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Since the discovery of the B4o borospherene, research interests have been directed to the structural evol-
ution of even larger boron clusters. An interesting question concerns if the borospherene cages persist in
larger boron clusters like the fullerenes. Here we report a photoelectron spectroscopy (PES) and compu-
tational study on the structures and bonding of B4, and By4,~, the largest boron clusters characterized
experimentally thus far. The PE spectra of both clusters display broad and complicated features,
suggesting the existence of multiple low-lying isomers. Global minimum searches for B4;~ reveal three
low-lying isomers (I-1ll), which are all related to the planar B4~ structure. Isomer Il (Cs, ) possessing a
double hexagonal vacancy is found to agree well with the experiment, while isomers I (C,, *A") and Il (C,
IA’) both with a single hexagonal vacancy are also present as minor isomers in the experiment. The poten-
tial landscape of By, is found to be much more complicated with numerous low-lying isomers (VII-XII).
The quasi-planar structure VI (Cy, 2A) containing a double hexagonal vacancy is found to make major
contributions to the observed PE spectrum of B,,~, while the other low-lying isomers may also be
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present to give rise to a complicated spectral pattern. Chemical bonding analyses show isomer Il of B4;~
(Cs, 'A") and isomer VIII of B4,™ (Cy, 2A) are & aromatic, analogous to that in the polycyclic aromatic hydro-
carbon Cu7Hi3" (Cay, *Ay). Borospherene cage isomers are also found for both B4;~ and B4, in the global

rsc.li/nanoscale minimum searches, but they are much higher energy isomers.

1

1. Introduction atoms,> " primarily using photoelectron spectroscopy
(PES).””° In contrast to bulk boron and borane
Elemental boron exhibits a rich variety of interesting allo- compounds,’>*° where 3D polyhedral cages are dominant,

tropes, consisting of different three-dimensional (3D) poly-
hedral cages due to the electron deficiency of boron."* Over
the past two decades, the structures and bonding of size-
selected boron clusters have been systematically investigated
by joint experimental and theoretical techniques up to 40
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size-selected boron clusters have been found mainly to consist
of planar or quasi-planar (2D) structures. One of the most
interesting boron clusters in this size range is By, , the largest
boron cluster that has been experimentally characterized to
date.”® It was found to have a 2D global minimum structure,
but with an energetically accessible fullerene-like cage isomer,
which was observed experimentally and named borospher-
ene.”” Remarkably, the neutral By, borospherene is overwhel-
mingly more stable than any 2D isomers. It is an extremely
stable electronic system with a huge energy gap between its
highest occupied molecular orbital (HOMO) and its lowest
unoccupied MO (LUMO). The Bso~ cluster was subsequently
found to have two nearly degenerate axially chiral borospher-
ene isomers competing for the global minimum.*" Seashell-
like C, B,g~ and Cs B,y borospherenes have also been
observed in PES experiments as minor isomers,****! though
their global minima are comprised of 2D structures.

All 2D boron clusters consist of a periphery with strong clas-
sical two-center two-electron (2c-2e) B-B localized ¢ bonds
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and inner atoms with weaker delocalized o and =
bonding.>”°° The main structural features of the interior
atoms in the 2D boron clusters are the Bj; triangles, inter-
spersed with different defects, including tetragonal, pentago-
nal, hexagonal or double hexagonal vacancies (DHV). The
weaker delocalized interior bonding and the presence of
defects give rise to the fluxionality known in 2D boron
clusters.>”?°73%4274> More interestingly, the delocalized =
bonds in 2D boron clusters have been found to be similar to
those in the polycyclic aromatic hydrocarbons (PAHs), and the
2D boron clusters have been considered as all-boron analogs
of PAHs.>7'»1%19721 The size of the vacancy in 2D boron clus-
ters increases with the cluster size from tetragonal to pentago-
nal, hexagonal and DHV.>*°" "' The B,” (n = 26, 27, 30-34, 36)
clusters were found to contain a single hexagonal
vacancy,?®***”7% whereas B, (n = 35, 37, 38, 40) clusters all
contain a DHV.”>?%3> Hexagonal vacancies with different hole
densities and arrangements had been predicted computation-
ally to form stable and perfectly planar monolayer borons.*®™>>
Therefore, the first discovery of the planar B;e cluster with a
central hexagonal vacancy provided indirect experimental evi-
dence for the viability of planar 2D borons and led to the
coining of the name “borophene” in anticipation of their
eventual synthesis as a new class of 2D materials.”® The sub-
sequent finding of the B35~ cluster with a DHV provided
further confirmation of the viability of borophenes.*
Remarkably, within less than two years, two research teams
successfully fabricated borophenes on Ag substrates using
atomic vapor deposition methods,** as first proposed
computationally.”>*® The most stable borophene observed
experimentally has the so-called y* form with a hole density of
5 = 1/5. The »* borophene is composed of rows of adjacent hex-
agonal vacancies connected by zigzag boron double
chains,*”*® similar to the hexagonal vacancies in the Bss
and Bje clusters, which were viewed as building blocks for
borophenes.?®*°

