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Yanming Ma*ab  

Stabilization of fullerene-like boron (B) cages in the free-standing form has been long sought 

after, but a challenging problem. Over a decade of efforts have confirmed the planar or quasi -

planar polymorphs being energetically favored ground states over a wide range of small and 

medium-sized B clusters. Until recently, the breakthroughs represented by Nat. Chem. 6, 727 

(2014) established that the transition from planar/quasi-planar to cage-like Bn clusters occurs 

around n ~ 38-40, paving the way for understanding intriguing chemistry of B-fullerene. We 

herein demonstrate that the transition demarcation n can be significantly reduced with the help 

of transition metal encapsulation. We explore via extensive first-principles swarm-intelligence 

based structure searches the free energy landscapes of B24 clusters doped by a series of 

transition metals, and find the low-lying energy regime is generally dominated by cage-like 

isomers. This is in sharp contrast to that of bare B24 clusters where the quasi-planar and rather 

irregular polyhedrons are prevalent. Most strikingly, a highly symmetric B cage in the D 3h 

symmetry is discovered under the case of Mo/W encapsulation. The endohedral D 3h cage 

exhibits robust thermodynamic, dynamical and chemical stabilities, which can be rationalized 

in terms of their unique electronic structure of 18-electron closed-shell configuration. Our 

results indicate transition metal encapsulation is a feasible route to stabilize medium-sized B 

cages, offering a useful roadmap for the discovery of more B fullerene analogue as building 

blocks of nanomaterials. 

 

Introduction  

The search for zero-dimensional fullerene-like clusters formed 

by elements other than carbon has been a long-standing 

objective1 for expanding the inventory of available building 

blocks for nanoscale materials and devices. Along this direction, 

significant efforts have been devoted to boron (B)2-18 that sits 

next to carbon in the periodic table with only one electron 

deficient. Its preference of forming multiple-center chemical 

bonds makes it promisingly the next element after carbon 

capable of stabilizing a variety of low-dimensional allotropes. 

However, though the B cage-based motifs such as B12 

icosahedron are prevalent in bulk polymorphs,19,20 it turns out 

that stabilization of B fullerene analogue in the free-standing 

form is quite challenging. This predominantly originates from 

the geometrical frustration caused by the competition among a 

large number of isomers that are close in energy on the glass-

like potential energy landscape of B clusters.21 In particular, for 

the large-sized clusters, an intriguing B80 fullerene-like cage 

isoelectronic to C60 has been theoretically proposed,2 but was 

subsequently ruled out because of its energetical instability with 

respect to the core-shell type structures,21-23 which have been 

established as the ground states of large clusters of more than 

~68 B atoms.24 In the small and medium-sized region, it has 

been confirmed by gas-phase photoelectron spectroscopy and 

first-principle total energy calculations that the planar or quasi-

planar polymorphs dominate over a wide range of sizes for Bn 

clusters with selected n up to 36, and there appears a tendency 

of deviation from the planar morphology with increasing n.25-38 

It was not until quite recently that the energetically stable B 

fullerene analogue has been predicted in B38 via a first-principle 

structure search study by some of us14 and discovered in B40 via 

a photoelectron spectroscopy experiment by Zhai et al.15 The 

B39 cage with the axially chiral feature is subsequently 

identified by Chen et al.39 These results indicate that the 

transition from the planar/quasi-planar to cage-like Bn clusters 

occurs around a transition demarcation n ~ 38-40, promisingly 

paving the road for the discovery of more B-based fullerene 

analogues.40,41 

Metal encapsulation is known as an effective approach to 

modify chemical bondings and occupancy of energy levels of 

clusters, thus changing their thermodynamical and physical 

properties. A series of typical cage-like clusters, such as 

metallofullerenes42 and endohedrally doped silicon 
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fullerenes,43-48 have been discovered along this line. By 

