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On the remarkable resistance to oxidation by

the Bi;g~ cluster

Jun Ma't, Teng-Teng Chen?3*x1, Honglin Li*t, Dennis Bumiiller®, Florian Weigends, Tian Jian?,
Manfred M. Kappe56’7, Detlef Schooss®*, Wan-Lu Li>"®*, Xiao-Peng Xing1*, Lai-Sheng Wang4*

The reactivity of Bi,™ clusters (n = 2 to 30) with O, is found to display even-odd alternations. The open-shell even-
sized Bi,,~ clusters are more reactive than the closed-shell odd-sized clusters, except Bi1g~, which exhibits no ob-
servable reactivity toward O,. We have investigated the structure and bonding of Bi;g~ to understand its remarkable
resistance to oxidation. We find that the most stable structure of Bi;g~ consists of two Big cages linked by a Bi, dimer,
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where each atom is bonded to three neighboring atoms. Chemical bonding analyses reveal that each Bi uses its
three 6p electrons to form three covalent bonds with its neighbors, resulting in a Bi;g~ cluster without any dangling
bonds. We find that the robust Bi;g framework along with the totally delocalized unpaired electron is responsible
for the surprising inertness of Bi;g~ toward O,. The Bi;g framework is similar to that in Hittorf’s phosphorus, sug-
gesting the possibility to create bismuth nanoclusters with interesting structures and properties.

INTRODUCTION

Atomic clusters exhibit size-dependent chemical and physical prop-
erties. The high ratios of surface atoms and the presence of dangling
bonds in general result in higher chemical reactivity for clusters
than their bulk counterparts. However, certain clusters with special
geometric and electronic structures can have enhanced chemical
and thermodynamic stability, such as the fullerenes (I) or many
metal clusters (2-5), which generally have high symmetries and
large energy gaps between their highest occupied (HOMO) and
lowest unoccupied (LUMO) molecular orbitals. Discovering clus-
ters with enhanced chemical and thermodynamic stabilities remains
one of the most important goals in cluster science ever since the
discovery of the fullerenes (1).

Bismuth is the heaviest stable element and exhibits interesting
electronic properties. Its low toxicity has earned it the reputation of
being a “green metal” (6). Bismuth nanoparticles display quantum
confinement effects, large magnetoresistance, and enhanced super-
conductivity (7-10). Supported bismuth nanoparticles can exhibit
catalytic performance and enable ultralong-lifespan aqueous sodi-
um storage (11). These interesting electronic properties have stimu-
lated considerable interests in the syntheses of different bismuth
nanostructures (12-15). For example, bismuth nanotubes have been
synthesized (13, 14), and monolayer bismuthenes with unique elec-
tronic properties have been predicted (16, 17). Small bismuth clus-
ters have also been studied (18-23). In particular, the electronic
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structures of size-selected Bi,  clusters were studied by photoelec-
tron (PE) spectroscopy (PES) (20-22), and the Bis~ cluster was
shown to be a planar aromatic system similar to CsHs~ (21). The
magnetic properties of gaseous Bi, (n < 13) clusters were examined
using the Stern-Gerlach experiment (23), and an even-odd oscilla-
tion was observed: Even-sized clusters are closed-shell and diamag-
netic, whereas the odd-sized clusters carry a single unpaired electron
and are paramagnetic. The structures of bismuth clusters have been
studied computationally (24-29), suggesting low-lying structures
containing small units of Bis, Bis, and Big. Most of the bismuth
atoms are found to be 3-coordinated, similar to the bonding pattern
in bulk bismuth. The structures of Bi,* (n = 4 to 14) have been
probed by a combination of trapped ion electron diftraction (TIED)
and ion mobility experiment (30), revealing that for n > 8, the clus-
ters adopt prolate structures with coordination numbers of 3 and 4
and highly directional bonds. Despite the extensive studies on their
electronic and atomic structures, the chemical reactivity of bismuth
clusters has not been investigated and no chemically stable bismuth
clusters have been discovered.

