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The (TiO2)n clusters and their anions for n ) 1-4 have been studied with coupled cluster theory [CCSD(T)]
and density functional theory (DFT). For n > 1, numerous conformations are located for both the neutral and
anionic clusters, and their relative energies are calculated at both the DFT and CCSD(T) levels. The CCSD(T)
energies are extrapolated to the complete basis set limit for the monomer and dimer and calculated up to the
triple-� level for the trimer and tetramer. The adiabatic and vertical electron detachment energies of the
anionic clusters to the ground and first excited states of the neutral clusters are calculated at both levels and
compared with the experimental results. The comparison allows for the definitive assignment of the ground-
state structures of the anionic clusters. Anions of the dimer and tetramer are found to have very closely lying
conformations within 2 kcal/mol at the CCSD(T) level, whereas that of the trimer does not. In addition,
accurate clustering energies and heats of formation are calculated for the neutral clusters and compared with
the available experimental data. Estimates of the titanium-oxygen bond energies show that they are stronger
than the group VIB transition metal-oxygen bonds except for tungsten. The atomization energies of these
clusters display much stronger basis set dependence than the clustering energies. This allows the calculation
of more accurate heats of formation for larger clusters on the basis of calculated clustering energies.

1. Introduction

Titanium dioxide (TiO2) is the technologically most important
compound formed by group IVB transition metal elements and
is widely used as a white pigment.1,2 It has been applied both
as a catalyst support3 and as a photocatalyst.4,5 The photocata-
lytic activity of titanium dioxide has been widely studied for
solar energy conversion,6 as well for removal of organic
pollutants from aqueous waste streams.7

At room temperature, bulk TiO2 exists in three natural phases:
rutile, anatase, and brookite.1 The rutile phase is the most
common phase, and at elevated temperature the other phases
transform into rutile. In all three phases, the Ti atom is sur-
rounded by six O atoms in distorted octahedral configurations,
and the O atom is surrounded by three Ti atoms in trigonal
planar configurations (see the Supporting Information for struc-
tures of the rutile and anatase phases).8–13 In both the rutile and
anatase phases, all of the titanium and oxygen centers are
equivalent, whereas they are not in the brookite phase due to
the higher order of distortion.8,13 In the rutile phase, the TiO6

octahedron is stretched along the axial direction resulting in
two longer Ti-O bonds (1.982 Å) and four shorter ones (1.947
Å).8 In addition, the O-Ti-O bond angles in the equatorial
plane are distorted from 90° to 81.1° and 98.9°, and the Ti-O
bonds in the equatorial plane remain perpendicular to those along
the axial direction.8 In the anatase phase, in addition to the
distortion along the axial direction, which results in two longer
Ti-O bonds (1.980 Å) and four shorter ones (1.934 Å), the
Ti-O bonds in the equatorial plane are no longer perpendicular
to those in the axial direction.13 These Ti-O bonds in the
equatorial plane are distorted so that the O-Ti-O bond angles
between the adjacent Ti-O bonds all equal 92.4°.13 Furthermore,
the anatase phase is found to be photocatalytically active.
Although the rutile phase is more stable than the anatase phase

at room temperature and ambient pressure, experimental and
theoretical studies have suggested the anatase phase to be more
stable than the rutile phase when the particle size is smaller
than ∼14 nm.14,15 More recently, the anatase phase has been
calculated to be more stable than the rutile phase at 0 K and
ambient pressure.16

Due to its technological importance, numerous experimental
and theoretical studies have been carried out on isolated titanium
oxide clusters to correlate their structures and properties with
those of the bulk. An early electric dipole moment measurement
by electric quadrupole field deflection of molecular beams of
MO2 (M ) Si, Ti, Zr, Ce, Th, Ta, U) showed that all of these
dioxides are polar except for SiO2.17 Matrix infrared (IR)
spectroscopy has been used to study TiO and TiO2,18 and the
reaction products of Ti, Zr, and Hf atoms with molecular
oxygen.19 The OdTidO bond angle in TiO2 was estimated to
be 110 ( 15° from Ti isotope splittings18 and was further refined
to 113 ( 5° in a subsequent experiment with reduced spectral
line widths.19 The bond angle in TiO2

- has also been estimated
to be 128 ( 5°.19 In addition, an emission system has been
observed at ∼530 nm for TiO2.18 High temperature mass
spectroscopic measurements of the vapors over the europium-
titanium-oxygen and cobalt-titanium-oxygen systems yielded
estimated total atomization energies for TiO2 and Ti2O4 of 301
( 3 and 721 ( 11 kcal/mol at 0 K.20,21 Mass spectrometry has
been employed to study the reaction products of 29 transition
metal cations with molecular oxygen,22 the formation and
fragmentation of titanium oxide cluster cations,23 and the
reaction products of small titanium oxide cluster cations toward
molecule oxygen.24 Early transition metal cations were shown
to form oxide cations by oxygen atom abstraction, whereas late
transition metal cations by molecular oxygen addition.22 Tita-
nium oxide cluster cations of the form TinO2n-m

+ were observed
for n ) 1-8 and m ) 0-4 by sputtering titanium foil exposed
to oxygen, and for n ) 1-7 and m ) 1-3 by sputtering titanium* Corresponding author. E-mail: dadixon@bama.ua.edu.
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dioxide powder.23 A simple pair potential ionic model has been
used to calculate the structures of the TinO2n-m clusters for m
) 0-2, and no distinct structures were found for m ) 1 and m
) 2, whereas the TinO2n clusters were found to have pendant
and terminal oxygen atoms.23 Furthermore, the TinO2n+m

+

clusters with n g 3 for m ) 0 and n g 2 for m ) 1 were found
to be inert toward the reaction of molecule oxygen.24 Anion
photoelectron spectroscopy (PES) has been used to study TiOm

-

and TinO2n
- clusters for m ) 1-3 and n ) 2-10 at wavelengths

up to 157 nm.25,26 Electron detachment energies have been
measured for these clusters, and the energy difference between
the ground state of the neutral and its first excited state (band
gap) has been shown to be strongly size-dependent for n e 6,
and to rapidly approach the bulk limit for n g 7.26 Most of the
PES features are very broad, indicative of large geometry
changes upon photodetachment, and this feature has been
attributed to the localization of the extra electron in the anions.26

Single-photon and multiphoton ionization experiments have been
carried out on the titanium oxide clusters formed by reactions
of metal atoms with molecule oxygen.27,28 The TinO2n and
TinO2n+1 clusters were found to be the most stable neutral
clusters, and the TinO2n-1 and TinO2n-2 clusters were formed
by fragmentation.28 Infrared resonance enhanced multiphoton
ionization (IR-REMPI) spectroscopy has been applied to study
titanium oxide clusters in the gas phase, and their structures
were shown to be close to that for the rutile phase of bulk
TiO2.29,30

Theoretical studies on the titanium oxide clusters have mostly
been carried out at the density functional theory (DFT)31 level,
although a number of wave function-based methods have also
been employed. For the monomer, an early configuration inter-
action calculation with single and double excitations (CISD)
and Davidson correction for the quadruple excitations was
performed for the ground state (1A1) and the lowest energy B2

excited state, and good agreement with experiment was found
for the geometry, but not for the symmetric stretching fre-
quency.32 In addition, the 1B2 and 3B2 excited states were found
to be nearly degenerate with a linear geometry.32 Bergstrom et
al. benchmarked the performance of a number of exchange-corre-
lation functionals for the calculation of the geometries, ionization
energies, dipole moments, atomization energies, and harmonic
frequencies for TiO, TiO2, and Ti2 against the Hartree-Fock
(HF), second order Møller-Plesset perturbation theory (MP2),
and CISD methods.33 Most of the DFT functionals benchmarked
including BLYP,34,35 BP86,34,36 B3LYP,37,35 and B3P8637,36 were
found to provide superior results to the three wave function-
based methods, and exchange-correlation functionals without
HF exchange (pure functionals) were found to outperform those
with HF exchange (hybrid functionals).33 The DFT results are
consistent with our recent benchmarking studies of group VIB
metal-oxide clusters.38 Walsh et al. calculated the ground-state
geometries and energetics for TiOm (m ) 1-3) and their anions
at the DFT level and at the coupled cluster level with single
and double excitations and a perturbative triples correction
[CCSD(T)]39–42 level.43 The ground state of TiO2

- was predicted
to be the 2A1 state of C2V symmetry, and the adiabatic electron
detachment energy (ADE) calculated at the CCSD(T) level was
found to be in good agreement with experiment.43 DFT
calculations on the first row transition metal dioxides and their
anions predicted that their ground states have the oxo form
(OdMdO) except for copper dioxide, which has a superoxo
form (M-O-O).44 Their calculated electron affinity for TiO2

is slightly lower than the experimental value.44 Very recently,
multireference (MR) CISD calculations with Davidson correc-

tions have been carried out for the low-lying states of TiO2,
and the geometries and energies at the MR-CISD level were
found to be similar to those at the DFT level.45

HF calculations have been performed on the larger clusters,
TinO2n and TinO2n-1, for n ) 1-3.46 A C2h structure with two
bridge and two terminal oxygen atoms was calculated to be the
ground state of Ti2O4, and a Cs structure with a linear
configuration of the titanium atoms was calculated to be the
ground state of Ti3O6.46 DFT in the local spin density ap-
proximation (LSDA) with plane-wave basis sets has been used
to calculate the TinO2n and TinO2n+1 clusters for n ) 1-3 and
their anions and cations.47 The same C2h structure for Ti2O4

was predicted to be the ground state, but for Ti3O6, a Cs structure
with a triangular configuration of the titanium atoms was
calculated to be its ground state.47 For Ti2O4

-, a C3V structure
with three bridge oxygen atoms were found to be more stable
than the C2h structure by 0.02 eV, and the calculated ADEs for
the C3V and C2h structures are lower than the experimental value
by ∼0.8 and ∼0.4 eV, respectively.47 For Ti3O6

-, the ADE of
the Cs structure with a triangular configuration of the titanium
atoms was lower than the experimental value by ∼0.5 eV.47

The structures of the TinOmclusters for n ) 1-6 and m ) 1-12
have been calculated at the B3P86/6-31G(d) level.48 For Ti2O4,
only the C2h structure was located; for Ti3O6, the structure with
a linear configuration for the titanium atoms was calculated to
have C2 symmetry; and for Ti4O8, a C2h structure with a linear
configuration for all the titanium atoms was obtained.48 Employ-
ing a combination of simulated annealing, Monte Carlo basin
hopping (SA-MCBH) simulations, and genetic algorithm (GA)
techniques, low energy structures for the TinO2n clusters for n
) 1-15 were generated and subsequently refined by DFT
calculations.49 The structure for Ti2O4 is similar to the C2h

structure, although it appears to have D2h symmetry; for Ti3O6,
the Cs structure with a triangular configuration for the titanium
atoms was predicted to be the most stable structure; and for
Ti4O8, a structure with C2V symmetry was predicted to be the
most stable.49 The structures for TinO2n clusters for n ) 1-9
and their anions and cations have also been calculated by Qu
and Kroes at the B3LYP/LANL2DZ level.50 For Ti2O4, the C2h

structure was again predicted to be the most stable; for Ti3O6,
the Cs structure with a triangular configuration for the titanium
atoms was predicted to be the most stable; and for Ti4O8, another
structure with C2V symmetry different from that found by Hamad
et al.47 was predicted to be the most stable.50 For Ti2O4

-, the
C2h structure was predicted to be the most stable, and its ADE
was calculated to be very close to the experimental value; for
Ti3O6

-, the Cs structure with a triangular configuration for the
titanium atoms was predicted to be the most stable, but its ADE
was calculated to be ∼0.5 eV higher than the experimental
value; and for Ti4O8

-, the same C2V structure was predicted to
be the most stable, but its ADE was predicted to be higher than
the experimental value by ∼0.4 eV.50

The above survey of previous studies on small titanium oxide
clusters clearly shows that the structures of these clusters are
still not well-established, and there are still fairly large discrep-
ancies between the experimental and theoretical electron detach-
ment energies. For example, the ADEs of Ti2O4

- and Ti3O6
-

calculated by Albaret et al. at the LSDA level with plane-wave
basis sets are lower than the experimental values by ∼0.4 and
0.5 eV, respectively.47 Although the ADE of Ti2O4

- calculated
by Qu and Kroes at the B3LYP/LANL2DZ level is in good
agreement with the experimental value, their calculated ADEs
for Ti3O6

- and Ti4O8
- are higher than the experimental values

by ∼0.5 and ∼0.4 eV respectively.50
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In our recent benchmark studies on the electron detachment
energies of the group VIB transition metal oxide clusters,38 we
showed that (1) the CCSD(T) method with a sufficiently large
basis set and the inclusion of core-valence correlation correc-
tions can reproduce the experimental detachment energies to
better than 0.1 eV if the electronic wave function is dominated
by a single determinant; (2) the BP86 and PW91 functionals
provide the best overall electron detachment energies for these
oxide clusters; and (3) the B3LYP functional does not perform
well for the first row transition metal. Thus the discrepancies
between the experimental and theoretical electron detachment
energies can arise either from incorrectly predicted ground-state
structures or from the systematic error of the functional in the
predicted electron detachment energies.

In the current study, we use both density functional theory
(DFT) and coupled cluster theory [CCSD(T)] to calculate the
structural and energetic properties of the (TiO2)n (n ) 1-4)
clusters and their anions. Relative energies of the different
conformations, and comparison of the calculated ADEs and
VDEs for the different conformations of the anionic clusters
with the experimental results allow us to firmly establish the
ground-state structures of these clusters. In addition, the
clustering energies and heats of formation of the neutral clusters
are calculated to provide accurate thermodynamic data for these
transition metal oxide clusters.

2. Computational Methods

Equilibrium geometries and harmonic vibrational frequencies
were calculated at the DFT level with the B3LYP exchange-cor-
relation functionals for both the neutral and anionic clusters.
No scaling factors were applied to any of the calculated
frequencies. Due to the potential for artificial symmetry breaking
as discussed below with the B3LYP functional for several
anionic clusters in this study, we used the ZPEs calculated at
the BP86/aD level. For the low-lying structures, geometries and
frequencies were also calculated with the BP86 and PW9151,52

functionals. We used the augmented correlation-consistent aug-
cc-pVnZ basis set for O,53 and the aug-cc-pVnZ-PP effective
core potential (ECP) basis sets54 for Ti in the DFT optimization
and frequency calculations with n ) D and additional DFT
single point energy calculations with n ) T; these basis sets
are collectively denoted as aD and aT. The DFT energies given
in the tables below were obtained with the aT basis set. The
DFT energies with the aD basis set are given as Supporting
Information. These results show that the various DFT energies
do not exhibit a strong dependence on the basis set with most
energies differing by up to ∼1 kcal/mol.

