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Abstract Gas-phase complexes of water on small titanium
oxide clusters are model systems to examine the molecular-
level mechanism of dissociative water adsorption at defect
sites on bulk titania surfaces. Here, we report infrared pho-
todissociation (IRPD) spectra for [(TiO,),(D,0,,)]” clus-
ters with n=2-4 and m=1-3; the clusters are tagged with
weakly-bound D, so that only single photon absorption
is required for photodissociation. Vibrational features are
reported in the spectral windows of 400-1200 and 2600—
3000 cm™ 1’ capturing both fingerprint cluster modes and
O-D stretching modes. The IRPD spectra are interpreted
with the aid of ®B97X-D/aug-cc-pVDZ density functional
theory calculations. We conclusively assign the IRPD
spectra of the n=2, m=1,2 and n=3, m=1-3 clusters to
global minimum-energy structures containing dissociatively
adsorbed water. We also provide insight into the more com-
plicated spectroscopy of the n=4 clusters, which show
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possible contributions from a kinetically trapped reactive
intermediate in addition to the global minimum-energy iso-
mer. From this work, we can draw conclusions about the size
dependence and site-specificity of (TiO,), cluster reactivity.
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adsorption - Water splitting catalysis - Density functional
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1 Introduction

Titanium dioxide (TiO,) is an abundant, inexpensive, non-
toxic, stable, and versatile semiconducting material with
numerous applications in heterogeneous catalysis [1], pho-
tocatalysis [2—4], photovoltaic cells [5, 6], environmen-
tal pollutant degradation [7], trace gas sensing, and as a
white pigment. TiO, is perhaps most notable as the world’s
most widely studied photocatalyst [8, 9]. Since Fujishima
and Honda’s 1972 discovery of photocatalytic water split-
ting and H, evolution on a TiO, electrode [10], extensive
work has been done to develop, characterize, and optimize
TiO,-based technologies for sustainable conversion of
sunlight into chemical hydrogen fuel [11, 12]. However,
reaching a detailed understanding of the chemical mecha-
nisms of hydrolysis and H, evolution on TiO, surfaces and
nanostructures remains an unsolved problem. In this paper,
we explore water splitting on TiO, in molecular detail by
measuring vibrational spectra of cryogenically-cooled
[(TiO,),(D,0),,]” cluster anions. This work stands as a fol-
low-up to our prior characterization of the bare (TiO,),” ani-
ons [13] as we move towards more explicit cluster-based
models of catalytic reaction mechanisms.

@ Springer


http://orcid.org/0000-0002-2551-9146
http://orcid.org/0000-0003-2627-4141
http://orcid.org/0000-0003-0564-203X
http://orcid.org/0000-0002-3762-9473
http://orcid.org/0000-0001-6297-5856
http://crossmark.crossref.org/dialog/?doi=10.1007/s11244-017-0863-4&domain=pdf
https://doi.org/10.1007/s11244-017-0863-4

Top Catal

There is an enormous body of experimental and theoreti-
cal work on the interaction of water with titanium dioxide
surfaces. Wetting of the TiO, surface is necessarily the first
step of any water splitting reaction pathway, yet the extent to
which water adsorbs molecularly or dissociatively on TiO,
remains controversial [14—16]. Experimental studies show
that water adsorption trends are distinct for different facets of
rutile and anatase TiO, and depend heavily on water surface
coverage and the presence of defect sites [17-28]. Further
studies have found that TiO, photoexcitation can enhance
the initial dissociative adsorption of water [28, 29]. Overall,
dissociative water adsorption appears to be a minor pathway
on defect-free TiO, surfaces, but is more likely to occur at
defect sites, including steps [27, 30], ridges [31], and par-
ticularly oxygen vacancies [17, 18, 21-25, 32].

In a bulk experiment, it is challenging to prepare a sur-
face with reproducible, well-characterized defect sites, let
alone probe the reaction mechanism at a specific catalytic
center. Small gas-phase clusters can serve as model systems
of the local behavior and reactivity of a bulk metal oxide [33,
34]. Clusters exhibit varied geometries and stoichiometries,
with under-coordinated atoms and dangling moieties that
mimic reactive point defects on a bulk surface [35, 36].
Size-selected clusters can be complexed with a well-defined
number of substrate molecules, allowing for the systematic
characterization of how cluster size, stoichiometry, and local
structure affect reactivity [37—40]. These systems are also
tractable for simulation with high level quantum chemistry
calculations, allowing for analysis of geometries and reac-
tion mechanisms with clarity not available in bulk studies
[41].

While there is a growing body of work on the gas-phase
spectroscopy of bare titanium dioxide clusters [13, 42—46],
studies probing their interactions with water are more sparse.
Early work from the Castleman group reported on the mass
spectrum of the water-solvated TiO™" cation [47]. Yin and
Bernstein [38] reacted neutral Ti,0, and Ti,O5 clusters with
water and found oxidation of water to hydrogen peroxide on
Ti,05 after irradiation with visible light. Zheng and cowork-
ers reported infrared action spectra of [TiO(H,0),,]* [48]
and anion photoelectron spectra of [TiO,(H,0),,]™ [49], and
ascribe both sets of measurements to structures involving
dissociatively adsorbed water molecules.

Several theoretical groups have reported calculations
of molecular and dissociative water adsorption and water
splitting on small (TiO,), clusters [50-56]; others have
studied these interactions on larger TiO, nanostructures
[57-60]. The most thorough body of work comes from cal-
culations by Dixon and coworkers [61-63] regarding water
adsorption, hydrolysis, and H,/O, evolution on small neu-
tral titanium dioxide clusters. Most recently, these authors
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used a hybrid genetic algorithm to rigorously identify the
lowest-energy structures for the neutral [(TiO,),(H,0),,]
(n<4; m<2n) clusters [63]. Geometry optimization and
single-point energy calculations were carried out with the
B3LYP and CCSD(T) methods, respectively.

