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Abstract

We report a comprehensive theoretical study of the structural and electronic properties of neutral
and charged nickel oxide clusters, NinO% + (n =3-8 and m =1-10), in the context of recent exper-
iments of Photodissociation and Ion Mobility Mass Spectrometry. By means of density functional
theoretic calculations in the generalized gradient approximation for exchange and correlation, we
determined the putative ground states as well as the low-energy structural- and spin- isomers which
were then used to explore the favourable fragmentation channels of the nickel oxide cationic clusters,
and the resulting most abundant products, in good qualitative agreement with Photodissociation
measurements. Apart from stoichiometries different from those of nickel oxide macroscopic coun-
terparts, we found a tendency to form compact Ni subclusters, with reentrance of low-coordinated
structures close to the equiatomic Ni-O concentration, taking the form of alternating Ni-O rings
in the smaller sizes, in good qualitative agreement with Ion Mobility Mass Spectrometry measure-
ments. This structural pattern is manifested in a drop of the total spin magnetic moment close to
the equiatomic concentration due to the formation of antiparallel magnetic couplings. Although
antiparallel couplings are found in a more or less extent in most clusters, specially in the oxigen rich
phase, we identified certain clusters of special interest in the context of magnetic grains because of
their large total magnetic moment and abundance. This fact demonstrates that the unavoidable
oxidation in environmental conditions does not necessarily quench the magnetic moment, but can

even enhace it in some cases by promoting parallel magnetic couplings.

PACS numbers: 75.75+a; 36.40Cg; 75.30.Pd; 75.50.-y
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I. INTRODUCTION

With the continuous trend of designing nanostructures to achieve unprecedent goals be-
yond the capabilities of macroscopic devices, transition-metal (TM) oxide nanoparticles
(NPs) are becoming a desired target in many areas like nanomagnetism, nanocatalysis and
nanomedicine. TM oxide NPs exhibit a variety of relevant properties in those contexts,
depending on the TM component and stoichiometry. Besides, there is an increasing interest
in replacing hazardous, costly or scarce materials (commonly classified as critical), and TM
oxide NPs are good candidates also in this context. To give just a few concrete examples, Ti
oxide NPs are among the most abundant with a global production of about 3000 tons per

34 and more

year2. They are commonly used in food products and against microorganisms
particularly as growth inhibitors of oral bacteria®. NPs of magnetite (Fe3O4) are widely
used as a contrast agents in clinical magnetic resonance imaging, due to their magnetic

6. Co oxide NPs are useful in

properties, low toxicity and known pathways of metabolism
storage media and biomedical sensing” ?. Ni oxide NPs have been used in chemical sensors,
and more particularly to construct a carbon composite electrode for the determination of
paracetamol and some neurotransmitters'?. In fact, Ni oxide compounds are widely used in
anodes in electrochemical cells!!, in chemical sensors'? and in catalysts of reactions such as
CO oxidation'®'* or water splitting!®!6. Therefore, the potential of Ni oxide NPs in those
contexts must by enormous.

Although the Ni oxide macroscopic compounds are well known and, for instance, the
atomic structure and stable stoichiometries are well characterized, detailed information
about fundamental properties of Ni oxide NPs is still scarce. The geometrical structure
is, probably, the most elusive fundamental property of free-standing NPs, due to the fact
that well stabilised and accurate spectroscopic or crystallographic techniques (see for ex-
ample Mordy and coworkers!'?), used to characterize extended systems, are not useful for
non-supported NPs like clusters produced by laser vaporization of metal rods in a pulsed
nozzle cluster source. Besides, in the cluster regime, the structural and electronic proper-
ties are often unique for a specific cluster size. The stoichiometry of the most abundant
(with highest relative stability) individuals for a given size of the NP may not correspond
to the natural stoichiometries of one of the macroscopic counterparts'®. Another funda-

mental property is the electronic structure, which is directly connected to the geometrical



structure of the NP, as the electron density is slave of the ionic potential. The geometri-
cal and electronic structures of the NP determine the magnetic properties and reactivity,
which are the key ingredients for designing efficient NPs for the applications described in
the first paragraph. Photodissociation experiments of mass-selected clusters, combined with
density functional theory (DFT) calculations allow to investigate their growth and stability
patterns, as well as to characterize their putative ground state from both the structural and
electronic points of view. Another experimental technique that can be used, when combined
with DFT calculations, for the determination of the putative cluster structure, is the Ion
Mobility Mass Spectrometry (IMMS).

The favorable stoichiometries of Ni, O cationic clusters produced by laser vaporiza-
tion of metal rods in a pulsed nozzle source have been recently determined by means
of time-of-flight mass spectrometry. It was obtained from these mass spectra that the
prominent stoichiometry of Ni, O} is m = n — 1 in competition with n = m. The clus-
ter cations were mass selected and photodissociated by multiple photons of 355
nm (3.49 eV). The resulting Ni,,O; fragments reveal a loss of Oy and a preference of
metal-rich fragments with stoichiometries of Ni,O,_;, being the Ni,O™" fragment produced
from many parent ions. The structures of Ni,O;" cationic clusters of certain stoichiome-
tries have been also investigated by IMMS very recently!® (they also study CO-adsorption
reactivities). They have complemented the experiments with calculations within the DFT
as implemented in Gaussian code. For Ni, O, and Ni,O,_; they propose an assignment of
the involved geometries, which are those for which their calculated collision cross section
fitted the experimental measurement. However, in many cases those proposed geometries
are highly excited states, with energy differences of about 1eV or more with respect to their
putative ground state. It is hardly probable that those metastable states are accessible
at the experimental conditions, so that the authors themselves indicate the need of more
accurate calculations.

The aim of the present work is to characterize the fundamental properties of small Ni oxide
clusters, in both the neutral and charged states, by means of systematic DFT calculations
in the generalized gradient approximation (GGA) for exchange and correlation, and an
exhaustive comparison with the photodissociation measurements of Dibble at al.'®. We
calculate the putative ground states and the more favorable fragmentation channels. We

calculate the spin-polarized electronic structure in order to analyze the magnetic properties



as a function of relative oxygen concentration and charge states. We explore the isomeric
map, from both the structural and spin configurations, in order to find metastable Ni oxide
NPs that could be also of interest, as well as to compare with the isomeric map obtained by
Ohshimo et al.'? for the cationic clusters using a different DFT approach. Thus, the results
of the present work complement the two previous experimental investigations with the final
goal of giving a step forward in the knowledge of the fundamental properties of small Ni
oxide clusters.

The paper is organized as follows. In Sec. II, we describe the theoretical and compu-
tational approaches. The results are discussed in different subsections of section III: in
subsection IIT A are discussed the ionic structures and energetics; in subsection IIIB the
favorable fragmentation channels are studied by comparing the minimum energy needed for
the separation of different fragments; in subsection I1I C are studied the magnetic properties.

The conclusions are summarized in section IV at the end.

II. THEORETICAL APPROACH AND COMPUTATIONAL DETAILS

We performed fully self-consistent DFT calculations using the SIESTA code?®, which
solves the spin-polarized Kohn-Sham equations within the pseudopotential approach. For
the exchange and correlation potential we used the Perdew-Burke-Ernzerhof form of the gen-
eralized gradient approximation (GGA).?! We employed norm-conserving scalar relativistic
pseudopotentials?? in their fully nonlocal form?®, generated from the atomic valence con-
figuration 3d®4s® for Ni (with core radii 2.00, 2.32 and 2.44 a.u. for s, p and d orbitals
respectively), and 2s?2p* for O (with core radii 1.14 a.u. for s, p and d orbitals) Non-linear
partial core corrections?*, which are known to be important for transition metal pseudopo-
tential, are included for Ni at the core radius 0.7 A.

Valence states were described using double-( basis sets for O and Co, with maximum
cutoff radii radius 4.931 A (2p) and 7.998 A (3d, 4s), respectively. A 4p polarization orbital
was also considered for Ni, with cutoff radius 7.998 A.

The energy cutoff used to define the real-space grid for numerical calculations involving
the electron density was 250 Ry. The Fermi distribution function that enters in the calcula-
tion of the density matrix was smoothed with an electronic temperature of 15meV. We used

an energy criterium of 10~ eV for converging the electronic part.



In the calculations, the individual clusters were placed in a cubic supercell of 20 x 20 x
20 A3, a size large enough to neglect the interaction between the cluster and its replicas
in neighboring cells. It was considered only the I" point (K = 0) when integrating over the
Brillouin zone, as usual for finite systems.

The equilibrium geometries resulted from an unconstrained conjugate-gradient struc-
tural relaxation using the DF'T forces. Initial geometries were built by considering different
arrangements of the Ni and O atoms without privileging those formed from given Ni sub-
clusters. Thus, an exhaustive sampling of possible geometries was tested, including those
in which the possibly strong Ni-O bonding prevents the nucleation of compact Ni subclus-
ters. Structures were relaxed without any symmetry constraint until interatomic forces were
smaller than 0.003eV/A. In all cases, different spin isomers were checked in order to en-
sure the correct ground state. For that search of spin isomers, the criterium for maximum
interatomic forces was further reduced to 0.001eV/A.

