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We report infrared photodissociation (IRPD) spectra for the D,-tagged titanium oxide cluster anions
(TiO,);, with n = 3-8 in the spectral region from 450 to 1200 cm~. The IRPD spectra are interpreted
with the aid of harmonic spectra from BP86/6-311+G* density functional theory calculations of
energetically low-lying isomers. We conclusively assign the IRPD spectra of the n =3 and n =6
clusters to global minimum energy structures with Cy and C, symmetry, respectively. The vibrational
spectra of the n =4 and n = 7 clusters can be attributed to contributions of at most two low-lying
structures. While our calculations indicate that the n = 5 and n = 8 clusters have many more low-lying
isomers than the other clusters, the dominant contributions to their spectra can be assigned to the
lowest energy structures. Through comparison between the calculated and experimental spectra, we
can draw conclusions about the size-dependent evolution of the properties of (TiO,);, clusters, and on
their potential utility as model systems for catalysis on a bulk TiO, surface. © 2016 AIP Publishing
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INTRODUCTION

TiO; is an important, extensively studied semiconducting
material, with varied applications as a catalyst, photocatalyst,
catalyst support, gas sensor, and pigment.'™ TiO, was first
identified as a photocatalyst for water splitting by Fujishima
and Honda in 1972.° Since then its photoelectrochemical
properties have been studied not only for further applications
in water splitting catalysis®’ but also for use in photovol-
taics,®° the degradation of organic pollutants,'®'! and CO,
reduction.'>!3 In the bulk, TiO, exists in rutile, anatase, and
brookite crystal structures;? the bulk rutile structure is the
thermodynamic ground state under ambient conditions, but
anatase is predicted to be the stable phase for nanoparticles
smaller than 14 nm.'*

An optimal photocatalyst should have a band gap tuned
for absorption of the solar spectrum. The band gap of
TiO,, 3.05 eV for rutile and 3.15 eV for anatase,'® allows
for absorption of only ~5% of sunlight.!® The use of
TiO;, nanostructures, perhaps in combination with doping,
promises more tunable electronic structure for optimization
of photocatalytic properties'”!8 and increased surface area
for reaction. As such, various TiO, nanostructures have
been synthesized and tested for wide applications.'%2*
Characterization of the properties of TiO, on the nano-scale
is therefore of great interest.

Small gas-phase clusters are an insightful window into
the study of larger metal oxide systems. In addition to being
tractable for both experimental and computational studies,
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small clusters can serve as models for catalytically active point
defect sites on surfaces,>>27 which often demonstrate distinct
bonding and stoichiometry from the bulk. Clusters display
dramatically different structures and reactivity as a function
of size;?83" their study can therefore elucidate the evolution
of properties and emergence of macroscopic phenomena as
one moves towards the bulk. Negatively charged (TiO,);
clusters are particularly interesting models for catalysis, as
photocatalytic reduction of CO, on bulk titania requires
migration of a photoexcited electron to the surface and
subsequent transfer to the adsorbate.!> We therefore aim to
characterize how the presence of an excess negative charge
affects the structure and properties of titanium oxide clusters.
In the current work, we use cryogenic ion trap vibrational
spectroscopy of messenger-tagged, mass-selected anions to
elucidate the structures of the (TiO,),, clusters with n = 3-8.
Gas-phase titanium oxide clusters have been investigated
with several experimental methods. Photoionization mass
spectrometry experiments of neutral Ti, O,, clusters generated
with laser ablation showed that Ti,,O,, and Ti,,O2,41
stoichiometries were the most prevalent.?! Infrared resonant
multiphoton ionization experiments conducted on large neutral
(Ti03),,(TiOy),, clusters compared the broad IR features
observed to the phonon modes of bulk rutile TiO,.3>** The IR
multiple photon photodissociation (IRMPD) action spectrum
of TisOj, has also been reported.***> Anion photoelectron
spectroscopy (PES) experiments on (TiO,);, for n = 1-10%%7
yielded the electron affinities and band gaps of the neutral
clusters as a function of size, but lacking vibrational resolution
could not shed light on cluster geometries. The reactivity of
some small neutral and cationic titanium oxide clusters has
also been studied experimentally with CO, CO,, and small

©2016 AIP Publishing LLC
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hydrocarbons.**#! Very recently, Yin and Bernstein*? reported
an experimental study of water oxidation on TiyO,4 and Ti,Os
neutral clusters under irradiation with visible light.

Higher-resolution spectroscopies have been applied to the
smallest titanium dioxide clusters. The rotational, vibrational,
and electronic structures of triatomic TiO; and TiO; have been
well studied.**® IR spectra have been observed for neutral
(TiO,), in a rare gas matrix.*’ A slow photoelectron velocity-
map imaging study of cryogenically cooled anions (cryo-
SEVI) identified the two lowest energy isomers of (TiO»);
and elucidated the vibronic structure of the corresponding
neutrals.*8

While there is relatively little experimental work on
(TiOy),, with n > 3, a fair number of theoretical studies of
neutral, and to a lesser extent, anionic clusters in this size
range have been carried out. For the neutral clusters, most
of the theoretical work has used density functional theory
(DFT) to characterize the lowest-lying (TiO;),, isomers in the
range n = 1-15."749-%0 Only Qu and Kroes’' and Tang et al.”®
report on low-lying anionic (TiO;),, isomers with DFT. Several
of these DFT studies made comprehensive searches for the
global minimum energy neutral structures, using genetic algo-
rithms, %6061 simulated annealing,”*¢! systematic topological
structure generation,”® and basin hopping algorithms.” Of
these studies, Tang ef al.,’® Marom et al.,’® and Chen and
Dixon® report the most thorough lists of candidate structures
for neutral (TiO,),, and are largely in agreement regarding the
energetically lowest-lying isomers.

