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ABSTRACT
In this work, the stoichiometric dependent structural stability and electronic properties of tin oxide nanoclusters (SnnOm, n =
1-6;m=1-2n)isexplored by employing first principles density functional calculations. The results show that stable Sn,On
(m = n) clusters found to have large binding energy, in given n series, due to having high structural symmetry, large energy
gap between highest occupied molecular orbital and lowest unoccupied molecular orbital (HOMO-LUMO gap), and
univalent charge distributions among Sn and oxygen atoms. On the other hand, stable Sn,O2, clusters have possessed with
mixed charge states of Sn®* and Sn** ions. The presence of both Sn?®* and Sn** ions in these clusters originates weakly
adsorbed O, molecule on these clusters, which is quite consistent with earlier experimental work. Interestingly, the structure
of some of large sized stable clusters is observed to be resemblance with fused form of two stable isomers. By calculating
chemical hardness of Sn,On clusters, we also show that Sn,O, clusters are chemically inert and they can be used for
optoelectronic devices owing to presence of lone pair Sn?* ions. Whereas, in SnyOn, clusters (m > n), both Sn?* and Sn** ions

are presented, thus, they can be used for catalytic or sensing applications.
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1.0 INTRODUCTION

Recent years, much attention has been devoted to research
on atomic and molecular clusters owing to their interesting
size and shape dependent physicochemical properties
(Andrievskii and Khachoyan 2010). Hence, they have
diverse applications, such as, sensors (Sun et al., 2012),
photovoltaic devices (Kumar and Mukherjee 2012),
catalysis (Tada et al., 2014), and nanoelectronics (Khan et
al., 2019). Besides these applications, the study on deriving
the ultra-high stable nanoclusters has been attracted towards
fundamental aspects, as they can be considered as building
block of various nanostructures (Rahane et al., 2013).
Searching the building blocks of compound or bimetallic
system is not so simple, as they may not maintain the
stoichiometry of respective bulk. The deviation in the
stoichiometry of the constituent atoms in compound cluster
may be resulted from either the reduction in coordination
number of those atoms or possessing mixed valent charge
states of atoms presented in the clusters (Simon 1998). In
most of cases, the atomic structure of stable compound
clusters whose dimensions are in the range of nanometer is
quite different from their bulk structure.

In this direction, different stoichiometric early transition
metal oxide cations were synthesized by experimental
methods for activating C-H bond of methane at room
temperature (Zhao et al., 2010). Similarly, Mn-O clusters
were produced by laser ablation processing of manganese
rod. This study revealed that the prominent species were
observed to be (Mn,Om)* clusters with n/m = %. It was also

found from density functional theory (DFT) calculations that
the excess oxygen atoms are weakly bounded with those
stable clusters (Komaya et al., 2015). The size controlled
SnO, clusters were obtained in mesoporous silica by
templating method and their CO oxidation activity is
increased with presence of lone pair Sn?* ions (Inomata et
al., 2018). Similar context, mixed valence (SneOis)™*?
cluster, having three Sn?>* and Sn** ions each, was
synthesized to demonstrate the stereochemically active sites
of former ions (Suzuki et al., 2016). Note that the
stoichiometry of this cluster is slightly deviated from 1:2
composition. Another study demonstrated that the oxygen
rich SnO. cluster was found to be more abundant than
stoichiometric clusters (Jackson et al., 2002). The stable
complex of these nanoparticles with CO species was also
explained by DFT calculations, to demonstrate the stability
of those clusters towards to catalytic activity (Mazzone and
Morandi 2007). On the other hand, these clusters can be used
as hydrogen and ammonia sensors (Boyd and Brown 2009).
Among the post transition oxides, SnO, is cheaply available
and also, is well attracted due to versatile technological
applications (Gaggiotti et al., 1994; Idota et al., 1997; Nehru
et al., 2012; Pedersen and Luisier 2014; Larin et al., 2016;
Yu et al., 2016; Barbe et al., 2017; Wali et al., 2018;
Manjunathan et al., 2018) Though, there are lot of
experimental works on SnO; clusters and few theoretical
works (Liu et al., 2003; Nehru et al., 2012; Li et al., 2016)
had been attempted. However, the stoichiometry dependent
clusters have not been studied well. Hence, we studied Sn-O
nanoclusters by employing DFT calculations to unveil the
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structural and electronic properties of various Sn,Onm
nanoclusters (n =1 — 6 and m = 1 — 2n) to understand their
stoichiometric dependency of wvalent distribution and
physicochemical properties of the Sn,On nanoclusters. The
origin of preference of the mixed valence charge states of Sn
in SnO- clusters ions are discussed in this work.

