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Abstract

As an electron-deficient element, boron possesses fascinating three-dimensional structures and
unconventional chemical bonds. Nanoclusters of boron have also been found to exhibit intriguing
structural properties, observed to have predominantly planar structures, in stark contrast to bulk
boron allotropes, which are composed of the ubiquitous Bi; icosahedral building blocks. Here we
report observation of the 2D-to-3D transition and bulk-like structural features in the size-selected
boron clusters, as revealed by photoelectron spectroscopy, chemisorption experiments, and first-
principles calculations. In the small to medium cluster size range, planar boron cluster anions are
found to be unreactive and only B4~ and Bsg~ are observed to chemisorb C;Hs and CO under
ambient conditions, suggesting major structural transitions at these cluster sizes. Notably, Bse is
also found to be able to chemisorb and activate CO,. The global minimum of B4 is found to adopt
a core-shell configuration (B.@B4s7), consisting of a B, core encapsulated within a Bss shell,
reminiscent of the interstitial B, dumbbells in the high-pressure y-B,s form of bulk boron. More
remarkably, both the global minimum and second most stable isomer of Bsg~ exhibit nest-like
configurations (B1,@h-Bas7), featuring the iconic Bi; icosahedral core surrounded by a Bas half-
shell, signifying the onset of bulk-like structural characteristics in boron nanoclusters.

Significance Statement

Investigation of the size-dependent properties in nanoclusters laid the foundation for
nanoscience. Boron clusters are found to be planar, leading to the discovery of borophenes — a
new class of synthetic 2D-materials. A long-sought question in boron cluster research is: at what
size does the 2D-to-3D transition occur, or more pertinently, at what size does the defining bulk-
like B, icosahedral cage emerge? This study shows that the 2D-to-3D transition occurs at Bas,
which exhibits a core-shell structure, while the Bsg cluster is found to incorporate the iconic Bi,
icosahedral unit inside a Bas-half-shell. These findings serve as important milestones in
understanding the structural evolution of boron nanoclusters and their potential applications in
chemistry and materials science.

Main Text

Introduction

Atomic clusters display size-dependent properties, forming the foundation of nanoscience. The
investigation of atomic clusters has resulted in the discoveries of fullerenes (1), that led to carbon
nanotubes and graphene (2, 3), and the electron shell model (4), that underlies the concept of
superatoms (5). One of the most important questions in the investigation of atomic clusters is
how bulk-like structural properties emerge as a function of size. For example, small carbon
clusters form sp-hybridized chains and rings up to Cyo, at which point sp>-hybridized fullerene cage
and bowl-shaped aromatic structures appear (6), which are akin to graphite. Carbon’s lighter
neighbor, boron, has many different allotropes (7), all consisting of polyhedral cages, in particular
the ubiquitous Bi; icosahedral cage. However, joint experimental and theoretical studies have
shown that size-selected boron clusters are predominantly planar up to 42 atoms (S/ Appendix,
Fig. S1) (8-11), with the exception of the B4 and Bss~ borospherene cages (12, 13). The discovery
of the planar Bsg cluster provided the first experimental evidence for the viability of borophenes
(14), which have been synthesized on inert substrates and are becoming a new class of synthetic
2D materials (15, 16). A long-sought question in boron cluster research is: at what size does the
2D-to-3D transition occur or more pertinently at what size does the defining bulk-like Bi;
icosahedral cage emerge?



Theoretical calculations using density functional theory (DFT) have indicated 3D structures
and Bi,-containing core-shell structures in large boron clusters (17-21). The bulk-like Bi> motif
was first suggested to be at the core of high symmetry stuffed fullerene-like core-shell boron
clusters (Bsa, Bos, B1oo, B102) (17). The most stable structure of the Bgo cluster was subsequently
found to be low symmetry core-shell structures containing the B1> motif (18-20). The Bys cluster
was suggested by DFT calculations to be a 3D boron cluster with a B, core-shell structure (B4@Bs,)
(22). A recent DFT study suggests that Bsg favors a single-B core-shell structure (B@Bss) and Bsg is
the smallest boron cluster containing a Bi; core and a 46-atom half-shell (B1,@h-Bss) (23).
However, none of the 3D or core-shell structures has been experimentally verified. The principle
experimental technique that has been used to probe the structures and bonding of boron clusters
has been photoelectron spectroscopy (PES) of size-selected cluster anions (Bx) (9), but
photoelectron spectra of large Bx clusters are becoming more congested with less fingerprint
electronic signatures for definitive structural determination. The largest cluster that has been
solved by PES and theoretical calculations is Bss~ (24), which was found to possess a bilayer
structure. The challenges that have plagued PES for large boron clusters are the difficulty to create
cold clusters and the possibility of coexisting isomers. Clearly, other experimental techniques that
can provide additional structural information would be essential to make progress to solve the
mystery of large boron clusters. Though ion mobility, which is capable of providing structural
information for size-selected clusters, was applied to small boron cluster cations (Bx", x < 25) (25),
it was not feasible for any B, clusters due to weak anionic cluster signals and collision-induced
electron detachment.

