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An electronic structural connection is established for sandwich complexes and polyhedral
boranes containing encapsulated atoms. The charge requirements of these extreme geometri-
cal patterns, examples 3 and 9, depend on the size of the central atom or on the distance
between the adjacent rings. While going from the endohedral to the corresponding sand-
wich complexes the unoccupied a2u and eg molecular orbitals are stabilized considerably re-
quiring additional 6 electrons for stability. The two endohedral atoms in the doped
structures 10 resulting from the multidecker sandwich complexes 4 are found to stabilize
the large borane skeleton. The energetics and geometries of the relatively less explored
endohedral boranes show that endohedral silaboranes are more stable than the endohedral
carbaboranes. In general, when an atom is encapsulated in a borane cage, its skeletal bonds
are elongated. The exo bonds are shortened due to the possible reduction in the torsional
strain between the adjacent vertices. A comparison of the endohedral complexes with the
corresponding exo isomers shows that encapsulation makes the system more strained.
Keywords: Sandwich complexes; Polyhedral boranes; Metallaboranes; Carboranes;
Endohedral complexes; Ab initio calculations.

Sandwich complexes occupy a prominent place in chemistry. Though a
large majority of these are known with Cp– (C H5 5

− ) (1) and similar planar
rings1, there are several examples known with polyhedral borane fragments
such as the pentagonal pyramidal C B H2 4 6

2 − (2, 3)2–7, the ollide ions
C B H2 9 11

2 − 8–10 and the B H11 11
4 − (5, 7)11 as ligands. Recognition of the similarity

between the frontier orbitals of Cp– and of the polyhedral fragments
C B H2 9 11

2 – and C B H2 6 6
2 − was a turning point in this chemistry12. The struc-
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tural connection between a sandwich complex involving two pentagonal
pyramids (3) and an icosahedron generated by bringing them closer (9)
cannot be missed. If the sandwiched central atom is not retained, the tradi-
tional monocage polyhedral borane results. The icosahedral structure with
a central atom belongs to the family of endohedral complexes, which have
been studied rigorously during recent years13. These are known experimen-
tally with the fullerenes13a–13d and even with the classic strained hydrocar-
bon, C20H20 with icosahedral symmetry13e. To our knowledge, no
endohedral complex of polyhedral borane is reported experimentally even
though recent theoretical studies have shown that several of them are min-
ima on their potential energy surface14. In view of the many sandwich
structures involving the polyhedral fragments with a main group atom at
the centre, there is indeed the possibility of generating endohedral struc-
tures of the same kind. An encapsulated boron atom inside a polyhedral ar-
rangement is observed in the structure of β-rhombohedral boron15. The
related B H28 18

+ (C3v) is calculated to be a minimum15c. A point of concern is
also that there is no known sandwich structure of the type 3 available with
boron as the central atom. The only sandwich structure with a central
boron atom calculated to be a minimum has Si H3 3

+ as ligands16.
We have studied the requirements for stabilizing sandwich and endo-

hedral complexes involving the main-group atoms. A preliminary report on
endohedral complexes was published previously14a. We had also developed
an electron-counting rule that is applicable to sandwich complexes as well
as endohedral structures17. However, details of the interaction that pre-
cludes 3 with a central boron atom are not known. A more general under-
standing, which examines the interrelationship between a variety of
sandwich structures and the corresponding endohedral structures is
needed. We attempt such an understanding by an analysis of the molecular
orbitals, Walsh diagrams generated for the transformation of the sandwich
complexes to the corresponding endohedral structures (Fig. 1) and quanti-
tative studies on selected examples. Correlation diagrams that connect the
pentagonal pyramidal fragments, their sandwich complexes with Si and B
as the central atom and the corresponding endohedral complexes also help
in this study. We also analyze structures with three pentagonal bipyramids
(4) and complexes of ollide ions (5–7) in place of pentagonal pyramids, and
their corresponding endohedral isomers (10, 11–13). The dependence of
the stability of the endohedral boranes on the size of the parent cage as
well as the size of the central atom are examined using the mono, di- and
trisubstituted twelve-vertex carbaboranes and silaboranes varying the cen-
tral atom (Fig. 2). A comparison of the relative energies of the stuffed sys-
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FIG. 1
The continuum of structures generated from sandwich structures similar to ferrocene and the
corresponding endohedral structures. The central atoms of experimentally characterized or
theoretically favorable structures are mentioned below each category. Charges of the respec-
tive molecules are not given due to the variety in the metal centers

(11)
(12)

(13)

(6)
(5) M = Co, Fe, Ni, Ga, Al (7) M = Co, Fe, Au, Ni, U, Al, Si

(1)

(2) M = Fe, Co, Ni (3) M = Fe, Hf, Co, Si, Ge (4)

(8) (9) M = He, Li, Be, B, Al, Si, Ne, Ga (10) M = He, Li



tems with respect to the corresponding exo isomer in which the
heteroatom caps a face of the polyhedron helps to calibrate the stabilities of
various endohedral complexes. Near-isodesmic equations are used to obtain
relative preferences in a given series of endohedral complexes.

COMPUTATIONAL METHODOLOGY

A qualitative molecular orbital analysis is carried out for the single vertex
sharing systems and the corresponding endohedral compounds using
extended Hückel theory18. Quantitative studies of the sandwich and
endohedral complexes discussed in the paper are carried out at the
B3LYP/6-31G* 19 level of theory using the Gaussian94 programme20. The vi-
brational frequencies for all the structures are computed at the same level
of theory. In general the complexes are numbered as N(a–g)-Xn where N
corresponds to the number of structure shown in Fig. 1, X corresponds to
the central atom, a–g correspond to the parent cages (a) B H12 12

2 − , (b)
CB H11 12

− , (c) C2B10H12, (d) C B H3 9 12
+ , (e) SiB H11 12

− , (f) Si2B10H12, and (g)
Si B H3 9 12

+ in endohedral complexes. The exohedral isomers are differentiated
from the endohedral ones by a prime added at the end of the label. The po-
sitional isomers para, meta and ortho of dicarbaborane are identified by the
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FIG. 2
The parent cages along with the vertex symbols used in the text, Y = C, Si. Symbols given in
parentheses are: b for monocarbaborane cage, c for dicarbaboranes and d for tricarbaboranes.
Similarly e, f and g represent the mono-, di- and trisilaboranes

YB11H12–(b,e) p-Y2B10H12(c1,f1) m-Y2B10H12(c2,f2) o-Y2B10H12(c3,f3)

1,7,9-Y3B9H12
+(d1,g1) 1,2,3-Y3B9H12

+(d2,g2) 2,3,4-Y3B9H12
+(d3,g3) 2,4,5-Y3B9H12

+(d4,g4) 1,2,12-Y3B9H12
+(d5,g5)



subscripts 1, 2 and 3, respectively, and those of tricarbaboranes are given
numbers 1 to 5 as shown in Fig. 2. Thus, 9a-Li corresponds to the endo-
hedral complex represented by 9 with the icosahedral B H12 12

2 − skeleton (a)
with Li+ inside (Li@B H12 12

− ) and 10a-Li2 stands for Li2@B17H17. The total en-
ergies, relative energies, zero-point energies and the HOMO-LUMO gap of
each compound are given in Tables I and II. The energy of encapsulation
and that of capping is included in Table III. The stability order of the struc-
tures based on the values obtained using the near-isodesmic equations
(Table IV) provides further comparison. Important geometrical parameters
discussed in the paper are given in Tables V and VI.

