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LaO2 was produced in a pulsed laser-vaporization molecular beam source and studied by mass-
analyzed threshold ionization (MATI) spectroscopy and ab initio electronic structure calculations.
The calculations included density functional theory, second-order perturbation theory, coupled clus-
ter theory, and complete active space self-consistent field methods. The adiabatic ionization energy
of the molecule and vibrational frequencies of the molecule and its cation were measured accurately
for the first time from the MATI spectrum. Numerous ionization processes of lanthanum dioxide,
peroxide, and superoxide were considered; the 3B2 ← 4B2 electronic transition of the dioxide was
assigned upon comparison with the observed spectrum. The ionization energy and O-La-O bending
frequency of the 4B2 neutral state are 4.9760 (6) eV and 92 cm−1, respectively. The La-O stretching
and O-La-O bending frequencies of the 3B2 cationic state are 656 and 122 cm−1, respectively. The
4B2 state is formed by two electron transfer from lanthanum to oxygen atoms, and the 3B2 state is
produced by the further removal of a lanthanum 6s-based electron. © 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4734312]

I. INTRODUCTION

Transition metal oxides are widely used as both catalysts
and catalyst supports in chemical processes. The widespread
and important applications of transition metal oxides have
motivated numerous research groups to study their physical
and chemical properties in the gas phase, where complicating
factors such as solvents and counterions are removed. For
transition metal oxide cations, extensive studies have been
reported on their reactivity,1–4 UV-Vis photofragmentation,5–7

and infrared (IR) multiphoton photodissociation or single-
photon vibrational predissociation.8–16 The studies of the
anions were largely carried out with photoelectron spectreo-
scopy,17–32 and additional investigations were reported about
their reactivity1, 3, 33–36 and IR photodissociation.12, 37–39

Neutral metal oxides are more challenging to study ex-
perimentally because they are difficult to size-select, and
their formation and properties are usually determined by
ionization techniques, including multiphoton IR (Ref. 40)
and single-photon UV (Refs. 41–43) and vacuum UV laser
ionization.44–47 In addition, neutral metal oxides have also
been studied by matrix-isolation IR spectroscopy.48 In spite
of the extensive studies, the current knowledge about the
electronic states and molecular structures of polyatomic tran-
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sition metal oxide clusters is largely derived from theoretical
predictions. However, the reliable prediction of the electronic
and geometric structures is often complicated by the presence
of many low energy structural isomers and a high density of
low-lying electronic states of each isomer. Thus, inconsistent
theoretical results have often been reported on the nature of
the ground electronic states and minimum energy structures
of both polyatomic neutral molecules49, 50 and ions.12, 51, 52

Therefore, a reliable identification of the molecular structures
and electronic states for transition metal oxide clusters and
their ions generally requires confirmation by spectroscopic
measurements, especially by high resolution spectroscopic
techniques.

Although diatomic transition metal oxides have been
well studied, the spectroscopy of their polyatomic metal
oxides is rather limited.53, 54 As one of the simplest poly-
atomic transition metal oxides, LaO2 has been studied pre-
viously by gas-phase guided ion beam mass spectrometry,55

chemielectron spectroscopy,56–59 and argon matrix-isolation
IR spectroscopy.60 Clemmer et al.55 investigated the thermo-
chemistry of LaO2 and LaO2

+ formed in endothermic reac-
tions between LaO+ and NO2 in a guided ion beam mass
spectrometer. In that study, the bond dissociation energies
D0(OLa-O) and D0

+ (OLa+-O) were measured as 4.20(33)
and 0.99(31) eV, respectively, and the ionization energy (IE)
of LaO2 was 8.11(35) eV. Cockett et al.56–58 reported chemi-
electron spectra obtained for the reactions of La atom with
O2 in the X3�g

− and a1�g electronic states and assigned
spectra to chemiionization of lanthanum dioxide formed by
association reactions. In the spectrum of La + O2 (X3�g

−),
they observed two partially resolved vibrational progressions
separated by 250 (50) cm−1 with an averaged interval of
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660 (30) cm−1. They assigned the 250 cm−1 separation to
the symmetric O-La-O bending mode and the 660 cm−1 in-
terval to the symmetric La-O stretching mode of the LaO2

