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Abstract: The electronic properties of both neutral and anionic (TiO2)n (n 5 1–10) clusters are investigated by

extensive density functional theory calculations. The predicted electron detachment energies and excitation gaps of

anionic clusters agree well with the original experimental anion photoelectron spectra (APES). It is shown that the

old way to analyze APES tends to overestimate vertical excitation gaps (VGA) of large anionic clusters, due to the

nature of multiple electronic origins for the higher APES bands. Moreover, the VGA of anionic TiO2 clusters are

evidently smaller than those of neutral clusters, which may also be the case for other metal oxide clusters with high

electron affinity.
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Introduction

Nano-structured metal oxide materials can exhibit unique struc-

tural, electronic, and chemical properties due to their limited

size and high density of surface corner or edge sites, and have

been widely used for many important applications such as catal-

ysis and photo-catalysis, quantum computing, ultra high-density

magnetic data storage, and more recently spintronics.1–4 The

size-dependent properties such as optical band gap and surface

structures of nano-particles are crucial for these important appli-

cations and thus have attracted a lot of experimental and theoret-

ical interests. In particular, as a cheap and chemically and bio-

logically inert semiconductor with a wide band gap (3.0 eV for

rutile and 3.2 eV for anatase phase), titanium dioxide (TiO2) has

become one of the most technologically important oxide materi-

als and a prototype transition metal oxide system for surface sci-

ence.5,6 Normally, TiO2 may exist in nature mainly as the most

stable rutile crystal, while the anatase phase becomes more sta-

ble than the rutile phase when the particle diameters of TiO2 are

smaller than about 14 nm.7 If the particles become really small,

they may of course have structures that cannot be derived from

the bulk structure.

As a traditional and powerful technique, anion photoelectron

spectroscopy (APES) has been widely used to explore electronic

structures such as electron affinities of a wide range of mole-

cules and clusters.8 Recently, there are extensive interests to

extend this technique to explore the size-dependent excitation

gaps of transition metal oxide clusters such as (TiO2)n (n 5 1–

10),9,10 (CrO3)n (n 5 1–5),11 (V2O5)n (n 5 2–4),12 and

(WO3)n.
13 Surprisingly, it is commonly found that the APES-

derived excitation gaps (so-called band gaps)9–13 increase rap-

idly to reach the bulk band gaps. However, it is well-known that

the optical excitation gaps of a semiconductor material to the

nanometer scale may change as the function of particle size due

to quantum confinement effects2–7 that should cause a blue-shift

(increase) of band gap with respect to that of bulk. A clear blue-

shift of excitation gaps has been observed for metal oxide nano-

particles such as Fe2O3, ZnO, and CdO.2–5 There is a long

debate on if such quantum confinement effects exist for TiO2

nano-particles.4,5,14,15 According to our recent B3LYP/

LANL2DZ calculations,16,17 it seems that the excitation gaps of

neutral TiO2 clusters tends to decrease with increasing cluster

sizes. In this work, we will present reliable B3LYP/6-311G(d)

calculations to resolve this contradiction.

Computational Methods

Before presenting our density functional theory (DFT) results, it

is helpful to make clear several useful energetic quantities con-

cerning both anionic and neutral TiO2 nano-particles, as shown
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schematically in Figure 1. Normally, a neutral (TiO2)n cluster

has a singlet electronic ground state, with the lowest triplet and

singlet excited states being very close in energy within 0.1

eV.16,17 After one electron attachment, the anionic cluster has a

doublet ground state with the extra electron localized on a Ti-

atom. To be more specific, two kinds of processes need to be

distinguished: they are adiabatic or vertical depending on if the

final cluster geometry is fully relaxed or fixed with respect to

the starting geometry, and will be indicated by prefixes ‘‘A’’ and

‘‘V’’ in this work, respectively. The processes relevant to this

work can be the electron detachments of anionic clusters (or the

electron attachment of neutral clusters as the reverse process)