RESULTS AND DISCUSSION

We present a discussion of the electronic requirements of the various struc-
tures involved based on qualitative Walsh diagrams and correlation dia-
grams, mostly based on extended Huckel calculations. This is followed by
an analysis of geometries and the energetics of selected structures studied
quantitatively. Comparison of the endohedral structures with competing
and more favorable exohedral structures are made at the end.

Qualitative Analysis of the Electronic Structure of Endohedral and Sandwich
Complexes

We begin the analysis by constructing a correlation diagram that connects
pentagonal pyramidal B6H6 fragments, sandwiches of the type 3 (M = Si, B),
endohedral complexes 9 (M = B) and B H12 12

2 − (Fig. 3). While going from a
hypothetical polyhedron made of two pentagonal pyramids with large
ring–ring distance (Fig. 3, B) to a sandwich structure with a large central
atom such as silicon (Fig. 3, C), the a2u orbital is significantly stabilized by
the favorable interaction with the suitable orbital of the central atom.
Many structures of this type are known experimentally2–7. Bridging the two
pentagonal pyramids by an atom smaller than silicon, for example, boron
(Fig. 3, D), increases the direct unfavorable interactions between the two.
Hence a2u and eg orbitals are pushed up in energy leading to a decreased
electronic requirement for the structure. This is in tune with the nonexis-
tence of the sandwich complexes of pure polyhedral boranes. When the
rings flanking the central atom are brought closer so that an encapsulated
arrangement results, the a2u molecular orbital goes up in energy even more
dramatically (Fig. 3, E). The molecular orbital pattern emerging from this
correlation is similar to that of the parent polyhedron without a central
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atom. Thus, the electronic requirements of the polyhedron do not change
by encapsulation. The charge of the endohedral system will differ from the
parent cage, reflecting the contribution of the valence electrons of the cen-
tral atom for skeletal bonding. Hence B@B12H12 should have a charge of +1
to compensate the three electrons contributed by the central boron atom to
the B H12 12

2 − .
The newly established mno rule for polyhedral boranes, which is an ex-

tension of Wade′s rule, explains the HOMO-LUMO separations found for
various structures in Fig. 3 17. According to this rule, m + n + o skeletal pairs
are required for the stability of any polyhedral borane. Here m is the num-
ber of cages, n is the total number of vertices and o is the number of single-
vertex-sharing linkages between clusters. Any electron-counting rule has to
be used with caution. These represent the electronic requirements at the ex-
tremes. Often chemistry offers a continuum of examples. We have studied
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FIG. 3
Correlation diagram connecting two B H6 6

4 − fragments (A, B), sandwich structures with central
atom boron and silicon (C, D), and the endohedral polyhedron (E). F represents the MOs of
parent polyhedron, B H12 12

2−. The MOs shown on the right side are those of single-atom-bridged
structures
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the Walsh diagram connecting the sandwich complex to the corresponding
encapsulated polyhedron as a function of ring–ring distance (Fig. 4). The
stabilization of 1a2u and 2eg orbitals in going from the endohedral to the
sandwich complex is clear from the diagram. At a ring–ring distance of
around 2.6 Å or when the bridging atom is small, there is no marked
HOMO-LUMO gap since 2eu, 1a2u, 2eg, and 3eg are separated by small ener-
gies (Fig. 4) and it is difficult to differentiate the HOMO and LUMO from
the Walsh diagram, which shows the variable electronic requirements for
such structures. This point corresponds to the boron-bridging complexes
shown in Fig. 3, D. A parallel analysis is carried out for the variation of elec-
tronic structure for 2, 5, 6, and 7 going to their corresponding endohedral
structures 8, 11, 12, and 13, respectively. Similar correlation diagrams are
obtained with nearly identical electron requirement in other examples of
Fig. 1. The HOMO-LUMO gap and the stabilization of one doubly degener-
ate and a non-degenerate MO for the sandwich structures are always ob-
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FIG. 4
The Walsh diagram connecting the encapsulated and single-vertex-sharing polyhedral B13H12
systems. The distance (D) between the two 5-membered rings is plotted along the x-axis. The
energy (E) is plotted along the y-axis. eu is the HOMO of the endohedral system and as the dis-
tance between the rings increases gradually, eg and a2u come down in energy, and eg becomes
the HOMO. The optimized structure of the endohedral B@B H12 12

+ is shown
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tained. Thus, in all the cases the sandwich structures require six electrons
more than the endohedral structures. Obviously the nido systems (2, 5) re-
quire 2 more electrons than the closo. Examples of complexes 2 21, 3 2–7,
5 22, and 7 8–10 are known in the literature.

The extension to one more cage will result in structures similar to that in
transition metal cluster chemistry. The Walsh diagram for the structure
B6H6LiB5H5LiB6H6 (4-Li2) going to its endohedral analog Li2@B17H17
(10a-Li2) is shown in Fig. 5. The presence of two atoms inside the cage does
not change the observed behavior as in the case of single atom encapsu-
lated cages. The valence electrons of the stuffed atoms satisfy the electronic
requirements for the skeletal framework of the polyhedron. As per the mno
rule the structure 4-Li2 requires 24 (3 + 19 + 2) electron pairs and the struc-
ture 10a-Li2 requires 18 (1 + 17) electron pairs. The BH vertices provide 17
electron pairs and the 2 central lithium atoms together contribute one elec-
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FIG. 5
The Walsh diagram connecting the three-cage single-vertex-sharing system
[B6H6LiB5H5LiB6H6] (4-Li2) and its two atom encapsulated counterparts Li2@B17H17 (10a-Li2).
The stabilization of two doubly degenerate MOs (LUMO (2e) and LUMO+1 (3e) of endohedral
systems) and two non-degenerate MOs (LUMO+2 (2a1) and another higher-lying antibonding
orbital (3a1)) in the sandwich structure shows that it requires 6 electron pairs more than the
endohedral complex. The x-axis shows the distance (D) between the two adjacent rings and
y-axis the energy (E). The optimized structure of Li2@ B17H17 is shown
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tron pair in both the structural varieties. Thus, the structure 10a-Li2 is neu-
tral and the structure 4-Li2 requires 6 more electron pairs. While going
from 10a-Li2 to 4-Li2, the stabilization of two doubly degenerate MOs
(2e, 3e) and 2 non-degenerate MOs (2a1, 3a1) is obvious from Fig. 5,
which is in agreement with the mno rule. The electronic requirements an-
ticipated by the above analysis are substantiated by the presence of experi-
mentally characterized complexes viz. [(R2C2B4H4)Co(C2B3H5)]– (2)21;
((SiMe3)2C2B4H4)2Si, [Li(C2B4H5SiMe3)2]–, [((SiMe3)2C2B4H4)2Ga]– (3)2–7;
[(C2B9H11)MCp] 22 (where M = Fe, CO, Ni, Ga, Al) (5) and [(C2B9H11)2M] 8–10

