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Neutral titanium oxide clusters of up to 1 nm in diameter (TiO:),, with n < 10, are produced in a laser vaporization source and
subsequently ionized by a sequence of femtosecond laser pulses. Using 400 nm pump, 800 nm probe lasers, the excited state lifetimes
of neutral (TiO,)n clusters are measured. All clusters exhibit a rapid relaxation lifetime of ~30 fs, followed by a sub-picosecond
lifetime that we attribute to carrier recombination. The excited state lifetimes oscillate with size, with even numbered clusters pos-
sessing longer lifetimes. Density functional theory calculations show the excited state lifetimes are correlated with electron-hole pair
localization or polaron-like formation in the excited states of neutral clusters. Thus, structural rigidity is suggested as a feature for

extending excited state lifetimes in titania materials.

Titania (TiO;) is widely used due to its abundance, stability,
low-cost and nontoxicity. It is also biologically compatible and
chemically inert. These properties make it favorable for appli-
cations such as water splitting,' dye-sensitized solar cells,**
white pigments,’ environmental degradation of organic pollu-
tants,® and heterogeneous photocatalysis.” TiO, is the archetypal
photocatalytic material and serves as a model system for funda-
mental studies on the relationship between nuclear dynamics
and the generation, transport, and trapping of charge carriers
(electrons and holes) following photoexcitation. Absorption of
a photon with energy exceeding the optical gap results in exci-
ton formation, or bound electron-hole pair. Excitons can radia-
tively recombine or return to the ground state via nonradiative
routes such as internal conversion, where excess energy dissi-
pates as phonons or vibrations. The formation of photogener-
ated electrons and holes in titania is accompanied by lattice vi-
brations (phonons) that are quasiparticles collectively known as
polarons. Small polaron formation occurs spontaneously in per-
fect lattices and acts to trap mobile carriers at recombination
centers, decreasing their mobility® and affecting photoconver-
sion yields.’ Polaron formation ultimately impacts excited state
dynamics, yet its detailed influence over lifetimes is not re-
solved.

Among the most important aspects of catalytic efficiency is
the production of a photoexcited state with sufficient lifetime to
enable chemical transformation. Ultrafast recombination of
electrons and holes is the major efficiency loss mechanism and
depends on strong electronic and electron-lattice correlations.
Despite identical chemical compositions, the common poly-
morphs of bulk TiO, (rutile, anatase and brookite) exhibit dif-
ferent photocatalytic activities,'®'* highlighting the critical role
of local structure on the flow of energy. Polaron formation is
favorable in the rutile phase, with carrier recombination two or-
ders of magnitude faster than the anatase phase, where polaron
formation is unfavorable and electrons remain delocalized.'>'*

Polarons formation in nanomaterials can accelerate elec-
tron/hole recombination through exciton self-trapping. Quan-
tum confinement effects have not been observed in titania na-
noparticles' as the sub-nanometer exciton binding radius'®!” is
smaller than the particle. The small exciton binding radius in
titania makes sub-nanometer clusters the ideal venue for identi-
fying the structural factors that govern carrier dynamics, elec-
tron-hole recombination mechanisms and related excited state
lifetimes. Despite extensive research on TiO, nanoparticles, the
excited state lifetimes at the ultimate size limit (clusters) have
not yet been measured. Here, we utilize fs pump-probe spec-
troscopy to measure the excited state lifetimes of sub-nanome-
ter titania clusters and apply computational studies to relate the
dynamics to electron-hole separation and recombination.

Experimental lifetimes were measured using a home-built
Wiley-McLaren'® type time-of-flight mass spectrometer (TOF-
MS) that was previously described.!® A sub-35 fs Ti:Sapphire
laser pulse was synchronized to the cluster beam to ionize the
neutral clusters for detection. Mass spectra were recorded using
400 nm pump and 800 nm probe pulses with intensities of 9.9 x
10" and 3.1 x 10" W/cm?, respectively. At temporal overlap,
the largest ion signals were recorded from the neutral cluster
distribution (Figure 1), consisting of both stoichiometric (TiO5),
and suboxide clusters. Transient signals were fit using two ex-
ponential decay functions convoluted with a Gaussian function
described elsewhere.!*?® All clusters contain a fast (~35 fs) and
a sub-picosecond relaxation component (Figure 2). The fast
lifetime is attributed to an increase in signal that occurs through
non-resonant excitation/ionization. As the laser pulses separate
in time, the remaining ion signal is proportional to the neutral
cluster’s intermediate excited state population. The sub-pico-
second excited state lifetime (t) is attributed to rapid internal
conversion returning to the Sy state. The signal returns to base-
line for all clusters, suggesting that carrier recombination is ef-
ficient for these sub-nm materials. The measured excited state