and the electronic excitations of neutral clusters. To distinguish

with the electron detachment/attachment processes between neu-

tral and anionic clusters and to be consistent with literature,9–13

the term of ‘‘gap’’ will be used for the lowest excitation energies

from the neutral electronic singlet ground state only. As usual,

for a neutral (TiO2)n cluster in the singlet ground state, the elec-

tron affinity (EA) is defined as the energy released after electron

attachment leading to the anionic doublet state, while the excita-

tion gaps can be defined as the excitation energies to the lowest

singlet or triplet excited states. As the spin-allowed singlet-sin-

glet transitions are readily observable from experimental optical

spectra, the vertical excitation gaps (VGN) to the lowest singlet

excited state are calculated in this work. In APES experiments,

however, both singlet and triplet electronic states can be reached

after electron detachment of anionic (TiO2)
�
n cluster due to the

lack of spin restraint for such processes. For an anionic (TiO2)
�
n

cluster in the doublet ground state, the first and second electron

detachment energies (DE) are defined as the energy needed to

remove one electron leading to the singlet ground state (so-

called X band) and to the higher excited states (so-called A

band)9,10 of neutral cluster, respectively. Although both the low-

est singlet and triplet excited states will contribute to the broad

A band, we use the slightly lower energy of the lowest triplet

excited state for calculating the second DE value for direct com-

parison with experiment. Then, the excitation gap of an anionic

cluster is taken as the difference between the second and the

first DE values. The vertical EA will be abbreviated to VEA,

and so on. By definition the adiabatic electron affinity (AEA)

and adiabatic electron detachment energy (ADE) should take the

same value. It is the vertical electron detachment energy (VDE),

vertical excitation gap of anionic cluster (VDA), ADE (or

AEA), and adiabatic excitation gaps (AGA) rather than VGN

and VEA values that could be directly extracted from experi-

mental APES spectra in favorable cases.

Experimentally, though the ADE, VDE, and AGA values for

each mass-selected (TiO2)
�
n cluster10 could be estimated directly

from the measured APES spectra, the detailed cluster structures

are unfortunately unknown. In order to compare our DFT pre-

dicted energetics with the APES estimated data,10 we assume

that only one or several lowest-lying isomers for each (TiO2)
�
n

cluster can contribute predominantly to the observed APES spec-

tra. Experimentally,10 the (TiO2)
�
n clusters were produced by

laser vaporization of a pure Ti disk target in the presence of a

He carrier gas seeded with 0.5% O2 and mass-selected, with

effort to control the cluster temperature and to choose colder

clusters for photo-detachment. Under such ‘‘annealing’’ experi-

mental conditions, such assumption with contribution only from

several lowest-lying isomers should be reasonable, as also sup-

ported by many successful theoretical simulations of APES spec-

tra of other metal oxide anions.10–12,18,19

Extensive DFT calculations are performed to explore the

lowest-lying structures of both anionic and neutral (TiO2)n (n 5
1–10) clusters, using the hybrid B3LYP functional20–22 and the