Dixon and coworkers predict that the bare (TiO,),
(n=2-4) clusters dissociatively adsorb the first two water
molecules, forming minimum-energy structures with two
and four terminal Ti—OH groups after the first and sec-
ond waters react, respectively [63]. (TiO,); can go on to
dissociate a third water, forming a structure with six ter-
minal hydroxyl groups. Many theoretical studies [51, 53,
61, 63] note that after the initial adsorption of water on a
bare (TiO,), cluster, at least two H-atom transfer steps are
required in order to form the [(Ti0,),(H,0),,] global mini-
mum structure. Typically, the reaction proceeds through
an intermediate containing a bridging Ti—(OH)-Ti moiety
before reaching the final structure containing only termi-
nal OH moieties [53, 61]. Water dissociation is preferred
until all Ti atoms are saturated with coordination numbers
of four; subsequent water molecules added beyond this
hydrolysis limit adsorb molecularly [63].

Vibrational action spectroscopy has proved to be an
excellent method to characterize the structure of gas-phase
ions [64, 65], and has been particularly illuminating for the
study of transition metal oxide clusters, which demonstrate
complex electronic structure and many low-lying struc-
tural isomers [13, 66, 67]. Most recently, this technique
has been adapted to illuminate site-specific water dissocia-
tion on Al;0,* [40].

Here, we present infrared photodissociation (IRPD)
spectra of messenger-tagged titanium dioxide-water clus-
ter anions [(TiO,),(D,0),,]- with n=2-4 and m=1-3
in the fingerprint (400-1200 cm™") and O-D stretching
(2600-3000 cm™ ') spectral regions. We assign structures
by comparison to harmonic IR spectra of low-energy iso-
mers from density functional theory (DFT) calculations.
For all cluster sizes, we find evidence for dissociative
water adsorption and satisfactory agreement with the pre-
dicted spectrum of the global minimum-energy structure.
Energetically higher-lying structural isomers may also
contribute to the spectra of the n=4 clusters, possibly
due to kinetic trapping of these species during intramo-
lecular H-atom transfer. We identify characteristic spectral
regions for particular structural motifs and show that the
loss of vibrational structure in the Ti—O stretching region
serves as the most conclusive signature of dissociative
water adsorption on (TiO,),”. These results allow us to
draw conclusions about the size- and site-dependent reac-
tivity of (TiO,),” anions, which we discuss in the context
of water splitting on bulk TiO, defect sites.
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2 Experimental Methods

IRPD experiments are carried out using an ion trap tandem
mass spectrometer [68—70] and intense, widely tunable IR
radiation from the Fritz Haber Institute free electron laser
(FHI-FEL) [71].

[(TiO,),(D,0),,]I  clusters are prepared in a dual gas
channel pulsed laser vaporization source [40], based on the
fast flow cluster reactor pioneered by Smalley and cowork-
ers [72]. A frequency-doubled Nd: YAG laser operated at
50 Hz is focused onto a rotating titanium rod, with a pulse
energy of 15-20 mJ. The resulting plasma is quenched
with a pulse of 0.25% O, in helium from a General Valve.
(TiO,),” clusters are formed during expansion through a
clustering channel downstream from the rod. After a short
time delay, a second General Valve, backed by 2 bar of
helium passed through a D,0O bubbler, sends a pulse of gas
into the final stage of the clustering channel to form the
desired [(TiO,),(D,0),,]” clusters.

After formation, the beam of [(TiO,),(D,0),,]” anions
passes through a skimmer and into an RF decapole ion guide
filled with He to aid in beam collimation and collisional
thermalization to room temperature. The ions then enter a
quadrupole mass filter, which is tuned to transmit only clus-
ters of the desired [(**Ti'%0,),(D,'%0),,]~ mass/charge ratio.
Quadrupole mass spectra of (TiO,),” anions with and with-
out D,0 vapor added to the clustering channel are shown
in Fig. S1.

The anion beam is then steered and focused into a cryo-
genic RF ring-electrode ion trap [68], which is filled contin-
uously with pure D, buffer gas and held at 15 K. Anions are
accumulated in the trap over ten laser vaporization source
cycles, where they were thermalized and messenger-tagged
[73] through collisions with the D, buffer gas. The trap tem-
perature and buffer gas concentration were chosen to tag
around 10% of anions with a single D, molecule. Clusters
are extracted from the ion trap every 200 ms and are spa-
tially and temporally focused into the extraction region of an
orthogonally mounted time-of-flight (TOF) mass spectrom-
eter, where they are irradiated with a counter-propagating IR
macropulse from the FHI-FEL. All tagged and bare anions
are then accelerated towards an MCP detector and their TOF
intensities are monitored as the FEL wavelength is scanned.

The FHI-FEL can produce radiation in the range
210-3000 cm™ ! with a spectral bandwidth better than 0.5%
fwhm of the photon energy [71]. In this experiment, we
use two operating regions of the FEL: the 440-1200 cm™!
range produced with a 26 MeV electron beam, and the
2600-3000 cm™ ! range produced with a 43.5 MeV electron
beam. In the lower energy region, the FHI-FEL has a spec-
tral bandwidth ranging from ~2 cm™! fwhm at 450 cm™! to
~7 cm™! fwhm at 1200 cm™'. In the higher energy region,
the bandwidth is 15-20 cm™". Typical macropulse energies

are 30—40 mJ in both regions. For each spectrum, the photon
energy is stepped in 3 cm™! increments, though a 5 cm™!
step is typically used in the higher energy region where
the FEL bandwidth is larger. For each step, 50-100 TOF
traces are acquired and averaged, depending on the signal-
to-noise level for a given system. Attenuated laser pulses
using 5-50% of the full FEL power are employed as neces-
sary to ensure operation within a linear absorption regime
and to avoid saturating transitions. The IRPD cross section,
Omrpp- 18 calculated from the TOF spectra by normalizing the
relative abundance of parent and fragment ions to the laser
fluence at each photon energy [69, 70].

