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Mn2@Si15: the smallest triple ring tubular silicon
cluster†

Hung Tan Pham,a Thu-Thuy Phan,a Nguyen Minh Tam,ab Long Van Duong,a

My Phuong Pham-Hoa and Minh Tho Nguyen*b

The smallest triple ring tubular silicon cluster Mn2@Si15 is reported

for the first time. Theoretical structural identification shows that

the Mn2@Si15 tubular structure whose triple ring is composed by

three five-membered Si rings in anti-prism motif, is stable in high

symmetry (D5h) and singlet ground state (1A1
0). The dimer Mn2 is

placed inside the tubular along the C5 axis, and the Mn dopant form

single Si–Mn bonds with Si skeleton, whereas the Mn–Mn is

characterized as a triple bond. The effect of Mn2 on the stability

of the Si15 triple ring structure arises from strong orbital overlap of

Mn2 with Si15.

Introduction

The element of silicon plays an essential role in the current
electronic, optical and semiconductor industries.1,2 These appli-
cations led to careful investigations on the chemical and physical
properties of nano-scale silicon-based materials. In particular,
geometric and electronic structures, as well as thermodynamic
and spectroscopic properties of silicon clusters have extensively
been explored in the last decades.3–12 In the search for materials
with tailored properties, the use of impurities, or dopants, is
considered as an efficient approach. The presence of dopants
invariably changes the geometric and electronic features, subse-
quently giving new properties such as higher thermodynamic
stabilities, higher catalytic activities,13 and quenched spin state.
Within aim of finding for assembled nanomaterials, pentagon-
based silicon clusters can server as unit for formation of Si
wires,14,15 a doping of transition metal atoms usually leads to
formation of high symmetry cages with enhanced stability which
are potential building-units.16–18

Following an earlier establishment of transition metal
doped silicon clusters in which endohedral-like structures were
identified to be the most stable doped derivatives,19 a large
number of systematic studies on doped silicon clusters SinM,
with metal and non-metal dopants M were reported. Metal
encapsulated silicon cages were found to be favoured usually
starting from the size n Z 12. The high thermodynamic
stabilities of doped silicon clusters SinM result from strong
overlap of d-AOs(M) and sp-AOs(Si atoms), and consequently
give rise to a molecular orbital pattern which satisfies the
electron shell model, or the 18 electrons rule of transition
metal complexes. A typical example for the electron shell model
on transition metal doped silicon clusters is the case of the
Mn@Si14

+ cation.20 This endohedrally doped fullerene exhibits
a completely quenched spin, and the shell of [2S, 2P, 2D] is fully
occupied in its singlet ground state.

Following a similar doping strategy, the M@Sin
q doped-

silicon clusters in various charged states, with M being Li, Be,
B, V, Mn, Cu and Co were investigated,21–23 and some interesting
results include perhaps the boron-doped anion Si9B� and cation
Si10B+ which attain the magic numbers with 40 and 42 electrons,
respectively, and each contains 8 p-electrons thus obeying a
spherical aromatic character. Be@Si8 which has 34 itinerant
electrons also completes the electron shell and present a case
with a cubic aromatic character.22

The 18 electron counting rule which was previously applied to
the Cr@Si12 cluster,24 but it was recently critically reexamined,25

and accordingly, Cr@Si12 does not exactly satisfy the 18 electrons
count.

As far as we are aware, investigations of multiple metal atom
doped silicon clusters are rather limited. The Mo2Sin clusters26

and M2@Si18 with M = Ti–Zn,27 and V3@Sin
28,29 were investigated

to examine the effects of multiple metal doping. In view of the
scarcity of reliable studies on multiply doped silicon clusters,
we set out to carry out a systematic theoretical investigation on
the doubly doped M2@Sin in which M is a first-row transition
metal atom. In this Communication, we wish to report a
remarkable result showing a strong doping effect induced by
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two manganese atom on the size of Si15. While pure tubular
silicon clusters are rather non-existent, we now find that
Mn2@Si15 features a triple ring form in which the dimer Mn2 is
endohedrally incorporated at the centre of the tubular structure.

