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ABSTRACT: TD-DFT calculations were performed on neutral TinO2n, TixO2s-1, and TinOon-» clusters, where n < 7. Our calculations
show that the Ti,O,, clusters are closed shell systems containing empty d orbitals and that the partially filled d orbitals of the suboxide
clusters have a profound effect on their structural, electronic, and topological properties. The low energy photoexcitations of TinOz,
clusters are all O-2p to Ti-3d transitions, while the open-shell suboxide clusters are all characterized by d-d transitions that occur at
a much smaller optical gap. Upon photoabsorption, the localization of the hole is accompanied by a local bond elongation, i.e., polaron
formation, whereas d-electrons are generally delocalized among the cluster. Several of the compact of the Ti,O2n-2 structures contain
higher symmetry which is reflected in their relative stability in the experimental cluster distribution. In particular, the tetrahedral
symmetry of the optimized ground state structure for Ti4Os inhibits charge carrier localization and therefore contains higher stability.

1. Introduction

Titanium oxides, especially titanium dioxide (TiO; or tita-
nia), are versatile materials which are widely used in industrial
processes given their relative abundance and low toxicity.!?
Bulk titania has garnered significant attention for its role as an
active n-type semiconductor in dye-sensitized solar cells,’® as an
environmental cleaning agent through photoreduction of or-
ganic pollutants,* as a catalyst in water splitting,’ and as a prom-
inent white pigment in industrial products.® Titanium oxides are
the archetypal strongly correlated material, meaning their elec-
tronic properties are strongly connected to the local geometric
structure. Photoexcitation produces an electron and hole pair
(exciton) which is responsible for redox photocatalytic reac-
tions. The charge carriers are often accompanied by lattice vi-
brations that are collectively known as polarons. Polaron for-
mation and related self-trapped exciton formation have a strong
impact on the photoactivity of titania.” Small polaron formation
occurs spontaneously in perfect lattices and is enhanced near
defect sites, which can trap mobile carriers at recombination
centers, decrease their mobility, and affect the overall activity
of the material.””®

The most studied polymorphs of TiO, processes are ana-
tase and rutile, which both have tetragonal crystal structures and
contain Ti* coordinated to six O*" ions.!>! In the bulk, the re-
activity and catalytic properties are driven by changes in the
phase, size, and defect concentration. Despite its wide usage,
the photo-application of TiO, is limited by its large bandgap of
3.0 eV for the rutile structure and 3.2 eV for the anatase struc-
ture.® This high bandgap impedes their use to only a fraction of
the sun’s emission spectrum. In practice, less than 10% of solar
radiation has sufficient energy to participate directly in photo-
catalysis. Defect engineering has been a prominent research fo-
cus for tailoring the electronic, magnetic, optical, mechanical,

and quantum properties, and is crucial for activation of hetero-
geneous photocatalytic processes.>!!

In an effort to utilize more of the sun’s visible spectrum,
increased attention has been invested in the synthesis of titania
materials containing large numbers of defect sites, including
black TiO, and the Magnéli phase.”!''"* The introduction of de-
fects produces structural distortions in the local symmetry of
metal centers, thus influencing both charge transport and re-
combination during the photocatalytic process.>!#2*425 Black
TiO; contains point defects which enable it to absorb a large
section of the visible spectrum enabling an increased photocata-
lytic behavior compared to pristine TiO,.>'7 The point defects
in black TiO, have been shown to produce localized states be-
low the conduction band, valance band upshifts, and both con-
duction band and valance band tails.> Magnéli phase refers to
ordered O deficient TiO, i.e. Ti,02,.1 where n = 4-9, with Ti,O
being the most reduced.''® In contrast to disordered defect
sites, the Magnéli phase is an ordered form of reduced titania
and is characterized by planar defects.”® They are desirable as
they exhibit a high electrical conductivity that is comparable to
carbon.” Both black TiO, and Magnéli phase materials contain
large fractions of O defect sites (and related Ti** sites) which
act as the active sites for catalytic activity?’.