A crucial question concerns the structures of boron clusters
beyond B,,. Will the borospherene structure persist like in the
fullerenes? Or will 2D structures continue to dominate leading
up to borophenes? Numerous calculations on larger boron
clusters beyond By, have been reported.’®”° Large boron full-
erenes have been suggested,””””> though the initially proposed
Bgo fullerene was found to be a much higher energy
isomer.”®”7° However, there have been no experimental studies
beyond By. It still remains a question which structural growth
pattern will be favored for larger boron clusters. Here we
report a PES experimental and quantum chemical study of the
B4~ and By, clusters. Experimental PE spectra of both By~
and B,,  have been obtained, both showing fairly complicated
photodetachment features and suggesting the possible exist-
ence of multiple isomers. Major computational efforts are
required for the global minimum searches of these two rela-
tively large clusters. The similarity between the PE spectrum of
B,:~ and the main PES features of the planar B,,~ is helpful in
the initial effort to search for the global minimum of B,;~. We
have found three low-lying 2D isomers (I-III) for B,,”, which
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are indeed related to the 2D structure of By, and all are found
to contribute to the observed PE spectrum, although isomer II
(Cs, 1A’) of B,,~ with a DHV is found to be the main contribu-
tor. Many more low-lying isomers are found for B,, ", including
five 2D structures (VII-XI) and a tubular 3D isomer (XII, Cyp,
%A,). Two 2D isomers, VIII (C;, *A) and IX (C;, *A) of B,,~ both
possessing a DHV, are found to be the major contributors to
the experimental PE spectrum. The current work suggests that
the 2D structural patterns, characteristic of the synthesized
borophenes, continue in larger boron clusters beyond By, ,
while borospherene cage isomers of By;~ and By,” are much
higher in energy.

2. Experimental and theoretical
methods
2.1 Photoelectron spectroscopy

The experiments were carried out using a magnetic-bottle PES
apparatus equipped with a laser vaporization cluster source,
details of which can be found elsewhere.**® Briefly, boron
clusters were generated by laser vaporization of a hot-pressed
""B-enriched disk target. The nascent clusters formed inside
the nozzle were entrained by the He carrier gas seeded with
5% Ar and underwent a supersonic expansion to produce a
cold cluster beam. Negatively charged clusters were extracted
perpendicularly from the collimated cluster beam and ana-
lyzed using a time-of-flight mass spectrometer. The By;~ and
By, clusters of current interest were mass-selected and decel-
erated before being photodetached by the 193 nm (6.424 eV)
radiation from an ArF excimer laser. Photoelectrons were col-
lected at nearly 100% efficiency and analyzed in a 3.5 m long
electron flight tube. The photoelectron spectra were calibrated
using the known spectrum of Bi~. The resolution of the mag-
netic-bottle PES analyzer was AE\/E) ~ 2.5%, that is, ~25 meV
for 1 eV kinetic energy electrons.

