W) Check for updates

. . Angewandte
GDvCh Communication o RO Criric
www.angewandte.org
How to cite:  Angew. Chem. Int. Ed. 2025, 202419089

Main-Group Chemistry

doi.org/10.1002/anie.202419089

Observation of the Smallest Three-Dimensional Neutral Boron

Cluster

Cong-Qiao Xu*, Tiantong Wang®, Chong Wang, Xin-Ran Dong, Huijun Zheng, Ya Zhao,
Li-Li Pan, Jiayue Yang, Weiqing Zhang, Guorong Wu, Hua Xie, Gang Li,* Jun Li,*
Ling Jiang,* Xueming Yang, and Lai-Sheng Wang*

Abstract: Despite major progress in the investigation of
boron cluster anions, direct experimental study of
neutral boron clusters remains a significant challenge
because of the difficulty in size selection. Here we report
a size-specific study of the neutral B, cluster using
threshold photoionization with a tunable vacuum ultra-
violet free electron laser. The ionization potential of B,
is measured to be 8.45+0.02 eV and it is found to have
a heptagonal bipyramid D,, structure, quite different
from the planar molecular wheel of the By anionic
cluster. Chemical bonding analyses reveal superior
stability of the bipyramidal structure arising from
delocalized ¢ and n bonding interactions within the B,
ring and between the B, ring and the capping atoms.
Photoionization of B, breaks the single-electron B-B
bond of the capping atoms, which undergo off-axis
distortion to enhance interactions with the B, ring in the
singlet ground state of B,*. The single-electron B-B
bond of the capping atoms appears to be crucial in
stabilizing the D, structure of B,. This work opens
avenues for direct size-dependent experimental studies
of a large variety of neutral boron clusters to explore the
stepwise development of network structures. D

Boron is an important element and finds applications in
many areas, such as materials, catalysis, and energy.l"! Over
the past two decades, boron nanoclusters have been

investigated under well-defined experimental conditions to
explore the evolution of structures and bonding as a
function of cluster size.” Tonic boron clusters facilitate mass-
spectrometry-based size selection and thus have been
extensively studied. Earlier experimental studies of boron
clusters involved photofragmentation and chemical reactiv-
ity of B, cations.! Boron cluster cations have been found
to undergo a quasi-planar-to-cylindrical structural transition
at B;;".1*! Photoelectron spectroscopy (PES) in combination
with quantum chemical calculations has shown that boron
cluster anions (B,’) possess planar or quasi-planar (2D)
structures for n < 42.%% In this size range, the double-ring
tubular-type structure of B,,” was found to be isoenergetic to
the 2D structure.’™ Although the borospherene B,y was a
higher energy isomer,® the global minimum (GM) of B,y
was found to consist of two degenerate chiral
borospherenes.”! The discovery of the 2D hexagonal Bsg
cluster provided the first experimental evidence of the
viability of 2D boron nanomaterials (borophene),*™ which
has become a new class of synthetic 2D materials.®!

In contrast to the wealth of experimental work on ionic
boron clusters, spectroscopic characterization of neutral
boron clusters has been scarce due to the difficulty in size
selection. The B; cluster was first studied in an argon matrix
by infrared spectroscopy.”’! Its electronic spectroscopy was
investigated both in a neon matrix and in the gas phase.'”)
Earlier theoretical studies suggested 2D structures for B,
(n=4-14),"1 as well as 3D structures for B,."” Joint PES
and theoretical study showed that both anionic and neutral
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boron clusters for n <20 are planar.?** > The only direct
experimental study on larger neutral boron clusters was
done using infrared + ultraviolet two-color ionization
spectroscopy on B,;, Bs, and B;;, which were found to be
planar or quasi-planar,”® similar to their corresponding
anions.”*" ¥ Even though a theoretical calculation suggested
that the GM of By, has a 3D structure,'" it has not been
confirmed and the smallest 3D neutral boron cluster is not
known experimentally. Here we report the first photo-
ionization efficiency (PIE) spectroscopic study of the By
cluster, which is found to feature a heptagonal bipyramid
structure with B-B bonding through the center of the B, ring
between the two capping atoms. The By cluster, the smallest
3D neutral boron cluster found thus far, exhibits D,
symmetry with high stability due to delocalized ¢ and =«
bonding.

