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1. Introduction

Dioxygen binding and activation at metal centers are of
major importance in a wide range of catalytic and biological
processes. Metal oxides and dioxygen complexes are poten-
tial intermediates or products during oxidation of metal atoms
or clusters. Consequently, great effort has been devoted to
the preparation and characterization of various metal oxides
and dioxygen complexes. The structures, physicochemical
properties, and reactivity of these species have been the
subject of intensive experimental and theoretical studies,
which have been described in numerous reviews.! > As the
initially formed species in most metal oxidation processes,
metal dioxygen complexes are of particular interest in light
of their postulated involvement in oxygen carrier systems
in biology. Dioxygen reacts with biological molecules at
isolated metallic active sites in forming metal—dioxygen
adducts. Due to the intrinsic chemical interest in understand-
ing metal—dioxygen interactions, a host of transition
metal—dioxygen complexes that are structural and functional
analogues of biological dioxygen carriers have been synthe-
sized and are spectroscopically and structurally characterized.
Progress on the characterization of such transition metal—
dioxygen complexes stabilized by bulky ligands has been
the subject of a series of recent reviews,? > which is beyond
the scope of this review.

Transition metal oxide materials are widely used as catalyst
systems. As has been pointed out in a recent review,® gas-
phase studies of neutral and ionic metal oxide clusters aid
in the identification of the reactive sites in heterogeneous
catalysis.” Many investigations including oxide cluster reac-
tions in the gas phase have shown a direct similarity between
reaction mechanisms involving clusters and similar ones
effected by industrial catalysts.® The reactivity on size-
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selected transition metal oxide molecules and clusters has
been widely studied in the gas phase in order to gain insight
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into the relationship between geometric structure and ob-
served reactivity patterns. Investigations on such a topic have
been intensively discussed’”'? and will not be included in
this review.

Here we will review spectroscopic and theoretical studies
on the geometric and electronic structures of transition
metal—oxygen molecules and small clusters. We mainly
focus on binary transition metal—oxygen molecular species
with several metal and oxygen atoms, which may exist in
several structural forms and involve different chemical
bonding. Molecular oxygen can bond either side-on or end-
on to a metal center in forming dioxygen complexes, which
are intermediate states for the complete cleavage of the O—O
bond to form metal oxides. These species can be considered
as the simplest model for oxygen binding to metal centers.
Such model systems can be studied under well-defined
conditions at the molecular level that are free of effects from
ligands, solvents, surface active sites, and the crystal lattice.

Much of our knowledge about the geometric and electronic
structures of transition metal oxides and dioxygen complexes
comes from molecular spectroscopic studies. Although mass
spectrometry excels at determining the composition and
reactivity of molecular ions, these gas-phase mass spectro-
metric studies are blind to neutral species and thus are unable
to provide detailed structural information. Laser-based
spectroscopic techniques including laser-induced fluorescence
spectroscopy (LIF), resonantly enhanced multiphoton ioniza-
tion spectroscopy (REMPI), zero kinetic energy spectroscopy
(ZEKE), and infrared photon dissociation spectroscopy (IR-
PD) offer precise and detailed measurements of vibrational
or rotational transitions of some simple transition metal oxide
molecules as well as oxide clusters. Detailed analysis of
rotational structures in the gas-phase spectrum may even
yield a quantitative determination of the molecular structure.
Negative ion photoelectron spectroscopic studies in the gas
phase are able to provide valuable information on the
vibrational and electronic structure of mass-selected transition
metal oxides and dioxygen complexes. This technique can
provide spectroscopic information on both neutral and
anionic species. Different from the other LIF, ZEKE, and
rotational gas-phase spectroscopic methods, which mainly
focused on metal monoxides and dioxides, photoelectron
spectroscopy can handle large species including metal oxide
clusters and oxygen-rich molecules. Besides photoelectron
and electronic spectroscopy, infrared absorption spectroscopy
is another commonly used technique for probing the mo-
lecular properties of metal oxides and dioxygen complexes.
All metal oxide molecules and metal—dioxygen complexes
have infrared absorptions. Analysis of the vibrational transi-
tions in characteristic spectral regions permits the identifica-
tion of different structural isomers and provides detailed
information about specific types of bonding. Due to its low
sensitivity, conventional infrared absorption spectroscopy is
mainly used in conjunction with the matrix isolation tech-
nique. It is very difficult to carry out a straightforward
infrared absorption study in the gas phase. However, with
advances in free electron lasers and tunable IR lasers,
vibrational spectroscopic investigations in the gas phase have
become possible. Recently developed infrared photon dis-
sociation experiments with tunable IR lasers have allowed
for detailed gas-phase vibrational spectroscopic studies of a
number of transition metal oxide ions.

Spectroscopic studies of binary metal—oxygen species face
strong challenges, because most of them are highly chemi-
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cally reactive and are transient species at normal experimental
conditions. Spectroscopic detection of such species formed
in the gas phase requires sensitive and time-resolved
techniques. Laser-based molecular spectroscopy, which is
not only highly sensitive but also time specific in a wide
range of time scales, is well-suited for such studies. Matrix
isolation has proven to be a powerful technique in trapping
transient reactive intermediates for spectroscopic studies.'>~%
Noble gases, such as Ne and Ar, are commonly used as
matrices, which are sufficiently rigid to effectively isolate
the reactive species at low temperatures (4—10 K). The
chemically inert noble gas matrix that confines the reactive
species is generally electronically innocent, that is, the species
trapped in the solid matrix are normally regarded as isolated
“gas-phase” molecules. The molecular properties measured
in solid noble gas matrices are slightly different from those
measured in the gas phase in most cases, as has been
addressed by Jacox in a series of reviews.?!

Matrix isolation is suited for trapping not only neutral
molecules but also charged species including cations as well
as anions.'>?? Since noble gas matrices are transparent in
the infrared spectral range, the structure-specific infrared
absorption spectroscopy is most commonly employed to
study the target species trapped in solid matrices. Unlike
spectra recorded in solution or the solid state, it is straight-
forward to obtain well-resolved infrared spectra of species
trapped in solid matrices, and most of the time, a diagnostic
identification and vibrational assignment can be made. Such
conditions are very suitable for the study of isotopic shifts
and splittings, which are extremely important for product
identification and structure determination. In addition to the
spectroscopic assignment, isotopic substitution also provides
information for the interpretation of reaction mechanisms.

Besides experimental investigations, a number of theoreti-
cal studies have been devoted to transition metal oxides and
dioxygen complexes. Due to the existence of d electrons,
transition metal systems require more sophisticated compu-
tational approaches. Various quantum chemical methods
including ab initio as well as density functional theory (DFT)
are now feasible that allow quantitative computations of
vibrational frequencies and thermochemical properties with
high accuracy. Theoretical studies have successfully repro-
duced experimental results, and disagreement between
experiment and theory often initiates more accurate experi-
mental as well as theoretical studies. In addition, theoretical
calculations are especially valuable in predicting properties
such as bonding, charge, and spin distribution, which often
cannot be directly obtained from experiment.

In this review, we will describe advances in the spectro-
scopic and theoretical studies of binary transition metal—
oxygen molecular and small cluster species. Both neutral and
singly charged species will be included. We will emphasize
spectroscopic and theoretical investigations of vibrational
frequencies and structures of mononuclear transition metal
oxides and dioxygen complexes. Besides the well-studied
monoxide and dioxide species that have previously been
reviewed,”? % we will also include oxygen-rich (MO,, x =
3) species, which reveal diverse structural and bonding
properties. The periodic trends on reaction mechanisms of
transition metal atoms and dioxygen will be discussed.
Numerous matrix isolation as well as gas-phase spectroscopic
results will be included. Studies on large metal oxide clusters
and bulk metal oxide materials go beyond the scope of this
review and will not be included. However, some small metal
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oxide clusters with their spectral and structural information
being clearly determined will be discussed, in particular,
dinuclear oxide species. These small clusters are fundamental
building blocks for the formation of large metal oxide
clusters. There are a large number of gas-phase studies on
metal oxide cations using various mass spectrometric meth-
ods, which have provided valuable thermodynamic properties
of metal oxide cations. These methods do not give detailed
spectroscopic and structural information and will not be
discussed in detail in this review.

2. Spectroscopic and Theoretical Methods

2.1. Spectroscopic Methods
2.1.1. Matrix Isolation Infrared Absorption Spectroscopy

Infrared absorption spectroscopy is commonly employed
in conjunction with the matrix isolation technique to
characterize transition metal—oxygen species. Vibrational
spectroscopy is bond specific and can identify new species
particularly when isotopic substitution is employed. Matrix
isolated transition metal oxides and dioxygen complexes are
mainly prepared via reactions of metal atoms with dioxygen
in solid matrices. Thermal evaporation has been successfully
employed in the preparation of matrix samples for spectro-
scopic studies.'”*° The ground-state metal atoms are gener-
ated either from a continuously heated tantalum or boron
nitride Knudsen cell or from a heated tungsten filament
wetted with target metals. Thermally evaporated metal atoms
react with co-deposited dioxygen to form transition metal
oxides or dioxygen complexes on sample annealing or on
irradiation. Metal oxide molecules can also be produced via
direct evaporation of bulk metal oxide target materials.

Laser ablation is another convenient technique that is used
in our laboratories to prepare matrix-isolated transition metal
oxides and dioxygen complexes. This method has been
widely used to produce novel species for spectroscopic
studies.!>!6263! Tn contrast to conventional thermal evapora-
tion techniques, with laser ablation only a small amount of
the material is directly heated, thus minimizing the heat load
and the introduction of impurities into the sample, particularly
for transition metals, which have a very high melting point
temperature. Simple transition metal oxide molecules, such
as monoxides and dioxides, can also be prepared via laser
evaporation of bulk metal oxide targets under controlled
experimental conditions. With relatively low evaporation
laser energy, matrix reactions are dominated by mononuclear
species. However, multinuclear products may also be formed
when relatively high evaporation laser energy is employed.
The experimental apparatus for pulsed laser-evaporation
matrix isolation infrared spectroscopy has been described in
detail previously.'>!® In general, the matrix sample is
maintained at 6—10 K for argon matrix studies or at 4 K for
neon matrix investigations. Because of the very low tem-
perature of the deposit, the laser-evaporated species are
quenched to their ground state in solid matrices. The as-
deposited samples are annealed to higher temperatures to
allow trapped reactants to diffuse and to react. The reaction
can be very effectively quenched after the primary reaction,
and the energy-rich intermediates, which fragment readily
in the gas phase can be stabilized in solid matrices. Different
wavelength range photolysis experiments are frequently
performed to initiate further photoinduced isomerization or
dissociation reactions.
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As a structure-specific spectroscopic technique, infrared
absorption spectroscopy is sensitive in detecting transition
metal oxides and dioxygen complexes in solid matrices.
Under low-temperature matrix isolation conditions, the fine
structures derived from rotational transitions are suppressed.
Well-resolved infrared absorptions with typical half width
of less than 1 cm™! are obtained. Transition metal dioxygen
complexes often exhibit strong O—O stretching absorptions,
which are quite structurally sensitive. Metal dioxygen
complexes are generally defined as superoxides and peroxides
depending on the extent of charge transfer from metal center
to dioxygen. It is often quite difficult to determine the amount
of charge transferred experimentally; hence, the classification
is regularly based on the experimentally observed or theoreti-
cally predicted O—O stretching vibrational frequencies.
Complexes with O—O stretching frequencies in the range
of 1050—1200 cm™! are assigned as superoxides, whereas
those with O—O stretching frequencies in the range of
800—930 cm™! are designated as peroxides.*?> 3¢ Metal oxide
molecules also exhibit strong absorptions in the terminal
M=0 and bridged M—O—M stretching vibrational regions.
The terminal M=O stretching vibrations are commonly
located in the 1050—800 cm™! range, whereas the bridged
oxide species absorb at a much lower frequency region.

Isotopic substitution experiments are extremely important
for product identifications and structural determination.
Isotopically labeled '*0, samples are always used in the
transition metal and dioxygen reaction experiments. The
experimentally observed oxygen isotopic shifts give informa-
tion on the extent of oxygen atom(s) participation in the
observed vibrational modes. The use of isotopic '°0, + 80,
and '°0, + '°0'®0 + 30, mixtures results in multiple
absorptions for different isotopomers, which is a major factor
for determining the number of oxygen atoms involved in
the observed vibrational modes.

Transition metal-containing species such as simple transi-
tion metal oxides and dioxygen complexes are polar species.
The metal center in these species is positively charged and
electrophilic and, hence, is able to interact with noble gas
atoms in many cases. Some transition metal-containing
species trapped in solid noble gas matrices are chemically
coordinated by one or multiple noble gas atoms and cannot
be regarded as completely isolated species.’”*® Noble gas
coordination may change the spectra and geometric and
electronic structure, as well as reactivity, of the species
trapped in solid matrices.* In order to determine whether
the transition metal oxides and dioxygen complexes trapped
in solid noble gas matrices are coordinated by noble gas
atoms and to determine the number of coordinated noble gas
atoms experimentally, one can use mixtures of a lighter noble
gas host doped with heavier noble gas atoms as matrix. If
the trapped species are coordinated by noble gas atoms, the
coordinated lighter noble gas atoms can be successively
substituted by heavier noble gas atoms when the solid matrix
sample is annealed, which will induce vibrational frequency
shifts on the infrared spectrum. The coordination number
can be determined by the number of new absorption bands
formed.

2.1.2. Photoelectron Spectroscopy (PES)

Photoelectron spectroscopy is one of the most important
techniques in spectroscopic investigation of mass-selected
transition metal oxide species in the gas phase. Since the
pioneering work by Lineberger’s group on the photodetach-
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ment PES study of transition metal species including several
transition metal oxides,***! systematic investigations on
transition metal oxide species using anion photoelectron
spectroscopy have been conducted by Wang’s group, which
have been summarized in a recent review.?® The difficulty
in studying transition metal oxide species in the gas phase
is how to generate them with sufficient number density.
Pulsed laser evaporation coupled with supersonic expansion
is the most frequently used source in producing transition
metal oxide anions for PES study. The details of PES
experiment have been described in detail in previous
publications.?®*? Briefly, a focused pulsed laser beam is used
to vaporize metal species. A short and intense helium carrier
gas beam doped with a small amount of O, mixes with the
laser-evaporated metal species and undergoes a supersonic
expansion to form a cluster beam. Negatively charged species
are extracted from the beam and are subjected to a time-of-
flight mass analysis. The anions of interest are mass selected
and are interacted with a pulsed detachment laser beam.
Pulsed lasers including the harmonics of Nd:YAG laser (532,
355, and 266 nm) and excimer lasers (248, 193, and 157
nm) are used for detachment. Low photon energies allow
optimum spectral resolution, while high photon energies can
reveal more highly excited states. The kinetic energy of
detached electrons is detected by a magnetic-bottle time-of-
flight photoelectron analyzer.

PES studies on transition metal oxide species can provide
direct information on their electron affinities, low-lying
electronic states, and vibrational frequencies. Although the
vibrational assignment is less accurate due to limited
resolution compared with other spectroscopic methods, PES
is a versatile and convenient method in gas-phase studies,
which complements the extensively used matrix isolation
infrared spectroscopic investigations. Since the selection rules
for vibrational transitions are determined by the Franck—
Condon factors, it is often possible to observe vibrational
states that are forbidden or weak in infrared spectroscopy.
For example, the symmetric stretching vibration for a linear
transition metal dioxide molecule is IR inactive and cannot
be observed with infrared absorption spectroscopy. However,
the vibrational frequency of this mode can be determined
from the resolved vibrational structures of PES of metal
dioxide anion.

2.1.3. Electron Spin Resonance Spectroscopy (ESR)

Electron spin resonance spectroscopy is of great impor-
tance in understanding the neutral and charged radicals with
unpaired electrons.*** A- and g-tensors are the most useful
parameters obtained from ESR experiments, from which
direct information on singly occupied orbitals can be derived.
No ESR signals can be obtained if target molecules possess
a closed-shell singlet ground state with all the electrons
involved being paired. In addition, molecules with degenerate
ground states (I1, A, etc.) are not suitable for ESR investiga-
tions due to the broadening of the absorption lines caused
from anisotropy of g-tensor. ESR spectroscopy in conjunction
with the matrix isolation technique has been extensively
employed in the electronic characterization of some transition
metal oxide species.**

2.1.4. Infrared Photon Dissociation Spectroscopy (IR-PD)

With the development of tunable infrared lasers, infrared
photon dissociation spectroscopy has become a very powerful
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method for studying mass-selected molecular and cluster ions
in the gas phase, as has been reviewed.***¢ The vibrations
of transition metal oxides and dioxygen complexes are
roughly located in the range of 1600—400 cm!. Free
electron laser can generate intense and continuously tunable
IR irradiation in this wavelength range. More recently,
intense and tunable middle IR laboratory lasers have become
available. Gas-phase ions are produced via the laser
evaporation—supersonic expansion technique as used in
anion PES studies. The ion beam from the source is mass-
selected. The selected ions are interacted with a pulsed IR
dissociation laser beam. Infrared photodissociation spectra
are obtained by monitoring the fragment ion signal. For
weakly bound complexes, one absorbed IR photon can be
sufficient to bring the complex above the dissociation barrier
such that it can undergo vibrational predissociation. For
strongly bound clusters, many IR photons need to be
absorbed in order to induce fragmentation. The IR spectrum
from multiple photon processes may not be the same as a
regular linear absorption spectrum. A useful method to avoid
multiple photon excitation and measure IR photodissociation
spectra in the linear regime is the messenger atom technique.
Generally, noble gas atoms are chosen as messenger atoms.
By formation of ion—noble gas atom complexes, the dis-
sociation threshold of the system is lowered. If the binding
energy of the cluster ion—noble gas complex is below the
photon energy, absorption of a single photon will be followed
by vibrational predissociation. In general, the perturbation
of the geometric and electronic structures of cluster ions by
the messenger atom is negligible; hence, the IR spectrum of
the cluster ion—noble gas atom complex reflects the IR
spectrum of the free cluster ion.

2.1.5. Laser-Induced Fluorescence (LIF)

With widespread application of lasers especially tunable
lasers, laser-induced fluorescence has become a valuable
spectroscopic method in studying metal atoms, clusters,
radicals, and molecular ions both in the gas phase and in
the condensed phases.'**! The LIF studies benefit from the
rather high sensitivity over other spectroscopic techniques.
Pulsed laser vaporization or discharge is commonly combined
with the supersonic jet technique for producing target species
in the gas phase for LIF studies. High-resolution gas-phase
studies can provide well-resolved vibrational and rotational
structures of target species. Both the ground state and excited
states accessible by allowed transition from ground state can
be studied. LIF study of matrix-isolated species was first
introduced by Bondybey and co-workers.?! In solid matrices,
the selection rules are often relaxed, and hence, some
rigorously forbiddened transitions in the gas phase can be
studied in the matrices. However, the rotational structure that
is important in determining the geometric parameters is lost
in solid matrices. LIF studies on transition metal—oxygen
species are mainly focused on monoxides and some dioxide
molecules due to the complex transitions involved in
polyatomic systems.

2.1.6. Other Spectroscopic Methods

Besides the above-mentioned spectroscopic methods, other
techniques, such as rotational spectroscopy,*’ infrared emis-
sion spectroscopy,®® resonance-enhanced multiple photon
ionization/dissociation spectroscopy (REMPI/D),* and pulsed-
field ionization zero kinetic energy (PFI-ZEKE) photoelec-
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tron spectroscopy,’ have also been used for spectroscopic
studies. These techniques are helpful in understanding the
electronic and geometric structures of simple transition
metal—oxygen species.

2.2. Theoretical Methods

Dramatically increased computational power allows the
application of various quantum chemical methods to predict
molecular properties including equilibrium geometries, ener-
gies, and vibrational frequencies of transition metal-contain-
ing species. In order to give accurate predictions, electron
correlation must be included. Single-reference post-Hartree—
Fock ab initio methods such as Mgller—Plesset perturbation
theory’! and coupled-cluster approaches® have been used
to calculate equilibrium geometries, relative stabilities, and
vibrational frequencies for some simple metal—oxygen
species. However, high-level ab initio calculations such as
CCSD(T) with reasonably large basis sets are very compu-
tationally demanding and are not practical methods for larger
systems such as multinuclear transition metal oxides and
mononuclear oxygen-rich species. Density functional theory
(DFT), which also incorporates electron correlation effects,
is more commonly used in the calculation of transition
metal—oxygen species. DFT has the advantage of predicting
equilibrium geometries and vibrational frequencies that are
comparable in quality to those obtained with more highly
correlated methods. Several well-calibrated DFT methods
such as BLYP, BPWO91, B3LYP, BH and HLYP, and BP86,
which have proven to give good results for transition metal-
containing compounds, are frequently employed.> In addi-
tion, some new methods have also been developed for
transition metal systems in recent years.* For some species
that show strong multireference character, calculations using
single-reference based methods may give unreliable results.
In such cases, multireference methods such as CASSCF>?
and internally contracted MRCI®® methods should be used
to give a reliable prediction. Taking FeO,  anion as an
example, the FeO,™ anion is experimentally determined to
be linear. However, single-reference based methods including
MP2—4, CCSD(T), and various DFT methods all gave
unreliable predictions due to the strong multireference
character of the FeO,  anion and the symmetry-breaking
problems in the single-reference wave functions. Only the
state-averaged multireference MRCI methods, which incor-
porate both dynamical and nondynamical correlation effects,
predict that the anion has a linear doublet ground state,
consistent with the experimental observations.>’

Relativistic effects should be taken into consideration when
calculating transition metal oxides and dioxygen complexes,
particularly for heavy transition metals.’®> Upon geometric
optimization and vibrational frequency calculations, the scalar
relativistic effects can be included by use of suitably para-
metrized relativistic pseudopotentials. Spin—orbital coupling
effect should also be taken into consideration, particularly
for open-shell species. Although spin—orbital effects are
found not to be important in many cases, they may be
important for f-element metal-containing species in order to
obtain reliable energy predictions.

3. Neutral Mononuclear Transition Metal Oxides
and Dioxygen Complexes

Neutral MO, series spectroscopically characterized both
in the gas phase and in solid matrices will be summarized
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Table 1. Ground Spin States and Vibrational Frequencies
(em™) for Transition Metal Monoxides in the Gas Phase and in
Solid Neon and Argon Matrices”

Gong et al.

Table 2. Ground Spin States, Symmetry Point Groups, and
Vibrational Frequencies (cm™!) for M(O,) Species in Solid
Argon’

vibrational frequency

ground gas

molecule state phase Ne Ar refs
ScO =t 965.0 962.1°  954.8 24,105
TiO 3A 1000.0 997.7°  987.8 24,27, 132
VO = 1001.8 998.3"  983.6 24,27, 182
CrO I 885.0 880.2  846.3 24,201, 202
MnO ost 832.4 830.9”  833.1 24,246
FeO A 871.2 869.8” 872.8 24,270
CoO A 851.7 851.2  846.2 24,27, 318, 320
NiO 33 828.3 831.4>  825.7 24,27, 347
CuO 11 631.3¢ 627.7 24,383
ZnO Iz 7384 769.2 456, 464, 465
YO =t 855.2 852.2° 843.1 25, 109
7rO Do 969.8 966.9°  958.6 25, 70, 95, 132
NbO o 981.4 978.5"  970.6 25, 183
MoO I 893.5 70, 71, 157, 208
TcO ozt 70, 71, 207
RuO A 863.5 849.7 8342 261, 314
RhO iz 805 799.8  799.0 332, 334, 337
PdO TG 356
AgO 11 485 499.2 71, 430, 434
CdO I3+ 645.1 464, 466, 468
LaO =t 808.3 808.5”  796.7 25, 109
HfO =t 974.1 965.8° 9583 73, 129, 132
TaO A 1028.9 1020.0° 10142 73, 175, 183
WO 3ECIDe 1053.7 1056.1 1051.3 25, 201, 210
ReO AOCASE 979.1 73, 259—261
0s0  SEHed) 73, 261
IrO oo 827.2  822.1 340, 341
PtO o 841.1 837.7° 828.0 357, 366, 367
AuO 11 624.6 619.2 430, 443
HeO I 676 475, 477
CeO ] 824.3 819.9°  808.3 74, 480, 504
PrO 828.0 8169 504
NdO 825.1 814.2 504
PmO o3t 74
SmO 819 807.4 503, 504
EuO 83 667.8 74, 504
GdO oo 790 £ 40 824 812.7 74, 489, 503, 504
TbO 833.5" 8239 505
DyO 839.0  829.0 505
HoO 841.4 838.1 828.1 497, 505
ErO 828.5 505
TmO 832.0 505
YbO I+ 683.1 660.0 74, 501, 505
LuO =t 811 829.3 74, 503, 505
ThO Izt 895.8¢ 887.1 876.4 521, 533, 534,

538, 580

uo quintet 882.4 889.5  819.8 532, 546, 549
PuO I 822.3 563, 564

“Only the values for the most abundant metal isotope and major
site are listed. ® Unpublished results. °631.3 cm™! for I3, and 627.5
cm™! for I1,,. “Harmonic frequency. ¢ Ground state undetermined.

in this section. We will focus on the structures and vibrational
frequencies of the MO, species in their electronic ground
states. Since various experimental studies have been per-
formed using different methods for producing and charac-
terization transition metal—oxygen species, controversy
assignments on measured vibrational fundamentals have been
reported in many cases. Assignments from earlier reports
now known to be incorrect will not be mentioned here, but
these are discussed in the recent literature where the new
assignments are given.