2.2 Computational methods

The global minima of B,;~ and B,,~ were searched using both
the Tsinghua Global Minimum (TGMin) program®'~** and the
minima-hopping algorithm,®*® with the aid of extensive
manual structural constructions based on the known low-lying
isomers of Bu,~, Ba:', and B,,>".2°"° The TGMin code was
interfaced to the CP2K program®® and employed the DFT form-
alism with the PBE exchange-correlation functional®” and the
Goedecker-Teter-Hutter pseudopotential®® with the associated
double-{ valence plus polarization basis set.** The global
minimum search of B,;~ was assisted by the fact that its PE
spectrum exhibited some similarity to that of the planar
isomer of By, , suggesting their structures should be related.
In total, about 5000 structures were examined for B,;~ using
TGMin, whereas 9745 structures were evaluated for B,, . In
addition, more than 10000 stationary points were probed
using the minima-hopping method for B,,”, locating similar
low-lying isomers as the TGMin search. Low-lying isomers of
B,;~ and By~ were reoptimized at the PBE0/6-311+G*
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level,”>®" which was proven to be a reliable method for boron
clusters in this size range. All local minima were verified by
calculations of the harmonic vibrational frequencies and the
energies of all stable isomers were corrected by zero-point
energies. For competitive low-lying isomers of B,;~ and By,
we further did ab initio DLPNO-CCSD(T) and DLPNO-CCSD
(DLPNO stands for domain-based local pair natural orbital)
calculations®>“® with the PBE0/6-311+G* geometries to obtain
more accurate relative energies, respectively. The CCSD T
diagnostic factors were calculated to be small, within T; =
0.014-0.018 for the three lowest-lying isomers of B,;~ and
0.014-0.023 for the six lowest-lying isomers of B,,”, indicating
that the multi-configurational character was not significant.
The vertical detachment energies (VDEs) of the lowest-lying
isomers were calculated using the time-dependent DFT
method (TDDFT-PBE0/6-311+G*) at the anion geometries.”*
The adiabatic detachment energies (ADEs) were computed as
the energy differences of the anions and the corresponding
neutrals at their respective optimized geometries at the PBE0/
6-311+G* level of theory.

The electronic structure calculations at the PBEO and
TDDFT-PBEO levels were done using the Gaussian 09
package,” whereas the DLPNO-CCSD(T) and DLPNO-CCSD
calculations were performed with the ORCA suite of pro-
grams.’® Chemical bonding analyses were done using the
Adaptive Natural Density Partitioning (AdNDP) method®” and
were visualized using the VMD 1.9.3 software.’®

3. Experimental results

The PE spectra of By;~ and By,  at 193 nm are displayed in
Fig. 1a and 2a, respectively, in comparison with the simulated
spectra of the low-lying isomers. The spectra of the two clus-
ters are fairly broad and the observed spectral features are
labeled with letters (X, A, B, etc.). The experimental VDEs are
summarized in Tables S1 and S2f and compared with the
theoretical values given in the ESI.f The computed VDEs are
plotted in Fig. 1 and 2 as vertical bars, which are fitted each
with a unit area Gaussian to yield the simulated spectra.

3.1 The photoelectron spectrum of By; ™~

The experimental spectrum of B,;” in Fig. la exhibits six
broad bands (X, A, B, C, D, E). The first detachment channel of
B,i~ is defined by band X with a VDE of 3.89 eV. The first ADE
is estimated from its onset to be 3.71 eV, which also represents
the electron affinity (EA) of the corresponding neutral By;.
There is a long tail on the low binding energy side of band X
due to either vibrational hot bands or contributions from
minor isomers. Following an energy gap of 0.51 eV, the well-
separated band A is observed with a VDE of 4.40 eV. Beyond
band A, the spectral features are nearly continuous, although
band D at 5.80 eV is well defined. The broad features between
bands A and D are labeled as B (~5.1 eV) and C (~5.4 eV) for
the sake of discussion. There are likely multiple overlapping
detachment channels in this spectral region. The spectrum is
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Fig. 1 Photoelectron spectrum of B,;~ at 193 nm (6.424 eV) (a), com-
pared with simulated spectra of isomers Il (b), I (c), and Ill (d). The
theoretical VDEs were calculated at the TDDFT-PBE0O/6-311+G* level
and plotted as vertical bars. The simulated spectra were obtained by
fitting the calculated VDEs with unit-area Gaussian functions of 0.1 eV
half-width. In (c), the longer bars are for quartet final states and the
shorter bars for doublet final states. See Table S1.1

cut off beyond 6.3 eV and a band E at ~6.1 eV is tentatively
labeled.

