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Abstract

Using ab initio quantum-chemical methods, different novel structures of B clusters have been investigated. The most32

stable isomers have quasiplanar or tubular structures often containing dove-tailed hexagonal pyramids. In contrast, hollow
Žspheres are less stable. The stability can be understood as a competition between a curvature strain favoring quasiplanar

. Ž .clusters and elimination of dangling bonds favoring tubular and cage structures . Atomic coordination is larger than in
carbon clusters. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The observation of electronic shell structure in
w xmetal clusters 1 , the detection of unusual fivefold

w xsymmetry in quasicrystals 2 , and the discovery of
w x w xspherical cages 3 and nanotubes of carbon 4 have

stimulated interest in the physics and chemistry of
clusters. The assembling of clusters to form new
materials holds promise for applications in nanoscale
science, in particular for microelectronic devices.
Boron is a trivalent element characterized by a short
covalent radius and a tendency to form strong direc-
tional chemical bonds that produce a semiconducting
solid. As an impurity, or when bonded to other
elements, boron is known by its electron-deficient
character. In addition, boron has relevant thermal
and mechanical properties due to its high melting
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point of 23008C, about 10008C higher than silicon,
and a hardness similar to that of diamond. Those
properties are very useful in thermoelectrical and

w xnuclear devices 5 . Besides the well known a- and
b-rhombohedral crystalline phases, boron is also
found in nature in the amorphous form.

w xPrevious theoretical investigations 6–8 on boron
clusters with two- and three-dimensional structures
have shown that these can be classified into four

Ž . Ž . Ž .topological groups: i quasi-planar, ii tubular, iii
Ž .convex and iv spherical. New forms of boron

clusters can easily be generated with the help of an
w x w x‘Aufbau principle’ 9 . Several authors 10–12 have

recently investigated the structure of small boron
clusters and have confirmed its quasiplanarity, earlier

w xproposed by Boustani 13 .
w xPerkins el al 14 . studied the structure of the

Ž .100 surface of icosahedral solid YB crystals with66

the techniques of angle-resolved X-ray photoelectron
spectroscopy, low-energy electron diffraction and
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scanning tunneling microscopy. Their conclusion is
that the surface is enriched in boron and is built by
breaking intra-icosahedral bonds to form open
hexagonal and pentagonal ‘umbrellas’. These results

w xconfirm the predicted 6,8 quasiplanar and convex
cluster structures.

Ž .The calculated density of states DOS of boron
sheets shows that these are electrical conductors, in
contrast to the a-boron crystal that has a calculated

w xband-gap of 1.4 eV 15 , and the b-rhombohedral
crystal, whose band-gap measured by Werheit et al.
w x16,17 is around 1.56 eV. Boron nanotubes have

w xalso been predicted to be conductors 18 . Rolling up
quasiplanar boron sheets into tubular forms needs to

w xsurmount an energy barrier 7 . However, the strain
w xenergy is smaller than for carbon 18 . The study of

the fusion of two and three B icosahedral units12

suggests that closed tubular structures could be
formed inside hypothetical a-boron quasi-crystals
w x19,20 . In addition, composite boron structures doped

w xwith foreign atoms 20 , boron–hydrogen chains have
w xalso been investigated 21 .

We are interested in studying boron clusters of
relatively large size. Our motivation is to know if
planar layers are still the most stable isomers or if
the clusters rather prefer to paste some ends to
eliminate dangling bonds. For this purpose, we in-
vestigate in this Letter several different isomers of
B with two- and three-dimensional structures. We32

compare the energies of the optimized structures of
the different isomers and find that nanotubular forms
and quasiplanar sheets appear to be the most stable
structures.

2. Theoretical details

Ab initio restricted Hartree–Fock self-consistent
Ž .field HF-SCF calculations have been performed to

optimize the structure and to calculate the total ener-
gies of the B isomers. All-electron calculations32

were carried out using an STO-3G minimal basis set
and also a larger 3-21G basis set. The motivation for
using the basis set 3-21G was to have consistency
between our results and previous studies with that

w xbasis set done either by ourselves 6,7,9 or by others
w x22–24 . A linear search of minima on the potential
energy surface was carried out applying the method

w xof analytical gradients 25 . In practice, the optimiza-
tion of the structures was done with a two-step

w xstrategy using the GAMESS_UK program code 26 ;
the standard minimal STO-3G basis set was used
first to make initial estimations of local energy min-
ima and to provide reasonable starting geometries for
a subsequent optimization with the more accurate
3-21G basis set. Using the larger basis set 3-21G was
made possible by applying the direct-SCF procedure
which computes integrals at each iteration.