Despite the increased absorption of reduced titania in the
visible region, a precise understanding of the structural and
electronic nature of these catalytically active sites remains elu-
sive. The number and signature of spin active Ti’" sites sur-
rounding O defects are thought to be the dominant contributing
factor underneath the different catalytic performance of reduced
titania.>***® Therefore, a thorough understanding of the effect
of O vacancies on the behavior of excitons, polarons, and free
charge carriers (electrons and holes) in titania is needed. The
localization and stabilization of 3d electron character on re-
duced Ti remains elusive and is critical for understanding the
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role of defects in transport phenomena. Moreover, it is not clear
if the excess electron density fully localizes on a single Ti ion,
or if it is delocalized over several sites.

Gas-phase clusters can be employed as models for the
point defects in bulk systems to reveal how local changes in ge-
ometric structure influences dynamics and charge transport.
The atomic precision of clusters provide specific information
on what factors enable polaron formation which is known to
lower electron transport of TiO, nanotubes, nanofilms, nano-
particles, and bulk materials.”* Our recent work on closed shell
neutral Ti,Oa, clusters revealed the electronic properties of the
S| excited state are correlated with the UV-excited state sub-
picosecond lifetimes.? However, suboxides retain partially
filled d-orbitals, which lead to profound changes in their elec-
tronic and photoabsorption properties. Here, we extend our pre-
vious theoretical approach® to the study of suboxide clusters,
as models for O vacancies, to determine the effect that partially
filled d-orbitals have on the electronic and structural properties
of titanium oxide.

2. Methods

Titanium oxide cluster (TinOz, TixO2n1 and TinO2n2) ge-
ometries were optimized at the density functional theory (DFT)
level within the Gaussian16 software suite® using the CAM-
B3LYP?! potential and 6-311G++ (3d2f, 3p2d) basis set (Figure
1). The excited state properties were calculated within the
Tamm-Dancoff approximation®* to time dependent-DFT (TD-
DFT). Previous research on metal clusters has shown the effi-
cacy of using TD-DFT for predicting optical absorption spectra
of metal clusters.® Although the accuracy of the electronic
properties calculated for the clusters depends strongly on the
choice of basis set, the CAM-B3LYP basis set and TD-DFT

calculations are effective for excited state determination and
charge transfer properties.*** The lowest 100 excited states
were determined using TD-DFT. The difference between the
atomic contributions to the occupied and valence orbitals for
each excited state are used to quantify the ligand-to-metal
charge transfer (LMCT) and metal-to-metal charge transfer
(MMCT) character.

Energetic parameters including vertical values for ioniza-
tion potential (Ip), electron affinity (E,), optical gap (Ogap),
HOMO/LUMO gap, and exciton binding energy (Ex) were cal-
culated using the optimized energy and structure of the Sy (Ta-
ble 1) and S; states (Table S1). The values for Ip and E, were
determined as the difference between the neutral and cation and
anion configurations of the clusters at the ground state geome-
try. Neutral clusters are all singlets, and the cations and anions
are assumed to be in a doublet state. The O, is defined as the
minimum photon absorption energy required to produce an ex-
cited electron hole pair, or exciton. The exciton binding energy
is calculated as

Ey=1Ip—Ey— Ogap. (1)

Topological descriptors for the first excited state were cal-
culated for the Sy and S, geometries and compared against pre-
viously reported information for stoichiometric clusters.*® Be-
cause photoexcitation involves contributions from many occu-
pied and virtual orbitals, it is convenient to represent the loca-
tion of the electron and hole as their charge densities. Therefore,
we employed topological descriptors, such as d., (distance be-
tween centroid of the electron and hole densities),’’® ¢ (degree
of delocalization of the RMS density of the electron and the
hole), and A (percent overlap of the electron and hole wave-
functions) as analytical tools. The centroid of the electron and
the hole is found following
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Figure 1. Optimized ground state structures of TinO2zn.x clusters n=1-7 and x =0-2. The gray and red spheres represent the Ti and O atoms,
respectively. Ti-Ti bonds are drawn if their distance is less than 2.72 A, and bond order is not illustrated.
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X, = [xp,("dr, @
where X. is the centroid position for the x value of the electron,
and p. is the electron density at point r. Similar equations are
used for y and z. The d.x is calculated via

2
don = (@7 + ()" + (@ ®
where dy = |X. - Xi|. The o values for the electron and hole are

o = ]G — R2p()dr, @

where R is the distance from the centroid value for the electron
or hole. Large o values indicate delocalized orbitals.” The A
parameter, which quantifies the degree of overlap between the
wavefunctions is found following

