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The interactions of titania with water molecules were studied via photoelectron spectroscopy and
density functional calculations of TiO(OH)2

− and Ti(OH)4(H2O)n
− (n = 0–5) clusters which are

corresponding to the TiO2(H2O)− and TiO2(H2O)n+2
− (n = 0–5) systems, respectively. Experimen-

tal observation and theoretical calculations confirmed that TiO(OH)2
− was produced when TiO2

−

interacts with one water molecule, and Ti(OH)4(H2O)n
− (n = 0–5) were produced successively

when TiO2
− interacts with two or more water molecules. The structures of Ti(OH)4(H2O)n

− with
n = 4, 5 are slightly different from those of n = 1–3. The structures of Ti(OH)4(H2O)1-3

− can be
viewed as the water molecules interacting with the Ti(OH)4

− core through hydrogen bonds; however,
in Ti(OH)4(H2O)4,5

−, one of the water molecules interacts directly with the Ti atom via its oxygen
atom instead of a hydrogen bond and distorted the Ti(OH)4

− core. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4828815]

I. INTRODUCTION

Titanium dioxide, TiO2, is one of the most intensively
studied materials due to its wide range of technological and
industrial applications.1–4 TiO2 is reactive with water but ex-
hibits an outstanding resistance to corrosion in aqueous envi-
ronments. The interaction between TiO2 and water is of great
interest for many areas of both fundamental and applied sci-
ence, including photocatalysis, electrochemistry, active coat-
ings, and corrosion.5–7

In the past several decades, extensive studies have
been carried out to investigate reactions of water on tita-
nia surfaces,8–21 and these studies have shown the impor-
tance of understanding water dissociation on TiO2 surface.
However, a clear picture of the water dissociation process
is not achieved. Scanning tunneling microscopy (STM),22–25

temperature programmed desorption (TPD),26, 27 X-ray pho-
toelectron spectroscopy (XPS),28 low-energy ion scatter-
ing spectroscopy (LEIS),10 ultraviolet photoemission spec-
troscopy (UPS),29 and near infra-red (NIR) measurement30

were used to investigate the interactions of water with TiO2 by
many groups. Several STM investigations suggested that di-
rect water dissociation at oxygen vacancies form an adjacent
hydroxyl pair located on two neighboring bridge-bonded oxy-
gen (BBO) sites.23, 24 TPD research26, 27 suggested that rutile-
TiO2(100) surface is more active for water dissociation than
the TiO2(110) surface, and H2O molecules on reduced sur-
faces dissociatively adsorbed at 135 K to form two uncorre-
lated bridging OH species. The XPS28 results of the interac-
tion of water with surfaces of anatase-TiO2(101) showed that
the adsorbed water was predominantly bound to the surface
in a molecular state. Near-infrared absorption spectroscopy30

a)Author to whom correspondence should be addressed. Electronic mail:
zhengwj@iccas.ac.cn. Tel.: +86 10 62635054. Fax: +86 10 62563167.

observed the combination bands of the fundamental vibra-
tion modes (symmetric stretching, bending, and asymmetric
stretching) attributed to the H2O molecules adsorbed on a
TiO2 surface. Additionally, the interactions of TiO2 with wa-
ter have also been studied via time-resolved two-photon pho-
toemission (TR-2PP),31 sum frequency generation (SFG) vi-
brational spectroscopy,32 and density functional theory (DFT)
method.33, 34

Since atomic and molecular clusters can be regarded as
models for understanding the fundamental mechanisms in
condensed phases and on complex surfaces, numerous studies
have been carried out to investigate the hydrated metal-oxide
clusters and their corresponding isomers.35–39 These studies
suggested that metal oxides interacting with water can form
hydrated metal-oxides or under water dissociation to produce
the corresponding hydroxyl species. Recently, we have inves-
tigated the interaction of ConO− with water and found that
they prefer to exist in the form of Con(OH)2(H2O)n

