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Polynuclear Bismuth-Oxo Clusters: Insight into the Formation Process of a
Metal Oxide
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Introduction

Heterometallic bismuth oxide based materials have found
widespread applications as catalysts, nontoxic pigments,

oxide ion conductors, superconductors, gas sensors and fer-
roelectric or piezoelectric devices. Among the heterometal-
lic oxides, a variety of combinations such as Bi/Ti/O,[1–3] Bi/
Nb/O,[4] Bi/Sr/Ta/O,[5] Bi/Mo/O,[6,7] Bi/V/O[8,9] and Bi/Fe/O[10]

have been extensively studied. Four polymorphs of the
binary metal oxide Bi2O3 (a, b, g and d phases) have been
reported[11,12] and are of growing interest with respect to the
synthesis of novel nanoscale devices. Initially, it was mainly
the optical and electrical properties of bismuth oxide thin
films that were investigated,[13,14] but recent studies have fo-
cussed on nanoparticles[15] and nanowires.[16] Although
chemical vapour deposition techniques have been used for
the synthesis of homo- and heterometallic bismuth oxide

Abstract: The reaction of the bismuth
silanolates [Bi(OSiR2R’)3] (R = R’ =

Me, Et, iPr; R = Me, R’ = tBu) with
water has been studied. Partial hydro-
lysis gave polynuclear bismuth-oxo
clusters whereas amorphous bismuth-
oxo(hydroxy) silanolates were obtained
when an excess of water was used in
the hydrolysis reaction. The metathesis
reaction of BiCl3 with NaOSiMe3 pro-
vided mixtures of heterobimetallic si-
lanolates. The molecular structures of
[Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38-
(OSiMe3)24]·3C7H8 (3·3C7H8), [Bi50Na2-
O64(OH)2(OSiMe3)22]·2C7H8·2H2O
(4·2C7H8·2H2O), [Bi4O2(OSiEt3)8] (5),
[Bi9O7(OSiMe3)13]·0.5C7H8 (6·0.5C7H8),
[Bi18O18(OSiMe3)18]·2C7H8 (7·2C7H8)
and [Bi20O18(OSiMe3)24]·3C7H8
(8·3C7H8) are presented and compared
with the solid-state structures of [Bi22-
O26(OSiMe2tBu)14] (9) and b-Bi2O3.
Compound 2 crystallises in the triclinic
space group P1̄ with the lattice con-
stants a = 17.0337(9), b =

19.5750(14), c = 26.6799(16) =, a =

72.691(4), b = 73.113(4) and g =

70.985(4)8 ; compound 3·3C7H8 crystal-
lises in the monoclinic space group P21/
n with the lattice constants a =

20.488(4), b = 22.539(5), c =

26.154(5) = and b = 100.79(3)8 ; com-
pound 4·2C7H8·2H2O crystallises in the
monoclinic space group P21/n with the
lattice constants a = 20.0518(12), b =

24.1010(15), c = 27.4976(14) = and b

= 103.973(3)8 ; compound 5 crystallises
in the monoclinic space group P21/c
with the lattice constants a =

25.256(5), b = 15.372(3), c =

21.306(4) = and b = 113.96(3)8 ; com-
pound 6·0.5C7H8 crystallises in the tri-
clinic space group P1̄ with the lattice
constants a = 15.1916(9), b =

15.2439(13), c = 22.487(5) =, a =

79.686(3), b = 74.540(5) and g =

66.020(4)8 ; compound 7·2C7H8 crystal-

lises in the triclinic space group P1̄
with the lattice constants a =

14.8295(12), b = 16.1523(13), c =

18.4166(17) =, a = 75.960(4), b =

79.112(4) and g = 63.789(4)8 ; and
compound 8·3C7H8 crystallises in the
triclinic space group P1̄ with the lattice
constants a = 17.2915(14), b =

18.383(2), c = 18.4014(18) =, a =

95.120(5), b = 115.995(5) and g =

106.813(5)8. The molecular structures
of the bismuth-rich compounds are re-
lated to the CaF2-type structure. For-
mally, the hexanuclear [Bi6O8]

2+ frag-
ment might be described as the central
building unit, which is composed of bis-
muth atoms placed at the vertices of an
octahedron and oxygen atoms capping
the trigonal faces. Depending on the
reaction conditions and the identity of
R, the thermal decomposition of the
hydrolysis products [BinOl(OH)m-
(OSiR3)3n�(2l�m)] gives a-Bi2O3, b-Bi2O3,
Bi12SiO20 or Bi4Si3O12.

Keywords: bismuth · cluster
compounds · crystal structures ·
metal oxides · silanolates

[a] Dr. M. Mehring, D. Mansfeld, S. Paalasmaa, Dr. M. Sch?rmann
Anorganische Chemie II
Fachbereich Chemie der UniversitAt Dortmund
Otto-Hahn-Str. 6, 44227 Dortmund (Germany)
Fax: (+49)231-755-5048
E-mail : michael.mehring@uni-dortmund.de

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

Chem. Eur. J. 2006, 12, 1767 – 1781 G 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1767

FULL PAPER



films,[2,14, 17,18] wet chemical approaches towards bismuth-con-
taining materials such as the sol–gel process have found
broader application.[3,9,19,20] The sol–gel process offers sever-
al advantages, such as mild processing temperatures and ag-
gregation of molecular precursors in solution prior to forma-
tion of the final material. This approach gives access to ther-
modynamically stable as well as metastable compounds and
favours the formation of homogeneous products. The high
potential of single-source precursors has motivated several
research groups to investigate the reactivity and the structur-
al chemistry of heterometallic bismuth precursors in order
to obtain more information on how to control the composi-
tion and morphology of the final material at the molecular
level.[4,7,20–26] Following this strategy, simple bismuth alkox-
ides, which have been reported previously but have not at-
tracted considerable interest until recently,[17,25, 27–29] repre-
sent potential starting materials for heterometallic single-
source precursors such as [BiTi2(m3-O)(m3-OiPr)4(OiPr)5].

[30]

Alkoxide ligands at the periphery of the metal-oxo alkox-
ides offer the potential for further aggregation through hy-
drolysis/condensation reactions. However, the hydrolysis
process of metal alkoxides is difficult to control and often
leads to the intimate formation of intractable solids. This is
especially pronounced in the case of heavy main group
metals. Large organic substituents reduce the reactivity, but
often to an extent which reduces the potential application of
these alkoxides as precursors for the sol–gel process. As a
result of steric constraints, polynuclear bismuth-oxo alkox-
ides such as [Bi8(m4-O)2(m3-O)2(m-OC6F5)16]

[23] and [Bi9(m3-
O)7(m3-OR)(OR)12] (R = C6F5, 2,6-C6H3Cl2)

[23,31,32] are
among the largest bismuth-oxo alkoxides reported to date
and the formation of larger aggregates with sterically hin-
dered ligands seems unlikely. Addition of auxiliary ligands is
one strategy towards larger multimetallic compounds such
as [Bi8Ti8(sal)20(m-OiPr)8(OiPr)8] (sal= salicylate),

[24] which
also show a reduced reactivity of the metal alkoxide
bonds.[21] Similarly, replacing alkoxides by silanolate ligands
might be expected to slow down the hydrolysis reaction and
reduce the tendency for aggregation through intermolecular
M···OR bonds to give poorly soluble coordination poly-
mers.[33]

