoxo forms. We have raised
to produce any state of the FgOanion stable toward auto-  the spin multiplicity values until the states optimized are stable
detachment of the extra electron. toward dissociation. In each case, the geometry optimization

The aim of the present study is to calculate the structure andwas carried out by examining the gradient forces at atomic sites
properties of 3d-metal dioxides and their anions systematically and moving the atoms along the path of steepest descent until
at the same level of theory which proved to be rather reliable the maximum force fell below & 10~ We feel quite confident
in our previous calculatior®®:51.76.7881 on the electronic and  that we are able to arrive at the lowest energy configurations
geometrical structures of 3d-metal compounds. Since oxygenwithin each particular isomer type.
can be bound to a transition metal in several ways, namely,
dissociatively (typical @O distances are around 2:3.8 A)
or associatively in either a peroxo (typicaH® distances are
around 1.4-1.55 A) or a superoxo (typical ©0 distances are We discuss the geometrical parameters (bond lengths and
around 1.3 A) form, we have considered all three types (see bond angles), harmonic vibrational frequencies, dipole moments,
Figure 1) of isomers in both neutral and anionic series. Note and spin multiplicities of the lowest energy configurations of
that several different names are used in the literature: oxo formseach of the three isomeric forms: oxo (OMO), peroxo [M)O
are also called inserted, high-valent,sdkcomplexes; peroxo  and superoxo (MOO). First we present the results for the ground
forms are named as side-on, cyclic;8rcomplexes; superoxo  states of neutral 3d-metal dioxides. This is followed by similar
forms are called end-on oy!-complexes? Since the ground results on the higher energy isomers. The spin multiplicity,
state of Cu@ has a superoxo form, it is interesting to track the electron affinity, and thermodynamic stability are discussed later.
evolution of oxo, peroxo, and superoxo isomers along both the The results are compared with other available theories and
neutral and anionic series. In addition, we compute adiabatic experiments.
electron affinities of the neutral 3d-metal dioxides, we compute  Ground States of Neutral 3d-Metal Dioxides.In Table 1,
the vertical binding energies of an extra electron in the we present the results for the ground states of the 3d-metal
corresponding anions, and finally we evaluate the thermo- dioxides, which have the oxo form except for copper-dioxide.
dynamic stability of the 3d-metal dioxides. The latter assumes a superoxo form. Table 2 provides the

We have computed a number of isomers inside each oxo, electronic configurations and energy shifts of low-lying states
peroxo, and superoxo series when searching for the lowestof the oxo isomers. We begin with the results on &cthis

Results and Discussion
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TABLE 1: Equilibrium Bond Lengths ( Re, in A), Bond Angles (J(OMO), in deg), Harmonic Vibrational Frequencies (o, in
cm1), and Dipole Moments (DM, in D) of the Ground-State 3d-Metal Dioxide3

ScQ TiO2 VO, Cro, MnO;
T™W ref 21 ™ ref 58 T™W ref 23 T™W ref 24 T™W ref 25
ZB2 ZB2 lA1 1A1 2A1 ZB1 381 381 4B1 4B1

Re 1.774 1.782 1.651 1.641 1.613 1.612 1.602 1.586 1.597 1.581
J(OMO) 129.2 125.9 110.5 111.9 110.3 121 122.4 125 128.8 131
w(a) 129 115 340 341 325 311 250 276 261 267
w(by) 549 545 945 986 977 1010 998 1071 1012 1070
expts) 935 936 965 948
w(ay) 741 742 984 1032 996 1023 968 1025 918 947
expt(s) 740 (80Y 962 946 914 816
DM 5.29 6.62 5.40 4.41 2.40

FeQ CoO, NiO; CuG, Zn0,

T™W ref 66 T™W ref 27 T™W ref 28 T™W ref 73 T™W ref 30
3Bl 3Bl 2A1 2Age 123— e 123— 2AH f 2AH 326 e 325 e

Re 1.587 1.582 1.578 1.608 1.613 1.896 1.910 1.749 1.742
0J(OMO) 137.9 141.5 154.5 180 180 180 119.3 106 180 180
w(a) 198 194 116 138 71 48 237 220 166 122
w(by) 1019 958 1042 896 1038 1027 431 535 755 821
expt(s) 946 954 955 548, 530 (30) 748
w(a) 910 891 895 611 819 805 1184 1161 587 634
expt(y) 797 772 750 (30) 1089
DM 2.02 1.11 3.12 7.26 0.0

aUnless otherwise stated, the experimental data are from papers of Andrews and co-#Wotk&rsV” stands for “this work”. The ground

states of all these dioxides have the oxo form with the only exception ob,Gui@ich possesses a superoxo form. Theoretical methods applied are

as follows. Sc@ BP862! TiO,, B3LYP:%8 VO,, B3LYP;*® CrQ,, B3LYP? MnO,, B3LYP?® Fe(Q, B3LYP;f CoQ,, CASSCF NiO,, LSDA-
WVN;28 CuQ,, MRCISD;® Zn0;,, B3LYP 3 b Experimental valu¥ is 220+ 20. © See ref 99 See ref 47¢ The frequency designations anér,),
w(og), and w(oy), respectively! The superoxo typeR(Cu—0) = 1.896 A, R(O—0) = 1.289 A, (CuO0) = 119.3. All frequencies have'a

symmetry.

