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It is well-known that transition-metal-doping induces dramatic changes in the structures and bonding of
small boron clusters, as demonstrated by the newly observed perfect inverse sandwich Dgp, [La(n®-Bg)Lal
and Doy [La(n®-Bg)Lal™. Based on extensive global minimum searches and first-principles theory
calculations, we predict herein the possibility of perfect endohedral trihedral metallo-borospherene D3y,
La@lLas&Bsol (1, ®A’;) and its monoanion Cs La@[Las&Bsol™ (2, 2A’) and dianion Ds, La@[Las&Bsol~
(3, 'A’)). These La-doped boron clusters are composed of three inverse sandwich La(ns—B,g)La on the
waist and two inverse sandwich La(n°-Bg)La on the top and bottom which share one apex La atom at
the center and six periphery B, units between neighboring ns—Bs and n9—Bg rings, with three octo-
coordinate La atoms and two nona-coordinate La atoms as integrated parts of the cage surface.
Detailed adaptive natural density partitioning (AdNDP) and iso-chemical shielding surface (ICSS) analyses
indicate that La@l[Las&Bsol® /2~ (1/2/3) are spherically aromatic in nature. The one-dimensional
nanowire LasB,; (4, P31m) constructed from Dsy, La@[Las&Bspl (1) along the Cs axis of the system
appears to be metallic. The IR and Raman spectra of La@[Las&Bzo] (1) and photoelectron spectroscopy
of the slightly distorted C¢ La@[Las&Bzol™ (2) are theoretically simulated to facilitate their spectroscopic
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Introduction

Due to its prototypic electron deficiency, boron tends to form
delocalized multicenter-two-electron (mc-2e) bonds in both its
polyhedral molecules and bulk allotropes, resulting in a great
structural diversity in boron nanostructures.” Persistent joint
photoelectron (PE) spectroscopy and first-principles theory
investigations by Wang and co-workers in the past two decades
have unveiled a rich landscape for B,™"° boron clusters from
planar or quasi-planar structures (2D) (n = 3-38, 41, 42),
seashell-like B,;'°, cage-like borospherenes By, ’® and B;,~,
to bilayer B4 ~'°.*"® The newly discovered bilayer motif has been
recently extended to a large size range of even numbered
neutral boron clusters between B,s-B, at density functional
theory (DFT) level.” " Ton mobility and theoretical calculations,
on the other hand, showed that B," monocations possess
tubular structures in the size range n = 16-25."% Perfect cage-
like Bg, has also been proposed at density functional theory
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(DFT)'*'* level which was later found to favor core-shell
structures in thermodynamics.™

Extensive experimental and theoretical investigations indi-
cate that transition-metal-doping induces dramatic changes in
the structures and bonding of boron nanoclusters. The close-
packed quasi-planar Cs; B;,~ was transformed into perfect
monocyclic wheel structures in both D;oq Ta@Bio and Djoq
Nb@B,,,'® while the Co-centered Dgg/Cs, COBys~ adopted
double-ring tubular drum-like structures.'” A series of di-La-
doped perfect inverse sandwich complexes Dy, [La(n’-B,)La] ",
Dgp, [La(n®Bg)La], and Doy [La(n’-Bo)La]” were observed in
combined PES and theoretical investigations,"®"® while tri-La-
doped LasB;,  was found to possess an inverse triple-decker
La-Bg-La-Bg-La geometry.?° The first experimentally observed
spherical trihedral metallo-borospherenes La;B,s~ with three
equivalent deco-coordinate La atoms as integral parts of the
cage surface® was late extended to the smallest core-shell-like
metallo-borospherene D;;, LazB,, (Laz&B,@Bqs] ) at first-
principles theory level.>* The smallest metallo-borospherene
D3y, TazB,,~ with three equivalent octa-coordinate Ta centers in
three n®Bg rings and spherical aromatic Ty TasB,s with four
equivalent nona-coordinate Ta centers in four n°-B, rings were
late predicted in theory.>>** Endohedral metallo-borospherene
D, Ta@B,, was also predicted to be a superatom matching the
18-electron rule.>® The experimentally observed organometallic
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complexes Tq An@C,;s (An = Th, Pa*, U**, Pu*") were found to be
superatoms following 32-electron principle.”® Highly stable
endohedral metallo-borospherenes Oy, Lag&[La@B,4]""° have
been predicted to be embryos of low-dimensional lanthanide
boride nanomaterials.”” However, whether larger endohedral
metallo-borospherenes with spherical aromaticity exist or not
and if such clusters can be used as building blocks to form low-
dimensional boron nanomaterials still remain unknown to
date in both theory and experiments.