(M = Fe, Co, Ni, Si, Al) (7).
The structures [(C2B4H6)2Al]– (3-Al), (C2B4H6)2Si (3-Si), [(C2B4H6)2Li]3–

(3-Li) are calculated to be minima on the potential energy surface (PES)
with the lowest frequency 27.63, 4.08 and 21.10, respectively (Fig. 6). The
lowest frequencies correspond to the rotation of the rings along the pseudo
C5 axis. However, similar sandwich complexes with comparatively smaller
atoms as the sharing vertex such as boron and carbon with an identical
electron count as that of Al and Si complexes, respectively, are found to be
higher-order saddle points on the PES. This is in accordance with the vari-
able electronic requirements and hence with the instability for the struc-
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FIG. 6
The optimized geometries of Si, Al, Li single-vertex-sharing systems. The total energies (au)
and the low-frequency values (in parentheses) are indicated

[(C2B4H6)2Al]–,
E = –601.094016 (4.08)

(C2B4H6)2Si,
E = –648.009730 (27.63)

[(C2B4H6)2Li]–3,
E = –365.800723 (21.10)



tural category of boron bridging complexes in Fig. 3, D. The unfavorable
interactions of these complexes and the high positive charge of the corre-
sponding endohedral isomers (+5 and +6) preclude them experimentally.
The complexes of structural variety 9 are given more attention for several
reasons. Icosahedral boranes, carbaboranes, and silaboranes are the more
stable members of the polyhedral family and endohedral complexes are
most likely to be generated here. Icosahedral B H12 12

2 − is especially favored be-
cause of the orbitals of high symmetry with which the central atom can in-
teract perfectly. Trends in the calculational results of the structures and
energies are described below.

Energetics and Geometries

The energy involved in the encapsulation (∆Een) of an atom inside each
cage (Fig. 2) is estimated using the equation

Xa + YmBnHn+m
b → X@YmBnHn+m

a+b , (1)

where X = the central atom, Y = B, C or Si. The central atoms are so chosen
as to fit within the cavity of a given polyhedral borane. The central atom
should not lead to unduly large negative or positive charge of the complex.

The energy of encapsulation, ∆Een obtained from the equation is tabu-
lated in Table III. The varying charge requirements in the different isomers
make it difficult to have a uniform comparison across all the isomers using
∆Een. However, the endohedral carba- and silaboranes can be compared
without any ambiguity. While endohedral interactions are ideal in B H12 12

2 − ,
an external perturbation by substituting boron by a heteroatom such as car-
bon or silicon causes a reduction in symmetry leading to inequivalent in-
teractions of the orbitals of the central atom with the skeletal orbitals. In
addition, substitution of a boron atom by a carbon atom reduces slightly
the cage size thus making the corresponding endohedral systems more
strained. For example, the ∆Een values are 169.8 kcal/mol for He@B H12 12

2 −

(9a-He), 180.2 kcal/mol for the monocarba-substituted system (9b-He) and
191.2 kcal/mol for the dicarbaborane (9c-He). The corresponding ∆Een val-
ues for the silaboranes are 150.3 and 138.1 kcal/mol, respectively, for 9e-He
and 9f-He systems. Similar trends continue for Li and Be encapsulation;
∆Een indicates that mono- and disilaboranes with Li and Be as the doped
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atom ((9e-Li, 9f-Li); (9e-Be, 9f-Be)) are more stable than the corresponding
stuffed carbaboranes ((9b-Li, 9c-Li); (9b-Be, 9c-Be)).

Comparison across different endohedral isomers can be done using the
near-isodesmic equations.

X@BnHn
a–2 + YmBnHn+m

b → X@YmBnHn+m
a+b + B Hn n

2 − (2)

The size of the cage and the size of the central ion play significant role in
the energetics of this equation. The He-centered cages have a stability order
of 9g-He > 9f-He > 9e-He > 9b-He > 9c-He > 9d-He which is the same as
that of the cage size. With Li the stability order changes to 9e-Li > 9b-Li >
9f-Li > 9c-Li > 9g-Li > 9d-Li. This can be attributed to the smaller size of
the Li ion and hence is more favorable for monosilaboranes, having maxi-
mum positive interaction with the orbitals of central atom and skeleton,
rather than disilaboranes where, due to the large size, the bonding interac-
tions are reduced. Li stuffed monocarba- and monosilaboranes being neu-
tral are especially important. Similarly for the Be stuffed systems, the order
is 9e-Be > 9b-Be > 9f-Be > 9c-Be identical to that of the Li-encapsulated
systems.

The steric constraints arising from encapsulation is reflected in the geo-
metrical parameters–skeletal bond lengths (Table V) and the estimated per-
centage of expansion (Table VI). The latter is the percentage change in the
distance from the centroid to the atoms on the surface as a result of expan-
sion. The surface B–B distance increases from 1.787 Å in B H12 12

2 − to 1.861 Å
in 9a-He, 1.874 Å in 9a-Li, 1.871 Å in 9a-Be, 1.859 Å in 9a-B, and 1.998 Å
in 9a-Ne. In monocarbaborane-encapsulated systems, the C–B distances
are within the range 1.750–1.900 Å. This is higher than the C–B distance
(1.707 Å) calculated for the parent cage CB H11 12

− . Similarly the skeletal B–B
bond lengths are in the range 1.840-2.050 Å where for the parent system
the B–B bond length is well below 1.800 Å. Similar lengthening of skeletal
bonds occurs in all the cages.

The percentage of expansion shows that in carbaboranes the largest ex-
pansion is observed at the C–H vertices (Table VI). The vertices nearest to
the carbon show a larger expansion between the B–H vertices. As one goes
to a vertex which is far from the substituted site, the percentage of expan-
sion decreases. In silaboranes this trend is reversed. This shows that the
endohedral system adjusts itself to attain a nearly spherical shape so as to
enhance the interaction between the orbitals and hence the stability.
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TABLE Ia
The total energiesa (au), zero point vibration energies (ZPVE, kcal/mol), HOMO-LUMO gap
(H-L Gap, eV), charge on the central atom (Q(X)) and the lowest frequency (LF) of
endohedral complexes X@CnB12–nH12

q (X = He, Ne, Li, Be; q = charge of the molecule). The
relative energies (RE) among the various isomers are given in parentheses wherever necessary

Code Isomer
Sym-
metry

Energy, au
(RE, kcal/mol)

ZPVE
kcal/mol

H-L Gap
eV

Q(X) LF

9a-He He@B12H 12
2 − Ih –308.326599 106.73 8.44 0.10 437.8

9b-He He@CB11H 12
− C1 –321.614225 110.37 8.17 0.10 390.7

9c1-He He@p-C2B10H12 D5d –334.737114(0.0) 113.21 7.92 0.10 354.6
9c2-He He@m-C2B10H12 C2v –334.729926(4.51) 113.30 7.94 0.10 350.7
9c3-He He@o-C2B10H12 C2v –334.71837(15.23) 112.89 7.84 0.10 359.4
9d1-He He@1,7,9-C3B9H 12