For the monomer and dimer, we optimized the geometries
of the low-lying structures at the CCSD(T) level39–42 with the
aD and aT basis sets. For the monomer, the harmonic frequen-
cies were calculated at the CCSD(T)/aT level. For the monomer
and dimer, the CCSD(T) energy calculations were also per-
formed with the aQ basis set. The CCSD(T) energies were
extrapolated to the complete basis set (CBS) limit using a mixed
Gaussian/exponential formula.55 The cardinal numbers for the
aD, aT, and aQ basis sets we used are 2, 3, and 4. Our recent
studies on the group VIB transition metal oxide clusters have
shown that the effect of the choice of the cardinal numbers in
this extrapolation scheme is fairly small.38 Core-valence cor-
relation corrections were calculated at the CCSD(T) level with
the aug-cc-pwCVnZ basis set for O,56,57 and the aug-cc-
pwCVnZ-PP basis set for Ti,54 with n ) D and T. These basis
sets will be collectively denoted as awCVDZ and awCVTZ,
respectively. In addition, relativistic corrections were calculated

as expectation values of the mass-velocity and Darwin terms
(MVD) of the CISD wave function with the aT basis set. A
potential problem arises in computing the scalar relativistic
correction for the molecules in this study as there is the
possibility of “double counting” the relativistic effect on the
metal when applying a MVD correction to an energy that already
includes some relativistic effects via the relativistic ECP.
Because the MVD operators mainly sample the core region
where the pseudo-orbitals are small, we assume any double
counting to be small. The above approach follows on ours and
others’ work on the accurate prediction of the heats of formation
for a wide range of compounds.58–72

For the trimer and tetramer, the CCSD(T) calculations were
performed with the aD and aT basis sets at the B3LYP/aD
geometries. Core-valence correlation corrections were calcu-
lated at the CCSD(T) level with awCVDZ basis sets, and scalar
relativistic corrections were calculated as expectation values of
the MVD terms for the CISD/aT wave function.

Time-dependent DFT (TD-DFT)73–79 at the B3LYP/aD, BP86/
aD, and PW91/aD levels is employed to calculate the vertical
excitation energies of the ten lowest singlet and triplet excited
states at the optimized geometries of the low-lying neutral
structures. An asymptotic correction78,79 for the exchange-corre-
lation functional was employed for the B3LYP functional; this
has very small effects on the transition energies of the low-
lying excited states.80

The DFT geometry optimization and frequency calculations
were performed with the Gaussian 03 program package.81 For
the pure DFT methods, the density fitting approximation was
employed to speed up the calculations.82,83 The density fitting
sets were automatically generated from the atomic orbital prim-
itives. The TD-DFT calculations were performed with the
NWChem 5.0 program packages.84,85 The CCSD(T) calculations
were performed with the MOLPRO 2006.1 program package.86

The open-shell calculations were done with the R/UCCSD(T)
approach where a restricted open shell Hartree-Fock (ROHF)
calculation was initially performed and the spin constraint was
then relaxed in the coupled cluster calculation.87–89 The calcula-
tions were performed on the Opteron-based Cray XD1 and
Itanium 2-based SGI Altix supercomputers at the Alabama
Supercomputer Center, the Xeon-based Dell Linux cluster at
the University of Alabama, the local Opteron-based Parallel
Quantum Solutions Linux cluster, and the Itanium 2-based Linux
cluster at the Molecular Science Computing Facility from the
Pacific Northwest National Laboratory.

Multidimensional Franck-Condon factors (FCFs) for the
vibronic transitions from the ground state of the anion to that
of the neutral cluster were calculated within the harmonic
approximation to simulate the photoelectron spectrum. These
FCFs were calculated90 using the recursion relations derived
by Doktorov et al.91 adapted from the work of Yang et al.92

The three-level binary tree algorithms of Ruhoff and Ratner,93

originated from the binary tree algorithm of Gruner and
Brumer,94 have been implemented. In addition, the backtracking
algorithm by Kemper et al.95 has been implemented to generate
all of the vibrational states to be calculated at a given level.
The backtracking algorithm also allows for the efficient utiliza-
tion of the calculated integrals. In simulating the spectra, the
theoretical equilibrium geometries, harmonic frequencies, and
normal coordinates were used. Our program interfaces with
Gaussian 03, MOLPRO, and NWChem. A Boltzmann distribu-
tion was used to account for the finite temperature effect with
a Lorentzian line shape with an experimental line width.
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Following our previous work on the group VIB transition
metal oxide clusters,96 the normalized and differential clustering
energies, ∆Enorm,n and ∆Ediff,n, are defined by

∆Enorm,n ) [nE(TiO2)-E(TinO2n)]/n (1)

∆Ediff,n ) [E(Tin-1O2n-2)+E(TiO2)-E(TinO2n)] (2)

The normalized clustering energy is the average binding energy
of the monomer in a cluster, and the differential clustering energy
is the energy required to remove one monomer from the cluster.

Atomization energies of the (TiO2)n (n ) 1-4) clusters at 0
K were calculated as the energy differences between the ground
states of the atoms and those of the clusters following our
previous work:38

D0,0K )∆ECBS +∆EZPE +∆ECV +∆ESR +∆ESO (3)

where each individual term was evaluated as in

∆E) nE(Ti,3F)+ 2nE(O,3P)-E(TinO2n) (4)

The spin-orbit contribution for the ground state of O (3P) is
-0.223 kcal/mol and that of Ti (3F) is -0.636 kcal/mol.97 For
the B3LYP, BP86, and PW91 methods, eq 3 reduces to

D0,0K )∆Ee +∆EZPE +∆ESO (5)

Heats of formation of the clusters at 0 K are calculated from
the atomization energies and the experimental heats of formation
for the atoms as given in

∆Hf,0K(TinO2n)) n∆Hf,0K(Ti)+ 2n∆Hf,0K(O)-

D0,0K(TinO2n) (6)

The heats of formation at 0 K for the elements in the gas phase
are ∆Hf

0(O) ) 58.98 ( 0.02 kcal/mol,98 and ∆Hf
0(Ti) ) 112.4

( 0.7 kcal/mol.99 The JANAF heat of formation of Ti(g) at 0
K is ∆Hf

0(Ti) ) 112.55 ( 4.0 kcal/mol with a much larger
error bar.98 Heats of formation at 298 K are calculated by
following the procedures outlined by Curtiss et al.100

3. Results and Discussion

3.1. Equilibrium Geometries of Neutral Clusters. Opti-
mized molecular structures for the low-lying states of the (TiO2)n

(n ) 2-4) clusters are shown in Figure 1, and those for their
anions are shown in Figure 2. Additional conformations (we
use the term conformer for these structures to include the term
isomer) with higher energies are shown in Figure 3 for the
neutral and those for the anionic clusters are given as Supporting
Information. Also given in these figures are the optimized
titanium-oxygen bond lengths and calculated relative energies.
The titanium-oxygen bond lengths and bond angles calculated
at all the levels are given as Supporting Information for the
monomer and dimer. The calculated relative energies for these
low-lying states are shown in Tables 1 and 2 at the CCSD(T)
and DFT levels. The CCSD(T) relative energies include a
number of different contributions to show their relative impor-
tance: the basis set extrapolation to the complete basis set (CBS)
limit where possible, the zero-point energy (ZPE) correction,
the core-valence (CV) correction, and the scalar relativistic
(SR) correction. This information is critical to provide insight
into the potential sources of error when applying the CCSD(T)
method for larger clusters.

3.1.1. Monomer. The ground state of TiO2 is predicted to
be 1A1 in C2v symmetry. The calculated OdTidO bond angle
of 112.4° at the CCSD(T)/aT level is in excellent agreement
with the experimental result of 113 ( 5°.19 The CCSD(T)/aT
value for the TidO bond length is 1.666 Å.

Figure 1. Low-lying structures of (TiO2)n (n ) 2-4). The bond lengths (Å) shown are calculated at the CCSD(T)/aT level for n ) 2 and at the
B3LYP/aD level for n ) 3 and 4. The relative energies (kcal/mol) shown are calculated at the CCSD(T)/CBS level for n ) 2 and at the CCSD(T)/
aT//B3LYP/aD level for n ) 3 and 4.
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3.1.2. Dimer. The ground state of Ti2O4 is predicted to be
1Ag in C2h symmetry. As shown in Figure 1, there are two low-
lying conformers besides the C2h structure. At the CCSD(T)/
CBS level, the 1A1 state of the (C2V a) structure is predicted to
be 5.5 kcal/mol higher in energy than the C2h structure, and the
1A1 state of the C3V structure is predicted to be 12.8 kcal/mol

higher in energy than the C2h structure. The C2h and (C2V a)
structures are very similar, both of which have two bridge and
two terminal oxygen atoms. The difference is that the C2h

structure has a trans configuration for the two terminal oxygen
atoms, whereas the (C2V a) structure has a cis configuration. In
contrast, the C3V structure has three bridge and one terminal

Figure 2. Low-lying structures of (TiO2)n
- (n ) 2-4). The bond lengths (Å) shown are calculated at the CCSD(T)/aT level for n ) 2 and at the

B3LYP/aD level for n ) 3 and 4. The relative energies (kcal/mol) shown are calculated at the CCSD(T)/CBS level for n ) 2 and at the CCSD(T)/
aT//B3LYP/aD level for n ) 3 and 4.

Figure 3. Additional structures of (TiO2)n (n ) 2-4). The bond lengths (Å) and relative energies (kcal/mol) shown are calculated at the B3LYP/
aD level.
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oxygen atoms. The calculated TidO bond lengths at the
CCSD(T)/aT level for the C2h and C2V structures are ∼0.02 Å
shorter than that in the monomer, and that in the C3V structure
is ∼0.03 Å shorter. The calculated Ti-O bond lengths at the
CCSD(T)/aT level for the C2h and C2V structures are ∼0.20 Å
longer than the TidO bond length in the monomer, whereas
for the C3V structure, three of the Ti-O bonds are ∼0.10 Å
longer, and the other three are ∼0.34 Å longer. Thus, the C3V
structure can be considered as a Ti(-O)3 unit interacting with
a TidO unit. In addition, two more conformers of C2V symmetry
(Figure 3) lie much higher in energy than the C2h structure, by
70.9 and 111.4 kcal/mol, respectively, at the B3LYP/aD level.
The (C2V b) structure is best described as two weakly interacting
monomers, and the (C2V c) structure is best described as Ti2O2

weakly interacting with O2. The C2h structure has been predicted
to be the ground state of Ti2O4 in most previous studies,
although the structures calculated using a pair-potential ionic

model,23 and using the SA-MCBH and B3LYP/DZVP ap-
proaches49 appear to have D2h symmetry.

3.1.3. Trimer. The ground state of Ti3O6 is predicted to be
1A′ in Cs symmetry. It has a six-member ring formed from three
-(Ti-O)- units, a triple-bridge oxygen atom at the center, and
two terminal oxygen atoms. Its stability may be due to its closely
packed structure. A number of low-lying structures were located
for the trimer. A C1 structure (Figure 3) formed by moving the
triple-bridge oxygen atom in the (Cs a) structure away from
one of the titanium atoms with a terminal oxygen atom lies
higher than the (Cs a) structure by 7.6 kcal/mol at the B3LYP/
aD level and by 9.7 kcal/mol at the CCSD(T)/aD//B3LYP/aD
level. However, geometry optimizations at the BP86/aD and
PW91/aD levels starting from this C1 structure led to the (Cs a)
structure, suggesting that the C1 structure may not be a true
local minimum. A C2 structure formed by linearly extending
the ground-state structure of Ti2O4 with another TiO2 unit is
calculated to be higher in energy than the (Cs a) structure by
15.2 kcal/mol at the CCSD(T)/aT//B3LYP/aD level. The other
structures for the trimer (Figure 3) lie even higher in energy.
The (Cs b) and C3V structures with a six-member ring and three
terminal oxygen atoms lie higher in energy than the (Cs a)
structure by 22.0 and 27.9 kcal/mol at the B3LYP/aD level and
by 29.1 and 34.4 kcal/mol at the CCSD(T)/aT//B3LYP/aD level.
These two structures are similar to the ground-state structures
of M3O9 (M ) Cr, Mo, W)96 except that they have one less
terminal oxygen atom on each metal center. The C2V structure
with a dimer weakly interacting with a monomer lies 79.0 kcal/
mol higher in energy than the (Cs a) structure at the B3LYP/
aD level. The (Cs a) structure has been predicted to be the
ground state of Ti3O6 at the LSDA level with plane-wave basis
sets47 and at the B3LYP/LANL2DZ level.50 However, a pair-
potential ionic model predicted a structure similar to the C2

structure to be slightly lower in energy than a structure similar
to the (Cs a) structure.23 The C2 structure was the only structure
obtained at the HF level46 and at the B3P86/6-31G(d) level.48

A structure similar to the C1 structure was calculated to be the
ground state using the SA-MCBH and B3LYP/DZVP ap-
proaches.49

3.1.4. Tetramer. The ground state of Ti4O8 is predicted to
be 1A1 in C2V symmetry. A similar structure of C2h symmetry

TABLE 1: Relative Energies at 0 K (∆E0K, kcal/mol) for the Low-Lying States of (TiO2)n and (TiO2)n
- (n ) 2-4) Calculated

at the CCSD(T) Level

molecule state ∆EaD
a ∆EaT

b ∆EaQ
b ∆ECBS

c ∆ECV(D)
b,d ∆ECV(T)

b,e ∆ESR
b,f ∆EZPE

g ∆E0K
h

Ti2O4
1Ag (C2h) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
1A1 (C2V a) 5.37 5.48 5.44 5.40 +0.15 +0.24 -0.01 -0.09 5.5
1A1 (C3V) 15.37 14.31 14.23 14.20 -1.95 -1.02 +0.09 -0.43 12.8

Ti3O6
1A′ (Cs a) 0.00 0.00 0.00 0.00 0.00 0.0
1A (C2) 15.39 14.76 +0.39 +0.02 -0.01 15.2

Ti4O8
1A1 (C2V a) 0.00 0.00 0.00 0.00 0.00 0.0
1Ag (C2h a) 4.78 6.06 -0.68 +0.02 -0.19 5.2
1A1 (C2V b) 13.68 13.26 +3.35 -0.15 -0.49 16.0

Ti2O4
- 2A1 (C2V a) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0

2Ag (C2h) 1.46 1.61 1.55 1.50 +0.18 +0.21 -0.02 -0.06 1.6
2A1 (C3V) 9.30 8.18 8.02 7.96 -1.93 -1.42 -0.04 +0.16 6.7

Ti3O6
- 2A′ (Cs a) 0.00 0.00 0.00 0.00 0.00 0.0

2B (C2) 41.08 40.67 +1.03 +0.19 -0.67 41.2
Ti4O8

- 2Ag (C2h a) 0.00 0.00 0.00 0.00 0.0
2A1 (C2V a) 0.98 -0.21 +0.41 -0.03 0.2
2A1 (C2V b) -0.55 -1.63 +2.43 -0.01 0.8

a Geometries from CCSD(T)/aD for n ) 2, and from B3LYP/aD for n ) 3 and 4. b Geometries from CCSD(T)/aT for n ) 2, and from B3LYP/aD
for n ) 3 and 4. c Extrapolated using the mixed Gaussian/exponential formula for the CCSD(T) energies with the aD, aT, and aQ basis sets.
d CCSD(T)/awCVDZ. e CCSD(T)/awCVTZ. f CISD/aT. g BP86/aD. h ∆E0K ) ∆ECBS + ∆ECV(T) + ∆ESR + ∆EZPE for n ) 2, and ∆EaT + ∆ECV(D) +
∆ESR + ∆EZPE for n ) 3 and 4.

