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We report the observation of the first inverse triple-decker complex
in a tri-lanthanide-doped boron cluster. Photoelectron spectroscopy
of LaszBis~ reveals well-resolved photodetachment transitions.
Quantum chemical studies show that the most stable structure of
the LasBi4 cluster exhibits a tilted La—Bg—La—Bg—La inverse triple-
decker structure with two conjoined Bg rings sharing a pair of B
atoms due to strong inter-layer B-B bonding. The tilted structure
enhances both B-B and B-La bonding, resulting in a highly stable
inverse triple-decker structure. Theoretical calculations further
show that multi-decker conjoined structures are viable as a new
class of 1D lanthanide boron nanostructures.

Boron displays many allotropes with complex crystal structures
and super-hard properties because of its electron deficiency
and the strong covalent B-B bonding.1?> Boron can also form a
variety of metal boride materials with important potential
industrial applications, ranging from super-hard metal borides
and the superconducting MgB, to boride materials with ultra-
high magnetic fields and ultra-high thermal conductivity.3->
Nanoclusters of boron have also been shown to display a
diverse range of interesting stable structures and multi-center
chemical bonding.®10 Joint experimental and theoretical studies
in the past decade on size-selected boron clusters have revealed
planar (2D) structures leading to the discovery of graphene-like
planar structures (borophenes), fullerene-like cage structures
(borospherenes), and nanotubular structures.®'3 Metal-doped
boron clusters have led to a new direction in the study of boron
nanoclusters, resulting in the discovery of metal-centered
molecular wheels, half-sandwich structures, possibilities of
metallo-borophenes, and nanotubular drum-like structures.41°
Most recently, a new class of inverse-sandwich lanthanide
boride clusters involving monocyclic and aromatic B, rings (M—
B,—M, n = 7-9) have been uncovered via joint photoelectron
spectroscopy (PES) and quantum chemistry calculations.?02!
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These exciting findings immediately lead to the question
whether triple-decker or even multi-decker lanthanide boride
clusters would be possible.

Triple-decker complexes (L—-M—-L—M-L, L = aromatic ligands)
represent a class of interesting organometallic compounds
important in organic and inorganic syntheses, as well as building
blocks for molecular architectures.?>2> The first triple-decker
transition-metal complex was synthesized in 1972,2¢ followed
by electronic structure studies and the syntheses of a series of
new triple-decker compounds.?’-30 In the past four decades, a
variety of triple-decker complexes have been synthesized with
different aromatic ligands and d-/f-metal atoms, which can be
potential (1D)
molecular information storage media.?>31-3* However, inverse
triple-decker (M—L—M-L—-M) or
complexes have not been synthesized.

one-dimensional magnetic materials and

multi-decker lanthanide

Here we report the first observation and characterization of
a tri-lanthanum-doped boron cluster, LasB14~, which is found to
possess a tilted inverse triple-decker structure using a joint PES
and theoretical investigation. Global minimum searches have
shown that the structure can be viewed as two conjoined Bg
rings sharing two B atoms with C,, symmetry. Theoretical
calculations show that multi-decker La,Bg,4~ systems with
conjoint Bg rings can form stable 1D lanthanide-boron
nanowires. Such novel 1D nanostructures may be viable to be
realized experimentally on suitable substrates or found as
motifs in new lanthanide borides.

