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Anionic boron clusters have been systematically investigated both experimentally and theoretically up to
30 atoms and have all been proved to be planar or quasi-planar (2D) in their global minima. However, the
B3s cluster has remained elusive in this size range up to now, because of its complicated potential land-
scape. Here we present a joint photoelectron spectroscopy (PES) and first-principles study on the struc-
tures and bonding of this seemingly enigmatic cluster. Extensive global minimum searches, followed by
high-level calculations and Gibbs free energy corrections, reveal that at least three 2D isomers, I (C;, 2A),
11 (Cy, 2A), and HI (Cy, 2A), could contribute to the observed PE spectrum for the B3 cluster. Isomer I, which
has the lowest free energy at finite temperatures, is found to dominate the experimental spectrum and
represents the smallest 2D boron cluster with a hexagonal vacancy. Distinct spectral features are
observed for isomer III, which has a pentagonal hole and is found to contribute to the measured PE spec-
trum as a minor species. Isomer II with a close-packed triangular 2D structure, which is the global min-
imum at 0K, may also contribute to the observed spectrum as a minor species. Chemical bonding
analyses show that the principal isomer I can be viewed as an all-boron analog of the polycyclic aromatic

hydrocarbon C;7Hi; in terms of the 7 bonds.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

As a result of its electron deficiency, boron has a strong propen-
sity to form multicenter bonds in both of its bulk allotropes and its
polyhedral compounds. Over the past two decades, extensive stud-
ies have been devoted to the investigations of the structures and
bonding of size-selected boron clusters [1-10]. Multicenter bond-
ing also appears to govern the unique planar or quasi-planar
(2D) structures of a wide range of anionic boron clusters in the
gas phase: B,~ (n=3-25, 27-30, 35, 36), whose global-minimum
structures have been characterized in combined photoelectron
spectroscopy (PES) and first-principles studies [10-27]. The 2D
boron clusters all consist of B3 triangles with tetragonal, pentago-
nal or hexagonal defects in some cases. The B3; cluster was
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recently shown to be the smallest 2D boron cluster to possess a
coexisting isomer with a hexagonal vacancy along with a close-
packed 2D global minimum with a tetragonal defect [21]. In all
the 2D boron clusters, the periphery boron atoms form localized
two-center two-electron (2c-2e) ¢ bonds, while the interior atoms
are bonded via delocalized ¢ and © bonds, rendering aromaticity or
antiaromaticity to the systems [9-29]. Notably, an analogy has
been established in terms of ©t bonding between the 2D boron clus-
ters and polycyclic aromatic hydrocarbons (PAHs), as exemplified
by the B;,/benzene and B%s/naphthalene analogy [12,13].

For larger boron clusters, a circular 2D Bsg cluster with a central
hexagonal hole, analogous to coronene (Cy4Hq3) [27], has been
observed recently, which provides the first indirect evidence for
the viability of 2D boron monolayers, named borophenes [26].
The Bss cluster with two adjacent hexagonal holes was found to
be an even more flexible building block for borophenes [25]. More
interestingly, a three-dimensional (3D) cage-like borospherene
(D>q B{®) analogous to fullerenes has been discovered [30],
extending the analogy between boron and carbon. Subsequently,
an axially chiral borospherene B3g and a seashell-like Bag cage have
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been reported [22,31], unveiling an interesting 2D-3D structural
evolution in size-selected boron clusters. It should be noted that
hexagonal holes are key structural features in both borophenes
and borospherenes along with B; triangles.

Among the B,,~ clusters with n = 3-30, B3 has remained elusive
experimentally to date, although there has been one theoretical
report [32]. Hence, its true global minimum is still not known.
We have found that the B¢ cluster is quite challenging with a com-
plicated potential landscape and several close-lying isomers,
potentially contributing to the experiment. Hence, extreme care
is required in the global minimum search, in conjunction with
high-level ab initio calculations, in order to achieve satisfactory
comparison with experiment.