all-electron 6-311G(d) basis set23,24 as implemented in the

Gaussian 03 program.25 The 6-311G(d) basis set consists of 87

basis functions per TiO2 unit including also polarization and dif-

fuse functions on Ti and O atoms that is crucial for reliable

description of electronic structures of the anionic and excited

states. In addition to some previously suggested (TiO2)n cluster

structures,16,17,26,27 further efforts are made in this work to iden-

tify the global minima of large clusters with n � 4 that may

have many low-lying isomers. The largest (TiO2)10 cluster with

a diameter of about 1 nm can be taken as the benchmark to

understand the size-dependent electronic properties of nanopar-

ticles. Triplet neutral clusters are also optimized using unre-

stricted B3LYP to derive AGA with essentially the same accu-

racy of ground-state B3LYP. To provide reliable VGN, time-de-

pendent DFT (TDDFT) calculations28–30 at the B3LYP/6-

311G(d) level are also performed for 10 lowest singlet and 10

lowest triplet excited states at both the neutral and the anionic

minima of each (TiO2)n cluster. Zero-point vibrational energy

corrections are calculated by frequency analysis and included in

the predicted ADE (or AEA) and AGA values. The experimental

APES spectra could be simulated by using the DFT-derived

ADE (AEA), VDE, VEA, and AGA values as well as the

TDDFT-derived VGN and VGA values. The good performance

of B3LYP functional has been well established by successful

applications to various transition metal oxide clusters of CrO3,
11

V2O5,
12,18,21 WO3,

13,19 and TiO2.
16,17,26,27,32

Results and Discussion

Figure 2 shows the B3LYP/6-311G(d) optimized lowest-lying

anionic (TiO2)
�
n (n 5 1–10) structures, among which 5a

–, 7a–,

8a–, and 10a– are not found in previous studies but newly found

in this work. (More detailed anionic, neutral singlet, and neutral

triplet structures of up to three higher-lying isomers for each n-
value are listed in Supporting Information Fig. S1.) Anionic

structures not shown in Figure 2 are mostly at least 0.3 eV

higher in energy, which thus should be irrelevant to the APES

experiment under normal ambient conditions. Table 1 lists the

B3LYP/6-311G(d) predicted energetics (in eV) for up to three

lowest-lying isomers of both anionic and neutral (TiO2)n clus-

ters. These energetic data include the total energies relative to

the selected low-lying anionic relative energy of anionic cluster

and neutral relatvie energy of neutral cluster (REA) and (REN);

somer of each cluster as zero reference, the ADE: adiabatic elec-

tron detachment energy, VDE: vertical electron detachment

energy, AGA, and VGA: vertical excitation gap of anionic clus-

ter values for anionic clusters, and the AEA: adiabatic electron

affinity, VEA and VGN: vertical excitation gap of neutral cluster

values for neutral clusters as defined above. Note that by defini-

tion the AEA and first ADE should take the same value, while
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the AGA of the neutral cluster to the lowest triplet excited state

is the same as the AGA of the corresponding anionic cluster.

The B3LYP/LANL2DZ predicted AEA values16 as well as some

experimentally estimated ADE, VDE and AGA data10 are also

included here for comparison. Note that the stability order of

isomers of some neutral clusters could be reversed after electron

attachment due to different electron affinities. For example, the

isomer 4a of neutral (TiO2)4 cluster is 0.260 and 0.379 eV more

stable than the isomers 4b and 4c; however, after electron

attachment the corresponding anionic isomer 4a– becomes 0.040

and 0.158 eV less stable than 4b– and 4c–, respectively. These

near-degenerate low-lying anionic isomers may contribute to-

gether to the observed broad electron detachment bands of

(TiO2)
�
4 .

9,10 However, in most cases as shown in Figure 2, the

experimental APES spectra are expected to be dominated by

only one lowest-lying anionic isomer of each cluster.

In the recent DFT study32 of bare and dye-sensitized TiO2

clusters and nano-particles with sizes smaller than 2 nm, differ-

ent structures were optimized from truncated anatase bulk crys-

tal structure. For very small clusters with n 5 1, 2, and 3, the

resultant stable structures32 are the same as the predicted global

minima in this work. However, for larger clusters the structures

truncated directly from anatase bulk32 become higher-lying in

energy. For example, the truncated structures32 with n 5 4, 6,

and 16 are also found in our previous B3LYP/LANL2DZ stud-

ies,16,17 but they are 0.6, 1.8, and 5.9 eV higher in energy than

the corresponding (predicted) global minima,16,17 suggesting that

small TiO2 nano-clusters should assume some structures differ-

ent from bulk anatase structure.