TABLE 2: Ground and Closely Spaced States of Neutral and Negatively Charged Dioxides from Sedo NiO,, Having Oxo
Forms, along with Their Electronic Configurations?

neutral anion
state configuration state configuration
ScO ’B(0.0) 9&13b76b; ScQ- 'Ay(—2.04) 9&183b;615
Bx(—1.11) 1081223626k,
TiO, 'A1(0.0) 9818315615 TiOy™ A(—1.48) 1081223b%6h2
VO, ?A1(0.0) 10818303615 VO~ 'A(—1.27) 10&1&3136k5
*Ay(—1.64) 11810418366k
Cro, %B1(0.0) 10a1&4bi6k5 Cro, ’By(—1.53) 10&184b;6k5
By(—2.22) 118104184b;6b5
MnO, “B1(0.00) 118104 184b6h, MnO,~ *A1(—1.70) 118104184b6h5
°Bx(—2.01) 118108284b;615
?B1(0.46) 10&1854b;6h5 Ay(—1.31) 10&1854b26k5
*By(—1.85) 118184b;6k3
FeQ %B4(0.00) 118 1a4b;6k5 FeQ ?By(—2.15) 11£184b16b2
“By(—2.27) 114284b6k2
3A4(0.03) 118108124617 “Ay(—2.21) 1181406k
*Ao(—2.22) 1141042840261
58,(0.05) 11410d284bl612 °Ay(—1.92) 11410a2g4b]7b;
Co0, *A1(0.00) 11818466k, Co0,™ 50 (~2.77) W350%3miLTdloy
*Az(—2.52) 1182a4b%6h5
*Ax(0.27) 1181082a4k6k3 *A(—1.37) 1181082a4b%603
°A1(0.74) 1181082847k, °A1(—2.46) 1182a4b;7b;
NiO, 15,(0.00) 703505313153 NiO2~ 2A5(—3.25) 1182462602
*A2(0.07) 11828407613 4%, (~3.10) 7035083275105
°A1(0.33) 11a284b;7; °A1(-0.35) 1231142854b; 71,

@ Relative energy shifts (in eV) of isomers with respect to the corresponding ground states [denoted as (0.0)] are given in parentheses.

has been studied previouslyby a DFT method using a
combination of Becke’s exchanfeand Perdew’s correlatigh

functionals (called BP86). The BP86 level provides ground state
symmetry, geometrical parameters, and vibrational frequencies
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TABLE 3: Equilibrium Bond Lengths ( Re, in A), Bond Angles (J(OMO), in deg), and Harmonic Vibrational Frequencies (@, in

cm1) of the Ground-State 3d-Metal Dioxide Anion$

ScO TiO2~ VO, CrO,~ MnO,~ FeG~ CoO NiO;~ Cuo Zn0,~
1A1 ZAl 3Al 4B1 SB2 4B2 12-9!— b 2A2 3Z§_l b ZHgb
Re 1.812 1.683 1.658 1.651 1.663 1.642 1.617 1.654 1.709 1.760
J(OMO) 126.0 1115 120.8 134.9 126.3 129.8 180.0 170.4 180.0 180.0
w(a) 187 319 292 235 240 173 19 50 183 170
w(by) 69Z 879 904 918 873 890 991 922 652 599
w(a) 766 915 904 862 827 834 828 755 813 712

aThe B3LYP results (for the same states as given in the table): ref 19 SeQa) = 188, 783,w(b,) = 728; ref 58, TiQ: R. = 1.674,
O(OMO) = 113.4,w(a1) = 319, 956,w(by) = 916; ref 23, VQ: R. = 1.655,0(OMO) = 124.0,w(a) = 284, 923,w(b,) = 921; ref 29, Cu@:
Re = 1.703,0(0OMO) = 180.0,w(w) = 189, w(0g) = 673,w(0,) = 841; ref 30, Zn@: R. = 1.742,00(OMO) = 180.0,w(n,) = 122, w(og) =
634,w(0y) = 821.P The frequency designations avr,), w(og), andw(oy), respectively ¢ Experimental; fundamental is 722.5. ¢ Experimental
vz fundamental is 878 ¢ Experimental fundamentals are 862.9 and 861.1Experimental value is 88%.

similar to ours. This is not surprising since the BPW91 100 cnt? (for thev; fundamental). Our value of 918 crhhas
exchange-correlation functional used here is not very different to be compared to the IR value of 816 th?® or 800+ 40

from the BP86 functional. Our value of 741 cin(see Table
1) for the symmetric stretch mode;(fundamental) fits the
center of the experimental estimate of Z4®@0 cnT! deducedf
from photoelectron spectra of SgO The band at 722.5 cm,

cm~1 obtained from photoelectron spectfa.

There was a controversy with respect to the ground state of
Fe(,.26:66.76 B3LYP calculations have favored #B, state,
placing it below &B; state by 0.1 eV, while BP86 calculations

attributed initially to Sc@?! was reassigned in a subsequent predict the opposite order with nearly the same energy split-

papet® as due to Sce.
Schaefer et. @8 have found the ground state of Ti@ be

ting.88 RCCSD[T] calculation® have placed théB; state below
the ®B, one by 0.04 eV in perfect agreement with our BPW91

1A, at both B3LYP and BP86 levels of theory. Their results on results’6 Even within such a small energy interval, there is one
vibrational frequencies show considerable improvement over more intermediate statéd;,which is higher in total energy than

those obtained in previous HF calculatiGA®ecause Schaefer

the ground®B; state by 0.03 eV only (see Table 2). Andrews et

et al.’s BP86 results are nearly the same as ours, we present iral.26 have attributed IR bands at 945.8 and 797.1 i the

Table 1 their BSLYP values. Ramana and Phifffh&ave
obtained a similar geometry for the groulf; state of TiQ at

3B, state of Fe@ These values are to be compared to our values
of 1019 and 910 cm, respectively. Corresponding vibrational

the configuration interaction (CI) level, but they did not provide frequencies for other closely spaced states offa@€PfA;, 1002

vibrational frequencies. Experimental vibrational frequenates (

= 935 cnt! andv; = 962 cntl) obtained by Andrews et &f.

and 899 cm?; and®B,, 932 and 895 cmt. Clearly, thev;
fundamental disagrees with the harmonic values of the stretching

are in good agreement with our BPW91 frequencies of 945 and a; mode for all low-lying neutrafBy, 3A;, and®B; states by

984 cn1?, respectively (see Table 1). The valuevgfobtained
from photoelectron spectrais 940+ 40 cntl. The B3LYP

about 100 cm!. As seen from Table 2, the FgOanion has
four states within 0.12 eV energy range. The corresponding

frequencie¥ are somewhat larger and are in less satisfactory vibrational frequencies are as follow#A;, 971 and 853 crtt,

agreement with the experiment.