D,0O loss is also observed from some untagged
[(TiO,),(D,0),,]” clusters when irradiated with the full
FEL power. These dissociation channels involve infrared
multiple photon dissociation (IRMPD) processes and are
negligible with the attenuated laser pulses used to acquire
the D,-tagged IRPD spectra.

3 Calculations

The relative energies, optimized geometries, harmonic vibra-
tional frequencies, and IR intensities of the energetically
lowest-lying [(TiO,),(D,0),,]” isomers were investigated
using DFT. We use the range-separated hybrid @B97X-D
functional [74] which includes dispersion interactions and
has been shown to perform well for geometry optimization
of transition metal compounds [75]. The aug-cc-pVDZ
(aVDZ) basis set is used for all atoms, with full treatment
of all electrons. All DFT calculations were carried out using
Gaussian 09, revision CO1 [76].

Low-lying [(Ti10,),(D,0),,]” structures were adapted
largely from the recent theoretical work by Dixon and cow-
orkers [63] who used a genetic algorithm to identify the
most stable neutral [(TiO,),(H,0),,] structures. We con-
sidered all low-lying structures these authors proposed as
well as additional n=4 cluster structures involving bridging
hydroxyl groups [53, 61]. The literature geometries were
reoptimized with spin-unrestricted @wB97X-D/aVDZ calcu-
lations as doublet anions. All optimizations were carried
out without symmetry restrictions. We report all calculated
[(TiO,),(D,0),,]” structures lying within 150 kJ/mol of the
lowest-energy isomer, as well as some higher-lying n =4
structures containing molecularly adsorbed water. Complete
lists of isomer energetics, harmonic vibrational frequencies
above 400 cm™!, and optimized geometries can be found
in the Supporting Information (SI) in Tables S1-S14. We
also report the binding energy of D,O to [(TiO,),(D,0),,]1”,
given by the energy difference relative to the global mini-
mum-energy [(TiO,),(D,0),,_,]” structure plus a free D,O
molecule.

@ Springer
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4 Results and Discussion

Experimental IRPD spectra of the D,-tagged
[(TiO,),(D,0),,]” clusters are shown in Fig. 1. IRPD spec-
tra from our earlier study [13] of clusters with n=3, 4 and
m=0 are also plotted in Fig. 1. An IRPD spectrum could not
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Fig. 1 Experimental IRPD spectra of D,-tagged [(TiO,),(D,0),,1”
clusters. Characteristic spectral regions are marked with gray dashed

lines. The region marked with an asterisk contains the D, tag stretch-
ing mode. The m=0 spectra are reproduced from our prior work [13]
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be acquired for D,-tagged (TiO,),", as it is known to react
with molecular hydrogen rather than form a physisorbed
complex [46, 77]. The global minimum-energy structures
for the bare clusters identified in previous work [13, 46,
78] are reproduced in Fig. 2. The lowest-lying structures
of [(TiO,),(D,0),,]” (m>1) are shown in Fig. 3, with rela-
tive @B97X-D/aVDZ energies given in kJ/mol. Note that
the IR photon energies in Fig. 1 are well above the binding
energy of the D, tag, which is calculated to be only 1.4 kJ/
mol (120 cm™") for the 2-1-a structure of [(TiO,),(D,0)]".
Hence, absorption of only a single photon is required for
photodissociation (i.e. D, loss) to occur.

Additional IRMPD spectra corresponding to loss of
one or two D,0 molecules are shown in Fig. S2 for some
untagged [(TiO,),(D,0),,]1” clusters. Binding energies of
D,0 to these [(Ti0O,),(D,0),,]” clusters can exceed 300 kJ/
mol (see Tables S1-S7), requiring the absorption of tens
of 1000 cm™! photons for dissociation to occur. IRMPD
spectra are therefore more difficult to interpret than their
IRPD counterparts as the observed fragment ion yields do
not directly correspond to the calculated linear IR intensities.
Moreover, some IR active vibrational modes can be trans-
parent in IRMPD experiments [79]. Despite these caveats,
the D,-loss and D,0-loss spectra are similar for the clusters
with n=2,3, but do show some interesting differences for
the n=4 clusters.

Simulated IR spectra derived from unscaled DFT har-
monic vibrational frequencies and IR intensities are com-
pared to the experimental IRPD results in Figs. 4, 5, 6, 7.
Simulations are plotted both as stick spectra (red) and as
traces convoluted with a 10 cm™! fwhm Gaussian lineshape
function (blue). Based on the comparison of the IRPD
and DFT spectra, we can classify four general IR absorp-
tion regions, as indicated in Fig. 1. Region (i) from 2600
to 2800 cm™! and region (ii) from 900 to 1000 cm™ ! are

<

2-0-a 3-0-a
4-0-a 4-0-b

Fig. 2 Low-lying isomers of (TiO,),”, n=2-4 clusters identified in
prior work [13, 46, 78]. Atoms in dark gray represent Ti, atoms in red
represent O
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2-1-a [0] 2-1-b [27] 2-1-c [100] 2-1-d [104] 2-2-a [0] 2-2-b [47] 2-2-c [85]

3-1-a [0 3-1-b 471 3-1-c [61] 3-1-d [82] 3-3-a [0] 3.3-b [33] 3.3-c [34]
é

3-2-a [0] 3 2 b [43] 3-2-c [68] 3-2-d [73] 3-3-d 39] 3-3-e [51]
4-1-a 00 4-1-b 2  41-c 11 4-1-d [97] 4-2-a [0 4-2-b [80]
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A \?3 L9, SN 43% \Qf
4-1-h 1133 4-1-i 1361 4-1-j 12200 4-1-k [253] 4-2-f (1141 4-2-g (18]

