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ZrO, , and HfO, obtained by slow electron
velocity-map imaging
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High-resolution anion photoelectron spectra of the Group 4 metal dioxides TiO,~, ZrO,~, and HfO,™ are

reported, using slow electron velocity-map imaging (SEVI) combined with ion trapping and cryogenic
cooling. The resulting spectra exhibit sub-meV resolution with no congestion from hot bands. Electron
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affinities are obtained with greater precision than in previous photodetachment experiments, with
values of 1.5892(5) eV, 1.6397(5) eV, and 2.1045(5) eV, for TiO,, ZrO,, and HfO,, respectively. We obtain
precise values for all of the vibrational frequencies of the neutral X'A; ground states, except for the v3

mode of HfO,. Weak activity observed in the forbidden 3 mode for TiO, and ZrO, is attributed to
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l. Introduction

The Group 4 transition metal oxides are an important class of
materials, with extensive applications as catalysts, catalyst
supports, photocatalysts, dielectric materials, and corrosion
resistant materials." Of these, TiO, is the most extensively-
studied, both theoretically and experimentally.” It has tremen-
dous industrial importance as a white pigment, and a considerable
line of research is dedicated to the photochemistry of TiO,
for possible applications in catalysis and organic material
degradation.’” It is also a key material in dye-sensitized solar
cells.® ZrO, is primarily used in refractory ceramics due to its
high melting temperature and chemical stability.” HfO,, with
its high dielectric constant, is used as a gate insulator material
for field-effect transistors.®™® The study of these materials
under controllable conditions, however, has been hampered by
experimental difficulties. Even basic values like the work func-
tion are difficult to obtain with great precision; surface-sensitive
measurements are extremely susceptible to point defects and
trace adsorbates."'""?

Clusters of the metal oxides are also of interest in their own
right.”>™'® Size-specific clusters have been suggested as a model
for surface defect sites, which may have qualitatively different
reactivities compared to the ideal surface."® Small clusters in
particular are amenable to spectroscopy, reactivity studies, and
theory, and serve as a way to follow the changes resulting as a
function of size. One can also gain insight into reactions that
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Herzberg-Teller coupling to the AZB, excited state.

occur on metal and metal oxide surfaces through gas phase
chemistry involving size-selected clusters whose chemical com-
position is similar to that of a catalyst.">*° Much of the work in
this area has focused on mass spectrometry, but more recently,
spectroscopic tools have been developed to characterize the
structure of the clusters themselves*"**> and, to a lesser extent,
the intermediates formed when chemical reactions are cata-
lyzed by a small cluster.?* In our laboratory, we have developed
a high resolution negative ion photodetachment technique,
slow electron velocity-map imaging (SEVI),>* and have combined
it with ion trapping and cooling,”® resulting in an instrument
that is particularly well-suited to spectroscopic studies of metal
oxide clusters. In this article, we focus on spectroscopy of the
smallest subunit of the Group 4 dioxides, the triatomic MO,
species, by SEVI of cold MO, anions.

A considerable amount of spectroscopic work has been
carried out on the MO, species. Electrostatic deflection experi-
ments established that TiO, and ZrO, have a permanent dipole
moment, and therefore do not have a D_,;, dioxo structure.?®
IR spectra have been recorded for MO, isolated in an inert gas
matrix;*” emission spectra of matrix-isolated TiO, have also
been observed.?® TiO, was the first polyatomic transition metal
oxide studied in the gas phase by emission and infrared
absorption spectroscopy, though high temperatures and low
resolution complicated the analysis.>**° Anion photoelectron
(PE) spectra of TiO, , ZrO,, and HfO,  have been reported,*’
all of which have exhibited partially-resolved vibrational struc-
ture. The rotational spectra of all three neutral species have been
measured by Fourier-transform microwave (FTMW) spectro-
scopy, giving accurate and precise values for the vibrational
ground state M=—O bond lengths and OMO bond angles.**”
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For TiO, and ZrO,, the first excited singlet state has also been
studied by laser-induced fluorescence (LIF) with optical Stark
effects, resonant multi-photon ionization (REMPI), and dispersed
fluorescence (DF), revealing term energies, vibrational frequen-
cies, and dipole moments.***® High-resolution photoionization
spectroscopy has also been used to study the TiO," cation.*!

