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Abstract

High resolution photoelectron spectra of TiO2
− excited to its #3 = 1 state were obtained via slow

electron velocity-map imaging of cryogenically cooled anions (cryo-SEVI). To determine the #3

(antisymmetric stretch) anion frequency, growth and depletion of various features in the cryo-SEVI
spectrum were monitored over a range of infrared (IR) excitation energies. Photoelectron scans

were taken at an IR pre-excitation energy of 918 cm−1 and yielded a ~6% depletion of features in

the ground state cryo-SEVI spectra as well as new hot and sequence bands based on the 31
0 and 31

1

transitions, respectively. By monitoring hot band intensities as a function of IR laser frequency, the

rotational profile of the #3 = 0 − 1 transition was mapped out and found to be centered at 914(7) cm−1.
The observed hot bands are Franck-Condon forbidden and arise from Herzberg-Teller coupling with

the Ã1B2 neutral excited state, similar to what was observed in the cryo-SEVI spectra of TiO2
−. The

results from this IR cryo-SEVI experiment lay the groundwork for future investigations of larger
bare and complexed transition metal oxide clusters.
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Abstract:  

High resolution photoelectron spectra of TiO2⁻ excited to its 𝑣𝑣3 = 1 state were obtained via slow 
electron velocity-map imaging of cryogenically cooled anions (cryo-SEVI). To determine the ν3 
(antisymmetric stretch) anion frequency, growth and depletion of various features in the cryo-SEVI 
spectrum were monitored over a range of infrared (IR) excitation energies. Photoelectron scans 
were taken at an IR pre-excitation energy of 918 cm⁻1 and yielded a ~6% depletion of features in 
the ground state cryo-SEVI spectra as well as new hot and sequence bands based on the 310 and 311 
transitions, respectively. By monitoring hot band intensities as a function of IR laser frequency, 
the rotational profile of the 𝑣𝑣3 = 0 − 1 transition was mapped out and found to be centered at 
914(7) cm-1. The observed hot bands are Franck-Condon forbidden and arise from Herzberg-Teller 
coupling with the A�1B2 neutral excited state, similar to what was observed in the cryo-SEVI spectra 
of TiO2⁻. The results from this IR cryo-SEVI experiment lay the groundwork for future 
investigations of larger bare and complexed transition metal oxide clusters.  

 

I. Introduction: 

Transition metal oxides (TMOs) play a major role in many areas of catalysis. Notable examples 
include the conversion of N2 to NH3 by the Haber-Bosch process,1 the catalytic oxidative 
dehydrogenation of hydrocarbons by vanadia,2 and photoinduced water splitting on titania.3 
Although aspects of this chemistry has been known for many years, elucidation of the underlying 
mechanisms remains a very active area in experimental and theoretical physical chemistry.4, 5 The 
importance of metal oxide catalysis has stimulated interest in the reactivity and spectroscopy of 
transition metal oxide clusters in gas phase, which can be thought of as finite-sized model systems 
for catalysts.6 

In the gas phase, the size-dependent evolution of the structure and energetics of TMO clusters has 
been obtained primarily by two methods: infrared photodissociation spectroscopy (IRPD)7-9 and 
anion photoelectron spectroscopy (PES).10, 11 IRPD yields vibrational frequencies of size-selected 
cation and anionic clusters, while anion PES yields the electron affinity of the neutral cluster or, 



2 
 

in less favorable cases, the vertical detachment energy of the anion. Anion PES can also map out 
the electronic structure of the neutral cluster, and, depending on the system and the experiment, 
yield vibrationally resolved features in one or more neutral electronic states.  

As one of the most powerful and versatile experimental methods in the chemical physics toolbox, 
anion PES has been applied to many other species of interest to physical chemistry, such as reactive 
free radicals12 and transition states.13 However, conventional PES experiments have somewhat 
limited  energy resolution, typically around 100-300 cm-1, so one is often unable to resolve 
vibrational structure in the PE spectrum of complex molecules and clusters. We have addressed 
this issue in our laboratory through slow-electron velocity-map imaging of cryogenically cooled 
anions (cryo-SEVI), a high resolution variant of PES  that utilizes a tunable dye laser to detach 
electrons and a velocity-map imaging (VMI) spectrometer to measure their kinetic energies 
(eKEs), allowing for low-eKE measurements with sub-meV resolution.14-16 This method has been 
used in our laboratory and elsewhere17, 18 to obtain PE spectra of atoms, molecules, and clusters 
with energy resolution as high as 1-2 cm-1. As relevant examples, we have carried out cryo-SEVI 
experiments several bare19-22 and complexed23-26 transition metal oxide clusters, obtaining spectra 
with extensive and well-resolved spectra for species such as TiO3H2ˉ, a di-hydroxide anion that 
results from the splitting of H2O by TiO2ˉ.23 Here, we report the cryo-SEVI spectrum of TiO2ˉ that 
is vibrationally pre-excited to its 𝑣𝑣3 = 1 level prior to photodetachment. 