The highest-level theoretical results for (TiO,), and
(TiO,);, with n = 1—4 are reported by Li and Dixon,'® using
coupled cluster theory (CCSD(T)) with large basis sets, core-
valence correlation, and scalar relativistic corrections. The
predictions made in this coupled cluster study for the most
stable (TiOg)g isomers, as well as the same authors’ analogous
calculations for (er02)5,62 are in excellent agreement with
recent high-resolution cryo-SEVI experiments.*® Beyond the
coupled-cluster study for n = 1-4,'8 the structures of the
anionic (TiO,);, clusters with n > 5 are not well-characterized
theoretically, and the existing DFT reports are not in
good agreement for many cluster sizes. The most stable
anionic structures are also likely to differ from those of the
corresponding neutral clusters.'348

The combination of ion trapping and cooling with
vibrational action spectroscopy® has emerged as a viable,
sensitive method for structural characterization of complex
gas-phase ions,*% including mass-selected transition metal
oxide cluster ions.’%® In this work, we present the first
vibrationally resolved spectra of titanium dioxide cluster
anions (TiO,),, for n = 3-8, using infrared photodissociation
(IRPD) spectroscopy. We also report a thorough DFT
investigation of the energetics and vibrational structure of
these anionic clusters. The experimental IR action spectra
are acquired in the linear absorption regime via messenger-
tagging of ions with D, in a radio frequency (RF) ion trap,
and the measurement of D, loss upon irradiation with tunable
IR light between 450 and 1200 cm~'.%” The positions and
intensities of features in these IRPD spectra can be directly
compared to simulated DFT results. The clusters are cooled
in a clustering channel after production in a laser vaporization
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source and thermalized by many collisions with a cold buffer
gas to cryogenic temperatures in the ion trap held at 14-25 K.
In principle, this preparation ensures both that the clusters are
vibrationally cold and that only the energetically most stable
isomers are present.

Comparison of these IRPD spectra to calculations allows
assignment of the most stable (TiO,);, isomers for n = 3—8. We
conclusively identify the Cs-symmetric lowest-lying isomer of
(TiOy); and the C; lowest-lying (TiO,), structure and isolate
the two low-lying structures that contribute to the experimental
spectra of (TiO,); and (TiO,);. The (TiO,); and (TiO2)g
clusters exhibit substantially more “glassy” potential energy
surfaces, with many distinct, nearly energetically degenerate
isomers. Nonetheless, the calculated spectra for the lowest
energy isomers agree qualitatively with experiment, and we
assign the dominant spectral contributions to these isomers.
Through analysis of the calculated and experimental results
for (TiOy), (n = 3-8), we can directly observe evolution of
the properties of these titanium oxide clusters with size.

EXPERIMENTAL METHODS

The IRPD experiments in the present work were carried
out with an ion trap tandem mass spectrometer®®® using
tunable, intense IR radiation from the Fritz Haber Institute
free electron laser (FHI FEL).”® In brief, mass-selected (TiO,);,
clusters are cryo-cooled and messenger-tagged with D,. The
depletion of the messenger-tagged species after IR irradiation
is monitored as a function of photon energy (hv),

(TiOy); - D» 23 (Ti05)7* - Dy — (TiO2); + Dy (1)

(TiO,),, clusters are prepared in a pulsed laser vaporization
source.”! A frequency-doubled Nd:YAG laser operated at 50
Hz is focused onto a rotating titanium rod, and the resulting
plasma is entrained in a pulse of 0.75% O, in He from
a General Valve. Clusters are formed during subsequent
expansion through a clustering channel. The ion beam then
passes through a skimmer and into an RF decapole ion guide,
filled with He to aid in collimation of the beam. The ions enter
a quadrupole mass filter, which transmits only the desired
(*®Ti'%0,);, clusters. The beam is then deflected by 90° with
an electrostatic quadrupole ion deflector and focused into an
RF ring-electrode ion trap.®® For the current work, the trap is
filled continuously with a buffer gas consisting of either pure
D, or a mixture of 10% D, in He and is held at cryogenic
temperatures between 14 and 25 K. Ions are accumulated,
thermalized, and messenger-tagged®’ through collisions with
the buffer gas. For each (TiO,),, cluster, the trap temperature
and the composition of the buffer gas are optimized for tagging
with a single D, molecule.

Tons are extracted from the trap at 5 Hz and are focused
into the center of the extraction region of an orthogonal time-
of-flight (TOF) mass spectrometer, where they are irradiated
by a single macropulse from the FHI FEL. The TOF intensities
of the tagged and bare ions are monitored as the FEL
wavelength is scanned. The FHI FEL produces 210-3300 cm™'
radiation with a relative spectral bandwidth of ~0.5% fwhm.”®
Here we use the range 450-1200 cm™! in 3 cm™! steps; for
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each step, ~100 TOF traces are acquired and averaged. Over
this window, the FHI FEL has a spectral bandwidth ranging
from 2 cm™! fwhm at 450 cm™' to 7 cm™! fwhm at 1200 cm™',
and a typical macropulse energy of 30-40 mJ. Attenuated laser
pulses using 2%-33% of the full FEL power are employed to
ensure operation within the linear absorption regime and avoid
saturation. Different levels of attenuation may be required to
observe all features linearly in the spectrum of a given species;
spectral windows taken with different laser pulse energies are
stitched together after processing.