considering the effect of metal doping in remedying the 

electron deficiency of B and the complex chemistry of metal-B 

compounds, it is reasonable to expect that the profile of 

potential energy landscape of B clusters will be changed 

significantly when some metal atom is accommodated. This 

may accompany with the stabilization of unstable/metastable 

phases of pure B clusters and emergence of new types of stable 

structures. In fact, the roles of metal incorporation in stabilizing 

new-type B clusters have been manifested in the small-size 

region of planar geometry, where transition-metal atoms are 

used to construct the sandwich-type complex (i.e. two planar B 

sheets connected by one metal atom)25,49-55 and borometallic 

molecular wheels (i.e. wheel morphology formed by B around 

the centered metal atom).56-60 Metal (or metal cluster) 

encapsulation has also been suggested as a possible synthesis 

pathway to stabilize the large-sized unstable B80 fullerene 

analogue.7,61,62 

We herein probe the possibility of stabilizing B cages in 

the medium-sized region with single transition-metal 

encapsulation. Our preliminary calculations indicate that the 

cavities of relatively large clusters, e.g. B38-40, are too big for 

accommodating one transition-metal atom (the metal atom is 

located off-centered, or anchored around surface), leading to 

irregular/non cage-like structures. Thus the smaller 24-atom B 

cluster, which has been experimentally confirmed to possess a 

quasi-planar structure in its anionic state,38 is chosen as the 

target for metal encapsulation. By using first-principle energetic 

calculations guided by an in-house developed swarm-

intelligence structure search approach,63-67 we have 

systematically investigated the potential energy landscapes of 

various transition-metal-doped MB24 clusters (M = Ti, Zr, Hf, 

Cr, Mo, W, Fe, Ru and Os). The results indicate that the low-

lying energy landscapes of MB24 are generally dominated by 

cage-like structures. This is completely distinct from that of 

pure B24 where the quasi-planar and rather irregular 

polyhedrons are more energetically favorable. Furthermore, for 

the case of Mo and W encapsulation, we find a highly 

symmetric B24 cages (in the point group of D3h) being stabilized 

due to their unique electronic structure with a closed 18-

electron shell. Our results indicate that the transition point from 

quasi-planar to cage-like structures of Bn clusters can be 

reduced from n ~ 38-40 to n ~ 24 with suitable transition-metal 

encapsulation. 

 

Computational methods 

The structure search is based on globally minimizing potential 

energy surfaces evaluated by ab initio density functional theory 

(DFT) calculations, through a generalized version of particle 

swarm optimization algorithm specific for cluster structure 

prediction64 implemented in the Crystal structure AnaLYsis by 

Particle Swarm Optimization (CALYPSO) code.63-67 Several 

techniques are included in the algorithm to improve the search 

efficiency, e.g. point group symmetries are used to generate 

candidate structures to avoid the appearance of liquid-like (or 

disordered) clusters, and bond characterization matrix 

technique is introduced to eliminate similar structures, etc.64 Its 

validity in cluster structure prediction has been demonstrated by 

its successfully identifying the ground-state structures for a 

series of cluster systems.14,68,69 The underlying energetic 

calculation and local structure optimization were performed at 

the DFT level using the Perdew–Burke–Ernzerhof generalized 

gradient functional with a predefined amount of exact exchange 

(hybrid PBE0)70 through the Gaussian 09 Package.71 Since 

thousands of sampled structures are subject to evaluation during 

the structure search, an economic basis set, i.e. the 3-21 basis 

set for B and Stuttgart basis set72-76 for the transition metals, is 

chosen and only singlet spin state is considered. These settings 

are enough for evaluating the relative energy of sampled 

structures. After the structure search, the accurate basis set of 6-

311G* for B with full consideration of multiple spin states is 

used for refined structure optimization and vibrational 

frequency calculation for the isomers with low-lying energy. 

