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clusters, with nuclearities in the range from seven to twenty. The information obtained from
the models is being compared with electronic structure calculations based on the DFT
method. Separate rules for in-plane and out-of-plane bonding are derived. In-plane bonding

is precise on the cluster boundary and forms a network of alternating triangular 3c-2e bonds
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on the inside. The out-of-plane bonding is strongly delocalized and only depends on the

global shape and size of the cluster.

1. Introduction

In quantum systems boundary conditions are responsible for
quantization of eigenenergies. In the case of lattice structures
periodic boundaries apply, but in the case of nanoscopic
systems the actual physical boundaries, determined by the
shape and size of the system, are of paramount importance. In
the present contribution we overview a family of boron
nanoclusters, B,, with »n ranging from 7 to 209, These
clusters exhibit a planar structure and a circular or elongated
shape®™®" They have been the subject of extensive quantum
chemical computations®'® and are claimed to correspond to
the principal peaks in the mass spectra obtained by laser
evaporation of a boron target. Evidence from photo-electron
spectra’'® has allowed to confirm the planar structures for the
mono-anions of Bjg and B;¢°??. In previous papers the
concept of disk aromaticity®?* was introduced to explain the
electronic structures of these nanoclusters. This approach
compares the molecular orbitals of the clusters with the
eigenfunctions of a particle in a circular box. We extend here
this comparison to an entire series of boron clusters. The
comparison also includes elongated shapes which often
compete with circular shapes. So far clear quantum rules for the
prediction of the bonding in these families of clusters are
lacking. The aim of our comparison is to find answers to two
essential questions on the structure and bonding of these
nanoclusters:

i) What is the relative importance of out-of-plane or n-bonding

versus in-plane or -bonding?
ii) What is the difference between bonding in clusters with
elongated shapes versus disk-like clusters?
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2. Computational Methods

Electronic structure calculations are carried out using the
Gaussian09® suite of programs. Geometry optimization and
calculation of the harmonic vibrational frequencies are
performed using density functional theory (DFT) with the
hybrid functional B3LYP, in conjunction with the 6-
311+G(d,p)(26,27) basis set. The MO shapes of boron clusters

are plotted by using the B3LYP/6-311+G(d,p) densities.

3. The particle on a disk model

The quantum mechanical model of a particle confined to a
circular disk® is solved by the well known cylindrical Bessel
functions. The solutions are characterized by two sets of
1,23 ...,
referring to the order of the Bessel function, and a ring quantum
0,£1,+2
momentum in the plane of the disk. The ring quantum levels are

quantum numbers: a radial quantum number, n =

number, m = .., corresponding to the angular
usually denoted by the symbols o, 7, 3, ¢.... The eigenenergies

are given by:

,within=1,2,3,... m=0,£1,+2,4+3, ...

where u is the electron mass and R is the radius of the disk. The
dimensionless a,,, parameters are the zeroes of the Bessel
functions. The sequence of these zeroes dictates the Aufbau
order of the disk waves. This order is independent of the disk
radius. Table 1 reproduces a list of the lowest roots.
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Table 1: The lowest n,m roots of Bessel functions

n o T 0 (7 Y n

1 24048  3.8317 5.1356  6.3802 7.5883 8.7715
2 5.5201 7.0156 84172  9.7610 11.0647 12.3386
3 8.6537 10.1735 11.6198 13.0152 14.3725 15.7002
4| 11.7915 13.3237 14.7960 16.2235 17.6160 18.9801
5| 149309 16.4706 17.9598 19.4094 20.8269 22.2178

The assignment of the molecular orbitals of the disk-like
clusters under consideration is simply based on counting the
radial and angular nodes. The number of times a function
changes sign along the radius corresponds to n-1, while the
number of times the sign changes upon completing a full
rotation along the perimeter is equal to 2m. In this way most of
the MO’s of our clusters could be identified unequivocally. As
a result of the planar geometry of most of the structures under
investigation, the MO's are divided into two separate series: in-
plane (o) and out-of plane (n) orbitals. The out-of-plane orbitals
are based on the atomic 2p, functions on boron, while the in-
plane orbitals are based on 2s, 2p,, 2p, atomic basis functions.
Both series follow the particle-on-a-disk Aufbau, implying that
not only the order but also the actual energy values of DFT
orbitals correlate well with the eigenenergies of the box model.
The two separate series are modeled by the following parameter
expressions:

5 2

EM=FE)+ " (a'””;)
2UR;

Enm :EO + hz (am’” )2
T T 2#R;

The plots of the calculated DFT orbital energies versus the
corresponding E;’m and E:’m are adjusted to a straight line by a
least square fit, and subsequently the slope of this line is
adjusted to 45° by adopting effective radii, labeled as R; and R,.
These effective radii are larger than the radius of the outer
boron ring, indicating that the actual boundary of the particle
waves lies beyond the outer ring.