Here, we report a study of the chemical reactivity of Bi, anionic
clusters (n = 2 to 30) with O,. We observe an even-odd oscillation,
where the open-shell even-sized Bi,~ clusters are found to be sub-
stantially more reactive than the closed-shell odd-sized clusters,
except Bijg~, which shows no detectable reactivity with O,. This re-
markable resistance to oxidation is elucidated on the bases of the
unique structure and bonding of the Bi;s~ cluster from both the PES
and TIED experiments. We find that the Bi;g~ cluster consists of two
Big cages linked by a Bi, dimer, which can be viewed as a molecular
analog of the Hittorf’s phosphorous (31) with remarkable chemical
and thermodynamic stabilities and suggests that Hittorf-like low-
dimensional bismuth nanostructures may be possible.

RESULTS

Chemical reactivity with O,

The reactivity of Bi, (n = 2 to 30) with O, is studied on an instru-
ment composed of a magnetron sputtering cluster source, a contin-
uous flow reactor and a time-of-flight (TOF) mass spectrometer
(see Materials and Methods) (32, 33). Figure 1 shows the relative
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reaction rates of Bi,  (n = 2 to 30) with O, by fitting the results
obtained under different O, flows (i.e., concentrations). The relative
reaction rates are normalized to that of Bij4~. We find that the very
small Bi,,~ clusters (n = 2 to 4) reacted with O, extremely fast and no
bare Bi,  clusters can be detected after exposure to O, even at low
O, flows (fig. S1). Hence, we can only estimate a lower limit of their
relative reaction rates (represented by the 1 arrows in Fig. 1). For the
very slow rates of some of the larger clusters, we can only estimate
their higher limits (represented by the | arrows in Fig. 1) due to the
very weak signals of the reaction products. Figure 1 reveals a clear
even-odd oscillation of the reaction rates for n > 4, where the even-
sized Bi,” clusters are much more reactive than their odd-sized
neighbors. The only exception is Bi;s~, which has even lower reac-
tivity than all other odd-sized clusters. The reactivity of Bi;g~ with
O, is not measurable, as shown in the mass spectra in fig. S1. We do
not observe any measurable oxidation products for Bi;s~ even when
we increase the O, flow to 10 standard cubic centimeter per minute,
the highest possible on our instrument. This inertness of Bijg~ to-
ward O, is remarkable, which must originate from its unique elec-
tronic and/or geometrical structure. To elucidate this extraordinary
chemical stability of the Bi;g~ cluster, we have investigated its struc-
ture and electronic properties using PES and TIED together with
theoretical calculations.

Global minimum structure searches

We performed global minimum searches for the structure of Bi;g~
using a “supervised” basin hopping algorithm implemented in our
in-house San Diego Global Minimum Search (SDGMS) package (34),
alongside a particle-swarm optimization (PSO) algorithm implemented
in CALYPSO (35), both in conjunction with density functional theory
(DFT) calculations. Further details can be found in Materials and
Methods. The three lowest-energy structures are depicted in Fig. 24,
with their Cartesian coordinates provided in table S1. The lowest
energy structure I (Fig. 2B) can be topologically described as compris-
ing of two Big cages, connected by a Bi, dimer highlighted in blue.

z
2
©
©
2
o
2
2
1]
T
o
0.01 T T T T r r
0 5 10 15 20 25 30
Bip,~

Fig. 1. Relative reactivity of Bi,” (n = 2-30) with O,. All reaction rates are nor-
malized to that of Bi14~. The 1 arrows represent lower limits because the reactions
are too fast. The | arrows represent upper limits because the reactions are too slow.
Note that the relative rate for Bi;g™~ is negligible.
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Each Big cage includes a square Bi4 unit shaded in red, and a trian-
gular pyramid Bi4 cap. In structure I (C,, 2A"), the relative orientation
of the two Big units is inverted with respect to the connecting Bi, di-
mer. All the Bi—Bi bond lengths range from 3.02 to 3.21 A (Fig. 2B),
consistent with Pyykkd’s single Bi—Bi bond distance (36). The other
two low-lying isomers (II and III), both with C,, symmetry, are
structurally similar to the global minimum, except that in these iso-
mers, the Big units are symmetric relative to the connecting Bi, di-
mer. Both are about 0.1 to 0.2 eV higher in energy than the global
minimum, as calculated using the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof functional and triple-C ba-
sis set (PBE/TZP), as well as at the hybrid GGA PBE0/VTZ level. Thus,
they are unlikely to have substantial populations under our experi-
mental conditions. Structures I, II, and III can be regarded as stereo-
isomers, distinguished by different arrangements of the Big cages.