ZO 14 CgVOOV
A ==
ZD,V C(?‘V ’ (5)
where O,, is the overlap between each occupied-virtual pair and
is found following

Oov = [9ollgyldr. (6)

The spatial wavefunction distributions for the occupied
and virtual pairs involved in the excitation are represented by
@ and @y, respectively. O,y is weighted by the contribution co-
efficient for each pair (Cov). The A parameter ranges between 0
and 1 to describe the percent overlap of the wavefunctions.*
Topological parameters for the Sy and S, states are listed Table
S2. The binding energy per O atom is calculated to determine
the relative stability of the clusters as

Ey = —=(Erizo0,, — nEri — (m/2)Eo,)/m. (7)
Table 1: Energetic information for the ground states of the

stoichiometric, missing one O, and missing two O clusters.
All units are in eV.

Ip E. E& HOMO- | Optical

LUMO gap

TiO, 10.02 1.74 543 6.50 2.85

TiO 5.92 232 2.86 4.12 0.74

Tix04 11.05 1.60 5.50 7.75 3.95
Tix03 6.33 2.07 393 4.17 0.33
Ti,0, 5.37 0.79 4.45 4.33 0.13
Ti306 10.33 2.99 3.38 6.49 3.96
Ti305 7.87 1.24 5.28 5.19 1.36
Ti304 6.36 0.93 4.27 4.88 1.16
TisOs 11.29 1.60 5.56 8.02 4.13
Ti,07 7.15 1.82 4.75 4.80 0.58
Ti406 6.90 1.58 4.25 4.48 1.06
TisO10 11.21 2.40 4.79 7.70 4.02
Tis09 8.05 2.26 4.17 5.39 1.62
TisOs 6.03 1.41 4.41 4.09 0.20
TisO12 11.42 243 4.49 7.65 4.50
TigOn 7.53 2.53 3.88 4.65 1.12
TisO10 6.80 1.61 4.16 4.74 1.03
Ti7014 11.23 2.74 4.04 7.88 4.45
Ti;013 7.17 231 3.98 4.60 0.88
Ti;01 6.07 2.34 3.66 4.03 0.08

2 E, is calculated for the first excited state of the So configuration

3. Results and Discussion

Although sub-nanometer clusters form geometric struc-
tures which are far from the crystalline lattice of the bulk, their

electronic structure mimics the band structure of bulk materials,
except that their atomic orbitals form discrete energy levels in-
stead of continuum bands. Formally, each O atom removes two
electrons from the d-orbitals of the Ti atoms resulting in closed
electronic shells. For example, the Ti,0», clusters contain no d
electrons, making the HOMO composed of O-2p orbitals and
the LUMO is composed of Ti-3d orbitals, mimicking the va-
lence and conduction bands of the bulk band structure. Instead
of octahedral metal centers, the Ti atoms in sub-nanometer tita-
nium oxide clusters are typically tetra-coordinated, and the O
atoms serve as bridging atoms. Our Ti,O,, structures are in
agreement with previously determined structures using numer-
ous computational methods.***¢ Each stoichiometric cluster,
Ti,02n, contains two dangling O atoms. They are closed shell
species, where all of the Ti-d electrons are transferred to the O
atoms, and therefore serve as models for the electronic structure
of defect-free bulk titania. Similarly, suboxide clusters act as
models for the distortions caused by O vacancies in TiO, mate-
rials. Far less work has been performed on the suboxide clus-
ters.*’ Our clusters show the suboxide clusters contain a similar
cage structure as the stoichiometric series, except are missing
either one or both terminal O. However, the formation of defect
sites is accompanied by a local distortion as well as an overall
compression of the cluster. The optimized ground state struc-
tures illustrate the location and geometric compression of atoms
shifting away from the O vacancy. The exception to this trend
is Ti4Os, where substantial rearrangement occurs leading to a
more stable tetrahedral geometry. The C; symmetry group of
odd-numbered Ti,O2, clusters ensures that the two terminal O
are not equivalent, and the O with the weaker bond is absent in
the T120x.1 series. For example, for TisOo, removal of one ter-
minal O atom results in an isomer that is 1.25 eV higher in en-
ergy than removal of the other. In the Ti,Oan-» series, both ter-
minal O atoms are absent resulting in all remaining O atoms
being bridged between two Ti atoms. The variation in local
cluster geometries provides a variety of configurations that
mimic the active sites of bulk surfaces and can be employed to
understand which factors drive polaron formation and related
charge carrier localization.