The c-orbital series starts at lower energy in view of the partial
2s character. The E” parameters are an offset which must be
chosen in such a way that the 1o ground level of the o-series in
the model coincides with the DFT result. This starting point is
taken as the zero-point of energy. The E°, parameter adjusts the
1o ground level of the n-series to the corresponding DFT result.
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4. The particle on a rectangle model

As mentioned planar boron clusters can also adopt a triangular
array with an elongated shape. A crude but efficient quantum
mechanical model for these structures is offered by the model
of a particle confined to a rectangle. The solutions are
characterized by two sets of quantum numbers: n, and #n,, with
ny, n,=1,2,3, ... . The eigenenergies are given by:

_ Wl K
8ub’

As before u is the electron mass. The x-direction is taken as the

n,n

oy, 8,[1612

longitudinal direction, with a long-axis length a. Similarly the
short-axis length along the transversal y-direction is denoted as
b. Again both o- and n-series occur. Approximate values for the
effective length parameters are be obtained from the main
longitudinal and transversal sequences:

where energy differences are expressed in Hartree, and ay is the
Bohr radius.

5. Results

5.1 Electronic structure of small disk-like boron clusters.
Boron clusters with numbers of atoms ranging from seven to
twenty have been investigated. The number of the electrons — in
-plane and out-of-plane — for the cluster series are shown in
Table 2. Nearly for all the valence structures of o-type, radial
and angular disk quantum numbers can be assigned
unequivocally on the basis of the orbital plots. The complete
list of orbital plots for all clusters is provided in the Supporting
Information. The assignments create the basis for a comparison
between the particle-on-a-disk states to the orbital energies
obtained from DFT calculations.

The boron clusters that will be discussed as representative
examples B;(0), Bi3(+) (for Bi(0),By(-) see
supplementary material). For each system we compare the o-
and m-orbital energies to the scaled eigenvalues of the particle-
on-a-disk model, and show the corresponding correlation
diagram. We also show MO plots of the occupied orbitals with
the maximum number of cylindrical and radial quantum
numbers.

are:

This journal is © The Royal Society of Chemistry 2014
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Table 2. Electron distribution of valence electrons over ¢ and =« B1(0) MO DFT

orbitals, symmetries and energy in a.u.

Particle in circular

box

Label E(Ha)

Label E(Ha)