The work presented here is an example of the recent incorporation of a tunable infrared (IR) laser 
into the cryo-SEVI instrument to vibrationally pre-excite negative ions prior to photodetachment. 
This new experiment, referred to as IR cryo-SEVI,27 brings two additional capabilities. First, 
photodetachment from vibrationally excited anions enables one to access neutral vibrational levels 
that cannot be reached from the ground state. For example, the 𝑣𝑣 = 1 levels of non-totally 
symmetric neutral vibrational modes have zero Franck-Condon overlap with the anion ground 
vibrational state but are easily reached from the corresponding v=1 anion levels. Secondly, IR 
cryo-SEVI can be run in an “action-spectroscopy” mode where one monitors depletion and growth 
of features in the PE spectrum as the IR laser is tuned, thereby mapping out vibrational transitions 
in the anion. We have previously reported studies on several molecular negative ions via IR cryo-
SEVI.28-31   

The application of IR cryo-SEVI to TiO2ˉ presented herein represents a first step in using this 
method to investigate more complex TMO clusters. There are several challenges associated with 
these experiments. First, although TMOs have strong IR bands associated with metal-oxygen 
stretching vibrations, the frequencies of these vibrations tend to lie below 1000 cm-1, where the 
power of our IR laser is quite low. Secondly, as shown in our study of the vinoxide anion 
(C2H3Oˉ),29 effects from intramolecular vibrational redistribution (IVR) can complicate the IR 
cryo-SEVI spectra through anharmonic coupling in both the anion and neutral. Whether this 
happens in TMO clusters depends on the extent to which the IR active metal-oxide vibrations are 
coupled to other modes of the cluster. For TiO2ˉ, a system for which we already have a high quality 
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cryo-SEVI spectrum,19 one expects IVR to be minimal owing to its small size, making it a good 
test system for TMO IR cryo-SEVI.  

Hence, we report IR cryo-SEVI spectra on TiO2ˉ in which the ν3 antisymmetric stretch mode of 
the anion is excited. Upon excitation of the ν3 mode, we observe depletion of features from the 
ground state cryo-SEVI spectra and growth of new peaks corresponding to sequence and hot bands. 
By tracking the growth of new features over various IR excitation energies, we obtain an action 
spectrum that yields the experimental ν3 frequency of 914 cm-1. All new features in the IR cryo-
SEVI spectra are assigned to hot and sequence bands originating from the TiO2⁻ (𝑣𝑣3 = 1 level); 
some are reproduced in FC simulations, while others are FC-forbidden and are seen because of 
Herzberg-Teller coupling to a low-lying excited state of TiO2.  

 

II. Experimental Technique: 

The IR-cryo-SEVI apparatus has been described in detail previously.16, 27, 32 To form TiO2⁻ anions 
by laser ablation, a 20 Hz Nd:YAG [Litron Nano S] laser (10-15 mJ/pulse) generates frequency-
doubled light at 532 nm that is focused onto a pure titanium metal target to create a plasma, which 
is entrained in a pulse of He gas from an Even-Lavie valve33 to quench the plasma and form the 
anion of interest. This arrangement is sufficient to form the target anion TiO2⁻ due to residual 
oxides on the Ti target. 

