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ABSTRACT: Spontaneous symmetry-breaking is common in chemical and physical systems. Here, we show that by adding an
electron to the C7v PbB8 cluster, which consists of a planar B8 disk with the Pb atom situated along the C7 axis, the Pb atom
spontaneously moves to the off-axis position in the PbB8

− anion. Photoelectron spectroscopy of PbB8
− reveals a broad ground-state

transition and a large energy gap, suggesting a highly stable closed-shell PbB8 borozene complex and a significant geometry change
upon electron detachment. Quantum chemistry calculations indicate that the lowest unoccupied molecular orbital of the C7v PbB8
cluster is a degenerate π orbital mainly consisting of the Pb 6px and 6py atomic orbitals. Occupation of one of the 6p orbitals
spontaneously break the C7v symmetry in the anion due to the Jahn−Teller effect. The large amplitude of the position change of Pb
in PbB8

− relative to PbB8 is surprising owing to bonding interactions between the Pb 6p orbital with the π orbital of the B8 borozene.

1. INTRODUCTION
Spontaneous symmetry breaking is ubiquitous in chemical and
physical systems due to the Jahn−Teller (JT) effect, which
occurs for degenerate electronic states.1 Molecular symmetries
can be likewise restored when the underlying degeneracy is
removed, which can often be accomplished by the removal or
addition of an electron. The JT effect is widely observed in
electronic spectroscopy, and the symmetry breaking can be
subtle or minor. For molecules involving heavy elements,
strong spin−orbit couplings can even suppress the JT effect.
Here, we report the observation of an extraordinarily
pronounced JT distortion in the PbB8

− anionic cluster,
where a large change of the position of the heavy Pb atom is
found on the surface of the planar B8 boron disk upon the
addition of an electron to the highly symmetric C7v PbB8
cluster.

Boron is an electron-deficient element with complicated
chemical bonding and structures. The electron deficiency of
boron leads to electron sharing and delocalization in borane
compounds and bulk boron allotropes.2−4 During the past two
decades, the structures and bonding of size-selected boron
clusters have been elucidated via combined experimental and
theoretical investigations.5−10 Different from bulk boron

materials, finite boron clusters have been found to have two-
dimensional (2D) structures consisting of B3 triangles,
decorated with tetragonal, pentagonal, or hexagonal holes.
The discovery of the planar B36 cluster with a central hexagonal
hole provides the first experimental evidence of the viability of
2D boron nanostructures, named borophenes,11,12 which have
been synthesized on inert substrates.13,14 The B7

−, B8
−, and

B9
− clusters were among the first few boron clusters to be

investigated by joint photoelectron spectroscopy (PES) and
theoretical calculations and they were all found to possess 2D
structures with a central B atom inside a Bn ring.

15,16 Recently,
the B7

3−, B8
2−, and B9

− series of closed-shell species are shown
to possess similar π bonding akin to that in C5H5

−, C6H6, and
C7H7

+, respectively, and a name “borozene” is coined to
highlight their analogy to the classical aromatic hydrocarbon
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molecules.17 Among the borozenes, the D7h B8
2− is unique for

its high stability originated from both its double aromaticity
and the fact that the B7 ring has the perfect size to host a
central B atom. The B8

2− borozene has been realized
experimentally in a variety of MB8 and M2B8 complexes18−23

and predicted to exist in many more MB8 systems.24−32 It has
been recently found that Au and Bi tend to be bonded to the
edge of the B8

2− borozene,21,22 whereas transition metals
(TMs) have been known previously to form TM©B8-type
borometallic molecular wheels with the TM atom located in
the center of a B8 ring,33−42 rather than the MB8 borozene
complexes.

In the current article, we present an investigation of a heavy
p-block metal borozene complex, PbB8. PES of the PbB8

−

anionic cluster reveals a large energy gap and a broad ground-
state detachment transition, implying a highly stable PbB8
neutral cluster and a large geometry change from the anion to
the neutral ground state. Theoretical calculations show that the
PbB8

− anion has Cs symmetry with a 2A′ electronic state, in
which the Pb atom is bonded to a B3 triangle above the B8 disk
framework, whereas the neutral PbB8 is a highly symmetric
closed-shell C7v borozene complex [Pb2+(B8

2−)] with the Pb
atom on the C7 axis. The symmetry breaking in the anion is
due to the JT effect as a result of the occupation of the
degenerate e1 lowest unoccupied molecular orbital (LUMO) of
PbB8 by the extra electron. While the B8 framework does not
undergo significant geometry changes, the position of the Pb
atom is moved substantially off the C7 axis in the anion due to
bonding interactions between the Pb 6p orbital and the
borozene π orbital.