Boron In-plane Out-of- Sym Energy(au) E(au)/Nr 16 HOMO-1 2n 0.4885 2n 0.4364
cluster  orbitals(Nr ~_plane metry Boron 15  HOMO-2  2r 04831  lg 03509
of orbitals(Nr. atoms
Electrons)  Flectrons) 14 HOMO-3 26 04350  lg 03509
13 HOMO-4 lo 0.4241 20 0.2179
11 HOMO-6 15 0.3638 16 0.2068
B+(0) 9(18) 2(3) Cyy -173.71022 -24.81574 10 HOMO-7 18 0.3493 18 0.2068
B:(+) 9(18) 12) Cy  -173.79753  -24.82821 HOMO. | | | 4
B+(-) 9(18) 2(4) Cy  -173.41786  -24.77398 OMO-8 m 01706 i 0.077
Bs(0) 9(18) 3(4) Dy -198.59679  -24.82459 8 HOMO-9 Iz 0.1505 In 0.0774
Bs(+) 11(22) 2(3) Cy  -198.59619  -24.82452 7 HOMO-10 ls  0.0000 lo 0,0000
Bs(-) 10(20) 3(5) Cyy -198.69938 -24.83742
Bs(0) 11(21) 3(6) Cy, 22341003  -24.82333
Bs(-) 11(22) 3(6) Dsn  -223.53574  -24.83730
B12(0) 15(30) 3(6) Cy  -298.02690  -24.83557
Bix(+) 15(29) 3(6) C,  -297.70655  -24.80887 . C
Bul) 15(30) A7) c 20810203 484183 The co.rrelaftlon betwefen ]?FT and scatled mOflel energies is
B13(0) 16(32) 47 Cay -322.59506 -24.81500 shown in Figure 1, while Figure 2 provides orbital plots of the
Bis(+) 16(32) 3(6) Cay -322.85432 -24.83494 orbitals with maximal numbers of nodes.
B14(0) 16(32) 4(8) Cy 34770072 -24.83576
Bu() 16(34) A7) Ch  -347.41429  -24.81530 . Py . o
Bi() 16(35) 48) c, 34772691 483763 Tat?le 4.Correlation of DFT m-orbital energies and particle-on
B15(0) 1937) 4(8) Ci 37254513 -24.83634 a-disk spectrum
Bis(+) 18(36) 4(8) C,  -37222778  -24.81518
Bis(-) 19(38) 4(8) Ci 37266170  -24.84811 —
Bis(0)  23(46) 4(8) C.  -44695953  -24.83108 B+(0) MO DFT Particle in a
Bus(-) 23(45) 5(10) Cy,  -44723286  -24.84627 circular box
Biy(0) 23(45) 6(12) C; -471.95082 -24.83951 Label E(Ha) Label E(Ha)
Buo(-) 24(46) 6(12) Cp  -472.10126  -24.84743
Bu(-)  25(49) 6(12) Co 49691257  -24.84562 17 HOMO Im 05321 dm o 0.5321
Bx(2-)  25(50) 6(12) Co  -496.90977  -24.84548 12 HOMO-5 lo 03874 lo 0.3874
5.1.1 B+(0):

For this system the resulting energies (in Hartree), relative to
the ground root are given in Tables 3 and 4 for ¢ and & orbitals
respectively.

Table 3.Correlation of DFT c-orbital energies and particle-on-
a-disk spectrum.

This journal is © The Royal Society of Chemistry 2014
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Figure 1: B;(0): DFT versus disk model energies.

The highest occupied nc-orbital is the 2c-orbital with one radial
node, between the central atom and the outer hexagon (see
Figure 2). On the central atom some further 2p,-character is
noted which is due to a slight out-of-plane movement of the
central atom. The maximal number of angular nodes
corresponds to three in the lm orbital, which consists of a

perfect sign alternation in every atom of the outer ring.

5.1.2 B13(0):

The neutral B3 cluster consists of an inner triangle, surrounded
by an outer ring of ten atoms. The energy correlations (in
Hartree), relative to the ground root are given in Tables 5 and 6
for ¢ and = orbitals respectively.

Max number Max number of

Physical Chemistry Chemical Physics

Blg(-) 30 I
Bzo(-) 30 I

® ¢

Figure 2. B,(0), By3(0), B1s(-),B2o(-): orbitals with maximal n and
maximal m

Table 5.Correlation of DFT c-orbital energies and particle-on-

a-disk spectrum.

B1:(0) MO DFT Particle in circular
box

Label E(Ha) Label E(Ha)

32 HOMO-1 28 0.4975 In 0.4534
31 HOMO-2 28 0.4775 30 0.4403
28 HOMO-5 30 0.4411 28 0.4146
27 HOMO-6 21 0.4198 28 0.4146
26 HOMO-7 21 0.4029 ly 0.3300
24 HOMO-9 In 0.3828 ly 0.3300
23 HOMO-10 ly 0.3789 21 0.2767
22 HOMO-11 ly 0.3786 2n 0.2767
21 HOMO-12 lo 0.3136 1o 0.2225
20 HOMO-13 lo 0.2847 lo 0.2225
19 HOMO-14 20 0.1875 20 0.1382
18 HOMO-15 15 0.1785 16 0.1312
17 HOMO-16 15 0.1745 15 0.1312
16 HOMO-17 In 0.0796 In 0.0491
15 HOMO-18 1n 0.0693 In 0.0491
14 HOMO-19 lo 0.0000 lo 0.0000

Table 6.Correlation of DFT m-orbital energies and particle-on-

a-disk spectrum.

