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Recently, a kind of anti-sandwich beryllium doped boron clusters with middle boron ring and beryllium units on
both sides have been experimentally obtained. These clusters attract our interests due to their special three
layers geometry with structural fluxionality and aromaticity. Therefore, the anti-sandwich Be,,,B,, (m = 1-3)
clusters are theoretically investigated in this paper to get a general view of this series of beryllium-boron binary
systems. The results indicate that all these clusters possessed three-layer geometries after optimization, whose
stability is demonstrated by diverse multi-aromaticity. Among these structures, Be4B1o2 ™ could be viewed as an
analogue of naphthalene depending on its pattern of delocalized = electrons, and BegB;, has a distorted boron
plane and high fluxionality with potential applications as a 3D Wankel motor. Our study further reveals

structural rules of anti-sandwich beryllium-boron binary clusters and enriches their structural diversity.

1. Introduction

Due to the electron-deficient [1-4] character of boron atom, boron
clusters exhibit diverse geometric structures and special chemical
properties, which attracts much attention [5-8]. During the past dec-
ades, a number of all-boron structures [9-18] have been systematically
investigated using photoelectron spectroscopy (PES) [19] combined
with quantum chemistry calculations, including quasi-planar, double
ring and multiple ring, tubular and fullerene-like forms [20-25]. The-
oretical investigations reveal that multi-center bonding systems and
special aromaticity [26,27] are all in these structures, indicating their
potential applications as inorganic materials.

Binary alloy clusters have rich structural and electronic properties
due to their flexible tenability, which have become an active area of
research in both science and technology [28-30]. Boron longs for extra
electrons from other electron donor atom to produce various doped
binary alloy clusters [31-42]. For metal-doped boron clusters [43], the
delocalized orbitals of boron motif could interact with d orbitals in
metal atoms, which made the cluster stable. Interestingly, the ferro-
cene-like B15'CrB;, cluster introduced by our group [44] exhibits a
special sandwich structure and a n-d-; interaction system. For non-
metallic doped boron clusters, of particular intriguing compounds are
beryllium doped clusters [45-49]. An increasing number of binary
beryllium-boron clusters were found both experimentally and theore-
tically and an intriguing triple-layered structure are investigated
[50-53]. In 2016, Cui et al. [45] stumbled upon two boron-based anti-
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sandwich clusters Be,B;~ and Be,Bg with the shortest Be-Be bond
through PES research, which is the earliest three-layered Be-B structure.
Then, Zhai group [50,51] characterized BegB1o2~ and BegB; ™ clusters,
which have an aromatic anti-sandwich structure with dynamic struc-
tural fluxionality [54-56].

The special three-layered structures of these beryllium-boron clus-
ters with aromatic character arouse our interests. In order to reveal the
nature of their geometric and electronic structures, we carry out the
study on a series of beryllium-boron anti-sandwich clusters Be,,,B,
(m = 1-3), composing of beryllium atoms on both sides and a middle
boron plane. The structures are optimized by density functional theory
(DFT) calculations, and the electronic structures are investigated to
reveal the aromatic and fluxional characters. Among them, Be4B, has a
naphthalene-like [57,58] electronic structure and BegB;, with distorted
boron plane could be viewed as a 3D Wankel motor with dual flux-
ionality of the structure.

2. Methods

The B-Be binary systems Be,,,B, (m = 1-3) are optimized using
DFT methods using the PBEO functional [59] with the 6-311G* basis
set. Further energies and frequency calculations are all performed at the
same level of theory. Frequency verifications show that these structures
have no virtual frequencies. The PBEO functional has been proven to be
reliable for all boron and doped boron clusters [60-62]. Furthermore,
the natural charges from natural population analysis (NPA) and
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Fig. 1. Optimized structures of Be,B, at the PBE0/6-311G* level of theory. The calculated bond lengths (A), symmetries, HOMO-LUMO energy gaps and atomic

partial charge of Be atoms are also labeled.

molecule orbitals (MO) are calculated to investigate the electronic
characters of these clusters, while adaptive natural density partitioning
(AANDP) [63] and localized orbital locator (LOL) [64] analysis are
carried out to reveal their multi-center bonding systems. All quantum
chemical calculations are performed with the Gaussian 09 package
[65]. Visualization of molecular orbitals is performed by Molekel 5.4
[66] and the Multiwfn [67] is used for LOL contour plots.