Figure 2. The B3LYP/6-311G(d) optimized geometries of the lowest-lying anionic (TiO2)
�
n (n 5

1–10) clusters. Within each cluster the localized spin density is indicated by a vertical arrow. The

Ti-atoms are shown in grey and O-atoms in red, with typical Ti��O bond lengths given in Å.

Figure 1. The schematic definition of various energetic quantities of

anionic and neutral (TiO2)n clusters. To distinguish from the processes

involving electron detachment (or attachment), the term ‘‘gap’’ is used

for the lowest excitation energies from the neutral electronic singlet

ground state only. For anionic clusters, the ADE and VDE stand for the

adiabatic and vertical electron detachment energies, the AGA and

VGA for the adiabatic and vertical excitation gaps to the lowest triplet

excited state, respectively. For neutral clusters, the VGN stands for the

vertical excitation gap to the lowest singlet excited state, the AEA and

VEA for the adiabatic and vertical electron affinities, respectively. By

definition the AEA and first ADE should take the same value, while the

AGA value is the same as the adiabatic excitation gap of the neutral

cluster to the lowest triplet excited state.
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Some common structural features can be observed for the

optimized lowest-lying anionic (TiO2)
�
n and neutral (TiO2)n (n

5 1–10) clusters. First, one terminal Ti¼¼O bond (�1.6 Å) in

an anionic (or neutral) structure is elongated by about 0.2 Å in

the corresponding triplet structure due to a localized hole (elec-

tron vacancy) on the terminal O-atom. Second, the extra elec-

tron in each anionic (or excited electron in each triplet) struc-

ture is localized on a least-coordinated Ti-atom, around which

the Ti��O bonds are elongated by more than 0.1 Å. Third, the

Ti��O bonds further away from the localized hole and excited

(or extra) electron are alternately shortened and elongated to a

lesser extent as compared with the corresponding singlet neutral

structure. For example, within the anionic structure 3a– the

extra electron is localized on a three-coordinated Ti-atom, with

the surrounding Ti��O bonds being about 0.07 Å longer than

those within neutral structure 3a (see Supporting Information

Fig. S1). These structural features suggest that it is the Ti��O

stretch vibration modes that are most likely excited upon elec-

tron detachment of an anionic cluster. Due to the additional

effects of localized hole, a triplet (TiO2)n cluster may show

larger structural relaxation than the corresponding anionic clus-

ter with the effects of only localized extra-electron, as shown

schematically in Figure 1. The electron detachment of an ani-

onic (TiO2)
�
n cluster may lead to the singlet ground state (X

band) or the higher triplet and singlet excited states (A band)

of the corresponding neutral cluster. Thus, according to our fre-

quency analysis, the excited vibration modes should mainly cor-

respond to the stretch of terminal Ti¼¼O around 1000 cm–1 (for

small clusters with n 5 1 and 2) and bridging Ti��O��Ti

around 850 cm–1 for the X band, and to the stretch of terminal

Ti��O around 650 cm–1 and bridging Ti��O��Ti around 850

cm–1 for the A band, respectively. Experimentally, only the X

band of TiO�
2 is vibrationally resolved9,10; the observed vibra-

tional spacing of about 0.12 eV (970 cm–1) is consistent with

our theoretical analysis.

Figure 3 shows the simulated APES spectra of the lowest-

lying (TiO2)
�
n anionic clusters along with a comparison with the

available experimental spectra.10 The crucial energetic data such

as ADE, VDE, and AGA for these and higher-lying anionic and

neutral clusters are listed in Table 1, which may be used to simu-

late the APES spectra of other clusters. For each anionic cluster,

the ADE and VDE values should be consistent with the onsets

and the maxima of each electron detachment band, respectively.

However, the experimental APES spectra are further complicated

Table 1. The B3LYP/6-311G(d) Predicted Energetics (in eV) for Both Anionic and Neutral (TiO2)n Clusters

with Cluster Size n 5 1–10 and a Comparison with Experimentally (Ref. 9) Estimated Data.