For the simplest member in this series, transition metal
monoxides are among the most studied species. The spectra,
electronic structures, and bonding of transition metal mon-
oxides have been systematically reported.?* >*%0~7> The
ground spin states and vibrational frequencies of all transition
metal monoxides in the gas phase and in solid argon and
neon matrices are summarized in Table 1. In general, the

ground  point  vibrational
molecule state group  frequency ref
Rh(7>-0,)  °A, G, 9595 336
Ni(17%-0,) 'A\CB,) Cy, 967.1, 538.3, 76, 239, 347, 371, 372,
511.7 375379
Pd(i>-0,)  'A, G, 1023.0 357, 380
Pt*-0,) A G, 928.1,5123, 372
551.2
Cu(n'-0,) A" G, 1089.0 383
Ag(n'-0y)  2A" C, 1075.7 430
Au(n'-0y) A" C, 1093.8 430

“Only the values for the most abundant metal isotope are listed.
b These two states are close in energy, and the vibrational frequencies
for the 'A; state are in better agreement with the experimental values.

matrix frequencies are usually slightly red-shifted from the
gas-phase values with the argon matrix shift being larger
than that of neon.

There are three structural isomers for triatomic MO,
species, namely, the side-on and end-on bonded metal
dioxygen complexes and the inserted metal dioxide molecule.
The electronic structure and bonding of first and second row
transition metal dioxygen complexes and dioxide species
have been systematically investigated theoretically.”®"8
Experimentally, the dioxide form has been observed for all
transition metals except technetium, silver, and mercury,
while the dioxygen complex isomers are only reported for
some late transition metals. The geometric structures and
vibrational frequencies of transition metal dioxygen com-
plexes are summarized in Table 2. Both the side-on and end-
on bonded metal—dioxygen complexes usually show strong
O—0 stretching vibrations. The coordination fashion (side-
on versus end-on) can be sorted out from the spectrum with
mixed isotopic samples. In the experiment with a 1:2:1 molar
mixture of '°0,/'°0'80/'%0,, the O—O stretching mode of
side-on bonded M(O,) complex will split into a triplet with
approximately 1:2:1 relative intensities; but the O—O stretch-
ing mode of the end-on bonded complex will consist of a
quartet with two closely spaced mixed isotopic absorptions
for the M'®O'®0 and M"O'0 isotopic molecules. The
geometric structures and vibrational frequencies of all
transition metal dioxides in gas phase and in solid noble gas
matrices are organized in Table 3. The inserted dioxide
structure may be either bent or linear. The symmetric
stretching mode (v;) of linear OMO is IR inactive. However,
the v, fundamental of '*OM'®0 is IR activated because of
the reduced symmetry. Along with the observation of the v,
+ v3; combination, the crossed anharmonic term, X;3 can be
obtained. Hence, the band position of the v, fundamental
can be predicted. Both the symmetric (v) and antisymmetric
(v3) stretching modes of bent insertion molecules are IR
active. The observed isotopic frequency ratio of the anti-
symmetric stretching mode provides a route to estimate the
bond angle of a bent metal dioxide molecule.”” The upper
limit of bond angle can be determined from the oxygen
isotopic frequency ratio, while the lower limit can be deduced
from the metal isotopic frequency ratio if the metal isotopic
shift can be resolved. The average of upper and lower limits
is very close to the true bond angle, as has been demonstrated
earlier for SO, and more recently for S;.308!

Three structures have been observed for species with MO;
stoichiometry: metal trioxide with planar D3, or nonplanar
G5, symmetry, metal ozonide complex, and metal monox-
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Table 3. Ground Spin States, Experimental Bond Angles (Degree) and Vibrational Frequencies (cm™!) for Transition Metal Dioxides in

the Gas Phase and in Solid Neon and Argon Matrices”

Ne Ar
molecule ground state bond angle” gas phase frequency V) V3 12 V3 ref
ScO, B, bent 740 = 80 (v1) 89, 108, 109
TiO, A, 113£5 960 =+ 40 (vy) 962.7¢ 936.5¢ 946.9 917.1 115, 132, 139
VO, 2A, 118 +3 970 + 40 (v)) 958.0¢ 947.4¢ 946.3 935.9 77, 165, 182
CrO, 3B, 128 £ 4 895 + 20 (vy) 920.8 974.9 914.4 965.4 201, 202, 217
220 + 20 (v2)
MnO, ‘B, 135£5 800 £ 40 (vy) 834.0¢ 962.8¢ 816.4 948.0 240, 246
FeO, 3B, 150 £ 10 811.1¢ 957.7¢ 797.1 945.8 270, 286
Co0, Py 180 796.2¢ 954.7 783.7¢ 945.4 320, 326
NiO, P 180 750 £ 30 (vy) 967.7 954.9 344, 347, 371, 372
CuO, 11, 180 836.7¢ 823.0 382, 383
Zn0, 33, 180 762.9 748.2 464, 612
YO, B, bent 640 £ 80 (vy) 708.2 89, 109
ZrO, A 113£5 887 + 40 (v)) 903.4¢ 838.7¢ 884.3 818.0 132, 137, 146
NbO, A, 108 £5 957.2¢ 907.8¢ 933.5 875.9 183
MoO, 3B, 118 +4 950.7 901.3 939.3 885.5 201, 210
TcO, “B1(“By)* bent 78, 258
RuO, A 151 £5 911.9 902.1 261
RhO, =, 180 908.6 845¢ 899.9 325, 334, 337
PdO, e 680 £ 30 (vy) 342
Ag0O, 5.t 180 355
CdO, 33, 180 638.8 625.4 464, 612
LaO, B, bent 569.8 109
HfO, A 113+£5 887 + 40 (v)) 901.9¢ 831.9¢ 883.4 814.0 132, 137, 146
TaO, 2A, 106 £ 5 968 979.2¢ 920.9¢ 965.3 912.2 174, 183
WO, A 108 £5 325 £ 15 (vo) 1030.3 983.9 978.3 938.0 201, 210, 225
ReO, 4B, 127 £ 4 989.1 941.0 981.9 931.7 261
0s0, 3B, 135+5 957.3 949.9 261
IrO, DYy 180 938.2 9607 929.0 340, 341
PtO, P 180 895 £ 30 (v1) 958.7 961.8 342, 355, 357, 372
AuO, 11, 180 740 = 60 (vy) 824.2 817.9 355, 357, 440
CeO, A, 139 780.3¢ 755.6¢ 757.3 736.7 504, 510
PrO, 180 752.5 730.1 504
NdO, 180 737.6 716.9 504
SmO, 180 643.2 504
EuO, 90 622.8 504
GdO, 97 635.5 504
TbO, 125 769.5¢ 730.4¢ 758.6 718.6 505
DyO, 180 599.2 580.5 505
HoO, 125 668.2 649.2 549 505
TmO, 128 706.6 615.7 505
YbO, 180 627.7 505
ThO, A, 122+ 2 808.4 756.8 787.1 735.1 521, 533, 538
Uo, P, 180 914.8 775.7 546, 549
PuO, D 180 794.2 563—565

“Only the values for the most abundant metal isotope and major site are listed. ® Angles are estimated from oxygen 16/18 isotopic ratio and
metal isotopic ratio (if available) for the v; mode. For HoO,, the angle is estimated from oxygen 16/18 isotopic ratio for the v, mode. ¢ Unpublished
results. 9 Calculated by (v| + v3)exp — (¥3)exp With the anharmonic term corrected. ¢ Ground state undetermined. fA linear geometry is proposed from
matrix ESR experiments (ref 325) but a slightly bent geometry is obtained from theoretical caluclations (ref 334 and 336).

ide—dioxygen complex. For early transition metals (Sc group
and Ti group), only the metal monoxide—dioxygen complex
structure has been observed due to limited valence electrons
available for bonding, while both the trioxide and monoxide—
dioxygen complex structures have been reported for some
late transition metals. The metal ozonide structure is rare,
only very few ozonide complexes have been experimentally
reported. The experimentally characterized structures of MO;
species are listed in Table 4.

For oxygen-rich MO, species with x > 4, the number
of possible structures is much larger than that of the simple
MO, and MOj; species. However, only some of them have
been experimentally characterized, which will be discussed
in detail in this section. The geometric structures and
vibrational frequencies of oxygen-rich MO, species with
x = 4 are organized in Tables 5 and 6. In the matrix
isolation studies, each structural isomer exhibits charac-

teristic infrared absorptions in different spectral regions.
The isotopic shifts and splitting in mixed isotopic spectra
provide detailed information about the number of dioxygen
units or oxygen atoms involved in a transition metal—oxygen
species. Theoretical calculations at various levels have
been intensively performed to predict the ground-state
structure and vibrational frequencies of transition metal—
oxygen species for comparison with the experimental
values to support the experimental identification of new
species. Due to problems such as near-degeneracy effects
and s—d energy separation, the unambiguous assignment
of the ground state of transition metal oxides and dioxygen
complexes based solely on theoretical predictions is often
quite complicated, particularly for late transition metal
systems. Contradictory results are frequently obtained
using different theoretical methods. Nevertheless, the
experimentally determined spectroscopic properties pro-
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Table 4. Ground Spin States, Symmetry Point Groups, and
Vibrational Frequencies (cm™!) for the MO; Species in Solid
Argon’

Gong et al.

Table 5. Ground Spin States, Symmetry Point Groups, and
Vibrational Frequencies (cm™!) for the MO, Species in Solid
Argon®

ground point

ground  point

molecule state  group vibrational frequency” ref molecule state  group  vibrational frequency” ref
(7?-0,)ScO  2A’ C, 1109.5, 922.0, 466.3 85, 105 (17-0)La0,  2A, G, 11111, 602.9 109, 112
17*-0,)YO A" C, 1111.1, 798.7 109 (17>-0)VO, A, Gy, 1152515-96, 974.1, 975.3, 506.9, 183
(7-0,)La0 A" C,  11234,7578 109 , , -
(P-ONTiIO 'A”  C, 86339719, 6248, 611.1 147 OPONTIOr AL Ch 10957 89459505, 5242 183
(-0)Z10 A’ C, 808.8,885.7,590.8, 580.2 148 (szoz)Mn(; N e o748 0513 o4y
(7-OHfO A’ G 78238 8794,6149,5573 148 (P-O)Re0, A, Co 9924, 9646, 882.4 261
222'8222?8 nglet g” 188?% 3491; (7*-0,)FeQ,  'A, C,,  968.8,955.8,558.1, 548.3 288
T2 2 : 2-0)Ru0, 'A G, 921.8,920.7,940.2, 579.8, 261
(-0)PtO B, Cp 11742 357 (7™-ORu0, : 2 e
(n'-0)NiO  singlet  C;  1393.7 347 (170,050, A, Gy, 898.1, 970.0, 1004.8 261
7'-0)PtO A’ C, 14021 357 (17~0,)Co0, A, G, 950.6, 898.2, 842.8, 405.7, 327
Cu(>03) 2B, C,, 802.7 383, 391 419.6
Ag(p?-05) 2B, C,, 7918 430, 431 (172-02)Rho2 zAz G, 9286, 831.1, 865.0, 473.5 334, 337
CrO; A, C,, 9684 201, 202 (17-0)Ir0, A, Ca, 89545.;5,8874.9, 937.7,547.9, 340
1 .
%2)03 12] g&, gé;g %8}7 %}8 (7*-0x)NiO,  triplet C,, 11358, 851.0 347
R 03 ) A‘ C3“ 0534 %1 ('-0)Fe0, A" C, 1204.5, 975.3, 871.6 288
FeO3 | Al, D“‘ 0436 205 (7'-0,)Co0, ‘A’ G, 1286.2, 953.1, 805.8 327
€3 el 3h : (17'-0)RhO, A’ C, 1116.5, 890.6, 837.7 334, 337
RuO; A Dy, 8933 261 07-0)I0, A" C. 10226, 947.4. 946.6 340
0503 Ay Dy, 959.1 261 Se(i7-0n), 2A, Gy 11024, 8360, 6317, 6127 111
UO; A, C,, 852.5,843.5, 745.5, 211.6, 367, 368, Y(52-0,), 2A, Gy, 1104.5, 773.6, 565.8 112
186.2, 151.5 549 Rh(;%-0,), B, Dy, 10484 336
Ni(7%-0 ipl D 1063.9 347
“Only the values for the most abundant metal isotope are listed. PéiZz_ozz))i Eip o DZ 11101 380
®The mode assigments are discussed in the cited literature. PL(72-0,), 1 Ai Dz,: 1051.3 357
Cu(*-02)2 “Bay Dy 11101 424, 425
) o ) Ag(7'-0,), B, G, 12992, 1053.9° 355
vide a criterion to compare with the calculated values, 0Sc(172-03) 27! C, 921.7, 801.8 111
which aids in determining the true ground state. oY(-0;) A G 8056,795.7 112
OLa(>-0;) A’ G, 763.9,792.0 112
RuO, A T,  916.6 261
3.1. Sc Group 050, A, T, 9562 261
IrO, 2A, Dy 870.5,859.5 340

As the starting point for transition metals, scandium
possesses the simplest electronic structure with only three
valence electrons. The ground state of ScO is found to be
23 from matrix isolation ESR as well as gas-phase
experiments,?*3283 which is further confirmed by a series of
theoretical calculations at different levels,?’~29:61769.76.84-88
The Sc 4s, and 3d,; orbtials can interact with O 2p orbitals in
forming o and 7 bonds, respectively. The lone pair electrons
on oxygen can be donated to the vacant 3d orbital of Sc with
the formation of a dative bond. Hence ScO can be formally
described as a diatomic molecule with a Sc=O triple bond. The
remaining electron of Sc is located on an o orbital, which is
mainly metal-based 4s orbital in character. Both experiments
and theoretical calculations reveal that yttrium and lanthanum
monoxide molecules possess the same > ground state as ScO,
and the spectroscopic propetties of these two diatomic molecules
have been well studied.”!:7%747582.83.89-102

Scandium dioxide is the only molecule that has not been
identified in solid matrices among the first row transition
metal dioxides. Mass spectrometric study on the reaction of
scandium dioxide cation and nitrogen dioxide provides
evidence for the existence of scandium dioxide molecule in
the gas phase.'”® The symmetric stretching mode (v,) for
ScO, is determined to be 740 4 80 cm™! by photoelectron
spectroscopy.®® An infrared absorption at 722.5 cm™! has
been assigned to the antisymmetric stretching mode (v3) of
scandium dioxide in solid argon,'®* but late study reassigns
this absorption to the OScO™ anion instead of the neutral
dioxide molecule.'® According to the DFT and high-level
ab initio calculations, both the C,, and symmetry-broken C;
structures are stable minima. However, the relative stability
depends strongly on the theoretical levels used.”677:8485.105-107
A recent benchmark study by Kim and Crawford!®® using

“Only the values for the most abundant metal isotope are listed.
The mode assigments are discussed in the cited literature. ° Neon matrix
values, unpublished results.

high-level coupled cluster methods up to full CCSD(T)
indicates that the scandium dioxide molecule lies in a flat
symmetry-breaking potential with indefinite sign and the
zero-point vibrational energy lies above the barrier for the
interconversion between the C; and C,, isomers. Although
the symmetry-broken C; structure is predicted to be lower
in energy than the C,, isomer, it is unlikely for the C;
structure to be experimentally detected due to an overall
dynamical C,, symmetry for this unusual molecule. Although
the scandium dioxide molecule is not observed in solid
matrices, the yttrium and lanthanum dioxide molecules have
been formed via the reactions of metal atoms with dioxygen
in solid argon, which are characterized to have a bent C,,
structure!®11% A recent CASPT?2 calculation predicts a *B;
ground state for LaO,.!® The 708.2 cm™! symmetric stretch-
ing frequency (v;) observed in solid argon is in good
agreement with the gas-phase value derived from the
photoelectron spectroscopic study of YO,.%

The experimentally observed structure for the MO; (M =
Sc, Y, and La) species in solid matrices is the metal
monoxide—dioxygen complex structure, which is character-
ized to have a doublet ground state with nonplanar C;
symmetry.'*19519 A]] three complexes are due to superoxide
species with the metal centers in their formal +3 oxidation
state. The previously assigned ozonide complexes in solid
argon!®10519 are due to oxygen-rich species.!!!"!1? The
(02)ScO and (0,)LaO complexes are proposed to be the
photodetachment products of the ScO;~ and LaO;™ anions
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Table 6. Ground Spin States, Symmetry Point Groups, and Vibrational Frequencies (cm™') for the Oxygen-Rich MO, (x > 5) Species

in Solid Argon

molecule ground state point group vibrational frequency” ref
(172-0,),TiO N C, 1124.1, 1116.6, 996.8, 596.4 147
(177-0,),Cr0, 3B, Cay 1153.9, 1134.2, 971.5, 939.6, 632.0 238
(172-0,),M00, Cay 1119.3, 1111.2, 944.2, 966.4, 522.8 201
(172-0,),WO, Cay 1105.5, 1098.1, 951.2, 990.3, 497.7 201
OTi(57>-0,)(17%-03) A C 1131.8, 1022.4, 999.8, 806.3, 686.8, 561.4 152
OZr(7*-0,)(17>-03) A C 1117.8, 1015.2, 912.9, 796.4, 668.3, 472.2 148
OHf(3%-0,) (5> 05) A C, 1105.6, 1014.3, 902.3, 801.3, 680.2, 451.0 153
OTi(7%-0,)('-03) 3A C, 1341.2, 1117.6, 993.4, 679.8, 554.2, 516.7 152
(7*-0,)MnOy 2A, Cs, 1511.7, 959.2, 929.8 247
Cu(17*-02)(17*-03) A Ca, 1109.6, 796.4, 733.4 425
Cu(17*-0)(n*-0,), B, C, 1299.8, 1135.2, 1060.7 428
Rh(17%-0,)2(n'-05) 2A C, 1280.1, 1127.6, 1076.7 336
Sc(17*-0,)s A" D3 1106.7, 551.7 111
Hf(17*-0,); B G, 1092.1, 1090.2, 804.4, 563.2, 438.5 153
(7%-02)Sc(17*-05), ‘B C, 818.7, 681.2, 678.7, 544.6 111
(7-02)Y (7*-03), ‘B G, 1107.9, 1014.9, 811.6, 656.9, 447.0 112
Hf(7>-02)4 5B, Dsy 1102.4, 476.6, 423.3 153

“The mode assigments are discussed in the cited literature.
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Figure 1. Optimized structures for oxygen-rich group III
metal—oxygen species.
in the photoelectron spectroscopic studies,?>?* while an
ozonide complex is identified in the PES study of YO;.%
Although scandium dioxide molecule is not produced in
solid matrices, our recent experiments on the Sc + O,
reaction have shown that the ground-state scandium atoms
react spontaneously with two dioxygen molecules to form
OSc(?-03), which is predicted to have a >A’ ground state
with nonplanar C; symmetry (Figure 1A).!'! The OSc(#?-
03) complex can be regarded as [(ScO)"(03)7], a scandium
monoxide cation coordinated by a side-on bonded O3~ anion.
The OSc(*-0;) complex isomerizes to the Sc(7?-O,),
complex upon visible light (400 < 4 < 580 nm) irradiation,
which is characterized to be a superoxo scandium peroxide
complex, that is, a scandium trication coordinated by an O,
anion and an 0,2~ anion. The Sc(3?-0,), complex has a
doublet ground state (?A,) with Cs, symmetry, in which the
superoxo ScO, plane is perpendicular to the peroxo ScO,
plane (Figure 1 B).!'"! The OY(?-O3) and Y (7?-O,), com-
plexes are formed in the Y + O, reaction, which exhibit
similar spectral, structural, and bonding properties to the
scandium analogs.''? In the lanthanum and dioxygen reaction,
a (7*-0,)La0, complex is also observed, which is the
precursor for the formation of the OLa(#?-O3) complex under
near-infrared excitation. The (7*-O,)La0, complex possesses
a planar C,, symmetry with a strong O—O stretching
vibration in the superoxide region (Figure 1C).!!?

The MOs species (M = Y, La) have been reported only
in gas-phase photoelectron spectroscopic studies. The PES
spectra are quite broad and featureless.®* The floppy
(0,),YO complex is tentatively assigned as the major isomer
from the PES spectrum of YOs™. The geometry of the neutral
may be significantly changed upon detachment of the electron
from the anion.® No structural information can be derived
from the PES spectrum of LaOs™.%

The Sc(17?-0,); complex, which possesses a strong Sc—0,
vibration and a weak doubly degenerate O—O vibration, is
the only example experimentally known with MOy stoichi-
ometry in this group.!!! It is characterized to have a *A;"
ground state with D3, symmetry having three side-on bonded
O, ligands around the scandium atom, which thus presents
a 6-fold coordination (Figure 1D). This complex can be
described as [Sc**(0,7)s], a side-on bonded homoleptic
scandium trisuperoxide complex. Population analysis indi-
cates that the three unpaired electrons are mainly distributed
on the three equivalent O, fragments. The Sc(?-O,);
complex is quite similar to the recently characterized 6-fold
coordinated trisuperoxo Al(7%-O,); complex.''3 Scandium is
isovalent with aluminum, and both metals have three valence
electrons with the highest oxidation state of +3.

The highest MO, species reported in this group is MOg
(M = Sc, Y), which is determined to be a 6-fold coordinated
superoxo scandium (yttrium) bisozonide complex.''""!'> The
complex is predicted to have a “B ground state with C,
symmetry, in which the O, and O; ligands are side-on bonded
to the metal center (Figure 1E). The observation of the MOg
complex provides not only a rare example that up to eight
oxygen atoms can be bound to the same metal center but
also a new model complex bearing two molecular ozonide
ligands in one molecule. Similar ozonide complexes of early
transition metals have been theoretically proposed.'!*

3.2. Ti Group

The spectroscopic properties of ground-state TiO have
been the subject of a number of experimental investigations
due to its importance in catalysis and astrophysics.?#~26:115-121
Theoretical calculations confirm that the diatomic TiO
molecule possesses a ‘A ground state, in which the two
unpaired electrons occupy the 10 and 9o orbitals that are
largely derived from the Ti 3d orbitals.?’~2%61 7691227124 For
the next two members in this group, the ground state of
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Figure 2. Optimized structures for oxygen-rich group IV
metal—oxygen species.

Mx2:02).Co

both ZrO and HfO molecules is a closed-shell singlet
(1xH),707395.116,1257129 byt the energy separation between the
3A and 'X7 states of ZrO is rather small (1099 cm™").!*° Due
to lanthanide contraction, the vibrational fundamentals of ZrO
and HfO, which lie lower than that of TiO, are quite close
to each other.'3""132 The geometric and electronic structures
of group IV metal dioxide molecules have been well
established.26:76~78:107.115.122.1327146 A] of the three molecules
possess a !A; ground state with bent structure. The valence
angle for TiO, is determined to be 113° 4 5°.!32 The HfO,
stretching frequencies are about the same as those of ZrO,
due to a combination of lanthanide contraction and relativistic
effects for hafnium.'*

The only experimentally observed MOs species in this
group is the (7*-0,)MO complex structure.!!>147:148 AJ] three
MO; complexes possess a closed-shell singlet ground state
and nonplanar C; geometry with the O, ligand side-on bonded
to the metal center.'?>!477150 These complexes are predicted
to have rather long O—O bond lengths around 1.5 A, which
fall into the peroxide category. DFT/B3LYP calculations
reveal that the O—O bond length increases from titanium
(1.471 A) to zirconium (1.493 A) and hafnium (1.523 A),
which implies that the metal center tends to donate more
electrons to the dioxygen ligand going down the series. As
a result, the HfO; molecule has the longest O—O bond length
and lowest O—O stretching vibrational frequency (782.8
cm™ 1)1 A similar periodic trend has been observed in group
IV metal monocarbonyls.!>! The (7*0,)TiO complex can
further coordinate another dioxygen to form the TiOs
molecule, which is characterized to be a disuperoxo titanium
monoxide complex, (17%-0,),TiO. The complex is predicted
to have a *A" ground state with nonplanar C, geometry, in
which the two superoxo ligands are equivalent and are side-
on bonded (Figure 2A).'4

No stable species with MO, stoichiometry in this group
are experimentally known, due to the high stability of the
closed-shell metal dioxide molecules. However, our recent
studies show that the metal dioxide molecules are able to
react with two dioxygen molecules to form the OM(7*-
0,)(17*-03) complexes (M = Ti, Zr, Hf) in solid argon,
featuring characteristic O—O stretching, antisymmetric O;

Gong et al.

stretching, and M=O stretching vibrations in the infrared
spectra.'”>!33 The geometric and electronic structures of these
complexes are very similar. Taking the OTi(5>-O,)(1*-O3)
complex as an example, the complex is predicted to be
slightly distorted from the C, symmetry in which the Os;
subunit and the central Ti atom lie in the same plane that is
perpendicular to the molecular plane, as shown in Figure
2B."? The side-on-bonded O, fragment is due to a superoxide
ligand based on the observed O—O stretching frequency.*? 3¢
The O; fragment also bound in an 7 side-on fashion with
two nearly equivalent Ti—O bonds. The experimentally
observed antisymmetric O—O stretching vibration of the O;
subunit (806.3 cm™!) is very close to that of the O3~ anion
isolated in solid argon.'”* While the O, and O; subunits
coordinate with the Ti atom by forming weak Ti—O bonds
with bond order of 0.5, the terminal Ti—O bond is strongly
covalent bonded with a bond order close to 3. Therefore,
the complex can beregarded as a side-on-bonded oxo—superoxo
titanium ozonide complex, [(TiO)**(O, )(037)], that is, a
TiO?* dication coordinated by one O, anion and one O3~
anion.'>?