The overall spectral pattern of B,;~ is quite similar to the
main spectral features of B,, that was mainly due to the
planar global minimum of B,,~. The borospherene B,,~ was a
slightly higher energy isomer in the anion and was present as
a minor species with a very low electron binding energy.>® The
band X of B4, is similar to the band X of B,,” at a VDE of 3.63
eV, except that the former is broader due to the low-binding
energy tail. The higher electron binding energy of By~ is
understandable because it is expected to be closed shell,
whereas B,,~ with an odd number of electrons is open-shell.
The band A of B,;~ is similar to the band A of B,,” with a VDE
of 4.24 eV. The higher binding energy features of B,;” also
display similarities to those in the B,,~ spectrum except that
the features in B,;~ are more complicated mainly in the con-

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Photoelectron spectrum of Bs,™~ at 193 nm (6.424 eV) (a), com-
pared with simulated spectra of isomers VIII (b), IX (c), VII (d), and X (e).
The theoretical VDEs were calculated at the TDDFT-PBE0/6-311+G*
level and plotted as vertical bars. The simulated spectra were obtained
by fitting the calculated VDEs with unit-area Gaussian functions of 0.1
eV half-width. The longer bars are for triplet final states and the shorter
bars for singlet final states. See Table S2.}

gested B/C spectral region. The remarkable spectral similarity
between B,;~ and By, suggests that they may have similar
structures, which is hugely helpful in the global minimum
search for By, .

3.2 The photoelectron spectrum of B,,~

The PE spectrum of B,,” is more diffuse and congested; five
main spectral features are labeled (X, A, B, C, and D), as shown

This journal is © The Royal Society of Chemistry 2019
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Fig. 2a. The first band X is quite broad, ranging from ~3.3 to
>4.0 eV, and centered around 3.61 eV. The broad band X is
most likely due to contributions of multiple low-lying isomers
or large geometry changes between the anionic and neutral
ground states. The broad width of band X makes it difficult to
evaluate the ADE, which is tentatively estimated to be 3.4 eV.
Band A with a VDE of 4.31 eV is better defined and it is some-
what similar to the band A of By, (VDE: 4.40 eV) (Fig. 1a).
Bands B (4.66 eV) and C (~5.2 eV) are broad and overlap with
each other. At the high binding energy side, one intense and
broad feature D is observed at 5.84 eV. There must be multiple
detachment transitions under each of the broad spectral
bands. The By, cluster is open-shell, and more complicated
detachment features are partly expected, in addition to the
possibility of multiple isomers.

4. Theoretical results

The global minima and low-lying isomers of B,;~ (I-III) and
By~ (VII-XII) are depicted in Fig. 3 and 4, respectively.
Alternative optimized low-lying isomers within about 2.80 eV
of the global minima are given in Fig. S1f for By~ and
Fig. S2t for B,, . Cartesian coordinates for the B,;~ (I-III) and
B4, (VII-XII) isomers are listed in Table S3.7

4.1 The global minimum and low-lying isomers of B,; "~

Assisted by the observation that the PE spectrum of By~ is
similar to that of the 2D isomer of B,,~, we constructed the
initial structures of B,;~ by adding one B atom to different
sites of the 2D global minimum of By~ with a DHV.>® The
manually constructed structures and other alternative isomers
obtained from the global minimum searches were fully reopti-
mized at the PBEO level, and then the top three lowest-lying
isomers were refined at the single-point CCSD(T) level, as
shown in Fig. 3. Not surprisingly, these low-lying isomers are
all related to the 2D global minimum of B,,". Isomer I with a
triplet state (Cy, *A") is found to be the most stable structure of
B4, at both the PBEO and CCSD(T) levels of theory. It can be
viewed as constructed by inserting one B atom into a hexag-
onal vacancy of the DHV in the global minimum 2D By,~.>°
The second lowest-lying isomer, II (Cg, "A’), is 0.20 eV higher in
energy at the CCSD(T) level. This isomer contains a DHV and
can be constructed by inserting one B atom into the top edge
of the 2D B,,~. The third lowest-lying isomer of B,;~, I (Cy,
A", which is 0.23 eV above the global minimum at the CCSD
(T) level, is similar to the corresponding singlet state of the
global minimum 1 (C, *A”). The corresponding neutral struc-
tures are optimized at the PBEO level and similar energetic
ordering is found as the anions, as shown in Fig. 3 (IV-VI),
except that the triplet isomer I of the anion is turned into a
quartet state in the neutral (VI, C, *A").