Here we combine PES with chemisorption experiment to probe the 2D-to-3D structure
transition in boron nanoclusters. We expect that 2D boron cluster anions should be less reactive
because of the strong peripheral B-B bonds and the smooth planar surfaces (8—11), whereas 3D
structures with more rugged surfaces may provide reactive sites for chemisorption. Intriguingly,
we find that in the small to medium size range and under ambient conditions, only Bss~ and Bsg™
can chemisorb C;Hs and CO, whereas Bsg™ can also chemisorb CO,, even partially releasing CO to
form BsgO™. Kinetic studies show that there are at least two isomers co-existing for Bss~, one of
which does not chemisorb C;H4 or CO. The Bsg™ cluster is found in the kinetic study to have at least
three low-lying isomers, one of which can chemisorb one CO, molecule and another can react
with CO, to form Bs¢O™ by releasing a CO molecule. PES in combination with theoretical
calculations reveals that the lowest energy structure of By~ consists of two degenerate core-shell
isomers, a C; B,@B4s™ (1) and a G B@B4s™ (2) competing for the global minimum (GM), along with
two low-lying core-shell isomers, C; B@B4s™ (3) and C; B@Bas™ (4). The rough surfaces of the core-
shell structures are found to provide chemisorption sites for C;Hs and CO, although the major
isomer C; B.@B44 (1) is found to have a large reaction energy barrier on the adsorption pathway.
The GM of Bsg is found to possess a nest-like Ci B1o@h-Bas™ (5) structure, consisting of an
unprecedented B;, icosahedral core and a 44-atom half-shell, followed by another nest-like C;
B1,@h-Bas™ (6) isomer, along with a single-B core-shell Csy B@Bss™ (7) and a bilayer C1 Bsg (8). The
two nest-like structures, Ci; B1,@h-Bas~ (5) and C; B1o@h-Bas™ (6), and the bilayer Bsg~ (8) can
chemisorb C;H,4, CO, and a single CO, molecule, while in particular, the bilayer structure (8) with
a unique interfacial pentagonal active site can activate CO, to further form Bs¢O™ + CO under
ambient conditions. Thus, the Bss™ cluster defines the 2D-to-3D transition and the Bse™ cluster
marks the onset of bulk-like structural features in boron nanoclusters.



Results

Chemisorption with C;Hs4, CO, and CO.. We produced boron clusters using laser vaporization of a
1B-enriched target and conducted the chemisorption experiment in a downstream linear ion trap
under ambient conditions (26) (see SI Appendix and SI Appendix, Fig. S2 for details). Fig. 1A
displays the B, (x = 10—68) cluster distributions upon reactions with C;Hs, CO, and CO, using He
as a reference (top). Upon filling the ion trap with 0.06 Pa C;H, with a 2 ms reaction time, the
cluster distribution exhibits no notable change for x<57, except Bss  and Bsg: their relative
intensities are significantly reduced with the concurrent appearance of the Bss(C;Hi)~ and
Bss(C2H4)™ products. The Bss™ cluster also shows a slight intensity reduction, along with a weak
Bss(C2H4)™ product, whereas clusters larger than Bss™ all seem to exhibit reactivity with C;Ha. Similar
reaction patterns are observed for CO, except that the reactivity with CO appears to be much
weaker than with C;H,, so that a higher CO partial pressure (0.15 Pa) and a longer reaction time
(8 ms) are used. Most remarkably, we find that only Bse™ is reactive with CO; to produce Bsg(CO,)~
in the entire cluster size range from Bis” to Bes™. These observations suggest that both Bss™ and
Bss are likely to have 3D structures with surface chemisorption sites and Bsg~ must have a very
special structure to be able to chemisorb CO,.

We conducted size-selected chemisorption experiments to examine the reaction products
and kinetics by turning on the quadrupole mass filter before the ion trap (S/ Appendix, Fig. S2).
We find that Bss can chemisorb up to six C;Hs and two CO molecules under ambient conditions
(Fig. 1B), while Bsg~ can chemisorb up to six C;Hs and four CO molecules (Fig. 1C). Only one CO,
molecule is observed to chemisorb onto Bss~, while, surprisingly, a weaker BssO™ product is also
observed, indicating that Bsg~ can react with CO, to spontaneously release a CO. Using least-
squares fitting, we estimated the pseudo-first-order rate constants k: (in cm® molecule s?) of the
following six chemisorption processes, as given in Fig. 1B and 1C (right) (see SI Appendix):

Bas™+ NCHa > Bus(CaHa)r (n=1~3) ki =4.07X 104 (1)
Bs +nCO > Bu(CO)y™  (n=1~2) ki=7.77X10"% (2)
Bsg™+ NCHa > Bse(CoHa)n (n=16) ki=5.57X10" (3)
Bss”+nCO > Bss(CO)n  (n=174) ki=2.42X10" (4)
Bss™ +CO; = Bse(CO2)” ky=7.88X 103 (5)
Bss +CO; - BssO™+CO ki=1.50X10" (6)

The reactivities of both Bss and Bsg~ with CO appear to be much weaker than with C;H,, while
the production of BssO™ is the slowest reaction in the series, as shown in their estimated pseudo-
first-order rate constant k;. More significantly, the kinetic studies reveal that there are at least
two isomers for Bss . Only the minor isomers are reactive with C;Hs and CO, contributing 36% and
37% to the total population for Bss, respectively (Fig. 1B). Both the C;H4 and CO reaction kinetics
for Bss~ show that 58% of the cluster population is reactive, while 42% is unreactive toward both
C,H4 and CO (Fig. 1C). However, the CO, kinetic experiment reveals that there are at least three
isomers in the Bsg cluster beam (Fig. 1C): One isomer (48%) chemisorbs one CO,, while another
minor isomer (9%) can spontaneously react with CO, to form BssO~. Apparently, both isomers can



chemisorb C;Hs and CO because the inert isomer population (42~43%) remains basically
unchanged in the C;H,4, CO, and CO, chemisorption experiments, as shown in Fig. 1C.