Keeping inspirations from the experimentally observed
inverse sandwiches Dg, [La(n®Bg)La] and Dgy [La(n’-Bo)La]”
in mind and based on extensive first-principles theory calcula-
tions, we predict herein the perfect endohedral trihedral metello-
borospherene Dy}, La@[Las&Bsq] (1, *A’;) and its monoanion C
La@[Las&B3o] (2, ?A’) and dianion Dj;, La@[Las&Bse]*~ (3, *A’4)
which turn out to be spherically aromatic in nature. Using
La@[Las&Bso] (1) as building blocks, the metallic one-
dimensional (1D) nanowire La,B,; (P31m) (4) can be achieved as
an extension of the system along the C; axis.

Theoretical methods

Extensive global minimum (GM) searches were performed on
LagB;, using the TGMin 2.0 package,”®?° in combination with
manual structural constructions. More than 3800 stationary
points in different spin multiplicities on the potential energy
surface were probed at PBEO/TZVP level. The thirty lowest-lying
isomers of LagB,, were fully optimized at the hybrid PBE0*® and
TPSSh*®! level with the 6-311 + G* basis set*? for B and Stuttgart
energy-consistent pseudopotential ECP46MWB with the corres-
ponding ECP46MWSB basis set**** for La, with harmonic vibra-
tional frequencies checked to make all the obtained isomers
are true minima of the systems. Low-lying isomers of the
monoanion LagB;,~ and dianion LagB;,>~ were obtained
from the corresponding low-lying structures of neutral LagBs,,
with additional global searches executed to locate the true GMs
of the anions. Geometrical optimizations and vibrational fre-
quency checks were implemented with the Gaussian 09
program.®® Single-point calculations at the more accurate
CCSD(T) level®®®  were performed employing Molpro
program®® at PBEO geometries with the basis set of 6-31G(d)
for B and the Stuttgart pseudopotential ECP46MWB for La.
Natural bonding orbital (NBO) analyses were performed using
the NBO 6.0 program®® and detailed bonding analyses carried
out utilizing the adaptive natural density partitioning (AdNDP)
approach.*®*! Born-Oppenheimer molecular dynamic (BOMD)
simulation was implemented employing the CP2K code*
with the GTH-PBE pseudopotential and the TZVP-MOLOPT-
SR-GTH basis set. Iso-chemical shielding surfaces (ICSSs) were
generated with the Multiwfn 3.7 code.** The visualization
for the isosurfaces of various functions has been realized
with VMD software.** The PE spectrum LagB;,~ was simulated
using the time-dependent TD-DFT-PBEO approach®® which has
been successfully used in various boron-based monoanion
clusters.> #1622
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Calculations on 1D La,B,; (4) nanowire were performed
using the Vienna ab initio simulation package (VASP),*®*’
within the framework of projector augmented wave (PAW)
pseudopotential method*®**® and PBE generalized gradient
approximation (GGA).>>*! The Coulomb-corrected local spin-
density approximation (LSDA+U) was utilized for both struc-
tural optimizations and static calculation (U = 5 eV).”>>* The
energy cutoff for plane-wave basis set was set to 450 eV. Atomic
structures are fully relaxed using the conjugate gradient
method until the maximum force on each atom was less than
0.01 ev A~ and the energy precision was set to 10~ eV. The
phonon spectrum was calculated using the density functional
perturbation theory (DFPT) method with the Phonopy code
combined with VASP package at the PBE level.>*