However, reports on bismuth silanolates are restricted to
a few compounds and most studies have focussed on syn-
thetic aspects. Four different synthetic routes have been es-
tablished for bismuth silanolates such as [Bi(OSiR3)3] (R =

Me,[34,35] Et,[35] iPr,[35] Ph,[36] OtBu[37]) and [Bi(OSiR2R’)3] (R
= OtBu, R’ = Ph;[37] R = Me, R’ = tBu;[38] R = Ph, R’ =
tBu[39]) (Scheme 1).
We are interested in the formation process of bismuth

oxide starting from molecular precursors and have initiated
studies on the hydrolysis process of bismuth silanolates. A
thorough understanding of this process might provide infor-
mation on how to control the composition and morphology
of homo- and heterometallic bismuth-containing materials
produced by way of wet chemical processes. Partial hydroly-
sis of [Bi(OSiMe2tBu)3] was reported to give the polynuclear
bismuth-oxo cluster [Bi22O26(OSiMe2tBu)14],

[38] and here we

report an extension of this study on the hydrolysis process
concerning [Bi(OSiR3)3] (R = Me, Et, iPr).[35] Single-crystal
X-ray structure analyses of the bismuth-oxo clusters
[Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38(OSiMe3)24] (3),
[Bi50Na2O64(OH)2(OSiMe3)22] (4), [Bi4O2(OSiEt3)8] (5),
[Bi9O7(OSiMe3)13] (6), [Bi18O18(OSiMe3)18] (7) and [Bi20O18-
(OSiMe3)24] (8) are reported, and their structural relation-
ships with [Bi22O26(OSiMe2tBu)14] (9)

[38] and b-Bi2O3 are dis-
cussed.

Results

Initially, we tried to synthesise [Bi(OSiMe3)3] by a metathe-
sis reaction starting from MOSiMe3 (M = Li, Na, K) and
BiCl3 according to Equation (4). For M = Li, K, ill-defined
and poorly soluble solids were obtained and for M = Na
heterometallic bismuth-oxo clusters were produced. We
have recently reported that heating a mixture of BiCl3 and
NaOSiMe3 gave the heterometallic bismuth-oxo silanolate
[Bi2Na4O(OSiMe3)8] (1) and Me3SiOSiMe3. In the presence
of air moisture, the heterometallic bismuth-oxo clusters
[Bi10Na5O7(OH)6(OSiMe3)15] and [Bi15Na3O18(OSiMe3)12]
were obtained.[40] It appeared likely that the metathesis reac-
tion at ambient or low temperature and under rigorous ex-
clusion of moisture might give access to [Bi(OSiMe3)3].
However, reaction of BiCl3 with NaOSiMe3 at room temper-
ature also gave Me3SiOSiMe3, which is indicative of the for-
mation of bismuth-oxo clusters. Crystallisation from tolu-
ene/benzene gave a large quantity of highly moisture-sensi-
tive single crystals. The crystalline fraction appeared to be
heterogeneous by visual inspection under a microscope,
which was confirmed by X-ray diffraction analyses of sever-
al single crystals. We identified [Bi2Na4O(OSiMe3)8] (1) as
the major product, and [Bi18Na4O20(OSiMe3)18] (2) and
[Bi33NaO38(OSiMe3)24] (3) as byproducts. Single crystals of
compound 2 were also isolated by crystallisation from pen-
tane. In a similar experiment but with prolonged storage at
0 8C, we observed a mixture composed of compound 1 as
the major product and [Bi50Na2O64(OH)2(OSiMe3)22] (4) as a
minor product (Scheme 2). The identities of both were con-

Scheme 1. The synthetic routes that have been established for bismuth si-
lanolates.
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firmed by single-crystal X-ray diffraction analyses. Appa-
rently, the heterometallic oxo cluster 4 is a hydrolysis prod-
uct of the initially formed compounds. The molecular struc-
tures of compounds 3 and 4 reveal remarkable insight into
the formation process of Bi2O3 and are thus discussed here,
together with the homometallic bismuth-oxo clusters (see
below).
As our attempts to prepare [Bi(OSiMe3)3] from the meta-

thesis route failed, alkoxide-silanol exchange was used to
prepare the homoleptic bismuth silanolates [Bi(OSiR2R’)3]
(R = R’ = Me, Et, iPr; R = Me, R’ = tBu) [Eq. (2)].
It is well known that the hydrolysis of metal silanolates

[M(OSiR3)z]n proceeds by the formation of small aggregates
of metal-oxo(hydroxy) siloxides, which are further linked by
hydrolysis-condensation reactions to give compounds of the
general type [MOx(OH)y(OSiR3)z�y�2x]n.

[33] This was also ob-
served upon hydrolysis of the bismuth compounds [Bi-
(OSiR2R’)3] (R = R’ = Me, Et, iPr; R = Me, R’ = tBu),
as indicated by elemental analyses (C, H) and the IR spectra
of the dried powders [Eq. (5)].

n ½BiðOSiR3Þ3� þ ðl þmÞH2O

! ½BinOlðOHÞmðOSiR3Þ3n�ð2lþmÞ� þ ð2l þmÞR3SiOH
ð5Þ

Thermal decomposition of the hydrolysis products
[BinOl(OH)m(OSiR3)3n�(2l+m)] gave a-Bi2O3, b-Bi2O3,
Bi12SiO20 or Bi4Si3O12, depending on the triorganosilanolate
ligand, the amount of water and the temperature. Thermal
decomposition at 750 8C of [Bi(OSiEt3)3] and [Bi(OSiiPr3)3],
which had been treated with a slight excess of water (l+m
= 20n), gave Bi12SiO20 (JCPDS No. 80-0627). Under the
same conditions, [Bi(OSiMe3)3] gave a mixture of Bi12SiO20
and Bi4Si3O12 (JCPDS No. 76-1726). When the hydrolysis of
[Bi(OSiEt3)3] was carried out with a larger excess of water
and the hydrolysis product was heated in vacuo at 150 8C
prior to the thermolysis at 750 8C, a-Bi2O3 (JCPDS No. 71-
2274) was recovered as the final material. Previously, it was
shown that thermal decomposition of the hydrolysis product
of [Bi(OSiMe2tBu)3] at 350 8C gave b-Bi2O3 and amorphous
SiO2. At higher temperatures, Bi12SiO20 is formed.

