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Abstract. Ion mobility mass spectrometry has been applied to unveil stable compositions and geometrical structures of
oxide cluster ions of first-row late transition metals such as Fe, Co, Ni, Cu, and Zn. Geometrical structures were assigned
by comparison of collision cross sections obtained by this experiment with those calculated for the structures predicted
by quantum chemical calculations. Mass spectra of stable compositions of the metal oxide cluster ions resulting from
collision-induced-dissociation in the ion drift cell have also been obtained. Oxides of the late transition metals except for
Cu were found to have common stable compositions with the same numbers of metal and oxygen atoms, (FeO),",
(Co0),*, (Ni0O),*, and (ZnO),", in addition to oxygen-rich Fe,On+1" ions or oxygen-deficient C0,0n-1%, Ni,Op-1*, and
Zn,On-1" ions for n up to =10. As for the copper oxide clusters, Cu,On" ions with n:m ~ 2:1 were predominant in the
mass spectrum. For the stable ions, structural transitions were commonly observed from two-dimensional (2D) cyclic or
sheet structures to three-dimensional (3D) compact structures at around the size n smaller than 8. Both types of isomers
coexist at n = 6-8 for (FeO)," and (ZnO),", and at n = 5 for (NiO),", whereas 3D structures were clearly observed from n
= 6 for (CoO),". These structural transitions were characteristic for the oxide cluster ions of the late transition metals, in
marked contrast to those of early transition metals.

INTRODUCTION

Metal oxide nanoparticles are regarded not only as local structure models of solids or surfaces but also as
candidates of novel functional materials. In particular, nanoparticles of transition metal oxides are now widely
utilized as catalysts, materials of electronic devices, magnetic storage media, and so on. The possibility of
application of smaller sized particles, that is, nanoclusters or clusters, is also pursued extensively in the past few
decades. It is important to investigate the size-dependent change of properties of the clusters, since most of the
properties have strong size dependence. In addition, there are some structural isomers even if the cluster size was
selected. Therefore, it is necessary to investigate the size- and isomer-selected clusters to unveil the pure properties
of the clusters.

Spectroscopic techniques such as infrared spectroscopy and photoelectron spectroscopy have been applied for
the determination of cluster structures. However, it is a long way to obtain the spectra of wide range of size-selected
clusters. On the other hand, ion mobility spectrometry, which is an analytical and separation method using
interaction of the target ions with buffer gas, is also a powerful method to assign geometrical structures of cluster
ions in the wide size range from the determination of collision cross sections (CCSs). For the purpose of identifying
cluster ion structures, ion mobility mass spectrometry (IM-MS), which is a combination of ion mobility
spectrometry and mass spectrometry, was applied to various cluster ions such as metal clusters [1], group 14 clusters
[2], ionic nanocrystals [3], molecular clusters [4], and also metal oxide clusters [5].

We have applied IM-MS to investigate stable compositions and geometrical structures of oxide cluster ions of
first-row late transition metals, Fe [6], Co [7], Ni [8], Cu [9] and Zn [10]. In the present paper, we showed the results
of the structure assignments for oxygen-equivalent cluster ions, (FeO),", (Co0),", (NiO),*, and (ZnO),". This is the
first comparative study of the structures of these metal oxide cluster ions, whereas such comparison was reported
theoretically for neutral clusters [11].
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EXPERIMENTAL AND THEORETICAL METHODS

Experiment was performed in a vacuum apparatus containing a cluster ion source, an ion-drift cell for ion
mobility spectrometry, and a reflectron-type time-of-flight mass spectrometer (TOF-MS). The setup was already
reported in detail elsewhere [5-10]. Metal oxide cluster cations were produced by laser vaporization of a metal rod
and subsequent reaction with O, gas seeded in He which was expanded from a pulsed valve. The generated cluster
ions were injected into the ion-drift cell with a given kinetic energy Ei,j between 50-250 eV by a pulsed electric
field. The ion-drift cell was filled with He buffer gas at 0.80 or 0.90 Torr and was cooled to 190 K. The ions were
accelerated by the electrostatic field (£ = 10 V/cm) in the drift cell. As a result of the balance between the collisions
and electrostatic acceleration, the ions reached a constant drift velocity vq which is proportional to E, that is, vq =
KE. Here the coefficient K is called ion mobility. After exiting the cell, the ions were re-accelerated in an
acceleration region of the reflectron TOF-MS at a given time Af later from the ion-injection pulse. This delay time,
At, was hereafter denoted as “arrival time”. Finally, the ions were mass-analyzed by the TOF-MS. In the IM-MS
measurement, we obtained a series of TOF mass spectra sequentially by scanning Az. As a result, cluster ions with
different cross sections were separately detected at different arrival times in a two-dimensional (2D) plot of TOF vs.
arrival time.

The collision cross section Q between the ion and a He atom was determined from the measurement of the ion
mobility K using the following Eq. (1) based on the theory of ion transport [12].

3 2 vz 1
16N kB/UTeff Q

where e is the elementary charge, N is the number density of the buffer gas, kg is the Boltzmann constant, x is the
reduced mass of the ion and the buffer gas atom. The term Te, the effective temperature of the ions, is given by Tsg
+ mpVve*/3ks, where Ty is the buffer gas temperature and mp is the mass of buffer gas. The ion flight time in the drift
cell 74 was first determined by subtracting the time flying the outside regions of the cell, which was calculated with
solving the equations of motion of the ions, from the peak of the arrival time distribution of the ion. Then the drift
velocity vq and thus the ion mobility K were determined from #4. Finally, Q was determined from the Eq. (1). A TOF
mass spectrum was also obtained from the 2D plot of TOF vs. arrival time noted above. In the present apparatus,
after injection into the cell by a pulsed electric field, cluster ions diffuse spatially in their running direction
depending on their cross sections before reaching the acceleration region of the TOF mass spectrometer. Therefore,
the TOF mass spectrum was obtained by summing up all the TOF spectra measured at every arrival time because of
the spread of arrival time distribution of the cluster ions.

