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Photoelectron spectroscopy (PES) in combination with computational chemistry has
been used systematically over the past decade to elucidate the structures and chemical
bonding of size-selected boron clusters. Small boron clusters have been found to be
planar or quasi-planar, consisting of a monocyclic circumference with one or more
interior atoms. The propensity for planarity has been found to be a result of both ¢ and
7 electron delocalisation over the molecular plane, giving rise to concepts of ¢ and 7
multiple aromaticity. In particular, the B3 cluster has been found to possess a highly
stable planar structure with a central hexagonal vacancy. This finding provides the first
indirect experimental evidence that single-atom layer boron-sheets with hexagonal
vacancies, dubbed ‘borophene’, are potentially viable. Another exciting discovery has
been the observation and characterisation of the first all-boron fullerenes. PES
revealed that the By, cluster consisted of two isomers with very different electron
binding energies. Global minimum searches led to two nearly degenerate isomers
competing for the global minimum: a quasi-planar isomer with a double hexagonal
vacancy and an unprecedented cage isomer. In the neutral, the B4 cage is overwhelm-
ingly the global minimum, which is the first all-boron fullerene to be observed and is
named ‘borospherene’. Rapid progresses in our understanding of the structures and
bonding of size-selected boron clusters have been made during the past decade, which
will be the focus of this review. The recent findings about borophenes and borosphere-
nes have stimulated growing interests in boron clusters and will accelerate the pace of
discovery in boron chemistry and nanostructures.
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1. Introduction

Boron is an interesting element with diverse and complicated chemistry owing to its
electron deficiency [1]. Even elemental boron possesses complex polymorphs with a
variety of polyhydra, in particular, the B, icosahedron, as building blocks [2], to
accommodate the electron deficiency. Boron—boron bonding is exceptionally strong, as
manifested by the fact that all boron polymorphs are superhard materials [3]. The
strong bonding capacity of boron suggests that boron may be the basis to discover
novel nanostructures. However, in comparison to its neighbour carbon, relatively little
experimental attention was paid to boron clusters. The only earlier experimental studies
on boron clusters were done by Anderson and co-workers, who investigated the colli-
sion-induced dissociation and chemical reactivity of small boron cluster cations using a
guided-beam tandem mass spectrometer [4—8]. Inspired by the discovery of the fullere-
nes, mass spectra of boron clusters with sizes up to ~50 atoms were produced [9,10].
However, there was no structural or spectroscopic information for any boron clusters
before photoelectron spectroscopy (PES) in combination with computational chemistry
was first used to investigate size-selected boron clusters in 2002 [11].

Even though the B, icosahedral cage is the most common building block in many
boron polymorphs, earlier theoretical calculations by Kawai and Weare using molecular
dynamics simulations showed that an isolated B, icosahedron was not stable [12], nor
was the filled icosahedral Bf; cationic cluster [13], which was observed experimentally
to have prominent abundance [4]. They were found to rearrange to lower symmetry
three-dimensional (3D) structures. The first systematic structural optimisation was
reported by Bonacic-Koutecky and co-workers on small neutral B, and cationic B,
clusters for n up to 8, which were all found to be planar or quasi-planar (2D) [14],
including the highly symmetric D7, Bg and C;, By clusters. A subsequent study by
Morokuma and co-workers on B, and B, up to n=12 found planar cyclic structures
for these clusters [15]. Theoretical calculations by Boustani using density functional
theory (DFT) on B,, for n up to 14 showed that 2D structures were more stable than
3D isomers [16,17]. Calculations on B, and B,H" for n up to 13 by Ricca and
Bauschlicher also found 2D structures [18,19]. Fowler and Ugalde first considered the
reason for planarity for the Bf; cluster [20]. They found six 7 electrons in the planar
B cluster and recognised ‘a situation reminiscent of benzene and Huckel aromaticity’.
The aromaticity of B|; was bolstered by its large topological resonance energy
subsequently reported by Aihara [21].

Since 2002, PES, in conjunction with theoretical calculations, has been used to
probe the electronic structure and chemical bonding of size-selected boron clusters
[11,22-28]. The structures and bonding of boron clusters with up to 27 atoms have
been systematically elucidated and all found to have 2D global minimum structures
[29-36]. Since size-selection by mass spectrometry requires charged clusters, nega-
tively-charged boron clusters (B,) have been the main focus in all global minimum
searches. All 2D boron clusters consist of a periphery and one or more interior boron
atoms. Chemical bonding analyses have found that all peripheral boron atoms are
bonded by classical 2-centre—2-electron (2c—2¢) bonds, whereas the interior atoms are
bonded by delocalised bonds, as a result of boron’s electron deficiency. There are both
delocalised ¢ and 7 bonds in 2D boron clusters, giving rise to the concept of multiple
aromaticity. The 7 systems of the 2D boron clusters are found to obey the Huckel rule
and analogy with polycyclic aromatic hydrocarbons (PAHs) has been found for most
aromatic boron clusters [24,25]. The elucidation of the structures and bonding of 2D
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boron clusters has led to a design principle for metal-centred aromatic boron wheel
clusters (MCB,’) [37]. A series of such borometallic molecular wheels have been
produced and characterised [38—44], which are not included in this review.

In particular, the discovery of the planar hexagonal B¢ cluster and its implication
for the viability of borophene [45] and the discovery of the first all-boron fullerene
(borospherene) at B,y [46] have stimulated considerable recent interests in boron clus-
ters and nanostructures. An extensive review was published by Alexandrova et al. for
the studies of boron clusters reported before 2005 [28]. Recently, a brief account of the
unique bonding and structural characteristics of planar boron clusters has also appeared
by Sergeeva et al. [47]. The current review will provide a more comprehensive account
for the progress made over the past ten years, during which major advances have been
made in the elucidation of the structures and bonding of medium-sized boron clusters
by combining PES and extensive global minimum searches, culminated by the discov-
ery of the first all-boron fullerene or borospherene [46].

The review is organised as follows. In the next section, the experimental details will
be presented. Special attention will be paid to the advances for cluster temperature con-
trol that made it possible to obtain well-resolved photoelectron spectra for comparison
with theoretical calculations. The main body of the review is divided into five sections.
In Section 3, the small clusters covered by the previous review [28] will be briefly dis-
cussed. Earlier preliminary photoelectron data will be presented in this section, which
essentially charted the road map for the subsequent progresses. Sections 4 and 5 pre-
sent clusters from Bj, to B;, and B;; to B, respectively. The hexagonal B;¢ cluster
and the implication for borophene are discussed in Section 6, whereas the discovery of
borospherene is presented in Section 7. The review is concluded with a brief summary
and a few concluding remarks.

2. Experimental methods
2.1. PES of size-selected clusters

PES is one of the most powerful experimental techniques to probe the electronic struc-
ture of matter. PES using ultraviolet or visible light sources directly probes the valance
electrons [48], which are responsible for the chemical bonds of a molecule. UV-PES of
size-selected anions has been the most prominent technique to study the electronic
structure and chemical bonding of size-selected clusters [49-59]. In particular, the
magnetic-bottle PES technique with its high detection efficiency [60] has been very
important in the investigation of atomic clusters [50,51]. A photoelectron spectrum can
be viewed as an electronic fingerprint for the underlying cluster. A well-resolved
photoelectron spectrum can be used to compare with theoretical calculations with
proper global minimum searches to understand the structure and chemical bonding of
the cluster. In particular, PES in combination with theoretical chemistry has played the
most important role in advancing the understanding of the structures and bonding of
boron clusters.

2.2. The magnetic-bottle PES apparatus used for size-selected boron clusters

The PES experiments on size-selected boron clusters have been carried out using a
magnetic-bottle apparatus equipped with a laser vaporisation supersonic cluster source
[61,62]. Figure 1 displays a schematic of the apparatus at Brown University. A
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Figure 1. (Colour online) A schematic drawing of the magnetic-bottle PES apparatus equipped
with a laser vaporisation supersonic cluster source. Key components are labelled. The red dots
represent the trajectory of the clusters.

vaporisation laser beam (532 nm) is focused onto a boron target, made of a compressed
disc usually from an isotopically-enriched '°B or ''B powder. The laser-induced plasma
is quenched by a high-pressure helium carrier gas, cooling the plasma and initiating
nucleation of the vaporised atoms to form clusters of various sizes. The nascent clusters
formed in the nozzle are entrained by the carrier gas and undergo a supersonic expan-
sion to create a cold cluster beam. After a skimmer, the negatively charged cluster ions
from the collimated beam are extracted perpendicularly into a time-of-flight (TOF)
spectrometer for mass analyses. Mass spectra of cluster distributions can be taken using
the cluster detector at the end of the TOF tube. A typical mass spectrum for
medium-sized boron cluster anions is shown in Figure 2, which was obtained with a
'B_enriched target. The bell-shaped distribution was a result of the perpendicular
extraction geometry, such that only a narrow range of clusters could be directed onto
the detector by a set of static electrical deflector. The cluster source conditions and the
deflector voltage could be tuned to shift the cluster distribution. In general, smooth dis-
tributions are produced without the appearance of ‘magic’ numbers like that observed
in carbon clusters [63,64]. The unusually low abundance of the B}, peak was because
neutral By, had a large energy gap between its highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), which resulted in a very
low electron affinity for the By, cluster [25].

The cluster of interest is selected by a mass gate and decelerated before being
detached by a laser beam in the interaction zone of the magnetic-bottle electron
analyser. Photoelectrons are collected by the magnetic bottle at nearly 100% collecting
efficiency and detected at the end of a 3.5 metre long electron TOF tube. The
experiment is run at 10 Hz repetition rate, while the detachment laser is run at 20 Hz to
provide a background electron signal for shot-to-shot background subtraction. The
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Figure 2. (Colour online) A representative mass spectrum of B, cluster anions (n = 8—43) from
the laser vaporisation of a hot-pressed boron disc target made of '°B-enriched power.

photoelectron TOF spectrum is converted into an electron kinetic energy distribution
calibrated by the known spectra of atomic anions, usually Cu~ or Au . Both a Nd:
YAG laser (355, 532, and 266 nm) and an excimer laser (193 nm from ArF) have been
used for PES of size-selected boron clusters. The background subtraction is important
at 266 nm or shorter wavelengths. Figure 3 displays a set of spectra for Cu™ at three
photon energies. The detachment features from the 4s orbital and the spin-orbit-split 3d
orbitals provide three convenient transitions for calibration. Interestingly, a strong
shakeup transition was also observed for Cu™ at 193 nm, due to the detachment of a 4s
electron and simultaneous excitation of a 4s electron to the 4p orbital (4s™'4p™") [65].
The electron kinetic energy resolution of the magnetic-bottle PES analyser is about
2.5% (AEK/Ek), i.e. ~25 meV for 1 eV electrons. Better resolution is achieved for
low-lying detachment transitions by using low photon energies, as shown for the Cu~
spectrum at 355 nm in Figure 3, whereas high photon energies allow high binding
energy transitions to be observed.

2.3. The large waiting room nozzle and cluster temperature control

To obtain well-resolved photoelectron spectra for size-selected clusters requires both
good instrumental resolution and more importantly cold clusters. Even though it has
been possible recently to actively cool cluster ions in cryogenic ion traps for PES stud-
ies [66—068], it is generally quite challenging to produce cold clusters using the laser
vaporisation supersonic cluster source. Because of their large heat of formation, nascent
boron clusters formed in the nozzle can carry enormous amounts of internal energies,
which may not be effectively removed during the supersonic expansion. We have found
that a large waiting room nozzle [61,69] could produce relatively cold cluster anions,
allowing us to qualitatively control the cluster temperatures to yield well-resolved
photoelectron spectra [70,71].

Figure 4 shows a cross sectional view of our large waiting room nozzle assembly,
including the double Jordan valve (R. M. Jordan Co., Grass Valley, CA) and the target
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Figure 3. (Colour online) Photoelectron spectra of Cu  at three photon energies, used as calibra-
tions. The spectral widths are labelled in the 355 nm spectrum, representing the best resolution
achieved. The detachment channels are labelled in the 193 nm spectrum. Note the peak at 5 eV is
due to a two-electron transition: detachment of a 4s electron and simultaneous excitation of
another 4s electron to the 4p orbital [65].

assembly. In this nozzle, the cluster growth takes place in the volume of the so-called
waiting room, followed by supersonic expansion via a 2 mm diameter orifice. During
our studies of Al, clusters [70], we discovered that clusters, which stayed longer in
the waiting room, gave rise to substantially better resolved spectra than those clusters,
which left the waiting room earlier, as shown in Figure 5 for Al;5, Al;; , and Algg .
Figure 6 shows the time evolution of the helium carrier gas pressure inside the nozzle
and the cluster distribution following the firing of the vaporisation laser [71]. The three
arrows represent the positions where the hot, warm, and cold spectra were taken in
Figure 5. Even though the abundance of clusters with long residence time was low, the
clusters were colder and yielded significantly better resolved spectra. Molecular dynam-
ics simulations showed that the cold clusters had vibrational temperatures as low as
130 K [72], while the nozzle was operated at room temperature. Apparently, the longer
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cluster
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Figure 4. A schematic drawing of the large waiting-room nozzle [61]. The bar in the bottom
represents the scale. The two pulsed helium valves and the target rotation are indicated.
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Figure 5. (Colour online) Photoelectron spectra of Alj;, Aly; , and Algs at 193 nm and three
different temperatures. See Figure 6 for the timing, where the ‘hot’, ‘warm’, and ‘cold’ spectra
were taken. In general, clusters leaving the nozzle earlier are hotter and those leaving the nozzle
later are colder [71].
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Figure 6. (a) The He carrier gas pressure profile in the large waiting-room nozzle following the
opening of the pulsed valves, measured about 5 cm down stream from the nozzle exit with a fast
ion gauge (see Figures 1 and 4). The peak pressure in the nozzle was estimated to be about one
atmosphere with a ten-atmosphere backing pressure in the pulsed valves. The vertical green line
indicates the firing of the vaporisation laser. (b) A typical intensity profile of cluster anions inside
the nozzle as a function of time following the firing of the vaporisation laser. The arrows indicate
where the spectra in Figure 5 were taken [71].

residence time of the clusters in the nozzle helped thermalise the hot nascent clusters to
allow the subsequent supersonic expansion to cool the clusters to be substantially
below room temperature. The recent detection of van der Waals complexes of gold
cluster anions with argon provided further evidence of the cooling capability of the
large waiting room nozzle [73-76].

