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Synergistic studies of bismuth doped tin clusters combining photoelectron spectra with first principles theoretical
investigations establish that highly charged Zintl ions, observed in the condensed phase, can be stabilized as
isolated gas phase clusters through atomic substitution that preserves the overall electron count but reduces the
net charge and thereby avoids instability because of coulomb repulsion. Mass spectrometry studies reveal that
SngBi~, SnsBi,~, and SneBi;~ exhibit higher abundances than neighboring species, and photoelectron spectroscopy
show that all of these heteroatomic gas phase Zintl analogues (GPZAs) have high adiabatic electron detachment
energies. SngBisz~ is found to be a particularly stable cluster, having a large highest occupied molecular orbital
(HOMO)—Ilowest unoccupied molecular orbital (LUMO) gap. Theoretical calculations demonstrate that the SneBi3~
cluster is isoelectronic with the well know Sng~* Zintl ion; however, the fluxionality reported for Sng™* is suppressed
by substituting Sn atoms with Bi atoms. Thus, while the electronic stability of the clusters is dominated by electron
count, the size and position of the atoms affects the dynamics of the cluster as well. Substitution with Bi enlarges
the cage compared with Sng™* making it favorable for endohedral doping, findings which suggest that these cages
may find use for building blocks of cluster assembled materials.

stability and properties as free ions in the gas phase.'>” !’

This renewed interest is partly driven by the recent quest in
developing cluster assembled materials where size selected
atomic clusters serve as the primitive building blocks.'8 2
As the properties of clusters can be altered by size and

Introduction

Ever since their discovery in 1930, stable polyatomic
anions of the post transition metal and semimetal atoms have
drawn considerable interest.' ™ These anions, called Zintl
ions, are fairly stable and combine with cations to form solids

or melts called Zintl phases. Studies of their structure and
exploration of their stability has remained an active subject
of investigation.'™"" Since Zintl ions are well-known in the
condensed phase, there has been interest in examining their
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composition, the feasibility of cluster assembled materials
would provide a novel approach to synthesizing materials
with tunable properties. Studies of Zintl ions in the gas phase
could provide information on how stable clusters in beams
can be translated into developing condensed phase cluster
materials and reveal unique structures and properties such
as those associated with the Stannaspherene cluster.>*** Two
prominent Zintl anions in this category are Sne~? and
Snyg~* 3527 The Sny~2 species with 20 electrons has a closo
D, structure, which can be accounted for within Wade—
Mingos rules.”® ' The other stable cluster is the Sny™ anion.
Previous theoretical studies have indicated that the Sny™*
cluster has a square-antiprismatic ground state and represents
a nido-type cluster.’ Sny* is isoelectronic with the Biy*3
cluster, whose electronic structure was determined in a
pioneering study by Corbett and Rundle.?” Its stability is also
explained by Wade—Mingos rules. According to these rules,
a closo (Dj3;) cluster with n vertices exhibits enhanced
stability for 2n + 2 electrons while a nido (C4,) cluster with
n vertices exhibits enhanced stability for 2n+4 electrons.
Since each Sn atom contributes two p-electrons to the valence
pool, the stability of Sno~? and Sny~* with 20 and 22 valence
electrons, respectively, can be reconciled within such a
simple model. In addition to the nido-C;, structure, the Sng™*
cluster is found to exhibit a closely lying isomer with a closo-
D5, structure. This gives the cluster some structural flux-
ionality, as the breaking or stretching of one bond in the
D3, geometry can lead to the Cy, structure. Such fluxionality
is also shown by the Zintl anions Geo™* and Pby™*, and all
these clusters are marked by 22 valence p-electrons.’~° Since
a cluster’s electronic structure is intimately linked to its
geometrical configuration, the existence of isomers must
relate to special electronic features at 22 electrons that
override the changes in geometry and atomic size.