Results and discussion
Structures and stability

Thus obtained lowest-lying structures of Dj, La@|Las&Bso]
(1, *A’y), Cs La@[Las&Bso] (2, *A"), and Dz, La@[Las&Bso]”~
(3, 'A’;) are depicted in Fig. 1, with more alternative low-lying
isomers tabulated in Fig. S1-S3 (ESIT). The lowest-lying triplet
La@[Las&B3,] (1) with the smallest vibrational frequency of
109.5 cm ™' possesses a perfect Dy, trihedral spherical structure
with two degenerate singly occupied molecular orbitals
(SOMOs, e') according to Hund’s rule (Fig. S4, ESIf). It has
two slightly distorted closed-shell neutral isomers Cg LagBso
(NE-2, 'A") and C; LagB;, (NE-3, 'A) which appear to be only
0.01 eV and 0.02 eV less stable than D;;, La@[Las&Bs,] (1, *A,’)
at CCSD(T) level, respectively (Fig. S1, ESIt), well supporting the
relative energy orders obtained at both PBEO and TPSSh. These
close-lying isomers are practically iso-energetic in thermody-
namics and may co-exist and compete in gas-phase experi-
ments. Fig. S5 (ESIT) shows the variation of the relative Gibbs
free energies for the lowest-lying four isomers of La@[Las&Bs]
as a function of temperature, further indicating that the three
lowest-lying isomers (NE-1, NE-2, and NE-3) have minor differ-
ences in Gibbs free energies and may coexist experimentally. As
collectively shown in Fig. S1 (ESIt), the twenty-five lowest-lying
isomers of LagB3, (NE-1-NE-25) within 1.80 eV all possess
endohedral metallo-borospherene structures, with the first
quintet isomer C, La@[Las&Bs,] (*A’) (NE-8) being much less

3. La@[La,&B, > 4.Lla,B,, (Nanowire)

Oy, 'A) (P31m)

1. La@]La,8B,]
(Dan ’ 3A1.)

2. La@[La,&B, |
(C,. %)

Fig. 1 Optimized structures of La@lLas&Bsol (1), La@lLas&Bsol™ (2),
La@[Las&B30l>~ (3) and one-dimensional LasB,; nanowire (4).
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stable than D3, GM (1) by 1.06 eV at PBEO. The much concerned
core-shell isomers with a B, (NE-28), B; (NE-29 and Ne-30), or
B, (NE-27) core at the center are found to lie at least 3.66 eV
above the D;;, GM at PBEO. Attachment of one extra electron to
D3, La@[Las&B3,] (1) generates its doublet monoanion of Cg
La@[Las&B30]” (2, A’) which is slightly distorted due to Jahn-
Teller effect. Attachment of two extra electrons in the two singly
occupied SOMOs (e’) of Dz, La@[Las&Bso] (1) results in the
perfect singlet dianion D3}, La@[Las&Bso]”~ (3, 'A,) (Fig. 1 and
Fig. S4, ESIt). As clearly shown in Fig. S6 and S7 (ESIY), both
monoanion La@[Las&B;,]” (2) and dianion La@[Las&Bs,]”~ (3)
are the well-defined GMs of the systems which lie at least 0.6 eV
lower in Gibbs free energies than their corresponding second
lowest-lying isomers C; LagBs,~ (MA-2) and C, LagB3o>~ (DA-2)
in the temperature range between T = 0-400 K. Both the perfect
endohedral metallo-borospherenes Dj, La@[Las&Bso] (1) and
Ds1, La@[Las&B30]”~ (3) and slightly distorted C; La@[Las&B3o]~
(2) are composed of three inverse sandwiches La(n®-Bg)La on
the waist and two inverse sandwiches La(n’-Bo)La on the top
and bottom which share one apex La atom at the center and six
periphery B, units on the surface, forming spherical trihedral
structures with three octo-coordinate La atoms and two nona-
coordinate La atoms as integrated parts of the cage surface. To
maximize the coordination interactions between B and La
atoms in the complexes, La@[Las&Bso]” />~ (1/2/3) take endo-
hedral trihedral metallo-borospherene structures which are
totally different from that of the bowl-shaped quasi-planar Cs,
Bso.>> As detailed below in bonding analyses, the central La
atoms play an essential role in stabilizing these La-centered
trihedral spherical species. It participates in twenty-five delo-
calized coordination bonds involving all the thirty B atoms as
ligands on the boron framework and five La atoms as coordina-
tion centers on the cage surface.