+ C3v –347.681760(0.0) 115.02 8.00 0.10 324.3
9d2-He He@1,2,3-C3B9H 12

+ C3v –347.616409(41.0) 113.74 7.41 0.10 297.6
9d3-He He@2,3,4-C3B9H 12

+ Cs –347.637524(27.8) 114.28 7.47 0.10 325.1
9d4-He He@2,4,5-C3B9H 12

+ Cs –347.660395(13.4) 114.50 7.77 0.10 318.8
9d5-He He@1,2,12-C3B9H 12

+ Cs –347.662260(12.2) 114.54 7.58 0.10 315.2
9a-Li Li@B12H 12

− Ih –313.133455 106.79 8.50 –2.77 414.3
9b-Li Li@CB11H12 C5v –326.241299 108.97 8.15 –2.54 357.8
9c1-Li Li@p-C2B10H 12

+ D5d –339.179215(0.0) 110.34 7.82 –2.39 306.1
9c2-Li Li@m-C2B10H 12

+ C2v –339.178721(0.3) 110.73 7.80 –2.37 319.5
9c3-Li Li@o-C2B10H 12

+ Cs –339.157362(13.7) 110.43 7.79 –2.38 307.3
9d1-Li Li@1,7,9-C3B9H 12

2+ C3v –351.937654(0.0) 110.83 7.79 –2.23 257.1
9d2-Li Li@1,2,3-C3B9H 12

2+ C3v –351.874829(39.4) 109.61 7.46 –2.24 211.8
9d3-Li Li@2,3,4-C3B9H 12

2+ Cs –351.895419(26.5) 110.15 7.34 –2.24 258.2
9d4-Li Li@2,4,5-C3B9H 12

2+ Cs –351.913736(15.01) 110.57 7.60 –2.23 253.5
9d5-Li Li@1,2,12C3B9H 12

2+ Cs –351.917648(12.6) 110.42 7.66 –2.24 250.8
9a-Be Be@B12H12 Ih –320.273374 105.66 8.68 1.08 409.7
9b-Be Be@CB11H 12

+ C5v –333.200342 106.55 8.26 1.33 340.4
9c1-Be Be@p-C2B10H 12

2+ D5d –345.948543(1.46) 106.24 7.83 1.42 267.2
9c2-Be Be@m-C2B10H 12

2+ C2v –345.950874(0.0) 106.50 7.82 1.45 276.7
9c3-Be Be@o-C2B10H 12

2+ Cs –345.931086(12.41) 106.23 7.82 1.45 279.8
9a-B B@B12H 12

+ Ih –329.961162 100.75 7.97 0.37 214.9
9a-Ne Ne@B12H 12

2 − Ih –433.948481 97.12 7.51 0.09 290.1
9b-Ne Ne@CB11H 12

− C5v –447.213398 99.57 7.19 0.08 86.8
9a-Ga Ga@B12H 12

+ Ih –2 227.892117 104.47 7.68 –4.34 145.3
9a-Si Si@B12H 12

2+ Ih –593.993353 95.69 8.05 1.31 219.8
10a-He2 He2@B17H 17

2 − Cs –438.409278 153.25 5.86 0.07 129.9
10a-Li2 Li2@B17H17 Cs –447.717853 150.79 6.22 0.66 87.0
3Al [(C2B4H6)2Al]– C2h –601.094016 110.62 2.11 –0.04 4.1
3Si [(C2B4H6)2Si] C2h –648.009730 111.83 6.25 0.53 27.6
3Li [(C2B4H6)2Li]3– C2h –365.800723 104.61 4.68 –0.53 21.1

a The additional total energies required for the equations are B H12 12
2− –305.69021; B H17 17

2−

–432.99603 (Mebel A. M., Najafian K., Schleyer P. v. R.: Inorg. Chem. 1998, 37, 6765);
CB H11 12

− –318.994288; p-C2B10H12 –332.134854; m-C2B10H12 –332.130514; o-C2B10H12
–332.104338 (Jemmis E. D., Kiran B.: J. Am. Chem. Soc. 1997, 119, 4076); 1,7,9-C B H3 9 12

+

–345.092057; 1,2,3-C B H3 9 12
+ –345.013573; 2,3,4-C B H3 9 12

+ –345.039338; 2,4,5-C B H3 9 12
+

–345.065683; 1,2,12-C B H3 9 12
+ –345.070426 (Jemmis E. D., Ramalingam M., Jayasree E. G.:

J. Comput. Chem. 2001, 22, 1542).
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TABLE Ib
The total energies (au), zero point vibration energies (ZPVE, kcal/mol), the strain energy, the
difference between endo and exo isomers (SE), HOMO-LUMO gap (H-L Gap, eV), charge on
the central atom (Q(X)) and the lowest frequency (LF) of exo isomers XCnB12–nH12

q (X = He,
Ne, Li, Be; q = charge of the molecule). The relative energies (RE) are given in parentheses
wherever necessary

Code Isomer
Sym-
metry

Energy, au
(RE, kcal/mol)