The photodissociation cross section (orpp)’' can be
calculated as a function of photon energy based on the relative
abundance of the tagged parent (Ip(v)) and bare fragment
ions (Ig(v)), the total ion signal, and the photon fluence
F(v),

Ip(v)

o) + 1F<v>] IFQ). @

OIRPD = —ln[

CALCULATIONS

DFT calculations were carried out to find the relative
energies, optimized geometries, harmonic vibrational frequen-
cies, IR intensities, and vertical detachment energies of the
lowest-lying (TiOy),, isomers. We use the BP86 functional
as it has been found to qualitatively reproduce higher-level
CCSD(T) results for the energetics and geometries of metal
oxide clusters'®’? and has provided a good comparison for
experimental spectroscopic work on TiO; and (TiO,); 46,48
The 6-311+G* basis set was used for both Ti and O
atoms, with full treatment of all electrons.”>’* Transition state
optimizations were also carried out with BP86/6-311+G* in
order to locate isomerization barriers between (TiO,); clusters
demonstrating similar bond connectivity. Additionally, we
determined the harmonic vibrational frequencies for the
lowest-lying (TiO»); cluster complexed with D;. In this case,
we use a semiempirical dispersion correction as parametrized
by Grimme,” in addition to the BP86 functional, hereafter
referred to as BP86+-D. All ab initio calculations were carried
out using Gaussian 09.76

Potential low-lying (TiOy), structures were identified
through a comprehensive literature search. Chemical intuition
alone is not sufficient to identify the most stable structural
candidates, particularly for the larger clusters, owing to the
complexity of the potential energy landscapes in question and
the wealth of structural isomers. Thorough lists of low-lying
anionic and neutral isomers have previously been identified
by Li and Dixon'® for n = 3-4 and Tang et al.>® for n = 3-6,
and by Marom et al.>® for the neutral clusters with n = 3-10.
We considered all reasonably low-lying structures proposed
in these works and reoptimized them with spin-unrestricted
BP86/6-311+G* calculations as doublet anions; the literature
is in agreement that (TiO,), anions have a single unpaired
electron. 8483518 All (S?) values calculated for the clusters
reported here fall very close to the expected value of 0.75
for doublet states. We report all (TiO,), (n = 3-8) isomers
that were found to lie within 50 kJ/mol of the lowest energy
structure after correction for vibrational zero point energies
(ZPEs).

J. Chem. Phys. 144, 124308 (2016)

Full lists of calculated isomer energetics, electronic
states, vertical detachment energies, harmonic vibrational
frequencies above 400 cm™!, and optimized geometries for all
structures can be found in the supplementary material, as well
as visualizations of the singly occupied molecular orbitals
(SOMOs) of relevant clusters (Fig. S1).8!

RESULTS AND DISCUSSION

Experimental IRPD spectra of the (TiO,), (n = 3-8)
clusters in the region of 450-1200 cm™! are shown in Fig. 1;
the ion trapping temperatures used for each cluster are also
indicated. Experimental peak positions and widths are reported
in Table I. Structures, relative energies, point groups, and
electronic states for all calculated low energy clusters are
shown in Fig. 2. Simulated IR spectra for these isomers are
plotted and compared to experimental results in Figs. 3-6.
For ease of visual comparison, the experimental data in these
figures are smoothed by averaging of adjacent data points
from Fig. 1, reducing noise at the slight cost of resolution.
Simulations are derived from unscaled harmonic vibrational
frequencies and IR intensities and are plotted both as stick
spectra (red) and as traces convoluted with a 10 cm™! fwhm
Gaussian line shape function (blue) to account for rotational
band contours as well as the spectral width of the laser pulse.

Based on comparison of the IRPD results with the ab
initio vibrational normal modes and harmonic spectra, (TiO,),
clusters exhibit four general types of IR active vibrational
modes, with characteristic frequency ranges delineated in

) G Gy ) (TIO),

| 3

17K

500 600 700 800 900 10'100 1100 1200
wavenumber (cm)

FIG. 1. Experimental IRPD spectra of D,-tagged (TiO5);, (n =3-8) clusters.
Regions (i)-(iv) of vibrational structure are marked with dashed lines. The
trapping temperature for each cluster is also indicated.
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TABLE I. Experimental vibrational frequencies (cm™!) of (TiOy);, clusters.
Band positions and full widths at half-maximum (in parentheses) are deter-
mined by a least squares fit of a Gaussian line function to the experimental
data.

Cluster Region Band positions (cm™")
(TiO2)3 @) 970(13), 948(15)
(iii) 746(15), 733(8), 688(9), 640(12), 626(10)
(iv) 576(6)
(TiOy), @) 976(9), 963(9)
(iii) 757(27), 697(12), 667(13), 640(9)
(iv) 580(35), 517(8)
(TiOz)5 @ 975(8), 966(7)
(iii) 781(12), 763(15), 745(13), 703(13), 691(6),
678(11), 660(10), 616(11), 602(6)
(iv) 575(6), 455(14)
(TiO2)g @ 982(8)
(ii) 854(12)
(iii) 794(15), 719(8), 653(8), 607(6)
(iv) 580(8), 562(12)
(TiO2); @) 982(7)
(ii) 851(10)
(iii) 795(11), 776(18), 700(6), 689(9), 661(6),
647(7), 616(7)
(TiOy)g @ 989(10)
(i) 862(6), 836(9), 806(20)
(iii) 784(9), 760(4)