2. EXPERIMENTAL AND THEORETICAL METHODS
2.1. Photoelectron Spectroscopy. The experiment was

conducted using a magnetic bottle PES apparatus equipped
with a laser-vaporization supersonic cluster source.8 The PbB8

−

clusters were produced by laser vaporization of a disk target
made of Pb- and 10B-enriched boron powders. The laser-
induced plasma off the target surface was quenched by a high-
pressure helium carrier gas seeded with 5% argon. Clusters
formed inside the nozzle were entrained by the carrier gas and
underwent a supersonic expansion. After passing a skimmer,
negatively charged clusters in the collimated molecular beam
were extracted at 90° into a time-of-flight mass analyzer. The
PbB8

− cluster was selected by a mass gate and decelerated
before crossing a detachment laser. Two detachment laser
wavelengths were employed in the current work, 532 nm
(2.331 eV) and 266 nm (4.661 eV) from an Nd/YAG laser.
Photoelectrons were collected by the magnetic bottle and
analyzed in a 3.5 m-long electron time-of-flight tube.
Photoelectron kinetic energies were calibrated with the
known transitions of the Pb− atomic anion. The electron
kinetic energy (Ek) resolution (ΔEk/Ek) of the magnetic bottle
analyzer was approximately 2.5%, i.e., about 25 meV for 1 eV
electrons.

2.2. Theoretical Method. Theoretical calculations were
performed to understand the structures and bonding properties
of the PbB8

−/0 clusters using the Gaussian 09 program.43 Since
the PbB8

− cluster is isoelectronic to the BiB8 neutral cluster,
their global minimum (GM) structures are expected to be
similar to each other. Building on our previous findings on
BiB8

−/0,22 we utilized the GM structure and the three low-lying
isomers of BiB8 to help identify the GM structure of the PbB8

−

cluster. Both doublet and quartet spin multiplicities were

tested for PbB8
− at the level of PBE0/LANL2DZ. The low-

lying isomers were reoptimized at the PBE0 level using the
aug-cc-pVTZ basis set for the B atoms and the aug-cc-pVTZ-
pp basis set with the relativistic pseudopotentials
(ECP60MDF) for the Pb atom.44−46 For the GM structure,
the adiabatic detachment energy (ADE) was calculated as the
difference in energy between the optimized anion and the
optimized neutral structure. The first vertical detachment
energy (VDE1) was calculated as the difference in energy
between the optimized anion and the neutral at the optimized
structure of the anion. Higher VDEs were calculated using
time-dependent density functional theory at the PBE0/aug-cc-
pVTZ level of theory at the anion structure.47,48 Though we
did not explicitly account for the spin−orbit coupling effects,
our calculated detachment energies are found to agree well
with the experimental results.

Chemical bonding analyses were performed using the
adaptive natural density partitioning (AdNDP) method
developed by the Boldyrev group,49,50 as implemented in
Multiwfn.51 The AdNDP method relies on the electron pair as
the fundamental component of chemical bonding models,
characterizing the electronic structure in the context of n-
center two-electrons (nc-2e) bonds. The AdNDP approach
serves as an extension of the natural bonding orbital analysis
and is based on the concept of occupation numbers (ONs). In
this context, the closer an ON for a specific bond approaches
2.0 (or 1.0 for single-electron bonds), the more dependable the
bonding representation becomes.

3. RESULTS
3.1. Experimental Results. The photoelectron spectra of

PbB8
− are shown in Figure 1 at two photon energies.

Detachment features are denoted by letters, where X indicates
the detachment transition from the ground state of the anion
to that of the neutral. The bands labeled from A to C represent
detachment transitions from the ground state of the anion to

Figure 1. Photoelectron spectra of PbB8
− at (a) 532 nm (2.331 eV)

and (b) 266 nm (4.661 eV).
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excited states of the neutral final states. The photoelectron
spectrum of PbB8

− at 532 nm (Figure 1a) displays one broad
band X centered at 1.87 eV, which defines the VDE to the
neutral ground electronic state. The ADE is estimated to be
1.64 eV from the onset of band X. The 266 nm spectrum
(Figure 1b) reveals a large energy gap between band X and the
next major detachment band A at a VDE of 3.64 eV. A close-by
band B is observed at 3.91 eV. The weak band C at 4.26 eV is
broad, and there seems to be unresolved features on the higher
binding energy side of band C. All the observed VDEs are
given in Table 1, where they are compared with the theoretical
results.

