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B1; : @ moving subnanoscale tank tread+
Ying-Jin Wang,®® Xiao-Yun Zhao,? Qiang Chen,? Hua-Jin Zhai**< and Si-Dian Li*

We present a concept that an elongated, planar boron cluster can serve as a “tank tread” at the sub-nano-
meter scale, a novel propulsion system for potential nanomachines. Density functional calculations at
the PBEQ/6-311+G* level for the global-minimum By~ Ca, (*A;) and Byy Coy (°B,) structures along the soft
in-plane rotational mode allow the identification of their corresponding By;~ C,, and By; C,, transition
states, with small rotational energy barriers of 0.42 and 0.55 kcal mol~, respectively. The energy barriers
are refined to 0.35 and 0.60 kcal mol™ at the single-point CCSD(T) level, suggesting that the clusters are
structurally fluxional at room temperature. Molecular dynamics simulations show that By;~ and By, behave
exactly like a tank tread, in which the peripheral Bg ring rotates almost freely around the B, core. A full
turn of rotation may be accomplished in around 2 ps. In contrast to molecular wheels or Wankel motors,
the peripheral boron atoms in the tank tread behave as a flexible chain gliding around, rather than as a
rigid wheel rotation. This finding is beyond imagination, which expands the concepts of molecular wheels

Www.rsc.org/nanoscale and Wankel motors.

1. Introduction

In nanoscience and nanotechnologies, the nanovehicles and
relevant nanomachines are fascinating subjects of pursuit. It
has remained an issue of debate whether there are fundamen-
tal problems in building a nanomachine that has every atom
in its intended place, or whether “magic fingers” exist at all to
accomplish such tasks.>” However, this debate does not hold
back the explorations along this direction. Pushing the minia-
turization to the limit, one reaches the 1 nm or even sub-nano-
meter scale, where nanoclusters serve as mechanical parts.
Boron clusters have clear advantages for this purpose due to
their unique planar or quasi-planar geometries over a wide
size range (B,  and B, n up to 40),*° which are unpre-
cedented for an element in the periodic table, facilitating the
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fabrication of free-standing, atomic-layer-thick nanoscale
objects.

Notably, all-boron molecular wheels B>~ and B,~ and a
concentric dual © aromatic B,y  cluster were observed
lately,">"™" the latter motivating the immediate proposal of
a fluxional molecular Wankel motor.">"® Other molecular
Wankel motors (By;;© and Byg®7) were also studied
computationally."**® These molecular wheels and Wankel
motors possess circular shapes. Structural fluxionality in
three-dimensional Si clusters'” was also discussed.

Depending on the size, boron clusters also adopt less circu-
lar, elongated structures. However, the dynamic fluxionality of
such boron clusters has not been studied, probably because
the inner core in an elongated cluster may be intuitively con-
sidered as a bar that halts the intramolecular motions. Here
we report on an exploratory study along this direction. We
show computationally that, contrary to anticipation, the
elongated boron clusters B;;~ and B;; are structurally fluxio-
nal, which are analogous to a continuous track, or a “tank
tread”. In contrast to molecular wheels or Wankel motors, the
peripheral boron atoms in By;~ and By, tank treads behave as
a flexible chain gliding around, not as a rigid wheel. A full
turn of the tank tread rotation may be accomplished in about
2 ps. The dimension of the tank treads is roughly 0.5 nm,
being probably the smallest one can imagine of. This finding
shall open the door to the invention and discovery of a variety
of relevant nanostructures. We stress explicitly that the current
subnanoscale tank treads are purely a proof-of-concept. At the
current stage we are not intended to claim them as real nano-
scale objects in the nanoworld, although such B;;~ and By,
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clusters are readily producible in the gas-phase experi-
ments'®'® without the needs of aid from the “magic fingers”.