Photoelectron spectroscopy

The electronic structure of Big~ is probed by PES using a magnetic-
bottle TOF apparatus (see Materials and Methods) (37). Figure 3A
shows the spectrum of Bi;g~ at 193 nm (6.424 eV), displaying well-
resolved spectral features in the low binding energy side. The ob-
served PES features are labeled with letters (X and A to H). The
higher binding energy side is more congested: the labels I to L are
only for the sake of discussion. A sharp ground-state peak (X) is
observed, which is from detachment transition from the ground
state of Bijg~ to that of Bijg, whereas peaks A to L all represent
detachment transitions to excited electronic states of neutral Bis.
The first vertical detachment energy (VDE) is measured from the
maximum of peak X to be 2.50 eV and the first adiabatic detachment
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Fig. 2. The structures of Bi;s". (A) The global minimum I (C;, 2A”) and two low-lying
isomers Il (Cy, 2A1) and Il (GCyy, 2A1), derived from two Big cages and a bridging Bi,
dimer (blue). The two connecting Bi atoms on the Big cages are highlighted in yel-
low. Relative energies (in eV) are obtained from PBE/TZP and PBEO/VTZ (in paren-
theses). (B) Bond distances in A of the global minimum I. The coordinates for the
three structures are given in table S1.
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energy (ADE) is measured from the onset of peak X to be 2.40 eV,
which also represents the electron affinity of neutral Bi;s. The ex-
perimental VDEs of all the observed PES features are given in table
S2. The sharp peak X indicates that there is little structural change
between Bijg~ and neutral Bijg. The large energy gap (0.86 eV) be-
tween peaks X and A suggests that neutral Bi,g is closed-shell with a
large HOMO-LUMO gap.

The simulated spectra of isomers I to III, obtained by using
the ASCF-TDDFT (self-consistent field-time-dependent density func-
tional theory) method (see Materials and Methods), are compared
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Fig. 3. Photoelectron spectroscopy. (A) The PE spectrum of Bijg~ at 193 nm (6.424 eV).
(B to D) The simulated spectra from the global minimum I and the two low-lying
isomers (Il and 1) of Bi;g™. The simulations were done at the TD-PBE/TZP level of
theory (see Materials and Methods).
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with the experimental spectrum in Fig. 3. The first VDEs and ADEs
of all the three isomers are computed at PBE/TZP (table S3). The
theoretical first VDEs of isomers I and II agree well with the ex-
perimental data, but that of isomer III shows a larger deviation.
Among isomers I and II, the overall pattern of the simulated spec-
trum for isomer I agrees better with the experiment. In particular,
the HOMO-LUMO gap of isomer I is in excellent agreement with
the experimental observation, providing considerable credence for
isomer I as the global minimum of Bi;s~. We also optimized the neu-
tral structure corresponding to isomer I and found that the neutral
Bi;g structure is nearly identical to the anion, consistent with the
sharp ground state peak observed in the PE spectrum.

Trapped ion electron diffraction

The structure of Bijs~ is further validated using the TIED technique
(38, 39) (see Materials and Methods) by comparing the experimen-
tal scattering function to simulated scattering functions based on
the three low-lying structures I to III, as shown in Fig. 4. The simu-
lated scattering functions of structures I to III lead to profile factors
of 6.1, 10.0, and 15.0%, respectively. The profile factor Ry, is a quan-
titative measure of the agreement between the simulated and experi-
mental molecular scattering functions. It is the lowest for structure I
among the considered structures, thereby confirming that structure I
is the experimentally probed structure and corroborating the global
minimum structure obtained from the comparison between PES
and the computed structures above.