Because of the strong B—B bonding, it was expected that the heats of formation of
boron clusters would be huge, making it more difficult to produce cold boron clusters.
Indeed, we had difficulties initially to obtain photoelectron spectra with any resolved
features for large boron clusters because of insufficient thermalisation. Figure 7 shows
the spectra of B,, at two photon energies and two different residence times in the
nozzle. The large waiting room nozzle with tunable residence times was essential for
us to obtain well-resolved photoelectron spectra for size-selected boron clusters, making
it possible for effective comparison with theoretical calculations.

3. Structures of small boron clusters and PES of medium-sized boron clusters

Boron clusters containing three to 15 atoms were reviewed comprehensively in 2006
by Alexandrova et al. [28]. This size range is included here for completeness. Experi-
mental progresses have been made in probing the structures of several cationic and
neutral clusters in this size range [77,78], as well as further theoretical studies and
bonding analyses [79-83]. A systematic bonding analysis for clusters in this size range
was published in 2006 by Zubarev and Boldyrev [84]. Subsequently these authors have
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Figure 7. Photoelectron spectra of B,, at 266 nm (a) and 193 nm (b) and two different
temperatures. The cold spectra were taken for clusters with longer resident time in the nozzle.
See Figure 6.

developed the adaptive natural density partitioning (AdANDP) method as a new para-
digm for chemical bonding [85], which is particularly suitable for 2D boron clusters
and has contributed substantially to our understanding of the bonding in these complex
systems.

3.1. The structures of small boron clusters from B to Bj;

Figure 8 summarises the global minimum structures of B, for n =3 to 27. Clusters
beyond Bj; will be discussed in the following Sections. Isomers have been observed



Downloaded by [Brown University Library] at 17:48 23 March 2016

International Reviews in Physical Chemistry 79

for some clusters, but only those for the two largest clusters (B,5 and B;;) in this size
range are included in Figure 8 [35,36]. In particular, a new isomer has been found for
By [79], which was present in the original photoelectron spectra (see Figure 9(b)), but
not initially recognised. The global minimum of By was found to be a beautiful Dg,
molecular wheel in the original study [24]. Global minimum searches at B3LYP level
showed that the nearest isomer was about 23 kcal/mol higher in energy. Thus, the weak
features observed in the photoelectron spectra were thought not to be due to low-lying
isomers, even though they were not satisfactorily accounted for by the Dgy, global mini-
mum. Pan ef al. did extensive theoretical calculations using seven theoretical methods
with three different basis sets and found that the B3LYP method underestimated the

B~ B, Bs~ Bg~ B, Bg~ By~
(D3n, "Ay") (Dans 2Byy) (Dans 'A1) (Dan 2Bag) (Ceys *Az)  (Cows 2B1)  (Dgy, "Agg)

B1o_” By~ B, B;” B,
(Cs, 2A")  (Cy, 'Ay) (Cs, 2R) (Co 'A)  (Covn 2A))

(Cav A1) (Cas "A)

). -_\"’ g
VAVAVAVAV,

P 2w
et
AR .
LCu'A) _  IL(C,'A) 1. (Cy, 'A) IL. (C,, 1A)

25 27

Figure 8. (Colour online) A summary of the global minima of B, clusters (n=3-25, 27)
confirmed by experiment. Note that a close-lying isomer is also shown for B;5 and B;.
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Figure 9. (Colour online) The simulated spectra of the global minimum (Dg,) of By and a
low-lying isomer (Cs) (a), compared with the experimental photoelectron spectra of By at two
photon energies (b). The structures of the global minimum and the Cg isomer are shown, as well
as the relative energies of the C isomer above the global minimum at CCSD(T) and B3LYP
(in parentheses) levels of theory [79].

stability of the 3D isomers [79]. At the CCSD(T) level of theory, it was found that a
3D structure (C,, Figure 9) was only 6.29 kcal/mol higher than the global minimum
Dy, structure. If the finite temperature effect was taken into account, the free energy of
the 3D isomer was only about 3 kcal/mol above the Dgy, structure, making it quite plau-
sible to be accessed experimentally. More importantly, the simulated spectrum of the
3D isomer (Figure 9(a)) was in excellent agreement with the weak features in the
experimental spectra.

Some of the 2D structures shown in Figure 8 are quasi-planar. For example, both
B; and B, were found to have bowl-shaped structures [25,26], even though both were
aromatic. The out-of-plane distortion was found to be due to the fact that the peripheral
B—B bonds were stronger with slightly shorter bond lengths and could squeeze out the
interior atoms slightly. This observation was confirmed by substituting a peripheral B
atom by a larger valence-isoelectronic Al atom and the resulting AIB; and AIB[; clus-
ters were found to be planar [86]. It was also found that the larger Al atom did not
favour the interior of 2D boron clusters. In a series of Al-doped boron clusters (AIB,,
n = 8-10), umbrella-type structures were found [87,88]. The putative Al@B, wheel-
type structures [89] were found to be high energy isomers and were not observed
experimentally. It was further found that the carbon atom also preferred the peripheral
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sites in C-doped planar boron clusters [90-94]. In Au-doped boron clusters (AuB,),
the Au atom was found to bond to the periphery of the planar clusters akin to a
hydrogen atom [95-97].

Neutral boron clusters are considerably more challenging to study. The infrared (IR)
spectrum of neutral B, was obtained using an IR/UV two colour ionisation scheme in
the wavelength range from 650 to 1550 cm™' [78]. It was found that the global mini-
mum of neutral By, (C,y, >B,) is nearly identical to that of the B;, anion (Figure 8)
[25]. A more significant experimental study was carried out by Oger ef al. to probe the
B, cation structures for n = 12—25 using ion mobility in combination with DFT calcu-
lations [77]. The structures of B}, and B{; were found to be similar to those of the cor-
responding anions (Figure 8), whereas the structures of Bj; and B}, were found to be
more circular, consistent with previous calculations [18]. It should be mentioned that
Cheng found a compact 3D isomer for By, and showed that it was more stable than
several planar structures using ab initio calculations [81]. However, this result has not
been confirmed experimentally and the 3D structure was not even a low-lying isomer
for either By, or B}, [25,77].

3.2. Deciphering the chemical bonds of boron clusters using AANDP

The chemical bonding of the planar boron clusters is very interesting, but highly com-
plex due to both localised and delocalised bonds, owing to boron’s electron deficiency.
For smaller clusters with high symmetries, the canonical molecular orbitals (MOs) can
be used directly to deduce essential chemical bonding information. MOs are eigenvec-
tors of the model Hamiltonian and they are completely delocalised over the molecule.
Hence, for large and low-symmetry boron clusters, the MOs are no longer sufficient to
decipher their chemical bonding. The AdNDP method developed by Zubarev and
Boldyrev provides the most chemically intuitive pictures of the chemical bonds for
boron clusters [47,85], as well as PAH molecules and planar nanostructures [98—100].

The AANDP method is a generalisation of the natural bonding orbital analysis
[101] and is based on the concept of electron pairs as the main elements of chemical
bonds. It combines the compactness and intuitive simplicity of the Lewis structures
with the MO theory and represents the molecular electronic structure in terms of
n-centre two-electron (nc—2e) bonds, recovering the familiar lone pairs (1c—2e) and
localised 2c—2e bonds familiar in the Lewis model or delocalised nc—2e bonds
(3 < n < total number of atoms in the system). In AANDP, charge density is partitioned
into elements with the highest degree of localisation of electron pairs. If some part of
the density cannot be localised, it is left delocalised (or localised on the maximum
number of available centres). AANDP can result in completely delocalised bonding,
which is directly related to aromaticity. Hence, AANDP achieves seamless description
of chemical bonding even for very complicated molecular systems, connecting MO
theory with the familiar and more intuitive Lewis model.

Figure 10 shows an AdNDP analysis for the bonding in the Dg, By cluster [85].
Previous MO analysis showed that, among the fourteen fully occupied MOs, eight are
responsible for the peripheral bonding, three ¢ and three # MOs are responsible for
bonding between the central atom and the periphery [24]. Figure 10 shows clearly eight
localised 2c—2e peripheral B-B bonds, and three totally delocalised (9c—2¢) ¢ and =
bonds, which give rise to the concept of multiple aromaticity. The understanding of the
bonding and stability of the Dg, By cluster directly led to the design principle for the
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Figure 10. AdNDP analyses of the bonding in the Dg), global minimum of the By cluster [85].

borometallic MOB, type molecular wheels [37—44]. Indeed, the AANDP approach has
been essential to analyse the bonding in large boron clusters, which will become clear
in the rest of the review.

3.3. Preliminary PES of medium-sized boron clusters and the challenge of global
minimum searches

Because of the enormous challenges of global minimum searches, progress was very
slow in solving the structures of boron clusters beyond 15 atoms, except B, [27],
which will be discussed in the next Section. Preliminary photoelectron data were
obtained for B, up to n =42 around 2005. Figure 11 displays a manual plot made by
the author in 2005, displaying the trend of the estimated first adiabatic electron detach-
ment energies (ADEs) of B, or the electron affinity (EA) of the corresponding neutral
B,, clusters as a function of cluster size from n = 3—42. To this day, not all clusters in
this size range have been solved. Precise EAs and the first vertical electron detachment
energies (VDEs) for those clusters that have been published are given in Table 1. The
EAs in Figure 11 are approximate values for n = 16—19 and 21—42 estimated from the
preliminary PES data. But they are in general within the uncertainties of the subse-
quently reported values listed in Table 1. A clear odd-even alternation was observed
for n > 8, indicating that all odd-sized B, anions are closed shell and the even-sized
B,, neutral clusters are closed shell.

A pressing issue at the time was to find the 2D to 3D transition. Because of the
computational challenges for global minimum searches, an attempt was made to collab-
orate with the Kappes’ group to use ion mobility, which might yield direct information
about the structural transition. Ion mobility experiments [102] could give rise to cross
section information of size-selected clusters. Because the 2D and 3D clusters were
expected to have very different cross sections, ion mobility data in principle could
identify the size for the 2D-3D transition straightforwardly, as was reported for small
Au,, clusters by the Kappes group [103]. However, due to experimental challenges to
perform ion mobility measurements for B, anions, only B cations were studied in the
size range of n = 12—25 [77]. Hence, we still had to resort to the combination of PES
and computational chemistry to slowly solve structures for n > 15. The manual plot of
Figure 11 essentially served as a road map for future progresses. Specifically, note was
taken for the two unusual data points at n = 36 and 40, that foresaw future discoveries
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Figure 11. (Colour online) A preliminary plot of the electron affinity (EA) of B, (n=3-42)
made in 2005. See Table 1 for the precise EA values for those clusters, for which photoelectron

spectra have been published.

Table 1. Measured first adiabatic detachment energy (ADE) and the first vertical detachment
energy (VDEI) of boron clusters (B, ) and their known low-lying isomers.”

Cluster ADE VDEI1 Ref. Cluster ADE VDEI1 Ref.
By 2.82(2) 2.82(2) [23] Bp; 4.23(2) 4.48(5) [31]
B, ~1.6 1.99(5) [23] 3 3.53(5) 3.71(5) [31]
By 2.33(2) 2.40(2) [11] By 4.2(1) 4.34(4) [30]
By 3.01(4) 3.01(4) [22] B, 3.02(2) 3.11(2) [27]
B7 (Cev) 2.55(5) 2.85(5) [26] B 4.38(5) 4.58(4) [32]
B; (Cy) 3.44(2) 3.44(2) [26] » 3.34(5) 3.48(5) [33]
By 3.02(2) 3.02(2) [24] B 4.32(5) 4.46(3) [33]
By (Dgn) 3.39(6) 3.46(6) [24] B, 3.55(7) 3.75(7) [34]
By (Cy) ~3.1 ~3.2 [79] B3 3.8(1) 4.02(6) [35]
By, 2.88(9) 3.06(3) [25]

B 3.426(10) 3.426(10) [25] By, 3.9(1) 4.09(6) [36]
B, 2.21(4) 2.26(4) [25] B3, 3.59(7) 3.69(7) [130]
Bp; (Cy) 3.78(2) 3.78(2) [25] B3 3.96(5) 4.06(5) [131]
By (Cyy) 2.70(4) 2.80(4) [25] B3, 3.12(3) 3.3(1) [45]
B4 3.102(10) 3.102(10) [25] B3y 3.84(5) 4.00(5) [132]
Bs 3.34(4) 3.43(4) [25] B, (D2q) 2.50(5) 2.62(5) [46]
Bis 3.25(5) 3.394) [29] B, (Cy) 3.51(5) 3.63(5) [46]

2All energies are in eV. The ADE also represents the electron affinity of the corresponding neutral
clusters. The numbers in the parentheses indicate the uncertainty in the last digit.
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for borophenes [45] and borospherenes [46]. With increasing powers in computational
hardware and software, much faster progress has been possible since 2011.

4. Structures of boron clusters from B;, to B,
4.1. By, an all-boron naphthalene

Beyond B3, it took five years before the structure of the next cluster of B}, was solved
by Sergeeva et al. [29], due to the above-mentioned challenges of global minimum
searches and the demand on computational resources. The photoelectron spectra of B,
at two photon energies are shown in Figure 12 with well-resolved spectral features and
a relatively broad ground state transition (X). Global minimum searches were done
using the gradient embedded genetic algorithm [104,105] at the B3LYP level of theory.
The global minimum of B}, was found to be an elongated quasi-planar structure with
Copn symmetry (I.1 in Figure 13). At the CCSD(T) level, the C,;, global minimum was
more stable than the first low-lying isomer, which was also 2D, by 3.7 kcal/mol. The
calculated VDEs from the C,;, global minimum, given as vertical bars in Figure 12(b),
agreed well with the observed photoelectron spectral pattern, providing considerable
credence to the determined global minimum.