2.0 COMPUTATIONAL METHODOLOGY

All results presented in this work are carried out using plane
wave based first principles DFT calculations as implemented
in Vienna Ab initio Simulation Package (VASP) (Kresse and
Furthmuller 1996). Sn and O atoms are described by
projector augmented wave pseudopotential formalism
(PAW) (Blochl 1994) and exchange correlations for
electron-electron interactions are corrected by generalized
gradient approximations (GGA) (Perdew et al., 1996). The
kinetic energy cut-off of 500 eV is used for plane-wave basis
sets. The valence electronic configuration of Snand O atoms
are described by 5s?5p? and 2s?2p® respectively. The
clusters are kept in large cubic cell which maintain the
separation between the cluster and its periodic images, at
least 8.5 A and this separation is to avoid the interaction
between them. The Brillouin zone is sampled using Gamma
point. All the ions are completely relaxed without
considering the symmetry. The iterative relation process is
repeated until the absolute force on each ion is converged to
order of 0.01 eV/A and the energy difference between two
ionic steps is converged to 10° eV in all the calculations.
After performing non-spin polarised calculations, the spin
polarized calculations are also employed to determine the
possibility of magnetism in the clusters.

3.0 RESULTS AND DISCUSSION

3.1 Structural and electronic properties of Snn

To understand the stoichiometry dependent structural
stability and electronic properties of Sn,On clusters, we
initially considered Sny, clusters (n = 1 - 6). The stable Sn,
isomers are deduced by employing first principles
calculations and the optimized structures are shown in Fig.
1. The geometries of stable Sn, isomers with n =1 - 6 are
dot, linear, V-bent, rhombus, triangular bipyramid, and
octahedron, respectively. It is also noted that those
geometries are well matched with reported literature
(Behnam et al., 2009), which reveals the consistency of our
calculations. Next, we show the binding energy (BE) and
electronic properties of stable Sn, clusters along with their
structural properties as shown in Table 1. It deduced that BE
and the energy gap between highest occupied molecular
orbital (HOMO) and lowest unoccupied molecule orbital
(LUMO) increases with size of the cluster. It is interested to
observe that only Sn dimer prefers to stabilize with the
magnetic moment of 2 pg when compared to non-magnetic
isomer as two electrons lied closer to HOMO level are
occupied in doubly degenerated = - orbitals. In addition to
that, for Sns cluster, V-bent isomer is more stable while
equilateral triangular isomer is not forming due to present of
lone pair Sn?* ions.

Ahmed, et al: Stabilization of Monovalent and Mixed valent Cations in
SnnOm Clusters and predictive applications — First Principles
Calculations_https://dx.doi.org/10.4314/WOJAST .v14i2.12

oA A

Sn Sny(0.00eV) Sn;a(0.00eV) Sn,b(039eV)  Sn,a(0.00eV)  Sn,b(1.20 V)

e O A S

Snyc (252 eV) Snsa (0.00 eV) Snyb (0.54eV) Snsc(0.79eV) Snsd(1.20 eV)
Snga (0.00 eV) Sngb (1.52 eV) Sngc (2.07eV) Sngd (3.39 V)

Fig. 1: Optimized structures of Sn, (n = 1 - 6) clusters are
considered for this work. Various isomers (indexed with a,
b, c, d) are given and their energies with respect to stable
isomer are provided in bracket.

