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Boron could be the next element after carbon capable of forming
2D-materials similar to graphene. Theoretical calculations predict
that the most stable planar all-boron structure is the so-called
a-sheet. The mysterious structure of the o-sheet with peculiar
distribution of filled and empty hexagons is rationalized in terms
of chemical bonding. We show that the hexagon holes serve as
scavengers of extra electrons from the filled hexagons. This work
could advance rational design of all-boron nanomaterials.

Recently discovered graphene,'” a one-atom-thick planar sheet
of carbon atoms densely packed in a honeycomb crystal lattice,
gave us the opportunity to probe properties of 2D-materials. The
isolated layers of graphene were found to exhibit high carrier
mobilities (>200000 cm® V' s7! at electron densities of
2 x 10" em™)>° exceptional Young modulus values
(>0.5-1 TPa), and large force constants (1-5 Nm~!).”” Due
to these properties graphene is attractive for many potential
commercial applications such as energy storage,'® micro- and
optoelectronics."!

Boron, the light neighbour of carbon in the Periodic Table, is
an excellent next candidate for acquiring 2D-structures. Indeed,
graphite-like material MgB,, which possesses remarkable
superconductivity near 40 K,'? is composed of planar honey-
comb crystal lattices of boron atoms with magnesium atoms
located above the center of the hexagons between the layers.
Thus, each of the all-boron graphite-like sheets in MgB, is an
example of a 2D-structure composed of boron atoms. However,
boron atoms in MgB, have a charge of —1 and thus acquire
electronic configuration similar to that of carbon. One can
construct a honeycomb crystal lattice of a neutral boron sheet
assuming that every boron is sp’~hybridized and forms three
two-center-two-electron (2c-2¢) o-bonds. Such a structure was
shown to be less stable than the truly remarkable o-sheet
structure (Fig. 1), computationally predicted by Tang and
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Fig. 1 (a) Geometric structure of the all-boron a-sheet. (b) The
proposed bonding pattern for the all-boron o-sheet: 3c-2e o-bonds
(solid triangles), 4c-2e o-bonds (solid rhombi) and delocalized n-bonds
(circles).

Ismail-Beigi'*'* and Yang er al.'® This structure is formed of

two types of hexagons: empty hexagons and ones with an
additional boron atom at the center. A similar pattern with
hexagon holes and filled hexagons was predicted for boron
nanotubes.'>!'® All-boron fullerenes with a similar network of
filled hexagons and pentagon holes have also attracted significant
attention'*'>7 since Szwacki er al. predicted a highly spherical
buckyball structure for Bgy.?

The 2D-lattice with hexagon holes and filled hexagon motifs
in the a-sheet is puzzling and understanding its chemical
bonding pattern could be an important advancement towards
future design of all-boron nanostructures. In order to address
this issue we performed a chemical bonding analysis for the
lattice. To date there is no computational tool capable of
analyzing chemical bonding in terms of 2c-2e, 3c-2e or
nc-2e bonds in general in infinite 2D-lattices, therefore we
investigated chemical bonding in fragments of the all-boron
a-sheet. For our analysis we chose three a-sheet fragments,
which are shown in Fig. 2-4. They were selected in a way to
preserve electro neutrality when placed into the 2D-a-sheet.
These fragments allowed us to trace all bonding elements in
the a-sheet and reduce the influence of the boundary conditions
in our fragments upon extension of their size.

Since chemical bonding in the all-boron o-sheet was
anticipated to involve delocalized bonding we selected the
Adaptive Natural Density Partitioning (AdNDP) method as a
tool for our chemical bonding analysis. This method was recently
developed by Zubarev and Boldyrev?® and used to analyze
chemical bonding in boron clusters,”>! prototypical aromatic

This journal is © the Owner Societies 2011

Phys. Chem. Chem. Phys., 2011, 13,11575-11578 | 11575



Downloaded by Tianjin University on 07 July 2011
Published on 20 May 2011 on http://pubs.rsc.org | doi:10.1039/C1CP20439D