lifetimes oscillate with addition of TiO; units for cluster sizes
from n = 1-7, with larger lifetimes observed for even-numbered
clusters. Lifetimes gradually increase with size from 256 fs for
n =1 to ~550 fs for n > 6. Differences in excited state lifetimes
are attributed to small changes in the local environment of each
cluster that affect polaron formation.
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Figure 1. The mass spectrum of ionized neutral Ti,On clusters at
the temporal overlap of the 400 nm (pump) and 800 nm (probe)
laser pulses.

Neutral (TiO,), cluster geometries were optimized at the DFT
level within the Gaussian16 software suite?’ using the CAM-
B3LYP? potential and standard 6-311G-++ (3d2f, 3p2d) basis
set. All clusters contain two terminal O atoms bound to a tetra-
hedral Ti atom, in agreement with literature assignments for the
global minimum structures of (Ti0,),.>*7* The stable confor-
mations of clusters n >4 possess all tetra-coordinated Ti atoms.
Odd numbered clusters adopt Cs symmetry and even clusters
adopt Cy or Cyn symmetry. Stoichiometric (TiO»), are charac-
terized as closed shell systems, where each O atom withdrawals
two d-electrons from the Ti atoms, leaving the cluster void of
d-electrons. Photoexcitation moves an electron from the occu-
pied O 2p orbitals back to the unoccupied Ti 3d orbitals, analo-
gous to the band structure of bulk TiO». The cluster’s ionization
potentials (IPs) and optical gaps have not been experimentally
measured but are calculated to be ~10.0 = 0.5 eV** and ~4.5
eV, respectively (SI Table S1). Our results are consistent with
photoexcitation by two pump photons (6.3 eV). The probe beam
is maintained at threshold intensities to ensure the excess energy
in the cations is less than a single probe photon (1.55 eV) and
below the cation fragmentation energy.**!

Excited state lifetimes are governed by electron-hole interac-
tions, the magnitude of the transition energy, and nuclear mo-
tion. Time-dependent density functional theory (TD-DFT) cal-
culations were performed to explore the excited states at the
ground state (So) and adiabatically optimized excited state ge-
ometry (S;). For simplicity, we limit our analysis to the S; state
as a general description of photoexcitation. The S, state is the
final state along the relaxation pathway and contains the biggest
energy gap, suggesting it is the rate limiting step in relaxation.
The large density of states and vibrational modes enables rapid

internal conversion to the S; state in accordance with Kasha’s
32
rule.
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Figure 2. The transient spectra of the (TiO2)x series as the in-
tensity changes with probe delay. The total fit and long-lived
lifetimes of each cluster is shown forn=1-9.

To interpret the role of the electron-hole interactions on ex-
cited state lifetimes, several topological descriptors were calcu-
lated at both vertical excitation (So) and upon adiabatic relaxa-
tion to the S; minimum energy (SI Table S2). Photoexcitation
involves several molecular orbitals, making transition densities
(Figure 3) an efficient representation of the location and distri-
bution of holes and electrons. The A index quantifies the
charge-transfer character of excited states as the spatial overlap
of electron and hole wavefunctions,** and ranges between 0
and 1 to describe wavefunctions that share no common space or
complete overlap, respectively. Low A values suggest that the



exciton obtains a strong charge transfer character upon excita-
tion and further increases on the S; landscape. The distance be-
tween electron and hole density centroids (d) is a complemen-
tary approach to measuring the charge-transfer length.*® Alt-
hough A and d are traditionally thought to relate to recombina-
tion lifetimes, neither parameter reconciles with the

S, S,
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experimental lifetimes. Both values are small (Table 1), reveal-
ing that charges often localize on neighboring atoms without
overlapping, thus demonstrating a large ionic character. These
parameters are not reliable for such ionic systems and are poor
predictors of excited state lifetimes for (TiO,), clusters.
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Figure 3. TD-CAM-B3LYP Sy and S, transition densities for (TiO2)n, (n = 1-9), presented at an isodensity of 0.002 / A>. Electrons are shown
in green, the hole is shown in blue, titanium atoms are white, and oxygen are red.