ŽDue to the large number of electrons in B 16032
.electrons we have not included correlation correc-

tions to the HF-SCFr3-21G level of theory. Neglect-
Žing electron correlations beyond HF the Hartree–

Fock method treats exchange, or Fermi correlations,
.exactly could have some influence on the relative

ordering of the isomers when the energy differences
between those isomers are very small. In the present
work, we find that the lowest energy isomer is well

Ž .separated from the rest see details in Section 3 , and
so we are confident that the inclusion of correlation
will not change our calculated lowest isomer. In fact,
a previous comparison of the structures of small
boron clusters B for ns2–14 obtained with the HFn

Ž .method and the local spin density LSD approxima-
tion of the density functional theory gives full agree-

w xment for the ground state structures 27 . We return
to this point after presenting the results of the calcu-
lations.

3. Results

The potential energy surface of B is full seeded32

with local minima. In order to allow for a fair
comparison at the HF level of theory, we have
separated the isomers into three groups: spherical,
quasiplanar and tubular clusters. This separation first
enables us to study the competition between the
similar isomers in each group. Second, it enables us
to compare the most stable isomers of the different
groups. The optimized structures are shown in Figs.
1–3, and the corresponding energies and relative
stabilities are given in Table 1.

3.1. Spherical clusters

Five different isomers have been studied in this
group. The structures, given in Fig. 1, were opti-
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Fig. 1. Spherical B structures characterized by their symmetry group.32

mized with the constraint of preserving the initial
Ž .symmetry. The first structure structure 1 has icosa-

Žhedral symmetry I for technical reasons the calcu-h
.lation was done in D symmetry and is composed5d

of two concentric spherical shells; the inner shell is
an icosahedron and the outer shell is a dodecahedron,
having 12 and 20 atoms, respectively. Optimizing
the two radii with the condition that the radius of the
icosahedron is the smallest of the two, a radius of

˚ Ž1.63 A is obtained for the icosahedron with a bond
˚ .length of 1.72 A between neighboring atoms , and a

˚ Žradius 2.77 A for the dodecahedron with a bond
˚ .length of 1.98 A . Bonds between neighboring atoms

˚of the inner and outer shells have a length of 1.78 A.
Structure 2 is a one-shell spherical cage with D4h

symmetry composed of twelve hexagonal faces and
six square faces. The six squares are arranged as
three pairs perpendicular to three orthogonal axis,

Fig. 2. Quasiplanar, double layered and convex B structures, characterized by their symmetry group.32
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Fig. 3. Tubular B structures with different diameters, characterized by their symmetry group.32

respectively. The hexagons are not regular; bond
lengths between atoms common to two hexagons are

˚1.72 A, while bond lengths between atoms common
˚to hexagon and a square are 1.66 A, that is, shorter.

˚The average radius of the cage is 3.00 A.
Structure 3 is formed by a central belt of two

parallel ten-atom rings capped on each side by a
pentagonal pyramid. One of the two halves of the
cluster is staggered with respect to the other. The

˚bond lengths range between 1.56 and 1.77 A. This
cage is oblate, and it contains dove-tailed hexagonal
and pentagonal pyramids. The structure is identical
to the surface structure of Ni predicted by Wetzel39

w xand Pristo 28 , relevant to explain the adsorption of
w xnitrogen by that cluster 29 . Structure 4 is the so-

w xcalled Bergman sphere 30 , a controversial cluster in
w xthe field of quasicrystals 31,32 . It has I symmetryh

