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Abstract Density functional theory (DFT) calculations

are applied to study the structure and bonding properties of

groups 3–7 transition metal oxide clusters Mx=1–3Oy
q and

Scx=4–6Oy
q with 2y - nx ? q = 1, in which n is the number

of metal valence electrons and q is the charge number.

These clusters include MO2, M2O3
?, M2O4

-, and M3O5

(M = Sc, Y, La); MO2
?, MO3

-, M2O4
?, M2O5

-, M3O6
?,

and M3O7
- (M = Ti, Zr, Hf), and so on. The obtained

lowest energy structures of most of these clusters are with

character of oxygen-centered radical (O�). That is, the

clusters contain oxygen atom(s) with the unpaired electron

being localized on the 2p orbital(s). Chromium and man-

ganese oxide clusters (except CrO4
-) do not contain O�

with the adopted DFT methods. The binding energies of the

radical oxygen with the clusters are also calculated. The

DFT results are supported by available experimental

investigations and predict that a lot of other transition

metal oxide clusters including those with mixed-metals

(such as TiVO5 and CrVO6) may have high oxidative

reactivity that has not been experimentally identified. The

chemical structures of radical oxygen over V2O5/SiO2 and

MoO3/SiO2 catalysts are suggested and the balance

between high reactivity and low concentration of the radi-

cal oxygen in condensed phase catalysis is discussed.

Keywords DFT � Transition metal oxide clusters �
Bonding property � Oxygen-centered radical

1 Introduction

Transition metal oxides (TMOs) are widely used as both

catalysts [1–3] and catalyst-support materials [4–7] for

numerous commercially relevant reactions, for example,

the selective oxidation of SO2 to SO3 in the production of

sulfuric acid [8], the selective reduction in nitrogen oxides

by NH3 [9], the oxidation of carbon monoxide to eliminate

harmful environmental substance [10], and the partial

oxidation of volatile organic compounds to produce valu-

able chemicals [11–13]. Numerous investigations were

carried out to understand the mechanisms of catalytic

oxidations over TMO surfaces. It was suggested that the

O- radical (or O�) is the most important species in several

selective oxidation reactions [14, 15]. It was usually con-

sidered that the O- radical species is unstable on TMO

surface. However, some experiments evidenced that the

O- species can be stable on supported vanadium and

molybdenum oxides even at 300 �C [16, 17]. The electron

paramagnetic resonance spectroscopy study of partial oxi-

dation of methane to methanol and formaldehyde by

nitrous oxide over silica-supported molybdenum oxides

supported a mechanism that the reaction is initiated by the

formation of O- radical coordinated with Mo (VI) at the

surface [16–19]. Similar mechanism of methane partial

oxidation was also proposed over silica-supported vana-

dium pentoxide in the temperature range of 460–500 �C
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[20]. The O- radical was also suggested to be active form

of oxygen in the oxidative dehydrogenation of ethane over

partially reduced MoO3 supported on silica [21]. The study

of methane conversion to formaldehyde over monomeric

vanadium oxide supported on mesoporous silica suggested

that (V4?–O-) species which was detected by Raman

spectroscopy is reactive intermediate, and it was proposed

that the O- species is formed by proton migration from the

VOH group to the support [22]. Recently, the oxidation of

benzene by N2O to phenol with 100% selectivity over iron-

containing zeolites (ZSM-5, MFI, and Beta) provided

reliable evidence that the radical O- is involved in the

overall catalytic process [23–26].

Due to difficulty in the characterizations of surface

chemical structures, the roles of the radical oxygen O� in

TMO catalysis remain poorly understood in details. Iso-

lated gas phase TMO clusters (MxOy
q, in which M is the

metal atom and q is the charge number) are actively studied

as model systems to obtain molecular-level information for

condensed phase catalytic processes [27–36]. The cluster

systems enable the investigation into catalysis in the

absence of factors which may complicate condensed phase

studies. Fruitful results were yielded in the studies of iso-

lated TMO clusters using both experiments and theoretical

calculations [37–61]. The experimental investigations into

MxOy
q reactivity toward small molecules such as hydro-

carbons (CH4, C2H2,4,6, etc.) and carbon monoxide (CO)

identified that only clusters with specific compositions are

highly oxidative. These oxidative TMO clusters including

neutrals, cations, and anions usually contain the oxygen-

centered radical (O�).

For neutral TMO clusters, only VO3, V3O8, and V5O13

[VO3(V2O5)0–2] clusters are experimentally reported to

contain the O� [37–39]. The reactions of VO3(V2O5)0–2

toward alkenes are followed by C=C double bond cleavage

under near room temperature conditions. These clusters can

also oxidize benzene molecules to produce water [39]. In

contrast to the much less studied neutral TMO cluster

systems, many cationic and some anionic TMO clusters

with oxygen-centered radical were reported in literature.

Reactions of V2O5
?, V4O10

?, and V6O15
? [(V2O5)n=1–3

? ]

clusters with C2H4 produce CH3CHO via radical-cation

mechanism [40–43]. The V4O10
? cluster with the unpaired

electron being localized at one of the four terminal vanadyl

oxygen atoms has the ability to activate alkanes and

alkenes including CH4, C2H6, C3H8, C4H10, C3H6 and

C4H8 [44–46]. V4O10
? cluster is also the first and so far

only example of polynuclear TMO clusters for activation

of CH4 under thermal collision condition [45]. Nb2O5
? and

Ta2O5
? clusters also possess radical oxygen, but the

experiments indicated that they are less reactive than

V2O5
? in reactions with C4H10 and C4H6 [47]. Radical-

cations MoO3
? [48] and OsOn

? (n = 1, 2, 4) [49] can

activate C–H bond of CH4. In addition, it was also reported

that (MoO3)1–3
? clusters are oxidative toward CO and c-

C3H6 through oxygen atom transfer and dehydrogenation

reactions, respectively [50]. Recent experiments suggested

that cationic (WO3)1–3
? clusters can transfer a single oxygen

atom to C3H6 and CO due to the presence of radical oxygen

in these clusters [51]. It has been demonstrated that TiO2
?

cluster is able not only to activate alkanes but also to seize

a hydrogen atom from water molecule due to the radical

oxygen character [52]. Recent experimental and theoretical

studies [53] concluded that all of the (ZrO2)1–4
? clusters

possess oxygen-centered radical and it is facile to transfer a

single oxygen atom from these clusters to CO, C2H2, and

C2H4 molecules; moreover, hydrogen atom abstraction

from C2H4 by (ZrO2)1–4
? was also suggested [54]. Besides

TMO clusters, some main-group metal oxide cluster cat-

ions also have the character of oxygen-centered radical.

MgO? [55] and (Al2O3)3–5
? [56, 57] clusters with the spin

density being almost exclusively located at a single oxygen

atom have the ability to activate CH4 at room temperature.

The V2O6
- and V4O11

- clusters are oxidative toward

butene and 1,3-butadiene through loss of a single oxygen

atom [58]. High efficiency of the oxygen transfer can occur

in the reaction of propene with V4O11
- cluster to produce

C3H6O and C3H4O under the condition of photon initiation

[59]. Experimental and theoretical studies also concluded

that ZrnO2n?1
- (n = 1–4) clusters possess oxygen-centered

radical although they are less oxidative than (ZrO2)1–4
? in

the reactions with CO, C2H2, and C2H4 due to the different

molecular electrostatic potentials for the clusters in dif-

ferent charge states [60, 61].

The aforementioned statements indicate that the TMO

clusters with oxygen-centered radical were only reported

case by case. Systematic study may be required to clarify

what type of TMO clusters have oxygen-centered radical

and how the bonding and reactivity of these clusters

depend on the metal type, cluster size, charge state, and so

on. A careful analysis of the relationship of valence state,

atomic number, and charge state of the radical oxygen

containing TMO clusters reported in literature and men-

tioned above, we suggest that early transition metal oxide

clusters MxOy
q with D : 2y - nx ? q = 1, in which n is

the number of metal valence electrons and q is the charge

number, may all have the character of oxygen-centered

radical. This study is to clarify the above statement by a

DFT study of the group 3 (Sc, Y, La), group 4 (Ti, Zr, Hf),

group 5 (V, Nb, Ta), group 6 (Cr, Mo, W), and group 7

(Mn, Tc, Re) TMO clusters with limited number of metal

atoms. We hope that our results can contribute to the

comprehension of the importance of radical oxygen in

condensed phase catalysis.

