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a b s t r a c t

A time of flight mass spectrometer coupled with a laser ablation/supersonic expansion cluster source
is used to study the formation and distribution of cationic iron and cobalt oxide clusters. Although the
distributions of iron oxide clusters (FemOq

n, q = 0, ±1) have been extensively reported in literature, new
and very interesting distribution of FemOn

+ clusters is observed in this study. Under saturated O2 growth
conditions, the smallest (leading) cluster in m = 2k + 1 (k = 2−14) cluster series is with stoichiometry of
Fe2kO3kFeO+, which is perfect (iron atoms are perfectly oxidized) in terms of average oxidation states
of iron (Fe3+) and oxygen (O2−) atoms. For m = 2k (k = 2–15) cluster series, the leading cluster is either
Fe2kO3k

+ (the least over-oxidized) or Fe2kO3k−1
+ (the least under-oxidized). Density functional theory

(DFT) calculations indicate that these leading clusters are with unexpected structures although their
appearance in the mass spectra is predictable. These clusters may serve as good models for predicting

or interpreting novel properties of Fe2O3 nano-materials. The distribution of the cobalt oxide clusters
(ComOn

+) under saturated O2 growth conditions is complex and very different from that of FemOn
+. A

very interesting result for cobalt species is that two clusters Co11O13
+ and Co12O13

+ are missing in the
cluster distribution although their oxygen-neighbor clusters Co11O12,14

+ and Co12O12,14
+ are generated.

This suggests relatively high stability for Co11O12
+ and Co12O12

+ clusters. The DFT calculations predict
that Co12O12 cluster are with tower or cage structure rather than the compact NaCl-like arrangement that

is found for bulk CoO.

. Introduction

Cluster formation and growth can offer insight into the transi-
ion from molecular behavior to condensed phase behavior [1–6]. In
ddition, bonding properties of clusters are sometimes completely
ifferent from those of the corresponding bulk materials, leading
o a possibility to synthesize entirely novel materials [6]. Iron and
obalt oxides are very important materials that can be used as cata-
ysts, semi-conductors, insulators, data storage media, etc. MO and

3O4 (M = Fe, Co) and Fe2O3 are normal and stable compositions of
ron and cobalt oxides. The formation and property studies of iron
nd cobalt oxide clusters have been extensively reported by sev-

ral research groups [7–24]. A careful literature survey indicates
hat most of the studied clusters (FemOq

n and ComOq
n, q = 0, ±1) are

xygen-poor (n/m < 1) [14-18] or oxygen-near-equivalent (n/m ≈ 1)
7–9,19,20,24]. The oxygen-rich clusters with n/m ≈ 3/2 and 4/3 that

∗ Corresponding authors. Tel.: +86 10 62536990; fax: +86 10 62559373.
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correspond respectively to bulk materials of Fe2O3 and Co3O4 (Fe
and Co are in the highest normal oxidation states) have not been sys-
tematically studied. The investigations of these oxygen-rich clusters
are only reported for small clusters (m ≤ 5). We attempt to gener-
ate and study the distributions of large oxygen-rich iron and cobalt
oxide clusters in this work. Since Fe2O3 and Co3O4 nano-materials
are efficient catalysts for reactions such as low-temperature CO
oxidation [25–29], it may be possible to interpret the mechanis-
tic details in these catalytic processes based on the bonding and
reactivity properties of FemOn (n/m ≈ 3/2) and ComOn (n/m ≈ 4/3)
clusters.