For selected clusters, we performed a benchmark against results obtained using the VASP

2526 with the same PBE functional. VASP employs a plane-waves basis set instead of

code
numerical pseudoatomic orbitals, and the core interactions are treated be means of the
projector-augmented wave (PAW) approach instead of pseudopotentials. In all cases the

agreement with our SIESTA setup was fine.

ITII. RESULTS AND DISCUSSION
A. Geometrical configurations and electronic properties

We describe here the geometrical properties of the investigated NinO%jE (n =3-8 and
m =1-10) clusters. Before going into the structural details for each n series, we summarize
those trends and growth patterns that are common to all or most of them. We focus on
the cationic clusters, since it is the charge state of the clusters present in the experimental
analysis. In Figs. 1 to 6 are depicted the putative ground state and first two low-energy
isomers of the cationic clusters. The ground state of their neutral and anionic counterparts,
when not the same, corresponds to one of the two lowest-energy isomers, and it can be
identified in Tables I-XII of the appendix, where inter-atomic distances, binding energies

and total spin-magnetic moment are also reported.



In the initial stages of oxidation, for all n, a compact Ni,, subcluster is formed, on which
oxygen atoms start to bond preferentially in three-fold hollow sites, and then in bridge
sites. This Ni,, motif is robust until m =~ n and, up to this point, the growth pattern
proceeds simply by capping Ni,, with O avoiding direct O-O bonding (oxygen atoms tend
to distribute uniformly on the cluster). When m = n, a structural change takes place. The
structure opens and the cluster adopts a low-coordinated arrangement, with a weakening of
the Ni-Ni bonding manifested in an increase of Ni-Ni inter-atomic distance and a lowering
of the Ni-O one, as seen in the Figure 7. The Ni-Ni coordination also reduces in general
at this transition (Fig. 8). This is particularly notorious for clusters with n < 6, for
which two-dimensional ring-like structures are formed at the stoichiometric or equiatomic
oxidation rate (m = n). Those ring-like structures have, in general, a high relative stability
in agreement with experiments, as well as exceptional magnetic properties (to be discussed
in section IIIC). For n > 6, this opening of the geometrical structure as m approaches n
is less dramatic (planar ring-like structures are not formed) though it is still recognizable
(see 6.5-1, 7.5-1, 8.8-1). After this reentrance of low-coordinated arrangements at m =~ n,
the structure becomes again relatively compact at higher oxidation rates. This is again
reflected in the average inter-atomic distances (Fig. 7) and coordination (Fig. 8). However,
at higher oxidation rates, the structures become more complex. Although in most cases,
similar Ni,, motifs as those formed for low oxidation rates can be still identified, other motifs
based on the stable ring structures of smaller stoichiometric clusters can be also identified
in some cases. The distribution of the Ni-O inter-atomic distances becomes narrow as
the cluster size increases, regardless the charge state. As we will see, the reentrance of
low coordinated structures close to the stoichiometric oxidation rate also correlates with
the magnetic properties. Besides, the maximal value of the Ni-Ni inter-atomic distance
corresponds with a minimal value in the magnetic moment, the only exception is observed
for NigyO4. The geometries of the neutral and anionic Ni oxide clusters are, in most cases,
similar to those of their cationic counterparts; when different, a more open structure is
formed as a general rule. The favorable site for O (hollow or bridge) changes, in some cases,
with the charge state. Those cases can be identified in Fig. 8 through different Ni-O average
inter-atomic distances reflecting a rearrangement of one or more oxygen atoms depending
on the charge state. Note that this may happen even if the Ni subcluster is preserved.

Changes in the Ni subcluster upon an electron deficit or excess are manifested in different



Ni-Ni average interatomic distances and can be easily identified also in Fig. 8. Details of the
corresponding ground states are collected in the tables of the SI. Exceptions to the above
rules are only NigO and NigOs, with different Ni subcluster in different charge states but
with the same average Ni-Ni and Ni-O distance.

The binding energy per atom of neutral and charged clusters, as well as the second total
energy difference is plotted, as a function of the oxygen content m, in Figure 9. These
magnitudes are defined as follows:

EP(n,m) =[n x E(Ni)+m x E(O) — E(n,m)°]/(n+ m)

EF(n,m) = [E(Ni)* + (n — 1) x E(Ni) + m x E(O) — E(n,m)*]/(n +m)
and

Ag(n,m) = E(n,m — D)%% + E(n,m + 1)%* — 2 x E(n,m)"*

0/% are the total energy of the NinO%jE clusters. For a given n, the values

where E(n,m)
As(n,m) as a function of m will show a prominent positive peak at those m values whose
corresponding (n, m) clusters are more stable than their (n,m —1) and (n, m+ 1) neighbors
against the addition or substraction of one oxygen atom.

It is worth noticing that, in general, the picks in the second energy difference correspond
to clusters that are formed by a fundamental building block made of two Ni and one oxygen
atoms in an isosceles triangular arrangement, being the Ni-Ni the largest distance in the
block. The fundamental block formed by NiyO is also present in larger unities with high
stability, like the rhombus Ni;Oy and the NizOj ring, that can be clearly identified in the
putative ground states (n.m — I) as illustrated in the Figures 1-6. Some deviations in this
trend are observed in the anionic clusters particularly for Nis and Nig.

In the remaining of this section we describe the structural details for each n series. As

we will see, the highest relative stability deduced from Ay (n, m) corresponds indeed to two-

dimensional ring structures, or to structures in which rings of lower size clusters can be

identified.

1. [NigOpJt, m = 1-6

Most clusters in this series have a triangular core of nickel atoms, not only the putative
ground states but also the lowest isomers, an exception being the linear 3.3-II. In poor

oxygen clusters (m < 2), O atoms bind on hollow sites, while bridge positions are more
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FIG. 1: (Color online) Putative ground state and first two low-energy isomers of [NizO,,]" with
m = 1-6. The notation is 3.m-Label, with Label in roman letters in decreasing order of stability

for each (3, m).

favourable in rich oxygen clusters (m > 3). Certain isomers have quite singular structural
properties, only present in this series; these are: 3.1-III, with the oxygen atom bonded on
top position; 3.3-111, the only geometry with O atoms bonded in all kind of sites (hollow,
bridge and top positions); 3.4-1, with a molecular oxygen bonded on bridge; 3.4-I11, with two
oxygen atoms molecularly bonded on top; 3.5-11 and 3.6-11, with three atoms on top; and

3.6-1, with three oxygen atoms molecularly bonded to the nickel subcluster. The cluster 3.3-1



has a planar ring-like structure, it has the largest binding energy per atom and the highest
relative stability, manifested in the peak in the second energy difference, independently of
the charge state, being the most stable one for this series. Furthermorere, the average Ni-O
inter-atomic distance (regardless of the charge state) has a minimal value. As we will see
later, this is consistent with its abundance, as experimentally observed. This ring structure
can be also identified in 3.4-I and 3.5-1, where it is capped by one and two additional oxygen

atoms, respectively.

2. [NigOpJ", m = 1-7

Most clusters have a tetrahedral Nig core. The exception is 4.4.1 with a planar ring-like
structure (again for all charge states). This cluster has the largest binding energy per atom
for the neutral and anionic states, while for the cationic one it has the same energy per
atom as 4.5.1. On the other hand, the average Ni-O inter atomic distance for this cluster
has a minimal value, while the Ni-Ni one has a maximum value only for the cationic cluster.
Due to its relevance in the context of the experiments, we devote part of section III.C to a
detailed discussion of the magnetic properties of Ni4OZ/ *. Planar structures are also found
in certain low-energy isomers like 4.1-I11 and 4.2-III, both having the oxygen atoms bonded
in bridge sites. 4.3-11I is a Ni3O3 ring capped with a nickel atom; 4.5-1, 4.5-11, 4.6-II and

4.6-I1T can be also described as oxigen-capped ring-like structures.

3. [NisOpJt, m = 1-8

Clusters with low oxygen content have an hexahedron-like core of nickel atoms. The clus-
ter 5.4-1 is a pyramid-like one, formed by two NizOj3 rings sharing atoms. It has the largest
relative stability, as reflected in the second energy difference (Fig. 9). Thus, the structure
starts to open at this oxygen content and, with one just more O atom, 5.5-1 already has a
planar ring arrangement. This is the biggest planar Ni oxide cluster among all investigated
ones. Unlike in the previous series, no peak appears in the second energy difference for this
structure, but like in previous series, the average Ni-O inter-atomic distance has a minimal
value (maximum for Ni-Ni inter-atomic distance) regardless the charge state. In fact, a

transition from two dimensional structures to three-dimensional ones takes place for stoi-
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FIG. 2: (Color online) Putative ground state and first two low-energy isomers of [NigO,,]" with
m = 1-7. The notation is 4.m-Label, with Label in roman letters in decreasing order of stability

for each (4, m).

chiometric Ni oxide clusters at this particular size, in agreement with IMMS experiments!?.
In clusters 5.6-1, 5.7-1, 5.8-1, a Ni;O4 motif can be identified, and a NizO3 motif in 5.4-I and
5.7-1.

