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The electronic structure of two series of small titanium oxide clusters, TiOy (y51 – 3) and (TiO2)n

(n51 – 4), is studied using anion photoelectron spectroscopy. Vibrationally resolved spectra are
obtained for TiO2 and TiO2

2. Six low-lying electronic states for TiO are observed with five of these
excited states resulting from multielectron transitions in the photodetachment processes. TiO2 is
found to be closed-shell with a 2 eV highest occupied molecular orbital/lowest unoccupied
molecular orbital~HOMO-LUMO! gap. The two lowest triplet and singlet excited states of TiO2 are
observed with excitation energies at 1.96 and 2.4 eV, respectively. TiO3 is found to have a very high
electron affinity~EA! of 4.2 eV, compared to 1.30 and 1.59 eV for TiO and TiO2, respectively. The
larger (TiO2)n clusters are all closed-shell with HOMO-LUMO gaps similar to that of TiO2 and with
increasing EAs: 2.1 eV forn52, 2.9 eV forn53, 3.3 eV forn54. The small HOMO-LUMO gaps
for the clusters compared to that of bulk TiO2 are discussed in terms of the structure and bonding
of these clusters. ©1997 American Institute of Physics.@S0021-9606~97!02444-6#
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I. INTRODUCTION

Titanium dioxide is one of the most technologically im
portant oxide materials and has been widely studied a
prototypical transition metal oxide due to its rather simp
electronic structure.1 Cluster models have been frequen
used in theoretical calculations of titanium dioxide bulk
surface properties.2,3 However, experimental studies on clu
ters of titanium oxide have been rather scarce. Hagfeldtet al.
calculated the structure and energy levels of several (TiO2)n

clusters forn51 – 3 to understand the chemical and physi
properties of bulk TiO2. Experimentally, there are only tw
previous mass spectrometry studies on the TixOy

1 cluster
distributions6 and no spectroscopic information is known f
any TixOy clusters except TiO and TiO2, although there has
been considerable interest in the nanoparticles of TiO2.

7

The TiO molecule has been extensively studied spec
scopically because of its astrophysical importance.8,9 The
electronic structure of TiO is well understood.10,11 Consider-
ably less has been reported about the TiO2 molecule. There
are only two previous calculations11,12 and three experimen
tal studies,13–15 which showed that TiO2 is a bent molecule
and has a singlet ground state.

Our interest is to study the electronic structure a
chemical bonding of the small TixOy clusters using anion
photoelectron spectroscopy~PES! which has been shown t
be particularly powerful in obtaining electronic structure a
spectroscopic information about a wide range of clus
species.16–21This information will be valuable to test variou
theoretical calculations with the intent of understanding b
properties of TiO2. We are also interested in understandi
how the electronic structure of the TixOy clusters evolves
toward that of bulk and discovering unique TixOy clusters
that may be used as reasonable models for bulk surfaces
defect sites.
J. Chem. Phys. 107 (20), 22 November 1997 0021-9606/97/107(20
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In the current article, we present a comprehensive st
on two series of small titanium oxide clusters, TiOy (y
51 – 3) and (TiO2)n (n51 – 4), using the PES technique. I
addition to measuring the electron affinity~EA! of these
clusters, the PES spectra of the anions also provide infor
tion about the low-lying electronic states of the neutral clu
ters. Vibrationally resolved spectra are obtained for TiO2

and TiO2
2. Six low-lying electronic excited states are o

served for TiO and are assigned using the previous spec
scopic information available for TiO. Strong electron corr
lation effects are observed in TiO since five of the observ
excited states are due to multielectron detachment tra
tions. TiO2 is found to be a closed shell molecule with a 2 eV
highest occupied molecular orbital/lowest unoccupied m
lecular orbital~HOMO-LUMO! gap. Then1 vibrational fre-
quency of the TiO2 ground state is measured to be 960~40!
cm21. The EA of TiO2 ~1.59 eV! is only slightly higher than
that of TiO ~1.30 eV! while TiO3 has a very high EA of
about 4.2 eV. The larger (TiO2)n clusters are all found to be
closed shell systems with increasing EA, but the HOM
LUMO gaps of these larger clusters are about the sam
that of the monomer TiO2. This surprising observation of a
smaller gap than the bulk rutile TiO2 is interpreted on the
basis of the structure and bonding of the clusters, which
sult in a lower coordination for the Ti atoms compared to t
bulk.

