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A tubular molecular rotor B,-Ta@B;g~ (1) and boron drum Ta@B,o ™
(2) with the highest coordination number of twenty in chemistry are
observed via a joint photoelectron spectroscopy and first-principles
theory investigation.

Boron has a vast variety of applications in structural chemistry
and materials science owing to its electron deficiency."” Over
the past decade, the structures and chemical bonding of size-
selected anionic boron clusters (B, ) have been systematically
investigated through photoelectron spectroscopy (PES) in
combination with theoretical calculations, revealing a rich
structural landscape from planar sheets to fullerene-like cages
(borospherenes).*>”” Boron cluster anions with up to 36 atoms
have been proven to possess 2D global minimum structures,®™**
even though low-lying cage-like structures were also found for
B,s~ and B,y .'""® For cationic boron clusters (B,"), ion mobility
in conjunction with density functional theory (DFT) calculations
showed that double-ring tubular structures appeared at B;s"."° In
particular, the discovery of the planar Bs;”~ and B;5~ clusters
with hexagonal holes suggests the experimental feasibility of
borophenes.™'*'”° The recent syntheses of borophenes on
inert substrates pave the way for their applications in catalysis,
2D magnetism, and even possibly 2D superconductivity.**
Furthermore, the discovery of the cage-like B, "° and By~
borospherenes has enriched the diversity of boron nanostructures
in analogy to the fullerenes.®’

Inspired by the findings of the planar wheel structures of the
aromatic By~ and By~ clusters,?” a series of transition-metal-
doped boron wheels (M©B, , n = 8-10) were produced and
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characterized both experimentally and theoretically.?® It has
been concluded that the NbB,;,~ and TaB,, clusters have the
highest possible coordination number in planar species.”*?° Two
larger metal-doped boron clusters, CoB;,” and RhB;, ", were found
to adopt half-sandwich type structures.*' Large metal-doped boron
clusters have also been investigated computationally.**>*

Recently, the CoB;s and MnB,¢  clusters have been found
to have remarkable drum-like structures.>”*® However, the
CoB, g cluster is found to be planar with Co being an integral
part of the boron triangular lattice,>” suggesting the possibility
of metallo-borophenes.**?° When Co is substituted with the
larger Rh atom, a perfect Doqg RhB;s~ drum was observed.*® An
interesting question arises: can even larger boron drums with a
central metal atom be formed?

Given the fact that Ta dopant has given the largest molecular
wheel previously,>®>° we perform a joint PES and ab initio
investigation on TaB,,  in this work. Theoretical results based
on both DFT and wave function theory indicate that a metal-
centred tubular molecular rotor (Cs, isomer 1) with a B, unit
rotating over the B;g drum (B, Ta@B,s ) is the global minimum
and is the carrier of the main PES features observed experimentally,
while a perfect metal-centred drum-like Ta@B,o~ (D104, iSOmer 2)
lies only 0.81 kcal mol " higher in energy and coexists in the
experiment as a minor isomer.

The TaB,, cluster was produced by a laser vaporization
supersonic cluster source and mass-selected using time-of-flight
mass spectrometry before being photodetached at 266 nm and
193 nm (see Photoelectron Spectroscopy Experiment in the
ESI}).* The photoelectron spectra are shown in Fig. 1, where
the 193 nm spectrum displays five intense and broad features
(X, A-D) and a discernible weak band labeled as X’. The vertical
detachment energies (VDEs) of these bands are summarized in
Table S1 (ESIT), where they are compared with theoretical VDEs.
Peak X with a VDE of 3.30 eV represents the detachment
transition from the ground state of the anion to that of the
neutral. The adiabatic detachment energy (ADE) of peak X was
estimated to be 2.95 + 0.05 eV from its onset in the 266 nm
spectrum (Fig. 1a). The peak X’ with a VDE of 3.63 eV was right
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Fig. 1 Photoelectron spectra of TaB,o~ at 266 nm (4.661 eV) (a) and
193 nm (6.424 eV) (b) and comparison with simulated spectra of isomers 1
(c) and 2 (d) at the SAOP/TZP level.

in between bands X and A and it was slightly better resolved in
the 266 nm spectrum. Its weak intensity suggested that it was
likely originated from a weakly populated TaB,, isomer in the
cluster beam. The broad band A at 4.29 eV is separated from
band X by an energy gap of ~1 eV. Bands B and C at 4.86 and
5.22 eV, respectively, were slightly sharper. A very broad band D
at 6 eV was observed. Overall, the PE spectra of TaB,, exhibited
well-resolved bands and suggested the co-existence of a minor
isomer.

