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Small titanium-aluminum oxide clusters, TiAlOy
− �y=1–3� and TiAl2Oy

− �y=2–3�, were studied
by using anion photoelectron spectroscopy. The adiabatic detachment energies of TiAlOy

− �y
=1–3� were estimated to be 1.11�0.05, 1.70�0.08, and 2.47�0.08 eV based on their
photoelectron spectra; those of TiAl2O2

− and TiAl2O3
− were estimated to be 1.17�0.08 and

2.2�0.1 eV, respectively. The structures of these clusters were determined by comparison of
density functional calculations with the experimental results. The structure of TiAlO− is nearly
linear with the O atom in the middle. That of TiAlO2

− is a kite-shaped structure. TiAlO3
− has a

kite-shaped TiAlO2 unit with the third O atom attaching to the Ti atom. TiAl2O2
− has two nearly

degenerate Al–O–Ti–O–Al chain structures that can be considered as cis and trans forms. TiAl2O3
−

has two low-lying isomers, kite structure and book structure. The structures of these clusters indicate
that the Ti atom tends to bind to more O atoms. © 2010 American Institute of Physics.
�doi:10.1063/1.3505298�

I. INTRODUCTION

Since titanium oxides and aluminum oxides have broad
applications in the fields of catalysis and microelectronics,
many experimental and theoretical works have been devoted
to investigating their structures and properties. The titanium
oxide and aluminum oxide clusters have attracted special
attention because they serve as simple models for tracking
the evolution of the properties of these oxides from the mi-
croscale to the macroscale. Experimentally, titanium oxide
clusters of different stoichiometries were studied with mass
spectrometry,1,2 matrix isolation experiments,3–5 negative ion
photoelectron spectroscopy,6,7 photofragment experiments,8

and Fourier transform microwave spectroscopy.9 Aluminum
oxygen clusters were also investigated with negative ion
photoelectron spectroscopy,10–16 matrix isolation
experiments,17–19 and infrared predissociation
spectroscopy.20 The titanium oxide and aluminum oxide
clusters were studied with infrared resonance enhanced mul-
tiphoton ionization spectroscopy21 as well. Theoretically, a
number of methods were employed to explore the structures
and bonding of the clusters of titanium22–37 and aluminum
oxides.38–53

Although the clusters of titanium oxide and aluminum
oxide were intensively investigated, the study of hybrid
titanium-aluminum oxides is quite rare. In the past few years,
it has been proposed that hybrid titanium-aluminum oxides
might have potential applications as a high-dielectric
�high-K� material for the next generation of complementary
metal-oxide-semiconductor �CMOS� gates.54,55 It was also
suggested that TiAlO films of different thickness may be
used as high-reflection or antireflection layers for solar

cells.56 Very recently, the comparison of experimental data
and astronomical observations implies that titanium-
aluminum oxides, such as TiAlO3 and TiAl2O5, might con-
tribute to the infrared spectra of asymptotic giant branch
stars.57 Therefore, understanding the structures and proper-
ties of titanium-aluminum oxides is important from both
technological and scientific points of view. With this motiva-
tion, we conducted a combined photoelectron spectroscopy
and density functional theory study of the structures and
electronic properties of small TiAlxOy

− �x=1,2; y=1–3�
clusters.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental

The experiments were performed using a home-built ap-
paratus consisting of a laser vaporization source, a time-of-
flight �TOF� mass spectrometer, and a magnetic-bottle pho-
toelectron spectrometer.58 The details of our apparatus have
been described elsewhere.59 Briefly, a rotating and translating
disk target of Al/Ti mixture �Al/Ti mole ratio 10:1� was ab-
lated with a pulsed laser beam �10 mJ/pulse at 532 nm� from
a nanosecond Nd:YAG �yttrium aluminum garnet� laser. The
laser-induced plasma was mixed with helium carrier gas that
was allowed to expand into the source through a pulsed
valve at �4 atm backing pressure. The presence of
TiAlxOy