For early transition metals, generations of gas phase clus-
ters series TimOn (n/m ≈ 2) [30,31], VmOn (n/m ≈ 5/2) [32,33],
CrmOn (n/m ≈ 3) [34,35], and (WO3)n

− (n = 1–3) [36–38] have been
reported. These clusters correspond to their bulk oxides with metals
being in the highest normal oxidation states. For late transition met-

als such as iron, generation of large FemOn clusters with n/m ≈ 3/2 is
not obvious from available literature reports. Shin et al. [19,20] stud-
ied the distribution of neutral iron oxide cluster with single photon
ionization at 118 nm and multi-photon ionization at 193 nm. They
suggested that the thermodynamically stable neutral clusters are

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:shengguihe@iccas.ac.cn
mailto:gemaofa@iccas.ac.cn
dx.doi.org/10.1016/j.ijms.2008.12.014
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emOn=m+0−2 (n/m ≈ 1 for large m) under saturated O2 growth con-
itions. In the above mentioned investigations, the method of laser
blation was generally used to generate the metal oxide clusters.
t should be pointed out that an alternative approach to gener-
te metal oxide clusters is via electrospray ionization [39,40]. With
ensity functional theory (DFT) calculations, Jones et al. predicted
hat FemOn=m+0−2 clusters with structures of rings, towers, hollow
rums, or cages are quite stable [41,42]. Very recently, Molek et al.
tudied the photo-dissociation of cationic iron oxide clusters [24].
hey concluded that clusters FemOn

+ with m = n have the greatest
tability. These studies imply that the generation of large FemOq

n

lusters with (or purely with) n/m ≈ 3/2 may be difficult.
Cobalt and iron are neighbors in the periodic table. Both of them

re with +2 and +3 as normal oxidation states. The available lit-
rature reports indicate that there are strong similarities between
distributions of) FemOq

n and ComOq
n clusters with n/m < 1 or n/m ≈ 1.

akurai and co-workers [14–18] studied formation and distribution
f oxygen-deficient iron and cobalt oxide clusters. Clusters with the
orm of MmO(m+3)/2 (M = Fe and Co; m = 3, 5, 7, .) are relatively sta-
le. Both FemOn/m≈1 and ComOn/m≈1 (for large m) are generated after
eactions of preformed iron [7–9] and cobalt [43] clusters with O2. It
s interesting to study whether the distributions of oxygen-rich iron
nd cobalt oxide clusters are similar in the case that these clusters
an be generated.

In this work, a time of flight mass spectrometer (TOF-MS) cou-
led with a laser ablation/supersonic expansion cluster source is
sed to study the formation and distribution of FemOn

+ and ComOn
+

lusters under saturated O2 growth conditions. Very interesting
luster distributions unreported in literature are observed. The DFT
alculations are performed to predict the structures of some typical
lusters.

. Method

The experiments performed in this work are conducted with a
OF-MS coupled with a laser ablation/supersonic expansion cluster
ource and a fast flow reactor [44]. The design of the apparatus is
imilar to the one used in ref. [45]. The vacuum system of the appa-
atus consists of two chambers. One of the chambers is used for
luster generation/reaction and the other is for cluster ion detec-
ion. The two chambers are connected through a 5 mm diameter
kimmer. The metal (iron or cobalt) oxide clusters are generated
y the reaction of laser ablation generated metal plasmas with O2
eeded in the helium (99.999% purity) carrier gas. The typical back-
ng pressure of the He gas is 5 atm. To generate the metal plasmas,
Nd:YAG laser beam (532 nm, 5 mJ/pulse, 8 ns duration, 10 Hz) is

ocused onto an iron or cobalt metal disk (16 mm diameter, 0.13 mm
hickness, 99.7% purity from Aldrich). The disk is rotated and trans-
ated to continually expose a fresh surface. The carrier gas seeded

ith different concentrations of O2 is controlled by a pulsed valve
General Valve, series 9). The clusters are formed in a narrow clus-
er formation channel (2 mm inner diameter – I.D.) that contains
relaxation zone (3 mm I.D.). The lengths of the channel and the

elaxation zone are adjustable to optimize the cluster growth con-
itions. The typical lengths used are 1 cm for the relaxation zone
nd 2 cm for the rest of the channel. A fast flow reactor with 6 mm
.D. and 8 cm length is coupled with the narrow cluster forma-
ion channel. The generated cationic clusters can exit the empty
ube reactor and pass through the 5 mm skimmer for detection
hrough TOF-MS. Before the detection, the clusters can also react
n the tube reactor with reactants (CxHy, CO, N2, etc.) diluted in

elium/argon carrier gas that is controlled by a second pulsed valve.
he cluster ions are extracted, accelerated, and focused by a set of
on optics. The synchronization of laser firing, pulsed valve open-
ng(s), and ion detection is managed through commercial available
nd home made electronics. The mass signal is generated by a dual
Fig. 1. The TOF mass spectra for distribution of iron oxide clusters generated under
10% O2 concentration. The FemOn