−.40 In
order to understand the interactions between titania and wa-
ter, here we investigated TiO(OH)2

− and Ti(OH)4(H2O)n
−

(n = 0–5) clusters employing photoelectron spectroscopy and
density functional calculations.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Experimental

The experiments were conducted on a home-built ap-
paratus consisting of a time-of-flight mass spectrometer
and a magnetic-bottle photoelectron spectrometer, which
has been described elsewhere.41 In brief, the TiO3H2

− and
TiO4H4(H2O)n

− (n = 0–5) cluster anions were produced in
a laser vaporization source, in which a rotating, translating
Ti target was ablated with the second harmonic (532 nm)
light pulses of a Nd:YAG laser, and helium gas with ∼4 atm
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backing pressure seeded with water vapor was allowed to
expand through a pulsed valve over the target. The residual
oxygen on the target surface is enough for generating tita-
nium dioxide. The reaction of titanium dioxide with water
generated the resultant cluster anions. The clusters anions
were mass-analyzed by the time-of-flight mass spectrome-
ter. After mass-selection and deceleration, the TiO3H2

− and
TiO4H4(H2O)n

− (n = 0–5) clusters were photodetached with
a second Nd:YAG laser. The electrons resulting from pho-
todetachment were energy-analyzed by the magnetic-bottle
photoelectron spectrometer. The photoelectron spectra were
calibrated using the photoelectron spectrum of Cu− taken at
similar conditions. The resolution of the photoelectron spec-
trometer was approximately 40 meV for electrons with 1 eV
kinetic energy.

B. Computational methods

The theoretical calculations were performed with den-
sity functional theory, using B3LYP42–44 method and the
6-311+G(d,p) basis set. The geometries of all complexes
were determined by optimizing the different initial structures
at several multiplicities. Optimizations were performed with-
out imposing symmetry constraints, and the calculated en-
ergies were corrected by the zero-point vibrational energies.
Harmonic vibrational frequency calculations were performed
to verify that the obtained structures are real local minima.
All the calculations were conducted with the Gaussian 09 pro-
gram package.45

III. RESULTS AND DISCUSSION

The photoelectron spectra of TiO2
−, TiO3H2

−, and
TiO4H4(H2O)n

− (n = 0–5) taken with 355 nm photons are
presented in Figure 1. The photoelectron spectra of TiO3H2

−

and TiO4H4(H2O)n
− (n = 0–5) taken with 266 nm photons are

shown in Figure S1 of the supplementary material.46 The adi-
abatic detachment energies (ADEs) and vertical detachment
energies (VDEs) measured from the photoelectron spectra are
listed in Table I, where they are compared with the theoretical
values from the DFT calculations. The VDEs were calculated
as the energy difference between the electronic ground states
of the neutrals and anions with the neutrals at the geometries
of their corresponding anionic species. The ADEs were ob-
tained as the energy differences between the neutrals and an-
ions with the neutrals optimized to the nearest local minima.

The optimized geometries of the typical low-lying iso-
mers of TiO3H2

− and TiO4H4(H2O)n
− (n = 0–5) are shown

in Figures 2 and 3 and their corresponding neutral isomers are
shown in Figures 4 and 5 with the most stable structures on
the left.

A. Photoelectron spectra

As seen in Figure 1, the photoelectron spectrum of TiO2
−

taken with 355 nm photons is vibrationally resolved, the
peak at 1.59 eV is designated as the VDE. The spectrum of
TiO3H2

− at 355 nm has only one unresolved broad feature
centered at 1.51 eV, the electron binding energy (EBE) is
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FIG. 1. Photoelectron spectra of TiO2
−, TiO3H2

−, and TiO4H4(H2O)n
−

(n = 0–5) taken with 355 nm photons.

slightly lower than that of TiO2
−. This indicates that TiO3H2

−

cannot be simply considered as a hydrated TiO2
− and its

structure and electronic properties might be different from
those of a hydrated TiO2

−.
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TABLE I. Relative energies, VDEs, and ADEs of the typical low-lying iso-
mers of TiO3H2

− and TiO4H4(H2O)n
− (n = 0–5) calculated at the B3LYP

level of theory as well as the comparison with the experimental VDEs and
ADEs. (The isomers labeled with bold are the most probable ones observed
in the experiments.)