The first theoretical study of VO, performed by the
CASSCF method had predicted its ground state to?’Ae
Subsequent B3LYP calculaticiishave favored &B; state as

2By, 972 and 843 crmt, “A,, 883 and 811 cmt, “B; (the ground
state, see Table 3), 890 and 834 ¢émClearly, experimental
data are in better agreement with vibrational frequency sets of
2A; and ?B; states of the Fe© anion. This example shows

its ground state. The results of our BPW91 calculations are how difficult it is to interpret experimental findings if potentially
similar to those obtained using CASSCF: the ground state is many states closely spaced in total energy could have been
274, and our calculated bond length of 1.61 A and bond angle trapped in matrices. Yet, we did not account for a possible

of 110.3 agree very well with the CASSCF residlbf 1.65 A
and 110.5, respectively. Warfg has deduced 97& 40 cnt?
for the symmetric stretch mode of \éQwhich is to be compared

to our value of 996 cmt. Our vibrational frequencies (see Table

presence of the Fef cation, which possesses a number of
closely spaced states as wéll.

The ground state of CoQwvas found to béA; at the BP86
level; however, the results obtained at either the B3LYP or

1) are in reasonable agreement with the IR experimental CASSCF level disagree with this assignm&ithe CASSCF

fundamentaf® as well.
The ground state of Cr{s 3B; according to our BPW91/
6-311+G* and Andrews et ad* B3LYP/6-311G* calculations.

method favors a linear symmetric geometry &ngstate. With
some stipulations and bearing in mind that the ground state of
the CoQ™ anion should b&}*, the ground state of Cothas

While geometrical parameters obtained at both levels are similartentatively been assign€dto be 2%§. This assignment is in
(see Table 1), the BPW91 vibrational frequencies are appreciablyagreement with an ESR prediction of a linear symmetric shape
lower than the B3LYP ones and are in better agreement with for CoQ,'> and unpublished data of Wang (ref 36 in ref 15),

both experimental fundament&®btained from the IR spectra
and those estimated from photoelectron spectra of,CHy
Wenthold et aP® The experimental fundamentals = 895 +
20 cnt! andv, = 220+ 20 cnt! have to be compared to our
values of 968 and 250 cm and the B3LYP values of 1025
and 276 cm?, respectively.

Both BPW91 and B3LYP calculations predii; to be the
ground state of Mn@ Again, the B3LYP vibrational frequencies

which were interpreted as pertaining to a linear Gol0e to a
specific shape of the photoelectron spectra of €o@ith a
strong resolved progression of. However, one could notice
that FeQ, isoelectronic to Cog possesses a bent configura-
tion. In addition, the Co@ anion appears to be floppy because
its bendingzy, mode was computed to be only 19 thisee
Table 3). Starting with an angular configuration of the neutral
ground state presented in Table 1, our optimization stopped at

are somewhat larger than the BPW91 ones. The latter area bent configuration ofA; symmetry with the bond angle of
overestimated with respect to experimental data by as much asL70, which is above the lineaZj" configuration by 0.002 eV
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only. That is, the Co@" anion is floppy and predictions of its  are within several cmt of ours, and the MRCISD frequenciés
ground-state configuration are governed by the accuracy of are in somewhat better agreement with the experimental values.
calculations (e.g., threshold values chosen for maximum gradient  The ground state of ZnOwas predicted to b&3~ at the
forces). One could also anticipate that if the closed-shell state B3LYP level. Note that the isoelectronic CpOanion has the

of the anion with the highest doubly occupiedy/molecular same ground state (see Table 3). As one can see below, ZnO
orbital is floppy, then the neutral Ce@vould probably be bent  is metastable and its decay with the evolution of molecular
after removal of an electron from this MO instead of having oxygen is exothermic (by 0.6 eV). The experimental #R
formed a linea=3" state. Indeed, all three approaches, BP86, fundamental of 748 cm is in good agreement with our value
BPWO1, and B3LYP, predict th&3" state to be unstable of 755 cn?! (see Table 1).

toward bending because of its imaginary frequency. Our In the series of 3d-metal monoxides [SEDX), TiO(A),

computations favoréA; to be the ground state of CeOsee VO(*X7), CrOCII), MnOEXt), FeOPfA), CoO(A), NiO(Z™),

Table 1. CUuOPIT), and ZnOI=")], the spin multiplicity increases gradu-
The ground state of Niwas assumed to have a perd*a ally from ScO to MnO and then decreases when moving toward

ground state and was computed at different post-HF levels ZNO. That is, the monoxides have the same ground-state spin
including the CCSD[TF® The belief that a peroxo isomer Ni-  Multiplicities as the corresponding transition metal atoms, except
(Oy) is the ground state of nickel dioxide was based on an early for Cr whose ground-state spin multiplicity is 7 and corresponds
paper of Blomberg et &P and an experimental IR stufywhich to a 3d4s! electronic configuration. In other words, Cr behaves
dealt with peroxo isotope-substituted isomers of nickel dioxide. régularly” when forming the monoxideas if it possesses a
Calculations performé8with the local-spin-density approxima- 3d'4s” electronic configuration, intermediate between the neigh-
tion and Voske-Wilk —Nusair exchange-correlation poterffal ~ POr V (3¢°4<) and Mn (3d4s)) electronic configurations.
(LSDA-WVN) have provided a lineaEL" ground state for ~ Adding the second oxygen atom to a 3d-metal monoxide
NiO, and placed a peroxtA; state above another peroi®; influences seriously the ground-state spin multiplicities of the
state by 0.1 eV. The latter pero%B; state was fourid to be 3d-metal dioxides formed. While SeQetains the same spin
above the groundL* state by 0.73 eV. Our BPW91 results are Multiplicity as Sc and ScO have, TiOreduces its spin
in agreement with the LSDA-WVN results and tf@; state multiplicity by 2, as do subsequent dioxides up to NiGUQO,
lies by 0.67 eV above th&l" state. Andrews et &8 have retains the same spin multiplicity as Cu and CuO, and finally,
: : . .