The OTi(5?-0,)(7>-03) complex rearranges to a less stable
OTi(5*-0,)(1'-03) isomer under 532 nm laser irradiation,
in which the Os unit is end-on bonded to Ti.'>? The OTi(#*-
0,)(7'-03) complex is predicted to have a *A’ ground state
with C; symmetry (Figure 2C). The geometric features of
the OTi(77%-O,) structural unit in OTi(37%-O0,)(37'-O3) are about
the same as those in the OTi(7?-0,)(17%>-O3) isomer. The O;
fragment lies in the molecular plane and binds in an 7' end-
on fashion with two different O—O bonds. The complex can
also be described as [(Ti0)**(0,7)(O57)], an end-on bonded
oxo—superoxo titanium ozonide complex. It is found that
these two structural isomers are interconvertible, that is,
formation of the end-on-bonded isomer is accompanied by
demise of the side-on-bonded complex under 532 nm laser
irradiation and vice versa upon sample annealing. Theoretical
calculations predict that the side-on bonded complex is 7.3
kcal/mol more stable than the end-on bonded isomer at the
B3LYP/6-311+G(d) level of theory. The reaction from side-
on to end-on is endothermic and is computed to have a barrier
height of 10.5 kcal/mol at the triplet potential energy surface.
Figure 3 clearly shows the formation and interconversion of
the two TiOg isomers.

The photoinduced isomerization reaction feature of OHf(7%-
0,)(17?-03) is different from that of OTi(77?-0,)(7>-03). The
OHf(5?-0,)(*03) complex rearranges to a HIf(#?-O,);
isomer under visible light irradiation and the rearrangement
is reversed upon UV irradiation (266 nm).'>* Unlike the
trisuperoxo complexes of scandium and aluminum, which
have D3, and D; symmetry with three equivalent superoxo
ligands,!!"!!? the Hf(77%-O,); complex is characterized to have
a °B ground state with C, symmetry (Figure 2D).">* Accord-
ing to DFT calculations, the Hf(#%-O,); complex is 6.1 kcal/
mol more stable than the OHf(;7?-O,)(17%-O;) isomer. At the
optimized geometry of Hf(77%-0,)3, two O, subunits are side-
on bonded and are equivalent with an O—O bond length of
1.338 A, which falls into the range of superoxide. The third
O, subunit is also side-on bonded with a much longer O—O
bond length than that of the other two O, subunits. The
predicted O—O bond length of 1.512 A is appropriate for a
peroxide complex. Accordingly, the Hf(37°>-O,); molecule can
be considered as [Hf*f(0,7),(0,>7)], a side-on bonded
disuperoxo hafnium peroxide complex.
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Figure 3. Infrared spectra in the 1360—1300 and 1150—770 cm™!
regions from co-deposition of laser-evaporated titanium atoms with
0.5% O in argon: (a) 1 h of sample deposition at 6 K; (b) after 35
K annealing; (c) after 40 K annealing; (d) after 15 min 532 nm
irradiation; (e) after 35 K annealing (A and B denote absorptions
of OTi(5>-0,)(57?-0;3) and OTi(57?-0,)(17'-03)). Reproduced from ref
152. Copyright 2007 American Chemical Society.

According to our recent studies on the reaction of hafnium
atoms and O,, the hafnium center can be coordinated by up
to four O, molecules in forming a homoleptic tetrasuperoxo
hafnium complex, Hf(77%-O,),."* DFT/B3LYP calculations
predict a °B, ground state with D,; symmetry, in which the
four O, ligands are side-on bonded with the two oxygen
atoms in each O, subunit being slightly inequivalent (Figure
2E). Similar structure has been observed previously in group
V and VI tetraperoxometallate anions.*¢'> The B, ground
state of Hf(5?-0,), has an electronic configuration of (core)
(a2)'(by)'(e)*> with two unpaired electrons occupying the
nonbonding a, and b; molecular orbitals, which are the
combinations of four O, s* orbitals. The remaining two
unpaired electrons occupy the doubly degenerate e molecular
orbitals, which are also combinations of four O, 7* orbitals
but comprise significant O, 7* to Hf*" bonding. The Hf(7>-
0,); complex is the only example of a binary neutral
transition metal complex with four side-on bonded super-
oxide ligands.

3.3. V Group

Both the VO and NbO diatomic molecules are determined
to have a “X~ ground state.?4~26177283.156=171 I contrast, the
ground state of TaO is a A state.”>!%%1727178 The metal
dioxides of this group are bent molecules. 2676~ 78160165, 172,174,179-181
Both the symmetric (v;) and antisymmetric (v3) stretching
modes have been observed in solid matrices.!3> 87 Recent
experiments indicate that the dioxide molecules trapped in
solid argon are coordinated by two argon atoms and should
be regarded as the MO,(Ar), complexes.'®!% However,
argon atom coordination only slightly changes the spectral
and structural properties of the dioxide molecules. Based on
the observed isotopic frequency ratios of the v; mode, the
valence bond angle is estimated to be 118° 4= 3° for VO,, 108°
=+ 5° for NbO,, and 106° £ 5° for Ta0,."%>'83 Due to the
anharmonicity in the v; mode, the true angles of these dioxide
molecules will be on the order of 4° lower than the estimated
upper limits. While the stretching frequencies for VO, and TiO,
are similar,'*>!32 the stretching frequencies for NbO, and TaO,
are some 50—100 cm ™! higher than their neighboring ZrO, and
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HfO, molecules, which are estimated to have similar valence
angle upper limits around 115° & 5°.132 The frequencies for
TaO, are some 30 cm~! higher than those for the lighter
NbO, molecule.'®® This suggests greater lanthanide contrac-
tion and relativistic effect for Ta relative to Nb than that for
Hf relative to Zr. All three dioxide molecules are predicted
to have a 2A; ground state,’0~75160-164.172.179.183

The infrared spectrum of the neutral VO5; molecule has
not been reported in solid matrices. DFT/B3LYP and BP86
calculations suggest a pyramidal structure with C,; symmetry
to be the most stable structure for VO,;.!9%1%! However, a
nonplanar trigonal geometry with Cs, symmetry is predicted
to be the ground state at the BPW91 level of theory,'®? which
is consistent with the result given by diffusion quantum
Monte Carlo calculations using BP86 and B3LYP meth-
0ds.'®® In a matrix ESR spectroscopic investigation on the
VO, (x = 1—3) system, an anisotropic octet absorption (g
= 2.022) with a relatively small >'V Ay value of 462 MHz
is tentatively assigned to the VOj; radical.'®* Although the
CASSCF calculations suggest that the minimum energy
structure is pyramidal with C; symmetry, a planar isomer
with C,, symmetry is calculated to be about 31 kcal/mol
lower in energy than the C, structure using MR-SDCI
method. This planar C,, structure is proposed to be the origin
of the observed matrix ESR signal. A gas-phase PES study
indicates that the VO; molecule has a large adiabatic electron
affinity of 4.36(5) eV due to the closed-shell nature of the
VO~ anion.'® The first detachment feature of the VO5;~
anion in the PES spectrum is associated with the bending
mode involving two oxygen atoms, and no VO stretching
vibrational progression has been observed. No detailed
structural information on the neutral TaO; molecule can be
derived from the photoelectron spectrum of TaO;™ except
for a broad featureless band beginning at around 2 eV.!¢!
Both the NbO; and TaO; molecules are theoretically
predicted to have three-dimensional pyramidal structures.'”>!%

The metal dioxide—dioxygen complex structure is the only
structure experimentally characterized with MO, stoichiom-
etry (M = V, Nb, Ta).'3>!% In an early report on photoin-
duced oxidation of V(CO)s in the presence of O, in solid
argon, a group of absorptions are attributed to an end-on
bonded OOVO, complex.'” In the following study on the
reaction of laser-ablated vanadium atoms with O,, similar
absorptions are assigned to the end-on coordinated OOVO,
complex.'®? The assignment of the end-on bonded structure
is based on the observation of 1.8 cm™! split for the
intermediate absorption of the O—O stretching vibration in
the spectrum using a '°0, + '°0'80 + 130, sample. However,
the side-on bonded (772—02)VO2 isomer is theoretically
predicted to be more stable than the end-on bonded
isomer. 907163183 Recent matrix isolation infrared spectro-
scopic work in this laboratory shows that the experimentally
observed absorptions should be reassigned to the side-on
bonded complex, which is coordinated by one argon atom
to form the VO,(Ar) complex in a solid argon matrix.'3® The
VO,(Ar) complex has a A" ground state with C; symmetry
(Figure 4). The Ar atom and the coordinated O, subunits
are in the same plane, which is perpendicular to the VO,
plane. The two oxygen atoms in the coordinated O, subunit
are slightly inequivalent due to argon atom coordination. As
a result, the intermediate absorption of the O—O stretching
vibration should split into two closely spaced absorptions in
the spectrum with the %0, + %080 + 80, sample. The
NbO, and TaO, complexes have the same structure as the
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Figure 4. Optimized structures for VO, and VO4(Ar).

vanadium analog.'® The metal—Ar binding energies for these
noble gas atom complexes are predicted to be within several
kcalories per mole, which are comparable with those of
previously reported transition metal—noble gas complexes.'”!

The (0,),VO complex is the only example in this group
with MOs stoichiometry that has been theoretically reported.
The geometry of this complex is similar to that of the
(0,),TiO complex, which is determined to have nonplanar
C, symmetry. The (0,),VO complex has a A" ground state
with quite long O—O bonds (1.45 A predicted at the BPW91/
LANL2DZ level of theory).'®? It is found that the (>-0,)MO,
complexes are able to coordinate another dioxygen molecule
to form the very weakly bonded (7*-0,)MO,—0, com-
plexes.'3%18 No other structures have been reported.

3.4. Cr Group

Chromium monoxide possesses a °II ground state with a
(core)(90)'(16)*(4m)! electronic configuration, in which the
last electron occupies the 47t antibonding orbital derived from
the Cr 3d, and O 2p, orbitals due to the large 3d—3d
exchanged energy.? 2961769192200 The population in the
antibonding orbital suggests the decrease in the Cr—O bond
order. The Cr—O fundamental observed at 885 cm™! in the
gas phase is about 100 cm™! red-shifted from that of its
neighboring vanadium monoxide.?* The CrO fundamental
in neon (880.2 cm™!) is slightly red-shifted from the gas-
phase value,?! but a large shift about 35 cm™! is observed
for the corresponding argon matrix value (846.3 cm™!).202
Recent study shows that the CrO molecule trapped in solid
argon is coordinated by an argon atom. The absorption at
846.3 cm™! in solid argon should be assigned to ArCrO
instead of the isolated diatomic molecule.*®

Similar to the chromium congener, molybdenum monoxide
also has a SII ground state,’07!!16:157.192.196.203-207 \whoge
infrared absorption is observed at 893.5 cm™! in solid
argon.””® The ground electronic state of the diatomic WO
molecule remains unclear. A 3~ spin state has been
considered as the ground state in most experimental and
theoretical studies.!¥>2032097212 However, a °I1 state was
predicted to be the lowest state from the SCF and CASSCF
calculations,”’® on the basis of which several low-lying
electronic states in the near-infrared region are identified.?'*
In a more recent theoretical investigation, a closed-shell
singlet state was calculated to be lowest in energy using a
series of DFT methods.”® The vibrational fundamentals of
WO were experimentally determined to be around 1050 cm ™!

both in the gas phase and in different noble gas matri-
ces 25201210

The chromium dioxide molecule has been produced either
via the reaction of chromium atom with O, or from photo-
oxidation of Cr(CO), in O,-doped matrices.?'>*'¢ According
to the most recent matrix investigations, the symmetric and
antisymmetric stretching vibrations are observed at 914.4 and
965.4 cm ™! in argon and 920.8 and 971.9 cm™! in neon.?!:2%2
The symmetric stretching and bending vibrations are deter-
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mined to be 895 =+ 20 and 220 4 20 cm™! from photoelectron
spectroscopy in the gas phase.?'” Theoretical calculations at
different levels reveal that CrO, has a *B; ground state with
bent geometry.’%77:197:201.202218=221 The hond angle is deter-
mined to be 128° + 4° based on the observed chromium
and oxygen isotopic shifts of the v; mode.?”? Besides the
dioxide structure, the chromium dioxygen complex isomer
has also been reported from photoelectron spectroscopic
study of the CrO,™ anion in the gas phase. A weak signal
observed around 1.5 eV is assigned to the photodetachment
band of the Cr(O,)” anion, which results in the formation
of the chromium peroxide complex, Cr(O,).!’

The molybdenum dioxide molecule has also been char-
acterized to have a triplet ground state with bent geo-
metry.’1:201:216219.2227224 The bond angle is estimated to be
around 118° + 4° from the observed Mo and O isotopic
frequencies in solid argon and neon.?°!>2 The last member
in this group, the tungsten dioxide molecule, has a singlet
ground state.?’!>!° The singlet—triplet separation was ex-
perimentally determined to be 0.327(6) eV from photoelec-
tron spectroscopy.??> The vibrational frequencies of ground
state WO, are measured at 1030 cm™' (v;) and 983 cm™!
(v3) in solid neon,?'?'* about 50 cm™! higher than those
observed in solid argon and krypton.2*!-?19226 The large neon-
to-argon shifts suggest the existence of strong interactions
between tungsten dioxide and matrix noble gas atoms.

The trioxide molecules of group VI metals are the only
experimentally observed isomers with MO; stoichio-
metry.197,201,202,210,212,216,224,226723l Gas-phase PES studies re-
veal that all three trioxide molecules in this group possess large
HOMO—-LUMO gaps, suggesting that these oxides are highly
stable species and can serve as building blocks for large clusters
and bulk materials.!??*"722% All three trioxide molecules have
been identified in matrix infrared studies from their characteristic
doubly degenerate M=O stretching vibrations,20!-202210.212.224.226
Calculations at various levels predict that these trioxide
molecules all have a closed-shell 'A; ground state with
pyramidal Cs, symmetry.’8197:201210223227228232-235 A[] the metal
valence electrons are involved in bonding with oxygen, and
the metal centers are in their highest +6 oxidation state.

The information on group VI MO, species is mainly
obtained from gas-phase PES investigations, as well as
theoretical calculations. The vibrational assignments of MO,
species remain unclear in solid matrices although some
assignments have been proposed.2’2210216 A PES study on
the CrO,, (n = 1—5) system suggests that CrO, is a chromium
dioxide—dioxygen complex, (O,)CrO,, which is predicted
to have a closed-shell singlet ground state with C, symmetry
(DFT/BPW91).'97 The vertical electron detachment energy
for the ground state of (O,)CrO,  anion is predicted to be
4.95 eV, in good agreement with the experimental value of
5.07 eV. Recent density functional calculations at B3LYP
level on the WO, isomers reveal that the spectroscopic
character of an end-on bonded tungsten dioxide—dioxygen
complex structure is identical to the results from a vibra-
tionally resolved PES study despite its metastable character.>*6-2%
However, a more recent PES investigation indicates that
tungsten prefers tetrahedral coordination with oxygen without
an O—O0 bond.”?® WQy,, as well as MoQ,, possesses extremely
high electron affinities; thus, they belong to the category of
strong oxidizers called superhalogens. The calculation of the
ground state of neutral WOy is particularly difficult due to
symmetry-breaking issues. At the CCSD(T)/aug-cc-pVDZ
level of theory, the ground state of WOy is predicted to be
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Figure 5. Infrared spectra in the 1180—1060 and 1000—880 c¢m ™!
regions from co-deposition of laser-ablated chromium atoms with
isotopically substituted O, in excess argon at 12 K. Spectra are
taken after 1 h of sample deposition followed by 45 K annealing:
(@) 2.0% '%0,; (b) 1.5% '°0, + 1.5% '*0,; and (c) 2.0% '80,.
Reproduced from ref 238. Copyright 2008 American Chemical
Society.
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a triplet 3A2 state with D,, symmetry with a W—O distance
of 1.828 A and a JOWO bond angle of 102.2°, significantly
distorted from the ideal 7, geometry. The W—O bond
distance is not that of an oxo O but is more like that of an
oxyl (—0").228 The metal dioxide—dioxygen complex isomer,
which is proposed to exist in solid noble gas matrices, is
predicted to be higher in energy than the D,, structure.

Structural information on the ground-state MOs species
has been obtained only from photoelectron spectroscopy, as
well as theoretical predictions.'?”??® The most stable structure
for all three MOs species is found to be a dioxygen complex
of metal trioxide, (O,)MO;. On the basis of experimental
electron detachment energies and theoretical calculations, the
(0,)CrO; complex is determined to have a *A” ground state
with an end-on bonded O, moiety. The O—O bond distance
is predicted to be 1.22 A at the BPW91 level of theory, only
slightly longer than that of free O,, suggesting a weak
interaction between O, and CrO;."”” The O, ligand is much
more activated upon coordination to tungsten trioxide.??® The
O—0 bond length of the (O,)WO; complex is predicted to
be 1.312 A at the B3LYP level; thus, WOs can be described
as an O, interacting with WO;*. In the ground state of WOs,
one unpaired electron is localized on the O, fragment as in
the case of the anion, and the other unpaired electron is
localized on one of the O atoms of WQOs, giving rise to the
unusual charge-transfer complex, (0, )WO;". The energy
for addition of O, to WOj5 to form WOjs is estimated to be
exothermic by only 13.7 kcal/mol at the CCSD(T)/aug-cc-
pVTZ level. This exothermicity is 3 eV less than that of
WO, plus O, and shows that only a weak complex of O,
with WOs; is formed because the three oxo bonds in WO;
have consumed all the available valency of W.2%8

The metal dioxide—bisdioxygen complex structure is the
only structural isomer experimentally characterized with MOg
stoichiometry. A group of absorptions at 1153.9, 1134.2,
971.5, 939.6, and 532.0 cm™! from the reaction of chromium
atom with dioxygen in solid argon have been assigned to
CrOg based upon the observed mixed isotopic spectral
features (Figure 5).2°'2%% The assignment of the 1153.9,
1134.2, and 971.5 cm ™! absorptions to CrOO, OOCrOO, and
OOCrO, species in early matrix isolation studies is incor-
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Figure 6. Optimized structures for CrOg and CrOg(Xe).

rect.?2 The (17%-0,),CrO, complex is predicted to have a *B,
ground state with a tetrahedral skeleton of C,, symmetry, in
which the two O, fragments lie in the same plane, which is
perpendicular to the OCrO plane.?*® The two 7%-O, fragments
are equivalent and bound in an asymmetric, side-on fashion,
with two slightly inequivalent Cr—O bonds (Figure 6). The
(7?-0,),CrO, complex can be regarded as a side-on bonded
disuperoxo chromium dioxide complex, [(O;)2(CrO,)**],
where two O, anions are bound to a CrO,*" dication.?*
The MoOg and WOg complexes are characterized to have
similar structures as CrOg.?!

Our recent matrix experiments reveal that the (17°-0,),CrO,
complex can undergo a xenon-atom-induced disproportion-
ation reaction to give a xenon atom coordinated (7'-O0)(1*
0,)CrO,(Xe) complex.?*® The (7'-00)(17%-0,)CrO,(Xe) com-
plex is predicted to have a C, symmetry and 3A" ground
state with the two O, fragments and xenon atom in the same
plane, which is perpendicular to the OCrO plane (Figure 6).
The end-on bonded 7'-0O0 fragment is predicted to have an
0—0 bond length of 1.206 A, which is about the same as
that of free O,, while the Cr—OO distance is calculated to
be rather long (3.903 A) at the B3LYP level. Therefore, the
complex is regarded as a triplet O, molecule adsorbed on a
closed-shell (17%-0,)CrO,(Xe) complex. The conversion from
the disuperoxo chromium dioxide complex to the peroxo—
chromium dioxide—xenon complex reaction provides a
model system in demonstrating O, activation through electron
transfer from metal oxides to form the superoxo complex
and further convert to dioxygen and peroxide complex.

3.5. Mn Group

Due to the occupation of another doubly degenerate
antibonding 4 orbital, the diatomic MnO molecule has a
63" ground state with a (core)(90)'(10)*(4m)* electronic
configuration. The ground-state MnO molecule has the
highest magnetic moment among the first row transition
metal monoxide molecules.?’ 2617692397243 The MnO bond
is even weaker than that of its neighboring CrO. Therefore,
the vibrational fundamental of MnO observed in the gas
phase and in solid matrices is slightly lower than that of
CrQ.22#24 Ap early ESR investigation suggested that the
inserted manganese dioxide molecule is linear in the noble
gas matrix.’* However, subsequent matrix isolation infrared
absorption spectroscopic investigation provided solid evi-
dence that manganese dioxide is bent. Both the symmetric
and antisymmetric stretching vibrations are observed in solid
matrices.?*® The upper limit of valence angle is estimated to
be 140° £ 5° from the v; isotopic frequency ratio. The
symmetric stretching mode is determined to be 800 £ 40
cm™! from PES study in the gas phase,**® which is in good
agreement with the 816.4 cm™! value in solid argon.?*
Theoretical calculations at different levels reveal that the
inserted MnO, molecule has a *B; ground state with a bent
structure.’®77239:240.246 The end-on bonded superoxide com-
plex MnOO and the side-on bonded peroxide complex
Mn(O,) were suggested to exist in solid matrices from early
matrix isolation studies.?*® However, recent investigation in
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our laboratory indicates that the absorptions previously
assigned to the Mn(O,) complexes are due to larger clus-
ters.?*” Theoretical calculations indicate that both the side-
on and end-on bonded Mn(O,) complexes are much higher
in energy than the inserted dioxide isomer.’®""-?3° Gas-phase
studies suggest that the ground-state manganese atoms are
unreactive toward 0,.2*8 It is very unlikely that these high-
energy manganese dioxygen complexes can be formed and
trapped in noble gas matrices.

Two structural isomers have been reported for MnO;. A
matrix-isolation ESR study indicated that MnO; exhibits very
large manganese hyperfine coupling, which suggests that the
unpaired spin is best described as occupying an sd.2 hybrid
orbital, resulting in a molecule of planar D5, symmetry and
2A, ground state.”*® Theoretical calculations predict that the
ground state of MnOj is 2A;, which possesses a pyramidal
Cs, geometry.”*® The photoelectron spectrum of MnO;™~ at
266 nm reveals a single vibrationally resolved band with an
840 cm ™! vibrational spacing and an adiabatic binding energy
of 3.335 eV. The observed features are assigned to detach-
ment transitions from the ground state of MnO;™ to that of
MnO:;. The observed vibrational progression is attributed to the
symmetric Mn=0 stretching vibration.?** Matrix-isolation
infrared absorption spectroscopic investigation of the reac-
tions of laser-ablated manganese atoms with dioxygen failed
to produce the manganese trioxide molecule. In contrast, a
(7*-0,)MnO complex was tentatively identified with the
Mn=0 stretching vibration observed at 886.9 cm™! in solid
argon. 240

Two structural isomers have been reported experimentally
for MnOQ,. In a photoelectron spectroscopic study of MnO4~
in gas phase, the observed spectral features were attributed
to transitions from the ground state of the tetrahedral MnO,4~
anion to the ground and excited states of the MnQO, neutral,
which is proposed to be a distorted tetrahedron with all four
oxygen atoms bonded to the Mn center dissociatively.?* This
MnQ, structure was determined to have an electron affinity
of 5 eV, which is significantly larger than that of atomic
chlorine, the most electronegative element in the periodic
table. In our recent matrix isolation study, a manganese
dioxide—dioxygen complex, (>-0,)MnO,, is formed via the
reaction of MnO, and O, in solid argon. The complex is
characterized to be a side-on bonded peroxo manganese
dioxide complex.?*’ Theoretical calculations on MnO, present
contradictory results. The side-on bonded (>-O,)MnO,
complex structure and the distorted tetrahedral isomer
without O—O bonding are predicted to be close in energy
with the complex structure being slightly (0.18 eV) less stable
than the distorted tetrahedral isomer according to the BPW91
calculations.”**>° In contrast, the complex structure is
predicted to be about 4.4 kcal/mol more stable than the
distorted tetrahedral isomer from our newly performed
B3LYP calculations.?” Single point energy calculations at
the CCSD(T) level with the B3LYP optimized geometries
give an even larger energy separation of 12.5 kcal/mol.?"