� E
ADE (eV) VDE (eV)

Isomer (eV) Theo. Expt. Theo. Expt.

TiO2
− 0A 1.59 1.59 ± 0.04 1.59 1.59 ± 0.04

TiO3H2
− 1A 0.00 1.31 1.15 ± 0.08 1.67 1.51 ± 0.08

1B 0.11 1.21 1.72
1C 2.04 2.11 2.22

TiO4H4
− 2A 0.00 0.58 0.77 ± 0.08 1.35 1.37 ± 0.08

2B 0.60 1.73 2.24
2C 2.70 0.91 1.91

TiO4H4(H2O)− 3A 0.00 0.97 1.23 ± 0.08 1.83 1.82 ± 0.08
3B 0.76 1.09 2.67
3C 2.65 0.92 1.58

TiO4H4(H2O)2
− 4A 0.00 1.03 1.62 ± 0.08 2.18 2.21 ± 0.08

4B 0.00 1.16 2.25
4C 0.00 1.22 2.36
4D 0.78 1.03 3.10
4E 2.70 0.31 1.77

TiO4H4(H2O)3
− 5A 0.00 1.63 1.91 ± 0.08 2.52 2.49 ± 0.08

5B 0.06 1.37 2.63
5C 0.07 1.25 2.57
5D 0.80 1.01 3.37
5E 2.88 0.36 1.97

TiO4H4(H2O)4
− 6A 0.00 1.36 1.84 ± 0.08 2.43 2.41 ± 0.08

6B 0.00 1.85 2.91
6C 0.92 0.84 2.72
6D 2.26 0.54 1.76

TiO4H4(H2O)5
− 7A 0.00 1.48 2.06 ± 0.08 2.68 2.57 ± 0.08

7B 0.05 1.53 2.63
7C 0.06 1.95 3.27
7D 2.62 0.38 1.86

TiO4H4
− has a peak centered at 1.37 eV. This peak

shifts to lower electron binding energy compared with that
of TiO3H2

−, indicating that TiO4H4
− is neither a solvated

TiO3H2
− nor a solvated TiO2

−. Additionally, a hump at about
2.0 eV was observed in the spectrum of TiO4H4

−. This hump
might be contributed by a different isomer. The photoelectron
spectra of TiO4H4(H2O)n

− (n = 1–3) are similar to that of
TiO4H4

− except that their photoelectron peaks shift toward
higher EBE with increasing number of water molecules. The
experimental VDEs of TiO4H4(H2O)n

− for n = 0, 1, 2, and 3
are 1.37, 1.82, 2.21, and 2.49 eV, respectively. The similari-
ties of the spectra of TiO4H4

− and TiO4H4(H2O)n
− (n = 1–3)

indicate that the addition of water molecules provides a sim-
ple solvation effect to TiO4H4

−. This will be verified by the
following theoretical calculations.

It is noteworthy that the VDE of TiO4H4(H2O)4
−

(2.41 eV) is slightly lower than that of TiO4H4(H2O)3
−,

indicating that TiO4H4(H2O)4
− cannot be simply consid-

ered as derived from a solvated TiO4H4(H2O)3
−. It is

suspected that TiO4H4(H2O)4
− should have a different elec-

tronic structure from the solvated TiO4H4(H2O)3
−. The pho-

toelectron spectrum of TiO4H4(H2O)5
− is similar to that of

TiO4H4(H2O)4
−, except that its photoelectron peak shifts to-

ward higher EBE, indicating that the addition of a water
molecule to TiO4H4(H2O)4

− is a simple solvation effect.