− clusters arose from a small amount of oxygen in
the carrier gas and on the surface of the target. After a su-
personic expansion, the cluster anions formed were colli-
mated by a skimmer, perpendicularly extracted to their flow
direction by a pulsed electric field and then mass analyzed by
the TOF mass spectrometer. The mass peaks of TiAlxOy

−

clusters were confirmed by the isotope distributions and by
running control experiments with pure aluminum target. The
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anions of interest were selected with a mass gate and decel-
erated before photodetachment by a second laser beam �532
or 266 nm�. The kinetic energies of the electrons were mea-
sured using a magnetic-bottle photoelectron analyzer. The
electron binding energies were obtained via equation: EBE
=hv−EKE, where EBE is the electron binding energy, hv is
the photon energy, and EKE is the electron kinetic energy.
The photoelectron spectra were calibrated with known spec-
tra of Cu− and Au−.

B. Theoretical methods

Computations were performed with the GAUSSIAN 03

package60 using the B3LYP �Becke 3-parameter-
Lee–Yang–Parr�61,62 density functional method. The 6-311
+G�2d� basis sets were used for Al and O atoms, and the
Lanl2DZ basis set was employed for Ti atoms. We tested the
theoretical method by calculating the bond lengths and elec-
tron affinities of AlO and TiO. The calculations show that the
bond lengths of AlO and TiO are 1.631 and 1.615 Å, respec-
tively, in agreement with the experimental values �1.618 Å
for AlO and 1.620 Å for TiO� �Ref. 63� reported in the lit-
erature. The electron affinities of AlO and TiO were calcu-
lated to be 2.54 and 1.15 eV, respectively, also close to the
experimental values ��2.60 eV for AlO �Ref. 10� and 1.30 eV
for TiO �Ref. 6��. That indicates that the B3LYP density
function method with the mixed basis set of 6-311+g�2d�
and Lanl2DZ is suitable for the calculation of TiAlxOy

− clus-
ters. We conducted calculations on TiAlxOy

− �x=1–2; y
=1–3� clusters as well as their corresponding neutral with all
possible candidate isomers. Full geometrical optimization
was performed at various possible spin multiplicities in order
to find the global minimum for each species. Harmonic vi-
brational frequency analysis was performed to verify the na-
ture of the stationary points. All calculated energies were
corrected by the zero-point vibrational energies. The natural
population analysis for the TiAlxOy clusters was performed
as implemented in the GAUSSIAN 03 program.64

III. EXPERIMENTAL RESULTS

The photoelectron spectra of the TiAlOy
− �y=1–3� and

TiAl2Oy
− �y=2–3� cluster anions taken with 266 nm �4.661

eV� photons are shown in Fig. 1. The adiabatic detachment
energies �ADEs� and vertical detachment energies �VDEs� of
these clusters estimated from their photoelectron spectra are
summarized in Table I. The VDEs were determined as the
positions of the first photoelectron spectrum peaks. To ac-
count for the broadening of the photoelectron spectral peaks
due to instrumental resolution, the adiabatic detachment en-
ergies were calculated by adding half of the value of instru-
mental resolution to the onset of the first peaks in the spectra.

In the photoelectron spectrum of TiAlO− taken with 266
nm photons, we observed two major peaks centered at 1.11
and 1.69 eV. There are also some weak features on the higher
binding energy side of the spectrum, which cannot be re-
solved due to the poor signal-to-noise ratio. To investigate
TiAlO− in detail, we also took the spectrum of TiAlO− with
532 nm photons and present it in Fig. 2. We can see that the
relative intensities of the two major features of TiAlO− in the

532 and 266 nm spectra are different. That probably is owing
to the wavelength dependence of photodetachment cross sec-
tion. The spectrum taken with 532 nm photons gives better
resolution than the spectrum at 266 nm. In Fig. 2, two major
peaks are observed at 1.11 and 1.67 eV, respectively, corre-
sponding to the transitions from the ground state of TiAlO−

to the ground state and the first electronic excited state of
TiAlO neutral. The ADE and VDE of TiAlO− are estimated
to be 1.11 and 1.11 eV. We can also observe some small
peaks behind these major peaks at 1.21, 1.32, and 1.77 eV.
These small peaks probably are due to the vibrations of
TiAlO neutral. We estimated the vibration frequency to be
810�80 cm−1 based on the spacing between the small
peaks.