To locate the global minimum of the TaB,, , we performed
extensive global searches followed by first-principles calcula-
tions (see Computational Details in ESIt). Isomers within
~35 keal mol™" above the global minima are presented in Fig. S1
(ESIt) accompanied with some representative structures with higher
relative energies. Encouragingly, all levels of theory predicted that
isomer 1 (C,, 'A’) is the global minimum of the TaB,, cluster,
revealing a Ta-centered eighteen-membered drum with a B, unit on
the top, [(B,-Ta@B,g) | (Fig. 2). The second lowest-lying isomer
2 is a perfect twenty-membered boron drum (D4, ‘A4), which lies
only 0.81 kcal mol ' higher above the global minimum at the
CCSD(T) level.*** With such a small relative energy, isomers 1 and
2 can be viewed as almost generate and they are expected to
coexist in the experiment. The next two isomers 3 and 4 are well
separated from isomers 1 and 2 energetically, lying 16.95 and
11.30 kcal mol™" higher than isomer 1, respectively (Fig. S1
and S2, ESIt). Thus, the two lowest energy isomers 1 and 2 are
considerably more stable than any other structures and should
be the only isomers accessible experimentally.

The configurational energy spectrum of TaB,,” within
70 kcal mol ' from the PBE/TZP method**** is presented in
Fig. $2 (ESI?t). The quasi-planar 70 (C;, 'A) with a nonacoordinate

1588 | Chem. Commun., 2017, 53, 1587-1590

View Article Online

ChemComm

Isomer 1 (C, 'A)

Isomer 2 (Do 'Ay)

Fig. 2 Front and top views of isomers 1 and 2 of TaB,o~ at PBEQ/TZP.

Ta and 104 (C;, 'A) with an octacoordinate Ta appear to be totally
uncompetitive in energy, lying 56.43 and 69.09 kcal mol~" higher
than 1, respectively. The two eighteen-membered drum structures
5 (Cs, 'A") and 32 (Cy, "A), in which the two B atoms situate outside
of the drum framework possess the relative energies of 15.13 and
33.70 kecal mol™", respectively. A sixteen-membered drum (87)
with a B, square at the top was also found to lie 64.36 kcal mol "
higher than 1.

To facilitate comparisons with the experimental results, we
calculated the VDEs of isomers 1 and 2 using the relativistic
ASCF-TDDFT method®® with the SAOP density functional,*®
which has proved to produce accurate excitation energies for
metal-doped boron clusters.*®*”*® The first VDEs and ADEs
calculated using the PBE/TZP, PBE0/TZP,"” and CCSD(T) methods
are given in Table S2 (ESIt) compared with the experimental data.
Clearly, the CCSD(T) results are in better agreement with the
experiment. The higher theoretical VDEs are compared with the
experimental data in Table S1 (ESIT). The theoretical first ADE/VDE
(3.05/3.14 eV) of isomer 1 agree well with the X feature with ADE/
VDE of 2.95/3.30 eV, which represents electron detachment from
the 54a” HOMO (Fig. S3, ESIt). The large energy gap (0.90 eV)
between the HOMO and HOMO—1 (53a’) in isomer 1 is consistent
with the large separation between the X and A bands (Fig. 1). The
HOMO is mainly of B character, whereas the HOMO—1 is mainly
derived from the head-to-head overlap between Ta 5d,. and the
P~ orbital of the B, unit in the vertical direction. Bands A and B
correspond to four detachment channels from isomer 1 (Fig. 1c
and Table S1, ESIT). Band C corresponds to a single detachment
channel from the 51a’ orbital. At least three detachment channels
contribute to the broad band D. The calculated VDEs and the
simulated PES for isomer 1 of TaB,, are in good agreement with
the main observed features (X, A-D).