The suitability of the PBE0 functional in reliably describing the 

energy difference among the isomers of medium-sized boron 

clusters has been benchmarked in Ref. 24 by comparison with 

the higher-level CCSD(T) results. The molecular dynamics 

simulations and formation energy calculations are carried out 

using the plane wave basis set, projected augmented wave 

potentials,77,78 and PBE exchange-correlation functional79 

through the Vienna ab initio simulation package.80 The cutoff 

energy of 500 eV for wave-function expansion and the 

Monkhorst-Pack k-mesh sampling (Γ point for B clusters, 

20x20x20 for transition metals and 12x12x12 for -B) are 

chosen to ensure the total energy converged better than 1 

meV/atom. For such calculations with periodic boundary 

condition, a vacuum region of 12 Å was used to isolate finite 

clusters and avoid their interactions with adjacent periodic 

images. 

 

Results and discussion 

Potential energy landscape of MB24 clusters: dominated by cage-

like structures.  

We start with a direct comparison between the general potential 

energy landscapes of bare B24 and MB24 clusters. For each case, 

our structure search probes more than 2000 points on the 

potential energy surface from three independent simulations 

with randomly generated initial structures. Fig. 1a and 1b show 

the energy of all the sampled structures as the function of 

evolution step for bare B24 and W-encapsulated WB24 clusters, 

respectively. To classify the sampled structures in terms of their 

morphology, a parameter  reflecting the deviation from 

perfectly spherical cage is defined as, 

24 2

01

1
(r r )

24
in




  , 

where r0 is the averaged distance from all B atoms to their mass 

center and ri is the distance from the i-th B atom to the mass 

center. The  values for all the structures are indicated in Fig. 1 

by color-coding. Visual inspection of the structures indicates 

that the case with  < 0.5 Å can be classified as cage-like 

structure, whereas  > 1.0 Å represents quite irregular 

polyhedron or quasi-planar geometry. We can see that for the 

bare B24 clusters (Fig. 1a), the low-lying energy region of 

potential energy surface is dominated by irregularly polyhedral 

and quasi-planar structures, and the complicated competition 

among them spans the whole range of evolution steps (up to a 
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large value of 45). This is consistent with the previous report of 

the quasi-planar and tubular structures being stable 

isomers.38,81-83 Turning to the W-encapsulated case (Fig. 1b), 

the potential energy landscape can be generally divided into the 

low-lying part occupied by the cage-like structures and the 

high-lying part composed of irregularly polyhedral structures. 

From the 2nd evolution step, the cage-like structure has become 

the ground-state isomer, and with increasing step, more cage-

like structures emerge in the low-lying energy region, 

indicating their robustly energetic favorability. The lowest-

energy ground-state isomers for nine transition-metal-doped 

MB24 clusters (M = Ti, Zr, Hf, Cr, Mo, W, Fe, Ru and Os) are 

shown in Fig. 2 (the Cartesian coordinates of the lowest-energy 

structures are given in Tables SI-SIX in the ESI† and more 

low-lying energy isomers for each cluster are given in Figs. S1-

S9 in the ESI†). As seen, the low-lying energy isomers of all 

the nine cases take cage-like morphologies. 

 
Fig. 1. Energetics of all the sampled structures during the structure search as the 

function of evolution step for (a) bare B24 and (b) WB24 clusters, respectively. 

Color-coding of each structure point denotes the deviation of its morphology 

from perfectly spherical cage, which is characterized by a defined parameter δ 

(see the main text). The smaller δ (more red) corresponds to regular cage-like 

structure, whereas the larger δ (more blue) represents irregular or quasi-planar 

structure. 

Meanwhile, from Fig. 1a we note that the energy span 

width of B24 is rather small (~10 eV), which reveals the 

existence of a large number of different structures with similar 

energetics, in accord with the report of the glass-like energy 

landscape of B clusters by Goedecker and coauthors.21 

Differently the energy span width of WB24 (Fig. 1b) is more 

than 20 eV, two times larger than that of B24. This implies that 

the glass-like energy landscape of B24 is changed dramatically 

after transition-metal encapsulated, where a global basin-like 

profile filled with cage-like structures dominates. 