10
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FIG. 3: (Color online) Putative ground state and first two low-energy isomers of [NizO,,]" with
m = 1-8. The notation is 5.m-Label, with Label in roman letters in decreasing order of stability

for each (5, m).

4. [NigOmJt, m = 1-9

Almost all structures have an octahedral-like core of nickel atoms. Exceptions are 6.1-1
with a capped hexahedral nickel core, which can be seen as the structure of 5.1-1 with an
additional Ni atom on a hollow site, and 6.5-1 formed by a NiyO4 ring capped with a NiyO.

This last one is the open structure close to the stoichiometric oxidation rate for this series.

11



Perfectly planar ring structures are no longer the putative ground state at the stoichiometric
rate, but they exist as a low-lying isomer (6.6-I1I). The stoichiometric ground state, 6.6-1,
is formed by two NizO3 rings one above the other; it has a stability peak in the second
energy difference (Fig. 9) and the largest binding energy per atom. This arrangement has a
maximum value for the average Ni-Ni inter-atomic distance in the cationic and anionic states.
Another particularly stable cluster, in both the cationic and neutral states, is 6.4-1, which
leads to the highest peak in the second difference energy. Its structure is an octahedral
core of nickel atoms with the oxygen atoms on hollow positions. This structure, of high
symmetry (Ty), can also be seen as four interpenetrated NizOz rings (located at the shared

faces). In clusters 6.3-1, 6.4-1, 6.6-1, a NizO3 ring motif can be identified.

5. [NizOpmJ*, m = 1-10

The ground state structures of this series have a capped octahedral-like nickel core. The
only exception is 7.5-I, which is formed by a NisO4 ring capped with a NizO; subcluster.
This is the open structure of this series close to the equiatomic oxidation rate and it has the
largest relative stability. No planar structure appears even among the low-energy isomers,
but NizOj3 rings can be identified in the surfaces of 7.3-1, 7.4-1, 7.5-1, 7.6-1 and 7.8-1, and
NigOy4 rings in 7.5-1, 7.6-1, 7.7-1 and 7.9-I1. Those clusters minimize their energy by using
Ni3O3 and NigOy4 rings as building blocks. The average Ni-Ni inter atomic distance increases
with the number of oxygens atoms, except for the anionic cluster Ni;Og. The Ni-O average
inter atomic distances enter in a narrow window of 1.84-1.94 A. In this series for low O

content, the second energy difference display an even-odd effect.

6. [NisOpJt, m = 1-10

Almost all ground states have a core of nickel atoms, being a bicapped octahedron for
m = 1,2,3 and 10. Clusters with m = 4,5 and 6 are tower-like, while those with m = 8 and
9 are amorphous. Like in other series, rings can be identified in some clusters. 8.5-1 has a
Ni Oy ring capped with a NigO sub-cluster, being the one with the highest relative stability
(the largest pick in the second energy difference); 8.3-1 is a NizOj3 ring capped with a Nij

sub-cluster; 8.4-1 is a NijOy4 ring capped with a Nigy sub-cluster; 8.8-1 is an open structure

12
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FIG. 4: (Color online) Putative ground state and first two low-energy isomers of [NigO,,]" with
m = 1-9. The notation is 6.m-Label, with Label in roman letters in decreasing order of stability

for each (6, m).

formed by two NizOj rings. It is nearly a hollow cage. In 8.9-1, five nickel atoms form a
core and the other three are separated. The average Ni-Ni inter atomic distance increases
with the number of O atoms, ries, and the Ni-O average inter-atomic distances also enter in

a narrow window of 1.84-1.94 A.

13
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FIG. 5: (Color online) Putative ground state and first two low-energy isomers of [NizO,,]" with
m = 1-10. The notation is 7.m-Label, with Label in roman letters in decreasing order of stability

for each (7, m).
B. Fragmentation channels of cationic clusters

The photo-dissociation of mass selected Ni, O;F cations (denoted as n.m through this pa-
per) is produced experimentally by multiple absorption of photons of 355 nm (3.49 eV)!%.
Multiple photons are needed to broke the bond energy of the nickel oxide clusters because,

according to our calculations shown in Figure 8, the binding energy per particle is in the

14
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FIG. 6: (Color online) Putative ground state and first two low-energy isomers of [NigO,,]" with
m = 1-10. The notation is 8.m-Label, with Label in roman letters in decreasing order of stability

for each (8, m).

range ~ 3-4 eV. A comprehensive list of the photo-fragments produced by several mass se-
lected clusters cations after multiple photon absorption is presented in Table 2 of the work of
Duncan and coworkers'®?8. As discussed by these authors, the mechanism of fragmentation
can be i) of parallel type, with the same parent cluster leading to two or more different
fragments, ii) sequential, with a chain of parent-daughter fragments, or iii) a combination

of i) and ii). Varying the laser power allows, in principle, distinguish between the i) and ii)

15



Adistancias-

FIG. 7: (Color online) Ni-Ni (left panels) and Ni-O (right panels) average distance for Ni, 0% *

clusters as a function of the number of oxygen atoms (m).

dissociation processes, but the experimental studies!®, which are consistent with mechanism
i), cannot rule out with absolute certainty the sequential fragmentation scheme ii).

From the experimental fragmentation data no direct information about the structure of
the precursor cation can be obtained because extensive reorganization of the structures may
occurs before fragmentation. In this section we will compare the experimental fragments with
those resulting from our total energy calculations and taken into account both, the parallel

and sequential mechanisms. For a given step, we first subtract the calculated energies of the

16
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FIG. 8: (Color online) Average Ni-Ni (left) and Ni-O (right panels) coordination of the Ni,O;"

clusters as a function of the number of oxygen atoms (m).

precursor and its possible fragments, and then we consider only the smaller values of these
energy differences (excitation energies) within a narrow window of energy. In some cases,
due to the aforementioned structural reorganization before fragmentation, we will consider
also the energies of the low lying energy isomers given in Tables V-V. Then, our results

in this sections give us only a qualitative link between our calculated structures and the
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FIG. 10: (Color online) Calculated minimum energy needed to split a Ni,O;}, cation (m = n +

2,n + 1,n) in a neutral and a charged fragment, being the neutral fragment as specified by the
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observed photo-fragmentation of cationic nickel oxide clusters.

We will consider the fragmentation of a Ni,O; cluster in a neutral fragment plus a

charged fragment according to the following channels (in parenthesis is given the symbol

used in the Figure 10):
i) Ni 4+ Ni,,_10O; ; (brown diamonds)

ii) NiO + Ni,, ;0. _;; (red squares)

iii) NiOy + Ni, ;O\ ,; (green up triangles)
) NiyOy +Ni,,_,O
O + Ni,, O}

v
v)

and

m

m

m

_1; (blue left triangles)

vi) Oy + Ni,, O, (black filled circles).
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FIG. 11: (Color online) Total spin magnetic moment of NinO%i clusters as a function of the

number of oxygen atoms (m)

In Figure 10 is plotted, as a function of the number of Nickel atoms, the calculated
minimum energy needed to produce the fragmentation of Ni,,O; cations with n = 3-8 and
m = n—2 (panel a), m = n—1 (panel b), m = n (panel ¢), m = n+1 (panel d), and m = n+2
(panel e). These energies are defined as E(Ni,,O;) - E(Ni) - E(Ni,_;0;"), for channel i), and
similarly for the other ii)-vi) fragmentation channels. In this work are not calculated possible
fission barriers which may increases the energy needed for some fragmentation channels.

First we check our results against two general features which were highlighted in the
experimental results of Duncan and coworkers!®:

I) Mostly of the experimental photo-fragmentation series for n.m+2, n.m+1, and n.n (the
n.n-1 series were not observed) contain the n.m-2 fragment, which corresponds to the release
of Oy. The few exceptions are the 3.6, 6.6, and 8.8 fragmentation series. That experimental

feature is reproduced by our calculations, that is, the loss of O,, is always the channel
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estequiometrias:

FIG. 12: (Color online) Energy difference (with respect to our putative ground state) as a function

of the spin state of several structural arrangements of the stoichiometric clusters NinOg/ .

requiring minimum energy for the fragmentation series n.m+2, n.m+1, and n.n, as seen in
Figure 10. The only exceptions are the fragmentation of 5.5, 4.4, and 8.8 parent cations,
the last one in agreement with experiments. For these cases, the fragments 4.4, 3.3, and 7.7,
respectively, are preferred to 5.3, 4.2, and 8.6 ones, respectively, as can be seen in the panel
m=n of Figure 10). Notice that the predicted as preferred fragments, namely 4.4, 3.3, and
7.7, are also observed in the experimental fragmentation of 5.5, 4.4, and 8.8 cations.