The spectrum of TiAlO2
− reveals an intense feature cen-

tered at 1.87 eV, followed by a small peak centered at 2.38
eV and a broad feature at 3.10 eV. A more detailed spectrum
of TiAlO2

− taken at 532 nm �Fig. 2� shows a different shape
for the first feature, indicating that feature is probably com-
posed of a few unresolved vibrational structures. Based on
the 532 nm spectrum, the VDE of TiAlO2

− is determined to
be 1.79 eV. In the spectrum of TiAlO3

−, one can only ob-
serve a broad feature at 2.84 eV. The spectrum of TiAl2O2

−

has three peaks centered at 1.40, 2.15, and 2.73 eV with

TABLE I. Vertical detachment energies and adiabatic detachment energies
of TiAlOy

− �y=1–3� and TiAl2Oy
− �y=2–3� estimated from their photo-

electron spectra.

Cluster
VDE
�eV�a

ADE
�eV�a

TiAlO− 1.11�5�b 1.11�5�b

TiAlO2
− 1.79�8�b 1.70�8�b

TiAlO3
− 2.84�8� 2.47�8�

TiAl2O2
− 1.40�8� 1.17�8�

TiAl2O3
− 2.6�1� 2.2�1�

aThe numbers in parentheses indicate the uncertainties in the last digit.
bMeasured at 532 nm.
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FIG. 1. Photoelectron spectra of TiAlOy
− �y=1–3� and TiAl2Oy

− �y
=2–3� clusters recorded with 266 nm photons.
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gradually decreasing intensities, and an additional strong fea-
ture is observed beyond 3.8 eV. The spectrum of TiAl2O3

−

shows a very broad feature between 2.1 and 3.6 eV, which is
composed of two unresolved peaks centered at 2.6 and 3.0
eV, respectively.

IV. THEORETICAL RESULTS AND DISCUSSION

To investigate the structures and properties of TiAlxOy
−

clusters, we conducted density functional calculations on
these clusters and their neutrals. The optimized geometries of
the low-lying isomers of TiAlOy

− �y=1–3� and TiAl2Oy
−

�y=2–3� clusters are presented in Fig. 3 with the most stable
isomers on the left. For comparison, the calculated relative
energies, ADEs and VDEs of the low-lying isomers are sum-
marized in Table II along with the experimental ADEs and
VDEs. The theoretical vertical electron detachment energies
were calculated as the energy differences between the anions
and neutrals at the geometries of the anions. The theoretical
adiabatic electron detachment energies were calculated as the
energy differences between the anions and the neutrals re-
laxed to the nearest local minima using the geometries of the

anions as initial structures. The structures of low-lying iso-
mers of TiAlxOy neutrals are shown in Fig. 4.

A. TiAlO−

The most stable structure of TiAlO− �1A� is nearly linear
��AlOTi=179.8°� with the O atom locating in the middle of
the Al and Ti atoms. We have tried to confine the structure of

TABLE II. The calculated symmetry, multiplicity, relative energy, ADEs and VDEs of the low-lying isomers of
TiAlOy

− �y=1–3� and TiAl2Oy
− �y=2–3� clusters as well as the comparison between experimental and theo-

retical results.

Cluster Symmetry Multiplicity
�E

�eV�

ADE
�eV�

VDE
�eV�

Theor. Expt. Theor. Expt.