Fig. 3 wB97X-D/aVDZ minimum-energy structures and relative energies (kJ/mol) of energetically low-lying isomers of doublet
[(Ti0,),(D,0),,1” cluster anions. Atoms in dark gray represent Ti, atoms in red represent O, and atoms in light gray represent H

uniquely associated with O-D stretching and terminal
Ti-O stretching modes, respectively. Region (iii) from
700 to 900 cm™ ! is largely associated with Ti—O-Ti bridge
stretching modes. Ti—O-Ti bridge motion also couples with
Ti—O-D bending and stretching modes, which tend to fall
below 700 cm™ ! in region (iv), along with more delocalized
wagging, bending, rocking, and ring breathing modes. Dixon
and coworkers [61, 63] have also reported harmonic vibra-
tional frequencies and intensities and identified similar char-
acteristic spectral regions for the neutral [(TiO,),(H,0),,]
clusters.

For n=2, 3, the simulated IR spectra of the minimum-
energy structures are in reasonably good agreement with
the experimental spectra; the assignments for the spectra of
the n=4 structures prove more complex. The experimen-
tal IRPD peak positions are listed alongside the calculated

vibrational frequencies of the best-fit cluster structures in
Tables 1, 2 and 3. The wB97X-D/aVDZ frequencies of these
best-fit simulations are generally higher than those observed
experimentally, yielding scaling factors of 0.94-0.95 in
regions (i) and (ii) and a range of 0.95—1.02 in regions (iii)
and (iv). Note that this is in contrast to the BP86/6-311+G*
calculations in our prior work [13], which produced frequen-
cies typically lower than the experimental values. These
results are in reasonable accordance with the literature-rec-
ommended scale factors for these functionals [80].

Most of the IRPD spectra of the tagged clusters stud-
ied here also exhibit a D, stretching feature in the
2900-2950 cm~! range, marked with an asterisk in
Fig. 1. While the D, stretch is IR forbidden in free D,, it
appears weakly here due to polarizing interactions with
[(TiO,),(D,0),,]” and is correspondingly red-shifted from

@ Springer
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[(TiO,),(D,0),]
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-1
wavenumber (cm)

Fig.4 Experimental IRPD spectra (black) of D,-tagged
[(TiO,),(D,0),,]~, simulated unscaled linear IR absorption spectra
plotted with sticks (red) and a 10 cm™! fwhm Gaussian convolution
(blue), and relative energies (kJ/mol) of the predicted lowest-lying
isomers at the @B97X-D/aVDZ level of theory

the fundamental transition at 2994 cm™! [81] in free D,. The
observation of these features provides additional confirma-
tion that the tag molecules are weakly molecularly adsorbed,
rather than (dissociatively) chemisorbed.

We now provide more thorough analyses of the
experimental and theoretical results for each of the
[(TiO,),(D,0),,]” clusters.

4.1 [(TiO,),(D,0),1~

The experimental IRPD spectrum for
[(TiO,),(D,0)]” (Fig. 1) shows a pair of vibrational fea-
tures in the O-D stretching region (i), one strong peak in the
Ti—O stretching region (ii), and four strong features spanning
regions (iii) and (iv). The spectrum simplifies with the addi-
tion of a second D,0, with only one vibrational feature in
region (i) and no features in region (ii).

The global minimum-energy structure of bare (TiO,),,
2-0-a (Fig. 2), has C,, symmetry with the unpaired
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Fig.5 Experimental IRPD spectra (black) of D,-tagged
[(TiO,)4(D,0),,]”, simulated unscaled linear IR absorption spectra
plotted with sticks (red) and a 10 cm™! fwhm Gaussian convolution
(blue), and relative energies (kJ/mol) of the predicted lowest-lying
isomers at the @B97X-D/aVDZ level of theory

electron delocalized over both Ti atoms [46, 78]. Upon dis-
sociative adsorption of one D,0 on 2-0-a, two low energy
structures of C| symmetry, 2-1-a and 2-1-b (Fig. 3), are
obtained. Structure 2-1-b lies 27 kJ/mol higher in energy
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[(TiO,),(D,O)]
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Fig. 6 Experimental IRPD spectra (black) of D,-tagged

[(TiO,)4(D,0)]", simulated unscaled linear IR absorption spectra
plotted with sticks (red) and a 10 cm™! fwhm Gaussian convolution
(blue), and relative energies (kJ/mol) of the predicted lowest-lying
isomers at the @B97X-D/aVDZ level of theory

than 2-1-a, and corresponds to the global minimum-energy
structure reported for the neutral cluster [51, 63]. The sec-
ond water molecule is also predicted to adsorb dissocia-
tively, forming the C;-symmetry 2-2-a structure, with two
terminal O-D groups on each now four-fold coordinated Ti
atom. In 2-2-a, the unpaired electron is localized on one
Ti atom and the two bridging O atoms are shifted towards
the other Ti atom. Structures with 2-2-a connectivity but
higher symmetry are also predicted to be lowest in energy
for the neutral system [50, 51, 54, 55, 61, 63]; Dixon and
coworkers [63] report a C,, structure for the corresponding
neutral cluster only slightly distorted from D,,; symmetry.