Bi13(0) MO DFT Particle in a circular
box
Label E(Ha) Label E(Ha)
33 HOMO 15 0.5563 18 0.5563
30 HOMO-3 In 0.4634 It 0.4634
29 HOMO-4 In 0.4623 It 0.4623
15 HOMO-8 lo 0.4010 lo 0.4010

or rings nodes
B,(0) 20 lo
B13(0) 30 l'l’]

<

4 | PCCP, 2014, 00, 1-3

The energy correlation plot is presented in Figure 3. A typical
feature of this plot, which could also already be observed for
the B; cluster (Figure 1), is the change of the slope at about
0.30 Hartree. This change reflects roughly a transition from
orbitals that are predominantly of 2s character to orbitals with a
predominant 2p character. We will return to this feature in the
discussion of the radial scaling factors. Figure 2 displays the 3¢

This journal is © The Royal Society of Chemistry 2014
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orbital and 1n orbital, having two radial and five angular nodes
resp.

y=0.9792x +0.0517
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Figure 3. B;3(0): correlation between DFT orbital energies and
particle-on-a-disk spectrum

5.2 Rescaled radii

As we explained in the section on the disk model, the fit with
the DFT results required a rescaling to an effective radius in the
model treatment, as compared with the actual radius of the
outer ring. This rescaling had to be carried out independently
for the ¢ and & series. The results are listed in table 7. The radii
always increase as compared to the actual cluster radius. The
extension in the table indicated the increase of the disk radius
as compared to the actual cluster radius.

Table 7.Rescaled radii (A) and extension (A) for the ¢ and for
the w band of clusters

This journal is © The Royal Society of Chemistry 2012

Cluster Ro Extension Rn Extension
B-(0) 7.94 4.54 5.81 2.41
B+(-) 7.11 3.71 6.79 3.39
Bs(0) 7.06 3.66 5.56 2.16
Bs(+) 6.83 3.43 4.97 1.57
Bs(-) 7.18 3.78 6.08 2.68
By(0) 7.34 3.94 5,88 2.48
Bo(-) 7.31 391 5,86 2.46
Bi(0)  6.45 3.05 4,92 1.52
Bn(+) 625 2.85 4.68 1.28
Bia(-) 6.85 3.45 3.81 0.41
Bis(0)  6.30 2.90 5.81 2.41
Bi(+) 620 2.80 4.70 1.30
Biu(0)  6.13 2.73 5.67 227
Bu(+)  6.18 2.78 6.36 2.96
Bia(-) 6.28 2.88 5.52 2.12
Bis(0)  6.19 2.80 5.99 2.59
Bis(+)  5.88 2.48 5.99 2.59
Bis(-) 6.27 2.87 6.30 2.90
Bi(0) 5,50 2.10 4,52 1,12
Bis(-) 5.60 2.20 4.72 1.32
Bip(0) 590 2.50 4.81 1.40
Bio(-) 6.10 2.70 6.22 3.40
Bao(-) 5.99 2.59 4.79 1.39

By(-2) 5.85 2.45 5.33 1.93

This result shows several interesting features. In most cases the
radius increases with increasing cluster charge, as should be
expected for electron clouds with increasing number of
electrons. Also the extension of the m-cloud is always smaller
than the extension of the o-cloud. This can be linked to the
radial extension of the corresponding basic orbitals. The n-band
is based on the 2p, orbitals with a smaller radial extension as
compared to the 2p,, 2p, orbitals involved in the o-band.
According to the quantum particle in a box models the
extension of the box usually corresponds to one bond length,
which for a typical BB bond length of 1.6-1.7 A. The o-
extensions are larger than this distance, while the n-extensions
are mostly somewhat smaller.

5.3 Electronic structure of elongated clusters

For many clusters one finds competing minimal energy
structures with elongated and circular shapes. The most regular
elongated shapes correspond to a double stripe of boron
triangles, with a cap at each end. We have studied in detail the
electronic levels of the Bj4(0)(supplementary material) and
Bio(-) clusters as compared to the particle in a rectangular box
model. The actual structures show small deviations from
planarity. Both clusters were made planar in order to remove

some residual o-m hybridization.