B. Theoretical calculations

1. TiO3H2
− and TiO3H2

Three typical low-lying structures for TiO3H2
− were

identified by density functional calculations (Figure 2). Both
isomers 1A and 1B are dihydroxide anions in the form of
TiO(OH)2

−. Isomer 1A is a Cs symmetry structure with two
OH groups in trans positions and an oxygen atom interacting
with the Ti atom to form a Ti-O bond. The calculated VDE
of isomer 1A is ∼1.67 eV, in agreement with the experimen-
tal VDE of 1.51 eV. Isomer 1B is a C2v symmetry structure
with the two OH groups in cis positions. It is higher than 1A
by 0.11 eV. The calculated VDE of isomer 1B (1.72 eV) is
also close to the experimental measurement. Our calculations
show that the energy barrier between isomers 1A and 1B is
about 0.14 eV. Isomer 1C is a hydrated metal-oxide species
TiO2(H2O)− with an intact water molecule adsorbed on ti-
tania via two hydrogen bonds. It is higher than isomer 1A by
∼2.04 eV in energy and much less stable than isomers 1A and
1B. It is unlikely for isomer 1C to be present in our experi-
ments. Isomers 1A and 1B probably are the ones contributing
to the photoelectron spectrum of TiO3H2

− measured in our
experiments. Thus, the first water molecule interacting with
TiO2

− prefers to form hydroxyl species TiO(OH)2
− instead

of hydrated titanium-dioxide TiO2(H2O)−. This reveals that
the first water molecule interacting with TiO2

− was dissoci-
ated to produce hydroxyl species. For the neutral TiO3H2, iso-
mer 1A′ is an anchor structure with C2v symmetry in the form
of TiO(OH)2. Isomer 1B′ is a hydrated metal-oxide species
TiO2(H2O) with Cs symmetry. Isomer 1B′ is much less stable
and higher than isomer 1A′ by 2.83 eV in energy.

2. TiO4H4
− and TiO4H4

For TiO4H4
−, we identified three typical low-lying iso-

mers (Figure 2). Isomer 2A is the most stable structure in
the form of Ti(OH)4

− with Cs symmetry and in 2A state, in
which the two water molecules interacting with TiO2

− were
dissociated to form hydroxyl species. The calculated VDE
for isomer 2A is about 1.35 eV, in excellent agreement with
the experimental VDE of 1.37 eV. Isomer 2B is in the form
of TiO(OH)2(H2O)− with isomer 1A solvated by a water
molecule. The calculated VDE of 2B is 2.24 eV. We specu-
late that isomer 2B contributes to the hump at ∼2.0 eV in the
spectrum of TiO4H4

−. Although isomer 2B is 0.6 eV less sta-
ble than isomer 2A, it is still possible for a small amount of
isomer 2B to be present in the experiments because isomer
2B needs to overcome an energy barrier in order to undergo
tautomerization to form isomer 2A. The similar tautomeriza-
tion processes have been reported by Sambrano et al.36 From
above, we can see that isomer 2A is the dominate species in
the experiments. Isomer 2C is a metal-oxide hydrated struc-
ture in the form of TiO2(H2O)2

− and is much higher than
isomer 2A in energy, thus, its existence in the experiments
can be ruled out. As for the neutral TiO4H4, isomer 2A′ is
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FIG. 2. Optimized geometries of the typical low-lying isomers of TiO2
−, TiO3H2

−, and TiO4H4(H2O)n
− (n = 0–3) clusters. The unit of the bond lengths is

angstrom.
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FIG. 3. Optimized geometries of the typical low-lying isomers of
TiO4H4(H2O)n

− (n = 4–5) clusters. The unit of the bond lengths is angstrom.

the most stable structure in the form of Ti(OH)4. Isomers 2B′

TiO(OH)2(H2O) and 2C′ TiO2(H2O)2 are much less stable
than isomer 2A′.