TABLE 2: Relative Energies at 0 K (∆E0K, kcal/mol) for
the Low-Lying States of (TiO2)n and (TiO2)n

- (n ) 2-4)
Calculated at the CCSD(T), B3LYP/aT//B3LYP/aD, BP86/
aT//BP86/aD, and PW91/aT//PW91/aD Levels

CCSD(T)a,b B3LYPa BP86 PW91

(TiO2)n

Ti2O4
1Ag (C2h) 0.0 0.0 0.0 0.0
1A1 (C2V a) 5.5 5.7 6.1 6.2
1A1 (C3V) 12.8 14.9 13.3 12.5

Ti3O6
1A′ (Cs a) 0.0 0.0 0.0 0.0
1A (C2) 15.2 8.8 7.5 8.3

Ti4O8
1A1 (C2V a) 0.0 0.0 0.0 0.0
1Ag (C2h a) 5.2 6.0 4.8 4.9
1A1 (C2V b) 16.0 8.5 9.6 10.1

(TiO2)n
-

Ti2O4
- 2A1 (C2V a) 0.0 0.0 0.0 0.0

2Ag (C2h) 1.6 0.1 -0.3 -0.4
2A1 (C3V) 6.7 7.5 7.8 6.8

Ti3O6
- 2A′ (Cs a) 0.0 0.0 0.0 0.0

2B (C2) 41.2 30.7 22.6 23.4
Ti4O8

- 2Ag (C2h a) 0.0 0.0 0.0 0.0
2A1 (C2V a) 0.2 -0.3 0.3 0.1
2A1 (C2V b) 0.8 -5.6 -4.7 -4.6

a ZPEs from BP86/aD. b CCSD(T)/CBS for n ) 2, and CCSD(T)/
aT for n ) 3 and 4.
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is calculated to be 5.2 kcal/mol higher in energy than the (C2V
a) structure at the CCSD(T)/aT//B3LYP/aD level. These two
structures can be considered as two six-member rings with chair
conformations fused together by sharing two titanium centers,
and are different due to the relative orientation of the two rings.
Flipping one of the titanium atoms with a terminal oxygen atom
in the (C2V a) structure will result in the (C2h a) structure. A
number of other structures were located for the tetramer. The
(C2V b) structure with a Ti4O6 unit similar to that of P4O6 and
two terminal oxygen atoms lies 16.0 kcal/mol higher in energy
than the (C2V a) structure at the CCSD(T)/aT//B3LYP/aD level.
This structure can be viewed as formed by pulling the tetra-
bridge oxygen atom away from the titanium centers without
terminal oxygen atoms in the (C2V a) structure. The (C2h b)
structure formed by stacking two dimers with trans configura-
tions in parallel lies higher in energy than the (C2V a) structure
by 11.7 kcal/mol at the B3LYP/aD level and 21.9 kcal/mol at
the CCSD(T)/aT//B3LYP/aD level. The (C2V c) structure, which
is similar to the (C2h b) structure, lies higher in energy than the
(C2V a) structure by 23.4 kcal/mol at the B3LYP/aD level and
by 32.7 kcal/mol at the CCSD(T)/aT//B3LYP/aD level. The Td

structure with a cubic Ti4O4 unit and four terminal oxygen atoms
lies higher in energy than the (C2V a) structure by 28.4 kcal/
mol at the B3LYP/aD level and by 24.2 kcal/mol at the
CCSD(T)/aT//B3LYP/aD level. The D2d structure with an eight-
member ring and four terminal oxygen atoms lies higher in
energy than the (C2V a) structure by 57.0 kcal/mol at the B3LYP/
aD level. The (C2V a) structure has been predicted to be the
ground state of the tetramer using the SA-MCBH and B3LYP/
DZVP approaches.49 However, a linear structure was predicted
to be the ground state of the tetramer at the B3P86/6-31G(d)
level,48 which should lie much higher in energy on the basis of
our calculations for the trimer. The (C2V b) structure was
predicted to be the ground state of the tetramer at the B3LYP/
LANL2DZ level.50

3.2. Equilibrium Geometries of Anionic Clusters. 3.2.1. Mo-
nomer. The ground state of TiO2

- is calculated to be 2A1 in
C2V symmetry. The OdTidO bond angle in the anion was
estimated to be 128 ( 5° with matrix IR spectroscopy,19 much
larger than our calculated value of 114.3° at the CCSD(T)/aT
level. The calculated TidO bond length for TiO2

- at the
CCSD(T)/aT level is 1.696 Å, 0.03 Å longer than that in the
neutral. In their PES studies on TiO2

-,25 Wu and Wang
concluded that there can be only a slight change in the TidO
bond length between TiO2

- and TiO2 and the ground state of
TiO2

- should also have C2V symmetry, as their vibrationally
resolved spectrum shows only a very short TidO stretching
progression. This is consistent with the conclusion reached by
Chertihin and Andrews19 on the basis of their calculations that
their experimental estimate of the OdTidO bond angle in the
anion of 128 ( 5° from matrix IR spectroscopy is too large.
This is further confirmed by comparing our Franck-Condon
simulations for the PES of TiO2

- with the experiment as
described in the next section.

3.2.2. Dimer. The ground state of Ti2O4
- is predicted to be

2A1 in C2V symmetry at the CCSD(T)/CBS level. The 2Ag state
of C2h symmetry is calculated to have one imaginary frequency
of 164 cm-1 at the B3LYP/aD level. The 2A′ state of Cs

symmetry is calculated to have no imaginary frequency at the
B3LYP/aD level. It is predicted to be lower in energy than the
2Ag state by ∼0.1 kcal/mol without ZPE corrections, but higher
in energy by ∼0.3 kcal/mol with ZPE corrections. At the
CCSD(T)/aD//B3LYP/aD level, the 2A′ state is calculated to
be lower in energy than the 2Ag state by ∼0.2 kcal/mol without

ZPE corrections, but higher in energy by ∼0.2 kcal/mol with
ZPE corrections. At the BP86/aD and PW91/aD levels, the 2Ag

state is calculated to have no imaginary frequency. Thus, the
imaginary frequency calculated at the B3LYP/aD level for the
2Ag state of Ti2O4

- is very likely due to artificial symmetry
breaking. Hybrid functionals have been found to be more prone
to artificial symmetry breaking than pure functionals.101,102

Artificial symmetry breaking has also been found in our previous
calculations on the ground state of M2O6

- (M ) Cr, Mo, W),
where the B3LYP/aD calculations yielded one imaginary
frequency of 793, 233, and 141 cm-1, respectively, and the
BP86/aD calculations yielded no imaginary frequency.38 Here-
after, we consider only the 2Ag state.

At the CCSD(T)/CBS level, the 2Ag state of C2h symmetry
is predicted to be only 1.6 kcal/mol higher in energy than the
2A1 state of C2V symmetry, and the 2A1 state of C3V symmetry
is predicted to be 6.7 kcal/mol higher in energy than the 2A1

state of C2V symmetry. The (C2V b) and (C2V c) structures of
Ti2O4

- are predicted to be 28.6 and 135.5 kcal/mol higher in
energy than the (C2V a) structure respectively at the B3LYP/aD
level. In contrast, Albaret et al. predicted the C3V structure of
Ti2O4

- to be ∼0.5 kcal/mol lower in energy than the C2h

structure at the LSDA level with plane-wave basis sets,47 and
Qu and Kroes predicted the C2h structure to be the ground state
of Ti2O4

- at the B3LYP/LANL2DZ level.50 The (C2V a)
structure of Ti2O4

- has never been predicted before. In fact,
Qu and Kroes obtained the C2h structure when trying to optimize
the (C2V a) structure of Ti2O4

-.50 In addition, artificial symmetry
breaking is also likely to have occurred in Qu and Kroes’
B3LYP calculation of the C2h structure of Ti2O4

-, as they
predicted it to have Cs symmetry.50 Symmetry breaking did not
occur in the LSDA calculation,47 because the LSDA functional
is less prone to this behavior than the B3LYP functional.101,102

The TidO bond lengths in the C2V and C2h structures of
Ti2O4

- are calculated to be ∼0.04 Å longer than those in Ti2O4,
and the Ti-O bond lengths are 0.01-0.03 Å longer. The most
significant changes in the equilibrium geometries of these two
structures are the OdTi-O bond angles, which are calculated
to be 116.9° and 114.9° in the neutral cluster, respectively, and
125.1° and 129.1° in the anion. In contrast, the changes in the
O-Ti-O framework bond angles are less than 3°. For the C3V
structure, the TidO bond length is longer than that in the neutral
by ∼0.05 Å, the longer Ti-O bond lengths are shortened by
∼0.03 Å, and the shorter ones are elongated by ∼0.06 Å, which
leads to Ti-O bond lengths that are closer to each other.

3.2.3. Trimer. The ground state of Ti3O6
- is predicted to be

2A′ in Cs symmetry. The 2B state of C2 symmetry is calculated
to have one imaginary frequency of 373 cm-1 at the B3LYP/
aD level. However, at the BP86/aD and PW91/aD levels, the
2B state is again calculated to have no imaginary frequency.
Thus, artificial symmetry breaking is likely occurring for this
structure at the B3LYP/aD level as well. The C2 structure is
calculated to be higher in energy than the (Cs a) structure by
40.2 kcal/mol at the CCSD(T)/aT//B3LYP/aD level. Optimiza-
tion of the anion geometry starting from the C1 structure of the
neutral gives the same structure as that starting from the (Cs a)
structure of the neutral. Optimization for the anion starting from
the (Cs b) structure of the neutral gives the same structure as
that starting from the C3V structure of the neutral. The C3V
structure of Ti3O6

- lies 33.6 kcal/mol higher in energy than
the (Cs a) structure at the B3LYP/aD level, and the C2V structure
lies 69.7 kcal/mol higher in energy. The (Cs a) structure has
been predicted to be the ground-state structure of Ti3O6

- by
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Albaret et al. at the LSDA level with plane-wave basis sets47

and by Qu and Kroes at the B3LYP/LANL2DZ level.50

3.2.4. Tetramer. The ground state of Ti4O8
- is predicted to

be 2Ag for the (C2h a) structure at the CCSD(T)/aT//B3LYP/aD
level. The (C2V a) and (C2V b) structures are predicted to be
only 0.2 and 0.8 kcal/mol higher in energy than the (C2h a)
structure at the CCSD(T)/aT//B3LYP/aD level. At the B3LYP/
aD level, both the 2Ag state of the (C2h a) structure and the 2A1

state of the (C2V a) structure have one imaginary frequency,
381 and 304 cm-1, respectively, but no imaginary frequency is
predicted at the BP86/aD and PW91/aD levels for these two
states. At the B3LYP/aD level, the D2d, (C2h b), (C2V c), and
(C2V d) structures lie 15.1, 17.8, 20.3, and 59.4 kcal/mol higher
in energy than the (C2V b) structure. The 2A1 state of the D2d

structure and the 2Ag state of the (C2h b) structure have one
imaginary frequency of 23i and 251i cm-1, respectively, at the
B3LYP/aD level. No imaginary frequency for these two
structures is calculated at the BP86/aD and PW91/aD levels.
The (C2V b) structure has been predicted to be the ground state
of Ti4O8

- by Qu and Kroes at the B3LYP/LANL2DZ level.50

3.3. Computational Method Dependence of Geometries
and Relative Energies. The titanium-oxygen bond lengths
calculated at the CCSD(T)/aD level are in general slightly longer
(less than 0.01 Å) than those calculated at the CCSD(T)/aT level.
The calculated bond angles at the CCSD(T)/aD level are within
1° from those at the CCSD(T)/aT level. Similar observations
have been made for the MnO3n (M ) Cr, Mo, W; n ) 1, 2)
clusters and their anions.38 For most of the species, the bond
lengths calculated at the B3LYP/aD level are slightly shorter
by ∼0.02 Å than those calculated at the CCSD(T)/aT level,
whereas those calculated at the BP86/aD and PW91/aD levels
are close to each other and are slightly shorter than those at the
CCSD(T)/aT level by ∼0.01 Å. For most of the calculated bond
angles, the B3LYP/aD results are within 1° of those calculated
at the CCSD(T)/aT level, whereas the BP86/aD and PW91/aD
values are again close to each other and are smaller than the
CCSD(T)/aT values by up to 3°. For the 2Ag state of Ti2O4

-,
however, the calculated OdTi-O bond angles at the B3LYP/
aD level are smaller than the CCSD(T)/aT values by ∼3°, and
those calculated at the BP86/aD and PW91/aD levels are smaller
by ∼7°.

For the calculated relative energies of the dimer at the
CCSD(T) level, thebasis setextrapolationeffectandcore-valence
correction can have a geometry dependence, but these effects
are fairly small, <2 kcal/mol. For example, the basis set
extrapolation and core-valence effects change the energy
difference between the (C2V a) and C2h structures by <0.05 and
<0.25 kcal/mol, respectively, whereas they stabilize the C3V
structure by 1.15-1.35 and 1.00-1.45 kcal/mol. The ZPE effect
is slightly larger than the scalar relativistic effect, although both
of them are less significant than the basis set extrapolation and
core-valence effects. In addition, the basis set extrapolation
effect from aT to CBS on the calculated relative energies of
the dimer is <0.25 kcal/mol. Thus, the relative energies
calculated at CCSD(T)/aT level with the core-valence and ZPE
corrections are very close to the corrected CCSD(T)/CBS
relative energies. For similar structures, the relative energies
calculated at the CCSD(T)/aD level with just the ZPE correction
are sufficiently close to the corrected CCSD(T)/CBS relative
energies.

The calculated energy differences between the low-lying
energy conformers of Ti2O4 at the B3LYP/aT//B3LYP/aD,
BP86/aT//BP86/aD, and PW91/aT//PW91/aD levels are within
1 kcal/mol from the CCSD(T)/CBS results, except for the energy

difference between the C3V and C2h structures at the B3LYP/
aT//B3LYP/aD level, which is overestimated by ∼2 kcal/mol.
For Ti3O6, the energy difference between the (Cs a) and C2

structures is underestimated by these DFT methods by 6-8 kcal/
mol as compared to that calculated at the CCSD(T)/aT//B3LYP/
aD level. For Ti4O8, the energy differences between the (C2V a)
and (C2h a) structures calculated with these DFT methods are
within 1 kcal/mol from that calculated at the CCSD(T)/aT//
B3LYP/aD level, but the energy differences between the (C2V
a) and (C2V b) structures are underestimated by these DFT
methods by 6-8 kcal/mol.