This article is organized as follows. In Sec. II, the e
perimental aspects will be briefly described. In Sec. III, w
present the experimental results, followed by discussion
the individual clusters in Sec. IV. A brief summary is give
in Sec. V.

II. EXPERIMENT

The experimental apparatus involves a magnetic bo
time-of-flight ~TOF! PES analyzer coupled with a laser v
8221)/8221/8/$10.00 © 1997 American Institute of Physics
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8222 H. Wu and L.-S. Wang: Titanium oxide clusters
porization supersonic cluster beam source. The details o
apparatus have been published elsewhere.16,21 Briefly, a Ti
disk target is vaporized by an intense pulsed laser beam f
a Nd:YAG laser~10 mJ, 532 nm!. The laser-induced plasm
is then mixed with a He carrier gas seeded with a sm
fraction of O2. The plasma reactions between the las
vaporized Ti species and O2 produce various TixOy clusters

FIG. 1. Negative ion mass spectrum of TixOy
2 clusters from laser vaporiza

tion of a pure Ti target with a helium carrier gas seeded with 5% O2.

FIG. 2. Photoelectron spectra of TiO2 at 532, 355, and 266 nm, HB stand
for hot band.
J. Chem. Phys., Vol. 107, N
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in both neutral and charged states. The clusters are expa
into vacuum through a 2-mm-diam nozzle and skimmed
form a collimated cluster beam. The anions in the beam
extracted perpendicularly by a high voltage pulse into a T
mass spectrometer. The clusters of interest are mass-sel
and decelerated before detached by a laser beam from e
a Nd:YAG laser~532, 355, 466 nm! or an ArF excimer laser
~193 nm!. The 532 and 355 nm spectra are taken at 10
repetition rate and the 466 and 193 nm spectra are take
20 Hz with the vaporization laser off at alternating shots
background subtraction. The known spectrum of Cu2 is used
for the spectral calibration. The lower detachment pho
energies yield higher resolution spectra while the higher p
ton energies allow more tightly bound electrons to be
tached. The latter is especially important for species w
high EAs. The spectral resolution is better than 30 meV fo
eV electrons.

Figure 1 shows a typical anion cluster distribution wh
a He carrier gas seeded with 5% O2 is used. Clusters with the
TiO2 stoichiometry and higher O content are produced a
are grouped according to the number of Ti atoms. This c
dition is oxygen-rich and the fully oxidized clusters are pr
duced. When the He carrier gas seeded with 0.5% O2 is used,
partially oxidized clusters with a higher Ti/O ratio are al
produced. In this case, a more continuous mass spectru

FIG. 3. Photoelectron spectra of TiO2
2 at 532, 355, and 266 nm.
o. 20, 22 November 1997
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8223H. Wu and L.-S. Wang: Titanium oxide clusters
obtained and overlapping masses with different Ti/O com
sitions occur due to the mass degeneracy between a Ti a
and three O atoms. In this study, we focus on the TiOy

2 (y
51 – 3) series and the (TiO2)n series forn51 – 4. Except for

FIG. 4. Photoelectron spectra of TiO3
2 at 193 nm compared to the 266 nm

spectra of TiO2 and TiO2
2.

FIG. 5. Photoelectron spectra of (TiO2)2
2 at 355, 266, and 193 nm.
J. Chem. Phys., Vol. 107, N
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the oxygen-deficient TiO2, which is produced using the
0.5% O2 carrier gas, all the other clusters are produced us
the oxygen-rich condition of the 5% O2/He carrier gas.

III. RESULTS

The PES spectra for the TiOy
2 and (TiO2)n

2 species are
shown in Figs. 2–8 at various detachment energies rang
from 532 to 193 nm. The spectra of TiO2 and TiO2

2, shown
in Figs. 2 and 3, respectively, are vibrationally resolved. S
low-lying electronic excited states are observed for TiO,

FIG. 6. Photoelectron spectra of (TiO2)3
2 at 355, 266, and 193 nm.