(a) 266 nm

IIII[lllllf‘ll]]llllllll]l F

(b) 193 nm

LIl

|
2 3 4 5 [
Binding Energy (eV)

Figure 12. (Colour online) Photoelectron spectra of Bj, at 266 nm (a) and 193 nm (b) [29]. The
vertical bars represent the calculated VDEs from the global minimum of B}, (see Figure 13).
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Fligure 13. (Colour online) The global minimum structures of B, (A,), Big (1Ag), and B%g
(CAy) [29].

The global minimum of B, (I.1 in Figure 13) was quasi-planar because the four
inner B atoms displayed a zigzag pattern with an out-of-plane distortion of 0.08 A. The
global minimum of B¢ was found to be similar to that of B, but with more severe
out-of-plane distortions by 0.24 A (IL.1 in Figure 13), consistent with the broad ground
state transition in the photoelectron spectrum. The IR spectrum of neutral B;s was
obtained and confirmed the C,j, global minimum [78]. The global minimum of B, was
open-shell with a doublet electronic state (Copn, 2Ay). It was found that addition of an
electron to B, resulted in a perfect planar and closed-shell B%g dianion (D, 1Ag) (see
II.1 in Figure 13).

MO analyses showed that the D,y B%g dianion possessed ten 7 electrons, analogous
to the well-known aromatic naphthalene, as compared in Figure 14. Thus, BI; was
considered to be an ‘all-boron naphthalene’ [29]. Removal of two electrons from the
HOMO of B? led to an B4 species with eight 7 electrons, i.e. an anti-aromatic sys-
tem, which explained the out-of-plane distortions in B;s. AINDP analyses found
twelve localised 2c—2e peripheral B—B ¢ bonds, two 4c—2¢ ¢ bonds at the two ends of
the cluster, and six 3c-2e o bonds in the interior of the planar B, cluster.

A double ring isomer for B}, was found to be 36 kcal/mol above the C,, global
minimum, but for neutral B¢ the double ring isomer was found to be 14 kcal/mol at
the B3LYP level of theory [78]. The IR spectrum of B¢ also ruled out the presence of
the double ring isomer, consistent with the fact that it was a much higher-lying isomer.
However, calculations for B, showed that a C,, 3D structure was competing with the
C,y, structure for the global minimum [77,82]. This C,, 3D isomer was also found to
be a low-lying isomer for neutral B;¢ and could contribute to the observed IR spectrum
of B¢ as a minor component [78]. On the other hand, the double ring isomer for the
cationic By became much lower in energy, only 2.3 kcal/mol at the TPSS level of

| S d
N9 » $ P
6-3-0-9-9 Rzasy
5
By . b,, HOMO-13 1b,,

:“é:f
=

HOMO 1a, HOMO-1 2b,, HOMO-2 1b,, HOMO-3 1b,, HOMO-7 1b,,

Figure 14. (Colour online) Comparison of the occupied 7 MOs of B3y with those of naphthalene
[29].
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theory [77] and 3.9 kcal/mol at the CCSD(T) level of theory [82], above the global
minimum. Nevertheless, the calculated cross section of the double ring B}, was con-
cluded to be in better agreement with the ion mobility experiment. In fact, all B, clus-
ters above Bj, that were measured by ion mobility up to n =25 were concluded to
have the double ring structure, including the odd-sized B, clusters in this size range
[77]. Hence, the 2D-to-3D transition for cationic boron clusters has been concluded to
occur at Bf. However, the double ring structures for boron clusters remain enigmatic
and the conundrum will be discussed in the context of the B, cluster in Section 4.4
(vide infra).

4.2. Bjy: a doubly aromatic Wankel motor

Two years elapsed before the next boron cluster, B}y, was solved by Huang et al. [30]
using two different global minimum search methods, coalescence kick [106] and basin
hopping [107]. The photoelectron spectra of B}, at two photon energies are shown in
Figure 15 with rather high binding energies. The global minimum was found to be a
‘spider-web’ structure (I in Figure 16), which is almost perfectly circular with one
boron atom at the centre surrounded by five boron atoms and an outer ring of thirteen
atoms. Another planar isomer with a triangular By in the centre (Il in Figure 16) was
found to be quite low-lying, 1.75 kcal/mol at B3LYP and 3.73 kcal/mol at CCSD(T)

(a) A
B
)
2 X
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2 3 4 5 6
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Figure 15. (Colour online) Photoelectron spectra of B, at 266 nm (a) and 193 nm (b) [30]. The
long vertical bars represent the calculated VDEs from the global minimum of Bj, (see I
Figure 16) and the short vertical bars represent the calculated VDEs from a low-lying isomer
(see II in Figure 16).
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1(C,,'A) 11 (C,, 'A) I (C,, 'A,) IV (C,, 'A)
0.00 kcal/mol 3.73 kcal/mol 7.95 kecal/mol 38.83 kcal/mol
{0.00 kcal/mol} {1.75 kcal/mol} {7.28 kcal/mol} {42.10 kcal/mol}

Figure 16. (Colour online) The global minimum and three higher energy isomers of Bj,. The
relative energies of the higher energy isomers are given at the CCSD(T) and B3LYP (in curly
brackets) levels of theory [30].

level of theory above the global minimum. The calculated VDEs from the global
minimum (long vertical bars in Figure 15) agreed well with the main PES features,
whereas the calculated VDEs from the low-lying isomer (short vertical bars in
Figure 15) could not be ruled out as a minor contributor. The double ring structure,
which was found to be the global minimum for B, previously [77], was a much higher
energy isomer for Bj, (IV in Figure 16).

MO analyses for the global minimum of B}, (Figure 17(b)) showed similarity of its
7 bonding with that in the [10]annulene molecule (Figure 17(a)), except that B}, has
one extra 7 MO. Close examination found that a linear combination of the HOMO and
HOMO-15 would generate one MO delocalised between the Bs ring and the outer ring
and another MO delocalised over the inner filled pentagon. Hence, B}, consisted of
two concentric delocalised 7 systems: one between the Bs ring and the outer B;; ring
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Figure 17. (Colour online) Comparison of the # MOs of [10]annulene (a) with those of the glo-
bal minimum of B, (b). (¢) AINDP analyses of the 7 bonding in B}y, showing five = bonds are
delocalised between the inner Bs ring and the outer B;; ring similar to those in [10]annulene and
one 7 bond delocalized over the inner filled pentagon [30].
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with five 7 MOs, which were analogous to the 7 system in the [10] annulene, and
another single # MO delocalised over the central filled pentagon. The AANDP analyses
showed more clearly the two 7 systems, as seen in Figure 17(c). Thus, the B, cluster
was considered to be a concentric doubly 7 aromatic species.

The low-lying isomer II of B}, (Figure 16), which could have made minor contri-
butions to the observed photoelectron spectra, was also found to be doubly 7z aromatic
with a similar concentric 7 system as isomer 1. The key structural difference between
the two isomers was the arrangement of the central B¢ unit. In the global minimum iso-
mer I, the B¢ unit was a filled pentagon with near Ds, symmetry, resulting in its near
circular structure, whereas in isomer II the B¢ unit formed a triangle, giving rise to the
overall triangular shape of this isomer. ANDP analyses showed that the o bonding pat-
terns in the two isomers were similar, but the 7 bonding patterns were slightly different
[30]. It was speculated that the less delocalised 7 bonding in isomer II made it slightly
less stable. Such subtle differences in the two isomers would demand theoretical
methods that can take into account well the electron correlation effects.

A subsequent DFT calculation using LDA found that isomer II was the global
minimum for By, whereas the perfectly round spider-web structure was 0.15 eV higher
in energy [108]. Clearly, DFT overestimated the stability of isomer II, as was also
shown at the B3LYP level of theory (Figure 16). Merino and co-workers found a
22.7 kecal/mol barrier from isomer I to II of By, at B3LYP level of theory [109].
Remarkably, using MD simulations they found that the inner filled pentagon in the By,
global minimum could freely rotate at finite temperatures against the outer B;; ring and
proposed B, as a molecular Wankel motor. They further found that substituting one
peripheral boron atom by a carbon atom significantly increased the rotational barrier
and would halt the Bj, Wankel motor [110]. Similar analyses of the planar B; cluster
also found that its inner B3 triangle could rotate relative to the By outer ring with a
relatively small barrier [111]. It was even suggested that the rotational direction might
be controlled using circularly polarised IR radiation [112]. By inserting a boron atom
into the interior of the By cluster, Tai et al. obtained a planar B%g cluster with a
central filled hexagon and showed that it has similar z bonding and fluxionality as the
Bj, parent [113,114].

4.3. By, and B g: hydrocarbon analogues and Wankel motors

Once the structures of Bj, were solved, the B}; and Bi; clusters followed readily by
Sergeeva et al. [31]. The global minima and low-lying isomers of B, and B3 were
found to be related to those of Bjy. The photoelectron spectra of Bj; and Bj; are
shown in Figure 18 at two photon energies. The spectra of B}; showed relatively high
electron binding energies and even a vibrationally resolved PES band at 193 nm (band
B in Figure 18(b)), suggesting that the global minimum of B}, was rigid. The spectra
of B exhibited relatively low binding energies with a weak ground state band (band
X in Figure 18(c) and (d)), suggesting that neutral Bg is closed shell. The global
minima and low-lying isomers of By, and Bj; are shown in Figure 19. The global
minimum of By; (I in Figure 19) was found to be perfectly planar and relatively circu-
lar with C,, symmetry, which could be viewed to be derived from isomer II of By,
(Figure 16) by removing the top apex atom of the inner triangle and the adjacent
peripheral atom. The second more elongated isomer, which could be viewed as adding
one atom to the periphery of B, (I in Figure 13), was found to be 19.5 kcal/mol higher
in energy, suggesting that the global minimum of B}, was overwhelmingly stable. The
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Figure 18. (Colour online) Photoelectron spectra of Bj; and Bjg at two photon energies [31].
The vertical bars in (b) represent the calculated VDEs from the global minimum of B, (see I in
Figure 19). The long vertical bars in (d) represent the calculated VDEs from the global minimum
of By (see V in Figure 19) and the short bars in (d) represent the calculated VDEs from a
low-lying isomer of B¢ (see VI in Figure 19).

calculated VDEs from the global minimum of B, plotted as vertical bars in
Figure 18(b), were in excellent agreement with the photoelectron spectra. The broad X
band contained three closely lying detachment channels and there was no hint of any
contributions from other isomers.

Two close-lying isomers, which were related to the two low-lying isomers of By,
(Figure 16), were found for Bj; to compete for the global minimum (Figure 19).
The lowest energy structure at both B3LYP and CCSD(T) levels of theory had Cj,
symmetry (V in Figure 19), which could be viewed as removing a peripheral atom
from isomer II of Bj,. The reduced periphery caused the inner atoms to be slightly
squeezed out of plane, giving rise to the quasi-planar bowl-shaped Cs, symmetry.
The second isomer of Bjg (VI in Figure 19), which could be viewed as removing a
peripheral atom from the global minimum of Bjy, was only 1.6 kcal/mol above the
Cs, global minimum at the CCSD(T) level. Again, the reduced periphery squeezed
the inner filled pentagon slightly out of plane, giving rise to the C; symmetry for
this isomer. The calculated VDEs from the C;, global minimum of By are plotted
as long vertical bars in Figure 18(d) and they were in good agreement with the main
PES features. The calculated VDEs for the C, isomer were plotted in Figure 18(d) as
short bars and they were clearly contributing to the congested spectra, in particular,
in the spectral range between 4 and 5 eV, which encompassed nine detachment
channels from the C, isomer.
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Figure 19. (Colour online) The global minima and low-lying isomers of By, and Bj;. The
relative energies are given at CCSD(T) and B3LYP (in curly brackets) levels of theory [31].

MO analyses showed that B;; had five filled = orbitals with ten z electrons [31],
similar to those of naphthalene, as shown in Figure 20. In fact, the # MOs of B|; were
found to be similar to those of B (Figure 14), even though the latter was more
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Figure 20. (Colour online) Comparisons of the 7 MOs of the global minimum of B}; with those
of naphthalene [31].
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Figure 21. (Colour online) (a) AJNDP analyses of the 7 bonding in the low-lying isomer of B,
(IT in Figure 16) [30]. (b) AANDP analyses of the 7 bonding in the global minimum of By (V in
Figure 19) [31]. ON indicates the occupation number.

elongated. Thus, B|; was a highly aromatic boron cluster and could also be considered
as an all-boron naphthalene. The aromaticity provided considerable electronic stability
for B};, making the C,, global minimum the overwhelmingly stable structure relative
to all other isomers of By;. The structural stability of the aromatic Bj; was also
reflected by the relatively sharp PES features, indicating that there was little structural
change by detaching an electron from the planar B}, global minimum. The IR spectrum
of neutral B;; was obtained and it confirmed that its structure was similar to that of the
B, global minimum with very little structural distortion [78].

Chemical bonding analyses showed that the z bonds in the Bj; global minimum
were similar to those of isomer II of By, as compared in Figure 21. The C;, B} glo-
bal minimum had a doublet state, but the unpaired electron was found to be in a ¢
MO, resulting in ten 7 electrons and rendering it 7 aromatic. Chemical bonding analy-
ses of the C; low-lying isomer of Bj; showed that its 7 bonding pattern is similar to
that of the global minimum of By, despite the fact that it was slightly out-of-plane
with a bowl shape. Because the HOMO of the C; B|; was a & orbital, it was singly
occupied. Adding an electron to the Cy B3 would result in a closed-shell B%g species
with the same number of 7 electrons as that of Bjy, and the resulting B; could also
be viewed as a doubly z aromatic system with two concentric z sub-systems [31]. In
fact, Merino and co-workers have found that the inner filled pentagon in the
bowl-shaped B?; could also undergo hindered-rotations against the B, periphery,
making it a member of the molecular Wankel motor family [115].