IT) The fragment 2.1 appears in all the experimental dissociation series, except for the
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N1404.pdt

FIG. 13: (Color online) Atomic structures, total spin magnetic moment, local magnetic moments
distributions and magnetic couplings of the different spin isomers of Ni4OZ/ *. Distances in A and

magnetic moments in ppg.

8.8 one?s.

In our calculations, the fragment 2.1 is always obtained too, as we will see
later when studding the sequential fragmentation of the several n.m cations. On the other
hand, the fragment 1.0 appears together with the fragment 2.1 in all the experimental n.m
series with n<7 (except for 6.7 and 5.7), whereas the fragment 1.1 never is detected. In
this respect, from our calculations we obtain that the minimum energy for the dissociation

NiOy — Nit 4+ NiO is 3.64 €V, to be compared with at least 5.06 ¢V needed for the reaction
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Ni,O — Nif + O, or with 5.09 eV for NiOy — NiO" + Ni one.

In the following, for each initial parent cation, n.m, we trace the sequential series of frag-
mentation products by following the lower excitation energy paths along the corresponding
panels of Figure 10. Then, we compare these fragments with those from experiments listed
in Table 2 of Duncan and coworkers'®. If a predicted fragment is not in that list it is denoted
by the symbol x4, and then we look into the next most probable fragmentation channel.
Reasons for the missing of such fragments are given after each fragmentation chain, usually
the plausible existence of a high energy barrier due to large configurational changes. If
more than one reaction channel is possible within a narrow window of excitation energy,
all the possible fragments are grouped in curly brackets. Then we follow the correspond-
ing sequential series for each of them. If along these sequences appears an already studied
(smaller) fragment, we remite us to the already studied series (if both have comparable
available energy). In same cases we consider not only the more favorable channel because
there are another channels close in energy. Then, the corresponding fragment (or fragments)
are separated by a ”\” symbol. All the stable fragments resulting from the application of
the rules above are collected after the symbol ”||” and compared with the experimental

photo-fragments listed by Duncan and coworkers'®.

If an observed fragment is not found
following the outlined procedure then it is marked as n.m.

Let us start the procedure above by studying the fragmentation of the 3.3 cation.

3.3 5 3.1,272\{3.2,2.1};3.2 = {2.1,1.0}] = 3.2,3.1,2.1, 1.0

The fragmentation of 3.3 towards 3.2 requires 0.8 eV (0.5 eV) more energy than that
to yield the observed 3.1 (unobserved 2.2) fragment. We guest that the dissociation from
3.3 towards 2.2 fragment after excitation with ~ 4.5 eV, may be impeded by a high energy
barrier, due to large structural changes (compare the average bond distances). On the
other hand, 2.1 appears as a fragment of 3.3 as well as a fragment of the intermediate 3.2.

This is consistent with the enhancement of the 2.1 signal observed in the experiments.

3.4 — {3.2,3.3};3.2 > {2.1,1.0};3.3 — 3.1,2.2| = 3.3,3.2,3.1,2.2,2.1,2.0, 1.0

The fragment 2.2, which is not observed in the photo-fragmentation of the 3.3 cation
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at more than 4.5 eV, may be produced now from dissociation of an excited 3.3* isomer
without energy barrier. For example, the isomer 3.3.11I, with 1.38 eV higher energy than
the 3.3. G.S. (see Table V, may be reachable at the minimum excitation energy of 3.4
to produce 3.2 (about 2.3 eV), and then dissociate to 2.2 cation by further excitation
up to 3 eV. In other words, we are assuming that the cross section of 3.3 to yield the

2.2 fragment is larger in the energy region below 4.0 eV than in the energy region above 4 eV.

3.6 = 3.3| = 3.3,3.2,2.1,1.0

In this especial case with m=n+3, the fragment 3.4 is not observed. We guest that
the dissociation of 3.6 into to 3.4 plus Oy is hindered by a high energy barrier due to
strong geometric changes. The calculated excitation energy to obtain the fragment 3.4
from 3.6 is 1.28 eV, whereas the fragmentation of 3.6 into O3 and the cation 3.3.IIT (3.3%)
requieres only 1.24 eV. Thus, 3.6 may lost its preformed ozonic Oz unit (see Figure 1)

leaving a 3.3* fragment which further decay to 3.3 and becoming fragmented as shown above.

4.4 — 33\{4.2 27,43};4.2 — {3.1,3.2,20};3.2 — {2.1,1.0}|| = 4.2,3.3,3.2,3.1,2.1,1.0

The fragments 2.2 and 4.3 are not observed in this series although the required excitation
energy is similar to that producing 4.2. This may be due to high dissociation barriers
needed to change from planar to three dimensional geometries (see also the average bond

distances of parent and products in Figure 9).
45— 4.3;4.3 — {3.3,2.1,3.2};3.2 — {2.1,1.0}|| = 4.3,3.3,3.2,3.1,2.1, 1.0
4.6 — 4.4| = 4.4,4.3,4.2,3.3,3.2,3.1,2.1,1.0
The observed fragments 4.3 may be produced by 4.5 which is not observed, however, in
this series. We guess that 4.5 may be produced in an isomeric state which totally dissociates

to yield the 4.3 and 4.4 fragments.

55— 4.4\{5.3,3.3,5.4};5.3 = {4.3,3.1,4.2};5.4 — {4.4,4.3};4.3 — {3.3,3.2,2.1};
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42— {3.1,3.2,2.0};3.2 = {2.1,1.0}|| = 5.4,5.3,4.4,4.3,4.2,3.3,3.2,3.1,2,2,2.1,2.0, 1.0

5.6 — {5.4,\{5.5,45};5.4 — {4.3,4.4};:4.3 — {3.2,3.3,2.1}
| = 5.5,5.4,4.4,4.3,4.2,3.2,3.1,2.1,1.0

The average Ni-Ni (Ni-O) distance is much larger (near equal) in 4.5 than in 5.6, so a
high barrier may occur for that fragmentation.

5.7 — 5.5 = 5.5,5.4,5.3,4.4,4.3,4.2,3.3,3.2,3.1,2.2,2.1,20, 1.0

The experimental fragmentation of 5.7 does not shows the cations 2.2, 2.0, and 1.0. A
possible reason is that these small fragments, when coming from the 5.5 series, are produced
only if a minimum energy (4.3 eV) is available to yield 4.3 and 3.3 fragments. However, 5.5
may be produced from 5.7 cation by a minimum excitation energy of ~ 2.7 eV, which is

not sufficient to fragment further the 5.5 cation into 4.3 and 3.3.

6.6 — 64\55{6.5,5.4};6.5 — {5.4,64};5.4 — {4.3,4.4}:4.3 — {2.1,3.3,4.2};4.2 —
{3.1,3.2,2.0};3.2 = {2.1,1.0}|| = 6.5,5.4,5.3,4.4,4.3,4.2,3.3,3.2,3.1,2.2,2.1,2.0, 1.0

The minimum energy to obtain the 6.4 fragment is about 3.6 eV, and for the 5.5
and 6.5 fragments it is about 4.4 eV. The 6.4 and 5.5 are not observed because high
energy barriers may occurs due to geometrical factors, considering the average bond
distances of 6.m clusters, on one hand, and the planar geometry of 5.5 on the other hand.

Instead the observed 5.3 cation may be produced by exciting 5.4 to energy higher than 5 eV.

6.7 — {6.5,66};6.5 — {64,5.4};5.4 — {4.3,44};4.3 — {2.1,3.3,3.2};3.2 — {2.1, 1.0}
| = 6.5,5.4,4.3,4.2,3.3,3.2,3.1,2.1,2.0

The observed 2.0 fragment can be produced from 2.1 providing a minimum excitation
energy of 5.06 eV.
77— {7.5,66};75—6.4;64 — {54,5.3};5.4 — {4.3,4.4};4.3 — {2.1,3.3,3.2};

3.2 {2.1,1.0}|| = 7.5,6.4,5.4,5.3,4.4,4.3,4.2,3.3,3.2,3.1,2.1,2.0
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The fragment 4.2 may be produced from the intermediate 5.4 excited to more than 6 eV

but then it should appear also the unobserved 5.2 fragment.

7.8 = 7.6:7.6 — {66,6.5, 7.5\ {74,5.4,6.4}; 7.5 — 6.4, 6.5 — {6.4,5.4};
6.4 — {5.4,5.3}:5.4 — {4.3,4.4};4.3 — {2.1,3.3,3.2};3.2 — {2.1,1.0}
| = 7.6,7.5,6.5,6.4,5.4,5.3,4.4,4.3,4.2.3.3,3.2,3.1,2.1,2.0

8.8 = {7.7,86}| = 7.7,7.5,66,06.5,64,5.4,53,44,4.3,4.2,3.3,3.2,3.1,2.1,2.0

The fragments 4.2 and smaller that 4.2 are not reported in the experiments®2®,

8.9 = 8.7 7.6 — {66,6.5,75};6.5 — {5.4,64};5.4 — {4.3,4.4};:4.3 — {2.1,33,4.2};
4.2 = {34,3.2,20}:3.2 — 2.1, 10]| = 8.7,7.6,6.5,5.4,4.4,4.3,2.1,4.2,3.2, 2.1

I this section we have qualitatively explained how mostly of the observed n.m photo-
fragments appears due to simple final state energetic considerations. The exceptions are
possibly due to the existence of high energy barriers which impede large configurational

changes.