FIG. 7. Photoelectron spectra of (TiO2)4
2 at 266 and 193 nm.
o. 20, 22 November 1997
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8224 H. Wu and L.-S. Wang: Titanium oxide clusters
labeled in Fig. 2. The observed energies and spectrosc
information are listed in Table I for TiO2 and TiO. For
TiO2

2, only one vibrationally resolved band is observed
both 532 and 355 nm. At 266 nm, two more features
observed following a large energy gap of about 2 eV. T

FIG. 8. Comparison of the photoelectron spectra of (TiO2)n
2 for n51 – 4.

The arrows indicate the LUMO and HOMO levels.

TABLE I. Observed binding energies~BE! and spectroscopic constants fo
TiO2 and TiO.

State BE~eV!
Term value

(cm21)a
Vib. Freq.
(cm21)a

TiO2 X 1S1(9s11d2) 0 0 800 ~60!
TiO X 3D(9s11d1) 1.300 ~0.030! 0 1000 ~60!

a 1D(9s11d1) 1.725 ~0.030! 3430 ~60! 1000 ~60!
d 1S1(9s2) 2.00 ~0.08! 5650 ~100! 1000 ~80!

E 3P(9s14p1) 2.80 ~0.08! 12 100 ~100!
A 3F(1d14p1) 3.05 ~0.08! 14 110 ~100!
b 1P(9s14p1) 3.13 ~0.08! 14 760 ~100!
B 3P(1d14p1) 3.31 ~0.08! 16 210 ~100!

aRelative energies can be determined more accurately.
J. Chem. Phys., Vol. 107, N
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observed energies and spectroscopic information for T2

are summarized in Table II. The TiO3 species shows a ver
high EA ~Table III! and the spectrum of TiO3

2 can only be
studied at 193 nm, as shown in Fig. 4 in comparison w
that of TiO2 and TiO2

2.
The spectra of the larger (TiO2)n

2 clusters are similar to
that of TiO2

2, all with a similar energy gap. These sugge
that all the stoichiometric (TiO2)n clusters are closed-she
systems, and the energy gaps represent the HOMO-LU
gaps of the neutral clusters. However, the EAs of the lar
clusters increase with size and the PES spectra of the an
shift to higher binding energy~BE!. Thus it becomes difficult
to measure the spectra of the large clusters. The EAs o
the clusters are summarized in Table III. The spectra of
large clusters also become broader, due to the fact that
larger clusters are more difficult to cool and the Franc
Condon effect resulting from geometry changes between
ground state of the anions and that of the neutral.

For the 355 nm spectrum of (TiO2)2
2 ~Fig. 5!, we ob-

serve a tail at the high BE side, corresponding to low ene
electrons. Compared to the 266 and 193 nm spectra, this
occurs in the HOMO-LUMO gap region, and is possibly d
to either electron scattering~inelastic scattering with cham
ber walls! or thermionic emissions,22 both of which are ca-
pable of producing low energy electrons. Similar tails a
also observed in the 266 nm spectra of (TiO2)3

2 ~Fig. 6! and
(TiO2)4

2 ~Fig. 7!. The high noise level at the high BE side
also a factor due to the imperfect background subtract
The tail in the 266 nm spectrum of (TiO2)2

2 ~Fig. 5! signifies
the onset of the excited state since it is consistent with
193 nm spectrum. The weak signals occurring at the low
BE side of the 266 nm spectrum of (TiO2)2

2 is due to a slight
contamination of Ti3O

2, which has the same mass as Ti2O4
2.

The spectra of all the (TiO2)n
2 (n51 – 4) series are com

pared in Fig. 8. The arrows represent the HOMO-LUMO g
in each cluster. Due to the tail of the higher BE feature
shown in Fig. 8, the onset representing the HOMO level
each case can only be estimated. Interestingly, the estim
HOMO-LUMO gaps for all the (TiO2)n (n51 – 4) clusters

TABLE II. Observed binding energies~BE! and spectroscopic constants fo
TiO2.