[38] In con-
trast to [Bi(OSiEt3)3], [Bi(OSiiPr3)3] and [Bi(OSiMe2tBu)3],
the methyl derivative [Bi(OSiMe3)3] readily decomposes

with elimination of Me3SiOSiMe3 at moderate temperatures
(ca. 80 8C), both in the solid state and in solution.[35] In the
presence of alkali metals, the elimination of hexamethyldi-
siloxane is observed at even lower temperatures.
Attempts to hydrolyse bismuth silanolates by addition of

water or by slow evaporation of the solvent under constant
humidity (15, 32 and 45%) gave amorphous solids. Howev-
er, exposing the bismuth silanolate solutions to air moisture
and crystallising at 4 8C or slowly evaporating the solvent
gave single crystals of [Bi4O2(OSiEt3)8] (5), [Bi9O7-
(OSiMe3)13] (6), [Bi18O18(OSiMe3)18] (7), [Bi20O18(OSiMe3)24]
(8) and the previously described [Bi22O26(OSiMe2tBu)14] (9)
(Scheme 3).[38] Hydrolysis may be initiated by either passing

a stream of moist air or nitrogen above the solution or by
opening the reaction vessel for a short period of time. It is
noteworthy that for successful crystallisation of compound 9
the reaction vessel could be fitted with a perforated stopper
to allow slow evaporation of the solvent, whereas in the
case of compounds 5–8 the reaction vessel had to be closed
to avoid formation of amorphous solids. The IR spectra of
both the crystalline and amorphous solids provide only lim-
ited information. However, the IR spectra of the amorphous
materials do not correspond to those of the crystalline mate-
rials (Figures S1 and S2 in the Supporting Information) and
elemental analyses indicate a higher degree of hydrolysis for
the amorphous solids (carbon content <8%).
The tetranuclear compound 5 (yield 15%) and the nona-

nuclear compound 6 (yield >90%) were obtained from
highly concentrated solutions in toluene, and in the case of
the silanolate 5 even from neat liquid [Bi(OSiEt3)3]. The
low isolated yield of compound 5 is a result of its high solu-
bility in all common organic solvents. The high-nuclearity
bismuth-oxo clusters 7 and 8 were obtained from dilute solu-
tions in toluene by fractional crystallisation. Notably, after a
first batch of single crystals of 8 had been isolated (yield
11%), a second crop of crystals was obtained. This crystal-

Scheme 2. The synthetic route used to obtain compounds 1–4.

Scheme 3. Crystalline products obtained upon partial hydrolysis of bis-
muth tris(trialkylsilanolates). Isolated yields are given in brackets.
[a] The low isolated yield results from the high solubility of this com-
pound.
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line material was found to be composed of both the octade-
canuclear metal-oxo cluster 7 and the eicosanuclear metal-
oxo cluster 8, as shown by single-crystal X-ray diffraction
analysis. When this mixture was kept in toluene for several
weeks, compound 8 slowly dissolved and compound 7 was
exclusively obtained (yield 8%). Apparently, compounds 7
and 8 are in equilibrium and this equilibrium is shifted in
favour of 7 either as a result of its low solubility or its
higher thermodynamic stability. The 29Si NMR spectrum of
the supernatant solution shows a major signal at d =

7.4 ppm attributable to Me3SiOSiMe3 and signals of lesser
intensity at d = 6.9, 7.2 and 7.9 ppm. At present, we cannot
assign the bismuth-containing species present in solution.
NMR studies on the bismuth-oxo clusters are hampered by
their poor solubility as well as their moisture sensitivity, and
provide little structural information. For example, the 1H
NMR spectra of compounds 6 and 8 in [D8]toluene show
one single broad signal centred at d = 0.16 and 0.29 ppm,
respectively.

Molecular structures

[Bi18Na4(m3-O)4(m4-O)15(m5-O)(m-OSiMe3)6(m3-OSiMe3)12]
(2): The heterobimetallic silanolate [Bi18Na4O20(OSiMe3)18]
(2) crystallises from both pentane and toluene as solvate in
the space group P1̄ with two formula units per unit cell.
Crystallographic data for the toluene solvate are given in
Table 1, its molecular structure is shown in Figure 1, and se-
lected bond lengths and bond angles are listed in the figure
caption. The molecular structure is composed of 18 bismuth
atoms and four sodium atoms, with the metal atoms showing
a variety of coordination environments and a broad range of
metal–oxygen bond lengths. Two five-coordinated sodium

Table 1. Crystallographic data for [Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38(OSiMe3)24]·3C7H8 (3·3C7H8), [Bi50Na2O64(OH)2(OSiMe3)22]·2C7H8·2H2O
(4·2C7H8·2H2O) and [Bi4O2(OSiEt3)8] (5).

2 3·3C7H8 4·2C7H8·2H2O 5

empirical formula C54H162Bi18Na4O38Si18 C72H216Bi33NaO62Si24·3C7H8 C66H198Bi50Na2O88Si22·2C7H8·2H2O C48H120Bi4O10Si8
formula weight 5779.06 9944.34 13715.49 1918.08
temperature [K] 173 143 143 173
crystal system triclinic monoclinic monoclinic monoclinic
space group P1̄ P21/n P21/n P21/c
a [=] 17.0337(9) 20.488(4) 20.0518(12) 25.256(5)
b [=] 19.5750(14) 22.539(5) 24.1010(15) 15.372(3)
c [=] 26.6799(16) 26.154(5) 27.4976(14) 21.306(4)
a [8] 72.691(4)
b [8] 73.113(4) 100.79(3) 103.973(3) 113.96(3)
g [8] 70.985(4)
volume [=3] 7842.9(8) 11864(4) 12896(1) 7559(3)
Z 2 2 2 4
1calcd [gcm

�3] 2.447 2.784 3.532 1.685
absorption coefficient [mm�1] 20.309 24.548 34.136 9.453
crystal size [mm] 0.13O0.13O0.03 0.13O0.03O0.03 0.12O0.12O0.02 0.35O0.15O0.10
q range for data collection [8] 2.92 to 25.37 2.93 to 25.38 2.91 to 25.00 2.94 to 25.07
reflections collected 82794 126243 93902 73572
reflections unique 28558 21400 22595 13347

[Rint = 0.079] [Rint = 0.088] [Rint = 0.085] [Rint = 0.107]
R [I>2s(I)] 0.0475 0.0478 0.0761 0.0785
wR2 (all data) 0.0899 0.0995 0.1652 0.2122
largest diff. peak/hole [e=�3] 3.209/�1.933 1.443/�1.361 3.850/�2.421 7.434/�1.669