For Ti2O4
-, the (C2V a) structure is predicted to be lower in

energy than the C2h structure by 1.6 kcal/mol at the CCSD(T)/
CBS level. Although the C2V structure is also predicted to be
the ground state of Ti2O4

- at the B3LYP/aT//B3LYP/aD level,
the energy difference between these two structures is much
smaller than that calculated at the CCSD(T)/CBS level, and the
(C2V a) and C2h structures are predicted to be essentially
isoenergetic. The BP86/aT//BP86/aD and PW91/aT//PW91/aD
methods predict the C2h structure to be the ground state of
Ti2O4

-, although the calculated energy differences between the
(C2V a) and C2h structures are again very small. Nevertheless,
all these methods predict the C3V structure to be higher in energy
than the (C2V a) structure by ∼7 kcal/mol. For Ti3O6

-, the energy
difference between the (Cs a) and C2 structures is underestimated
by these DFT methods by 10-19 kcal/mol as compared to that
calculated at the CCSD(T)/aT//B3LYP/aD level. For Ti4O8

-,
the (C2h a) structure is calculated to be the ground state at the
CCSD(T)/aT//B3LYP/aD level, although the (C2V a) and (C2V
b) structures are predicted to be only 0.2 and 0.8 kcal/mol higher
in energy than the (C2h a) structure. In contrast, the (C2V b)
structure is calculated to be ∼5 kcal/mol lower in energy than
the (C2h a) and (C2V a) structures with these DFT methods, which
are predicted to be nearly isoenergetic. This is consistent with
the prediction of the (C2V b) structure as the ground state of
Ti4O8

- by Qu and Kroes at the B3LYP/LANL2DZ level.50

The T1 diagnostics from the CCSD(T) calculations for these
neutral and anionic clusters range from 0.035 to 0.045, and are
slightly larger for the smaller clusters than for the larger clusters.
These values are similar to those for the M3O3n (M ) Mo and
W; n ) 1-3) clusters and their anions, but smaller than those
for M ) Cr.38,103

3.4. Structural Evolution. The ground-state structures of the
(TiO2)n (n ) 1-4) clusters are calculated to be the C2V structure
for n ) 1, the (C2h a) structure for n ) 2, the (Cs a) structure
for n ) 3, and the (C2V a) structure for n ) 4, as shown in
Figure 1. For these structures, each titanium center is surrounded
by at most four oxygen atoms. This differs from the bulk
structure, where each titanium center is surrounded by six
oxygen atoms in a distorted octahedral configuration.8,13 All of
these structures have only two terminal oxygen atoms. All but
one of the bridge oxygen atoms in the trimer and tetramer are
bonded with two titanium centers. This again differs from the
bulk structure, where each oxygen atom is surrounded by three
titanium centers.8,13 For the trimer, one of the bridge oxygen
atoms is bonded with three titanium centers, with the bond
lengths being 1.806, 2.088, and 2.088 Å calculated at the
B3LYP/aD level. In comparison, these bond lengths in the rutile
phase are 1.947, 1.947, and 1.982 Å,8 and those in the anatase
phase are 1.934, 1.934, and 1.980 Å.13 For the tetramer, one of
the bridge oxygen atoms is bonded with four titanium centers,
and this type of oxygen atoms is not observed in any of the
three natural phases.
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A common feature among the calculated structures is the
presence of two bridge oxygen atoms between each pair of
adjacent titanium centers. This is very similar to that in the
anatase phase, where each titanium center is surrounded by four
closest titanium centers, and between each pair of these titanium
centers, there are two bridge oxygen atoms.13 In the rutile phase,
there are only two pairs of such titanium centers.8 For the other
eight titanium centers with longer distances, only one bridge
oxygen is shared between each pair. The fact that the structures
of these small clusters are closer to that of the anatase phase is
consistent with the experimental and theoretical predictions that
the anatase phase is more stable than the rutile phase when the
particle size is below ∼14 nm.14,15

Our previous studies of the (MO3)n (M ) Cr, Mo, W; n )
1-6) clusters show that the ground states of these clusters have
ring structures for n > 2 except for W6O18, which has a more
stable cage structure.96 For the (TiO2)n (n ) 1-4) clusters and
their anions, however, the ground-state structures appear to be
rather unique for each cluster size. Moreover, the ground-state
structure of the anion can be different from that of the neutral,
as found for the dimer and tetramer. The dimer and tetramer
have more low-lying structures than the monomer and trimer.
For the anions, nearly degenerate structures are found for the
dimer and tetramer, but not for the monomer and trimer. The
near-degeneracy in the anion in the dimer and tetramer of the
titanium dioxide is different from that for the trimer of the moly-
bdenum and tungsten trioxide103 in that the former results from
structural degeneracy and the latter results from orbital degen-
eracy. The subtle difference between these nearly degenerate
structures causes the DFT methods to predict different ground-
state structures as compared to the CCSD(T) method. To de-
termine the correct ground-state structure, extended basis sets
have to be used in the CCSD(T) calculations, and the core-
valence corrections have to be included.

The structural difference between these titanium oxide clusters
and the group VIB metal oxide clusters is most likely due to
the fact that the former have fewer oxygen atoms and thus tend

to form more compact structures by having more bridge oxygens
as well as to the fact that the metal is formally in the +4
oxidation state for Ti and in the +6 oxidation state for the group
VIB metals. For the ground states of the group VIB metal oxide
clusters for n ) 2-5, 2/3 of the oxygen atoms are terminal
oxygen atoms,96 whereas for the ground states of Ti2O4, Ti3O6

and Ti4O8, 1/2, 1/3 and 1/4 of the oxygen atoms are terminal
oxygen atoms, respectively. In addition, all bridge oxygen atoms
are shared by two metal atoms for the group VIB metal oxide
clusters,96 whereas in Ti3O6 and Ti4O8, bridge oxygen atoms
shared by three and four Ti atoms respectively, are found in
their ground state structures.

3.5. Electron Detachment Energies. Table 3 lists the cal-
culated ADEs and VDEs at the CCSD(T) level for the ground
state of TiO2

- and the low-lying states of (TiO2)n
- (n ) 2-4).

Different contributions to these energies are also listed to provide
insight into the potential sources of error, as such information
is critical when applying the CCSD(T) method to larger clusters.

3.5.1. Monomer. For TiO2
-, the calculated ADE and VDE

at the CCSD(T)/CBS level including all the corrections are 1.66
and 1.72 eV, respectively. The experimental values for the ADE
and VDE measured by Wang and co-workers are both 1.59(3)
eV, as the 0-0 transition in the vibrationally resolved PES is
also the strongest transition. Figure 4 shows the simulated
spectra at the CCSD(T)/aT and BP86/aD levels, where the 0-0
transition is shifted to the experimental ADE. Both simulations
are in good agreement with the experimental spectrum, and the
short vibrational progression observed in the PES is assigned
to the TidO symmetric stretch. The frequency of this vibration
is predicted to be 968 and 988 cm-1 at the CCSD(T)/aT and
BP86/aD levels, in excellent agreement with the experimental
frequency of 960(40) cm-1. It is calculated to be 1026 cm-1 at
the B3LYP/aD level, which is too large as compared to the
experimental and CCSD(T) values. The good agreement be-
tween the experimental and simulated spectra confirms the
previous conclusion that there is little geometry change upon
electron detachment.25 The comparison between the experimen-

TABLE 3: Energy Components of Electron Detachment Energies (ADEs/VDEs, eV) of (TiO2)n
- (n ) 1-4) to the Ground

States of the Neutral Clusters for the Low-Lying Structures Calculated at the CCSD(T) Level and Compared with the
Experimental Values

anion transition ∆EaD
a ∆EaT

b ∆EaQ
b ∆ECBS

c ∆ECV(D)
b,d ∆ECV(T)

b,e ∆ESR
b,f ∆EZPE

g ∆Etotal
h expti

ADEs
TiO2

- 2A1 f 1A1 (C2V) 1.605 1.604 1.607 1.609 +0.081 +0.049 -0.007 +0.007 1.66 1.59(3)
Ti2O4

- 2A1 f 1A1 (C2V a) 1.870 1.857 1.860 1.862 +0.098 +0.062 -0.007 +0.036 1.95 2.06(5)
2Ag f 1Ag (C2h) 1.574 1.549 1.557 1.563 +0.083 +0.043 -0.005 +0.043 1.64
2A1 f 1A1 (C3V) 1.900 1.885 1.893 1.899 +0.090 +0.069 -0.001 +0.014 1.98

Ti3O6
- 2A′ f 1A′ (Cs a) 2.762 2.750 +0.109 +0.002 +0.016 2.88 2.78(10)

2B f 1A (C2) 1.648 1.626 +0.082 -0.006 +0.045 1.75
Ti4O8

- 2Ag f 1Ag (C2h a) 2.631 2.661 +0.073 +0.034 2.77 3.00(15)
2A1 f 1A1 (C2V a) 2.382 2.407 +0.084 +0.043 2.53
2A1 f 1A1 (C2V b) 3.041 3.044 +0.142 +0.021 3.21

VDEs
TiO2

- 2A1 f 1A1 (C2V) 1.642 1.642 1.649 1.654 +0.088 +0.075 -0.006 1.72 1.59(3)
Ti2O4

- 2A1 f 1A1 (C2V a) 2.188 2.199 2.210 2.218 +0.100 +0.103 -0.004 2.32 2.27(5)
2Ag f 1Ag (C2h) 2.127 2.073 2.087 2.099 +0.102 +0.120 -0.001 2.22
2A1 f 1A1 (C3V) 2.030 2.018 2.032 2.042 +0.083 +0.083 0.000 2.13

Ti3O6
- 2A′ f 1A′ (Cs a) 3.072 3.098 +0.093 +0.004 3.20 3.15(5)

2B f 1A (C2) 1.684 1.709 +0.104 -0.003 1.81
Ti4O8

- 2Ag f 1Ag (C2h a) 3.288 3.363 +0.043 3.41 3.65(5)
2A1 f 1A1 (C2V a) 3.174 3.241 +0.046 3.29
2A1 f 1A1 (C2V b) 3.605 3.648 +0.102 3.75

a Geometries from CCSD(T)/aD for n ) 1 and 2, and from B3LYP/aD for n ) 3 and 4. b Geometries from CCSD(T)/aT for n ) 1 and 2, and
from B3LYP/aD for n ) 3 and 4. c Extrapolated using the mixed Gaussian/exponential formula for the CCSD(T) energies with the aD, aT, and aQ
basis sets. d CCSD(T)/awCVDZ. e CCSD(T)/awCVTZ. f CISD/aT. g BP86/aD. h ∆Etotal ) ∆ECBS + ∆ECV(T) + ∆ESR + ∆EZPE for n ) 1 and 2, ∆EaT

+ ∆ECV(D) + ∆ESR + ∆EZPE for n ) 3 and 4. i Reference 26.

6654 J. Phys. Chem. A, Vol. 112, No. 29, 2008 Li and Dixon



tal and simulated spectra also indicates that when the 0-0
transition is the strongest transition, the center of the 0-0 band
may be assigned to the ADE, but the VDE can be slightly higher
in energy than the ADE depending on how strong the other
bands are. Our calculated value for the ADE at the CCSD(T)/
CBS level is within 0.07 eV (∼1.6 kcal/mol) of the experimental
ADE and the error for the VDE on the basis of the above
discussion should be similar.

3.5.2. Dimer. For Ti2O4
-, we calculated the ADEs and VDEs

for the three lowest energy states, the 2A1 states of the (C2V a)
and C3V structures and the 2Ag state of the C2h structure. As the
PES of Ti2O4

- is not vibrationally resolved, the VDE is easier
to locate than the ADE. Thus, we compare the VDEs first. The
VDEs of the (C2V a) and C2h structures are calculated to be 2.32
and 2.22 eV at the CCSD(T)/CBS level, respectively. These
values bracket and are in excellent agreement with the experi-
mental value of 2.27(5) eV, and thus one cannot differentiate
these two structures on the basis of the calculated VDEs. The
VDE of the C3V structure is calculated to be 2.13 eV, ∼0.1 eV
lower than the experimental value. However, the C3V structure
of the anion is calculated to be 6.7 kcal/mol higher in energy
than the (C2V a) structure, and is not likely to be thermally
populated under the experimental conditions. The ADEs of the
(C2V a) and C2h structures are calculated to be 1.95 and 1.64
eV at the CCSD(T)/CBS level. The calculated ADE of the (C2V
a) structure is ∼0.1 eV lower than the experimental value of
2.06(5) eV, and that of the C2h structure is ∼0.4 eV lower than
the experimental value. The ADE of the C3V structure is
calculated to be 1.98 eV, which is within 0.1 eV of the
experimental value. We note that in the PES obtained with 355
nm radiation, the signal starts to appear at ∼1.7 eV with a fairly
sharp onset at ∼2.0 eV.25 In the PES obtained with 266 nm
radiation, the signal starts to appear at ∼1.0 eV, although it
remains very weak until the onset at ∼2.0 eV.25 For the PES
obtained with 193 nm radiation, the signal starts to appear at
∼1.6 eV, and no noticeable signal appears to be present below
this energy.25 Thus, the signal observed in the PES at 266 nm
below 1.7 eV may not be due to Ti2O4

-. In fact, it has been
attributed to Ti3O-, as it has the same mass as Ti2O4

-,25

although it is unclear whether Ti3O- has a signal at this energy
range. The weak signal starting at ∼1.7 eV could be due to the

C2h structure on the basis of its calculated ADE of 1.66 eV at
the CCSD(T)/CBS level. The C2h structure of Ti2O4

- is
calculated to be ∼1.6 kcal/mol higher in energy than the (C2V
a) structure at the CCSD(T)/CBS level, and thus its thermal
population is expected to be quite low, ∼7% at room temper-
ature, resulting in much weaker intensity. Alternatively, the weak
signal starting at ∼1.7 eV may be due to the transition from
the (C2V a) structure of Ti2O4

- to the C2h structure of Ti2O4,
which has an ADE of 1.73 eV. However, this would result in
large geometry changes and the Franck-Condon overlap is
expected to be much smaller than the vertical transition. Another
possibility for the weak signal starting at ∼1.7 eV is transitions
from vibrationally excited states of the anionic (C2V a) structure,
as the vibrational temperature is quite high in the PES
experiment of Wang and co-workers.25

For the calculated ADEs and VDEs at the CCSD(T) level for
the monomer and dimer, the basis set extrapolation effect from
the aD basis set is ∼0.01 eV except for the (C2V a) and C2h

structures of the dimer, where it is ∼0.03 eV. In most cases, the
basis set extrapolation effect is to slightly decrease the ADEs, and
increase the VDEs except for the ADE of the monomer and the
VDE of the C2h structure of the dimer. The core-valence effect is
more pronounced than the basis set extrapolation effect for the
ADEs and VDEs of the monomer and dimer. The core-valence
effect is to increase the ADEs by 0.04-0.07 eV, and to increase
the VDE by 0.07-0.12 eV; its size is larger for the dimer than for
the monomer. The core-valence corrections calculated at the
CCSD(T)/awCVDZ level are 0.02-0.04 eV larger than those
calculated at the CCSD(T)/awCVTZ level for the ADEs and are
within 0.02 eV from those calculated at the CCSD(T)/awCVTZ
level for the VDEs. The scalar relativistic effect is very small, less
than 0.01 eV. Thus, the ADEs and VDEs calculated at the
CCSD(T)/aD level with the core-valence corrections included are
close to the corrected CCSD(T)/CBS values.