The only experimentally characterized species with MnOg
stoichiometry is (7#*-0,)MnQO,, a dioxygen complex of
manganese tetroxide, which is produced from the reaction
of O, and the (57?>-0,)MnO, complex in solid argon.”*’ This
complex features an unusually intense O—O stretching
vibration at 1511.7 cm™!. Theoretical calculations predict that
the (*-O,)MnO, complex has a 2A, ground state with C,
symmetry, in which the O, fragment is coordinated to two
oxygen atoms of the MnO, fragment, as shown in Figure 7.
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Figure 7. Optimized structures for MnO, and MnOse.

The O—O bond length of the O, fragment in the 2A, ground
state (#72-0,)MnO, complex is predicted to be 1.184 A at
the B3ALYP/6-311+G(d) level, slightly shorter than the value
of free molecular oxygen, whereas the O—O distance
between the O, and MnO, fragments is computed to be 2.226
A2 significantly longer than that of typical O—O single
bond and even longer than that of the H,OOO™ cation, which
is characterized to be a 3c—1e bond.?! Unlike a number of
transition metal dioxygen complexes, in which the O,
fragment is negatively charged, natural charge population
analysis shows that the O, ligand in (>-0,)MnO, is
positively charged by about +0.21 e. However, the (7°-
0,)MnO, complex cannot be regarded as a pure ionic
[0,*][MnQ, ] charge-transfer complex. Generally, the O—O
stretching vibrational modes of dioxygenyl fluorometallate
salts, which are regarded as pure ionic compounds, lie around
1850 c¢cm™ 2% The O—O stretching frequency of (3%
0,)MnO; is very close to that of the XeOO™ cation (1507.9
cm ') in solid argon, which is characterized to involve a
(p—7*) o bonding between Xe and 0,.25 The interaction
between O, and MnO, in (57°>-O,)MnQy is similar to that in
the dioxygen complex of FSO; radical.>>* The experimental
electron affinity of MnQ, is determined to be 4.80 &+ 0.10
eV, about the same as that of the FSO; radical,>® but is
much smaller than that of PtFg (7.00 £ 0.35 eV).?® PtF; is
well-known to be able to oxidize the O, molecule to form
the [O,"][PtFs~] charge-transfer complex.?’

Experimental reports on simple oxide and dioxygen
complexes of Tc are rare due to the radioactive character of
Tc. Much of the information on Tc system comes from
theoretical calculations. Technetium monoxide is predicted
to have a S=* ground state using both density functional and
modified coupled pair functional (MCPF) methods.”®7!2%7
These calculations yield an equilibrium bond length around
1.76 A and a vibrational fundamental in the range of
840—910 cm™!. All three structural isomers with TcO,
stoichiometry have been calculated.”® For the inserted
technetium dioxide molecule with bent C,, symmetry, a “B,
state is predicted to be the ground state using the MCPF
method.”® However, calculations at the DFT/B3LYP level
find a “B, state to be the ground state, which is about 12
kcal/mol lower in energy than the “B, state.>® Both the end-
on superoxo (3A") and side-on peroxo (“B,) complexes are
predicted to be about 90 kcal/mol less stable than the inserted
dioxide isomer at the MCPF level of theory.” The technetium
trioxide molecule is computed to have a 2A;" ground state
with planar Ds;, symmetry.”

The ground state of rhenium monoxide remains unclear.
The vibrational frequency of ReO is determined to be 979.1
cm™! from the emission spectrum in the gas phase.®® In a
recent intermodulated fluorescence spectroscopic study, a A
state with (core)10%20?17*16°30° electronic configuration is
found to be consistent with the experimentally observed
magnetic hyperfine constant.’®® However, a *® state is
predicted to be the ground state by BP86 and B3LYP
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calculations with the 2A and =" states lying slightly higher
in energy;’' the °=" state is suggested to be the ground state
in a recent theoretical study using various DFT methods.”

Both rhenium dioxide and trioxide molecules have been
reported in solid matrix-isolation infrared spectroscopic and
gas-phase PES studies.?®!?%2 The inserted ReO, molecule is
determined to have a “B; ground state with bent C,,
symmetry.>>$26! The rhenium trioxide molecule is found to
have a %A, state with pyramidal C;, geometry.?®' The electron
affinities of ReO, and ReO; are measured to be 2.5 & 0.1
and 3.6 & 0.1 eV, respectively.?®? For the oxygen-rich ReO,
species, a peroxo rhenium dioxide complex, (7>-0,)ReQ,,
has been identified in solid matrices. Theoretical calculations
at the BP86 and B3LYP levels reveal that the (7*-0,)ReO,
complex has a closed-shell singlet ground state with non-
planar C,, symmetry.”®!

3.6. Fe Group

The diatomic FeO molecule is one of the most studied
metal oxide species. Its molecular constants have been
obtained by matrix infrared, photoelectron, photolumi-
nescent, microwave, and electronic spectroscopy. 2640263275
It has also been the subject of a number of theoretical
studies.?’~29:61769.123.239.276-282 Tt i5 yell established that FeO
has a 3A ground state with five closely spaced spin orbital
components (about 200 cm™!). The vibrational fundamental
is experimentally determined to be around 870 cm™! in the
gas phase as well as in solid noble gas matrices,>+266:270.272.274

The FeO, species have been the subject of a number of
gas-phase and matrix experimental studies. Anion photo-
electron spectroscopic investigation on FeO, ™ indicates that
only the inserted FeO, neutral structure is observed in the
gas phase.?®®2% The photoelectron spectra of FeO,” (x =
1—4) are shown in Figure 8. However, spectral assignments
on the FeO, species in solid matrices are not straightforward,
and many disagreements are found in the literature. In an
early matrix-isolation infrared spectroscopic study on the
reaction of thermally evaporated iron atoms with dioxygen,
absorptions at 945.9 and 517.1 cm™! are assigned to
vibrations of the cyclic Fe(O,) molecule in solid argon.?*
In the next work, three FeO, isomers were proposed to be
formed from the reactions of hollow-cathode sputtered iron
atoms with dioxygen in argon. A band at 956 cm™! was
assigned to the O—O stretching mode of the cyclic Fe(O,)
structure, while the bands at 969 and 946 cm™' were
attributed to the linear and bent OFeO isomers.?%* In the
photooxidation of matrix-isolated iron pentacarbonyl in the
presence of oxygen, a 956 cm ™! absorption was also assigned
to the cyclic Fe(O,) molecule, but a 945 cm™! absorption
was attributed to FeOs instead of OFeO.?® More recent
investigations employed the reactions of laser-ablated iron
atoms with dioxygen; the absorption at 956.0 cm™! was
retained for cyclic Fe(O,), but the absorptions at 945.8 and
797.1 cm™! were assigned to the antisymmetric and sym-
metric stretching modes of the inserted FeO, molecule, while
an absorption at 1204.5 cm™! was characterized as the O—O
stretching mode of a FeOO isomer.?’*?%¢ The assignment of
the bent inserted FeO, molecule was further supported by a
matrix-isolation Méssbauer spectroscopic study.?®” The bond
angle was determined to be 150° £ 10° based upon the
observed oxygen and iron isotopic v; frequencies.?’*?%
Recently, we reinvestigated the reaction of iron atoms and
dioxygen using matrix-isolation infrared absorption spec-
troscopy.?® We found that the inserted iron dioxide molecule
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Figure 8. Photoelectron spectra of FeO,” (x = 1—4) at 266 nm.
The vertical lines indicate the resolved vibrational structures. X
represents the ground state of the neutrals, and the other letters
represent the excited states. Reproduced from ref 268a. Copyright
1996 American Chemical Society.

was the only isomer with FeO, stoichiometry formed in solid
argon. The absorptions previously assigned to FeOO (1204.5
cm ') and cyclic Fe(0,) (956.0 cm™!) are due to the end-on
and side-on bonded dioxygen—iron dioxide complexes
formed by the reactions of inserted FeO, molecule with
dioxygen in the matrix.?®® It was not possible to determine
the ground state of iron dioxide from the theoretical point
of view since the relative stability of different spin
states depends strongly on the theoretical levels em-
ployed.76:77:239.270.286.289-294 The oround state of iron dioxide
was determined to be B, based on comparison between the
calculated and experimentally observed vibrational frequen-
cies and isotopic frequency ratios.”’®?% Both the side-on
bonded Fe(O,) and end-on bonded FeOO complexes were
predicted to lie much higher in energy than the inserted FeO,
isomer according to most theoretical predictions.”677:270-286

Two structural isomers with FeO; stoichiometry have been
reported. A vibrationally resolved photoelectron spectro-
scopic study indicates that the observed FeOs species is due
to the D5, iron trioxide molecule with three Fe=O bonds.
The symmetric Fe=O stretching vibrational frequency was
determined to be 850 £ 50 cm™!'.2*® Both the trioxide
structure and an iron monoxide—dioxygen complex structure,
(O,)FeO, were suggested to be formed in previous matrix-
isolation studies.?’® However, the spectral assignments were
proven to be incorrect. Recently, both the (O,)FeO complex
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Figure 9. Optimized structures for MO, isomers of group VIII
metals.

and the trioxide molecule were prepared via the reactions
of iron monoxide with dioxygen in solid argon.”® The (-
0,)FeO complex was predicted to have a B, ground state
with a planar C,, structure, in which the O, fragment is side-
on bonded to the iron center. The predicted bond length of
the (17%-O,)FeO complex lies on the boundary between typical
superoxo anion and peroxo dianion. Hence, it is more
reasonable to consider the (5?-0O,)FeO complex as an
intermediate between superoxide and peroxide. The complex
isomerizes to the more stable iron trioxide molecule upon
visible light excitation. The trioxide molecule was predicted
to have a 'A," ground state with D3, symmetry, in which
iron possesses the VI oxidation state.?"0-287:291:2952% [t should
be noted that the bond length and vibrational frequencies of
FeO; are about the same as those of CrOs.2%?

As for the FeO, species, an anion photoelectron spectro-
scopic study suggests that the observed FeO, species is due
to (7*0,)Fe0,.2% Our recent matrix isolation infrared
spectroscopic study on the reaction of Fe and O, provides
evidence for the existence of two structural isomers of FeOy,,
namely, the end-on bonded dioxygen—iron dioxide complex
and the side-on bonded dioxygen—iron dioxide complex
(Figure 9A,B).%8 These two FeO, isomers are interconvert-
ible; that is, the side-on bonded complex converts to the end-
on bonded isomer under near-infrared light (A > 850 nm)
excitation and vice versa with red light irradiation (4 > 600
nm), as shown in Figure 10. The end-on bonded isomer is
characterized to be a superoxide complex with a planar A"
ground state, while the side-on bonded structure is a peroxide
complex having a singlet ground state with a nonplanar C5,
symmetry. Although most pure DFT calculations predict that
the tetroxide structure (7; symmetry) without O—O bonding
is more stable than the side-on bonded (77%-O,)FeO,
structure,?’8272%8 ab initio and hybrid DFT calculations
indicate that the tetroxide structure is less stable than the
side-on structure.?”

There is no experimental report on the FeOs and FeOq
species. A bisuperoxo iron monoxide complex, (O,),FeO,
is predicted to have a singlet ground state with C, sym-
metry.®” In a recent first-principles molecular dynamics
based theoretical study, both the FeOs and FeOg species were
proposed to be dioxygen adducts of iron trioxide and
tetroxide.?”’
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Figure 10. Infrared spectra in the 1220—1190 and 980—860 cm™!
regions from co-deposition of laser-evaporated Fe atoms with 1.0%
O, in argon: (a) 1 h of sample deposition at 6 K; (b) after 15 min
of broadband irradiation (250 < A < 580 nm); (c) after annealing to
25 K; (d) after annealing to 35 K; (e) after 15 min of A > 850 nm
irradiation; (f) after 15 min of 4 > 600 nm irradiation. Spectra c, e,
and f are taken with six scans. Reproduced from ref 288. Copyright
2007 American Chemical Society.

Compared with the rich studies on the FeO, system, the
Ru and Os analogs have received much less attention, except
for the well-known tetroxides.?* 312 The RuO molecule has
been studied spectroscopically in the gas phase and in solid
matrices.”®!3137315 The ground state was determined to be a
SA state.”0772261.280 No spectroscopic data is available for the
osmium monoxide. DFT calculations predict that a > state
and a ® state are very close in energy.”>*! Both the
ruthenium and osmium dioxide and trioxide molecules
have been observed in solid matrices.®!3!* The RuO,
molecule was predicted to have a 'A; ground state with a
bond angle close to 150°.7%%! From the isotopic frequencies
for the v; mode in solid neon, the upper and low limits of
the RuO, bond angle were estimated to be 169° and 151°.%¢!
A 3B, state was predicted to be the ground state for OsO,.
The upper limit of the bond angle was estimated to be 144°
in neon and 140° in argon using the most abundant '°>Os
isotope; hence, the true angle should be around 135°.2%! The
RuO; and OsO; molecules were characterized to exhibit a
trioxide structure with D3, symmetry.’s2¢!

Two structural isomers have been observed for RuO, and
Os0,. It was found that the metal dioxide molecules reacted
with dioxygen in solid matrices to form the dioxygen—dioxide
complexes, which were characterized to have a singlet ground
state with C,, symmetry (Figure 9 A).®! The complexes
rearrange to the more stable tetroxide isomers upon visible
light excitation.?®! The RuO, and OsO, molecules, which
are the only two stable transition metal tetroxides in bulk
form with the metal centers in the highest +8 oxidation state,
are well-known tetrahedral molecules (Figure 9E).3!

3.7. Co Group

Most experimental and theoretical studies suggest that
cobalt monoxide has a *A ground state,?*2"28.6176567.69239.317-322
while a “=” state is predicted to be lowest in energy in a
few cases.®068:274.323.324 Ap early ESR study on the reaction
of cobalt atom toward dioxygen showed that the cobalt
dioxide molecule is linear with a 2Z* ground state.’*> No
other chemically bound forms of CoO, than the linear dioxide
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structure are stabilized in solid argon. All three forms of
Co0O; (linear dioxide and side-on bonded and end-on bonded
complexes) were claimed to have been observed in a matrix
infrared spectroscopic study on the reaction of laser-ablated
cobalt atom with dioxygen.*?® More recently, the reactivity
of atomic cobalt toward dioxygen in solid noble gas matrices
has been reinvestigated using infrared spectroscopy. The
results showed that only the dioxide form is stabilized in
the matrix and that the IR absorptions previously assigned
to the end-on and side-on bonded complexes are due to other
larger species.*?® The IR data of cobalt dioxide also support
the linear geometry in solid matrices. Similar to the isoelec-
tronic FeO,~ anion,”’ theoretical calculations on cobalt
dioxide require sophisticated treatment. Calculations using
DFT-based methods such as BPW91 and BP86 predict a bent
structure with a 2A; ground state;’”*?* BILYP calculations
give a near-linear °A, ground state;’®23°322 ab initio CASSCF
calculations predict a linear structure with a ?A, state, which
is 1487 cm™' below the X, state.**® Recent CCSD(T)
calculations predict a linear ground-state structure with the
?3," state lying lower than the A, state, which are in good
agreement with the experimental results.*?® The trioxide CoOj
molecule is found to be thermodynamically unstable with
respect to CoO + O, dissociation, but the monoxide—dioxygen
complex structure, (O,)CoO0, is calculated to be stable with
respect to dissociation.*? It is predicted to have a °A; ground
state with C,, symmetry. Two absorptions at 1090.0 and
783.0 cm™! are tentatively assigned to the (0,)CoO com-
plex.3%

A recent investigation indicated that CoO, is formed
following molecular diffusion by complexation of ground-
state CoO, by dioxygen in solid matrices.’”” The CoOy,
complex is first formed in a metal-stable excited state and
then spontaneously relaxes to the ground state after remaining
in the dark. The ground state of CoO4 was determined to be
a ’A; state with nonplanar C,, symmetry (Figure 9 A). The
observed excited-state CoO, was characterized to have
nonplanar C,; symmetry with an end-on coordinated dioxygen
ligand (Figure 9C). DFT calculations suggested that the
observed metal-stable state correlates to a *A’ first excited
state lying 0.37 eV above the ground state of CoO,4. The
excited-state lifetime is estimated to be around 23 & 2 min
in argon and 15 % 2 min in neon, indicative of a slow, spin-
forbidden process.*?’ Theoretical calculations at the BILYP
level of theory reveal a cobalt bisdioxygen complex structure
with a °B, ground state and nonplanar D,; symmetry to be
the most stable structure of Co0,.%??> No such species has
been observed experimentally.??’

Both spectroscopic and theoretical studies suggested that the
rhodium monoxide molecule has a “X~ ground state.”*7!-3287334
Experimental information on the RhO, (x > 2) species is
mainly from matrix-isolation studies.** 3% Two structural
isomers with RhO, stoichiometry have been identified
experimentally. Matrix infrared and ESR studies indicated
that the inserted rhodium dioxide molecule formed via the
reaction of rhodium atom and dioxygen is linear or near
linear with a doublet ground state.’*>*** Recent studies in
our laboratory indicated that the side-on bonded Rh(O,)
complex is the precursor for the formation of inserted dioxide
molecule. The Rh(O,) complex was characterized to have a
2A, ground state with C,, symmetry.33

Three structural isomers have been experimentally reported
for RhO,. A rhodium dioxide—dioxygen complex, (-
0,)RhO,, is formed via the reaction of rhodium dioxide with
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dioxygen, which is characterized be a side-on bonded
peroxide complex with C,, symmetry (Figure 9A). Upon
dioxygen coordination, the ORhO fragment is bent with an
estimated bond angle of 110°.3* Besides the side-on bonded
RhO, complex, the end-on bonded (7!-O,)RhO, complex has
also been observed in our recent experiments (Figure 9C).3%
Both complexes are predicted to have a doublet ground state.
Similar to the FeO, system, the side-on and end-on bonded
isomers are found to be interconvertible. The end-on bonded
complex converts to the side-on bonded isomer under
infrared light irradiation and back with near-infrared light
(4 > 850 nm).**” The third isomer, a bisdioxygen complex,
Rh(72-0,),, is also produced from the reaction of rhodium
and dioxygen in solid argon. This complex structure is
predicted to have a “Bj, ground state with planar D,
symmetry (Figure 9 D).3*¢ Based on the observed O—O
stretching frequency, Rh(72-O,), belongs to a disuperoxide
complex. It is found that the Rh(77%-O,), complex is able to
weakly coordinate a third dioxygen in forming the oxygen-
rich Rh(7?-0,),(5'-0,) complex.*** Geometric optimizations
at the DFT/B3LYP level give a stable doublet Rh(77%-O,),(1'-
0,) structure with C,; symmetry (Figure 11), in which two
O, subunits are side-on bonded and are equivalent; the
third O, subunit is end-on bonded with the RhOO plane
perpendicular to the (O,), plane. A stable quartet with very
similar geometry is predicted to be only 0.8 kcal/mol less
stable than the doublet. Xenon-doped experiments in our
laboratory indicate that the Rh(O,), Rh(7?-0,),, and Rh(7*-
0,),(7'-0,) complexes are coordinated by one or two argon
atoms in solid argon matrix.?3

Investigations on the IrO, system in the literature are quite
limited. Gas-phase spectroscopic investigation failed to
determine the ground state of IrO.>*® The IrO product was
not observed in a gas-phase kinetic study on the reaction
between Ir and 0,.3* The vibrational fundamental of IrO is
observed at 822.1 cm ™! in solid argon,** consistent with the
frequency of the =~ ground state from DFT calculations.”3#!
Matrix infrared and ESR studies imply that the iridium
dioxide molecule is linear, the same as the cobalt and
rhodium dioxide molecules.*”® The linear structure with a
’%," ground state can be reproduced by DFT/BPW91
calculations with larger 6-311+G(3d) basis set on oxygen.**!
It was found that the ground-state iridium atom reacted with
O, to form the inserted IrO, spontaneously on annealing;
hence, the iridium dioxygen complex is not expected to be
formed.** The IR absorptions previously assigned to the
iridium dioxygen complex*! are due to larger iridium—oxygen
species.>*

Similar to rhodium, both the side-on and end-on bonded
dioxygen—iridium dioxide complexes have been observed
experimentally.* These IrQ, isomers are also interconvert-
ible. Note that the end-on bonded (1'-0,)MO, complexes
with M = Fe, Rh, or Ir are characterized to have similar
structure to that of the excited-state CoO, complex. However,
these complexes are attributed to be a stable structural isomer
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of MO, instead of excited-state species. The end-on bonded
complexes in the iron, rhodium, and iridium systems are
found to be stable species in the dark; they rearrange to the
more stable side-on bonded isomer only under photon
excitation. Besides the two dioxygen metal dioxide complex
structures, a third isomer with IrO, stoichiometry, namely,
the iridium tetroxide molecule, is formed when the side-on
and end-on bonded IrO, complexes are subjected to visible
light (A > 500 nm) irradiation. The iridium tetroxide molecule
is characterized to have a doublet ground state with D,
symmetry (Figure 9F), in which the iridium center is in an
unusual +8 oxidation state.3** Note that such a high oxidation
state has only been observed in the Ru and Os cases.?®! So
far, the highest experimentally well-established stable oxida-
tion state of iridium is +6.31°

3.8. Ni Group

It is now well-established that nickel monoxide possesses
a 3% ground state.?27~29.61-69.159,196239.274342-353 Bor PO, a
33" state and a *I1 state were found to be almost isoenergetic.
The relative stability of these two states strongly depends
on the theoretical levels employed.”0~7%15%196:350354=359 Apjon
photoelectron spectroscopic studies suggested the X~ state
to be the ground state.>*>*® Both experimental and theoretical
studies confirm that the 3~ state is the ground state for
Pt 73:350356,361-370

Both the side-on bonded superoxide and inserted dioxide
structures of NiO, have been characterized experimentally.
The superoxide complex can be formed from the reaction
of ground-state metal atom with dioxygen in solid matri-
ces,347:353.357.371=374 Theoretical calculations on Ni(17%-O5)
provide contradictory results. Calculations at the CCSD(T)
and CASSCF levels of theory predict a singlet ground
state,’’> 378 whereas DFT calculations using several func-
tionals predict that the triplet state is more stable than the
singlet state.’®77239:347.375.376.379 More recent DFT calculations
at the PW91PW91/6-311G(3df) level with the addition of
scalar relativistic effects indicate that the singlet state is
slightly more stable than the triplet state by 0.1 kcal/mol.>”!
The vibrational frequencies calculated for the singlet state
are in much better agreement with those measured in solid
argon and neon. The nickel dioxide molecule is determined
to be linear with a singlet '2," ground state.””**"371378 The
palladium dioxygen complex is the only PdO, isomer
observed in solid matrix,>3>37374380 which is predicted to
have a singlet ground state with C,, symmetry.3*>37:380 The
inserted palladium dioxide molecule has not been observed
in solid matrices. However, it has been suggested to be the
photodetachment product of the PdO,™ anion from gas-phase
photoelectron spectroscopic study.*** The symmetric OPdO
vibration was determined to be 680 + 30 cm™!. The ground
state of palladium dioxide remains unclear. Both the linear
3T, or 3%, states and the bent >A; or *A, states have been
suggested as the ground state depending on the theoretical
levels employed.”®335:357381 The PES results support a *%,"
state for the inserted PdO, molecule.’*> The OPtO molecule
is predicted to have the same spin state and geometry as
ONiQ.353357368 The singlet Pt(*0,) complex with C,,
symmetry has been observed in a solid matrix.33>337372
Although the end-on bonded PtOO isomer is predicted to
have a triplet ground state and is more stable than the side-
on bonded complex, it is not formed in solid matrices.?’

