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ConO� (n = 1–3) clusters were investigated with photoelectron spectroscopy and density functional cal-
culations. The vertical detachment energies (VDEs) of ConO� (n = 1–3) were measured to be
1.54 ± 0.04, 1.43 ± 0.08, and 1.42 ± 0.08 eV respectively from their photoelectron spectra. The electron
affinity and term energy of CoO were determined to be 1.54 ± 0.04 eV and 0.31 ± 0.04 eV respectively
based on the vibrationally resolved photoelectron spectrum of CoO� and theoretical calculations. The
structures of ConO� (n = 1–3) were determined by comparison of photoelectron experiments and calcu-
lations. The analysis of molecular orbitals shows that the HOMOs of ConO� (n = 1–3) cluster anions are
mainly localized on the Co atoms.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, there is an increasing interest in cobalt-contain-
ing compounds and materials because of their novel electronic,
magnetic and chemical properties. Cobalt oxides can be used as
the electrode materials [1,2] and have been identified as an active
catalyst for reduction of CO and NOx pollutants in the air [3–8]. A
number of experimental and theoretical works have been per-
formed on cobalt oxide clusters [9–26]. The flow tube experiment
conducted by Kapiloff and Ervin showed that the reactivity of small
Con

� clusters (n = 2–8) with O2 is very high [16]. The reactions of
neutral cobalt oxide clusters ComOn with CO, NO and C2H2 were
investigated by Xie and co-workers [26] and they observed strong
cluster size dependent behavior for all the oxidation reactions. Yin
et al. [27] studied the formation and mass distribution of cationic
cobalt oxide clusters and found that Co11O12

þ and Co12O12
þ clus-

ters have a relatively high stability. The photodissociation mass
spectra of CoxOy

þ by Dibble et al. [28] showed prominent stoichi-
ometries of x = y. The density functional calculations suggested
that CoO4 has a diperoxide Co(O2)2 structure [29] and CoO2 has a
Co-dioxide structure [30]. For cobalt monoxide, there are some dis-
crepancies on the electronic transition energy and the anion elec-
tronic state in the literature. Mid- and Near-IR electronic
absorption spectra [22] suggested that the lowest lying excited
electronic state of CoO located at 0.42 eV above the ground state,
however this value was calculated to be 0.52 eV by Dolg et al.
[31] and 0.36 eV with TD-B3LYP method in the prediction of Dai
et al. [32] Gutsev et al. [19] investigated the electronic state and
geometrical structure of CoO� using DFT method and considered
3P� as the ground state for CoO�, while Uzunova et al. [21] re-
ported 54 to be the ground state. It is known that anion photoelec-
tron spectroscopy is a reasonable approach for probing the
electronic structure of clusters. Pramann et al. studied ConOm

�

(n = 4–20, m = 0–2) using photoelectron spectroscopy [20] and sug-
gested that their spectral features were contributed mainly from
the Co 3d-derived orbitals and the oxygen atoms only had a minor
influence on their electronic structures. So far, there is no photo-
electron spectroscopy study on small ConO� (n = 1–3) clusters. In
this letter, we report the results obtained from the study on ConO�

(n = 1–3) cluster anions by photoelectron spectroscopy and density
functional theory.
2. Experimental and computational methods

2.1. Experimental

The experiments were carried out using a home-built apparatus
consisting of a time-of-flight (TOF) mass spectrometer and a mag-
netic-bottle photoelectron spectrometer, which was described
elsewhere [33]. In brief, the ConO� (n = 1–3) cluster anions were
produced in a laser vaporization source composed of a rotating
and translating cobalt target ablated with the second harmonic
(532 nm) light pulses of a Nd:YAG laser, and helium gas with
4 atm. backing pressure was allowed to expand through a pulsed
valve over the target. The residual oxygen in the carrier gas and
on the target surface are enough for generating ConO� (n = 1–3)
clusters. The cluster anions were mass-analyzed by the TOF mass
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Table 1
Relative energies, VDEs and ADEs of the low energy isomers of ConO� (n = 1–3)
calculated at the BPW91 level of theory as well as the comparison with the
experimental VDEs and ADEs.