Elongated By(-):

PCCP, 2014, 00,1-3 | 5
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In Table 8, we provide the orbital energies for the Big(-) cluster.
Here the highest value for the long-axis quantum number is 7,
but the short-axis quantization remains 4. As in B4(0) there are
two orbitals with strong localization on the caps which cannot
be assigned with rectangular quantum numbers. These are the
HOMO-4 and HOMO-5.

Table 8.Orbital energies (Hartree), and rectangular quantum
numbers

Bis(-)

c Label E(Ha) n Label  E(Ha)
HOMO-2 34 0.58643 HOMO 2,2 0.65794
HOMO-4 ? 0.52649 HOMO-1 4,1 0.62174
HOMO-5 ? 0.50234 HOMO-3 1,2 0.54019
HOMO-6 2,4 0.46257 HOMO-7 3,1 0.45739
HOMO-8 7,2 0.39228 HOMO-11 2,1 0.30093
HOMO-9 6,2 0.39037 HOMO-16 1,1 0.23353
HOMO-10 1,4 0.32676
HOMO-12 43 0.25920
HOMO-13 33 0.26929 DD D2
HOMO-14 7,1 0.26905 FAVArarararaN
HOMO-15 23 0.23978 P99 9 99
HOMO-17 1,3 0.23270
HOMO-18 52 0.22623
HOMO-19 4,2 0.21467
HOMO-20 6,1 0.20637
HOMO-21 5,1 0.18097
HOMO-22 3,2 0.17731
HOMO-23 2,2 0.16142
HOMO-24 4,1 0.15832
HOMO-25 1,2 0.13871
HOMO-26 3,1 0.12752
HOMO-27 2,1 0.09924
HOMO-28 1,1 0.09435

In Figure 4, we plot for both clusters the energy difference in
the principal series, E(n,, 1) —E(1,1), in the o- and the m-band.
The plots are surprisingly linear in spite of the crude model. As
can be seen from the figure the slopes for the c-band are much
less pronounced than for the w-band. This is also reflected by
the effective radii as given in Table 9. In comparison to the
actual atomic lengths of the long and short axis it is remarkable
that the o-fit highly overestimates the actual size, while for the
m-parameters it is rather the opposite. This is probably related to
the mixed orbital character of the c-orbitals which contain the
2py and 2p, orbitals with intrinsic nodal properties.

In Figure 5 orbital plots are provided for the highest orbitals of
the (ny,1) and (1,n,) principal series.

Table 9. Effective radii (in A) for elongated clusters, as
compared to the atomic distances along the long and short axis

B6(0) Bio(-)
<a> <b> <a> <b>
16.56 9.06 19.21 9.55
7.37 3.66 7.38 3.67
a b a b
Actual sizes 7.92 3.32 9.47 3.12

6 | PCCP, 2014, 00, 1-3
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0.40 y = 0.0265x - 0.0299
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Figure 4. Energy difference, AE = E(n,,1) —E(1,1), in the - and
the n-band for both elongated structures.

B14(0) 6,1 14
Bio(-) 7,1 L4

Figure 5. Terminal orbitals of the principal series (ny,1) and
(1,ny)

6. Discussion

6.1 Molecular structures
Planar and quasiplanar oligomers of boron essentially present
two types of geometries: circular disks and elongated stripes. It

is tempting to relate the growth patterns of these two kinds to
the existence of two kinds of larger 3D clusters: the disks may

This journal is © The Royal Society of Chemistry 2014
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be curved to form calixarenes and eventually boron fullerenes,
while the stripes may roll up to form cylinders.

Most of the clusters display a triangulated disk structure, and
may be viewed as tessellations of the triangulated plane. The
ring of nearest neighbours encircling a triangle in such a plane
contains 9 atoms. The general rule applies that an inner ring of
n atoms is surrounded by an outer ring of n+6 atoms. In Figure
8 we apply this rule to the planar structures we have studied.
Examples which strictly obey this geometrical rule are Bg, B,
and Bg. Larger clusters are frequently characterized by the
presence of open faces: as an example B34 has a coronene-like
shape with an open pentagon in the middle, surrounded by a
triangulated strip. For B4 the minimal energy search generates
a geometry with an inner rhombus with 4 atoms, surrounded by
a ring of 10, but this competes with an elongated shape and a
non-planar isomer. A similar situation occurs for Bjs. The
triangulated shape with an inner part of 5 atoms and surrounded
by an 11-ring is expected for B¢, but again such a shape is less
stable than an elongated form.