4.4. B3, and the double ring conundrum

The B,, and By clusters were solved [27] shortly after the study on B, to By [25]
and before the study of the By, cluster [29], by using the basin-hopping method for
global minimum searches [107]. They were included in the 2006 review by Alexan-
drova et al. [28]. They are discussed here because there have been many follow-up
studies on their structures and bonding [116—124], in particular, concerning the double
ring structure, and because there are still some puzzling issues about the 20-atom boron
cluster. The low-lying structures of B,, and B, are shown in Figure 22. The global
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Figure 22. (Colour online) The global minimum and low-lying isomers of B, (I-IV) and B,
(V=VIII) at the B3LYP level of theory [27].

minimum of neutral B,, was found to be a beautiful 3D tubular or double-ring struc-
ture, whereas the three nearest low-lying isomers were all planar and were nearly 1 eV
higher in energy. The B,y double ring structure was suggested to be an embryo of
single-wall boron nanotubes and B,, was considered to be the size, where 2D to 3D
structure transition occurred for neutral boron clusters [27].

For the B, anion, the tubular structure remained to be the global minimum (I in
Figure 22), but the three planar isomers were considerably stabilised and isomers II and
IIT were only about 0.13 and 0.16 eV above the tubular isomer, respectively (Figure 22).
The simulated PE spectra for isomers I—III are compared with the experimental spec-
trum in Figure 23. With a small shift, the simulated spectrum of isomer Il was almost
in quantitative agreement with the major observed PES bands, except the weak band
A, which seemed to correspond to the second band of isomer II and provided tangible
evidence for its presence experimentally. However, the simulated spectrum of the tubu-
lar isomer I totally disagreed with the experiment. In particular, the first VDE of isomer
I was quite low, and there was no hint of any PES signals in the same spectral range,
suggesting that the tubular isomer was not present in the cluster beam at all. Even with
the temperature effects included, the free energy of the tubular structure at 298 K was
still lower than isomers II and III (Figure 22). Kinetic argument was invoked to explain
the absence of the tubular isomer [27]. But it was not a satisfactory explanation,
because it has never been observed experimentally that a true global minimum was not
formed, even in small quantity, in the laser vapourisation cluster beam source.
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Figure 23. (Colour online) Comparison of simulated photoelectron spectra from isomers [-III of
B;, (see Figure 22) with the experimental spectrum measured at 193 nm [27].
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Because calculations showed the tubular isomer for neutral B,, was overwhelm-
ingly more stable than all the other planar isomers even at the CCSD(T) level of theory
[116], one would expect that the tubular B, should be formed in neutral boron cluster
beams. The previous IR/UV two-colour experiment [78] was specifically designed to
detect the B,y double ring structure, which, according to the calculated ionisation
energy, should be well suitable for the two-colour scheme. However, no IR spectrum
was observed in this experiment, which could be due to one of two reasons: either the
IP calculation was not accurate enough or the true global minimum of B,, was not the
tubular structure. It should be noted that the IP calculations using the same method did
predict the correct ionisation energies for By;, Byg, and B;;, whose IR spectra were
successfully measured [78]. Thus, there remains a real possibility that the tubular iso-
mer is not the true global minimum for B,,. It should be pointed out that no tubular
isomers have been observed for any larger boron cluster anions (Figure 8), as will be
shown below, even though theoretical calculations did suggest that tubular structures
were the lowest energy isomers in a number of cases. It is possible that the available
theoretical methods favour the tubular isomer over 2D structures. As shown in the case
of By (Figure 9), different theoretical methods can give quite different relative energies
for boron clusters of different structure types [79].

It should be pointed out that ion mobility experiments on cationic boron clusters
(B, for n=12-25) have shown that for n =16 to 25 the tubular isomers gave calcu-
lated overall cross sections that agreed better with the experimental measurements [77].
In the ion mobility experiment, a size-selected B, cluster was allowed to drift through
a helium-filled cell. The drift time depended on the size of the cluster and was used to
compute a cross section, which was then used to compare with the calculated cross sec-
tions of different low-lying isomers. Since there existed the possibility that different
structures might give similar cross sections, it would be desirable to confirm the
conclusions from the ion mobility experiments about tubular B, clusters using spectro-
scopic experiments. Until that is done, the tubular structures for boron clusters still
remain an enigma.

5. Jumping over B;, by random walk

Even though the B, cluster was solved in 2005 [27], it took seven years to solve the
next cluster, B;; [32]. In addition to the challenges of global minimum searches, the
photoelectron spectrum of B, was very congested (Figure 24), making it difficult to
compare with calculations and posing much more demands on the accuracy of the cal-
culations. To guarantee a more thorough global minimum search, a more efficient
method, called Cartesian Walk (CW) [32], was developed by Piazza in the Wang group
in collaboration with the Boldyrev group. CW was made to rapidly search for 2D struc-
tures, though it could also search for 3D structures. Because of the importance of CW
in the investigations of boron clusters beyond 20 atoms, this method is briefly
described next before the results of B;; are discussed.

5.1. The CW global minimum search method

Local optimisation of trial structures to their corresponding minimum on the potential
energy surface was by far the most time consuming step of a global search. Thus, judi-
cious generation of trial structures that were close to their corresponding minimum,
while maintaining the generality of randomness, was highly desirable. Trial structures,
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Figure 24. (Colour online) The photoelectron spectrum of B;; at 193 nm. The long vertical bars
represent the calculated VDEs from the global minimum of B;; (I in Figure 25) and the short
bars are for those from the low-lying isomer of B,; (II in Figure 25) [32].

which did not reach SCF convergence, were inefficient use of computation time and
should be avoided as much as possible. The CW method was developed to deal with
these issues. The CW method generated trial structures by performing constrained ran-
dom walks on a user specified Cartesian grid; the trial structures were then optimised
using an external quantum mechanical package. Both the overall volume of the grid
and the grid mesh could be tailored to a given system. Keeping the volume of the grid
small produced the effect of lowering the probability of finding elongated structures,
while using a more rectangular grid might bias the search towards elongated structures.
The choice of a fine grid mesh allowed for trial structures that could result in highly
coordinated atomic centres, while the choice of a more coarse mesh lowered the
probability of trial structures. Once the appropriate grid was constructed, a constrained
random walk on the grid dictated the geometry of a trial structure.

The random walk took place in the following steps: (1) Atom 1 was placed on the
grid at random; (2) A random move up to a set maximum distance from atom 1 was
made. If the move landed within a set minimum distance to atom 1 the move was
rejected and a new move was made. If not, it was accepted and atom 2 was placed; (3)
A random move up to a set maximum distance from atom 2 was made. If the move
landed within a set minimum distance of atom 1 or atom 2, the move was rejected and
a new move was made. If not, it was accepted and atom 3 was placed; (4) The proce-
dure continued until all atoms were placed; (5) In rare cases, there might be no legal
moves, i.e. the system might walk itself into a corner or an atom might become
surrounded. Then, the walk started over at step 1.

The effect of the appropriate maximum distance constraint was that the trial struc-
tures would never be fragmented, i.e. separated groups of one or a few atoms together.
The effect of the appropriate minimum distance constraint was that no two atoms were
positioned too close to one another. This led to bond lengths that were close to their
relaxed state, which alleviated SCF convergence issues and resulted in relatively quick
local optimisations. With appropriately chosen constraints and the proper grid, or set of
grids, the overall result was a set of trial structures, which were somewhat tailored to



Downloaded by [Brown University Library] at 17:48 23 March 2016

96 L.-S. Wang

the system at hand while maintaining the generality of a random search. With finite
computational resources, the CW method was essential for the global minimum
searches for medium-sized boron clusters beyond 20 atoms.

5.2. Bj;: a difficult cluster to solve

The photoelectron spectrum of By, at 193 nm is shown in Figure 24 [32]. This spec-
trum was quite congested with few resolved features and displayed extremely high
electron binding energies. In fact, the first VDE of B;; was the highest among the
boron clusters presented in the preliminary Figure 11. The spectrum in Figure 24 repre-
sented the most congested photoelectron spectrum up to that size and suggested possi-
ble population of several low-lying isomers. Two global minimum search methods
were used to locate the low-lying isomers of B, to guarantee the authenticity of the
search. In addition to the CW method described above, the coalescence kick method
was also used [106]. In total, about 4000 trial structures were generated using the coa-
lescence kick method and about 1500 trial structures with the CW method indepen-
dently. Low levels of theory were used to optimise these structures and then
successively higher levels of theory were deployed for the most promising low-lying
isomers. The first ten isomers are presented in Figure 25 at two levels of theory:
B3LYP and PBEIPBE. The first five isomers were also computed at MP2 and CCSD
(T) levels of theory. At the highest level of theory, isomers I and II were found to be
nearly degenerate, with isomer II only 1.9 kcal/mol higher in energy, whereas isomer 11
was lower in energy than isomer I at PBEIPBE and MP2. The method dependence of
relative energies was quite common in boron clusters, making it quite dangerous to
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Figure 25. (Colour online) The global minimum and low-lying isomers of B;; at four levels of
theory: CCSD(T), B3LYP (in parentheses), PBEIPBE (in curly brackets), and MP2 (in square
brackets) [32].
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claim global minimum by using any single computational method. Ultimately, only
careful comparison between theory and experiment could truly solve the global
minimum for these complicated cluster systems.

The global minimum isomer I had C; symmetry with two adjacent pentagonal
holes. The calculated VDEs from isomer I are shown in Figure 24 as long vertical bars
and they were in good agreement with the observed spectrum. The first three detach-
ment channels of isomer I were closely spaced, consistent with the strong and broad
spectral bands. There was an energy gap between the first and next three detachment
channels of isomer I, but the experimental spectrum was essentially continuous in the
higher binding energy side, indicating contributions from other isomers. Isomer II,
which also had C; symmetry with two adjacent tetragonal holes (Figure 25), was very
close in energy to the global minimum and was expected to be present in the experi-
ment. The calculated VDEs from isomer II are given in Figure 24 as short bars. The
combination of the two isomers gave a very good explanation of the observed spec-
trum. Without the thorough global minimum searches using the two different methods
and the highly accurate calculations, it would have been very difficult to interpret the
photoelectron spectrum of B,; and to ascertain its global minimum.

The bonding of isomers I and II was analysed using ANDP and showed that they
each consisted of fourteen 2c—2e ¢ bonds on the periphery, eleven delocalised ¢ bonds,
and six delocalised 7 bonds. For the first time, each isomer also contained a 2c—2e o
bond in the interior, localised between the two boron atoms shared by the two pentago-
nal holes in isomer I and the two boron atoms shared by the two tetragonal holes in
isomer II. The anomalously high electron binding energies of B,; were not well under-
stood. It was possible that they were related to the localised bond in the interior of the
2D clusters. The VDEs for isomers III-V were also computed and their first VDEs
were all smaller, 3.5 eV for isomer III, 4.4 eV for isomer IV, and 4.2 eV for isomer V
[32]. All these isomers do not have adjacent holes to give rise to a localised B-B bond
(Figure 25).

Casillas et al. investigated the structures of B,; and both its cationic and anionic
counterparts using limited step basin-hopping and simulated annealing random searches
and DFT calculations [125]. A total of 1191 trial structures were used for neutral B,;.
The charged clusters were computed using the neutral isomers as starting structures.
They found that the lowest energy structures for all three charge states of B,; were
planar. For the anion, the global minimum and the low-lying isomers presented had no
overlap with those presented in Figure 25. The calculated electron affinities for all iso-
mers were less than 3.5 eV, much smaller than the experimental observation (Table 1
and Figure 24).

5.3. Bj,: an all-boron analogue of anthracene

The photoelectron spectrum of B;, at 193 nm was shown in Figure 26 [33]. In compar-
ison with the spectrum of B;,, the spectrum of B;, was better structured, but still quite
congested, suggesting existence of multiple isomers. The binding energies of B;, were
much lower, compared with the spectrum of B;;. The CW global minimum search was
more efficient and was used exclusively to find the global minimum of B,,. Roughly
2000 trial structures were tested and the first four isomers are shown in Figure 27. A
double ring structure was found to be the global minimum, but at the CCSD(T) level
of theory the double ring was found to be nearly degenerate with a quasi-planar isomer
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Figure 26. The photoelectron spectrum of B,, at 193 nm. The vertical bars represent the
calculated VDEs from isomer II of B,, (Figure 27). The short and long vertical bars in this case
represent the singlet and triplet final states, respectively [33].

II. Tsomers III and IV were both 2D structures with a hexagonal and pentagonal hole,
respectively, and they were close in energy with isomer II.

However, the calculated VDEs of the double ring isomer I did not agree with the
experiment, and were ruled out to contribute to the observed spectrum, similar to the
situation found for B, earlier (Section 4.4.). The calculated VDEs from isomer II are
plotted as vertical bars in Figure 26 and they were found to be in good agreement with
the main PES features. However, there were features present, e.g., band X’, which were
not accounted for by isomer II. The VDEs for isomers III and IV were also calculated
and the first VDEs of both isomers were in agreement with band X’, suggesting that
they were likely present as minor species in the experiment. The calculations at the
CCSD(T) level found significant multi-configurational characters, making the relative
energies even at this high level of theory unreliable. Hence, the planar isomer II was
probably the true global minimum for B,, with isomers III and IV as low-lying

S AVAS IS
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I (C,, °B) Il (C4, *A) IV (Cq, °A)
0.78 1.79 2.44
(2.96) (5.45) (5.40)
[18.54] [13.59] [15.40]

Figure 27. (Colour online) The low-lying isomers of B, at three levels of theory: CCSD(T),
PBEI1PBE (in parentheses), and B3LYP (in square brackets) [33]. Note that the computed VDEs
of isomer I did not agree with the experiment.
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Figure 28. (Colour online) Comparison of the 7 MOs of a planarised closed-shell B2, of isomer
II of B;, with those of anthracene [33].

isomers. Higher levels of theory with multi-references are required to confirm the
quasi-planar isomer II as the true global minimum of B,.