In this article, we report the PE spectrum of B35 and extensive
theoretical calculations to understand its structures and bonding.
The current computational efforts include global minimum
searches with several methods, PBEO and coupled-cluster CCSD
(T) calculations, and Gibbs free energy corrections at finite temper-
atures. We have found that two quasi-planar structures, I (Cy, 2A)
and I (Cq, 2A), coexist in the Byg cluster beam, whereas another
isomer II cannot be ruled out. Isomer I features a hexagonal hole
at the center and is the major contributor to the observed PE spec-
trum, whereas isomer III with a pentagonal hole coexists as a
minor species in the experiment. Isomer II with a closed-packed
triangular lattice is found to be the global minimum at 0 K, similar
to that reported previously [32]. However, isomer I becomes more
stable at finite temperatures and is the smallest boron cluster to
feature a hexagonal hole. Chemical bonding analyses show that
isomer I is an all-boron analog of the PAH C;;H7;.

2. Experimental and theoretical methods
2.1. Photoelectron spectroscopy

The experiment was carried out using a magnetic-bottle PES
apparatus, equipped with a laser vaporization cluster source
[1,33]. The B,~ cluster anions were produced from a disk target
made of the '°B isotope (98% enriched). Nascent clusters were
entrained by a He carrier gas containing 5% Ar and underwent a
supersonic expansion to form a collimated cluster beam. The clus-
ter size distribution and cooling were controlled by the supersonic
expansion, as well as the resident time of the clusters in the nozzle
[1,34,35]. Anion clusters were extracted from the beam and ana-
lyzed using a time-of-flight mass spectrometer. The B3¢ cluster
was mass-selected and decelerated before being intercepted by a
detachment laser beam from an ArF excimer laser at 193 nm
(6.424 eV). Photoelectrons were collected at nearly 100% efficiency
and analyzed in a 3.5 m long electron flight tube. The PE spectrum
was calibrated using the known spectrum of Au™. The resolution of
the apparatus was AEy/E, =~ 2.5%, that is, ~25 meV for 1 eV elec-
trons. Although the actual temperature of the present B3g cluster
beam was unknown in the experiment, our prior experience sug-
gests that boron clusters in this size range should be at about room
temperature or sub-room temperature [1,34,35].

2.2. Computational methods

Global minimum searches for B¢ were performed at the
density-functional theory (DFT) level using two independent
methods: Minima Hopping (MH) [36] and Basin Hopping (BH)
[37], in combination with manual structural constructions based
on the known low-lying isomers of small boron clusters. The initial
structures generated were optimized using the Perdew, Burke, and
Ernzerhof exchange correlation functional (PBEO) [38] and the
small 6-31G* basis set. Candidate low-lying isomers within

1.0 eV of the lowest energy structure were further refined using
the PBEO functional and the more expensive 6-311+G* basis set
[39]. Frequency checks were performed at PBE0/6-311+G* to
ensure that all reported isomers are true minima. Single-point
CCSD(T)/6-311G* [40-42] calculations at the PBE0/6-311+G*
geometries were further carried out for the top five lowest-lying
isomers. Zero-point energy (ZPE) corrections were included in both
the PBEO and CCSD(T) calculations, at the PBE0/6-311+G* level.

Vertical detachment energies (VDEs) were calculated for the
five lowest-lying isomers (I-V) at the PBEQ/6-311+G* level. Higher
VDEs were calculated at the time-dependent PBEO (TD-PBEQ) level
[43]. Specifically, the ground-state VDE was calculated as the
energy difference between the lowest anion state and the corre-
sponding neutral state at the anion geometry, and the higher VDEs
were obtained by adding the excitation energies of the correspond-
ing electron transitions in the neutral to the ground-state VDE. PE
spectra were simulated for isomers I-V by fitting the calculated
VDEs with unit-area Gaussian functions of 0.05 eV half-width.

Chemical bonding analyses were performed using the adaptive
natural density partitioning (AANDP) method [44]. The AANDP
analyses were done at the PBEO level and the results were visual-
ized using Molekel 5.4.0.8 [45]. The PBEO and TD-PBEO calculations
were performed using the Gaussian 09 program [46] and the
single-point CCSD(T) calculations using the Molpro package [47].
Cluster structures and canonical molecular orbitals (CMOs) were
visualized using GaussView 5.0.9 [48].