Figure 1. Molecular structure of [Bi18Na4(m3-O)4(m4-O)15(m5-O)(m-
OSiMe3)6(m3-OSiMe3)12] (2). Selected bond lengths [=] depending on the
coordination number (CN) at the bismuth atoms and bond angles [8]:
Bi�O (CN = [3+2], Bi9–Bi11, Bi13) 2.048(9)–2.227(8), 2.417(1)–
2.563(9); Bi–O (CN = [3+3], Bi3, Bi7, Bi16) 2.089(8)–2.221(9),
2.526(9)–3.198(10); Bi�O (CN = 4, Bi12) 2.049(9)–2.308(8); Bi�O (CN
= [4+1], Bi8, Bi14, Bi15) 2.035(8)–2.372(10), 2.759(9)–3.278(10); Bi�O
(CN = [4+2], Bi5) 2.063(8)–2.415(8), 2.879(8)–2.947(8); Bi�O (CN = 5,
Bi17, Bi18) 2.132(9)–2.495(9); Bi�O (CN = [5+1], Bi1, Bi4, Bi6)
2.127(8)–2.482(10), 2.809(8)–3.185(10); Bi�O (CN = [5+2], Bi2)
2.111(8)–2.437(8), 2.991(9)–3.006(9); Na�O 2.123(10)–3.455(10) (av
2.550); Bi-m3-O-Bi 100.4(4)–147.2(4) (av 118.3); Bi-m4-O-Bi 86.3(3)–
136.7(4) (av 107.8); Bi-m4-O-M (M = Na, Bi; 3OBi, 1ONa) 75.0(3)–
141.2(5) (av 106.4); M-m4-O-M (M = Na, Bi; 2OBi, 2ONa) 84.5(3)–
131.1(4) (av 109.0); trans-Na-m5-O-Na 147.8(4), cis-M-m5-O-M 67.3(3)–
131.0(4) (M = Na, Bi).
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atoms, Na2 and Na3, with Na–O distances in the range
2.32(1)–3.15(1) = are found at the periphery of the metal-
oxo cluster. The sodium atoms Na4 and Na1 show eight-
and ninefold coordination, respectively, with Na–O distances
in the range 2.12(1)–3.46(1) =. The sodium atoms do not
show any preferred coordination geometry, whereas strongly
distorted but distinct coordination polyhedra can be as-
signed to the bismuth atoms. The distortions may be as-
signed to the stereochemical activity of the lone pair at the
bismuth atoms. The coordination polyhedra are best de-
scribed as oxygen-capped pseudo-tetrahedra with [3+2]-
(Bi9–Bi11, Bi13) and [3+3]-coordination (Bi3, Bi7, Bi16), as
regular and oxygen-capped pseudo-trigonal bipyramids with
4- (Bi12), [4+1]- (Bi8, Bi14, Bi15) and [4+2]-coordination
(Bi5), and as regular and oxygen-capped pseudo-octahedra
with 5- (Bi17, Bi18), [5+1]- (Bi1, Bi4, Bi6) and [5+2]-coor-
dination (Bi2). The Bi–O distances are found in the broad
range 2.035(8)–3.28(1) =, with the primary bonds showing
an upper limit of approximately 2.20 = for pseudo-tetrahe-
dral coordination and approximately 2.50 = in the case of
pseudo-trigonal bipyramidal and pseudo-octahedral coordi-
nation. The metal-oxo core of cluster 2 is composed of four
m3-oxo ligands connected to three bismuth atoms, ten m4-oxo
ligands connected to three bismuth atoms and a sodium
atom, four m4-oxo ligands connected to two bismuth and two
sodium atoms, one m4-oxo ligand connected to four bismuth
atoms and one m5-oxo ligand connected to two bismuth and
three sodium atoms. Most remarkably, coordination of three
bismuth atoms to the m3-oxo and m4-oxo ligands results in a
nearly planar trinuclear [Bi3O] moiety, regardless of the
bridging mode of the ligand. A nearly tetrahedral m4-oxo
ligand is observed if two sodium atoms and two bismuth
atoms are involved in the metal–oxygen coordination. The
heterometallic oxo core of 2 is embedded in a hydrophobic
shell composed of six m-OSiMe3 and 12 m3-OSiMe3 ligands,
which show average M�O bond lengths of 2.48 and 2.63 =,
respectively.

[Bi4(m3-O)2(m-OSiEt3)6(OSiEt3)2] (5): The bismuth-oxo sila-
nolate [Bi4O2(OSiEt3)8] (5) is highly soluble in common or-
ganic solvents such as toluene, benzene, CH2Cl2, THF and
pentane. Single crystals of 5 were obtained from a concen-
trated solution of [Bi(OSiEt3)3] in toluene as well as from
neat [Bi(OSiEt3)3]. Compound 5 crystallises in the space
group P21/c with four formula units in the unit cell. Two
crystallographically independent molecules are observed in
the crystal lattice, which do not show marked differences in
their bond lengths and angles. Thus, only one molecule is
discussed in more detail. Crystallographic data are given in
Table 1, its molecular structure is shown in Figure 2, and se-
lected bond lengths and angles are listed in the figure cap-
tion. The molecular structure of [Bi4(m3-O)2(m-OSiEt3)6-
(OSiEt3)2] (5) is best described as being composed of the
subunit [Bi2(m3-O)2(OSiEt3)2] coordinated by two [Bi-
(OSiEt3)3] molecules. This description is consistent with the
dynamic behaviour of compound 5 in solution, which is indi-
cated by one set of resonances for the ethyl groups in the

1H NMR spectrum. The bismuth atoms Bi1 and Bi2 in com-
pound 5 are both five-coordinate, but show different coordi-
nation polyhedra (Figure 3). An oxygen-capped pseudo-tet-

rahedron with [3+2]-coordination is assigned to Bi1, with
primary Bi�O bonds Bi1–O1 2.07(2), Bi1–O3 2.14(1) and
Bi1–O5 2.05(1) =, and secondary bonds Bi1–O2 2.61(1) and
Bi1–O4 3.10(2) =. An oxygen-capped pseudo-trigonal bipyr-
amid with [4+1]-coordination is assigned to Bi2, with pri-
mary Bi�O bonds Bi2–O2 2.19(1), Bi2–O4 2.10(2), Bi2–O5
2.13(1), Bi2–O5A 2.36(1) =, and a secondary bond Bi2–
O3A 3.05(1) =.

Figure 2. Molecular structure of [Bi4(m3-O)2(m-OSiEt3)6(OSiEt3)2] (5)
showing 30% displacement ellipsoids for bismuth, silicon and oxygen
atoms and the atom numbering scheme. The carbon atoms are represent-
ed by open circles and hydrogen atoms are omitted for clarity. Only one
of the two crystallographically independent molecules present in the unit
cell is shown. Selected bond lengths [=] and bond angles [8]: Bi1�O1
2.07(2), Bi1�O2 2.61(1), Bi1�O3 2.14(1), Bi1�O4 3.10(2), Bi1�O5
2.05(1), Bi2�O2 2.19(1), Bi2�O4 2.10(2), Bi2�O5 2.13(1), Bi2�O3A
3.05(1), Bi2�O5A 2.36(1); O1-Bi1-O2 103.4(6), O1-Bi1-O3 93.6(6), O1-
Bi1-O4 154.5(6), O1-Bi1-O5 92.3(6), O2-Bi1-O3 146.1(4), O2-Bi1-O4
59.6(4), O2-Bi1-O5 69.0(4), O3-Bi1-O4 93.4(5), O3-Bi1-O5 81.4(5), O4-
Bi1-O5 64.7(4), O2-Bi2-O4 83.9(5), O2-Bi2-O5 76.8(5), O2-Bi2-O3A
144.2(4), O2-Bi2-O5A 149.1(4), O4-Bi2-O5 86.4(6), O4-Bi2-O3A
129.5(5), O4-Bi2-O5A 86.1(5), O5-Bi2-O3A 113.1(4), O5-Bi2-O5A
73.4(4), O3A-Bi2-O5A 59.0(4).