Quantum chemical calculations for the geometry optimizations of metal oxide cluster ions were performed prior
to calculations of collision integrals which can be compared with the CCSs of the ions. The geometry optimizations
were carried out with 6-311+G(d) (Zn oxides) or 6-31+G(d) (Fe, Co, and Ni oxides) basis sets and B3LYP
functional in Gaussian 09. Several spin states were examined in these calculations. The CCS of the ion with a He
atom was calculated by the projection approximation method which is included in the MOBCAL program [13].

RESULTS AND DISCUSSION

Stable Compositions of Metal Oxide Cluster Ions

The observed cluster-ion compositions were strongly dependent on the ion injection energy Ei,j to the ion-drift
cell. In general, a few series of cluster ions were observed in the TOF mass spectra at high ion injection energy (Eiy
=250 eV) as shown in FIGURE 1. This is a result of collision induced dissociation just after injection into the ion-
drift cell as discussed in previous papers [14], and therefore, the ions survived at high injection energies are stable
compositions with respect to dissociation.

As a result, oxygen-equivalent cluster ions such as (FeQO),", (Co0),*, and (NiO)," were observed in these mass
spectra. This result reflects that the late transition metals in general have an oxidation number of +2, although one
electron is lacking in these singly charged cluster ions. In addition, one oxygen-rich series, Fe,O,:i", was also

030017-2



observed for iron oxide cluster ions, due to the contribution of iron oxidation number of +3. By contrast, one
oxygen-poor series, C0,0,-1" and Ni,O,-*, were also predominantly observed for Co and Ni oxide cluster ions,
probably because of the total positive charge of the ions. As for the anions of these metal oxide clusters, more
oxygen-rich clusters were observed as stable compositions. Also for the zinc oxide cluster ions, the (ZnO)," ions
were exclusively observed in the mass spectrum under the similar conditions of FIGURE 1 [10], which reflects the
fact that the zinc has only an oxidation number of +2 in bulk compounds. Copper oxide cluster ions have, on the
other hand, main compositions of Cu,O,»" and neighboring series, which are probably due to the oxidation number
of +1 of the copper atom [9].

2 3 | v -
(@) v Fe,Of 3 (b) 1 (coo); T o1 (©) » nioy,
2 ¥ CouOnd v 7 T NiuOut
E 9104912
£
c
o
Inadsd
1 1 1 1 1 | 1 1 1 | | 1 1 | |
40 60 80 100 120 40 60 80 100 120 40 60 80 100 120 140

TOF / us TOF / us TOF / us

FIGURE 1. TOF mass spectra of cluster ions of (a) iron oxide, (b) cobalt oxide, and (c) nickel oxide with an ion-injection energy
0of 250 eV to the ion-drift cell. The pressures of the drift cell were 0.80 Torr for (a) and (b), and 0.90 Torr for (c¢). The cell
temperature was kept at 190 K.

Collision Cross Sections (CCSs) and Structures of Metal Oxide Cluster Ions
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FIGURE 2. Typical structures of (FeO),*, (CoO),", and (NiO),"cluster ions for n = 3-7. These structures were assigned from the
comparison between the CCSs determined by IM-MS measurements and those of the optimized structures by DFT calculations.
2D to 3D structural change was commonly found at n = 5 or 6 with increasing cluster size.

Here we summarized qualitatively the changes of the assigned structures of oxygen-equivalent metal oxide
cluster ions, (FeO),", (Co0),", (NiO),", and (ZnO),", which are the stable compositions as noted above, with
increasing cluster size up to n = 8. Typical structures for the former three cluster ions for n = 3-7 are shown in
FIGURE 2, which were assigned from the comparison between the CCSs determined by IM-MS measurements and
those of the optimized structures by DFT calculations. These structures were obtained for the cluster ions with
different spin states, although the relative energy was dependent on the spin states. As for (FeO),", the ions were
assigned to have 2D ring structures for n = 3-5, whereas three-dimensional (3D) tower structures exist in addition to
2D sheet isomers for n = 6 and 7. Similar isomer coexistence was also found for (FeO)s". On the other hand, 2D to
3D structure change was clearly observed between n = 5 and 6 for (CoO),". Similar structural change was also
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observed for (NiO),", excepting the 2D and 3D isomer coexistence at n = 5. Also for (ZnO),", similar change was
discerned, and both 2D and 3D structures were found at n = 6-8. Therefore, structure transitions from 2D to 3D were
commonly found at n = 5 or 6 with increasing cluster size for these oxygen-equivalent cluster ions of the late
transition metal oxides. Another common feature in the structures of these metal oxide cluster ions is that the oxygen
atoms are bridged between two metal atoms. This feature is a result of ionic bond nature between doubly charged
metal atomic ions and O%. In fact, these structural features showed marked contrast with the oxide cluster ions of
early transition metals, such as (TiO2)," [5], (V20s5).2" [15], and (CrO,)," [16], and also with Cu,O,2" ions [9]. The
latter ions have more oxygen atoms than the metal atoms, and the oxygen atoms in most of the cluster ions are again
bridged between metal atoms. Therefore, 3D complicated structures were already formed even at the smallest cluster
size in the ions of these early transition metal oxides.
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