2. Methods

The global-minimum (GM) structures of B;;~ and B;; were
constructed based on the literature®®>* and fully reoptimized
at the PBE0/6-311+G* level.>*** The QST2 calculations as
implemented in the Gaussian 09 program®’ were carried out to
search their in-plane rotational transition states (TS). Intrinsic
reaction coordinate (IRC) calculations were performed to confirm
that the TS is truly associated with the GM. For an accurate evalu-
ation of the rotational energy barrier, further calculations were
carried out at the single-point CCSD(T)/6-311G*//PBEO0/6-
311+G* level.>® The Born-Oppenheimer molecular dynamics
(BOMD) simulations were performed at the PBE0/6-31G level,
at the temperatures of 300, 600, and 900 K. Chemical bonding
analyses were performed using the canonical molecular orbi-
tals (CMOs), electron localization function (ELF),”” and adap-
tive natural density partitioning (AANDP)*"*® and visualized
using the Molekel program.*® All calculations were accom-
plished using the Gaussian 09 package,” except for the
AdNDP analyses.”"

3. Results and discussion

3.1. Molecular dynamics

The GM structures, By;~ C,, (*A;) and By; C, (°By), are well
established in the literature.'®* In particular, vibrationally-
resolved photoelectron spectroscopy'® indicated that B;;~ and
B;; possess very similar GM structures. Neutral B,; cluster
was further probed via infrared spectroscopy.'® The GM struc-
tures of B;;~ and B;; were optimized herein at the PBEO0/6-
311+G* level. The GM structure of By, is depicted in Fig. 1;
the bond distances are shown in Fig. S1 in the ESL.{ It pos-
sesses a small vibrational frequency of 148.7 em™", which cor-
responds to the soft mode of in-plane rotation of the
peripheral By ring with respect to the inner B, dimer. Follow-
ing this mode, a TS structure was located straightforwardly.
The TS also has C,, symmetry (Fig. 1) and one imaginary fre-

GM, C,, TS, C,,

Fig. 1 Optimized structures of the C,, (*A) global minimum (GM) and
C,y (*Ay) transition state (TS) of By~ at the PBE0/6-311+G* level.

This journal is © The Royal Society of Chemistry 2015
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quency (143.2i cm™"), the latter being related to the in-plane
rotation of the peripheral ring. The energy barrier between the
GM and TS structures is 0.42 kcal mol™" at PBEO, including
zero-point energy (ZPE) corrections. The barrier is further
refined to 0.35 kcal mol™" at the single-point CCSD(T) level.
This small energy barrier suggests an almost free intramolecular
rotation for By; . An IRC calculation was carried out at PBEO,
ensuring that the TS structure is truly associated with the GM.

The soft 148.7 cm™" in-plane rotation of the GM and the
corresponding imaginary frequency of 143.2i cm™' of the TS
are essentially the same vibrational mode, which are associ-
ated with a square-to-thombic conversion of the B3B4B11B10
four-membered hole. The motion in the GM may start with a
shrink of the B10B4 distance, which turns the square to a
rhombus, the latter corresponding to the bottom rhombic hole
in the TS (Fig. 1; right panel). During this motion, the B8B11
distance also shrinks (and the B8B10 distance expands) due to
this soft mode, which helps generate a new rhombic
B10B9B8B11 hole at the top. This new rhombic hole corre-
sponds to the top hole of the twin in the TS (Fig. 1; right
panel). Thus the soft rotational mode easily initiates the
motion from the GM to the TS. Interestingly, the B10B4 shrink
manages to “push” the B3/B4 atoms to the left, whereas the
B8B11 shrink manages to “pull” the B8/B9 atoms to the right.
This “push-pull” mechanism provides a driving force for the
intramolecular rotation. The above process is reversible via a
rhombic-to-square conversion associated with a shrink of
B3B11 distance and an expansion of B4B10.

Compared to By;~, the By neutral cluster has a similar GM
structure, Cs, (*B,) (Fig. S2, ESIT), with a soft rotational mode
of 153.4 cm™" at PBEO. The intramolecular rotational TS has
an imaginary frequency of 165.9i cm™" and a slightly higher
barrier of 0.55 kcal mol ™" at PBEO. At the single-point CCSD(T)
level, the rotational barrier is refined to 0.60 kcal mol™".*°

To examine the molecular dynamics (MD) behaviors of
Bi1~, the BOMD simulations were performed at the PBE0/6-
31G level, starting from the equilibrium GM geometry with
random velocities assigned to the atoms. The initial con-
ditions were chosen to correspond to a microcanonical ensem-
ble (NVE).*"** The actual temperature of the system was found
to be close to the initial setup during the simulation, for
example, 294 K for an initial setup of 300 K. The calculations
were done using the Hessian based predictor-corrector
method.*® The Hessian was updated for five steps using
Bofill’s update method before being recalculated analytically.
A step size of 0.5 amu"? bohr was used for all calculations.
The total energy was conserved to 10”7 hartree and the total
angular momentum was conserved to better than 107% h.
Despite the variations of potential and kinetic energies during
the BOMD processes, the total energy remains constant in the
simulation.