Chemical bonding analysis of Bijg™

The bonding in the global minimum of Bi;s~ is analyzed using the
adaptive natural density partitioning (AANDP) approach (40), as
shown in Fig. 5A. We found a 6s” lone pair for each Bi atom. The

0.2

Fig. 4. Trapped ion electron diffraction. (A to C) Comparison of the experimental
(circles) and simulated (red) molecular scattering functions for the global mini-
mum | and the low-lying isomers Il and Ill of Bi;g™. The blue line in each panel
shows the weighted residuals.
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occupation number of the lone pairs (ON = 1.97 to 1.99 |e|) is close to
the ideal value of 2.0 |e|, suggesting very little s-p hybridization similar
to other Bi-containing clusters (41, 42). This is due to the relativistic
effects that stabilize the 6s electron and destabilize the 6p electrons
(43, 44). Each Bi atom uses its three 6p electrons to form three cova-
lent bonds, yielding a total of 27 classical two-center two-electron
(2¢c-2¢) Bi—Bi ¢ bonds. In addition, we found an 18c-1e bond, which
is completely delocalized over the Bi;g framework. The AANDP analy-
ses reveal a near perfect bonding situation in Bi;g~ without any
dangling bond. The ideal bond angles should be 90° for bonding by
the 6p orbitals. In fact, many bond angles in the Bi;s~ global mini-
mum are around 90° (fig. S2A). The unpaired electron in Bi;g~ occu-
pies the LUMO of neutral Bijg [singly occupied molecular orbital
(SOMO) in Fig. 5B]. Consistent with the AANDP analyses, both the
SOMO and the spin density (Fig. 5C) show that the unpaired electron
is completely delocalized over the whole Bi;g framework.

Structures I, II, and III are stereoisomers and the only difference
between them are the orientation of the two Big units relative to the
Bi, bridge (Fig. 2A). The different orientation of the Big units results
in slightly different bond angles at the Bi, bridge, 94° for I, 104° for
I, and 89° for III (fig. S2). While the ideal bond angle for Bi without
s-p hybridization is 90°, small participation of the 6s orbital in the
bonding would lead to a bond angle somewhat above 90°. Thus, the
94° bond angle in structure I is probably optimal in this sense, un-
derlying its slightly higher stability.

Understanding the inertness of Bi;g~ toward O,
One-electron transfer was observed to be the key for the reactions of
Ag,” and Au,” clusters with O,, where a strong even-odd effect was

&, ,
18 x 1c-2e Bi lone pairs
ON = 1.97-1.99 |e|

Front

observed (32, 45). The even-sized clusters with an unpaired electron
and lower electron binding energies were readily reactive with O,
to form M,(O,") charge-transfer complexes (46-49), whereas the
closed-shell odd-sized clusters with high electron binding energies
are not reactive toward O,. Except for the highly reactive small Bi,,~
(n =2 to 4) clusters and Bi;3 ", a similar even-odd effect is observed
for the reactivity of the Bi,, clusters with O, (Fig. 1). However, there
are two notable differences between the O, reactivity of the Bi,~
clusters and that of the coinage metal clusters. First, the odd-sized
Bi,” clusters do exhibit reactivity, albeit much weaker than the even-
sized clusters. Second, many Bi,,~ clusters can react with more than
one O, molecule (fig. S1), suggesting that the reaction of the Bi,~
clusters with O, is more complicated, not simply a one-electron
transfer process. This is because Bi can form stable oxides, in con-
trast to Ag and Au, which are resistant to oxide formation.