Figure 3. Coordination polyhedra observed for the bismuth atoms in [Bi4-
(m3-O)2(m-OSiEt3)6(OSiEt3)2] (5).
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[Bi9(m3-O)4(m4-O)3(m-OSiMe3)12-
(m3-OSiMe3)] (6): After expo-
sure of a concentrated solution
of [Bi(OSiMe3)3] in toluene to
air moisture, single crystals of
[Bi9(m3-O)4(m4-O)3(m-OSiMe3)12-
(m3-OSiMe3)] (6) were ob-
tained at 4 8C. The compound
crystallises in the space group
P1̄ with two formula units in
the unit cell. Crystallographic
data of compound 6 are given
in Table 2, its molecular struc-
ture is shown in Figure 4, and
selected bond lengths and
angles are listed in the figure
caption. The molecular struc-
ture of the bismuth-oxo silano-
late 6 is composed of nine bis-
muth atoms showing a variety
of BiOn coordination poly-
hedra (see below), and four m3-
oxo and three m4-oxo ligands.
One m3-OSiMe3 and 12
m-OSiMe3 ligands are found at the periphery of the metal-
oxo cluster. The stereochemical activity of the lone pair at
the bismuth atoms is indicated by the strongly distorted co-
ordination polyhedra, which are best described as oxygen-
capped pseudo-tetrahedra with [3+2]-coordination for Bi7,
Bi8 and Bi9, as oxygen-capped pseudo-trigonal bipyramids
with [4+1]-coordination for Bi4, [4+2]-coordination for Bi1
and Bi2 and as oxygen-capped pseudo-octahedra with
[5+1]-coordination for Bi3, Bi5 and Bi6. The Bi–O distances
are found to be in the range 2.08–3.00 =, with the primary
bonds showing an upper limit of approximately 2.20 = for
[3+2]-coordination and 2.60 = for [4+1]- and [5+1]-coordi-
nation. However, it is difficult to distinguish between [3+2]-
coordination and distorted pseudo-trigonal bipyramidal co-
ordination. Formally, the metal-oxo cluster 6 can be divided
into a cationic [Bi6O8]

2+ fragment (A), an Me3Si cation and
three anionic [Bi(OSiMe3)4]

� units coordinated to the cen-
tral metal-oxo core A (Figure 5). The hexanuclear unit A is
the most common structural motif reported for bismuth-oxo
compounds and is realised in bismuth-oxo(hydroxy) ni-
trates,[41] bismuth-oxo(hydroxy) perchlorates,[42] bismuth-oxo
alkoxides,[23,31,32] and bismuth-oxo carboxylates.[43,44]

[Bi18(m3-O)12(m4-O)6(m-OSiMe3)10(m3-OSiMe3)6(OSiMe3)2]
(7) and [Bi20(m3-O)10(m4-O)8(m-OSiMe3)16(m3-OSiMe3)4-
(OSiMe3)4] (8): Single crystals of [Bi18(m3-O)12(m4-O)6(m-
OSiMe3)10(m3-OSiMe3)6(OSiMe3)2] (7) and [Bi20(m3-O)10(m4-
O)8(m-OSiMe3)16(m3-OSiMe3)4(OSiMe3)4] (8) were obtained
as toluene solvates from a dilute solution of [Bi(OSiMe3)3]
in toluene at 4 8C that had been exposed to air moisture.
Compounds 7 and 8 both crystallise in the space group P1̄
with one formula unit per unit cell. Crystallographic data of
compounds 7 and 8 are given in Table 2, the molecular

structures are shown in Figures 6 and 7, and selected bond
lengths and angles are listed in the figure captions.

Table 2. Crystallographic data for [Bi9O7(OSiMe3)13]·0.5C7H8 (6·0.5C7H8), [Bi18O18(OSiMe3)18]·2C7H8
(7·2C7H8) and [Bi20O18(OSiMe3)24]·3C7H8 (8·3C7H8).

6·0.5C7H8 7·2C7H8 8·3C7H8

empirical formula C39H117Bi9O20Si13·0.5C7H8 C54H162Bi18O36Si18·2C7H8 C72H216Bi20O42Si24·3C7H8
formula weight 3198.38 5839.36 6884.61
temperature [K] 143 143 173
crystal system triclinic triclinic triclinic
space group P1̄ P1̄ P1̄
a [=] 15.1916(9) 14.8295(12) 17.2915(14)
b [=] 15.2439(13) 16.1523(13) 18.383(2)
c [=] 22.487(5) 18.4166(17) 18.4014(18)
a [8] 79.686(3) 75.960(4) 95.120(5)
b [8] 74.540(5) 79.112(4) 115.995(5)
g [8] 66.020(4) 63.789(4) 106.813(5)
volume [=3] 4571(1) 3822.5(6) 4171.6(8)
Z 2 1 1
1calcd [gcm

�3] 2.324 2.537 2.347
absorption coefficient [mm�1] 17.477 20.825 18.187
crystal size [mm] 0.25O0.10O0.04 0.18O0.13O0.05 0.08O0.05O0.03
q range for data collection [8] 2.93 to 27.50 2.91 to 27.48 2.92 to 27.50
reflections collected 87444 51518 79183
reflections unique 20928 17451 22203

[Rint = 0.119] [Rint = 0.049] [Rint = 0.056]
R [I>2s(I)] 0.0385 0.0359 0.0341
wR2 (all data) 0.0711 0.0666 0.0619
largest diff. peak/hole [e=�3] 2.002/�2.455 1.506/�1.429 1.718/�1.214

Figure 4. Molecular structure of [Bi9(m3-O)4(m4-O)3(m-OSiMe3)12(m3-
OSiMe3)] (6) showing 30% displacement ellipsoids and the atom num-
bering scheme. Hydrogen atoms are omitted for clarity. Selected bond
lengths [=] depending on the coordination number (CN) at the bismuth
atom and bond angles [8]: Bi�O (CN = [3+2], Bi7–Bi9) 2.082(6)–
2.196(6), 2.329(6)–2.583(7); Bi�O (CN = [4+1], Bi4) 2.088(6)–2.373(7),
2.789(8); Bi�O (CN = [4+2], Bi1, Bi2) 2.137(6)–2.392(6), 2.751(6)–
2.950(7); Bi�O (CN = [5+1], Bi3, Bi5, Bi6) 2.151(6)–2.374(6), 2.717(6)–
2.999(7); Bi-m-OSiMe3-Bi 88.6(2)–99.2(2) (av 95.1); Bi-m3-OSiMe3-Bi
86.9(2), 92.6(2), 94.9(2) (av 91.5); Bi-m3-O-Bi 106.7(3)–131.7(3) (av
115.6); Bi-m4-O-Bi 100.1(2)–123.0(3) (av 109.2).
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The molecular structure of the metal-oxo cluster 7 is com-
posed of 18 bismuth atoms, 12 m3-oxo and six m4-oxo ligands
within the metal-oxo core, and ten m-OSiMe3, six m3-OSiMe3
and two terminal OSiMe3 ligands at the periphery of the
metal-oxo cluster. Strongly distorted coordination polyhedra
at the bismuth atoms are observed. Oxygen-capped pseudo-
tetrahedra with [3+1]-coordination are assigned to Bi3, with
[3+2]-coordination to Bi4 and Bi9, and with [3+3]-coordina-
tion to Bi1, Bi2 and Bi5. The primary Bi�O bonds are ob-
served in the range 2.028(6)–2.273(5) = and the secondary

bonds are in the range 2.415(6)–3.324(6) =. The coordina-
tion at Bi7 is best described as oxygen-capped pseudo-trigo-
nal-bipyramidal with bond lengths of 2.071(6)–2.330(5) =
and 2.864(6) =. Oxygen-capped pseudo-octahedra with
[5+1]-coordination are observed for Bi6 and Bi8.
The molecular structure of compound 8 comprises 20 bis-