TiAlO− �1A� Cs 3 0 0.88 1.11 0.93 1.11
�1B� Cs 3 0.14 0.74 1.03
�1C� Cs 5 0.58 0.29 0.47

TiAlO2
− �2A� C2v 3 0 1.42 1.70 1.57 1.79

�2B� C1 3 0.24 1.38 1.47
�2C� C2v 5 1.79 0.44 0.66

TiAlO3
− �3A� Cs 1 0 2.51 2.47 2.91 2.84

�3B� C2v 1 0.41 3.72 3.92
�3C� Cs 3 0.85 1.65 2.31

TiAl2O2
− �4A� Cs 2 0 1.01 1.17 1.33 1.40

�4B� C2h 2 0.03 0.99 1.34
�4C� C2 4 0.32 0.69 1.17
�4D� Cs 4 0.79 0.22 1.38

TiAl2O3
− �5A� C2v 2 0 2.21 2.2 2.89 2.6

�5B� Cs 2 0.27 2.20 2.50
�5C� C2v 2 0.50 1.75 2.13
�5D� C1 2 0.97 1.51 1.90
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FIG. 2. Photoelectron spectra of TiAlO− and TiAlO2
− clusters recorded with

532 nm photons. The vertical lines point to the vibrational structures.
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FIG. 3. Structures and relative energies of the low-lying isomers of
TiAlO1–3

− and TiAl2O2–3
− cluster anions. The Al, O, and Ti atoms are shown

in light purple, red, and blue, respectively. The bond distances are in ang-
strom and the bond angles are in degrees.

154314-3 TiAlOy
− �y=1–3� and TiAl2Oy

− �y=2–3� clusters J. Chem. Phys. 133, 154314 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



TiAlO− to C�v symmetry but found an imaginary frequency.
That implies that the structure of TiAlO− is not perfectly
linear. Isomers 1B and 1C have bend structures also with the
O atom in the middle. Isomer 1B is higher than isomer 1A by
0.14 eV. Isomer 1C is higher than isomer 1A by 0.58 eV. The
calculated ADE and VDE of isomer 1C are very different
from our experiment values. Therefore, the existence of iso-
mer 1C in the experiments can be excluded. The VDE and
ADE of isomer 1B are calculated to be 1.03 and 0.74 eV,
respectively. The difference between the VDE and ADE is
about 0.3 eV, indicating there is a significant geometry
change between isomer 1B and its corresponding neutral.
However, in our experimental results �Fig. 2�, the first pho-
toelectron spectrum peak is quite sharp, which means the
geometry displacement between the anion and neutral is rela-
tively small. Thus, the existence of isomer 1B in the experi-
ments can also be excluded. The ADE and VDE of isomer
1A are calculated to be 0.88 and 0.93 eV in reasonable agree-
ment with the experiment values. We suggest that isomer 1A
is the most possible isomer observed in the experiments. Our
calculations found that the most stable structure of TiAlO
neutral is also nearly linear, very similar to the D�h symme-
try linear structure of Al2O obtained by theoretical
calculations.49,65 The frequency of the antisymmetric stretch-
ing mode of TiAlO neutral is calculated to be 890 cm−1 after
a scale factor of 0.96. That is in agreement with the vibra-
tional structure �810�80 cm−1� observed in our experi-
ments �Fig. 2�. Theoretical calculations of Jeong et al.30

found Ti2O to be a bent structure. The second stable isomer
of TiAlO neutral is analogous to the structure of Ti2O.

B. TiAlO2
−

The most stable structure of TiAlO2
− is isomer 2A. It is

a C2v symmetry kite shape structure with two bridging oxy-
gen atoms. The ADE and VDE of isomer 2A are calculated
to be 1.42 and 1.57 eV in agreement with our experiment.
Isomer 2B is 0.24 eV higher than isomer 2A in energy. It is
a bent chain structure arranged in the order of Al–O–Ti–O.
Its ADE and VDE �1.38 and 1.47 eV� are slightly off from
the experimental values. Isomer 2C is also a kite style planar
structure with C2v symmetry similar to isomer 2A except the
Al–O bonds �1.72 Å� in isomer 2C are shorter than the Ti–O
bonds �1.98 Å� in contrast to those in isomer 2A. Isomer 2C
is less stable than isomer 2A by 1.79 eV. Its ADE and VDE
are very different from the experimental values. Thus, the
existence of isomer 2C in the experiment can be ruled out.
We suggest isomer 2A to be the most possible isomer ob-
served in the experiments. Our calculations show that the
most stable structure of TiAlO2 neutral is also kite shape.
That is somewhat in agreement with the rhombus structures
of Al2O2 �Refs. 49, 51, and 65� and Ti2O2 �Ref. 30� reported
in the literature, except replacing one of the metal atoms in
Al2O2 or Ti2O2 alternates the rhombus to kite.