Fig. 1: (i) stretching modes of terminal Ti—O bonds (900-
1000 cm™"), (ii) stretching modes associated with groups
of three Ti—O-Ti bridges tetrahedrally coordinated to a
terminal Ti-O moiety (800-900 cm™), (iii) lower-frequency
stretching modes of Ti-O-Ti bridges (600-800 cm™'), and
(iv) more delocalized bending, wagging, rocking, and ring
breathing modes (<600 cm™). Qu and Kroes®! have previously
simulated IR absorption spectra for neutral (TiO,), (n = 2-9)
clusters and noted similar categories of vibrational structure in
these regions. Chen and Dixon%’ have also calculated terminal
Ti—O stretching frequencies and IR intensities for the neutral
clusters with n = 2-13.

In our experimental spectra, all six (TiO,);, clusters with
n = 3-8 show vibrational activity in region (i), indicating
that each has dangling Ti—O bonds. Vibrational activity
is seen in region (ii) for clusters with n > 6, while the
smaller clusters show a distinctive gap with no absorption
in this region. All clusters show structure in region (iii) with
varying degrees of intensity, and most show weak structure in
region (iv). Each experimental spectrum compares quite well
qualitatively to the simulated spectrum of at least one low-
lying predicted structure. The unscaled calculated frequencies
of the best-fit simulations are generally lower than those
observed experimentally, by factors of 0.99 in region (i),
0.97 in region (ii), and a range of 0.93-0.99 in regions (iii)
and (iv).

We now give more detailed analysis of the experimental
and theoretical results for each isomer in turn.

J. Chem. Phys. 144, 124308 (2016)

(TiOZ)g

The experimental IRPD spectrum for (TiO,); (Fig. 3)
exhibits an intense pair of vibrational features in region (i)
along with a series of strong features spanning region (iii)
and the high-frequency edge of region (iv). Comparison with
DFT results supports an unambiguous assignment of the
experimental spectrum to the isomer 3-1, based on calculated
energetics and simulated linear IR spectra.

The 3-1 C; structure has been previously calculated to
be the ground state structure for the n = 3 anion'®>"38 and is
widely agreed upon as the global minimum energy structure
for the neutral n = 3 cluster as well.!”"!84%-61 The next lowest-
lying anionic isomer, the G, structure 3-2, is calculated to lie 92
kJ/mol higher in energy with BP86/6-311+G*; with CCSD(T),
Li and Dixon'® find that the 3-2 anion lies 172 kJ/mol above
3-1. The presence of the 3-2 structure experimentally can be
ruled out based on these energetics and the considerably poorer
agreement between its simulated spectrum and experiment.

Through comparison with the simulated IR spectrum of
isomer 3-1in Fig. 3, we can assign the experimental vibrational
features. The two highest-frequency vibrations observed
here at 970 cm™' and 948 cm™! correspond respectively
to symmetric and antisymmetric stretching modes involving
the two terminal Ti—O bonds. At the BP86/6-311+G* level
of theory, these modes are calculated to lie at 961 cm~! and
938 cm™!, respectively. The series of experimental peaks at
746 cm~!, 733 cm~!, 688 cm~!, 640 cm~!, 626 cm™!, and
576 cm™! are various stretching modes of Ti-O-Ti bridges
in the central ring of the cluster. These features are well-
matched by calculated frequencies of 724 cm~!, 723 em™!,
665 cm~!, 611 cm™!, 605 cm™!, and 554 cm~!. The separation
of the two highest energy modes (724/723 cm™!) in region
(iii) increases from 1 cm™! to 6 cm™' when the D, tag
is considered explicitly in a BP86+D/6-311+G* calculation
(see Fig. S2 in the supplementary material),®! in improved
agreement with the experimental observation of two maxima
separated by 13 cm~!. The experimental features in region
(iii) show decreasing intensity with decreasing frequency;
the calculated spectrum demonstrates qualitatively similar
structure.

(TiOQ)Z

The experimental IRPD spectrum of (TiOy); (Fig. 3)
shows an intense, narrowly spaced pair of peaks in region (i),
one very intense, broad feature on the high energy side of
region (iii), and several weaker features spanning regions (iii)
and (iv).

There are three low-lying structures for (TiOy)].
The literature is in reasonable agreement that for the
neutral cluster, the C, structure 4-2 yields the lowest
energy.!718:30-52-54,56.58-61 previous DFT studies by Qu and
Kroes®' and Tang et al.® concur with our BP86/6-311+G*
results that the C;, structure 4-1 gives the most stable anion.
We find that in the anion, 4-2 and 4-3 lie 22 kJ/mol and 26
kJ/mol above 4-1, respectively. CCSD(T) calculations by Li
and Dixon'® find the C,, structure 4-3 lowest in energy for the
anion, with 4-2 and 4-1 lying incrementally higher in energy
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FIG. 2. BP86/6-311+G* minimum energy structures, point groups, electronic states, and relative energies (kJ/mol) of energetically low-lying isomers of (TiO,);,

(n =3-8) clusters.

by 1 kJ/mol and 3 kJ/mol, respectively. The CCSD(T) results
of Li and Dixon accurately predicted the energetic ordering of
anionic isomers observed experimentally in photodetachment
of (TiO,);,*® where DFT methods had failed.’'*® The relative
energies of the (TiO,), isomers given by CCSD(T) may
therefore be more trustworthy than the DFT values, in which
case the three n =4 isomers are predicted to be nearly
isoenergetic.