+ clusters are denoted as m, n and m in the figure
for cluster masses below and above 2500 amu, respectively.

micro-channel plate detector and recorded with a digital acqui-
sition card that is controlled by a Labview based program. Mass
resolution (M/�M) of 300 can be obtained. In this study, we focused
on the formation, distribution, and structures of oxygen-rich iron
and cobalt oxide clusters. The cluster reactivity toward several gas
molecules studied by using the fast flow reactor will be presented
in future.

The DFT calculations are performed to predict the structures of
(Fe2O3)m with m = 2–6 and (CoO)m with m = 2–4, 6, 9, and 12. The
hybrid B3LYP exchange-correlation functional [46–48] is adopted.
The Los Alamos effective core potential plus valence double-zeta
basis set [49–51] is used on Fe and Co atoms while the Dun-
ning/Huzinaga valence double-zeta basis set (D95V) [52] is used on
O atom. The basis sets are denoted as LanL2DZ in Gaussian 03 pro-
gram [53] that is used for all the calculations. The energies reported
in this study are zero-point vibration corrected energies.

3. Results

3.1. Distribution of iron oxide clusters

The TOF mass spectra of FemOn
+ (m = 2–53) clusters generated

under 10% O2 condition are plotted in Fig. 1. The mass spec-
tra generated under different concentrations of O2 are given in
Fig. S1 (see Supplementary Information). Small clusters includ-
ing Fe+ can be generated when low concentration of O2 is used
(Fig. S1a). This provides us an opportunity to determine the abso-
lute mass of the generated clusters shown in Fig. 1a with 2–5 iron
atoms (see Supplementary Information, Table S1–S7). Fig. 2 plots
the mass spectra in the range of 50–350 amu where hydrogen impu-
rity peaks can be resolved. The hydrogen impurity peaks can be
assigned as iron oxide clusters with one or more H2O molecules:
FemOn(H2O)x

+. The signals of the hydrogen containing peaks (m, n,
x = 1, 2, 1–3; m, n, x = 2, 2–4, 1; m, n, x = 2, 2, 2 and 3, 4, 1) are rela-

tively strong if the gas-handling systems are not carefully pumped
(Fig. 2a). In contrast, these impurity peaks become relatively weak
if the gas-handling systems are carefully pumped (Fig. 2b).

We have also tried to put a liquid nitrogen cooled molecular
sieve in between the pulsed valve (a 1 m long copper tube in
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Fig. 2. The TOF mass spectra of small iron oxide clusters generated under three
different experimental conditions: (a) 0.5% O2 prepared with and delivered through
not carefully pumped gas-handling systems; (b) 0.5% O2 prepared with and delivered
through carefully pumped gas-handling systems [replot of Fig. S1a in the range of
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clusters.
Unlike iron oxide clusters, of which the leading clusters of Fem≥4

series are with well defined stoichiometry (Fig. 1 and Section 3.1),
the distribution of ComOn

+ clusters (Fig. 3) are complex. There are
0–350 amu]; and (c) 10% O2 prepared with and delivered through carefully pumped
as-handling systems and a liquid nitrogen cooled molecular sieve between the
ulsed valve and the gas bomb is used. The FemOn

+ and FemOn(H2O)x
+ clusters are

enoted as m, n and m, n, x, respectively.

ir connects the pulsed valve and the molecular sieve) and the
as bomb that contains the high pressure He seeded with 10%
2. The mass spectrum such obtained is given in Fig. 2c. This
ethod further decreases the relative signal magnitudes of the

ydrogen impurity peaks, for example, peaks of FeO2(H2O)2–3
+,

e2O2(H2O)1–2
+, and Fe2O4H2O + disappear almost completely.