Calc Expt.a

Anion REA REN ADE AEAb VDE VEA AGA VGA VGN ADE VDE AGA

1a2 0.000 0.000 1.688 1.69 1.730 1.630 1.981 2.557 2.638 1.59 (3) 1.59 (3) 2.22 (10)

2a2 0.000 0.000 1.910 2.12 2.368 1.604 2.327 3.009 3.742 2.06 (5) 2.27 (5) 2.59 (10)

2b2 0.420 0.696 2.186 2.440 1.929

3a2 0.000 0.000 3.071 3.32 3.496 2.663 1.853 1.953 3.002 2.78 (10) 3.15 (5) 2.26 (10)

3b2 1.203 0.413 2.299 2.773 1.979

4a2 0.000 0.000 2.837 3.33 3.672 1.963 2.309 2.461 3.918 3.00 (15) 3.65 (5) 2.60 (15)

4b2 20.040 0.260 3.137 3.945 2.364 2.036 2.219 3.560

4c2 20.158 0.379 3.374 3.44 4.043 2.860 1.391 1.268 2.441

5a2 0.000 0.000 3.168 4.197 2.471 2.153 2.048 3.926 3.15 (20) 4.13 (10) 2.85 (20)

5b2 0.393 20.013 2.763 3.24 3.689 2.027 2.879 2.459 3.831

6a2 0.000 0.000 3.242 3.68 4.049 2.605 2.261 2.407 3.967 3.20 (20) 4.00 (10) 3.00 (20)

6b2 0.472 0.609 3.348 3.938 2.456

6c2 0.925 0.527 2.844 4.258 2.210

7a2 0.000 0.000 3.133 4.022 2.457 2.383 2.580 4.136 3.30 (25) 4.20 (15) 3.10 (25)

7b2 0.354 0.421 3.200 4.184 2.532 2.338 2.259 3.923

7c2 0.404 0.720 3.449 3.92 4.332 2.711 1.978 2.137 3.616

8a2 0.000 0.243 3.453 4.316 2.749 2.359 2.124 4.142 3.5 (3) 4.70 (15) 3.1 (3)

8b2 0.167 0.000 3.029 3.875 2.518 2.442 2.676 4.081

8c2 0.297 0.247 3.173 4.027 2.594 2.338 2.445 3.976

9a2 0.000 0.000 3.403 3.94 4.377 2.431 1.958 1.517 3.638 3.6 (3) 4.75 (15) 3.1 (3)

9b2 0.373 0.358 3.388 4.466 2.692 2.210 1.994 3.757

9c2 0.430 0.861 3.834 5.085 3.558 2.104 2.013 3.472

10a2 0.000 0.249 4.047 5.015 3.447 2.278 2.278 3.812 3.6 (3) 4.80 (15) 3.1 (3)

10b2 0.364 0.000 3.434 4.327 2.846 2.380 2.283 3.930

The data include the total energies relative to the selected low-lying anionic (REA) and neutral (REN) isomer of

each cluster as zero reference, the adiabatic (ADE) and vertical (VDE) electron detachment energies of anionic clus-

ter, the adiabatic (AEA) and vertical (VEA) electron affinities of neutral cluster, the adiabatic (AGA) and vertical

(VGA) excitation gaps of anionic cluster, and the vertical excitation gaps of neutral cluster (VGN).
aThe experimentally estimated data taken from Ref. 9.
bThe B3LYP/LANL2DZ predicted values taken from Ref. 15.
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by the minor contribution from vibrational ‘‘hot bands’’ near the