View Online

e . Q::0

B erTe O

B?.‘; .oa‘

L
@
o
®
o
L]
(-2

: 7c-2e
(DgysAsg) 6 x 3c-2e o-bonds n-bond
ON=1.98 lel ON=2.00 lel
b
S (-] O .
il @ O
93 % o °° 34 “~
-]
B.H.* 6 x 2c-2e 6 x 3c-2e 7c-2e
D A B-H o-bonds o-bonds n-bond
(Dgy'Ap)
ON=1.96 lel ON=1.98 lel ON=2.00 lel

Fig. 2 (a) Geometric structure of the B,"’ fragment, six 3c-2e
o-bonds, and one 7c-2e m-bond. (b) Geometric structure of the
B,H¢" fragment, six 2c-2¢ B-H o-bonds superimposed on a single
framework, six 3c-2e o-bonds superimposed on a single framework,
and one 7c-2e n-bond.
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Fig. 3 (a) Geometric structure of the By, " '® fragment, eighteen 3c-2e
o-bonds (inside of peripheral triangles) superimposed on a single
framework, three 4c-2e o-bonds (inside of rhombus motifs) super-
imposed on a single framework, and four 7c-2e m-bonds located on
filled hexagons. (b) Geometric structure of the By,H, fragment,
twelve 2c-2e B-H o-bonds, eighteen 3c-2e o-bonds superimposed on a
single framework, three 4c-2e o-bonds superimposed on a single
framework, and four 7c-2e n-bonds.

organic molecules® and gold clusters.*> The AINDP method
analyzes the first-order reduced density matrix in order to obtain
its local block eigenfunctions with optimal convergence properties
for electron density description. The obtained local blocks
correspond to the sets of n atoms (n ranging from one to the
total number of atoms in the molecule) that are tested for the
presence of two-electron objects (n-center two electron (nc-2e)
bonds, including core electrons and lone pairs as a special case
of n = 1) associated with this particular set of n atoms.
AdNDP initially searches for core electron pairs and lone
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Fig. 4 Geometric structure of the By, " '® fragment of the a-sheet,
twenty-four 3c-2e o-bonds (inside of peripheral triangles and triangles
bordering upon the hole) superimposed on a single framework, six
4c-2e o-bonds (inside of rhombus motifs) superimposed on a single
framework, one 6¢c-2e m-bond located on the hexagon hole, and six
7c-2e m-bonds located on filled hexagons.
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pairs (1c-2e), then 2c-2e, 3c-2e,. .. and finally nc-2e bonds. At
every step the density matrix is depleted of the density
corresponding to the appropriate bonding elements. User-directed
form of the AANDP analysis can be applied to specified
molecular fragments and is analogous to the directed search
option of the standard Natural Bond Orbital (NBO) code.>*
AdNDP accepts only those bonding elements whose occupation
numbers (ON) exceed the specified threshold values, which are
usually chosen to be close to 2.00 [e|. When all recovered nc-2e
bonding elements are superimposed onto the molecular frame
the overall pattern always corresponds to the point-group
symmetry of the system. Thus, AANDP recovers both Lewis
bonding elements (1c-2e and 2c-2e objects, corresponding to
the core electrons and lone pairs, and two-center two-electron
bonds) and delocalized bonding elements, which are associated
with the concepts of aromaticity and antiaromaticity. From
this point of view, AANDP achieves seamless description of
systems featuring both localized and delocalized bonding
without invoking the concept of resonance. Essentially,
AdNDRP is a very efficient and visual approach to interpretation
of the molecular orbital-based wave functions.

We performed the AANDP analysis of the all boron a-sheet
fragments with geometric parameters (B—B distance of 1.67 A)
of the predicted lattice structure.'>!'> We used a hybrid density
functional method known in the literature as B3LYP with the
6-31G basis set. AANDP is an extension of the NBO analysis***
and it was shown before?®*° that AANDP is not sensitive to
the level of theory or the basis set. All calculations were
performed using the AANDP program and the Gaussian 03
software package.’” Molecular visualization was performed
using Molekel 5.4.3

First, we analyzed the seven-atom (the filled hexagon)
fragment of the a-sheet (Fig. 2a). The charge of +7 was
selected for the bare B cluster from a few trial AANDP runs
which allowed us to have a symmetric chemical bonding
picture with bonding elements, which will be shown later to
be present in the 2D a-sheet lattice. The AANDP analysis
revealed six 3c-2e o-bonds and one 7c-2e n-bond in the B,
fragment. In order to reduce external charge we ran AANDP
calculations for the B;Hq " cluster. The analysis revealed the
same chemical bonding pattern with additional six 2c-2e B-H
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o-bonds (Fig. 2b), showing robustness of the chemical bonding
picture.