BE ~eV! Term value~eV! Vib. Freq. (cm21)

X 1A1 1.59 ~3! 960 ~40!a

A 3B2 3.55 ~10! 1.96 ~10!
a 1B2 4.0 ~2!b 2.4 ~2!

aFor then1 mode.
bEstimated.

TABLE III. Measured adiabatic electron affinities~EA! of TiOy (y
51 – 3) and (TiO2)n (n51 – 4).

TiO TiO2 TiO3 Ti2O4 Ti3O6 Ti4O8

EA ~eV! 1.30 ~3! 1.59 ~3! 4.2 ~1! 2.10 ~8! 2.9 ~1! 3.3 ~2!
o. 20, 22 November 1997
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8225H. Wu and L.-S. Wang: Titanium oxide clusters
are very similar with a value of about 2 eV. Detailed discu
sion of each cluster follows.

IV. DISCUSSION

A. TiO2

The PES spectra of TiO2 are shown in Fig. 2 at three
detachment energies. The TiO molecule has been well s
ied and extensively reviewed by Merer in 1989.8 The elec-
tronic structure and many low-lying excited states of TiO a
known and these make the assignment of the PES sp
shown in Fig. 2 quite straightforward. Six low-lying ele
tronic excited states are observed in the PES spectra
these can all be assigned based on the known energy le
of TiO. However, many of these states require multielect
excitations from the photodetachment of TiO2. These mul-
tielectron excitations appear to be particularly strong
TiO2, suggesting strong electron correlation effects in t
transition metal oxide molecule.

TiO has a ground state configuration
9s11d14p0(X3D), all the three valence orbitals are prim
rily of Ti 3 d character.10 In the anion, the extra electron ca
enter either the 9s or the 1d orbital. Since TiO2 is isoelec-
tronic with VO, which has a 9s11d2 configuration,8 we
think that the extra electron in TiO enters the 1d orbital to
give a configuration for TiO2 as 9s11d2(4S2), similar to
that of VO. The removal of oned electron from TiO2 results
in the X3D ground state of TiO, as well as thea1D excited
state. The 532 nm spectrum in Fig. 2 reveals these two s
with vibrational resolution. The spin-orbit splitting for th
ground state is too small to be resolved at the current re
lution. The observed vibrational frequencies and excitat
energy for thea1D state are listed in Table I and are in goo
agreement with the previous optical measurements.8

The Franck–Condon factors for the higher vibration
levels of thea1D state seem to increase from 532 to 355 n
as shown in Fig. 2. In particular, the vibrational progress
for the a1D state becomes rather unusual in the 266
spectrum. This suggests that there is another electronic
overlapping with thea1D state and whose detachment cro
section increases with photon energy. This state actuall
the knownd1S1 state, whose vibrational frequency is sim
lar to that of thea1D state and whose excitation energ
overlaps with thev52 level of thea1D state, within our
experimental accuracy. Thed1S1 state, however, must b
due to a two-electron detachment process from the gro
state of the anion (9s11d2,4S2) because it corresponds to
9s2 configuration.8 Thus, its weak intensity is understan
able.

As shown in the 355 nm spectrum~Fig. 2!, at least four
more states are observed at BEs of 2.80, 3.05, 3.13, and
eV. These features all have rather weak intensity and are
observed in the 266 nm spectrum. In particular, the 3.13
feature is observed more clearly in the 266 nm spectrum.
of these states can be assigned based on the previous k
energy levels of TiO, as labeled in Fig. 2 and listed in Ta
I.8 However, similar to thed1S1 state, all of these states a
due to multielectron transitions in the detachment proces
J. Chem. Phys., Vol. 107, N
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consistent with their weak intensity. TheE3P and b1P
states are derived from a 9s14p1 configuration, due to de-
tachment of a 1d electron and promotion of the other 1d
electron to the 4p orbital. Similarly, theA3F andB3P states
are from a 1d14p1 configuration, due to detachment of a 1d
electron and promotion of the 9s electron to the 4p orbital.
Of course, it would be very difficult to assign these sta
without the knowledge of the energy levels from the pre
ous optical experiments. The excitation energies for th
states are all consistent with the known energy levels of T
except that the spin-orbit splittings are not resolved for
E3P, A3F, andB3P states in the current experiments.

