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Using the first principle methods, we proposed a series of three-chain boron cages B6n+14
(n = 1–12) which are mainly built by fusing three boron semi-double-rings. Their simple geo-
metric structures (approximate D3 or C3 symmetry) facilitate their bottom-up syntheses from the
hexagonal B7 and the double-chain boron clusters, such as B2, B4, B6, B8H2, B10H2, B12H2, and
the double ring B20. The spherical shapes of these three-chain boron cages show that they could
be taken as the possible precursors to further synthesize the boron fullerenes, such as B80. There-
fore, these three-chain boron cages provide a possible synthesis pathway of the boron fullerenes
from the experimentally synthesized small planar boron clusters. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4839575]

Since the striking developments of carbon fullerenes,
many boron fullerenes have been proposed theoretically in
search of new materials. The famous B80 fullerene proposed
by Szwacki et al. has structural resemblance with the C60
fullerene, and has 12 pentagons and 20 hexagons, with the
20 additional boron atoms capping the hexagonal rings.1

Subsequently it was shown that other less symmetric bulk-
like precursors, dubbed core-shell structures, are energetically
preferred.2–5 However, De et al. had shown that the energy
landscape of boron clusters is glasslike and larger boron clus-
ters have many structures which are lower in energy than the
cages so that the boron fullerenes, such as B80, are difficult
to be synthesized and/or characterized in experiment.6 Cage-
doping is one of the possible synthesis pathways of the boron
fullerenes.7

In recent years, many small boron clusters and boron-
rich clusters have been found as individual species in the gas
phase by joint experimental and theoretical investigations.8–19

The Bn (n < 20) clusters possess (quasi-)planar structures,
in which the hexagonal boron cluster B7 is one of the ba-
sic units in the Aufbau principle for boron clusters.20, 21 The
BnH2−/0 (n = 7–12) and BnH22− (n = 6–22) clusters have
a double chain structure terminated by a hydrogen atom on
each end.22–24 As these isolated boron clusters have planar
geometries and exhibit aromatic and antiaromatic electronic
properties analogous to hydrocarbons, they can potentially be
building blocks of new solids and large boron cages.8 There-
fore, we attempt to design a possible bottom-up synthesis
of the boron cages and fullerenes from these small planar
clusters.

Different with the carbon cages and graphene, the dou-
ble chain structure plays an important role in the medium
boron clusters and two-dimensional (2D) boron sheets. The
planar-to-tubular structural transition starts at B20 for neu-
tral clusters17,25 and the stable B20, B22, B24, B32, and B36
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clusters are closed double chains (double rings).17, 26–30 The
double-chain hexagonal B18H4 cluster is a perfectly planar
concentric π -aromatic borannulene, which is the smallest
boron hydride cluster with a hexagonal hole.31 The stable
two-dimensional boron sheets, such as α-, β-, η2/15-, and
η4/28-sheets are completely or partially interweaved by the
double chains.32–40 In particular, the unusual stability of B80
fullerene can be explained by its structure of six interwoven
double-ring clusters.1

From the top-down view of point, the B80 fullerene
(Fig. 1(a)) can be decomposed into three B12 fragments and
a spherical B44 skeleton (Fig. 1(b)), which can be further de-
composed into two hexagonal B7 and three double-chain B10
clusters (Fig. 1(c)). The B44 skeleton will be called three-
chain cages for short because it is spherical and consists
mainly of three boron double-chains. As mentioned above,
the hexagonal B7 and a series of double-chain clusters, B2,
B4, B6, B8H2, B10H2, B12H2, and the double-ring B20, had
been produced by the laser vaporization of a boron target.8, 22

Therefore, a series of three-chain boron cage could be syn-
thesized from these small planar clusters, and these three-
chain cages should be used to further synthesize the boron
fullerenes.

In this work, we will investigate the geometric structures,
the stability, and the possible synthesis pathway of a series of
three-chain B6n+14 (n = 1–12) cages using the density func-
tional theory (DFT). Beside the B80 fullerene, we also pre-
dicted formation of B44 and B59 fullerenes by patching the
three-chain B32 and B38 cages with the B4 and B7 clusters,
respectively.