The experimental n = 4 spectrum has a strong feature in
region (iii) at 757 cm™!, and no structure in region (ii). The
simulated spectrum of 4-1 (Fig. 3) has intense IR absorptions
in region (ii) at 825 cm™! and 822 cm™!, corresponding
to antisymmetric and symmetric Ti—O-Ti bridge stretching;
analogous strongly IR active bridge-stretching modes are
shifted to lower frequencies of 706 cm™! and 696 cm™" in 4-2.
The strong region (ii) modes of 4-1 have frequencies much
higher than experiment, especially given the general trend
that calculated frequencies for the best-fit isomers are consis-
tently lower than experimental values. The corresponding IR
active transitions in 4-2, however, are predicted too low

to provide a good match with experiment, at factors of
0.92-0.93 lower than the experimental value. It is, therefore,
worth considering if the experiment probes a fluxional cluster
encompassing the 4-1 and 4-2 basins, with vibrational frequen-
cies that are not well represented by the harmonic approxi-
mation.

Unlike most clusters reported in this work, 4-1 and 4-2
have identical bond connectivity. With BP86/6-311+G*, the
transition state between 4-1 and 4-2 is of Cy symmetry and
lies 36 kJ/mol above 4-1 and only 14 kJ/mol above 4-2
without ZPE correction. By comparison, the barrier between
structures 4-2 and 4-3 lies much higher in energy: 67 kJ/mol
above 4-2 and 63 kJ/mol above 4-3. Such a small 4-1/4-2
barrier suggests that these isomers are perhaps not separate
spectroscopic species, but two shallow local minima of a rather
floppy system. The ab initio harmonic frequency analysis
of 4-1 and 4-2 therefore may not accurately capture the
vibrational signature of this particular Ti-O-Ti bridging motif.
For comparison, we plot the calculated IR spectrum of the
4-1/4-2 transition state alongside the 4-1 and 4-2 spectra in
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FIG. 3. Smoothed experimental IRPD spectra (black) of D>-tagged (TiO);,
(n =3, 4) and simulated linear IR absorption traces (blue), stick spectra (red),
and relative energies (kJ/mol) of the predicted lowest-lying isomers at the
BP86/6-311+G* level of theory.

Fig. S3.8! The 4-1/4-2 TS spectrum looks intermediate to
those of the 4-1 and 4-2 isomers, lending further support to an
assignment to a fluxional 4-1/4-2 system. Though beyond the
scope of the current work, it would be of interest to investigate
the isomerization barrier between these two structures at the
CCSD(T) level of theory.

A significant contribution from isomer 4-3 is unlikely
based on the vibrational structure in region (i). Experimentally,
we observe peaks at 976 cm™! and 963 cm™! corresponding
to two free Ti—O stretching modes. In structure 4-3, based on
the Cy;, symmetry of the system, only the antisymmetric Ti-O
stretching mode calculated at 952 cm~!is IR active. The Cy,
4-1 and 4-2 structures, on the other hand, have two IR active
modes in this region, at 953 cm™! and 938 cm™' for 4-1, and
964 cm™! and 948 cm™! for 4-2, and can therefore account
for all features observed experimentally. We cannot, however,
rule out a small contribution from isomer 4-3. The calculated
frequency of the IR active Ti—O stretching mode for 4-3 falls
close to the two calculated frequencies for 4-1 and 4-2 and
could contribute to the doublet feature observed in region (i).

(Ti02)g

The (TiOy); IRPD spectrum (Fig. 4) shows a single
somewhat broad feature in region (i), a series of closely
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(red), and relative energies (kJ/mol) of the predicted lowest-lying isomers at
the BP86/6-311+G* level of theory.

spaced, intense absorption features in region (iii), and weaker
features extending into region (iv).

Nine (TiO,); isomers are calculated to lie within 50
kJ/mol of the lowest energy cluster, many of which are
effectively degenerate within the accuracy of DFT. Our
calculations find the C;-symmetric 5-1 structure lowest in
energy, with two Cj structures, 5-2 and 5-3, lying 3 kJ/mol
and 7 kJ/mol higher, respectively. Prior DFT work by Tang
et al.’® reports 5-2 as the anion global minimum energy
structure, while Qu and Kroes®! report 5-3 as the ground state.
The neutral n = 5 cluster is also observed to have a “glassy”
potential energy surface with many low-lying structures.’”
Most DFT studies in the literature report either 5-2 or 5-3 as
the neutral global minimum energy structure,’*>*6-61 with
both structures often reported to lie within 3 kJ/mol of one
another. 36!

Among the many calculated low-lying clusters, the
simulated IR spectrum of structure 5-1 (Fig. 4) best reproduces
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the observed experimental features, particularly the strong
peaks between 700 and 800 cm™!. Intense experimental peaks
in the upper half of region (iii) at 781 cm~!, 763 cm~!, and
745 cm™! reasonably match the strongly IR active modes for
5-1 at 785 cm™!, 770 cm™!, and 720 cm~!. Structure 5-1 also
exhibits two Ti—O stretching modes in region (i) at 976 cm™!
and 962 cm™' that are resolved in the unsmoothed spectrum
in Fig. 1 at 975 cm™! and 966 cm™!.