Multielectron excitations are known in photoelectro
spectroscopy,23 which is the major experimental technique
study electron correlation effects in atoms, molecules,
solids. However, observation of such extensive multielect
excitation in the TiO2 system is rather unusual. Of course,
is well known that there are strong electron correlation
fects in the transition metal systems. Theoretically, syste
involving transition metals are very difficult to handle an
multireference configuration interaction techniques are
quired to accurately treat these systems. For the TiO2 sys-
tem, the current experiment suggests that at least config
tions involving transfer of electrons among the threed-type
orbitals ~9s, 1d, 4p! are important to describe the groun
state of TiO2.

B. TiO2
2

Compared to TiO, considerably less has been repo
about the TiO2 molecule,11–15which is known to be a closed
shell molecule with aC2v structure and a bond angle o
about 110°. Its vibrational frequencies were measured i
matrix infrared~IR! experiment to be 946.9 and 917.1 cm21

for then1 andn3 modes, respectively.15 An emission band at
;5300 Å ~2.34 eV! was observed for TiO2 also in a low
temperature matrix.14 Theoretically, Ramana and Philips firs
treated the ground (1A1) and lowest-lying excited states~3B2

and 1B2! of TiO2 in detail using self-consistent-field resul
~SCF! and configuration interaction~CI! calculations.12 Their
calculations gave an excitation energy of about 1.63 eV
the3B2 and1B2 states, which they found were nearly dege
erate. Interestingly, their calculations suggested that the T2

molecule is linear in the excited states.
The PES spectra of TiO2

2 are shown in Fig. 3 at three
detachment energies. The 532 and 355 nm spectra are
simple, each giving one vibrationally resolved band cor
sponding to the ground state of TiO2. The observed vibra-
tional mode should be due to the totally symmetricn1 mode.
Then2 mode is also allowed, but its frequency, which is n
known, is probably too low to be resolved. Our observ
frequency for then1 mode is 940~40! cm21, in good agree-
ment with the matrix IR experiment mentioned above.15 The
HOMO of TiO2 is 6b2 , a weak O–O bonding orbital. Th
LUMO, where the extra electron enters in TiO2

2, is 10a1 , a
nonbonding orbital of Ti 3d character.12 The removal of the
extra electron from the 10a1 orbital of TiO2

2 results in the
X 1A1 ground state of TiO2. The vibrational progression o
o. 20, 22 November 1997
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8226 H. Wu and L.-S. Wang: Titanium oxide clusters
the ground state suggests that there is only a slight T
bond length change between the anion and the neu
Therefore, the anion must also have aC2v structure with a
similar bond angle as the neutral TiO2.

Two more features are observed in the 266 nm spect
at high BE~Fig. 3!. The poor signal to noise ratio of thes
features is due to the low electron energy background
sented at this detachment photon energy. These two hi
energy features are due to the removal of a 6b2 electron~the
HOMO of TiO2! and are assigned to the3B2 and1B2 excited
states that were studied in the previous theoretical wor12

The broad nature of the PES spectrum indicates that t
must be a large geometry change between the anion an
two B2 states. The lack of any resolved vibrational structu
suggests that the active vibrational mode involved is lik
due to the low frequencyn2 mode. Therefore, the observe
broad detachment features are consistent with the theore
prediction that the twoB2 states are linear.12

The BE of the3B2 state is estimated to be 3.55 eV. Du
to the overlapping nature between the1B2 and the3B2 states,
the BE for the1B2 state is estimated to be at about 4 e
These yield the excitation energies for the3B2 and the1B2 to
be 1.96 and 2.4 eV, respectively, as given in Table II. T
2.4 eV excitation energy for the1B2 state is very close to the
2.34 eV emission spectrum observed for TiO2 in the matrix
experiment, suggesting that the unassigned emission ba
most likely from the1B2 excited state to the1A1 ground
state.14 Apparently, the previous calculation underestima
the excitation energies for the twoB2 excited states.12

C. TiO3
2

The spectrum of TiO3
2 is shown in Fig. 4, in comparison

to those of TiO2 and TiO2
2. The TiO3 molecule has a very

high EA of about 4.2 eV and the spectrum can only be st
ied at 193 nm. Besides the ground state feature at 4.2
higher energy states are also observed. But due to the
signal-to-noise statistics, these higher energy features ca
be well identified.