It should be pointed out that for positively charged

systems (q = ?1), the D = 1 clusters are stoichiometric
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transition metal oxide species such as (Sc2O3)k
?, (TiO2)k

?,

(V2O5)k
?, (CrO3)k

?, and (Mn2O7)k
? which may be generated

by exciting one electron from the stoichiometric neutral

clusters into vacuum. The unpaired electron left in the

cations can be localized on the oxygen atom(s) to form

oxygen-centered radical under the condition that all of the

metal atoms are in the maximum oxidation state (MOS).

For bulk materials such as TiO2 and V2O5, such condition

(metal in MOS) can be satisfied for the lattice metal atoms

but may not be satisfied for surface metal atoms, especially

those involved with steps and defects. It is thus not obvious

the condition of metal in MOS can be satisfied for transi-

tion metal oxide cluster systems in the gas phase because it

is generally considered that atoms in small clusters are

surface-character. Meanwhile, it has been demonstrated by

both experiments and theoretical calculations that the

charge states may influence the geometrical and electronic

structures of a cluster significantly. For example, an O2

moiety can be end-on, side-on, and inserted bonded in the

ground state structures of Fe2O5
?, Fe2O5, and Fe2O5

-,

respectively [62]. As a result, it is very necessary to study

whether all of the D = 1 clusters including cations, anions,

and neutrals have the character of oxygen-centered radical

although from the literature studies one may consider that

all of the stoichiometric transition metal oxide cations

(D = 1) belong to this type.

2 Computational details

The theoretical calculations are carried out by using the

Gaussian 03 program [63]. Geometry optimizations and

frequency calculations are performed with the hybrid

B3LYP exchange–correlation functional [64–66]. All-

electron polarized triple-f valence basis sets (TZVP) [67]

are used for O and 3d transition metal atoms (Sc–Mn), and

the effective core potentials (ECPs) [68] and the polarized

triple-f valence basis sets (Def2-TZVP) [68, 69] are used

for 4d (Y–Tc) and 5d (La–Re) transition metal atoms.

Benchmark calculations of the bond distances, bond dis-

sociation, ionization, and electron affinity energies are

performed for all of the transition metal monoxides with

B3LYP method. The studied MxOy
q clusters with D = 1

(see Introduction section for the definition of D) are listed

in Table 1. All of the clusters containing up to three metal

atoms are included. Results of larger clusters (up to six

metal atoms) are only obtained for ScxOy
q clusters. To

predict the oxygen dissociation energy of MxB3Oy
q clusters,

the geometries of MxB3Oy-1
q (D = -1) clusters are also

optimized at the B3LYP level.

In order to obtain the lowest energy structure for each

cluster at the adopted level of theory, the geometry opti-

mizations were performed starting from as many different

geometry types as possible. All possible spin multiplicities

for each geometry are also tested to find the most stable

electronic state. All structures presented in this paper are

fully optimized and vibrational frequency analysis is per-

formed to ensure that the optimized geometries are min-

ima. Zero-point vibrational energy correction is taken into

account throughout this work. The structures of MxOy
q

clusters containing one to three metal atoms (x = 1–3) are

relatively simple and it is possible to get the global minima

based on chemical intuitions. It is our conjecture that the

global minimum structures for these MxOy
q clusters with

x = 1–3 have been obtained. For larger clusters (ScxOy
q,

x C 4), although many structure types have been tested and

the relative stable structures are determined under the

adopted computational level, special global optimization

techniques such as genetic algorithms [57] may be neces-

sary to find the true global minima. In addition, the Wiberg

bond orders are calculated for MOy
q clusters using the

NBO 3.1 program [70] that is implemented in the Gaussian

03 software package.

It was demonstrated by Dixon and coauthors that, due to

the presence of substantial Hartree–Fock (HF) exchange

component, the hybrid B3LYP functional often leads to

Table 1 The studied MxOy
q clusters with D = 1

Group 3 4 5 6 7

MOy
q ScO2

YO2

LaO2

TiO2
? TiO3

- VO3

NbO3

TaO3

CrO3
? CrO4

- MnO4

TcO4

ReO4

ZrO2
? ZrO3

- MoO3
? MoO4

-

HfO2
? HfO3

- WO3
? WO4

-

M2Oy
q Sc2O3

? Sc2O4- Ti2O4
? Ti2O5

- V2O5
? V2O6

- Cr2O6
? Cr2O7

- Mn2O7
? Mn2O8

-

Y2O3
? Y2O4- Zr2O4

? Zr2O5
- Nb2O5

? Nb2O6
- Mo2O6

? Mo2O7
- Tc2O7

? Tc2O8
-

La2O3
? La2O4- Hf2O4

? Hf2O5
- Ta2O5

? Ta2O6
- W2O6

? W2O7
- Re2O7

? Re2O8
-

M3Oy
q Sc3O5

Y3O5

La3O5

Ti3O6
? Ti3O7

- V3O8

Nb3O8

Ta3O8

Cr3O9
? Cr3O10

- Mn3O11

Tc3O11

Re3O11

Zr3O6
? Zr3O7

- Mo3O9
? Mo3O10

-

Hf3O6
? Hf3O7

- W3O9
? W3O10

-

M4–6Oy
q Sc4O6

?, Sc4O7
- , Sc5O8, Sc6O9

?, Sc6O10
-
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symmetry breaking structures (lower-symmetry structures)

for early transition metal oxide clusters, especially the 3d

metal oxide species [71–76]. In contrast, the pure gen-

eralized gradient approximation (GGA) functional such as

BPW91 [64, 77] usually leads to high-symmetry structures.

For comparison, the BPW91 functional and the same basis

sets used in the B3LYP calculations are also employed to

optimize geometries for most of the MxOy
q clusters with

x = 1 and 2 and some of them with x = 3. In the case that

the B3LYP and BPW91 predict very different ground

state structures, single-point energy calculation at the

U/UCCSD(T) [78, 79] level is performed to decide what

result is more reliable. The T1 diagnostics [80] for the

ground state of CrO3
? from U/UCCSD(T) calculation are

also performed.

3 Results

3.1 B3LYP method on transition metal monoxides

Benchmark calculations of bond distances (Re), bond

dissociation energies (D0), adiabatic ionization (IEad), and

electron affinity (EAad) energies are performed for the 3d,

4d, and 5d transition metal monoxides at B3LYP level.

The calculated and available experimental results are

summarized in Table 2. The computed Re values of the

3d, 4d, and 5d monoxides agree with the experimental

results within -0.011–0.016 Å. The deviations of com-

puted D0, IEad, and EAad of the 3d metal species from the

experimental values are relatively small. With exception

of the D0 value of CrO, which is underestimated by

0.63 eV at the B3LYP level, the deviations of the

calculations from the experiments are within -0.07 to

-0.24 eV, -0.06 to ?0.18 eV, and -0.28 to -0.41 eV

for the D0, IEad, and EAad values of the 3d metal mon-

oxides, respectively. The deviations of the computed D0,

IEad, and EAad of 4d metal monoxides from the experi-

mental values are also not very large, and they are within

0.00 to -0.33 eV, ?0.14 to ?0.63 eV, and -0.08 to

-0.21 eV, respectively. For 5d transition metal monoxides,

most of the D0, IEad, and EAad values can be predicted

with accuracy being similar to the 3d and 4d systems. The

worst predictions are on the D0 values of LaO and ReO

which are underestimated by -1.04 and -1.60 eV,

respectively. With the possibility that the above two large

deviations may be partly due to the experimental uncer-

tainties, we can still conclude that with only a few

exceptions, the B3LYP functional and employed basis

sets are able to predict the D0, IEad, and EAad values of

the early transition metal monoxides and O2 molecule

(see the last column of Table 2) with reasonably good

accuracy.