muth atoms, ten m3-oxo and eight m4-oxo ligands within the
metal-oxo core, and 16 m-OSiMe3, four m3-OSiMe3 and four
terminal OSiMe3 ligands at the periphery. The following bis-
muth–oxygen coordination polyhedra are found: monocap-
ped pseudo-tetrahedra for Bi1, Bi4, Bi9 and Bi10, bicapped
pseudo-tetrahedra for Bi2 and Bi3, a monocapped pseudo-
trigonal bipyramid for Bi7, and monocapped pseudo-octahe-
dra for Bi6 and Bi8. The bismuth–oxygen distances are in
the same range as those observed for the metal-oxo cluster
7.
The most striking common feature of the two bismuth-

oxo clusters 7 and 8 is the substructure [Bi16O18(OSiMe3)12]
(B), which is based on four
edge-sharing octahedral {Bi6}
units of type A (Figure 8). In
unit B, the trigonal faces of the
{Bi6} units are capped by oxo
and OSiMe3 ligands. Two
OSiMe3 ligands in compound 8
were formally assigned as ter-
minal ligands, but show weak
Bi–O interactions with bond
lengths of 3.739 and 3.685 = to
bismuth atoms placed on a
trigonal face of a {Bi6} unit.
The molecular structures of
the bismuth-oxo clusters 7 and
8 can be derived from [Bi16O18-
(OSiMe3)12] (B) by adding two
and four [Bi(OSiMe3)3] mole-
cules, respectively. Slightly dif-
ferent structural arrangements
of the oxo and OSiMe3 ligands
are observed for compounds 7
and 8, but with only minor per-
turbation of the {Bi6} units A
(Figure 8). The bismuth silano-
late fragments at the periphery
of the bismuth-oxo clusters
might be formulated as [Bi-
(OSiMe3)4]

� anions, which are
coordinated to an oxo ligand of unit B. The geometry at
these bismuth atoms (7, Bi9; 8, Bi9, Bi10) is best described
as [3+2]-coordination. In both compounds, the bismuth
atom Bi9 exhibits a short Bi–O distance to the oxo ligand of
unit B (7, Bi9–O9 2.113(5) =; 8, Bi9–O16 2.090(5) =). In
contrast, the Bi–O distance of Bi10 to the oxo ligand of the
central metal-oxo core in compound 8 is larger and amounts
to 2.638(5) = (Figure 7). Furthermore, Bi9 in compounds 7
and 8 is linked to unit B by four m-OSiMe3 ligands, whereas
Bi10 is coordinated to three m-OSiMe3 ligands. Thus, in com-

Figure 5. View of the central hexanuclear motif [Bi6O8]
2+ (A) (oxygen-

capped red octahedron) in [Bi9(m3-O)4(m4-O)3(m-OSiMe3)12(m3-OSiMe3)]
(6). Carbon atoms are omitted for clarity.

Figure 6. Molecular structure of [Bi18(m3-O)12(m4-O)6(m-OSiMe3)10(m3-OSiMe3)6(OSiMe3)2] (7). Selected bond
lengths [=] depending on the coordination number (CN) at the bismuth atoms and bond angles [8]: Bi�O (CN
= [3+1], Bi3) 2.028(6)–2.127(7), 2.501(6); Bi�O (CN = [3+2], Bi4, Bi9) 2.050(5)–2.193(6), 2.415(6)–2.683(6);
Bi�O (CN = [3+3], Bi1, Bi2, Bi5) 2.077(6)–2.273(5), 2.433(5)–3.324(6); Bi�O (CN = [4+1], Bi7) 2.071(6)–
2.330(5), 2.864(6); Bi�O (CN = [5+1], Bi6, Bi8) 2.0915–2.496(6), 2.944(6)–3.172(6); Bi-m-OSiMe3-Bi 88.8(2)–
101.8(2) (av 95.3); Bi-m3-OSiMe3-Bi 78.1(2)–93.8(2) (av 90.6); Bi-m3-O-Bi 102.6(2)–135.2(3) (av 117.5); Bi-m4-
O-Bi 90.0(2)–125.1(2) (av 108.8).
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pound 8 dissociation of [Bi(OSiMe3)3] in solution is most
likely to occur first at the site of Bi10 coordination. The
structural features discussed here support the hypothesis
that compounds 7 and 8 are in equilibrium (see results),

probably together with [Bi-
(OSiMe3)3]. This aspect will be
addressed in more detail in
future work.

[Bi33Na(m3-O)10(m4-O)26(m6-O)2-
(m-OSiMe3)12(m3-OSiMe3)12]
(3): The heterobimetallic sila-
nolate [Bi32(Bi0.5/Na0.5)2(m3-O)10-
(m4-O)26(m6-O)2(m-OSiMe3)12(m3-
OSiMe3)12] (3) crystallises
from toluene in the space
group P21/n with two formula
units per unit cell. Crystallo-
graphic data are given in
Table 1, its molecular structure
is shown in Figure 9, and se-
lected bond lengths and angles
are listed in the figure caption.
The molecular structure of the
heterobimetallic compound 3
is composed of 33 bismuth
atoms and one sodium atom.
The sodium atom and one bis-
muth atom (M17, M = Bi,
Na) are disordered and occupy
the same position with an oc-
cupancy of 50% for each
metal. In total, 17 crystallo-
graphically independent posi-
tions are observed for the
metal atoms as a result of a
centre of inversion. The metal-
oxo core of compound 3 is
composed of 38 oxo and 24
OSiMe3 ligands. The latter are
placed at the periphery of the
cluster and half of the OSiMe3
ligands are m- and the other
half m3-bridging. In addition to
the ten m3-oxo and 26 m4-oxo li-
gands, two m6-oxo ligands are
observed. The existence of m6-
oxo ligands is attributed to the
presence of sodium atoms and
has been reported previously
for heterobimetallic sodium–
bismuth-oxo clusters.[26,40, 45]

As has been noted for other
bismuth-oxo clusters, a variety
of coordination geometries for
the bismuth atoms are ob-
served in compound 3, includ-

ing coordination numbers of [3+1], [3+2], [3+3], [4+1],
[4+2], [4+3], 5, [5+2], [6+2] and 9. This demonstrates the
variable and rich coordination chemistry of the bismuth
atom, which often makes structure prediction for bismuth-

Figure 7. Molecular structure of [Bi20(m3-O)10(m4-O)8(m-OSiMe3)16(m3-OSiMe3)4(OSiMe3)4] (8). Selected bond
lengths [=] depending on the coordination number (CN) at the bismuth atoms and bond angles [8]: Bi�O (CN
= [3+2], Bi1, Bi4, Bi9, Bi10) 2.067(5)–2.209(5), 2.448(5)–3.125(6); Bi�O (CN = [3+3], Bi2, Bi3) 2.085(5)–
2.211(6), 2.528(5)–2.900(6); Bi�O (CN = [4+1], Bi7) 2.083(5)–2.300(6), 2.881(6); Bi�O (CN = [5+1], Bi5,
Bi6, Bi8) 2.081(5)–2.569(5), 2.968(6)–3.137(6); Bi-m-OSiMe3-Bi 89.3(2)–102.9(2) (av 97.5); Bi-m3-OSiMe3-Bi
90.0(2)–95.6(2) (av 93.1); Bi-m3-O-Bi 105.8(2)–131.0(3) (av 117.6); Bi-m4-O-Bi 88.2(2)–133.3(3) (av 108.8).