The CCSD(T) results for the anions were deemed reliable on
the basis of the small T; diagnostic factors, 0.018, 0.015, and
0.014 for isomers I, IT and III of B4, ", respectively. Considering
the intrinsic accuracy of the theoretical methods, we should

Nanoscale, 2019, 11, 23286-23295 | 23289
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Fig. 3 The top three low-lying isomers of B4;~ (I-Ill) and their corresponding neutrals (IV-VI). Relative energies at the PBE0/6-311+G* level and
single-point CCSD(T) level (in square brackets) at the PBE0/6-311+G* geometries are given in eV. The PBEOQ energies are corrected for zero-point

energies.

<]
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Fig. 4 The top six low-lying isomers of B4~ (VII-XII) and their corresponding neutrals (XIII-XVIII). Relative energies at the PBE0/6-311+G* level
and single-point CCSD level (in square brackets) at the PBE0/6-311+G* geometries are given in eV. The PBEO energies are corrected for zero-point

energies.

view that isomers I-III can all be candidates for the global
minimum and they may coexist in the experiment. Alternative
higher energy isomers of B,;~ presented in Fig. S17 are at least
0.34 eV higher in energy at the PBEO level. It should be pointed
out that two borospherene isomers, which are similar to the
most stable and third lowest-lying isomers of B, ', respect-
ively,”® are found to be 1.15 and 1.32 eV higher in energy than
the global minimum at the PBEO level of theory (Fig. S17).

4.2 The global minimum and low-lying isomers of B,,~

Extensive global minimum searches, in conjunction with cal-
culations at the PBE0/6-311-+G* level, revealed a very complex

23290 | Nanoscale, 2019, 11, 23286-23295

potential energy landscape for B,,” (Fig. S2}). Because of the
large size and open-shell nature of B,,”, only single-point
CCSD/6-31G calculations based on the PBE0/6-311+G* struc-
tures could be afforded. The six low-lying isomers are shown
in Fig. 4. At the PBEO level, the global minimum is a tubular
isomer (XII, Csy,, *A,) with five 2D low-lying isomers consisting
of a heptagonal vacancy or DHV. At the CCSD/6-31G level, the
global minimum of By, becomes isomer VII (C,, *A) with a
heptagonal vacancy, followed by two 2D isomers with a DHV
(VIII and IX) and two 2D isomers with a heptagonal vacancy (X
and XI). Isomer X also features a pentagonal vacancy. Isomers
VIII (Cy, ®A) and IX (Cy, *A) with a DHV can be derived from

This journal is © The Royal Society of Chemistry 2019
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the global minima of the By~ and B;,™ clusters® by adding
four or five boron atoms to their longer edges. All these 2D
isomers are within about 0.1 eV of each other and could all
coexist in the experiment. We also optimized the corres-
ponding neutral clusters at the PBEO level of theory and their
energetic ordering is similar to the anion at the same level of
theory, as shown in Fig. 4 (XIII-XVIII).

Our global minimum searches also generated cage-like bor-
ospherene structures, which are all much higher in energy.
The lowest borospherene isomer is 1.26 eV higher in energy
than the global minimum at the PBEO level of theory
(Fig. S2t). Cartesian coordinates of the six lowest-lying struc-
tures of By, (Fig. 4) are also given in Table S3.}

5. Comparison between experiment
and theory

Because of the limited intrinsic accuracies of the theoretical
methods, it is essential to compare theory and experiment to
determine the true global minima of such large systems. To
validate the computational results for B,;~ and By,~, we calcu-
lated the VDEs of their low-lying isomers for comparison with
the experimental PE spectra.