3. Results and discussions

Depending on previous experiments, geometric structures of Be,B,
(x = 6-10), BesB, (y = 8, 10) and Be¢B, (z = 9-12) are built and
optimized, which consists of two outer layers of beryllium units and a
middle boron plane.

3.1. BesB,, clusters (n = 6-10)

The optimized six clusters are shown in Fig. 1, which include 1
Be;Bs”" (Den), 2 BesBs”~ (Den), 3 BesB;~ (D7n), 4 BesBg (Dgn), 5
BeyBo™ (Dop) and 6 BeyBio>* (D1op). In these structures, two beryllium
atoms are above and below the boron ring respectively. The fairly large
HOMO-LUMO gaps (Ey, = 2.82-4.60 eV) indicate their high stability.
Further bond lengths and natural charges are performed to reveal
electronic characters of these clusters. The calculated B-B bond lengths
are within 1.52-1.61 i\, shorter than single B-B bond (1.67 A), in-
dicating orbital delocalization in the middle boron ring. However, the
distances between top and bottom Be atoms are even shorter than 2.0 A
(2.53 A for neutral Be,, 2.25 A for cation Be, ") except for 1. Moreover,
the Be atoms carry large positive charges from + 1.37e (6, Be;B1o>™")
to + 1.62e (1, Be;Bg2 1), indicating strong charge donations from Be,
to boron ring due to electron deficiency of boron.

For [Be,Bg]?™ (1) cluster, AANDP analysis reveals that, as shown in
Fig. 2a, there are six 2c-2e o bonds in the hexatomic boron ring
(ON = 1.94-1.98 |e|), and there is no bond between two beryllium
atoms. The rest electrons are delocalized in one 8c-2e o bond and three
8c-2e 1t bonds which exhibits double aromaticity depending on Hiickel’s
4n + 2rule. As shown in the figure, there is obvious contribution of Be
orbitals to the delocalized bonds. AANDP chemical bonding of Be,Bg (4)
shown in Fig. 2b also indicates double aromaticity with three deloca-
lized o bonds and three 5t bonds. Similarly, clusters 2, 3, 5 and 6 have
similar bonding patterns.

To verify the aromaticity, the nuclear independent chemical shift
(NICS) [68,69]values are also calculated for these clusters in the center
of boron rings (Table 1). The large negative values confirm high

a) Be,By (20+6m)

80020

6 x 2c-2e 0 Bonds 8c-2e o Bond 3 x 8¢c-2e T Bonds
ON=194e] ON=2.00]e| ON=2.00 |e|
(b) Be,Bg (65+6) @
3 x 10c-2e o Bonds
ON=2.00 |e|
8 x 2c-2e 0 Bonds
ON=1.97 |e|
3 x 10c-2e T Bonds
ON=2.00|e|

Fig. 2. AANDP chemical bonding for (a) 1 [Be;Bg]*>* and (b) 4 Be,Bg at the
PBE0/6-311G* level of theory. ON gives the occupation number.

Table 1

NICS values (ppm) of clusters 1-6 in the center of middle boron ring.
BeyBe " BeyBe2 ™ BeyB; ™~ Be,Bg BeyBy ™ BesBio> "
—53.73 —36.02 —-37.15 —34.31 —-32.79 —31.33

aromaticity of these clusters. Thus, these structures possess unusual
stability with their double aromaticity of delocalized o and = electrons.

3.2. BeyB, clusters (n = 8,10)

The optimized structures of clusters 7 Be4Bg (D) and 8 BesBio2t
(D2p) with Be, units at both sides of boron ring are shown in Fig. 3.
Cluster 7 has a large HOMO-LUMO gap (2.27 eV), and the lightly short
distance between two beryllium atoms on the same layer indicate cer-
tain interaction. AANDP bonding in Fig. 3c reveals that the Be, units are
involved in two 6¢-2e o bonds respectively. NICS plane shown in Fig. 3a
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Fig. 3. Structures, HOMO-LUMO energy gaps, natural charges for Be atoms of
(a) 7 and (b) 8, and (c) AANDP chemical bonding of 7. NICS (1) contour planes
in (a) is 1.0 A above the boron plane. Bond length of 7: B-B = 1.53-1.82, B-
Be = 1.86-2.07 and Be-Be = 1.93-2.47; 8 B-B = 1.54-1.66, B-
Be = 1.89-2.07 and Be-Be = 2.33-2.89, labeled in A.