+

cation. Andrews et al. obtained IR spectra for the reactions
of laser-ablated La, La+ and electrons with O2 in argon ma-
trix and observed La-O symmetric stretching frequencies of
570 cm−1 for LaO2 and 689 cm−1 for the LaO2

− anion.60 It is
interesting to note that the stretching frequency of the LaO2

+

cation measured from the gas-phase chemielectron spectrum
is similar to that of the LaO2

−, but is substantially differ-
ent from that of the LaO2 molecule from the argon matrix-
isolation IR spectra. More recently, Todorova et al. reexam-
ined the chemiionization reactions of La + O2 using ab initio
electronic structure calculations.61 In that study, a bent C2v

structure was predicted for the neutral lanthanum dioxide in
the 2B1 ground state and a linear structure for the cation in
the 1�g

+ ground state. The ionization and bond dissociation
energies of LaO2 were calculated to be 7.99–8.70 and 6.47–
6.71 eV, respectively, depending on the level of theory. A
requirement for a chemiionization reaction of a metal oxide
molecule to take place is that its dissociation energy must be
greater than its ionization energy. Because the dissociation en-
ergy was smaller than the IE, it was concluded that the chemi-
ionization reaction La + O2 → LaO2

+ + e− was endothermic
and should not have contributed to the chemielectron spectra.
As an alternative, a two-step process was proposed for the
formation of the chemielectrons under the La + O2 (X3�g

−)
reactions conditions, which included La + O2 → LaO + O
and La + O → LaO+ + e−. However, because the measured
vibrational interval (660 cm−1) in the chemielectron spectrum
is too small for the La-O stretching frequency of the diatomic
LaO+ ion (>800 cm−1),60, 61 LaO may not be the carrier of
the chemielectrons.

A third hypothesis may be that the chemielectrons were
produced by ionization of an excited electronic state of
LaO2. However, nothing is known about any excited states
of the molecule. The objective of this work is to search
for and characterize the excited states of LaO2. The LaO2

molecule is produced in a pulsed laser-vaporization molecule
beam source and characterized by mass-analyzed thresh-
old ionization (MATI) spectroscopy and electronic structure
calculations.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Experimental

The metal-cluster beam MATI spectrometer used in this
work is similar to the ZEKE apparatus described in a previ-
ous publication.62 It consists of two vacuum chambers. The
first houses a Smalley-type cluster source and is pumped by
a 2200 l s−1 diffusion pump. The second chamber houses a
time-of-flight spectrometer and is pumped by two 400 l s−1

turbo molecular pumps. The time-of-flight spectrometer is
composed of a two stage extraction assembly, a 34 cm long
flight tube, and a dual microchannel plate detector (Burle).
The entire spectrometer is housed in a cylindrical, double-
walled μ-metal shield.

Lanthanum oxides were produced by laser vaporization
(Lumonics YM-800 Nd:YAG, 532 nm) of a La rod (Alfa
Aesa, 99.9%) in the presence of a pulse of ultra-high-purity
He (or Ar) carrier gas delivered by a homemade piezoelectric
pulsed valve.63 The metal vapor and carrier gas passed down
a clustering tube (2 mm inner diameter, 2 cm length), and the
resultant clusters were supersonically expanded into the vac-
uum chamber. The supersonic jet was skimmed (2 mm diame-
ter) 3 cm downstream from the exit end of the clustering tube.
A pair of deflection plates (2.5 cm spacing, 220V) located af-
ter the skimmer was used to remove residual charged species
(formed during laser ablation) from the molecular beam be-
fore it entered the second chamber.

Prior to the MATI measurements, photoionization time-
of-flight mass spectra were recorded to determine the chem-
ical content of the cluster beam, and pulsed-field-ionization
photoionization efficiency spectra were recorded to locate the
ionization threshold of LaO2. With the ionization laser set
above the ionization threshold, the experimental conditions
(e.g., timing and power of the vaporization and ionization
lasers and the backing pressure of the carrier gas) were care-
fully optimized to maximize the intensity of the LaO2

+ signal
in the mass spectrum.