3.5.3 Trimer. For Ti3O6
-, we calculated the ADEs and VDEs

for the 2A′ state of the (Cs a) structure and the 2B states of the
C2 structure. We note that the C2 structure is calculated to be
higher in energy than the (Cs a) structure by 41.2 kcal/mol at
the CCSD(T)/aT//B3LYP/aD level. The VDE of the (Cs a)
structure is calculated to be 3.19 eV at the CCSD(T)/aT//
B3LYP/aD level, in excellent agreement with the experimental
value of 3.15(5) eV. The ADE is calculated to be 2.88 eV at
the CCSD(T)/aT//B3LYP/aD level, again in excellent agreement
with the experimental value of 2.78(10) eV. For the C2 structure,
the VDE is calculated to be 1.81 eV at the CCSD(T)/aT//
B3LYP/aD level, ∼1.3 eV lower than the experimental value.
Similarly, its ADE is calculated to be ∼1.75 eV at the CCSD(T)/
aT//B3LYP/aD level, ∼1.0 eV lower than the experimental
value. The much better agreement for the (Cs a) structure with
the experiment than for the C2 structure clearly confirms the
assignment of the (Cs a) structure as the ground-state structure
of Ti3O6

-.
3.5.4. Tetramer. For Ti4O8

-, we calculated the ADEs and
VDEs for the (C2h a), (C2V a), and (C2V b) structures. The VDE
for the (C2h a) structure calculated at the CCSD(T)/aT//B3LYP/
aD level is 3.41 eV, lower than the experimental value of 3.65(5)
eV by ∼0.2 eV. The VDE for the (C2V a) structure calculated
at the CCSD(T)/aT//B3LYP/aD level is 3.29 eV, lower than
the experimental value by ∼0.4 eV. The VDE for the (C2V b)
structure calculated at the CCSD(T)/aT//B3LYP/aD level is 3.75
eV, slightly higher than the experimental value by ∼0.1 eV.
The ADE for the (C2h a) structure calculated at the CCSD(T)/
aT//B3LYP/aD level is 2.77 eV, lower than the experimental
value of 3.00 (15) eV by ∼0.2 eV. The ADE for the (C2V a)

Figure 4. Simulated PES for TiO2
- at the (a) CCSD(T)/aT and (b)

BP86/aD levels. The 0-0 transitions are shifted to the experimental
ADE. The transition energy is shown in electronvolts. The full width
at half-maximum (fwhm) is 0.05 eV, and the vibrational temperature
is 300 K.
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structure calculated at the CCSD(T)/aT//B3LYP/aD level is 2.53
eV, lower than the experimental value by ∼0.5 eV. The ADE
for the (C2V b) structure calculated at the CCSD(T)/aT//B3LYP/
aD level is 3.21 eV, larger than the experimental value by ∼0.2
eV. The better agreement between calculated and experimental
ADEs and VDEs for the (C2h a) and (C2V b) structures suggests
that these two structures are likely to be present in the
experiment. However, as the (C2V a) and (C2V b) structures are
predicted to be only 0.2 and 0.8 kcal/mol higher in energy than
the (C2h a) structure, all three structures are likely to contribute
to the PES. In fact, in the PES obtained at 193 nm radiation,
signal starts to appear at ∼2.6 eV,25 which is ∼0.1 eV higher
in energy than the calculated ADE of the (C2V a) structure of
2.53 eV. This suggests that the (C2V a) structure may also be
present in the experiment, considering the large geometry change
accompanying the photodetachment process. Furthermore, the
PES taken by Wu and Wang25 at 193 nm for Ti4O8

- appears to
be much broader than that taken by Zhai and Wang26 at the
same photon energy, due to the better cooling of the clusters in
the latter experiment, which reduces the population of the higher
energy structures. Alternatively, the weak signal starting at ∼2.6
eV could be attributed to transitions from the (C2h a) and (C2V
b) structure of Ti4O8

- to the (C2V a) structure of Ti4O8, which
have ADEs of 2.54 and 2.52 eV. These transitions will have
very large geometry changes, and thus will have very small
Franck-Condon overlaps. Vibrational hot bands are also likely
to contribute to the weak signal starting at ∼2.6 eV.

3.5.5. Computational Method Dependence of Electron
Detachment Energies. Table 4 compares the calculated ADEs
and VDEs at the B3LYP/aT//B3LYP/aD, BP86/aT//BP86/aD,
and PW91/aT//PW91/aD levels with the CCSD(T) and experi-
mental values. The excellent agreement between the CCSD(T)
and experimental ADEs and VDEs for the C2V structure of
TiO2

-, the (C2V a) structure of Ti2O4
-, the (Cs a) structure of

Ti3O6
-, and the (C2h a) and (C2V b) structures of Ti4O8

-,
establishes them as the ground states of these anions, although
the structures do not correspond to the ground-state structures
of the neutral clusters for the dimer and tetramer. The calculated
VDEs for these states at the B3LYP/aT//B3LYP/aD level are
∼0.2 eV too high for the monomer and dimer, ∼0.4 eV too
high for the trimer and the (C2V b) structure of the tetramer,
and ∼0.1 eV too high for the (C2h a) structure of the tetramer
as compared to the experimental values. The VDEs calculated
at the BP86/aT//BP86/aD and PW91/aT//PW91/aD levels are
close to each other and are within ∼0.1 eV from the experi-
mental values except for the (C2V b) structure of the tetramer,
where the errors in the calculated values are 0.26 and 0.22 eV,
respectively. For the calculated ADEs, the B3LYP/aT//B3LYP/
aD values are 0.1-0.2 eV higher than the experiment for the
monomer and dimer, and 0.3-0.4 eV higher for the trimer and
the (C2V b) structure of the tetramer. The B3LYP/aT//B3LYP/
aD value for the VDE of the (C2h a) structure of the tetramer is
in excellent agreement with the experimental value. The ADEs
calculated at the BP86/aT//BP86/aD and PW91/aT//PW91/aD
levels are again close to each other and are within 0.1 eV from
the experimental values except for the (C2V b) structure of the
tetramer, for which the calculated ADEs are higher than the
experimental value by 0.36 and 0.32 eV, respectively.

3.6. Lowest Triplet Excited States of Neutral Clusters.
Figure 5 presents the optimized structures of the first triplet
excited states of the low-lying structures of the neutral clusters.
These triplet states arise from the excitation of one electron in
the highest occupied molecular orbital (HOMO) in the neutral
cluster to its lowest unoccupied molecular orbital (LUMO).

Table 5 lists the calculated ADEs and VDEs of the anions to
these states at the CCSD(T) and DFT levels.

3.6.1. Monomer. The first triplet excited state of TiO2 is
calculated to be the 3B2 state. At the B3LYP/aD level, this state
has one imaginary frequency of 377i cm-1, but at the BP86/aD
and PW91/aD levels it has no imaginary frequency. Thus,
artificial symmetry breaking may be occurring in the first triplet
state of the neutral cluster at the B3LYP/aD level. The OdTidO
bond angle in the 3B2 state is calculated to be 98° at the B3LYP/
aD level, which is ∼15° smaller than that in its ground state.
The TidO bond length in the 3B2 state is calculated to be 1.700
Å at the B3LYP/aD level, which is ∼0.06 Å longer than that
in its ground state.

3.6.2. Dimer. The first triplet excited states of the (C2V a), C2h,
and C3V structures of Ti2O4 are calculated to be 3B1, 3Bg, and 3A2,
respectively. At the B3LYP/aD level, the 3B1 and 3Bg states have
one imaginary frequency of 143i and 446i cm-1, respectively, and
the 3A2 state has two imaginary frequencies, both of 199i cm-1.
At the BP86/aD and PW91/aD levels, the 3B1 and 3A2 states have
no imaginary frequencies, but the 3Bg state still has one imaginary
frequency of 466i and 480i cm-1, respectively. The 3A′′ state with

TABLE 4: Electron Detachment Energies (ADEs/VDEs, eV)
of (TiO2)n

- (n ) 1-4) to the Ground States of the Neutral
for the Low-Lying Structures Calculated at the CCSD(T),
B3LYP/aT//B3LYP/aD, BP86/aT//BP86/aD, and PW91/aT//
PW91/aD Levels and Compared with the Experimental
Values

CCSD(T)a,b B3LYPa BP86 PW91 exptc

ADEs
TiO2

- 2A1 f 1A1

(C2V)
1.66 1.74 1.67 1.61 1.59(3)

Ti2O4
- 2A1 f 1A1

(C2V a)
1.95 2.12 2.10 2.04 2.06(5)

2Ag f 1Ag

(C2h)
1.64 1.87 1.85 1.78

2A1 f 1A1

(C3V)
1.98 2.20 2.07 2.01

Ti3O6
- 2A′ f 1A′

(Cs a)
2.88 3.10 2.87 2.81 2.78(10)

2B f 1A
(C2)

1.75 2.15 2.22 2.16

Ti4O8
- 2Ag f 1Ag

(C2h a)
2.77 3.00 2.95 2.89 3.00(15)

2A1 f 1A1

(C2V a)
2.53 2.75 2.73 2.67

2A1 f 1A1

(C2V b)
3.21 3.35 3.36 3.32

VDEs
TiO2

- 2A1 f 1A1

(C2V)
1.72 1.79 1.71 1.65 1.59(3)

Ti2O4
- 2A1 f 1A1

(C2V a)
2.32 2.43 2.36 2.30 2.27(5)

2Ag f 1Ag

(C2h)
2.22 2.26 2.11 2.04

2A1 f 1A1

(C3V)
2.13 2.45 2.24 2.19

Ti3O6
- 2A′ f 1A′

(Cs a)
3.20 3.55 3.18 3.13 3.15(5)

2B f 1A
(C2)

1.81 2.32 2.36 2.31

Ti4O8
- 2Ag f 1Ag

(C2h a)
3.41 3.75 3.61 3.56 3.65(5)

2A1 f 1A1

(C2V a)
3.29 3.62 3.52 3.46

2A1 f 1A1

(C2V b)
3.75 4.05 3.91 3.87

a ZPEs from BP86/aD. b CCSD(T)/CBS for n ) 1 and 2, CCSD(T)/
aT for n ) 3 and 4. c Reference 26.
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Cs symmetry derived from the 3Bg state has no imaginary
frequencies at the B3LYP/aD, BP86/aD, and PW91/aD levels.
Without ZPE corrections, the 3A′′ state is lower in energy than the
3Bg state by 21.4, 3.9, and 3.8 kcal/mol at the B3LYP/aD, BP86/
aD, and PW91/aD levels. At the CCSD(T)/aD//B3LYP/aD level,
the 3A′′ state is lower in energy than the 3Bg state by 21.6 kcal/
mol. At the B3LYP/aD level, the calculated TidO bond lengths
in the 3B1 state are 0.08 Å longer than those in the 1A1 state of the
(C2V a) structure, whereas the Ti-O bond lengths are essentially
the same in the singlet and triplet states. The OdTi-O bond angles
in the 3B1 state are 5° larger than those in the singlet state, and the
O-Ti-O bond angles are 2° larger. For the 3A′′ state, one of the
titanium-terminal oxygen bonds is significantly elongated by ∼0.3
Å from the 1Ag state, and this terminal oxygen is nearly in the
plane with the titanium and bridge oxygen atoms. The other bond
lengths and bond angles in the 3A′′ state differ from those in the
1Ag state by less than 0.02 Å and 1°, respectively. For the 3A2

state, the calculated TidO bond length at the B3LYP/aD level is
nearly the same as that for the 1A1 state of the C3V structure, the
longer Ti-O bonds are slightly shortened by ∼0.01 Å, the shorter
Ti-O bonds are elongated by ∼0.08 Å, and the bond angles change
by 2-3°.

3.6.3. Trimer. The first triplet excited states of the (Cs a)
and C2 structures of Ti3O6 are calculated to be the 3A′ and 3A
(C2) state, respectively. At the B3LYP/aD level, both states have
one imaginary frequency of 991i and 257i cm-1, respectively.
At the BP86/aD and PW91/aD levels, the 3A′ state has no
imaginary frequencies, but the 3A (C2) state still has one
imaginary frequency of 577i and 579i cm-1, respectively. The
3A state with C1 symmetry derived from the 3A (C2) state is
calculated to have no imaginary frequencies at the B3LYP/aD,
BP86/aD, and PW91/aD levels. Without ZPE corrections, the
3A (C1) state is lower in energy than the 3A (C2) state by 27.8,
4.1, and 3.9 kcal/mol at the B3LYP/aD, BP86/aD, and PW91/
aD levels. At the CCSD(T)/aD//B3LYP/aD level, the 3A (C1)
state is lower in energy than the 3A (C2) state by 16.8 kcal/
mol.

3.6.4. Tetramer. The first triplet excited states of the (C2V
b), (C2h a) and (C2V a) structures of Ti4O8 are calculated to
be the 3A1, 3Bg, and 3A2, respectively. At the B3LYP/aD level,
the 3A1 state has one imaginary frequency of 922i cm-1, and

the other two triplet states both have two imaginary frequen-
cies. At the BP86/aD and PW91/aD levels, all these triplet
states have no imaginary frequencies.

3.6.5. Triplet Electron Detachment Energies. For the VDEs
to these triplet states (higher energy bands) starting from the
anions, the CCSD(T)/aD//B3LYP/aD value is ∼0.1 eV higher
than the experimental value for the monomer. For the dimer,
the calculated VDE to the triplet state for the (C2V a) structure
is ∼0.2 eV lower than the experimental value, and that for the
C2h structure is in good agreement with experiment. For the
trimer, the calculated VDE to the triplet state for the (Cs a)
structure is ∼0.9 eV lower than the experimental value, which
is inconsistent with the observation. This suggests that the
experimental VDE for the excited state corresponds to a higher
excited state than we calculated. For the tetramer, the calculated
VDEs to the triplet state for the (C2h a) and (C2V a) structures
are ∼0.2 eV lower than the experimental value, and that for
the (C2V b) structure is ∼1.0 eV lower than the experimental
value.

For the calculated ADEs to the triplet states, the CCSD(T)/
aD//B3LYP/aD value is in good agreement with the experi-
mental value for the monomer. For the dimer, the calculated
ADEs to the triplet states are ∼0.2 eV too high for the (C2V a)
structure and 0.4-0.6 eV too low for the C2h and C3V structures.
For the trimer, the calculated ADEs to the triplet states are ∼0.3
eV too high for the (Cs a) structure and ∼0.9 eV too low for
the C2 structure. For the tetramer, the calculated ADEs are ∼0.4
eV too high for the (C2h a) and (C2V a) structures and ∼0.5 eV
too low for the (C2V b) structure. We note that the first excited-
state band is not as well resolved in the PES for the trimer and
tetramer as for the monomer and dimer.

The calculated ADEs and VDEs for the first triplet states at
the B3LYP/aT//B3LYP/aD level are in general 0.2-0.4 eV
lower than the CCSD(T)/aD values. For the dimer, the B3LYP/
aT//B3LYP/aD and CCSD(T)/aD//B3LYP/aD values are nearly
identical. For the ADE of the C2 structure of the trimer, the
B3LYP/aT//B3LYP/aD value is ∼0.1 eV higher than the
CCSD(T)/aD//B3LYP/aD value. The calculated ADEs and
VDEs for the first triplet states at the BP86/aT//BP86/aD
and PW91/aT//PW91/aD levels are very close to each other,
and they are in general smaller than the CCSD(T)/aD//B3LYP/

Figure 5. Structures of the first triplet excited states of (TiO2)n (n ) 2-4). The bond lengths (Å) shown are calculated at the B3LYP/aD level.
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aD values by 0.2-0.6 eV. For the ADEs of the C2h structure of
the dimer and the C2 structure of the trimer, the BP86/aT//BP86/
aD and PW91/aT//PW91/aD values are 0.4-0.7 eV higher than
the CCSD(T)/aD//B3LYP/aD values.