Since it had been proven that only the PBE,41 PBE0,42

TPSS,43 and TPSSh44,45 functionals give the same energy or-
der of the B20 isomers as the CCSD(T) predicts,5 the geom-
etry optimizations were performed at the PBE0/6-31G(d,p)
and TPSSh/6-31G(d,p) levels, respectively. The optimized ge-
ometric structures of three-chain boron cages have only some
negligible difference using the different functionals so that

0021-9606/2013/139(22)/224307/5/$30.00 © 2013 AIP Publishing LLC139, 224307-1
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FIG. 1. The top-down decompositions of fullerene B80 into small boron clus-
ters: (a) B80 fullerene, (b) three-chain B44 cage, and (c) the hexagonal B7 and
the double-chain B10 clusters.

only the PBE0 functional was used in the following inves-
tigations. For each cage, vibrational frequencies were calcu-
lated at the PBE0/6-31G(d,p) level to ensure that the cage
corresponded to the minimum on the potential energy sur-
face. The single-point electronic energies were calculated at
the PBE0/6-311+G(2d,p)//PBE0/6-31G(d,p) level. All PBE0
and TPSSh calculations of clusters were carried out using the
Gaussian 09 program.46 The PBE calculations of clusters and
2D sheets were performed with the VASP 5.2 package47,48

using the projector augmented wave (PAW) method49 and a
planewave basis set with a 500 eV kinetic energy cutoff. The
Brilliouin zone is sampled using k-points with 0.02 Å−1 spac-
ing in the Monkhorst–Pack scheme.50 The boron clusters are
placed in a cubic box with a length of 30 Å, and the 2D
boron sheets are represented by unit cell with a 30 Å vac-
uum region in the normal direction. For geometric optimiza-
tion, both lattice constants and positions of atoms are fully
relaxed. Upon optimization, the forces on all atoms are less
than 0.01 eV/Å and the criterion for total energy convergence
is 0.1 meV/atom.

The shapes and properties of the three-chain B6n+14
(n = 1–12) cages are depicted in Fig. 2 and Table I. The
shapes of B6n+14 (n = 2–12) are approximately spherical, and
their average radii range from 2.54 to 7.57 Å, with maxi-
mum relative deviations no more than 13%. In contrast to the
boron fullerenes which have only pentagonal and/or hexago-
nal holes, these three-chain cages have three large holes. In
addition, the three-chain B20 cage in Figs. 2(a) and 2(b) is an
oblate spheroid with three hexagonal holes, and is 0.103 eV/
atom less stable than its famous double-ring B20 isomer.

Therefore, the three-chain B20 cage is one of the possible low-
lying fullerene isomers of the double-ring B20.5

Since the three-chain B6n+14 (n = 1–12) cages can be de-
composed into three B4+2n semi-double-rings, it is interesting
to compare the stability between the three-chain cages and
their double-ring isomers. In Fig. 3, we have plotted the co-
hesive energies (Ec) of the three-chain cages and the double-
rings B6n+14 (n = 1–12). From B20 to B86 (Fig. 2), the cohe-
sive energies of the three-chain cages increase from 5.24 eV to
5.54 eV, while those of double-rings from 5.37 eV to 5.54 eV.
Though the small three-chain cages B6n+14 (n = 1–4) are ob-
viously less stable than their double-ring isomers, the large
ones, B6n+14 (n = 5–12), are nearly as stable as their double-
ring isomers.

In addition, the stability of the large three-chain cages,
B6n+14 (n = 6–12), shows a slight odd-even fluctuation. As
shown in Fig. 3, the three-chain B6n+14 (n = 7, 9, and 11)
cages are slightly less stable than their neighbors. This odd-
even fluctuation is in agreement with the odd-even alterna-
tions of highest occupied molecular orbital-lowest unoccu-
pied molecular orbital (HOMO-LUMO) energy separation
(Table I), which serves as a simple measure of chemical
stability.1

In order to further verify the stability of these three-chain
cages, we performed the first principle molecular dynam-
ics (FPMD) simulations using the QUICKSTEP module of
CP2K2.3 suite51,52 at the temperatures of 200, 500, and 700 K
for 3.0 ps, respectively. The temperatures at which their geo-
metric structures are maintained are 200 K for B20, 500 K
for B26, and 700 K for the B6n+14 (n = 3–12) cages, respec-
tively (see supplementary material53). Consequently, most of
the three-chain cages in Fig. 2 are stable in high temperature,
except B20 and B26. To assist future experiments, we pre-
sented the computed vertical electron affinity (EVEA) values
and HOMO-LUMO (EH-L) gaps of these three-chain B6n+14
(n = 1–12) cages in Table I.