3.2 Stoichiometry of MxOy
q clusters with D = 1

The TMO clusters MxOy
q with D = 1 are (M2O3)kMO2,

(M2O3)k
?, and (M2O3)kM2O4

- for group 3 metals (M = Sc,

Y, La); (MO2)k
? and (MO2)kMO3

- for group 4 (M = Ti, Zr,

Hf); (M2O5)kMO3, (M2O5)k
?, and (M2O5)kM2O6

- for group

5 (M = V, Nb, Ta); (MO3)k
? and (MO3)kMO4

- for group 6

(M = Cr, Mo, W); and (M2O7)kMO4, (M2O7)k
?, and

(M2O7)kM2O8
- for group 7 (M = Mn, Tc, Re). The spe-

cific clusters containing up to three metal atoms are listed

in Table 1. The neutral MxOy clusters that can satisfy

D = 1 are only groups 3, 5, and 7 metal species. Cluster

cations and anions MxOy
± with D = 1 can be any group of

the transition metal species.

3.3 Structure and bonding

3.3.1 Clusters with one metal atom

The most stable structures of MOy
q (D = 1) clusters by

B3LYP are displayed in Fig. 1. Each of the dioxides MO2

(group 3) and MO2
? (group 4) has two separate metal–

oxygen terminal bonds. In this study, the terminal oxygen

atom and terminal M–O bond are denoted as Ot and M–Ot,

respectively. The point group symmetries of these clusters

are either Cs (ScO2, TiO2
?, ZrO2

?) or C2v (YO2, LaO2,

HfO2
?). For the Cs symmetry clusters, one of the M–Ot

bond lengths (1.91, 1.68, and 1.81 Å for Sc–O, Ti–O, and

Zr–O, respectively) is significantly longer than the other

(1.70, 1.64, and 1.77 Å). YO2, LaO2, and HfO2
? clusters

have the same electronic ground state, 2B2. The M–Ot

bonds of YO2 (1.92 Å), LaO2 (2.05 Å), and HfO2
? (1.80 Å)

are significantly longer than those of the diatomic mole-

cules YO (1.81 Å), LaO (1.93 Å), and HfO (1.74 Å) at the

B3LYP level.

With only exception of CrO3
?, each of the trioxides

MO3
- (group 4), MO3 (group 5), and MO3

? (group 6) has

three separate M–Ot bonds. The clusters are either Cs or

C2v symmetry. One of the M–Ot bonds of each of the MO3
q

clusters (except CrO3
?) is longer than the other two by

0.13–0.21 Å. The bonding property of CrO3
? cluster

shown in Fig. 1 is apparently different from those of the

other trioxides. There is a side-on bonded (g2–) O2 unit

with O–O length of 1.30 Å in CrO3
?. The distance between

Cr and the g2–O2 is quite long (Cr–O = 1.91 Å) while the

length of the Cr–Ot bond is short (1.54 Å). The structures

and relative energies of two CrO3
? isomers with and

without g2–O2 by B3LYP and BPW91 are given in Fig. 2a.

The B3LYP predicts that CrO3
? with g2–O2 is the ground

state while the BPW91 predicts that the isomer with three

Cr–Ot bonds is the ground state.

The relative U/UCCSD(T) single-point energies of

CrO3
? at the B3LYP optimized ground state (Cs/

2A0, with

452 Theor Chem Acc (2010) 127:449–465
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g2–O2 unit) and the BPW91 ground state (C3v/
2A2, without

g2–O2 unit) are 0.0 and 0.27 eV, respectively. The T1

diagnostic value for the 2A0 state of CrO3
? [B3LYP/Fig. 2a

(1)] from the U/UCCSD(T) calculations is about 0.083

when frozen-core approximation is applied and 0.059

otherwise, while for 2A2 state of CrO3
? [BPW91/Fig. 2a

(2)] the T1 diagnostic value ranges from 0.119 to 0.168.

The large T1 diagnostic values reveal that methods based

on single-reference wave-functions are insufficient for

accurate modeling of CrO3
? system, and those based on

multi-reference wave-functions such as CASSCF and

MRCI may be more appropriate.

With only exception of MnO4, each of the tetra-oxides

MO4
- (group 6) and MO4 (group 7) has four separate M–Ot

bonds. The clusters are either Cs or C2v symmetry. Similar

as trioxides, one or two of the M–Ot bonds of each of the

MO4
q cluster (except MnO4) are significantly longer than

the other three or two. Comparison of the results of two

MnO4 isomers with and without g2–O2 moiety at different

levels is given in Fig. 2b. Similar as in CrO3
?, it is more

Fig. 1 B3LYP optimized

structures of MOy
q (D = 1)

clusters. The bond lengths in Å

are given. Note that the

electronic state of WO4
- may

be labeled as 2B2 if the labeling

of the two symmetry planes (rxz

and ryz) of the C2v point group

switches

Fig. 2 B3LYP optimized structures and relative energies (in eV) of

two isomers of CrO3
? (a), MnO4 (b), Sc2O4

- (c), Hf2O4
? (d), Ti2O5

-

(e), W2O7
- (f), and Ti3O6

? (g). The relative energies of CrO3
? and

MnO4 optimized by BPW91 are given in the parentheses. The isomer

(2) of CrO3
? has C3v symmetry by BPW91. The U/UCCSD(T) single-

point energies at the B3LYP optimized isomeric structures are given

in the square brackets. For CrO3
? and MnO4, the U/UCCSD(T)

single-point energies at the BPW91 optimized isomeric structures are

given in the braces. The bond lengths in Å are given. The SOMO of

higher energy isomer is also shown for each cluster
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reliable to conclude that the MnO4 isomer with g2–O2 is the

ground state.

All of the clusters shown in Fig. 1 have doublet spin

multiplicity and each of them has one unpaired electron. To

further understand the bonding properties, Figs. 3 and 1SI

plot the profiles of singly occupied molecular orbitals

(SOMOs, the MOs are the Kohn–Sham orbitals by DFT)

and the electron spin density distribution, respectively. The

Mulliken spin density values (greater than 0.5 lB) over

oxygen atoms are also given in Fig. 3. The profiles of

SOMOs and spin density for MOy
q are similar. With two

exceptions of CrO3
? and MnO4, the SOMOs of all of the

clusters are with character of oxygen 2p orbitals. The spin

density (or unpaired electron) is mainly localized over a

single terminal oxygen atom in ScO2, MO3
- (group 4),

MO3 (group 5), MoO3
?, WO3

?, MoO4
-, TcO4, and ReO4

clusters and it is mainly localized over two terminal oxygen

atoms in all of the other clusters. The Ot atoms with high

([0.5 lB) spin density are denoted as Ot
� in this study.

Figure 2SI plots the optimized structures of one-oxygen-

less clusters MOy-1
q (D = -1) for those MOy

q (D = 1) in

Fig. 1. Wiberg bond order analysis shows that the bond

orders for M–Ot bonds in MO? (M = Ti, Zr, Hf), MO2

(M = V, Nb, Ta), and MO2
? (M = Mo, W) clusters are

close to 2.0, which means that the M–Ot bonds in these

D = -1 clusters are typical M = O double bonds. The

M–Ot bond orders for all of the other clusters in Fig. 2SI

are in the range of 1.46–1.79, indicating these M–Ot bonds

are in between typical single and double bonds. Compari-

son of the bond lengths indicates that all of the M–Ot
� bonds

(Figs. 1, 3) are longer than the corresponding M–Ot bonds

(Fig. 2SI) by as large as 0.25 Å (ZrO3
- vs. ZrO�2 ) or at

least 0.07 Å (CrO�4 and WO4
- vs. CrO3

- and WO3
-). For

the clusters CrO4
- and WO4

- (C2v symmetry) in the latter

case, the unpaired electron is equally distributed over two

Ot
� atoms, so the ‘‘net’’ bond length increase in a single

M–Ot
� over normal M–Ot may be estimated as 2 9 0.07

Å = 0.14 Å, which is also very significant. The M–Ot
� bond

orders are also computed. The values are close to or less

than 1.0, for example, the bond order values are 1.14, 1.06,

0.80, 0.75 for Ta–Ot
� in TaO3, Mo–Ot

� in MoO4
-, Sc–Ot

� in

ScO2, and Zr–Ot
� in ZrO3

-, respectively. These M–Ot
� bonds

can be considered as M–O single bonds. From the unpaired

electron distribution (Fig. 3) and the above bond length

considerations, we propose that each of the clusters in

Fig. 1 (except CrO3
? and MnO4) contains one (or equi-

valently one, two halves) oxygen-centered radical that can

be denoted as O� or O-.