Global Minimum Searches for Bss~ and Bsg™. We used the stochastic surface walking (SSW)
method (27) in conjunction with manual structural construction to search for the global minima
of Bss and Bsg (see SI Appendix for details). The four lowest-lying isomers for each cluster are
shown in Fig. 2 (see S/ Appendix, Table S1 for the coordinates and Fig. S3 for more isomers). At
the DLPNO-CCSD(T) level of theory for both the relative electronic energies (AE) at 0 K and the
Gibbs free energies (AG) at 298 K, the GM structure of Bss~ consists of two degenerate core-shell
isomers, B,@B4s~ (1) and B1@Bss (2) with G, and G symmetries, respectively (Fig. 2A). The G,
isomer 1 consists of a B, core and a 44-atom shell (B.@B447) (see the 3D structure), with two apex
atoms on the top and bottom each capping a B4 square, which is connected to two filled concave
hexagons and two unfilled hexagons. The equator of the G, B,@Ba4™ consists of two filled concave
pentagons, two unfilled pentagons, and four filled convex pentagons, giving rise to four somewhat
protruding surface atoms. The two core B atoms are bonded to each other, as well as four surface
atoms each, two of which are the center atoms of the two filled concave hexagons. Each of the
core B atoms is also bonded to the same two center atoms from two filled concave pentagons on
the equator to give rise to the C; symmetry.

The degenerate C; isomer 2 consists of a single B atom core with a Bys shell (B@Bas ™), which
is similar to the Bss shell of isomer 1 except that in isomer 2 there are three filled concave
hexagons connected to each of the apex square pyramid (see the 3D structure). On the equator
of isomer 2, there are three unfilled pentagons, four filled convex pentagons, and one filled
concave pentagon. The core B atom of isomer 2 is bonded to six B atoms, five of which are the
center atoms of five concave hexagons and one of which is bonded to the center B atom of one
of the concave pentagons on the equator. There is another low-lying C; isomer 3, which is 0.12 eV
higher in energy than the GM at DLPNO-CCSD(T). Isomer 3 (B@Bas ") also consists of a single core
atom and its Bss shell is almost identical to that of isomer 2 (see the 3D structure). The minor
differences between 2 and 3 originate from the slight structural relaxations in the C; coordination
environment of the core atom. A similar situation happens to the core-shell C; B@B4s™ isomer 4.

As the well-defined GM of the system, Bss (5) (Fig. 2B) is nest-like, consisting of a Bi;
icosahedral core and a 44-atom half-shell (B1,@h-Bass~) with C; symmetry. The GM B1.@h-Bas™ (5)
is found to be 0.47,0.72, and 1.12 eV more stable than the second nest-like C; Bi,@h-B44~ (6), the
single-B core-shell C3, B@Bss™ (7), and the bilayer C; Bss (8) at DLPNO-CCSD(T), respectively (see
the 3D structures). With the entropy effects included at room temperature (298 K), the GM 5 lies
0.38, 0.79, and 0.90 eV more stable than 6, 7, and 8 in Gibbs free energies at the same level of
theory, respectively. The C; B1,@h-Bas~ (5) GM is remarkable: three B atoms on the top of the
bulk-like B> core are completely exposed, six are at the interface with the half-shell, and three
are completely inside the half-shell, each forming one B-B bond with a center atom of a filled
concave hexagon on the B half-shell. The second nest-like isomer, Bi.@h-Bs~ (6), possesses a
similar structure with C; symmetry. The half-shells are somewhat smoother, in comparison with
the surfaces of the four low-lying isomers of Bss~ (Fig. 2A). There exist two unfilled adjacent
pentagons at the bottom and one isolated pentagon on the waist of the half-shell in the GM C;
B1,@h-Bas (5) and two unfilled adjacent pentagons symmetrically distributed at the bottom of
the half-shell in C; B1,@h-Bas™ (6), whereas the rest of the surface consists of filled hexagons and
pentagons. At the interface between the Bi; core and the By, half-shell, we find one Bs triangle,
four Bs pentagons, and two Bg hexagons in the GM B1,@h-Bas™ (5) and two Bs triangles, four Bs
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pentagons, and two Bg hexagons in the B1,@h-Bas~ isomer 6 (see the 3D structure). Unlike other
bilayer structures, such as the bilayer Bss™ cluster (24), the bilayer isomer of Bs¢™ (8) possesses one
Bs pentagon at the lower right corner (see the 3D structure) to serve as the active site at the
interface between the two layers, which is also the reactive site for C;Hs, CO, and CO; (vide infra).

While there were prior calculations on neutral Bss and Bsg, there were no computational
studies on their anions. A recent DFT study suggested a core-shell Bss (B2@Ba4) similar to Bss™ (1)
(22), a core-shell Bsg (B@Bss) similar to Bsg~ (7) (23), and a bilayer C; Bsg similar to Bsg™ (8) (28). The
GM structures identified for Bss™ (1) and Bss™ (5) need to be verified by PES and should explain the
observed chemisorption properties. To that end, the vertical detachment energies (VDEs) for the
four lowest energy isomers of each cluster are computed, as well as their adiabatic detachment
energies (ADEs) (S/ Appendix, Table S2).