The above observations raise important questions regarding
the relationship between geometry and the electron count.
If the existence of the isomers is dependent on the number
of electrons, it is of interest to explore how their relative
stability evolves as the charge on the anion is progressively
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altered while the electron count is kept constant. This can
be accomplished by replacing some of the Sn atoms with Bi
atoms, which would contribute one additional electron
each.*> 7% The extra electron from the substituted Bi atom
should decrease by one the overall charge for the most stable
anion for each substitution. Will the isomeric behavior
continue to take place, and if so what effect does this
substitution have on the relative stability of the two isomers?
Furthermore, what role do the sizes of the constituent atoms
play as one substitute a larger Bi atom in place of a Sn atom?
The purpose of this paper is to answer the above questions
through studies of Sny™7 (¢ = 1—4) and Sng_,Bi,” (x = 1-3),
free clusters, where the number of atoms and the charged
state can be varied one atom and one electron at a time. The
present paper represents a synergistic effort where first
principles electronic structure calculations are combined with
results from negative ion photoelectron spectroscopy experi-
ments to ascertain the electronic structure of the systems.
We show that while in Sny™ clusters, the Cy, and D5, isomers
have comparable stability, the bismuth doped analogue,
SneBis~, shows a marked preference toward the D3, isomer
(0.22 eV lower in energy). Through studies of Sny_,Bi,
clusters containing 1—3 Bi atoms, we demonstrate that the
geometrical size also contributes to the structural fluxionality
and that the fluxional conversion can be suppressed by
substituting Sn atoms with Bi atoms. Further, the Sne¢Biz™
cluster shows unique stability, and the reasons for this are
explored through molecular orbital diagrams and aromaticity
studies.

Experimental Method

The electronic structure of the anions was probed via negative
ion photoelectron spectroscopy. A beam of mass selected anions
is crossed with a photon beam to analyze the kinetic energies of
the photodetached electrons. If hv is the energy of the photon and
e KE is the measured kinetic energy of the emitted electron, the
difference (hv — e”KE) provides a direct measure of the energy
required to make a transition from the anion of multiplicity M to
neutral clusters with multiplicity M & 1. As the transition to the
neutral cluster can occur to the ground or excited states of the
multiplicity M =+ 1, the photodetachment spectra provides a
fingerprint of the electronic structure for comparison with the
theoretical calculations. When the calculated transitions agree with
experiment, it can reasonably be assumed that the calculated ground
state including its multiplicity should be correct. The experimental
investigations focused on Sno ,Bi,~ clusters.

The details of the apparatus employed in this study have been
described elsewhere.>® In brief, Sn,Bi,” clusters were formed by
using a 1/4” 50:50 molar ratio Sn—Bi molded rod in a laser
vaporization source. Helium was used as a carrier gas, and the
clusters were mass analyzed using Wiley—McLaren time-of-flight
mass spectrometry.®” The photoelectron spectra for the clusters were
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obtained using a magnetic bottle time-of-flight photoelectron
spectrometer’® and employing photons from a 308 nm excimer laser
for electron detachment.

Theoretical Method

The theoretical investigations were carried out within a density
functional formalism®®*° that incorporated exchange and correlation
effects within the generalized gradient approximation (GGA)
functional proposed by the gradient-corrected BP86 DFT func-
tional.*'**> The molecular structures of the studied species were
optimized using a Quadruple-& with polarization functions (QZ4P)
basis set with an all electron calculation. The Zeroth-Order Regular
Approximation (ZORA) was employed in the calculation to account
for the scalar relativistic effects.** Excited states were calculated
using time-dependent DFT (TDDFT).

For each cluster size, the geometry was optimized by starting
from several initial configurations and moving the atoms along the
direction of forces until the forces dropped below a threshold value.
The present studies involve comparison with negative ion photo-
electron spectra, and we have used the following approach to
compute the theoretical spectra. First, we studied the vertical
transition from the anion to the neutral species where the neutral
cluster has the same geometry as the anion. For example, starting
from the anion cluster with a spin multiplicity of M, the energies
of the neutral clusters with multiplicities M £ 1 were calculated.
Since the photodetachment processes are fast compared to the time
for relaxing atomic structure, the difference in energy can be
compared with the peaks in the photoelectron spectra. Then, higher
energy peaks were calculated using excited states of the neutral at
the anion geometry. The electronic structure was checked to ensure
that the hole is consistent with ejecting a single electron from the
anion structure, and then allowing the electronic structure to relax.
We also calculated the adiabatic electron affinities that correspond
to the difference in energy between the ground state of the anion
and neutral species to make comparisons with experiments where
such information was available.