3. TiO4H4(H2O)− and TiO4H4(H2O)

For TiO4H4(H2O)−, the most stable structure is isomer
3A in the form of Ti(OH)4(H2O)−, which is derived from the
solvated isomer 2A. Isomer 3B is evolved from isomer 2B,
in the form of TiO(OH)2(H2O)2

−. Isomer 3C is a structure of
hydrated titanium-dioxide with TiO2

− solvated by three water
molecules. Isomers 3B and 3C are higher than isomer 3A in
energy by 0.76 and 2.65 eV, respectively. Therefore, isomers
3B and 3C cannot exist in our experiments. The calculated
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FIG. 4. Optimized geometries of the typical low-lying isomers of TiO3H2 and TiO4H4(H2O)n (n = 0–3) clusters. The unit of the bond lengths is angstrom.

VDE value of isomer 3A is about 1.83 eV, in excellent agree-
ment with the experimental value of 1.82 eV. Thus, we sug-
gest that the spectrum of TiO4H4(H2O)− in our experiments is
contributed by isomer 3A (Ti(OH)4(H2O)−). It is noteworthy
that the hump observed in the spectrum of TiO4H4

− disap-
pears in the spectrum of TiO4H4(H2O)−. We speculate that
the reason for this is that the energy barrier between isomer
3A and isomer 3B is substantially decreased by the additional
water similar to that reported by Sambrano et al.,36 thus, iso-
mer 3B can easily transform to isomer 3A. The most stable
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+0.53eV
7D (Cs 
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+1.52eV

FIG. 5. Optimized geometries of the typical low-lying isomers of
TiO4H4(H2O)n (n = 4–5) clusters. The unit of the bond lengths is angstrom.

neutral structure of TiO4H4(H2O) is isomer 3A′ in the form
of Ti(OH)4(H2O). Isomers 3B′ and 3C′ are much less stable
than isomer 3A′.

4. TiO4H4(H2O)2
− and TiO4H4(H2O)2

For TiO4H4(H2O)2
−, isomers 4A, 4B, and 4C are all in

the form of Ti(OH)4(H2O)2
− and they are almost degenerate

in energy. Isomer 4A corresponds to a structure that two wa-
ter molecules each form a hydrogen bond with the Ti(OH)4

−

unit, in which the water-water interaction is also observed.
Isomer 4B is derived from 3A and the additional water
molecule forms a hydrogen bond with Ti(OH)4

− unit. In iso-
mer 4C, two water molecules each form two hydrogen bonds
with Ti(OH)4

−. Isomer 4D in the form of TiO(OH)2(H2O)3
−

is derived from 3B. Isomer 4E in the form of TiO2(H2O)4
−

is a hydrated metal-oxide. Both isomers 4D and 4E are much
less stable than 4A, therefore they cannot exist in our experi-
ments. The VDEs of isomers 4A, 4B, and 4C are 2.18, 2.25,
and 2.36 eV, respectively. They are all in excellent agreement
with the experimental VDE value of TiO4H4(H2O)2

−. There-
fore, we believe that 4A, 4B, and 4C coexist in the experi-
mental photoelectron spectrum of TiO4H4(H2O)2

−. As for the
neutral TiO4H4(H2O)2, 4A′ Ti(OH)4(H2O)2 is the most stable
structure. Ti(OH)4 unit of 4A′ is distorted and different from
that of anion isomer 4A.
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5. TiO4H4(H2O)3
− and TiO4H4(H2O)3

For TiO4H4(H2O)3
−, we identified five minima that are

the consequence of the balance between water-water and ion-
water interactions. From Figure 2, we can see that isomers 5A,
5B, and 5C are all in the form of Ti(OH)4(H2O)3

− and they
are nearly degenerate in energy. Isomer 5A adopts a three-
water ring motif, with each water molecule acting as both a
donor and an acceptor to its neighbor and the other hydro-
gen atoms of the three water molecules each form a hydrogen
bond by interacting with the oxygen atoms of the Ti(OH)4