5.1 B41_

The computed VDEs for the low-lying isomers I-III of B,;~ are
given in Table S1f along with the experimental data. Each
computed VDE is fitted with a Gaussian to produce the simu-
lated spectra, which are compared with the experimental data
in Fig. 1. The overall simulated spectral patterns of all three
isomers agree well with the experimental spectrum, all with a
large gap between the first and second bands. But the first
VDE of isomer II agrees well with band X and the simulated
spectrum of isomer II matches better with the experimental
spectrum of B4, relative to that of isomers I and III.

The calculated first VDE of isomer II, derived from the elec-
tron detachment from the HOMO (36a’), is 3.79 eV, in good
agreement with the observed VDE of 3.89 eV for band X
(Table S17). The computed ADE of 3.73 eV for isomer II also
agrees well with the measured ADE for band X (3.71 eV). The
computed second VDE arising from the removal of an electron
from the HOMO-1 (35a') is 4.51 eV, which is consistent with
the VDE of 4.40 eV observed for band A. The next five detach-
ment channels are calculated to be within 4.87 eV and 5.42 eV,
which agree well with the broad features designated as bands
B and C. The next calculated detachment is at 5.89 eV, well
separated from other detachment channel, in excellent agree-
ment with the observed band D at 5.80 eV. Overall, the simu-
lated spectrum of isomer II with a DHV can well reproduce the
main spectral features in the PES experiment and isomer II
should be the main species present in the cluster beam.

The calculated first VDEs for isomers I (3.53 eV) and I
(3.55 eV) are slightly lower than the observed feature X (3.89
eV). These lower VDEs of isomers I and III likely correspond to
the weak low binding energy tail of band X in the experimental
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PE spectrum, providing experimental evidence for the pres-
ence of isomers I and III in the cluster beam of B,;~ as minor
species. The combination of all three isomers explains well
about the rather congested PE spectrum for By; .

52 By,

All the low-lying isomers of B,,  have doublet spin states, and
both singlet and triplet final states are possible upon one-elec-
tron detachment, resulting in more complicated detachment
channels. The calculated VDEs for the top four isomers (VII-X)
of B,,  are given in Table S21 along with the experimental data
and their simulated spectra are compared with the experi-
mental PE spectrum in Fig. 2. The simulated spectra for two
higher energy isomers XI and XII of By, are compared with
the experimental spectrum in Fig. S3.}

The simulated spectral patterns of isomers VII (Fig. 2d) and
X (Fig. 2e) are relatively simple. They do not agree with the
observed complicated spectral pattern and thus isomers VII
and X can be immediately ruled out as the main contributors
to the experimental spectrum, as well as isomers XI and XII
(Fig. S31). The simulated spectra of both isomers VIII and IX
are fairly complicated; both are consistent with the congested
experimental PE spectrum. The calculated first VDE for isomer
VIII (VDE = 3.73 eV) is in good agreement with the experi-
mental VDE of 3.61 eV for band X. The next four detachment
channels, with calculated VDEs of 4.10, 4.28, 4.34 and 4.49 eV,
are close to each other, agreeing well with the broad band A
centered at 4.31 eV. The congested computed detachment
channels at higher binding energies for isomer VIII (Fig. 2b) in
general agree with the experimental spectrum, suggesting that
isomer VIII with a DHV should be the main contributor to the
observed PE spectrum. However, the broad X band in the
experimental PE spectrum suggests that other isomers may be
present. In particular, isomers VII, IX, and X could all be
present as minor species in the cluster beam, giving rise to the
broad X band and contributing to the congestion of the
observed spectral features.

6. Structures and chemical bonding
of B41_ and B42_

6.1 The double-hexagonal vacancy in medium-sized 2D
boron clusters

Comparisons between theory and experiment show that the 2D
structures with a DHV are the major species observed in the
PE spectra of By;~ and By, . Our previous investigations indi-
cate that almost all of the global minima of negatively charged
B, (n = 3-40) clusters possess planar or quasi-planar global
minima,”>”°™" except the axially chiral B;s~ borospherene.**
While the B; triangles are the characteristic structural units in
boron chemistry, the 2D boron clusters exhibit various degrees
of defects, from tetragonal, pentagonal, to hexagonal vacancies
as the cluster size increases. Although the B;e cluster was the
first boron cluster found to contain a hexagonal vacancy,*® the
hexagonal vacancy started to appear among the low-lying

Nanoscale, 2019, 11, 23286-23295 | 23291


https://doi.org/10.1039/c9nr09522e

Published on 21 November 2019. Downloaded by Brown University on 1/30/2020 5:27:34 PM.