Though the optimized structures of the three-chain
B6n+14 cages have different symmetries (D3, C3, C2, and C1,
Table I), they have approximate symmetry of C3 for odd n
and of D3 for even n. Therefore, the structures of these three-
chain boron cages in Fig. 2 are very simple to facilitate their
bottom-up syntheses from the hexagonal B7 cluster and the
double-chain boron or boron-rich clusters (B2, B4, B6, B8H2,

FIG. 2. The side and top views of some three-chain cages: B20 ((a) and (b)), B26 ((c) and (d)), B32 ((e) and (f)), and B86 ((g) and (h)).
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TABLE I. The geometric and energetic properties of the three-chain B6n+14 (n = 1–12) cages and the B44f,
B59f, and B80f fullerenes.a

Cage Sym. ravg �rmax �r/ravg Ec EH-L EVEA �H Ec ′ E2D �Ec

B20 C2 2.17 0.70 32.4 5.24 2.23 2.29 −3095.7 5.37 5.81 0.44
B26 C3 2.54 0.33 12.9 5.35 2.42 2.17 −2893.2 5.53 5.76 0.23
B32 C3 3.08 0.30 9.6 5.41 1.88 3.01 −3179.5 5.55 5.74 0.19
B38 D3 3.55 0.42 11.8 5.45 1.88 2.84 −1743.6 5.58 5.73 0.15
B44 C2 4.06 0.22 5.3 5.48 1.39 3.62 −2016.1 5.58 5.72 0.14
B50 C3 4.54 0.34 7.5 5.50 1.69 3.18 −1865.9 5.63 5.72 0.09
B56 C2 5.05 0.25 5.0 5.51 1.06 3.99 · · · 5.63 5.72 0.09
B62 C3 5.55 0.26 4.6 5.52 1.39 3.38 · · · 5.65 5.71 0.06
B68 C1 6.06 0.31 5.1 5.52 0.76 4.23 · · · 5.65 5.71 0.06
B74 C3 6.56 0.19 2.9 5.54 1.17 3.87 −2257.5 5.66 5.71 0.05
B80 C1 7.06 0.31 4.3 5.53 0.57 4.38 −2291.1 5.66 5.71 0.05
B86 C3 7.57 0.16 2.0 5.54 1.03 4.11 −2164.1 5.67 5.71 0.04
B44f C1 3.16 1.11 35.0 5.43 1.63 3.13 −2016.4
B59f C1 3.57 0.76 21.3 5.52 1.42 3.11 −2148.0
B80f Th 4.12 0.40 9.6 5.64 2.12 2.94 −6510.0
aThe Sym., ravg, �rmax, and �r/ravg are the symmetry, average radii (Å), maximum deviations of radius (Å), and maximum rela-
tive deviations of radius (%), respectively. The Ec, EH-L, EVEA, and Ec ′ are the cohesive energies (eV/atom) including zero-point
energy correction, HOMO-LUMO energy separations (eV), vertical electron affinity (eV) at the PBE0 level, and the cohesive
energies (eV/atom) using VASP 5.2 package at the PBE level, respectively. E2D is the cohesive energy (eV/atom) of the corre-
sponding 2D boron sheets. �Ec is the difference of cohesive energies between the 2D boron sheet and its corresponding cluster.
�H is the standard formation enthalpy (kJ/mol) of the three-chain B6n+14 (n = 1–12) cages (from the B7 and B2n/B2nH2 clusters)
and the B44f, B59f, and B80f fullerenes (from the corresponding three-chain precursors and the small planar fragments).

B10H2, B12H2, B20, B22, and B24). However, the synthesis
pathways for the three-chain B56, B62, and B68 cages are still
unpredictable because of the absence of the double-chain B14,
B16, and B18 clusters in experiment as well as theoretical
prediction.

From the experimentally synthesized and theoretically
predicted double-chain clusters, the three-chain cages may
be bottom-up synthesized by three types of reactions:
(a) 2B7 + 3B2n = B6n+14 (n = 1–3), (b) 2B7 + 3B2nH2
= B6n+14 + 3H2 (n = 4–6), and (c) 2B7 + 3B2n = B6n+14
(n = 10–12) (Figs. 4(a)–4(c), respectively). Though these re-

FIG. 3. Cohesive energy (Ec) per atom as a function of the number of atoms
(N) in the BN clusters. The squares, the triangles, and the circles correspond
to the double rings, the three-chain cages, and the boron fullerenes patched
from the three-chain cages. The arrows show increases in cohesive energy
after being patched with the small clusters.

actions are strongly exothermic and their standard enthalpies
are from−1743.6 to−3095.7 kJ/mol (Table I), the production
of the three-chain B6n+14 cages remains a challenge because
their two reactants can yield many other possible products,
such as the 2D boron sheets and 1D nanotubes.