3.2. Theoretical Results. The GM and the low-lying
isomer are shown in Figure 2 for both the anion and the

neutral. The GM of PbB8
− has Cs symmetry with a 2A′

electronic state, which consists of a B8 disk with the Pb atom
located above one of the B3 triangles. Iso1 of PbB8

− features a
Pb atom bonded to the edge of the B8 disk, which is 0.44 eV
above the GM structure. Both the GM and Iso1 of PbB8

− are
similar to those of the isoelectronic BiB8 cluster.22 The GM
structure of neutral PbB8 is a closed shell and has a high
symmetry C7v structure with a large change of the Pb position
in comparison with the GM of the anion. Iso1 of PbB8 (C2v,
3B1) is similar to that of the anion, but it is 2.26 eV higher in
energy than the GM, indicating the overwhelming stability of
the C7v structure for PbB8. The theoretical ADE and VDEs for

the GM of PbB8
− are compared with the experimental data in

Table 1 and Figure S1. The computed ADE and VDEs for Iso1
of PbB8

− are given in Table S1.

4. DISCUSSION
4.1. Comparison between Experiment and Theory.

The valence molecular orbitals (MOs) for the Cs GM of PbB8
−

are given in Figure 3. The first PES band X corresponds to
electron detachment from the singly occupied MO (SOMO,
21a′). The calculated VDE1 of 1.69 eV is in good agreement
with the experimental result of 1.87 eV (Table 1). However,
the calculated ADE of 0.93 eV is significantly smaller than the
estimated experimental value of 1.64 eV from the onset of
band X (Figure 1). This is due to the huge geometry change
between the anion and the neutral ground state, such that
there is a negligible Franck−Condon (FC) factor for the 0−0
transition. This is confirmed by the computed FC factors in
comparison with the experimental data, as presented in Figure
S2. The computed FC profile shows that the most active
vibrational mode is the rocking mode of the B8 disk around the
Pb atom, in agreement with the large change of the position of
the Pb atom from the anion to the neutral ground state (Figure
2). The rocking mode is the lowest frequency vibrational mode
of PbB8 with a computed frequency of 168 cm−1 at the PBE0
level. The maximum FC factor corresponds to v = 26 of the
rocking vibrational mode of PbB8 (Figure S2). The excitation
energy of v = 26 (0.54 eV) should define approximately the
energy separation between the ADE and VDE of band X.
Therefore, according to the FC calculation, the ADE of PbB8

−

should be ∼1.33 eV, where the FC factor is negligible. In cases
where there are large geometry changes from the anion to the
neutral, the ADEs cannot be measured from PES. A similar
example was reported recently for SO3

−, which has a pyramidal
structure (C3v), while neutral SO3 is planar (D3h).

52 The
photoelectron spectra of SO3

− display a broad vibrational
progression in the umbrella mode, and there is a negligible FC
factor for the 0−0 transition.

The detachment from the full highest occupied MO
(HOMO, 11a″) results in a high-spin (3A″) and a low-spin
(1A″) final state. The computed VDE of 3.55 eV for the triplet
final state is in good agreement with the experimental VDE of
band A (Table 1). In particular, the large energy gap between
bands X and A is well reproduced by the theoretical data. The
theoretical VDE of 4.03 eV for the singlet final state should
correspond to band C at 4.26 eV. Detachment from the
HOMO − 1 (20a′) produces both a 3A′ triplet and a 1A′
singlet neutral state. The calculated VDE for the 3A′ final state
of 3.77 eV agrees well with band B at 3.91 eV, whereas that for
the 1A′ final state (4.16 eV) likely corresponds to the weak
unidentified signals beyond band C (Figure S1). Overall, the
theoretical results for the GM of PbB8

− are in excellent
agreement with the experimental observations, unequivocally
confirming the Cs GM structure. We also calculated the
detachment energies for Iso1 (Table S1), which completely
disagree with the major PES features. We note that the
computed VDEs for Iso1 of PbB8

− may correspond to the very
weak signals observed between bands A and B (Figure S3),
suggesting that Iso1 might be very weakly populated. This
observation is consistent with the Cs GM of PbB8

−.
4.2. Chemical Bonding in PbB8 and the Origin of the

Large Geometry Change in the PbB8
− Anion. The

chemical bonding in the PbB8 cluster can be understood
better using the AdNDP analysis, as shown in Figure 4, which

Table 1. Experimental VDEs of PbB8− in Comparison with
the Calculated Values at the PBE0/aug-cc-pVTZ Level of
Theory for the GM Cs (2A′) Structureb

band VDE (exp.)a final state and electron configuration VDE (theo.)a

X 1.87 1A′ {...0.19a′2 20a′2 11a″2 21a′0} 1.69
A 3.64 3A″ {...0.19a′2 20a′2 11a″1 21a′1} 3.55
B 3.91 3A′ {...0.19a′2 20a′1 11a″2 21a′1} 3.77
C 4.26 1A″ {...0.19a′2 20a′2 11a″1 21a′1} 4.03

1A′ {...0.19a′2 20a′1 11a″2 21a′1} 4.16
aThe observed electron detachment threshold was 1.64 eV, and the
computed ADE is 0.93 eV. bAll energies are in eV.