his experiment also verifies that the assignments of the peaks
o pure FemOn

+ in Fig. 2b are correct since relative magnitudes of
emOn

+ peaks do not decrease upon using the molecular sieve. We
ote that the low-temperature molecular sieve may also trap O2
ignificantly, so the true concentration of O2 after the molecular
ieve is lower than as prepared (10% in the gas bomb). As a result,
he distribution of FemOn

+ clusters in Fig. 2c is similar to that of
he clusters generated under 0.5% O2 condition without using the

olecular sieve (Fig. 2b). The experimental setup using the low-
emperature molecular sieve is relatively complicated and the true
oncentration of O2 in this case is unknown, so we just use the care-
ully pumped gas-handling systems without the molecular sieve
o generate the mass distributions in Figs. 1, S1, and 3 (see below).

As can be seen in Fig. 2b, although there are some hydrogen
mpurity peaks, the main part of the mass distribution is due to
ure iron oxide clusters. In addition, the sufficient mass resolution
or Fe2–5On

+ clusters tells that almost all of the small clusters in
ig. 1 do not contain any hydrogen atoms: among the 14 marked
e2–5On

+ mass peaks in Fig. 1a, only two weak peaks (Fe3O8
+ and

e5O9
+) have high-mass shoulders due to hydrogen impurities. We

hus assign the observed mass peaks in Fig. 1 to pure FemOn
+ clus-

ers (see Supplementary Information, Table S5–S16 for details of
he assignments). Iron has four stable natural isotopes and their
bundances are as follows: 54Fe/5.845%, 56Fe/91.754%, 57Fe/2.119%,
nd 58Fe/0.282% [54]. A simulation of the isotopomer distribu-
ion for Fe2O5

+, Fe4O6
+, Fe10O15

+, and Fe20O30
+ clusters is given

n Fig. S2 (see Supplementary Information). This simulation tells
hat the side or shoulder peaks on the low-mass side of the main
eaks presented in Fig. 1a (Fe4O6

+, Fe5O7
+, Fe6O9

+, etc.) and Fig. 2b
Fe2O5

+, Fe3O3
+, Fe4O5

+, etc.) are due to 54Fe isotopomers.

Fig. 1c shows that the TOF-MS can resolve one oxygen atom up

o about 2400 amu. The clusters with fixed number (m) of iron (or
obalt, Fig. 3) atoms and different number of oxygen atoms are
enoted as Fem (or Com) cluster series in this study. Fig. 1 shows
hat each Fem cluster series consists of 3–4 clusters. For instance,
s Spectrometry 281 (2009) 72–78

Fe4 series consists of Fe4O6
+, Fe4O7

+, Fe4O8
+, and Fe4O9

+ clusters.
The smallest (leading) clusters in Fem≥4 series are Fe4O6

+, Fe5O7
+,

Fe6O9
+, Fe7O10

+, Fe8O12
+, Fe9O13

+, Fe10O15
+, etc. The distribution of

these leading clusters is very interesting and well predictable. For
Fem series with odd (m = 2k + 1) number of iron atoms, the leading
clusters are with stoichiometry of Fe2kO3kFeO+ for k = 2–14 (without
exception!). Iron atom in FeO+ diatomic molecule can be considered
in +3 oxidation state. (Fe2O3)kFeO+ clusters are thus perfect in terms
of average oxidation states of iron (Fe3+) and oxygen (O2−) atoms,
i.e., iron atoms are perfectly oxidized to +3 valence state in these
clusters. For Fem series with even (m = 2k) number of iron atoms,
the leading clusters are with stoichiometry of Fe2kO3k

+ for k = 2–5,
7–10, and 14–15 or Fe2kO3k−1

+ for the rest of k values in the range of
2–15. Fe2kOn

+ clusters cannot be perfect in terms of the average oxi-
dation states of iron and oxygen atoms, but iron atoms in Fe2kO3k

+

and Fe2kO3k−1
+ clusters are (averagely) the least over-oxidized and

the least under-oxidized, respectively.
The 10% O2 can be considered as saturated O2 growth conditions

in this study because very similar cluster distribution as in Fig. 1
can be generated when higher concentration (such as 20%) of O2 is
used. The clusters shown in Fig. 1 are all oxygen-rich (n/m > 1.5 or
≈1.5). Oxygen-near-equivalent (n/m ≈ 1) or oxygen-poor (n/m < 1)
clusters can be eventually generated when very low concentration
(<0.5%) of O2 is used (see Supplementary Information, Fig. S1).