Highly symmetric B24 cages stabilized by Mo/W encapsulation.  

Walking through the ground-state structures of all the MB24 

(Fig. 2), we find that for M = Ti, Zr, Hf, Cr, Fe, Ru and Os, 

although the ground-state structure takes the cage-like 

geometry, the abnormity is substantially large (with  = 0.1-

0.43 Å), accompanying with a low symmetry of Cs or C1. In 

most of cases (e.g. M = Ti, Hf, Fe, Ru and Os), there exist 

several isomers with nearly degenerate energies with respect to 

the ground state. For such low-symmetry clusters, there is a 

higher possibility of existing low transition barriers among the 

ground-state and other higher-energy metastable structures.84,85 

Thus their ground-state structures are usually quite chemically 

active, difficult to be stabilized under normal kinetic control. 

However, this is not the case for M = Mo and W: a highly 

symmetric B24 cage (with  = 0.05 Å) in the point group of D3h 

becomes the ground-state structure. The D3h-MoB24 and D3h-

WB24 cages can be viewed as three bent B6 clusters25 parallel to 

the principal axis jointed by six boron atoms, mainly composed 

of two hexagons on the bottom and top, three hexagons and 

three squares alternatively surrounding the waist. 

 
Fig. 2. The lowest-energy ground-state isomers of MB24 (M = Ti, Zr, Hf, Cr, Mo, W, 

Fe, Ru and Os) clusters derived from the global minimum structure search. For 

each system, the point-group symmetry and the δ value in Fig. 1 (reflecting the 

deviation of the morphology from spherical cage) are indicated. Spin multiplicity 

is given for the isomer taking non-singlet spin state as the ground state. 

We take the WB24 case as a representative to show 

robustly energetic stability of the high-symmetry D3h cage. Fig. 

3 shows selected low-lying energy structures (I-VII) found by 

the structure search, with their symmetry and energy relative to 

the ground-state D3h cage (I), and their Cartesian coordiantes 

are given in Tables SX-SXVI in the ESI†. The lowest 

metastable isomer II is less stable than the D3h cage by a large 

amount of energy (0.29 eV). Its structure is similar to the D3h 

cage, but in a D3d symmetry, consisting of six pentagons 

surrounding the waist. Despite of their structural similarity, a 

transition state optimization using the synchronous Transit-

Guided quasi-Newton method86 reveals a rather high transition 

barrier of 0.53 eV between them with only one imaginary 

frequency at 263i cm-1. There emerges another metastable cage 

in the higher symmetry of D2h (isomer V), but 0.77 eV higher in 
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energy than the D3h cage. For the isomer VI and VII with the 

much higher energies, the irregularity of cages increases 

dramatically with the appearance of big holes on the surfaces. 

This tendency is consistent with Fig. 1b, where irregularly 

polyhedral structures dominate the high-lying energy region. 

The preference of W atom staying at the central position is 

examined by moving W out of the D3h cage (in two different 

ways); the resulted structures (isomer VIII and IX) show 

remarkable instability (with respect to the D3h cage) evidenced 

by a large energy difference of 4.48 and 4.83 eV, respectively. 

Additionally, we have constructed more isomers based on the 

known structural motifs of bare B clusters, for instance, by 

placing W atom at the center of double-ring and three-ring 

tubular clusters83 (isomer X and XI), and the sandwich-type 

structure through resembling quasi-planar B12 cluster27 (isomer 

XII); all these structures show much higher energies (>2.5 eV) 

than the D3h cage. 

 
Fig. 3. Low-lying energy structures of WB24 from the structure search (I-VII), as 

well as specially designed structures to verify the stability of the ground-state 

isomer I (see text, VIII-XII). For each structure, the point-group symmetry and the 

energy relative to isomer I are indicated. The zero-point energy corrections are 

taken into account by using harmonic vibrational frequencies. 