The experimental PIE spectrum of By was measured by
using a vacuum ultraviolet free electron laser (VUV-FEL)-
based cluster spectroscopic instrument [see Supporting
Information for experimental details].'"¥ Neutral boron
clusters were generated via laser vaporization of a 'B-
enriched target in a pulsed supersonic expansion of helium.
The By cluster was photoionized by the VUV-FEL and
mass-analyzed in a reflectron time-of-flight mass spectrom-
eter. The VUV-FEL was scanned in the wavelength range
of 120-155 nm (8.00-10.33 e¢V) with steps of 0.3 nm. The PIE
spectra were obtained by measuring the B,* ion intensity as
a function of the VUV-FEL photon energy, normalized by
the VUV-FEL pulse energy.

Figure 1 shows the experimental PIE spectrum of B,.
Since B, was prepared in the cold helium molecular beam
(the rotational temperature should be less than 10 K and the
vibrational temperature could be higher), the ionization
potential of By can be extracted from the onset of the PIE
curve. As shown in Figure 1, the rising point of the PIE
curve appears at 8.45+0.02 eV, which represents the first
ionization potential (IP1) of B,. The second onset is
discernable at 9.61 £0.02 eV, which may correspond to the
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opening of a second ionization channel (IP2), i.e., the onset
of an electronic excited state of By*, or other low-lying
isomers of B,. The error bar of +0.02 eV was determined by
the scan stepsize of the VUV-FEL wavelength.

To understand the experimental spectral features, we
performed GM structure searches for neutral By and cationic
B, " by using the constrained basin-hopping algorithm in the
TGMin program!'®! and the evolutionary algorithm (see
Supporting Information for theoretical details)."”! The
structures were initially optimized at the PBE/TZ2P level of
theory and the low-lying isomers within 2.0 eV were then
reoptimized at the PBEO/TZ2P level of theory. The
electronic energies of the ten low-lying isomers were refined
by single-point calculations at the CCSD(T)/cc-pVTZ level
of theory using the PBEO/TZ2P optimized geometries. The
five lowest-lying isomers of B, (labeled 9A-9E) and B,*
(labeled 9A*-9E™) are shown in Figure 2. Other low-lying
isomers for By and B," are illustrated in Figures S1 and S2,
respectively.

The GM isomer of By (9A, D, A/’ is found to have a
high symmetry heptagonal bipyramid structure with a B—B
bond between the two capping atoms (Figure?2), as
supported by vibrational frequency calculations (Table S1).
It should be noted that a C; and C,, structure was reported
previously for By.'""™* The 9B isomer with C,, symmetry
consists of two out-of-plane B atoms bonded to the edge of
a wheel-shaped B, motif, which is 9.00 kcal/mol higher in
energy than the 9A GM at the CCSD(T)/cc-pVTZ//PBE0/
TZ2P level. The 9C isomer, lying 15.91 kcal/mol above 9A,
is similar to isomer II of the By~ anion.’! The 9D isomer,
lying 16.21 kcal/mol above 9A, is similar to the GM of By~
with a wheel-shaped planar BOB; Dy, structure.”” The 9E
isomer can be viewed as a hexagonal bipyramid capped by
one B atom.

The GM of the By" cation (9A*, Figure2) has a
distorted 3D structure, in which the two capping atoms
move off axis. The 9B* isomer, 1.53 kcal/mol above 9A ™ at
the CCSD(T)/cc-pVTZ//PBEO/TZ2P level, is similar to 9E
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Figure 1. Photoionization efficiency spectrum of B,.
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Neutral By

9A (D, ?Ay') 9B (Cy, *Ay)

0.00 +9.00
(0.00) (+10.39)
[0.00] [+5.63]

Cationic By*

9A* (C,, A 9B* (C,,, 'A,)
0.00 +1.53
(0.00) (+2.85)
[0.00] [+2.19]
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9C (C,, 2A") 9D (D, 2By)  9E (C,, 2A)
+15.91 +16.21 +19.58
(+16.49) (+20.93) (+19.22)
[+9.79] [+12.28] [+18.77]

L2 &4 KD O

9C* (C,, 'A’) 9D* (C,, 'A)  9E* (Dgy, *Ayy)
+4.94 +10.96 +14.98
(+6.61) (+10.97) (+14.65)
[+1.86] [+8.65] [+10.08]

Figure 2. Optimized low-lying structures of neutral By and cationic B, *. The relative energies are given in kcal/mol at the CCSD(T) /cc-pVTZ//PBEO/
TZ2P, PBEO/TZ2P (in parentheses), and PBE/TZ2P (in brackets) levels of theory.

of neutral By (Figure 2). Isomer 9C™ is similar to isomer 9C
of By, whereas isomer 9D* is similar to 9F of B, (Figure S1).
The BOBg molecular wheel 9E* is 14.98 kcal/mol higher in
energy than the GM of B,™".