Paper

isomers in the much smaller B,s~.>” The boron clusters with
hexagonal vacancies can be viewed as building blocks to form
boron monolayers with hexagonal vacancies and provide
experimental evidence for the predicted 2D borons. The B;s5~
cluster was the first boron cluster found to feature a DHV,*°
immediately following the discovery of the hexagonal Bse. The
DHYV seems to become a prevalent structural feature in larger
2D boron clusters, such as B;; , Bsg~, and the 2D global
minimum of the By,~ anion (C,).>**> Hence, it is understand-
able that the true global minima of B,;~ and By, both feature
a DHV, in particular, the isomer II (Cs, 'A") of By~ is directly
related to the 2D global minimum of B,,~, as revealed by the
similarity of their PE spectra. The isomer II of B,;~ can be
viewed as inserting one B atom to the edge of the 2D By, ,
resulting in a spoon-like 2D structure (length: 12.1 A, width:
9.6 A) with an out-of-plane distortion of 1.42 A. The out-of-
plane distortion is mainly caused by the fact that the peri-
pheral B-B ¢ bonds are stronger with shorter bond lengths,
thus creating strains in the interior of the 2D systems, as
clearly demonstrated by the transformation of the bowl-
shaped aromatic By, cluster to a perfectly planar AlB;; cluster
because of the longer peripheral Al-B bonds.’® The isomer VIII
(C1, 2A) of B,,™ is directly associated with the C; B;s~ and C;
B;,~ clusters,® both containing a DHV with a bowl shape. The
length, width and out-of-plane distortion of isomer VIII (Cj,
’A) of By,” are 11.1 A, 8.50 A, and 1.68 A, respectively. The
DHYV in the medium-sized 2D boron clusters is consistent with
the observed y* borophenes,>"*”*® which feature rows of hex-
agonal vacancies. It would be interesting to see if such struc-
tural features will continue in larger boron clusters. An isomer
with a row of three hexagonal vacancy is found in the global
minimum search of B,;”, but it is 2.77 eV higher than the
global minimum at the PBEO level (Fig. S17).

6.2 Chemical bonding in the 2D isomers II (Cs, 1A’) of By~
and VIII (Cy, *A) of B,,™:  aromaticity and analogy to the PAH
C27H13+

We analyzed the chemical bonding in isomer II (Cy, 'A’) of
By~ using both AANDP (Fig. 5)” and canonical MOs
(Fig. s47). The bonding pattern in By, is similar to that in the
Cs Byo~ due to their structural similarity.”® As shown in Fig. 5a,
the peripheral B,; ring and the inner B, bridge between the
two hexagonal holes are described by twenty-two 2c-2e o
bonds. The bonding between the DHV and the surrounding
boron atoms is via ten 3c-2e ¢ bonds, whereas the bonding
between the peripheral B,; ring and the middle B, ring is
through twelve 3c-2e ¢ and five 4c-2e 6 bonds. Also similar to
those in the 2D B,,, there exist three types of = bonds in the
Cs By, . We found seven multi-centered (five 4c-2e and two
5c-2e) © bonds around the external apex sites mainly involving
bonding between the peripheral B,; ring and the middle By,
ring. The bottom Bg ring involves in three 11c-2e © bonds,
which are similar to those in benzene. The third type of =
bonds consist of the three completely delocalized 41c-2e =
bonds. The n bonding pattern in B,;~ is also similar to the
PAH C,,H;;", as shown Fig. 5b, continuing the all-boron
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(a)

22x2c-2e o-bonds 22x3c-2e o-bonds 5x4c-2e o-bonds
ON=1.73-1.95 |e] ON=1.73-1.92 |e] ON=1.76-1.94 |e|

3x11c-2e m-bonds
ON=1.70-1.83 |e|

5x4c-2e m-bonds
2x5c¢-2e m-bonds
ON=1.79-1.82 |e|

3x41c-2e m-bonds
ON=1.99-2.00 |e|

(b)

Ve ’