Fig. 4. Localized orbital locator (LOL) contour plots for cluster 7 (a) boron ring
plan (c) beryllium plane paralleling to boron plane and 8 (b) boron ring plan (d)
beryllium plane. LOL values below 0.5 (blue to green) indicate delocalized
electron, above 0.5 (yellow to red) characterize localized electrons.

reveals the aromaticity induced by these delocalized bonds. Moreover,
there are also three 12c-2e o and three 5t bonds, indicating four-fold o/5
aromaticity (20/20/60/6m). Finally, localized orbital locator (LOL)
contour plots for beryllium plane also indicate strong covalent inter-
actions (Fig. 4).

Along with the expanded boron ring, the distance between two
beryllium atoms increases (2.89 A), and boron ring are separated into
two parts in [Be4B10]?™ (8). The geometric structure indicates few in-
teractions between beryllium atoms, which could also be confirmed in
LOL results in Fig. 4. Furthermore, results of AANDP chemical bonding
show that [BesB;0]2" (8) is analogous of naphthalene in it electrons
(Fig. 5). There are 6¢-2e o bonds in each part of 8 which fellow Hiickel’s
rule respectively. The rest 10 electrons are delocalized over whole
cluster, and the shape of these five delocalized orbital are corre-
sponding to the delocalized systems of naphthalene molecule. Further
NICS calculations shown in Fig. 6 reveal their aromaticity and con-
firmed the similarity of the electronic systems with 10 & electrons.

3.3. BegB,, clusters (n = 9-12)

When the number of beryllium atoms increase to three in each sides,
the peripheral boron ring should be large enough to form a stable
structure. Several stable structures with large size boron ring are ob-
tained: 9 BegBo* (Dan), 10 BegBio>* (Ca), 11 BegBig®>~ (Ca), 12
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(a) Be,By2* (20+20+10m)
ol
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Fig. 5. AANDP chemical bonding of (a) 8 and (b) naphthalene (C;oHpg).

3.0

Fig. 6. (a) NICS values of boron plane and (b) NICS(1) plane above the boron
plane at 1.0 A for [BesB1o]? " (8); (c) NICS and (d) NICS(1) for C;oHg.

BegB11~ (C»,) and 13 BegBi» (D3p), as shown in Figs. 7 and 8. The
obtained C,, geometry of 11 and 12 are in accord with previous works
[50,51], and all these clusters have similar geometric character. Natural
atomic charge value suggests that the two Bes units collectively donate
a net charge of more than 8|e| to the boron ring. WBI bond order
(0.03-0.08) between two beryllium atoms on upper and lower layers
suggests that there is no interaction existed between two Bej rings.

Further AANDP results in Fig. 7 reveal that there is a 3c-2e delo-
calized o bond in each Bej; ring in these clusters. Moreover, 16 delo-
calized electrons in 9 possesses three 15c-2e o bonds and five 15c-2e
bonds, 20 delocalized electron in cluster 11 generates five 16¢c-2e o
bonds and five 16¢-2e t bonds. AANDP bonding patterns of 10 and 12
are similar to 9 and 11 respectively. Finally, the quite negative NICS
values of these clusters in the center of boron ring also confirm very
similar aromaticity of these clusters (Supporting Information, Table
S1).

Bonding systems of cluster 13 is similar as 11 and 12 with same
number of valence electrons, and the AANDP bonding patterns are
shown in Fig. S2. However, when one Bej; ring rotated and two Bej
units become staggered conformation, something interesting happened.
The boron ring distorts and becomes quasi-planar to enhance the cou-
lomb attraction between Be atoms and boron ring. The staggered con-
formation 14 BegB1, (D34) is more stable as shown in Fig. 8a, which has
a larger HOMO-LUMO gap and is 1.61 kcal/mol lower in energy than
13 (D3p).