3.7. Reorganization Energies and Energy Gaps. Table 6
presents the calculated reorganization energies and energy gaps
compared with the experimental values. The reorganization
energy is calculated as the difference between the ADE and
VDE for the ground state of the neutral cluster and is an
energetic measure of the structural differences between the
ground states of the neutral and the anionic clusters. The
experimental reorganization energies increase from 0.00 eV for
the monomer, to 0.21 eV for the dimer, to 0.37 eV for the trimer,
to 0.65 eV for the tetramer. The calculated values at the DFT
and CCSD(T) levels for the ground states of the anions are
within 0.1 eV from the experimental values.

The experimental energy gap is defined as the ADE difference
between the ground state and first excited state of the neutral
and corresponds to the first excitation energy. This can be
approximately calculated as the first triplet vertical excitation

energy at the ground-state geometry of the neutral cluster at
the TD-DFT level. The experimental energy gaps are ∼2.2 eV
for the monomer and trimer and ∼2.6 eV for the dimer and
tetramer. The first triplet vertical excitation energy calculated
at the TD-DFT level is only slightly lower than the singlet
vertical excitation energy, and in fact in many cases they are
almost identical. This is very different from the (MO3)n (M )
Cr, Mo, W; n ) 1-6) clusters, where the first triplet excitation
energy is up to 0.4 eV lower than the first singlet excitation
energy.96 It is consistent with the previous prediction of near-
degenerate singlet and triplet excited states for TiO2.32 In
addition, the TD-DFT first singlet excitation energy of TiO2

calculated at the BP86/aD level of 2.41 eV is in good agreement
with the experimental value of 2.3 eV measured from the
emission spectrum.18

The first triplet vertical excitation energies calculated at the
TD-DFT level with the B3LYP functional are in general larger
than the experimental energy gaps, by ∼0.2 eV for the monomer
and ∼0.6 eV for the dimer and trimer. For the tetramer, the
calculated values are 1.0-1.3 eV too high for the (C2h a) and
(C2V a) structures, and ∼0.3 eV too low for the (C2V b) structure.
The BP86/aD and PW91/aD values differ from each other by
up to 0.4 eV, with the BP86/aD values being larger in general.
The energy gaps calculated at the BP86/aD level are larger than
the experimental values by ∼0.1 eV for the monomer, ∼0.2
eV for the dimer, but smaller than the experimental value by
∼0.3 eV for the trimer. For the tetramer, the calculated energy
gap of the (C2h a) structure at the BP86/aD level is in excellent
agreement with the experimental value, but that for the (C2V b)
structure is ∼1.3 eV lower and that for the (C2V a) structure is
∼0.3 eV higher. For the PW91/aD method, the calculated values
are smaller than experiment by ∼0.2 eV for the monomer and
∼0.4 eV by for the trimer. For the dimer and the (C2h a)
structure of the tetramer, the PW91/aD value is in good
agreement with the experiment, whereas that for the (C2V b)
structure is ∼1.4 eV smaller and that for the (C2V a) structure
is ∼0.3 eV higher. Overall, the BP86 and PW91 functionals
perform better than the B3LYP functional for the calculations
of the excitation energies at the TD-DFT level. For the tetramer,
the much better agreement for the BP86 and PW91 excitation
energies with the experimental value for the (C2h a) structure
than the (C2V b) structure is consistent with the fact that the
(C2h a) structure is predicted to be lower in energy than the
(C2V b) structure at the CCSD(T)/aT//B3LYP/aD level.

Table 7 shows the adiabatic energy gaps calculated as the
energy difference between the first triplet excited state and the
ground state of the neutral cluster at the CCSD(T) and DFT
levels. For the monomer, the CCSD(T)/aD//B3LYP/aD value
of 2.24 eV is in excellent agreement with the experimental value
of 2.22 eV. For the dimer, the CCSD(T)/aD//B3LYP/aD values
are larger than the experimental value by ∼0.4 eV for the (C2V
a) structure and smaller by 0.1-0.3 eV for the C2h and C3V
structures. For the trimer, the CCSD(T)/aD//B3LYP/aD values
are larger than the experimental value by 0.2-0.3 eV for the
(Cs a) and C2 structures. For the tetramer, the CCSD(T)/aD//
B3LYP/aD values are larger than the experimental value by
0.7-0.9 eV for the (C2h a) and (C2V a) structures and smaller
by ∼0.6 eV for the (C2V b) structure. The adiabatic energy gaps
calculated at the B3LYP/aT//B3LYP/aD level are smaller than
the CCSD(T)/aD//B3LYP/aD values by 0.2-0.7 eV. At the
BP86/aT//BP86/aD and PW91/aT//PW91/aD levels, the calcu-
lated adiabatic energy gaps are essentially identical, unlike the
vertical energy gaps calculated at the TD-DFT levels. These
values are lower than the CCSD(T)/aD values by 0.2-1.1 eV

TABLE 5: Electron Detachment Energies (ADEs/VDEs, eV)
of (TiO2)n

- (n ) 1-4) to the First Triplet Excited States of
the Neutral for the Low-Lying Structures Calculated at the
CCSD(T)/aD//B3LYP/aD, B3LYP/aT//B3LYP/aD, BP86/aT//
BP86/aD, and PW91/aT//PW91/aD Levels and Compared
with the Experimental Values

CCSD(T)a B3LYPa BP86 PW91 exptb

ADEs
TiO2

- 2A1 f 3B2

(C2V)
3.85 3.66 3.70 3.65 3.81(10)

Ti2O4
- 2A1 f 3B1

(C2V a)
4.88 4.80 4.47 4.41 4.65(10)

2Ag (C2h) f
3A′′ (Cs)

4.10 4.10 4.54 4.49

2A1 f 3A2

(C3V)
4.22 4.22 4.29 4.24

Ti3O6
- 2A′ f 3A′

(Cs a)
5.37 5.15 4.90 4.85 5.04(10)

2B (C2) f
3A (C1)

4.16 4.27 4.82 4.78

Ti4O8
- 2Ag f 3Bg

(C2h a)
5.98 5.65 5.16 5.11 5.60(15)

2A1 f 3A2

(C2V a)
5.95 5.61 5.16 5.12

2A1 f 3A1

(C2V b)
5.08 4.93 4.63 4.59

VDEs
TiO2

- 2A1 f 3B2

(C2V)
4.01 3.78 3.81 3.76 3.90(3)

Ti2O4
- 2A1 f 3B1

(C2V a)
5.10 5.08 4.73 4.68 5.30(10)

2Ag f 3Bg

(C2h)
5.25 5.26 4.86 4.80

2A1 f 3A2

(C3V)
4.33 4.37 4.40 4.35

Ti3O6
- 2A′ f 3A′

(Cs a)
5.58 5.39 5.09 5.03 6.50(10)

2B f 3A
(C2)

5.10 5.65 5.13 5.08

Ti4O8
- 2Ag f 3Bg

(C2h a)
6.13 5.89 5.31 5.27 6.30(10)

2A1 f 3A2

(C2V a)
6.13 5.90 5.34 5.31

2A1 f 3A1

(C2V b)
5.30 5.18 4.85 4.81

a ZPEs from BP86/aD. b Reference 26. VDEs were estimated from
the PES.
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except for the C2h structure of the dimer and the C2 structure of
the trimer, where they are higher by ∼0.2 eV. Compared to the
TD-DFT vertical excitation energies, the adiabatic energy gaps
are smaller by 0.5-1.4 eV for the B3LYP functional, and up
to 0.5 eV for the BP86 and PW91 functionals.

3.8. Electron Localization in the Anions. Previous work
by Wang and co-workers26 suggested that the extra electrons
in the anions of the titanium clusters are localized, which was
suggested to induce large geometry change upon photodetach-
ment. Figure 6 shows the highest occupied molecular oribitals
(HOMOs) of the neutral clusters, the singly occupied molecular
orbitals (SOMOs) and the electron spin density of the anions.
The HOMOs of the neutral clusters are of O 2pπ character.

The 2pπ orbitals on both the bridge and terminal oxygen atoms
can have significant contributions. The contributions from the
2pπ orbitals of the bridge and terminal oxygen atoms can be
different for different structures. For example, for the C2h and
(C2V a) structures of the dimer, the HOMOs have nearly equal
contributions from the 2pπ orbitals on the bridge and terminal
oxygen atoms, whereas for the C3V structure of the dimer, the
HOMO is dominated by the contributions from the bridge
oxygen atoms only.

The lowest unoccupied molecular orbitals (LUMOs) of the
neutral clusters (not shown) are similar to the SOMOs of the
anions, which are dominated by the Ti 3dz2 orbital in most cases.
In addition, mixing with the Ti 4s orbital allows these SOMOs
to hybridize and move the excess electron density away from
the neighboring negatively charged oxygen atoms to reduce
electron repulsion. For the monomer and the (C2V a) and (C2h

a) structures of the tetramer, the Ti 3d orbital involved is not
the 3dz2 orbital. These Ti centers are bonded with two oxygen
atoms for the monomer and four oxygen atoms for the (C2V a)
and (C2h a) structures of the tetramer, in contrast to three oxygen
atoms for the others. The electron spin density of the anions is
consistent with their SOMOs. The electron spin density of the
anions is equally distributed on two of the metal centers except
for the monomer, the C3V structure of the dimer, and the (Cs a)
structure of the trimer. Thus, the extra electron in the anions is
partially delocalized on two metal centers for the ground states
of the dimer and tetramer, but localized on a single metal center
for the monomer and trimer. Furthermore, for the C3V structure
of the dimer and the low-lying structures of the trimer and
tetramer, the extra electron of the anions are located on the metal
centers without terminal oxygen atoms to reduce electron
repulsion.

One has to take care in predicting the ground states of the
anions as well as the first triplet excited states of the neutral
clusters with hybrid functionals, which can introduce symmetry
breaking. As many previous studies have been done with hybrid
functionals for the anions without addressing potential symmetry
breaking issues, they predicted less symmetric structures to be

TABLE 6: Calculated Reorganization Energies (∆Ereorg, eV) and Vertical Energy Gaps (∆Egap, eV) for (TiO2)n (n ) 1-4) and
Compared with Their Experimental Values

∆Ereorg
a ∆Egap

b

CCSD(T)c B3LYPd BP86d PW91d expte B3LYP(T)f BP86(T)f PW91(T)f B3LYP(S)g BP86(S)g PW91 (S)g expte

TiO2
1A1

(C2V)
0.06 0.05 0.04 0.04 0.00(3) 2.46 2.33 1.98 2.57 2.41 2.09 2.22(10)

Ti2O4
1A1

(C2V a)
0.37 0.31 0.26 0.27 0.21(5) 3.19 2.80 2.59 3.26 2.86 2.65 2.59(10)

1Ag

(C2h)
0.58 0.38 0.26 0.26 3.65 3.24 3.08 3.74 3.30 3.15

1A1

(C3V)
0.15 0.26 0.18 0.18 2.67 2.37 2.29 2.77 2.46 2.38

Ti3O6
1A′

(Cs a)
0.32 0.44 0.31 0.31 0.37(10) 2.91 1.95 1.81 2.93 1.97 1.82 2.26(10)

1A
(C2)

0.06 0.17 0.15 0.15 3.57 3.09 2.96 3.68 3.14 3.01

Ti4O8
1Ag

(C2h a)
0.64 0.75 0.66 0.67 0.65(15) 3.62 2.59 2.60 3.65 2.61 2.62 2.60(15)

1A1

(C2V a)
0.76 0.87 0.79 0.79 3.92 2.90 2.91 3.97 2.93 2.94

1A1

(C2V b)
0.54 0.70 0.55 0.55 2.31 1.32 1.16 2.34 1.35 1.19

a The reorganization energy is calculated as the difference between the ADE and VDE for the ground state of the neutral cluster. b The
theoretical energy gap is calculated as the first excitation energy from the TD-DFT calculation with the aD basis set at the neutral ground-state
geometry. The experimental energy gap is calculated as the difference between the ADEs for the ground state and the first excited state of the
neutral cluster measured from the PES. c CCSD(T)/CBS for n ) 1 and 2, and CCSD(T)/aT for n ) 3 and 4. d Calculated with the aT basis set.
e Reference 26. f The first triplet excitation energy. g The first singlet excitation energy.

TABLE 7: Calculated Adiabatic Energy Gaps (∆Egap, eV)a

of (TiO2)n (n ) 1-4) at the CCSD(T)/aD//B3LYP/aD,
B3LYP/aT//B3LYP/aD, BP86/aT//BP86/aD, PW91/aT//PW91/
aD Levels

CCSD(T)b B3LYPb BP86 PW91

TiO2
1A1 f 3B2

(C2V)
2.24 1.92 2.03 2.04

Ti2O4
1Ag (C2h)f

3A′′ (Cs)
2.48 2.23 2.70 2.70

1A1 f 3B1

(C2V a)
2.97 2.68 2.38 2.37

1A1 f 3A2

(C3V)
2.30 2.03 2.22 2.23

Ti3O6
1A′ f 3A′

(Cs a)
2.59 2.05 2.03 2.03

1A (C2) f 3A
(C1)

2.46 2.12 2.61 2.62

Ti4O8
1A1 f 3A2

(C2V a)
3.53 2.86 2.43 2.44

1Ag f 3Bg

(C2h a)
3.32 2.65 2.21 2.22

1A1 f 3A1

(C2V b)
2.02 1.57 1.27 1.26

a The energy gap is calculated as the energy difference between
the first triplet excited state and the ground state of the neutral
cluster. b ZPEs from BP86/aD.
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the ground-state structures for the dimer and tetramer.50 For
these less symmetric structures, the extra electron is likely to
be more or less localized on one of the titanium centers.
However, the potential energy surfaces for these anions are very
flat and the more symmetric structures have more delocalization
so it is extremely difficult to ascertain how localized the
electrons actually are.

Large structural changes are not necessarily caused by
electron localization, and this is shown in the Franck-Condon
simulations of the PES in Figure 7 for the dimer and trimer.
For the anion of the dimer, the SOMOs of the (C2V a) and C2h

structures are delocalized on both titanium centers, whereas that
of the C3V structure is localized on the titanium center without
a terminal oxygen atom. However, our simulations show that
the C3V structure has the smallest geometry change upon electron
detachment despite its electron localization. For the anion of
the trimer, the SOMO of the (Cs a) structure is localized on the
Ti atom without the terminal oxygen atom, whereas that of the
C2 structure is delocalized on two terminal Ti atoms. Our
simulations show that the C2 structure has only slightly less
geometry change accompanying electron detachment than the
(C3 a) structure. For the tetramer, the Franck-Condon overlaps
between the anion and that of the neutral cluster for all three
low-lying structures are negligibly small, even though the extra
electron in the anion is partially delocalized on two of the
titanium centers. From these simulations and our simulations
for the PES of the group VIB metal oxide clusters,38,80 we found
that larger structural changes are generally present in large
clusters, resulting in broad spectra.