The newly formed ions are transported through a radiofrequency (RF) hexapole ion guide and 
quadrupole mass filter for pre-mass selection before entering a 5K cooled RF octupole ion trap. 
Here, the ions are collisionally cooled for ~40 ms by a pulsed buffer gas mixture of 80/20 He/H2 
at a pressure of around 10−3 Torr in the trap, resulting in internal temperatures of around 10 K. The 
ions are then extracted into an orthogonal Wiley-McLaren time-of-flight mass spectrometer,34 
where the mass-separated ions are focused into the interaction region of a velocity-map imaging 
(VMI) spectrometer.35 In this region, the target anions are first vibrationally excited by a tunable 
OPO/OPA and then photodetached by a tunable dye laser. The IR OPO/OPA [LaserVision] is 
pumped by a 10 Hz Nd:YAG laser [Continuum SureLite SLIII-EX], where the far IR wavelengths 
(900-935cm⁻1) are generated by difference frequency mixing of the OPA signal and idler output in 
a AgGaSe2 crystal. With this setup, typical pulse energies of ~250µJ and pulse bandwidths of 3.5 
cm⁻1 are obtained. The dye laser [Radiant Dyes NarrowScan] is pumped by the second harmonic 
of another 20 Hz Nd:YAG laser [Spectra-Physics Quanta-Ray PRO-290] to produce a photon 
detachment energy range of 1.30-2.20 eV (2-6 mJ/pulse), which was sufficient for this system. The 
counter-propagating IR and detachment beams are focused into the laser interaction region via a 
500 mm ZnSe and 1000 mm CaF2 lens, respectively, to ensure temporal and spatial overlap. 

Photoelectrons detached in the interaction region of the VMI spectrometer are captured by a 2D 
position-sensitive detector that consists of two chevron-stacked multichannel plates coupled to a 
phosphor screen. After every laser shot, the electrons are photographed by a CCD camera36 and 
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analyzed by an event-counting algorithm. These individual electron events are centroided and 
binned into a 1024 x 1024-pixel grid. This algorithm has additional ability to perform a centroid 
analysis of overlapping spots, which improves the efficiency of data collection.37 The sum of these 
electron events result in VMI images that are processed with the maximum entropy Legendre 
expanded image reconstruction (MELEXIR) method38 to obtain radial and angular distributions. 
The radial distribution is related to the electron kinetic energy (eKE) by calibrating with several 
well-known detachment energies of O−.39 All spectra are reported in electron binding energy (eBE), 
given by eBE = hv – eKE. 

Photoelectron angular distributions (PADs), are characterized by the anisotropy parameter β 
according to40-42 

    𝑑𝑑𝑑𝑑
𝑑𝑑Ω

= 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡
4𝜋𝜋

[1 + 𝛽𝛽𝑃𝑃2(cos𝜃𝜃)],                                                      (1) 

where σtot is the total detachment cross section, P2(x) is the second-order Legendre polynomial, 
and θ is the angle of the outgoing photoelectron velocity vector with respect to the laser 
polarization axis. The anisotropy parameter ranges from -1 (perpendicular detachment) to +2 
(parallel detachment) and provides information on the electronic character of each 
photodetachment transition. 

The anion frequency of our mode of interest is first determined by monitoring the integrated peak 
area change between scans with (IR on) and without (IR off) pre-excitation over a range of IR 
energies, referred to as an IR action scan. Specifically, peak area growth is measured for new 
features starting at 𝑣𝑣3 = 1 in the anion while depletion is measured for features from 𝑣𝑣3 = 0 in the 
anion. After this scan, high resolution IR-cryo-SEVI spectra are taken at various photodetachment 
energies with the IR pre-excitation energy that produced the most depletion and growth , ensuring 
sub-meV resolution for relevant features. The IR-on and IR-off scans are taken concurrently to 
allow for direct shot-to-shot comparisons. From here, difference spectra are obtained by 
subtracting the IR-on scan from the IR-off scan to highlight the depletion and growth from pre-
excitation.  

 

III. Computational Methods: 

Electronic structure calculations were carried out at the CCSD level and aug-cc-pVDZ basis set 
for both neutral and anionic TiO2 on version 6.0 of the QChem software package.43 The calculated 
equilibrium geometries and harmonic frequencies for both species are reported in Tables S1 and 
S2. The ν2 bending mode is predicted to be at 308 cm⁻1, which is outside the regime of accessible 
IR excitation energies. The ν1 symmetric stretching mode is predicted at 970 cm⁻1 with an IR 
intensity of 210 km/mol in the anion, while the ν3 antisymmetric stretching mode is predicted at 
908 cm⁻1 with an IR intensity of 455 km/mol. Based on its larger calculated IR intensity, the ν3 
mode was considered the best candidate for an IR cryo-SEVI experiment. 
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Franck-Condon (FC) profiles for detachment from the anion v3=0 and 1 states were calculated 
using the calculated equilibrium geometries and normal modes using version 1.2 of the ezFCF 
software package.44 The vibrational modes were treated within the harmonic approximation and 
using full Duschinsky to account for differences between the anion and neutral normal modes 
when calculating FC overlap integrals. For excited state detachment, the profile was simulated at 
300K and FC factors for the features of interest were extracted. To model the action scan profiles, 
a PGOPHER simulation of the rovibrational profile for the ν3 mode was done at a rotational 

temperature of 15K. 