Other low-lying isomers may well contribute to the
observed structure in the experimental spectrum. For instance,
structure 5-2 could contribute to the absorption in region (i)
and the lower frequency side of region (iii), but it cannot
alone explain the observed experimental features, as it is
lacking in intense structure between 700 and 800 cm™'.
Isomer 5-4 similarly may be involved with absorption in
the higher frequency side of region (iii), but on its own
does not have enough distinct IR active modes to match
experiment. Structures 5-3 and 5-6 can be ruled out, as they
predict absorption in region (ii) due to the presence of a free
Ti—O moiety bound to three roughly tetrahedrally coordinated
Ti—O-Ti bridges in both structures. Structure 5-5 can also
most likely be ruled out, as it has three Ti—O dangling bonds,
and thus three IR active modes in region (i) that should yield
broader absorption than what is observed experimentally.

It is remarkable that given the plethora of low-lying
calculated structures for (TiO,)3, the simulated IR spectrum of
the lowest-lying DFT structure 5-1 is a qualitative match with
experiment and may indicate a dominant contribution from
this isomer. It is also possible that, as for n = 4, the (TiOy)3
anions demonstrate fluxional character, and that nearby local
minima on the glassy n = 5 potential energy surface contribute
to the IR spectrum in a way not captured by our harmonic IR
simulations.

(TiO2)g

The IRPD spectrum for (TiO,), (Fig. 5) is distinct from
that of the other clusters in its simplicity. The spectrum
is dominated by a single very intense peak in region (ii)
and shows a single weak feature in region (i) along with
a handful of very weak features in regions (iii) and (iv).
Using calculated energetics and simulated IR spectra, the
experimental spectrum can be assigned unambiguously to the
C-symmetric 6-1 isomer.

Prior DFT studies for the n = 6 anion by Qu and Kroes’!
and Tang et al.>® have reported 6-1 as the most stable isomer;
this structure has also been fairly widely identified as the
lowest-lying neutral structure.’'33%3-61 We identify two
energetically higher-lying isomers, the C; structure 6-2 and
the C,, structure 6-3, at 35 kJ/mol and 46 kJ/mol above 6-1,
respectively. 6-2 can be ruled out due to the poor match
between the experimental and simulated spectra; 6-3 is a
poorer match to the experimental spectrum than 6-1 and is
calculated to lie at a high enough relative energy that it can be
safely ruled out as well.

We can assign the observed vibrational features through
comparison with the simulated IR spectrum of isomer 6-1
(Fig. 5). The peak observed in region (i) at 982 cm™!
corresponds largely to the antisymmetric Ti-O stretching
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mode, calculated at 971 cm~'. The experimental feature in
region (ii) appears at 854 cm™! and is matched by a strongly IR
active calculated mode at 825 cm™'. This mode corresponds
to antisymmetric umbrella-like stretching of the two groups
of tetrahedrally coordinated Ti—O-Ti bridges connected to
each free Ti—O moiety. Considering the much weaker features
in regions (iii) and (iv), the observed peaks at 719 cm™,
653 cm™!, and 580 cm™! align with predicted weakly IR active
Ti—O-Ti bridge stretching modes at 712 cm™~!, 630 cm™!, and
573 cm™L.

(TiOZ);

The IRPD spectrum for (TiO,); (Fig. 5) has a single
sharp peak in region (i), a single peak in region (ii), a broad,
strong peak at the high-frequency edge of region (iii), and
weaker features extending through region (iii) towards lower
frequencies.
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Four n =7 isomers lie within 50 kJ/mol of the lowest
energy structure. The Cy isomer 7-1 is the most stable, with
the Cj-symmetric 7-2 structure lying 12 kJ/mol above, and
additional C; isomers 7-3 and 7-4 lying 44 and 45 kJ/mol
above. Beginning with n = 7, the literature becomes sparse
regarding thorough reports for the most stable clusters. Only
Qu and Kroes®! have published DFT structures and energetics
for anions with n > 7, but they did not perform a thorough
structure search, and thus do not report the isomers we find
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to be the lowest in energy. Better searches exist for the global
minimum structures of the neutral (TiO,),, clusters. Structures
7-1 and 7-2 have been identified as the two lowest-lying neutral
cluster isomers by Chelikowsky>® and Dixon;*° Chaudhury®'
also finds 7-1 to be the most stable neutral cluster.

All four n = 7 structures reported here have simulated IR
spectra that compare reasonably well to experiment (Fig. 5).
The experimental features at 982 cm™! in region (i) and
851 cm™! in region (ii) are reproduced by strongly IR active
modes in all four isomers, at 974 cm~! and 827 cm™! for
7-1, 984/978 cm™! and 831 cm™! for 7-2, 981/975 cm™! and
824 cm™! for 7-3, and 975 cm™! and 822 cm™! for 7-4. The
features in region (i) correspond to symmetric/antisymmetric
free Ti—O stretches, while those in region (ii) involve stretching
of the three tetrahedrally coordinated Ti—O-Ti bridges at the
single Ti—O moiety with 4-fold coordination.

More distinctive is the broad, intense structure observed
at the high frequency edge of region (iii) between 750 and
810 cm~!. Within this broad feature lie an intense peak
at 776 cm™!, and a weaker shoulder at 795 cm~!. This
feature cannot be explained by the simulated IR spectrum
of a single isomer; however, it could be modeled by the
presence of both isomers 7-1 and 7-2, or perhaps a fluxional
cluster encompassing both structures. In particular, the strong
absorptions of isomer 7-1 at 738 cm™! and of isomer 7-2 at
771 cm™! match well with the intense peak and shoulder of this
broad feature, respectively, and additional IR active modes of
7-2 at 720 cm™! and 736 cm™! could also contribute intensity
in this region. Isomers 7-3 and 7-4 could also contribute
to the experimental spectrum but lie significantly higher in
energy. We, therefore, assign the experimental spectrum to
a combination, perhaps fluxional in nature, of isomers 7-1
and 7-2.