Isomer II consisted of a rippled triangular lattice without any defects or holes.
Because B,, was open-shell with an unpaired electron, chemical bonding analyses were
done using a closed-shell and planarised B3, species. MO analyses of this B3, species
showed seven z orbitals, which were similar to anthracene (C;4H;(), as shown in
Figure 28. Hence, B3, could be viewed as an all-boron analogue of anthracene or B,
could be viewed as an analogue of the anthracene cation (C;4H;o"). In addition to the
seven delocalised 7 bonds, AANDP analyses found fourteen localised 2c—2¢ ¢ bonds on
the periphery of B3, and thirteen delocalised ¢ bonds.

Hikmat et al. investigated the structures of B,, in three charge states using DFT at
the PBE level [126]. They tested about 300 trial structures constructed randomly and
found that the double ring structure was the lowest in energy for B,,, B;z, and B;,.
The second isomer was found to be planar with a tetragonal hole for all three charge
states. In fact, the three 2D structures shown in Figure 27 were not among the low-ly-
ing planar structures presented by Hikmat et al. Their computed electron affinity for
the lowest planar structure was 3.1 eV, which was significantly lower than the experi-
mental value (Table 1 and Figure 26). Pham et al. also compared the stability of the
tubular B,, with planar isomers at the TPSSh level of theory [127]. They found that
for neutral and cationic B,, the tubular structure was more stable than 2D isomers, in
agreement with the previous findings [33,77]. For B,,, they found that the tubular iso-
mer was nearly degenerate with two planar isomers: one was similar to isomer II in
Figure 27 and another was an elongated structure by extending B, (Figure 13).

5.4. B,;: a nanoheart and all-boron analogue of phenanthrene

The photoelectron spectrum of By; at 193 nm is shown in Figure 29 [33]. This spec-
trum displayed quite high binding energies and was much less congested relative to that
of B, or B;,, suggesting there was likely a single isomer responsible for the spectrum.
Both the coalescence kick and CW methods were used to search for the global mini-
mum of By;. The first five isomers are shown in Figure 30 at two levels of theory. A
heart-shaped planar structure with a pentagonal hole was found to be the global mini-
mum. The second isomer consisted of a rippled triangular lattice, but was significantly
higher in energy. The other three isomers were much higher in energy, including the
tubular isomer V in Figure 30. The calculated VDEs of the heart-shaped global mini-
mum are plotted in Figure 29 as vertical bars and the agreement with experiment was
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Figure 29. (Colour online) The photoelectron spectrum of B,; at 193 nm. The vertical bars
represent the calculated VDEs from the global minimum of By; (I in Figure 30) [33].

excellent. The VDEs of isomer II were also computed, but they disagreed with the
experiment. The hear-shaped B;; was particularly stable and was the only contributor
to the observed photoelectron spectrum, confirming firmly that it was the global
minimum of B;.

The heart-shaped global minimum of By; was beautiful. MO analyses found seven
7 orbitals, which were identical to those of phenanthrene, as shown in Figure 31. Thus,
B5; could be considered as an all-boron phenanthrene [33]. In addition to the seven
delocalised 7 bonds, AANDP analyses showed that B,; consisted of fifteen localised
2c—2e o bonds on the periphery and thirteen delocalised o bonds. The aromaticity
seemed to play a major role in stabilising the B,; nanoheart. The heart-shaped Bj;
cation would lose two x electrons in the HOMO and become 7 antiaromatic, thus much
less stable. Indeed, the global minimum of the BJ; cation was shown to be something
similar to isomer II, but distorted to C, symmetry, at the TPSS level of theory [77],

1(C,, 'A,) I1(C,, 'A,) In(c, 'A) IV(C, 'A) V(C, 'A)
0.00 6.98 18.63 20.76 22.18
(0.00) (23.74) (18.50) (21.97) (15.97)

Figure 30. (Colour online) The global minimum and low-lying isomers of B;; at PBEIPBE and
B3LYP (in parentheses) levels of theory [33].
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Figure 31. (Colour online) Comparison of the 7 MOs of B;; with those of phenanthrene [33].

though the ion mobility data was in better agreement with a higher energy, low
symmetry tubular structure.

5.5. B;,: a low-symmetry quasi-planar cluster

The photoelectron spectrum of B,, at 193 nm is shown in Figure 32(a) [34]. The spec-
trum was well structured and the gap between the X and A bands suggested a sizable
HOMO-LUMO gap, indicating that neutral B,, was a closed shell system. Global min-
imum searches were done using both the coalescence kick and CW methods and about
13,000 trial structures were examined. The eight low-lying isomers, calculated at four
levels of theory are shown in Figure 33 [34]. At the two DFT levels of theory, the dou-
ble ring tubular structure was found to be the global minimum. But at the CCSD(T)
level of theory, a low-symmetry quasi-planar structure (I in Figure 33) was found to be
the global minimum and the double ring isomer was 4.5 kcal/mol higher in energy. All
other isomers from III to VIII were planar and they remained to be higher energy
isomers at all levels of theory. The reversed stabilities of isomers I and II again showed
the importance of electron correlations.

The VDEs were calculated at two levels of theory and each VDE was fitted with a
unit area Gaussian to produce a simulated spectrum, as shown in Figure 32(b) and (c),
where the simulated spectra for the global minimum using two theoretical methods are
presented. There were some minor differences in the simulated spectra by the two
methods, but their overall spectral patterns were similar and were in good agreement
with the experiment. The first VDE of the double ring isomer was calculated to be at
2.8 eV [34], much lower than the first experimental VDE and the overall calculated
VDEs for the double ring isomer II did not agree with the experiment. Hence, the dou-
ble ring isomer was ruled out to be present in the experiment. The global minimum of
B, contained a tetragonal and a pentagonal hole (I in Figure 33). Such defects seemed
essential to keep the cluster flat because a perfect triangular lattice of boron was shown
to be always rippled. However, the global minimum of B;, was still quasi-planar owing
to the out-of-plane distortion of the boron atom in the centre of the filled pentagonal
motif, similar to that observed in the global minimum of B;; (Figure 25). The appear-
ance of such filled pentagonal units with ever increasing out-of-plane distortions for
large boron clusters might hint the onset to form icosahedral motifs found in bulk
boron. Chemical bonding analyses using AANDP on a closed-shell B3; (at the
geometry of the By, global minimum) revealed fifteen 2c—2e localised o bonds on the
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Figure 32. (Colour online) (a) The photoelectron spectrum of B,, at 193 nm. (b) and (c)
Simulated spectra from the global minimum of B, (I in Figure 33) at two levels of theory [34].

periphery, fourteen multi-centre o bonds in the interior, and eight delocalised 7z bonds,
including a 6¢—2¢ 7-bond over the filled pentagonal moiety [34].

The ion mobility experiment showed that B;, had the double ring structure as its
global minimum [77]. An earlier DFT calculation compared several selected structures
of By4 and also found the double ring structure was more stable [128]. Pham et al



Downloaded by [Brown University Library] at 17:48 23 March 2016

International Reviews in Physical Chemistry 103

1.C,, (A) II. C,,, (B,) . C,, (?A) IV.C,, (A)
0.00 kcal/mol 4.46 kcal/mol 4.59 kcal/mol 6.24 kcal/mol
{0.00 kcal/mol} {4.54 kcal/mol} l — {5.65 kcal/mol}
( 5.83 keal/mol) (0.00 keal/mol) (7.06 kcal/mol) (8.71 keal/mol)
[7.36 keal/mol] [0.00 kcal/mol] [9.37 kcal/mol] [11.30 kcal/mol
V.C, (*A) VI.C,, (*A) VII.C,, (*A) VIII. C,, (2B,)
7.68 kcal/mol 11.29 kcal/mol 11.98 kcal/mol 12.65 kcal/mol
{5.54 kcal/mol} {10.98 kcal/mol} {10.87 kcal/mol} {11.81 kcal/mol}
(2.19 kcal/mol) (8.92 kcal/mol) (9.37 kcal/mol) (13.71 kcal/mol)
[6.02 kcal/mol] [12.64 kcal/mol] [13.35 kcal/mol] [10.27 kcal/mol]

Figure 33. (Colour online) The global minimum and low-lying isomers of B;, at four levels of
theory: ROCCSD, ROCCSD(T) (in curly brackets), PBEO (in parentheses), and TPSSh (in square
brackets) [34].

considered the structures of B4 in both its neutral and charged forms using DFT and
found that the double ring was more stable regardless of the charge state [127]. All
these results were in agreement with the results shown in Figure 33, where at DFT
level the double-ring structure was found to be the global minimum. Clearly, in this
case DFT was not sufficient to predict the global minimum and the higher-level
correlated methods were necessary.

5.6. B);: more planar structures

The photoelectron spectrum of B,; at 193 nm shown in Figure 34 was congested with
broad PES features [35]. Relative to the two smaller odd-sized boron clusters B,; and
B;,, the Bs cluster showed unusually low electron binding energies (Figure 11 and
Table 1). Global minimum searches for B,; were done using three different methods,
coalescence kick, CW, and basin hopping, independently. About 10,000 structures were
considered by coalescence kick, 3,000 by CW, and about 250 by basin hopping at low
levels of theory. The potential energy landscape of B,; was very complicated, and
many low-lying isomers were found. Consequently, many more structures had to be
computed using the very expansive CCSD(T) level of theory. The isomers within
10 kcal/mol of the global minimum at the CCSD(T) level of theory are presented in
Figure 35. A total of thirteen isomers were found within this narrow energy range, and
three 2D structures (I-III) were found to be within 0.9 kcal/mol of the global minimum.
Hence they could all contribute to the experimental spectrum.

The simulated spectra for the three close-lying lowest energy structures are com-
pared with the experimental data in Figure 34. The simulated spectrum of isomer II
seemed to agree well with the experimental spectrum. However, on the bases of both
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Figure 34. (Colour online) The photoelectron spectrum of B at 193 nm (a), compared with the
simulated spectra of isomers I-III of B,; (see Figure 35) [35].
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Figure 35. (Colour online) The global minimum and low-lying isomers of B;5 within 10 kcal/-
mol of the global minimum at the CCSD(T) level of theory [35].
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Figure 36. (Colour online) Comparison of the # MOs of isomer III of B,; with those of
dibenzopentalene [35].

relative energies and the simulated spectra, isomers I and III could not be ruled out. In
fact, they could both be present in the experiment and contributed to the broad features.
It should be pointed out that at all DFT levels of theory the elongated isomer III was
the global minimum. Comparison of the simulated spectra with experiment suggested
that isomer II should be the dominant isomer and was most likely the true global
minimum. The double ring isomer, which was found to be the global minimum for B
[77], was found to be a much higher energy isomer for Bjs.

Both isomers I and II of B;5 have low-symmetry quasi-planar structures (C;) with a
fifteen-atom periphery and ten interior atoms. Isomer I of B;5 was similar to the global
minimum of B, (Figure 33), containing a tetragonal and pentagonal defect, whereas
isomer II contained a single pentagonal hole. Chemical bonding analyses showed that
both isomers I and II consisted of fifteen 2c—2e ¢ bonds on the periphery, fifteen delo-
calised ¢ bonds, and eight delocalised 7 bonds. The appearance of the elongated isomer
III as a low-lying structure for B,; was interesting. This structure with C,, symmetry
was a nano-ribbon and could be viewed as an extension of the global minimum of B,
(Figure 13). Chemical bonding analyses showed that the B, nano-ribbon contained
eighteen peripheral 2c—2e ¢ bonds, twelve delocalised ¢ bonds, and eight delocalised =
bonds. Interestingly, the = bonding of the B,; nano-ribbon was found to be similar to
that of the dibenzopentalene hydrocarbon molecule, as shown in Figure 36. Thus, the
B;5 nano-ribbon was another all-boron analogue of a PAH molecule.

5.7. B,: planar structures with hexagonal holes

The photoelectron spectrum of B,; at 193 nm shown in Figure 37(a) was also very
congested with broad features [36]. The electron binding energies of B,; were also rela-
tively low, similar to B;5 (Figure 34). Global minimum searches for B;, were done
using both the CW and basin-hopping methods. The first eight low-lying isomers are
shown in Figure 38 with their relative energies computed at three levels of theory.
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There were three isomers within 5 kcal/mol of each other to compete for the global
minimum. Again it was observed that there was a reverse of stability for the first and
second isomers between the DFT and CCSD(T) levels of theory. At the DFT levels of

(a) 193 nm g iC 01 F

(b) Isomer |

(c)Isomer Il

(d)Isomer IlI :

Binding Energy (eV)

Figure 37. (Colour online) The photoelectron spectrum of B;, at 193 nm (a), compared with the
simulated spectra of isomers I-III of B,; in Figure 38 [36]. The dashed lines were drawn to
guide the eyes.
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theory, isomer I with a tetragonal hole was the global minimum, whereas at the CCSD
(T) level isomer II with a hexagonal hole was the global minimum. In fact, at the
CCSD(T) level the second low-lying isomer was isomer III, which was 3.13 kcal/mol
higher in energy, and isomer I was 4.66 kcal/mol in energy above the global minimum.
All other isomers from IV to VIII, which were all quasi-planar, remained high in
energy at all levels of theory.

The simulated spectra for isomers I to III are compared with the experimental spec-
trum in Figure 37. The vertical dashed lines over the main PES features were drawn to
guide the eyes for comparison with the simulated spectra. Isomers I and II gave very
similar simulated PES spectra and both were in good agreement with the experiment.
Isomer III, though higher in energy in all levels of theory, could not be ruled out on
the basis of the simulated spectrum and could make minor contributions to the
observed spectrum. But the comparison between theory and experiment could not
determine either isomer I or II as the global minimum. They might be present
experimentally in comparable populations, giving rise to the broad PES features.