The BOMD results positively confirm the fluxionality of
By1, at 300, 600, and 900 K. During the simulations, By;~
maintains its planar, elongated geometry and the peripheral
ring rotates freely around the B, unit, behaving closely like a
forwarding tank tread, which is robust and functional even at
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900 K. The intramolecular rotation is accomplished by synergis-
tic breaking and making of bonds, which link the peripheral
ring and the B, core. The inner B, bond also breaks occasionally
but recovers very quickly. An extracted short movie illustrating
the in-plane rotational movements of By;~ during the BOMD
simulation, which was performed at 300 K for about 20 ps, is
provided in the ESL{ The cluster can accomplish a full turn of
rotation approximately in 2 ps. The MD behavior of B,; at 300 K
is rather similar to that of B;;~, indicating that B;; is another
molecular tank tread at room temperature.

3.2. A proposed chemical bonding model

To elucidate the intriguing MD behavior of By, it is instruc-
tive to start from the analyses of its chemical bonding. A
couple of prior papers'®?°> have addressed different aspects
of the bonding in B;;~. We shall offer here a simple bonding
model, as illustrated in Fig. 2.

Basically, we consider the By;~ cluster as the fusion of four
rhombic B, units: B1B9B8B10, B§B7B6B11, B6B11B4B5, and
B1B10B3B2 (Fig. 1). The rhombic B, units were lately shown to
be the key structural blocks in low-dimensional boron nano-
structures.**> As shown in Fig. 2, the bonding between the
peripheral By ring and the inner atoms involves both ¢ and =
frameworks. The ¢ framework is proposed to originate from
five two-center two-electron (2c-2e) bonds (Fig. 2; in green).
The four rhombic B, units each contribute one ¢ bond along
the shorter diagonal, as illustrated in the AANDP data
(Fig. 3a).>' The inner B, also contributes one ¢ bond (Fig. 3a).
This is a zeroth order bonding model.

At different hierarchical levels of approximation, the four
diagonal 2c-2e ¢ bonds readily expand to three- or four-center
“islands” (Fig. 3). Ultimately, the global ¢ framework is com-
pletely delocalized, as revealed from the CMOs (Fig. 4b). The n
framework is traced to five B centers: BS, B1, B3, B4, and B6,
each contributing one electron (Fig. 2; in red). Partial intra-
molecular electron transfer is discernible in B;;~ and B, as
revealed from the natural bond orbital (NBO) analysis. This

Fig. 2 A zeroth-order bonding model for the B;;~ anion. The cluster is
proposed to be composed of four B4, rhombuses around the corners,
each contributing one diagonal ¢ bond for the global ¢ framework.
These in combination with the ¢ bond in the B, core evolve to a deloca-
lized 106 aromatic system (in green). The remaining five peripheral B
centers support an aromatic n sextet (in red), akin to the cyclopenta-
dienyl anion (CsHs™).

16056 | Nanoscale, 2015, 7, 16054-16060
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Fig. 3 Different hierarchical levels of approximation for the delocalized
o framework for B;;~ as revealed from AANDP analyses. (a) The 2c—2e
presentation of the four diagonal ¢ bonds and the inner 2c—2e ¢ bond.
(b) The 3c—2e presentation of the diagonal ¢ bonds. (c) The 4c—2e pres-
entation of the diagonal ¢ bonds. Occupation numbers (ONs) are indi-
cated, showing that the 3c—2e presentation is sufficiently accurate for
the diagonal ¢ bonds.

provides the additional = electron, fulfilling the complete,
global & sextet.