With the optimized experimental conditions, LaO2 was
excited to high-lying Rydberg states in a single-photon pro-
cess by the frequency-doubled output of a dye laser (Lumon-
ics HD-500) pumped by a Nd:YAG laser (Quanta Ray GCR-
3, 355 nm) and then ionized by an electric pulse (DEI PVM-
4140, 320 V cm−1). The laser beam was collinear and counter
propagating with the molecule beam. The time delay between
the laser and electric pulses was varied to maximize the MATI
signal, and it was typically 20 μs for He carrier and 50 μs for
Ar. A small dc field (4.1 V cm−1) was applied to help separate
the prompt ions produced by direct photoionization from the
MATI ions produced by delayed field ionization. The MATI
signal was obtained by scanning the wavelength of the tun-
able dye laser, detected by a dual microchannel plate detec-
tor, amplified by a preamplifier (SRS SR445), averaged by a
gated integrator (SRS SR250), and stored in a laboratory com-
puter. Laser wavelengths were calibrated against vanadium
atomic transitions in the spectral region.64 The Stark shift in-
duced by the dc field was calculated using the relation of �IE
= 6.1Ef

1/2, where Ef is in V cm−1 and �E in cm−1.65

B. Computational

Density functional theory (DFT) and ab initio molec-
ular orbital theory methods were used to calculate equilib-
rium geometries and vibrational frequencies of the low-lying
electronic states of LaO2 and LaO2

+. Single-reference cal-
culations included DFT with Becke’s three parameter hy-
brid functional with the correlation functional of Lee, Yang,
and Parr (B3LYP),66, 67 second-order Møller-Plesset (MP2)
perturbation,68 and coupled cluster with single, double and
perturbative triple excitations (CCSD(T))69, 70 methods. The
oxygen atomic orbitals were described by the augmented
correlation-consistent triple zeta (aug-cc-pVTZ) basis set71

or the 6-311g(d) valence triple split basis set.72 La atomic
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orbitals were represented by the Stuttgart-type relativistic ef-
fective core potential basis with 28 core electrons, that is,
Stuttgart RSC ANO/ECP.73 All of these single-reference cal-
culations were carried out with GAUSSIAN 09 program.74

Multi-reference methods, complete active space self-
consistent field (CASSCF)75, 76 and CAS with second-order
perturbation theory (CASPT2),77 were used to characterize
electron configurations of the electronic states of lanthanum
dioxide and its cation. A level shift technique78 was em-
ployed, if necessary, to avoid intruder state problems in the
CASPT2 calculations. In the CASSCF and CASPT2 calcu-
lations, the full-electron atomic natural orbital with relativis-
tic core correlation (ANO-RCC)79 basis set and the second-
order Douglas–Kroll–Hess Hamiltonian80, 81 were employed
to treat the scalar relativistic effect. In the ANO-RCC basis,
the primitive set of (24s,21p,15d,5f,3g,2h) was contracted to
(11s,10p,8d,5f,3g,2h) for the La atom, and the (14s, 9p, 4d,
3f, 2g) primitive set was contracted to (8s, 7p, 4d, 3f, 2g) for
the O atom. Because the La atom has an outmost valence elec-
tron configuration of 5d16s2, three electrons and six orbitals
(6s and 5d) were included in the complete active space for the
La atom. Because the O atom has a valence electron configu-
ration of 2p4, four electrons and three orbitals (2p) were used
in the active space for each O atom. Thus, the active space for
the LaO2 molecule included 11 electrons and 12 orbitals, i.e.,
(11, 12), and that for LaO2

+ was (10, 12). All of the multi-
reference calculations were performed using MOLPRO 2010.1
program.82

To compare with the experimental spectrum, Franck-
Condon (FC) factors were calculated using the equilib-
rium geometries, harmonic frequencies, and normal mode
coordinates of the neutral molecule and cation.83–85 In these
calculations, recursion relations86 were employed and the
Duschinsky effect87 was taken into consideration. Spectral
simulation was obtained using the experimental linewidth and
a Lorentzian line shape. Transitions from excited vibrational
levels of the neutral molecule were considered by assuming
thermal excitation at specific temperatures.