Results

We first investigated the effect of charge on the fluxional
behavior of the Sng™7 (¢ = 1—4) clusters into the D3, and
C,, isomers. The results on the lowest energy structures
(within the symmetry constraint) and their relative stability
are shown in Figure 1. Note that the D3, structure is more
stable in Sng~, Sng~2, and Sny 3. However, for Sno™* the D3;,
structure differs from the Ci, structure by only 0.003 eV,
which is beyond the accuracy of the calculations, and hence,
the two structures are considered degenerate. Previous studies
have shown that the polyatomic anion Sny™* in the condensed
phase exhibits Ds, and Cy, structures that can intercon-
vert.***> To further examine the fluxional behavior in this
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Figure 1. Geometry and relative energy of Sno™* clusters with D3, and
C4, geometries, and the relative energies in their isoelectronic Sn,Bi,™
clusters.

species, we calculated the barrier for the transition from the
D3y, ground state to the Cy, structure by calculating the total
energy for various values of the diagonal Sn—Sn bond length
in the square. The barrier was less than 0.01 eV! This shows
that the interconversion could occur under normal conditions
of temperature. However, this is not the case for the other
Sng anions. The charge has a major effect on the fluxional
behavior of the cluster. As shown in Figure 1, when the
charge is reduced from —4 to —3, the C4, structure is
destabilized by about 0.33 eV relative to the Ds, structure.
Further, as the charge is reduced from —2 to —1, the Cy4,
structure is destabilized by 0.18 eV compared to the Dy,
structure. As expected, the Ds, structure for Sng~? is much
more stable, 1.02eV lowerinenergy, aresult of Wade—Mingos
rules discussed in the introduction.

While the multiply charged clusters are observed in the
condensed phase, the coulomb repulsion destabilizes the
binding of multiple electrons in free clusters. Consequently,
a different approach has to be utilized. One way is to replace
some of the Sn atoms with Bi atoms. As a Bi atom has one
more valence electron than Sn, it should be possible to create
singly charged species having the same number of electrons
as in Sny Y. In this work, Sne¢Bi;~, Sn;Bi,~, and SngBi™ have
the same number of electrons as Sny™*, Sng™>, and Sng~2,
respectively, and hence one can find information through the
use of these mixed anions. It is important to underscore that
the size of a Bi atom is larger than that of a Sn atom. Hence,
while the replacement of Sn by Bi enables one to control
the overall charge, the substitution of Sn by Bi also involves
the effect of size. As we show, the difference in size does
slightly reduce the overall stability.

We first studied the relative stability of the D3, and Cy,
structures in SngBi;~, SnsBi,~, and SngBi~ clusters, shown
in Figure 1. Note that, in all cases, the ground state has a
Dy, structure as in the case of Snyg~ clusters. The replacement
of the Sn atom with Bi breaks the symmetry, and we use
D5, to indicate closo geometries and Ci, to indicate nido
geometries. For SngBi~ which is the analogue of Sny™2, the
D5, is indeed more stable than the Cy, structure by 1.12 eV,
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Figure 2. Experimental Mass Spectrum of Sn,Bi,~ clusters.
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Figure 3. Photoelectron spectra of 9 atom Tin—Bismuth Zintl analogues.

comparable to 1.02 eV in Sny~2. For Sn;Bi,™, the structure
Cy4, converted to D5, and the Cy, structure was found to be
0.13 eV less stable. Finally, for Sn¢Biz~ the two structures
differ by only 0.22 eV, compared to 1.12 eV for SngBi~.
This shows that while the trend toward fluxionality in pure

Table 1. Experimental and Theoretical Values for the Sn,Bi, Clusters®

Gupta et al.

Sny~4 clusters, as ¢ increases, is maintained, the differing
size of Bi and Sn in SngBi3~ does result in the Cy, structure
lying higher in energy by 0.22 eV. Thus, while the behavior
is dominated by electron count, the size of the atoms changes
the relative stability of the isomers of different symmetry.