3.3.2 Clusters with two metal atoms

The most stable structures of M2Oy
q (D = 1) and

M2Oy-1
q (D = -1) clusters by B3LYP are displayed in

Figs. 4 and 3SI, respectively. The SOMOs of M2Oy
q

(D = 1) are given in Fig. 5. A quick overview of the

results indicates that although the structures of M2Oy
q

(D = 1) are generally very different from those of the

MOy
q (D = 1), most of the di-metal oxides (exceptions are

Cr2O6
?, Cr2O7

-, Mn2O7
?, and Mn2O8

-) contain the rad-

ical oxygen O� with essentially the same characters (spin

density distribution over oxygen 2p orbitals, lengthening of

the M–O� bonds compared with the normal M–O) as those

of the O� in the mono-metal oxides (Sect. 3.3.1).

The M2O3
? (M = Sc, Y, La) clusters in Fig. 4 do not

have any M–Ot bond. The unpaired electron in each of the

M2O3
? is thus located in two bridging oxygen (Ob) atoms

and the radical oxygen (Fig. 5) in this case is denoted as

Ob
� . The electronic ground states for Sc2O3

?, Y2O3
?, and

Fig. 3 The SOMOs of MOy
q

(D = 1) clusters. The

orientation of each cluster is the

same as the one in Fig. 1. The

Mulliken spin density values

(greater than 0.5 lB) over

oxygen atoms are given in the

parentheses
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La2O3
? are all 2B2 state (the plane containing three oxygen

atoms is defined as ryz).

There are two types of structure isomers for M2O4
-

(group 3) and M2O4
? (group 4): (1) two M–Ot bonds

connecting with a four-membered ring (M–Ob–M–Ob)

structure (ground state of Sc2O4
-, Ti2O4

?, and Zr2O4
? by

B3LYP), and (2) a single M–Ot bond connecting with a di-

pyramid capped [M–(Ob)3–M] structure (Y2O4
-, La2O4

-,

and Hf2O4
?). Figure 2c–d shows that for Sc2O4

- and

Hf2O4
?, the two isomers are close in energy. The ground

electronic states of Sc2O4
-, Y2O4

-, and La2O4
- by B3LYP

are 2A00, 2A0, and 2A1, respectively. Test calculations

indicate that 2A0 state of Sc2O4
- is above the ground state

2A00 by 0.20 eV. It is interesting to note that in Fig. 5, the

SOMO of La2O4
- (mainly oxygen 2pz) is quite different

from that of Y2O4
- (mainly oxygen 2px or 2py) due to

higher symmetry of the former (C3v) over the latter (Cs)

(see Fig. 4).

Most of the M2O5
± clusters have one M–Ob–M–Ob ring

moiety and three M–Ot bonds. The only exception is

Ti2O5
- for which the isomer with three Ti–Ot bonds is

slightly higher in energy than the one with two Ti–Ot bonds

at the B3LYP level (Fig. 2e). It is interesting to note that in

the predicted ground state of Ti2O5
- (Figs. 4, 5), the

unpaired electron is mainly located over two Ob atoms

rather than the Ot atom(s).

Fig. 4 B3LYP optimized

structures of M2Oy
q (D = 1)

clusters. The bond lengths in Å

are given

Fig. 5 The SOMOs of M2Oy
q

(D = 1) clusters. The

orientation of each cluster is the

same as the one in Fig. 4. The

Mulliken spin density values

(greater than 0.5 lB) over

oxygen atoms are given in the

parentheses
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Except for Cr2O6
? which has a g2–O2 moiety, each of

the M2O6
± clusters has one M–Ob–M–Ob ring moiety and

four M–Ot bonds. Cr2O7
- and Mn2O7

? contain a g2–O2

and a g1–O2 (end-on bonded O2), respectively. Structures

of Mo2O7
-, W2O7

-, Tc2O7
?, and Re2O7

? can be consid-

ered as two MO3 units connected by one additional Ob

atom. For W2O7
-, the two structural isomers with six and

five W–Ot bonds are very close in energy and the unpaired

electron is mainly localized over one Ot atom in the latter

cluster (Fig. 2f) and almost equally distributed over six Ot

atoms in the former one (Fig. 5). There is a g1–O2 unit in

Mn2O8
- cluster. Tc2O8

- contains two loosely bounded

TcO4 units, and the unpaired electron is equally shared by

the two units (Figs. 4, 5). Structure of Re2O8
- can be

Fig. 6 B3LYP optimized

structures of M3Oy
q (D = 1)

clusters. The bond lengths in Å

are given

Fig. 7 The SOMOs of M3Oy
q

(D = 1) clusters. The

orientation of each cluster is the

same as the one in Fig. 6. The

Mulliken spin density values

(greater than 0.5 lB) over

oxygen atoms are given in the

parentheses
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considered as ReO3 and ReO4 units connected by one

additional Ob atom, and the unpaired electron is mostly

located over one Ot atom in the ReO4 unit.

3.3.3 Clusters with three metal atoms

The most stable structures of M3Oy
q (D = 1) and

M3Oy-1
q (D = -1) clusters by B3LYP are displayed in

Figs. 6 and 4SI, respectively. The SOMOs of M3Oy
q (D = 1)

are given in Fig. 7. Similar to the results of M2Oy
q (D = 1)

in Figs. 4 and 5 versus those of MOy
q (D = 1) in Figs. 1 and

3, the structures of M3Oy
q (D = 1) are generally very

different from those of the M1,2Oy
q (D = 1), but most of the

tri-metal oxides (exceptions are Cr3O9
?, Cr3O10

-, and

Mn3O11) contain the radical oxygen O� with essentially the

same characters as those of the O� in the mono-metal and di-

metal oxides (Sects. 3.3.1, 3.3.2).

The structures of most of the M3Oy
q (D = 1) clusters

(except Cr and group 7 metal species) in Fig. 6 are all

based on a six-membered ring structure (M–Ob–M–Ob–M–

Ob) with appropriate number of additional Ot and Ob

atoms. There is a special Ob atom which is threefold

coordinated with metal atoms in the most stable structures

of M3O5 (group 3), Ti3O6
?, and M3O7

- (group 4). This

kind of special Ob is denoted as Ob
3f and the notation Ob

without a superscript denotes twofold coordinated bridging

atom in the text below. Figure 2g shows that the structure

isomer of Ti3O6
? without the Ob

3f is slightly higher in

energy than the one with the Ob
3f. Both Cr3O9

? and

Cr3O10
- have a g2–O2. There is a O2 unit far (4.23 Å) away

from the nearest metal atom in Mn3O11. The structures of

Tc3O11 and Re3O11 (Fig. 6) can be considered as those of

M2O7
- (Fig. 3SI, M = Tc and Re) and MO4 (Fig. 1)

weakly and relatively strongly bonded together, respec-

tively. It is noticeable that one of the metal atoms in

Mo3O10
-, W3O10

-, and Re3O11 can be fivefold coordi-

nated with two Ob and three Ot atoms.

3.3.4 Scandium oxide clusters with 4–6 metal atoms

The most stable structures and SOMOs of Sc4–6Oy
q (D = 1)

clusters by B3LYP are displayed in Fig. 8. Each of the Sc

and O atoms of Sc4O6
? and Sc6O9

? is three and twofold

coordinated, respectively, and the clusters are with cage

structures. It is noticeable that the cage structures were also

identified for transition metal oxide systems such as

(TiO2)n [108], (V2O5)n [109], (CrO3)n [71, 73], and

(Fe2O3)n [110]. The unpaired electron is mainly localized

over a single Ob atom in Sc4O6
? and Sc6O9

? clusters.