assigned the band at 955 chto the v; fundamental of the Zn0;, increases its spin multiplicity with respect to singlet_
>3t state of NiQ, which is to be compared to our value of Zn and ZnO. Such trends are to be related to a substantial
1038 cn1t. As follows from Table 2, A, oxo isomer of NiQ 'WVO!Vemer.‘t of 3d electrons n chemical bondlr)g n 3d-.metgl
is above its ground state by only 0.07 eV (or 564-¢nwhich dioxides Wlth respect to that in 3d-me_ta| monoxides, Whlch,_ in
is less than the values of the ground-stafand, fundamen- turn, results in quenching the magnetic moments at metal sites.
tals). This state has frequencies of 942 and 810'cwhich Ground States of 3d-MetaI. D.|OX|de'An|0ns. Several

are in better agreement with the above experimental value andc@lculations for the 3d-metal dioxide anions have been per-

formed at the B3LYP level, namely, for SgQ?! TiO,,8
the value of 75@t 30 cnT! deduced for the:; fundamental by o3 Z 9 30 = e
Wang" from his photoelectron spectra. V0,7, CuO, ,*? and ZnQ~ 3% The ScQ™ and TiQ~ anions

have been computed also at the BP86 level, and these results
The ground state of CuOappears to present the most e close to our BPWO1 values, as well as those obtained at the
controversial subject among the whole neutral 3d-metal dioxide CCSDIT] level (see refs 19 and 58). CCSDI[T] calculations for
series. Some experimentét®and theoretica? ™ "®investiga-  Tjo,~ and TiQ, have been performed at the geometry optimized
tions have found the lowest state of copper dioxide to possessyt the B3LYP level and provided a value in good agreement

a superoxo form and 8A" state. A symmetric linear?[ly) with the experimental adiabatic electron affinity of BO
configuration has been claimed to be the ground state o,CuO However, attempts to optimize the structure of $c@nd ScQ
in several experimentdi3346and theoreticdf studies. Peroxo  |ed Bauschlicher et 4P to a conclusion: “... it is not possible

doublet statedA, 97*and?B, 34 have also been claimed to be  to definitely determine the geometry of Sgé the CCSD[T]

the ground states of copper dioxide. According to our BPW91 |evel of theory.” We reached at the same conclusion when we
calculations, the ground state of copper dioxidéAs and has  have attempted to optimize the ground state of ;Ti@t the

a superoxo form in agreement with the results of calculations CCSD[T] level of theory.

performed by multireference configuration interactions with In Table 3, we present our results on the equilibrium
singles and doubles (MRCISB)and B3LYP*">methods. We  pond lengths and harmonic vibrational frequencies for the
found the lowest peroxo state to BB,, which is above the  ground states of the 3d-metal dioxide anions. Available B3LYP
superoxo ground state by 0.82 eV ?A; state was confirmed  data are given in a footnote for comparison. The geometries
to have an imaginary asymmetric stretch frequency in agreementobtained by both methods are in good agreement, whereas
with the previous B3LYP result This state has converged to vibrational frequencies are not: the difference exceeds 100
the grouncPA" state upon lifting theC,, symmetry constraint. ~ c¢cm! for ZnO, ™. Available experimental fundamentals of the
An asymmetric linear doublet configuration of CuMas anions are in reasonable agreement with the results of our
converged to a symmetric configuration with nonequivalent computations.

oxygens, as was proposed eaiyin this configuration, one Comparing the ground states of the neutral 3d-metal dioxides
oxygen carries a magnetic moment f1.25 us, Wheregs and their anions in Tables 1 and 3, one can see that the majority
another oxygen has a magnetic moment-@t5 ug which is of the anions prefer to form states whose spin multiplicity is

antiferromagnetically coupled to Cudy = 0.25ug). This state higher by 1 than their neutral parents. Exceptions are;ScO

is above the ground state of CuOO by 0.48 eV. Our frequenciesCoQ,~, and ZnQ—: ScQ~ and CoQ~ prefer to form closed-

of 431 and 1184 cmt obtained for the ground superoxo state shell singlet states, although their triplet states are also stable
of CuOO have to be compared to the experimental IR vétues toward autodetachment of an extra electron. In the whole series,
of 548 and 1089 cmt, respectively. B3LYP frequenci¢s’> only TiO,~ possesses a sole state which is stable toward
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6 - 0 - 0 - 0 - 0 - Figure 3. Energies (in eV) of the neutrad) and anionic ) peroxo
FeOy Co0y Nio;  CuOp Zn02 isomers of 3d-metal dioxides given with respect to the total energies
Figure 2. Energies (in eV) of oxo isomers of neutrdl) @and anionic of the lowest oxo states of each particular neutral dioxide. Numbers

(—) 3d-metal dioxides given with respect to the total energy of the Within the circles denote the spin multiplicity of the corresponding state.
ground state of each particular dioxide. Numbers within the circles ) ] o
denote the spin multiplicity of the corresponding state. Mn(O,), and its spin multiplicity is the same as that of Mn atom

in its ground state.
autodetachment of an extra electron. All other 3d-metal dioxide  No calculations have been reported for the peroxo anions
anions possess at least two stable states. M(O),~, whereas some of them were observed in photodetach-

Figure 2 summarizes the results of our calculations on oxo ment spectrd’ In Figure 3, we plot the energies of the neutral
isomers of 3d-metal dioxides and their ions. It presents the total and negatively charged peroxo isomers for different spin
energies of isomers for different spin multiplicities with respect multiplicities. Note that peroxo anion isomers from Sg(Oto
to the total energies of the neutral ground states. As is seen,Co(0,)~ are metastable with respect to autodetachment to the
MnO,, FeQ, and CoQ and their anions possess the largest neutral ground states while NigD and Cu(Q)~ possess three
number of closely spaced isomers. stable isomers and Zn{D has one stable isomer.