Table 1: BE and HOMO-LUMO gap of stable Sn, clusters
(n =1 - 6) are given along with their magnetic moment, Sn-
Sn bond distance, and bond angle.

n BE HOMO- M Bond Bond
(eV/atom) LUMO  (us) distance angle
gap A (deg)
(eV)
2 1.37 0.31 2 2.8
3 1.94 0.82 - 2.7 79.8
4 2.38 1.04 - 286 64-116
3.02
5 2.56 1.56 - 2.8 80 - 83
6 2.74 1.6 - 29 70 - 109

3.2 Structural and electronic properties of SnnOm

In order to deduce various isomers for Sn\On (n=1-6, m=
1 — 2n) clusters, oxygen atoms are systematically decorated
into stable and low lying isomers of Snj, clusters. It is worthy
to mention that we have considered nearly 250 clusters for
this work. All optimized isomers along with the energetics,
with respective to stable isomers, are reported (see
supporting information Fig. S1). The BE of those clusters,
as similar to pure tin cluster, are deduced from

nE(Sn)? + mE(0) — E(Sn,0,,)?
m+n

BE =

where E(Sn)9, E(O), and E(Sn,Om)® are atomic energy of Sn,
O, and total energy of Sn,On? nanoclusters respectively and
q is the electronic charge of clusters ( -1, 0, and +1).

The calculations on charged clusters are carried out to
deduce the physiochemical properties as discussed in the
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later section. The bond distances, charge states of Sn atoms,
BE, and HOMO-LUMO gap of stable Sn,On clusters are
shown in supporting information Table S1 and their
optimized structures are presented in Fig. S2. It indicated
that in the stable Sn;O; and SniO: clusters, Sn atom is
terminated with, respectively, one and two oxygen atoms
with the bond distance of 1.8 A. On the other hand, the
oxygen atoms prefer to bind with Sn; through edge fashion
(Sn-O bond distance = 2.05 A), until edge sites are occupied.
After occupying all those sites, the oxygen atoms opt to
place the terminal sites of the cluster. The reason for
occupation of oxygen atoms in this kind is that the stable
geometries of Sn,On clusters (m = 1 - 4) favoured to
maximize the Sn-O bond without much affecting the Sn-Sn
bond, as the strength of former bond is 3.37 eV (at
equilibrium distance of 1.8 A), which is quite high as
compared to Sn-Sn bond strength (1.37 eV, at 2.8 A). This
trend is also continued in Sn3On, clusters. In this case, the
priority of occupation of oxygen atoms is face, edge, and
terminal sites. Even though, the occupation of oxygen atoms
at facial sites maximizes more number of Sn-O bonds in the
cluster, but the bond distances are varied from 2.1 to 2.4 A,
due to having the limited directional character of s and p
orbitals that are involved in the bonding of those clusters.
This effect can be visualized in stabilizing the SnszOs cluster,
where three oxygen atoms prefer to occupy at edge positions,
rather than facial sites of Snsz triangle. Moreover, stable
isomer of SnzOs cluster is having the high symmetry as
compared to other isomers (refer Fig. S1, Supporting
Information). This kind of structure was also reported to be
stable in CdS nanoclusters (Karthikeyan et al., 2012). The
mixture of oxygen atoms occupying at edge, face, and/or
terminal sites of Sns cluster is found to be observed in stable
isomers of SnzO4 and Sn3Os. It is also understood that the
stability of those isomers is arisen owing to having the high
structural symmetry, sufficient separation between oxygen
atoms to nullify their repulsive interactions, and maximizing
Sn-O bonds without losing Sn-Sn bonds. It is interesting to
observe the stable isomer for SnzOg cluster (refer Fig. 2), in
which, O, molecule (bond distance = 1.31 A) is weakly
bonded with SnzO4 isomer. Adsorption energy of the oxygen
to a stable cluster is calculated from

Eqas = E(Snnom) - E(SnnO(Zn—Z)) —E(0,)

where E(Sn,Om) is the total energy of Sn,On clusters, and
E(Oy) is the total energy of O, molecule.