The & sextet in By~ (Fig. 2) is reminiscent of the aromatic
cyclopentadienyl anion (CsHs™), hinting that By;~ is an all-
boron analogue of CsHs™. Zhai et al'® first suggested this
interesting analogy, primarily on the basis that both species
are aromatic anions with 6x electrons. However, it was unclear
previously how the two systems are structurally connected,
how an 11-center B cluster becomes analogous to a 5-center C
based system, and where the & electrons originate exactly. The
present bonding model (Fig. 2) fully addresses all these ques-
tions. Moreover, the simple model allows an in-depth mecha-
nistic understanding of the dynamic properties of B;;~ and By
as subnanoscale tank treads.

This bonding model is basically, but not explicitly, in the
spirit of the classical Lewis description. It makes full use of
the three valence electrons for each B atom in the electron-
deficient cluster. In essence, B;;~ is a doubly (r and o) aro-
matic system with 6z and 10c electrons (Fig. 4), each conform-
ing to the (4n + 2) Hiickel rule. In addition, the peripheral Bo
ring is linked by nine 2c-2e ¢ bonds, which are perfectly recov-
ered in the AANDP data (Fig. 5b), as well as revealed from the
CMO analysis (Fig. 4a).

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Cannonical molecular orbitals of the C,, (*A;) global minimum of By;~. (a) The set of nine peripheral ¢ bonds, which are readily localized as
2c—2e o bonds. (b) Five globally delocalized ¢ bonds. (c) Three globally delocalized & bonds. The delocalized & and ¢ bonds show one-to-one corres-
pondence to each other. The 6x and 106 electrons in (b) and (c) conform to the (4n + 2) Huickel rule for aromaticity. The “island” AANDP patterns in
Fig. 3 are only an approximate, localized view of a truly delocalized ¢ system.

ELF,=0.84 ELF, =0.94
(b)@
9%x2c-2e 1x2c-2e 4x3c-2e
ON=1.97-1.93le] ON=1.56le] ON=1.82-1.80|¢|
3x11c-2e
ON=2.00|e|

Fig. 5 Chemical bonding in the Cs,, (*A) global minimum of By;~. (a)
Electron localization functions (ELFs); the total ELF is shown in Fig. S3 in
the ESL.{ (b) Bonding elements as revealed using the AANDP, along with
the occupation numbers (ONs).

This journal is © The Royal Society of Chemistry 2015

3.3. The three-center island version: a sufficient description
of the ¢ bonding in the global minimum

For the mechanistic understanding of By, as a tank tread, we
choose to use the three-center island version for the four dia-
gonal ¢ bonds (Fig. 3b and 5b), which originates from the dia-
gonal 2c-2e 6 bonds (Fig. 2; in green). Considering the fact that
each B atom in the B, core is hexacoordinated, the occupation
number (ON) of 1.56|e| in AANDP, which is equivalent to a
bond order of around 0.8, indicates a reasonably well-defined
o bond. This is fully supported by the ELF analysis, which
shows no evidence of multicenter delocalization for this bond
(Fig. 5a; Fig. S3, ESIt). Manual expansion of the core 2c-2e ¢
bond to 3c-2e (B10B11B8) or even 5c-2e (B10B8B11B4B3) does
not improve our understanding of the bonding in the system,
because the electron cloud in the 3c-2e or 5¢-2e option is over-
whelmingly dominated by the B10B11 core (~80%).

Additional arguments for the validity of the core 2c-2e o
bond approximation include: (i) the hypercoordinated core is
the most electron-deficient portion in the system, and it can
never have an ON that is even close to ideal. Note that for
example, a report shows lately that the ON for certain bonds in
the B3, cluster amounts to 1.6|e| (even for 4c-2e bonds).*® (ii)
A very recent study using the orbital localization procedure

Nanoscale, 2015, 7, 16054-16060 | 16057
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based on the ELF (ELF-LOC) results in an ON of 1.99]e| for
this bond, which provides further support for the nature of the
2c-2¢ bond in the core.” (iii) If this ¢ bond were indeed 3c-2e
or 5c-2e in nature (that is, the additional B centers make sig-
nificant contributions), then its ON should change markedly
from the GM to the TS, where in the latter the coordination
environment of the B, core alters; this is not the case: ON =
1.56|e| in GM (Fig. 5b) versus ON = 1.57|e| in the TS (Fig. S4,
ESIT). (iv) The MD simulations show that the B10-B11 link is
the most robust of all links that are associated with the central
B atoms, whereas the BSB10 or B8§B11 link in the BSB10B11 tri-
angle is among those susceptible to breakage. This dynamic
behaviour is also in line with the 2c-2e picture.