There is not a simple way to describe the structures of

Sc4O7
-, Sc5O8, and Sc6O10

-. However, the radical oxygen

Ot
� (Sc4O7

- and Sc5O8,) or Ob
� (Sc6O10

-) still exists in these

clusters. This implies that radical oxygen may also exist in

larger sizes of other early transition metal oxide clusters

Mx[3Oy
q (D = 1).

3.4 Dissociation energies

Table 3 lists the energy costs of dissociation of one oxygen

atom from the clusters (Figs. 1, 4, 6) with character of

oxygen-centered radical. The listed dissociation energies

(D0) are calculated with D0(MxOy
q) = E(MxOy-1

q , D =

-1) ? E(O, triplet ground state)—E(MxOy
q, D = 1), in

which all of the energies (E) of the clusters are at the

optimized structures (Figs. 1, 4, 6, 2SI–4SI) and with zero-

point vibration corrections. Note that the IE of O atom

(13.62 eV) is usually higher than those of the MxOy-1

(D = -2) clusters, for example, IE(HfO) & 7.92 eV [99],

IE(M2O4, M = V, Nb, Ta) \ 10.5 eV [111], and

IE(WO2) = 12.5 eV [112]. In addition, the EA of O atom

(1.46 eV) is usually smaller than those of the MxOy

(D = 0) clusters, such as TiO2 (EA = 1.59 eV [113]) and

CrO3 (EA = 3.66 eV [73]). As a result, the alternative

dissociation channels MxOy
? ? MxOy-1 ? O? and

MxOy
- ? MxOy-1 ? O- are expected to be subject to

higher dissociation energies than those listed in Table 3,

and these channels are not considered in this study. The D0

values of M1–3Oy
q (D = 1) by B3LYP in Table 3 cover a

broad energy range from 1.90 eV (Tc3O10) to 5.06 eV

(Ta2O6
-). The D0 may be classified into three ranges:

\3.0 eV (R-I), 3.0–4.0 eV (R-II), and [4.0 eV (R-III).

More than half (37 of 63) of the D0 values are in R-III.

Only five of the D0 (Tc3O11/1.90 eV, Re3O11/2.61 eV,

V2O5
?/2.78 eV, Mo3O10

-/2.98 eV, Tc2O8
-/2.65 eV) are

in R-I. The clusters with D0 in R-II are either 3d metal (Sc,

Ti, V) or group 6/7 metal (Cr, Mo, W, Tc, Re) species.

It may be of interest to mention the following results for

the calculated D0 values. Smaller vanadium species (VO3)

has larger D0 (3.83 vs. 3.35 eV) than the larger one (V3O8),

while the niobium and tantalum species have the opposite

Fig. 8 B3LYP optimized structures and SOMOs of Sc4–6Oy
q (D = 1)

clusters. The bond lengths in Å are given. The Mulliken spin density

values (greater than 0.5 lB) over oxygen atoms are given in the

parentheses
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behavior (NbO3/TaO3/4.14 eV vs. Nb3O8/Ta3O8/4.47–

4.83 eV). For the groups 4 and 5 metal species, each of the

anionic clusters (MxOy
-, D = 1) has a larger D0 value than

the corresponding cationic cluster (MxOy-1
? , D = 1) does,

such as D0(TiO3
-) = 4.84 eV vs. D0(TiO2

?) = 3.21 eV.

However, this behavior (D0 of anion [D0 of cation) is not

true or not always true for groups 3, 6, and 7 metal species.

The D0 value of (TiO2)nTiO3
- decreases as the cluster size

increases (n = 0, 1, 2), while it is opposite for D0 value of

(ZrO2)nZrO3
- or (HfO2)nHfO3

-. The D0 of MO4
- (group

6) increases and the one of MO3
- (group 4) deceases as the

M changes from 3d to 4d and to 5d metal atom.

4 Discussion

4.1 Comparison of the structures by B3LYP with those

by BPW91 and others in literature

Figures 1, 4, and 6 indicate that the structures of these

D = 1 clusters by B3LYP are usually with low symme-

tries. For example, the Cs symmetry is determined for the

ground state structures of MO3 (M = V, Nb, Ta) and MO3
?

(M = Cr, Mo, W) while the high symmetry of these

clusters could be C3v or D3h. The pure GGA functional

BPW91 is used to re-optimize the structures for most of the

low-symmetry clusters in Figs. 1, 4, and 6. The results are

as follows: ScO2/C2v, 2B2; TiO2
?/C2v, 2B2; ZrO2

?/C2v,
2B2; TiO3

-/D3h, 2A2
0; HfO3

-/C3v, 2A2; VO3/C3v, 2A2;

NbO3/C3v, 2A2; TaO3/C3v, 2A2; CrO3
?/C3v, 2A2; MoO3

?/

C3v, 2A2; WO3
?/C3v, 2A2; MoO4

-/C2v, 2B1; WO4
-/D2d,

2A2; TcO4/C2v, 2B1; V2O6
-/D2h, 2B2u; Nb2O6

-/D2h, 2B1g;

Ta2O6
-/D2h, 2B2u; Mo2O6

?/D2h, 2B1g; W2O6
?/D2h, 2B2u;

Mo2O7
-/D3d, 2A2g; W2O7

-/D3d, 2A2g; Tc2O7
?/D3d, 2A2g;

Re2O7
?/D3, 2A1; Zr3O7

-/C3v, 2A1; and Nb3O8/C2v, 2B1. It

can be seen that high symmetries such as C3v for MO3

(M = V, Nb, Ta) and MO3
? (M = Cr, Mo, W) and D2h for

V2O6
- are determined by BPW91. Because of high sym-

metry, the spin densities in each of the clusters optimized

by BPW91 are significantly distributed over more than one

terminal oxygen atoms (ranging from 0.2 to 0.5 lB).

However, there is no experimental evidence that these

BPW91 results are correct. On the contrary, the experi-

ments on the infrared (IR) spectroscopy [114] indicated

Table 3 Energy (D0 or DH0K in eV) costs of oxygen atom loss from MxOy
q (D = 1) clusters by B3LYP