The calculated adsorption energy of O, molecule onto SnsO4
cluster is -0.25 eV. This adsorption energy is not sufficient
to quench the magnetism in O, molecule as we observed the
spin moment of 2 g in this nanocluster. Due to having weak
adsorption energy and maintaining the magnetism in the
molecule, Sn3O4 cluster can be potentially used for sensing
of oxygen molecule.
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Our work extended on deducing the stable isomers for
Sn4Om, SNsOm, and SneOn clusters and the optimized
structures are given in Fig. 2. Overall, geometries with
oxygen atoms decorated on Sn closed structure are found to
be stable until little higher stoichiometry ratio of 1:1. As
example, the closed geometry is observed to be stable for
Sn4Om (M =1 -5), SNsOm (M =1 - 6), and SNgOm (M =1 —
8) clusters. Beyond this stoichiometry limit, open structures,
such as, Sns rhombus, Sns trapezoid, and Sne parallelogram,
are observed to be stable as these structures can
accommodate more number of oxygen atoms.
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Fig. 2: Stable isomers of SN\Om (n =1 -6 m =1 — 2n)
clusters. (n, m) values are given in each cluster. Purple and
golden yellow balls represent Sn and O atoms, respectively.

As discussed earlier, priority of occupation of oxygen atoms
in Sn cluster is in order of face/edge sites and terminal sites.
After occupying all face or edge sites by oxygen atoms,
terminal site is preferred. For example, one additional
oxygen atom introduced into the stable isomers of Sn4Os and
SneO1o is intended to occupy one of their terminal sites.
When two oxygen atoms added into these isomers, they are
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preferred to attach as O, molecule, rather than occupying as
two terminal sites (refer Fig. 4). We also calculated the
adsorption energy of oxygen molecule on those isomers and
it is found to be >0.1 eV, indicating that the molecule is
weakly adsorbed on cluster. Thus, these clusters can be
potentially used for sensing of oxygen molecule.

To understand the stoichiometry dependent structural
stability and electronic properties of Sn,On, clusters, the BE
and HOMO-LUMO gap are reported in Fig. 3 and Table S1
(Supporting Information). The BE value increases with m
until 1:1 stoichiometry, then it is decreased, gradually, due
to accommodating more of oxygen atoms. Based on the
energetics, the compound cluster with 1:1 stoichiometry
prefers to stabilize easier than other stoichiometric clusters.
Similarly, the HOMO-LUMO gap of the clusters with n =m
has higher value when compared to clusters with n # m. It is
also observed that the cluster with m = 2n has relatively large
gap and also, those values do not deviate much from Sn,Ozn-
2 Clusters. Due to the effect of lone pair- lone pair repulsion
between the Sn (1) ions, there is large bond distance of Sn-
Sn bond in some of the nanoclusters. This can be explained
as a result of strong interaction between Sn(5s) and O(2p)
which is resulted to strong lone pair repulsion (Walsh and
Watson 2005; Payne et al., 2006).

. PO \ L
-5
——Sn,0_
4.0+ ——Sn,0_
»-E~ —»—5n,0_ 4
S —+—Sn. 0O
© 3.5
% ——Sn.O_ L 3
w
m
3.0 4 -2
2.5 -1

Fig. 3: BE and HOMO-LUMO gap of stable Sn,On, clusters
are shown.