The question is, why is the open-shell Bijg~ cluster so inert to-
ward O? The answer lies in the unique structure and bonding of
this highly stable cluster. Even though the binding energy of the un-
paired electron in Bijg~ is relatively low, its totally delocalized nature
(Fig. 5, B to D) is not favorable for one-electron transfer. Second,
there is no dangling bond or unsaturated surface site on Bijg~ for
binding with O, or forming Bi—O bonds. Each Bi atom in Bi;g" is
covalently satisfied. Figure 6 shows the SOMO and spin density
of Aug~ and Auy,~, two prototypical reactive gold clusters with
O,. Even though the unpaired electron in the gold clusters is also
delocalized, there is more electron density in the apex sites (2, 50),
which are coordinatively unsaturated and provide the reactive sites
for O, (46-49). The TIED results on small Bi," clusters (n < 15)
showed that all the global minima of these clusters contain 2- or

27 x 2c-2e Bi—Bi o bonds 18c-1e unpaired electron
ON = 1.88-1.97 |e|

ON = 1.00 |e|

Fig. 5. Bonding analyses. (A) AANDP bonding analyses for the global minimum structure I of Bi;g~, showing 18 6s lone pairs and 27 Bi-Bi 6 bonds, along with one delocal-
ized 18c-1e bond. (B) The singly occupied molecular orbital (SOMO) of Biyg™ (isovalue = 0.02 a.u.). (C) The spin density in the Biyg~ cluster. (D) Electrostatic potential iso-

value contour surfaces from different viewpoints (unit, a.u.).
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4-coordination sites (30). It is expected that all the Bi,,” clusters,
other than Bijs~, should also contain undercoordinated Bi sites,
which can be the active sites for O, reaction.

We performed calculations for O, binding on the global mini-
mum structure I in various configurations, as shown in Fig. 7A. The
results reveal that all adsorption energies are very small, demon-
strating the weak binding ability of Bi;g~ with the O, molecule. Fur-
thermore, we have conducted ab initio molecular dynamics (AIMD)
simulations at room temperature on the strongest adsorption site
(Fig. 7B). We find that the O, molecule is completely released from
the Bijs~ cluster after only 128 fs, indicating that this is not even
a weak physical adsorption and demonstrating the unprecedented
resistance to O, oxidation by Bi;s .

A

SOMO

Fig. 6. Comparison of SOMO and spin density. The SOMO and spin density of
(A) Aug™ and (B) Auyo ™. The isovalue = 0.03 a.u.

Spin density

The Big cluster is a molecular bismuth analog of

Hittorf’s phosphorus

The neutral Bi;g cluster is a highly stable covalent molecular cluster
with a large HOMO-LUMO gap (0.86 eV). Its structure is similar to
that found in Hittorf’s phosphorus (or violet phosphorus), consist-
ing of similar Pg units linked by P, units (31, 5I). Bulk bismuths
or two-dimensional bithmuthenes adopt rhombohedral struc-
tures, which consist of puckered layered structures containing
3-coordinated atoms (16). All group V elements have such rhombo-
hedral structures, but phosphorus has many more structural allo-
tropes than its heavier congeners. In addition to the white, red, and
black (rhombohedral) phosphorous, there also exists the Hittorf’s
phosphorous (31, 51), which are polymeric forms Pg or Py cages
linked by P, or P4 units. The Big unit in the Bi;g cluster is similar to
the Pg units in Hittorf’s phosphorous. However, there are no similar
bulk bismuth allotropes like the Hittorf’s phosphorous. The present
work shows that the Bi atoms in small clusters can exhibit strong
covalent bonding, giving rise to stable molecular units analogous to
its lighter congeners. The structure of Bijg suggests that extended
structures consisting of the Big motif linked by a Bi, unit may be
possible, giving rise to Bi nanostructures analogous to Hittorf’s
phosphorous. On the basis of the remarkable resistance to oxidation
by the Bijs~ cluster, the putative Bi nanostructure should be highly
stable both chemically and thermodynamically.

DISCUSSION

We report the discovery of a remarkably stable Bijg~ cluster that is
resistant to oxidation. Despite the presence of an unpaired electron,
the unique structure and bonding characteristics of Bijg~ result in
its inertness toward O,. The global minimum of the Bi;g~ cluster,
along with its two next lowest-lying isomers, consists of two Big
cages linked by a Bi, dimer with varying arrangements of the Big
cages, similar to that in the Hittorf’s phosphorus. Each Bi atom
forms three covalent bonds, leading to a highly stable structure with
no dangling bonds. Theoretical calculations confirmed the weak
binding affinity of Bi;s~ for O, molecules, with complete desorption

128 fs

Fig. 7. Interaction of O, with B1g™. (A) Adsorption energies (eV) of O, on different sites of Big~ at the PBE-D3/TZV2P level. (B) AIMD simulation of the adsorbed O, under-

going desorption after 128 fs.
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occurring at room temperature. The high chemical stability of the
Bijs~ cluster suggests the potential for creating Bi nanostructures
analogous to Hittorf’s phosphorus, which may exhibit interesting
electronic properties. Recent research on bismuth-based metal clus-
ters (52, 53) suggests promising prospects for synthesizing stable
Bi;-containing nanoclusters.