Lowest States of Peroxo IsomersThe lowest energy peroxo Lowest States of Superoxo IsomersThe results of calcula-
isomers of neutral and negatively charged 3d-metal dioxides tions on the lowest energy superoxo isomers are displayed in
are presented in Table 4. Previous B3LYP computatiod$ Table 5. As is seen, the spin multiplicities of superoxo isomers
have been performed for the neutral peroxo isomers only (exceptare the same as those of the peroxo isomers (see Table 4) except
for TiOy), and their lowest energy states are presented in the for NiOO, which prefers a singlet state. The energy gap between
table for comparison. Since the latter computations have beentotal energies of the ground states and corresponding superoxo
aimed at interpreting experimental IR data, the authors haveisomers is decreasing along the 3d-metal dioxide series up to
provided vibrational frequencies but not geometrical parameters CuOO, whose ground state is of the superoxo type. Previous
or spectroscopic states in each case. One can see rather goochlculations have been performed by the B3LYP method for
agreement between the results of the BPW91 and B3LYP CrOO, MnOO, FeOO, and NiOO (see footnote in Table 5). The

calculations in the beginning of the series (Sc®@0O,, CrO,, results of our calculations agree with those obtained using
and Fe®), whereas the B3LYP approach predicts different states B3LYP for CrOO and NiOO. Unlike the peroxo and similar to
to be the lowest in total energy for MROC0G,, CuG, and oxo isomers, the superoxo isomers prefer to form low-spin anion

ZnO,. Our previous computations of Fe@erformed by both states upon attachment of an extra electron. All superoxo isomers
B3LYP and BPW9L1 levels allow us to conclude that the BPW91 can attach an extra electron and form a metastable anion state
method is more reliablé&. of the superoxo type.

As is seen from comparison of entries in Tables 1 and 4, Figure 4 shows the energetic positions of the superoxo
the peroxo isomers have generally higher spin multiplicities isomers of the neutral and negatively charged 3d-metal dioxides
than the corresponding ground-state oxo isomers (except forrelative to the total energies of the corresponding ground-state
copper dioxide, which has a superoxo form). The spin multi- species. The energy gap between the lowest energy superoxo
plicities corresponding to the lowest energy configurations of isomers decreases for both neutrals and anions as one proceeds
peroxo isomers do increase continuously from Sc to Mn and from Ti to Zn. Finally, CuOO is below its linear oxo isomer
then decrease with the only exception of Cg(Owhose and NiOO", CuOO, and ZnOO have isomers stable with
preferred spin multiplicity is 2 while those of FefOand respect to autodetachment of an extra electron. They are stable
Ni(O,) are 5 and 3, respectively. Let us note thdBaisomer toward fragmentation as well.
of Co(Q,) is higher in total energy by only 0.14 eV. The Magnetic Moments.While the charges on atoms in 3d-metal
maximum spin multiplicity in the peroxo series belongs to dioxides are similar to those found for 3d-metal monoxitksd
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TABLE 4: Equilibrium Bond Lengths ( R, in A), Bond Angles (J(OMO), in deg), Harmonic Vibrational Frequencies (o, in
cm1), and Dipole Moments (DM, in D) of the Lowest Peroxo Isomers of 3d-Metal Dioxides and Their Anioris

Sc(Q) Ti(O2) V(Oy) Cr(0) Mn(O;)
T™W ref 21 T™W T™W ref 23 TW ref 24 T™W ref 25
2A1 2A1 3A1 4B]_ M=4 5B2 582 6A1 4Bl
R(M—-0) 1.858 1.870 1.829 1.830 1.817 1.825 1.820 1.829 1.851
R(O—0) 1.491 1.494 1.459 1.420 1.420 1.465 1.456 1.550 1.390
J(OMO) 47.3 47.1 47.0 45.7 46.0 47.3 47.0 50.2 44.0
w(a) 638 634 665 592 629 598 608 387 393
w(b) 578 570 493 416 409 523 575 1265 1020
w(a) 869 882 915 949 942 887 919 772 390
DM 4.19 4.59 4.40 5.92 6.17
AEot 1.57 1.43 4.46 3.85 3.26 2.43 3.00 2.51
Fe(Q) Co(0y) Ni(Oz) Cu(0) Zn(0y)
TW ref 66 T™W ref 27 T™W ref 28 T™W ref 73 T™W ref 30
5A1 5A1 2A2 4A1 381 M=3 ZBZ 2A2 1A1 3A2
R(M—0) 1.828 1.812 1.774 1.864 1.844 1.911 1.849 2.044
R(O—-0) 1.475 1.491 1.377 1.377 1.382 1.447 1.728 1.365
J(OMO) 47.6 48.6 45.7 43.4 44.0 445 55.8 39.0
w(a) 426 510 610 441 473 516 414 401 438 423
w(by) 321 462 1231 320 198 60 161 171 521 170
w(ay) 838 842 1007 903 992 1037 911 1037 682 1150
DM 5.34 3.93 4.15 4.94 6.68
AEot 2.56 1.86 0.67 0.74 0.82 0.61 1.57
Sc(Q)” Ti(O2)~ V(O2)~ Cr(0y)~ Mn(Oz)~
lAl 2Al 3Bld 682 7A1
R(M—-0) 1.894 1.864 1.858 1.895 1.906
R(O-0) 1.493 1.470 1.438 1.474 1.531
J(OMO) 46.4 46.4 45.5 45.8 47.4
w(a) 611 627 579 523 444
w(by) 519 432 212 345 447
w(a) 846 881 907 858 746
peroxo EA 1.03 1.00 0.79 1.29 1.82
expt 1.1
Fe(Q)~ Co(O)~ Ni(O2)~ Cu(O)~ Zn(0y)~
5A; 5A1 By B> 2Ay
R(M—-0) 1.884 1.887 1.914 1.981 1.929
R(O—-0) 1.488 1.463 1.401 1.436 1.624
J(OMO) 46.5 45.6 42.9 42.5 49.8
w(a) 448 452 422 337 454
w(by) 435 339 76 247 377
w(a) 798 840 940 916 680
peroxo EA 1.78 1.64 1.35 1.65 2.73
expt 0.82 1.50

a AEwi(eV) denotes the shift in total energy with respect to the corresponding neutral ground state energy. “Peroxo EA” denotes the difference
in total energy between the given anion and its neutral peroxo parent presented in the top panel. TW refers to “thi<Ewpekimental values
are 504 and 966, respectivéfy.c Experimental value is 985. 9 The lowest energy state with the multiplicity of 3() converged to the ground-