 

IV. Results and Discussion: 

Anion ν3 Fundamental Frequency 
Determination: 

The high resolution cryo-SEVI 
spectrum for TiO2⁻ shown in the top 
panel of Figure 1 has been previously 
reported and assigned.19 Here, we 
explore the changes in this spectrum 
induced by excitation of the anion ν3 

mode. To determine the optimal IR 
excitation energy, a range of different 
frequencies, based on the electronic 
structure calculations, was explored to 
search for maximal depletion of the 
vibrational origin transition (peak A1) 
or growth of new features (peaks B1-
3). This procedure led to the selection 
of 918 cm-1 as the optimal frequency to 
investigate the effects of IR excitation.  

The bottom panel of Figure 1 shows 
the difference spectra (IR on – IR Off) 
taken at progressively lower 
detachment energies in order to better 
resolve the different features. Upon 
excitation at 918 cm-1, there is a ~6% 
peak area depletion of features (A1-5) 
from the ground state cryo-SEVI 
spectra labeled in Figure 1. In addition 
to the depletion of ground state 

Figure 1: Top panel: Spliced high-resolution IR-off 
(black trace) cryo-SEVI spectra with transitions starting 
from 𝜈𝜈 = 0 in the anion labeled. Bottom panel: 
Difference spectra (IR on-IR off) taken at a IR pre-
excitation energy of 918 cm⁻1 and progressively lower 
photodetachment energies. A FC simulation (red trace) 
for photodetachment from the ν3 fundamental mode, 
assuming a 6% origin depletion is also shown. 
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features, three new peaks grow below the origin (B1-3) and three additional peaks (B4-B6) appear, 
each located around 20 cm⁻1 above a depletion feature. Peaks B4-B6 are in a noisier region of the 
difference spectrum since the IR-off signal is non-zero in their vicinity, whereas there is no IR-off 
intensity in the region where peaks B1-B3 occur. Peak positions, assignments, and shifts for each 
feature are also summarized in Table 1. The assignments of these new features will be discussed 
below based on the FC simulation (red trace) shown in Figure 1.  

 

Using procedures described previously, 28, 

31 we can then map out the rotational 
profile of the ν3 mode in the “action 
spectroscopy” mode where either 
depletion of ground state features and/or 
growth of new features are followed as 
the IR laser is scanned. Figure 2 shows the 
action spectra when monitoring the total 
intensity of peaks B1-B3 over a scanning 
range of 900-930 cm⁻1 with 2 cm⁻1 steps 
and a detachment energy of 775 nm. The 
summed intensity of peaks B1-B3 was the 
most consistent and reliable feature to 
monitor since the IR-off signal has no 
intensity in this spectral region.  

From the action scan, a profile with a 
measured vibrational band center of 914 
cm⁻1 is observed, placing the anion ν3 antisymmetric Ti-O stretching mode at that frequency. The 
action spectrum is simulated using PGOPHER,45 shown in Figure 2 (red trace). In these 
simulations, rotational constants derived from CCSD calculations (𝐴𝐴 = 0.261 cm−1, 𝐵𝐵 =
0.211 cm−1, 𝐶𝐶 = 1.11 cm−1) were used as well as a vibrational band center of 914 cm⁻1 and an 
ion temperature of 15K. With this good agreement, the ν3 fundamental mode is placed at 914(7) 
cm⁻1, close to the predicted anion frequency of 908 cm⁻1 from our CCSD calculations. 

 

 

 

 

Figure 2: IR action spectra monitoring general 
hot band growth (black squares) is overlayed 
with a PGOPHER simulation (red sticks), 
assuming a vibrational band center of 915 cm⁻1 

and an ion temperature of 15K. The simulation 
is also Gaussian broaden by 3 cm⁻1 (red curve).  
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Table 1: Summary of the peak positions and their shifts from the 310 transition (B1) as well as the 
sign of the anisotropy parameter (β) and vibrational assignments for features in the IR-cryo-SEVI 
spectra of TiO2¯.a 

Peak eBE (cm⁻1) Assignment Shift from 𝟑𝟑𝟏𝟏𝟎𝟎 Anisotropy 
B1 11 922 (24) 310 - − 
B2 12 257 (26) 310201 335 − 
B3 12 560 (16) 310202 646 − 
A1b 12 818 000 896 + 
B4 12 870 (6) 311 948 + 
A2b 13 147 201 1225 + 
B5 13 216 (13) 311201 1294 + 
A3b 13 781 101 1859 + 
B6 13 834 (21) 311101 1912 + 
A4b 14 109 101201 2167 + 
A5b 14 740 102 2818 + 

aUncertainties in the peak positions correspond to one standard deviation (σ) obtained from 
Gaussian fits of the highest resolution scan, which is related to the full width half maximum 
(FWHM) by FMHM = 2√2 ln 2σ.  

bPeak positions, assignments, and anisotropy are previously reported from Ref 55.  