Both the NiO; and PtO; species, which are characterized
to be metal monoxide—dioxygen complexes, have been
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identified in solid matrices.**”*’ It has been found that the
O, fragment can be bound to the metal centers in either the
side-on or end-on fashion. The O—O vibrational frequency
for the end-on bonded complex is about 300 cm™' higher
than that of the side-on bonded isomer. DFT calculations
indicate that the (1'-0,)NiO complex has a singlet ground
state with planar C; symmetry, while the side-on bonded (*-
0,)NiO complex has a triplet state with C,, symmetry.’*’
The side-on bonded (77%-O,)PtO complex has similar geom-
etry and triplet ground state to those of the nickel analogs,
while a A’ state is predicted to be the ground state for the
end-on bonded (7'-0,)PtO complex.?>’

The metal disuperoxide complexes M(O,), with M = Ni,
Pd, or Pt have also been observed from the reactions between
metal atoms and dioxygen in solid matrices.3*7-33>-357.373.374.380
All three disuperoxide complexes exhibit strong O—O
stretching vibrations around 1080 =+ 30 cm™!. DFT calcula-
tions indicate that these complexes have planar D,, geometry
(Figure 9 D). The Ni(O,), complex was characterized to have
a triplet ground state,**’ while the Pt(O,), complex has a
singlet 'A, ground state.*®>%7 Our recent DFT/BPW91
calculations yielded a triplet ground state for the Pd(O,),
complex, but single-point CCSD(T) calculations at the DFT-
optimized geometries indicated that the singlet state is slightly
more stable than the triplet state.*** Besides the disuperoxide
complex, a nickel dioxide—dioxygen complex, (7>-0,)NiO,,
which is predicted to have a singlet ground state with almost
nonplanar C,, symmetry, is also produced via the association
reaction of nickel dioxide and O, in solid argon.*¥’

3.9. Cu Group

The CuO molecule has a ?I1 ground state as demon-
strated by numerous experimental and theoretical stud-
ies,2+20728.61-69.76382-402 Dye to the antibonding nature of the
singly occupied 4zt orbital, the Cu—O bond is significantly
weakened relative to that of NiO, which results in a long
CuO bond length as well as a quite low CuO vibrational
fundamental 24383391

As for the CuO, species, two structural isomers have been
observed both in the gas phase and in solid matrices, 382383403408
In solid matrices, the ground-state copper atoms tend to react
with O, to form the Cu(O,) complex, while excited copper
atoms are required for the formation of the inserted copper
dioxide molecule.’®? An earlier matrix-isolation ESR experi-
ment suggested a bent geometry for the Cu(O,) complex with
an end-on bonded O, ligand,**>4% but a late theoretical
interpretation indicated that the magnetic inequivalency
derived from the ESR spectra may not be large enough to
distinguish the coordination fashion of the O, molecule.*”
Although the doublet end-on bonded structure is favored at
various DFT calculations, high-level ab initio calculations
predict that the side-on bonded isomer is slightly more
stable.’6:77:377:383410-414 The dipole moment of the end-on
bonded complex is larger than that of the side-on bonded
isomer. Therefore, the end-on bonded structure is expected
to be stabilized via interaction with solid argon, as also
supported by high-level ab initio calculations.*'* The inserted
OCuO molecule was determined to be linear based on the
experimental observations.32-383403404 Mot theoretical cal-
culations suggested a doublet ground state for this linear
molecule.*'>"*!7 The v; mode is about 130 cm™' lower than
that of NiO,, suggesting a weak bonding interaction between
the copper center and two terminal oxygen atoms. Note that
the inserted dioxide structure is the most stable MO,
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Figure 12. Photoelectron spectra of OCuO™ at 266 and 193 nm (left) and Cu(O,)™ at 532 nm (right). Reproduced from refs 382 (Copyright
1997 American Chemical Society) and 403 (Copyright 1995 American Institute of Physics).

configuration for all first row transition metals except copper,
which prefers a dioxygen complex structure.”””’® The PES
spectra of CuO,™ taken at 532, 266, and 193 nm shown in
Figure 12 also demonstrate the coexist of two isomers in
the gas phase.?® One isomer, constituting a very small portion
of the CuO,™ anion beam and dissociating at 532 nm, has a
low electron affinity of about 1.5 eV. The second isomer,
with dominating abundance, has a very high electron affinity
of about 3.46 eV. These two isomers correspond to the
copper dioxygen complex and the inserted copper dioxide
molecule observed in matrix studies.

Two structural isomers with CuOj stoichiometry have been
experimentally characterized.*®>3%3°! An anion photoelectron
spectroscopic study suggested that the observed CuOj; species
in the gas phase is due to a (0,)CuO complex.*®> A copper
ozonide complex, which is the only definitive example of
binary ozonide complex of the first row transition metals,
was assigned in solid matrices.***3°! Due to the extraordinary
oxidizing capability of ozone, binary metal ozonide com-
plexes known so far are limited to the alkali and alkaline
earth metal ozonide complexes, which have been prepared
and characterized by infrared and Raman spectroscopy.*!84!?
The stable structures of the CuO; species have been the
subject of several theoretical studies.*®*%297423 The planar
(0,)CuO complex structure with a side-on bonded O, is
predicted to be more stable than the copper ozonide complex
structure. The Cu(#7%-O3) complex is calculated to possess a
doublet ground state with planar C,, symmetry, which can
be described as Cu*(O3)~. The successful isolation of the
Cu(77?-03) complex may be attributed to the relative stability
of the +1 oxidation state for copper and the higher energy
barrier that prevents its further isomerization.

Photoelectron spectroscopic results indicate that two CuOy
isomers coexist in the gas phase, that is, a bisdioxygen Cu(#*-
0,), complex and a copper dioxide—dioxygen complex.’%?
The Cu(°-0,), complex was also observed in several matrix-
isolation studies. Early matrix infrared studies assigned a
1110 cm™! absorption in solid argon to the Cu(7%-O,),
complex with two equivalent O, fragments.**!*** However
this absorption was proposed to originate from the
(CuO0)(0,), complex in a late matrix-isolation study.’$?
According to our recent experimental results on the CuO,
system, the spectroscopic character of the absorption at 1110
cm ! is similar to that in earlier matrix-isolation experiments,
and we assert that the 1110 cm™! band is due to the Cu(#*-
0,), complex.*?® Theoretical calculations suggest that the

most stable configuration for the Cu(z7*-O,), complex pos-
sesses planar D, symmetry with a *B,, ground state.*>® The
absorption previously attributed to (CuOO)(0O,), was reas-
signed to a CuOs complex.*?

The CuOs complex has been produced via the reaction of
copper atoms with O, or Os in solid argon.*”> The complex
is characterized to have an (%>-0,)Cu(3%-O;) structure, in
which the copper center is coordinated by a O, ligand and
an O; ligand. The complex is predicted to have a *A; ground
state with planar C,, symmetry (Figure 11),** in agreement
with that calculated using the spin-polarized GGA method
with plane-wave basis sets.*?¢ However, an anion photoelec-
tron spectroscopic study suggested that the observed CuOs
species in the gas phase is due to an O, solvated (O,)CuO
complex.*?

In the case of CuQOg, an anion photoelectron spectroscopic
study suggested that two isomers: a copper dioxide dioxygen
complex, OCuO(0O,), and a copper dioxygen complex,
Cu(0,)s, coexist in the gas phase.**? However, both structures
are theoretically predicted not to be the global minima on
the potential energy surfaces of CuQOg.**!**” A bisozonide
structure is predicted as the ground state for the CuOg
complex using the spin-polarized GGA method with plane-
wave basis sets, but isomers containing Cu(O,) building
blocks are very close in energy to the bisozonide structure.
Among the isomers based on the Cu(O,) unit, the structure
containing one side-on and two end-on bonded O, units with
C,, symmetry lies lowest in energy.*?’ Density functional
calculations using the PBE functional indicate that several
competitive structures exist with structures containing ozo-
nide units being higher in energy than those with O, units.
The structure with one side-on and two end-on bonded O,
units (C,,) is predicted to be lowest in energy.*?! Recently,
an oxygen-rich CuOq complex bearing both side-on and end-
on bonded ligands was synthesized via the reaction of Cu
and O, in solid argon.*?® The complex was characterized to
have a *B, ground state with planar C,, symmetry involving
one side-on and two end-on bonded O, units (Figure 11),
which can be formally described as a trisuperoxide
Cu**(0,7); complex with the copper center in its unusual
+3 oxidation state. Compounds with copper in its +3
oxidation state are rare; only some copper peroxide com-
plexes have been reported to exhibit Cu(Ill) character.*”

Both the silver and gold monoxide molecules are found
to have a *IT ground state.”! 73:196.388:400.430-446 The Ag(O,)
complex is the only structure with AgO, stoichiometry
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observed in solid matrices, however, whether the O, ligand
is side-on bonded or end-on bonded cannot be clearly
identified.*0°406:430447:438 According to the recent theoretical
calculations, the end-on isomer in doublet spin state is lowest
in energy for the Ag(O,) complex.>>*3%4 Earlier matrix
infrared and ESR studies indicated that the Au(O,) complex
is side-on bonded, but the end-on bonded isomer is predicted
to be more stable. 3334304507453 Noye that the O—O vibrational
frequency of Au(O,) is sensitive to the matrix, which exhibits
a large neon to argon matrix shift.’ Besides the Au(O,)
complex, the inserted AuO, molecule was also observed to
be the reaction product of laser-ablated gold atoms and
0,.3343% The gold dioxide molecule is determined to have a
’T1, ground state with linear geometry.*>+%440 Gold dioxide
was the only AuO, isomer observed in the gas-phase
photoelectron spectroscopic study.*?

A silver ozonide complex, Ag(7>-Os3) was reported to be
formed in the reactions between silver atoms and O, or
0;.333:430431 Baged on the isotopic substitution experiments, an
infrared absorption around 790 cm™! was assigned to the
ozonide complex, in which Os; is bound to the silver center in
a side-on fashion. DFT calculations suggest a doublet ground
state with planar C,, symmetry for this ozonide complex 33>+
A similar ozonide complex is not formed for gold. Note that
+1 is a stable oxidation state for silver but not for gold.

The AgO,4 complex is formed in solid matrices and was
initially supposed to be Ag*(0,),”, which involves a five-
membered puckered ring,**® similar to that of the CsO,
complex.** However, recent DFT/B3LYP calculations sug-
gested that the most stable configuration for AgO, is the
bisdioxygen Ag(O,), complex with C,, symmetry having a
4B, ground state. Both O, ligands are bound to the silver
center in an end-on fashion.**> Frequency analysis also
supported reassignment of the previously observed absorp-
tions to the bisdioxygen complex structure, which is due to
a disuperoxide complex with the silver center in its +2
oxidation state. The analogous AuO, complex has not been
observed experimentally. Theoretical calculations predict that
the most stable structure is a bisdioxygen complex with
planar Cy;, symmetry having a quartet ground state.*>

3.10. Zn Group

Group 12 of the periodic table, consisting of zinc,
cadmium, and mercury, is usually considered as a post-
transition metal group because the outmost shell of d orbitals
is filled and does not participate significantly in chemical
bonding. With the recent experimental observation of HgF,,
in which the 5d orbitals of mercury are strongly involved in
bonding, mercury should be viewed as a genuine transition
metal element.*® The electronic structure of ZnO is quite
similar to that of group IIA metal monoxides. The diatomic
Zn0O molecule has been spectroscopically studied in the gas
phase as well as in solid matrices.***~#** Theoretical calcula-
tions confirm that the ground state for zinc monoxide is '="
with a (core)90%4a* configuration, in which the 9¢ orbital
is the bonding combination of Zn 4s and O 2p, orbtials, while
the 477 orbital is largely O 2p,, orbital in character.®!~6465-474
Spectroscopic information on cadmium monoxide is mainly
from the matrix isolation studies.**3#** An infrared absorption
at 719 cm ! in solid nitrogen is initially assigned to the CdO
molecule,*®® but this absorption is suggested to be due to a
dioxygen complex.*** Infrared absorptions at 645.1 cm ™! in
argon and 654.4 cm™! in nitrogen are reassigned to the CdO
fundamental.*** A *IT state is found to be the most stable
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spin state using most density functionals,”! but a '=* state
is predicted to be the ground state using high-level ab initio
methods. #6468

The zinc and cadmium dioxide molecules have been
produced in solid argon and nitrogen from the reactions of
laser-ablated metal atoms with O,.%* Note that neither
dioxide was formed in previous thermal evaporation experi-
ments, suggesting that the laser-ablated excited-state metal
atoms are responsible for the formation of these inserted
products.*® Both of the two dioxide molecules were deter-
mined to have a *%,” ground state with linear geometry.”s77464
Resolved natural zinc isotopic splittings assist in the char-
acterization of the ZnO, molecule. The ZnO, molecule is
calculated to be thermodynamically unstable; its decay with
the evolution of molecular oxygen is exothermic by about
0.6 eV. Hence, its observation in solid argon suggests a
barrier to decomposition. Besides the inserted dioxide
molecule, a Cd('-O,) complex with an end-on bonded O,
ligand has also been tentatively identified in solid matrices,
but DFT calculations predict that the side-on bonded isomer
with a B, ground state is more stable than the end-on bonded
complex. ¢4

No gas-phase spectroscopic studies are available on mercury
oxide species. A 676 cm™' absorption has tentatively been
assigned to the vibrational fundamental of HgO in an early
matrix-isolation study.*”” However, theoretical calculations at
different levels suggest that HgO has a *I1 ground state with
a vibrational fundamental around 300 ¢m™!,73466468476=478
spectroscopic identification of mercury dioxide has been
reported, but a mercury superoxide complex was suggested
to have been observed in a solid matrix.*”

3.11. Lanthanide Group

Lanthanide metals can be classified into two groups:
typical lanthanides and atypical lanthanides. Typical lan-
thanides exhibit a formal oxidation state of +3 and possess
characteristic properties associated with rare earth metals.
Due to the presence of the half-filled and filled 4f orbitals,
the atypical lanthanides, Eu and Yb, exhibit a formal
oxidation state of +2 and have physical properties more
nearly like the alkaline earth metals. Most of the lanthanide
metal monoxide molecules have been spectroscopically
studied.*”*7%2 The vibrational fundamentals of typical lan-
thanide metal monoxides increase slightly along the series
from Ce to Lu due to the effect of lanthanide contraction,
and all are located in the narrow range of 800—830 cm ™! in
solid argon (Table 1).°375% The vibrational fundamentals
of atypical lanthanide metal monoxides are observed around
660 cm™!,34505 identical to the predictions given by ligand
field theory.’® From the theoretical point of view, most
studies have focused on CeO, EuO, GdO, YbO and
Lu0,%0799307=515 while the other lanthanide monoxide mol-
ecules have been less investigated.”*7>>'9731% Since the
bonding ability of d orbitals is larger than that of s orbitals,
the 5d orbitals of lanthanide atoms are the major component
in the metal—oxygen bonding for the diatomic LnO mol-
ecules; while the 4f electrons are less active due to the
localized character of the 4f orbitals. Lanthanide atoms with
f~!d! configurations can form relatively strong metal—oxygen
bonds, and those with f* configuration can also afford strong
Ln—O bonds via f to d promotions if the energy separation
is not too large. Due to the extra stability of half-filled f’
and filled f'* configurations for atypical lanthanide metals,
no d electrons are available for participating the Ln—O
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bonding, which results in the lower vibrational frequencies
for EuO and YbO.%%% Note that these two diatomic
molecules have the lowest binding energies among the
lanthanide metal monoxides.””® Following this trend, the
experimentally unknown PmO molecule should absorb
around 810 cm™!, which is in accord with the calculated
value of the =" ground-state PmO.”

Spectroscopic information on the inserted metal dioxide
molecules are mainly from matrix-isolation infrared spec-
troscopic studies. Earlier thermal evaporation investigations
have identified the dioxide molecules of Ce, Pr, and Tb,>0>%2!
while dioxide molecules of the remaining lanthanides except
for Pm, Er, and Lu have been produced from the reactions of
laser-ablated lanthanide atoms and 0, The dioxide
molecules for Pr, Nd, Sm, Dy, and Yb were suggested to have
linear geometries due to their similar oxygen isotopic ratios
(about 1.049) for the antisymmetric stretching vibration (v3). It
can be found from Table 3 that the v; vibrational frequencies
decrease from Ce to Ho except for Gd and Tb. Note that the
infrared fundamentals of the bent CeO, and TbO, molecules
are quite close to each other, suggesting a similar bonding
interaction between the metal center and the oxygen atoms. Both
Ce and Tb are known to form compounds with the metal centers
in the 44 oxidation state.””> Hence these two lanthanide metals
can afford two Ln=0 double bonds in forming the strongly
bound OCeO and OTbO molecules.

3.12. Actinide Group

Due to experimental challenges faced in handling actinide
metals, most spectroscopic studies are focused on thorium
and uranium oxide species.’> 3! Spectroscopic and theoreti-
cal studies of the oxides of thorium and uranium have been
reviewed recently.”*? The results regarding the structures and
vibrational fundamentals of ground spin state thorium and
uranium oxides are briefly outlined here. Thorium monoxide
absorbs around 876 c¢cm™!' in solid argon.?'”* It was
calculated to have a closed-shell singlet ground state.>3* 337
The thorium dioxide molecule was characterized to be bent
based on the matrix infrared spectra and theoretical
calculations, 3215333387543

Uranium monoxide was observed around 820 cm™! in solid
argon and 890 cm™! in solid neon.>*~%*’ Both ab initio and
DFT calculations predicted a quintet ground state for uranium
monoxide,’ !4 whereas a triplet state was proposed to
be the ground state based on group theory and atomic and
molecular reactive statics.”> The inserted uranium dioxide
molecule was characterized to be a linear molecule with the
antisymmetric stretching mode (v;) observed at 776 cm™!
in solid argon®**~3*7 and 915 cm ™' in solid neon.’* The large
shift in frequency from argon to neon (139 cm™!) is not due
to typical polarizability-based matrix effects, and a strong
interaction between UO, and the noble gas matrix should
be considered. Both DFT and high-level ab initio calculations
confirm that the linear UO, molecule has a *®, ground state
arising from a 5f'7s' configuration with a *H, state derived
from the 5f2 configuration slightly higher in energy.34%-33175%
Scalar relativistic DFT and CCSD(T) calculations suggest
that the uranium dioxide molecule in the *H, state can be
coordinated by five Ar atoms in forming the UO,(Ar)s
complex.”® The argon—uranium interactions are far less
attractive for the 3®, state UO,, largely because of repulsive
interactions between the Ar atoms and the 7s-localized
electron. A comparison of the calculated DFT vibrational
frequencies to those observed in neon and argon matrices
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Figure 13. Calculated linear-transit potential energy curves for
Ds;, UO,(Ar)s for the 3®, and *H, electronic states of UO,. The
dotted line represents a lowering of the curve for the *H, state by
a constant 0.23 eV to account for differential spin—orbit stabilization
of the °H, state. Reproduced from ref 556. Copyright 2004
American Chemical Society.

suggests that the large frequency change is very likely due
to a change in electronic state. The calculated v; mode for
isolated *®, state, 919 cm ™!, is in excellent agreement with
that observed in solid neon. The v; mode for the 3Hg state is
red-shifted by 95 cm™! relative to the *®, state, and the
coordination of five argon atoms leads to an additional 19
cm™! red shift. The energy separation between the *H, and
3@, states are lowered upon argon coordination, and the 3Hg
state is found to be lowest in energy if spin orbital coupling
is taken into consideration (Figure 13). Hence the ground
state for UO, molecule seems to be changed from argon to
neon, in which the slightly less stable configuration can be
stabilized upon argon coordination.”® Such noble-gas-
induced ground-state reversal has been observed in the CUO
molecule.*37 However, a recent dispersed fluorescence
spectroscopic study on molecular UO, suggested that UO,
exists in the *®, state in solid argon, the same as that in gas
phase.’?® The electronic spectra observed in solid argon were
found to be identical to the recent gas-phase calculations
although it cannot be determined whether the ground state
of uranium dioxide is changed upon argon coordination.>>

The uranium trioxide molecule has been observed in solid
matrix,>#75347:549559.560 Barlier thermal-evaporated uranium
reactions propose a T-shaped structure for uranium trioxide.33%%
However, theoretical calculations predict that uranium tri-
oxide has a closed-shell singlet ground state with a planar
Y-shaped C,, structure.34%-61-562

The radioactive plutonium monoxide and dioxide mol-
ecules have also been studied in a solid matrix. An infrared
absorption around 820 cm™! was assigned to PuO,’®* which
is predicted to have a 'IT ground state.’** Plutonium dioxide
absorbs at 794.3 and 786.8 cm™! in solid argon and
krypton.*®® Both DFT and high-level ab initio calculations
suggested that plutonium dioxide has a °%," ground state
with a linear geometry.36+3%3

3.13. Periodic Trends on Bonding and Reactivity

Some periodic trends on the reaction mechanism can be
drawn from matrix spectroscopic investigations on the
reactions between transition metal atoms and dioxygen. Since
only the ground-state metal atoms are trapped in solid
matrices, the species observed on annealing are produced
from the ground-state metal atom reactions. It is found that
the ground state transition metal atoms are able to react with
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dioxygen to form the inserted dioxide molecules or the side-
on or end-on bonded dioxygen complexes. The ground-state
early transition metal atoms from the Sc group to the Cr
group are found to be able to insert directly into the O—O
bond of dioxygen to form metal dioxide molecules without
activation energy (reaction 1; the ScO, molecule is not
observed in solid matrices),!0-132.182.183.201.202.210

M + O, — OMO
(M = Sc group through Cr group, Ru, Os,Ir) (1)

The kinetics of the reactions of ground-state transition
metal atoms with dioxygen have been studied in the gas
phase. It has been found that most early transition metal
atoms react with dioxygen via a bimolecular abstraction
mechanism to form the metal monoxides.”*®®3% A mecha-
nism involving electron transfer from the neutral reactant
potential energy surface to an ion pair product surface is
proposed for these reactions. The oxidation reaction of the
ground-state Ti(°*F) with the O, molecule has been studied
theoretically.’® An inserted fast dissociation mechanism is
proposed. The reaction is predicted to proceed with the initial
formation of a side-on bonded Ti(77%-O,) complex followed
by the O—O bond breaking in forming an inserted dioxide
intermediate, which dissociates readily to give TiO and O.
The reaction is predicted to have a very small entrance
activation barrier. In solid matrices, the internal energy of
the inserted intermediate can be very effectively quenched,
and therefore, the inserted dioxide molecule is trapped as
the primary reaction product.

Among the late transition metal atoms, only the Ru, Os, and
Ir atoms are found to be able to react with dioxygen to form
the inserted dioxide molecules without activation energy.?!313:340
Gas-phase kinetic studies also showed that the ground-state
iridium atom reacted with dioxygen to form the inserted IrO,
molecule via a termolecular reaction mechanism.*** The
relatively larger reactivity of iridium is attributed to a surface
crossing with the low-lying 5d%s' electronic state. The larger
reactivity of Ru with respect to iron is understandable
because Ru has a 4d’5s' ground-state configuration.’”® The
energy separation for the 5d’6s! and 5d°6s? states of osmium
is comparable to those of early transition metals, which
makes it possible to undergo a spontaneous bimolecular
abstraction reaction with O, in the gas phase.’’!

The other late transition metal atoms, Mn, Re, Fe, Co,
Zn, and Cd, are unreactive toward dioxygen in solid matrices,
and the inserted dioxide molecules are formed under
UV —visible excitation or excitation under laser ablation
conditions (reaction 2).246:247.:261.286.288.320.326464 * Gag-phase
kinetic studies also indicate that the ground states of these
metal atoms are less reactive or unreactive toward dioxygen
at room temperature. 28372757

M* 4+ O, — OMO (M = Mn, Re, Fe, Co, Zn, Cd)
()

The remaining late transition metal atoms interact with
dioxygen to form the side-on or end-on bonded metal
dioxygen complexes spontaneously on annealing, which
rearrange to the inserted isomers upon UV —visible excitation
(reaction 3) except Pd and Ag.336-347:333.357.383:430 The inserted
silver and palladium dioxide molecules have not been
produced in solid matrices,333-357:430.447.448:451
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M + 0, — M(0,) = OMO (M = Ni, Pt, Cu, Au, Rh)
(3

Note that all the metals that are able to form dioxygen
complexes exhibit d*'s' (Rh, Pt, Cu—Au) or d's’ (Pd)
ground-state electronic configurations except Ni. Although
Ni has a 3d®4s? ground-state configuration, the first excited
state with 3d°4s! configuration lies only about 250 cm™!
higher in energy than the ground state. At the annealing
temperatures (25—40 K) in solid argon, the first excited state
is also populated. Gas-phase kinetic investigations also
indicate that the transition metals with d"~'s! configurations
are more reactive than their d"~'s?> counterparts. Efficient
depletion of the atoms of d*'s' configuration by O, is
interpreted by an attractive interaction correlated to a stable
intermediate.>’*

The reaction of ground-state nickel atoms with dioxygen
to form the nickel dioxide molecule has been theoretically
studied.’”! The potential energy profiles calculated at the
PWI1PW91/6-311G(3df) level are shown in Figure 14. The
reaction starting from triplet state Ni(’D) + O,(°Z,")
proceeds first on the quintet surface toward the formation
of a superoxo complex (°B,). The complex, however, evolves
rapidly to the B, state due to a favorable crossing of the
two related states (denoted as P1). Since the °B; and 'A,
states are nearly isoenergetic, one can conclude that the Ni
+ O, reaction results in the superoxo cyclic complexes (‘A
and *B;) with a high exothermicity at these thermal condi-
tions. If the internal energy is not quenched by the matrix
solid, the superoxide complex can overcome a barrier height
of 14 kcal/mol to reach the second minimum at the *B, curve
corresponding to a dioxide state. Intersystem crossing
between the °B, state and the second 'A, state (correlates
to the '%," state of dioxide) allows the system to relax toward
the final product, namely, the 'Z,* dioxide. Consequently,
the formation of the superoxide intermediate and dioxide
product can be envisaged from the Ni(*D) + 0,(°Z,") entry
channel. The photochemical conversion of side-on bonded
nickel superoxide complex to the nickel dioxide molecule
is more complicated, which may involve some excited states.
Two formation pathways of the nickel dioxide, starting from
the cyclic superoxide singlet state (‘A) have been proposed
based on theoretical calculations.?”!