Photoelectron Spectroscopy of Bss~ and Bsg~ and Comparison with Simulated Spectra. PES has
been the most powerful experimental technique to investigate size-selected boron clusters (9).
The structures and bonding of boron clusters up to Bs2™ (S/ Appendix, Fig. S1) along with the bilayer
Bss~ have been elucidated by PES in conjunction with theoretical chemistry (8—14). However, with
increasing cluster size, it becomes challenging to obtain PES data with well-resolved features
primarily due to the difficulty to produce cold clusters as a result of the large heat of formation.
To enhance the cooling of large clusters, we have tested helium carrier gas seeded with different
amounts of Ar, which is expected to be a more efficient collision partner with large clusters (see
Sl Appendix for more experimental details). As shown in SI Appendix, Fig. S4, we find that pure He
carrier gas gives essentially featureless photoelectron spectra for B4y and Bsg, while better
resolved spectra are obtained with higher percentage of Ar in the carrier gas. We find that 15%
Ar gives the optimal results, while no significant improvement is found with 20% Ar. The 193 nm
spectra measured using the 15% Ar-seeded He carrier gas are compared in Fig. 3 with the
simulated spectra for the GM structures and the three low-lying isomers of Bss~ and Bss . We also
obtained the photoelectron spectra of Bss and Bsg~ at 266 nm, which are slightly improved, but
largely confirm the resolved features in the 193 nm spectrum (S/ Appendix, Fig. S5).

Both spectra are quite congested, suggesting that there may be multiple isomers in the
cluster beam. Discernible features and their VDEs are labeled on the experimental spectra for the
sake of discussion and are also given in Table S2. In the spectrum of B4~ (Fig. 3A), the weak X band
at a VDE of 3.38 eV followed by a large energy gap is characteristic of a closed-shell neutral Bss
cluster with a sizable HOMO-LUMO gap, defined by bands X and B. The shoulder A at 4.04 eV
appears to be from another isomer. The computed ADE/VDE1 (S/ Appendix, Table S2) and the
simulated spectral pattern for the GM structure 1 are in good agreement with the experimental
data. Its large HOMO-LUMO gap confirms that band A is indeed from another isomer. The
degenerate isomer 2 gives a higher computed ADE and VDE1 (S/ Appendix, Table S2), which could
account for the observed signals in the HOMO-LUMO gap region of structure 1, including band A.
Isomers 3 and 4 yield similar simulated spectra (Fig. 3A) as isomer 2, due to their similar core-shell
structures. While isomers 3 and 4 probably cannot be ruled out, their populations are expected
to be much smaller on the basis of their relative energies (Fig. 2A). The simulated spectra of
isomers 2 and 3 do not reveal a HOMO-LUMO gap, because their neutrals all have triplet ground
states. The large HOMO-LUMO gap for the GM structure 1 suggests that its corresponding neutral
is highly stable electronically. The Bss™ cluster is thus the first boron cluster observed to date to
consist of core-shell type structures, representing a major structural change from the 2D or cage
structures found in smaller By clusters (S/ Appendix, Fig. S1).



The photoelectron spectrum of Bsg™ is even more complicated and less resolved, showing
two weak overlapping bands X and A (Fig. 3B) in the low binding energy region. The computed
VDE1 for the GM nest-like B1,@h-Bss~ structure 5 and those for isomers 6, 7, 8 are similar (S/
Appendix, Table S2), contributing to the broad band X. All four isomers are closed-shell in their
neutral forms, giving rise to a HOMO-LUMO gap in the simulated spectra of the anion. Isomers 5
and 7 have smaller HOMO-LUMO gaps, and the second bands in their simulated spectra agree
well with band A. Isomers 6 and 8 have slightly larger HOMO-LUMO gaps and their second
detachment bands agree well with band B. The complexity of the measured photoelectron
spectrum is likely the result of the presence of four low-lying isomers in the cluster beam of Bsg™.
The GM nest-like C; B1,@h-Bas~ (5) and the second lowest-lying nest-like Cs B1,@h-Bas™ (6) with an
icosahedral B, core are remarkable, suggesting the onset of bulk-like features in size-selected
boron clusters.

The presence of low-lying isomers revealed by PES of the Bss~ and Bsg™ clusters is consistent
with the chemisorption experiments which suggest that there are at least two isomers present
for Bss~ (Fig. 1B) and three isomers for Bsg~ (Fig. 1C). The validity of the core-shell global minima
and the low-lying isomers for Bss~ and Bsg~ can be further examined through the chemisorption
mechanisms with C;H; and CO, as well as CO; in the case of Bsg™.