3. Results
3.1. Experimental results

The photoelectron spectrum of B3g at 193 nm is shown in
Fig. 1a. Four main bands are observed (labeled as X, A, B, and C).
Bands A and C are very broad and are likely to contain multiple
detachment transitions. In addition, a weak band (X’) is observed
at the low binding energy side and is likely from a minor isomer.
The measured VDEs for these bands are given in Table 1, where
they are compared with the calculated values.

Band X stands for the detachment transition from the ground
state of the anion to that of the neutral, with a VDE of 3.99 eV mea-
sured from the peak maximum. The leading edge of the X band
yields an estimated adiabatic detachment energy (ADE) of
3.82 eV, i.e. the electron affinity of the corresponding neutral clus-
ter. The higher binding energy peaks (A, B, and C) correspond to
detachment transitions from the anion ground state to the low-
lying excited states of the neutral. Band A covers an energy range
from ~4.2 to ~5.1 eV, centering at ~4.6 eV. The next band B with
a VDE of 5.35 eV is relatively sharp. Beyond ~5.5 eV the electron
signals are continuous with poor signal-to-noise ratios, and a band
C at ~6 eV is tentatively labeled for the sake of discussion. The
weak band X' at the low binding energy side yields a VDE and
ADE of 3.65 and 3.55 eV, respectively, for the possible minor
isomer.

3.2. Global minimum searches and low-lying isomers of Bzs

We generated over 6500 stationary points on the potential
energy surface of the Bag cluster, using the MH and BH algorithms
along with manual structure constructions. Low-lying structures
were then reoptimized and their relative energies evaluated at
the PBE0/6-311+G* level. We identified about 80 structures within
1.0 eV at the PBEO level, as shown in the supplementary material
(Fig. S1). The top five isomers of Byg are within ~0.5 eV at PBEO,
as illustrated in Fig. 2a. Cartesian coordinates of these isomers
are given in the supplementary material (Table S2). Four of the
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(a) Experimental
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(b)

Simulation

Binding Energy (eV)

Fig. 1. Photoelectron spectrum of the B cluster at 193 nm (6.424 eV) (a) and
comparison with the simulated spectra at the PBE0/6-311+G’ level for isomers I (b),
II (c), and I (d). The simulated spectra were obtained by fitting the calculated
vertical detachment energies (VDEs) with unit-area Gaussian functions of 0.05 eV
half-width. Vertical bars in (b), (c), and (d) represent the calculated VDEs, and an
intensity ratio of 3 to 1 is assumed in the fitting for triplet versus singlet final states.

low-lying structures are 2D (I-IIl and V), and the close-packed tri-
angular isomer II is the lowest in energy at PBEQ. The double-ring
tubular isomer IV is virtually isoenergetic to isomer II (within
0.01 eV) at this level of theory. We recalculated the top five iso-
mers at the CCSD(T)/6-311G* level using the PBEO geometries,
and found that the energy order altered. Isomer Il remains the low-
est in energy, but isomer I is much stabilized, becoming only
0.15 eV higher and almost degenerate with the double-ring isomer
IV (Fig. 2a). The isomers II, IV, and V were also considered in a pre-
vious theoretical study [32], which suggested that the double-ring
isomer IV was the global minimum, followed by isomer II.

We found that the potential landscape of the neutral Byg cluster
is quite different from that of the anion. The five low-lying neutral
structures (VI-X) are shown in Fig. 2b at the PBEO level. The tubu-
lar isomer VI is the lowest in energy, followed by the close-packed
triangular 2D isomer VII. These two structures are related to the
anion isomers IV and II, respectively. The next three neutral iso-
mers (VIII-X) are all 3D cage-like, but they are at least ~0.5 eV
above the global minimum.