These findings were substantiated through an experimental
study of the Sn¢Bisz~, Sn;Bi, ™, and SngBi~ clusters. Figure 2
shows the mass spectrum of the anions produced from
ablation of a Sn—Bi rod. The spectrum shows that all the
9 atom clusters (SngBi;~, Sn7Bi, ™, and SngBi™) appear with
appreciable intensity compared to their neighboring species
and hence are quite stable. To investigate the electronic
features of these stable species, negative ion photoelectron
spectra were taken and are shown in Figure 3. Assigned
values of spectral features are presented in Table 1. The
adiabatic electron detachment energy (AEDE) corresponds
to the difference in energy between the ground state of the
anion and the ground state of the neutral species. The
experimental assignment is derived by linear extrapolation
of the onset marking the first peak. Additional information
on the anion geometry is provided by the peaks of the
features in the photodetachment spectra that correspond to
vertical transitions from the anion with a multiplicity (M)
to neutral clusters with multiplicity M =+ 1. These vertical
detachment energies (VDEs) are also listed in Table 1.

Accompanying these experimentally determined values are
the theoretical assignments of AEDE and VDE provided by
first principles electronic structure calculations. Table 1
shows the calculated adiabatic electron detachment energies
and vertical detachment energies for the Sng~, Sn¢Biz™,
Sn;Bi,~, and SngBi~ clusters undergoing a transition from
an anion to a neutral with multiplicity M + 1. To examine
cluster stability, we also calculated the energy required to
remove a Sn or a Bi atom from the cluster, listed as AEs,
and AEg;. Also shown in Table 1 are the Removal Energies
(R.E.) calculated using the equation

R.E.(Sn)=E(Sn,_,Bi,)+ E(Sn) —E(Sn,Bi;) (1)

Here E(Sn) is the total energy of a Sn atom, E(Sn,Bi,") is
the total energy of the Sn,Bi,™ cluster, and E(Sn,-Bi,") is
the total energy of the cluster with one fewer Sn atom. A
similar calculation is done to determine the Bi removal
energy. We also calculated the gap between the highest
occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) for the anion. These are
also listed in Table 1. A large HOMO—LUMO gap is a
signature of electronic stability and reduced chemical
reactivity as the cluster prefers to neither donate nor to
receive another electron.***’

experimental theoretical
cluster VDE VDE2 AEDE VDE VDE2 AEDE Gap Sn R.E. Bi REE. Bi Exc.
SngBi~ 3.26 £0.02 3.47+0.05 2.95 £0.07 3.11 3.19 2.97 1.18 3.64 3.47 0.09
Sn7Biy~ 2.93 +0.07 3.40 £ 0.07 2.47+0.11 2.72 3.27 2.26 0.21 3.43 3.10 —0.52
SneBi3~ 3.25+£0.04 3.63 +£0.05 2.96 £ 0.06 3.04 3.61 2.92 2.25 3.60 3.51 0.07

“ All values are in eV.
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The first thing to note in Table 1 is that the calculated
values of AEDE and VDE are in good agreement with
experiment. As mentioned before, the vertical transitions
provide a fingerprint of the geometrical structure, and the
close agreement shows that the calculated structures match
with experiment. As expected, the AEDE is higher for the
SngBi~ and SngBi3~ clusters, as they are the Sng~2 and Sny™*
analogues and are particularly stable. This is also seen in
the Sn R.E and Bi R.E values, which show larger values for
SngBi~ and SneBis~. The Bi exchange energy, which is a
comparison of the atomization energies, has also been
calculated. This shows that the doping with a Bi atom in
SnsBi~ and SneBis~ increases the stability, while it decreases
the stability in Sn;Bi,™.

Bi Exc.(Sn,Bi,) = E(Sn,,,Bi, ) — E(Sn,Bi,)  (2)

The SneBi;~ cluster, in addition, exhibits a large HOMO—
LUMO gap of 2.25 eV. As a point of reference, the HOMO—
LUMO gap in the Cg cluster is around 1.70 eV, and Aly5~
has a gap of 1.87 eV.*

While the substitution of Sn by Bi allows one to generate
isoelectronic structures, the size of Bi is larger than Sn and
this can affect the overall stability. To examine these size
effects, we carried out calculations on Sn,Sb,,” clusters as
Sb has the same number of valence electrons as Bi, but is in
the same row as Sn. A comparison of the atomization
energies of the 9 atom clusters with the same number of Sb
and Bi atoms revealed that the substitution pattern is the same
in both clusters, and that the larger size of Bi reduces the
binding energy by about 0.25 eV per substitution compared
to Sb. It can be noted that the near mass degeneracy of Sn
and Sb make the experimental study of Sn,Sb,,~ clusters
difficult.