C. Magnetic properties

In Fig.11 we summarize the results obtained for the total spin magnetic moment of the
investigated Ni,O,, clusters in their neutral and charged states. For most clusters, the
change in the spin state upon ionization or upon an electron excess is consistent with a one
electron process (reduction or increase of 1up with respect to charge neutrality). However,
we note that NizO,, is an exception in which for most oxidation rates, one electron more
or less implies a strong spin-dependent charge redistribution leading to a large change of
spin state. In this case, NiyOg is particularly relevant, since an electron excess increases the
total spin moment from 2up (in the neutral state) to 11up, that is a high spin state. It is
interesting to note that the total moment of pure Ni, is 4up in our approach (in agreement
with gaussian results?”), so that the oxidation at this rate (m = 6) did not significantly

change the magnetic moment of Niy, but an electron excess in addition did it. This huge
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increase is not accompanied, in this case, by a noticeable change of the structural shape
as in other clusters (see Tables I-XII of the SI). Therefore, in order to analyze the origin
of such dramatic change in the total moment, we have calculated the atom-projected spin-
polarized charge density and assigned local magnetic moments to the different atoms of the
cluster, according to mulliken populations (the same for the electronic occupation). The
low spin state of the neutral NiyOg is due to antiparallel couplings which transform, upon
the electron excess, into a ferromagnetic-like arrangement with Ni moments of 1.46up (more
than twice the local moment of a Ni atom in the fcc bulk) and O moments of 0.86u 5, and
the resulting huge total moment. This cluster Ni,O, as well as others like NiGO;', Ni;Og
and NigQOg, are specially interesting in the context of magnetic grains because of their large
total magnetic moment (11 or 12up). In particular, the last three ones are among the most
abundant ones according to their stoichiometry in connection with mass spectrometry and
photodissociation experiments'®. Moreover our results demonstrate that the unavoidable
oxidation in environmental conditions does not necessarily quench the magnetic moment.
On the contrary, the huge total moment of Ni;Og and NigOg is due to oxidation, since the
neutral Ni; and Nig clusters have lower magnetic moment. And in the case of NigOg the
moment is even robust against both ionization and electron excess.

Fig.11 demonstrates that oxidation does not quench, in general, the magnetic moment of
small Ni clusters. From the local moments distribution within the clusters, we identified a
high spin-polarization in many Ni atoms and a noticeable spin-polarization of O in general,
which contributes the total magnetic moment. Other Ni atoms have low moments, close
to the value in fcc bulk or even lower. We also find that changes in the spin state due
to the charge state are not necessarily accompanied by a change of structural shape (an
example being the cluster NigOg, already discussed) and no systematic trends are obtained
from the data in this regard (see Tables I-XII of the SI). In general, most Ni oxide clusters
exhibit antiparallel magnetic couplings in a more or less degree. Antiparallel couplings
are a clear signature of strong Ni-O interaction and oxygen-mediated Ni-Ni exchange, since
pure Ni clusters are ferromagnetic-like. Clusters with larger total moment are those with less
antiparallel couplings, thus closer to the ferromagnetic-like arrangement with high local spin-
polarization. However, there exist few Ni oxide clusters with a small total moment (examples
are NigOs, and Ni,,0,, with n =3 and 6 discussed later) but which exhibit a ferromagnetic-

like configuration instead of antiparallel couplings, although with low local spin-polarization
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(Ni moments smaller than in the bulk). Analyzing the trend of the total spin moment as a
function of the oxidation rate, we clearly see that it is non-monotonous, and that, in general,
a minimum in the total moment is reached at the stoichiometric oxidation rate (n = m).
This means that from the magnetic point of view, if a large magnetic moment is desired,
oxidation at the stoichiometric rate must be avoided, but this seems difficult. In fact, mass
spectrometry and photodissociation experiments!® revealed that stoichiometric clusters are
among the most abundant ones. Ion mobility mass spectrometry!'® revealed a transition
from two-dimensional ring- to tri-dimensional compact- structures in Ni,O;" and Ni,O;
at n = 5. They also found that both types of structures coexist for NisO7. Calculations
of the same group!'® were consistent with the above facts in terms of cross sections which
fitted the experimental values. However, for Ni;O} the ring structure, although having the
correct cross-section, is not their putative ground state; For NisOf the ring structure is even
at 0.36eV above the ground state which is relatively compact, but not the cluster with the
correct cross section (the compact isomer with cross section closer to the experimental value
is also quite high in energy, at 0.34eV above the ground state). Isomers at such high energy
with respect to the ground state are not expected to be present for this size.

Since stoichiometric clusters are relevant due to their abundance (relative stability) and
in view of the facts discussed above, it is pertinent to revisit them in some detail. We have
analyzed the stoichiometric clusters found in our approach, in both the neutral (Ni,O,,)
and the cationic (Ni,O;) states (the experiment deal with cations). In Fig.12 we report
the energy difference (with respect to our putative ground state) as a function of the spin
state for all those clusters, considering several structure types. The main trends are: (i)
two-dimensional ring structures are the putative ground state up to n = 5 for both charge
states, which provides consistency with experiments of Ion mobility mass spectrometry!”
also from the energetic point of view. The compact structures calculated by Ohshimo et
al.'® as the putative ground state of NiyOf and NizOf are now our first isomers; (ii) a
transition to compact three-dimensional structures, based on an octahedron Ni subcluster,
takes place at n = 6. Those compact structures are more competitive with the ring ones
in the cationic clusters than in their neutral counterparts, as demonstrated by the fact that
spin- and structural-isomers start to be accessible at the same energy window for smaller
sizes in cationic clusters than in neutral ones; (iii) A further structural transition takes place

at n = 8, where the pattern based on an octahedron Ni subcluster evolves to a more open
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structure, again for the two charge states; (iv) a magnetic transition is found to occur just at
n = 8 corresponding to the mentioned loss of the structural pattern based on the octahedron
Ni subcluster. Thus, neutral clusters change from a total spin magnetic moment of 2up5 to
4413, while cationic clusters change from 1up (being NigOJ the only exception with 5u3) to
Tug. Due to the relevance of NiyO4 and to its being an exception in the magnetic trend, we
discuss it in more detail at the end of this section.

Our results indicate that, for small Ni clusters oxidized at the stoichiometric rate, the
geometrical shape does not essentially change upon ionization (just structural relaxations
take place, as we will see in detail for Niy;O, at the end of this section). From the data
reported in Tables [-XII of the supplementary information, we see that an electron excess
does not affect essentially the structure either. We note that the above can not be general-
ized to oxidation rates other than the stoichiometric one; on the contrary, the equi-atomic
concentration seems to be an exception, since the ground state structures strongly depend
on the charge state in a considerable number of non-stoichiometric Ni oxide clusters, par-
ticularly for those with n < 7 (see Tables I-XII of the SI). In fact, stoichiometric clusters
are an exception also in regard to the magnetic properties. These clusters, in their neutral
and cationic states, bear the lowest total spin magnetic moment among the investigated
compositions. They are in a low spin state before the second structural transition takes
place. Note, however, that stoichiometric Ni oxides in the anionic state bear a higher spin
magnetic moment. The change in the spin state upon ionization in stoichiometric Ni oxide
clusters is consistent with a one electron process (reduction of 1up), except for n = 8, being
this cluster particularly interesting since ionization produces just the opposite effect, that
is a spin-polarized electronic redistribution leading to a relatively high magnetic moment of
Tup. The same trend is obtained for the anionic state, indicating that an electron excess
does produce a strong spin-dependent electronic charge redistribution, regardless the slight
relaxation of the atomic structure.

Different spin-dependent electronic charge distribution can lead to the same total spin
moment of the system. It is pertinent to explore the origin of the resulting total moment,
in terms of magnetic couplings and local spin-polarizations. The origin of the low spin state
in stoichiometric Ni,O,, is not the same for all n. For n = 3 and 6, the clusters exhibit a
ferromagnetic-like arrangement with all local moments pointing in the same orientation, but

with a small spin-polarization in the Ni sites (0.32 and 0.22up5 for n = 3 and 6, respectively,
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about half the value in the fcc bulk) and an important contribution from the O sites (0.35
and 0.12up for n = 3 and 6, respectively). Interestingly, NigOg is formed by two NizOj
rings. These are exceptional cases, since most of the clusters exhibit antiparallel magnetic
couplings, in more or less degree, with some Ni local moments that can reach up to about
1.3, that is about twice the local moment of a Ni atom in the fcc bulk.