3.3. Gibbs free energy corrections

We found initially that the simulated PE spectrum of the global
minimum isomer II did not agree well with the experimental PES
data (vide infra), which had puzzled us for quite a long time and
was the main reason keeping us from solving the structure of
Bs. To resolve the disagreement between theory and experiment,
we considered the Gibbs free energy corrections beyond the single-
point CCSD(T) energetics for the top five isomers, by taking into
account the entropic effects at finite temperatures. Fig. 3 shows
the dependence of the relative energies of the top five isomers
(I-V) as a function of temperature from 0 to 600 K, using isomer
II as a reference. We found that the stabilities of isomers IV and
V with respect to II remain roughly constant in this temperature
range. However, isomers I and IIl become much more stable at ele-
vated temperatures. Above ~440 K, isomer I becomes more stable
than isomer II (Fig. 3). The relative energies with Gibbs free energy
corrections at 460 K for isomers I to V of B3g are also given in
Fig. 2a. At this temperature, isomers I and II are almost degenerate,
with isomer III only 0.11 eV higher and isomer IV 0.13 eV higher.
Even though our previous experiences suggested that clusters from
our laser vaporization supersonic source should be at room tem-
perature or sub-room temperature [1,34,35], the dependence of
the relative stabilities of the different isomers of By indicated that
we needed to consider at least the top four isomers in the compar-
ison with the experiment, considering the accuracy of the theoret-
ical calculations.

4. Discussion

4.1. Comparison between experiment and theory and the structural
plurality of B3

Since all the low-lying isomers of B3¢ are open-shell with an
unpaired electron (Fig. 2a), both singlet and triplet final states will
be resulted upon electron detachment. The calculated VDEs and
simulated PE spectra for isomers I, II, and III are compared with
the experimental data in Fig. 1 and Table 1 (complete VDEs for iso-
mers Il and III are given in Table S1). The simulated spectra for iso-
mers IV and V are compared with the experiment in Fig. S2. The
double-ring isomer IV with high symmetry yielded a relatively
simple simulated spectrum (Fig. S2b), which completely disagreed
with the experimental data. Isomer V can also be ruled out on the
bases of both its energetics and its simulated PE spectrum
(Fig. S2c¢).

The calculated first VDE/ADE for isomer I are 3.97/3.76 eV, in
excellent agreement with the experimental measurements of
3.99/3.82 eV from band X. The computed higher VDEs for isomer
I are also in good accord with the experimental data. In particular,
as many as eight detachment channels are predicted between 4.3
and 5.0 eV, corresponding to the broad A band. The overall spectral
pattern of the simulated spectrum for isomer I (Fig. 1b) agrees well
with the experimental spectrum, lending considerable credence to
the assignment of isomer I as the main carrier of the PE spectrum.
This conclusion is consistent with the fact that isomer I becomes
more stable at finite temperatures.
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Table 1

Experimental vertical detachment energies (VDE in eV) of B;g compared with those calculated at the PBEO/6-311+G " and time-dependent PBEO/6-311+G" (TD-PBEO) levels for

isomers I and IIL

X.-M. Luo et al./Chemical Physics Letters xxx (2017) XxX-Xxx

Feature VDE (exp)* Final state Electronic configuration VDE (TD-PBEO)"
Isomer I (Cy, 2A)
X 3.99 (5) A (323)2(333)12(343) 2(35a)2(36a)2(37a)%(38a)%(39a)%(40a)° 3.97
A ~4.6 A (32a)%(33a)X(34a)2(352)2(36a)%(37a)%(38a)%(39a)' (40a)! 429
3A (32a)%(33a)3(34a)?(35a)%(36a)%(37a)%(38a)'(39a)%(40a)! 4.50
A (32a)?(33a)*(34a)*(35a)*(36a)*(37a)*(38a)*(39a)'(40a)’ 4.54
3A (32a)%(33a)%(34a)?(35a)%(36a)*(37a)'(38a)%(39a)%*(40a)! 4.58
A (32a)%(33a)X(34a)2(352)2(36a)%(37a)%(38a)!(39a)2(40a)" 474
3A (32a)%(33a)%(34a)?(35a)%(36a)'(37a)%(38a)%(39a)%(40a)! 4.86
1A (32a)%(33a)%(34a)?(35a)%(36a)*(37a)'(38a)%(39a)%*(40a)! 4.89
A (32a)2(33a)X(34a)%(35a)%(36a)'(37a)X(38a)%(39a)2(40a)" 5.02
5.35 (5) 3A (32a)%(33a)*(34a)*(35a)"(36a)*(37a)*(38a)%(39a)%(40a)’ 5.34
~6.1 A (32a)2(332)X(34a)%(35a)!(36a)2(37a)%(38a)%(39a)2(40a)! 5.78
3A (32a)%(33a)%(34a)'(35a)%(36a)*(37a)%(38a)%(39a)%*(40a)! 6.02
A (32a)%(33a)X(34a)(352)2(36a)%(37a)%(38a)%(39a)2(40a)" 6.26
3A (32a)%(33a)'(34a)?(35a)%(36a)%(37a)%(38a)%(39a)%(40a)! 6.29
Isomer III (C, 2A)
x4 3.65 (5) A (323)2(333)2(1343)2(353)2(363)2(373)2(383)2(393)2(403)0 3.64