MATERIALS AND METHODS

Reactions of Bi,” with O,

The reactivity of Bi,~ (n =2 to 30) with O, was studied on an instru-
ment composed of a magnetron sputtering cluster source, a contin-
uous flow reactor and a TOF mass spectrometer (32, 33). In brief,
clusters were generated in the source chamber and entered the flow
reactor together with the helium buffer gas. The nascent clusters
were thermalized to the temperature of the reactor maintained at
120 K and then reacted with O,, which was introduced downstream.
After passing through a skimmer at the end of the flow reactor, the
oxidized products and the unreacted clusters were analyzed by the
TOF mass spectrometer. The intensities of individual Bi,,~ clusters
with O, flow (I) and without O, (I;) were measured at various O,
flow rates. The relative reaction rates were obtained by linearly fit-
ting In(I/1,) versus the O, flow rate.

Photoelectron spectroscopy

The PE spectrum of Bijg~ was obtained using a magnetic-bottle
TOF PE spectrometer coupled with a laser vaporization supersonic
cluster source, details of which have been described previously (37).
In brief, bismuth clusters were produced by laser vaporization of a
Bi disk target followed by supersonic expansion with a helium car-
rier gas seeded with 5% argon. Negatively charged clusters were ana-
lyzed by a TOF mass spectrometer perpendicular to the cluster
beam. The Bi;g~ cluster of current interest was mass selected and
decelerated before being photodetached by the 193-nm (6.424 eV)
radiation from an ArF excimer laser. The resolution of the apparatus
was around 2.5%, that is, about 25 meV for 1-eV electrons.

Trapped ion electron diffraction

The structure of Bijg~ was determined experimentally by comparing
scattering functions from the Karlsruhe TIED apparatus and simu-
lated scattering functions based on candidate structures form DFT
calculations. Details of the TIED experiment and the data analysis
have been described elsewhere (38, 39) and only a brief description
of the experimental procedure is given here. About 10> to 10° Bi;g~
clusters, generated from a magnetron sputtering source (54), were stored
in a radio-frequency quadrupole ion trap and thermalized through
collisions with a He buffer gas to a temperature of 95 + 5 K. The
ion cloud was irradiated by an electron beam (40 keV, ca. 2 to 3 pA)
from a long focal length electron gun. Diffracted electrons from the
clusters were detected by a phosphor screen assembly and integrated
on an external charge-coupled device camera. A reference picture
was accumulated by repeating the sequence without cluster ions
in the trap. After typically accumulating several hundred such elec-
tron scattering exposures, the background-corrected diffraction
pictures were radially averaged, yielding the total scattering I'"* as
a function of the scattering angle 0 represented by the electron
momentum transfer s = (47/A\)sin(0/2) as function of the electron
wavelength ). Considering the atomic scattering intensity I and
an additional a priori unknown and unspecific flat background

Ma et al., Sci. Adv. 10, eads4724 (2024) 30 October 2024

1", the experimental reduced molecular scattering function is

calculated as
SMEPt — S(Itot _t— Iback) /Iat

The theoretical reduced molecular scattering function is approx-
imated by

N N 12
sMbe=5 ) 3 exp(— ge) £ 1) | cos(n;—n;)

i j#

sin(sk r; )

sTij
ksr,-j
where N is the number of atoms in the cluster, S and k; are scaling
factors for the amplitudes and distances, f; and n; are partial wave
elastic scattering amplitude and phase, and r;; the distance between
two atoms in the cluster. l; are mean squared vibrational amplitudes
(55) and account for thermal vibrations. Here, a single (averaged)
value has been used.