13x2c-2e C-H o-bonds 34x2c-2e C-C o-bonds
ON=1.98 [e| ON=1.98-1.99 |el

C3 8

6x2c-2e C-C -bonds
1x3c-2e C-C m-bond
ON=1.50-1.94 |e]

D'e

3x6c¢c-2e m-bonds
ON=1.68-1.88 |e|

3x27c-2e C-C m-bonds
ON=2.00 |e|

Fig. 5 The AANDP bonding analysis for (a) Cs B4;~ in comparison with
that of (b) C,, C,7H13*. Occupation numbers (ONs) are shown.

analogs of hydrocarbons by 2D boron clusters.’””'> 161971

Comparison between the © MOs of the isomer II of By;~ with
those of C,,Hy;" is given in Fig. S4, where the MOs of the
triplet isomer I of By, are also shown. The AANDP analysis of
isomer I is given in Fig. S5.f The = bonding in isomer I is
similar to that in isomer II, except that the two unpaired elec-
trons in isomer I form two additional 41c-1e n© bonds.

Instead of the open-shell isomer VIII (Cy, *A) of B,,~, we ana-
lyzed the chemical bonding of the corresponding closed-shell
neutral isomer XVI (Cy, "A) of By, (Fig. 4), as shown in Fig. 6. The
bonding in By, is similar to that in B,;~, in particular the =

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9nr09522e

Published on 21 November 2019. Downloaded by Brown University on 1/30/2020 5:27:34 PM.

Nanoscale

.
vAvA-Avs

%
SRVAVAVAVAY.
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19x4c-2e o-bonds
ON=1.79-1.96|e|

e o-bonds
0-1.93 |e|

3x17c-2e m-bonds
ON=1.70-1.92]¢|

ON=2.00 |e|

Fig. 6 The AANDP bonding analysis for the planar closed-shell B, isomer with a DHV (C,, A) corresponding to isomer VIII (C,, 2A) of the Byy~

anion (see Fig. 2). Occupation numbers (ONs) are shown.

bonding in the two systems are nearly identical. Thus, the 2D By,
with a DHV can also be considered as an all-boron analog of
C,,H,5". The © MOs of B, are compared with those of C,,Hy;" in
Fig. S6.7 Therefore, the energetic advantages and stabilities of
the 2D By;~ and By, structures with a DHV can be understood
on the basis of their & aromaticity in analogy to the PAH C,,H;3".
These results underscore the previously found structural and
electronic analogy between boron clusters and hydrocarbons.*®

7. Conclusions

We report a joint experimental and theoretical study of the By;~
and By, clusters, the largest boron clusters characterized experi-
mentally to date. The photoelectron spectra of the two clusters
were obtained and were shown to be quite broad and compli-
cated. Three low-lying isomers were found for B,;~, one quasi-
planar isomer I (C,, 'A’) with a DHV and two quasi-planar
isomers I (C,, *A") and I (C,, 'A’) with one hexagonal vacancy.
The simulated spectrum for isomer II was found to be the major
contributor to the experimental spectrum, with isomers I and III
as possible minor species present in the experiment. Isomer II
of B;;~ can be viewed as inserting a B atom to the edge of the
2D By structure, consistent with the similarity of their PE
spectra. A much more complicated potential energy landscape

This journal is © The Royal Society of Chemistry 2019

was found for B, ", for which six low-lying isomers were uncov-
ered. Isomer VIII (C;, *A) with a DHV was found to be the domi-
nating contributor to the observed spectrum, while isomer IX
(Cy, *A) also with a DHV gives a similarly complicated simulated
spectrum and cannot be ruled out. The very broad first PES
band suggests that other low-lying isomers VII, X, and XI could
also exist as minor species in the experiment. Chemical bonding
analyses reveal that the isomer II (C,, "A") of By~ and isomer
VII (Cy, ®A) of By, are aromatic, analogous to the PAH C,,H;3"
in their n-bonding, extending the concept of all-boron analogs of
polycyclic aromatic hydrocarbons to By;~ and By,. The current
study shows that boron clusters beyond By, still prefer 2D struc-
tures with multiple hexagonal vacancies, underlying the struc-
tural stability of borophenes. Borospherene cage isomers for
both clusters are found to be much higher in energy.
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