state superox8A' state.
iron oxides Fe®@ (n < 4)6 magnetic moments which in magnetic moments at oxygen sites due to attachment of an
are related to spin multiplicities are more sensitive to the extra electron.
composition and shape of a cluster. Our computed values of In the neutral peroxo series, the magnitudes of the magnetic
magnetic moments for all three types of isomers of neutral moments at oxygen sites correspond to an electron localized at
and negatively charged 3d-metal dioxides are summarized inthe G, group in Fe(@), Ni(O), and Cu(Q) only. In Mn(O,)
Table 6. and V(Q,), the magnetic moment of s about 0.5z, and it
Magnetic moments at oxygen sites in the ground states of couples antiferromagnetically to the magnetic moment of the
the neutral 3d-metal dioxides are nearly zero except for,ScO metal atom in V(Q). Attachment of an extra electron does not
CuQ,, and ZnQ. The unpaired electron in is Sg@elocalized lead to a significant redistribution of the spin densities at oxygen
over oxygen atoms, which means that a 3d electron of Sc is sites.
involved in chemical bonding. The magnetic moment of Cuin ~ Among the superoxo isomers, magnetic moments at oxygens
CuG; is small and coupled antiferromagnetically to magnetic are antiferromagnetically coupled in the beginning of the series,
moments of oxygen atoms. Attachment of an extra electron namely, in ScOO, TiOO, VOO, and CrOQO. The superoxo O
qguenches the magnetic moments in $c@ecause its ground  group carries approximately one unpaired electron in VOO,
state is a singlet. The magnetic moment of Cu increases andCrOO, CoOO, and CuOO. Surprisingly, the magnetic moments
that of Zn decreases in CuOQand ZnOO, respectively. In at oxygens in superoxo isomers of MNnOO and FeOO are small
NiO,~, the magnetic moments of Ni and two oxygens are nearly and dioxygen behaves as an oxygen atom in MnO and FeO,
the same. All the other dioxide anions show negligible changes respectively.
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TABLE 5: Equilibrium Bond Lengths ( R, in A), Bond E (eV)
Angles J(OMO), in deg), Harmonic Vibrational 5 —6 |
Fregquen(Ei(es ©, )in cm*g? and Dipole Moments (DM, in D) 6.0] | : ) :—@— |
of the Lowest Energy Superoxo Isomers of the 3d-Metal L@—® | 3 5 1
Dioxides and Their Anions? 4_0_..@_ - o -~ 5 1 09
ScOO  TiIOO VOO  CroO  MnOO o ' ! —@—':8: : : ! 08~
25t I 45 SA" oA’ 2.0 -0 ; : O
Re 1.761 1.721 1.701 1.813 1.778 O 1 1 | 8
RO-O)  1.321  1.306  1.296 1333 1458 00 v . -
m[(Y[e]®)] 180.0 180.0 180.0 99.9 72.6 1 1
7 @) 509 510 o4 66 a1 - INEUTRAL, GROUND| STATES
o, w(d) 592 582 558 537 583 40 -10 -10 -10 -'o0 -
o, o(@) 1175 1219 1249 1065 800 Sc00 TioO voo CrO0 MnOO
DM 0.0 0.0 0.0 3.26 4.44 6.0
AEot 3.33 5.51 4.79 3.67 2.92 T : : : |
1
ScOO  TiOO~ VOO~ CrOO  MnOO™ 4.0 ! ' ! !
1>+ 2T 35— NG 50" -ﬁ_ | | | 1
L® I I 1
Re 1.772 1.722 1.699 1.797 1.812 2.0 |_&_ 1 —B)—! 1
R(O—-0) 1.357 1.341 1.332 1.351 1.486 2 i _©)— 1 1
O(MOO)  180.0  180.0  180.0 1203 723 ool B o L0
7, w(@) 201 204 192 143 339 ST s R e S i
o, w(d) 568 574 552 508 544 | R O S
0, (@) 1094 1137 1150 1002 721 2.0} ! ! I & S
superoxo EA  1.48 1.26 1.08 0.84 1.17 0 - 0o - 0o - 0o - 0o -
FeOO Co00 NiOO Cu00 Zn00

FEEO CflebO '\1‘;09 CZL'JA?O Z?A(?,O Figure 4. Energies (in eV) of the neutrad) and anionic {) superoxo
isomers of 3d-metal dioxides given with respect to the total energies
Re 1.768 1.792 1.728 1.898 2.057 of the lowest oxo states of each particular neutral dioxide. Numbers
R(O—-0) 1.313 1.440 1.284 1.288 1.288 within the circles denote the spin multiplicity of the corresponding state.
0(MOO) 124.4 70.2 125.3 119.3 124.4

7, (&) 148 189 288 237 199 whereR. and Rs~ denote equilibrium geometries of a neutral
g' zggg ?igz ggg ?%5 ‘131‘2134 3151%6 dioxide (MQ,) and its anion (M@"), respectively. The zero-
DM 2410 497 3903 312 332 point V|_brat|_onal energlesZ][ are c_omputed Wlthln the_ harmonic
AEq 2.97 1.88 1.40 0.0 0.47 approximation. The differences in zero-point enerdi€s,care
about 0.01 eV, they are neglected. The electron affinities (EA)
FeOO" CoOO NiOO™ CuOG  ZnOO estimated for peroxo and superoxo isomers in the same way
A AT e A A A are given in Tables 4 and 5. Both types of these isomers are
Re 1.767 1.745 1.744 1.957 2.432 metastable with respect to the corresponding oxo ground states
R(0-0) 1355 1367 1352 1332 1355 (except for Cu@, which has a superoxo ground-state config-
E'(x(odc))) 336 11377 2 21225'1 118260‘3 4%9‘8 yration). A positive value of the EA pf a peroxo or Superoxo
o, o(d) 470 598 575 350 196 isomer means that a correspo_ndlng isomer is _able to attach an
o, w(d) 1011 954 1001 1056 1094 extra electron and form an anion state which is stable toward
superoxo EA  1.46 1.47 2.15 1.39 2.41 this parent state, although it can be metastable with respect to

a A, (eV) denotes the difference in total energy between a given the anion ground state. Due to barriers for g_eometrlcal trans-
superoxo isomer and the corresponding ground-state neutral dioxide.formations, such peroxo and superoxo anions could have
“Superoxo EA” denotes the difference in total energy between a given appreciable lifetimes.
anion and its neutral superoxo parent presented in the top paftes. There are scarce data on electron affinities of peroxo or
N sta(;e i? r:i%hﬁr byI 0.(1]'1 e\?.Thettriplettstfltle Convergeo_lttr? the ;getroxof superoxo isomers of the 3d-metal dioxides. The values obtained

round state® Near egenerate In total ener: Wi a state o 7 R
?nultiplicity 6 (°T1 or GA).geszf state is higher bSy0.0S evother Py Wandfor Sc(Q;) and Cu(Q), 1.1and 1.5 eV, are in good
agreement with our values of 1.03 and 1.65 eV, respectively.