Detailed BOMD simulations indicate that both the high-
symmetry Dy, La@[Las&B3,] (1) and D3y, La@[Las&B;,]> (3) are
dynamically stable, with the small calculated root-mean-
square-deviations of RMSD = 0.13, 0.14 A and maximum bond
length deviations of MAXD = 0.45, 0.44 A at 1000 K, respectively
(Fig. S8 and S9, ESI*). The six La atoms in D;}, La@[Las&B;,]”*~
(1/3) can be classified into three categories, including one La
atom at the center (La,), three equivalent octo-coordinate La atoms
on the waist (La,,), and two equivalent nona-coordinate La atoms
at the opposite ends of the elongated sphere (La.), with the
optimized La-La distances of r{la-La) = 3.53/3.51 A and
rLa-La,) = 3.78/3.74 A. Detailed NBO analyses indicate that La,,
Lay, and La. in La@[Las&B3,] (1) possess the natural net atomic
charges of g1, = +0.84, +1.74, and +1.75 |e|, total Wiberg bond
orders of WBI;, = 4.26, 2.56, and 2.55, and electronic configurations
of [Xe]5 d1'186so'196p0'546d0'29, [Xe]5d1‘226so'076p°'076d0‘02, and
[Xe]5d""%6s%%76p%°6d" %, respectively, indicating that the six La
atoms donate their 6s electrons almost completely to the B;,
ligand to form effective La-B coordination interactions. The
especially higher total bond order (WBI, = 4.26) and lower
atomic charge (qr, = +0.84 |e|) of the central La atom clearly
demonstrate the unique role it plays in stabilizing the La-centered
metallo-borospherenes. The calculated La-La bond orders of
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WBI(La.-La.) = 0.26 and WBI(La.-La,) = 0.15 indicate that the
central La forms stronger La-La covalent bonding in vertical
direction than in horizontal direction. The thirty B atoms in the
Bso framework in La@[Las&Bs;,] (1) carry the average negative
atomic charge of gz = —0.32 |e|, indicating effective La-6s — B-2p
charge-transfer from the La coordination centers to B, ligand in
the complex.

Using Dz, La@[Las&Bjo] (1) as building blocks, the 1D
nanowire La,B,; (4, P31m) can be constructed as an extension
of the system along the C; axis. La,B,; (4) contains a La-La
string inside a La;&B,; nanotube (P62m) with the elongated La-
La distance of 7,1, = 4.437 A. A detailed ab initio molecular
dynamic (AIMD) simulation with a 1 x 3 supercell exhibits no
obvious structural distortion or bond breakage in La,B,; (4) in
10 ps at 500 K, suggesting that La,B,; (4) is thermodynamically
stable at high temperatures. The calculated phonon dispersion
curves with a 1 x 2 supercell also indicate that La,B,; (4) is
dynamically stable with a negligible imaginary frequency of
—11.3 cm ™' (Fig. S10, ESIY). The calculated band structures and
projected densities of states (PDOS) of La,B,; (4) depicted in
Fig. S11 (ESIY) clearly demonstrate that 1D nanowire is metallic
in nature. Both the B-2p orbitals and the La-5d orbitals con-
tribute to the calculated densities of states near the Fermi level.
Detailed Bader charge analyses indicate that the central La
atom and the surface La atoms in La,B,; (4) carry the positive
atomic charges of g;,= +1.55 |e| and +1.43 |e|, respectively, with
the surface B atoms possessing the average atomic charge of
gs= —0.28 |e|, overall similar to the charge distribution in
La@[Las&Bs,] (1). We notice that the central La atom in 1D
La,B,; (4) is slightly off-centered in the unit cell, with the
elongated La-La distances of 1,1, = 4.437 A along the C; axis
which effectively weaken the La-La interaction along the
encapsulated La-La string.