Formation energy and dynamical stability of D3h-MoB24 and D3h-

WB24 cages.  

We then calculate formation energies (Ef, defined as the energy 

difference per atom between cluster and corresponding bulk 

counterparts) of D3h-MoB24 and D3h-WB24 cages and compare 

them with that of bare B24 clusters. By using the ground-state 

planar structure of anionic specie38 and the quasi-planar double-

ring tubular structure of neutral specie,81-83 the calculated Ef of 

bare B24 is 0.85 and 0.79 eV/atom, respectively. For D3h-MoB24 

and D3h-WB24, the Ef values are 0.72 and 0.74 eV/atom, which 

are about 50 meV/atom lower than that of the double-ring 

tubular B24 and 100 meV/atom lower than that of the planar B24. 

In spite of the still positive Ef values, which are common for the 

metastable polymorphs of nanoscale clusters, the reduced 

magnitudes imply enhanced thermodynamic stability of 

endohedral cages. 

To evaluate dynamical stabilities, vibrational frequencies 

are calculated. For both D3h-MoB24 and D3h-WB24, no 

imaginary frequency is observed and the lowest frequencies 

sufficiently above the stability criterion of 100 cm−1 suggested 

by Hoffmann et al.87 Moreover, high-temperature structural 

stability (of D3h-WB24) is examined by constant-temperature 

molecular dynamics simulation at 800 K. No sign of structural 

deformation is observed over 20000 steps with a time step size 

of 0.5 fs. 

For the highly symmetric D3h-MoB24 and D3h-WB24 cages, 

the calculated natural atomic charges (i.e. nuclear charge minus 

summed populations of the natural atomic orbitals on the atom) 

are -2.75 and -2.59 e for Mo and W, and small positive values 

(about +0.2 e) for most of B. This moderate charge transfer 

from B cages to metal atoms is consistent with the fact of the 

slightly larger electronegativity of Mo and W (2.16 and 2.36 by 

Pauling scale) than that of B (2.04). Meanwhile, no electron 

localization can be found between metal atoms and B on the 

cages in the electron localization function plots as shown in Fig. 

S16 in the ESI†. These indicate that the bondings between 

Mo/W and B are predominantly ionic. 

 
Fig. 4. Eigenvalue spectra vs electronic state degeneracy of (a) bare D3h-B24 cage 

and (b) D3h-WB24. For each case, the HOMO-LUMO gap is indicated (in blue). The 
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π-orbitals (red lines) for (a) and the orbitals involving 18-electron closed-shell 

configuration (see text) in (b) are shown. 

Origin of the endohedral D3h cage being stabilized: formation of 

18-electron closed-shell configuration.  

Further molecular-orbital analysis of electronic structure 

indicates that the stability of the D3h cage with Mo/W 

encapsulation can be rationalized by the mutual interaction 

between the π-electrons of B cages and the valence electron 

states of Mo/W. Fig. 4 shows the side-by-side comparison of 

eigenvalue spectra for the D3h cage without (a, bare D3h-B24) 

and with (b) W encapsulation. One clearly notes that the 

HOMO-LUMO gap (EH-L) is significantly increased from 2.66 

eV of bare D3h-B24 (2.19 eV of the planar and double-ring 

tubular B24 clusters) to 4.18 eV of D3h-WB24 (4.21 eV of D3h-

MoB24). This underlies strong chemical stability of the 

endohedral D3h cages.88 For bare D3h-B24 (Fig. 4a), there are 6 

occupied π-orbitals (HOMO-1, 6, 7, and 11) and 3 unoccupied 

π-orbitals (LUMO and LUMO+1). The moderate EH-L is 

attributed to the mid-lying binding energies of the latter. 