9 >
16 %' Fa¥aya¥
22 s e e
14 A1 P e . N o S
2P JJJ\J‘J’J e I...“J‘J
g .
12 ] JJJJJ J oot JJJJ
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= a4 ] Ft -2
> ( 9 {J *J\
6 > 0 J‘, )&J 9
o 2 7 9 XA
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Figure 6. Triangulated disks: number of outer atoms wversus
number of inner atoms. The line corresponds to the n+6
relation.

6.2 Quantum rules for the ¢ subband

For ideal planar structures there is a strict separation of ¢ and &
orbitals on the basis of reflection symmetry through the
molecular plane. Each kind thus forms a separate subband for
which specific quantum rules can be expressed.

For the 6 subband, there are two maximal node principles:

a) The modes with the highest value for the angular momentum
depend on the number of atoms in the outer ring. If this number
is equal to 2m, there is one occupied orbital transforming as
cos(me). If this number is odd, 2m+1, there is a pair of cyclic
orbitals, transforming as cos(mg) and sin(mg). While these
functions thus have a total of 2m angular nodes, they are
nonetheless bonding combinations, because they consist of
tangential 2p orbitals. These basis functions change sign at the
atomic positions, but form bonding combinations at the

This journal is © The Royal Society of Chemistry 2012

interatomic positions. The radial quantum number for these
modes is equal to one (n=1) indicating that there are no radial
nodes.

b) Vice-versa the highest radial quantum number for orbitals
without angular nodes is equal to the number of concentric
rings plus one. An atom in the center should not be counted in.
As an example for a structure such as Bj,, consisting of a
triangle surrounded by a nonagon, there are two concentric
rings. The highest no orbital thus has n =2 + 1= 3.

Both these orbital characteristics refer to modes that are fully
delocalized over the disk. In order to understand these features
one should make the comparison with a valence bond model for
these boron compounds. The boron element is 'electron
deficient' in the sense that it has only 3 valence electrons for
four valence orbitals. As a result it must recur to multi-center
two-electron bonding. Using the adaptive natural density
partitioning method (ANDP)(29-31) Boldyrev et al. have
concluded a localized description of the valence bond in the
boron disk, based on two bond-types: i) the peripheral ring is
always completely bonding with localized 2¢c-2e bonds, ii) the
interior of the disk is held together by distributed triangular 3c-
2e bonds. The latter bonding type is characteristic of the borane
compounds as well and directly follows from the electron-
deficiency of boron. Remarkably 4-centre bonds on open
squares in the interior are never found. From an overview of the
cluster series, it can be inferred that the triangle bonds form an
alternating network, so that approximately only half of the
triangles are covered. As a simple example we may consider
the B;" cation. This cluster contains 20 valence electrons, two
of which belong to the m-band. Of the remaining 18 electrons
not less than 12 are invested in forming a fully bonding outer
hexagon with six 2c¢-2e bonds. Then six electrons remain which
can account for three triangular bonds; this is half the number
of interior triangles in this structure. This distribution of 3c-2e
in the interior in a sense corresponds to a Kekule symmetry
breaking, giving rise to resonance delocalization.

The existence of a fully bonding perimeter is a remarkable
feature of these boron clusters. It directly confirms our initial
hypothesis that for these small clusters the confinement by the
atomic boundary is the dominant feature of the structure. The
highest angular node orbital which is present in all structures is
connecting all the outer atoms through the tangential 2p orbitals
on the peripheral atoms and is a direct consequence of the
electron precise bonding around the outer ring. Likewise the
highest radial node of no-type realizes a fully bonding
combination of 2s and radial 2p orbitals of the outer atoms.
Such an orbital can be combined with a similar bonding mode
on the inner part to form an in-phase all bonding orbital and an
out-of-phase orbital with a radial node. If the inner part only
consists of one atom, this is not possible since the out-of-phase
combination would not have an interior bonding part, hence the
rule that an atom in the center does not count.
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6.3 Quantum rules for the © subband