Structure and Stability. Neutral clusters were produced
by the ablation of a Ti rod using the second harmonic of a
Nd:YAG laser while synchronized to a pulsed beam of 1% O,
seeded in He. The neutral cluster distribution was measured us-
ing a home-built Wiley-McLaren*® type time-of-flight mass
spectrometer coupled to a femtosecond laser for ionization. De-
tailed information on the experimental setup was previously de-
scribed.* The static mass spectrum was published previously®
and reveals the presence of neutral clusters containing several
stoichiometries, with the Ti,O,.. series generally being the
most prominent. The Ti,O., series are the least intense cluster
series in the distribution obtained through femtosecond ioniza-
tion of neutral clusters produced via laser ablation. This is in
agreement with both our E;, calculation as well as previous re-
sults where VUV light was employed for ionization.™® The rel-
ative signal intensities of the clusters (Figure 2) in the experi-
mental mass spectrum also show several outliers that have in-
creased signal relative to their neighboring peaks and suggest
they contain an enhanced stability. Specifically, Ti,O,, Ti4Os,
and TisO) exhibit increased experimental signal relative to the
other clusters in the Ti,Ozn,-2 series as well as their Ti,0,, and
TixO2n-1 counterparts. Our calculations reveal that the symmetry
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groups OfTizOz (DZh), Ti406 (Td), and T15010 (Cz) are hlgher than
the Cs of the other TiyOan» clusters. This high symmetry ac-
counts for their increased signal intensity in the mass spectrum.
All clusters in the TinOan.1 series, except TigO1; (Ci symmetry
group), contain a mirror plane on the cluster through the termi-
nal O and bisecting two Ti atoms nearest the O vacancy that are
connected by a covalent bond. They also contain only tetra-co-
ordinated Ti atoms with Ti-Ti bonds arising to stabilize the d
electrons.

In bulk, the average Ti-O bond length is 1.95 A.!° The stoi-
chiometric clusters offer similar bond lengths, with an average
of 1.9 A for bridging O atoms. However, the terminal O bonds
are 1.6 A, suggesting the presence of double bonds.>! In O de-
ficient clusters, the bridging Ti-O bonds are compressed, espe-
cially near the reduced Ti atom. Although the average metal-to-
metal distance in stoichiometric clusters is > 2.8 A, the dis-
tances decrease with removal of O atoms.* For example, in the
Ti407 cluster, the Ti-O bonds near the oxygen vacancy com-
press by ~ 0.05A while the Ti-Ti distance compresses by 0.28A
and causes the Ti-O-Ti angle to go from 102.5° in the stoichio-
metric cluster to 90.4°. We utilized the covalent radius of Ti
atoms (1.36 A) to assign the formation of Ti-Ti bonds when
their distance is < 2.72 A.>* The suboxide clusters commonly
form a Ti-Ti bond on the reduced Ti atom next to the O vacancy,
demonstrating shared d electrons.
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Figure 2. Normalized intensity of the static mass spectra peaks
of the Ti,Ox clusters generated via laser ablation.

The E, increases with O vacancy and size for each of the
cluster series and converges around 7.5 eV (Figure 4). Of par-
ticular note, Ti4Os has the highest E, of all clusters examined,
aligning with its prominence in the experimental cluster distri-
bution. Our calculated binding energies vary from previous re-
sults*’ given our variation in cluster geometry. Our calculations
suggest that the Ti,0x,.2 clusters are the most stable, yet experi-
mentally the Ti,0;,. series is comparable in intensity.

Electronic Properties. The density of states (DOS) acces-
sible within the visible spectrum increases with d electrons. In
general, with increased number of O wvacancies, the Ibp,
HOMO/LUMO gap, and Oy, decrease by several eV. The E, is
smallest for the Ti,Onn-» series and the largest E, varies between

Ti,02, and Ti,O;n.; clusters. The E, calculated for several clus-
ters are in general agreement with experimental measure-
ments.** Experimental I values are not available for compari-
son, but our values align with prior literature calculations,®
showing the stoichiometric clusters have large (> 10.0 eV) val-
ues. Ip values have not been previously reported either experi-
mentally or computationally for sub-stoichiometric Ti,Ozn
clusters. Our results show suboxides have lower Ey for the S,
geometry than Ti,0,, clusters with the exception of Ti;0; clus-
ter series. The decrease in Ey suggests a destabilization of elec-
tron hole pairs with O deficiencies. The E, is anomalously low
in Ti30s, and the charge carriers separate to opposite ends of the
cluster.
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Figure 3. Binding energy per O atom for Ti,02n.« clusters.