3.2. Distribution of cobalt oxide clusters

The TOF mass spectra of ComOn
+ clusters generated under satu-

rated (10%) O2 growth conditions are plotted in Fig. 3. Although
some of the Co2–4On

+ peaks (Co2O5
+, Co3O4,5

+, Co4O5,6
+) have

high-mass shoulders due to hydrogen impurities, all of the lead-
ing clusters (Co3O3

+, Co4O4
+, Co5O6

+, etc.) in Co3–14 cluster series
are with narrow and symmetric mass peaks (note that cobalt has
a single natural isotope). These leading clusters can be assigned
as pure ComOn

+ clusters. There may be hydrogen impurities in the
peaks of other (non-leading) clusters (such as Co6O9

+ and Co7O10
+

with relatively broad mass peaks), but one can consider that the
main contribution to the mass peaks is still from the pure Co O +
Fig. 3. The TOF mass spectra for distribution of cobalt oxide clusters generated under
10% O2 concentration. The ComOn

+ clusters are denoted as m, n in the figure. Two
asterisks in panel (b) indicate the peak positions of Co11O13

+ and Co12O13
+ clusters.
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Fig. 4. The DFT optimized structures and relative ener

ewer oxygen atoms in the leading clusters of Com series than in
hose of Fem, for instance, Co4O4

+ versus Fe4O6
+, Co5O6

+ versus
e5O7

+, Co6O7
+ versus Fe6O9

+, etc. Most of the leading clusters
ComOn

+) in Com>4 series are with n > m. The two exceptions are
o9O9

+ and Co12O12
+. An interesting result shown in Fig. 3 is that

o11O13
+ and Co12O13

+ are missing (or barely observed) in Co11 and
o12 series, respectively. Their oxygen-neighbor clusters Co11O12,14

+

nd Co12O12,14
+ are apparently generated.

.3. Computational results

The very interesting leading cluster distribution of Fem series
especially for m = 2k + 1 series: (IIIFe2

IIO3)k(IIIFeIIO)+] hints that the
tructures and/or energetics of neutral (Fe2O3)k clusters may be
pecial. A systematic DFT study on (Fe2O3)2–6 clusters has been per-
ormed. The reason to perform theoretical calculations on neutral
lusters (Fe2O3)k instead of the experimentally observed cationic
lusters (Fe2O3)kFeO+ [note that (Fe2O3)k

+ is not perfect in terms
f iron and oxygen valence state] is that the structures of (Fe2O3)n

lusters may be with high symmetries (see below). It is interesting
o study if the highly symmetric structures are stable or not. More-
ver, the stability analysis of MmOn

+ (MmOn
+ → MxOy

+ + Mm−xOn−y)
nvolves both neutral and cationic clusters, which costs additional
omputational resources. It is expected that the general bonding
roperties of MmOn

+ are similar to those of MmOn especially for
arge clusters. It should be pointed out that iron and cobalt oxide
luster systems are challenging for state-of-the-art quantum chem-
stry calculations. One should keep in mind that the connections
etween theory and experiment in this study are tentative.

The detailed description of the theoretical results for (Fe2O3)2–6
lusters is not the subject of this work and it can be found in a sepa-
ate publication [55]. Two typical optimized structures and relative
nergies of Fe8O12 cluster are given in Fig. 4 as an example. The cage
tructures [such as Fig. 4a] of (Fe2O3)2–6 cluster are with all posi-
ive vibrational frequencies. However, non-cage structures [such as
ig. 4b] of (Fe2O3)3–6 clusters are more stable than the cage struc-
ures. These non-cage structures are unexpected and unpredictable,
n contrary to the well predictable leading cluster distribution in
ig. 1.