Žand is related to structure 1 again for technical

Table 1
HF-SCF energies of optimized B isomers32

a b cŽ .Group Geometry Symmetry E 3-21G D E Eb

Spherical 1 I – 30.34 2.15h

2 D – 24.18 2.344h

3 D – 7.06 2.885

4 I – 5.83 2.91h

5 D y784.11268 – 3.104h

Quasiplanar and 6 C – 5.40 3.002v

convex 8 C – 3.98 3.042v

9 C – 3.07 3.075v

7 C y784.19802 – 3.172h

Tubular 10 C – 17.95 2.902h

11 C – 12.71 3.062

12 D – 11.72 3.104

13 D y784.54326 – 3.464

2Ž .B-atom P – – y24.38976 – –

a Ž .HF-SCF energies au calculated with the 3-21G basis set.
b Ž .Energies eV relative to the most stable isomer in each cluster class.
c Ž . Ž .Binding energy per atom eV defined in Eq. 1 .
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reasons it has been treated in D symmetry as5d
.structure 1 but now the inner shell of the Bergman

sphere is the dodecahedron and the outer shell is the
icosahedron. Optimizing the radii under this con-

˚straint we obtain radii of 2.51 and 2.74 A, respec-
tively, that do not differ as much as in structure 1,
giving rise to a rather smooth surface, as opposed to
the highly corrugated surface of structure 1. The
surface of the Bergman sphere is formed by dove-
tailed hexagonal and pentagonal pyramids. The atoms
of the icosahedron are the apical atoms of the pen-
tagonal pyramids, and protrude out of the surface; on
the other hand, the atoms of the cuboctahedron are
the apical atoms of hexagonal pyramids and can be
viewed as displaced towards the cluster center. Bond
lengths in the pentagons and hexagons are 1.75 and

˚1.67 A, respectively. Notice that the outer radii of
structures 4 and 1 are similar. The optimized
SCFrSTO-3G energy of structure 4 agrees with the

w xone calculated by Li et al. 33 determined at the
same level of theory. The same structure was investi-

w xgated by Slanina et al. 34 . They found that this
structure is a local minimum only. Finally structure 5
is a hollow spherical cage formed by six squares and
eight centered hexagons. It has D symmetry, as4 d

structure 2, and the hexagons are again non-regular.
Neighboring hexagons share a common edge of

˚length 1.64 A and edges common to a hexagon and a
˚square have a length of 1.85 A. The distance from

the center of the hexagon to its six neighbors is 1.74
Å. The cage is rather compact, with the atom–cage

˚center distances ranging from 2.03 to 2.34 A.
The total energy of the most stable structure as

well as the relative energies of the other isomers
with respect to the most stable structure, D E, are
given in Table 1, for the 3-21G basis set. Structure 5
is the most stable one of this group. The Bergman
sphere is 5.83 eV above structure 5, and the oblate
structure 3 is the next stable one, 7.06 eV above
structure 5. Structures 2 and 1 lie much higher in
energy, namely 24.2 and 30.3 eV above structure 5,
respectively. The high energy of structure 1 is due to
its highly corrugated surface. All the atoms in struc-
ture 2 have coordination 3, which is not favorable

w xaccording to a previous study 27 . Structure 5 has
D symmetry as structure 2, but the atomic coordi-4 d

nation has increased due to the atoms present at the
centers of the hexagons. The binding energy per

atom E is given for each cluster in the last columnb

of Table 1. This has been obtained as

E32
E sE y , 1Ž .b 1 32

where E is the total energy of the cluster and E is32 1

the energy of the free boron atom. For comparison,
w xthe cohesive energy of the bulk is 6.0 eV 9 . The

spherical-like structures may be of interest for qua-
sicrystal studies, and the calculation shows that two-
shell clusters, as structure 1, seem to be energetically
unfavorable compared to hollow cages. A difference
between structure 5 and the two low-lying structures
3 and 4 is that structure 5 avoids the formation of
pentagonal pyramids. This and the presence of con-
nected centered hexagons in structure 5 appear as the
reasons for its higher stability. A noticeable differ-
ence with respect to carbon clusters is that a coordi-
nation of 3 is not favored in the boron clusters. A
coordination of 3 appears in structure 2, but this
cluster prefers to increase the atomic coordination,
forming structure 5, even at the expense of reducing
the cage radius.