Chemical bonding analyses

The high stabilities of these endohedral metallo-borospherenes
originate from their unique electronic configurations and
bonding patterns. We choose to analyse the ANDP bonding
pattern of the singlet La@[Las&B;,]”~ (3) in Fig. 2 to reveal both
the localized and delocalized bonds it possesses. The dianion
possesses 12 2c-2e B-B ¢ bonds and 18 3c-2e ¢ bonds evenly
distributed on the B;, framework in the first row in the overall
symmetry of D;},. The remaining 25 bonds are delocalized over
three La(n®-Bg)La inverse sandwiches on the waist and two
La(n®-Bo)La inverse sandwiches on the top and bottom, includ-
ing 3 10c-2e Bg(o)-La,(ds/,) bonds, 1 10c-2e 7 bond, and 1 10c-
2e Bg(m)-La,(d;s) bond over each La(n®Bg)La inverse sandwich
subunit in the second row and 3 11c-2e By(o)-Lay(ds/) bonds
and 2 11c-2e Bo(n)-La,(ds) bonds over each La(n’-Bo)La inverse
sandwich in the third row. There exist thus three delocalized
o bonds matching the 4n + 2 aromatic rule (n = 1) over
each inverse sandwich on the cage surface, rendering local
aromaticity to each inverse sandwich subunit in the system.
Overall, the closed-shell La@[Las&Bso]”~ (3) possesses 25 delo-
calized bonds (50 electrons) over the cage surface and follows
the Hirsch rule®® of electron count 2(N + 1)* with N = 4 for
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12 2c—2e B-B o bonds 18 3c-2e B-B-B o bonds
ON =1.76-1.83 |e|

ON = 1.86-1.88 |e|

3x110c-2e n bonds 3x1 10c-2e By(n)-La,(d;) bonds
ON = 1.68 |e] ON=1.61e|

3x3 10c-2e By(c)-La,(d,,) bonds
ON = 1.73-1.86 |e|

2x3 11c-2e B,(0)-La,(d,,) bonds
ON = 1.59-1.63 [e]

2x2 11c-2e By(n)-La,(d,) bonds
ON =153 |e|

Fig. 2 AdNDP bonding patterns of D3, La@ILas&B30l>~ (3), with occupa-
tion numbers (ONs) indicated.

spherical aromaticity, while La@[Las&B3] (1) with two less valence
electrons than La@[Las&Bse”  (3) matches the 2(N + 1)* — 2
requirement for spherical aromaticity in triplet systems with two
unpaired electrons (N = 4). Such unique bonding patterns render
high stabilities to these endohedral spherical species.

The spherical aromaticities of the closed-shell La@[Las&B3]
(1) and D}, La@[Las&Bso]>~ (3) are further demonstrated by
their iso-chemical shielding surfaces (ICSSs) based on the
calculated NICS-ZZ components, as shown in Fig. 3(a and b),
respectively, where the z axis is parallel to the C; molecular axis
of the system. It can be clearly seen that the space inside the
La@[La;s&B;0]”>~ (1/3) spherical trihedrons or within about 1.0
A above the La atom on the top in vertical direction belong to
chemical shielding regions with negative NICS-ZZ values (high-
lighted in yellow), while the belt-like chemical de-shielding
regions are located around the waist in horizontal direction
with positive NICS-ZZ values (highlighted in green). Such
ICSS surfaces appear to be similar to that of the prototypical

Side view

Top view

(a) D,, La@[La,8B,] (1) (b) D,, La@[La,8B, > (3) (c) Dy, CoH,

Fig. 3 Side and top views of the iso-chemical shielding surfaces (ICSSs) of
(a) La@[Las&Bsol (1), and (b) La@[Las&Bsol?~ (3) based on their calculated
NICS-ZZ components, compared with that of (c) benzene CgHg, with the
main molecular axes designated as the z axis in the vertical direction.
Yellow and green regions stand for chemical shielding and de-shielding
areas, respectively.
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aromatic benzene C¢Hg (Fig. 3(d)), well supporting the aromatic
nature of both La@[Las&B;,] (1) and La@[Las&Bso]*~ (3) dis-
cussed above. Similar ICSS surfaces (Fig. S12, ESIf) exist for
open-shell C; La@[Las&B3,]  (2), unveiling the spherical aro-
matic nature of the monoanion.