Mechanisms of C;Hs and CO Chemisorption on Bs™ and Bss". We consider the chemisorption
mechanisms onto the three lowest-lying isomers of Bss~ and the four lowest-lying isomers of Bsg™
by the first C;Hs and CO molecules in Fig. 4. We find that both isomers 2 and 3 of Bss~ exhibit no
energy barriers at the transition states (TS3 and TS4) in their most favorable top-adsorption sites,
leading to the Bas(C2Ha)™ products I5 and 17 with chemisorption energies (Ecse) of 2.92 eV and 3.06
eV at DLPNO-CCSD(T), respectively (Fig. 4A). On the other hand, there is a large energy barrier of
+0.87 eV (TS1, Fig. 4A) for the C;H4 adsorption onto the GM structure 1, which is thus unlikely to
react with C;H, at ambient conditions. Hence, isomers 2 and 3 should be responsible for the
observed minor population of Bss™ (36%), that is reactive toward C;Ha, whereas the GM isomer 1
accounts for the major unreactive population of Bss™ found in the kinetic study (64%) (Fig. 1B). The
first C;H4 chemisorbs on the most protruding top apex B atom of B@Bss™ for both isomers 2 and
3 along with a neighboring boron atom on the B4 square (Fig. 4A and the 3D structure). The it
bond in H,C=CH, is broken, forming two C—B ¢ bonds and resulting in the large chemisorption
energies for 15 and 17 (Fig. 4A). Alternative C;Hs chemisorption sites are computed for isomer 2,
which are all less favorable relative to I5 (S/ Appendix, Fig. S6A). In contrast, for the GM isomer 1,
the first C;H, favors the apex atom on the convex pentagon at the equator along with a periphery
boron atom in an unfilled hexagon (see the 3D structure). In addition to the large reaction barrier
of +0.87 eV, the chemisorption energy for isomer 1 (2.36 eV) is also obviously smaller than that
for isomers 2 and 3 (Fig. 4A). The CO chemisorption behaviors on the isomers of B4~ are similar
to those of C;Ha. Isomers 2 and 3 of Bss~ exhibit barrierless adsorption to the bottom apex atom
(Fig. 4B) and they should be responsible for the reactive population (37%) observed in the kinetic
study (Fig. 1B). The GM isomer 1 displays a sizable energy barrier of +0.10 eV (TS5) and a relatively
small chemisorption energy for CO adsorption (0.82 eV), consistent with the unreactive
population of Bss™ (63%, Fig. 1B). The chemisorption energies for CO for both isomers 2 and 3 are
much smaller than those for C;H,, in agreement with the lower CO reactivity found in the kinetic
study (Fig. 1B). We also computed the successive chemisorption by C;Hs and CO onto isomer 2 of
Bss to form Bag(CaHa)n™ (n = 1-6) and B4s(CO), (n =1, 2). We find that the chemisorption energies
increase linearly with the number of adsorbed molecules with Ece = 2.41n + 0.51 (S/ Appendix, Fig.

7



S7A) and Ecse = 1.59n + 0.04 (S/ Appendix, Fig. S7B) for C;H4 and CO, respectively. The linearity of
the chemisorption energies suggests that the chemisorption does not change the core-shell
structure of the B4~ cluster significantly.

For C;H4 chemisorption on Bsg™, we find that both the nest-like GM B1,@h-Bas™ (5) and the
second nest-like isomer B12@h-Bas~ (6) exhibit no reaction barriers (TS6 and TS7 in Fig. 4C) and
large adsorption energies of 2.64 and 2.65 eV to form Bsg(C:Ha)™ (113) and Bsg(CoHa)™ (115),
respectively. The B@Bss~ isomer 7 with a more smooth Bss shell shows a large reaction barrier of
+0.43 eV, as well as a relatively small chemisorption energy (1.80 eV, Fig. 4C). The bilayer isomer
8 displays no energy barrier to form Bsg(CoH4)™ with a large adsorption energy of 2.48 eV. Thus,
the nest-like isomers 5 and 6 and bilayer isomer 8 should account for the 58% reactive population
of Bsg, whereas the B@Bss isomer 7 is responsible for the 42% unreactive population found in
the kinetic study with C;H,4 (Fig. 1C). The C;H4 molecule is adsorbed on the exposed Bs; triangle of
the Bi; core of the GM isomer 5 (see the 3D structure) in a top-adsorption mechanism, resulting
in the breaking of the H,C=CH; t bond and the formation of two C-B o bonds (Fig. 4C). We also
considered other chemisorption sites (SI Appendix, Fig. S6C): in addition to the top Bs site, the
sites at the interface between the Bj; core and the By, half-shell are also good adsorption sites,
whereas all the other sites are much less favorable. The C;Hs molecule chemisorbs on the
interfacial pentagonal site of the bilayer isomer 8, breaking the H,C=CH, t bond and forming two
C-B o bonds spontaneously (see the 3D structure). The CO chemisorption behaviors among the
low-lying isomers of Bs¢~ are similar to those of C;Ha4, as shown in Fig. 4D. Both the nest-like 5 and
6 and bilayer 8 isomers exhibit no energy barriers to adsorb a CO, and they should be responsible
for the population of Bss~ (58%), that is reactive with CO (Fig. 1C). The core-shell B@Bss™ isomer 7
with a smooth shell displays a sizable energy barrier of +0.21 eV (TS11) and relatively small
adsorption energy of 0.64 eV for adsorption of CO, and it should correspond to the unreactive
population of Bss~ (42%). The relatively high percentage of isomer 7 could indicate a kinetic
trapping. The preferential formation of this relatively high energy isomer is probably due to two
reasons: 1) the preference of smaller boron clusters to form 2D structures and (2) the relative
inertness of isomer 7 that may help its survival during the cluster growth. The chemisorption
energies of CO on Bsg~ isomers are significantly smaller than those for the C;H, adsorption,
consistent with the lower CO reactivity (Fig. 1C). Interestingly, the first CO molecule chemisorbs
on a B atom of the By4 half-shell at the interface with the B;, core (Fig. 4D and the 3D structure).
We also explored adsorption sites of CO on the GM isomer 5 of Bss~ and found that the interface
sites all give similar chemisorption energies (SI Appendix, Fig. S6D). We considered the
consecutive C;Hs and CO adsorption on the GM nest-like B12@h-Bas isomer 5 to form Bsg(CHa)n™
(n =1-6) and Bse(CO),» (n = 1-4) and also found a linear relationship between the chemisorption
energies and the number of adsorbed molecules: Ece = 2.47n + 0.26 and Ece = 1.61n + 0.08 for
C,H4 (SI Appendix, Fig. S7C) and CO (S Appendix, Fig. S7D), respectively.