theoretical results: CrOO(B3LYP, ref 24)A"", +2.90 eV,R. = 1.853, h -
R(O-0) = 1.318, O(MOO) = 104, o' = 128, 526, 1165; The experimental value of 0.82 eV assigned as a pefgxof

MnOO(B3LYP, ref 25: the lowest isomer 14", the next one i§A"; Ni(Oy) is in disagreement with our value of 1.35 eV presented

FeOO(B3LYP, ref 26): a quintet state has converged to a peroxo in Table 4. However, there is another peroxo isorf®es of

isomer; NIOO(B3LYP, ref 28): singlett1.47 eV,R. = 1.721,R(O— Ni(O,), whose presence in the ion beam may not be ruled out,

0) = 1.302,0(MOO) = 12%, o' = 265, 622, 1227. with an electron detachment energy of 0.72 eV. The latter value
is in good agreement with experiment.

Electron Affinities Photoelectron spectra present vertical binding energies of

electrons suddenly detached from an anion. Vertical binding
The adiabatic electron affinityAgd of a neutral molecular  energies can be computed by analogy with eq 1 as the
system is defined as the difference in the ground-state total differences in total energies at the anion equilibrium geometry:
energies of the system and its anion. Within the Bern
Oppenheimer approximation used in the present work, we E, = E4(MO,R, ) — E,«(MO, ,R.") 2
evaluate théAyq as
The difference between afyg and the correspondingy is
= — “RT) — called an adiabatic correction and reflects the change in the
Aag = Eio(MO2R) + 2(MO,) EtOtSMOZ Re) equilibrium geometries of an MGand MQ,~ pair. Because the
Z(MO, ) = AE, + AE (1) differences in the geometries of the 3d-metal dioxide pairs are
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TABLE 6: Magnetic Moments of Atoms [ua, in Bohr Magnetons (ug)] of the Ground-State Neutral and Anionic 3d-Metal
Dioxides, as Well as of Their Lowest Energy Peroxo and Superoxo Stafes

ScQ TiO2 VO, Cro; MnO, FeQ CoQ, NiO, CuQG, n0,
[0)(0] ZBZ lA]_ 2A1 381 4B]_ 3Bl 2A1 123 423 SZng
Um —0.09 0.0 1.19 2.27 3.14 2.08 0.94 0.0 1.02 —0.07
o 0.54 0.0 —0.09 —0.13 —0.07 —0.04 0.03 0.0 0.99 1.04
peroxo 2p, 3A; B, 5B, 6A, Ay 2A; %B; A, A
U 1.06 2.22 3.40 4.10 4.48 3.18 0.72 0.85 —0.02 0.0
o —0.03 —0.11 —0.20 —0.05 0.26 0.41 0.14 0.57 0.51 0.0
superoxo 2zt I1 N SA" A SA! A A 2A" A
Um 1.35 2.67 3.95 5.00 4.67 3.72 2.08 0.0 —0.31 0.0
o, —0.16 —0.29 —0.38 —0.47 0.08 0.13 0.43 0.0 0.57 0.0
oy —0.19 —0.38 —0.57 —0.53 0.25 0.14 0.49 0.0 0.74 0.0
ScO TiOz~ VO,~ CrO,~ MnO;~ FeQ™ Co0,™ NiO2~ CuGo,~ Zn0y~
(0)(¢] 1A, 2A1 3A1 B, 5B, B, 1A, 2A2 3EJ ZHg
Unm 0.0 1.04 2.15 3.35 3.85 2.66 0.0 0.48 0.32 —0.08
o 0.0 —0.02 —0.08 -0.17 0.07 0.17 0.0 0.26 0.84 0.54
peroxo 1A1 2A1 381 682 7A1 6A1 5A1 481 382 2A1
Um 0.0 1.14 2.30 5.10 5.64 4.38 3.24 2.02 1.24 0.88
Uo 0.0 —0.07 —-0.15 —0.05 0.18 0.32 0.28 0.49 0.38 0.06
superoxo Izt 21y 35 A" s A" A" X A" 2
Unm 0.0 1.40 2.76 3.85 3.80 3.14 1.50 0.21 0.80 —0.03
oy 0.0 -0.22 —0.37 -0.41 0.06 0.0 0.25 0.37 0.56 0.53
oy 0.0 —0.18 —0.39 —0.44 0.14 —-0.14 0.25 0.42 0.64 0.50

a0y and O, denote bridge and terminal oxygen atoms, respectively, in the superoxo isomers.

TABLE 7: Adiabatic Electron Affinities ( Aag, in €V) of the Neutral Metal Dioxides and Vertical Binding Energies B, in eV) of
an Extra Electron to Neutral States with Spin Multiplicities of (M — 1) and (M + 1) from the Anion Ground States with the
Spin Multiplicity M2

ScO TiO; VO, Cro, MnO, FeQ CoG, NiO, CuG, n0,
282 1A1 ZA1 351 ABl 3Bl 2A1 lzar 2p" 323
AadTW) 2.05 1.49 1.64 2.22 2.01 2.29 2.78 3.25 3.30 3.26
AadEXpt) 2.32 1.59 2.01 2.41 2.06 2.36 2.97 3.05 3.47
ScO TiOy~ VO, CrOy~ MnO,~ FeG~ CoO NiO2~ Cuo Zn0y-
lA1 2A1 3A1 4B1 582 482 12; 2A2 3ZJ 2Hg
B(M—1) 2.09 1.52 1.90 2.35 2.18 2.43 3.33 4.09 4.54
B«(M+1) 3.74 4.70 4.26 3.95 2.45 2.84 3.40 3.09 3.27

a ExperimentalA,d's are from refs 21-29.