Simulated IR, Raman and PE spectra

Infrared (IR) spectra and PE spectroscopy have proven to be
powerful techniques in characterizing novel gas-phase clusters.
The simulated the IR and Raman spectra of La@[Las&B3,] (1) at
PBEO level are depicted in Fig. 4(a and b), respectively. The four
major IR peaks of the neutral occur at 249 (a,”), 278 (e'),
533 ('), and 937 (a,”) cm ™", respectively, corresponding mainly
to the vibrations of the B;, boron skeleton. The three strong
Raman peaks occur at 144 (a,'), 172 (a,’), and 1110 (¢’) cm ™,
with the first two corresponding to typical “radial breathing
modes” (RBMs) of the endohedral structure which can be used
to characterize hollow boron nanostructures in experiments.
The simulated PE spectrum of La@[Las&Bs,|  (2) at TD-DFT-
PBEO with 400 excited triplet states and 400 excited singlet
states considered is depicted in Fig. 4(c). Since LagBs, has a

(a) g .‘E IR
& 3 La@]La,B,]

‘™~
[
o
<+
]

UL ELELELL B LA BB B RLEL I AL
0 200 400 600 800 1000 1200 1400
Wavenumber (cm'1)

g Rman
(b) g La@]La,B,,]

o
S
=
=
=

A e A A e
0 200 400 600 800 1000 1200 1400
Wavenumber (cm'1)

PES
La@ILa,B,,J

(©

4.27

0 1 2 3 4 5
Binding energy (eV)
Fig. 4 Simulated (a) IR and (b) Raman spectra of D3}, La@[Las&Bso] (1) and
(c) PE spectroscopy of Cs La@[Las&B3o]l™ (3) and at PBEO level. In (c), the
longer red bars represent triplet excitations while the shorter ones stand
for singlet excitations.
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doublet state, one-electron detachment from the anion could
lead to singlet or triplet final states in the neutral. The first
vertical detachment energy (VDE) at 1.24eV for La@[Las&B3;0]~
(Cs, 2A") was calculated as the energy difference between the
anionic ground state and the neutral ground state at the
optimized anion geometry. Higher binding energy VDEs were
calculated using the time-dependent DFT method (TD-DFT) at
PBE0/6-311+G(d) level which correspond to detachment transi-
tions to the excited states of the neutral. La@[Las&B;o]” pos-
sesses seven well-separated vertical detachment energies
centered at VDE = 1.24, 1.93, 2.23, 2.96, 3.54, 4.27 and
5.16 eV, respectively. The first adiabatic detachment energy
calculated at ADE = 1.21 eV represents the electron affinity (EA)
of neutral D3, La@[Las&Bj] (1).

Conclusions

Based on extensive GM searches and first-principles theoretical
calculations, we have predicted in this work the GM structures
of endohedral metallo-borospherenes D;, La@[Las&B3o] (1), Cs
La@[Las&Bso]  (2), and Dy}, La@[Las&Bso)*~ (3) which possess
typical spherical aromaticity. These metallo-boropsherenes are
stacks of three inverse sandwich La(n®-Bg)La and two inverse
sandwich La(n’-By)La which share one apex La atom at the
center and six periphery B, units on the cage surface, while the
1D nanowire La,B,; (4, P31m) as an extension of La@[Las&B3(]
(1) appears to be metallic in nature. We have also simulated the
IR and Raman spectra of La@[Las&B3,] (1) and PE spectra of its
monoanion Cs; La@[Las&B3o]  (2) to facilitate their character-
izations in gas-phase experiments. Medium-sized metal-doped
boron nanoclusters and their low-dimensional nanomaterials
with interesting geometrical and electronic structures as pos-
sible electronic nanodevices remain a fertile area to be explored
in both experiments and theory.
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