The IPs of the By low-lying isomers were calculated to
compare with the experimental values. The valence electron
configuration of the GM of By (D, 2A;) is ~(2¢e,)*(3a,)",
where the singly occupied molecular orbital (SOMO) 3a,

involves B—B bonding between the two capping atoms and
the highest occupied molecular orbital (HOMO) 2e,
involves in-plane ¢ bonding of the B, ring (Figure 3). The
IP1 is derived from ionization of the SOMO electron,
breaking the B—B bond and resulting in the distorted ground
state of By" (C,, 'A’) (Figure S3). The IP2 comes from
ionization of an electron from the 2e,” HOMO, resulting in
the slightly distorted exited state of By" (C,, *A") due to the
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Figure 3. Schematic Kohn—Sham molecular orbital correlation diagram for B, (isomer 9 A, D;,) at the PBEO/TZ2P level of theory. The non-bonding

e, orbital of By is aligned with the o, orbital of the B; ring for clarity.
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Jahn-Teller effect (Figure S4). The IP1 and IP2 of 9A are
calculated to be 8.31 and 9.59 eV at the CCSD(T)/cc-pVTZ//
PBEO/TZ2P level (Table1, Figure S4), respectively, in
excellent agreement with the experimental values of 8.45+
0.02 and 9.61+£0.02 V. The calculated IP1 and IP2 values of
isomers 9B-9E are much lower than the experimental values
(Table S2), indicating these isomers can be ruled out. The
excellent agreement between the experimental and theoret-
ical IPs provides considerable credence to the 9A GM for
B,.

The structure and bonding of the By GM are interesting.
The B-B bond lengths in the B, ring and between the two
axial capping atoms are calculated to be 1.53 A and 1.70 A
at the PBEO/TZ2P level of theory, respectively (Table S3).
The B-B single-bond length is 1.70 A, according to Pyykko’s
atomic covalent radii.l'"” Thus, there are multiple B-B bond
characters around the B; ring and significant covalent
bonding between the axial B atoms, whereas there is only
weak bonding between the capping atoms and the B, ring.
Atomic charge and spin density analyses indicate that there
is a slight charge transfer from the axial atoms to the B, ring
(Table S4). Removal of the SOMO 3a,’ electron breaks the
axial B-B bond in B,*, resulting in significant off-axis
distortion of the capping atoms to enhance their interactions
with the B, ring at the expense of the B-B bonding in the B,
ring, which is weakened (Table S5). The resulted GM 9A™*
exhibits C; symmetry with a closed-shell electron configu-
ration ('A’), whereas the D, structure is a saddle point on
the potential energy surface (Figure S5). Figure S5 also
shows that the triplet excited state of By,* is a slightly
distorted pseudo-D;, structure, where the distortion only
occurs in the B; ring because the HOMO electron removed
only involves ¢ bonding in the B, ring (Figure 3). The large
geometry change between the ground state of By* and that
of By is consistent with the low intensity near threshold for
the first ionization channel; the minor structural change
between the triplet excited state of B," relative to neutral B,
underlies the sharp rise of ionization cross section for the
second ionization channel (Figure 1).

The stability and structural change between B, and B, ™"
can be rationalized in more detail via orbital interactions.
The Kohn—Sham MO correlation diagram between the B--B
and B; fragments and the canonical molecular orbitals
(CMOs) of By and By* is given in Figure S3. The B, cluster
has a valence electron configuration of -(2e;")*(3a,")!(2a,*)".
The SOMO represents ¢ bonding between the s-p hybri-
dized orbitals of the two capping atoms, consistent with the
predominant spin density populations (Figure S6 and Ta-
ble S4). In addition to the 3a,’ orbital, there are two types of

Table 1: Comparison of experimental ionization potentials (IP, in eV)
with theoretical values of the global-minimum structure 9 A calculated
at the CCSD(T)/cc-pVTZ//PBEO/TZ2P, PBEO/TZ2P, and PBE/TZ2P
levels of theory.