The HOMO-LUMO gap decreases by multiple eV upon
the absence of an O atom. Disordered bulk TiO; has shown both
conduction band and valence band shifts resulting from O va-
cancies.? Increased O vacancies shift both the occupied and un-
occupied orbitals towards the Fermi level (Figure 4). The in-
crease in energies leaves fewer orbitals below the Fermi level
and the orbitals become closer in energy in the conduction band.
However, the dominant effect of O vacancies in these clusters
is an upshift in the valence states leading to a smaller HOMO-
LUMO gap compared to stoichiometric clusters. The reduction
in bandgap and O, occurs for all suboxide clusters and is con-
sistent with changes in reduced bulk.> These results show that
HOMO-LUMO gap can be tuned by changing the size and
structures of clusters, providing a way to further tune their elec-
tronic and optical characteristics.
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Figure 4. High lying occupied orbitals and low-lying unoccupied
orbitals of Ti30a4, Ti30s, and Ti30¢ in relation to the Fermi level.
The blue line represents the HOMO for each cluster.

A quantum confinement effect is calculated in clusters
where the Og, of the stoichiometric clusters is near 4.0 eV
which is slightly larger than that of bulk anatase (3.2 eV). In
contrast, suboxide clusters exhibit a much smaller Og,, of < 1
eV due to the partially filled d orbitals, and therefore contain a
continuum of states that are accessible within the visible region.
The O, is nearly uniform for a given cluster series (Table 1)
and is significantly smaller than the HOMO/LUMO gap as the
excited state is a combination of molecular orbitals that incor-
porates the attraction between the charge carriers. In the bulk
phase, O vacancies act as F-centers creating mid-gap states be-
low the conduction band. At the vacancies, the material is able
to absorb visible light, but the electron is trapped at the vacancy
site. Similarly, in the clusters, the excess electron density leads
to many more states below the traditional bulk bandgap. The O
vacancies act as trapping sites for the low-lying excited states
which cannot participate in conduction and charge transport.
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Figure 5. Energy required to access at least 50% LMCT. For the
TinOyy series, the energy of the S; state is plotted. The energy of
cluster TiO1; represents the energy of the 100" excited state as it
never had significant LMCT.
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Excited State Topology. The subtle balance between on-
site electrostatic potential and the electrostatic coupling be-
tween electron and hole drives the charge carrier localization
and charge transport. Insight into the nature of the excited states
that are accessed by visible light absorption and the degree to
which different sites allow stabilization of the excited electron
and hole components by structural deformation were found
through topological parameters of the Sy and S; states. The pres-
ence of the O vacancy causes the cluster to compress to stabilize
the 3d electron density. The trends in the S; cluster geometries
uncover a reversal upon photoexcitation, where the cluster
stretches to stabilize the hole (Figures S1 and S2). The stoichi-
ometric clusters exhibit an elongation of terminal Ti-O bonds
upon photoexcitation which localizes the hole. In contrast, the
lack of involvement of the terminal Ti-O bonds of the suboxides
leads to a Jahn-Teller (JT) elongation of the bridging Ti-O
bonds and related breaking of Ti-Ti bonds. Thus, in suboxides,
the Ti-Ti bonds lengthen upon adiabatic relaxation to the S,
structure in concert with polaron formation.