The second model system was chosen in order to understand
how the chemical bonding picture changes upon addition of
three neighbouring filled hexagons to the B; motif (Fig. 3a). The
AdNDP analysis of the By, 16 cluster revealed a 3c-2e o-bond in
every peripheral triangle while a 4c-2e 5-bond was found in every
rhombus motif at the junction of two hexagons (Fig. 3a). In
addition, a 7c-2e m-bond on every filled hexagon was revealed
using the user-directed form of the AANDP method. It will be
shown below that the newly found 4c-2e o-bonds are present in
the a-sheet at all junctions of the filled hexagons. Again, in order
to test the robustness of this chemical bonding pattern we
performed the same analysis for the By,H;, ™ * system (Fig. 3b).
We found that the bonding picture is the same as that for the
By, " !¢ cluster with additional twelve 2¢-2¢ B-H o-bonds.

The B3, " !® cluster was chosen as a fragment of the all-boron
a-sheet containing a hexagonal hole (Fig. 4). The AANDP
analysis revealed twenty-four 3c-2e o-bonds at the peripheral
triangles and triangles bordering upon the hole. Again, a 4c-2e
o-bond was found in every rhombus motif at the junction of two
hexagons. Then a 7c-2e m-bond was revealed on every filled
hexagon using the user directed AANDP method as well as the
new bonding element in this cluster: a 6c-2e m-bond over the
hexagon hole at the center. The analysis of the largest studied
fragment allowed us to recover the last missing bonding
element—the 6¢c-2e n-bond over the hexagon hole.

From the chemical bonding analyses of the model fragments
we now can propose the following chemical bonding picture
(Fig. 1b) for the infinite all-boron a-sheet. On every filled
hexagon we found three 3c-2e o-bonds (solid triangles), which
are bordering upon the holes, three 4c-2e G-bonds (solid rhombi)
at the junction of two filled hexagons, and one 7c-2e m-bond
(circles). With this chemical bonding for each B, fragment we
have six valence electrons coming from three 3c-2e o-bonds,
three electrons coming from three 4c-2e o-bonds and two
electrons coming from the 7c-2e m-bond with the total number
of eleven electrons. On the other hand, if we consider a filled
hexagon as a part of the lattice we can calculate the total number
of valence electrons as follows: each of the six peripheral boron
atoms brings half of its valence electrons (9 electrons in total) and
the central atom brings all its valence electrons (3 electrons)
resulting in the total of twelve electrons per filled hexagon. Thus,
there is one extra electron on each filled hexagon motif not
involved in the bonding presented above. As one can see from the
whole lattice picture the extra electron on a filled hexagon (an
electronic donor) is shared by three hexagonal holes (three
electronic acceptors) evenly distributed around it, while each
hole is surrounded by six filled hexagons, resulting in two ‘extra’
electrons per hole. Those two electrons form the 6¢c-2e m-bond
(Fig. 1b, circles over hexagon holes), which was revealed in our
Bso "' model system. It is interesting to notice that, unlike
graphene, which contains in-plane 2c-2e C-C o-bonds, the
all-boron graphene a-sheet studied in this work possesses no
localized 2c-2e B-B o-interactions.

Occupation numbers (ONs) revealed for every bonding
element are very close to the ideal value of 2.00 |e| (see
Fig. 2-4) giving additional credibility to the presented
chemical bonding picture for the all-boron a-sheet.