As is the case with cluster systems, many theoretical studies
focus on the structural evolution of the M,O, clusters as a
function of size and composition.*>™*° Even more studies have
calculated various properties of the triatomic MO,, the mono-
meric subunit of the stoichiometric (MO,), clusters. For the
triatomic TiO,, ground state properties have been determined
by Hartree-Fock,”””"> many different density functional theory
approaches (DFT),**4*4850°53  myltireference configuration
interaction (MRCI),>® and coupled-cluster theory.*®*" Excited
state energies have been calculated by time-dependent DFT
(TDDFT)** and MRCL.>* Much less work has been done on the
zirconium and hafnium dioxide monomers. They have been
studied with HF,”” DFT,*>*** and CCSD(T).******°7 All calcu-
lations support the dioxo C,, bent structures for the anion and
neutral MO, species.

In this work, we report high-resolution anion photoelectron
spectra of the Group 4 metal dioxide monomers using slow
electron velocity-map imaging (SEVI).>* This method typically
yields photoelectron spectra with sub-meV resolution. It is
particularly powerful when combined with cryogenic ion cool-
ing, which quenches any hot bands, reduces spectral conges-
tion, and thus simplifies analysis of the resulting spectra. Here,
we obtain vibrationally-resolved spectra of transitions to the
ground state MO, species with considerably higher resolution
(<1 meV) than previous PE spectra (25-35 meV) and DF studies
(<10 meV), giving more accurate values of electron affinities
and new values for vibrational frequencies. For modeling our
spectra using Franck-Condon simulations, we use the neutral
geometries as a reference to obtain the anion MO, geometries.

Il. Experimental

The experimental apparatus has been described in detail pre-
viously.”**® Anions of interest are formed and then cooled to
their ground vibrational state in a cryogenic RF ion trap. They
are then mass-selected and photodetached and the electron
kinetic energies (eKE) are measured using a velocity-map imaging
(VMI)*® spectrometer, optimized to measure low-eKE electrons.
The electron binding energies (eBE) are given by energy conserva-
tion, eBE = hv — eKE.

Metal oxide ions were produced by a laser ablation source
with a solid disc target, based on a design developed by the
Smalley group.®® At a 20 Hz repetition rate, a 2-10 mJ pulse of
532 nm radiation from a Q-switched Nd:YAG laser was focused
onto the surface of a titanium, zirconium, or hafnium disc.
To prevent uneven target surface damage and thus an unstable
ion signal, the target discs were translated and rotated so that
the entire surface was evenly worn down. The resulting plasma
was quenched and entrained by a burst of helium buffer gas
from an Even-Lavie valve.®® There was sufficient residual
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oxygen in the buffer gas for production of the desired oxide
ions. The ions were guided to an RF ion trap held at 5 K by a
closed-cycle refrigerator. While stored in the ion trap, they were
thermalized using a cryogenic mix of 20: 80 H,: He buffer gas
for 40 ms. Under identical ion production and cooling condi-
tions, we have measured an ion temperature of 10 K for C;5~.>

After the ions were cooled, they were mass-selected in a
time-of-flight mass spectrometer. The ions selected were the
most abundant isotopologue of each MO, species, **Ti*®0,",
207r'°0,~, and '®°Hf'°0, . Upon reaching the interaction region
of the VMI spectrometer, the ion packets were photodetached by
the output of a Nd:YAG-pumped tunable dye laser (Radiant Dyes
NarrowScan). The photoelectrons were projected onto an imaging
detector by the VMI electrostatic lens.”>®* The laser polarization
defined the axis of cylindrical symmetry, and the radial and
angular distributions were reconstructed using the inverse-Abel
algorithm of Hansen and Law.*?