Depending on the localization of the excess electron den-
sity, the low energy excitations (band gap states) show different
behaviors. Subtle changes in the local environment of each clus-
ter affects the charge carrier distributions and related polaron-
like formation. The open-shell nature of the suboxide clusters
exhibit different properties for the S; states than the closed shell
stoichiometric clusters. Both the A and d., values calculated for
stoichiometric clusters are small (Table S2), revealing a highly
ionic character where charges localize on neighboring atoms
without overlapping. The Ti,O:, clusters are void of d electrons
and the excited states are strictly LMCT in character between
the O-2p and Ti-3d orbitals. However, the partially filled d-or-
bitals of the suboxides profoundly affect the photoexcitation en-
ergies and properties by enabling a large density of d-d transi-
tions at low energy. The larger A values calculated for the sub-
oxides demonstrate that the photoexcitation mechanism transi-
tions from an ionic LMCT character transition for Ti,O», clus-
ters (A < 0.3) to a covalent MMCT character transition for the
sub-stoichiometric series (A ~ 0.5). In many suboxides, the hole
and the electron co-exist on the Ti*" atom. Although the Oy is
much smaller in suboxides, the energy required to access a
LMCT in the suboxide clusters increases compared to the
closed shell clusters (Figure 5). The lack of symmetry of the
TisO1; cluster causes it to not show > 50% LMCT in the first
100 excited states and until > 6 eV.

Bulk titania exhibits a sub-nanometer exciton binding ra-
dius®?® that is consistent with the small de, we calculated for
the clusters. In all clusters, d., remains small after adiabatic re-
laxation (less than half the cluster diameter), indicating a strong
Ex (Table S2). The dex for most suboxide clusters are substan-
tially smaller than their stoichiometric counterparts (Figure 6).
In particular, the d., values for many suboxide clusters are < 1.0
A, aligning with a high E,. The relative delocalization of the
electron and hole following adiabatic relaxation is larger than
the stoichiometric counterparts.
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Figure 6. Distance between the hole and electron in the S; geome-
tries.

In the Ti,Oun clusters, the hole is typically contained pri-
marily to the terminal O atoms, but photoexcitation in the sub-
oxide clusters generally does not involve any O atoms. In sub-
oxides, the partially filled 3d orbitals participate in photoexci-
tation, leaving behind a hole that adopts their characteristics and
is therefore localized on the tri-coordinated Ti*' sites, which is
typically adjacent the O vacancy site in TiyO.1, and furthest
from the Ti-Ti bond formed within Ti,Oz. clusters. The re-
duced Ti*" sites corresponding to O vacancies are precursors for
polaron formation. These suboxide clusters show hole-polaron
formation across one or two Ti atoms depending on cluster sym-
metry. In contrast, the excited d-electron density of suboxides
is typically delocalized across many, if not all, of the Ti atoms
in the system. Interestingly, this behavior is starkly different
than both the stoichiometric clusters® and extended surfaces,’’
where excess electrons are typically pinned to one Ti*" site.
Thus, tightly bound excitons only appear in the Ti,O», clusters.
However, both charge carriers contain a large section of over-
lapping density in suboxides clusters, reflecting the high E,.

Our calculations reveal that clusters with stronger hole lo-
calization generally exhibit smaller Ogap, Which is similar to the
shallower gap state found in bulk states upon localization. For
example, the Ogy for TisOs is 0.2 eV (on = 2.51A%), and for
TisO is 0.58 eV (o = 3.50A%). It is clear that the geometric
configurations surrounding the O-vacancy generally facilitates
hole-polaron formation upon low energy excitations. In con-
trast, the electron trap sites arise from undercoordinated Ti at-
oms that appear in closed shell clusters, such as in TisO;o and
Ti30¢. The electron density shows a preference for tri-coordi-
nated Ti sites but does not localize in any of the suboxides under
low energy excitation. Therefore, hole trapping is more com-
mon than electron trapping and aligns with the mobilities

suggested for bulk titania, where the electrons behave according
to the band model and holes migrate through a hopping mecha-
nism.

The charge distributions for the Sy and S, structures of the
Ti4Ox and TisOx clusters serve as examples to highlight the ex-
treme variation in excited state character that occurs within sub-
nanometer titanium oxide clusters (Figure 7). Similar analysis
for the remaining clusters is presented in the SI (Figures S1 and
S2). Upon S; adiabatic relaxation, both Ti40s and TisO1o exhibit
exciton formation, whereas the suboxides demonstrate electron
density delocalization. Ti4Os excitation involves all O atoms,
but only the Ti furthest from the terminal O groups. The strong
Ex brings the charge carriers together to form a 2-center hole
polaron and exciton pair. The partially filled d orbitals of Ti;O;
cluster exhibits a highly localized hole, centered on the Ti*" site
adjacent the O vacancy and a delocalized electron, spread over
the remaining Ti atoms. However, there is a preference for both
the electron and hole to localize on the tri-coordinated Ti in
Ti40;. This strongly localized hole density that overlaps the
dominant portion of electron density is also found in many other
suboxides and is expected to inhibit the formation of long-lived
excited states by facilitating for the photogenerated charge car-
rier recombination and ultimately reduce catalytic performance.
The Ty symmetry of the Ti4Os cluster enables is a unique phe-
nomenon in the suboxide clusters, where both the hole and elec-
tron are equally distributed across all Ti atoms, leading to an
anomalously large . and .