C. TiAlO3
−

The most stable structure of TiAlO3
− �isomer 3A� has a

kite-shaped TiAlO2 unit with the third O atom attaching to
the Ti atom. The third O atom bends away from the plane of
the kite. The ADE and VDE of isomer 3A are calculated to
be 2.51 and 2.91 eV, in good agreement the experiment mea-
surements. Isomer 3B and 3C are less stable than isomer 3A
by 0.41 and 0.85 eV, respectively. Their ADEs and VDEs are
different from the experimental measurement. Thus, the ex-
istence of isomer 3B and 3C in our experiments can be ex-
cluded. Isomer 3A probably is what we observed in the ex-
periment. The most stable structure of TiAlO3 neutral is also
calculated to be kite. It is interesting to compare the structure
of TiAlO3 with those of Ti2O3 and Al2O3. Jeong et al.30

found that Ti2O3 has a kite structure with the third O atom
bending away from the plane of the kite. As for Al2O3, its
most stable structure has been found to be linear O–Al–O–
Al–O with D�h symmetry, its second stable structure has
been found to be C2v symmetry kite structure with the third
O atom coplanar with the Al2O2 unit.65 We have tried to look
for the O–Al–O–Ti–O linear and chain structures. However,
we found these geometries are unstable, which probably is
because the Ti atom tends to bond to more O atoms. The
geometry of TiAlO3 is more similar to the geometry of Ti2O3

than that of Al2O3 since the third O atom in TiAlO3 attaches
to the Ti atom instead of the Al atom.

D. TiAl2O2
−

The lowest two isomers �4A, and 4B� of TiAl2O2
− are

nearly degenerate in energy. Isomer 4B is only 0.03 eV
higher than isomer 4A. Both isomer 4A and 4B are bent
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FIG. 4. Structures and relative energies of the low-lying isomers of neutral
TiAlO1–3 and TiAl2O2–3 clusters. The Al, O, and Ti atoms are shown in light
purple, red, and blue, respectively. The bond distances are in angstrom and
the bond angles are in degrees.
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chain structures arranged in the order of Al–O–Ti–O–Al.
They are bent toward different directions, so that isomer 4A
can be considered as a cis structure and isomer 4B as a trans
structure. Note, in isomer 4A, the Ti atom is slightly above
the plane determined by the other four atoms. The Al–O and
Ti–O bond lengths in these two isomers are almost same. It
has been reported that the ground state of Al3O2

− possesses a
kite structure with the third Al atom bonding to one of two
bridged oxygen.51 For TiAl2O2

−, however, this kite geometry
is less stable than the chain structures. Our calculations
found a few higher energy isomers for TiAl2O2

− anion, such
as 4C and 4D. The ADEs and VDEs of those high energy
isomers are not in agreement with the experimental values.
As a result, the existence of isomers 4C and 4D in the ex-
periment can be ruled out. The computed ADEs and VDEs of
4A and 4B fit well with the experimental values. Hence, we
suggest that both isomer 4A and 4B exist in our experiments.
The TiAl2O2 neutral has a V-shape structure arranged in the
order of Al–O–Ti–O–Al, which is similar to the V-shape
structure of Al3O2.42,47,51 Our calculations show that the kite
structure of TiAl2O2 is less stable than the V-shape structure
by 2.05 eV. No trans isomer has been found for TiAl2O2

neutral.