The VMI spectrometer was calibrated for the well-established
detachment transitions of O~ and S™.** The VMI resolving power,
eKE/AeKE, where AeKE is the energy resolution, is approximately a
constant function of eKE, resulting in high resolution at low eKE.
SEVI uses low extraction potentials on the VMI electrodes,
allowing for an expanded view of the high-resolution/low-eKE
portion of the photoelectron spectra. Typical peak widths with
atomic systems are 5.3 cm~ ' FWHM at 50 cm ™" above thresh-
old; at only 13 em ™" above threshold, peak widths narrow to
2.6 cm~ . For the triatomic metal dioxide systems in this report,
typical peak widths were 10 cm™' FWHM at 20 cm " above
threshold. Unresolved rotational transitions account for the addi-
tional line broadening compared to other species studied using
this instrument, all of which had smaller rotational constants.®*™”
As the resolution is highest at low eKE, the laser frequency was
tuned to obtain a series of high-resolution spectra over a limited
eKE range. Individual scans were spliced together to form compo-
site spectra of the entire band; the intensity of each splice was
scaled to the appropriate low-resolution overview spectrum.

The photoelectron angular distribution (PAD) is also
measured by VMI. For one-photon detachment, the PAD is given
by the expression®®®’

o

1) 4n

(14 fPy(cos(0))) (1)
where 0 is the angle relative to laser polarization and P, is the
second-order Legendre polynomial. f is the term defining the
angular distribution and lies between values of 2 and —1,
corresponding to the limits of a PAD parallel to and perpendicular
to the polarization axis. As f§ is dependent on eKE, we cannot
assign a single value for f3 for a given transition.®®”%”! However,
it is typically only positive or negative-to-zero for a particular
transition,”® so peaks with § > 0.1 are labeled with a “+” PAD
while those with f < 0.1 are given a “—” PAD.

Ill. Calculations

The Group 4 MO, species are well-established as C,, bent metal-
oxo species with structures as shown in Fig. 1. The metal and
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Fig. 1 Gy, dioxo structure of the Group 4 triatomic metal dioxides.

two oxygen atoms form two ¢ and two m bonds, for a nominal
bond order of two, a d® configuration, and a closed-shell "A,
electronic state in the neutral species. The excess electron in
the anion fills into an empty metal s + d orbital, forming a
24, state.

Previous studies by Li and Dixon have found that the BP86
density functional describes the metal dioxide structures and
energetics reasonably well compared to high-level ab initio
theory and experimental results.*®*° Since the BP86 functional
has a known acceptable performance for these systems, we use
it to calculate the anion and neutral energies, geometries, and
harmonic vibrational frequencies. For the metal atoms, the
triple-zeta LANL2TZ basis set was used along with the Hay and
Wadt effective core potentials to partially account for relativistic
effects.”>”® The Pople-style 6-311+G* basis set was used for the
oxygen atoms. Electronic structure calculations, geometry opti-
mizations, and vibrational analyses were performed using the
Gaussian 09 program.”*

Franck-Condon (FC) simulations of the spectra were calculated
using the ezSpectrum program,” which calculates FC intensities
in the harmonic approximation but with full Duschinsky mixing of
the normal modes.”® As threshold effects may influence relative
peak intensities at low eKE,”” the FC simulations are compared to
the low-resolution, high-eKE overview spectra. The stick spectra are
convolved using a Gaussian with a relative energy resolution of 3%,
the instrumental resolution at high eKE.