3.9. Clustering Energies. Table 8 presents the normalized
and differential clustering energies at 0 K for the ground states
of the (TiO2)n (n ) 2-4) clusters calculated at the CCSD(T)
level. Those calculated at 0 K for the other low-lying structures
and at 298 K in terms of the enthalpy and free energy are
included in the Supporting Information. Different contributions
to these energies are also listed to provide insight into their
relative importance. The normalized clustering energy is the
ratio of the energy required to completely break down the cluster
to the monomer and the number of monomers in the cluster,
and the differential clustering energy is the energy required to
remove one monomer from the cluster.

The normalized clustering energies at 0 K for the ground
states of the (TiO2)n (n ) 2-4) clusters range from 60 to 100
kcal/mol, increasing from the dimer to the tetramer. The
normalized clustering enthalpies at 298 K are <0.5 kcal/mol
larger than those at 0 K, whereas the normalized clustering free
energies at 298 K are lower than those at 0 K by ∼6 kcal/mol
for the dimer, ∼8 kcal/mol for the trimer, and ∼10 kcal/mol
for the tetramer. The differential clustering energies at 0 K for
the ground states of these clusters range from 120 to 140 kcal/
mol, also increasing from the dimer to the tetramer. The
differential clustering enthalpies at 298 K are greater than those
at 0 K by ∼0.5 kcal/mol, whereas the differential clustering
free energies at 298 K are lower than those at 0 K by 12-14
kcal/mol due to the formation of a free monomer on one side
of the equation.

For the dimer, the normalized clustering energy is exactly
half of the differential clustering energy, based on eqs 1 and 2.
For the normalized clustering energies of the dimer, the CBS
extrapolation effect from the aD basis set is ∼0.3 kcal/mol for
the (C2V a) and C2h structures, and ∼0.9 kcal/mol for the C3V
structure. The CBS extrapolation effect from the aT basis is
even smaller, 0.2-0.3 kcal/mol for all three conformers. The
core-valence contributions calculated at the CCSD(T)/awCVTZ

Figure 6. Highest occupied molecular orbital (HOMO) of (TiO2)n

(n ) 1-4), the singly occupied molecular orbital (SOMO) and
electron spin density (ESD) of their anions at the B3LYP/aD
level.
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level are 1.5-1.6 kcal/mol for the (C2V a) and C2h structures,
and ∼2.1 kcal/mol for the C3V structure. The core-valence
corrections are overestimated at the CCSD(T)/awCVDZ level
by ∼1.0 kcal/mol for the (C2V a) and C2h structures, and by
∼1.4 kcal/mol for the C3V structure. The core-valence contribu-
tions calculated at the CCSD(T)/wCVTZ level without the
augmented functions are 0.2-0.3 kcal/mol lower than those
calculated at the CCSD(T)/awCVTZ level. The scalar relativistic
corrections are 0.3-0.4 kcal/mol, much smaller than the
core-valence corrections, but close to the CBS corrections from
the aT basis set. The ZPE corrections are 0.9-1.1 kcal/mol,
again smaller than the core-valence corrections. Similar
conclusions are drawn for the differential clustering energy of
the dimer. The above observations indicate that the core-valence
corrections are the most significant additional contribution to
the clustering energies beyond the valence electronic energy.

For the trimer and tetramer, the differential clustering energy
is related to its normalized clustering energy and the normalized
clustering energy of the cluster with one less TiO2 unit. For the
normalized clustering energies of the trimer and tetramer, the
CCSD(T)/aD and CCSD(T)/aT values differ by up to 0.4 kcal/
mol. On the basis of the above observations for the dimer, the
CCSD(T)/aT values should be very close to the CCSD(T)/CBS
values. Similarly, the core-valence corrections are likely to be

slightly smaller than the calculated values at the CCSD(T)/
awCVDZ level, which range from 3.7 to 5.0 kcal/mol. The
calculated scalar relativistic corrections for the trimer and
tetramer are 0.4-0.5 kcal/mol, slightly larger than those for the
dimer. The ZPE corrections for the trimer and tetramer are
1.3-1.5 kcal/mol, again slightly larger than those for the dimer.
For the differential clustering energy, the CCSD(T)/aT value is
nearly identical to the CCSD(T)/aD value for the (Cs a) structure
of the trimer and is ∼0.6 kcal/mol larger than that for the C2

structure. For the tetramer, the CCSD(T)/aT values are larger
than the CCSD(T)/aD values for the (C2V a) and (C2V b)
structures by ∼0.8 and 1.2 kcal/mol, respectively, and the
CCSD(T)/aT value is smaller than the CCSD(T)/aD value by
∼0.5 kcal/mol for the (C2h a) structure. The core-valence
corrections calculated at the CCSD(T)/awCVDZ level range
from 6.1 to 6.4 kcal/mol for the trimer, 7.7 to 8.3 kcal/mol for
the (C2V a) and (C2h a) structures of the tetramer, and ∼4.3
kcal/mol for the (C2V b) structure of the tetramer. The scalar
relativistic and ZPE corrections are significantly smaller, ranging
from 0.7 to 0.9 and 1.4 to 1.9 kcal/mol for the trimer and
tetramer, respectively.

We have previously calculated the dimerization energy
(negative of the differential clustering energy) for M2O6 (M )
Cr, Mo, W) at 0 K as -93.6, -113.3, and -128.7 kcal/mol at

Figure 7. Simulated PES for Ti2O4
- and Ti3O6

- at the BP86/aD level. The peak maximum is shifted to the experimental VDE. The transition
energy shown is in electronvolts. The full width at half-maximum (fwhm) is 0.05 eV, and the vibrational temperature is 300 K.

TABLE 8: Normalized and Differential Clustering Energies at 0 K (∆E0K, kcal/mol) for (TiO2)n (n ) 2-4) Calculated at the
CCSD(T) Level

∆EaD
a ∆EaT

b ∆EaQ
b ∆ECBS

c ∆ECV(D)
b,d ∆ECV(T)

b,e ∆ESR
b,f ∆EZPE

g ∆E0K
h

Normalized
Ti2O4

1Ag (C2h) 60.69 60.85 60.96 61.03 +2.54 +1.60 -0.31 -1.08 61.2
Ti3O6

1A′ (Cs a) 82.85 82.95 +3.84 - -0.42 -1.34 85.0
Ti4O8

1A1 (C2V a) 95.29 95.57 +4.79 - -0.53 -1.48 98.4

Differential
Ti2O4

1Ag (C2h) 121.38 121.70 121.92 122.05 +5.08 +3.20 -0.63 -2.16 122.5
Ti3O6

1A′ (Cs a) 127.16 127.14 - - +6.44 - -0.65 -1.85 131.1
Ti4O8

1A1 (C2V a) 132.64 133.43 - - +7.65 - -0.86 -1.92 138.3

a Geometries from CCSD(T)/aD for n ) 1 and 2, and from B3LYP/aD for n ) 3 and 4. b Geometries from CCSD(T)/aT for n ) 1 and 2, and
from B3LYP/aD for n ) 3 and 4. c Extrapolated using the mixed Gaussian/exponential formula for the CCSD(T) energies with the aD, aT, and aQ
basis sets. d CCSD(T)/awCVDZ. e CCSD(T)/awCVTZ. f CISD/aT. g BP86/aD. h ∆E0 ) ∆ECBS + ∆ECV(T) + ∆ESR + ∆EZPE for n ) 1 and 2, ∆EaT +
∆ECV(D) + ∆ESR + ∆EZPE for n ) 3 and 4.
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the CCSD(T)/CBS level.38 Thus the differential clustering
energy for the most stable conformer of Ti2O4 of 122.5 kcal/
mol is ∼29 and 9 kcal/mol larger than those of Cr2O6 and
Mo2O6, respectively, and ∼6 kcal/mol smaller than that of
W2O6. We note that the structural changes are similar as a
terminal µ-oxo MdO bond on each monomer is converted to a
bridge M-O-M bond in the dimer for TiO2 and for MO3.

Table 9 shows the normalized and differential clustering energies
calculated at the B3LYP/aT//B3LYP/aD, BP86/aT//BP86/aD, and
PW91/aT//PW91/aD levels as compared to those calculated at the
CCSD(T) level. For the normalized clustering energy, the B3LYP/
aT//B3LYP/aD values are smaller than the CCSD(T) values, by
∼3 kcal/mol for the dimer, ∼8 kcal/mol for the trimer, and ∼10
kcal/mol for the tetramer. The BP86/aT//BP86/aD values are
slightly smaller than the PW91/aT//PW91/aD values by 1-2 kcal/
mol, and the PW91/aT//PW91/aD values are smaller than the
CCSD(T) values by ∼5 kcal/mol for the dimer, ∼10 kcal/mol for
the trimer, and ∼13 kcal/mol for the tetramer. Similar conclusions
can be drawn for the differential clustering energy, with larger
differences between the DFT and CCSD(T) values.

Previous studies on the group VIB transition metal oxide clusters
have shown that the normalized clustering energies are nearly
converged at n ) 3, although they continue to increase for larger
n.38 For these clusters, the differential clustering energies decrease
as n increases from 2 to 5.38 This behavior is very different from
the titanium dioxide clusters, where the normalized clustering
energies are not converged at n ) 4 and the differential clustering
energies increase as n increases from 2 to 4.

3.10. Heats of Formation. Table 10 shows the calculated
atomization energies at 0 K at the CCSD(T) level for the (TiO2)n

(n ) 1-4) clusters. Different contributions to the atomization
energies are shown to assess the relative importance of the
different corrections. The atomization energies at 0 K for the
monomer and dimer have been estimated to be 301 ( 3 and
721 ( 11 kcal/mol by high pressure mass spectroscopy and
these error bars could be larger.20,21 At the CCSD(T)/CBS level,
the atomization energies of the monomer and the most stable
conformer of the dimer are calculated to be 297.9 and 718.4
kcal/mol, in excellent agreement with the estimated experimental
values, especially considering the large error bars in the exper-
imentally estimated values.

For the monomer and dimer, the CBS extrapolation contribu-
tions to the atomization energies from the aD basis set are ∼19
kcal/mol for the monomer, and ∼40 kcal/mol for the dimer.
Those from the aT basis set are 8.2 kcal/mol for the monomer,
and 16.8 kcal/mol for the dimer. Thus, the basis set size effect
is much more substantial for the atomization energies than for
the relative energies, electron detachment energies, and cluster-

ing energies. This is not surprising as the atomization energy is
the energy required to dissociate the cluster into atoms, and
large basis sets in the correlation treatment are necessary to
account for the dramatic change of the chemical environment
from the cluster to the atoms. The CBS extrapolation contribu-
tion for the dimer is about twice as large as that for the
monomer. Thus, we can estimate the CBS extrapolation con-
tributions from aT to CBS for the atomization energies for the
trimer and tetramer from those for the monomer and dimer to
be 25.1 and 33.3 kcal/mol, respectively. These estimates are
included in Table 10 to reduce the errors in the calculated
atomization energies for the trimer and tetramer.

Another means to estimate the total atomization energy for
the larger clusters is to use a group additivity approach, where
we consider the TiO2 to be the group. As noted above, the
normalized clustering energies ∆Enorm,n are not strongly de-
pendent on the basis set. Thus we can use eq 7 to estimate the
atomization energy of a cluster:

∑ D0,0K[(TiO2)n]) n ∑ D0,0K(TiO2)+ n∆Enorm,n (7)

For the trimer and tetramer, the atomization energies estimated
from eq 7 from the CCSD(T)/CBS atomization energy of the
monomer and the CCSD(T)/aT normalized clustering energies
of the trimer and tetramer are 1148.9 and 1585.2 kcal/mol,
respectively. These are in excellent agreement with the estimated
values of 1145.3 and 1580.2 kcal/mol for the trimer and tetramer
using the approach in the previous paragraph.

For the core-valence correction to the atomization energy,
the CCSD(T)/awCVTZ value is ∼1.3 kcal/mol larger than that
at the CCSD(T)/awCVDZ level for the monomer and 0.7-0.8
kcal/mol larger for the C2h and (C2V a) structures of the dimer,
but it is ∼0.1 kcal/mol smaller for the C3V structure of the dimer.
Thus, it is difficult to estimate accurately the error induced by
calculating the core-valence corrections at the CCSD(T)/
awCVDZ level for the trimer and tetramer. The scalar relativistic
correction to the atomization energy is ∼0.8 kcal/mol for the
monomer and ∼2.2 kcal/mol for the dimer. The ZPE corrections
are ∼3.3 kcal/mol for the monomer and 8.2-8.7 kcal/mol for
the dimer.

Table 11 presents the calculated heats of formation at 0 and
298 K for the (TiO2)n (n ) 1-4) clusters. The heats of formation
are calculated from the CCSD(T) atomization energies shown
in Table 10 and the B3LYP, BP86, and PW91 atomization
energies given in the Supporting Information. For the trimer
and tetramer, the heats of formation can be calculated with three
different approaches: (1) with the CCSD(T) atomization energies
corrected by the estimated aT to CBS extrapolation effects; (2)
from the CCSD(T)/CBS heats of formation of the monomer
and the normalized CCSD(T)/aT clustering energies of the trimer
and tetramer (eq 8); and (3) by building up from the n - 1
cluster by using the CCSD(T)/CBS heats of formation of the
monomer, the differential clustering energy (eq 8), and the heat
of formation of the n - 1 cluster.

∆Hf,0K(TinO2n)) n∆Hf,0K(TiO2)- n∆Enorm,n(TinO2n) (8)

∆Hf,0K(TinO2n))∆Hf,0K(TiO2)+∆Hf,0K(Tin-1O2(n-1))-

∆Ediff,n(TinO2n) (9)

Results from these three approaches agree within a few kcal/
mol. The “experimental” heats of formation of the monomer
and dimer are calculated from the experimentally estimated
atomization energies20,21 and the experimental heats of formation
for the atoms,98,99 which yields heats of formation of -71 ( 4
and -260 ( 12 kcal/mol at 0 K for the monomer and dimer,

TABLE 9: Normalized and Differential Clustering Energies
at 0 K (∆E0K, kcal/mol) for (TiO2)n (n ) 2-4) Calculated at
the CCSD(T), B3LYP/aT//B3LYP/aD, BP86/aT//BP86/aD,
and PW91/aT//PW91/aD Levels

CCSD(T) a,b B3LYPb BP86 PW91

Normalized
Ti2O4

1Ag (C2h) 61.2 57.8 55.2 56.2
Ti3O6

1A′ (Cs a) 85.0 77.2 73.2 74.8
Ti4O8

1A1 (C2V a) 98.4 88.2 83.4 85.3

Differential
Ti2O4

1Ag (C2h) 122.5 115.6 110.4 112.4
Ti3O6

1A′ (Cs a) 131.1 116.1 109.2 111.9
Ti4O8

1A1 (C2V a) 138.3 121.1 114.2 116.9

a CCSD(T)/CBS for n ) 1 and 2, CCSD(T)/aT for n ) 3 and 4.
b ZPEs from BP86/aD.
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respectively. The large error bars in the experimental heats of
formation arise from the large uncertainty in the experimentally
estimated atomization energies of the clusters.20,21 The heats of
formation at 0 K of the monomer and dimer are calculated at
the CCSD(T)/CBS level to be -67.6 ( 0.7 and -257.6 ( 1.4
kcal/mol, respectively, where the error bars are due to errors in
the atomic heats of formation, They are in good agreement with
the experimental values, consistent with the good agreement
for the total atomization energies.