The LasBy4™ cluster was produced using laser-vaporization of
a mixed La/''B disk target and characterized by a magnetic-
bottle PES apparatus (see the Supporting Information for
details).103° The photoelectron spectrum of LazB;4~at 193 nmis
shown in Figure 1a, which is well resolved with distinct spectral
features, labeled as X, A—H. The X band corresponds to the
detachment transition from the ground state of LasBi4~ to that
of neutral LasBy4, while the bands at higher binding energies
come from detachment transitions to excited states of neutral
LasBi4. The overall spectral pattern is relatively simple and well-
resolved for such a complicated binary cluster, suggesting a
highly stable and symmetric global minimum. Band X is sharp
and intense, giving rise to the first vertical detachment energy
(VDE) of 2.25 eV for LasB,4~. The adiabatic detachment energy
(ADE) of band X was estimated from its onset to be 2.05 eV,
which also represents the electron affinity (EA) of neutral
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LasBy4. Following an energy gap, band A at 3.15 eV is well
separated from other spectral features. Following another
energy gap from band A, a congested spectral range ensues
from about 3.5 to 4.5 eV. Three bands are labeled, B, C, D, which
are likely to contain multiple detachment transitions. Between
4.5 and 6.2 eV, again congested spectral features are observed
and four bands, E, F, G, and H, are tentatively identified. The
binding energies of all detachment features are given in Table
S1. The PES spectral features and the overall spectral pattern of
LasBy4~ can serve as an electronic fingerprint that can be used
to compare with theoretical calculations to probe its structure,
stability, and chemical bonding.
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Figure 1. a) Photoelectron spectrum of LasBy4~ at 193 nm; b) the simulated
spectrum of the tilted triple-decker global minimum of LasBy;~ at the
SAOP/TZP level.

The global minimum of LasB,4,~ was searched using the
TGMin 2.0 package3®37 combined with calculations employing
the ADF software.3® We examined more than 1000 structures
and found that a tilted inverse triple-decker structure with C,,
symmetry was the global minimum on the potential energy
surface, as shown in Figure 2, and the Cartesian coordinates are
listed in Table S2. The C,, structure can be viewed as the fusion
of two Bg monocyclic rings sharing two B atoms. The structural
relation between the C,, global minimum and a perfect La—Bg—
La—Bg—La triple decker will be discussed later (vide infra). Low-
lying isomers within 54 kcal/mol of the global minimum are
given in Figure S1. The second lowest energy isomer (C,) is
found to be 10.92 kcal/mol higher in energy than the C,, global
minimum at the PBEO/TZP level, highlighting the stability of the
tilted triple-decker structure. We also calculated the linear La—
B,—La—Bs,—La triple-decker structure with two B; monocyclic
rings and found two imaginary frequencies involving the
bending modes (tilting) of the two By rings. Furthermore, the
energy of this triple-decker structure lies 150 kcal/mol above
the C,, global minimum. Following the imaginary frequencies
would lead to the global minimum.

To validate the global minimum of the LazBi4~ cluster, we
calculated the first ADE and VDEs of the C,, tilted triple-decker
structure using the PBE and PBEO methods with the TZP basis
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sets. All the calculated detachment channels together with the
electron configurations and final state symmetries are
compared with the experimental data in Table S1. Each VDE is
fitted with a unit-area Gaussian of 0.15 eV width to produce a
simulated spectrum, as shown in Figure 1b. The computed first
ADE/VDE are 2.12/2.18 eV, in good agreement with the
experimental results of 2.05/2.25 eV.

Figure 2. The global minimum structure of LasBis~ (Cp, 'A;) with two
conjoined Bg rings: top view (left) and side view (right). LaP and La® represent
the outer and central La atoms, respectively.

The C,, tilted triple-decker structure of LasBy4~ has a closed-
shell electron configuration and its valence molecular orbitals
(MOs) are depicted in Figure S2. Hence, electron detachment
from each occupied MO results in one doublet final state (Table
S1), yielding a relatively simple photoelectron spectrum.
Detachment from the 24b, HOMO gives rise to a computed VDE
of 2.18 eV, whereas detachment from the 18a, HOMO-1 results
in a computed VDE of 2.36 eV. These two detachment channels
have closely spaced binding energies, consistent with the
intense band X. Detachments from the 45a; and 17a, MOs also
give rise to two closely spaced VDEs at 3.05 eV and 3.17 eV,
respectively, which are well separated from the first two
detachment channels, in excellent agreement with band A
(experimental VDE of 3.15 eV). Following an energy gap and
starting from the 34b,; MO, which gives a computed VDE of 3.58
eV, a series of closely-spaced detachment channels are
computed up to 5.7 eV, consistent with the congested PE
spectral features beyond band A (Figure 1 and Table S1).
Overall, the simulated spectrum from the global minimum of
LasBi4,~ agrees well with the experimental data, providing
considerable credence for the identified tilted triple-decker
structure.