onsets of both X and A bands, by the vibrational broadening of

each electron detachment band, and by the congestion of higher

electronic states to the A band. These facts make the extraction

of accurate ADE and VDE from experimental APES spectra

quite difficult. Experimentally, the ADE values were estimated

by determining the X and A band onsets, approximately by draw-

ing straight lines along the corresponding leading (lower energy

side) band edges and then adding the instrumental resolution to

the intersections with the binding energy axis.10 As can be seen

from Figure 3, the predicted ADE and VDE values for the weak,

separated, X band are typically in quite good agreement (mostly

within experimental uncertainty of about 0.2 eV)10 with the ex-

perimental data. This could be partially due to the simple elec-

tronic origin of the X band, i.e., electron detachment of anionic

cluster into the neutral singlet ground state. However, no sepa-

Figure 3. The simulated APES spectra of anionic (TiO2)
�
n clusters with cluster size n 5 1–10. The

first and second vertical blue solid sticks indicate the first and second ADE values, respectively, while

the vertical black dashed sticks indicate the VDE values. The experimental APES spectra (ref. 10) are

shown as black solid curve for comparison. The first and second red arrows indicate the experimentally

estimated first and second ADE values, respectively. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com]
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rated A band could be observed in experimental PES spectra

except for that of the smallest TiO�
2 cluster.9,10 According to our

TDDFT results, the experimentally observed ‘‘A band’’ with

exceedingly high intensity is actually due to congested triplet and

singlet excited states with strong vibrational broadening. Even

for the simplest case of TiO�
2 , the intensity of ‘‘A band’’ is about

three times as strong as that of X band, mainly due to contribu-

tions from near-degenerate triplet and singlet excited states to the

former. Thus, the second ADE values estimated10 by drawing

straight line along the leading edge of ‘‘A band,’’ can be evi-

dently overestimated by up to 0.8 eV, especially for larger clus-

ters with n � 5. As the result, the AGA values are artificially

overestimated by the crude experimental analysis.10 One simple

remedy could be suggested according to our theoretical analysis:

a straight line along the A band leading edge of each anionic

cluster should be drawn from the position with a relative inten-

sity of about 3–4 times as strong as the X band, by assuming that

the A band onset is mainly due to the lowest triplet and singlet

electronic excited states.

Figure 4 shows the size-dependence of the B3LYP/6-

311G(d) predicted VEA and AEA values for the lowest-lying

(TiO2)n clusters and a comparison with the experimental AEA

(first ADE) values estimated10 from APES spectra. The pre-

dicted AEA and VEA values tend to increase rapidly with the

cluster size n, with the VEA values being very close to AEA

values for small clusters but more than 0.8 eV smaller than

AEA values for large clusters with n � 4. The sizable differen-

ces between AEA and VEA are consistent with the large struc-

tural relaxation after electron attachment as discussed above.

Compared with our previous B3LYP/LANL2DZ calculations,16

the same set of anionic global minima with n 5 2, 3, 6, and 9

are predicted in this work. However, the B3LYP/LANL2DZ cal-

Figure 3. (Continued)
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culations16 consistently overestimated the corresponding AEA

values by about 0.1–0.5 eV as compared with the experimen-

tal9,10 and our new B3LYP/6-311G(d) results, indicating the

crucial role of diffusion and polarization functions in 6-311G(d)

basis set for reliable AEA values.

Figure 5 shows the size-dependence of the predicted AGA,

VGN, and VGA values and a comparison with the experimen-

tally estimated AGA values.10 For small (TiO2)n clusters with

n 5 1–4, all these excitation gaps show strong odd–even oscilla-

tion in accordance with our previous DFT results.16 The pre-

dicted AGA values of even-n clusters are almost constant at

about 2.3 eV, with those of odd-n clusters being somewhat

smaller. In most cases, the predicted VGA values are very close

to the corresponding AGA values, which could be due to the

partial cancellation of relaxation energies for the first and second

ADE values. The experimentally estimated AGA values for

small clusters with n 5 1–4 are about 0.2 eV larger than our

DFT results. For larger clusters the experimentally estimated10

AGA values increase rapidly to reach the anatase bulk band gap

at 3.2 eV, mainly due to the artificially overestimated second

ADE values rather than a real ‘‘discrepancy’’ as discussed above.