IV. Results

Photoelectron spectra of the MO, anions are shown in Fig. 24
for M = Ti, Zr, and Hf, respectively. A lower-resolution overview
spectrum is displayed on top (blue), taken at photon energies
of 15797 em™" for Ti and Zr, and 19991 cm™ " for Hf. High-
resolution SEVI spectra are spliced together underneath
(black), chosen to maximize resolution for the transitions of
interest. Insets in Fig. 2 and 3 show the region around peak B
in the TiO,” and ZrO,  spectra. Our dye laser cannot output
solely tunable radiation near 18000 cm ™', as in that region
the oscillator can parasitically lase from the second-order
Littrow configuration of the grating, superimposing fixed wave-
length light on top of the desired tunable light. Consequently,
high-resolution spectra are not taken for the features near
18000 cm ™! in HfO, .
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Fig. 2 SEVI spectra of TiO, . The top trace (blue) is a low-resolution overview
scan, while the bottom traces (black) are segments of high-resolution scans. An
inset expands the congested area around peak B, with FC simulations shown as
the stick spectrum (red).
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Fig. 3 SEVI spectra of ZrO,™. The top trace (blue) is a low-resolution overview
scan, while the bottom traces (black) are segments of high-resolution scans. An
inset expands the congested area around peak B, with FC simulations shown as
the stick spectrum (red).

Each spectrum comprises a band that covers ~2500 cm ™"

and shifts to increasingly higher eBE as the metal becomes
heavier, although the shift is much larger between Zr and Hf
than between Ti and Zr. The largest peak in the SEVI spectra of
all three species is at lowest eBE and is assigned as the vibra-
tional origin. The spectra exhibit two clear vibrational progres-
sions, with frequencies around 900-1000 cm* and 300 cm ™.
The peaks are labeled to highlight this consistency between all
three species; peaks A-C are spaced at 900-1000 cm ', while
al-a3, b1-b2, etc. are offset in multiples of ~300 cm ™" from A,
B, etc. This relatively simple pattern of peaks is characteristic of
photodetachment to a single neutral electronic state with only
two Franck-Condon active modes. Peak Z in the TiO,  and
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Fig. 4 SEVI spectra of HfO,™. The top trace (blue) is a low-resolution overview
scan, while the bottom traces (black) are segments of high-resolution scans.

ZrO," spectra (see insets) does not correspond to either of the
two progressions. Peak Z also has a PAD with negative 5, while
all other observed transitions have a positive .

Peak positions and assignments (see below) are summarized
in Tables 1-3 for the respective metal oxides. Calculated
geometries, frequencies, and zero-point vibrational energy cor-
rected electron affinities (EAs) for all three species are reported
in Table 4. The experimentally determined values from this
work and previous studies are summarized in Table 5. Due to
broadening from unresolved rotational structure, peak position

Table 1 Peak positions (em™"), shifts from the origin (cm™"), PADs, and vibra-
tional assignments for the TiO,~ spectra

Peak Position Shift PAD Assn.
A 12818 0 + 0

al 13147 330 + 20

a2 13476 659 + 22

V4 13752 935 — 35

B 13781 963 + 13

a3 13 804 986 + 23

b1 14109 1292 + 1526
C 14740 1923 + 12

Table 2 Peak positions (cm "), shifts from the origin (cm "), PADs, and vibra-
tional assignments for the ZrO,~ spectra

Peak Position Shift PAD Assn.
A 13225 0 + 09
al 13523 298 + 23
a2 13823 598 + 22

Z 14062 837 - 35
a3 14121 896 + 23

B 14129 905 + 15
b1 14 420 1196 + 1520
b2 14722 1497 + 1529
C 15031 1806 + 13
c1 15327 2102 + 1320
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Table 3 Peak positions (cm™"), shifts from the origin (cm~"), PADs, and vibra-
tional assignments for the HfO,~ spectra

Peak Position Shift PAD Assn.
A 16974 0 + 09

al 17268 293 + 25

a2 17561 587 + 22

B 17 869 895 + 15

b1 18164 1189 + 1520
b2 18457 1483 + 1522
C 18766 1792 + 13

c1 19058 2084 + 1228

Table 4 Calculated EAs (eV), bond lengths (A), bond angles (degrees), and
vibrational frequencies (cm™") for the MO, species

TiO,~ TiO, Zr0,~ 710, HfO,~ HfO,
EA 1.70 1.78 2.23
R 1.695 1.661 1.842 1.803 1.823 1.784
0 112.0 110.5 108.2 106.2 109.7 105.7
vy 912 977 820 878 817 870
Vs 313 337 274 299 262 300
Vs 890 952 763 822 740 791

errors are reported as ¢ of a Gaussian peak fit, 4-6 cm ™' in

this report.