Group q = 0 clusters DH0K Group q = 1 DH0K q = -1 DH0K

3 2ScO2 ? 2ScO ? 3O 3.97 3 2Sc2O3
? ? 2Sc2O2

? ? 3O 4.36 2Sc2O4
- ? 2Sc2O3

- ?3O 4.39
2YO2 ? 2YO ? 3O 3.91 2Y2O3

? ? 2Y2O2
?? 3O 4.58 2Y2O4

- ? 2Y2O3
- ? 3O 4.18

2LaO2 ? 2LaO ? 3O 4.02 2La2O3
? ? 2La2O2

? ? 3O 4.46 2La2O4
- ? 2La2O3

- ? 3O 4.01
2Sc3O5 ? 2Sc3O4 ? 3O 4.61 4 2TiO2

? ? 2TiOþ ? 3O 3.21 2TiO3
- ? 2TiO2

- ? 3O 4.84
2Y3O5 ? 2Y3O4 ? 3O 4.27 2ZrO2

? ? 2ZrO? ? 3O 4.28 2ZrO3
- ? 2ZrO2

- ? 3O 4.42
2La3O5 ? 2La3O4 ? 3O 4.12 2HfO2

? ? 2HfO? ? 3O 4.12 2HfO3
- ? 2HfO2

- ? 3O 4.40

5 2VO3 ? 2VO2 ? 3O 3.83 2Ti2O4
? ? 2Ti2O3

? ? 3O 3.40 2Ti2O5
- ? 2Ti2O4

- ? 3O 4.74
2NbO3 ? 2NbO2 ? 3O 4.14 2Zr2O4

? ? 2Zr2O3
? ? 3O 4.08 2Zr2O5

- ? 2Zr2O4
- ? 3O 4.77

2TaO3 ? 2TaO2 ? 3O 4.14 2Hf2O4
? ? 2Hf2O3

? ? 3O 4.15 2Hf2O5
- ? 2Hf2O4

- ? 3O 4.80
2V3O8 ? 2V3O7 ? 3O 3.35 2Ti3O6

? ? 2Ti3O5
? ? 3O 3.49 2Ti3O7

- ? 2Ti3O6
- ? 3O 4.60

2Nb3O8 ? 2Nb3O7 ? 3O 4.47 2Zr3O6
? ? 2Zr3O5

? ? 3O 4.40 2Zr3O7
- ? 2Zr3O6

- ? 3O 4.93
2Ta3O8 ? 2Ta3O7 ? 3O 4.83 2Hf3O6

? ? 2Hf3O5
? ? 3O 4.64 2Hf3O7

- ? 2Hf3O6
- ? 3O 4.93

7 2TcO4 ? 2TcO3 ? 3O 3.33 5 2V2O5
? ? 2V2O4

? ? 3O 2.78 2V2O6
- ? 2V2O5

- ? 3O 3.90
2ReO4 ? 2ReO3 ? 3O 3.84 2Nb2O5

?? 2Nb2O4
?? 3O 4.13 2Nb2O6

- ? 2Nb2O5
- ? 3O 4.79

2Tc3O11 ? 2Tc3O10 ? 3O 1.90 2Ta2O5
? ? 2Ta2O4

?? 3O 4.81 2Ta2O6
- ? 2Ta2O5

- ? 3O 5.06
2Re3O11 ? 2Re3O10 ? 3O 2.61 6 2CrO�4 ? 2CrO3

- ? 3O 3.33
2MoO3

? ? 2MoO2
? ? 3O 3.40 2MoO4

- ? 2MoO3
- ? 3O 4.29

2WO3
? ? 2WO2

? ? 3O 3.71 2WO4
- ? 2WO3

- ? 3O 4.62
2Mo2O6

? ? 2Mo2O5
? ? 3O 3.55 2Mo2O7

- ? 2Mo2O6
- ? 3O 3.18

2W2O6
? ? 2W2O5

? ? 3O 4.28 2W2O7
- ? 2W2O6

- ? 3O 3.63
2Mo3O9

? ? 2Mo3O8
? ? 3O 3.66 2Mo3O10

- ? 2Mo3O9
- ? 3O 2.98

2W3O9
? ? 2W3O8

? ? 3O 4.25 2W3O10
- ? 2W3O9

- ? 3O 3.74

7 2Tc2O7
? ? 2Tc2O6

? ? 3O 3.62 2Tc2O8
- ? 2Tc2O7

- ? 3O 2.65
2Re2O7

? ? 2Re2O6
? ? 3O 3.13 2Re2O8

- ? 2Re2O7
- ? 3O 3.49
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that the high-symmetry structure of V2O6
-/D2h (2B2u) by

BPW91 is wrong while the one [Cs (2A0), Fig. 4] by

B3LYP can be correct (see Fig. 5SI and the explanations in

the supporting information for more details).

It has been realized in Refs. [71–74] that the symmetry

breaking of the transition metal oxide cluster structures by

B3LYP is due to the HF component in this hybrid func-

tional. It is noticeable that for (pure) transition metal

clusters in which the valence electron distributions have the

delocalized nature the pure GGA functional (such as

BPW91 for Nbn [115]) usually has to be used, while these

pure GGA functionals sometimes predict very poor results

for transition metal oxide clusters (such as PBE for iron

oxide clusters [62]) in which the metal atoms are in the

high valence states (metal atoms are ‘‘well oxidized’’) and

the valence electron distributions have the localized nature.

It is also noticeable that the properties such as bond energy

[116, 117], reactivity [41, 43, 45, 53, 54, 60, 118, 119], and

IR spectroscopy [114, 120–122] of many ‘‘well oxidized’’

transition metal oxide clusters (or D C 0 clusters) can be

reasonably well predicted by the hybrid B3LYP functional

which was originally developed and very suitable for main

group species, in which the bonding (except for P systems

such as aromatics) is mostly localized in nature. With these

considerations and the high symmetry for the selected

cluster V2O6
- by the pure GGA functional BPW91 is

incorrect, we may conclude that the predictions by B3LYP in

this study for the D = 1 clusters are reasonable and useful,

although further experiments and more reliable/expensive

calculations are necessary for this system in future.

The structures of most of the mono-metal oxides (MOy
q)

were extensively studied in literature. The calculated

ground state structures of the MO2–4
q (D = 1) clusters in

Fig. 1 are generally in agreement with computational

results in Refs. [123–131]. It is noticeable that for CrO3
?,

Ref. [132] predicted a ground state with three Cr–Ot bonds

(see Fig. 2b) under B3LYP/LanL2DZ level, while this

study predicts that the ground state has a g2-O2 unit under

B3LYP/TZVP (see further discussion on CrO3
? in Sect.

4.3 below). The structures of the di- and tri-metal oxide

clusters were relatively less studied. Our DFT structures of

M2,3Oy
q (D = 1) in Figs. 4 and 6 are also generally in

agreement with available theoretical and experimental

results in literature [41, 60, 129, 130, 133–139]. The

structures of Y2O3
? and La2O3

? with three Ob atoms

(Fig. 4) are similar to those predicted in Ref. [133]. The

structures of (ZrO2)2–3
? and (ZrO2)0–2ZrO3

- (Figs. 1, 4, 6)

agree well with those by Johnson et al. [53, 60]. The

structures of the vanadium oxide clusters were extensively

studied by calculations and experiments [41, 45, 129, 134–

138]. The results of VO3, V2O5
?, V2O6

-, and V3O8 are the

same as or similar to those in Refs. [41, 128, 129, 134–

136]. The structures of (MoO3)1–3
? clusters by us and by

Oliveira et al. [130] are similar. The lowest energy struc-

ture of W3O10
- (Fig. 6) is similar as the one reported in

Ref. [139]. For W2O7
- cluster (see Fig. 2f), the zero-point

vibration corrected energy of the isomer with C2 symmetry

is lower by only 0.12 eV than that of the isomer with C1

symmetry in this study. It is noticeable that if the zero-

point vibration is not taken into account, the W2O7
- isomer

with C1 symmetry is lower in energy by 0.03 eV than the

one with C2 symmetry in this study. The experimental and

theoretical study in Ref. [140] supported that the W2O7
-

isomer with C1 symmetry is the ground state and a high

(D3d in Ref. [140]) symmetry isomer is higher in energy by

only 0.09 eV. Although the accuracy of the calculations in

this study may not be high enough to determine the true

ground states for clusters such as Sc2O4
-, Hf2O4

?, Ti2O5
-,

W2O7
-, and Ti3O6

? (see Fig. 2c–g) with isomers that are

close (within 0.2 eV) in energy, these cluster isomers with

slightly higher energy also contain radical oxygen O�.

4.2 Prediction and interpretation of the cluster

reactivity

The DFT result that the studied MxOy
q (D = 1) clusters

(Figs. 1, 4, 6, with a few exceptions that will be

discussed in Sect. 4.3 below) contain radical oxygen O�

is generally consistent with the available experimental

observations that (V2O5)0–2VO3 [37–39], (V2O5)1–3
? [40–

46], (MoO3)1–3
? [48, 50], TiO2

? [52], (WO3)1–3
? [51],

(ZrO2)1–4
? [53, 61], (ZrO2)0–3ZrO3

- [60, 61], and

(V2O5)0–1V2O6
- [58, 59] are highly reactive toward

oxidation of hydrocarbons, monoxide, and so on. On the

basis that the above consistency generally validates the

adopted computational method, this study predicts that a

lot of other TMO clusters may be with high oxidative

reactivity. For examples, (1) (TiO2)1–3
? clusters may be

more oxidative than (ZrO2)1–3
? , since the former have

smaller D0 values than the latter do; (2) the highly

reactive clusters identified in previous experiments are all

with Ot
�, it is interesting to carry out reactivity experi-

ments on M2O3
? (group 3, Fig. 4), (Sc2O3)2,3

? (Fig. 8), or

similar clusters with Ob
� ; and (3) there were very limited

experimental data on neutral [37–39] and anionic [58–61]

TMO clusters with high oxidative reactivity, this study

predicts that (Re2O7)n=0,1ReO4, (MoO3)n=1,2MoO4
-, and

(WO3)n=1,2WO4
- with low D0 values (2.61–3.84 eV,

see Table 3) are potential candidates for experimental

investigations.