3.2. Quasiplanar and conÕex clusters

We have studied four structures in this group. The
Ž .first one structure 6 in Fig. 2 is a quasiplanar single

layer with C symmetry. It can be seen as two fused2v

elongated fragments, each one formed by five inter-
penetrating dove-tailed hexagonal pyramids with up
and down apices alternating periodically along the
fragments. This means that the bases of the pyramids
are not exactly planar. The up–down periodicity is
in-phase for the two fragments, so the arrangement
can be called parallel. In other words, the up–down
periodicity occurs along one direction in the plane of
the layer but not in the perpendicular direction. The

˚average bond length is 1.65 A. The second isomer
Ž .structure 7 is similar but now the up–down peri-
odic alternation of apices in one fragment is inverted
with respect to the other, so structure 7 shows up–
down alternation in the two perpendicular directions
in the plane of the layer. The bond length between

˚the basal atoms is 1.67 A and the distance from the
˚apical atoms to the basal ones is 1.70 A. This isomer

Žis the most stable within the present group see Table
.1 , with a binding energy of 3.17 eVratom, whereas
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structure 6 is the less stable one, with a binding
energy of 3.00 eVratom, so it seems that the up–
down alternation is an important stabilizing factor.
Structure 8 is a double layer where each layer is a
quasiplanar fragment composed of 16 atoms forming
four dove-tailed hexagonal pyramids with apices
showing up–down periodicity. The last isomer in

Ž .this group structure 9 is a convex cluster formed by
a central pentagonal pyramid surrounded by inter-
penetrated centered hexagons giving a total number
of 31 atoms, so atom 32 was placed on top of the
apical atom of the pentagonal pyramid. Two views
of this cluster are shown in Fig. 2. The cluster, with

˚an average bond length of 1.67 A, can be considered
as a fragment of a convex surface and is representa-
tive of a class of open non-tubular structures formed
by a large number of centered hexagons and at least
one pentagonal pyramid.

The relative energies of structures 9, 8 and 6 with
respect to structure 7 are 3.07, 3.98 and 5.40 eV,
respectively. The differences in binding energy be-
tween the four structures of this group are substan-
tially smaller than the binding energy differences
within the spherical isomers; binding energies range
between 3.00 and 3.17 eVratom for the quasiplanar
group, and between 2.15 and 3.10 eVratom for the
spherical group. There is an energetic preference for
the quasiplanar structures as compared to the spheri-
cal ones. In fact, structure 7 is the highest bound of
all the nine structures studied up to now, and struc-
tures 6, 8 and 9 are substantially more stable than the
spherical structures 1, 2, 3 and 4, and only slightly
less stable than structure 5. The main reason is the
lack of curvature strain. A consequence of the
quasi-planarity is the optimal interaction between
outward-pointing p orbitals. Overlap between thesep

orbitals develops electron clouds on both sides of the
plane, similarly to graphite. A secondary stabilizing
factor seems to be the formation of centered
hexagons.

3.3. Tubular clusters

Finally we have studied four different tubular
Žforms, presented in Fig. 3. The first one structure

˚.10 is a tube with a small average diameter if 3.5 A,
lower than the typical diameters of the spherical
cages discussed above. Cuts perpendicular to the

tube axis exhibit non-planar hexagons arranged in a
chair configuration known in diamond. The bond
lengths in the hexagonal chairs vary between 1.84

˚and 1.93 A and the distance between the chairs is
˚ Ž .1.54 A. The binding energy see Table 1 is low

Ž .compared to other tubes structures 11, 12, 13 due
to the high curvature strain of the bonds in this tube.
Structure 11 is a spiral tube with a diameter of 5.76
Å, which is larger than that of tube 10 and larger
than the diameters of the spherical cages. This struc-
ture is characterized by slightly bent centered
hexagons and the tube can grow by adding atoms to
the helix. The average distance between neighbors is

˚1.85 A, although there is a sizeable variation of bond
lengths.

The next tube consists of four parallel staggered
B rings. The two middle rings have a diameter of8

˚ ˚4.4 A, while the diameter of the outer rings is 4.1 A.
The interatomic distances in the middle and outer

˚rings are 1.63 and 1.53 A, respectively. Bond lengths
˚ Žbetween atoms in different rings are 1.65 A for

˚. Žmiddle rings and 1.84 A for middle ring–outer
. Ž .ring . The last tube structure 13 is formed by two

˚staggered B rings with a large diameter of 8.1 A.16
˚Ž .Bond lengths within a ring intra-ring are 1.63 A,

˚and inter-ring bond lengths are 1.77 A. This is not
only the most stable tube but also the most stable of
all the 13 isomers studied here. Its binding energy of
3.46 eVratom exceeds by 0.29 eVratom the bind-
ing energy of the closest lying isomer, the quasipla-
nar layer of structure 7.