The theoretical first VDE of isomer 2 was 3.66 €V, in excellent
agreement with X’ at 3.63 eV. The high symmetry 2 generates only
four more detachment channels within the experimental energy
range. These features were likely buried in the strong PES signals
from the dominating isomer 1. Hence, the combined theoretical
results from isomers 1 and 2 are in excellent agreement with
the experimental PES, providing considerable credence for the
coexistence of the major isomer 1 and minor isomer 2.

The optimized structures of the two lowest-lying isomers 1
and 2 are detailed in Fig. 2. Isomer 1 is composed of a Ta-centered
eighteen-membered drum and two bridging B atoms atop the
drum, forming a B¢ hexagon on the top involving the B, unit and
four periphery B atoms on the Ta@B;g drum motif. The Ta-B

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c6cc09570d

Published on 20 December 2016. Downloaded by Brown University on 03/02/2017 02:09:54.

ChemComm

distances are calculated to be 2.427-2.549 A in the Ta@B;4 drum
unit in isomer 1 and the bond lengths between the central Ta
and the two equivalent B atoms in the B, unit are even shorter
(2.202 A). The Ta-B distance of the D;oq 2 is calculated to be
2.672 A, which is longer than 2.31 A based on the sum of the
single-bond covalent radii of Ta and B recommended by
Pyykko.*® These calculated Ta-B distances are close to the
corresponding value of 2.47 A in the previously reported mono-
cyclic complex Ta©Byo.*° Clearly, there exist effective coordination
interactions between the Ta center and the surrounding twenty B
atoms in both 1 and 2 (see Table S2 for detailed bond orders,
ESIT). The central Ta atom in both isomers 1 and 2 is thus
unprecedentedly coordinated by twenty B atoms. It is noticed
that isomer 2 with the tube diameter of 5.26 A is the largest
embryo for boronanotubes reported to date.*>***%*? The slightly
higher stability of isomer 1 implies that the twenty-membered
double-layer drum 2 has likely reached the size limit in diameter
for metallo-boronanotubes.

Using the spin-restricted open-shell ROCCSD(T) method, we
computed the binding energies of Ta(5d%6s%) + B, (*B,/*A) —
Ta@B,, (*A;/'A") which turned out to be 274.4 kcal mol™* and
252.1 keal mol™" for isomer 1 and 2, respectively. Moreover,
various calculated bond indices also give appreciable values to
support the existence of effective coordination interactions
between Ta and B. Both the total bond order of the Ta center
and the average bond order of boron atoms in isomer 1 are
higher than the corresponding values in isomer 2, consistent
with the slightly higher stability of 1 with respect to 2. As shown
in Table S2 (ESIt), the Ta-B interactions involving the B, unit in
1 possess much higher Wiberg bond orders®® (0.53) than that
involving the B,z drum (0.26): the two equivalent Ta-B coordination
bonds in the Ta-B, triangle combined together may be effectively
viewed as a 3c-2e covalent bond, whereas the Ta-B,g interactions
belong to typical coordination bonds comparable with the Fe-C
interaction (0.30) in ferrocene (CsHs),Fe.

The bonding pattern of isomer 1 is shown using the Kohn-
Sham orbitals in Fig. S3 (ESIt). The top B, unit is stabilized
significantly by the interaction of the B, p, with the Ta 5d,. and
5d,, hybridized orbitals (51a’ and 53a’), whereas the B;s drum is
bonded with the central Ta via three delocalized orbitals involving
the 2p, orbitals of the Bys skeleton and the Ta 5d,/d,;/d.2_y2
orbitals (31a”, 50a’, and 32a”). The observation of isomer 1 raises
an interesting question whether a bare Doy Ta@B;g drum is
possible. It turned out to be an open-shell with two unpaired
electrons in the degenerate 6e, HOMOs (Fig. S4 (ESIt)). Addition of
two extra electrons makes a stable closed-shell TaB,s*~ species. The
two electrons can be transferred from the B, unit in B,-Ta@B;g
(1), making it the global minimum of the monoanion.