Figure 2. GM and low-lying isomer of (a) PbB8
− and (b) PbB8.

Relative energies are given in eV at the PBE0/aug-cc-pVTZ level. The
coordinates of these structures are given in Tables S2−S5.
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reveals a 6s lone pair on Pb, seven two-center two-electron
(2c-2e) B−B σ bonds on the periphery of the B8 motif, three
8c-2e σ bonds, and three 9c-2e π bonds. The 6s electrons on
Pb are relatively inert due to the strong relativistic effects,53

and Pb acts as a valence 2+ element. Thus, the closed-shell
PbB8 cluster is a perfect Pb2+(B8

2−) borozene complex, where
there are also clear covalent interactions between the Pb 6p
orbitals with the π orbitals on the B8 motif (Figure 4).

The valence MOs shown in Figure 5 provide further insight
into the chemical bonding in the PbB8 borozene complex and
the large geometry change upon addition of an electron in the
PbB8

− anion. The π boding between the Pb 6p orbitals and the
B8 motif can be seen clearly in HOMO − 1 (6pz−π bonding)
and the degenerate HOMO (6px/6py−π bonding). However,
the coordination to Pb does not distort the planar B8
framework significantly mainly due to the large size of the
Pb atom and the relatively weak π bonding between the Pb
atom and the B8 motif. The degenerate LUMO (e1) represents
antibonding π interactions between the Pb 6px/6py orbitals
and the π orbitals of the B8 motif. Occupation of the LUMO
by one electron gives rise to a 2E1 degenerate electronic state
under the C7v symmetry, which is unstable due to the JT effect
and will spontaneously distort to the lower Cs symmetry.

Conversely, removal of the SOMO electron in PbB8
− (Figure

3) spontaneously restores the C7v symmetry for the neutral
PbB8 borozene complex. What is surprising is the large change
of the Pb position between the anion and the neutral. In the
previous study on the LiB8

− borozene complex [Li+(B8
2−)],18

electron detachment from its HOMO (e1), which is a
degenerate π orbital on the B8

2− borozene motif, also produces
a 2E1 degenerate electronic state under the C7v symmetry. But
the JT distortion is relatively small, judging from the observed
photoelectron spectrum. In our very recent study of a similar
CuB8

− borozene complex [Cu+(B8
2−)], negligible JT distortion

is observed in the open-shell C7v neutral CuB8 (2E1).
23

The large change of the Pb position in the PbB8
− anion can

be understood from the nature of the LUMO of PbB8, which
involves antibonding π interactions between the Pb 6px/6py
orbitals and the π orbitals of the B8 motif. The large off-axis
distortion of the Pb atom is to reduce the antibonding
interaction, as shown more clearly in the SOMO of PbB8

−

(Figure 3). In fact, the SOMO of PbB8
− even involves a slight

bonding interaction because of the large shift of the Pb
position to one side of the B8 motif. Our preliminary
calculation suggests that ionization of the SOMO electron in
the Cs BiB8 cluster will produce a closed-shell C7v BiB8

+

Figure 3. Valence MOs for the Cs GM of PbB8
−.

Figure 4. AdNDP bonding analysis for the GM structure of PbB8. ON stands for ON.
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cationic borozene complex, similar to the PbB8 neutral
borozene complex. Thus, the position of the large Bi or Pb
atom on the surface of the B8 borozene is controlled by the
addition or removal of an electron, which can be viewed as a
new type of molecular switches.54

5. CONCLUSIONS
In conclusion, we report a PES and computational study of a
new Pb-borozene complex, PbB8

−. PES of PbB8
− reveals a

large geometry change upon electron detachment and a large
HOMO−LUMO gap. Theoretical calculations find that
neutral PbB8 is a highly symmetric closed-shell Pb-borozene
complex, C7v Pb2+(B8

2−). The LUMO of PbB8 is a degenerate
π orbital involving antibonding interactions between the Pb
6px/6py orbitals and the π orbitals of the B8 motif. Occupation
of the degenerate LUMO induces a spontaneous symmetry-
breaking due to the JT effect to yield a Cs PbB8

−, in which the
Pb atom is moved to one side of the B8 borozene surface off
the C7 axis. The large change of the Pb position is a result of
reducing the antibonding interaction between the Pb 6p orbital
and the π orbital of the B8 borozene in the anion. Thus, the
position of the Pb atom on the surface of the B8 borozene is
controlled by the addition or removal of an electron, whereas
there is relatively minor structural change of the B8 motif
between the PbB8

− anion and the PbB8 neutral borozene
complex.
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