E. TiAl2O3
−

The most stable isomer �5A� of TiAl2O3
− has a C2v sym-

metric planar structure with a kite-shaped TiAlO2 unit and an
O–Al bond tail, which is similar to the kite structure of
Al3O3

−.11,42,46,47 This configuration is based on isomer 3A of
TiAlO3

− by adding an extra Al to the terminal oxygen atom.

Isomer 5B lies 0.27 eV above isomer 5A. It is a book struc-
ture, which is also similar to the book structure of Al3O3

−

�Refs. 42, 46, and 47� and Ti3O3.30 The book structure �5B�
can be considered as two kites merged together via the Ti–O
edge. The computed ADEs and VDEs of 5A and 5B coincide
with the experimental values as revealed in Table II. It might
be possible that both isomer 5A and 5B were populated in
the photoelectron spectroscopy experiments. We found that
the most stable structure of TiAl2O3 neutral is also kite, simi-
lar to that of the anion although its O–Al bond tail bends
away from the plane. That is slightly different from the case
of Al3O3 and Al3O3

−, whereas the most stable structures for
the anion and neutral are different, the kite structure is more
stable for Al3O3 while the book structure is more stable for
Al3O3

−.42,45,47 In addition to the kite and book structures, we
also found anchor structures for TiAl2O3 neutral �Fig. 4,
5B�� and anion �Fig. 3, 5C�. The anchor structure of TiAl2O3

neutral is even more stable than the book structure. However,
for the anion, the anchor structure is less stable than the book
structure, its ADE and VDE is different from the experimen-
tal measurements. The anchor structure probably is not what
we observed in the experiments.

As it can be seen from the structures in Fig. 3 and 4, the
Ti atom tends to bind to more O atoms than the Al atom,
which is consistent with the fact that the dissociation energy
of Ti–O �6.92�0.1 eV� is bigger than that of Al–O
�5.26�0.1 eV�.66 Our calculations show that, for both
TiAlOy and TiAl2Oy, the electron affinities increase as the
number of O atoms increases in the clusters. The electron
affinity of TiAl2Oy is relatively lower than that of TiAlOy

TABLE III. Natural populations and natural electron configurations of the most stable isomers of TiAlOy
− �y

=1–3� and TiAl2Oy
− �y=2–3� clusters and their corresponding neutrals at the B3LYP level.

Cluster Atom

Natural electron configuration Natural charge

Anion Neutral Anion Neutral

TiAlO �1A� O �Core�2s1.902p5.62 �Core�2s1.902p5.60 �1.58 �1.55
Ti �Core�4s1.833d2.23 �Core�4s0.883d2.35 �0.12 0.74
Al �Core�3s1.783p0.51 �Core�3s1.833p0.35 0.69 0.81

TiAlO2 �2A� O�1� �Core�2s1.892p5.34 �Core�2s1.892p5.16 �1.25 �1.07
O�2� �Core�2s1.892p5.34 �Core�2s1.892p5.16 �1.25 �1.07

Ti �Core�4s0.773d2.31 �Core�4s0.403d2.26 0.83 1.34
Al �Core�3s1.673p0.62 �Core�3s1.763p0.40 0.67 0.80

TiAlO3 �3A� O�1� �Core�2s1.872p5.31 �Core�2s1.862p5.32 �1.20 �1.21
O�2� �Core�2s1.872p5.31 �Core�2s1.862p5.32 �1.20 �1.21
O�3� �Core�2s1.902p5.02 �Core�2s1.912p4.83 �0.96 �0.76

Ti �Core�4s0.093d2.20 �Core�4s0.093d2.17 1.68 1.73
Al �Core�3s1.713p0.59 �Core�3s0.913p0.60 0.67 1.45

TiAl2O2 �4A� O�1� �Core�2s1.872p5.53 �Core�2s1.892p5.57 �1.42 �1.48
O�2� �Core�2s1.872p5.53 �Core�2s1.892p5.57 �1.42 �1.48