As can be seen in Table 3, the metal dioxide molecules
from the Sc group to the Fe group are bent, while those of
the Co, Ni and Cu groups are linear. Among the first row
transition metal dioxide molecules, the v; vibrational fre-
quencies are quite close, and all are located in the range of
1000—900 c¢cm™' characteristic of stable molecules with
strong metal—oxide bonds except for ScO,, CuO,, and ZnO,.
Due to limited metal valence electrons available for bonding
with oxygen, the ScO, molecule is not able to be stabilized
in solid matrices, while the CuO, molecule is characterized
to be weakly bonded with the Cu—O bonds more like that
of an oxyl (—O"). The v, frequencies decrease monotonically
along the series from Ti to Ni. The same relationship can be
found in the second row transition metal dioxides. But the
v3 vibrational frequencies of second row metal dioxides are
lower than those of the corresponding first row metal dioxides
due to shell expansions. The third row transition metal
dioxide v; frequencies for TaO,, WO,, OsO,, and IrO, exceed
the corresponding second row fundamentals as a consequence
of relativistic contraction. But the ZrO, and HfO, molecules
have about the same v; vibrational fundamentals due to a
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combination of lanthanide contraction and relativistic effects
for hafnium.

It is found that the primary formed metal dioxide
molecules or dioxygen complexes are able to react with
additional dioxygen to form oxygen-rich metal dioxygen
complexes in solid matrices on sample annealing, which
exhibit characteristic photochemical reaction properties.

Due to limited valence electrons available for bonding,
the metal dioxides of Sc and Ti groups prefer to interact
with dioxygen to form high-valent dioxygen or ozonide
complexes. The reactions between the Sc metal atom and
dioxygen are summarized in Scheme 1. Although the
scandium dioxide molecule is not produced, the experiments
on the Sc + O, reaction in solid argon show that the ground-
state scandium atoms react spontaneously with two dioxygen
molecules to form the OSc(?-Os) complex.'!' In the
lanthanum and dioxygen reaction, an (77%-0,)La0O, complex
is observed to be the precursor for the formation of the
OLa(7?-03) complex under near-infrared excitation.''> The
OSc(7?-03) complex either isomerizes to the more stable
Sc(*-0,), isomer under visible light excitation or interacts
with additional dioxygen to give the even oxygen-rich Sc(#*-
0,); and (1*0,)Sc(17?-03), clusters.!!!

The oxidation of Ti group atoms with dioxygen proceeds
with the initial formation of the metal dioxide molecules,
which further react with dioxygen to form the OM(37%-O,)(17*-
03) complexes.'*!> In the case of hafnium, the OHf(#*-
0,)(7*-03) complex can be converted to the homoleptic
Hf(1?-0,); and Hf(5?-O,), complexes, as shown in Scheme
2. The HfO,, OHf(17%-0,)(5?-03), Hf(1?*-0,); and Hf(7%-0,)4
species all are high-valent compounds with the metal center
in its formal +4 oxidation state. The results also demonstrate
that the reactions from 2-fold coordinated metal dioxide to
5-fold coordinated OHf(7?-O,)(17%-O3), and to 6-fold coor-
dinated Hf(#?-O,)s, and finally to 8-fold coordinated Hf(7>-
0,), are energetically favored with increasing coordination
numbers at the same oxidation state for the metal center.!>
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The results on Sc and Ti groups indicate that the metal oxide
structures can be converted to the dioxygen complex
structures via an ozonide structure intermediate.

All the metal dioxide molecules from the V group to the
Co group and Ni are found to react with dioxygen spontane-
ously to form the metal dioxide—dioxygen complexes in solid
Inatrices.182’183’201’238'247’26"288’334’337'340’341 For the Cr group
metals, the metal dioxide molecules prefer to coordinate two
dioxygen molecules to form the disuperoxide complexes.?*">*
In selected systems (Fe, Co, Rh, Ir), both the side-on and
end-on bonded complexes are formed, which are photo-
chemically interconvertible.?88327-337:340 I general, infrared
light induces the conversion of the end-on bonded (7'-
0,)MO, complex to the side-on bonded (77>-0,)MO, isomer,
and vice versa with near-infrared light irradiation (Scheme
3). The metal dioxide—dioxygen complexes of Ru, Os, and
Ir are also able to be rearranged to the metal tetroxide
isomers.2!*0 In the case of manganese, the manganese
tetroxide MnQy is predicted to be less stable than the (-
0,)MnO, isomer and is not able to be stabilized in solid
argon matrix.>*’ However, it is found that the (7>-0,)MnO,
complex interacts with another weakly coordinated dioxygen
to give the (17°-O,)MnQ, complex via visible light excitation,
in which the manganese tetroxide is coordinated and
stabilized by a side-on bonded O, molecule.

The primary formed side-on or end-on bonded 1:1 metal
dioxygen complexes of Rh, Ni group metals, Cu, and Ag
are also able to bind an additional one (Ni group, Ag) or
two (Rh and Cu) dioxygen molecules to form binary oxygen-
rich complexes, as illustrated in Scheme 4,336.347:355.357.380.425.428

4. lonic Mononuclear Transition Metal Oxide
Species

Spectroscopic investigation of molecular ions is generally
more difficult than that of neutrals, because charged species
are often quite reactive. Both the production and spectro-
scopic detection face great challenges. Laser-ablation serves
as the most commonly used technique in producing charged
species for gas-phase spectroscopic studies.?® The number
density of ions that are available for spectroscopic study is
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often low because of space charge effects or because the
ions may be difficult to make in significant abundance. Thus,
gas-phase investigation requires sensitive spectroscopic
techniques, and conventional absorption spectroscopies are
often not suitable.

Anion photon electron spectroscopy is widely used for
studying molecular anions, but this technique provides
spectroscopic information mainly on the neutral molecules.
Only if hot bands (transitions originating from excited
vibrational levels of the anion) are observed, can their energy
spacings be used to determine the vibrational levels of the
anions.?® Laser-based spectroscopic techniques such as LIF,
REMPI, and ZEKE, which often rely on access to a bound
excited electronic state, are not suited for detecting anions,
because most anions do not possess any significantly bound
excited electronic states.””® Laser ablation in conjunction with
matrix isolation is a valuable tool in preparing charged
species for conventional spectroscopic studies.'> As has been
discussed, laser ablation produces neutral species as well as
electrons and cations, and as a result, anions can be formed
by electron capture of the neutral molecules and cations can
be produced by cation—molecule reactions or via photoion-
ization by radiation in the ablation plume. Most anions bind
their outmost electron less tightly than do most neutrals and
cations, and therefore, they are more photosensitive. Pho-
tolysis of the initial deposited sample with filtered radiation
can provide useful information in identifying the anionic
species. In addition, adding a supplementary electron trapping
molecule such as CCl; may reduce the concentration of
anions and enhance the concentration of cations.!> Knight
et al. have observed that any attempts to isolate cations are
unsuccessful when there is less than a 5 eV difference
between the ionization energy of the matrix substrate atom
and the electron affinity of the cation in question.””” Utilizing
the observed 5 eV difference, ions with an electron affinity
greater than 10.8 eV (ionization energy of Ar is 15.76 eV)
are not expected to be observed in an argon matrix. Neon
has much higher ionization energy (21.56 V) than argon;>”®
hence, the neon matrix is the best choice for cationic species.
For cationic transition metal—oxygen species, one should
pay special attention, because some transition metal cationic
species may interact strongly with the matrix substrate atoms,
even with the lighter noble gases. Only a few transition metal
oxide/dioxygen cations have been reported in solid noble
gas matrices, most of which are characterized to be coordi-
nated by one or multiple noble gas atoms. Recently devel-
oped infrared dissociation spectroscopy provides a powerful
tool in studying the vibrational spectrum of free cation
species in the gas phase, and some results on simple transition
metal oxide cations will be discussed here.

4.1. Cations

The electronic structures of mononuclear oxide cations have
been the subject of many experimental studies and theoretical
calculations,27-2971:73,102,136,158,160,195,281,292,395.453,510,548.579-59 The
vibrational frequencies of mononuclear cations are listed in
Table 7. Recently, the thermochemical properties of a series
of transition metal oxide cations have been summarized.>’

In solid matrices, the singly charged monoxide cations
have been reported for Sc group metals as well as lanthanide
metals, 05109504505 Thege metal monoxide cations are closed-
shell species with the metal center in the most stable +3
oxidation state. An infrared absorption at 976.3 cm™!, which
was initially attributed to the ScO neutral'® was reassigned

Gong et al.

Table 7. Ground Spin States and Vibrational Frequencies
(ecm™!) for Mononuclear Transition Metal Oxide Cations in the
Gas Phase and in Solid Argon Matrix

ground vibrational experimental
molecule  state frequency” method” ref
ScO™* Iz 976.3 (1006.2°) MI-IR¢ 105
Sc(0,)* A, 892.9 (1)), 641.1 (1), MI-IR 85, 105
624.8 (v3)
YO* =+ 872.0 (899.8) MI-IR 109
Y(0)* A, 816.3 (1)), 595.3 (1), MI-IR 109
587.5 (v3)
LaO™ I+ 838.2 (864.0°) MI-IR 109
La(0y)" A, 804.0 (vy) MI-IR 109
LaO,* 5t 689.3 MI-IR 109
CeO™ ) 849.4 (874.8) MI-IR 74, 504
PrO* 3z 857.4 (882.3) MI-IR 74, 504
NdO* ‘o 848.3 (878.4) MI-IR 74, 504
SmO* D 840.0 MI-IR 74, 504
EuO™ = 756.9 MI-IR 74, 504
Gdo* oy 844.8 MI-IR 74, 504
TbO* oo 856.5 (883.79) MI-IR 74, 505
DyO™ 83 861.2 (888.6) MI-IR 74, 505
HoO™ Iz 860.5 (887.9) MI-IR 74, 505
ErO* o 861.8 MI-IR 74, 505
TmO* 33 864.2 MI-IR 74, 505
YbO™ = 788.7 MI-IR 74, 505
LuO* Iz 864.9 MI-IR 74, 505
HfO™ o 1017.7¢ ZEKE 579, 599
vO© 33 1060 £ 40 PES 166
1053 £ 5 IR-PD 606, 630
VO,* 1A, 1017 (v1), 990 (v3) IR-PD 606, 630
VO5* 3A" 1069, 1037 IR-PD 606, 630
NbO,* A 988.0 (1), 937.1 (v3) MI-IR 183
TaO," A, 993.1 (vy), 938.8 (v3) MI-IR 183
CrO™" o 640 £ 30 PES 589, 592
ThO™ = 955.07 ZEKE 580
uo* 911.9¢ ZEKE 581
Uo,* 2P 9214 (1)), 145.5¢ () ZEKE 602
952.3 (980.1) (v3) MI-IR 549

“The vibrational frequencies in parentheses are neon matrix values.
® Abbreviations: MI-IR, matrix-isolation infrared spectroscopy; PES,
photoelectron spectroscopy; IR-PD, infrared photon dissociation spec-
troscopy; ZEKE, zero-electron kinetic energy photoelectron spectros-
copy. ¢ Unpublished results. ¢ Harmonic frequency.

to the ScO™ cation in solid argon.!% Note that the ground-
state configuration for ScO is 80?37*9¢!, in which the
unpaired electron is mainly distributed in the scandium-based
3d orbital. Although the covalent interaction between scan-
dium and oxygen is barely changed upon removal of the 90
electron in forming the cation, the scandium and oxygen
atoms are more strongly bound due to the increase in
electrostatic interaction. Hence, it is expected that the Sc=0
bond length will be shortened in the ScO™ cation with the
vibrational frequency blue-shifted from that of the neutral
molecule.'® This trend is followed by the YO' and LaO™
cations, but with a larger cation-to-neutral shift.'” Recent
studies in this laboratory indicate that both the ScO™ and
YO cations are coordinated by multiple argon atoms in solid
argon matrix in forming noble gas complexes.’*® The doping
experimental results show that ScO* coordinates up to five
argon atoms, and YO* coordinates six argon atoms. There-
fore, the ScO™ and YO™ cations trapped in solid argon should
be regarded as the [ScO(Ar)s]* and [YO(Ar)s]" complexes
(Figure 15). The bonding in these complexes involves the
Lewis acid—base interactions, in which electron density in
the Ng lone pairs is donated into the vacant orbitals of the
metal center (Figure 15). The binding energies per Ar atom
are computed to be several kcalories per mole, lower than
that of the formal covalent bonds but are significantly higher
than that of the van der Waals interactions.””

The niobium and tantalum monoxide cations have been
characterized in solid argon and neon by Weltner and co-
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Figure 15. Optimized structures for the [ScO(Ar)s]™ and [YO(Ar)s]* complexes and the bonding molecular orbital pictures of [ScO(Ar)s]".

Adapted from ref 598. Copyright 2005 American Chemical Society.
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Figure 16. Plot of the vibrational fundamentals for lanthanide
metal monoxide cations, neutrals, and anions in solid argon. From
refs 109, 504, and 505.

workers using electron spin resonance spectroscopy. Both
cations are suggested to have a 2 ground state from the
characteristic metal hyperfine splittings in the X band of the
ESR spectra.®®

Figure 16 presents the vibrational fundamentals of the
lanthanide metal monoxide cations and neutrals in solid
argon. Due to the lanthanide contraction effect, the vibra-
tional frequencies for most lanthanide monoxide cations
increase slightly from Ce to Lu with the cation-to-neutral
shifts around 30—40 cm™'. As found in the neutral case, the
monoxide cations for Eu and Yb exhibit rather lower
vibrational frequencies than those of others. Note that the
frequency shifts for the EuO" and YbO™ cations are about
three times as large as those of the other monoxide cations.
The peculiarities for these two cationic species may be related
to the f” and f'* configurations of the neutral monoxide
molecules, which leads to the increase in metal—oxygen
interactions due to the loss of half-filled and filled shell
structures upon ionization. Theoretical studies on the lan-
thanide monoxide cations are fewer than those of the
neutrals.!%2319518 Recently, the electronic structures and
molecular properties of the complete lanthanide monoxide
species have been studied using DFT methods.™ It is found
that the ground spin multiplicity for the cationic species can
be obtained by —1 or +1 from that of the neutral molecules.

Several monoxide cations have been studied in the gas
phase using the PFI-ZEKE and resonance-enhanced photo-
dissociation spectroscopic methods. Rotationally or vibra-
tionally resolved spectra were recorded for the ground states
and some low-lying electronically excited states. Vibrational
frequencies and anharmonicity constants for low-lying energy
levels were reported. Accurate ionization energies for the
neutrals were determined.>”? =%

Cationic species with more than one oxygen atom are
mainly limited to those with MO, stoichiometry. For the Sc

group metals, the cationic M(O,)* species are formed in solid
matrices, which can be regarded as peroxide cations with
the metal center in the +3 oxidation state. All three cations
arepredicted tohavea ' A, ground state with C,, symmetry. %1%
Besides the peroxide cation, a linear lanthanum dioxide
cation is also formed in the reaction between La and O,.
This dioxide cation is predicted to have a 'X," ground state,
which is about 40 kcal/mol less stable than the peroxide
isomer.!” In addition to the lanthanum dioxide cation,
transition metal dioxide cations have also been reported for
Nb, Ta, Pr, Nd, and U. The NbO," and TaO," cations are
isovalent with the ZrO, and HfO, neutrals. Both cations are
calculated to have a closed-shell singlet ground state with
bent C,, symmetry.'83 Their stretching vibrational frequencies
are about 30 cm ™! higher than those of the neutrals. The
two lanthanide dioxide cations, which exhibit similar O-18
isotopic ratios as the corresponding linear neutral molecules,
are suggested to have linear geometry.’™ These two cations
are found to undergo a larger cation-to-neutral shift than that
of the NbO,* and TaO," cations.

Uranium is known to form an important cationic species,
namely, uranyl, UO,*>", which has been the subject of many
investigations.” The monocharged UO," cation is observed
as the cationic counterpart in the (UO,)*(NO,)~ and
(UO»)"(NO)~ complexes in earlier thermal reactions between
neutral UO, and NO,/NO.?! In a laser ablation experiment,
the uranium dioxide molecule was able to react with O, to
give the (UO,)"(0,)” complex, in which the UO," cation
exhibits a similar vibrational frequency as in the
(UOy)*(NO,)~ case.’* The infrared absorptions at 980.1 and
952.3 cm™! are assigned to the isolated UO," cation in solid
neon and argon.’® The IR inactive symmetric stretching
vibration and the bending fundamental are determined to be
919 and 145 cm™! from recent gas-phase PFI-ZEKE spec-
troscopic study.®®> Consistent with the experimental identi-
fication, the UO," cation is predicted to have a linear
geometry with a 2®, ground state. Recent investigations
indicate that UO," coordinates up to five heavy noble gas
atoms in forming complexes in solid noble gas matrices.5%
The calculated binding energies are much larger than those
for the neutral UO,(Ng), complexes due to the combination
of electron-donation and ion-induced dipole interactions. As
for the bare UO,*" dication, frequency analysis reveals that
it absorbs about 100 cm ™! higher than the singly charged
cation,?3319% which is much higher than that of uranyl
dication observed in condensed phase.®®> Apparently, solute
or anion interactions are responsible for the lower o,
vibrations of linear UO,?" dication observed in condensed
phases, and only in the gas phase can UO,*" be considered
as a true dipositive cation.

The vibrational spectra of some mononuclear vanadium
oxide cations have been obtained via infrared predissociation
of the corresponding ion—messenger atom complexes in gas
phase.%% The vibrational frequency of the VO™ cation is
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Table 8. Ground Spin States and Vibrational Frequencies
(em™!) for Transition Metal Monoxide Anions in the Gas Phase

ground vibrational

molecule state frequency ref
ScO™ 1=+ 840 £ 60° 84, 89
TiO™ 2A 800 £ 60 115, 122
VO~ 33 900 + 50 156, 165
CrO™ ik 885 + 80 193, 198
MnO™ =t 760 £ 50 240
FeO™ ‘A 740 £ 60 40, 63, 65, 76, 276
CoO™ SACET) 63, 65, 76
NiO~ 114 660 =+ 40° 63, 343
CuO™ I+ 739 £ 25 384
ZnO~ 2zt 625 £+ 40 441, 443
YO~ I+ 740 £ 60 71, 89
ZrO~ A 71
NbO™ 33 71
MoO™ 1 810 + 40 71, 204
TcO™ 3t 71
RuO™ A 71
RhO™ 33 730 £ 80 71,333
PdO™ 11 71, 342, 360
AgO™ I+ 497 £ 20 71, 432
CdO~ =t 71
LaO™ I+ 74, 93
HfO™ 4z 73
TaO™ 35 73, 174
WO~ Do 73
ReO™ Don 73
OsO™ ‘A 73
IrO™ 33 73
PtO™ 11 770 £ 30 73, 342
AuO™ s+ 73, 440, 441
HgO™ =t 73

“The vibrational frequency for the ScO™ anion is observed at 889.2
cm™! in solid argon (ref 608). ? A slightly more stable =" state was
predicted in refs 65 and 76, and it was assigned to the ground state of
the CrO™ anion in a recent photoelectron spectroscopic study (ref 197).
High-level ab initio calculations suggested that the *IT state is lowest
in energy (ref 193), in agreement with earlier photoelectron spectro-
scopic study (ref 198). °Ground state undetermined. ¢ A X~ ground
state is predicted in refs 65 and 76. ¢ A different value of 810 £ 50
cm™! is reported in another experiment (ref 344).

observed around 1053 cm™!, identical with the earlier value

from photoelectron spectroscopy,'® and a 3=~ ground state
is obtained from theoretical calculations,!36:158:160.163.607 Tyyq
infrared absorptions around 1000 cm™! are observed for the
vanadium dioxide cation, which is predicted to have a 'A;
ground state with bent C,, geometry.!6%163606 The VO;*
cation is found to absorb at 1037 and 1069 cm™!. The
nonplanar C, oxovanadium superoxide structure with a A"
ground state is found to have similar vibrational frequencies
with the experimentally observed values,'®*"7 although the
corresponding singlet state is predicted to be more stable in
some theoretical calculations. '

4.2. Anions
4.2.1. Monoxide Anions

The electronic structures and vibrational frequencies of most
transition metal monoxide anions have been obtained from anion
photoelectron spectroscopy, while matrix-isolation infrared
spectroscopy has provided direct spectroscopic information on
the lanthanide monoxide anions. The ground states and vibra-
tional frequencies of transition metal monoxide anions and
lanthanide metal and actinide metal monoxide anions are listed
in Tables 8 and 9, respectively. Due to limited resolution,
vibrational frequencies deduced from photoelectron spectra
show large uncertainties. The vibrational fundamental of scan-
dium monoxide anion is determined to be around 840 cm™!

Gong et al.

Table 9. Ground Spin States and Vibrational Frequencies
(em™!) for Lanthanide Monoxide Anions in Solid Neon and
Argon Matrices

vibrational frequency

molecule  ground state Ne Ar ref
CeO™ 2P 772.8 74, 504
PrO~ 3z 792.6 767.4 74, 504
NdO~ D 789.9 771.0 74, 504
PmO~ st 74
SmO~ D 770.2 74, 504
EuO~ Doy 74
GdO~ 8% @ 7722 74, 504
TbO™ Don 782.9 74, 505
DyO~ o>+ 782.0 74, 505
HoO~ s>t 783.6 74, 505
ErO~ A 788.8 74, 505
TmO~ 33 74
YbO~ =t 74
LuO~ D 74

“The gas-phase vibrational frequency for the GdO™ anion was
determined to be 702 4= 40 cm ™! from anion photoelectron spectroscopy
(ref 489).
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Figure 17. Plot of the vibrational fundamentals for the first row
transition metal monoxide neutrals and anions. The vibrational
frequencies from ScO to CuO are taken from ref 24, and the
frequency for ZnO is taken from ref 456. All the vibrational
frequencies for the anions are taken from Table 8.

from the hot band transitions in the photoelectron spectrum,
and a *A state is suggested to be lowest in energy for this
anion. The ScO~ anion has also been observed in solid
argon with the vibrational fundamental at 889.2 cm™!, which
is predicted to have a '=* ground state.®® Figure 17 shows
the vibrational fundamentals of the first row transition metal
monoxide neutrals and anions. The vibrational frequencies
for the ScO~, TiO™, VO, FeO™, NiO™, and ZnO™ anions
are much lower than those of the corresponding neutral
molecules.-115:165.343.460462 {Jp|ike other first row transition
metal monoxide anions, the chromium and manganese
monoxide anions exhibit less change in the vibrational
frequencies upon electron attachment to the neutral mole-
cules.!?8240 The additional electrons tend to occupy the
nonbonding o orbitals of both neutral CrO and MnO
molecules in forming the *II and 3= state anions, which
results in the similarities in vibrational frequencies
between the neutral and anionic monoxide molecules.
Copper monoxide anion is another special example whose
vibrational fundamental lies higher than that of the neutral
Cu0.?% The vibrational frequency of CuO™ anion is around
739 cm™!, comparable with the value of the isoelectronic
ZnO molecule.**4! The blue-shift in vibrational frequency
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Table 10. Ground Spin States, Geometry, and Vibrational Frequencies (cm™") for Transition Metal Dioxide Anions in Solid Neon and

Argon Matrices®

Ne Ar
molecule ground state geometry 7 V3 v V3 ref
ScO,™ A, bent 722.2b 722.5 105, 106
TiO,™ 2A, bent 892.20 878.4 122, 132
VO,~ 3ACB1,’By) bent 894.8 907.8" 886.5 896.9 76, 77, 161, 182, 183
CrO,~ ‘B, bent 847.1 918.7 906.9" 201
MnO,~ B, bent 781.3% 870.5% 858.3 609
FeO,~ A, linear 870.6 57
Co0,~ 12; linear 974.7 972.5 77, 610
NiO,~ “B1(*A,) linear® 893.9% d 886.8 76, 77, 347
CuO,~ 3, CED linear d 76, 77, 383
7Zn0,~ 1, linear 624.1 626 612
YO,~ A, bent 616.6 702.0 618.0 109
7r0,” A, bent 785.80 761.4 132, 146
NbO,™ A, bent 931.4° 878.0" 854.1 183
MoO,~ ‘B, bent 883.1 837.3 201
RuO,~ 2A, near linear 860.6 851.8 261
RhO,™ 1A, near linear 898.6 893.6 337, 611
CdO,~ ZHg linear 483.6 487.9 612
LaO,™ A, bent 569.7° 651.9 559.2 109
HfO,~ 2A,; bent 770.3" 747.9 132, 146
TaO,™ A, bent 938.7" 876.6" 836.9 183
WO,~ ’B, bent 952.3 887.8 946.3 880.0 201
ReO,” B, bent 950.8" 893.8 885.5 261
0s0,™ B, near linear 897.5 261
IrO,~ P linear 919.9 915.7 340, 611
PtO,~ 1, linear 839.9" d 836.2 611
AuO,~ 32{ linear 740.8° d 738.2 611

@ Only the values for the most abundant metal isotope and major site are listed. ® Unpublished results. ° A linear geometry was proposed for the
NiO,™ anion (ref 347). DFT/BPWY1 calculations predicted a 2A, ground state with a bond angle of 170.4° (ref 77), while a “B; state with a bond
angle of 179.9° was found to be lowest in energy at the DFT/BILYP level of theory (ref 76). 9 The symmetric OMO stretching vibrations were
observed in the gas phase from anion photoelectron spectroscopy: NiO,~ (715 = 30, ref 342); CuO,~ (600 =+ 80, ref 382); PtO,™ (760 =+ 35, ref

342); AuO,~ (640 = 40, ref 440).

suggests that the CuO bond is strengthened upon electron
attachment to the neutral diatomic molecule. The electronic
structures of the 3d transition metal monoxide anions have
been the subject of a series of theoretical studies.?$636
Anions for the second and third row transition metal mono-
xides are less investigated.7l’73’74’89’93’136’174*204’333’342*3(’0*432’440’44l*489
The M=O0 vibrations for the YO~ and MoO™ anions exhibit
large shifts upon electron detachment,?*?* while the rhodium
and silver monoxide anions have similar vibrational frequen-
cies as their neutral molecules.?3343

Nine lanthanide monoxide anions have been characterized
in solid argon, and their vibrational frequencies are about
40 cm™! red-shifted from those of the neutral molecules.>*>%
The early lanthanide monoxide anions absorb around 770
cm™!, while the infrared absorptions for the late lanthanide
monoxide anions are about 10 cm™! higher. The general trend
for the change of vibrational frequencies from Ce to Er is
similar to that of the neutral and cationic lanthanide
monoxides as shown in Figure 16. The ground-state proper-
ties of all the lanthanide monoxide anions have been
systematically studied recently using the DFT/B3LYP
method.”