IP Expt. CCSD(T) PBEO PBE
IP1 8.45+0.02 8.31 8.44 8.37
P2 9.61+0.02 9.59 9.49 9.41
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MOs, one responsible for the bonding within the B, ring and
the other for the weak bonding between the two axial atoms
and the B, ring. According to the localized coordinate
system (Figure S7), the 28 2s-2p valence atomic orbitals
(AOs) on the B, ring are classified into four types: o, o(t),,
o(r),, and m,, where t and r represents tangential and radial
bonding, respectively. The occupied o(t), orbitals (c,)) and
o, orbitals are mainly responsible for bonding within the B,
ring while the occupied m, orbitals (my, 7;) and o(r), orbital
(o,) for bonding between the axial B--B atoms and the B,
ring, reminiscent of bonding features in the inverse sandwich
complexes, Ln,B,” (Ln=La, Pr; n=7-9).”" Slightly different
from Ln,B,, the occupied o, and o, orbitals in By
contribute to bonding between the B--B and the B, ring only
as a result of symmetry compatibility with the 2s-2p valence
orbitals of the axial B atoms.

Principal interacting orbital (PIO) analyses were carried
out to quantitatively evaluate the orbital interactions
between the capping atoms and the B, ring for By four
major orbital interactions were found, as shown in Figure S8.
The two dominant interactions arise from the n bonding
between the B, 1m, and B, m; orbitals and the ¢ bonding
between the B, 1n, and B, o, orbitals, contributing 32.3 %
and 30.7 % to the total interactions, respectively. Compared
to the 5d AOs of lanthanide in Ln,B,, the lower-lying 2 s
and 2p AOs of the capping B atoms in B, enable more
efficient overlaps with the B; ring, leading to the third
interaction that signifies o bonding between the B, 1o,
orbital and both the o, and 6, orbitals of B;, which accounts
for 17.6 % contribution to the total interactions. The fourth
interaction features 1o,(B,)-m,(B;) bonding, with a contribu-
tion of 17.3 %. Overall, three ¢ bonding and three n bonding
are identified, consistent with the CMO picture. Energy
decomposition analysis combined with natural orbital of
chemical valence (EDA-NOCYV) analyses yield four similar
major orbital terms (Table S6), except for the overestima-
tion of the 1mn,(B,)-0,,(B,) interaction due to the assignment
of B," (In,220,") and B; (-m*) fragments. Especially note-
worthy is that the interaction between the singly occupied
B--B o orbital and the B, ring only contributes 0.29 % to the
total interactions, indicative of a negligible role. As shown in
Table S6, the stabilization energy of By mainly arises from
the orbital interaction, in comparison to the electrostatic
interaction.

The bonding in By is further analyzed by the adaptive
natural density partitioning (AdNDP) approach (Figure 4),
which reveals seven localized two-center two-electron (2c—
2e) B-B ¢ bonds in the B; ring and one 2c-1e B-B ¢ bond
between the capping atoms. The interactions between the
capping atoms and the B, ring are responsible for the
extensively delocalized bonds, which include three 9c2e o
bonds arising from the interactions between lo,/1n, orbitals
of B, and o/c(r), orbitals of B; and three 9c—2e n bonds
arising from the interactions between 1o,/1m, orbitals of B,
and m, orbitals of B;. These delocalized bonds further
strengthen the B-B bonds in the B, ring, resulting in their
multiple bond characters. Both the delocalized ¢ and n
bonds satisfy the 4n-+2 Hiickel rule, suggesting double
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7 x 2c-2e B"-Bi" ¢ bonds
ON =1.94 |e|

§, 33

3 x 9c-2e o bonds
ON =2.00 |e|

1 x 2c-1e Bout-Bout g bond
ON =0.97 |e|

Y
3 x 9c-2e 1w bonds
ON =1.99-2.00 |e|

Figure 4. The AANDP bonding analysis for the GM of By (D, *A,’) at the PBEO/cc-pVTZ level. ON stands for occupation number. B" stands for the

boron atoms in the B, plane and B°* for the capping atoms.

aromaticity that underlies the high stability of the By GM, in
analogy to that of La,B,.”"!