The 2D B6n+14 parallelogram sheets (Fig. 5(a)) that are
formed by the hexagonal B7 and double-chain B2n/B2nH2

FIG. 4. The bottom-up syntheses of the three-chain B26 (a), B44 (b), and B74
(c) cages from B7 and B4, B10H2, and B20 clusters, respectively.
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FIG. 5. ((a)–(d)) The geometric structures of the 2D B38 sheet (a representative B6n+14 sheet), 1D B24 tube, α1- and snub-sheets.

are more stable than their corresponding clusters in ther-
modynamics (Table I). Except B20, the differences (�Ec)
of cohesive energies between the 2D B6n+14 (n = 2–12)
sheets and their corresponding three-chain clusters are only
0.04–0.23 eV/atom (Table I) and much less than that
(0.38 eV/atom at the PBE level using VASP 5.2 package) be-
tween the graphene and C60 fullerene. The three-chain B6n+14
(n = 1–12) cages may also be formed by the graphene-to-
fullerene-like transformation54 from their 2D parallelogram
isomers. Consequently, both the three-chain B6n+14 (n = 2–
12) cages and their 2D parallelogram isomers should be
yielded in experiment.

Because of the highly reactive nature of the Bn clus-
ters, the reactant species can individually form 1D tubes or
2D sheets. The double-ring B20, B22, and B24 can form the
1D tubes (Fig. 5(b)) with cohesive energies of 5.49, 5.51,
and 5.52 eV/atom, respectively, which indicates that the 1D
B20, B22, and B24 tubes are less stable than their three-chain
products (B6n+14 cages, n = 10–12). The hexagonal B7 and
the double-chain B6 can form the α1- and snub-sheets with
the cohesive energies of 5.95 and 5.93 eV/atom, respec-
tively (Figs. 5(c) and 5(d)).34, 55 Obviously, the α1- and snub-
sheets are more stable than the three-chain boron clusters as
well as their 2D parallelogram isomers. To avoid the forma-
tion of the α1- and snub-sheets, we can choose the charged
B7 and B2n/B2nH2 reactants. Therefore, the (charged) three-
chain boron cages and the 2D parallelogram sheets should
be yielded selectively from B7+ + B2n

−/B2nH2− or B7−

+ B2n
+/B2nH2+ reactants, whose cluster beam should be pro-

duced by laser vaporization of a boron target with helium
(containing some H2 as needed) as the carrier gas and should
be mass-selected using time-of-flight mass spectrometry.22

The spherical structure with three large holes and a cav-
ity of the three-chain cages B6n+14 (n = 3–12) in Fig. 2
implies that they could be taken as the possible precursors
for the bottom-up syntheses of the boron fullerenes as well
as the “core-shell” stuffed boron fullerenes. Our calculations
demonstrated that the three-chain cages B32 and B38 could
be patched with three rhombic B4 and three hexagonal B7
clusters to yield the B44f and B59f fullerenes, respectively
(Figs. 6(a) and 6(b)). Similarly, the three-chain B44 cage can
form the B80f fullerene by patching concomitantly with three
B7 and three B5 planar clusters (Fig. 6(c)). These reactions
are also strongly exothermic in thermodynamics and their

standard enthalpies of reaction are −2016.4, −2148.0, and
−6510.0 kJ/mol for the B44, B59, and B80 fullerenes, respec-
tively (Table I). The cohesive energies of the B44, B59, and
B80 fullerenes increase by about 0.02, 0.07, and 0.16 eV/atom
more than those of the three-chain B32, B38, and B44 cages,
respectively (Table I and Fig. 3). In particular, the three-
chain skeletons are almost preserved in the patched fullerenes,
which means that the three-chain B6n+14 cages should play
an essential role in the bottom-up syntheses of the boron
fullerenes. Furthermore, when some small boron clusters or
metal atom(s) can be stuffed in the core of the three-chain
boron cages, the “core-shell”-type boron fullerenes or the en-
dohedral metalloborofullerenes56,57 should be formed.

In summary, a series of three-chain boron cages B6n+14
(n = 1–12) were proposed with the structure of three fused

FIG. 6. The bottom-up syntheses of boron fullerenes from the three-chain
B32, B38, and B44 cages to the B44f (a), B59f (b), and B80f (c) fullerenes,
respectively.
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semi-double-rings. Though some of them are less stable than
their double ring isomers, their simple geometric structures
facilitate the bottom-up syntheses from the small planar boron
clusters. Their formation reactions from the hexagonal B7
and the double-chain boron clusters are strongly competed
by their 2D parallelogram sheets and the other 2D sheets. To
avoid the formation of the α1- and snub-sheets of the indi-
vidual Bn reactant species, the optimal reactants should be
B7+ + B2n

−/B2nH2− or B7− + B2n
+/B2nH2+ to yield selec-

tively the three-chain boron cages in gas. Because of their
spherical shapes, the three-chain B6n+14 cages can be taken
as the possible precursors to synthesize the boron fullerenes,
such as B44, B59, and B80 fullerenes. Consequently, the three-
chain boron cages provide a possible synthesis pathway of the
boron fullerenes and metalloborofullerenes towards their ex-
perimental realizations and applications in material science.

The authors thank the anonymous reviewers for their
valuable comments.
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