Upon photoexcitation, subtle changes in both the local geom-
etry and electronic structure enable carrier localization and po-
laron formation which accounts for the measured lifetime oscil-
lation. Theory shows the electronic structures of (TiO»), clusters
exhibit an even/odd oscillation with additional TiO, units.>*>*
Even clusters have larger IPs, optical excitation energies (SI,
Figure S1), and exciton binding energies (Ey) (SI, Figure S2).
Larger energy spacings are indicative of more stable and rigid
structures. The localization of each charge carrier is quantified
by the total-root-mean-square density (c. and on). The charge
carriers are all delocalized upon vertical excitation, but in all
cases, they separate (increasing d) and localize (decreasing o)
on the S, potential (SI Table 2). The experimental lifetime
measurements, calculated topological parameters, and Ex are
presented in Table 1. During adiabatic relaxation, both charge
carriers show preference to localize on the least coordinated at-
oms. The under-coordinated Ti atom, typically found in the cen-
ter of the cluster adjacent to a highly coordinated O atom, serves
as the localization center for the electron density. If the hole

overcomes the exciton binding energy, it migrates to a terminal
O atom.

Structural rearrangement accompanies charge localization as
the clusters relax through a Jahn-Teller (J-T) type distortion on
Si, similar to polaron formation in bulk structures. Due to the
tetrahedral coordination of the Ti atoms, this results in a Ti-O
bond elongation (Arri.o), which is more pronounced in even
numbered clusters (SI, Figure S3). Although polarons are a bulk
concept, the language is appropriate even for molecular-scale
clusters due to the local structure deformation and localization
of charge carriers. The polaron couples to the vibrational mo-
tion of the cluster and enables rapid depopulation by a radia-
tionless transition through a conical intersection on the femto-
second timescale. In particular, the dangling O atoms are known
to facilitate internal conversion.*®

Variation in clusters provides a range of geometric configu-
ration that mimic the active sites of bulk surfaces and can be
utilized to understand the coupling between polaron formation
and related lifetime changes. The formation of localized charge
carriers and Coulomb attraction between the electron and hole



drives relaxation. In general, the odd numbered clusters are
more planar in nature and exhibit shorter lifetimes than the even
clusters. The higher symmetry and rigidity of even numbered
clusters presents a more delocalized energy landscape where the
Sy transition density is distributed across all atomic centers, ex-
cept those directly bound to the terminal O. Upon relaxation,
the even numbered clusters show larger ¢ values that inhibits
nonradiative decay pathways leading to longer lifetimes (Figure
4).

Table 1. Experimental excited state lifetimes (t) and calculated
properties for (TiO,), clusters.”

(TiOn 1 (fs) A dA) Zgg) ;Ee’;) ;ECRV)
i 25616 026 173 331 533 0.1l
2 36456 022 289 354 549  0.89
3 281+66 014 416 283 269 129
4 669227 025 245 320 387 099
5 494+102 024 181 311 375 086
6 S67+160 030 240 395 430  1.00
7 568167 025 390 440 408  1.00
8 491+104 030 182 428 459 084
9 598+ 164 035 250 431 389 110

2The topological descriptors for describing the character of the ex-
cited state: charge transfer character (A), distance between electron
and hole density (d), average root mean standard deviation of the
electron and hole (o.y), and Ex and Eg. All presented values are for
the S state. The relaxation energy (Er) is the difference in energy
between the optimized geometries at the Sp and S, states.

The smallest three clusters are planar, feature under-coordi-
nated Ti atoms, and exhibit the shortest lifetimes. TiO, and
(TiOy), are too small to enable carrier separation and therefore
have large Ex. Following excitation, (TiO,), adopts a more pla-
nar geometry as the hole localizes on a terminal O atom. (TiO,)3
is unique in that it contains a three-fold coordinated Ti and O.
The electron density moves onto the 3d orbital of the under-co-
ordinated Ti atom and the hole localizes on the opposite side of
the cluster. (Ti0;); has the smallest S; energy gap, and the larg-
est Er which are strong drivers for recombination.

An increase in lifetime occurs as the clusters move to a 3D
structure and feature Ti atoms that are all tetracoordinated. Both
(TiOz)s and (Ti0,)s structures contain a tetra-coordinated O
atom with ionic character which provides rigidity.** Upon adia-
batic relaxation, the electron of (TiO,)s localizes on one Ti, but
the hole behaves as a multi-site polaron distributed about two O
atoms causing a large local bond elongation (0.30 A). On the S
landscape of (Ti0,)s, the electron resides on the Ti furthest from
the terminal O, the hole arises from the three adjacent O atoms,
while the majority of the cluster is inactive. Upon adiabatic re-
laxation on S;, the hole localizes to one O forming an exciton
pair that reduces the excited state lifetime.
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Figure 4. Comparative plots showing the a) experimental lifetime
and b) TD-DFT averaged electron and hole distributions of (TiO,),
clusters on the excited state.