The TiO3 molecule has never been studied before eit
experimentally or theoretically. From TiO to TiO2, the for-
mal oxidation state of Ti is increased from12 to 14, the
maximum oxidation state of Ti. TiO3 is oxygen-rich because
Ti cannot be oxidized to16. In this case, the TiO3 molecule
can be viewed to be formed by replacing an O atom in T2
with an O2 peroxide unit. We have observed such oxyge
rich metal oxide molecules with the peroxide unit, for e
ample in FeO4, that also possesses a rather high EA.20 The
bonding between such a peroxide unit and the TiO fragm
will be interesting to consider theoretically, because the2

peroxide unit is believed to exist on TiO2 bulk surfaces.1 The
understanding of this seemingly simple molecular case m
help gain insight into the properties of the bulk surfaces.

D. „TiO2…n , n 52 – 4

There have been very few studies of larger TiO2 clusters.
Experimentally, there have been two reports on the ca
mass distributions of the TixOy

1 clusters6 and there is no
J. Chem. Phys., Vol. 107, N
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spectroscopic or structural information on any higher TixOy

clusters other than TiO and TiO2. Using a simple pair-
potential ionic model, Yu and Freas6~a! calculated the mini-
mum energy structures of several TixOy clusters including
the (TiO2)n clusters forn52 – 4. Hagfeldtet al.4,5 carried
out calculations on (TiO2)2 and (TiO2)3 , using ab initio
SCF methods. They studied both the geometrical and e
tronic structures of these clusters and were interested in
ing these clusters as models to understand properties of
TiO2. As expected, both of these clusters are closed s
electronic systems with large HOMO-LUMO gaps, whic
were overestimated in the calculations. Ti2O4 was shown to
have aC2h structure with a Ti2O2 rhombus and two termina
O atoms which are bent out of the Ti–Ti axis. The Ti2O4

structure is very similar to that of Si2O4 which has aD2h

structure with the two terminal O atoms on the Si–Si axis24

The subtle difference between the structures of Ti2O4 and
Si2O4 reflects the difference in the bonding between Ti a
Si with O: s andd orbitals are involved in Ti while mostlys
andp orbitals are used in Si. The structure of Ti3O6 found in
the previous calculations is also similar to that of Si3O6

which has aD2d structure with two perpendicular Si2O2

rhombuses sharing a central Si atom and two termina
atoms on the Si–Si–Si axis.24 The two terminal O atoms in
Ti3O6 are again bent relative to the Ti–Ti–Ti axis, yielding
Cs structure. For Ti4O8, the previous simple pair-potentia
calculation gave a complicated three-dimensio
structure.6~a! There is no other more accurate calculation. F
the corresponding Si4O8 cluster, we have previously show
evidence that it may be similar to Si3O6 with three perpen-
dicular Si2O2 rhombuses and two terminal O atoms.26

Our PES spectra for (TiO2)n (n52 – 4) are shown in
Figs. 5–7, respectively, at three photon energies: 355, 2
and 193 nm, except (TiO2)4

2 which can only be studied a
266 and 193 nm due to the high EA of neutral (TiO2)4 . All
of these clusters show a large HOMO-LUMO energy gap
the neutral clusters, consistent with the previous calculatio
However, the calculations overestimated the gaps consi
ably, probably because relaxation effects were not includ5

In the anions, the extra electron enters the LUMO of t
neutral clusters, producing a doublet ground state for
anions. In the PES spectra shown in Figs. 5–7, the first
ture derives from the removal of this extra electron from t
LUMO of the neutral clusters, yielding the singlet groun
state for the neutrals. The second feature in the spe
shown in Figs. 5–7 corresponds to the removal of an elec
from the HOMO of the neutral clusters. Thus the HOMO
LUMO gaps for the neutral clusters are directly measured
the PES spectra. The EAs for the (TiO2)n clusters, measured
from the detachment threshold, are summarized in Table
They are seen to increase with cluster size, as expected