V. Discussion
a. Assignments

In agreement with previous experimental and theoretical work,
the single electronic band for each species in the SEVI spectra
corresponds to the X'A; « XA, transition, with electron
detachment from the anion a; SOMOQ.3!73348:49,51,56,57 e
calculated EAs are also in good agreement with the vibrational
origins of the corresponding bands, with calculated EAs con-
sistently overestimated by 0.1 eV, a reasonable error with DFT.”®

The PADs, which have not been measured before, also support
this assignment. In the qualitative model developed by Surber
et al”® for photodetachment of an anion with C,, symmetry, a
positive f# can only result by electron detachment from an orbital
of the a; irreducible representation. Almost all of the peaks have
a PAD with a positive f§, consistent with the assigned transition.

Upon photodetachment, the metal dioxides are calculated to
have bond length decreases of 0.34-0.39 A and bond angle
decreases of 1.5-4.0°. Therefore, we expect progressions in both
the v; symmetric stretch and v, bend modes of the neutral MO,
species, and, as noted above, two progressions are indeed
apparent in the anion SEVI spectra. The main progression is
that of peak A-C, with a spacing of 962 cm ™" for TiO,, 904 cm ™"
for ZrO,, and 896 cm™ ' for HfO,. These values match within
30 cm ™' of the corresponding calculated v, frequencies in
Table 4. Owing to ion cooling, there are no peaks visible below
peak A, the vibrational origin. Peaks B and C, then, correspond
to the 15 and 132 transitions.

Peaks A, al, and a2 form a clear progression with only at
most a 2 cm " difference between the intervals A-a1 and a1-a2.
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Table 5 Experimental values from previous studies and this work for the EAs (eV), bond lengths (A A), bond angles (degrees), and vibrational frequencies (cm~") for the

MO, species
TiO, ™ TiO, Zr0,~ Zr0, HfO,~ HfO,
Previous results
EA 1.59(3)“ 1.64(3) 2.14(3), 2. 125(10)C
R 1.6517 1.7710(7)¢ 1.7764(4)7
0 128(5)% 111.57%, 113(5)g 128(4)% 108.11(8)¢, 113(5)* 132(4)% 107.51( 1)/, 115(5)¢
vy 960(40)%, 978(7)", 946.9¢ 887(40)", 898(1)', 884.3¢ 887(40)%, 890(30)°, 883.4%
Vs 323(1)" 287(2)" 290(30)°
V3 878.4% 917.7% 761.4% 808(3), 818° 747.9% 814°
This work
EA ) 1.5892(5) 1.6397(5) 2.1045(5)
R 1.682(4) 1.803(4) 1.811(4)
0 113.6(4)’ 110.3(4)’ 111.5(4)/
vy 962(3) 904(3) 896(7)
vy 329(3) 299(2) 293(3)
3 935(6) 837(5)

“ PES, ref. 31. ? PES, ref. 32. © PES, ref. 33. ¢
' DF, ref. 40.7 Values obtained relative to the neutral FTMW results.

By comparison with the calculated vibrational frequencies,
there is no doubt that these constitute the 2§ (n = 0-2) progres-
sion for each species. The next member of the sequence lies
among the cluster of peaks Z, B, and a3 in the TiO, and ZrO,
spectra. An analogous cluster may be present in HfO,. However,
as mentioned in Section IV, high-resolution scans were not
obtained near peak B. By extrapolation of the sequence, the 23
transition is assigned to the a3 peaks; their positions agree with
the extrapolated values to less than 2 cm™ " as well, while the
neighboring peak B would be off by 9 or 25 cm ™" and peak Z
further still. Furthermore, peak B is the most intense peak of
the cluster and is already assigned to the 1§ transition. The
splittings between the 15 and 2 transitions are resolved by
SEVI, even for ZrO,, where peak a3 is a shoulder of peak B with
only a difference of 9 cm™" between the two peak centers.