[(Tio,),(D,0),]
400 500 600 700 800 900 1000 2700 3000

FE D A
G C B
MMMM
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s |
_._»M x5 ﬂ 4[-8265)

> 4-2-c
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= 4-2-
E A A M | AL [107]
o m ‘“ ¢ m m L 425
X3 [114]

4-2-g

N S MK P W

400 500 600 700 800 900 1000 2700 3000
wavenumber (cm™)

Fig.7 Experimental IRPD spectra (black) of D,-tagged
[(TiO,)4(D,0),]", simulated unscaled linear IR absorption spectra
plotted with sticks (red) and a 10 cm™! fwhm Gaussian convolution
(blue), and relative energies (kJ/mol) of the predicted lowest-lying
isomers at the ®¥B97X-D/aVDZ level of theory

Table 1 Experimental vibrational frequencies (cm™') from the IRPD
spectra of D,-tagged [(TiO,),(D,0),,]” clusters and the correspond-
ing @B97X-D/aVDZ calculated frequencies of the global minimum
structures 2-1-a and 2-2-a

[(TiO,),(D,0)]™ [(TiO,),(D,0),1~
Band Expt. wB97X-D Band Expt. wB97X-D
2-1-a 2-2-a
A 2776 (25) 2930 A 2732 (23) 2894
B 2709 (23) 2882 2893
C 951 (9) 996 2893
D 781 (13) 783 2892
E 723 (10) 728 B 740 27) 740
F 652 (10) 653 C 669 (14) 677
G 629 (9) 629 D 650 (9) 653
H 584 (10) 589 E 590 (20) 602
* 2900 (33) * 2929 (33)

Band positions and full widths at half-maximum (in parentheses) are
determined by a least squares fit of a Gaussian line function to the
experimental data

*D, stretching features
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Table 2 Experimental vibrational frequencies (cm™!) from the IRPD spectra of D,-tagged [(TiO,);(D,0),,]” clusters and the corresponding
wB97X-D/aVDZ calculated frequencies of the global minimum structures 3-1-a, 3-2-a, and 3-3-a

[(TiO,)3(D,0)]™ [(Ti0,)5(D,0),1™ [(TiO,)5(D,0)3]~
Band Expt. wB97X-D 3-1-a Band Expt. wB97X-D 3-2-a Band Expt. wB97X-D 3-3-a
A 2761 (34) 2920 A 2746 (31) 2906 A 2719 (17) 2888
B 2728 (20) 2890 2901 2883
C 955 (11) 1002 B 2719 (17) 2883 2881
D 784 (13) 819 C 2639 (38) 2807 2879
E 748 (21) 768 D 792 (19) 835 2875
F 696 (16) 709 E 771 (12) 800 2865
G 659 (14) 672 F 738 (9) 746 B 855 (17) 902
H 635 (20) 655 G 692 (9) 704 C 844 (10) 885
641 695 D 700 (23) 719
633 685 E 694 (5) 702
I 571 (11) 584 H 645 (10) 654 688
#* 2920 (22) 1 626 (10) 643 684
J 586 (14) 601 F 664 (5) 651
K 561 (14) 582 G 627 (16) 635
* 2928 (38) H 606 (15) 597
1 564 (18) 569
J 546 (11)

Band positions and full widths at half-maximum (in parentheses) are determined by a least squares fit of a Gaussian line function to the experi-
mental data

*D, stretching features

Ialed Dsinenl {0007 (000
from the IRPD spectra of Band Expt. wB97X-D Band Expt. wB97X-D
D,-tagged [(TiO,),(D,0),,1~ P — I —————
cllzlste%f an([i(the é)ot(reszpo)rrunc]ling 4-1-a 4-1-b 4-2-a 4-2-c
;;fqgjeﬁ;i/:gf])jecﬂvcv‘ﬁféy A 2723(30) 2885 2892 A 732(29) 2889 2904
structures 4-1-a, 4-1-b, 4-2-a, 2885 2888 2888 2886
and 4-2-¢ B 977 (11) 1021 1028 2888 2883
C 963 (10) 1016 2881 2873
D 853 (21) 859 854 B 972 (9) 1012
E 805 (42) 853 797 C 849 (93) 865 902
F 776 (12) 795 783 864 880
G 716 (23) 699 D 806 (36) 850 809
H 689 (11) 683 689 E 663 (20) 679 725
I 672 (13) 669 673 699
J 646 (17) 662 638 664 678
K 623 (14) 629 629 648
626 628 F 604(15) 641 620
L 582 (11) 597 624
M 562 (17) 571 614
G 562 (13) 588 580
* 2950 (20)

Band positions and full widths at half-maximum (in parentheses) are determined by a least squares fit of a
Gaussian line function to the experimental data

*D, stretching features
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We assign the experimental [(TiO,),(D,0),,]” vibra-
tional features through comparison with the simulated
IR spectra (Fig. 4; Table 1). The agreement between the
harmonic spectrum of the lowest-energy structure 2-1-a
and the IRPD spectrum of [(Ti0,),(D,0)]" is reasonable,
and better than that for the three higher-lying isomers.
Inclusion of a physisorbed D, tag in the 2-1-a calcula-
tion produces nearly identical results and confirms that
the tag is non-perturbing (Fig. S3). All experimental fea-
tures are reproduced, though there are deviations in the
band positions and relative intensities. Such deviations
are observed throughout Figs. 4, 5, 6 and 7 and we attrib-
ute them to the limitations of the DFT functional used
as well as anharmonic effects. Of the two O-D stretch-
ing modes in region (i), the higher-frequency mode (peak
A) corresponds to motion of the hydroxyl group on the
undercoordinated Ti atom, while the single terminal Ti-O
group gives rise to peak C in region (ii). Peaks D and
E in region (iii) correspond, respectively, to symmetric
and antisymmetric stretching modes of the two Ti—-O-Ti
bridges, while peaks F, G, and H correspond to Ti—-O-D
bending modes.