The chemical bonding of the tilted triple-decker global
minimum of LasBy4~ is analyzed using the adaptive natural
density partitioning (AdNDP) method.3® The AdANDP results
reveal that the 52 valence electrons in LazB14~ can be classified
into six categories, as displayed in Figure 3. Eleven two-center
two-electron (2c-2e) o bonds are found, five on each Bg ring plus
one between the two shared boron atoms. There are also two
3c-2e delocalized bonds on the B; units shared by the two Bg
rings (Figure 2). There are two 14c-2e bonds with it characters
representing delocalized bonding within the two conjoined Bg
rings with little bonding with the La atoms. The remaining 11
multicenter bonds describe various levels of interactions
between the conjoined Bg ligands and the three La atoms in the
tilted triple-decker. The three delocalized 15c-2e bonds in the
second row represent mainly interactions between the central
La atom (labeled as La®) and the boron framework, involving the
La¢ 5d it and 5d & orbitals. The two outer La atoms (labeled as
Lab) interact with the fourteen B atoms via six 16c-2e bonds, as
depicted in the third row. Different interactions are defined
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according to the z-axis along the LaP...LaP direction: “+” and “-”
represent positive and negative overlaps, respectively. Finally,
the two 17c-2e bonds in the fourth row describe bonding
between the three La atoms and the boron framework in the
tilted triple-decker, with primary interactions involving the two
outer La® atoms and the boron framework with some
contribution from the central La® atom.
| V4
oNesr e

11 x 2¢-2e B-B bonds
ON =1.74~1.92 Je|

§. §
3 x 15c-2e La®-B,, bonds
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ON =1.94-2.00 |e|

[
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Figure 3. AANDP analyses of the chemical bonding in the tilted inverse triple-decker
global minimum of LasBy4~ at the PBEO/TZP level. The occupation number (ON) is
given.

Recently, the first inverse sandwich consisting of a Bg ring
and two La atoms (Dg, La,Bg) has been observed. The B-B and
B—La bond distances are 1.56 and 2.76 A, respectively. The
global minimum of LazBi4~ can be viewed as the first inverse
triple-decker consisting of two Bg rings. However, the perfect
linear La...Bg...La...Bg...La inverse triple-decker is not stable
strong inter-layer B—B bonding. The
transformation from this high-symmetry linear structure to the
bent global minimum of LazB14~ is schematically shown in Figure

because of the

4, by tilting the two Bg rings and sharing one B—B unit. There are
some structural distortions in the conjoined part of the two
rings, whereas the unshared five B-B bonds on each Bg ring are
very similar to those in the La,Bg inverse sandwich, ranging from
1.53 to 1.60 A (Figure S3). These B—B bond lengths are
consistent with B=B double bonds, according to Pyykko’s
covalent radii.*° The multiple B-B bond order is borne out from
the AANDP analyses for LasB.4~ (Figure 3), as well as for La,Bs. In
the conjoined part, the shared B—B bond has a significantly
lengthened bond distance of 1.78 A, which is consistent with a
B—B single bond. The neighboring B atoms next to the shared B—
B bond from both the Bg rings also form a B—B single bond (1.70
A, Figure S3), resulting in a Bj triangle with one of the shared B
atoms. The 3c-2e bonds revealed in the AANDP analyses are
largely responsible for these additional conjoined B—B bonds,
which significantly enhanced the binding between the two
conjoined Bg rings.