Table 3 shows that the D0 values of MxOq
y (D = 1)

depends strongly on the metal atom, cluster size, compo-

sition, and charge state. In the absence of any information

of reaction kinetics, the calculated D0 values may be used

to quickly interpret the observed cluster reactivity in more

details from a consideration of thermodynamics. Recent
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experiments indicated that reactions of (ZrO2)1–4
? with CO,

C2H4, and C2H2 produce CO2, C2H4O, and C2H2O,

respectively, and Zr2O4
? cluster is relatively more reactive

than ZrO2
? and Zr3O6

? [53]. This can be rationalized by

using the smaller D0 value of Zr2O4
? (4.08 eV) than those

of ZrO2
? (4.28 eV) and Zr3O6

? (4.40 eV) (see Table 3).

Experiments on the reactivity of (ZrO2)0–3ZrO3
- toward

CO [60, 61] measured that the reaction rate constant of

ZrO3
- ? CO is 2.1 9 10-12 cm3 s-1 and those of Zr2O5

-/

Zr3O7
- ? CO is on the order of 10-13 cm3 s-1. Our cal-

culations indicate that the D0 value of ZrO3
- (4.42 eV) is

smaller than those of Zr2O5
- (4.77 eV) and Zr3O7

-

(4.93 eV), which is again in consistent with the experi-

ments. It is noticeable that the calculated D0(O–CO) is

5.50 eV and the reactions of ZrO3
-, Zr2O5

-, and Zr3O7
-

with CO to form CO2 release, respectively, the energies of

1.08, 0.73, and 0.57 eV of which the difference can be

considered significant. This may well explain the higher

reactivity of ZrO3
- over Zr3O7

- in the reaction with CO.

The lower or non-reactivity of the 4d/5d metal species

(ZrO2)1–4
? and (ZrO2)0–3ZrO3

- [53, 60, 61], (Nb2O5)1–3
? and

(Ta2O5)1–3
? [47, 141, 142], (Nb2O5)0–2NbO3 [39] versus

that of the 3d metal species [(V2O5)1–3
? [40–43] and

(V2O5)0–2VO3 [37–39] by experiments can also be ratio-

nalized with the lower D0 values of the latter clusters than

those of the former ones ([4 eV).

It is interesting to compare the reactivity of O� over

transition metal oxide clusters with those of other oxygen-

based radicals such as HO and NO3 that have been

extensively studied by experiments and theoretical calcu-

lations [143–146]. It was reported that the reaction of OH

with CH4 needs to overcome 6.1–7.9 kcal/mol barrier

(when the zero-point energy is included, the values range

from 4.7 to 6.6 kcal/mol) and the rate constant is about

7.89 9 10-15 cm3 molecule-1 s-1. The rate constants for

hydrogen atom abstraction from alkane molecules by NO3

radical are reported to be on the order of 10-17 cm3 mole-

cule-1 s-1. The transition metal oxide cluster cations with

O� are generally much more reactive than OH and NO3

toward hydrocarbon molecules. The rate constants for

hydrogen atom abstraction from CH4 by V4O10
? [45],

TiO2
? [52], and ZrOþ2 [52] are reported to be

(5.5 ± 0.69) 9 10-10, 7.4 9 10-11, and 3.7 9 10-11

cm3 molecule-1 s-1, respectively. Recently, we identified

the hydrogen atom abstraction from C2H6 and C4H10

molecules by the anionic cluster Zr2O5
- that is with O�, and

the estimated rate constants are 4 9 10-12 and

2 9 10-11 cm3 molecule-1 s-1, respectively [147]. So

far, there is no experimental report on the rate constants

for reactions of neutral transition metal oxide clusters

with O� toward reactants such as hydrocarbon molecules.

The theoretical calculations on VO3 ? C2H4 [37],

VO3 ? C3H6 [118], and V3O8 ? C2H4 [148] indicated that

the oxidation of these alkene molecules by VO3 and V3O8

that are with O� is overall barrierless.

4.3 V–Mo–Re diagonal line

Among the studied MxOy
q (M are the 3d–5d metals in

groups 3–7) clusters we find that only CrxOy
q (except for

CrO4
-) and MnxOy

q clusters have [O–O] unit. This result

may be rationalized by the small D0 values of CrO

(4.78 eV [85]) and MnO (3.83 eV [85]) listed in Table 2.

The binding energies of oxygen atom with MxOy–1
q (D =

–1) clusters can be denoted as D0(D = 1). Because the metal

atoms in D = –1 clusters are in or close to the high valence

states, less energy can be released in the oxidation of the

D = –1 clusters by O atom than in the oxidation of the

corresponding metal atoms (M). As a result, the D0(D = 1)

listed in Table 3 are smaller than the calculated D0(MO) in

Table 2 significantly. For example, the D0(D = 1) of cat-

ionic clusters are smaller than the corresponding D0(MO)

values by more than 2.3, 3.2, 3.0, 1.6, and 1.7 eV for groups

3, 4, 5, 6, and 7 metal species, respectively. In the case that

D0(D = 1) is too small, the last oxygen atom bonded with

the D = –1 (CrO2
?) cluster (to form D = 1) may have

significant bonding with an oxygen atom to form O–O

unit because the oxygen–oxygen bond is quite strong

(D0(O2) = 5.12 eV [88]). This rationalizes that there is one

O–O unit in the chromium and manganese D = 1 clusters

such as CrO3
? and MnO4, since D0(CrO) and D0(MnO) are

the smallest among D0(MO) in Table 2. It is noticeable that

the photoelectron spectroscopic and computational study on

MOy
- (M = Cr, Mo, W) identified that the bonding proper-

ties of WO4 (and possibly MoO4) are quite different from

those of CrO4, which can also be traced back to the larger D0

of WO (and MoO) over that of CrO [123, 124].

Figure 2 indicates that the CrO3
? isomer with O� (and

without O–O) is the ground state under BPW91 while it is the

excited state under B3LYP. Figure 6SI shows the reaction

pathways for CH4 reaction with CrO3
? cluster that contains

O�. The reaction (CrO3
?� ? CH4 ? CrO3H? ? CH3

� ) is

overall barrierless and would be experimentally observed in

the case that there is an O� in the cluster (no matter B3LYP or

BPW91 is used). However, recent cluster reactivity experi-

ments [149] indicate that the hydrogen abstraction from CH4

by CrO3
? (or Cr2O6

?) was not experimentally observed,

indicating that the BPW91 prediction of the ground elec-

tronic structure of CrO3
? is wrong while the B3LYP ground

state (with O–O, lower symmetry) is acceptable. In contrast,

the experiments indicate that MoO3
?, WO3

?, Mo2O6
?, and

W2O6
? clusters can abstract a hydrogen atom from CH4 at

near room temperature conditions although Cr, Mo, and W

are in the same group 6 in the periodic table. It should be

pointed out that, under B3LYP, there is no O–O unit in the

ground states of neutral CrO3 and anionic CrO3
- while there
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is one such O–O unit in CrO3
?, indicating the charge-

dependence of the cluster structures [62].

The current DFT study suggests that chromium and

manganese of the 3d transition metals do not belong to the

type of transition metals (denoted as M/O� in the text

below), of which all of the oxide clusters in the form of

MxOy
q (D = 1) contains radical oxygen. In contrast, two

more 4d (Mo and Tc) and 5d (W and Re) metals belong to

M/O�. This is also in parallel with the relatively large D0 of

Mo–O (5.44 eV [87]), Tc–O (5.64 eV [88]), W–O

(7.01 eV [92]), and Re–O (6.46 eV [88]). Our recent

experimental investigations [149] on the reactions of cat-

ionic CrxOy
?, MoxOy

?, WxOy
?, MnxOy

?, and RexOy
? clusters

toward CH4 have identified that (MoO3)1–2
? , (WO3)1–3

? , and

Re2O7
? clusters can activate CH4 under near room tem-

perature conditions, in agreement with the DFT results that

these clusters contain reactive O� atoms. In sharp contrast,

there is no evidence of CH4 activation by (CrO3)1–3
? and

Mn2O7
? in the experiments, which can be rationalized by

the B3LYP results that there is no O� atom in these clusters.