For the four diagonal 2c-2e ¢ bonds, the ONs amount to
1.34 and 1.40|e| (Fig. 3a) and are far less than ideal. Expanding
these bonds to three-center delocalization (Fig. 3b) substan-
tially enhances the ONs to 1.82 and 1.80|e|, respectively.
However, further expansion to 4c-2e bonds helps very little. The
fourth B atom contributes negligibly, that is, only 25% of the
third B atom (Fig. 3c). On the basis of the evolution of ONG, it
may be stated that the 2c-2e description for the diagonal c
bonds captures 70% of the essence, whereas the four 3c-2e o
bonds recover that by 90%. The latter bonding picture is
sufficiently accurate, in particular considering that it represents
a localized view (Fig. 3b) of an aromatic 10c system (Fig. 4b).

3.4. Structural evolution during the intramolecular rotation

Fig. 6 shows how the structure of B;;~ changes along the
rotational coordinate in the MD process (and a similar illus-
tration for the By; neutral is shown in Fig. S5, ESIT). Assume
that the cluster rotates clockwise. At the initial GM; structure,
the B3 and B4 atoms are located at the bottom of the square
hole, which appears to be the most flexible part in the GM. As
the square hole tilts toward the left, the whole By ring adjusts

View Article Online
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spatially around the B, core, leading to the TS;., structure,
whose C, axis is perpendicular to that of GM;. Note that two
tilted four-membered rings are present in TS;,. Passing the
barrier, the top four-membered ring turns square, reaching
the GM, structure, which is effectively GM; with a 180° in-
plane rotation. From GM; to GM,, the B4 atom moves by half a
link, as does every other peripheral B atom. The evolution
from GM, to GM; via TS,_; is similar to that from GM; to GM,,
allowing the B4 atom to move half a link further to the left.
Overall, from GM; to GM; every peripheral atom shifts clock-
wise by one link (or by 40° in average), the tank tread moves
one link to the right, and the GM structure recovers its initial
geometry and orientation. In the process, the C, axis rotates
four times, each time by 90°. By repeating the above process 9
times, the tank tread moves a whole turn and every B atom
recovers its exact initial position.

To reconcile the established high stability'® of By;~ (the
HOMO-LUMO gap calculated in the current work is 3.00 eV at
the PBE0/6-311+G* level) with its fluxionality, we emphasize
two factors: electron-deficiency and structural defect. The
former results in a greatly reduced number of available bonds
between the peripheral ring and the core (Fig. 2), whose de-
localization further facilitates their use as “lubricant” for the
intramolecular rotation (Fig. 3). The square hole in the GM
(Fig. 1) may be viewed as a structural defect for a triangular
close-packing planar system. This flexible defect can initiate
the in-plane rotation via the soft vibrational mode, with little
extra energy.

3.5. Electron shift and flow during the intramolecular
rotation

The fluxionality of B;;~ and B;; may be attributed to their
unique bonding. The peripheral B, ring is connected by 2c-2e
o bonds, as is the inner B, dimer. However, the bonding

TS,

Fig. 6 The evolution of the structure and delocalized diagonal ¢ bonds (shaded triangles and diamonds; in red) during the peripheral rotation of the

Bq,~ cluster.
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between the inner and peripheral portions is electron-deficient
and entirely delocalized. While as many as 10 such BB
“bonds” are illustrated in the GM structure of B,;~ and 9
“bonds” in the TS (Fig. 1), none of these is a real bond. Even
the four diagonal ¢ bonds (Fig. 2) are only a zeroth order
approximation. In fact, the peripheral ring and the B, core are
connected by completely delocalized ¢ and = clouds (five
c bonds versus three & bonds; Fig. 4).