Each of the Ti4sOx clusters exhibit a different symmetry
group and demonstrate unique charge carrier behavior upon
photoexcitation. In contrast, the TisOx clusters all belong to the
same symmetry group and yet reveal a similar range of effects
(Figure 7b). The closed shell TisOi cluster contains a unique
tri-coordinated Ti that serves as an electron localization site.
Similar to TisOs, the hole distributes on the neighboring O at-
oms in an exciton pair. However, in TisOo, both the hole and the
electron are delocalized away from the terminal O. The hole is
evenly distributed amongst the two Ti atoms covalently bound
together, and very little change in the charge distribution occurs
upon adiabatic relaxation. The TisOs cluster contains a pseudo-
planar tri-coordinated Ti** site which acts as a trap site for both
the electron and the hole upon photoexcitation. The absence of
a nearby Ti atom inhibits Ti-Ti bond formation and instead
leaves the Ti** containing excess electron density. The TisOs
cluster exhibits one of the most delocalized electron densities
but, unlike Ti4O, it also contains a highly localized hole. This
variation and range in topological properties demonstrates that
neither symmetry nor oxygen content are the dominant factor in
charge localization, but it is instead determined by subtle
changes to the local bonding configurations within the clusters.
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Figure 7. TDA-CAM-B3LYP transition densities for the Sy (left) and S; (right) states of the a) Ti4Og, Ti407, and Ti4Os and b) TisO1o, Ti50o,
and TisOg clusters at an isodensity of 0.002/A3. Electron density is green, the hole is blue, Ti atoms are gray, and O atoms are red.

4 Conclusions

A description of excited states of neutral, sub-nanometer
TinO2, TinOon-1, and TinOono clusters is presented using TD-
DFT calculations. The O deficient clusters commonly contain
covalent Ti-Ti bonds to stabilize the 3d electron density that is
not found in the stoichiometric clusters. Both Ti,O, and Ti4sOs
form higher symmetry geometries which distributes the charge
carriers making for stable geometries that accounts for their rel-
atively intense signals in experimental cluster distributions. Our
calculations reveal that the introduction of O vacancies in sub-
nanometer titania improves visible-light absorption and is ac-
companied by partially filled d-orbitals that influence the ex-
cited state properties of the clusters. In suboxide clusters, the
low-lying excited states are metal-to-metal charge transfer in
contrast to the stoichiometric clusters which exhibit ligand-to-
metal charge transfer. The localization of d-electrons on Ti sites
generally produces a compression of nearby bonds, whereas the
localization of the hole density leads to local bond elongation.
Although the d-electrons tend to localize in the vicinity of the
O defect, they often occupy multiple Ti sites. The electron does
not localize on a single Ti site unless bound to a hole in an ex-
citon pair. The reduced Ti*" atom(s) act as exciton trapping sites
in these sub-nanometer materials, analogous to the electron
trapping in undercoordinated Ti** cation centers that accom-
pany O defect sites in bulk and surface sites. Our results demon-
strate that these suboxide clusters capture the important features
of oxygen vacancy sites in bulk TiO,. Further, the variation in
local bonding environment and relative charge density distribu-
tions of these sub-nanometer clusters highlight structural pat-
terns that can be applied for designing new materials containing
long-lived excited states and low absorption energy.

SUPPORTING INFORMATION

Energetic and topological properties calculated at both the ground
and excited state, including coordinates for the optimized S and S;
cluster geometries. Table S1 shows the ionization potentials, elec-
tron affinities, optical gaps. Table S2 reports the topological de-
scriptors (A, d, o). Figure S1 and S2 show the structures for the
Ti,O2n-1, and TiyOan-; clusters respectively. The material is free of
charge via the Internet at http://pubs.acs.org.
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