generally small, adiabatic corrections are small as well (see correspond to the differences in total energies between the parent
Table 7) except for Cu® and fragments formed in a particular decay channel
Table 7 compares theoretical values with adiabatic electron . .
affinities evaluated from experimental photoelectron spectra. On Do(MO) = Z[Etot(':i) + ZFi] ~ E(MOy) = Z(MO,) =
the average, the discrepancy does not exceed 0.2 eV. The largest :
discrepancy is observed for tigq of VO, (0.36 eV), whereas D(MO,) + AZ,,c (3)

the vertical detachment energy of 1.90 eV is closer to the \yhere fragments are O,,0and metal atoms. The zero-point
expenmental_ value of 2.01 eV. Note that detachment energiesgnergiesz, are calculated by using the harmonic approximation.
to the low-spin neutral states are smaller than those to the high Comparison of our computed values with the experimental
multiplicity states for all the anions except for Cuénd ZnQ. data in Table 8 shows rather good agreement both in the
Previous theoretical estimations are known for Aagof ScG, beginning and in the end of the neutral series. There are several
and TiQ, only. Schaefer et & have obtained values of 1.68, peculiarities in the fragmentation trends across the neutral
1.62, and 1.60 eV at the B3LYP, BP86, and CCSD[T)/B3LYP  geries: (i) the most thermodynamically stable systems are
levels, respectively, which are in good agreement with our d-electron-poor dioxides such as Fiénd VO;; (i) beginning
BPWO1 value of 1.49 eV. Théyg of ScQ, was computett to with MnO;, the evolution of molecular oxygen is energetically
be 2.4 and 2.0 eV at the CCSD[T] and CASPT2 levels, preferable over a single bond rupture; (iii) in the end of the
respectively. Our value of 2.05 eV is closer to the latter value. series, the 3d-electron-rich Cu@ barely stable and ZnQs
even unstable toward evolution of molecular oxygen. Since
Thermodynamic Stability Zn0O, has a linear ground-state configuration and is thermo-
dynamically stable toward abstraction of an atomic oxygen, its
Experimental bond rupture energies are known for several existence in a metastable state is due to the barrier toward
neutral 3d-metal dioxide¥:1% |n addition to bond rupture  bending.
energies, we have also computed energies required to dissociate On the whole, the anions are more stable with respect to
to molecular oxygen. By definition, fragmentation energies fragmentation than their neutral parents, and NiGCuQ,,
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TABLE 8: Fragmentation Energies (Do, in eV) of the Neutral 3d-Metal Ground-State Dioxides and Their Anions
channel Do expt channel Do channel Do
ScQ— ScO+ O 4.5 3.95+ 0.33 ScQ™ — ScO+ O~ 4.9 FeQ™ — FeO+ O~ 5.4
—Sc+ O 6.4 —ScO +0 55 —FeO +0O 5.8
TiO,—TiO + 0O 6.7 —Sc+ Oy~ 8.0 —Fe +0; 5.9
—Ti+ 0, 8.9 —Sc +0, 8.2 —Fe+ Oy~ 6.1
VO,— VO + O 6.1 6.33+£ 0.20 TiO; —TiO+ O~ 6.5 CoQ —Co + 0, 5.3
—-V+0; 8.1 —TiO~+ 0O 7.2 —Co+ Oy 5.7
CrO,—Cr+ 0O, 51 —Ti +0; 9.6 — CoO+ O~ 5.8
—Cro+0 6.0 5.47.9%.¢ —Ti+ 0 10.0 —CoO +0 6.0
MnO; — Mn + O, 4.7 VO,” — VO + O~ 6.2 NiO;” — Ni~ + O, 4.6
—MnO+ O 51 4.99 —VO~+0 7.0 —Ni + Oy 5.2
FeQ — Fe+ O, 4.3 2.94+ 0.3% -V +0, 8.6 —NiO+ 0O~ 5.2
—FeO+0 4.8 4443131 —V+0, 9.3 —NiO~+0 5.6
CoG,— Co+ O, 3.4 CrG@Q —CrO+ O~ 6.6 CuQ —Cu + 0, 2.9
—CrO+0 4.7 —Cr+ Oy 6.9 — Cu+ Oy 3.6
NiO2 — Ni + O, 2.4 247+ 0.43 —Cr +0; 7.1 —CuO +0 5.1
—NiO+ O 3.6 —CrO+0O 7.4 — CuO+ O~ 5.2
CuG,— Cu+ O, 0.8 0.65+ 0.22 CuQ,” — CuO+ O 55 ZnQ~ —2Zn+ Oy~ 2.2
— CuO+ 0O 3.5 — Cu+ Oy~ 6.2 —Zn+ 0O+ e 2.8
n0, —~ Zn+ O, —0.6 —Cu +0; 6.6 —2ZnO" + 0O 4.6
—2ZnO0+ O 35 —CuO +0 7.1 —2ZnO0+ O~ 5.1

2 See ref 91° See refs 9294. ¢ See ref 959 See ref 96¢ See refs 97 and 98See ref 999 See ref 100" Zn has zero electron affinitif*

and ZnQ~ are more stable thermodynamically as well. For the Thus, the peroxo anion isomers have the same spin multiplicities
rest of the anions, the topmost decay channel corresponds taas the corresponding ground-state 3d-metal monoxides.
detachment of an extra electron. (ix) All the ground-state 3d-metal dioxides and their anions
are stable toward fragmentation except for Zn@hich is
unstable toward evolution of molecular oxygen. The most stable
system in the neutral series is TiQ\ll the ground-state anions
are more stable toward fragmentation than their neutral parents.
In addition, the anions Ni@y, CuG,~, and ZnQ~ are thermo-
dynamically more stable than their neutral parents.

Summary

Our self-consistent calculations of the electronic and geo-
metrical structure of different isomers of 3d-metal dioxides and
their anions show many interesting features:

(i) All the neutral dioxides and their anions prefer to form
ground states of the oxo form except for copper dioxide, whose
ground state has a superoxo form. Acknowledgment. This work was supported in part by a

(ii) Inside each isomeric form, oxo, peroxo, or superoxo, the grant from the Department of Energy (DE-FGEB5ER45579).

dioxides and their anions possess a large number of closelyWe thank Dr. L. S. Wang for providing us with his unpublished
spaced spin multiplet structures. data, valuable comments, and discussions.
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