Electronic structure theory computations are carried out
using the Gaussian 09 programs.30 Equilibrium structures are
identified using density functional theory (DFT). A careful
calibration20 of the performance of different DFT functionals
for Mn@Si14

+ pointed out that pure functionals such as the PBE
and BP86 perform quite well for the singlet–triplet energy
separation of the cation, as compared with the wavefunction
CASPT2 method. Therefore, we select in the present work the
BP86 functional for the search of Mn2@Si15 isomers. Possible
structures are initially generated using a stochastic genetic
search method.31 Of the thousands structures generated, a selec-
tion of B500 isomers were optimized using the BP86 functional in
conjunction with the 3-21G(d) basis set. Lower-lying isomers
within a range of 50 kcal mol�1 on relative energies, were then
reoptimized using the BP86/6-311G(d) level. Finally the resulting
lower-lying equilibrium structures are again reoptimized using the
same functional but with the larger cc-pVTZ basis set.32

Structure of Mn2@Si15 clusters

Structural identification for the two Mn atoms doped Si15 cluster
using BP86/cc-pVTZ optimizations is displayed in Fig. 1. Accord-
ingly, the most stable isomer I, which is structurally characterized
as a tubular form whose triple ring (TR) composed by three five-
membered Si rings in an anti-prism motif, and the dopant Mn2

dimer is placed inside the TR, is identified in a high symmetry
D5h and a singlet ground state 1A1

0. The shape, Mayer bond

order (MBO) and bond length of I are depicted in Fig. 2. The
triplet state counterpart of I kept the D5h point group but it is
21 kcal mol�1 less stable than I (D5h, 1A1

0). The next isomer II
(C1, 1A) is however only 2 kcal mol�1 above I, while its high spin
state (C1, 3A) is now 14 kcal mol�1 higher in energy. Isomer II
results from a distortion of the TR I. The next isomer III is also
found to have a TR, in both singlet (Cs,

1A0) and triplet (C1, 3A)
states, but they are less stable, being 11 and 12 kcal mol�1

higher in energy than I (D5h, 1A1
0), respectively. Both singlet

and triplet fullerene forms IV (Cs,
1A0 and 3A00) are 18 and

10 kcal mol�1 above I, while both states of isomer V (C1, 1A) and
(C1, 3A) are located at 14 and 18 kcal mol�1 above I. Within the
expected accuracy of the DFT method employed here, both
isomers I and II can be regarded as energetically degenerate.

Mn2@Si15 I is thus discovered for the first time as a triple
ring tubular form of doped silicon clusters. In fact, the singly
doped Si15Mn exhibits a cage structure in which Mn is located
inside Si15 cage.33 The Sc, Ti and V dopants are found to favour
a fullerene-like structure in which dopant is located at a central
position as in Si16.34 Si15Fe appears in a fullerene-like form
similar to Si15Mn cluster.35 These results point out a different
behaviour of two Mn dopants that significantly stabilize a Si15

triple ring shape.

Analysis of electronic structure

The electronic structure of the singlet Mn2@Si15 I is examined
using the electron localizability indicator (ELI_D) approach,36

which consists in a partition of the total electron density into
basins where electrons are distributed. Fig. 3 shows the ELI_D
maps for Mn2@Si15 plotted at the bifurcation values of 1.3
and 1.4. At value of 1.3, the iso-surface contours are split in to
15 localization domains corresponding to 15 Si cores. The
V(Mn,Si) basins are observed only at smaller bifurcation values.
However this does not imply that both Mn and Si atoms do not

Fig. 1 Geometry and relative energy (kcal mol�1) of the lower-lying
isomers of Mn2@Si15 cluster. Energies were obtained at BP86/cc-pVTZ,
(BP86/6-311G(d), values in parentheses), all with ZPE corrections.