ZPVE
kcal/mol

SE
kcal/mol

H-L
Gap
eV

Q(X) LF

9a-He′ HeB12H 12
2 − C3v –308.597321 104.98 169.88 9.00 0.00 10.4

9b-He′ HeCB11H 12
− Cs –321.901584 109.04 180.31 8.79 0.00 20.1

9c1-He′ Hep-C2B10H12 Cs –335.041869(0.0) 112.01 191.23 8.59 0.00 –32.4

9c2-He′ Hem-C2B10H12 Cs –335.037518(2.7) 111.81 193.01 8.53 0.00 –18.9

9c3-He′ Heo-C2B10H12 Cs –335.01165(19.0) 111.48 187.50 8.34 0.00 –17.5

9d1-He′ He1,7,9-C3B9H 12
+ Cs –347.999407(0.0) 113.82 199.32 8.49 0.00 11.9

9d2-He′ He1,2,3-C3B9H 12
+ Cs –347.920910(49.3) 112.63 191.07 7.79 0.00 11.2

9d3-He′ He2,3,4-C3B9H 12
+ Cs –347.946411(33.3) 113.00 193.83 7.93 0.00 –26.7

9d4-He′ He2,4,5-C3B9H 12
+ Cs –347.972982(16.6) 113.47 196.15 8.36 0.00 –7.0

9d5-He′ He1,2,12-C3B9H 12
+ Cs –347.977772(13.6) 113.51 197.98 8.18 0.00 –16.2

9a-Li′ LiB12H 12
− C3v –313.318124 107.32 115.88 4.34 0.06 256.7

9b-Li′ LiCB11H12 Cs –326.480831 110.84 150.31 6.02 0.25 210.9

9c1-Li′ Lip-C2B10H 12
+ Cs –339.464667(3.4) 112.72 179.12 7.37 0.49 140.3

9c2-Li′ Lim-C2B10H 12
+ Cs –339.470142(0.0) 112.74 182.87 7.68 0.46 139.0

9c3-Li′ Lio-C2B10H 12
+ Cs –339.440806(18.4) 112.30 177.86 7.36 0.47 129.7

9d1-Li′ Li1,7,9-C3B9H 12
2+ Cs –352.372334(0.0) 113.64 272.76 6.86 1.00 –20.0

9d2-Li′ Li1,2,3-C3B9H 12
2+ Cs –352.225726(92.0) 112.67 220.19 8.01 0.70 59.0

9d3-Li′ Li2,3,4-C3B9H 12
2+ Cs –352.308514(40.1) 112.97 259.22 6.61 1.00 –3.3

9d4-Li′ Li2,4,5-C3B9H 12
2+ Cs –352.333605(24.3) 113.47 263.47 6.70 1.00 6.07

9d5-Li′ Li1,2,12C3B9H 12
2+ Cs –352.340132(20.2) 113.44 265.11 6.76 1.00 –15.0

9a-Be′ BeB12H12 C3v –320.366166 108.45 58.23 3.87 0.05 406.8

9b-Be′ BeCB11H 12
+ Cs –333.356353 111.38 97.90 4.56 0.22 398.4

9c1-Be′ Bep-C2B10H 12
2+ Cs –346.140060(11.4) 112.07 120.17 7.11 0.45 362.5

9c2-Be′ Bem-C2B10H 12
2+ Cs –346.158195(0.0) 112.52 130.10 5.30 0.44 361.8

9c3-Be′ Beo-C2B10H 12
2+ Cs –346.126925(19.6) 111.98 122.89 4.93 0.42 352.7

9a-B′ BB12H 12
+ C3v –330.057921 106.21 60.72 3.34 0.40 428.0

9a-Ne′ NeB12H 12
2 − C3v –434.587324 105.30 400.87 9.00 0.02 47.5

9b-Ne′ NeCB11H12 Cs –447.891856 109.25 425.73 8.79 0.22 51.2

9a-Ga′ GaB12H 12
+ C3v –2 228.195507 100.50 190.38 2.40 0.55 –207.4

9a-Si′ SiB12H 12
2+ C3v –594.237695 99.34 153.33 2.76 0.97 –115.4

10a-He2′ He2B17H 17
2 − C2 –438.809797 150.13 251.33 7.05 0.00 –17.9

10a-Li2′ Li2B17H17 C2 –448.086404 154.11 231.27 5.16 0.25 169.8
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TABLE IIa
The total energiesa (au), zero point vibration energies (ZPVE, kcal/mol), HOMO-LUMO gap
(H-L Gap, eV), charge on the central atom (Q(X)) and the lowest frequency (LF) of
X@SinB12–nH12

q (X = He, Li, Be; q = charge of the molecule). The relative energies (RE) are
given in parentheses wherever necessary

Code Isomer
Sym-
metry

Energy, au
(RE, kcal/mol)

ZPVE
kcal/mol

H-L Gap
eV

Q(X) LF

9e-He He@SiB11H 12
− C5v –573.027881 105.13 7.45 0.10 325.0

9f1-He He@p-Si2B10H12 D5d –837.559458(2.6) 102.68 7.36 0.09 279.2

9f2-He He@m-Si2B10H12 C2v –837.563588(0.0) 102.66 6.31 0.09 177.1

9f3-He He@o-Si2B10H12 Cs –837.563021(0.4) 102.80 6.77 0.09 250.1

9g1-He He@1,7,9-Si3B9H 12
+ C3v –1 101.937307(1.9) 99.42 6.10 0.09 178.4

9g2-He He@1,2,3-Si3B9H 12
+ C3v –1 101.939681(0.4) 99.88 7.53 0.08 241.0

9g3-He He@2,3,4-Si3B9H 12
+ Cs –1 101.940253(0.0) 99.58 7.30 0.08 165.8

9g4-He He@2,4,5-Si3B9H 12
+ Cs –1 101.934355(3.7) 99.61 7.17 0.09 142.7

9g5-He He@1,2,12-Si3B9H 12
+ Cs –1 101.937203(1.9) 99.39 6.62 0.08 168.6

9e-Li Li@SiB11H12 C5v –577.647834 104.29 6.76 –2.50 309.1

9f1-Li Li@p-Si2B10H 12
+ D5d –842.005437(0.0) 100.96 6.53 –2.27 258.0

9f2-Li Li@m-Si2B10H 12
+ C2v –842.005406(0.02) 100.86 5.63 –2.26 204.5

9f3-Li Li@o-Si2B10H 12
+ C2v –842.002047(2.1) 100.80 6.81 –2.23 229.8

9g1-Li Li@1,7,9-Si3B9H 12
2+ C3v –1 106.213376(0.0) 96.68 7.03 –2.06 195.6

9g2-Li Li@1,2,3-Si3B9H 12
2+ C3v –1 106.205720(4.8) 96.55 6.71 –2.00 196.9

9g3-Li Li@2,3,4-Si3B9H 12
2+ Cs –1 106.206511(4.3) 96.50 5.82 –2.00 147.7

9g4-Li Li@2,4,5-Si3B9H 12
2+ Cs –1 106.207960(3.4) 96.81 6.50 –2.04 183.5

9g5-Li Li@1,2,12-Si3B9H 12
+ Cs –1 106.209526(2.4) 96.53 6.66 –2.04 170.7

9e-Be Be@SiB11H 12
+ C5v –584.610558 102.05 7.04 1.31 301.5

9f1-Be Be@p-Si2B10H 12
2+ D5d –848.794720(1.9) 97.58 6.58 1.29 241.8

9f2-Be Be@m-Si2B10H 12
2+ C2v –848.797677(0.0) 97.70 6.77 1.32 237.7

9f3-Be Be@o-Si2B10H 12
2+ C2v –848.792394(3.3) 97.55 6.18 1.17 220.1

a The additional total energies required for equations are SiB H11 12
− –570.365124; p-Si2B10H12

–570.365124; m-Si2B10H12 –834.877723; o-Si2B10H12 –834.873540 (Jemmis E. D., Kiran B.:
J. Am. Chem. Soc. 1997, 119, 4076); 1,7,9-Si B H3 9 12

+ –1 099.232179; 1,2,3-Si B H3 9 12
+

–1 099.226018; 2,3,4-Si B H3 9 12
+ –1 099.224193 (this study).
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TABLE IIb
The energies (au), zero point vibration energies (kcal/mol), HOMO-LUMO gap (H-L Gap,
eV), charge on the central atom (Q(X)) and the lowest frequency (LF) of XSinB12–nH12

q (X =
He, Li, Be; q = charge of the molecule). The relative energies (RE) are given in parentheses
wherever necessary

Code Isomer
Sym-
metry

Energy, au
(RE, kcal/mol)