The optimized structures of ComOm clusters are given in
ig. 5. The Co2O2 and Co3O3 clusters have four-membered and
ix-membered ring structures, respectively. The compact cubic
tructure (4b) of Co4O4 is less stable than the ring structure (4a) by

.66 eV. The structure of Co6O6 with compact cubic subunits (6b)

s higher in energy by 0.46 eV than the tower structure (6a) com-
osed of two Co3O3 rings. Similar results are found for Co9O9 and
o12O12 clusters: the Co3O3 based tower structures (9a and 12a)
re more stable than the cubic based structures (9c and 12c) by
the Fe8O12 cluster with Oh (a) and C1 (b) symmetries.

0.96 and 1.22 eV for Co9O9 and Co12O12, respectively. For Co12O12,
the Co4O4 based structures (12d) are less stable than the 12a struc-
ture by 1.46 eV. The cage type structures of Co9O9 (9b) and Co12O12
(12b) are slightly higher in energies than the tower structures (9a
and 12a). Although it is hard to make a very accurate theoretical pre-
diction for transition metal systems (cobalt oxides in this study), it
may be safe to conclude qualitatively that ring, tower, or cage struc-
ture of ComOm (m = 3, 4, 6, 9, 12) is more stable than the compact
cubic based structures.

4. Discussion

4.1. Comparison with previous results

The iron oxide clusters generated under saturated O2 growth
conditions are all oxygen-rich and the oxygen to iron ratio is close
to 1.5 for large clusters (Fig. 1). This cluster distribution is different
from what have been reported in literature, where oxygen-deficient
or oxygen-near-equivalent clusters (FemOq

n, n/m < 1 [14–18] or
n/m ≈ 1 [19,20,24] for large m) are generated. The method (laser
ablation/supersonic expansion) used in this study to generate the
clusters is very similar to the one adopted by Shin et al. [19,20] on
neutral FemOn and by Molek et al. [24] on cationic FemOn

+. Oxygen-
near-equivalent clusters (such as Fe4O4

+, Fe4O5
+, Fe5O6

+, see Fig. 1
of Ref. [24]) are still present under 20% O2 condition in the work
carried out by Molek et al. while these clusters disappear com-
pletely under 10% O2 condition in our experiment. These clusters
(such as Fe4O5

+) can be observed in our experiment when very
low concentration (<0.5%) of O2 is used. The discrepancy of the
cluster distribution is possibly due to use of particular design of
the cluster formation channel with a relaxation zone in our exper-
iment.

The length (L1) of the relaxation zone and the length (L2) of
the channel after the relaxation zone (L1) are adjustable in our
experiment. L1 and L2 are set to 10 mm and 20 mm, respectively, in
generating the cluster distribution in Fig. 1. It has been tested that
when shorter values of L1 and L2 (such as L1 = 2 mm and L2 = 10 mm)
are used, FemOn

+ clusters with n/m ≈ 1 can be observed under 10%
O2 conditions. The number of collisions between iron plasma (or
initially formed small iron oxide clusters) and O2 is increased if
longer values of L1 and L2 are used, which increases the effective
concentration of O2 in the carrier gas. Moreover, increased number
of collisions results in more energy dissipation from the plasma to

the (helium) carrier gas, which leads to lower effective temperature
at which the clusters are formed. Our DFT calculations [55] on the
energetics of Fe4O0–8 clusters indicates that oxidation of Fe4O4 and
Fe4O5 (Fe4On + O2/2 → Fe4On+1 and Fe4On + O2 → Fe4On+2 for n = 4
and 5) clusters are thermodynamically not favorable (�G > 0) at
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ig. 5. The DFT optimized structures and relative energies of the ComOm (m = 2–4,
ero-point vibration corrected) are given as mx/E for ComOm clusters. The structures