The conjoined Bg rings did not affect the bonding with the
La atomes, in fact, they have enhanced the metal-ligand bonding.
The LaP—B bond distances for the two outer La atoms range from
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Figure 4. Schematics showing the transformation from a perfect linear
inverse triple-decker, La...Bg...La...Bg...La to the global minimum, bent triple-
decker of LasB;4~ with two conjoined Bg rings by sharing a B, unit (dark-
brown color).

2.68 to 2.78 A, which are shorter on average than those in the
La,Bg inverse sandwich (2.76 A). The central La atom (La¢) also
has optimal bonding with the boron framework, as shown in the
AdNDP analyses discussed above. We also carried out QTAIM
calculation and analyzed bond order indices to investigate the
bonding of La-B and the bridged B-B unit as shown in Table S3.
Compared with covalent B-B interactions, the La-B bonding is
primarily of dative bonding character (p>0, E<0, V2p>0) with
little covalent contribution. The binding energy between the
three La atoms and the boron framework is calculated to be
665.15 kcal/mol at PBEO/TZP level. Overall, the high stability of
the global minimum of LasBy4~ is derived from both the
enhanced B-B and La—B bonding, making it an exceptional
inverse triple-decker complex.
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Figure 5. Optimized structures of LasB,¢~ and La;Bsg~ compared with that of
LasB,,4~ at the SR-ZORA PBE/TZP level.

For transition-metal-doped boron clusters, previous studies
have shown metal-centered tubular structures,16:17.19.41,42 gy ch
as the Dgy-Co(Bg),~, Dog-Rh(Bg),~, and Dipg-Ta(Big)>~, which
suggested the possibilities of metal-centered 1D boron
nanotubes. The high stability of the LasBy4~ tilted inverse triple-
decker immediately points to a new type of 1D lanthanide-
boron nanostructures by extending the triple decker with
conjoint Bg rings. We have carried out preliminary calculations
for two members of this series, LasB,s~ consisting of four
conjoint Bg rings and La;Bsg™ consisting of six conjoint Bg rings,
as shown in Figure 5. The optimized structure of LasB,s is
closed-shell with C,, (*A;) symmetry and that of La;Bss is
closed-shell with C; (*A') symmetry. These 1D oligomeric
nanoclusters are true minima on the potential energy surfaces
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without imaginary vibrational frequencies and their Cartesian
coordinates are given in Table S4. There should be a whole
series of such 1D nanoclusters with the chemical formula of
La,Bg,4~. Even an infinitely long 1D nanowire may be viable or
exist in new lanthanide boride compounds. Considering the fact
that most of the lanthanide (Lh = La—Lu) elements can form
similar inverse boron sandwiches,?® we expect that they can
also form similar tilted triple-deckers and 1D nanowires with
tunable magnetic properties of multiple 4f” atomic centers.

In summary, we have observed the first inverse lanthanide-
boron triple-decker cluster. Photoelectron spectroscopy of
LasBy4~ revealed a relatively simple spectrum, suggesting a
symmetric and stable structure. Theoretical calculations have
shown that the global minimum of LasBy4™ is closed-shell with
C,, symmetry, which can be viewed as a tilted inverse triple-
decker with two conjoined Bg rings sharing a B—B unit due to
strong inter-layer B—B bonding. Features of the Bg rings can still
be recognized despite the strong inter-ring interactions. The
conjoined Bg rings also enhance interactions with the La atoms,
resulting in the high stability of the tilted inverse triple-decker.
Extension of the tilted triple-decker can result in a series of 1D
nanoclusters of the formula, La,Bg,4 . Infinitely long 1D
lanthanide-boron nanostructures consisting of conjoint Bg rings
are viable with different magnetic properties or may be found
in crystalline lattices of new lanthanide boride materials.
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supported by the National Natural Science Foundation of China
(Grant Nos. 21590792, 91426302, and 21433005). The
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