−

unit, respectively. The next two isomers 5B and 5C, both of
them have a different water network from isomer 5A. Iso-
mer 5B has no water-water hydrogen bond and isomer 5C has
one interwater hydrogen bond with one water molecule as the
donor and the other as the acceptor. Isomers 5D and 5E corre-
spond to structures of TiO(OH)2(H2O)4

− and TiO2(H2O)5
−

and they are higher than the most stable structure in energy
by 0.80 and 2.88 eV, respectively. The calculated VDEs of
isomers 5A, 5B, and 5C are 2.52, 2.63, and 2.57 eV, re-
spectively, in excellent agreement with the experimental VDE
(2.49 eV). Therefore, the broadening of the experimental peak
of TiO4H4(H2O)3

− can be rationalized in terms of the isomers
5A, 5B, and 5C configurations. The calculated VDEs of iso-
mers 5D and 5E, 3.37 and 1.97 eV, respectively, show much
deviations from the experimental value. Both of them can be
ruled out in our experiments. For the neutral TiO4H4(H2O)3

in our calculations, the global minimum isomer 5A′ is in the
form of Ti(OH)4(H2O)3, in which one water molecule forms
two hydrogen bonds with the Ti(OH)4 unit while the other two
water molecules each form one hydrogen bond with Ti(OH)4.

6. TiO4H4(H2O)4
− and TiO4H4(H2O)4

The first two isomers of TiO4H4(H2O)4
− are nearly

degenerate in energy. In isomer 6A, the number of water
molecules increased to four, the outside water molecules
forms hydrogen bonds with OH groups, increased one of
the dihedral angles of O-Ti-O-O in Ti(OH)4

− to 162◦, and
weakened the interactions between the OH and Ti atom. This
makes one water molecule have enough space to interact di-
rectly with Ti atom via its oxygen atom. It is noteworthy that
the Ti(OH)4

− unit was largely distorted and the Ti atom is
5-coordinated here. Thus, isomer 6A cannot be considered
as simple addition of a water molecule to Ti(OH)4(H2O)3

−.
This can explain why the spectrum peak of TiO4H4(H2O)4

−

shifts to low EBE compared to that of Ti(OH)4(H2O)3
− in

our experiments. The calculated VDE of isomer 6A is about
2.43 eV, in excellent agreement with the experimental value
2.41 eV. Therefore, we suggest that isomer 6A is dominat-
ing in the experiments. Isomer 6B can be viewed as de-
rived from the solvated isomer 5A, and the additional water
molecule forms one hydrogen bond with the Ti(OH)4

− unit.
The theoretical VDE (2.91 eV) of 6B overlaps with the broad
photoelectron peak in the range of 1.8–3.2 eV. We suggest
that 6B may contribute to the higher binding energy side of
the photoelectron spectral peak. Isomer 6C is in the form of
TiO(OH)2(H2O)5

− and is 0.92 eV higher than the most stable
isomer 6A. Isomer 6D is a hydrated metal-oxide structure and

much higher than 6A in energy. Therefore, the existence of
isomers 6C and 6D in our experiments probably can be ruled
out. For the neutral TiO4H4(H2O)4, the most stable structure
6A′ is similar to anionic structure 6A.

7. TiO4H4(H2O)5
− and TiO4H4(H2O)5

For TiO4H4(H2O)5
−, we identified four low-lying iso-

mers. Isomer 7A can be considered as evolved from isomer
6A by attaching an additional water molecule to the one of
the first shell waters. Isomer 7B is nearly degenerate with 7A
in energy and also can be regarded as derived from isomer
6A, in which the additional water molecule interacts with the
Ti(OH)4

− unit and the neighboring water via one H atom and
oxygen atom, respectively. Isomer 7C is higher than 7A by
0.06 eV, and can be viewed as 6B solvated by an additional
water molecule. Isomer 7D is a structure corresponding to hy-
drated metal-oxide and much higher than the most stable iso-
mer 7A. The calculated VDEs of isomers 7A and 7B are 2.68
and 2.63 eV, respectively, in excellent agreement with the ex-
perimental measurements. The VDE of 7C is calculated to be
3.27 eV, may contributed to the higher binding energy side of
the photoelectron spectral peak. The calculated VDE of 7D is
1.86 eV, much lower than the VDE of our experiments. Iso-
mer 7D is much less stable than isomer 7A. Thus, the exis-
tence of isomer 7D can be ruled out in our experiments. As
for the neutral TiO4H4(H2O)5, the most stable structure 7A′

is derived from 6A′ and the additional water molecule forms
one hydrogen bond with the neighboring water as well as two
hydrogen bonds with the Ti(OH)4 unit.