2 The number in the parenthesis represents the uncertainty in the last digit.

b Ground-state VDEs were calculated at PBEO/6-311+G’ level and higher VDEs at TD-PBE0/6-311+G.

¢ The ADE for band X was measured to be 3.82 (5) eV.
4 The ADE for band X’ was measured to be 3.55 (5) eV.

@) B,

1(C, 2A) Il (C, 2A)
AE/PBEO 0.46 0.00
AE/CCSD(T)  (0.15) (0.00)
AG/CCSD(T)  [0.00] [0.01]
(b) B, 1 )‘\ZS m

Vi (C, *B,) VI (C, 'A)
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VI (C, A)

Fig. 2. The top low-lying isomers of B3s (a). Relative energies are shown in eV at the PBE0/6-311+G", CCSD(T)/6-311 G'//PBE0/6-311+G’ (in parenthesis), and CCSD(T)/6-
311 G'//PBE0/6-311+G’ with corrections for Gibbs free energy at 460 K (in square brackets) levels. The PBEO and CCSD(T) data are corrected for zero-point energies at the
PBE0/6-311+G’ level. Gibbs free energies are calculated using the CCSD(T) energies with corrections for entropic effects at the PBE0/6-311+G " level. The top Low-lying isomers

for By neutral at the PBEO level are also shown (b).

The first calculated VDE for isomer III is 3.64 eV, in excellent
agreement with the measured VDE of 3.65 eV for the weak X’ band
(Table 1). The calculated higher VDEs for isomer III are likely bur-
ied in the strong signals of isomer I. From the energetic point of
view, isomer II should also be present in the experiment. However,
its simulated spectrum (Fig. 1c) does not agree with the experi-
ment as well as that of isomer I, and hence it could not be the
major contributor to the observed spectrum. Nevertheless, its cal-
culated spectral features are all in the same energy range as those
of isomer I and could be buried under the dominating detachment
transitions of isomer I. Therefore, we conclude that all three iso-
mers were present in the cluster beam with isomer I as the major
species and the most important isomer under our experimental
conditions.

The presence of close-lying isomers has also been observed for
other boron clusters, for example, for both B and B3 [30,31] and
most recently for B3g [23]. This tends to occur when clusters
undergo major structural changes (for instance, from close-
packed planar, to planar with hexagonal defects, to multi-ring

tubular, or even to cage-like structures). In such cases, different
structural types compete, posing significant experimental and
computational challenges. In the current case, isomers I, II, and
III of the Bys cluster each represent a distinct 2D structural type
and Bg is the onset of 2D boron clusters with hexagonal defects
within the triangular lattice. The hexagonal vacancy is a major
structural feature of 2D borons, as first discovered in Bsg [26],
which led to the proposal of the concept of borophenes and pro-
vided the first indirect experimental evidence for the viability of
this new 2D material [49,50].

