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Interest on the chemistry of metal-rich compounds has been
immense due to their diverse cluster-based structures and novel
chemical properties. Alkali metal (Rb, Cs) suboxides underscore
the novelty of metal-clusters and metal-metal bonds, in having
oxygen atoms enclosed within octahedra of metal atoms. The
O-centered octahedra are further linked into discrete clusters.1,2

Similarly, these clusters are linked into chains and layers in mixed
alkali/alkaline-earth metal suboxides.3 Metal-metal bonds and
electronic delocalization dominate the chemical bonding of these
suboxides.1 On the other hand alkaline earth metal-based suboxides
are often classified as valence precise Zintl phases.4 Examples,
include Ba21T2O5H24

5 (T ) Ge, Si, In, Tl), Ba10Ge7O3,6 M3EO (M
) Ca-Ba and E ) Si-Pb),7 M4Pn2O (Pn ) P-Sb).8 Rare-earth
metal (Ln) analogues of metal-rich suboxides are fewer. Earlier
work on the interstitial chemistry of rare-earth metal-based inter-
metallics led to several oxygen-stabilized interstitial phases derived
from well-known intermetallic structure types.9 These phases (e.g.,
La3AlOx,10 Ln5Pb3O,11 and La5Ge3Ox

12) accommodate a variety
of interstitial atoms that allow the varying of electron counts
resulting in modulation of electronic and magnetic properties. The
metallic phase, La9Sb5O5, containing O-centered tetrahedral La4O
and square pyramidal La5O units, is considered a filled-La2Sb
derivative (Sc2Sb-type) with La-site vacancies.13 Interstitial inter-
metallic compounds are generally described as electron-rich phases,
with saturated monatomic or dimeric anions, and their chemical
bonding is dominated by metal-metal bonds.9

With the wide range of electronic and magnetic properties
exhibited by Ln compounds, a search for Ln-rich oxides or
suboxides may lead to compounds with new structures, unusual
chemical bonding, and properties. More importantly, it provides
new directions and creative extensions to the solid state chemistry
of Ln-based oxides and polar intermetallics. Herein we report two
Ln silicide oxides, La10Si8O3 (1) and Ce10Si8O3 (2), that feature
the concurrence of strong Ln-Ln bonds and a planar Si6 Zintl anion
analogous to benzene.

The title compounds are best synthesized in high yields by high-
temperature reactions (arc-melting) of the pure elements (La pieces,
99.9%; Ce pieces, 99.9%; Si pieces, 99.9999%) under flowing O2

gas (2.5%) in purified Ar, then arc-annealed under pure argon flow.
Nominal oxygen content was varied by the addition of metal oxide
precursors and by changing the O2 concentration or reaction times
of the reactions. Compounds 1 and 2 are sensitive to moist air.
The lack of appreciable phase widths in 1 and 2 is indicated by the
relatively invariant lattice parameters and cell volumes refined from
X-ray diffraction patterns of a number of samples with varying
nominal metal and oxygen content. Chemical compositions were
confirmed by microprobe wavelength dispersive (WDS) studies
(Ln10Si7.98(2)O3.1(2)) on bulk and single crystal samples. All ma-
nipulations were carried out in a purified Ar-atmosphere glovebox,
with total O2 and H2O levels <0.1 ppm.

Small, shiny, silver single crystals of 1 and 2 were isolated from
crushed samples for X-ray diffraction analysis.14 Figure 1 shows
the crystal structure of 1 and 2. It features a hexagonal 3D network
of Ln6/2O octahedral, linked via common vertices. Chains of
Ln-Si6-Ln, lie within the hexagonal channels. The LnSi6-filled
hexagonal Ln3O network is reminiscent of the well-known hex-
agonal tungsten bronzes, AxWO3.15 This is unprecedented as related
rare-earth metal compounds usually crystallize in perovskite-based
structures.9,10 In 1, the La6O octahedral unit is axially compressed
with respect to ideal geometry: equatorial and axial La-O distances
are 2.846(1) and 2.340(1) Å, respectively. La-La distances range
from 3.684(1) to 3.999(1) Å. The large nonspherical O thermal
ellipsoids of 1 indicate the O atoms are displaced from the centers
of the octahedra owing to the larger volume inside the La6

octahedra. This is consistent with the well-behaved oxygen thermal
ellipsoids in 2, with smaller Ln atom (Ce). The Si-Si distance in
the Si6 hexagon, 2.379(1) Å, is shorter than Si-Si distances in KSi
(2.46 Å),16 but similar to the Si6 units in Ba4Li2Si6 (2.382 Å).6

The remaining Si atoms (2/formula unit) occupy the center of La6

trigonal prismatic sites, with La-Si distances ranging from 3.108(1)
to 3.337(1) Å. These sites are not occupied in hexagonal tungsten
bronzes and partially filled (50% Ge) in Ba10Ge7O3.6 Structures of
1 and 2 are different from the analogous binaries, La5Si4 and Ce5Si4

(Zr5Si4-type) which have Si2 dimers.17 One may formally associate
1 and 2 with a partial oxidation of the corresponding binaries.
However, the presence of the binary phases, at the given reaction
temperatures, cannot be ascertained.