Fig. 2 Structural characteristics of the singlet Mn2@Si15 triple ring struc-
ture. Bond order: upper italic values, and bond length: lower values in
angstrom (BP86/cc-pVTZ).
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form direct chemical bonding (the radii of both Mn and Si
atoms are large). More importantly, the distances between Mn
and Si are relatively large, thus leading to small concentration
of electron density.

As given in Fig. 2, the connection between the Mn atoms and
Si skeleton is located on the first five-membered ring, noted as
Si1-A, B, which has a bond length of 2.41 Å and a MBO value
of 1.1, which is consistent with an occupation number of 1.5
electrons obtained by separate NBO calculations. The Mn–Si1

bonds can be considered as single character. The bond order
for Mn–Si2 bond has a value of 0.14, while the corresponding
length amounts to 2.61 Å. Thus the Mn atom only weakly
connects to Si2 units. The bond length of the singlet Mn2 dimer
inside I is calculated at 2.08 Å (BP86), and the MBO for this
bond is 2.38. This thus confers a triple bond character for the
Mn–Mn bond. As given in Fig. 2, the Si–Si connections both in a
ring and inter-rings are characterized as single bonds. Thus, the
two Mn atoms connect with Si atoms through single Mn–Si bonds,
while both Mn atoms makes a triple bond in a dimeric form.

The electron shell model

The transition metal doped clusters of IV elements, such as Si,
Ge, Sn and Pb, lead to form the M@E12 motif.37–44 This kind of
structure is also found in the Au,45 and Ag46 clusters with transition
metal dopants. The high stability of singly doped M@E12 was
rationalized as a results of a strong stabilizing orbital interaction of
metal atom with the E12 host giving rise to a MO pattern of M@E12

satisfying the eigenstates produced by the shell model. The stability
of the Mn2@Si15 ground state can also be examined using this
simple approach. In the shell model, nuclei are ignored and
replaced by a mean field while electrons are considered to move
freely within this mean field. The valence electrons are filled the S,
P, D, F,. . . orbitals according to the angular momentum number
L = 0, 1, 2, 3. . . With a given quantum number L, the lowest-lying
level has a principle number N = 1. Within the shell model, the
successive occupation of a level, giving a magic number, leads to a
stabilized cluster.

Fig. 4 displays the partial densities of state (pDOS) calcu-
lated for Mn–Mn dimer and Si15 counterpart, respectively, and
the total densities of state (DOS) that involve all contributions
of both dopant Mn atoms and the Si15 host. Combining with

the shape of MOs, the electron shell configuration assigning for
the Mn2@Si15 TR I, which includes a total number of 60 valence
electrons, is identified as follows:

I: [1S2 1P6 1D10 1F12 2S2 1F2 2P6 1G10 2D4 1G4 3P4 1G4 2F4].
With the principle number N = 1, the sublevels S, P, D, F and G

corresponding to the angular momentum number L = 0, 1, 2, 3
and 4 are fully occupied by 2, 6, 10, 14 and 18 electrons,
respectively, whereas with N = 2, only subshells of 2S and 2P are
fully filled by 2 and 6 electrons. The sublevels of 2D, 2F and 3P are
each doubly degenerate, and occupied by 4 electrons for each
level. The ground state of Mn2Si15 I has a triple ring tubular shape
which differs much from the spherical shape (as the standard
shell model assuming electrons freely move in a spherical pseudo-
potential). Accordingly, the shells of G, F, D and P with N = 1, 2
and 3 are now split in to sublevels. Hence, the shell configuration
of Mn2@Si15 tubular form can be considered as a successive
occupation by 2, 6, 10, 14, 18, 2, 6, 4, 4, 4 electrons for 1S, 1P, 1D,
1F, 1G, 2S, 2P, 2D and 2F levels, respectively.