Peaks b1 and b2 are assigned as the 132§ and 1323 transi-
tions based on their offset from B compared to those of a1 and
a2 relative to A. Continuing the trend of peaks A-B, the C peaks
are the 13 transitions, and the c1 peaks are the 132 transitions.
The fit of all the assigned peaks to an uncoupled harmonic
oscillator model has deviations of less than 4 cm™". We obtain
v, and v, vibrational frequencies for all three MO, neutral species,
as summarized in Table 5. As peak A is assigned the vibrational
origin in all three spectra, we obtain EAs of 1.5892(5) eV for TiO,,
1.6397(5) eV for ZrO,, and 2.1045(5) eV for HfO,.

b. Vibronic coupling

Although nearly all features in the MO, SEVI spectra can be
satisfactorily assigned, the presence of peak Z in the high
resolution scans of TiO, and ZrO, is anomalous. All combina-
tions of the totally symmetric v; and v, modes are accounted
for. In the FC approximation, only Av = even transitions are
allowed for the non-totally symmetric v; mode. As the anion
is in its ground vibrational state, the lowest such transition
would be the 33 peak. However, this transition is calculated at
1500-1900 cm™ " above the origin, twice the value of peak Z
relative to the origin. Prior experimental and theoretical work

This journal is © the Owner Societies 2013

FTMW, ref. 34. ¢ FTMW, ref. 36. FTMW, ref. 37. ¢ Matrix isolation FTIR, ref. 27. " DF, ref. 39.

has also ruled out the existence of an excited electronic state so
close to the ground state.*">*** The most reasonable explana-
tion is that peak Z is a forbidden Av; = 1 excitation.

Such features are often seen in SEVI and PE spectra and
can be allowed by the Herzberg-Teller coupling of two electronic
states el’ and el”

80-85

Fay @ T'y @ I'eyr D I'a @)

If the product of the irreducible representations of the two
states and the coupling mode v contain the totally symmetric
representation A, then odd quanta excitation of that mode could
be allowed. Using the Mulliken convention for C,, systems,®® the
v; mode has b, symmetry and the ground neutral state is A;.
Thus, the 3§ transition could be allowed through vibronic
coupling to an excited B, state. In fact, the lowest-lying singlet
excited state for all three neutral species is the A'B, state, with
experimental term energies of 2.1813(6) eV, 2.0218(10) eV, and
1.3(1) eV for TiO,, ZrO,, and HfO,, respectively.>****°

The PAD of peak Z also supports this interpretation. All
other peaks have a positive f3, in agreement with a X'A; « X*A;
electronic transition. If peak Z is borrowing intensity from
the A'B, state, it should also be borrowing electronic state
character and hence should have a PAD resembling that of
A'B, « X®A,. That transition undergoes electron detachment
from a b, orbital, and based on the model by Surber et al.
should have a negative-to-zero 8 for the PAD.”® Although the
signal is weak for peak Z, it is sufficient to determine that the f
does not go above 0.1, consistent with the picture of intensity-
borrowing from the A'B, « X?A, transition.

c. Franck-Condon simulations

In order to extract information on the geometry changes that
occur upon photodetachment, we can compare our experimental
spectra to FC simulations. Owing to the Wigner threshold law,””
the relative intensity of transitions in the high-resolution,
low-eKE scans may not accurately represent the true intensities.
Hence, we compare the FC simulations with the low-resolution

Phys. Chem. Chem. Phys, 2013, 15,20973-20981 | 20977


http://dx.doi.org/10.1039/c3cp54084g

Published on 11 November 2013. Downloaded on 20/11/2013 16:32:15.