000 K and favorable (�G < 0) at 298 K. Although the calculations
re carried out on neutral clusters, it may be used to predict that the
bservation of Fe4O4

+ and Fe4O5
+ cluster cations under saturated

2 growth conditions depends on the temperature at which the
lusters are formed. It should be pointed out that the detailed mech-
nisms of cluster formation under laser ablation conditions are very
omplex. In addition, there is possibility that the cluster source with
2 in the bath gas may lead to isomeric oxygen complexes as sug-
ested for mono iron, chromium, and rhenium species [56–58] and
hown for VmOn

+ [59,60] and Fe2O2
+[61,62] clusters. Our discussion

hat the iron oxide cluster distribution may be understood based on
he specific energetics of the most stable cluster isomers under dif-
erent temperatures just provides one simple idea for a complex
roblem.

It is not a surprise that different cluster distributions can be
enerated under different conditions. However, it is surprising to
nd that the leading cluster distribution (Fe2kO3kFeO+ for k = 2–14)

s perfect in terms of average oxidation states of iron (Fe3+) and

xygen (O2−) atoms, under saturated O2 growth conditions. This
eans that Fe2kO3kFeO+ (or neutral Fe2kO3k) clusters are with spe-

ial structures and/or energetics. Our DFT calculations [55] have
ndicated that the ground states of Fe2kO3k (k = 3–6) are not with
pecial structures such as the cages of (V2O5)k clusters (without the
nd 12) clusters. The structure isomers (x = a, b, etc.) and relative energies (E in eV,
ith C1 symmetry except 2 (C2v

7B2), 9a (Cs, 25A′′), and 12d (D4h, 37B1g).

terminal V O bonds) [63]. On the contrary, some unexpected struc-
tures are found to be more stable than the cages. Meanwhile, the
DFT calculations predict that the oxidation of Fe4O6 cluster by O2
(Fe4O6 + O2/2 → Fe4O7 and Fe4O6 + O2 → Fe4O8) is thermodynami-
cally not favorable at room temperature or high [55]. This provides
an idea that Fe2kO3kFeO+ is possibly with specific thermodynam-
ics although we cannot exclude the possibility that special kinetics
in the cluster formation processes can determine the final cluster
distribution. An interesting fact may be that the mass spectra in
Fig. 1 are purely dictated by valence electron counting: Fe3+ and O2−.
The bonding properties of Fe2kO3k clusters are different from those
of bulk Fe2O3 [55]. The successful generation of FemOn

+ clusters
with n/m ≈ 3/2 provides a possibility to interpret or predict novel
properties of Fe2O3 nano-particles by using FemOn

+ as models.
The cobalt oxide distribution in Fig. 3 is more or less similar

to what have been reported in literature, where oxygen-near-
equivalent clusters (ComOn

±1, n/m ≈ 1) are generated. [43,64] The
ComOn

+ clusters with n/m ≈ 1 are also generated in this study. The

difference is that the clusters with more oxygen atoms are also
produced. The clusters generated previously can be understood as
ComOm

+ or ComOm+1
− clusters containing zero to one more cobalt

atom, while they are ComOm
+ clusters containing zero to more

Co2O3 moieties in this study.
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.2. Comparison between iron and cobalt species

Under saturated O2 growth conditions, the distribution of cobalt
xide clusters is very different from that of iron oxide clusters
lthough iron (3d64 s2) and cobalt (3d74 s2) are neighbors in peri-
dic table. The difference is however, not a surprise if one considers
he fact that the bulk Fe2O3 is common and stable form of iron
xides while Co2O3 is usually stable as the hydrated compound
65] or as Co3O4 ( CoOCo2O3). The cobalt oxide clusters generated
nder saturated O2 growth conditions are generally with distribu-
ion of (CoO)m(Co2O3)n

+, for which the average oxidation state of
obalt is less than 3. In contrast, average oxidation state of iron in
he clusters [(Fe2O3)n(FeO)0,1O0–3

+] is equal to or higher than 3. This
upports and is supported by the conclusion that iron is significantly
ore reactive than cobalt toward O2 oxidation.