III. RESULTS AND DISCUSSION

A. MATI spectrum

Figure 1(a) presents the MATI spectrum of LaO2 seeded
in He carrier gas. LaO2 was formed without addition of exter-
nal oxygen gas. The presence of oxygen was due to either the
impurity of the He gas or to the La rod. The spectrum displays
the most intense band at 40134 (5) cm−1 or 4.9760(6) eV
and a major progression of the 656(1) cm−1. Nested inside
the major progression is a second progression with intervals
of 122(1) cm−1. In addition, the spectrum exhibits a weak
band 92 (1) cm−1 below each member of the 656 cm−1 pro-
gression. The energy of the origin band corresponds to the
adiabatic IE of a neutral state of the molecule. The 656 and
122 cm−1 progressions are due to transitions from the ground
vibrational level of a neutral state to vibrational levels of two
modes of an ion state, whereas the 92 cm−1 weak bands are
due to transitions from an excited vibrational level of a neu-
tral mode to the ion. At first view, the 122 cm−1 progression

Wavenumber (cm-1)

40000 40500 41000 41500

0-0

656
40134

12292

(a) Experiment 

(b) OLaO(3B2 ← 4B2)

(c) La(O2) (
3A2 ← 4A2)

(d) La(O2) (
1A1 ← 2A1)

(e) LaOO (1Σ+ ← 2Σ+)

FIG. 1. MATI spectrum of LaO2 seeded in He (a) and simulations (100 K)
of the 3B2 ← 4B2 transition of lanthanum dioxide (OLaO) (b), the 3A2
← 4A2 (c) and 1A1 ← 2A1 (d) transitions of lanthanum peroxide (La(O2)),
and the 1�+ ← 2�+ transition of lanthanum superoxide (LaOO) (e).

was thought to be vibrational sequence bands from excited vi-
brational levels of a neutral mode to various levels of an ion
mode. However, additional measurements with Ar or He/Ar
carriers show no changes of the relative intensity (though the
signal was weaker), indicating they are not vibrational hot
bands.88 Moreover, if these transitions were sequence bands,
the frequency difference between the neutral and ionic modes
would be as large as 122 cm−1. Such a large frequency dif-
ference suggests a large geometry change from the neutral
molecule to the ion, inconsistent with the observed short FC
profile.

The LaO2 molecule and its cation may be linear or bent.
A linear structure could have a D∞h symmetry (OLaO) with
one totally symmetric vibrational mode (σ g

+) or a C∞v sym-
metry (LaOO) with two symmetric modes (σ+), whereas a
bent structure could have a C2v symmetry (OLaO) with two
symmetric modes (a1) or a Cs symmetry (LaOO) with three
symmetric modes (a′). Because the spectrum displays two ac-
tive vibrational modes of 656 and 122 cm−1 for the ion state,
LaO2

+ should be in a bent C2v (or Cs) structure or a lin-
ear C∞v geometry from the viewpoint of the first-order se-
lection rule. Because the spectrum exhibits a strong origin
band and a short FC intensity profile, both the neutral and
ion states should be in the same structural configuration, as
a linear-bent conversion between the two states would pro-
duce a spectrum with a very weak origin band and a long FC
intensity profile. As discussed in the Introduction, Todorova
et al. reported a theoretical study of the gas-phase chemiion-
ization reactions of La with oxygen atoms or molecules.61

Using DFT and ab initio molecular orbital theory methods,
they predicted the ground states of LaO2 and LaO2

+ to be
2B1 (C2v) and 1�g

+ (D∞h), respectively, and the IE values
for the ionization process of LaO2

+ (1�g
+, D∞h) ← LaO2

(2B1, C2v) to be in the range of 7.99-8.70 eV. Obviously, this
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(a) OLaO (C2v)   (b) OLaO (D∞∞h)  (c)  La(O2) (C2v)       (d) LaOO(C∞v)

FIG. 2. Possible structures of LaO2: lanthanum dioxide (OLaO) (a, b), lan-
thanum peroxide [La(O2)] (c), and lanthanum superoxide (LaOO) (d). A bent
lanthanum superoxide was also considered, but it converged to the linear
structure upon geometry optimization.

ionization process cannot be associated with the observed
spectrum, as the predicted IEs are more than 3.0 eV higher
than the measured value and the bent-linear structural con-
version would yield a much longer FC profile than the ex-
perimental spectrum. To help assign the electronic states and
molecular structures involved in the MATI transitions, we per-
formed an extensive theoretical search of molecular structures
and electronic states, and the results are described below.