If we neglect the technetium which is a radioactive element

(with no stable isotope), a diagonal line can be drawn over

V, Mo, and Re for the 3d–5d transition metals in the

periodic table. The DFT study predicts that all of the 3d–5d

transition metals on the bottom-left side of the V–Mo–Re

line (included) belong to M/O�. It is likely that most of the

transition metals on the top-right side of the line do not

belong to M/O�. Our test calculations at B3LYP level

indicate that MO4
? and MO5

- (M = Fe, Ru in group 8)

clusters which are D = 1 according to the definition in the

Introduction section are with one or two O–O moieties. In

contrast, OsO4
? and OsO5

- clusters are predicted by

B3LYP to have four and five Ot atoms, respectively, and

contain the radical oxygen Ot
�. The results of OsO4

? and

OsO5
- are consistent with the large D0 (6.16 eV) [88]

value of OsO.

4.4 Isoelectronic clusters

The neutral cluster systems MO2 (group 3) and MO3 (group

5) have the same total number of valence (metal valence d

and s plus oxygen 2s and 2p) electrons as the charged

species MO2
? (group 4) and MO3

- (group 4), respectively.

Figures 1 and 3 indicate that these isoelectronic clusters

have similar geometries and SOMO distributions. All of

the di-metal M2Oy
q clusters with D = 1 (Fig. 4) are charged

species. Since the isoelectronic clusters (Figs. 1, 3) have

similar bonding properties, it is therefore possible to find

neutral mixed-di-metal clusters M0M00Oy that have similar

bonding properties to those positively and negatively

charged clusters in Figs. 4 and 5. For example, we have

tested that the bonding properties of TiVO5 and CrVO6 are

similar to those of V2O5
? and V2O6

-, respectively. This

kind of metal atom substitution may also be applied to tri-

metal and large multi-metal species for interchange of the

charged oxide clusters with the neutral ones. The substi-

tution will tune the cluster reactivity from considerations of

both thermodynamics and kinetics, which may be further

investigated by both theory and experiment.

4.5 A reconsideration of radical oxygen in condensed

phase catalysis

The investigations reported in literature have demonstrated

that the radical oxygen plays an important role in several

useful reactions, for example, the selective conversion of

methane to methanol and formaldehyde using N2O as

oxidant [16–20, 22], dehydrogenation of ethane to produce

ethylene [21], oxidation of benzene to phenol with high

selectivity [150], and partial oxidation of propylene to

acrolein [118, 151]. These processes were facilitated by

V2O5/SiO2 or MoO3/SiO2 catalysts. The VxOy
q (D = 1) and

MoxOy
q (D = 1) clusters with Ot

� in this study represent

possible candidates for the chemical structures of radical

oxygen over MoO3/SiO2 and V2O5/SiO2 surfaces. We

propose that the surface radical oxygen (O�) can be

chemically bonded as (Ob)2VOtOt
� (V2O5

? in Fig. 5),

(Ob)2V(OtOt)
� (V2O6

-/Fig. 5, V3O8/Fig. 7), (Ob)2MoOtOt
�

(Mo2O6
?/Fig. 5, Mo3O9

?/Fig. 7), or ObMo(Ot)2Ot
�

(Mo2O7
-/Fig. 5, Mo3O10

-/Fig. 7), in which the bridging

Ob atom is also bonded with surface support atom Si as

well as V or Mo depending on the load of the metal in the

catalysts.

This study predicts that the existence of radical oxygen

in TMO clusters is common. That is, for any transition

metals on the bottom-left side of V-Mo-Re in the periodic

table, the oxide clusters MxOy
q (D = 1) are able to contain

Ot
� or Ob

� . This implies that it is possible to develop new

(other than V [20, 22] and Mo [16–19, 21]) metal (or mixed

metals through doping [152–155])-based oxide catalysts to

supply radical oxygen for oxidation reactions.

The obvious advantage of using radical oxygen for oxi-

dation reactions is that the activation of the reacting mole-

cules (such as CH activation of CH4 [45]) and the oxygen

transfer from the catalyst to the target molecules can be with

very small apparent positive or even large apparent negative

activation energies (E0), as what have been revealed by the

theoretical and experimental cluster reactivity studies [37–

46, 118, 156, 157]. The disadvantage of using radical

oxygen may be its low concentrations. For example, the

surface species (Ob)3VOt [see Fig. 7 for (Ob)3VOt moieties

in V3O8] may be much more stable than (Ob)2VOtOt
�, so the

concentration of the latter [C(Ot
�)] should be much lower

than that of the former [C(Ot)] over a practically prepared

catalyst. In a unit time, the number (N) of converted mole-

cules (such as CH4 ? CH3OH) over a TMO surface may be
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simply (for comparison below, other unimportant factors

neglected) written as N(Ot
�) = C(Ot

�) 9 exp[–E0(Ot
�)/kBT]

and N(Ot) = C(Ot) 9 exp[–E0(Ot)/kBT] for conversions

over (Ob)2VOtOt
� and (Ob)3VOt sites, respectively, in which

kB is the Boltzmann constant and T is the temperature. To

find the relative value of C(Ot
�)/C(Ot) that satisfies

N(Ot
�) = N(Ot), we assume E0(Ot

�) = 0, E0(Ot) = 2 eV

(typical value of CH activation over VOt sites) [158, 159],

and kBT = 0.0431 eV (T = 500 K). With the above equa-

tions and parameters, C(Ot
�)/C(Ot) = exp{[E0(Ot

�)–E0(Ot)]/

kBT} = e-46.4 & 10-20 is obtained. This means that the

conversion over the radical oxygen sites may be efficient

enough (comparable with the conversion over ‘‘normal’’

sites) even the radical oxygen is with too low concentration

to be detected by standard surface characterization methods.

The above estimation further implies that it is important to

study cluster systems to understand the nature of radical

oxygen in condensed phase catalysis.

5 Conclusions

The structure and bonding properties of groups 3–7

transition metal oxide clusters Mx=1–3Oy
q and Scx=4–6Oy

q

with D = 2y - nx ? q = 1 (n is the number of metal

valence electrons and q is the charge number) are studied

by the DFT calculations. The DFT results are generally

supported by the available experimental and theoretical

studies in literature. The existence of oxygen radical [O�

with the unpaired electron being localized on the oxygen

2p orbital(s)] in the MxOy
q (D = 1) clusters is common.

All of the 3d–5d metals on the bottom-left side of the

V–Mo–Re diagonal line in the periodic table belong to

the type of metals of which all of the MxOy
q (D = 1)

clusters contain O�. CrxOy
q (D = 1, except CrO4

-) and

MnxOy
q (D = 1) do not contain O� at the B3LYP level.

Most of the clusters have one or two terminal oxygen

atoms as the radical oxygen while some of the MxOy
q

(D = 1, M = Sc, Y, La) clusters are with one or two

bridging oxygen atoms as the radical oxygen. The oxide

clusters of 3d (Sc and Ti) and V–Mo–Re metals have

relatively high oxidative reactivity due to the relatively

small (typically 3–4 eV) energy costs of oxygen atom loss

from the MxOy
q (D = 1) clusters. Mixed-metal oxide

clusters (such as TiVO5 and CrVO6) with radical oxygen

can also be derived by appropriate counting of the total

number of metal valence electrons and the number of

oxygen atoms in the systems. This study suggests possible

chemical structures for radical oxygen over V2O5/SiO2

and MoO3/SiO2 catalysts and the possibility to develop

other catalysts to supply radical oxygen for oxidation

reactions. The high reactivity of the radical oxygen may

be able to balance its low concentration in the condensed

phase catalysis.
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(1997) J Phys Chem A 101:6252

49. Irikura KK, Beauchamp JL (1989) J Am Chem Soc 111:75

50. Fialko EF, Kikhtenko AV, Goncharov VB, Zamaraev KI (1997)

J Phys Chem A 101:8607

51. Johnson GE, Tyo EC, Castleman AW Jr (2008) Proc Natl Acad

Sci USA 105:18108

52. Harvey JN, Diefenbach M, Schröder D, Schwarz H (1999) Int J
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