 

Vibrational Assignments: 

Features B4-6 can be easily assigned based on the good agreement with the FC simulation shown 
in the bottom panel of Figure 1 (red trace). Neutral frequencies from our previous TiO2⁻ study and 
the experimentally determined anion ν3 frequency were used in the FC simulation. B4 lies slightly 
above the vibrational origin and is assigned to the 311 sequence band. The other peaks, B5 and B6, 
are assigned as 311 combination bands involving the ν2 and ν1 mode, respectively, as indicated in 
Table 1. Overall, the sequence bands terminate to vibrational states observed in the ground state 
cryo-SEVI spectra and appear with a slightly higher eBE shift due to the pre-excitation along the 
ν3 mode. These transitions highlight the ability of this experiment to access neutral states that are 
FC forbidden from the anion ground state. 

In contrast, transitions B1-3 do not appear in the FC simulation. Their PADs also differ from peaks 
B4-B6. Peaks B1-3 have a negative anisotropy parameter (β<0), while the other transitions have a 
positive anisotropy (β>0), as summarized in Table 1. Each transition appears ~900 cm⁻1 below the 
corresponding feature A1-3 and is thus assigned to a  310 hot band or combination band as seen in 
Table 1. Peaks B1-B3 are thus FC forbidden owing to the ν3 mode being non-totally symmetric. 
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However, these transitions can appear in the spectra via Herzberg-Teller (HT) coupling by 
borrowing electronic character from a nearby coupled excited state.23, 30 FC forbidden transitions 
involving the ν3 mode were also present in the cryo-SEVI spectra of TiO2⁻ and were attributed to 
HT coupling with the lowest lying excited singlet neutral state (A�1B2).19 We assume that the same 
HT coupling mechanism is operative here. 

Compared to previous IR-cryo-SEVI systems,29-31 significantly less depletion and growth upon IR 
excitation is observed, despite the TiO2ˉ ν3 mode having a high calculated IR intensity. This is 
most likely due to the combination of very low power in the far IR and the broad linewidth (~30 
cm⁻1) of the action scan and calculated rotational profile. This broad profile means that a small 
fraction of ions lies within the bandwidth of the IR pulse, limiting the total amount of depletion 
and growth. In larger clusters such as Zr2O4¯, the rotational profile should be narrower owing to 
smaller rotational constants Outside these limitations, the experimental success of applying this 
technique to the ν3 fundamental frequency of TiO2⁻ shows considerable promise for future IR cryo-
SEVI studies of  other TMO clusters. 

 

V. Conclusions: 

High resolution photoelectron spectra of vibrationally pre-excited TiO2⁻ (𝑣𝑣3 = 1) anions are 
reported. IR excitation at 918 cm-1 results in a ~6% depletion of features from the ground state 
cryo-SEVI spectra and the appearance of six new transitions. Through FC simulations, three new 
features (B4-6) lying slightly above ground state features were assigned as sequence and 
combination bands based on the 311 transition. Features lying below the vibrational origin were 
assigned to hot bands (310) and were absent in the simulation as they are FC-forbidden. The 
presence of these peaks is attributed to HT coupling with the A�1B2 excited neutral state. In addition 
to the photoelectron spectra, action scans monitoring the growth of hot bands over various IR pre-
excitation energies were measured. Using PGOPHER simulations, the action scans placed the ν3 
fundamental mode  at 914(7) cm⁻1, yielding the first experimental measurement of this mode for 
TiO2⁻. From this experiment, we have demonstrated the success of applying this technique to 
TMOs with modes active in the far IR. We will follow up on this work by investigating larger 
TMO clusters, such as Zr2O4¯ and the water-split dissociative adducts TiO3H2⁻ and VO3H2⁻, 
further highlighting the importance of using gas-phase metal oxide clusters as model systems for 
catalytic reactions. 
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