Orbital interaction diagrams

The model of a particle in hollow cylinder box (HCM) accounts
successfully for the electronic structure of the B27

+ triple ring
boron tubular form in which delocalized MOs are classified in
to three MO sets, namely core s-MOs, tangential t-MOs and
radial r-MOs.47,48 The MOs of the Si15 TR structure are basically
reproduced by using this model. The eigenstates of Si15 triple
ring form will be denoted as (n k l)x with n, k, l being quantum
numbers and x = s, t, r stand for s-MOs, t-MOs and r-MOs sets.
A comparison on MO shapes produced by DFT calculation and
HCM model are shown in Fig. S1, S2 and S3 of ESI.† In a further
attempt to understand the intrinsic stability of Mn2@Si15 TR I,
orbital interaction diagrams of the Mn2 dimer and Si15 TR are
plotted in Fig. 5 and 6.

Fig. 5 depicts the interaction of frontier orbitals located on
the Si15 triple ring structure with the MO of Mn2 dimer that

Fig. 3 The ELI_D maps of the triple ring Mn2@Si15 produced at the
bifurcation values of 1.3 and 1.4 (BP86/6-311G(d)).

Fig. 4 Total (DOS) and partial (pDOS) densities of states of Mn2@Si15 I. The
MOs obtained by BP86/6-311G(d) computations.
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gives rise to the 1G sublevel. The anti-bonding p* MO of Mn2

forms a stabilizing combination with the (4 �1 1)t eigenstates
of Si15 unit, turning out to be the 1Gxz

3 and 1Gyz
3 levels of

Mn2@Si15 I. The two d*-MOs are stabilized by interacting with
(2 �4 1)s levels of Si15 counterpart, finally producing the 1Gx

3
z

and 1Gy
3

z subshells. The 1Gz
4 level of I is basically established

by contributions from the s-MO of Mn2 dimer.

Although the 1Gxy(x2�y2) and 1Gx4+y4 subshells are formed by
overlapping p-MOs of Mn2 with empty (1 �4 1)s levels of Si15,
these sublevels mainly have the characteristics of 1Gxy(x2�y2)

and 1Gx4+y4 MOs.
As given in the Fig. 6, the stability of d bond is also enhanced

by strong overlap with (1 �2 2)r and (3 �2 1)s solutions of Si15

TR yielding the pairs 2Dxy and 2D(x2�y2) and 1Gz2(x2�y2) and
1Gxyz2 of the corresponding subshells of Mn2Si15. As illustrated
in Fig. 6, the p-MOs gain an extra stability due to an interaction
to the Px and Py MOs, which correspond to the (1 �1 2)r of Si15

TR (not only the 2Px and 2Py but also 3Px and 3Py MOs). For
their part, the d*-MOs are stabilized by a stabilizing interaction
to 2Fxyz and 2F(x2 � y2) assigning as (2�2 1)s levels in term of the
HCM, generating the same sublevels of I. The s*-MO which is
high energy, forms a stabilizing overlap with the (2 0 2)r MO of
Si15 TR resulting in the 2Pz subshell for Mn2Si15. The sublevels
of 2S and 1Fz

3 are the corresponding subshells of the Si15 TR.
Overall, orbital interactions further indicate that the anti-
bonding MOs of Mn2 dimer enjoy stabilizing overlaps with
different sublevels of Si15 TR, while the bonding MOs of Mn2

are reinforced. Both effects thus induce an extra stability for the
tubular cluster I.

Conclusions

The novel result emerges from this theoretical study is that we
have found for the first time the smallest triple ring structure of
silicon cluster, which is stabilized following doping of two Mn
atoms. Mn2@Si15 I is a tubular structure in which Mn2 dimer is
inserted along the main axis of a (3 � 5) Si15 anti-prism motif.
The Mn dopants connect with Si atoms of Si15 framework by
single Si–Mn bonds while the Mn–Mn bond has a triple
character. The effect of Mn2 dimer on the enhanced stability
of Mn2@Si15 is understood from orbital interactions in which
the strong orbital overlaps of Mn2 with Si15 entities not only
stabilize anti-bonding MOs but also enhance the stability of
bonding MOs, and thereby allow the emergence of a tubular
silicon cluster. Thus it appears possible to make silicon tubes
by using appropriate dopants.
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