In the MD process, each rhombic B, unit is flexible, whose
adjustment in shape sensitively affects the spatial distribution
of the island o cloud (Fig. 6). Take the BIB9B10 triangle as an
example. At the initial GM; and at TS, as well, the ¢ cloud is
islanded on this triangle and leans to the B9B10 edge. At GM,
the o cloud remains in the B1B9B10 triangle, but the density
now shifts to the B1B10 edge. Upon further rotation of the
peripheral ring, the ¢ cloud gradually extends to the whole
rhombus of B2B1B9B10 at TS, ;. Passing the barrier of TS, ,
the rhombic o cloud shrinks and condenses at GM; to the
other end of B2B1B9B10, that is, the B2B1B10 triangle (and
remains leaning to the B1B10 edge). This completes the cycle:
the cluster returns to the initial GM position, as is the o cloud;
and yet the peripheral B atom moves one link and the ¢ cloud
shifts by one triangle. In other words, the island electron
cloud flows and shifts continuously like a liquid in the
rhombus during the MD process, which reinforces the struc-
tural rearrangement; and vice versa. This motion process
requires little extra energy in each step, consistent with the
small rotational barrier.

It is stressed that, in the TS structure, the four-center de-
localization of the island o cloud, as compared to the three-
center case in the GM, is genuine (Fig. 3b versus Fig. 7c).
AdNDP analysis for the TS of B;;~ shows that in the
B4B11B6B5 rhombus the contribution of the fourth atom, B4,
to the ON is about 60% of the third one, B6, and thus none
should be ignored (Fig. 7c). Interestingly, the flow and shift of
island o cloud counter the rotational direction of the peri-
pheral ring (Fig. 6), which manages to maintain the four
island o bonds at roughly the same positions of the cluster,
despite the rotation of the atoms.

One may argue that the 2c-2e B-B ¢ bond in the core has a
low ON (Fig. 5b); we have reasoned carefully in Section 3.3
that this ON value is reasonable. Note that this bond can be
manually expanded to 3c-2e (B10B11B8) or even 5c-2e
(B10B8B11B4B3), but in such an expanded o bond, the elec-
tron cloud is still dominated by the B10B11 core (~80%). The
“dilute” electron cloud on the additional B8/B4/B3 centers is
not anticipated to have a negative impact on the in-plane
rotation of the subnanoscale tank tread.

4. Conclusions

Continuous tracks dated back as early as the 1770s. Tanks as
armoured fighting vehicles were first used during World War
1. However, no one seemed to have imagined of the miniaturi-
zation of a tank tread down to the sub-nanometer scale. Even

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 AdNDP analyses for the delocalized ¢ framework in the C,, tran-
sition state of the By;~ anion. (a) 2c—2e presentation of the four diagonal
6 bonds and the inner 2c-2e ¢ bond. (b) 3c—2e presentation of the
diagonal ¢ bonds. (c) 3c—2e plus 4c—2e presentation of the diagonal
o bonds, where the two ¢ bonds at the right side are four-center in
nature. Occupation numbers (ONs) are indicated.

with the very recent discoveries of boron molecular wheels and
Wankel motors, the free in-plane rotation of the elongated all-
boron clusters such as B;;~ and By; has not been speculated
or tested. Indeed, the inner B, dimer may be intuitively viewed
as a bar that halts the intramolecular rotation. The current
finding is thus beyond imagination. It is remarkable that a
self-assembly of as few as eleven boron atoms can function
basically as a subnanoscale tank tread, whose macroscopic
counterpart is rather sophisticated. It may be argued that By;~
and B;; serve not only as molecular tank treads, but also as
molecular motors at the room temperature and beyond. We
expect that the By, /B;; tank treads will inspire scientists to
search for and design more novel boron nanostructures and to
fabricate boron-based nanomachines, such as a nanotank. Not
surprisingly, the clockwise or anticlockwise rotation of the
tank tread is completely random. Nonetheless, it should be
possible to control the unidirectional rotation' using a strat-
egy similar to that proposed for a Wankel motor. On a properly
engineered, inert surface, the molecular tank treads may main-
tain their structural, electronic, and dynamic integrity.

Nanoscale, 2015, 7, 16054-16060 | 16059
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