overview scans. The top trace in each panel of Fig. 5 shows the
overview spectrum for each species (blue), the FC simulation
just below (red) with the origin shifted to match experiment,
and the FC simulation at the bottom (black) with optimized
geometry changes and vibrational frequencies. By only adjust-
ing the position of the vibrational origin, the FC simulations
already qualitatively match the experiment, further confirming
the assigned detachment transitions. However, the FC simula-
tions of all species overestimate the intensity of the 15 progres-
sion, suggesting that the calculated geometries overestimate
the bond length changes upon electron detachment.

The geometry changes can be deduced by adjusting the FC
simulation parameters to fit our experimental spectra. As the
neutral vibrational ground state geometries have been measured
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Fig. 5 FC fits to the overview spectra of TiO, (a), ZrO, (b), and HfO, (c). The top
traces (blue) are the overview spectra from Fig. 2-4. The middle traces (red) are
the FC simulations at the BP86/LANL2TZ geometries. Anion geometries and
neutral vibrational frequencies are adjusted so the bottom traces (black) are fit to
the overview spectra.

—
17000
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to high precision by FTMW spectroscopy, the corresponding
anion geometries can be extracted. The FC simulations depend
on the anion and neutral geometries, normal mode coordinates,
and vibrational frequencies. The neutral vibrational frequencies
are set to the experimentally determined values for a better
agreement with simulation. We fix the neutral geometries to
the values from FTMW spectroscopy and adjust the anion bond
angles and bond lengths for a best fit of the FC simulations to
the overview spectra, assuming that these small changes affect
only the displacement of the normal coordinates between the
anion and neutral species. We obtain M=—O0 bond lengths and
OMO bond angles for all three metal dioxide anions, sum-
marized in Table 5. Errors reported are those given by the
displacement in geometry that would give a 20% error in the
intensity of the 1 or 2§ transitions. The only prior experimental
measurement for the anion geometries was an estimate of bond
angles by the isotope shifts for the v; mode in an inert argon
matrix,*’ yielding bond angles of 128(5)°, 128(4)°, and 132(4)°
for TiO, ", ZrO, , and HfO, . These values are higher than what
we deduce by 15-20°. However, bond angles for the neutral
dioxides were obtained by the same method and were found to
be higher by 5-10° compared to the accurate values obtained by
FTMW, suggesting a systematic overestimation of bond angles
in that work.

While the relative intensities of peaks in the overview spectra
match the FC simulations, those of high-resolution scans do not,
as shown in the insets of Fig. 2 and 3. In the calculated FC
progressions shown as red stick spectra, the 23 transition (peak a3)
has negligible intensity relative to 15 (peak B) for the TiO, and ZrO,
spectra. However, the high-resolution scans highlighting those two
peaks show the 23 transition to be almost half as intense as 15. The
23 transition may borrow intensity from the nearby 13 transition
through Fermi resonance effects. There may also be threshold
effects influencing relative peak heights, as those transitions are
only resolved in the low-eKE scans.