The chemical bonding of the perfect Djoq Ta@B,, drum
was analyzed using the AANDP method,”" as shown in Fig. S5
(ESIf). The first row shows 20 B—B 2c-2e ¢ bonds within the
two staggered B, rings. The second row exhibits three 20c-2e
o + o bonding orbitals (b and c), between the two B;, moieties.
The 20c-2e bond in the third row (e) exhibits delocalized
o bonding character within each B,, ring, but antibonding
character between the two B,, rings. The two 21c-2e bonds in
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the second row (d) involve both inter-ring ¢ + ¢ interactions, as
well as ¢ bonding interactions between the Ta 5d,, and 5d,2_.
orbitals and the B,, rings. The two 21c-2e bonds in the third
row (f) involve primarily bonding between the Ta 5d,, and 5d,,
orbitals and the surrounding boron. The fourth row describes
five delocalized m-n bonds (g, h, and i) between the two By,
rings. The second to fourth row each describes an aromatic
system, resulting in a fairly stable D;oq Ta@B,, drum.

The B, unit atop the Ta@B;3~ drum in the global minimum
of TaB, ™ is quite unusual and surprising. The B-B bond within
the B, dimer is strong with a bond length of 1.588 A (Fig. 2). But
the bonding between the B, dimer and the drum periphery is
relatively weak with two inequivalent B-B distances (1.725 and
1.855 A). Given the fact that there exist nine available B sites on
the B;g drum periphery, an interesting question is whether the
B, unit can rotate relative to the Ta@B,s drum motif. To
understand the energy barriers along the rotational process,
we searched for the possible transition state (TS) between two
adjacent structures of isomer 1.

A first-order Cg stationary structure (Fig. S6, ESIf) was
located as the TS with one imaginary frequency of 93i cm™*
at PBEO/VTZ.>* The C, TS features a B; pentagon on the drum
top involving the B, unit and three periphery B atoms on the
Ta@B;g drum motif. The energy barrier was calculated to be
only 1.13 kcal mol " at the CCSD(T)/VTZ>. Extensive molecular
dynamics simulations indicate that the B, unit rotates almost
freely around the molecular axis of the Ta@B;g drum at 900 K
(Fig. S7 and Video S1 (ESIf)). There exist nine equivalent
positions to form the global minima (GM,, i = 1-9) on the
potential energy surface during the rotation in a full circle, with
a rotation angle of 40° for each step. Correspondingly, nine
equivalent transition structures TS,; (i, j = 1-9) are formed
between the nine global minima. Thus, isomer 1 of TaB,, can
be described as a tubular molecular rotor. When the rotor
forms a hexagonal hole on the drum top, the system reaches
its global minimum. Conversely, the system arrives at a transition
state when the hole becomes pentagonal. Internal rotations in
planar boron clusters have been found previously in Byy~, Bz,
and B;g”~.>*” Rotations of carbon fragments inside a series of
planar C-B clusters (C,Bg, C3Bo>", and C5By;") have also been
considered computationally.’® However, these C-B clusters
were hypothetical because carbon has been shown to prefer
peripheral sites in carbon-doped boron clusters.>*®" The tubular B,-
Ta@B,s (1) presents a new type of internal rotation fundamentally
different from the basket-like [B,-C,BgH;,]*~ which is a transition
state in the isomerization of [C,B;oH;,]* %>

In summary, we have reported a joint experimental and
theoretical investigation of a relatively large metal-doped boron
cluster, TaB,, , which is found to possess a unique tubular
molecular rotor Cs B,-Ta@B;5~ (1) as the global minimum. A
perfect D;oq Ta@B,, nano-drum (2) is observed as a minor isomer.
Both isomers possess the record coordination number of twenty
unknown in any other chemical compounds. By Ta@B;s (1)
represents the structural transition from tubular to cage-like in
metal-doped boron clusters, while Ta@B,, (2) has likely reached
the size limit in diameter for metallo-boronanotubes.
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