Mechanisms of CO, Chemisorption on Bss. The most remarkable observation in the
chemisorption study is the activation of CO; by Bse™ (Fig. 1). We explore CO, adsorption on the
four low-lying isomers of Bsgin Fig. 5 and found that all four isomers can form a Bsg(CO,)™ complex
at DLPNO-CCSD(T). However, the adsorption energy on the core-shell B@Bss~ isomer 7 with a
smooth Bss shell is only 0.88 eV, whereas the adsorption energies on the GM nest-like 5 (1.33 eV),
the second nest-like 6 (1.60 eV), and the bilayer isomer 8 (1.80 eV) are significantly higher. Thus,
the formation of the Bsg(CO,)~ complex by isomer 7 under ambient condition is expected to be
unfavorable thermodynamically and it should account for the unreactive population (43%) of Bse~
(Fig. 1C), whereas the nest-like isomers 5 and 6 and the bilayer isomer 8 are responsible for the
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reactive population (57%), very similar to the chemisorption of C;Hs and CO on Bsg™. Furthermore,
we find that the CO, chemisorption site on the GM nest-like isomer 5 is the exposed top Bs unit
of the B1, core (see the 3D structure), the same as the top-adsorption site of C;H4 (Fig. 4C). The
chemisorption leads to the breaking of one O—C n-bond in O=C=0, forming one C-B o-bond and
one O-B o-bond with a chemisorption energy of E.e = 1.33 eV (Fig. 5A). The second nest-like
isomer 6 favors a bottom-adsorption approach to adsorb CO,, with an adsorption energy of 1.60
eV. Our calculation shows that the Bs¢(CO,)” chemisorption complexes formed by the nest-like
isomers 5 and 6 cannot release a CO to form the Bs¢O™ product because of their large reaction
barriers of +1.45 eV and +0.46 eV (TS13 and TS14 in Fig. 5A), respectively. Surprisingly, the
Bs(CO2)~ complex formed by the bilayer isomer 8 can release a CO to form the Bs¢O™ product with
an exothermicity of 1.14 eV. The transition state (TS18, Fig. 5D) for this reaction is 0.24 eV below
the entrance channel. Thus, the bilayer 8 as a minor isomer can react with CO, under ambient
conditions to form Bs¢O™ + CO and should account for the 9% population of Bss~ that reacts with
CO; to form BsgO™.

The structures and low-lying isomers of Bs and Bsg~ determined from the PES and
theoretical calculations can explain the chemisorption results consistently, providing considerable
credence to the core-shell 3D structures of Bss and the nest-like GM structure for Bss . The
existence of multiple isomers hinted in the PES data are well corroborated by the chemisorption
studies.

Chemical Bonding in the Core-Shell Structure of Bss~ and the Nest-Like Bsg. To better
comprehend the structures and stability of the GM structures of B.@Bas™ (1) and B1,@h-Bas™ (5),
we use the adaptive natural density partitioning (AdNDP) approach (29) to decipher the bonding
patterns of these remarkable 3D clusters. The low symmetry and complicated architectures of
these open-shell 3D clusters make it quite challenging for the bonding analyses. For simplicity, we
used the closed-shell C; B,@B4s neutral optimized from the C; B.@Bss~ GM isomer 1 and the C;
B12@h-Bss’™ closed-shell dianion obtained from the C; B1,@Bass~ GM isomer 5. As shown in Fig. 6A,
the bottom B atom of the B, core in B,@Ba44 (1) forms two equivalent two-center-two-electron
(2c-2e) o bonds with two hexa-coordinate B centers in two concave hexagons, the top B atom
forms two 3c-2e o bonds each involving one hexa-coordinate B center in a concave hexagon and
one pentacoordinate B center in a neighboring concave pentagon, while the B-B interaction in
the B, core is reflected in a 4c-2e o bond involving two equivalent pentacoordinate B centers in
two concave pentagons on the equator. There exist six 2c-2e o bonds symmetrically distributed
around two unfilled hexagons, fifty-two 3c-2e o bonds on the filled hexagons and pentagons on
the Bas shell. The remaining twelve valence electrons are distributed in two 9c-2e 1t bonds on the
top and bottom and four 11c-2e m bonds on the equator in an overall symmetry of C,. The
occupation numbers (ONs) for all AANDP bonding elements appear to be slightly smaller than the
ideal value of 2 |e|, indicating that there exists more electron delocalization. Nevertheless, the
AdNDP analyses give an intuitive bonding picture, consistent with the complicated 3D structure
of the core-shell GM 1 for the Bsg™ cluster.