All the three low-lying isomers of B, consisted of sixteen peripheral atoms and
eleven interior atoms. However, chemical bonding analyses of isomers I to III revealed
that the presence of the hexagonal hole had significant consequences in the bonding
and electronic structures of the different isomers. AANDP analyses showed that isomer
I consisted of sixteen 2c—2e peripheral ¢ bonds, sixteen delocalised o bonds, and nine
delocalised 7 bonds. For isomers II and III, each was found to consist of sixteen 2c—2e
peripheral o bonds, seventeen delocalised ¢ bonds, and eight delocalised 7 bonds. The
presence of the hexagonal hole seemed to favour more delocalised o bond over 7 bond.

The appearance of a hexagonal hole among the global minima in B,; was
interesting. In fact, B;; was the smallest boron cluster with such a structural feature
among its most stable isomers. Isomers with hexagonal holes were observed in smaller

PP AVAVAV AN
AV\V/\%/A@A

/A\/A\VA%
AVAVAYAY,

Figure 38. (Colour online) The global minimum and low-lying isomers of B, at three levels of
theory: PBEO (top), TPSSh (middle), and CCSD(T) (bottom) [36].
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clusters, but they were all high energy isomers (see Figures 25, 27, 35). As will be
discussed below, the 36-atom boron cluster was first discovered to have a hexagonal
planar structure featuring a hexagonal hole, which provided indirect experimental evi-
dence for the viability of borophenes [45]. It was also interesting to note that 2D clus-
ters with heptagonal holes also appeared to be among the low-lying isomers in B, (VI
and VII in Figure 38). As will be shown below, heptagonal holes were observed in the
first all-boron fullerene, By [46], and they seemed to be common in borospherenes.

Recently, a computational study has been presented on B,, (n = 26—29) at both PBE
and CCSD(T) levels of theory by Tai et al. [129]. The global minimum of their B,
was similar to isomer II in Figure 38 with a low-lying isomer, which appeared to be a
mirror-image of isomer III (which is chiral). However, isomer I was not among the
presented low-lying structures by Tai et al. Furthermore, the presented simulated photo-
electrons spectra for the two low-lying isomers seemed to have little resemblance to the
experimental spectrum shown in Figure 37(a).

6. Borophenes and boron clusters with hexagonal vacancies

The preliminary Figure 11 showed that the B3, cluster had an unusually low electron
binding energy, suggesting that it might have an interesting structure with high symme-
try. However, for several years it could not be solved because of the challenges of glo-
bal minimum searches. With the increasing computational power and the development
of the CW global minimum search method, a breakthrough was made in 2013 to solve
the structures of By, and Bse [45]. Their quasi-planar hexagonal global minima with a
central hexagonal hole were quite surprising and they provided indirect experimental
evidence for the viability of mono-layer boron sheets with hexagonal vacancies, dubbed
borophenes. Upon solving Bj,, the solutions of several mid-sized boron clusters were
quickly followed [130-132], including the even more surprising B,y borospherene [46],
which will be discussed in the next section.

6.1. The hexagonal planar B;4 and evidence for the viability of borophene
6.1.1. PES and comparison with theoretical calculations

The photoelectron spectra of B;, are shown in Figure 39 at two detachment photon
energies, revealing anomalously low electron binding energies [45]. The ground state
band (X) yielded a first VDE of 3.3eV and an ADE of 3.12eV (Table 1 and
Figure 11). The ADE also represented the EA of neutral Bsg, and it was lower than that
of all the smaller clusters above B,y. The global minimum of B, was first searched
using the CW method. Among roughly 500 trial structures, a quasi-planar structure
with near Cq, symmetry and a central hexagonal hole was found to be the lowest
energy structure. To confirm this result, the global minimum was further searched using
a constrained basin-hopping method, called TMmin, developed in Jun Li’s group at
Tsinghua University [45]. Among the approximately 2500 structures generated by
TGmin, again a pseudo-Cg, B3, was found to be the global minimum, consistent with
the CW search. The global minimum and two low-lying isomers of B;, are shown in
Figure 40(a). The global minimum of B; actually had C,, symmetry with a doublet
electronic state (*A,), slightly distorted from the perfectly hexagonal Cg, symmetry. At
the PEBO level of theory, the second isomer had a tubular or triple-ring structure and
the third isomer was 2D with a hexagonal and a heptagonal double hole. At the higher
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Figure 39. The photoelectron spectra of B;, at (a) 266 nm and (b) 193 nm [45].

CCSD level, the 2D isomer IIl was only 1.17 kcal/mol above the global minimum,
whereas the tubular isomer II was much higher in energy, being 23.97 kcal/mol above
the global minimum. For neutral B;e, the structures of the anions by removing an elec-
tron were optimised at the PBEO level of theory. The hexagonal global minimum
became perfectly Cq, symmetry with a close-shell electronic configuration (I° in
Figure 40(b)). The tubular and the double-hole 2D isomer were at least 20 kcal/mol
higher in energy.

The simulated spectra of isomers I to III are compared with the experimental spec-
trum in Figure 41. The simulated spectrum of isomer I was in excellent agreement with
the experiment, providing unequivocal evidence for the hexagonal global minimum for
Bj34. The simulated spectrum of the tubular isomer II did not agree with the experiment.
On the bases of both the simulated spectrum and the energetics, the tubular structure
could be ruled out. If the CCSD energy was reliable, the double-hole 2D isomer III
should be accessible experimentally. The simulated spectrum of isomer III would be
overlapped with features of the dominating global minimum. The weak X’ feature was
in good agreement with the first calculated VDE of isomer III and could be taken as
experimental evidence for the population of the double hole 2D isomer, which was
quite interesting on its own right, though in the neutral this isomer was much higher in
energy at the PBEO level (II° in Figure 40(b)).
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Il (Dan, 2Bau) Il (C., 2A")
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Figure 40. (Colour online) The global minimum and low-lying isomers of B (a) and Bsg (b)
[45].

6.1.2. Chemical bonding analyses

Results of chemical bonding analyses for the Cg, B3¢ using AANDP are shown in
Figure 42. Because the peripheral bonds were not equivalent, twelve 2c—2e peripheral
o bonds were found and the six slightly longer peripheral bonds were found to involve
in 3c—2e o bonds. The inner B¢ hexagon was also found to involve in six 3c—2e ¢
bonds. There were eighteen 4c—2e ¢ bonds, which suggested that the Bsg cluster could
be viewed as six filled hexagonal B; (B@Bg) units. The 7 bonding patterns were also
very interesting. There were six 4c—2e 7 bonds on the outer part of the B34 cluster and
six completely delocalised 36c—2e 7 bonds. Because the AANDP analyses did not give
unique solutions for the bonding pattern [85], Chen at el. found a beautiful analogy of
the 7 bonding pattern of B3¢ with that of coronene with slightly lower occupation num-
bers [133], extending the PAH analogy of 2D boron cluster to a very large system.

6.1.3. The implication of the hexagonal B;sg for the viability of borophenes

Because of its electron deficiency, boron cannot form the hexagonal layers like
graphene. By filling a boron atom to the centre of the hexagon in a graphene-like struc-
ture, one obtains a boron sheet with a triangular lattice, which has been considered for
boron nanotubes [134,135]. However, such a triangular lattice is too electron-rich and
out-of-plane distortions occur, giving rise to a rippled boron layer [136-139]. It was
proposed via DFT calculations that a triangular lattice with periodic hexagonal holes
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Figure 41. (Colour online) Comparison of the photoelectron spectrum of B3, (a) with simulated
spectra from isomers I-III of B, in Figure 40 [45].
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12 2¢-2e o bond 12 3c-2e ¢ bond 18 4¢-2e o bond 6 4c-2e  bond
ON=1.85|e| ON =1.86 - 1.95 |e| ON =1.91-1.95|e] ON =1.86 |e|

6 36¢-2e T bond
ON =2.00 [e|

Figure 42. (Colour online) AANDP analyses of the chemical bonding in the global minimum of
B¢ [45]. ON indicates the occupation number.

was much more stable than a close-packed triangular lattice [140,141]. More impor-
tantly, such a structure was perfectly planar and would be better to form boron nan-
otubes [141,142]. However, monolayer boron has not been realised experimentally,
even though there have been extensive theoretical studies [143—148].

The hexagonal hole in the B3¢ cluster is reminiscent of the hexagonal holes in the
2D boron sheets [140,141]. The B¢ cluster can be viewed as the analogous boron unit
of the hexagonal Cg unit in graphene to form extended graphene-like boron nanostruc-
tures with hexagonal holes, as shown schematically in Figure 43. The structure shown
in Figure 43 represented a hexagonal hole density of # = 1/27 (one vacancy per 27 lat-
tice sites in a triangular lattice), as defined for the 2D boron sheet [140]. The structure
in Figure 43 was constructed by sharing a row of B atoms between two neighbouring
B3 units. The apex atoms (circled in Figure 43) were shared by three neighbouring
B3 units. If these atoms were removed, one arrived at the more stable a-sheet with
n=1/9 [140,141]. A B3¢ model cluster was used to analyse the bonding in the pro-
posed a-sheet [99], which was equivalent to removing all six apex B atoms in the Bsg
cluster. Hence, it was suggested that the B;¢ cluster could be viewed as the embryo for
the proposed stable 2D boron sheets. More importantly, the hexagonal Bss provided
indirect evidence for the viability of monolayered boron with hexagonal vacancies. A
name ‘borophene’ was, thus, coined to designate this class of new boron nanostructures
[45].

However, it should be pointed out that Figure 43 was only schematically showing
the relationship between the Bsq cluster with a hexagonal hole and the putative
borophene. It did not represent the growth mechanism of borophenes. Because bulk
boron does not have a layered structure, it would be difficult to achieve free-standing
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Figure 43. (Colour online) A schematic view of building up an atom-thin boron sheet with
hexagonal holes or borophene using the hexagonal Bz by sharing one role of boron atoms
between neighbouring Bsg units [45]. Removal of the circled atoms would result in the so-called
a-sheet.

borophenes. It is likely that borophene would have to be grown on relatively inert
substrates. It was suggested computationally that coinage metals would be suitable sub-
strates for borophenes or they may be formed on surfaces of metal borides [146—148].
Thus, B3¢ or other small boron clusters with hexagonal holes may serve as the nucleus
for the formation of large scale borophenes on surfaces.

Several theoretical studies on large boron clusters have appeared recently, reporting
2D structures with various arrangements of hexagonal holes. Xu et al. investigated B,
(n=30-51) and found a stable planar Byg cluster with a double-hexagonal vacancy
(DHV) [149]. Kumar and co-workers studied the Bg, cluster and found a quasi-planar
structure with four hexagonal holes [150]. This 2D structure was shown to be more
stable than various tubular structures containing hexagonal holes.

6.2. B;;: a planar boron cluster with a DHV and a more flexible motif for
borophenes

The photoelectron spectrum of B3s at 193 nm shown in Figure 44(a) was well resolved
and appeared relatively simple, suggesting that there were likely no mixtures of
low-lying isomers [131]. The B5 spectrum displayed some resemblance to the high
binding energy part of the Bj; spectrum minus the X band (Figure 39(b)). This
observation hinted that the structure of B;5 might be similar to B3;. A thorough global
minimum search was carried out using TGmin, as well as minimum-hopping [151].
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The global minimum of B3y is shown in Figure 45, featuring a DHV. The global
minimum of Bj; was quasi-planar with a closed shell electronic state ('A’). The
lowest-lying isomer was in fact a triplet state of the same structure as the global
minimum at 12 kcal/mol above the global minimum singlet state at the PBEO level of
theory. All other isomers were at least 14 kcal/mol higher in energy above the global
minimum, suggesting the overwhelming stability of the DHV structure for Bj;. The
simulated spectrum of the DHV global minimum of Bj; is compared with the
experiment in Figure 44. The agreement with the experiment was almost quantitative,
providing firm confirmation of the stability of the DHV global minimum for B;;. The
excellent agreement between experiment and theory also indicated that there was no
population of low-lying isomers experimentally.

The DHV global minimum of B35 could be viewed as removing an atom from the
hexagonal By cluster with little structural change. In fact, the DHV structure of Bj;
could be overlaid on top of the hexagonal B3, global minimum, consistent with the
PES similarity of the two clusters. Chemical bonding analyses for B;; using AANDP
are shown in Figure 46(a), featuring eighteen localised 2c—2e peripheral ¢ bonds and a

(a) 193 nm B

IlIIIIIIIIIllI[IllIIIlll]lllllllll]lllllllll

(b) Simulated Spectrum

2 3 4 5 6
Binding Energy (eV)

Figure 44. (Colour online) The photoelectron spectrum of BJ; at 193 nm (a), compared with the
simulated spectrum of the global minimum of B3 (Figure 45) [131].
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Figure 45. (Colour online) The global minimum of B3y and Bss [131].

localised interior 2c—2e o bond between the two hexagonal holes. A similar localised
interior 2c—2e ¢ bond was observed in B,; between its two pentagonal holes (Figure 25)
[32]. In addition, there were twenty-three delocalised o bonds and eleven delocalised #
bonds. The = bonding in B35 was found to be analogous to that in the benzo(g,h,i)pery-
lene PAH molecule (C,,H;5), as shown in Figure 46(b).

The central hexagonal hole in the Cg, Bsg was critical for its 2D structure. The
slight out-of-plane distortion was really due to the peripheral effect, i.e. the peripheral
B-B bonds tend to be stronger or slightly shorter than the interior B-B bonds. It was
interesting to note that the second hexagonal hole in B3s~ induced very little structural
distortion and in fact made the cluster slightly more planar, reinforcing the importance
of hexagonal vacancies in the stabilisation of borophenes. The hexagonal B3¢ cluster
was considered as a motif for borophene consisting of isolated hexagonal holes or the
o-sheet (Figure 43). Other monolayer boron sheets were also considered theoretically
with different hexagonal hole density and patterns [143,144]. For example, the
so-called f-sheet referred to boron monolayers with DHVs or adjacent hexagonal holes
[140]. It was found that the planar Bss cluster was in fact a more flexible motif to con-
struct borophenes with DHVs or mixed hexagonal holes and DHVs. Figure 47 shows
schematically two such arrangements [131]. Other arrangements of the Bss clusters
would be possible, allowing the creation of borophenes with different hole densities.