To address the origin of structural change from B, to
B,*, we also analyzed the chemical bonding in B,". It can be
seen from the MO correlation diagram (Figure S3) and
CMO (Figure S9) that upon photoionization, the electron in
the SOMO of B, is removed, breaking the B-B ¢ bond
between the capping atoms in B,". Consequently, the
capping atoms distort off axis towards the B, ring. As further
revealed by the AANDP analysis of By* (Figure S10), similar
localized B-B ¢ bond in the B, ring and delocalized ¢ and n
bonds are identified as compared to neutral By, with the
absence of the 2c-le B-B ¢ bond between the capping
atoms. Interestingly, in the triplet excited state of By* (C,,
*A’), the 2c-le B-B bond between the capping atoms is
intact, underlying its pseudo-Dy, structure, where the slight
distortion occurs in the B, ring.

It is interesting to compare the GM of the B, neutral
with that of the By anion, which is a perfect BOBy
molecular wheel with Dg, symmetry and double
aromaticity.P* The D,, structure of By~ is a transition state
with two imaginary frequencies, for which geometry opti-
mizations along the imaginary coordinates lead to a low-
lying isomer with a distorted heptagonal bipyramid C,
structure due to a second-order Jahn-Teller effect.” This C,
structure of By~ has a two-clectron B-B bond between the
two capping atoms, which is much higher in energy above
the Dy, global minimum in the density functional theory
calculations but is much closer in energy to the Dy, global
minimum from the most accurate wave-function theory ab
initio methods, as reported previously."! By is a key
member of the borozene family,”" consisting additionally of
B> (BOBg") and Bg® (BOB,”), which all have similar
double aromaticity. The By ring in B,” is too small so that
the central B atom is squeezed out of plane slightly to give it
a bowl shape with C,;, symmetry, whereas the B, ring in Bg*
is perfect, making it the most stable borozene. The Bg ring in
By is slightly too large to host the central B atom, which is
the main reason why a low-lying and low-symmetry isomer

Angew. Chem. Int. Ed. 2025, 202419089 (5 of 7)

becomes competitive to co-exist with the By wheel GM
experimentally.”*! The HOMO of By is the degenerate n
MO. Thus, removing an electron from By weakens the n
aromaticity, so that the Jahn-Teller distorted B, wheel
becomes the fourth isomer on the neutral potential energy
surface, 16.21 kcal/mol higher in energy than the D,, GM
(Figure 2). On the other hand, double aromaticity is restored
in the D,, By GM (Figure 4). Thus, double aromaticity can
be viewed as the driving force for the different GM
structures of By and B,.

In summary, the size-specific photoionization efficiency
spectrum of By was measured by using a tunable vacuum
ultraviolet free electron laser and analyzed with the aid of
quantum chemical calculations. By was characterized to be
the smallest 3D neutral boron cluster, which features a
heptagonal bipyramid structure with B-B bonding between
the capping atoms. Chemical bonding analyses reveal
delocalized ¢ and n bonding interactions in By, which give
rise to double aromaticity and account for the superior
stability of its D,, GM. Upon VUV photoionization, the
single-electron B-B ¢ bond between the capping atoms is
broken in the ground state of By, resulting in off-axis
distortions of the capping atoms to enhance interactions
with the B, ring. The second ionization channel of B,
reaches the triplet excited state of B,", which maintains a
pseudo-Dy, structure because of the axial single-electron B-
B bond. The observation of the smallest 3D neutral boron
cluster and comparison of its stability with the By anionic
cluster advances our understanding of bonding in boron
clusters. The initial experimental result on B, suggests that
the VUV-FEL facility is promising to allow direct spectro-
scopic studies of neutral clusters in a size-selected fashion.

Supporting Information

Experimental and theoretical methods, Figures S1—S10,
Tables S1 — S6, and references (PDF).
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The photoionization efficiency spectrum
of B was measured by using VUV free
electron laser. By was characterized to be
the smallest 3D neutral boron cluster
with a heptagonal bipyramid D, struc-

ture, quite different from the planar
molecular wheel of By. A single-electron
B-B bond between the capping atoms is
found to be crucial in stabilizing the Dy,
structure of B,.
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