Figure 8. Views of the metal-oxo frameworks of [Bi18(m3-O)12(m4-O)6(m-OSiMe3)10(m3-OSiMe3)6(OSiMe3)2] (7,
left) and [Bi20(m3-O)10(m4-O)8(m-OSiMe3)16(m3-OSiMe3)4(OSiMe3)4] (8, right). The octahedral {Bi6} units A
which constitute the substructure [Bi16O18(OSiMe3)12] (B) are highlighted in red. Carbon atoms are omitted.
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containing complexes a difficult task. Most remarkably, the
metal-oxo cluster 3 is composed of ten edge-sharing {Bi6}

units of type A (with partial
substitution by Na atoms). Two
sets of five {Bi6} units can be
distinguished, which define two
layers. In Figure 10, one set is
highlighted in blue and the
other in red. The {Bi6} units (A)
are connected through the
edges of the octahedra.
The disordered sodium atom

is found in two symmetry-
equivalent positions, which are
shared by six {Bi6} units. Clear-
ly, the partial exchange of bis-
muth by sodium atoms does not
significantly influence the basic
structural motif based on edge-
sharing {Bi6} units (A), but re-
sults in changes in the oxygen
sublattice. In compounds 6–8,
the octahedral voids of the {Bi6}
units (A) are not occupied by
oxygen atoms, whereas in com-
pound 3 a total of four {Bi6}
units (A) show inclusion of
oxygen atoms (Figure 10). No-
tably, [Bi2Na4O(OSiMe3)8] (1)
is also based on an octahedral
{M6} unit (M = Bi, Na), with
an oxygen atom occupying the
octahedral void inside the
metal-oxo cluster.[40]

[Bi50Na2(m3-O)18(m4-O)46(m3-OH)2-
(m3-OSiMe3)4(m-OSiMe3)18] (4):
The heterobimetallic silanolate
[Bi50Na2O64(OH)2(OSiMe3)22]

(4) crystallises from toluene in the space group P21/n with
two formula units per unit cell. Crystallographic data are
given in Table 1, its molecular structure is shown in
Figure 11, and selected bond lengths and angles are listed in
the figure caption. Compound 4 is obtained as a minor prod-
uct accompanying the formation of [Bi2Na4O(OSiMe3)8] (1).
Its identity was unambiguously established by single-crystal
X-ray diffraction analyses of five crystals. The molecular
structure of the heterobimetallic silanolate 4 is composed of
two sodium atoms and 50 bismuth atoms showing a variety
of coordination geometries. The predominant coordination
is based on the pseudo-tetrahedron, with Bi–O distances in
the range 1.9–2.5 =. These primary bonds are accompanied
by a maximum of six secondary bonds with distances in the
range 2.7–3.4 =. Notably, six bismuth atoms show a coordi-
nation geometry that is best described as pseudo-pentago-
nal-bipyramidal (Bi–O 2.05(2)–2.77(2) =). This coordination
polyhedron was not noticed in any of the other bismuth-oxo
clusters. The oxygen sublattice is composed of 18 m3- and 46
m4-oxo ligands. In addition, two m3-OH ligands are located at

Figure 9. Molecular structure of [Bi32(Bi0.5/Na0.5)2(m3-O)10(m4-O)26(m6-O)2(m-OSiMe3)12(m3-OSiMe3)12] (3). Select-
ed bond lengths [=] depending on the coordination number (CN) at the bismuth atoms and bond angles [8]:
Bi�O (CN = [3+1], Bi8) 2.03(1)–2.17(1), 2.52(1); Bi�O (CN = [3+2], Bi11, Bi16) 2.02(1)–2.19(1), 2.52(1)–
2.93(1); Bi�O (CN = [3+3], Bi9) 2.12(1)–2.160(9), 2.48(1)–3.19(1); Bi�O (CN = [4+1], Bi10, Bi12) 2.04(1)–
2.40(1), 2.97(1)–3.19(1); Bi�O (CN = [4+2], Bi3, Bi4, Bi14) 2.06(1)–2.445(9), 2.97(1)–3.06(1); Bi�O (CN =

[4+3], Bi5) 2.10(1)–2.37(1), 2.75(1)–3.32(1); Bi�O (CN = 5, Bi2, Bi13, Bi15) 2.07(1)–2.49(1); Bi�O (CN =

[5+2], Bi6) 2.13(1)–2.62(1), 2.94(1)–3.04(1); Bi�O (CN = [6+2], Bi7) 2.08(1)–2.48(1), 3.30(1)–3.43(1); M�O
(CN = 7, Bi/Na17) 2.37(1)–2.66(1); Bi�O (CN = 9, Bi1) 2.22(1)–3.38(1); Bi-m-OSiMe3-Bi 87.8(4)–100.0(5)
(av 93.0); Bi-m3-OSiMe3-Bi 68.0(4)–99.0(5) (av 85.0); Bi-m3-O-Bi 103.1(4)–131.2(5) (av 117.9); Bi-m4-O-Bi
85.6(4)–151.0(5) (av 108.7); M-m4-O-M (M = Na, Bi) 84.9(4)–137.7(5) (av 108.1).

Figure 10. View of the basic structural motif in [Bi32(Bi0.5/Na0.5)2(m3-O)10-
(m4-O)26(m6-O)2(m-OSiMe3)12(m3-OSiMe3)12] (3). The octahedral {Bi6} units
A are highlighted in red and in blue. Carbon atoms are omitted.
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the periphery of the bismuth-oxo cluster. A short O(38)–
O(42) bond length of 2.49(2) = is indicative of strong hydro-
gen bonding between the hydroxy group and a silanolate
ligand. The moisture sensitivity of the compound might be
explained by the insufficient shielding of the cluster by a
total of only 22 OSiMe3 ligands. The metal-oxo core of com-
pound 4 is composed of 20 edge-sharing {Bi6} units of type
A, which are highlighted in red and blue in Figure 12. Most

of the octahedral voids are empty, with exceptions occurring
mainly at the periphery of the metal-oxo cluster. Some of
the oxo ligands, which would be expected to be placed on
the trigonal faces of the {Bi6} units (A), are shifted slightly
towards the centre of the octahedron.