The bonding in the C; B1,@Ba4?" (Fig. 6B) is more straightforward to understand: the bonding
elements of the icosahedral Bi; core and the Ba4 half-shell can be readily recognized. For the half-
shell, we find one 2c-2e ¢ bond at the bottom between the two neighboring unfilled pentagons,
seven 2c-2e o bonds between the B, core and the half-shell (four at the interface and three
between the bottom B; triangle of the B, core and the three center B atoms from three concave
hexagons on the half shell), three 3c-2e ¢ bonds (one on the top Bs triangle of the B;, core and
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two at the interface between the B;; core and the half-shell), fifty-nine 3c-2e o bonds distributed
on the surface of the half-shell, and two 7c-2e 1t bonds over two filled hexagons at the back of the
B.4 half-shell. Most significantly, the remaining twenty-six valence electrons are totally delocalized
in thirteen 12c-2e bonds on the half-covered icosahedral B;, core matching the n+1 Wade's rule
(n=12) for polyhedral borane compounds (30). Since these are completely delocalized bonds over
the B, core, the AANDP bonding elements are similar to the corresponding molecular orbitals
(MOs). The 13 pairs of electrons can be viewed as filling one 1S MO, three 1P MOs, five 1D MOs,
and four 1F MOs. The 1521P®1D!°1F® electron configuration is exactly the same as the Bi, units in
a-rhombohedral boron (a-B1;) or in the icosahedral B1;H1,2” borane (31, 32). It is also analogous
to that of the superatomic icosahedral Al;s~ (1521P%1D°2521F42P®) in the jellium model (33) or
the highly stable bilayer Agis™ cluster (1521P*2521D%) due to crystal field splitting (34). The high
stability of the icosahedral Bi, unit originates from the electron delocalization or spherical
aromaticity of the nest-like configuration, as evidenced by the large calculated negative nucleus-
independent chemical shift of —49.2 ppm at the center of the Bi, core (35). We also analyzed the
bonding of the second nest-like C; B1,@Bas™ (6) using the closed-shell C; B1o@Bas>™ (S/ Appendix,
Fig. S8) and found that the bonding in the Bi, core is similar to that in the GM C; B1,@Ba4?".

Discussion

In bulk boron allotropes, the Bi> icosahedral building blocks facilitate electron delocalization to
compensate the electron deficiency of elemental boron. The different arrangements of the Bi;
units, along with interstitial boron atoms, give rise to the structural complexities observed in bulk
boron. In small boron clusters, planar structures (S/ Appendix, Fig. S1) provide the most favorable
pathway for electron delocalization and sharing. As cluster size increases, the additional bonding
available in 3D structures make them more energetically competitive and thus more favorable.
Combined photoelectron spectroscopy and chemisorption experiments unequivocally confirm
that the B,@Bas™ (1) core-shell structure is the global minimum. While cage structures appear at
Bss~ and Bgo™ (12, 13), the core-shell B4~ cluster represents the onset of the transition to true 3D
structures. The B, core in B.@Ba44™ (1) is reminiscent of the interstitial B, dumbbells in the partially
ionic y-B,s form of boron (36), and the single B atom core in the core-shell C; B@Bass™ (2, 3, and 4)
resembles the interstitial B atoms in a-tetragonal boron (37).

The appearance of the iconic Biz core in both the GM C; B1,@Ba4™ (5) and the second lowest-
lying isomer Cs B1,@Ba4a™ (6), which are the smallest boron clusters containing a By, core (20, 23),
marks the onset of bulk-like features in boron nanoclusters. The fact that the half-covered Bi;
core in Bsg~ obeys the n+1 Wade’s rule in bonding patterns indicates local spherical aromaticity,
which accounts for the high stability of the nest-like structures at this cluster size. The structural
transition from Bss to Bsg does not appear to be smooth, since the Bss™ cluster is known to adopt
a bilayer structure (24) and the By (x = 47-54) clusters in between are not reactive (Fig. 1A).
Consistent with the complexity of bulk boron allotropes, size-selected boron clusters also exhibit
remarkable structural diversity. The complexity and unpredictability of boron at the nanoscale
suggest there may exist even more fascinating boron clusters as size increases. The
unprecedented activation of CO; by the Bsg cluster provides critical insights for designing boron
nanoclusters with tailored properties. These findings serve as important milestones in
understanding the structural evolution of boron nanoclusters and their potential applications in
chemistry and materials science.
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Materials and Methods