ZPVE
kcal/mol

SE
H-L
Gap
eV

Q(X) LF

9e-He′ HeSiB11H 12
− Cs –573.272118 103.30 153.26 7.77 0.00 –15.0

9f1-He′ Hep-Si2B10H12 Cs –837.784746(0.0) 100.74 141.37 7.70 0.00 –22.8

9f2-He′ Hem-Si2B10H12 Cs –837.783644(0.69) 100.78 138.09 7.62 0.00 12.0

9f3-He′ Heo-Si2B10H12 Cs –837.780544(2.6) 100.73 136.50 6.91 0.00 –32.6

9g1-He′ He1,7,9-Si3B9H 12
+ Cs –1 102.139225(0.0) 97.52 126.70 7.40 0.00 –17.0

9g2-He′ He1,2,3-Si3B9H 12
+ Cs –1 102.133134(3.8) 97.55 121.39 6.83 0.00 –8.98

9g3-He′ He2,3,4-Si3B9H 12
+ Cs –1 102.131276(5.0) 97.52 119.87 6.39 0.00 –16.2

9g4-He′ He2,4,5-Si3B9H 12
+ Cs –1 102.134649(2.9) 97.69 125.68 6.76 0.00 22.37

9g5-He′ He1,2,12-Si3B9H 12
+ Cs –1 102.136750(1.6) 97.59 125.22 6.92 0.00 –27.5

9e-Li′ LiSiB11H12 Cs –577.853047 105.16 128.77 6.01 0.25 223.1

9f1-Li′ Lip-Si2B10H 12
+ Cs –842.219195(5.5) 101.75 134.13 6.97 0.43 148.4

9f2-Li′ Lim-Si2B10H 12
+ Cs –842.227934(0.0) 102.01 139.64 7.21 0.41 170.4

9f3-Li′ Lio-Si2B10H 12
+ Cs –842.218991(5.6) 101.86 136.13 6.76 0.44 119.2

9g1-Li′ Li1,7,9-Si3B9H 12
2+ C3v –1 106.450571(3.0) 98.11 148.84 7.42 0.61 101.5

9g2-Li′ Li1,2,3-Si3B9H 12
2+ Cs –1 106.455410(0.0) 98.20 156.68 6.80 0.62 97.0

9g3-Li′ Li2,3,4-Si3B9H 12
2+ Cs –1 106.450856(2.9) 98.13 153.33 6.54 0.66 44.3

9g4-Li′ Li2,4,5-Si3B9H 12
2+ Cs –1 106.449588(3.7) 98.00 151.62 6.84 0.65 –49.1

9g5-Li′ Li1,2,12-Si3B9H12
+ Cs –1 106.447016(5.3) 97.83 149.03 6.84 0.64 –10.9

9e-Be′ BeSiB11H12
+ Cs –584.737521 105.85 79.67 4.48 0.20 345.1

9f1-Be′ Bep-Si2B10H12
2+ Cs –848.930509(10.9) 102.06 85.21 4.63 0.35 297.8

9f2-Be′ Bem-Si2B10H12
2+ Cs –848.947939(0.0) 102.31 94.29 4.85 0.35 264.7

9f3-Be′ Beo-Si2B10H12
2+ Cs –848.932801(9.5) 101.97 88.11 4.69 0.34 257.1



Another interesting geometrical feature shown by all the structures is the
reduction of the exohedral X–H bonds by the introduction of a central
atom. The orbitals of the central atom are found to stabilize some of the
bonding molecular orbitals of the cage14a. Delocalization of electrons from
these exo bonds to the central atom is expected to lengthen the X–H
bonds. However, the observed reduction may be attributed to a reduction
in the H–X–X–H torsional forces, which would stretch the X–H bonds. A
longer X–X distance reduces the torsional strain, leading to a shortening of
the X–H bonds. This shortening of X–H bonds is in contrast to endohedral
dodecahedrane where lithium insertion shrinks the cage and lengthens the
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TABLE IIIa
The energy of encapsulation (kcal/mol) of stuffed systems as obtained from the equation
Xa + YmBnHn+m

b → X@YmBnHn+m
a+b (X = the central atom, Y = hetero atom on the borane

cage, C/Si; a, b, and a+b are the respective charges of the systems)

X B12H 12
2− CB11H 12

− C2B10H12 C3B9H 12
1+ SiB11H 12

− Si2B10H12 Si3B9H 12
1+

He 169.8 180.2 191.2 199.1 150.3 138.1 119.9

Ne 399.1 423.7 – – – – –

Li+ –99.6 23.6 150.7 275.4 1.2 98.4 190.4

Be+2 –584.2 –347.5 –105.5 – –372.2 –168.7 –

∆Een values in addition are B@B H12 12
+ –1 413.6, Ga@B H12 12

+ –898.7, Si@B H12 12
2+ –1 723.6.

TABLE IIIb
The energy of capping (kcal/mol) of systems as obtained from the equationn Xa +
YmBnHn+m

b → XYmBnHn+m
a+b (X = the capping atom, Y = hetero atom on the borane cage,

C/Si; a, b, and a+b are the respective charges of the systems)

X B12H 12
2− CB11H 12

− C2B10H12 C3B9H 12
1+ SiB11H 12

− Si2B10H12 Si3B9H 12
1+

He –0.04 –0.2 0.02 –0.19 0.03 0.02 0.002

Ne –1.7 –2.0 – – – – –

Li+ –215.5 –126.8 –34.6 2.7 –127.6 –41.9 34.6

Be+2 –642.4 –445.4 –235.6 – –451.9 –263.0 –

∆Een values in addition are B H13 12
+ –1 474.3, GaB H12 12

+ –1 089.0, SiB H12 12
2+ –1 876.9.
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TABLE IV
The ∆E values obtained from the near isodesmic equations of the form X@BnHn

a–2 +
YmBnHn+m

b → X@YmBnHn+m
a+b + B Hn n

2− (X = the central atom, Y = hetero atom on the borane
cage, C/Si; a–2, a+b, and b are the respective charges of the system)