It seems that the formation of the in-plane o-frame is the
determining step for the allocation of the number of o-
electrons. The surplus is then assigned to the m subband. One
indication for this hypothesis is that the HOMO frequently (but
not always) is of n-type. The number of occupied levels of the nt
subband is a slowly but steadily rising function of nuclearity
(see Table 1). It is clear that this subband consists of highly
delocalized orbitals which are distributed over the framework
and form a slowly increasing series, which basically only
depends on the shape and size of the cluster, and not on the
detailed structure. This explains why an analogy could be
drawn with conjugated planar carbon systems, which are not
isoelectronic but only analogous as far as shape and size are
concerned. For circular shapes the m-orbitals are close to the
solutions of the disk model, while for elongated shapes the
simple model of a particle in a narrow rectangular box is
already sufficient.

6.3 Elongated structures

A crude rectangular box model was found to be able to
rationalize the orbital shapes in the elongated structures, except
for a pair of orbitals which were strongly localized on the
capping regions, at both ends of the longitudinal axis. For the ¢
subband the maximal number of nodes in the transversal
direction cannot be greater than four. This corresponds to three
nodal planes which are coincident with the three arrays of the
nuclear positions. These modes are indeed realized by
combinations of the 2py-orbitals which define nodal planes
through the nuclear positions. In the longitudinal direction the
highest quantum number is 6 for B¢ and 7 for Byy. This count
depends on the number of atoms along the perimeter, not taking
into account the capping atoms. In this way one counts 10
perimeter atoms for B, and 12 for Bjg. Combinations of in-
plane orbitals which are nodal at these atoms indeed yield the
(6,1) and (7,1) orbitals shown in Figure 5.

7. Conclusions

In this article free-particle models have been considered in
order to obtain quantum rules for boron clusters with
nuclearities from seven to twenty. In view of the near-planarity
of the clusters the electronic structure separates into ¢ and =«
subbands. These incorporate different bonding rules.

As for the in-plane o-bonding, since boron is electron deficient
it cannot form electron-precise bonds. Quite remarkably it
nevertheless invests sufficient electron pairs to form a closed
ring of electron-precise bonds around the full perimeter of the
cluster. The remaining c-orbitals form a triangulated network of
3c-2e bonds corresponding approximately to half the number of
triangles inside. As an example, in Byo(2-), there are 25
occupied c-orbitals, 13 of which are needed for the perimeter
bonding. The inner structure contains 23 triangles and one
square. The remaining 12 orbitals will form delocalized bonds
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over this inner network, in approximate agreement with half the
number of triangles. This bonding scheme is confirmed by the
particle-on-disk model in that the highest angular momentum
mode is dictated by the number of bonds in the outer ring. If
this number is even, 2m, there is one occupied orbital
transforming as cos(me). If the number is odd, 2m+1, there is a
pair of cyclic orbitals transforming as cos(m¢) and sin(mg).
Moreover, the highest radial quantum number is equal to the
number of concentric rings plus one (atoms in the center should
not be counted in). The remarkable feature of the disk model is
that it not only accounts for the Aufbau of the c-subband, but
that there is also a semi-quantitative correspondence. This is the
more remarkable, since the orbital basis consists of 2s and 2p,
orbitals with different nodal characteristics. However both
orbital types hybridize so as to form the waves that are
characteristic for a particle in a disk. Of course towards the
frontier region of the band, the actual molecular geometry
becomes more important and deviations from the model start to
show up.

The m subband has different characteristics. The orbitals are
much more delocalized, forming shells which principally
depend on the overall size of the system. As can be seen the
electron counts corresponding to the quantum rule for this
subband tend to comply with the shell structure of the disk
model, and are to be considered as the magic numbers of disk
aromaticity. The smaller clusters in Table 2 often have 6 n-
electrons corresponding to the usual aromatic (16)*(17)* sextet,
while larger clusters have a preference for 12 m-electrons,
occupying (16)*(1n)*(18)*(26)%.

In conclusion our systematic study of planar boron clusters at
low nuclearities has provided rules that apparently dictate the
bonding. They provide an answer to the first question in the
introduction, concerning the relationship between the in-plane
and out-of-plane subbands. In contrast the second question on
the relationship between elongated and circular isomers does
not seem to receive a clear answer, since both alternatives can
be very close in energy, and the boron valence shell shows
enough flexibility to adapt to both bonding topologies.
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