Planar Si6 rings are the principal features of 1 and 2. A search
for arene-like silicides has motivated much research interest on Zintl
phases.18 Si6 rings found in electron-precise alkaline-earth/alkali
metal silicides, assigned as [Si6]10-, are electron-richer than benzene
yet remain aromatic.6,18b Assuming a similar electronic description,
and using a Zintl scheme, a plausible charge distribution for 1 is
10La3+ ) 3O2- + 2Si4- + [Si6]10- + 6e-. However, the validity
of the Si610- assignment is questionable considering the availability
of a significant “excess” of electrons.

To assess the chemical bonding of the Si6 rings and to understand
the role of orbital-based polar interactions (La-Si) in the electronic
structure, full band structure calculations using extended-Hückel
(EHT) theory were performed on 1.19 Calculated densities of states

Figure 1. (a) Crystal structure of 1 viewed along [001]. Ln atoms also lie
at the vertices of the octahedra. (b) Si6 unit with its Ln environment. Ln
(large blue), Si (medium gray), and O (small red) are shown as spheres.
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(DOS), based on 216 k-points, indicate a metallic behavior, with
no gaps around the Fermi level (EF). Bands just below EF are
dominated by La-d states with minor contributions from Si6.
Unoccupied bands near EF have significant Si-p character, with
some mixing from La states. Furthermore, states associated with
the isolated Si atoms lie below EF, consistent with a Si4-

assignment. The important question on the bonding in the Si6 ring
is analyzed using orbital projected DOS, COOP plots, and MO
calculations (Supporting Information). These show the Si6-derived
σ and π bonding states are occupied, and the Si6-based π* states
lie essentially above EF. Calculated MOs for Si6 correlate well with
orbital projection analyses of the band structure. As summarized
in Figure 2, the formal electron count of the Si6 unit is [Si6]6-,
and isoelectronic with benzene. Thus, the electronic scheme is
different from [Si6]10-, previously assigned for the planar Si6 units
in semiconducting Ba4Li2Si6 and related phases.6

The origin of the lower electron count on Si6 can be traced to
important La-Si6 “in-plane” interactions. We find that the La-La
π-bonding states (1B2g and 1E2u) lie at lower energies than the
Si6-derived π* antibonding states (1B2g and 1E2u). Interactions
between symmetry equivalent states lead to the stabilization of
La-La π-bonding states below EF, and destabilization of Si6 π*
states to higher energies above EF. This is supported by overlap
population (COOP) and crystal orbital analyses that show La-Si
bonding is optimized at EF, and the La-Si π* states having more
Si character. Furthermore, “out-of-plane” La-Si6 interactions,
between Si6 and the closed packed (cp) La atoms that sandwich
the La-Si6 layer (Figure 1b), are negligible. The COOP plots of
the La-La interactions also indicate the remaining (cp) La states
close to EF have bonding character, with negligible mixing of Si.
However, filling of the La-La bonding states is not maximized
(La-La overlap ≈ 0.1/bond). Optimized La-Si π interactions and
increased cp La-La bonding favors axial compression of the La6O
octahedral, with weak yet optimized La-O bonding. The formal
charge distribution is thus: 10La3+ ) 3O2- + Si6

6- + 2Si4- +
10e-, with “excess” electrons contributing to significant bonding
between reduced La atoms. This is supported by La core binding
energies from XPS measurements (Supporting Information).12

The validity of our analyses of the EHT results is supported by
DFT calculations using the WIEN2K program.20 Calculated DOS
obtained from both methods show no band gaps around the Fermi
level. In addition, excellent correspondence between orbital states
is also observed, with minor differences in absolute energies.
Compound 1 exhibits temperature-independent paramagnetism, av
mass susceptibility ) 6.69 × 10-5 emu Oe1- g-1 (8-300 K),
consistent with the predicted metallic behavior. Metallic 2 also

follows a Curie-Weiss paramagnetic behavior (θ ) -21.2 K) and
orders antiferromagnetically at ∼7.0 K. Its calculated effective
moment, 2.39 µB, compares well with that of Ce3+ (2.5 µB).21

The new rare-earth metal silicide oxides consist of a metallic
suboxide network Ln10O3 with a hexagonal anti-AxWO3 structure
and a “Zintl or molecular” part of Si4- and planar Si6

6- anions.
The description agrees well with the electronic structures and
measured properties. Structural stabilities of the remarkable phases
are rationalized by optimized Ln-Si and Si-Si π bonds.
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Figure 2. (a) COOP of the Si-Si bonds in 1; (b) MO diagram of [Si6]6-.
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