4.2.2. Dioxide Anions

Most transition metal dioxide anions have been experimen-
tally observed. It was found that the early transition metal
dioxide anions from the Sc group to the Mn group possess bent
geometry!05:10132.182,183.201.261.609 w hile the late transition metal
dioxide anions are linear or near linear,’-201:347-382402.610-612 The
geometric structures and vibrational frequencies of transition
metal as well as lanthanide and actinide metal dioxide anions
are listed in Tables 10 and 11. The antisymmetric stretching

Table 11. Ground Spin States, Experimental Bond Angles (deg),
and Vibrational Frequencies (cm™!) for Lanthanide and
Uranium Dioxide Anions (cm™') in Solid Neon and Argon
Matrices”

Ne Ar

molecule bond angle” 7 V3 v V3
CeO,~ 140 712.0 662.0
PrO,~ 157 667.6 665.0 658.3
NdO,™ 121 660.6
SmO,~ 121 676.4 575.5
EuO,™ 129 661.0 560.8
GdO,™ 120 685.9 589.4
TbO,~ 137 711.2 669.0
DyO, 591.2 693.9 574.6
HoO, 696.2 547
ErO,” 127 702.3 613.4
TmO, 133 613.1
YbO,™ 142 701.2 604.2
LuO, 124 626.9
UO,~ 180 857.2

“The values for all the lanthanide dioxide anions are taken from
refs 504 and 505, and the values for UO,™ anion are taken from ref
549. ® For lanthanide dioxide anions, angles are upper limits estimated
from oxygen 16/18 isotopic ratio for v3; the true bond angle for bent
species is probably 5° lower.

vibrational frequencies (v3) for the first row transition metal
dioxide anions increase from Sc to Cr and from Mn to Co.
The value of manganese dioxide anion is about 50 cm™!
lower than that of the CrO,  anion. In general, the v;
frequencies of the dioxide anions are lower than those of
the corresponding neutrals. However, the cobalt dioxide
anion is an exception since its v; mode is blue-shifted with
respect to that of neutral. Our recent matrix isolation infrared
spectroscopic study reveals that the antisymmetric stretching
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vibration of cobalt dioxide anion at 972.5 cm™! is about 30
cm ! higher than that of the neutral dioxide molecule,
suggesting that the CoO bonds are strengthened upon electron
attatchment to the neutral molecule.®'® For the second row
transition metal dioxide anions, the antisymmetric stretching
vibrational frequencies generally increase from left to right
although the values for Nb, Mo, and Ru are close to each
other. The v; frequencies of the third row transition metal
dioxide anions increase from La to Ir and then decrease from
Ir to Au.

All the lanthanide metal dioxide anions were characterized
to be bent. The v; vibrational frequencies of the anions are
lower than those of the corresponding neutrals. But the
neutral-to-anion frequency shifts are quite small for the late
lanthanide metals from Dy to Yb. The UO,™ anion is the
only actinide metal dioxide anion experimentally observed.
It is characterized to be linear with a 2®, ground state.>*

The frequency shift upon electron attachment to the neutral
molecules strongly depends on the nature of the frontier
orbitals. Take the PtO,™ and IrO,™ anions as an example,
the frequency difference for platinum (106.1 cm™!) is much
larger than that for iridium (13.3 cm™!).%!! The PtO, neutral
has a linear singlet ground state. The LUMO of neutral PtO,
is an antibonding st orbital, which mainly consists of the O
2p orbital and Pt 5d orbital. Addition of an electron to this
orbital of neutral PtO, results in the *I1, ground-state PtO,~
anion, in which the Pt—O bond is elongated with the
stretching vibrational frequency lowered. For the IrO, ™ anion,
the additional electron occupies the SOMO of neutral IrO,
which is mainly a nonbonding orbital derived from the 5s
atomic orbital of iridium. Apparently, the bond strength of
IrO, does not change significantly upon electron attachment
to this orbital, which leads to a slight decrease of the
antisymmetric stretching vibrational frequency for the anion
due to the increase in electrostatic interactions.

The properties of most ground-state transition metal
dioxide anions have been obtained from the theoretical point
of view although they are not as extensively studied as the
neutrals.76’77’105*109’132’183’197'20"240’261’440’549'609_6'2 In some cases,
it is very difficult to determine the electronic ground state
of the anions based solely upon theoretical calculations, and
comparison between the experimental observations and the
calculated values is essential in determining the true ground-
state structure. The FeO, ™ anion provides as a good example
demonstrating that theoretical calculations on such linear
species require sophisticated treatment.’’ Recent studies in
our laboratory indicate that calculations with single-reference
methods, including various DFT and post-HF methods are
unreliable for the FeO,  anion, which is experimentally
determined to be linear. However, the state-averaged mul-
tireference MRCI method, which incorporates both the
dynamic and nondynamic correlations predicts that the anion
has a linear doublet ground state, consistent with the
experimental observations.

4.2.3. Oxygen-Rich Anions

Trioxide anions have been observed for several systems
including the V group metals, chromium, rhenium, and some
rare earth metals in matrix infrared spectroscopic stud-
ies.!83:201.261,504505 The yanadium, niobium, and tantalum
trioxide anions are determined to have Cs, or D3, structures
with a closed-shell singlet ground state, in which the metal
centers are in the highest +35 oxidation state.'®® The doubly

degenerate M=O stretching modes are observed at 916.2,
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817.1, and 807.0 cm™! in solid argon. The YO;~, PrO;,
and TbO;  anions were suggested to have planar Dj,
symmetry, while the GdO;  anion seemed to have a
pyramidal structure due to the strong intermediate absorptions
observed in the experiments using mixed and scrambled
oxygen isotopic samples.!?945%5 The M=O0 stretching
vibrational frequencies for these four rare earth metal trioxide
anions are more than 250 cm™! lower than those of the V
group trioxide anions due to the lack of enough valence
electrons to afford three formal M=O0 double bonds. A recent
vibrationally resolved photoelectron spectroscopic study
revealed that the WO;™ anion possesses a trioxide structure
with three oxygen atoms atomically bound to the tungsten
center, while a dioxygen—dioxide complex structure was
proposed for the WO,~ anion.?*® However, based upon a
more recent PES study, the ground state of WO, is found
to be a tetroxide structure with C,, symmetry, which
comprises two W=O double bonds with the extra charge
delocalized on the other two W—0O units.??8

The Mn group transition metals are known to form stable
tetroxide anions with the metal centers in the highest +7
oxidation state.’'® The MnO,~ anion has been well studied
in salts and solutions. It has a tetrahedron geometry with a
bond length of 1.629 + 0.008 A.°"> The triply degenerate
antisymmetric OMnO stretching vibration is observed at 910
cm™! in salts,'* which is slightly higher than the argon matrix
value of 896.9 cm™!.%% The MnO, "~ anion is unusually stable.
Photoelectron spectroscopic study shows that the MnO,
neutral has an electron affinity of 4.80 £ 0.10 eV,?* which
is significantly larger than that of atomic chlorine.’’”® The
ReO, anion is isoelectronic with OsO,. The triply degener-
ate ReO stretching vibration is observed around 907 cm™!.26!

5. Multinuclear Transition Metal Oxide Clusters

Multinuclear transition metal oxide clusters serve as
building blocks for nanostructured materials and also as
representative models for gas-phase studies, which can
provide an understanding of the function of transition metal
oxide catalysts at the molecular level. The composition of
cluster ions can be determined by mass spectrometric
methods, and their geometric structures can, in principle, be
predicted by quantum chemical calculations. However,
reliable structural assignments for transition metal oxide
clusters, particularly for larger clusters are quite difficult due
to the existence of many low-energy isomers and low-lying
electronic states. The identification of the transition metal
oxide cluster structure generally requires the confirmation
by experimental data from structurally sensitive methods such
as vibrational spectroscopy. Vibrational spectroscopy com-
bined with the state-of-the-art quantum chemical calculations
offers one of the most direct and generally applicable
experimental approaches to structural investigation of neutral
and charged transition metal oxide clusters. With the
development of tunable free electron lasers, IR photodisso-
ciation spectroscopy has been successfully used to measure
indirectly the vibrational absorptions of mass-selected transi-
tion metal oxide cluster ions in the gas phase. Recent progress
on vibrational spectroscopic investigations of transition metal
oxide cluster ions has been outlined in recent reviews®"> and
will not be repeated here. But some more recent progress
will be discussed. For transition metal oxide neutral clusters,
anion photoelectron spectroscopy has been used to measure
the electron detachment energies of anions, which can
provide vibrational information on the neutral clusters in the
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gas phase. Due to the limited spectral resolution, vibrational
frequencies can in general be resolved only for small sized
clusters. Structural assignments for larger clusters are usually
accomplished by combining experimental PES data with
theoretical calculations. Infrared absorption spectroscopy
offers another direct experimental method to investigate the
vibrational frequencies of neutral multinuclear transition
metal oxide clusters in solid matrices. However, matrix
infrared spectroscopic experiments also face difficulties for
larger multinuclear clusters owing to low concentrations and
spectral congestion. It is quite difficult to determine the
number of transition metal atoms involved in the clusters
because the metal—metal vibrations generally lie in the far-
infrared region with very low IR intensities. Nevertheless,
some multinuclear transition metal oxide clusters (mainly
dinuclear clusters) have been studied using matrix infrared
spectroscopy. In this section, spectroscopic studies on
multinuclear transition metal oxide clusters will be sum-
marized. We will focus on small clusters with their spectral
and structural information being clearly determined, in
particular, dinuclear oxide clusters. The experimental vibra-
tional frequencies of some multinuclear transition metal oxide
clusters are listed in Table 12. There are a large number of
studies on the reactivity of transition metal oxide clusters.
These studies go beyond the scope of this review and will
not be discussed here.

5.1. Sc Group

There is no experimental report on the spectroscopic study
of multinuclear scandium oxide clusters except a photoion-
ization study of scandium cluster monoxides. The photo-
ionization efficiency spectra and ionization energies of Sc,0
(n = 5—-36) are reported.®'® Density functional theory
calculations on dinuclear scandium oxide clusters indicate
that Sc,0; has a *By, ground state with planar D,, symmetry
(Figure 18A).%5 Minor structural changes in the cluster are
seen upon adding or removing electrons, since this involves
the weakly bonding half-filled valence orbitals. Infrared
absorptions at 699.1 and 647.8 cm™! have been tentatively
assigned to the cyclic Sc,0; cluster in solid argon.'®* The
Sc,0; cluster has a trigonal bipyramid structure with Dj,
symmetry (Figure 19A).%5 Mass-selected Y,0,,~ cluster
anions with n = 2—10 have been investigated by photoelec-
tron spectroscopy using 355 and 266 nm for the detachment
wavelengths.%!7 Electron affinities and vertical detachment
energies were measured. A general trend in the observed
photoelectron spectra is a shifting of threshold energies to
higher binding energies with increasing cluster size n. At
low electron binding energies, main spectral features are
contributed from metal d-band orbitals, whereas the O 2p
contribution becomes apparent with increasing oxygen
content due to a higher degree of hybridization of yttrium s
and d and oxygen 2p orbitals. In addition, theoretical
calculations on the oxygen-deficient metal cluster monoxides
of scandium and yttrium have also been reported.®!861°

5.2. Ti Group

The dinuclear Ti,O, cluster has been observed in solid
matrices and was characterized to have a four-membered ring
structure. It was calculated to have a closed-shell singlet
ground state having a nonplanar C,, geometry with a strong
Ti—Ti bond (Figure 18B).92%2! The zirconium and hafnium
analogs also have a closed-shell singlet ground state but were
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predicted to have planar D, symmetry (Figure 18A).6% All
three M,O, clusters of group IV metals have been observed
in solid argon matrix.®®® These clusters are formed by the
dimerization reactions between two metal dioxide molecules,
which requires negligible activation energy. All these M,04
clusters are characterized to have a 'A, ground state with
nonplanar C,, symmetry (Figure 20A). The clusters involve
a rhombus M(u-O),M subunit and two terminal O atoms
bending out of the M(u-O)M plane in opposite direc-
tions, 1407 1446206227626 A comparison between the experimental
PES data and theoretical calculations verifies unequivocally
that the Ti,O,~ anion has a Cj, structure.'3>!# The electronic
structures of larger (TiO,), clusters have been the subject of
several theoretical calculations.'#"142627-629 The recently
reported photoelectron spectra of (TiO,),” (n = 3—10)
clusters reveal that the band gap is strongly size-dependent
for n <7, but it rapidly approaches the bulk limit at n = 7
and remains constant up to n = 10. All PES features are
observed to be very broad, suggesting large geometry
changes between the anions and the neutral clusters due to
the localized nature of the extra electron in the anions. The
extra electron in the (TiO,),  clusters appears to be localized
in a tricoordinated Ti atom, creating a single Ti*" site and
making these clusters ideal molecular models for mechanistic
understanding of TiO, surface defects and photocatalytic
properties. '

Titanium and zirconium oxide clusters with the M, 0,,—;
stoichiometry have been studied using infrared photodisso-
ciation spectroscopy. Most of these clusters exhibited similar
broad features in the bridged M—O—M stretching frequency
region, which are assigned to the M—O stretching vibrations
of the four-membered M,0, rings.*6-626

5.3. V Group

Infrared photodissociation spectroscopic investigation in
the gas phase indicates that the V,0," cation has a four-
membered ring structure.%*? It is calculated to have a planar
2A’ ground state.'®® The V,0, neutral has a *A; ground state,
in which the two vanadium atoms are slightly inequivalent
in forming a planar C,, geometry.®*! The V,0;" cation and
V,0; neutral have nonplanar C; symmetry (a four-membered
V,0, ring with an extra O atom terminally attached to a
vanadium atom, Figure 19B)%3%%3! The V,0, cluster has been
observed as the photodetachment product of the V,O,™ anion.
It is calculated to have a triplet ground state with nonplanar
C,, symmetry, in which no direct V=V bond is formed
(Figure 20B).!00:161.631.632 The V,0,~ anion is calculated to
have a high-spin “B,, ground state with planar D,;, symmetry
(Figure 20C).'®! The IR photodissociation spectrum indicates
that the V,041 cation is nonplanar with the two vanadyl
groups in trans positions with respect to the ring plane (Figure
20A).9%% The ground state of V,0s is found to be a doubly
bridged structure (!A;), where one vanadium atom has a
tetrahedral coordination and the other has a trigonal-
pyramidal coordination (Figure 21A).'9%3! The V,05~ anion
is found to possess a similar doubly bridged structure with
a ?A’ ground state. A nonplanar D, structure (Figure 21 F)
is suggested to be the structure observed in anion photo-
electron spectroscopic investigation of the V,04~ anion in
the gas phase.%® The terminal VO vibration is measured
around 800 cm™!, which is lower than the value of V,0,
cluster with two terminal VO double bonds but higher than
that of cyclic V,0; cluster with VO single bonds. Since each
vanadium atom in the V,Og cluster cannot afford two VO
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Table 12. Vibrational Frequencies (ecm™') for Selected Multinuclear Transition Metal Oxide Clusters

molecule symmetry vibrational frequency experimental method” ref
5S¢0, D, 699.1, 647.8 MI-IR 104
Y,0, D, 546.2 MI-IR 109
Ti,0, Cy, 746.1, 736.2 MI-IR 620
Ti,04 Co 956.8, 704.1, 679.9 MI-IR 620
71,0, Ds;, 701.5 MI-IR 620
7,04 Cop 870.6, 652.0, 593.4 MI-IR 620
Hf,0, D»;, 684.2 MI-IR 620
Hf,04 Cy, 866.4, 649.4, 591.3 MI-IR 620
V,0," C, 833, 724 IR-PD 630
V505" C, 1044, 803, 765, 666 IR-PD 630
V.0, Cy 1049, 1029, 794, 776, 594 IR-PD 630
V104 Cy, 1090 + 30 PES 633
V505" Cy 1034, 911, 815, 738, 657 IR-PD 630
V206" C 1160, 1060, 1028, 836, 751, 673 IR-PD 630
V104 Dy, 800 £ 40 PES 633
V1,06~ Cy, 975, 959, 930, 911, 888, 800, 775, 738, 620 IR-MPD 636b
V,0;~ C; 1112, 987, 965, 952, 775, 705, 627 IR-MPD 636b
Nb,O6™ C 990, 790, 675, 625 IR-MPD 637
Cr,0, C, (chain) 934.4, 844.6 MI-IR 652
D), (cyclic) 628.2 MI-IR 202
Cr,05 C; 620 + 30, 280 + 30 PES 650
Cr,04 Dy, 630 £+ 50 PES 650
D, 984.1, 716.1, 642.9 MI-IR 652
Cr,05 Cy 710 £ 50 PES 650
Cr,06 D, 780 £ 50 PES 650
D, 1014.8, 975.4, 704.1, 690.5 MI-IR 652
Mo,0, C, 880 +£ 100, 320 + 50 PES 653
Mo,03 G, 560 £ 30 PES 653
Mo,04 C; 970 £ 40 PES 653
W,0 Cy 810 + 40 PES 654
W,0; Cy, 920 £+ 50 PES 654
W,0, C 920 + 40 PES 654
W05 Cy 920 + 40 PES 654
W,0¢ D, 920 + 40 PES 654
Mn,O Cy, 808.3 MI-IR 246
Mn,0» D, 601.0, 506.8 MI-IR 246
Mn,O6 D, 1092.0, 683.6 MI-IR 247
Fe,O Cy, 868.6 MI-IR 270
Fe,0, Dsy, 670 & 70 PES 268
D, 660.6, 517.4 MI-IR 270, 320
Fe,03 810 £ 100 PES 268
F3204 Dz}, 710 £+ 60 PES 268
861.5, 705.1 MI-IR 270
Fe,0s 750 £+ 50 PES 268
Co,0, Dy, 685.2, 469.5, 304.1 MI-IR 672
C0,04 859.6, 540.0 MI-IR 320
Ni,O, D, 650.2, 481.6 MI-IR 347
Pd,0O, Cy, 875.6 MI-IR 380
Pd,O4 Dy, 937.8 MI-IR 380
Cu,O Cy, <200 PES 679
Cu,0, Dy, 630 & 30 PES 679
Cy, 1096.5 MI-IR 682
Coy 955.0 MI-IR 682
CUZO3 D3h 640 PES 679
CUZO4 Dz}, 985.9 MI-IR 682
V50 Cy, 750 £ 20, 415 £+ 15, 340 £ 15 PES 641
V;0~ Cy, 355 + 20, 770 + 20 PES 641
V305~ Cy, 965, 922, 834, 680, 656 IR-MPD 636b
Nb;O" Cy, 312 £ 1 ZEKE 639
Nbs;O Cy, 710 £ 15, 320 £ 15 PES 641
Nb;O™ Cy, 300 £+ 20 PES 641
Nb;0s* C, 1000, 700 IR-MPD 637
Ta;0 Cy, 710 £ 15, 225 &+ 15 PES 641
Ta;0O~ Cy, 215 £ 20 PES 641
V4010" Cy 1032, 842 IR-MPD 638
V400 T, 1028.4, 826.8, 623 MI-IR 635
V40i0” Dy 990, 670, 637, 602 IR-MPD 636
V40,” Cy 999, 990, 976, 899, 874, 824, 785, 721, 721, 684 IR-MPD 636b

¢ Abbreviations: MI-IR, matrix-isolation infrared spectroscopy; PES, photoelectron spectroscopy; IR-(M)PD, infrared (multiple) photon dissociation
spectroscopy; ZEKE, zero-electron kinetic energy photoelectron spectroscopy. All the vibrational frequencies from MI-IR spectroscopy are obtained
in solid argon.

double bonds due to the five valence electrons of vanadium, cluster to exhibit some intermediate properties with bond
it is reasonable for the two terminal VO bonds in the V,04 order roughly viewed as 1.5.°* The observation of an O—O
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Figure 18. Experimentally observed structures for the M,0,
clusters.
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Figure 19. Experimentally observed structures for the M,0;
clusters.
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Figure 20. Experimentally observed structures for the M,Oy
clusters.

stretching vibration at 1160 cm ™! in the IR photodissociation
spectrum of V,04" (Figure 22) indicates that V,Og" involves
a superoxo group. In the ground state of V,O4%, the two
vanadyl groups occupy the trans position and the #?-superoxo
unit forms a three-membered ring with one of the two
vanadium atoms (Figure 21E).%° The V,0; and V,0;”
clusters are oxygen-rich species, and their ground-state
structures are found to be similar to those of V,0O¢ and V,04~
except that one terminal oxygen atom is replaced by a peroxo
O, unit (Figure 23A,B).631:633

Higher multinuclear vanadium oxide clusters have also
been the subject of several gas-phase and matrix experimental
studies. By condensation of the gas evaporating from a
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Figure 21. Experimentally observed structures for the M,05 and
M,0Og clusters.

20 =

Knudsen cell containing V,0s, two absorptions at 1030 and
828 cm ! in solid nitrogen are assigned to the terminal V=0
and bridged V—O—V stretching vibrational modes of the
neutral V40 cluster, in analogy to P4,0,0.%* Very recently,
the V40 cluster has been produced and trapped in solid
argon and nitrogen matrices with high concentrations and
comprehensively characterized by infrared, Raman, and UV/
visible spectroscopy.®® In addition, the V,0g and V4O,
clusters were also suggested to be observed.

The infrared spectra of vanadium oxide anionic clusters
have been studied by infrared multiple photodissociation
spectroscopy.®3® Three types of anions including the open-
shell (V,0s),” anion, the fully oxidized closed-shell
(V205),VO;3™ anions and the oxygen-rich V4,0, cluster.
Three types of vibrational modes in the range from 600 to
1600 cm ™! are identified and assigned to (i) superoxo (~1100
cm 1Y), (ii) vanadyl (1020—870 cm™!), and (iii) V—0O—V and
terminal V—O single bond vibrational modes (<950 cm ™).
Comparison of the experimental and calculated spectra favors
an assignment of the closed-shell V;Og~ anion to a C,,
structure consisting of a six-ring fused with a four-ring. For
V50,37, two nearly isoenergetic isomers, a pyramidal Cy,
structure and a bridged C,, structure may be probed in the
experiment. The spectra of the open-shell (V,0s),” clusters
are distinctly different from those of closed-shell clusters.
The V4O, anion is characterized to have a tetragonal D,
structure, which is minimally Jahn—Teller distorted from the
T, structure. It is found that the oxygen-rich V4O, anion
does not exhibit a caged structure derived from the excep-
tionally stable V40,4, but an open structure is found. It is
concluded that the dinuclear and trinuclear oxide anion
clusters are characterized by open structures involving four-
membered V,0; rings, but this motif is replaced by the less
strained and more stable six- and eight-membered rings in
the larger clusters.

The infrared spectra of vanadium and niobium oxide
cationic clusters have been studied using mass-selected
infrared photodissociation spectroscopy. The infrared spectra
are obtained for the nearly stoichiometric (Nb,Os),t and
(Nb,05),NbO," (n = 2, 3) clusters as well as for oxygen-
rich clusters of typical compositions (Nb,Os),O" and
(NbyOs),NbO;" (n = 1—3).%%7 The spectra of all examined
oxide clusters exhibit two main absorption features that can
be assigned to vibrations of terminal Nb=O and bridged
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V,04"-He (right) and simulated IR spectra (gray line and gray shaded area), based on scaled B3LYP/TZVP frequencies and relative intensities
of the ground state (middle row) and an energetically low-lying isomer (top row) of V,0,* (left), V,Os' (center), and V,O04* (right) in the
region from 565 to 1190 cm™!. Reprinted with permission from ref 630. Copyright 2004 American Institute of Physics.