d. Comparison to previous work

The EAs obtained here are a significant improvement over
those from previous PE experiments. As summarized in
Table 5, our EAs for TiO, and ZrO, are more precise by two
orders of magnitude and are well within the reported error
bounds of prior work. However, while our EA for HfO, is within
6% of previous values, it lies outside the error bounds of those
measurements. We find an EA of 2.1045(5) eV, lower than the
values of 2.13(3) eV** and 2.125(10) eV*? obtained by anion PES
with a time-of-flight electron spectrometer. Surprisingly, both
prior experiments obtained EAs consistent with each other and
inconsistent with ours. However, the earlier PE spectra of
HfO,” showed more intensity from hot bands than the other
MO, spectra obtained on the same instruments, possibly
complicating the accurate establishment of the vibrational
origin. In particular, the unresolved 2;; sequence bands could
result in a shift of the center-of-mass of the origin to higher eBE.
While the 21 transition is only predicted at 38 cm™" above the
origin, uncertainties in calculated frequencies could well mean
that the shift is larger.
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The SEVI spectra also yield accurate vibrational frequencies
for the FC active modes, v, and v,. Owing to vibronic coupling,
the v; mode is also weakly observed in the titanium and
zirconium species. Matrix isolation techniques have been the
most accessible method of obtaining experimental vibrational
information of isolated metal oxide systems."* The Group 4 MO,
systems have been studied by FTIR spectroscopy while frozen in
an argon matrix.”” All three modes are symmetry-allowed in IR
spectroscopy, but the calculated IR intensities go as v; > vy > v,
and in that work vibrational frequencies were only assigned for
the v; and v; modes. Those values differ from our value by less
than 20 ecm ™', an acceptable deviation for values obtained in
a perturbative matrix. Previous anion PES experiments have
yielded 1, frequencies for all three species, as well as the v,
frequency for HfO,. Our values are consistent with those results
and well within the error bounds as given in Table 5.

The vibrational frequencies for TiO, and ZrO, have also
been obtained by Steimle and co-workers via gas phase dis-
persed fluorescence (DF), with the values summarized in
Table 5.**7*° While the vibrational frequencies assigned by DF
and SEVI are close to each other, the differences are significant
based on the reported error bounds of each experiment.

Both experiments obtained frequencies by assigning the
vibrational structure of electronic transitions. The DF experi-
ments recorded several different emission spectra from excita-
tion to various vibrational states of the A”B, electronic state,
while the SEVI spectra are from direct one-photon detachment.
Consequently, the DF frequency assignments made use of
many more observed vibronic transitions than the SEVI assign-
ments. For example, the DF assignments of ZrO, used 268 peaks,
compared to 10 for SEVI. However, the spectral resolution is
higher for the SEVI experiment. While our peak FWHM was
limited to 10 cm™* due to the unresolved rotational structure,
the DF spectrometer had a spectral FWHM of ~20 A, corre-
sponding to ~50 cm ™' in the region of fluorescence. Moreover,
the SEVI spectra match the FC simulations well, while the DF
spectra are not modeled, leaving it unclear how well the DF
assignments match with calculated peak intensities. In light of
the higher resolution of our spectra, combined with their
simplicity and our ability to model the intensities easily, our
vibrational frequencies for the TiO, and ZrO, neutral ground
states should be more accurate than those obtained by DF.

While the MO, species discussed here have been studied by
many different techniques, considerably less is known about the
gas phase spectroscopy of metal oxide clusters with multiple
metal centers. IR photodissociation (IRPD) spectroscopy has had
the most success in obtaining vibrational and geometric struc-
ture of clusters,'® especially with the addition of cryogenic ion
cooling.’” Anion PES has been useful for providing electronic
energetics, but lower resolution and spectral congestion from
hot bands have limited vibrational information.">'”%¢ SEVI with
cryogenic ion cooling can resolve both these problems, allowing
for the acquisition of PE spectra with resolution comparable to
IRPD spectroscopy. Moreover, vibrational and electronic spectro-
scopy selection rules are often complementary, and vibrationally-
resolved PE spectra can be compared with IR spectra to check
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the validity of both. SEVI thus has the potential for obtaining
vibrationally-resolved spectra of more complicated polymetal
species, and this potential will be exploited by our laboratory
in the very near future.

VI. Conclusions

High-resolution photoelectron spectra are reported for the
Group 4 metal dioxide anions, TiO, , ZrO, ", and HfO, . Improved
electron affinities are reported for all three neutral species with
sub-meV resolution. In addition, most vibrational frequencies
of the neutral species are reported with higher precision than
previous studies. By fitting the simulated spectrum to the
experiment, the anion geometries are also determined. The
combination of ion cooling with a high-resolution spectrometer
allows for straightforward analysis of photoelectron spectra.
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