To further investigate the special electronic features that
contribute to the stability of Sny™> and Sno™*, we show in
Figure 4 the one electron levels in Sng™2, Sng™* (Cy,), and
SneBiz~. The electronic levels dominated by p-states are
shown. The continuous lines represent the occupied states
while the dashed lines represent the unfilled states. Notice-
ably, the p-orbitals normal to the cage can form s-orbitals
which differ from the expected Wade—Mingos structures and
may lead to a spherical aromaticity while the other orbitals
form skeleton molecular orbitals. Spherical aromaticity refers
to the shell closures in the particle on a sphere with 2(n +
1)? electrons as opposed to 4n + 2 electrons which result in
a shell closure in a particle on a ring. To show this more
explicitly, we have shown the charge density distribution in
the most stable electronic orbital, which corresponds to an
overall st-bonding orbital. The next orbitals are either o or
composed of a mixture of o-like and z-like. For the case of
Snyg~2, the manifold of the skeleton orbitals is separated by
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Figure 4. Electronic structure of the Sng~2, Sng™* Cj,, and SngBis~. The
levels of Sny~2 and Sno~* have been shifted down by 3.54 and 8.75 eV,
respectively, to that of SngBis~. The charge density of the HOMO in Sny™*
has been plotted along with the analogous states in the other species, and
the all 7 bonding orbital of SneBiz™.

the LUMO that has zz-bonding in the top and bottom triangles
leaving a node in the middle. Since the LUMO in Sny~? is
separated substantially from the LUMO+1, one can envision
another stable species if the LUMO state could be filled by
two additional electrons. In the pure Sn case, a distortion
into Cy, or a simple stretching of the separation between two
triangles in a D3, structure stabilizes this LUMO and leads
to another stable species in Sno~*. The two distortions are
shown in Figure 4. A C,, distortion lowers the energy of
the LUMO in Sny~2 and the cluster becomes stabilized by
acquiring two extra electrons leading to Sno™*. The addition
of three Bi atoms to form SngBiz~ accomplishes a similar
effect. As shown in Figure 4, the cluster exhibits a large
HOMO—-LUMO gap. To further examine the filling of the
m-like orbitals, we calculated the Nucleus-Independent
Chemical Shift (NICS) proposed by Schleyer and co-
workers™? that provides a magnetic criterion to identify the
ring currents. Systems with negative NICS values have
aromatic character while those with positive NICS values
are considered antiaromatic. The calculated NICS values for
SngBi~ and SngBiz~ were —33.4 and —37.7, respectively,
both of which are large negative values and further confirm
the presence of filled s orbitals.

To summarize, we have examined the fluxionality and
stability of pure Sny~¢ and mixed Sng-,Bi,” clusters. The
studies show a similar trend in fluxionality for both the pure
and mixed systems but also reveal that atomic size does play
a role in the relative stability. Negative ion photoelectron
experiments coupled with theoretical investigations have
shown the SngBi~ and SneBi;™ species to be stable, a result
of their similarities to the known Zintl ions Sny 2 and Sny .
Further, Sn¢Bi;~ is an unusually stable cluster with a large
HOMO—-LUMO gap.

One of the objectives of the research is to identify clusters
with interesting properties that are suitable for cluster
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assembled materials. Along these lines, we theoretically
examined the spin magnetic moment of cages containing Fe,
Co, and Ni atoms, as the inclusion of three Bi sites in SngBiz™
enlarges the cage compared to Sno™*. We found that the
resulting endohedral species had large binding energies, and
spin magnetic moments of 3 ug, 2 ug, and 1 ug, respectively,
offering the possibility of synthesizing magnetic materials
using the stable cages.”' ~> The doping of the tin clusters
with bismuth may allow for the formation of endohedrally
doped tin cages with larger electronic stability than the
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M@Sn,, 2 based cages,”* and permit doping of smaller tin
cage clusters.”-° The cages may also be used as a possible
cluster assembled material for solar energy conversion, much
like Bi,S; and SnO, in various nanostructures.”’ We are
currently exploring these options in a synergistic experi-
ment—theory effort.
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