For [(TiO,),(D,0),]™, the spectrum of 2-2-a is a bet-
ter match for the experimental IRPD spectrum than 2-2-
b or 2-2-c, as it reproduces the main spectral features,
in particular the lack of any absorption in region (ii).
We observe a single sharp feature (peak A) in region
(i), reproduced by four nearly degenerate 2-2-a O-D
stretching modes. In region (iv), peaks C, D, and E are
closely reproduced by DFT and correspond to Ti—-O-D
stretching and bending modes. However, in region (iii),
where the spectrum of 2-2-a shows two distinct Ti—-O-Ti
bridge stretching features at 804 (symmetric stretch) and
740 cm™! (antisymmetric stretch), the experimental spec-
trum shows only a single broad feature (peak B) centered
at 740 cm™ !,

This discrepancy results from significant anharmonicity
of the 804 cm™! Ti—O-Ti bridge stretching mode of 2-2-
a. This mode exhibits a double-well vibrational potential,
similar to that described for V0,5~ and V4O, [82], that
connects two equivalent C;-symmetric local minima via a
C,-symmetric transition state (TS) structure lying 25 kJ/
mol (2100 cm™!) higher. The vibrational displacement
vectors of the mode with imaginary frequency at the C,
geometry are shown in Fig. S4a. This barrier causes inver-
sion splitting of each vibrational level and leads to a signif-
icant red shift of the IR absorption relative to the harmonic
frequency calculated at the minimum-energy geometry.
This likely results in an experimental vibrational feature
that contributes to the broad experimental peak B. Fig.
S4b compares the simulated harmonic IR spectrum at the
2-2-a TS geometry to that of the 2-2-a minima and the
experimental IRPD spectrum.

4.2 [(TiO,)3(D,0),]1”

The IRPD spectrum of D,-tagged [(TiO,);(D,0)]~ shows
two closely spaced O-D features in region (i), one strong
Ti—O feature in region (ii), and intense features in region
(iii) continuing into region (iv) (Fig. 1). With the addition
of a second water molecule in [(TiO,);(D,0),]™ and a third
in [(TiO,);(D,0);]7, the IRPD spectra show the structure in
region (i) merging into a single feature, a complete absence
of features in region (ii), and intense structure in regions
(iii) and (iv) blue-shifting with additional water molecules.

The comparison between experimental and calculated
vibrational structure is reasonably straightforward for all
three [(Ti0,)5(D,0),,]1” structures (Fig. 5; Table 2). In pre-
vious work, we assigned the lowest-energy isomer of the
bare (TiO,);~ cluster to the 3-0-a structure (Fig. 2) [13].
For [(Ti0,);(D,0)]™, the lowest-energy structure 3-1-a cor-
responds to dissociative adsorption of D,0O on 3-0-a, with
two terminal O-D groups on neighboring Ti atoms and one
remaining terminal Ti—O group (Fig. 3). This structure has
also been predicted to be the global minimum for the cor-
responding neutral cluster [53, 63].

The simulated IR spectrum of 3-1-a reproduces all exper-
imental vibrational features reasonably well. The two O-D
stretching modes in region (i) are predicted, as is the sole
terminal Ti—O stretching mode in region (ii). The two strong
peaks D and E in region (iii) correspond to Ti—O-Ti bridge
stretches, while weaker peaks F and G in region (iv) cor-
respond to Ti—O-Ti bridge stretches and Ti—O-D stretches,
respectively. The modes underlying experimental peak H
correspond to delocalized stretching modes involving the
Ti—O-Ti bridges, Ti—-O-D moieties, and the central triply
coordinated O atom.

The [(TiO,);(D,0),]” global minimum-energy structure
3-2-a (Fig. 3) follows directly from addition of a second D,O
on 3-1-a, forming two terminal O-D groups at the previous
site of the terminal Ti—O group, and releasing the strain of
the central triply coordinated O atom. As was also the case
for 3-1-a, the 3-2-a structure is the lowest-energy structure
of the corresponding neutral cluster [54, 63]. Interpretation
of the [(TiO,);(D,0),]~ spectrum proceeds through reason-
able agreement with the 3-2-a spectrum. In region (i), peak
A encompasses stretching motion of the two O-D moieties
on separate Ti atoms, while the lower frequency peaks B and
C correspond to stretching of each of the two O-D groups
that share the remaining Ti atom. In region (iii), overlapping
experimental peaks D and E correspond to Ti—O-Ti bridge
stretching modes, as does the weak peak F in region (iv). A
cluster of delocalized ring stretching modes underlie peak
G, while intense peaks H and I correspond to stretching of
the Ti—O-D moieties that do not share a Ti atom. Weak fea-
tures J and K involve Ti—-O-Ti bridge stretching and Ti-O-D
bending and stretching modes.
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The minimum-energy structure of [(TiO,);(D,0);],
3-3-a, is formed through addition of a third D,O to 3-2-
a, and results in two terminal O-D groups on each of the
three four-fold coordinated Ti centers. The same structure
has been widely predicted for neutral [(TiO,);(H,0);]
[53, 54, 63]. The assignment of the IRPD spectrum of
[(TiO,);(D,0);]" to that of 3-3-a is quite clear, as the simu-
lated spectra of higher-lying candidates lack the character-
istic gap in structure between 700 and 800 cm™~'. Addition-
ally, only the spectrum of 3-3-a has a single sharp feature
in region (i), due to the six quasi-equivalent terminal O-D
groups. The overlapping peaks B/C near the high energy
edge of region (iii) are attributed to the coordinated motion
of all three quasi-equivalent Ti—O-Ti bridges. In region
(iv), peaks D/E correspond to calculated Ti—O-D modes,
while peaks F, G, H, and I correspond to coupled Ti-O-D
stretching and ring breathing as well as a delocalized bridge
stretching mode.