B. Low-lying electronic states of lanthanum dioxide
(OLaO), lanthanum peroxide(La(O2)), lanthanum
superoxide (LaOO), and their cations

Figure 2 shows the possible structures of LaO2 that were
considered in our calculations. These structures include bent
and linear lanthanum dioxides (OLaO), bent lanthanum per-
oxide (La(O2)), and linear lanthanum superoxide (LaOO). A
bent lanthanum superoxide was also considered, but it was
converged to the linear structure upon geometry optimization.
Table I summarizes the electronic states and energies, geome-

tries, and vibrational frequencies from the DFT/B3LYP calcu-
lations. Among all the oxides, the OLaO dioxide is the most
stable isomer, followed by the La(O2) peroxide and the LaOO
superoxide. For the OLaO dioxide, the bent structure (C2v) is
slightly more stable than the linear structure. The ground elec-
tronic state of the bent dioxide is predicted to be 2B2. Above
the 2B2 state, a 4B2 state is located at 3.40 eV. Ionization of
the 2B2 state of the bent oxide yields a linear structure (D∞h)
in the 1�g

+ ionic state; on the other hand, ionization of the
4B2 state leads to a 3B2 ionic state also in the bent configu-
ration. The 1�g

+ ionic state could also be formed from ion-
ization of the 2�u

+ neutral state, which is 0.05 eV above the
2B2 state. The prediction of the 2B2 and 1�g

+ states are con-
sistent with the previous calculations.61 However, the 4B2 and
2�u

+ neutral states and the 3B2 ionic state are reported for the
first time. (It is noted that the 2B2 state was previously labeled
as 2B1 because of a different axis orientation in the Cartesian
coordinate system.)

For the La(O2) peroxide (C2v), the ground state of the
neutral molecule is 2A1, followed by an excited 4A2 state at
∼2.3 eV; the ground state of the cation is 1A1, followed by
an excited 3A1 state at ∼2.2 eV. The structural differences be-
tween the dioxide and peroxide are very clear. For example,
the � O-La-O angle and the O-O distance in the 2B2 state of the
dioxide are 146.3◦ and 3.73 Å, whereas the corresponding an-
gle and distance in the 2A1 state of the peroxide are 42.0◦ and
1.49 Å, respectively. The O-O distance in the dioxide is too far
apart to have any significant interaction between the oxygen
atoms, while the O-O distance in the peroxide is close to the
characteristic length of a single O-O bond (1.48 Å).89 More-
over, the O-O stretching frequency of the La(O2) 2A1 state

TABLE I. Electronic states, geometries (R for La-O of OLaO and La-O/O-O of LaOO and La(O2),
A for � O-La-O or � La-O-O), vibrational frequencies (νi),a relative energies (Ere), and adiabatic ionization en-
ergies (AIE) of lanthanum dioxide (OLaO, C2v or D∞h), lanthanum peroxide [La(O2), C2v], and lanthanum
superoxide (LaOO, C∞v) from the B3LYP calculations with aug-cc-pvtz basis set for O atoms and SDD ECP
basis set for the La atom.

States R (Å) A (◦) ν1 (cm−1) ν2 (cm−1) ν3 (cm−1) Erel (eV) AIE (eV)

OLaO
2B2 (C2v) 1.95 146.3 622 142 388 0 9.03 (3B2 ← 2B2)
2�u

+ (D∞h) 1.95 180.0 609 56 457 0.05 8.68 (1�g
+ ← 2B2)

4B2 (C2v) 2.17 118.9 494 90 445 3.40 8.63 (1�g
+ ← 2�u

+)
(OLaO)+ 5.63 (3B2 ← 4B2)
1�g

+ (D∞h) 1.83 180.0 631 194 750 8.68
3B2 (C2v) 2.10 114.7 555 113 487 9.03

La(O2)
2A1 (C2v) 2.08/1.49 42.0 872 573 481 2.01 7.72 (3A2 ← 2A1)
4A2 (C2v) 2.36/1.33 32.6 1203 382 335 4.34 5.56 (1A1 ← 2A1)
[La(O2)]+ 5.39 (3A2 ← 4A2)
1A1 (C2v) 2.03/1.49 43.0 890 610 521 7.57
3A2 (C2v) 2.29/1.32 33.6 1197 423 383 9.73

LaOO
2�+(C∞h) 1.93/1.37 180.0 942 504 188 3.98 6.04 (1�+ ← 2�+)