Because of the out-of-surface delocalized feature of these π-

orbitals, they will interact with the electronic orbitals of interior 

Mo/W atoms in the endohedral cages, forming hybridized 

orbitals. As the group-VIB element, Mo/W has 6 valence 

electrons, plus 12 π-electrons (from 6 occupied π-orbitals) of 

bare D3h-B24, giving totally 18 electrons to be placed into the 

newly formed orbitals. For the current cluster systems, which 

can be viewed as artificial atoms, this special electron counting 

number of 18 is favorable for forming a stable 18-electron 

closed-shell configuration. The mechanism is similar to that of 

the transition metal complexes, such as ferrocence Fe(C5H5)2
89 

and chromium hexacarbonyl Cr(CO)6.90 As depicted in Fig. 4b, 

in D3h-WB24 we indeed find 9 occupied atomic-like orbitals 

resembling those of inert-gas elements, which are formed 

through the “spd-π interaction/hybridization”,55 i.e. HOMO-12 

(s-like), HOMO-9 (pz-like), HOMO-8 (doubly degenerate, dxy-

like and dyz-like), HOMO-7 (py-like and px-like), HOMO-3 (dx
2

-

y
2-like and dxy-like) and HOMO-2 (dz

2-like). This closed-shell 

electron configuration results in substantial energy gain, 

significantly increasing structural stability of the endohedral 

D3h cages. The orbital hybridization and electron redistribution 

eliminate the 3 unoccupied π-orbitals of bare D3h-B24, enlarging 

the EH-L. However, this is not the case for the isoelectronic 

CrB24 system, where the endohedral D3h cage is less stable than 

the ground-state C1 cage by 0.33 eV (Fig. S4 in the ESI†). This 

may be attributed to the smaller size of the Cr atom, which is 

not optimal to fit the cavity of the D3h cage, thus geometry 

frustration becoming energetically favorable.  

The responsibility of forming the 18-electron closed-shell 

configuration for stabilizing the endohedral D3h cage is further 

evidenced by investigating other MB24 (M = Ti, Zr, Hf, Fe, Ru 

and Os) systems with enforced electron counting number of 18. 

In particular, for each case we take all the low-lying energy 

structures of nine MB24 systems from the structure search and 

reoptimize them at the dianionic (for M = Ti, Zr and Hf) or 

dicationic (for M = Fe, Ru and Os) charge state. Corresponding 

uniform compensated background charge is applied to 

guarantee the charge neutral condition. The resulted low-lying 

energy isomers are summarized in Figs. S10 – S15 in the ESI†. 

With the fulfilled 18-electron discipline, the D3h endohedral 

cage becomes the lowest-energy structure for most of cases 

except for FeB24. The violation of FeB24 can be understood by 

the even smaller atomic radius (1.32 Å) of Fe than that of Cr 

(1.39 Å), thus too small to be comfortably accommodated in the 

void of the high-symmetry D3h cage. 

We calculate typical satellite properties of 18-electron 

systems for D3h-MoB24 and D3h-WB24, and compare them with 

those of other known 18-electron systems, such as Fe(C5H5)2, 

Cr(CO)6, CrSi12
46 and WSi12.45,48 As listed in Table I, the 

properties include the binding energy (Eb, the energy difference 

between cluster and constituent atoms), HOMO-LUMO energy 

gap (EH-L), vertical electron affinities (VEAs, the energy 

difference between neutral and anionic clusters at the geometry 

of neutral cluster), vertical ionization potentials (VIPs, the 

energy difference between cationic and neutral clusters at the 

geometry of neutral cluster), as well as the difference between 

VIP and VEA (chemical hardness,91,92 an useful metric for 

estimating the stability of molecules and clusters). Taking the 

chemical hardness as the example, the values of D3h-MoB24 and 

D3h-WB24 are 6.80 and 6.77 eV, which are slightly lower than 

those of Fe(C5H5)2 (7.24 eV) and Cr(CO)6 (8.86 eV), but much 

larger than those of CrSi12 (4.18 eV) and WSi12 (5.14 eV). 