(TiO2);

The IRPD spectrum for (TiOy)g (Fig. 6) has a single
feature in region (i), a dense cluster of features between 770
and 880 cm™! spanning region (ii) and the high frequency
edge of region (iii), and weaker, unresolved features in the
lower frequency span of region (iii).

(TiO,)g has many isomers lying close in energy; with DFT
we identify thirteen n = 8 anionic structures within 50 kJ/mol
of the lowest energy structure. The most stable structure
8-1 is of C; symmetry and is quite disordered compared
to the C,, Cyp, and Cy structures 8-2 through 8-5 that lie
only slightly higher in energy. The only theoretical study for
anions with n = 8 is presented by Qu and Kroes,”' who do not
report the structures we identify as the lowest in energy, and
again, considerably more work has been done to search for
the lowest energy neutral structures. Marom et al.>® report the
most thorough list of neutral isomers found with basin hopping
and note that like the n = 5 cluster, the n = 8 cluster also has
a particularly “glassy” potential energy surface. Despite this,
there is some agreement in the literature that the most stable
neutral n = 8 cluster is a Cyj, species analogous to the isomers
8-3 and 8-4 reported here.33-6-39-61

The experimental spectrum shows one peak in region (i)
at 989 cm~! and four peaks of increasing intensity in regions
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(ii) and (iii) at 862 cm™', 836 cm™!, 806 cm™!, and 784 cm™!,
with a weaker shoulder at 760 cm™!. The spectrum of the 8-1
isomer is a good match for the experimental data (Fig. 6), with
calculated close-lying symmetric and antisymmetric Ti—O
stretching modes at 982 cm™' and 976 cm™! in region (i),
Ti—O-Ti bridge stretching modes in regions (ii) and (iii) at
831 cm™!, 806 cm™!, 779 cm™!, and 750 cm™!, and a weak
feature at 733 cm™!. These calculated frequencies reproduce
all features observed experimentally.

While structures 8-2, 8-3, 8-4, and 8-5 can be considered
degenerate with 8-1 within the accuracy of DFT, none of their
simulated spectra can alone account for the features observed
experimentally. Due to their higher levels of symmetry, they
exhibit too few distinct IR active modes between 770 and
880 cm™!. The same can be said for the energetically higher-
lying isomers 8-8, 8-9, and 8-10. It is possible that any of these
structures could partially contribute to the congested structure
we observe, but they cannot alone reproduce experimental
features.

Isomers 8-6, 8-7, 8-11, 8-12, and 8-13, on the other
hand, are of C; symmetry with disordered geometries and
demonstrate more IR activity between 770 and 880 cm™!.
Structure 8-12 can perhaps be ruled out as it has three terminal
Ti—O bonds and therefore a relatively broad absorption in
region (i), while the experimental feature in that region is
quite narrow. The isomers 8-6, 8-7, 8-11, and 8-13 cannot be
ruled out from contributing to the spectrum but do not appear
to match the overall spectral profile of the experimental results
as well as isomer 8-1.

We therefore assign the dominant contribution to the
experimental spectrum to 8-1, but cannot make a concrete
statement about whether other isomers are also present. It
is noteworthy that, like for n =5, although there are many
candidate n = 8§ clusters, the IR spectrum for the lowest-lying
DFT structure is a reasonable match to experiment and that
many other low-lying structures can be easily ruled out.

Structural trends

The qualitative agreement between calculated and
experimental IR spectra indicates that the candidate (TiO,);
(n = 3-8) structures identified here and in the literature are
reasonable. The experimental data we report are uniquely
suited not only to identify the most likely cluster structures
but also to highlight when the harmonic approximation
does not capture the spectroscopic signatures of potentially
fluxional clusters, as seen here for n = 4 and n = 7. However,
the predicted global minimum energy DFT structures are
satisfactory matches for many of the IRPD spectra reported
here. It is possible that barriers between low-lying structures
are small enough to facilitate population of the global
minimum structure for each cluster size under the present
experimental conditions. Using the best calculated structures
for each (TiO,);, cluster (3-1, 4-1/4-2, 5-1, 6-1, 7-1/7-2, and
8-1), we can consider the size-dependent evolution of their
properties.

The assigned clusters feature compact structures, with
only two terminal Ti—O bonds and many bridging O atoms.
Ti atoms have primarily 3- and 4-fold coordination, and O
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atoms, apart from the free Ti—O moieties, have primarily 2-
fold coordination, occasionally 3-fold coordination (structures
3-1, 7-1, and 8-1), and remarkably even 4-fold coordination
(structure 6-1). The level of coordination generally increases
with cluster size. Structure 3-1 has an average Ti atom
coordination of 3.67 and O coordination of 1.83 and 4-1
and 4-2 share an average Ti coordination of 3.50 and O
coordination of 2.00; structures 6-1 and 8-1 meanwhile have
respective Ti coordination numbers of 4.00 and 3.88, and O
coordination numbers of 2.33 and 2.17. In both rutile and
anatase bulk TiO,, each Ti atom is coordinated with 6 O
atoms in a roughly octahedral layout and each O atom has
3 Ti atoms coordinated in a trigonal planar geometry.” (TiO,),,
clusters do not reach this average level of coordination within
the size range studied here.