The comparison of experimental data and the theoretical func-
tion was accomplished by a y* fit minimizing the weighted differ-
ences by variation of S, ks, Ij, and parameters of the background
polynomial I"**, Before the fit, sM™ is convoluted by a Gaussian
(6 =0.14 A™) to simulate experimental broadening effects, such as
finite electron beam and cluster ion cloud size. Beam attenuation by
scattering at the finite trap opening is taken into account by weight-
ing sM™° with an error function centered at the maximum theo-
retical scattering angle corresponding to s = 14 A™". The level of
agreement between experiment and model structure is then deter-
mined by a weighted profile factor (38), which is given by

2 2
R, = \/ Zwi<sM;he°—stth> / Zwi<sMieth)
i i

The sums go over all experimental and corresponding theory
data points. The weighting factors w; are calculated from the error
propagated SD of the experimental data.

Theoretical methods

A global minimum search was conducted to determine the most
stable structures of the anion Bi;s~ and the neutral Bi;s using both a
“supervised” Basin Hopping algorithm implemented in SDGMS
(34) and the PSO algorithm in CALYPSO (35). DFT calculations
were performed with SDGMS using the ADF 2024.1 program system
(56). The generalized gradient approximation (GGA) PBE functional
(57) was used with a Slater double-C basis set with one polarization
function (DZP) (58). The frozen-core approximation was applied
to the inner shells [1s2-4d'%] for bismuth in the all-electron ADF
calculations. Relativistic effects were taken into consideration by the
zeroth-order regular approximation (59). After obtaining the lowest
lying isomers, larger triple- basis sets (TZP) and hybrid PBEO func-
tional (60) were used to more accurately determine the relative en-
ergies. To eliminate prediction bias, we used a different prediction
method PSO for neutral species, using the projector augmented wave
method (61) as implemented in the periodic VASP code (62) in con-
junction with CALYPSO.

PE spectra of the predicted global minimum structure and the
other two C,, stereoisomers were simulated using ASCF-TDDFT
method (2) along with the PBE functional. The first VDE (VDEL)
was computed as the energy difference between the anionic ground
state and the corresponding neutral state at the anion’s geometry.
The ADE was calculated as the energy difference between the anionic
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and neutral species at their respective optimized geometries. To
simulate the PE spectra, each VDE was fitted with a Gaussian func-
tion of 0.06 eV width. The relative intensities in the simulated PE
spectra were empirically determined, with a value of one for singlet
states and two for triplet states.

Chemical bonding analyses were performed using molecular
orbital theory at the PBE/TZP level and the AANDP method (40),
which involves diagonalizing the first-order reduced density matrix
to optimally converge the electron density description. During the
search for multicenter two-electron (nc-2e) bonds, the density
matrix is iteratively depleted of density corresponding to the appro-
priate bonding elements, generating 1c-2e, 2c-2e, and nc-2e bonds.
These calculations were carried out using the Gaussian 09 package
(63). Fully relativistic energy-consistent pseudopotentials (ECP-
60MDF) (64) and the cc-pVTZ (VTZ) (65) basis set were used for
bismuth (Bi).

The reactivity of Bijg~ with O, was examined by calculating the
adsorption energy of O, on different sites of Bijs~ using the PBE
functional corrected by D3 van der Waals dispersion (66), com-
bined with TZV2P MOLOPT basis sets optimized for multigrid
integration (67), as implemented in the CP2K package (68). Norm-
conserving pseudopotentials (69) were using to describe the inter-
actions between the frozen cores and the valence shell electrons. The
cutoff value was set to 450 rydbergs, and the number of grids was set
to 5. The simulation box size was 30 A x 30 A x 30 A. During geom-
etry optimizations, the convergence criteria were set to 3 X 107
bohr for atomic displacements and 4.5 x 10~* hartree/bohr for forces.
The ab initio molecular dynamics simulations were performed in
the canonical (NVT) ensemble at 300 K using the Nose-Hoover
thermostat algorithm (70) with a time step of 1 fs.
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