Isomer DE
(eV)

ADE
(eV)

VDE
(eV)

Theo. Exp. Theo. Exp.

CoO� 1A (3P�) 0.00 1.35 1.54 ± 0.04 1.36 1.54 ± 0.04
1B (5P) 0.003 1.35 – 1.39 –

Co2O� 2A (6A0) 0.00 1.18 – 2.53 –
2B (6B2) 0.02 1.17 1.31 ± 0.08 1.19 1.43 ± 0.08
2C (4A1) 0.30 0.97 – 1.02 –
2D (2A0) 0.31 1.40 – 1.65 –

Co3O� 3A (9A) 0.00 1.32 1.38 ± 0.08 1.35 1.42 ± 0.08
3B (7A) 0.20 1.13 – 1.76 –
3C (7A) 0.46 1.04 – 1.13 –
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spectrometer. The ConO� (n = 1–3) clusters were each mass-se-
lected and decelerated before being photodetached with the 532
or 266 nm laser beam from a second Nd:YAG laser. The electrons
resulting from photodetachment were energy-analyzed by the
magnetic-bottle photoelectron spectrometer. The photoelectron
spectra were calibrated using the photoelectron spectrum of Cu�

taken at similar conditions. The instrumental resolution was
approximately 40 meV for electrons with 1 eV kinetic energy.

2.2. Computational methods

The theoretical calculations were performed using the BPW91
density-functional [34,35] with the 6-311 + G(d,p) basis set. The
geometric structures of the anionic and the neutral species were
determined by optimizing different initial geometries at several
multiplicities. The optimizations were performed without imposing
symmetry constraints and the calculated energies were corrected
with the zero-point vibrational energies. Harmonic vibrational fre-
quencies were calculated to make sure that the optimized structures
correspond to real local minima. In addition, the term energy 4E
ð~A ~XÞ of the first excited state of CoO neutral was calculated with
TD-DFT [36,37] and SAC-CI [38–40] methods. All the calculations
were conducted with the GAUSSIAN09 program package [41].

3. Results and discussion

The photoelectron spectra of ConO� (n = 1–3) taken with 532
and 266 nm photons are shown in Figure 1. The photoelectron
spectra taken with 532 nm photons show better resolution,
whereas those with 266 nm photons provide the information
Figure 1. Photoelectron spectra of ConO� (n = 1–3) taken w
concerning with the higher excited states of the neutral clusters.
The adiabatic detachment energies (ADEs) and vertical detachment
energies (VDEs) measured from the photoelectron spectra are
listed in Table 1. The measurements of ADEs and VDEs by experi-
mental photoelectron spectra were performed with the following
methods. For VDE, the highest point of the first photoelectron peak
profile was taken, and for ADE the measurement was completed by
adding the value of the instrumental resolution to the onset of the
first photoelectron peak profile. The optimized geometries of the
typical low-lying isomers of ConO� and ConO (n = 1–3) are pre-
sented in Figure 3 with the most stable structures on the left.
The calculated ADEs and VDEs are summarized in Table 1 along
with the experimental VDEs and ADEs.
ith 532 and 266 nm photons. HB stands for hot bands.



Figure 2. (a) Experimental photoelectron spectrum of CoO� taken with 532 nm
photons. (b) Franck–Condon factor simulation at 550 K. (c) Franck–Condon factor
simulation at 0 K.
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3.1. Photoelectron spectra