(LaOO)+
1�+(C∞h) 1.92/1.33 180.0 990 525 203 10.02

aFor C2v or D∞h dioxide, ν1, ν2, and ν3 are the symmetric La-O stretch (a1 or σ g
+), O-La-O bend (a1 or πu), and antisymmetric

La-O stretch (b2 or σ u
+), respectively. For C2v peroxide, ν1, ν2, and ν3 are the symmetric O-O stretch (a1), symmetric La-O2

stretch (a1), and antisymmetric La-O2 stretch (b2), respectively. For C∞v superoxide, ν1, ν2, and ν3 are symmetric O-O stretch
(σ+), symmetric La-O stretch (σ+), and degenerate La-O-O bend (π), respectively.
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is predicted to be 872 cm−1, which is very close to the O-O
stretching frequencies of 878 or 866 cm−1 of hydrogen per-
oxide (H2O2).90 For the LaOO superoxide (C∞v), the ground
states of the neutral molecule and cation are predicted to be
2�+ and 1�+, respectively. The O-O distance (1.37 Å) in the
2�+ neutral state is comparable to the bond length of molec-
ular oxygen anion (O2

−) (1.35 Å)91 and to the characteristic
bond length of a superoxide compound (1.34 Å).89 The O-
O bond in the LaOO can be considered to have a bond or-
der of 1.5 and an averaged bond distance of the double and
single O-O bonds. The calculated O-O stretching frequency
(942 cm−1) in the 2�g

+ neutral state of LaOO is also close
to that of hydrogen superoxide radical (HOO·) (929 cm−1)90

and comparable to that of molecular oxygen anion
(1090 cm−1).91

C. Ionization of an excited state of lanthanum
dioxide (OLaO)

The electronic transition responsible for the observed
MATI spectrum can be determined by comparing the
measured and predicted AIEs, vibrational frequencies, and
intensity profiles. As discussed in Sec. II A, the experimental
AIE is 4.9760 eV, and the measured frequencies are 656
and 122 cm−1 for the cation and 92 cm−1 for the neutral
molecule. From Table I, the AIEs of the 3B2 ← 2B2, 1�g

+

← 2B2, and 1�g
+ ← 2�u

+ transitions of the OLaO dioxide
are predicted to be 9.03, 8.68, and 8.63 eV, respectively, and
the AIE of the 3A2 ← 2A1 ionization of the La(O2) peroxide
is 7.72 eV. Because the predicted AIEs are 3.0 eV higher
than the measured AIE and the difference is much larger than
any expected computational errors, the above transitions can
safely be excluded from the MATI spectrum. On the other
hand, the predicted AIEs of the 3B2 ← 4B2 transition of the
dioxide, the 1A1 ← 2A1 and 3A2 ← 4A2 transitions of the
peroxide, and the 1�+ ← 2�+ transition of the superoxide
are all much closer to the experimental value.

For these cases, the comparison of the experimental and
theoretical AIEs alone is not sufficient for the electronic-state
assignment. Therefore, vibrational frequencies are considered
as well. Table I shows that none of the vibrational frequencies
of the 1�+ state of (LaOO)+ and the 3A2 state of [La(O2)]+

matches the measured 656 or 122 cm−1 vibrational intervals.
Although the symmetric bending frequency (ν2) of the
[La(O2)]+ 1A1 state (610 cm−1) is in reasonable agreement
with the 656 cm−1 interval, the singlet ionic state does not
show any frequency comparable to the 122 cm−1 mode. In
addition, none of the initial states in the 1A1 ← 2A1 and
3A2 ← 4A2 transitions of the peroxide and the 1�+ ← 2�+

transition of the superoxide exhibits a mode comparable to
the measured 92 cm−1 mode. Thus, none of the above three
transitions should be associated with the MATI spectrum. On
the other hand, the symmetric O-La-O bending frequencies
(ν2) of the 4B2 and 3B2 states of the OLaO dioxide (90 and
113 cm−1) are in excellent agreement with the observed
vibrational intervals of 92 and 122 cm−1, even though
the calculated symmetric La-O stretching frequency (ν1,
555 cm−1) of the 3B2 state at the B3LYP level is substantially