In conjunction with lowered coordination relative to the
bulk, the average Ti—O bond lengths in the small (TiO»);
clusters are shorter than those of bulk TiO,. Room temperature
rutile and anatase TiO, have average Ti—-O bond lengths
of 1.96 A.7778 The predicted bond lengths of the (TiO,);
clusters stay fairly similar over the range of n studied here.
The terminal Ti—O bonds are significantly shorter than those
with higher coordination, falling consistently in the range of
1.64-1.66 A for all n = 3-8 clusters. The average length of
non-terminal Ti—O bonds ranges from 1.88 to 1.92 A over
n = 3-8, consistently shorter than the bulk values. Chen and
Dixon® also report that both the coordination numbers and
the average bond lengths of calculated neutral clusters as large
as n = 13 fall short of the bulk values.

The IRPD spectra of the (TiO,), clusters also show
some trends worth noting. All experimental spectra have IR
absorption in region (i), due to the excitation of the terminal
Ti—O stretching modes ubiquitous in the clusters studied here,
though not present in bulk TiO,. The frequencies of these Ti—O
stretching features increase slightly with the size of the cluster,
from as low as 948 cm™! for n = 3 to as high as 989 cm™!
for n = 8. Additionally, the spacing between frequencies of
the symmetric and antisymmetric terminal Ti—O stretching
modes decreases with increasing cluster size. In n = 3-5, the
experiment resolves a splitting in the region (i) features. For
n = 6-8, no splittings are observed. The simulated spectra
suggest that both symmetric and antisymmetric modes are IR
active in these species but are too close in frequency to resolve
in our experiment. The IR active modes in regions (ii) and
(iii) also tend to shift towards higher frequency with larger
cluster size. For n = 3-5, the highest frequency absorption in
region (iii) increases from 746 cm™' to 757 cm™' to 781 cm™.
Beginning with n = 6, the structural motif of three Ti—~O-Ti
bridges tetrahedrally coordinated to a terminal Ti—O moiety
appears. This motif yields IR absorption in region (ii) and
persists for larger n, with the highest frequency absorption
in region (ii) at 854 cm~! for n =6, 851 cm™! for n =7,
and 862 cm™! for n = 8. The DFT calculated frequencies for
the best predicted structures also follow these general trends
(see the supplementary material);®' with larger n, the strong
features in regions (i)-(iii) shift towards higher frequencies
and the splitting between the region (i) features decreases.

A final size-dependent property worth considering is the
localization of the anion SOMO for the assigned (TiO»);,
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clusters. The additional electron in the anion SOMO can
perturb the cluster enough that the relative energies of specific
isomers are drastically different for the anions and neutrals.'®
The SOMOs of relevant clusters are visualized in Fig. S1;81
they are largely of 3d character localized on Ti atoms. As has
been noted by Li and Dixon,'? the 3-1 cluster anion SOMO
is a 3d§ orbital localized entirely on the least-coordinated
Ti atom, while the 4-1 and 4-2 clusters have SOMOs with
3d character distributed across two Ti atoms. Like the 3-1
cluster, the 5-1 cluster has a SOMO localized in a 3d§ orbital
of a 3-fold coordinated Ti atom; the clusters with n > 6,
however, have more delocalized SOMOs distributed over the
3d orbitals of four or more Ti atoms. In all species, the
SOMO avoids localization on Ti atoms with terminal Ti—O
bonds to reduce unfavorable repulsion of the excess electron
density.

In bulk TiO,, titanium centers are found as Ti** cations;
oxygen vacancy defect sites on TiO, surfaces are therefore
accompanied by under-coordinated Ti** cations. These Ti**
centers are critical to reactive adsorption®’® and reduction of
organic molecules®® on TiO, surfaces. (TiO,); clusters with
an excess electron localized on a single Ti atom, like those in
the 3-1 and 5-1 structures, are similarly expected to be quite
reactive. These clusters may, therefore, have strong reducing
capability and may be reasonable analogs for Ti** defect sites
on bulk TiO; catalytic surfaces. It would be of interest to see
if these clusters are particularly reactive toward CO, and other
electron-accepting species.

SUMMARY AND CONCLUSIONS

We report IRPD spectra for the messenger-tagged (TiOy),,
clusters with n = 3-8 in the 450-1200 cm™' spectral range.
DFT calculations are performed to determine the structures,
energetics, and harmonic IR spectra of the most stable
cluster isomers. Comparison of experimental and calculated
spectra does not always allow clear identification of a
single lowest energy cluster structure; however, the overall
agreement between theory and experiment provides much
new information about these species. We unambiguously
assign the structures of (TiO,); and (TiO,),, narrow down
the contributions to the spectra for (TiO,); and (TiO»);
to two isomers, and find that the (TiO,); and (TiOy)g
spectra satisfactorily match simulated spectra for the lowest
energy isomer, even though these clusters have complex
potential energy surfaces with many low-lying candidate
structures.

The information reported here about the likely structures
of small anionic titanium oxide clusters will be of great utility
in guiding future spectroscopic work. In particular, applying
the complementary technique of slow photoelectron velocity-
map imaging®® to these clusters could aid in distinguishing
close-lying anion isomers that detach to neutrals more widely
spaced in energy. Additionally, the (TiO,);, clusters studied in
this work have considerable potential as model systems for
catalysis on bulk TiO,. Of particular interest is the reduction
of CO; on a TiO; surface; in forthcoming IRPD work, we aim
to characterize the complexes formed after reaction of (TiO,);,
clusters with CO,.
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