Finally, we analyze in detail the spin isomers of NiyO4. For the sake of brevity, we
don’t present a similar analysis for other clusters (the reader can obtain the data from the
authors upon request). Fig.13 illustrates the atomic structures, local magnetic moments
distributions and magnetic couplings of the different spin isomers of NigO4, NiyOf and
NiyOy . As discussed above, the atomic structure is a two-dimensional ring, independently of
the spin and charge states. Local relaxations are concomitant with the symmetry imposed
by the spin-polarized charge distribution. Thus, ferromagnetic-like clusters (those with
the higher total spin moment) are highly symmetric (see the high-spin states in all charge
states). Symmetry breaking takes place as soon as antiparallel couplings arise. Marked
antiferromagnetic-like configurations lead to low-spin states. These trends are common
to all Ni oxide clusters investigated here, as discussed in previous paragraphs. We also
find that different spin isomers with the same magnetic couplings exist, in which case the
difference comes from the local spin-polarization (compare, for instance the local moments
in the neutral NiyO4 with total moments of 4, 6 and 8, all corresponding to ferromagnetic-
like configurations). We can also identify spin-isomers whose energy difference essentially
comes from the electronic redistribution, with atomic structure practically unchanged, while
in other cases, part of this energy difference is contributed by the noticeable structural

relaxation (the two lower-spin states of Ni;O4 and NiyOf).

IV. CONCLUSIONS
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TABLE II: Several properties of cationic and anionic nickel oxide clusters: Sym = molecular
symmetry; Ep(n, m) = binding energy per atom in eV; y = magnetic moment in Bohr magnetons

(1B); 1, = ionization potential in eV; H-L = Kohn-Sham Homo-Lumo gap in eV.

Signature cation/anion
n.m-isomer | Sym Ey(n,m) u D(Ni-Ni) D(Ni-O)
3.1-1 Csy/C1 2.98/2.84 3 2.44/2.42  1.89/1.92
3.1.11 Cs,/Cs  2.83/2.90 3 2.57/2.32  1.78/1.88
3.1.III Cs/Cq, 2.55/2.85 5/3  2.34/2.28  1.74/1.72
3.2-1 D3, /Cop 3.24/331 5 2.58/2.57  1.96/1.99
3.2-11 Cs 3.22/3.38 5 2.62/2.42  1.91/1.95
3.2-111 Coy/Cs  3.20/3.56 5 2.89/2.46  1.81/1.85
3.3-1 D3, 3.51/4.03 1/3  3.12/2.51  1.79/1.82
3.3-11 Coov 3.29/3.68 3/5 -/- 1.75/1.76
3.3-111 Cs 3.28/3.73 1/5 2.73/2.17  1.85/1.89
3.4-1 Cs 3.38/3.92 5 2.70/2.51  1.81/1.83
3.4-11 Cs/Csz, 3.35/3.95 5 2.79/2.51  1.89/1.94
3.4-111 Ci/ - 3.22/- 5/- 2.74/ - 1.90/ -
3.5-1 D3y, 3.27/3.81 5/3  2.60/2.48  1.92/1.96
3.5-11 Ci/Cs  3.14/386 7 2.72/2.62  1.88/1.90
3.6-1 Cs 3.32/3.80 5/3 2.92/2.74  1.87/1.87
3.6-11 Cs/Cy 3.22/3.93 7/5 3.35/3.29 1.77/1.77
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TABLE III: Several properties of neutral nickel oxide clusters: Sym = molecular symmetry;
Ey(n,m) = binding energy per atom in eV; p = magnetic moment in Bohr magnetons (up);

I, = ionization potential in eV; H-L = Kohn-Sham Homo-Lumo gap in eV.

Signature neutral

n.m-isomer | Sym FEy(n,m) I, E, p D(Ni-Ni) D(Ni-O)
4.1-1 Csy 2.73 6.30 0.90 4 2.38 1.97
4.1-11 Coy 2.76 6.55 1.06 4 2.41 1.83
4.1-11I1 Cay 2.62 6.89 1.72 6 2.34 1.82
4.2-1 Cs 3.18 712 1.72 6 2.50 1.90
4.2-11 Cs 3.17 736 244 4 2.49 1.81
4.2-11I1 Coy 3.19 755 233 6 2.48 1.82
4.3-1 Cs 3.47 713 252 0 2.50 1.83
4.3-11 Csy 3.42 6.81 1.85 2 2.60 1.94
4.3-111 Cs 3.52 752 241 4 2.48 1.85
4.4-1 Cay 3.80 8.09 3.53 2 2.68 1.79
4.4-11 Ty 3.74 773 161 0 2.71 1.98
4.4-111 Csy 3.75 8.00 254 8 2.71 1.87
4.5-1 Cay 3.69 789 330 2 2.76 1.81
4.5-11 Cay 3.75 8.44 3.09 4 2.81 1.89
4.5-111 Cay 3.66 7.64 356 4 2.55 1.82
4.6-1 Cy 3.72 872 3.61 2 2.92 1.83
4.6-11 Dyp, 3.62 811 3.77 6 2.48 1.96
4.6-111 Cs 3.66 889 3.62 6 2.66 1.91
4.7-1 Csy 3.59 9.09 4.17 4 2.63 1.89
4.7-11 Cay 3.57 949 4.16 6 2.61 1.92
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TABLE IV: Several properties of cationic and anionic nickel oxide clusters: Sym = molecular
symmetry; Ep(n, m) = binding energy per atom in eV; y = magnetic moment in Bohr magnetons

(1B); 1, = ionization potential in eV; H-L = Kohn-Sham Homo-Lumo gap in eV.

Signature cation/anion
n.m-isomer | Sym Ey(n,m) p D(Ni-Ni) D(Ni-O)
4.1-1 Cs 3.01/2.88 5/3 2.52/2.39  1.91/1.97
4.1-11 Coy/Cy  2.99/295 5 2.47/2.36  1.82/1.85
4.1-111 Cay 2.78/2.94 5 2.36/2.38  1.81/1.82
4.2-1 Cs 3.28/345 5 2.58/2.48  1.86/1.90
4.2-11 Cs/ - 3.23/- 7/- 2.64/ - 1.83/ -
4.2-111 Co/Cs  3.22/3.56 7/5 2.69/2.39 1.82/1.85
4.3-1 Cs/Cs, 3.55/3.81 7/5 2.74/2.46  1.90/1.85
4.3-11 Csy 3.55/3.67 7/5 2.77/2.58  1.95/1.98
4.3-111 Cs 3.55/3.85 7/5 2.75/2.46  1.85/1.87
4.4-1 Ci/Dyy, 3.67/4.15 5/7 3.23/2.46  1.78/1.82
4.4-11 Ty 3.66/3.85 1/7 2.78/2.69  1.96/2.00
4.4-111 Cs,/Cs  3.61/3.97 9/7 2.76/2.56  1.86/1.90
4.5-1 Cay 3.67/4.05 1/3 3.08/2.68 1.78/1.84
4.5-11 Cu/Cs  3.67/4.08 3/7 2.84/2.81  1.89/1.87
4.5-111 Coy/Cs  3.67/4.04 5 3.08/2.64 1.79/1.84
4.6-1 Cs,/Tq 3.65/4.07 3/11  3.11/2.75  1.84/1.87
4.6-11 Con/Dyp 3.58/3.98 5 2.79/2.45  1.91/1.99
4.6-111 Cs 3.54/4.01 7/5 2.71/2.64 1.90/1.92
4.7-1 Csy 3.46/3.96 9/3 2.81/2.55  1.89/1.89
4.7-11 Co/Cs  3.41/3.94 7/5 2.70/2.55  1.92/1.92
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TABLE V: Several properties of neutral nickel oxide clusters:

Signature neutral

n.m-isomer | Sym Ey(n, m) L, E, p D(Ni-Ni) D(Ni-O)
5.1-1 Cay 2.72 5.79 148 6 2.44 1.86
5.1-11 Cs 2.81 6.53 1.53 4 2.41 1.81
5.1-111 Cuy 2.68 6.06 095 4 2.42 1.98
5.2-1 Cs 3.20 6.68 1.98 4 2.55 1.93
5.2-11 Cs 3.19 6.77 2.01 6 2.52 1.89
5.2-111 Cay 3.18 6.90 1.85 6 2.50 1.82
5.3-1 Cs 3.48 6.99 1.82 4 2.57 1.92
5.3-11 Cs 3.46 710 241 6 2.62 1.85
5.3-111 Cs 3.49 6.40 246 6 2.50 1.89
5.4-1 Cay 3.75 779 287 8 2.56 1.87
5.4-11 Cy 3.68 735 255 8 2.65 1.92
5.4-111 Cs 3.61 7.99 283 4 2.59 1.81
5.5-1 Cay 3.80 7.85 3.56 2 3.08 1.75
5.5-11 Cay 3.714 7.52 257 2 2.81 1.95
5.5-111 Cy 3.73 7.61 254 2 2.80 1.93
5.5-1V Cay 3.72 744  2.89 2 2.61 1.81
5.6-1 Cay 3.86 833 3.54 8 2.79 1.79
5.6-11 Csy 3.80 8.03 3.15 8 2.78 1.91
5.6-111 D3y, 3.78 785 2.67 6 2.66 1.97
5.7-1 Cay 3.80 740 3.79 6 2.98 1.80
5.7-11 Cs 3.83 855 352 0 2.13 1.85
5.7-111 Cs 3.82 854 3.55 4 2.83 1.86
5.8-1 Cs 3.77 881 4.06 6 2.98 1.81
5.8-11 Cy 3.73 8.63 3.87 8 2.90 1.91
5.8-111 Ca 3.67 8.93 4.02 6 2.72 1.94
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TABLE VI: Several properties of cationic and anionic nickel oxide clusters:

Signature cation/anion
n.m-isomer | Sym Ey(n,m) p D(Ni-Ni) D(Ni-O)
5.1-1 Cs/Cay 3.05/2.95 5 2.51/2.44  1.89/1.88
5.1-I1 Cs 3.01/3.04 5 2.45/2.41  1.81/1.85
5.1-I11 Cup 2.96/2.83 5/3 2.44/2.43  1.99/1.98
5.2-1 Cs/ - 3.35/-  T7/- 2.63/ - 1.93/ -
5.2-11 Cs 3.33/3.46 7/5 2.65/2.44  1.87/1.92
5.2-11I Cay 3.30/3.43 5 2.51/2.49  1.80/1.83
5.3-1 Cs 3.57/3.69 7 2.71/2.58  1.92/1.95
5.3-11 Cs 3.53/3.714 5 2.69/2.53  1.83/1.87
5.3-111 Cs 3.53/3.78 7 2.61/2.51 1.87/1.91
5.4-1 Cs/Coy 3.74/4.05 9/7 2.69/2.53  1.86/1.88
5.4-11 Cs 3.72/3.95 9/7 2.81/2.56  1.91/1.95
5.4-111 Cs 3.58/3.91 5/3 2.65/2.30  1.81/1.84
5.5-1 Cs/Dsp 3.78/4.14 1 3.17/2.88  1.75/1.77
5.5-11 Cay 3.77/3.99  3/9 2.84/2.71  1.93/1.96
5.5-111 Ci1/Cs  3.76/3.99 5/9 2.90/2.71  1.92/1.96
5.5-1V Cy 3.75/3.99 11/7  2.90/2.63  1.94/1.92
5.6-1 D3j 3.81/4.09 5/7 2.86/2.80 1.86/1.81
5.6-11 Cs 3.78/4.08 7 2.93/2.77  1.90/1.92
5.6-111 D3y, 3.77/4.01 7/5 2.73/2.66  1.96/1.98
5.7-1 Cy/Cy, 3.83/4.11 5 3.00/2.92  1.80/1.85
5.7-11 Cs 3.76/4.10 3 2.73/2.61  1.85/1.87
5.7-111 Ci/Cs 3.75/410 5 2.86/2.76  1.86/1.88
5.8-1 Cs 3.69/4.07 7/5 3.06/2.88  1.82/1.84
5.8-11 Cy 3.66/4.01 9/7 2.83/2.86  1.91/1.91
5.8-111 Cy/Cs  3.58/3.97 9/9 2.79/2.75  1.94/1.96
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TABLE VII: Several properties of neutral nickel oxide clusters:

Signature neutral

n.m-isomer | Sym Ey(n,m) I, E, g D(Ni-Ni) D(Ni-O)
6.1-1 Cs 2.88 6.33 139 6 2.45 1.95
6.1-11 Csy 2.87 6.33 168 6 2.46 1.92
6.1-111 Cay 2.86 6.60 185 6 2.43 1.84
6.2-1 Coy 3.25 6.78 1.83 8 2.51 1.92
6.2-11 IDEW 3.18 6.64 1.72 4 2.48 1.90
6.2-111 Cay 3.21 6.98 203 6 2.52 1.92
6.3-1 Csy 3.56 715 3.15 8 2.52 1.92
6.3-11 Cs 3.44 6.83 2.05 6 2.53 1.93
6.3-111 Cay 3.44 7.36 234 8 2.54 1.83
6.4-1 Ty 3.80 745 237 8 2.56 1.92
6.4-11 Cy 3.64 711 395 4 2.38 1.89
6.4-111 Doy, 3.63 7.07 235 6 2.62 1.92
6.5-1 Cy 3.80 740 3.90 10 2.83 1.88
6.5-11 Cy 3.78 724 274 10 1.73 1.92
6.5-111 Csy 3.81 7.61 259 4 2.59 1.92
6.6-1 D3y 3.87 721 2.89 2 2.58 1.93
6.6-11 Cs 3.86 719 292 2 2.79 1.92
6.6-111 Cy 3.82 780 3.90 2 3.09 1.75
6.7-1 Csy 3.92 799 352 4 2.59 1.94
6.7-11 Cs 3.90 8.26 331 4 2.61 1.93
6.7-111 Cs 3.83 8.38 3.60 10 2.77 1.88
6.8-1 Oy 3.98 884 391 4 2.59 1.94
6.8-11 Dyp 3.82 8.76 4.25 6 2.64 1.83
6.9-1 Cyy 3.88 9.01 435 8 2.68 1.95
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TABLE VIII: Several properties of cationic and anionic nickel oxide clusters:

Signature cation/anion
n.m-isomer | Sym Ey(n,m) p D(Ni-Ni) D(Ni-O)
6.1-1 Cs 3.07/3.05 7/5 2.52/2.45  1.92/1.97
6.1-1I Cov/Csy 3.07/3.10 7 2.65/2.43 1.91/1.94
6.1-I11 Cay 3.02/3.06 7 2.45/2.42  1.82/1.86
6.2-1 Cay 3.36/3.46 7 2.51/2.49  1.90/1.93
6.2-11 Cy/Cy 3.32/3.38 7/5 2.51/2.45  1.89/1.92
6.2-111 Cay 3.30/3.45 5/7 2.47/2.45 1.83/1.84
6.3-1 Cs/Cs,  3.62/3.78 9/7 2.69/2.51  1.90/1.92
6.3-11 C 3.54/3.65 7 2.67/2.52  1.91/1.95
6.3-111 Cay 3.48/3.69 7 2.56/2.52  1.80/1.83
6.4-1 Tq 3.83/4.02 5/7 2.59/2.54  1.89/1.92
6.4-11 Cy/ - 3.70/ - 9/- 2.71/ - 1.89/ -
6.4-111 Dy /Do, 3.70/3.86  7/5 2.71/2.55  1.89/1.93
6.5-1 Cy/Ds, 3.83/4.14 11/9  2.53/2.51  1.88/1.87
6.5-11 Cq 3.82/4.02 11/9  2.81/2.65 1.92/1.94
6.5-111 Cs,/C1 3.82/4.03 5/7 2.68/2.58  1.92/2.01
6.6-1 Cs/Cs, 3.91/4.10 1/7 3.03/2.72  1.94/1.95
6.6-11 Ci1/Dyp  3.91/4.10 3/11  2.77/2.60 1.91/2.01
6.6-111 Dgn/Cy 3.81/4.07 1/11  3.33/2.92  1.75/1.79
6.7-1 Csy 3.90/4.18 7/3 2.67/2.58  1.94/1.94
6.7-11 Cs 3.86/4.15 5 2.67/2.67 1.92/1.94
6.7-111 Cs/Cy 3.78/4.10 11/9  2.83/2.74 1.87/1.89
6.8-1 Oy, 3.90/4.25 5/3 2.62/2.58  1.94/1.95
6.8-11 Dyp, 3.74/411 7/9 2.75/2.75  1.83/1.84
6.9-1 Cyy 3.79/4.16 9/7 2.76/2.66  1.95/1.95
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TABLE IX: Several properties of neutral nickel oxide clusters:

Signature neutral

n.m-isomer | Sym Ey(n,m) I, E, g D(Ni-Ni) D(Ni-O)
7.1-1 Cs 2.96 6.31 1.66 8 2.47 1.92
7.1-11 Cs 2.93 6.12 181 8 2.48 1.92
7.1-111 Cs 2.91 6.11 1.68 8 2.45 1.94
7.2-1 Cs 3.29 6.77 199 8 2.49 1.92
7.2-11 Cy 3.25 6.56 198 8 2.45 1.93
7.2-111 Cs 3.21 6.56 1.84 6 2.48 1.91
7.3-1 Csy 3.58 795 213 8 2.50 1.92
7.3-11 Csy 3.597 6.77 1.88 8 2.52 1.92
7.3-111 C1 3.41 6.61 3.00 8 2.56 1.94
7.4-1 Cs 3.71 713 244 8 2.54 1.91
7.4-11 Cs 3.71 721 261 8 2.54 1.89
7.4-111 Csy 3.58 6.53 253 4 2.53 1.93
7.5-1 Cs 3.87 752 3.06 10 2.54 1.90
7.5-11 Cs 3.72 6.86 2.60 8 2.66 1.80
7.5-111 Cay 3.74 7.30  3.84 10 2.66 1.93
7.6-1 Csy 3.89 743  3.40 12 2.65 1.88
7.6-11 Csy 3.86 7.23 299 12 2.66 1.94
7.6-111 Cy 3.86 7.50 3.44 10 2.54 1.90
7.7-1 Csy 3.93 7.55 299 2 2.82 1.88
7.7-11 Cs 3.89 7.60 3.00 6 2.72 1.94
7.7-111 Csy 3.86 784 334 4 2.53 1.95
7.8-1 Cs 3.96 781 332 6 2.82 1.84
7.8-11 Cs 3.95 794 324 4 2.83 1.88
7.8-111 Cs 3.94 798 353 2 2.85 1.88
7.9-1 Cs 3.98 824 3.65 4 2.88 1.90
7.9-11 Csy 3.96 826 3.63 4 2.85 1.90
7.10-1 Csy 4.01 8.43 3.87 6 2.91 1.91
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TABLE X: Several properties of cationic and anionic nickel oxide clusters:

Signature cation/anion

n.m-isomer | Sym Ey(n,m) p D(Ni-Ni) D(Ni-O)
7.1-1 Cs 3.14/3.15 7 2.50/2.44  1.90/1.93
7.1-11 Cs/C1  3.13/3.14 7 2.49/2.47  1.91/1.95
7.1-111 Cy/Cs  3.11/3.10 7 2.58/2.45  1.90/1.93
7.2-1 Cy/Cs 3.40/3.50 9/7 2.52/2.47  1.91/1.92
7.2-11 Cy 3.38/3.45 7 2.51/2.48 1.91/1.95
7.2-111 Cs 3.34/3.40 7/5 2.52/2.47  1.90/1.93
7.3-1 Cs/Cs, 3.65/3.78 9/7 2.59/2.49  1.90/1.93
7.3-11 Cs/Cs, 3.57/3.65 9/7 2.66/2.52  1.90/1.93
7.3-111 Cy 3.52/3.70 9/7 2.62/2.69 1.93/1.94
7.4-1 Cs 3.76/3.92  9/7 2.61/2.53  1.90/1.93
7.4-11 C1/Cs 3.75/3.93 9/7 2.67/2.55  1.88/1.90
7.4-111 Csy 3.69/3.80 11/9 2.79/2.54  1.94/1.97
7.5-1 Cs/Cqy 3.89/4.12 11/9 2.62/2.53  1.88/1.91
7.5-11 Cs 3.79/3.93  9/7 2.73/2.66  1.92/1.94
7.5-111 Cs/Cqy 3.77/4.05 11/9 2.74/2.68  1.92/1.97
7.6-1 Cs,/Cs 3.91/4.14 5/11 2.79/2.63  1.84/1.89
7.6-11 C;/Cs, 3.90/4.08 13/11  2.85/2.60  1.94/1.97
7.6-111 Cs/Cy  3.87/411 11/9 2.79/2.86  1.89/1.92
7.7-1 Csy 3.94/4.14 1/5 2.84/2.78  1.88/1.92
7.7-11 Cs 3.91/4.10 11/7 2.79/2.68  1.93/1.95
7.7-111 Csy 3.85/4.09 11/3 2.57/2.52  1.92/1.95
7.8-1 Cs 3.95/4.17 7/5 2.85/2.58  1.93/1.93
7.8-11 Cy/Cs 3.94/4.16 5/9 2.89/2.82  1.88/1.91
7.8-111 Ci1/Cs 3.93/4.17 3 3.05/2.80  1.87/1.89
7.9-1 Cs 3.95/4.20 3/5 2.92/2.82 1.89/1.91
7.9-11 Csy 3.93/4.18 11/5 2.95/2.82 1.91/1.91
7.10-1 Csy 3.97/4.23 5 2.91/2.88 1.90/1.92
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TABLE XI: Several properties of neutral nickel oxide clusters:

Signature neutral

n.m-isomer | Sym Ey(n,m) I, E, g D(Ni-Ni) D(Ni-O)
8.1-1 Cs 3.03 6.32 1.76 8 2.45 1.92
8.1-11 Cy 3.00 6.30 1.70 8 2.51 1.93
8.1-111 Cs 2.99 6.35 1.88 8 2.53 1.90
8.2-1 Coy 3.35 6.69 194 8 2.46 1.92
8.2-11 Cs 3.27 6.56 191 8 2.56 1.91
8.2-111 Cs 3.24 6.81 238 10 2.54 1.82
8.3-1 Cy 3.50 6.57 223 8 2.54 1.91
8.3-11 Cs 3.47 6.66 2.28 10 2.50 1.90
8.3-111 Cs 3.48 6.83 238 8 2.56 1.89
8.4-1 Cay 3.67 715 262 10 2.53 1.91
8.4-11 So 3.64 6.88 232 8 2.58 1.90
8.4-111 Cy 3.64 7.06 2.69 10 2.51 1.90
8.5-1 Cay 3.84 7.33 2.61 10 2.53 1.94
8.5-11 Cy 3.73 5.98 286 10 2.62 1.90
8.5-111 Cay 3.70 7.09 278 12 2.60 2.09
8.6-1 Cuo 3.87 9.41 2.83 12 2.56 1.98
8.6-11 Cy 3.88 8.18 3.11 4 2.65 1.91
8.6-111 Cay 3.72 739 292 4 2.52 1.94
8.7-1 Cy 3.94 7.33  3.26 10 2.70 1.91
8.7-11 Cs 3.92 727 2.96 12 2.77 1.93
8.7-111 Cy 3.92 7.46  2.93 8 2.80 1.94
8.8-1 Cy 3.97 740 320 4 2.71 1.83
8.8-11 Cs 3.96 730 340 8 2.75 1.92
8.9-1 Cy 3.97 7.06 3.72 8 2.78 1.92
8.9-11 Cy 4.00 782 335 8 2.93 1.93
8.9-1I1 Cy 3.97 739 3.66 12 2.78 1.94
8.10-1 Cy 4.02 792 399 2 2.80 1.85
8.10-11 Cy 4.00 8.07 393 4 2.60 1.91
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TABLE XII: Several properties of cationic and anionic nickel oxide clusters:

Signature cation/anion

n.m-isomer | Sym Ey(n,m) 1 D(Ni-Ni) D(Ni-O)
8.1-1 Cs 3.18/3.21  9/7 2.48/2.46  1.91/1.93
8.1-11 Cq 3.15/3.17  9/7 2.54/2.51  1.92/1.94
8.1-1I1 Cs 3.15/3.19 9 2.52/2.53  1.90/1.94
8.2-1 Coy 3.45/3.53  9/7 2.52/2.46  1.91/1.92
8.2-11 Cs 3.39/3.45 9/7 2.59/2.55  1.91/1.92
8.2-111 Cs 3.33/3.46 9 2.57/2.51 1.82/1.84
8.3-1 Cs/Cy 3.60/3.69 9/7 2.45/2.39 1.91/1.93
8.3-11 Cs 3.56/3.66 11/9 2.55/2.55  1.90/1.92
8.3-111 Cs 3.56/3.69 9/7 2.56/2.52  1.88/1.89
8.4-1 Cy1/Cq, 3.72/3.88 11/9 2.61/2.51  1.90/1.92
8.4-11 Ci/ss 3.70/3.82 9/7 2.63/2.57  1.89/1.91
8.4-111 Cs/C1  3.69/3.85 11/9 2.62/2.60 1.89/1.91
8.5-1 Cay 3.87/4.03 11/9 2.55/2.50  1.93/1.96
8.5-11 Cy 3.87/3.94 11/9 2.65/2.63  1.88/1.92
8.5-111 Cay 3.75/3.91 13/11  2.63/2.64 1.96/1.98
8.6-1 Cayp 3.90/4.06 11 2.65/2.55  1.96/1.97
8.6-11 Ca,/C1 3.85/4.10 7 2.68/2.80  1.90/1.89
8.6-111 Cay 3.75/3.92  5/3 2.57/2.51  1.93/1.95
8.7-1 Cy 3.96/4.14 9 2.80/2.69 1.91/1.92
8.7-11 Cy/Cs 3.95/4.10 9/11 2.74/2.67  1.92/1.95
8.7-111 Cq 3.93/4.10 11/9 2.87/2.74  1.90/1.97
8.8-1 Cy 3.99/4.16 7 2.75/2.73  1.91/1.93
8.8-11 Cs/Cay 3.98/4.15 5/7 2.76/2.78  1.92/1.93
8.9-1 Cq 4.00/4.18 7 2.80/2.66  1.86/1.93
8.9-11 Cy 3.99/420 9/7 2.75/2.89  1.93/1.94
8.9-111 Cs/C1  3.98/4.18 11/7 2.81/2.77  1.87/1.87
8.10-1 Cy 4.01/4.24  9/7 2.81/2.78  1.91/1.92
8.10-11 Cy 3.98/4.21 9/7 2.65/2.54  1.93/1.93
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