Figure 8 compares the spectra for all the (TiO2)n
2 clus-

ters for n51 – 4. The HOMO and LUMO levels are indi
cated for each cluster. The LUMO level for TiO2 is more
accurately measured~see Fig. 3! and corresponds to the pea
maximum. Two observations are easily made. First, the E
~LUMO levels! are clearly seen to increase with cluster siz
Second, the HOMO-LUMO gaps for all the clusters are se
o. 20, 22 November 1997
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to be similar, with a value of about 2 eV. It is particular
surprising that all the larger clusters show similar gaps
that of the TiO2 monomer. It is well known that the bulk
band gap of the rutile TiO2 is 3.1 eV.27 The question is why
the cluster energy gaps are smaller than the bulk value.

There are two possible explanations. First, it is poss
that the HOMO levels are underestimated for the (TiO2)3

and (TiO2)4 clusters because of the uncertainty in determ
ing the HOMO levels in the (TiO2)3

2 and (TiO2)4
2 cases as

seen in Fig. 8. Second and more plausible, we suspect
the smaller HOMO-LUMO gaps of these small clusters
due to the low coordination number of the Ti atoms co
pared to that of bulk TiO2. Bulk TiO2 crystal has the rutile
lattice, where each Ti is coordinated by six O atoms.1 From
our discussions above about the previously calculated st
tures for Ti2O4 and Ti3O6, they both can be viewed as poly
mers of the TiO2 monomer and the Ti atoms are tetr
coordinated while the terminal Ti atoms are only coordina
to three O atoms with probably a terminal Ti5O double
bond. The LUMO levels~corresponding to the conductio
band in the bulk! of the clusters should be mainly of Ti 3d
character while the HOMO levels~corresponding to the va
lence band in the bulk! should be mainly of O 2p character.
The lower coordination number in the clusters implies
weaker interaction between Ti and O and are probably
cause for the smaller HOMO-LUMO energy splitting. A
cordingly, the smaller HOMO-LUMO gap in the (TiO2)4

cluster may suggest that its structure is similar to the (TiO2)3

cluster with three perpendicular Ti2O2 rhombuses and two
terminal O atoms. We stress that this is a tentative obse
tion. More accurate calculations would be desirable in lig
of the current experiment and should be able to resolve
question regarding the smaller band gaps in these clus
Direct simulations of the current PES spectra should a
allow the structures of these clusters to be definitiv
determined.28

V. CONCLUSIONS

In conclusion, we have reported the first PES spectra
two series of titanium oxide clusters, TiOx

2 (x51 – 3) and
(TiO2)n

2 (n51 – 4). We have measured the electron affi
ties of these clusters and presented direct spectroscopic
electronic structure information. For TiO2, the PES spectra
reveal distinctly electronic states that result from multiele
tron transitions. The observation of such intense multiel
tron processes in the photodetachment of TiO2 provides di-
rect experimental evidence for the importance of elect
correlation effects and provides quantitative data to test
ture theoretical calculations. Vibrationally resolved spec
are obtained for the ground state of TiO2. The lowest triplet
and singlet excited states of TiO2 are measured directly from
the PES spectra of TiO2

2. A very high EA for TiO3 is mea-
sured and it is proposed to contain O2 peroxide unit. For the
(TiO2)n

2 series, we observe that they are all closed sh
systems with a large HOMO-LUMO gap and their EAs i
crease with size. Surprisingly, the HOMO-LUMO gaps f
all the clusters, including the monomer, seem to be sim
J. Chem. Phys., Vol. 107, N
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~;2 eV!, which is significantly smaller than the 3.1 eV bu
band gap of rutile TiO2. The smaller gap in the clusters
likely due to the lower coordination number of the Ti atom
consistent with their proposed structures. The PES spectr
these clusters provide quantitative data which will valua
to compare to future theoretical calculations to accurat
describe the structure and bonding of these clusters.
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