Other properties follow the similar trend. These results show 

further evidence of the endohedral D3h cages belonging to the 

18-electron closed-shell family. 

Table I. The binding energies (Eb), HOMO-LUMO gaps (EH-L), vertical 

electron affinities (VEAs), vertical ionization potentials (VIPs), differences 

between VIP and VEA of D3h-MoB24 and D3h-WB24, compared with those of 

typical 18-electron systems (Fe(C5H5)2, Cr(CO)6, CrSi12 and WSi12). 

System Eb (eV/atom) 
EH-L 

(eV) 

VEA 

(eV) 
VIP(eV) 

VIP-

VEA(eV) 

Fe(C5H5)2 4.81 5.76 0.21 7.03 7.24 

Cr(CO)6 5.59 6.06 0.16 8.70 8.86 

CrSi12 -3.45 3.36 3.49 7.67 4.18 

WSi12 -3.87 3.09 2.65 7.79 5.14 

D3h-MoB24 5.37 4.21 1.20 8.00 6.80 

D3h-WB24 5.43 4.18 1.26 8.03 6.77 

 

The mechanism of the current medium-size endohedral 

B24 cages being stabilized is different from the case of the 

endohedral fullerenes42. In endohedral fullerenes, since the 

carbon cages are inherently stable, the central problem is to find 

the suitable metal atoms that are stable in the center of the cage. 

The doped metal atoms donate charge to the cage, and are 

bound to the cage wall through the Coulomb interactions.93 

Here the bare B24 cages are chemically unstable against the 

quasi-planar isomers, and the incorporation of transition metal 

atoms is the prerequisite to stabilize the cages. For the case of 

Mo/W encapsulation, the charge transfer occurs reversely from 

B cages to metal atoms as mentioned and the formation of 18-
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electron closed-shell configuration ensures the strong chemical 

stability of the highly symmetric D3h cage. This mechanism is 

also distinct from that of the reported larger-size endohedral 

MB40 (M = Ca, Sr, Sc, Y, La) cages,40,41 which is essentially 

similar to the case of endohedral fullerenes. 

Conclusions 

In summary, with the aim of stabilizing fullerene-like B cages 

in medium-sized clusters, we performed an unbiased first-

principle structure search study for the B24 clusters doped by a 

series of transition metals including Ti, Zr, Hf, Cr, Mo, W, Fe, 

Ru and Os. We found the free energy landscapes of B24 clusters 

are qualitatively changed after transition metal encapsulation, 

where the cage-like rather than originally quasi-planar 

polymorphs emerge as energetically favorable isomers. While 

most of stable endohedral cages process low symmetries, a 

high-symmetry D3h cage is stabilized by Mo/W encapsulation. 

This endohedral D3h cage exhibits high chemical stability as 

indicated by its large binding energy, high HOMO-LUMO gap 

and chemical hardness. All these properties can be rationalized 

in terms of its unique electronic structure of 18-electron closed-

shell configuration. The high transition barrier between it and 

other competitive isomers associated with its high symmetry is 

favorable for kinetic stability with respect to variations of 

external conditions. Experimental attempt to synthesize this 

novel endohedral D3h cage is called for. It should be pointed out 

that the currently uncovered endohedral B24 cage exists through 

a coincidence of electronic and geometrical factors. The 18-

electron rule, which is responsible for the high chemical 

stability of high-symmetry endohedral D3h cage, can only be 

satisfied if the cluster size and the valence electrons of 

transition metals match the optimal bondings between the cage 

and metal atoms. With reasonable choices of transition metal 

atom and appropriate number of B atoms, other sized B cages 

are also likely to be stabilized. The present results are thus 

promisingly to open a door for the discovery of more 

endohedral B fullerene analogues.  
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