The calculated heats of formation at the B3LYP/aT//B3LYP/
aD level are ∼10 and 26 kcal/mol less negative than the
CCSD(T)/CBS values for the monomer and dimer, respectively.
The BP86/aT//BP86/aD and PW91/aT//PW91/aD heats of
formation, on the other hand, are ∼40 and ∼65 kcal/mol more
negative than the CCSD(T)/CBS values for the monomer and
dimer, respectively. The large differences in the calculated heats
of formation at the B3LYP level, and especially at the BP86
and PW91 levels for the titanium dioxide clusters follow the
trends found for the heats of formation of group VIB transition
metal oxide clusters.38 These large differences cannot be
attributed to the incompleteness of the basis set we used for
the DFT calculations, as the atomization energy calculated at
the B3LYP/aQ//B3LYP/aD level differ from the B3LYP/aD
value by <0.5 kcal/mol for the monomer. The poor performance
of the BP86 and PW91 functionals in the calculated heats of
formation for these oxide clusters may be related to their
inability to predict accurate values for the dissociation energy
of O2.38 The experimental dissociation energy is 118.0 kcal/
mol.104 The calculated dissociation energy is 139.1 and 140.3
kcal/mol at the BP86/aT//B3LYP/aD and PW91/aT//B3LYP/
aD levels, respectively, and 120.8 and 118.1 kcal/mol at the

B3LYP/aT//B3LYP/aD and CCSD(T)/CBS levels.38 The BP86
and PW91 functionals predict O2 to be overbound. The DFT
normalized clustering energies are enough in error that we
cannot really use them with the accurate value for the atomi-
zation energy of TiO2 to predict accurate atomization energies
and heats of formation using eqs 7–9. We note that if a
functional can be found that provides better estimates of the
clustering energies, then we can apply eqs 7–9 to obtain reliable
atomization energies and heats of formation of much larger
clusters.

3.11. Bond Energies. The average TidO µ-oxo bond dis-
sociation energy (BDE) at 0 K obtained from the atomization
energy for TiO2 is 149.0 kcal/mol at the CCSD(T)/CBS level.
The average MdO µ-oxo BDEs for MO3 (M ) Cr, Mo, W)
have been estimated to be 111.2, 137.6, and 153.4 kcal/mol for
M ) Cr, Mo, and W, respectively, at the same level of theory.38

Thus these metal µ-oxo average BDEs are quite large and
increase in the order of Cr < Mo < Ti < W. We note that the
average TidO µ-oxo BDE is predicted to be only slightly
smaller than the WdO µ-oxo bond energy. The metal µ-oxo
bonds are expected to be strong due to the ionic nature of the
interactions and the backbonding between the filled O pπ
orbitals and the empty M dπ orbitals.38

If we assume that the TidO bond energy in TiO2 is the same
as that in Ti2O4 (C2h), then we can estimate the average BDE
of the Ti-O bridge bonds in Ti2O4 as follows: E(Ti-O) )
1/4ΣD0,0K(Ti2O4) - 2E(TidO)]. This gives E(Ti-O) ) 105.1
kcal/mol at the CCSD(T)/CBS level, which can be compared
to the values of 78.0, 97.1, and 108.8 kcal/mol for the Cr-O,
Mo-O, and W-O, respectively, calculated with a similar
formula.38 The M-O BDEs follow the same order as that for

TABLE 10: Atomization Energies at 0 K (ΣD0,0K, kcal/mol) for (TiO2)n (n ) 1-4) Calculated at the CCSD(T) Level and
Compared with Available Experimental Data

∆EaD
a ∆EaT

b ∆EaQ
b ∆ECBS

c ∆ECV(D)
b,d ∆ECV(T)

b,e ∆ESR
b,f ∆EZPE

g ∆ESO
h ΣD0,0K

i exptj

TiO2
1A1 (C2V) 280.73 291.55 296.67 299.77 +1.96 +3.30 -0.78 -3.26 -1.08 297.9 301 ( 3

Ti2O4
1Ag (C2h) 682.83 704.79 715.26 721.59 +9.01 +9.80 -2.19 -8.67 -2.16 718.4 721 ( 11

Ti3O6
1A′ (Cs a) 1090.72 1123.48 +17.42 -3.62 -13.78 -3.25 1145.3k,l

Ti4O8
1A1 (C2V a) 1504.08 1548.46 +27.03 -5.27 -18.95 -4.33 1580.2k,l

a Geometries from CCSD(T)/aD for n ) 1 and 2, and from B3LYP/aD for n ) 3 and 4. b Geometries from CCSD(T)/aT for n ) 1 and 2,
and from B3LYP/aD for n ) 3 and 4. c Extrapolated using the mixed Gaussian/exponential formula for the CCSD(T) energies with the aD, aT,
and aQ basis sets., d CCSD(T)/awCVDZ. e CCSD(T)/awCVTZ. f CISD/aT. g BP86/aD. h The spin-orbit corrections for the atoms are calculated
as {∑J(2J + 1) ·EJ}/{∑J(2J + 1)}. i D0,0K ) ∆ECBS + ∆ECV(T) + ∆ESR + ∆EZPE + ∆ESO for n ) 1 and 2, ∆EaT + ∆ECV(D) + ∆ESR + ∆EZPE +
∆ESO for n ) 3 and 4. j References 20 and 21. k Estimates for the extrapolation effects from aT to CBS are included. The extrapolation from
aT to CBS is estimated to be 25.1 kcal/mol for n ) 3 and 33.3 kcal/mol for n ) 4. l The atomization energies of the trimer and tetramer is
estimated to be 1148.9 and 1585.2 kcal/mol, respectively, from the CCSD(T)/CBS atomization energy of the monomer and the CCSD(T)/aT
normalized clustering energies of the trimer and tetramer.

TABLE 11: Heats of Formation at 0 and 298 K (∆Hf,0K and ∆Hf,298K, kcal/mol) Calculated with the CCSD(T), B3LYP, BP86,
and PW91 Methods,a and Compared with the Experimental Values

CCSD(T)b B3LYPc BP86c PW91c

molecule ∆Hf, 0K
e ∆Hf, 298K

f ∆Hf, 0K
e ∆Hf, 298K

f ∆Hf, 0K
e ∆Hf, 298K

f ∆Hf, 0K
e ∆Hf, 298K

f
exptd

∆Hf,0K

TiO2
1A1 (C2V) -67.6 -68.2 -58.1 -58.7 -104.7 -105.2 -107.9 -108.5 -71 ( 4

Ti2O4
1Ag (C2h) -257.6 -259.4 -231.8 -233.6 -319.7 -321.5 -328.2 -329.9 -260 ( 12

Ti3O6
1A′ (Cs a) -454.3, -457.8g, -456.3h -457.1, -460.6g, -459.1h -406.2 -409.1 -533.6 -536.4 -547.9 -550.8

Ti4O8
1A1 (C2V a) -658.8, -662.0g, -660.2h -662.9, -668.1g, -664.3h -585.6 -589.6 -752.5 -756.5 -772.7 -776.8

a Error bars due to errors in the heats of formation of the atoms are (0.7 for TiO2, (1.4 for Ti2O4, (2.1 for Ti3O6, (2.8 for Ti4O8. b Using
the atomization energies shown in Table 1. c Using the atomization energies calculated at the B3LYP/aT//B3LYP/aD, BP86/aT//BP86/aD, and
PW91/aT//PW91/aD levels given in the Supporting Information. d Derived from the estimated atomization energies from refs 20 and 21, and
the experimental heats of formation for the atoms from refs 98 and 99. e ∆Hf,0K(TinO2n) ) n∆Hf,0K(Ti) + 2n∆Hf,0K(O) - ΣD0,0K(TinO2n), where
the experimental ∆Hf,0K (58.98 ( 0.02, 112.4 ( 0.7 kcal/mol for O and Ti) were used for the atoms. f ∆Hf,298K(TinO2n) ) ∆Hf,0K(TinO2n) +
∆H0Kf298K(TinO2n) - n∆H0Kf298K(Ti) - 2n∆H0Kf298K(O). The experimental enthalpy change from 0 to 298 K (∆H0Kf298K) is 1.04 and 1.15
kcal/mol for O and Ti, respectively. The enthalpy change from 0 to 298 K for TinO2n calculated at the BP86/aD level is used. g ∆Hf,0K(TinO2n)
) n∆Hf,0K(TiO2) - n∆Enorm,n(TinO2n). h ∆Hf,0K(TinO2n) ) ∆Hf,0K(TiO2) + ∆Hf,0K(Tin-1O2(n-1)) - ∆E diff,n(TinO2n).
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the MdO BDEs. The above arguments about the average BDEs
of the MdO bonds also apply to those of the M-O bonds.

Similarly, we can estimate the BDE of the triple-bridge
titanium-oxygen bond in the (Cs a) structure of the trimer as
ΣD0,0K(Ti3O6) - 2E(TidO) - 6E(Ti-O) ) 216.7 kcal/mol. It
is larger than twice the average Ti-O BDE by ∼7 kcal/mol.
Without the triple-bridge titanium-oxygen bond, the C2 struc-
ture of the trimer is ∼15 kcal/mol higher in energy, which is
reasonably close to the energy difference estimated from the
titanium-oxygen BDEs of ∼7 kcal/mol. For the (C2V a)
structure of the tetramer, the quadruple-bridge titanium-oxygen
BDE can be estimated as ΣD0,0K(Ti4O8) - 2E(TidO) -
10E(Ti-O) ) 231.2 kcal/mol. It is greater than twice the
average Ti-O BDE by ∼21 kcal/mol, modestly stronger than
the triple-bridge titanium-oxygen bond. With two triple-bridge
titanium-oxygen bonds, the (C2h a) is only ∼5 kcal/mol higher
in energy than the (C2V a) structure, which is close to the energy
difference estimated from the titanium-oxygen BDEs of ∼7
kcal/mol. With no triple- or quadruple-bridge titanium-oxygen
bonds, the (C2V b) structure is ∼16 kcal/mol higher in energy,
which is consistent with the estimated energy difference of ∼21
kcal/mol based on the titanium-oxygen BDEs.

3.12. Catalytic Implications. TiO2 with band gaps of 3.0
eV for rutile and 3.2 eV for anatase,105 is an active photocatalyst.
As shown in Table 6, the experimental energy gaps have been
measured to be ∼2.2 eV for the monomer and trimer, and ∼2.6
eV for the dimer and tetramer.26 Furthermore, our CCSD(T)
and DFT calculations show that the energy gaps exhibit a strong
dependence on the cluster structures. Figure 8 displays the
adiabatic energy gaps (the energy differences between the first
triplet excited states and the ground states of the neutral clusters)
at the CCSD(T)/aD//B3LYP/aD level. The first singlet and triplet
excited states of these clusters are energetically nearly degener-
ate so these adiabatic energy gaps are good approximations to
the first singlet excitation energies for the clusters. The
calculated adiabatic energy gaps are ∼2.2 eV for the monomer,
2.3-3.0 eV for the low-lying structures of the dimer, 2.4-2.6
eV for the trimer, and 2.1-3.5 eV for the tetramer. These gaps,
except for the tetramer are below the band gap of the bulk
material and show that controlling the particle size and structure
will be important in controlling the photocatalytic activity of
TiO2 nanoparticles. The energies of the ground state of the low-
lying conformations lie within ∼15 kcal/mol at the CCSD(T)
level to the ground states of these clusters. Thus, they may be
present on the surface of TiO2 catalysts, depending on the
manufacturing process, the support, and other environmental
effects. This could be one of the reasons for the strong

dependence of the photocatalytic activity of titanium dioxide
particles on the manufacturing process. As there are a number
of low-lying structures with distinct energy gaps, one should
be able to change the photocatalytic properties of the titanium
dioxide particles by varying the size and structural distribution
with different preparation methods and/or different supports.
In fact, recent studies on the photocatalytic reduction of NO
using the Ti-MCM-41 catalyst revealed that tetrahedrally
coordinated Ti oxide species are the active sites, and that
the catalytic activity is shown to strongly dependent on the
local structure of the Ti oxide species.5 An important feature
is that the band gap of the cluster can be tuned to be more in the
visible region so that the TiO2 particles can more efficiently absorb
solar radiation at the Earth’s surface.

The anions of these small clusters can have different structures
with which are very close in energy for the dimer and tetramer.
Furthermore, the extra electron is localized on a single metal
center for the monomer and trimer but is partially delocalized
on two Ti centers for the dimer and tetramer. In most cases,
the extra electron in the anion is localized in the Ti 3dz2 orbitals
except for the monomer and the (C2V a) and (C2h a) structures
of the tetramer where other d orbitals are involved. All these
anions contain electron-rich titanium center(s) with strong
electron donating capability. These anions are expected to be
very reactive, which may contribute to the photocatalytic activity
of titanium dioxide.

4. Conclusions

Coupled cluster [CCSD(T)] theory and density functional
theory (DFT) have been used to study the structural and
energetic properties of the (TiO2)n (n ) 1-4) clusters and their
anions. Electron detachment energies of the low-lying confor-
mations of the anions and the first excitation energies of the
corresponding neutral clusters have been calculated and com-
pared with the photoelectron spectral data. The ground-state
structures of the anions are determined on the basis of such
comparison. The ground-state structures predicted by the DFT
method with the B3LYP, BP86, and PW91 functionals are the
same as those from the CCSD(T) method except for the anions
of the dimer and tetramer. For the calculations of relative
energies and electron detachment energies, a relatively small
basis set extrapolation effect is found for these clusters, which
enables the accurate calculations of these energetics with the
triplet zeta basis set at the CCSD(T) level for the trimer and
tetramer. In addition, the core-valence and zero-point correc-
tions are found to be more important than the scalar relativistic
corrections in calculating these properties. The calculated first
excitation energies are shown to strongly depend on the size as
well as the structure of the cluster.

Normalized and differential clustering energies, atomization
energies, and heats of formation for the neutral clusters have
been calculated and compared with available experimental data.
For the clustering energies, the basis set extrapolation and scalar
relativistic contributions are found to be much smaller than the
core-valence and zero-point corrections, but for the atomization
energies, these terms can be quite substantial. However, the
atomization energies for the larger clusters can be significantly
improved by estimating the CBS extrapolation effects from the
smaller clusters. The calculated heats of formation can also be
vastly improved by using the calculated clustering energies and
the calculated heats of formation for the smaller clusters. This
provides a general method for calculating accurate heats of
formation for relatively large transition metal oxide clusters.
The normalized clustering energies are not converged at n ) 4,

Figure 8. Adiabatic energy gaps for the low-lying structures of the
(TiO2)n (n ) 1-4) clusters calculated at the CCSD(T)/aD//B3LYP/aD
level relative to those of the bulk values from ref 105.
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in contrast to the case for the group VIB transition metal oxide
clusters where convergence is achieved at n ) 3.96 The
calculated MdO and M-O bond energies for M ) Ti are found
to be larger than those for M ) Cr and Mo, but slightly smaller
than those for M ) W.
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