CoO�: The photoelectron spectrum of CoO� taken with 266 nm
photons has been reported in our previous work [42]. It shows
three major features in the range of 1.4–2.0, 2.1–2.5, and 3.1–
4.0 eV, respectively. In order to see more details of the low electron
binding features, we also measured the spectrum of CoO� with
532 nm photons. In the spectrum at 532 nm, the first major feature
in the range of 1.4–2.0 eV is resolved into five sharp peaks centered
at 1.54, 1.64, 1.74, 1.85, 1.95 eV, and a small shoulder at 1.45 eV.
The small shoulder at 1.45 eV is a hot band, whereas the five sharp
peaks can be tentatively assigned to the vibrational progressions
related to the transitions from the ground state of CoO� to the elec-
tronic ground and excited states of CoO neutral. The first vibra-
tional progression at lower electron binding energy is much
intense, in which the vibrational spacing is about 0.10 eV
(806 cm�1), representing the transitions to the electronic ground
state of CoO neutral. The second vibrational progression located
at higher binding energy is tentatively identified as the transitions
to the first electronic excited state of CoO neutral.

Co2O�: The photoelectron spectrum of Co2O� at 266 nm has two
broad features in the range of 1.40–2.54 and 3.53–4.00 eV. With
532 nm photons, four peaks centered at 1.43, 1.69, 1.80 and
1.92 eV are resolved for the low electron binding energy (EBE) part
of the first broad feature.

Co3O�: The photoelectron spectrum of Co3O� at 266 nm has a
resolved peak centered at 1.42 eV, and two unresolved broad bands
in the range of 2.02–2.53 and 3.40–4.00 eV. In the spectrum taken
with 532 nm photons, the peak at 1.42 eV becomes sharper due to
better resolution at 532 nm.

3.2. Theoretical calculations

CoO� and CoO: For CoO�, we found that the 3P� (1A) and 5P

(1B) states are nearly degenerate, with 5P higher than 3P� by only
0.003 eV in energy. The theoretical VDEs of 3P� (1A) and 5P (1B)
are both in agreement with the experimental measurement. There-
fore, it is suggested that both isomers 1A and 1B contribute to the
experimental photoelectron spectrum. The previous theoretical
calculation conducted by Gutsev et al. [19] suggested 3P� as the
ground state for CoO�, while Uzunova et al. [21] reported 54 to
be the ground state. Our calculations are consistent with the for-
mer. For isomer 1A, the calculated Co–O bond length is 1.62 Å,
and the Wiberg bond order analysis using the NBO 3.1 program
[43] shows that the Co–O bond order is 1.36, indicating that the
Co–O bond is between typical single and double bond. For CoO
neutral, our calculations show that the Co–O bond length of isomer
1A0 (1.64 Å) is increased by 0.02 Å compared with that of the anion.
The calculated vibrational frequency for CoO is about 816 cm�1

after a scale factor of 0.96, [44] consistent with the vibrational
spacing observed in the experimental measurement.

In order to verify the assignment of the vibrational progressions,
Franck–Condon factors simulations were performed to pinpoint the
0 0 band of CoOð~XÞ  CoO�ð~XÞ. The Franck–Condon factor simula-
tions were conducted using the program developed by Liang et al. [45]
In the spectrum simulation, a FWHM of 450 cm�1 was utilized with
GAUSSIAN band envelopes. The simulated spectra of CoO� obtained by
setting the temperature of anion at 550 and 0 K are presented in Fig-
ure 2 along with the experimental photoelectron spectrum. We can
see that the simulated spectrum at 550 K (Figure 2b) is in excellent
agreement with the experimental spectrum (Figure 2a), whereas, in
the simulated spectrum at 0 K (Figure 2c), the ‘hot band’ at 1.45 eV
is absent. Therefore, the simulation reveals that the temperature of
CoO� generated in our laser ablation source is about 550 K. The peak
at 1.54 eV corresponding to CoOð~X; v 00 ¼ 0Þ  CoO�ð~X;v 0 ¼ 0Þ tran-
sition and the electron affinity of CoO is determined to be
1.54 ± 0.04 eV.The peak at 1.85 eV is assigned as 0 0 band of
CoOð~AÞ  CoO�ð~XÞ transition and the term energy is evaluated to
be 0.31 eV. The calculations of the term energy 4E
(CoOð~AÞ  CoOð~XÞ) were conducted with TD-BPW91 and SAC-CI
methods. The results are summarized in Table 2. At SAC-CI level, the
calculated term energy is �0.32 eV, in excellent agreement with the
experimental value of 0.31 eV. The calculated value is�0.25 eV with
TD-BPW91 method, closing to the experimental value. Dai et al. [32]
calculated the excited states of CoO using TD-B3LYP method, and they
concluded that the first excited state of CoO was 0.36 eV higher than
the ground state. Their value shows a good estimate compared with
our experimental data. Danset et al. reported the lowest lying excited
state is 0.42 eV above the ground state using Mid- and Near-IR elec-
tronic absorption spectrum, but this value was reduced to be
0.35 eV after two corrections [22]. Our result is close to the corrected
value. It is worth mentioning that the electronic structures of CoO�

and CoO have been studied in detail by Sakellaris et al. employing var-
iational multireference configuration interaction (MRCI) and single-
reference coupled-cluster methods [46].

Co2O� and Co2O: Four low-lying isomers for Co2O� are given in
Figure 3a. Isomer 2A has Cs symmetry and is a quasi-linear struc-
ture in 6A0 electronic state. Isomer 2B is a C2v symmetry triangular
structure in 6B2 state, and the bond length of Co–O is 1.79 Å and
that of Co–Co is 2.22 Å. Isomers 2A and 2B are nearly degenerate
in energy with isomer 2B higher than isomer 2A by only 0.02 eV.
The calculated VDE (1.19 eV) of the isomer 2B is close to the exper-
imental VDE of 1.43 eV, and the theoretical ADE (1.17 eV) of 2B is
also close to the experimental value of 1.31 eV. So we suggest that
isomer 2B may exist in our experiment. The calculated VDE of iso-
mer 2A is �2.53 eV, much higher than the low EBE peaks in the
experimental spectrum of Co2O�. It is possible that isomer 2A con-
tributes to the high EBE features observed in the spectrum of Co2-



Figure 3. Optimized geometries of the low-lying isomers of (a) ConO� (n = 1–3) and (b) ConO (n = 1–3) clusters. The bond lengths are in angstroms.

Table 2
Calculated term energy of CoO as well as the comparison with the experimental value.

Cluster Term energy
(eV)

TD-DFT SAC-CI Experiment

CoO ð~A ~XÞ 0.25 0.32 0.31 ± 0.04
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O�. That can explain why the spectral features of the 266 nm spec-
trum of Co2O� are so broad. For the other isomers, 2C and 2D are
higher than isomer 2A by 0.30 and 0.31 eV respectively, thus, we
consider that isomers 2C and 2D cannot make contribution to the
experimental photoelectron spectrum of Co2O�. For the neutral
Co2O, the most stable isomer 2A0 is a triangular structure with
C2v symmetry in 5B2 state. Its Co–O bond length is 1.75 Å and
Co–Co bond length is 2.20 Å. The isomers 2B0 in 3B2 state and 2C0

in 7A0 state are 0.53 and 0.63 eV higher than isomer 2A0 in energy,
respectively.

Co3O� and Co3O: The most stable structure of Co3O�, isomer 3A,
is found to be a four-membered-ring with Cs symmetry and in 9A0

electronic state, in which the oxygen is twofold coordinated. The
bond lengths of Co–O and Co–Co are 1.81 and 2.18 Å, respectively.
The calculated VDE (1.35 eV) and ADE (1.32 eV) of isomer 3A agree
well with the experimental values. We suggest isomer 3A to be the
one contributing to the experimental photoelectron spectrum of
Co3O�. The EA of Co3O calculated by Liu et al. is about 1.42 eV
[25], and our result is consistent with their value. Isomer 3B has
a planar structure with the O atom attached to one of the Co atoms
in Co3 triangle. Its energy is higher than that of isomer 3A by
0.20 eV. The theoretical VDE of isomer 3B is calculated to be
1.76 eV, much higher than the experimental VDE 1.42 eV. So it
could be excluded in our experiments. Isomers 3C and 3D are much
higher than isomer 3A in energy. We therefore suggest that iso-
mers 3C and 3D could not exist in our experiments. For the neutral
Co3O, isomer 3A0 (Figure 3b) has Cs symmetry in 8A state. Isomer
3B0 (8A) is higher than 3A0 by 0.19 eV in energy.