In order to understand the nature of bonding of TiO3H2
−

and TiO4H4(H2O)n
− (n = 0–5), we have carried out the analy-

sis of their molecular orbitals. From Figure 6, we can see that
the highest occupied orbitals (HOMOs) of both isomers 1A
and 1B of TiO(OH)2

− are mainly localized on Ti and three
oxygen atoms. This indicates that the photoelectron spec-
trum feature of TiO3H2

− in our experiments is mostly con-
tributed by the electrons on Ti and three oxygen atoms. For
TiO4H4(H2O)n

− (n = 0–3), the results of HOMOs of their
most probable isomers show that their respective Ti(OH)4

−

units lose the majority of charges during the photodetach-
ment processes and indicate that the VDEs of these cluster
anions are due to electron detachment from their respective
Ti(OH)4

− units. This can explain why the photoelectron spec-
tra of TiO4H4(H2O)n

− (n = 0–3) in the experiments are so
similar except that their peaks shift toward higher EBE. For
the most stable isomer of TiO4H4(H2O)4

−, we can see an in-
teresting phenomenon that the HOMO localize on not only
the Ti(OH)4

− unit but also the water molecule interacting
with Ti atom via oxygen atom. This indicates that the photo-
electron spectrum feature of TiO4H4(H2O)4

− is mainly from
the combined contributions of the electrons on the Ti(OH)4

−

unit and that on the water interacting with Ti atom. This re-
veals that TiO4H4(H2O)4

− cannot be simply considered as a
solvated TiO4H4(H2O)3

−. The HOMOs of the most probable
isomers of Ti(OH)4(H2O)5

− show similar properties as that
of Ti(OH)4(H2O)4

−. So the spectrum of Ti(OH)4(H2O)5
− is

similar to that of Ti(OH)4(H2O)4
− as expected in the experi-

ments.
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FIG. 6. The HOMOs of the typical low-lying isomers of TiO2
−, TiO3H2

−,
and TiO4H4(H2O)n

− (n = 0–5) clusters.

IV. CONCLUSIONS

TiO3H2
− and TiO4H4(H2O)n

− (n = 0–5) cluster anions
were investigated using photoelectron spectroscopy and den-
sity functional calculations. The possible structures of the
TiO3H2

− and TiO4H4(H2O)n
− (n = 0–5) clusters were de-

termined by comparison of theoretical calculations with ex-
perimental measurements. Our studies show that TiO(OH)2

−

was produced when TiO2
− interacts with one water molecule,

and Ti(OH)4
− were produced when TiO2

− interacts with two
water molecules. In Ti(OH)4(H2O)1-3

−, the water molecules
interact with the Ti(OH)4

− core through hydrogen bonds. On
the other hand, the Ti(OH)4

− core in Ti(OH)4(H2O)4,5
− is dis-

torted slightly because one of the water molecules interacts

directly with the Ti atom via its oxygen atom instead of a hy-
drogen bond. Analysis of molecular orbitals shows that the
negative charge of TiO3H2

− mainly localizes on the Ti and
three oxygen atoms. For TiO4H4(H2O)n

− (n = 0–3), the neg-
ative charge mainly localizes on the Ti(OH)4

− units. As for
TiO4H4(H2O)n

− (n = 4, 5), the negative charge localizes not
only on the Ti(OH)4

− unit but also on the water molecule in-
teracting directly with the Ti atom.
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