The Bader charge analysis was carried out to understand the
charge state of atoms presented in the clusters while the
charge state of Sn atoms are reported in Table S1
(Supporting Information). It shows that Sn atoms in all stable
clusters prefer to be Sn?* and/or Sn** charge states, rather
than Sn®* state. Note that in few cases, Sn atom is found to
be +1 state. It is also obvious that Snn,O, cluster has only Sn?*
state, owing to uniform charge distribution between Sn and
O atoms presented in the clusters, while Sn,O2, clusters has
both Sn?* and Sn** ions due to the existence of neutral
oxygen molecule. On the other hand, oxygen atoms that are
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bonded with Sn cluster get two electrons from Sn atoms,
whereas the oxygen molecule formed in stable SnyOqn
clusters (n > 2) prefers to be in neutral charge state. We also
observed that the molecules with charge state of O, and O,*
(including O ion formed cluster) are also stabilized in less
stable clusters (refer Fig. 4). Due to taking the charge from
Sn atom, Sn-Sn bond distance is decreased to 3.14 A, as
varying charge state from Sn?* to Sn**. Thus we concluded
that monovalent Sn?* ions are presented in Snp,On clusters,
while mixed valence Sn ions are possessed in stable Sn,Om
(m > n) clusters.

d(0.64 eV)

a(0.65eV)

Fig. 4: Representative cases of various SnsO12 isomers (stick
model) are shown. The energy values are given with respect
to stable isomer. The charge state of Sn atoms and Sn-Sn,
Sn-0, and O-O bond distances (in A) are also indicated.

3.3 Fragmentation energy (FE) of SnnOnm clusters

We observed that the geometry of some stable clusters are
observed to be fused units of two small clusters (refer Fig.
1). As example, two units of Sn,O; and Sn3Os clusters are
condensed to form SnsO4 and SngOs clusters, respectively.
Similarly, the geometry of SnsOs cluster is deduced by
fusing of Sn, and SnzOs clusters. With this intuition, we
calculated the fragmentation energy of various clusters
which are reported in Table 2 along with fused units. The
fragmentation energy is calculated from

FE = —E(Sn,0p) + E(Sn(-x)0(m-y)) + E(Sn,0,)

where E (Sn,,0,,) is the total energy of the fused cluster and
E(Sn(n-x)Om-y) and E(Sn,0, ) are the total energy of the
respective fragments. It shows that the oxygen molecule is
weakly adsorbed in most of stable clusters, whose
stoichiometry is closer to 1:2. Whereas, SnsOs cluster will
liberate the oxygen molecule by applying the energy of 2.14
eV. Oxygen molecule is easily liberated from stoichiometric
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SnO; clusters that is resulted to stabilize the SnnO2n-2 cluster,
which also, has relatively large HOMO-LUMO gap as
compared to other Sn,On clusters. On the other hand, two
SnnOy units are strongly bonded to form condensed clusters,
which can be potentially formed into SnO nanowire as
discussed in Sn-Se (Nagarajan and Chandiramouli 2014) and
Cd-S (Karthikeyan et al., 2012) nanowires.

Table 2: Fragmentation energy (FE) of Sn,On clusters are
given with fragments involved in process.

Clusters FE (eV)
Sn202 (SnO, SnO) 2.91
Sn304 (Sn02, Snzoz) 2.93
Sn30s (Sn03,sn202) 2.81
Sn306 (Sn304, Oz) 0.25
Sns02 (Snz0, Snz0) 2.65
Sny04 (SN202, SN07) 3.12
SnsOs (Sn4Os, O2) 0.03
SnsO3 (Snz, Sngos) 2.60
SnsO4 (Snzo, Sngos) 3.01
SnsOs (Snzoz, Sn303) 2.82
SnsO7 (SnO, Sn406) 3.19
SnsO1p (Snsog, Oz) 0.03
SneO- (Sn4, SﬂzOz) 1.90
SngO3(Shs3, Sn30s) 3.21
Sng04(Sn302, Sn303) 3.14
SngOy4 (Sﬂgo, Sn303) 3.15
Sn606(5n303, Sn303) 3.46
SnOg(Sns0s, O2) 2.14
SnGOn(SneOg, 02) 0.86
Snaolz(SneOm, Oz) -0.14