In order to reveal the bonding character in 14, their bond lengths
are calculated. First, the B-B bonds length in the By, ring (1.53 A) are
beyond single bond, showing a character of double bond. Then, the Be-
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Fig. 7. Structures, HOMO-LUMO energy gaps, symmetries of (a) 9, 10 and (b)
11, 12; AANDP chemical bonding of (c) (d) 9, and (e) (f) 11.

Be distances in Bes subsystems (2.31 A) suggest strong interaction,
equivalent to that of neutral Be, (2.53 A), otherwise two Bes rings have
no interaction with each other. The natural atomic charges of cluster 14
indicate substantial interlayer charge transfers from the two Bes sub-
systems to the outer By, ring and each beryllium atom carries a positive
charge of 1.23 |e|, that is, six Be atoms collectively donate a net charge
of 7.23 |e| to the By, ring. In addition, molecule orbitals (MO) calcu-
lations give a straightforward description of its chemical bonding
(Supporting Information, Fig. S3), consistent with subsequent AANDP
analysis.

AdNDP analysis reveals that there are twelve B-B bonds and two 3c-
2e o bonds in 14 as shown in Fig. 8b. Further LOL contour plots in
Fig. 9a confirm the strong interactions between boron atoms, while LOL
in Fig. 9b of beryllium ring reveals a three-center bond for each Bes
units with LOL values around 0.8 characterize localized electrons. The
rest twenty valence electrons generate five 18c-2e o bonds and five
bonds (Fig. 8b) indicating double aromaticity. This aromaticity also
suggested by NICS results in Fig. 9c and 9d. For the whole anti-sand-
wich cluster, combined with two-electron subsystem in each Bej ring
and 100 and 10z electrons subsystems in the B;5 ring, it render 20/20/
100/10x quadruple aromaticity.
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Fig. 8. (a) Structures, HOMO-LUMO energy gaps, symmetries of 13, 14, and (b)
AdNDP chemical bonding of 14.
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0.0 I 20

Fig. 9. LOL contour plots for cluster 14 (a) boron ring plane; (b) beryllium ring
plane; NICS values of (c¢) boron plane and (d) 1.0 A above the boron plane.

3.4. Structural fluxionality of BesB;z cluster

Due to the special geometry of BegB, cluster which composed of
relative independent inner Beg unit and outside B, ring, it could be
inferred that they have structural character of molecular wheel. Herein,
clusters BegB, are described as an example for their rotation and dis-
tortion characteristics in detail. Transition states between the D34 (14)
and D3, (13) BegB;, clusters are located through rotating the entire Beg
unit or twisting one of the beryllium triangular prism (Fig. 10). Sub-
sequently, rotated TS1 and twisted TS2 are sought out, indicating at-
tractive fluxionality for cluster BegB;,. The revolution barrier of cluster
14 is 0.69 kcal/mol, while the energy barrier for the twisting mode is
calculated to be 8.30 kcal/mol.



X. Yu, et al.

- ——

TS1(D3y)

Fig. 10. Energy pathways for two configurations of the BegB; cluster (13 and
14). TS1 and TS2 are the transition state whose symmetries are in parentheses.
The relative energy is given in kcal/mol.

4. Conclusion

In this paper, a series of anti-sandwich beryllium-boron clusters are
optimized and theoretically investigated to reveal the rules of their
geometric and electronic characters. The results indicate strong charge
donations from side beryllium atoms to the middle boron ring, which
induce fluxionality and multi-aromaticity. For Be4B,, clusters (n = 8,
10), two Be, subsystems share two electrons, while outer boron ring
exhibits double o/x aromaticity, which presents a four-fold aromaticity.
Depending on the electronic character, Be4B;o>" is an analogue of
naphthalene with double o/x aromaticity, though there is nonbonding
between beryllium atoms. The BegB,, clusters (n = 9-12) also possess
four-fold aromaticity as two Beg rings share two electrons respectively.
Specially, boron plane distorts in D34 BegB;, which could be viewed as
3D Wankel motor with dual fluxionality of structure. This work gives a
general perspective for anti-sandwich beryllium-boron binary systems,
which gives references for design of boron based functional materials.
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