6.3. B;,: a quasi-planar chiral cluster with a hexagonal vacancy

The structures of B35 and B, showed that the hexagonal vacancy was a characteristic
structural feature for mid-sized boron clusters. For smaller clusters, tetragonal and pen-
tagonal defects were common (Figure 8). In fact, B,; was the smallest boron cluster to
have a hexagonal hole among its low-lying structures (Figures 8 and 38). To find the
smallest boron clusters with the hexagonal hole, By, was first studied before B;; was
solved [130], partly because B3, had a more distinct photoelectron spectrum, as shown
in Figure 48(a) at 193 nm. The X and A band separation in the spectrum indicated a
significant HOMO-LUMO gap in neutral Bso. The global minimum search for B3, was
done using the TGmin code [45]. The top eleven isomers were computed at both the
PBEO and LPNO-CCSD levels of theory, as shown in Figure 49. The global minimum
was found to be a degenerate pair of quasi-planar structure (I and II in Figure 49), each
featuring a hexagonal hole. It turned out that isomers I and II were mirror images of
each other and were the enantiomers of a chiral global minimum. Isomer III was only
1.9 kcal/mol higher in energy also featuring a hexagonal hole in a different position of
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19 x 2c-2e ¢ bonds 9 x 3c-2e 0 bonds 14 x 4c-2e o bonds
ON =1.75-1.96 |e| ON =1.89-1.94 |e| ON = 1.86-1.95 |e|

5 x 5¢c-2e 1 bonds 3 x 11c-2e 1 bonds
ON = 1.69-1.92 |e| ON = 1.59-1.79 |e|

3 x 35¢-2e 1 bonds
ON =2.00 |e|

12 x 2c-2e o bonds 27 x 3c-2e o bonds 5 x 5¢c-2e 1 bonds
ON = 1.98 |e| ON=197-1.99|e] ON=1.69-1.80 |e|

3 x 6¢-2e T bonds
ON = 1.58-1.86 |e|

3 x 22¢-2e 1 bonds
ON =2.00 |e|

Figure 46. (Colour online) Comparison of the chemical bonding of B3y with that of the C,H;»
PAH molecule using AANDP analyses [131]. Note the similarity in 7 bonding in the two systems.
ON indicates the occupation number.
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Figure 47. (Colour online) Schematics of building up borophenes with two different hexagonal hole
patterns using the Bss units [131]. The blue shaded area represents a single B;s unit and the green area
in (a) indicate monohexagonal holes created as a result of the arrangement of the B;s units.

the quasi-planar structure. Isomer IV was a low-symmetry 3D structure. Both the dou-
ble ring (V) and triple ring (XI) structures were found to be higher energy isomers. All
other isomers were 2D with either pentagonal or hexagonal holes.

Isomers I and II gave the same simulated spectrum (Figure 48(b)), which was in
good agreement with the experimental spectrum. The simulated spectrum of isomer III
is shown in Figure 48(c) and it overlapped with the features of the global minimum.
Isomer III could be weakly populated in the experiment and make minor contributions
to the observed spectrum, on the bases of both the simulated spectrum and the relative
energetics. Chemical bonding analyses using AANDP are shown in Figure 50 for the
closed-shell Bj, at the anion geometry. The C; Bj, consisted of seventeen 2c—2e loca-
lised peripheral ¢ bonds, nineteen delocalised ¢ bonds, and nine delocalised 7 bonds.

Chirality is important in chemistry. The two chiral isomers of B, were indepen-
dently found in the global minimum search. The chirality of the global minimum of
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Figure 48. (Colour online) The photoelectron spectrum of B3, at 193 nm (a), compared with the
simulated spectra of the chiral global minimum of B3, (b) and its low-lying isomer III (c) (see
Figure 49) [130].

B3, was due to the nonplanarity, because truly planar clusters or clusters with central
symmetries could not be chiral. Figure 51 shows the barrier for the chiral transforma-
tion, involving the inversion of the nonplanar cluster. The chiral barrier was found to
be 6.2 kcal/mol at the CCSD level of theory with a nearly planar transition state. This
barrier was significant relative to the thermal energy at room temperature and thus the
two chiral isomers could co-exist experimentally. A computational investigation by Tai
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Figure 49. (Colour online) The global minimum and low-lying isomers of Bj, at PBEO and
LPNO-CCSD (in curly brackets) levels of theory. Note that isomers I and II are enantiomers of a
chiral global minimum [130].

17 2c-2e o bonds 13 3c-2e o bonds 6 4c-2e ¢ bonds
ON=17-1.9 |e| ON=1.8-2.0|e| ON=18-1.9 |e|

8 4c-2e 1 bonds 1 5¢-2e 1 bond
ON=16-1.8|e| ON=1.7 |e]|

Figure 50. (Colour online) AANDP analyses of the chemical bonding in the closed-shell Bsq
global minimum. ON indicates the occupation number [130].

et al. found the global minimum of neutral B3y, had a bowl shape with a pentagonal
hole [152], similar to isomer IX for the Bj, in Figure 49. Clearly, this isomer was a
much higher energy structure in the anion.
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Figure 51. (Colour online) A schematic drawing of the potential energy curve for the chiral
transformation between the two chiral enantiomers of B3, via the bending coordinate [130].

7. All-boron cage clusters: borospherenes

In addition to the unusually low EA for Bsg, the preliminary Figure 11 showed that
B4o had an even lower EA, suggesting a very stable electronic system for this clus-
ter. Over the years, several structures were tested, mainly the tubular types, but none
agreed with the experiment. The 40-atom boron cluster was finally solved after the
solution of B;¢ as a result of new global minimum search methods and increased
computer powers through a multi-way experimental and theoretical collaborative
effort [46].

7.1. B, and Byy: the first all-boron fullerene — borospherene
7.1.1. PES and global minimum searches

The photoelectron spectra of B, at two detachment photon energies are shown in
Figure 52 [46]. The weak X’ peak defined a very low EA of 2.50 eV for Byy. The
weak intensity of this peak suggested that it might come from a weakly populated
isomer, whereas the X band might represent the ground state transition for the main
isomer of the B, anion. The global minimum of By, was searched using two methods
independently, the TGmin code [45] and the stochastic surface walking (SSW) method
[153]. A total of 5300 structures were searched for B,; by TGmin and 3565 structures
by SSW. Similar searches were performed for neutral By using TGmin and SSW.
Figure 53 displays the configurational energy spectra within 1.5 eV of the global mini-
mum for both By, and B4y at the PBEO level of theory. The structures of the global
minima and selected isomers are given. In general, three types of structures were found:
quasi-planar, 3D cage, and tubular structures (Figure 53(a)). The global minimum of
B,, was a quasi-planar structure with a DHV, similar to that of B3; (Figure 45). Most
interestingly, the second isomer of B,, was a cage structure only 0.1 eV above the
DHYV planar global minimum. The third isomer was a quasi-planar structure, similar to
B, (Figure 40). The fourth isomer was also a cage structure, while the fifth isomer
was planar, featuring a heptagon. B,, was the first boron cluster, where a heptagonal
hole appeared in a low-lying 2D isomer.
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Figure 52. (Colour online) Photoelectron spectra of By, at (a) 266 nm and (b) 193 nm [46].

7.1.2. Experimental confirmation and characterisation of the first all-boron fullerene

The simulated spectrum of the DHV global minimum was compared with the experi-
ment in Figure 54. The DHV global minimum gave very high electron binding energies
and its simulated spectrum was in good agreement with the intense PES features (X,
A-D). The cage isomer was very close to the DHV global minimum in energy and
could be populated experimentally. The simulated spectrum of the cage structure was
shown in Figure 54(c). The cage structure exhibited a very large HOMO-LUMO gap
and a very low electron binding energy for its first detachment feature, in excellent
agreement with the weak PES band (X’) at the low binding energy side. The higher
binding energy detachment features of the cage isomer overlapped with the PES bands
of the DHV global minimum. The combination of the two lowest-energy isomers was
in perfect agreement with the experiment, providing considerable credence for the
global minimum of B, and its low-lying cage isomer.

There was a re-ordering of the different isomers in neutral B4y (Figure 53(b)). In
the neutral, the cage structure was the global minimum and was overwhelmingly stable.
The lowest isomer of B4y was also a cage 0.5 eV higher in energy, whereas the DHV
isomer was about 1 eV higher in energy in the neutral. The detailed structures of the
DHYV global minimum and the cage isomer are shown in Figure 55 for both the anion
and the neutral species. There was relatively little structural change between the anions
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Figure 53. (Colour online) The configurational energy spectra of (a) By, and (b) B4y at the
PBEDO level of theory. The global minima and structures of selected isomers are shown [46]. Note
the overwhelming stability of the D,q4 cage for neutral Byy.

and the neutrals of the two isomers. The DHV isomer had Cy symmetry with a slight
bowl shape.

The cage structure had D,y symmetry, with two hexagons and four heptagons
with an overall shape akin to a Chinese red lantern. The cage structure was unprece-
dented for boron clusters. Even though a Bg, cage was suggested computationally
previously [154], subsequent calculations showed that it was energetically unfavour-
able in comparison with other low-symmetry more closed packed structures
[155-158]. The By, cage had a diameter of 6.2 A, compared to the 7.1 A diameter
for the fullerene Cqp [64]. The B,, cage was the first all-boron fullerene to be
observed and characterised experimentally. A name, ‘borospherene’, was coined for
the all-boron fullerene [46].
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Figure 54. (Colour online) Comparison of the simulated spectra of the global minimum planar
B, (b) and the D54 borospherene cage (c) with the experimental spectrum [46].

7.1.3. The electronic structure, chemical bonding, and stability of the B,y borospherene

The low binding energy PES feature (X’) for the B, cage implied a large
HOMO-LUMO gap for the neutral species, as was borne out by the simulated spectrum
(Figure 54(c)). The frontier MOs of the By, cage is shown in Figure 56, with a
computed HOMO-LUMO gap of 3.13 eV at the PBEO level, suggesting the By



Downloaded by [Brown University Library] at 17:48 23 March 2016

International Reviews in Physical Chemistry 125

1.C, B, (2A) 2.D,,B, (?B,)
1A 1
3.C,B,, ('A) 4.0, B, (A)

Figure 55. (Colour online) More detailed top and side views of the two lowest energy structures
of By, and the corresponding neutrals [46]. The shades in the cage structures were for easier
viewing.

borospherene was an extremely stable electronic system. The large HOMO-LUMO gap
implied that the extra electron in its anion would be in a much higher energy orbital,
making it less stable as an anion, which explained the reverse of stability in the anion
between the cage and the DHV isomers (Figure 53). The LUMO of the By, boro-
spherene was a nondegenerate orbital of b, symmetry (Figure 56). Occupation of the
LUMO in the anion gave rise to the B, electronic state (2 in Figure 55) for the anion
with the same D,q symmetry as the neutral, resulting in little structural change. Zeng
and co-workers recently studied the electronic and vibrational absorption spectra of the
B4 borospherene [159]. Their computed electronic absorption threshold of 1.96 eV,
corresponding to the HOMO — LUMO transition, was in good agreement with the
separation of the first and second simulated PES bands in Figure 54(c).

The chemical bonding of borospherene was analysed using AANDP, as shown in
Figure 57. There were forty 3c—2e and eight 6¢c—2e o bonds, which basically
corresponded to a multi-centre ¢ bond for each of the forty-eight B; triangles on the
borospherene surface. There were twelve delocalised 7z bonds, leaving no localised
bonds in borospherene. Both the ¢ and = bonds were uniformly distributed over the
borospherene surface, resulting in the extraordinarily stable electronic structure for
borospherene.

The stability of the B,y borospherene was further studied using molecular dynamics
(MD) simulations [46], as shown in Figure 58. The MD simulations showed that the
B4 borospherene was highly robust even at high temperatures, dynamically stable at
700 and 1000 K for the 30 ps duration used in the simulation (Figure 58). Merino and
co-workers carried out more detailed MD simulations and found that the By, boro-
spherene was fluxional above 1200 K [160]. They observed continuous conversions
between the hexagonal and heptagonal rings on the borospherene surface with an acti-
vation barrier of 14.3 kcal/mol. They concluded that below 1000 K, borospherene
behaved as a solid, consistent with the MD simulations in Figure 58. Between 1200
and 1500 K, borospherene could be described as a 2D liquid-like system due to the
continuous conversion between the hexagonal and heptagonal rings on the cage surface.
Hence, under high temperatures the By, borospherene behaved like a spherical 2D
liquid or a nanobubble [160].
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Figure 56. (Colour online) The frontier MO energy levels of the D,g B4g cage. The contours of
the HOMO and LUMO and the HOMO-LUMO gap are indicated [46].

7.1.4. The electronic structure and chemical bonding of the planar isomer of B,y and
its charge-state-dependent stability

The DHV planar global minimum of By, was also extremely interesting. It was shown
above that the reverse of stability between this structure and the borospherene cage in
the anion and neutral states was due to the large HOMO-LUMO gap of the cage, that
resulted in a very small EA for borospherene. It was also due to the fact that the DHV
structure had a small HOMO-LUMO gap with a very large EA, as could be seen from
the small separation between the first and second simulated PES bands in Figure 54(b).
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Figure 57. (Colour online) AANDP analyses of the
fullerene [46]. ON indicates the occupation number.
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Figure 58. (Colour online) Born-Oppenheimer molecular dynamics simulations of the Byg
borospherene at (a) 700 K and (b) 1000 K for 30 ps using the CP2 K software suite (http://cp2 k.
berlios.de/). The root-mean-square-deviation (RMSD) and maximum bond length deviation
(MAXD) values on average are given in angstrom [46].