4.2. Chemical bonding in isomer I of Bss: The smallest boron cluster
with a hexagonal hole

High-lying isomers with a hexagonal hole have been observed in
smaller boron clusters [17-20]. A low-lying isomer with a hexago-
nal hole has been observed experimentally for B3 [21]. Byg is the
smallest cluster, which has an isomer with a hexagonal hole com-
peting for the global minimum and is the major species observed
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experimentally. We have analyzed the nature of the chemical bond-
ing in the dominating isomer I using both CMOs and AdNDP. Since
isomer I is quasi-planar and open-shell, we chose to use the corre-
sponding flattened, closed-shell B35 version for the convenience of
bonding analyses. We found that B2 possesses eight delocalized nt
CMOs, exhibiting a one-to-one correspondence to the T CMOs of the

CCSD(T)+Gibbs/eV

PAH C;,H7; (G, 'A’) (Fig. 4). Hence, isomer I of B3g can be viewed as
an all-boron analog of C;7H7;, continuing the hydrocarbon analogy
of 2D boron clusters.

Fig. 5 compares the AANDP results between B3 and C;;Hj;.
Among the 40 electron pairs in B3g, sixteen are localized as
periphery 2c-2e 6 bonds with occupation numbers (ONs) between

Qf;,@,;é v(C, A
m IV (C,, 2A,)

L III(C, ?A)

’ZT.‘ ol (C,?A)
J\x\

Pavavave

NS 1(C,2)

o
PavaNwaY g
VAVAVAYAVY

o777

0 100 200 300
TIK

400 500 600

Fig. 3. Gibbs free energies of the top five low-lying isomers of By cluster as a function of temperature (from 0 to 600 K). The energies are at the single-point CCSD(T) level
with Gibbs free energy corrections at PBE0/6-311+G’, plotted relative to that of isomer II.
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zﬁ%ﬁw& P %0 N2 6% 48
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17 11

Fig. 4. Comparison of the canonical © molecular orbitals of the closed-shell B35 (a) and the polycyclic aromatic hydrocarbon C;7H{; (b). The closed-shell B35

HOMO-3

HOMO-4 HOMO-6 HOMO-8 HOMO-13

species is formed

by adding an electron to a flattened version of isomer I of B¢ for the convenience of analyses and presentation.

16x2c-2e ¢ bonds
ON=1.78-1.96 |e|

16x3c-2e ¢ bonds
ON=1.64-1.94 |e|

(b)

16x2c-2e ¢ bonds
ON=1.97-1.99 |e|

15%2¢c-2e ¢ bonds
ON=1.96-1.98 |e|

Fig. 5. Comparison of the AANDP analyses for B35
shown.

2x5¢-2e n bonds
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2x3c-2e n bonds
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ON=1.69-1.77 |e|

2x5¢-2e  bonds
1x6¢-2e m bond
1x4c-2e n bond
ON=1.66-1.93 |e|

1x5c¢c-2e n bond
ON=1.83 |e|

3x4c¢-2e n bonds
1x3c-2e © bond
ON=1.66-1.89 |e|

1x3c-2e n bond
ON=1.72 |e|

corresponding to isomer I of Bg (a) and the polycyclic aromatic hydrocarbon C;7H7; (b). The occupation numbers (ONs) are
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1.78-1.96 |e| (Fig. 5a). The ten interior B atoms are bonded with
each other and with the peripheral B atoms by sixteen delocalized
3c-2e o bonds with ONs of 1.64-1.94 |e|. The remaining eight elec-
tron pairs involve multi-center delocalized © bonding. The distri-
bution of the eight ® bonds in B3 is almost exactly the same as
that in Cy7Hi; (Fig 5b), further supporting the PAH analogy of 2D
boron clusters.

5. Conclusions

We report a joint PES and theoretical study on the structures
and bonding of the elusive B5g cluster. Extensive global minimum
searches in conjunction with high-level ab initio calculations
revealed that there are three close-lying isomers, which con-
tributed to the experimental spectrum. Isomer I represents the
smallest 2D boron cluster with a hexagonal vacancy and isomer
II corresponds to a close-packed triangular structure, whereas iso-
mer III contains a pentagonal defect. At 0 K, isomer II is the global
minimum, but both isomers I and IIl become more stable at finite
temperatures. Isomer I is found to be the main carrier of the
observed PE spectrum, while distinct PES features are also
observed for the isomer III. The current study reveals a compli-
cated potential landscape for Bzg, which is the onset for the struc-
tural transition evolution of boron clusters from pentagonal
vacancy to hexagonal vacancy. The latter is prevalent in larger
boron clusters and is a key structural feature of borophenes.
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