Ti �Core�4s0.993d2.26 �Core�4s0.533d2.17 0.72 1.28
Al�1� �Core�3s1.793p0.62 �Core�3s1.843p0.31 0.57 0.84
Al�2� �Core�3s1.793p0.62 �Core�3s1.843p0.31 0.57 0.84

TiAl2O3 �5A� O�1� �Core�2s1.862p5.30 �Core�2s1.882p5.14 �1.18 �1.04
O�2� �Core�2s1.862p5.30 �Core�2s1.882p5.14 �1.18 �1.03
O�3� �Core�2s1.862p5.60 �Core�2s1.872p5.48 �1.48 �1.38

Ti �Core�4s0.283d2.27 �Core�4s0.093d2.11 1.42 1.79
Al�1� �Core�3s1.703p0.59 �Core�3s1.793p0.39 0.68 0.81
Al�2� �Core�3s1.813p0.42 �Core�3s1.853p0.28 0.75 0.85
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�y=2–3� with the same number O atoms. This trend is in
agreement with what we found in the experiments.

We performed natural population analysis to investigate
the charge distributions and charge transfer of the most stable
isomers of TiAlOy

− �y=1–3� and TiAl2Oy
− �y=2–3� clus-

ters and their corresponding neutrals. The natural populations
and natural electron configurations of isomers 4A and 4B are
very close. Thus, only those of isomer 4A are listed. The
natural electron configurations of the valence orbitals and
natural charges are compiled in Table III. The small popula-
tions of the extra-valence-shell orbitals, such as O�3s3p�,
Al�4s3d�, and Ti�4p� are ignored.

From Table III, we can see that the Ti atom forms
bond�s� with the O atoms mainly by contributing the 4s elec-
trons to the O atoms. The Al atoms mainly donate the 3p
electrons plus a little contribution from its 3s electrons. In
TiAlO neutral, the Al atom has more positive charge than the
Ti atom. This situation is reversed when more oxygen atoms
are involved. In TiAlO2,3 cluster, the Ti atom is more posi-
tively charged than the Al atoms. The natural population
analysis of TiAlOy neutral indicates that the positive charge
on Ti atom increases from 0.74 to 1.73 e when the number of
O atom increases from 1 to 3. That means the Ti atom takes
more part in the sequential oxidation. The Al–O bond �1.71
Å� of TiAlO �Fig. 4, 1A�� is slightly shorter than its Ti–O
bond �1.85 Å�; while the Al–O bonds �1.95 Å� in TiAlO2

�Fig. 4, 2A�� are longer than the Ti–O bonds �1.72 Å�. Thus,
the order of the bond lengths is consistent with the order of
charge distributions on the Ti and Al atoms. Similar to that in
the TiAlOy clusters, for TiAl2Oy, the positive charge on the
Ti atom also increase from 1.28 to 1.79 e as the number of
oxygen atoms increases from 2 to 3.

V. CONCLUSIONS

We measured the photoelectron spectra of small
titanium-aluminum oxide clusters, TiAlOy

− �y=1–3� and
TiAl2Oy

− �y=2–3�, and investigated the structures of these
clusters and their corresponding neutrals with density func-
tional calculations. By comparing the theoretical calculated
ADEs and VDEs with the experimental measurements, we
tentatively determined the structures of these clusters. The
structure of TiAlO− is nearly linear with the O atom in the
middle. That of TiAlO2

− is a kite-shaped structure. TiAlO3
−

has a kite-shaped TiAlO2 unit with the third O atom attach-
ing to the Ti atom. TiAl2O2

− has two nearly degenerate Al–
O–Ti–O–Al chain structures that can be considered as cis
and trans forms. TiAl2O3

− also has two low-lying isomers,
kite structure and book structure, coexisting in our experi-
ments. The experiments show that the ADEs of TiAlOy

− and
TiAl2Oy

− �the electron affinities of corresponding neutrals�
increase as the number of O atoms increases. The trend of
sequential oxidation of Ti and Al in these clusters found by
theoretical calculations is consistent with the experimental
observation.
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