Detailed information regarding all the experimental and theoretical methods is provided in the S/
Appendix. Briefly, the chemisorption experiment was conducted using a time-of-flight (TOF) mass
spectrometer equipped with a laser vaporization cluster source, a quadrupole mass filter, and a
linear ion trap reactor. Negatively charged boron clusters generated from laser vaporization of a
HB-enriched target were directed into the linear ion trap, where the clusters were confined and
thermalized before being exposed to reactant gases. The reaction products were detected by a
reflectron TOF mass spectrometer. The PES experiment was performed using a magnetic-bottle
apparatus equipped with a laser vaporization cluster source and a TOF mass spectrometer. Size-
selected clusters were decelerated before photodetachment by a laser beam. The photoelectrons
were analyzed by a magnetic-bottle TOF electron analyzer. Global minimum searches for the Bag™
and Bse clusters were carried out using the stochastic surface walking method, as well as manual
structural constructions. Independent structural searches were further conducted using the
Tsinghua global minimum approach based on the basin hopping algorithm. Density functional
theory calculations were done at the PBEO level to fully optimize the low-lying isomers of the
clusters. Single-point calculations were performed on the low-lying isomers using the high level
domain-based local pair natural orbital coupled-cluster approach with single and double
excitations and perturbative triples corrections [DLPNO-CCSD(T)] implemented in the ORCA
program.
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Figure 1. Chemisorption Studies. (A) Mass spectra of the By clusters (x = 10-68) and their
chemisorption reactions with C;Hs, CO, and CO,. (B) Mass-selected Bss™ and its reactions with C;Hs and
CO, with the mass signals of Bag(C2H4)n™ (n = 3-6) enlarged by ten times. (C) Mass-selected Bsg~ and its
reactions with C;Hs4, CO, and CO,. The reactant gas pressures (Pa) and reaction times (ms) are
indicated. The relative intensities of the reactant and product cluster ions are given for the reactions
of Bsg™ + CoH4, Bas™ + CO, Bsg™ + CaHa, Bsg™ + CO, and Bsg + COs. In the kinetic studies on the right side
of (B) and (C), the dots are experimental data and the lines are least-squares fittings based on the
approximation of pseudo-first-order reaction mechanisms, with the corresponding extrapolated
percentage contributions to the overall mass intensities indicated. Both Bss~ and Bsg~ exhibit special
adsorption reactivities with C;Hs and CO among the B, clusters, while Bss™ is unique in its reactivity

with CO,.
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Figure 2. Optimized structures of the four lowest-lying isomers of (A) Bss~ and (B) Bss~ at the PBEO level.
Their overall relative electronic energies (AE/eV) at 0 K and Gibbs free energies (AG/eV, in square
brackets) at 298 K are given at the DLPNO-CCSD(T) level. The B, core in the core-shell C; Bss™ (B2@Bas™,
1), the single B core in the core-shell C; Bss~ (B@Bas, 2, 3, and 4) and the Csy Bsg™ (B@Bss, 7), and the
icosahedral B1; core in the nest-like Ci Bse™ (B12@h-Bas™, 5) and Cs Bsg™ (B12@h-Bas™, 6) are highlighted
in blue.
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Figure 3. The measured 193 nm photoelectron spectra of (A) Bss~ and (B) Bss~ compared with the
simulated spectra of their four lowest-lying isomers at the PBE0O/6-311+G(d) level. The short and long
red vertical lines represent the singlet and triplet final states, respectively. Each detachment channel
is fitted with a unit area Gaussian of 0.1 eV FWHM to produce the simulated spectra. An area ratio of
3 to 1 was used for the triplet and singlet final states. Spectral features are labeled and the VDEs are
given in eV. For the experimental spectrum of Bss™, the bands X, B, C, D, and E are well reproduced by
the simulated spectrum of the GM isomer 1, while isomer 2 can account for the features between
bands X and B, including band A. Isomer 3 gives similar simulated features as isomer 2; its
contributions should be minor, in present at all, according to the chemisorption data. The predicted
first VDEs of the four lowest-lying isomers of Bsg™ are all in agreement with the X band (~3.6 eV)
observed in the experimental spectrum. The simulated spectra of isomers 5 and 7 exhibit
relatively smaller HOMO-LUMO gaps, with their second detachment bands corresponding to band
A of Bsg™. The strong peak B could have contributions from the third detachment bands of isomers
5 and 7 and the second detachment bands of isomer 8. Isomer 6 of Bs¢™ gives similar simulated
spectral features as those of isomer 5 and it could also contribute to the observed spectrum. Also
see Table S2.
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Figure 4. Chemisorption mechanisms by C;H4 and CO on the three low-lying Isomers of Bsas™ and four
low-lying isomers of Bsg~, with the energy barriers indicated in eV at DLPNO-CCSD(T). (A) Bas™ + CzHa.
(B) Bag™ + CO. (C) Bsg™ + C2Ha. (D) Bsg™+ CO.
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Figure 5. CO, Chemisorption and CO-Desorption Mechanisms on Bss, with the energy barriers
indicated in eV at DLPNO-CCSD(T). (A) On the GM nest-like B1o@h-Bas~ isomer 5. (B) On the second
nest-like B12@h-Bas~ isomer 6. (C) On the core-shell B@Bss~ isomer 7. (D) On the bilayer isomer 8. Only
the CO, complex of the bilayer isomer 8 (I137) can release a CO to form the Bs¢O~ product. The CO,
complexes of the nest-like isomer 5 (127), nest-like isomer 6 (129), and core-shell isomer 7 (131) exhibit
large energy barriers and endothermicities for the release of CO to form BssO™.
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Figure 6. AANDP chemical bonding analyses. (A) For the closed-shell neutral core-shell C; B,@Baa
structure optimized from the GM B,@Ba4~ structure 1. (B) For the closed-shell nest-like C; B1,@Bs4*~
species obtained from the GM nest-like B1,@Ba4™ structure 5. The occupation numbers (ONs) are given
in |e|. The half-covered By, icosahedral core in B1,@Bas?~ follows the (n + 1) Wade’s rule, rendering
spheric aromaticity and extra stability to the nest-like GM structure.
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