LHS RHS ∆E, kcal/mol

He@B12H 12
2− CB11H 12

− He@CB11H 12
− B12H 12

2− 10.32

He@B12H 12
2− p-C2B10H12 He@p-C2B10H12 B12H 12

2− 21.42

He@B12H 12
2− 1,7,9-C3B9H 12

+ He@1,7,9-C3B9H 12
+ B12H 12

2− 29.30

He@B12H 12
2− > He@CB11H 12

− > He@p-C2B10H12 > He@1,7,9-C3B9H 12
+

Li@B12H 12
− CB11H 12

− Li@CB11H12 B12H 12
2− 123.14

Li@B12H 12
− p-C2B10H12 Li@p-C2B10H 12

+ B12H 12
2− 250.30

Li@B12H 12
− 1,7,9-C3B9H 12

+ Li@1,7,9-C3B9H 12
2+ B12H 12

2− 375.02

Li@B12H 12
− > Li@CB11H12 > Li@p-C2B10H 12

+ > Li@1,7,9-C3B9H 12
2+

Be@B12H12 CB11H 12
− Be@CB11H 12

+ B12H 12
2− 236.64

Be@B12H12 m-C2B10H12 Be@m-C2B10H 12
2+ B12H 12

2− 478.66

Be@B12H12 > Be@CB11H 12
+ > Be@m-C2B10H 12

2+

Ne@B12H 12
2− CB11H 12

− Ne@CB11H 12
− B12H 12

2− 24.58

Ne@B12H 12
2− > Ne@CB11H 12

−

He@B12H 12
2− SiB11H 12

− He@SiB11H 12
− B12H 12

2− –16.54

He@B12H 12
2− m-Si2B10H12 He@m-Si2B10H12 B12H 12

2− –31.78

He@B12H 12
2− 2,3,4-Si3B9H 12

+ He@2,3,4-Si3B9H 12
+ B12H 12

2− –50.00

He@2,3,4-Si3B9H 12
+ > He@m-Si2B10H12 > He@SiB11H 12

− > He@B12H 12
2−

Li@B12H 12
− SiB11H 12

− Li@SiB11H12 B12H 12
2− 100.74

Li@B12H 12
− p-Si2B10H12 Li@p-Si2B10H 12

+ B12H 12
2− 197.99

Li@B12H 12
− 1,7,9-Si3B9H 12

+ Li@1,7,9-Si3B9H 12
2+ B12H 12

2− 289.94

Li@B12H 12
− > Li@p-Si2B10H 12

+ > Li@SiB11H12 > Li@1,7,9-Si3B9H 12
2+

Be@B12H12 SiB11H 12
− Be@SiB11H 12

+ B12H 12
2− 211.93

Be@B12H12 m-Si2B10H12 Be@m-Si2B10H 12
2+ B12H 12

2− 415.43

Be@B12H12 > Be@m-Si2B10H 12
2+ > Be@SiB11H 12

+
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TABLE Va
Skeletal bond lengths of X@CmBnHn+m

a+b calculated at B3LYP/6-31G*

Doped
atom

Skeletal bond lengths (Å) of endohedral CB11H 12
− systems

C–Ba Ba–Ba Ba–Bb Bb–Bb Bb–Bc

He 1.779 1.843 1.850 1.869 1.876

Li 1.796 1.866 1.863 1.888 1.897

Be 1.792 1.871 1.860 1.898 1.916

Ne 1.885 1.952 1.969 2.054 2.089

Skeletal bond lengths (Å) of endohedral p-C2B10H12 systems

C–Ba/C–Bb Ba–Bb Ba–Ba/Bb–Bb

He 1.794 1.845 1.852

Li 1.818 1.860 1.884

Be 1.830 1.859 1.904

Skeletal bond lengths (Å) of endohedral m-C2B10H12 systems

C–Ba C–Bb C–Bc Ba–Ba Bb–Bb Bd–Bd Ba–Bb Bb–Bc Bb–Bd Bc–Bd

He 1.792 1.783 1.774 1.847 1.841 1.879 1.831 1.861 1.863 1.862

Li 1.774 1.815 1.837 1.881 1.859 1.905 1.851 1.893 1.887 1.892

Be 1.767 1.818 1.863 1.896 1.854 1.951 1.857 1.925 1.902 1.910

Skeletal bond lengths (Å) of endohedral o-C2B10H12 systems

C–Ba C–Bb C–C Bb–Bb Bd–Bd Ba–Bb Ba–Bc Bb–Bc Bb–Bd Bc–Bd

He 1.778 1.778 1.698 1.852 1.884 1.846 1.842 1.862 1.869 1.888

Li 1.801 1.794 1.709 1.880 1.921 1.870 1.850 1.881 1.890 1.923

Be 1.811 1.787 1.695 1.895 1.974 1.872 1.848 1.889 1.912 1.961
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TABLE Vb
Skeletal bond lengths of X@SimBnHn+m

a+b calculated at B3LYP/6-31G*

Doped
atom

Skeletal bond lengths (Å) of endohedral SiB11H 12
− systems

Si–Ba Ba–Ba Ba–Bb Bb–Bb Bb–Bc

He 2.126 1.996 1.831 1.862 1.837

Li 2.139 1.976 1.852 1.880 1.863

Be 2.130 1.942 1.858 1.889 1.877

Skeletal bond lengths (Å) of endohedral p-Si2B10H12 systems

Si–Ba/Si–Bb Ba–Bb Ba–Ba/Bb–Bb

He 1.991 1.811 1.994

Li 2.138 1.831 1.985

Be 2.149 1.837 1.965

Skeletal bond lengths (Å) of endohedral m-Si2B10H12 systems

Si–Ba Si–Bb Si–Bc Ba–Ba Bb–Bb Bd–Bd Ba–Bb Bb–Bc Bb–Bd Bc–Bd

He 2.143 2.145 2.107 2.510 1.816 1.836 1.875 1.941 1.836 1.821

Li 2.137 2.160 2.130 2.217 1.827 1.880 1.913 1.957 1.861 1.849

Be 2.135 2.156 2.137 2.031 1.844 1.912 1.914 1.945 1.878 1.865

Skeletal bond lengths (Å) of endohedral o-Si2B10H12 systems

Si–Ba Si–Bb Si–Si Bb–Bb Bd–Bd Ba–Bb Ba–Bc Bb–Bc Bb–Bd Bc–Bd

He 2.281 2.103 2.395 2.010 1.821 1.936 1.798 1.831 1.819 1.834

Li 2.268 2.122 2.437 2.001 1.850 1.941 1.833 1.854 1.848 1.865

Be 2.225 2.124 2.443 1.974 1.878 1.922 1.864 1.865 1.867 1.893



Collect. Czech. Chem. Commun. (Vol. 67) (2002)

984 Jemmis, Jayasree:

TABLE VIa
Distance from the central atom (X) to each of the vertices in X@CmBnHn+m

a+b. Corre-
sponding percentage of expansion is given in parentheses

Doped atom

Distance from X to the surface atoms (Å) in stuffed CB11H 12
−

C Ba Bb Bc

He 1.681(8.3) 1.778(4.8) 1.750(3.3) 1.729(3.2)

Li 1.692(9.0) 1.801(6.1) 1.764(3.9) 1.740(4.1)

Be 1.725(11.2) 1.830(7.4) 1.748(4.5) 1.704(0.6)

Ne 1.860(19.8) 1.923(13.3) 1.880(12.3) 1.838(8.8)

Distance from X to the surface atoms (Å) in stuffed p-C2B10H12

C Ba/Bb

He 1.641(7.5) 1.760(3.8)

Li 1.646(7.8) 1.785(5.3)

Be 1.636(7.1) 1.799(6.2)

Distance from X to the surface atoms (Å) in stuffed m-C2B10H12

C Ba Bb Bc Bd

He 1.660(7.2) 1.793(5.7) 1.762(3.8) 1.734(3.3) 1.733(2.7)

Li 1.678(8.4) 1.833(8.0) 1.787(5.3) 1.755(4.7) 1.741(3.2)

Be 1.700(9.8) 1.908(12.5) 1.803(6.3) 1.744(4.0) 1.709(1.3)

Distance from X to the surface atoms (Å) in stuffed o-C2B10H12

C Ba Bb Bc Bd

He 1.687(8.6) 1.798(4.9) 1.765(4.1) 1.740(3.0) 1.719(2.9)

Li 1.717(10.5) 1.840(7.4) 1.790(5.5) 1.748(3.4) 1.721(3.0)