3.4 Electronic properties of SnnOm nanoclusters

We carried out the calculations on the structural stability and
electronic properties of charged (both cationic and anionic)
Sn,Om nanoclusters in reference to reported method (Xu et
al., 2014). The BE and HOMO-LUMO gap of charged
clusters are deduced and values are compared with that of
neutral clusters (Fig. 5 and Fig. S2, Supporting Information).
It shows that the BE of cationic clusters is always higher than
respective neutral and anionic clusters. This reveals that
SnnOm cluster prefers to be stabilized in cationic form. To
support this statement, the HOMO-LUMO gap of cationic
clusters is higher than that of anionic clusters. The trend of
gap versus m values of former clusters is well matched with
neutral clusters. Thus, neutral Sn,On clusters donate one
electron without much effect in HOMO-LUMO gap, as Sn
atoms retain a few electrons on them after transferring most
of electrons to oxygen atoms.
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Fig. 5: () BE and (b) HOMO-LUMO gap of cationic,
anionic, and neutral SneOn, clusters are shown for various m
values.

3.5 Physicochemical properties of SnnOm nanoclusters
Finally, we have also calculated the vertical ionization
potential (IP), electron affinity (EA), chemical potential (),
and chemical hardness (y) of stable Sn,Om clusters to
understand their physio-chemical properties from following
formulae

IP = E(cation) — E(neutral) ... oo ve e (1)
EA = E(neutral) — E(anion) .. .............(2)
[ = IP-;EA 3)
= IP-EA (%)
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The deduced values are given in Table S1 (Supporting
Information). It shows that IP value is strongly dependent on
oxygen content in the clusters (beyond n > 2). The IP values
increases with increase in oxygen content due to reduction
in the metallic character of the clusters. It is also observed
that SnnOn and SnnO2n-2 clusters have significant increment
in IP values as compared to nearby stoichiometric clusters,
which confirms their higher structural stability. This
scenario is reflected in EA, chemical potential, and chemical
hardness. It is interested to notice that the chemical hardness
of SnnOm (n = m) cluster is always higher than that of clusters
with m = 2n. It indicates that former type of clusters can be
used for fabricating optoelectronic devices as they have only
presented the stereochemically active Sn?* ions. Even
though Sn?* ions are having metastable character, they can
be stable as a cluster owing to interaction among the ions.
On the other hand, both Sn?* and Sn** ions are presented in
SnyOn clusters (m > n), therefore, they can be used for
catalytic or sensing applications.

4.0 CONCLUSION

In the present work, we have investigated the structural
stability of Sn, and Sn,On nanoclusters by modelling
different structural isomers to understand the valent
variation and stoichiometric dependency of physiochemical
properties of the clusters. The calculated BE revealed that
stable Sn-O clusters with 1:1 stoichiometry have higher
energy as compared to other stoichiometric clusters owing
to their high symmetry, large HOMO-LUMO gap, and
univalent charge distribution among Sn and O atoms. This
effect is also reflected in HOMO-LUMO gap and other
chemical properties. We also performed the spin polarization
calculations on each clusters and results indicated that
Sn30s, Sn4Og, SnsO10 and SneO12 (1:2) have magnetic
properties, owing to weakly adsorbed magnetic O
molecules. Mixed valent Sn ions are presented in stable
SnyO2n clusters due to O2 molecule weakly adsorbed on
those clusters. The structure of some of stable isomers is
quite similar to fused form of two small clusters.
Calculations on chemical hardness of Sn,On clusters shows
that SnO clusters are chemically inert and they can be used
for optoelectronic electronic devices due to the presence of
Sn?* ions, while the presence of both Sn?* and Sn** ions in
SnnOm clusters (m > n) can be used for catalytic or sensing
applications.

Supporting Information Available:

1) BE and HOMO-LUMO gap of stable Sn, clusters, 2)
Various isomers are considered for identifying stable
isomers of Sn,On, clusters, 3) BE and HOMO-LUMO gaps
of neutral, cationic and anionic

SnnOm clusters, 4) Physicochemical properties of Sng On
clusters.
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