4.3 [(TiO,)4D,0),1”

The IRPD spectrum of D,-tagged [(TiO,),(D,0)]™ shows
a single O-D stretching feature in region (i), two strong
Ti—O stretching features in region (ii), broad structure span-
ning region (iii), and several weaker features in region (iv)
(Fig. 1). With the addition of the second water, the IRPD
spectrum for m =2 shows one O-D feature in region (i), a
single weak Ti—O feature in region (ii), further unresolved
structure spanning region (iii), and more intense, broad
structure in region (iv). The persistent Ti—O features in
region (ii) of these IRPD spectra represent a departure from
the spectra of the n=2,3 clusters, where complete loss of
Ti—O structure with increasing addition of water was a clear
indicator of dissociative adsorption. The analogous D,0O-loss
IRMPD spectra shown in Fig. S2 are also quite distinct from
the IRPD spectra for both n =4 clusters.

The [(Ti0O,)4(D,0),,]1” IRPD spectra are compared to har-
monic IR spectra of low-lying isomers in Figs. 6 and 7, with
frequencies listed in Table 3. For [(TiO,),(D,0)]", the pre-
dicted lowest-energy structure 4-1-a (Fig. 3) is similar to that
found for [(TiO,),(H,0)] [53, 63]. However, the IRPD spec-
trum distinctly shows two Ti—O stretching features in region
(i1), while the spectrum of 4-1-a exhibits only one, due to
the presence of only a single Ti—O moiety. A contribution
from 4-1-b, the next lowest-lying isomer at 42 kJ/mol above
4-1-a, could account for the extra terminal Ti—O stretching
spectral feature. 4-1-b has the same core cluster structure as
4-1-a, but with one terminal and one bridging O-D group;
similar clusters have been considered in the literature as
hydrolysis intermediates [53, 61]. It is also possible that the
bridging O-D structure 4-1-c contributes. Though 4-1-c lies
even higher in energy, at 91 kJ/mol above 4-1-a, it represents
an intermediate structure on the pathway to form 4-1-a after
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initial molecular adsorption of D,O on (TiO,),” and transfer
of one D atom [53, 61]. 4-1-c¢ could therefore be populated
due to kinetic trapping as the result of a high barrier for the
second D atom transfer step required to form 4-1-a.

Experimentally, we observe one region (i) feature. This is
consistent with the potential presence of both 4-1-a and 4-1-
b clusters, which have close-lying O-D stretching modes.
In region (ii), 4-1-b has two Ti—O stretching frequencies
derived from its two remaining terminal Ti—-O moieties
which straddle the single 4-1-a Ti—O stretching frequency.
These three overlapping features could explain the experi-
mental peaks B and C in region (ii). The broad experimental
structure in region (iii) can be ascribed to overlapping 4-1-a
and 4-1-b features corresponding to stretching modes involv-
ing all four nearly equivalent Ti—O-Ti bridges.

For [(TiO,),(D,0),]", 4-2-a is by far the lowest-energy
structure, just as in the neutral cluster [63]. The correspond-
ing IRPD spectrum shows one Ti—O feature in region (ii),
indicating at least some dissociative adsorption of D,O after
the addition of a second water. However, the lowest-lying
4-2-a structure has no remaining Ti—O moieties and thus no
features in region (ii). Structure 4-2-¢, which is calculated to
lie 83 kJ/mol above 4-2-a, is the lowest-lying structure with
a bridging O-D group, and reproduces the Ti—O stretching
peak. Between structures 4-2-a and 4-2-c¢, the IRPD spec-
trum for m=2 can largely be explained. In region (i), we
observe a single experimental feature which is consistent
with the nearly iso-energetic O-D stretching modes of 4-2-
a and 4-2-c. Peak B in region (ii) corresponds to the Ti—O
stretching feature in 4-2-c. In region (iii), Ti—O-Ti bridge
stretching peaks at from both 4-2-a and 4-2-c could underlie
the broad experimental structure. Similar to the situation for
m=1, kinetic trapping of higher energy isomers may not
be negligible following water adsorption and formation of
[(TiO)4(D,0),]".

Ultimately, while we are unable to make definitive spectral
and structural assignments for the [(Ti0,),(D,0),,I” clusters,
it is reasonable to ascribe the observed structure to contri-
butions from several isomers. Experimentally, the presence
of structures with bridging O-D groups suggests that there
may be significant isomerization barriers to form the lowest-
energy n =4 clusters, leading to kinetic trapping of reactive
intermediates. Similar kinetic trapping has also been dis-
cussed in a study of hydrolysis on group VI transition metal
oxide cluster anions [37].

4.4 Structural Trends

The agreement between the simulated IR spectrum for the
global minimum-energy structure and the corresponding
IRPD spectrum is reasonable for each cluster considered
here, though higher-energy isomers must also contribute
to the n=4 IRPD spectra. We confirm that the theoretical
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predictions made by Dixon and coworkers [63] for the
neutral [(Ti0O,),(H,0),,] clusters hold for their deuterated
anionic analogs: dissociative adsorption proceeds sponta-
neously on (TiO,),” for the first two water molecules with
n=2 and for the first three water molecules with n=3.
Our DFT calculations for all n=2—4 anions reproduce the
same minimum-energy structures that Dixon and cowork-
ers found for the neutral clusters [63], with the exception of
[(TiO,),(D,0)]". Taken together, these results indicate that
the excess electron present in the (TiO,),~ clusters does not
drastically affect the structural aspects of water dissocia-
tion. On the other hand, the energetics of water dissocia-
tion on (Ti0,),” are likely to depend on the presence of an
excess charge. Comparing the water-splitting reaction energy
landscapes of (TiO,),”*'~, Du et al. [53] found that the bar-
rier for initial dissociation of molecularly adsorbed water
was lowest in the anion, but that the three charge states had
similar barriers for the subsequent H atom transfer to form
the global minimum energy structures containing terminal
hydroxyl groups.