For large neutral clusters with n � 4, the predicted VGN values

may vary around 4.0 eV and are still far above the anatase bulk

band gap at 3.2 eV.

In some literature9–13 the term ‘‘band gap’’ is used to repre-

sent the AGA of metal oxide clusters. However, due to crystal

lattice constraint, geometrical relaxation upon bulk optical exci-

tation should be negligible. Thus, it is the VGN of neutral nano-

particles (VGN) that should be directly compared with the

experimentally observed optical band gaps of neutral nano-par-

ticles and bulks. In other words, the AGA data may be used to

represent optical band gap only if the relaxation energy (i.e., the

differences between VGN and AGA) upon electronic excitation

is negligible. For (TiO2)n clusters with n � 4, the relaxation

energies can be larger than 1.6 eV, leading to the observed sur-

prisingly small AGA.9,10 On the other hand, strong structural

relaxation after electron attachment could be expected for most

transition metal oxide clusters due to their high EA in general.

This means that the VGA values from APES experiment again

can not represent accurately the band gaps of neutral metal ox-

ide clusters. It should also be pointed that within the most stable

crystal forms of rutile and anatase of TiO2, each Ti-atom is six-

fold coordinated by O-atoms while each O-atom is threefold

coordinated. On the other hand, within the lowest-lying (TiO2)n
clusters with n up to 10, most Ti atoms are fourfold coordinated

while most O-atoms are twofold coordinated with only small

portion being threefold coordinated. In this sense, even the larg-

est (TiO2)10 cluster is still far from being representative for

TiO2 bulk structure. However, for small TiO2 nano-crystals of

1–2 nm with high surface-to-bulk ratio, the surface structures

with lower-coordinated Ti and O-atoms may contribute signifi-

cantly to (or even dominate) the observed properties. For exam-

ple, on the most stable rutile (110) surface there are abundant

five-coordinated Ti and two-coordinated O atoms. These facts

would make the comparison of electronic properties between our

cluster models and bulk TiO2 to be quite natural to understand

the size effect evolution. As further benchmark, B3LYP/6-

311G(d) optimization and TDDFT calculations are performed

for the suggested larger (TiO2)15 defect-free rutile nano-crystal17

that contains five- and sixfold coordinated Ti-atoms. The pre-

dicted VGN and VGA values are 3.759 and 3.001 eV, respec-

tively, with the former being evidently larger than the rutile

bulk band gap of about 3.0 eV. Thus, in accordance with the

recent experimental14 and theoretical17 findings, our predicted

VGN values strongly suggest that a clear blue-shift of band gap

due to quantum confinement effect can be observed for TiO2

nano-particles with diameter of about 1 nm.

Conclusions

The electronic structure and stability of both anionic and neu-

tral (TiO2)n (n 5 1–10) nano-clusters are investigated by exten-

Figure 5. The size-dependence of the B3LYP/6-311G(d) predicted

AGA, VGA, and VGN values and a comparison with experimentally

(ref. 10) estimated AGA values. The VGN values should be com-

pared with the bulk anatase band gap of about 3.2 eV.

Figure 4. The size-dependence of the B3LYP/6-311G(d) predicted

VEA and AEA (or ADE by definition) values and a comparison

with experimentally (ref. 10) estimated ADE values.
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sive DFT calculations. The main conclusions can be drawn as

below: (a) large difference up to 1.5 eV between VDE and

VEA values can be observed for large clusters due to strong

structural relaxation after electron attachment; (b) the very

strong A bands observed in APES experiment are due to multi-

ple rather than single electronic origins; (c) the VGA and AGA

values of large anionic cluster are evidently smaller than the

VGN of the neutral counterpart, which may also be case for

other metal oxide clusters with high EA; (d) the VGN values

of neutral (TiO2)n nano-clusters show a clear blue-shift relative

to bulk band gap.
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