3.3. Mulliken charges and magnetic properties

We carried out Mulliken population analysis to investigate the
charges and magnetic moments on the Co and O atoms. The



Table 3
Mulliken charges, atomic magnetic moments (lA), and total magnetic moments (lT)
of the most stable structures of ConO� (n = 1–3).

Cluster Atom Mulliken charges
(e)

lA

(lB)
lT

(lB)

CoO� Co1 �0.33 1.49 2
O2 �0.67 0.51

Co2O� Co1 �0.25 2.29 5
O2 �0.49 0.41
Co3 �0.25 2.29

Co3O� Co1 �0.16 2.59 8
O2 �0.49 0.50
Co3 �0.16 2.59
Co �0.19 2.32
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Table 4
Mulliken charges, atomic magnetic moments (lA), and total magnetic moments (lT)
of the most stable structures of ConO (n = 1–3).

Cluster Atom Mulliken charges
(e)

lA

(lB)
lT

(lB)

CoO Co1 0.33 2.15 3
O2 �0.33 0.85

Co2O Co1 0.175 1.85 4
O2 �0.35 0.30
Co3 0.175 1.85

Co3O Co1 0.16 2.59 7
O2 �0.37 0.50
Co3 0.16 2.59
Co4 0.05 2.32

Figure 4. Diagrams of the molecule orbitals of ConO� (n = 1–3).
charges and magnetic moments (spin densities) of ConO� (n = 1–3)
and their corresponding neutrals are presented in Tables 3 and 4,
respectively. As can be seen, the negative charges on the cobalt
atoms of ConO� (n = 1–3) are 0.66e–0.88e higher than those of neu-
tral ConO (n = 1–3). Thus, we can see that the excess electrons are
mainly localized at Con sites. As for the magnetic moments, the cal-
culated values for ConO (n = 1–3) are 3, 4, 7 and for ConO� (n = 1–3)
are 2, 5, 8 respectively. With the exception of CoO�, the magnetic
moments of the ConO� are higher than those of the corresponding
neutrals by one. Additionally, in order to further understand the
bonding models in these clusters, the electron densities of the
molecular orbitals in ConO� (n = 1–3) are examined. The valence
molecular orbitals of the lowest-energy configurations of
ConO� (n = 1–3) are presented in Figure 4. We find that the highest
occupied molecular orbitals (HOMOs) of these clusters are mainly
localized over Con, which is consistent with their spin density dis-
tributions. The results imply that spectral features of ConO� (n = 1–
3) were mainly contributed by Co 3d orbitals and the oxygen atoms
had only minor influence on their electronic structures, which is
consistent with the photoelectron spectroscopy study of the larger
ConOm

� (n = 4–20, m = 0–2) clusters by Pramann et al. [20].

4. Conclusions

ConO� (n = 1–3) cluster anions were studied by a combined
photoelectron experiment and density functional theory. The VDEs
of ConO� (n = 1–3) were determined to be 1.54 ± 0.04, 1.43 ± 0.08,
and 1.42 ± 0.08 eV respectively based on their photoelectron spec-
tra. From vibrationally resolved photoelectron spectrum of CoO�,
we estimated that the electron affinity energy of CoO is
1.54 ± 0.04 eV, and the term energy of the first excited state of
CoO is 0.31 ± 0.04 eV. The structures of these clusters and their cor-
responding neutrals were tentatively determined by comparing
the calculated VDEs and ADEs with experimental values. The struc-
ture of Co2O� is proposed to be triangular. Co3O� is a quadrangle
structure, and has a twofold coordinated oxygen atom. The
analysis of valence molecular orbitals shows that the distribution
of electron densities of the HOMOs of the most stable isomers of
ConO� (n = 1–3) mainly localizes over Co atoms.
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