underestimated when compared to the experimental value
of 656 cm−1. Considering both the AIE and the vibrational
frequencies, 3B2 ← 4B2 is the most likely transition probed
by the MATI experiment. This conclusion is further supported
by considering the spectral intensity profile. Figures 1(b)–
1(e) show the simulations from transitions of 3B2 ← 4B2

of OLaO, 3A2 ← 4A2 and 1A1 ← 2A1 of La(O2), and
1�+ ← 2�+ of LaOO. In these simulations, the calculated
frequencies are not scaled, but the theoretical AIEs are shifted
to the experimental origin band for comparison. Frequency
scaling is often used for the high-frequency modes of organic
molecules, but from our previous studies of numerous metal
complexes, the scaling practice does not work for the low-
frequency vibrational modes.92 Low-frequency metal-ligand
vibrational modes are more difficult to treat theoretically, and
predicted values can be on either side of the experimental
measurements. As shown in Figure 1, the 3A2 ← 4A2 and
1A1 ← 2A1 transitions of La(O2) (Figures 1(c) and 1(d))
and the 1�+ ← 2�+ transition of LaOO (Figure 1(e)) fail
to reproduce the experimental 122 cm−1 progression and the
92 cm−1 hot bands. On the other hand, the simulation of the
3B2 ← 4B2 transition of OLaO (Figure 1(b)) is in very good
agreement with the experimental spectrum.

In an attempt to improve the theoretical AIEs and vi-
brational frequencies, calculations at higher levels of theory
were carried out for the observed 3B2 and 4B2 states of OLaO.
Table II summarizes the spectroscopic constants from MATI
measurements and DFT/B3LYP, MP2, CCSD, CCSD(T) and
CASPT2 calculations. The wave-function-based ab initio
methods yield slightly better AIEs (5.37-5.39 eV) than the
DFT method (5.55 eV). For the vibrational analysis of the
3B2 ionic state, the MP2 method produces the best frequency
for the La-O stretching mode (ν1, 601 cm−1), whereas the
CASPT2 method gives the best frequency for the O-La-
O bending mode (ν2, 121 cm−1). For the O-La-O bending
mode (ν2) of the 4B2 neutral state, the B3LYP, MP2, CCSD,
CASPT2 and CCSD(T) calculations all give bending frequen-
cies within less than 15 cm−1 of experiment, the accuracy
expected for such a low frequency mode. No single method
produces uniform results matching the experimental values.
The biggest issue is that all of the methods underestimate the
value of the stretching frequency for the 3B2 ionic state by 50
to 100 cm−1.

Figure 3(a) presents the valence electron configuration of
the 4B2 state of OLaO, 1a1

21b2
21a2

21b1
22a1

12b2
13a1

1, from
the CASPT2 calculations. 1a1

21b2
21a2

21b1
22a1

12b2
1 are oxy-

gen 2p-based orbitals and 3a1
1 (highest occupied molecular

orbital, HOMO) is a La 6s-based orbital. Because the ground
electron configuration of La is 5d16s2, the formation of the
4B2 state of OLaO results in two-electron transfer from the
metal to oxygen atoms. Thus, the formal oxidation states of
O and La in the 4B2 state are –1.0 and +2.0, respectively.
Ionization of the 4B2 neutral state removes the La 6s-based
electron from the HOMO and gives a 3B2 ion ground state.
Because the HOMO is essentially a non-bonding orbital, the
ion state has a similar geometry to the neutral state and the
MATI spectrum has a short FC intensity profile. In contrast
to the 4B2 state, the 2B2 state has an electron configuration
of 1b2

21a2
21a1

21b1
22a1

22b2
1, where the HOMO (2b2

1) is an
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TABLE II. Electronic states, geometries (RLa-O and A� O-La-O), and vibrational frequencies (νi)a of the 4B2 and
3B2 states and adiabatic ionization energies (AIE) of the 4B2 state of bent lanthanum dioxide (OLaO, C2v) from
MATI spectroscopy and theoretical calculations.b

Method RLa-O (Å) A� O-La-O (◦) ν1 (cm−1) ν2 (cm−1) ν3 (cm−1) AIE(eV)