Overall, the tubular clusters are more stable than
the spherical ones and have binding energies in line
with the quasiplanar isomers. The lower binding

Ž .energy of the small radius tube structure 10 as
compared to the other tubes stresses the importance
of the curvature strain. Tube 12 has a structure
related to that of tube 13, and even more, tube 12
contains centered hexagons found to be highly com-
petitive in the discussion of the previous isomeric
classes, so the main reason we find to explain the
higher stability of tube 13 is a very low curvature
strain associated with the large tube radius. This
explanation is consistent with the fact that the first
low-lying isomer is the quasiplanar layer of structure
7. But why, structure 7 being almost planar, is it
itself not the most stable isomer ? or even more, one
could think of a very stable cluster obtained by
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cutting structure 13 and unfolding it into a thin
planar strip. One can notice that structure 7 has
seven atoms with a low coordination of 3. Those
atoms are on the left and right ends of the cluster. In
the same way, cutting structure 13 would give rise to
one atom of coordination 3 and one atom of coordi-
nation 2 at both ends of the strip. Those low coordi-
nations are unfavorable, and although an energy
barrier exists for closing a quasiplanar structure into
a tubule, higher stability is obtained by pasting the
two ends of the quasiplanar surface and eliminating
the dangling bonds of the low coordinate atoms. The
quasiplanar and tubular isomers reveal the same
preference for atomic coordination higher than 3
already observed in the spherical isomers.

After the results have been presented and dis-
cussed we briefly return to the issue raised at the end
of Section 2. The energy differences between struc-

Žtures 13, 7 and 5 the respective minima of the three
.structural classes are large, so correlation is very

unlikely to change their relative ordering. Within
Ž .each class spherical, quasiplanar, tubular energy

differences are always higher than 0.9 eV, so we can
still have a fair degree of confidence on the predicted
isomer ordering. Only when comparing isomers be-
longing to different classes do the energy differences
become smaller than 0.9 eV in some particular cases.
In summary, the qualitative trends shown in Table 1
can be trusted, but one can expect that the detailed
ordering of structures could be affected in some
particular cases by introducing coulomb correlation.

4. Conclusions

We have investigated different isomers of B32

representing several topological groups: spherical,
convex, quasiplanar and tubular. A structural motive
often formed in many of the optimized isomers is the
hexagonal pyramid or ‘open umbrella’. The corre-
sponding cluster surfaces can mainly be character-
ized either by dove-tailed pentagonal and hexagonal
pyramids in the case of the spherical and convex
structures, or by dove-tailed hexagonal pyramids only
in the case of quasiplanar and tubular structures. The
squares in structures 2 and 5 arise by joining the
hexagonal pyramids together. Ricca and Bauschlicher
w x10 obtained a structure containing a single square

during the optimization of the quasiplanar Bq clus-13

ter.
Strong directed bonds between closest-lying atoms

form in all of the clusters. Small spheres are energet-
ically unfavored due the large tension of the curved
surface. Consequently, spheres with larger diameters
are expected to be more stable. Quasiplanar struc-
tures and especially tubular structures with large
diameters are the most stable isomers. Those tubes
can be constructed from planar layers by using two

Ž . w xinteger indexes n,m as proposed by ourselves 18
w xand by Gindulyte et al. 35 .

The physical factors determining the preferred
topological structure of Boron clusters are the curva-
ture strain, that favors planar structures, and the
elimination of dangling bonds, that favors tubular
and cage structures. Those two factors oppose each
other. For very small boron clusters, the curvature
strain is very large and consequently the clusters are
quasiplanar. In a medium size cluster such as B the32

curvature strain is lower and tubular clusters become
competitive. The competitive character of tubular
Ž .and cage isomers is expected to increase with
increasing cluster size. Although similar effects oper-
ate in carbon clusters, a key difference between C
and B clusters is that C clusters and tubes prefer

Ž 2 .atomic coordination 3 sp hybrids while boron
clusters prefer a higher coordination.
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