Figure 23. Experimentally observed structures for the M,0;
clusters.

Nb—O—Nb oxide groups. The stretching vibrations of
isolated Nb=O units absorb at about 990—1000 cm!. The
stretching vibrations of Nb—O—Nb bridges are found in the
700—900 cm™! range, varying with cluster size and stoichi-
ometry. Comparisons between the experimental IR spectra
and calculated spectra for possible structures help to identify
the gas-phase structures of the clusters. The most stable
structure of Nb;Ogt contains a peroxo #7%-O,>~ unit. Frag-
mentation channels indicate that similar units are present in
the larger (Nb,Os),O" and (Nb,Os),NbO;" clusters. The
Nb,O,," cation is assumed to have a similar structure to that
of neutral V,0yy, which has 7, symmetry. Theoretical
calculations give a minimum structure with C; symmetry;
however the distortion relative to 7, is small and mainly
caused by the presence of one terminal single-bonded Nb—O
unit, where the unpaired electron is located at the O atom.
The photodissociation spectrum of V400" recorded by
monitoring the V,0z* yield as a function of the excitation
wavelength is very similar to that of the neutral V,0
cluster.*® Two absorption bands at 842 and 1032 cm™' are
observed, which are assigned to the antisymmetric V-0O—V
stretching and V=0 stretching vibrations of the V400"
cation. In contrast to Nb,O,o", the V40,," cation is deter-
mined to have a structure involving a V4Og" ionic core
weakly bound to an oxygen molecule.5*

Multinuclear oxide clusters have also been the subject of
gas-phase photoelectron spectroscopic studies. A high-
resolution zero-electron kinetic energy (ZEKE) photoelectron
spectroscopic study on the Nb;O and Nb;O" monoxides
observed a vibrational progression in a mode with frequen-
cies of 312 cm™! in the cation and 320 cm™! in the neutral.®*
Density functional theory calculations and Franck—Condon
spectral simulations indicate that Nb;O and Nb;O* have low-
spin, planar C,, ground states with the O atom doubly
bridging across the elongated bond of an isosceles Nbs
cluster.*%% Vibrationally resolved 488 nm anion photo-
electron spectra of V30, Nb;O, and Ta;0 indicate that the
neutral and anionic clusters all have planar structures with
doubly bridging oxygen atoms and that the electrons in the
anions occupy essentially nonbonding orbitals.®*! The
metal—oxygen symmetric stretching fundamentals for both
the neutral and anionic clusters are reported. The ground-
state of Nb;O, ™ is found surprisingly to be a low-symmetry
Ci ("A) structure, which contains a bridging and a terminal
O atoms.®*? Anion photoelectron spectroscopic study on the
Ta;03~ anion shows that the Ta;O;~ cluster has a planar Dj,
triangular structure.®* Chemical-bonding analyses reveal
that among the five valence molecular orbitals involved
in the multicenter metal—metal bonding, there is a
completely bonding ¢ and s orbital formed from the 5d
atomic orbitals of Ta. The totally delocalized multicenter
d bond renders d aromaticity for Ta;O;~ and represents a
new mode of chemical bonding. Similar PES studies have
also been reported for higher clusters, but the spectra are
not well vibrationally resolved.®*** Very high electron
affinities and large HOMO—LUMO gaps are observed for
the (V,0s5), (n = 2—4) clusters. The HOMO—LUMO gaps
of (V,0s), all exceed that of the band gap of the bulk
oxide and are found to increase with cluster size from n
= 2—4. These clusters are predicted to possess polyhedral
cage structures. %4040
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5.4. Cr Group

Combined PES and DFT studies on Cr,O~ imply that
Cr,O™ has a high-spin ground state (S = °/,) with C,,
symmetry.*’~%! However, the Cr,0 neutral is predicted to
have a low-spin triplet ground state.'** Two structural isomers
with Cr,0, stoichiometry have been characterized in solid
matrices. Besides the cyclic structure, which is predicted to
have a nonet ground state, a chainlike CrOCrO isomer has
also been identified in a recent matrix infrared spectroscopic
study.%? The CrOCrO cluster is predicted to have a °A"
ground state with bent geometry (Figure 18C). The cyclic
structure is predicted to be more stable than the chainlike
isomer from most theoretical studies.’~%*° The cyclic Cr,O,~
anion is calculated to have a high-spin ground state
(S = °,).%! DFT calculations predict that Cr,O3;~ possesses
C, symmetry and a puckered four-membered ring structure
with an extra oxygen atom terminally bonded to one Cr atom
(Figure 19B). A high-spin state (S = 7/,) and a low-spin state
(S = !/,) are nearly degenerate with the low-spin state only
0.04 eV higher in energy.®*® The PES data imply that the
experimentally observed Cr,O;™ anion is due to a high-spin
species.®® The Cr,Oy cluster is formed from the barrierless
dimerization of the chromium dioxide molecules in solid
argon, which is characterized to have a planar D,, symmetry
(Figure 20C).%? The cluster is calculated to have a A,
ground state with the four unpaired electrons occupying the
nonbonding molecular orbitals, which are largely chromium
3d in character.®? A triplet state with nonplanar C,,
symmetry is proposed to be the ground state of Cr,O4 by
earlier theoretical calculations,®’%*3 but this state is predicted
to be much less stable than the 3A, state planar D, structure
based on recent DFT calculations.®®? The structure of Cr,Os
is predicted to be similar to that of Cr,04 with the extra O
atom bonded to one Cr atom (Figure 21A). The ground state
of Cr,Os is predicted to be a singlet.*’ A vibrational
progression of 710 cm™! in the PES spectrum is observed
for the ground-state transition, which is likely due to a Cr—O
stretching mode.®® The Cr,Og cluster is also formed in our
recent matrix infrared spectroscopic study on the reaction
of chromium atom with dioxygen.®*> The observed vibra-
tional frequencies indicate that the Cr,Og cluster involves a
four-membered ring and two terminal oxygen atoms on each
chromium centers. Theoretical calculations indicate that the
Cr,O¢ cluster has a closed-shell singlet ground state with
nonplanar D,;, symmetry (Figure 21F).232647952 This structure
is also suggested to be the structure observed in anion
photoelectron spectroscopic investigation of the Cr,Os~ anion
in gas phase.®

Dinuclear oxide clusters, M0,O,~ (n = 2—4) and W,0,~
(n = 1—6), have also been studied by PES.**%4 The Mo,0,
clusters are in general similar to W,0,.. The geometric and
electronic structures of W,0, clusters are quite different from
those of Cr,0, clusters for the very O-deficient systems from
n = 1-3. The Cr,0, (n = 1—3) clusters are ferromagnetic.
Although the ground state of W,0 is a triplet state, the
ground states of both W,0, and W,0; are singlets and
nonmagnetic. The structures of the two systems are also very
different. Whereas in Cr,0,, the first two O atoms bond to
both Cr atoms in a bridging manner, in W,0,, the first two
O atoms each bond only to one W atom because of the strong
W—0 bond strength (Figure 18D). This leaves strong W—W
bonding in the O-deficient W,0, clusters, resulting in
nonmagnetic or very weak magnetic systems. For n = 4 and
higher, the Cr,0, and W,0,, systems become similar as the
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magnetic coupling in the Cr systems becomes weakened due
to the loss of 3d electrons to oxygen. Density functional
calculations establish that the W,0,*~, W,0,;~, and W,0;
clusters possess different global minimum structures. The
dianion is predicted to have a highly symmetric structure
(D34, Figure 23C), in which the two WO; moieties are
connected by a single oxygen atom. Both the monoanion
and neutral clusters are calculated to have lower symmetry
(Cy) with a cyclic W,0, four-membered ring. A terminal
peroxo ligand bound to one tungsten center is predicted to
be most stable for the neutral cluser (Figure 23A), while the
isomer with a terminal oxo ligand (—O") is lowest in energy
in the monoanion case. The calculated electron affinities are
in good agreement with the experimental values.®® Based
on photoelectron spectroscopy and density functional theory
calculations,®® the W,Ogs~ anionic cluster is characterized
as [W,04(0,7)], that is, a superoxide species interacting with
the neutral W,Og cluster. In contrast, the neutral W,Og cluster
is found to contain an O, molecule weakly interacting with
the W,Og cluster.

Well-resolved photoelectron spectra have been obtained
for (CrO;),” (n = 3—5) and compared with DFT calcula-
tions.??” Unique nonplanar cyclic ring structures are firmly
established for (CrOs), and (CrOs),”. The structures can be
described as formed from corner-sharing tetrahedral CrO4
units with two Cr=0O u-oxo bonds and two Cr—O bridge
bonds. The structural parameters of the (CrO;), clusters are
shown to converge rapidly to those of the CrOj; bulk crystal.
The extra electron in the (CrOs),” anions is shown to be
largely delocalized over all Cr centers. The (MoO;), and
(WQ03), clusters are predicted to have similar ring struc-
tures.?32°

Electronic and structural properties of tritungsten oxide
clusters: W30, and W50,, (n = 7—11) have been investi-
gated using PES and density functional theory calculations.®%6>7
Detachment features due to W 5d and O 2p features are
observed in W50;~ and W;0g~ with the 5d feature at lower
electron binding energies and the O 2p features at very high
electron binding energies.®” A large energy gap is observed
in the PES spectrum of the stoichiometric W3Oy cluster. High
electron binding energies (>7.0 eV) are observed for W30y,
suggesting that the W30,y neutral cluster is an unusually
strong oxidizing agent. The calculation results show that
W30y is a Djy), cluster with a W30; six-membered ring and
two terminal W=0 units on each W site. The structure of
W;0g can be viewed as removing a terminal O atom from
W50y, whereas that of W30 can be viewed as removing
two terminal O atoms from W50q. The O-rich cluster W30y
can be viewed with replacing a terminal O atom in W3;0q
by an O, unit. The W30, anionic cluster is characterized
as [W304(0,7)], a superoxide species interacting with the
neutral W3Oy cluster. The neutral W30y, cluster is found to
contain an O, molecule weakly interacting with the W50q
cluster.%® The M30,~ and M30¢>~ clusters (M = Mo and
W) are characterized to involve a single, fully delocalized
metal—metal bond and may be considered as a new class of
d-orbital aromatic molecules.®®

Recent photoelectron spectrosocopic and theoretical studies
on the W,4O,” (x < 6) clusters reveal that tungsten oxide
clusters undergo a transition from metal-like to semiconduc-
tor-like behavior with oxygen uptake at x = 5. The oxygen
atoms are bound to the W, cluster in either terminal or
bridged fashions for both neutral and anionic W,0,” (x =
1—4) clusters, while the tetrahedral W, core is changed to
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ringlike structure with fewer metal —metal bonds in the W,O5
case.®? The structural and spectral properties of some
multinuclear clusters have also been theoretically reported.®

5.5. Mn Group

The Mn,O cluster is identified to possess high-spin state
with ferromagnetic feature.®®' The Mn,O, cluster is regarded
as a building block for bulk manganese oxide.?*' The Mn,0,
cluster can be formed via the reaction of manganese dimer
with dioxygen in solid argon and is characterized to have a
rhombic structure.?*®2#7 It is predicted to have a high-spin
ferromagnetic ground state with the unpaired electrons
mainly distributed on the manganese atoms. Unlike the bare
Mn, dimer, which is considered as a weakly bound van der
Waals system, the Mn—Mn interaction is enhanced in the
rhombus Mn,O, cluster.?*! The distance between two man-
ganese centers is predicted to be 2.56 A, about 0.9 A shorter
than that of the manganese dimer.%> The Mn,QOy cluster has
been spectroscopically characterized in solid argon matrix,
which is determined to be a bisdioxygen complex of cyclic
Mn,O, cluster.?*’” The cluster is predicted to have a "By,
ground state with planar D,, symmetry, in which the Mn,0,
core is coordinated by two equivalent O, molecules in a side-
on fashion (Figure 21G). Based on the observed O—O
stretching frequency and predicted O—O bond length, the
two O, subunits are due to superoxide ligands. Hence, the
Mn,Oq cluster can be described as [(O;7)>(Mn,0,)>7], a
disuperoxide complex.

There is no experimental report on spectroscopic study of
multinuclear manganese oxide clusters except a photoelectron
spectroscopic study on the MnsO and MngO clusters. The
results show that while the O atom occupies either a bridge
or hollow site in Mns, it prefers a hollow site in Mng
clusters.®%3

5.6. Fe Group

It is found that the ground-state iron dimer reacts with
dioxygen directly to form the cyclic Fe,O, cluster without
activation energy.?’*3% A slightly distorted rhombus structure
with triplet state is found to be lowest in energy using density
functional methods.** However, subsequent B3LYP calcula-
tions indicate that the cyclic Fe,O, cluster has a planar D,
structure with a "B, ground state, which is also confirmed
by single-point CCSD(T) calculations. The existence of an
effective Fe—Fe bonding is confirmed by NBO and Bader
analyses.%®* The Fe,O, cluster has also been observed in solid
argon from the dimerization reaction of the corresponding
metal dioxide molecules.”’® Spectroscopically, only some
small iron oxide clusters have been studied by PES in the
gas phase.?0>%% The PES spectra for the Fe,O, (x = 1—5)
series are quite similar. Isomers are observed for the Fe,O,
series when x > 1. These isomers are proposed to be
complexes involving O, or O; units.?®% The Fe,O cluster is
determined to have C,, triangle structure. But the ground-
state geometry of the Fe,O™ anion changes drastically from
that of the neutral. The anion is predicted to have a linear
Fe—O—Fe structure.®” The ground state of Fe,O3;~ anion
has a four-membered ring structure with an extra oxygen
atom terminally bonded to one Fe atom (Figure 19B). The
Fe,O, anion has a planar structure (Figure 20C), while in
the neutral the two terminal O atoms are placed in a trans
position with respect to the Fe,O, ring (Figure 20A).°7 The
structural and magnetic properties of tri- and tetranuclear
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anionic clusters, Fe;O,,” (m = 1-5) and Fe,O,,” (m = 1—06)
are theoretically predicted by means of the first-principles
molecular dynamics based on the density functional theory.®®
The structural and electronic structures of some neutral
multinuclear iron oxide clusters have also been theoretically
predicted.®® %! First-principles electronic structure calcula-
tions show that small Fe,O, (n = 2—5) clusters form single
highly stable rings; starting at FecOg, these elementary rings
begin to assemble into nano columnar structures to form
stable Fe, O, (n = 6—12) towers. The rings and the empty
towers can be further stabilized by capping O atoms at the
ends, leading to Fe,O,+, and Fe,0,, sequences.®® A very
recent DFT calculation on both cage and noncage structures
of (Fe,03), (n = 2—6 and 10) clusters shows that all the
cage structures are stable, but the global minima are the
noncage clusters for most cases.®”°

5.7. Co Group

The cyclic Co,0, cluster has been identified using matrix
infrared spectroscopy.’? Recent thermal evaporation experi-
ments suggest that photoexcitation is required for the
formation of the Co,0, cluster.®”> DFT calculations reveal
that a B, ¢ state is less stable than a A, state by 27 kcal/
mol although the calculated frequencies for the former state
seem to be more similar to the experimental values.*” In a
recent combined DFT and high-level ab initio theoretical
study, a 'A, state was predicted to be the ground state for
the planar D,, Co,0, cluster. Its properties are better
described by meta-GGA functional TPSS. Wave functional
based ab initio calculations result in a number of closely
spaced electronic states for this rhombus cluster, but the
closed-shell singlet state is still a bit more stable.’”> The
Co0,04 cluster has also been observed in solid argon from
the dimerization of the coblat dioxide molecules.’® It is
suggested to have a similar structure to the other M,O,
clusters, but detailed information on the electronic and
geometric structure requires further theoretical study.

Anion photoelectron spectroscopy of mass-selected Co,-
O,,” clusters (n = 4—20; m = 0—2) was performed at photon
energies of 3.49 and 4.66 eV.®’* Main PES spectral features
are contributed from Co 3d-derived orbitals throughout the
complete series. The additional oxygen atoms indicate a
minor influence toward the electronic structure. With in-
creasing oxygen content, electron affinities shift to higher
values. The experimental values are well reproduced by the
DFT/B3LYP calculations.” There are no experimental
reports on spectroscopic study of rhodium and iridium oxide
clusters. The infrared vibrational spectra of low-lying isomers
of rhodium oxide clusters have been predicted using density
functional theory.67®

5.8. Ni Group

The cyclic NiyO, cluster has been identified in solid
matrices.**’*”” Based on the unrestricted hybrid DFT calcula-
tions with a broken symmetry approach, an open shell singlet
state, the vibrational frequencies of which were in good
agreement with the experimental values, was predicted to
be lowest in energy. Although a short Ni—Ni bond length
was predicted for the D, Ni,O, cluster, no direct bonding
interactions were found between the two nickel centers.5”’
The most recent MRCI calculations gave a 'A, ground state
for this cluster species, which correlates with the density
functional results.%”8
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Figure 24. Photoelectron spectra of Cu,O, (x = 1—4). The ground
states of the neutral clusters are labeled “X”, and their low-lying
electronic excited states are labeled with the alphabet. The vertical
lines indicate the resolved vibrational structures. Reprinted with
permission from ref 679. Copyright 1996 American Physical
Society.

It was found that the palladium dimer interacts with
dioxygen to form the Pd,(O,) complex under visible light
excitation, in which the dioxygen molecule is predicted to
be side-on bonded to the metal dimer with a planar C,,
symmetry (Figure 18E).*® The Pd,O, cluster, which was
characterized to be a bisdioxygen complex, has also been
experimentally observed. It was predicted to have a singlet
ground state with planar D,, symmetry (Figure 20D).3%

The structures of platinum oxide clusters have been studied
using density functional methods. Clusters with Pt,O, (x >
2) stoichiometry prefer to form closed ring-like structures
with a bridged oxygen atom bound to two platinum atoms,
which roughly form two-dimensional structures. The Pt,O,,
clusters are found to possess nearly one-dimensional struc-
tures with periodical cyclic Pt;O, subunits. All of these
structures are quite different from that of bulk platinum
oxide. 8

5.9. Cu Group

A PES study indicated that the Cu,O cluster exhibits a
large HOMO—LUMO gap (Figure 24), suggesting a closed-
shell nature for this simple triatomic cluster.”® Theoretical
calculations revealed that the Cu,O cluster possesses a bent
C,, geometry with the central oxygen atom bound to two
copper atoms,%’*%0 which can serve as the building block
for the formation of larger copper oxide clusters via the active
oxygen site.®8! The cationic cluster is predicted to be more
bent than the anionic and neutral ones.®*

Three structural isomers with Cu,0O, stoichiometry have
been experimentally characterized. Matrix isolation experi-
ments show that the copper dimer is able to react with
dioxygen in forming a Cu,(O,) complex, which is character-
ized to be a side-on bonded superoxide complex with a
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Cu—Cu bond (Figure 18E).%? Upon near-infrared excitation,
the Cuy(O,) complex isomerizes to a CuOCuO cluster, in
which both oxygen atoms are atomically bound to the copper
centers.®®> An anion photoelectron spectroscopic study
revealed that the cyclic Cu,0O, cluster is experimentally
observed (Figure 18A).5° Recent theoretical studies predicted
that the linear or near linear CuOCuO structure is the most
stable isomer with Cu,O, stoichiometry.®*’ For Cu,03, two
isomers with close energies are predicted: a D5, bipyramid
(Figure 19A) and a C,, bent structure withan O—Cu—O—Cu—0
atomic arrangement. The D5, isomer was proposed to be the
observed structure in the gas-phase PES experiment.5”
However, recent DFT calculations suggested that the calcu-
lated electron affinity of a linear isomer (Figure 19C) is in
better agreement with the experimental value.®®® A matrix-
isolation infrared study indicated that the Cu,O, cluster is a
side-on bonded dicopper bis-superoxide complex, which was
predicted to have a 3Bz, ground state with a planar Dy,
symmetry (Figure 20D). The Cu—Cu distance in the Cu,04
complex was computed to be quite long, indicating no direct
bonding interaction between the two copper atoms.®®> The
dicopper bis-superoxide structure is also proposed as the pho-
todetachment product of the corresponding anion in the gas
phase.®” Vibrationally resolved PES studies on larger Cu,O,~
clusters (x = 6—11) indicate that O, molecularly adsorbs
on the Cu,~ anionic clusters.®

The Au,O™ anion is characterized to have a near linear
doublet ground state with direct Au—Au bond.®8* Recent
time-resolved photoelectron spectroscopic study on Au,O™
suggests the existence of a long-lived excited state with the
lifetime being more than 100 ps.®® The PES spectrum of
the Au,O~ anionic cluster was also recorded.’®* The calcula-
tion results showed that the geometric structure of Auy~ is
significantly modified upon the chemisorption of atomic
oxygen.%

Dioxygen adsorption on silver and gold anionic clusters
has been studied using vibrationally resolved photoelectron
spectroscopy. The results have been summarized in a recent
review.®®® In general, the odd-numbered silver and gold
anionic clusters were unreactive toward dioxygen, while the
even-numbered clusters interacted with dioxygen to form
M.,O," clusters (M = Ag, Au). PES investigations on these
M, 0O, anionic clusters showed that O, molecularly adsorbs
on the metal clusters,**%%7 in agreement with theoretical
predictions, #9452:688-6% Begides the molecularly adsorbed
clusters, dissociative adsorption species were also reported.
For Au4O,  anionic cluster, the dissociative oxide isomer
can be prepared by using atomic oxygen reagent.”! The
formation of dissociative oxide clusters was predicted to be
thermodynamically favored but kinetically hindered due to
the existence of a high energy barrier.®>%3

Most theoretical calculations indicate that O, adsorbs
molecularly on small gold clusters such as Au; and
Aus. S208962 Byt dissociative adsorption is predicted to be
more favorable for larger Au, clusters with x > 3 in a recent
theoretical study, and the geometric structures of gold clusters
are strongly distorted upon O, adsorption.*®® For both the
neutral and anionic Au,, clusters, density functional calcula-
tions indicated that O, prefers to adsorb on the tubelike gold
clusters molecularly in the side-on fashion. The binding
energy between neutral Au,, and O, is comparable to that
of small neutral odd-numbered gold clusters.®®* The oxide
products from O, dissociative adsorption on both Aus; (7))
and Aus, (Cy) clusters are predicted to be more stable than
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the molecularly adsorbed isomers, although the Auj, (1)
cluster is found to be highly inert chemically.®”

6. Summary

Transition metal oxides and dioxygen complexes are
potential intermediates or products during the oxidation of
metal atoms or clusters and are of major importance in a
wide range of catalytic and biological processes. Spectro-
scopic and theoretical investigations of these species are
therefore of considerable interest and are reviewed and
summarized.

Matrix infrared spectroscopy has provided a powerful
technique for the investigation of transition metal oxide
molecules and their cations and anions. The formation of
subject species can be integrated over time to accumulate a
sufficient number density in the matrix to afford the
measurement of a suitable vibrational spectrum. Isotopic
substitution is straightforward and important for the identi-
fication of subject species. Laser ablation provides a con-
venient source of transition metal atoms, cations, and
electrons for the synthetic preparation of the subject species,
and a source of excitation when such activation is needed to
promote the reaction with oxygen molecules. The forming
matrix is unique in that it quenches reaction energies and
allows triatomic molecules such as MO, to be stabilized
where the gas-phase reaction provides only MO diatomic
molecules. Doping of the sample with an electron-trapping
molecule such as CCly aids in the identification of cations
and anions. The condensing matrix allows for the formation
of further oxygen-rich MO, (x = 3) complexes between
initial products and additional reagent molecules, which
reveal rich structure and bonding properties.

Molecular spectroscopies such as laser-induced fluores-
cence (LIF), resonance-enhanced multiple photon ionization
spectroscopy (REMPI), pulsed-field ionization zero kinetic
energy (PFI-ZEKE) photoelectron spectroscopy, and rota-
tional spectroscopy offer precise and detailed measurements
of vibrational or rotational transitions of simple transition
metal oxide molecules in the gas phase. Photoelectron
spectroscopy is another quite powerful method, which
provides direct information on the electron affinities, low-
lying electronic states, and vibrational frequencies of size-
selected transition metal—oxygen molecules and small
clusters in the gas phase. Although the vibrational assignment
is less accurate due to limited resolution compared with other
spectroscopic methods, PES is a versatile and convenient
method in gas phase studies, which complements the
extensively used matrix-isolation infrared spectroscopic
investigations.

Spectral and structural assignments for sized transition
metal oxide clusters are quite difficult due to the existence
of many low-energy isomers and low-lying electronic states.
With the development of tunable IR lasers, infrared photon
dissociation spectroscopy has recently been successfully used
to measure the vibrational spectra of some mass-selected
transition metal oxide clusters in the gas phase, which can
provide reliable structural assignments for these cluster
species. The well-resolved vibrational spectroscopic data
combined with the state-of-the-art quantum chemical calcula-
tions may provide a very powerful and applicable approach
to motivate further detailed understanding of the geometric
and electronic structures and bonding and reactivity of more
complicated oxygen-rich transition metal oxygen complexes
as well as transition metal oxide clusters.
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