The measured EA of 3.51 eV for the DHV structure was higher than that of
borospherene (2.50 eV) by 1 eV. This difference in their EAs directly led to the near
degeneracy of the two structures in the anions, because the DHV isomer was much
higher in energy as a neutral. The energetic relationships between the different charge
states are shown in Figure 59. Remarkably, because of the smaller HOMO-LUMO gap


http://cp2<?show [nbSP]?>k.berlios.de/
http://cp2<?show [nbSP]?>k.berlios.de/
http://cp2<?show [nbSP]?>k.berlios.de/

Downloaded by [Brown University Library] at 17:48 23 March 2016

128 L.-S. Wang

of the DHV isomer and its high EA, the addition of a second electron led to an
extremely stable DHV B, dianion with a positive second EA of 0.68 eV (Figure 59).
This was also an extraordinary result, suggesting that the closed shell DHV Bia was a
thermodynamically stable species. Naturally, the filling of a second electron to the high
energy LUMO of borospherene led to a much less stable Bﬁg borospherene cage
(Figure 59).

The chemical bonding of the DHV 2D structure of By, was also interesting. The 7«
bonding pattern of the planar B,, was found to be similar to the C,,H,;" PAH mole-
cule [161], as shown in Figure 60. The AANDP analyses showed more clearly the anal-
ogy between the z bonding in the closed-shell DHV Big and the closed-shell C,,H,;"
PAH, as displayed in Figure 61, extending the hydrocarbon analogy to the largest 2D
boron cluster thus far.

7.1.5. The competition between the cage and the planar structures as a function of
boron cluster size

In addition to the proposed Bgq cage, various smaller boron cages had been considered
computationally [162—-167]. To provide further insight into the stability of the B4o boro-
spherene, its cohesive energy (E..,) at the PBEO level of theory was compared with
selected neutral boron clusters in Figure 62. As expected, the cohesive energies of the
2D boron clusters increased monotonically with the cluster size from B, to Byy. Inter-
estingly, low-lying cage-like structures started to emerge at B;,. The cage isomers for
B3, and Bi3g were found to be less stable than their respective 2D structures by
0.028 eV/atom and 0.081 eV/atom, respectively. The crossover was estimated to be at
Bsg. The By fullerene was overwhelmingly more stable than the 2D structure, even

Energy (eV)

AE=1.46

Figure 59. (Colour online) Comparison of the relative stabilities (AE) of the C planar and the
D,q4 cage structures of By at different charge states at the PEBO level of theory. The computed
ADEs of the Cs By, (ADE,), the Dyy4 B,, (ADE;), and the first ADE of the C, Big (ADE;) are
given. Note that the C; Bﬁa dianion was predicted to be a thermodynamically stable species [46].
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Figure 60. (Colour online) Comparison of the 7 MOs of (a) the C; B, and (b) the Co7His"
PAH molecular ion [46]. The singly occupied MO of By, is labelled as SOMO.

though for the By, anion the 2D structure was slightly more stable than the cage struc-
ture (Figure 53).

Recently, Lv et al. reported that the B;g cluster had a cage global minimum at the
PBEO, PBE, and MP2 levels of theory [168]. A DHV 2D isomer, similar to the DHV
B, global minimum, was only 0.21 and 0.02 eV above the cage structure at PBEO and
PBE, respectively. However, a subsequent comment by Tai et al. showed that the
relative energies between the cage and DHV isomers were method-dependent [169]. At
the TPSSH level of theory, the cage isomer was higher in energy than the DHV isomer
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Figure 61. (Colour online) Comparison of the ANDP bonding analyses for (a) the closed-shell
C, B2, and (b) the closed-shell C,7H;3" PAH molecular ion [46].

by 0.34 eV, whereas at the CCSD(T) level the cage was nearly degenerate with the
DHYV isomer, only 0.02 eV higher in energy. These results were consistent with the data
shown in Figure 62, where the 2D and cage crossed over at Bsg. It should be noted that
Figure 62 showed the slopes of the cage and 2D cohesive energy curves were different.
In fact, the gap between the 2D and cage isomers was closing from B;4 to Bs,. Extrap-
olating that trend, one would find that the two cohesive energy curves would cross at
B,; or B,g again, where the cohesive energy of the cage would be equal to or larger
than the 2D isomers. Interestingly, Zhao et al. recently reported a cage structure as the
global minimum for B,g, whereas a 2D isomer was nearly degenerate with the cage,
only 0.029 eV higher in energy [170], exactly as Figure 62 anticipated. Clearly, the
competition between the different structural types is complicated and is not a simple
function of size. There is experimental evidence that the cage isomer is present in the
photoelectron spectrum of By as a minor species in a very recent study[171].

The large volume inside the By borospherene suggested that it could host addi-
tional atoms [46], similar to endohedral fullerenes [172,173]. Indeed, endohedral boro-
spherenes have been investigated recently. Jin ef al. have reported calculations of
M@B4y (M = Sc, Y, La) [174]. They found that the metal atoms tended to locate off
centre, similar to the M@Cg, endohedral fullerene family [173]. They further calculated
the dimerisation of M@B,( and their IR and NMR spectra. Bai ef al. reported calcula-
tions on the doping of the B4 borospherene with alkali earth elements and found that
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Figure 62. (Colour online) The cohesive energies per atom for B, (n = 7—40) clusters computed
at the PBEO level of theory. The black stars stand for the planar or double ring (B,g) structures
of B,. The red circles stand for the cage structures of Bs,, Bss, and Byo. The lines are drawn to
guide the eyes [46].

Ca and Sr stay in the centre of the borospherene, while Be and Mg favour exohedral
doping [175].

7.2. B3y: a chiral borospherene
7.2.1. PES and global minimum searches

The cohesive energy curves shown in Figure 62 suggested that the global minimum of
B3, might be a cage structure. However, the photoelectron spectrum of B3, was quite
complicated, posing considerable challenges for comparison with theory. The spectrum
of By, at 193 nm is shown in Figure 63(a) [132]. Its electron binding energies were
considerably higher than that of B,,. The spectrum was congested with numerous
unresolved features, suggesting the possibility of co-exiting isomers in the cluster beam.
Global minimum searches for B3, were done using the minimum-hopping and TGmin
methods independently. Initial structures for the minimum-hopping searches were
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primarily based on the B,y cage structure by removing one boron atom from different
positions of the borospherene surface, as well as manual structural constructions. About
5000 isomers were found from eight independent minimum-hopping searches. Many
cage-like structures were found to be among the low-lying isomers, along with 2D and
tubular type isomers. More than 4600 isomers were produced independently using the
TGmin code. The low-lying isomers within 0.5 eV of the global minimum are shown

in Figure 64 at the CCSD(T) level of theory.

(a) .
Experimental F G
193 nm E
A B C D
X

1 2 3 4 5 6
(b)

1 2 3 4 5 6
(c)

1 2 3 4 5 6

Binding Energy (eV)

Figure 63. (Colour online) The photoelectron spectrum of B3, at 193 nm (a), compared with the
simulated spectra of the C; global minimum of B3, (b) and its C, low-lying isomer (c) [132].
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Figure 65 shows in more detail the global minimum C; cage structure of B3, at the
CCSD(T) level and the second lowest-lying C, cage isomer, which is only 0.08 eV
above the C; isomer. It was found that both the C; and C, cage isomers were axially
chiral and their enantiomers are also shown in Figure 65, where the hexagonal and hep-
tagonal rings are shaded for better structural viewing. The degenerate global minima
C5(1) and C3(1’) formed a pair of axially chiral enantiomers with respect to the Cs
symmetry axis; the C,(2) and C,(2’) isomers formed a pair of axially chiral enan-
tiomers about the C, symmetry axis. Among the first ten most stable isomers at the
CCSD(T) level (Figure 64), there were five additional low-symmetry cages: C;(3),
Ci(5), C,(6), C5(8), and C,(10), which were all chiral in nature. The first non-cage iso-
mer had a slightly distorted tubular structure (4 in Figure 64). The first quasi-planar
isomer (7, Cs) was 0.28 eV above the global minimum at CCSD(T) and it was similar
to the hexagonal B;, cluster by attaching three B atoms along one edge (Figure 40).
Another quasi-planar isomer (9, C,) had a central heptagonal hole.

The simulated spectrum for the C; global minimum (Figure 63(b)) was compared
with the experiment in Figure 63 and was in agreement with some of the observed fea-
tures. Clearly, other isomers must be populated experimentally and contributed to the
observed spectrum. The simulated spectrum of the low-lying C, isomer is shown in
Figure 63(c). The combination of the two isomers agreed well with the experiment.

7.2.2. The structure and bonding of the B3, chiral borospherene

The structure and bonding of the chiral C5(1) and C,(2) cage structures of B;, were
related to those of the B4y borospherene. The C5(1) B3, could be constructed from the
By cage by replacing a B; heptagon with a B¢ hexagon, followed by a structural rear-
rangement. Hence, the C; cage consisted of three heptagons on the top half and three
hexagons on the bottom half, as well as forty-seven triangles. It had a closed-shell elec-
tronic structure with a large HOMO-LUMO gap of 2.89 eV at the PBEO level, com-
pared with the 3.13 eV gap of By at the same level of theory. The C5(2) B;, cage
could be obtained from the B,y borospherene by removal of one B atom on the waist,
so that one of the boron double chain on the waist was narrowed to a single atom to
cause a ‘defect’ site (Figure 65). Thus, the C, cage had the same numbers of hexagons
and heptagons as the B4y borospherene, as well as forty-six triangles. It also had a
sizable HOMO-LUMO gap of 2.73 eV.

The chemical bonding of the C; and C, Bj, borospherenes was analysed using
AdNDP, as shown in Figure 66. The C3 cage possessed thirty-nine 3c—2e and eight 6¢—
2e o bonds (Figure 66(a)). For the 6¢c—2e o bonds, the central B; triangles made major
contributions. Thus, all forty-seven ¢ bonds were practically 3c—2e ¢ bonds, covering
the cage surface uniformly with one multi-centre ¢ bond for each Bj triangle. The
remaining 12 bonds formed the delocalised # framework. The three 6¢c—2e and three
Sc—2e 7w bonds were associated with the top and bottom Bg triangles perpendicular to
the C; symmetry axis, respectively. The six 6¢c—2e 7 bonds on the waist cover the zig-
zag double chain between the top and bottom Bg triangles. Thus, all the 118 valence
electrons in the C; B3y borospherene were evenly delocalised over the cage surface in
both the ¢ and 7 frameworks, which effectively compensated for boron’s intrinsic elec-
tron deficiency. This bonding pattern was similar to that in the B4y borospherene
(Figure 57) and seemed to be critical for the high stability of borospherenes. Because
of the less symmetric C, cage, an unusual 5c—2e ¢ bond was found (Figure 66(b)). It
could be approximately viewed as a B 2p lone-pair. Other than that, the bonding
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Figure 65. (Colour online) Detailed structures of the global minimum of the chiral C; B3y, its low-
lying chiral C, isomer, and their respective enantiomers. The shades are for easier viewing [132].
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Figure 66. (Colour online) AANDP bonding analyses for (a) the global minimum C; B3, and (b)
the low-lying C, isomer [132]. ON indicates the occupation number.

pattern in the C, B;, borospherene was similar to that in the C; isomer. The twelve
delocalised 7 bonds found in the B4 cage seemed to be characteristic of borospherenes,
and they were well maintained in both the C; and C, cages of By,.

Chen et al. reported recently a computational study of Bj, and B‘ZJ and found that
these boron cluster cations had cage structures with 7z bonding patterns also similar to
the B, borospherene [176]. The B, borospherene had C; symmetry and the BAZJ
borospherene had C, symmetry. Hence, both were chiral like B3y. Chen et al. further
considered doping of the B;, cage by Ca*" to form Ca@B], endohedral borospherenes
[177]. There appeared to be a family of borospherenes for mid-sized boron clusters,
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similar to the fullerene family. Large boron cages beyond Bg, have also been
considered computationally [158,164,178—184], but they are unlikely to be the global
minimum on the potential energy surfaces.

8. Summary and concluding remarks

Since the last comprehensive review in 2006 [28], significant progresses have been
made in our understanding of boron clusters by combining PES of size-selected
boron clusters with computational chemistry. Boron seems to be the ultimate ‘rule
breaker’, not only in its bulk forms, but also in the nanoscale. Even with the exten-
sive experimental and theoretical efforts, no rules or construction principles can be
derived to predict the structures or growth of boron clusters. Each cluster has its
own characteristics and requires the greatest care in global minimum searches and
careful comparison with experimental data in order to make reliable conclusions
about the most stable structures. That being said, a few general observations can still
be made. The planarity of boron clusters as anions persists up to Bj,, where both a
2D structure and the borospherene cage compete for the global minimum, despite the
fact that the borospherene cage was the overwhelmingly stable form for neutral Byg.
Most 2D boron clusters do not have perfect triangle lattices and contain various ‘de-
fects’ or ‘vacancies’. The size of the defects seems to increase with the cluster size
from tetragonal to even heptagonal holes appearing in low-lying 2D structures of the
large boron clusters. Heptagonal rings are rare in fullerenes [184—186], but they are
common in borospherenes. The 7z bonding patterns of the 2D boron clusters continue
to be found to be similar to PAH molecules, extending the all-boron hydrocarbon
analogues to By,: its 2D isomer with a DHV was found to have z bonding patterns
similar to the C,;H,;3" PAH cation.

The discovery of the 2D hexagonal Bsq cluster was a significant breakthrough in
our understanding of boron clusters, providing indirect experimental evidence for the
viability of atom-thin boron nanosheets or borophenes. The discovery of the first
all-boron fullerene in By, and B4, was a major landmark in the study of boron clus-
ters. It seems that there may be a family of borospherenes in the mid-size range, par-
allel to the fullerene family. These momentous findings have been tremendously
exciting and have stimulated renewed interests in boron clusters and nanostructures.
It is conceivable that the pace of discovery will continue to accelerate in boron
clusters and more interesting structures and chemical bonds will be uncovered with
increasing experimental and computational sophistication, laying the foundation for
novel boron nanostructures.
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