Using the [(TiO,),(D,0),,]” minimum-energy structures,
we can consider the size-dependent evolution of their geom-
etries, vibrational structure, and reactivity. For all cluster
anions considered here, dissociative adsorption proceeds
preferentially at the undercoordinated Ti sites, and contin-
ues with the addition of subsequent water molecules until
all Ti sites have coordination numbers of four, and all ter-
minal Ti—O moieties have been hydroxylated. The hydroly-
sis limit of each bare (TiO,),” cluster is therefore closely
related to the initial number of unsaturated Ti atoms. The
(TiO,);™ cluster is a special case, as the 3-0-a structure has
one coordinatively unsaturated Ti atom and a triply coordi-
nated central O atom. All Ti atoms in this cluster are already
fourfold coordinated after reaction with one water to form
3-1-a, but it remains favorable for the cluster to go on to
dissociatively adsorb a second and third water molecule in
order to reduce the strain of the central O atom in 3-1-a and
the two Ti—O-Ti bridges that share Ti atoms in 3-2-a [63].

Site-specific reactivity is also closely related to the
localization of the singly occupied molecular orbital
(SOMO) of the doublet electronic ground state for each
anion. Li and Dixon report the SOMOs for the bare
(TiO,),~ clusters with n=2-4 [78], while we plot the
SOMOs for relevant [(Ti0,),(D,0),,]” isomers in Fig.
S5. In the bare clusters, the SOMO is always localized
on the undercoordinated Ti atoms. In all cases, reaction
with the first D,O adds a dangling Ti—O moiety to one
of these undercoordinated reactive sites, increasing its
coordination number to four. 2-1-a, 4-1-a, and 4-1-b have
SOMOs localized to the last remaining undercoordinated
Ti atom, while the 3-1-a SOMO is more delocalized as all
Ti atoms are already fully coordinated. The SOMOs grow
more delocalized with the addition of subsequent water

molecules. This is in good agreement with bulk titania
surface studies, which find that dissociative water adsorp-
tion occurs preferentially at defect sites, and particularly
at oxygen vacancies on undercoordinated Ti atoms [25].
This finding reiterates the validity of these small clusters
as models for reactive point defects.

The trends in vibrational frequencies and intensities
observed as a function of cluster size and increasing water
adsorption are also of interest; the spectral signatures of
water adsorption described here may inform spectroscopic
studies of water dissociation and oxidation intermediates
on bulk TiO, surfaces [83—88]. The clearest indicator of
dissociative water adsorption is the disappearance of struc-
ture in the Ti—O stretching regime from 900 to 1000 cm™!,
as terminal Ti—O moieties react to form Ti—O-D groups
with sequential addition of D,0. These Ti—O-D groups
have low-frequency stretching, bending, and wagging
vibrational modes, leading to increased intense structure
below 700 cm™ ! in region (iv) with the addition of water.
The separation between features in the O-D stretching
region (i) decreases with increasing water adsorption,
while structure in the Ti—O-Ti bridge stretching region
(iii) tends to blue-shift with increasing water adsorption.

Our IRPD results are consistent with prior vibrational
studies of hydrated bulk TiO,. Spectral assignments asso-
ciated with dissociative water adsorption on TiO, surfaces
in the literature have largely been based on O—H stretching
frequencies. Many groups assign vibrational structure in
the 3650-3750 cm™! window to surface-bound hydroxyl
groups [19, 83-87]. Finnie et al. [85] reported two dis-
tinct O—H vibrational features at 3730 and 3670 cm™!
that remained on a TiO, film after dehydration at high
temperatures and assigned them to terminal and bridg-
ing O—H group stretches, respectively. Henderson [19],
on the other hand, studied the vibrational features of a
hydrated TiO, surface with electron energy loss spectros-
copy and saw only one feature in this region at 3690 cm™ .
In this work, we report O-D stretches in a fairly narrow
2709-2776 cm™ ! range, which can be scaled by a factor of
1.36 [40, 89] to yield comparable O—H stretching frequen-
cies in the 36843775 cm™! range, in good agreement with
the bulk surface assignments. In contrast to the previous
study of water adsorption on Al;0,* [40], we see no major
distinction in stretching frequencies between terminal and
bridging hydroxyl groups; compare, for instance, the har-
monic IR spectra of structures 4-1-a and 4-1-b in Fig. 6.
Rather, we find that hydroxyl stretching frequencies are
affected by the extent to which they couple to other modes
as well as the coordination numbers of neighboring Ti
atoms. More bulk spectroscopic work is needed to fully
characterize the vibrational signatures of surface hydroxyl
groups in different bonding motifs and environments.
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5 Summary and Conclusions

We have reported infrared photodissociation spectra of the
cold [(TiO,),(D,0),,]” (n=2-4; m=1-3) clusters messen-
ger-tagged with D,, in the fingerprint (400-1200 cm™') and
O-D stretching (2600-3000 cm™ ) ranges. @B97X-D/aVDZ
calculations allow for structural and spectral assignment of
the n=2,3 clusters with up to two and three adsorbed waters,
respectively. We also comment on the spectra of the n=4
clusters, where there appear to be contributions from both
the lowest-energy calculated structures and, more specula-
tively, from reactive intermediates with bridging hydroxyl
groups.

We find conclusive evidence that all clusters studied
in this work have structures corresponding to dissociative
adsorption of the water molecules on the (TiO,),” core. The
clearest spectral indicator of this process is the disappear-
ance of terminal Ti—O stretching vibrational structure in the
900-1000 cm™ ! region that accompanies water adsorption.
The [(Ti0O,),(D,0),,]” clusters studied here are of consid-
erable interest as model systems for photocatalytic water
splitting on bulk TiO,. The facile dissociative adsorption
of water on undercoordinated Ti atoms illuminates at the
molecular level how hydrolysis reactions may be initiated
at reactive TiO, defect sites.
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