.3. Special distribution of cobalt oxide clusters

In Fig. 5, the Co3O3 ring based tower structures of Co6O6, Co9O9,
nd Co12O12 are more stable than the corresponding compact NaCl-
ike cubic structures. This is interesting considering that the bulk
oO crystal is with the NaCl-like lattice. In Fig. 3, from m = 5, the

eading clusters (i.e., Co5O6
+, Co6O7

+, Co7O8
+, Co8O9

+, Co10O12
+,

o11O12
+, Co13O16

+, etc.) in Com cluster series generally have fewer
obalt atoms than the oxygen atoms. The only two exceptions are
o9O9

+ and Co12O12
+. The experiment thus suggests relatively high

eometry stability (versus composition stability) [66] for Co9O9
+

nd Co12O12
+ clusters, which is probably related with the tower

9a, 12a) or the cage (9b, 12b) structures of Co9O9 and Co12O12. It
s noticeable that the cage structures of Zn9O9 and Zn12O12 similar
s 9b of Co9O9 and 12b of Co12O12 (Fig. 5) has been predicted to be
elatively stable among (ZnO)m=2–18 clusters [67].

It is interesting to explain the result that two cobalt oxide
lusters (Co11O13

+ and Co12O13
+) are missing in Fig. 5. The high

eometry stability of Co12O12
+ cluster mentioned above may well

e used to explain the fact that Co12O13
+ is missing under sat-

rated O2 growth conditions. Considering that the Co10 cluster
eries starts with Co10O12

+, the Co12 series “should” start with
o12O14

+. However, the Co12O12
+ cluster is relatively stable, which

auses an abnormal distribution of the Co12 cluster series (Co12O13
+

s missing). The same logic can be used to explain the miss-
ng of Co11O13

+ cluster, which suggests that the Co11O12
+ cluster

s with relatively high geometry stability. To conclude, there are
trong evidences from the experiments that the Co9O9

+, Co11O12
+,

nd Co12O12
+ clusters are relatively stable. It should be pointed

ut that the high affinity of an O2 ligand to Co11,12O13
+ (to form

o11,12O15
+) may also be a reason that Co11,12O13

+ are missing under
he saturated O2 growth conditions. The results in this study invite
urther experimental works such as reactivity and stability (photo-
issociation, collision induced dissociation) investigations on these
lusters.

. Conclusions

A TOF-MS coupled with a laser ablation cluster source has been
mployed to study the formation and distribution of cationic iron
nd cobalt oxide clusters under saturated O2 growth conditions.
xygen-rich FemOn

+ clusters with n/m ≈ 3/2 for large m can be gen-
rated. Each Fem cluster series consists of 3–4 clusters with fix
umber (m) of iron and different number of oxygen atoms. The
mallest (leading) clusters of Fem series are with stoichiometry of

e2kO3kFeO+ for m = 2k + 1 (k = 2–14) and Fe2kO3k

+ or Fe2kO3k−1
+ for

= 2k (k = 2–15). These leading clusters are perfect (Fe2kO3kFeO+) or
early-perfect (Fe2kO3k

+ and Fe2kO3k−1
+) in terms of average oxida-

ion states of iron (Fe3+) and oxygen (O2−) atoms. DFT calculations
uggest that these leading clusters are with unexpected structures.

[

[
[

[

s Spectrometry 281 (2009) 72–78 77

These leading clusters may serve as good models for predicting or
interpreting novel properties of Fe2O3 nano-materials. The cobalt
is generally less reactive than iron toward O2. The average oxida-
tion states of cobalt in ComOn

+ clusters generated under saturated
O2 growth conditions are between +2 and +3. Strong experimen-
tal evidences suggest that Co9O9

+, Co11O12
+, and Co12O12

+ are with
relatively high stability. The tower or cage structures of Co9O9 and
Co12O12 are more stable than the NaCl-like cubic structure that is
found for bulk CoO. These clusters are possible building blocks for
novel materials.
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