Table 1 Calculated NICS,, values (ppm)

RAA Filled hexagon® Hexagon hole® Benzene®
0.0 — —51.5 —14.5
0.2 —100.4 -53.0 —16.3
0.4 -75.3 -56.9 -20.6
0.6 —70.8 —61.7 —25.2
0.8 —66.3 —66.1 —28.3
1.0 —60.8 —68.9 -29.2
1.2 —55.2 —69.9 —28.2
1.4 —49.9 —69.0 -26.0
1.6 —45.2 —66.8 -232
1.8 —41.0 —63.6 -20.2
2.0 -37.3 -59.8 —17.4

“ Distance from the hexagon centre. ” Calculated at B3LYP/
6-311+ G*. ¢ Calculated at B3LYP/6-311++G**.

The AANDP method revealed a delocalized n-bond on every
filled hexagon and every hexagon hole. Each m-bond is
responsible for local m-aromaticity in the corresponding fragment.
We further probed the revealed m-aromaticity using one of the
most popular ways of evaluating aromaticity in planar species,
the nuclear independent chemical shift (NICS,,), which was
introduced by Schleyer and co-workers.”® In this method
negative NICS,, values indicate aromaticity and positive
values indicate antiaromaticity. NICS,, calculations were
performed above the center of the filled and empty hexagons
in the B3, " '® model system using the B3LYP/6-311 + G* level
of theory. We also calculated the same set of the NICS,, values
for the prototypical aromatic system, benzene, using the B3LYP/
6-311++G** level of theory. Results of all the calculations are
summarized in Table 1.

One can see that the NICS,, values above the filled
hexagons and hexagon holes are significantly more negative
than the corresponding values of benzene, thus, confirming the
presence of local m-aromaticity in the hexagons.

From our overall chemical bonding picture we get a 1/3
ratio for the numbers of valence n- and c-electrons in the
all-boron a-sheet, which was obtained from the fact that out of
a total of twelve valence electrons on each filled hexagon motif
(including the one it donates to the holes) three form m-bonds
and nine form o-bonds. We would like to stress that this ratio
is close to that of the so far largest planar boron clusters
studied both experimentally and theoretically: Bs>~ (the
valence 7- to o-ratio is 0.25)* and By~ (the valence 7- to
o-ratio is 0.26).>! The presence of holes as well as their amount
relative to the number of filled hexagons in the all-boron
a-sheet is determined by this ©- to c-electrons ratio: the holes
in the all-boron a-sheet absorb the third m-electron of each
filled hexagon, which cannot be accepted by the motif.
Interestingly, the ratio of 1/9 between the number of the donated
n-electrons (1 electron) and the number of total o-electrons
(9 electrons) in a filled hexagon equals the hexagon hole density
of 1/9 in the infinite all-boron a-sheet.'* This analysis agrees with
the proposed chemical bonding pattern demonstrated in Fig. 1b
for a building block of the a-sheet boron.

Now it is clear why the hypothetical honeycomb crystal
lattice of a neutral boron sheet where each boron atom
acquires sp>-hybridization and forms three 2c¢-2e o-bonds
but no m-bonds is not energetically favourable. In order
for the neutral all-boron 2D-structure to be energetically
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favourable it should have a certain amount of electron density
in the n-system. If we transfer some amount of electrons from
the 2c-2e o-bonds in the honeycomb crystal lattice to the
n-system it breaks the connectivity in the o-framework and
that makes the whole structure energetically unfavourable.
Similarly, the all-boron neutral 2D-structure composed of
boron equilateral triangles (or of filled hexagons but with no
holes), the so-called triangular sheet, should be unstable too.
There are two ways to construct the triangular boron sheet in
accordance with our bonding model. First, if one tried to build
it with every triangle carrying a 3c-2e o-bond, there would be
not enough electrons even for such o-bonding, since every
boron atom belongs to six triangles and therefore can
contribute 3 x (1/6) = 1/2 electrons to the triangle with the
total of 1.5 electrons per triangle only.. Alternatively, we can
construct the neutral all-boron 2D-sheet of filled hexagons
with the presence of six 4c-2e o-bonds (they are shared with
the neighbouring hexagons) and six m-orbitals on each filled
hexagon. This structure is also unfavourable since the ratio of
7- to o-electrons is 0.5, which was not observed for the lowest
energy planar boron clusters.?*-3!40-42

The unprecedented chemical bonding model presented in
the current work widens our understanding of chemical
bonding in general and we believe that the presented bonding
picture could be an advance toward rational design of future
all-boron nanomaterials.
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