Be 1.780(14.5) 1.906(11.2) 1.804(6.5) 1.727(2.2) 1.684(0.8)
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TABLE VIb
Distance from the central atom (X) to each of the vertices in X@SimBnHn+m

a+b. Corre-
sponding percentage of expansion is given in parentheses

Doped atom

Distance from X to the surface atoms (Å) in stuffed SiB11H 12
−

Si Ba Bb Bc

He 1.877(–4.6) 1.801(2.5) 1.833(8.1) 1.854(8.5)

Li 2.023(3.1) 1.823(3.8) 1.808(6.7) 1.800(5.3)

Be 2.128(8.2) 1.824(4.0) 1.786(5.4) 1.749(2.3)

Distance from X to the surface atoms (Å) in stuffed p-Si2B10H12

Si Ba/Bb

He 1.991(0.5) 1.850(4.8)

Li 2.063(4.1) 1.849(4.8)

Be 2.110(6.5) 1.836(4.0)

Distance from X to the surface atoms (Å) in stuffed m-Si2B10H12

Si Ba Bb Bc Bd

He 1.933(–0.1) 1.854(2.5) 1.865(5.7) 1.879(7.6) 1.909(10.9)

Li 2.065(3.5) 1.868(3.3) 1.850(4.9) 1.835(5.1) 1.839(6.9)

Be 2.150(7.8) 1.862(3.0) 1.833(3.9) 1.797(2.9) 1.802(4.7)

Distance from X to the surface atoms (Å) in stuffed o-Si2B10H12

Si Ba Bb Bc Bd

He 1.919(–6.0) 1.832(1.2) 1.865(6.1) 1.907(10.7) 1.925(12.6)

Li 2.076(1.7) 1.865(3.0) 1.849(5.2) 1.846(7.2) 1.836(7.4)

Be 2.202(7.8) 1.881(3.9) 1.825(3.9) 1.800(4.5) 1.763(3.2)



exo bonds23. This contrasting behavior results from the saturated nature of
the C20H20 skeleton, the extra electron brought by encapsulation of Li occu-
pies molecular orbital which is the bonding combination of the C–H σ*
orbitals. In polyhedral boranes, the process of encapsulation enlarges the
cage thus increasing the B–B bonds, which in turn decreases the H–B–B–H
torsion forces. This results in the shortening of the B–H bonds.

The polarization observed on the central atom is given in Tables I and II.
In general the noble gases He and Ne do not show any significant charge
transfer. Be and Li show rather high polarization. The abnormal charges on
the Li atom obtained for Mulliken population analysis in the endohedral
complexes prompted us to look at the natural charges. In all the
endohedral systems lithium shows a natural charge of 0.6. The central atom
in higher carbon substituted borane shows a greater positive charge. This
can be attributed to the enhanced electron withdrawing character of the
cage as the number of carbon substitution increases24. This trend is also ob-
served in the silaborane-stuffed cages. In endohedral carbaboranes the
HOMO-LUMO gap decreases in the range 0.2–0.5 eV as the number of car-
bon increases even though there is a significant gap.

The multiatom encapsulation in polyhedral boranes has not been consid-
ered before. We predict here two examples of two atom-doped closo polyhe-
dra (10). He2@B H17 17

2 − (10a-He2) and Li2@B17H17 (10a-Li2) are found to be
minima on the potential energy surfaces with lowest frequencies 87.0 and
129.9. The B–B skeletal distances in both the systems exhibit higher values
than the parent B H17 17

2 − . The ∆Een value for He2@B H17 17
2 − is 251.53 kcal/mol

and that of Li2@B17H17 is –95.84 kcal/mol. The exothermic value of
Li2@B17H17 is comparable to the ∆Een value of Li@B H12 12

− . As shown in Fig. 5,
He2-encapsulated complex requires 2 more electrons and its lithium coun-
terpart is neutral. Even though the lithium atoms are surprisingly close
(1.431 Å) no bonding is observed between them. The Li–Li Wiberg bond in-
dex (WBI) from the NBO 25 analysis is only 0.036. It shows that the two Li
atoms exist as cations, which are very small in size, within the cage and are
stabilized by the surrounding anionic cage.

Comparison of the Stability of Endohedral Complexes
with Exohedral Face Capped Systems

All the exohedral isomers are more favorable than the endohedral isomers.
The relative energies calculated for the stuffed systems with respect to the
face capped isomers give a rough estimate of the strain energy involved in
encapsulation of a heteroatom (SE, shown in Tables Ib and IIb). These iso-
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mers obey the capping principle26 as well as the mno rule17. Among the
carbaboranes the least strain energy has been evaluated for Be-doped sys-
tems. Be@CB H11 12

+ (9b-Be) has a strain energy of 97.9 kcal/mol. Similarly the
Be@C B H2 10 12

2+ (9c-Be) isomers have a strain energy of 120–130 kcal/mol.
Li@CB11H12 (9b-Li) has the value of 150.3 kcal/mol whereas Li@C B H2 10 12

+

(9c-Li) isomers show the strain within a range of 175–179 kcal/mol. The
comparatively bigger Ne atom has the highest strain with its encapsulated
isomer (9a-Ne) less stable by 425.73 kcal/mol compared to the correspond-
ing capped isomer (9a-Ne′). All the He-face-capped isomers have very low
values for the lowest frequency with some of them exhibiting an imaginary
value even though they are lower in energy than the endohedral isomers.
The isomer in which both the lithium atoms are capped on the trigonal
faces of the B H17 17

2 − (9a-Li2′) gives a strain energy of 231.27 kcal/mol for the
endohedral structure. Silaboranes with their large size show a low value for
the strain energy when compared to the endohedral carbaboranes.

The experimental realization of endohedral dodecahedrane is achieved
by following the methodology of synthesis of endohedral fullerenes by ex-
posing the cluster to a beam of the encapsulating atom or ion13e. The en-
capsulated boranes could be obtained using the successful experimental
routes to related main-group clusters. Several interstitial transition metal
clusters are known which can be related to polyhedral boranes through
isolobal analogy27. Stone has shown that it is possible to have a similar
synthetic procedure for isolobally related systems28. Another possible way
to get the stuffed system is the reduction of the corresponding sandwich
structures.

CONCLUSION

The electronic structure of the unexplored endohedral cluster is well ex-
plained by fragment molecular orbital treatment by correlating with the ex-
perimentally known sandwich structures. Though sandwich complexes are
identical to stuffed boranes in molecular composition, the molecular or-
bital approach shows how they form a separate class of compounds due to
their disparate electronic requirements. A comparison with the correspond-
ing exo isomer and their specific geometrical features enable to decide on
the stability of the given endohedral cluster. The stability depends on the
cage size and the size of the central atom or ion. With the same central
atom, the cage size becomes the predominant factor in deciding the stabil-
ity of the endohedral structures. The geometries and relative energies point
out that more symmetrical icosahedral B H12 12

2 − is the most favorable system
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for encapsulating an atom inside. The endohedral carbaborane systems are
relatively less favorable due to the small cage size than the corresponding
endohedral silaborane systems. Qualitative analysis explains the electron
counts observed for the polyhedral structures with single-atom bridging
and the corresponding endohedral complexes.
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