As the cluster size increases above (TiO»)s, the oscillation is
less apparent, and lifetimes approach a similar value. (TiO:)s
exhibits a low number of vibrational bands,* highlighting a
rigid structure that contains a tetra-coordinated O in its center.
Similar to (TiO,)s, (TiO,)s does not exhibit electron localiza-
tion, thus prolonging its lifetime. Despite having a collection of
hole and electron on adjacent atoms following relaxation, the
distortion in both clusters occurs primarily through elongation
of one Ti-O bond, while the remaining cluster is rigid.

Both (TiO»)s and (TiO,)s exhibit relatively low Eg, resulting
in a strong localization of both carriers into a bound exciton
(Ti**-O") pair, which facilitates internal conversion. The centro-
symmetric S state of (TiO,)s contains delocalized charge carri-
ers spread over the entire cluster. (TiO)s has the largest Ecx,
where the S; structure migrates the electron and hole to adjacent
atoms in the middle of the cluster (d = 1.82 A) and contains a
large A (0.30), supporting a shortened lifetime (491 fs). Both of
these clusters have a ‘‘glassy’” energy landscape and exhibit a
large number of low-energy isomers.” Their flexible structures
enable charge localization and rapid relaxation.

In (TiO,); and (TiO,)s, the hole migrates to a trapped site,
leaving a delocalized electron in the core of the cluster due to a
small E. In (TiO,);, both charge carriers are delocalized, but
on opposite ends of the cluster. The S, relaxation mechanism is
similar to (Ti0,),, where the hole localizes on the terminal O
and becomes more planar. The remaining cluster is unper-
turbed, inhibiting electron polaron formation (c.= 5.86 A). This
separation reduces slows recombination to break the oscillating
trend, and instead exhibits a similar lifetime to (TiO2)s. The
breakdown in oscillation occurs at similar size regime as the



onset of bulk-like energy gaps.!” (TiO,)s contains a highly co-
ordinated center (six-fold coordinated Ti and several tri-coordi-
nated O atoms) that attracts both charge carriers on S;. Although
the hole forms a multicenter polaron, the electron does not lo-
calize (c.=4.94 A), and therefore exhibits a similar lifetime to
the other delocalized clusters.

This experiment identifies key molecular-level parameters
that can be applied to aid new synthetic strategies to design ma-
terials, surfaces, and coatings with extended excited state life-
times and improved photocatalytic performance. The tightly
bound carriers (d < 0.5 nm) are in agreement with simulations
of larger nanoparticles.” Thus, slightly increasing the cluster
size into the few nanometer size regime will likely not impact
the excited state lifetimes significantly, as the carriers do not
utilize all the space in clusters this small. These clusters capture
the important features and therefore are adequate mimics of
bulk systems. The electron localizes on the lowest coordinated
Ti, analogous to the electron trapping on under-coordinated Ti**
cation centers that accompany O defect sites on bulk surfaces.
Additionally, the electron typically does not localize on a single
site unless bound to a hole in an exciton pair. These results sug-
gest that prolonged excited states lifetimes (and related exci-
tons) can be achieved by preparing bulk surfaces that more
closely mimic the structural features of the clusters.

The excited state lifetimes of neutral (TiO,), clusters were
measured using femtosecond pump-probe spectroscopy to be
sub-picosecond in duration. We show the cluster’s excited-state
lifetimes reach a steady value as they approach the ~1 nm size
regime, with similar values (t~550 fs) recorded for clusters of n
> 7. The tightly bound electron-hole pairs are consistent with
the sub-nanometer exciton binding radius found in bulk struc-
tures. The oscillation in lifetimes as clusters grow in size is at-
tributed to structural differences between the clusters that con-
trol charge localization and polaron formation. Time-dependent
density functional calculations show the increased lifetime for
even clusters is associated with a more rigid structure, lower
electron-hole pair localization, and extended bond lengths. We
show that polaron formation shortens excited state lifetimes.
Therefore, the utilization of rigid structures which inhibits po-
laron formation is essential for the production of titanium oxide
materials containing longer excited state lifetimes.

SUPPORTING INFORMATION

Computational methods and properties calculated at both the
ground and excited state. Table S1 shows the ionization potentials,
electron affinities, optical gaps. Table S2 shows the topological de-
scriptors (A, d, o). Table S3 contains the exciton binding energies,
relaxation energies, and changes in bond length. The material is
free of charge via the Internet at http://pubs.acs.org.
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