MATI 4B2 92 4.9760(6)
3B2 656 122

CASPT2c 4B2 2.18 118.8 490 105 497 5.57
3B2 2.12 113.5 556 121 551

B3LYP 4B2 2.17 119.1 512 86 449 5.55
3B2 2.10 114.7 562 107 487

MP2 4B2 2.16 117.5 548 86 543 5.53
3B2 2.10 112.2 601 98 605

CCSD 4B2 2.17 118.8 535 89 526 5.38
3B2 2.11 114.0 586 94 583

CCSD(T) 4B2 2.16 119.5 530 82 510 5.37
3B2 2.10 112.0 565 65 563

aThe vibrational modes of ν1, ν2, and ν3 are the symmetric La-O stretch (a1), O-La-O bend (a1), and antisymmetric La-O stretch
(b2), respectively.
bThe ANO-RCC basis set on La and O was used for the CASPT2 calculations. The Stuttgart RSC ANO/ECP basis set on La and
6-311G(d) basis set on O were used for the other calculations.
cVibrational frequencies calculated at the CASSCF levels.

oxygen 2p-base orbital (Figure 3(b)). The formation of the
2B2 state leads to three electron loss of La to O. Thus, the
formal oxidation states of La and O in this case are –1.5
and +3.0, respectively. Because the HOMO is an oxygen
2p-based orbital, the removal of this electron requires much
higher energy in the presence of the +3 lanthanum field.
This explains why the predicted AIE of the 2B2 state is much
higher than that of the 4B2 state.

(b) OLaO (2B2)

2b2

2a1

1b1

1a1

1a2

1b2

(a) OLaO (4B2)

3a1

2b2

2a1

1b1

1a2

1b2

1a1

FIG. 3. Valence electron configurations of the 4B2 (a) and 2B2 (b) states
of lanthanum dioxide (OLaO). The molecule is placed on the yz plane. The
relative energy orderings of the valence molecular orbitals are different in
the two states. Two electrons are transferred from La to two O atoms in the
formation of the 4B2 state, which has the HOMO of largely a La 6s character.
On the other hand, three electrons are transferred from La to two O atoms to
form the 2B2 state, which has the HOMO of largely an O 2p character.

Dissociation of the 4B2 excited state of OLaO could give
the La atom in an excited state 4F and the O2 molecule in an
excited state of a1�g with spin conservation. The 4F (5d26s1)
state is 0.33 eV above the ground state 2D(5d16s2).64, 93 The
dissociation energies of this process are predicted to be 5.81,
5.38, and 5.25 eV by the B3LYP, MP2, and CCSD(T) cal-
culations. The dissociation energy is slightly larger than the
AIE at the B3LYP level, but slightly smaller at the MP2 and
CCSD(T) levels (Table II). Due to the inconsistent trends of
the predicted dissociation and ionization energies, no conclu-
sion could be made about whether the previous chemielectron
spectrum56–58 was produced by ionization of the OLaO 4B2

state. However, because the La-O stretching frequency of the
[OLaO]+ 3B2 state (656 (1) cm−1) measured from our MATI
spectrum is consistent with the value (660 (30) cm−1) from
the chemielectron spectrum, LaO2 seems to be the carrier of
the chemielectrons. An accurate measurement for the disso-
ciation energy of the OLaO 4B2 state is required to settle this
problem in a more definitive manner.

IV. CONCLUSIONS

A MATI spectrum is reported for the first time for LaO2

seeded in a supersonic molecular beam. The spectrum ex-
hibits a strong origin band, La+-O stretching and O-La+-O
bending progressions, and thermal excitation of the O-La-
O bending mode. Our combined experimental and computa-
tional analysis shows that the spectrum involves ionization of
an excited high spin electronic state of lanthanum dioxide.
This process is determined to be the 3B2 ← 4B2 transition.
The 4B2 excited neutral state is formed by transferring two
La electrons to oxygen atoms and has a valence electron con-
figuration consisting of oxygen 2p- and lanthanum 6s-based
orbitals. The 3B2 state is formed by the removal of the non-
bonding La 6s electron and has a molecular geometry similar
to the 4B2 neutral state. The ground state of the lanthanum
dioxide was predicted to be a doublet, but it was not observed
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by the experiment, most likely because of its much higher ion-
ization energy. In addition to possible transitions of the diox-
ide, ionization processes of lanthanum peroxide and super-
oxide were considered as well, but they were excluded after
comparison with the experimental spectrum. This is the first
example where a single-photon MATI spectrum is observed
from an excited initial electronic state lying several electron-
volts above the ground electronic state.
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