Discussion

We have analysed the molecular structures of eight novel
homo- and heterometallic bismuth-oxo silanolates, which
provide information on the growth process of bismuth-oxo
clusters. The molecular structures of the bismuth-rich het-
erometallic compounds 3 and 4 are closely related to those
obtained for the bismuth-oxo clusters 5–9. In contrast, the
sodium-rich compound [Bi18Na4O20(OSiMe3)18] (2), as well
as the recently reported sodium–bismuth-oxo silanolates
[Bi10Na5O7(OH)6(OSiMe3)15] and [Bi15Na3O18(OSiMe3)12],

[40]

show only a limited structural relationship with compounds
5–9. This might be attributed to the preferred formation of
[Bi3(m3-O)] units in bismuth-rich metal-oxo clusters, which is
essential for the formation of {Bi6} moieties of type A (see
below). Substitution of bismuth atoms by sodium atoms par-
tially disrupts this preferred coordination motif as a result of
the nondirected coordination bonds to sodium.
The synthesis of homoleptic bismuth silanolates of the

general type [Bi(OSiR3)3] by a metathesis reaction starting
from BiCl3 and NaOSiR3 has been reported for bulky organ-
ic groups R such as OtBu.[37] It has been shown that hetero-
bimetallic sodium–bismuth-oxo clusters and Me3SiOSiMe3
are obtained with NaOSiMe3. In contrast, [Bi(OtBu)3] is ac-
cessible by metathesis reaction.[28]

Homoleptic bismuth silanolates are extremely moisture-
sensitive and tend to hydrolyse more rapidly than bismuth
alkoxides. Additionally, elimination of siloxanes to give Bi–
O–Bi moieties is much easier than ether elimination from
metal alkoxides. Another important difference is the fact
that the hydrolysis products of the alkoxides are poorly solu-
ble, whereas bismuth-oxo silanolates tend to give large ag-
gregates of the type [BiOx(OSiR3)3�y]n with better solubility
properties.
The molecular structures of compounds 5–8 are best de-

scribed as aggregates composed of metal-oxo clusters [BiOx-
(OSiR3)3�y]n and bismuth silanolate molecules [Bi(OSiR3)3].
Thus, the bismuth-oxo clusters [Bi4O2(OSiEt3)8] (5), [Bi9O7-
(OSiMe3)13] (6), [Bi18O18(OSiMe3)18] (7) and [Bi20O18-
(OSiMe3)24] (8) might be described as [Bi2O2-
(OSiEt3)2]·2 [Bi(OSiEt3)3] (5), [Bi6O7(OSiMe3)4]·3 [Bi(OSi-
Me3)3] (6), [Bi16O18(OSiMe3)12]·2 [Bi(OSiMe3)3] (7) and
[Bi16O18(OSiMe3)12]·4 [Bi(OSiMe3)3] (8), respectively. Appa-
rently, the bismuth silanolate coordinates at the periphery of
the central metal-oxo cluster to give the final crystalline ma-
terial.
The first hydrolysis step of [Bi(OSiR3)3] is expected to

give [Bi(OH)(OSiR3)2], and this is followed by condensation
to give [Bi2O(OSiR3)4]n. To the best of our knowledge, sila-
nolates and alkoxides of bismuth compounds of this type

Figure 11. Molecular structure of [Bi50Na2(m3-O)18(m4-O)46(m3-OH)2(m3-
OSiMe3)4(m-OSiMe3)18] (4). Selected bond lengths [=] depending on the
coordination number (CN) at the bismuth atoms and bond angles [8]; n
defines the number of bismuth atoms assigned to a coordination number:
Bi�O (CN = [3+2], n = 1) 2.02(2)–2.27(2), 2.48(2)–2.56(2); Bi�O (CN
= 4, n = 8) 1.99(2)–2.47(2); Bi�O (CN = [4+1], n = 5) 1.97(2)–
2.40(2), 2.69(2)–2.84(2); Bi�O (CN = [4+2], n = 1) 2.07(2)–2.31(2),
2.99(2)–3.21(2); Bi�O (CN = 6, n = 3) 2.05(2)–2.77(2); Bi�O (CN =

7–10, n = 7) 2.06(2)–3.41(2); Na�O (CN = 5) 2.23(2)–2.57(2); Bi-m-
OSiMe3-Bi 86.9(8)–97.8(8) (av 92.5); Bi-m3-OSiMe3-Bi 73.5(7)–94.4(8) (av
85.9); Bi-m3-O-Bi 91.9(8)–150.4(9) (av 117.3); Bi-m4-O-Bi 85.8(7)–138.6(9)
(av 108.2); M-m4-O-M (M = Na, Bi) 81.1(4)–122.2(5) (av 108.0).

Figure 12. View of the basic metal-oxo core of [Bi50Na2O64(OH)2-
(OSiMe3)22] (4). The octahedral {Bi6} units are highlighted in red and in
blue. Carbon atoms are omitted.
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have not been reported previously, although related
diorganobismuth(iii) oxides are known.[46] A primary hydro-
lysis product, [Bi3(OH)(OOCCF3)8], was recently observed
upon partial hydrolysis of bismuth trifluoroacetate, and
might be formulated as the coordination compound
[Bi(OH)(OOCCF3)2]·2 [Bi(OOCF3)3].

[44] The second hydro-
lysis/condensation step is expected to give compounds of the
type [BiO(OSiR3)]n. This structure is realised in [Bi4O2-
(OSiEt3)8] (5) as well as in [Bi4O2(OtBu)8],

[47] [Bi4O2-
(OOCCF3)8],

[48] and in the complex anion [Bi2O2(OH)6]
4�

found in Na6[Bi2O2(OH)6](OH)2·2H2O.
[49] These compounds

might be assigned the general formulae [BiOX]2·2BiX3 (X
= OR, OSiR3, OOCR) and [BiOX]2·4X (X = OH�), re-
spectively. It is noteworthy that the hydrolysis of BiCl3 by
addition of water results in the formation of BiOCl. This is
in agreement with the observation that the bismuth/oxo
ligand ratio in the central bismuth-oxo clusters of com-
pounds 5–8 is close to one-to-one.
A basic structural motif in the silanolate 5 is the four-

membered [Bi2O2] ring, which is observed in a variety of bis-
muth compounds.[23,29,49,50] The {Bi6} unit [Bi6O8]

2+ (A) may
be described as a closed 3,4-connected net comprising 12
[Bi2O2] units. Alternatively, the substructure A might be de-
scribed as an octahedron with the bismuth atoms placed at
the corners and the oxygen atoms placed on the trigonal
faces. Thus, eight edge-sharing [Bi3(m3-O)] units are formed.
Such an oxo-centred trinuclear [Bi3(m3-O)] unit has been ob-
served in [Bi3(OH)(OOCCF3)8], which is the only example
of which we are aware.[44] In contrast, the hexanuclear {Bi6}
unit A is part of a wide variety of molecular bismuth-oxo
clusters.[23,31, 32,41–44] It has been suggested that in aqueous so-
lution hexanuclear cations of the type [Bi6O4+x(OH)4�x]

(6�x)+

are predominantly found at pH<3 at low concentrations
(0.1m). With increasing pH, nonanuclear species are
formed.[51] It was only very recently that the first nonanu-
clear bismuth-oxo-hydroxo cation was isolated, namely [Bi9-
(m3-O)8(m3-OH)6]

5+ .[52] The basic building unit is described as
a [Bi4(m3-O)2(m3-OH)4] subunit, which is similar to the basic
structural motif of [Bi4(m3-O)2(OSiEt3)8] (5). Interestingly, a
hexanuclear {Bi6} motif of type A is not observed. Instead,
three edge-/corner-sharing {Bi5} units constitute the molecu-
lar framework. The pentanuclear {Bi5} unit is derived from
the {Bi6} unit A by removal of one bismuth atom. Similar
pentanuclear metal-oxo fragments of the type {Bi5�xNax} are
observed in [Bi10Na5O7(OH)6(OSiMe3)15],

[40] [Bi15Na3O18-
(OSiMe3)12]

[40] and [Bi18Na4O20(OSiMe3)18] (2). Notably, the
latter contains a structural fragment of the type [Bi8Na(m3-
O)10(m3-OSiMe3)4] (Figure S3 in the Supporting Informa-
tion), which is closely related to the bismuth-oxo framework
of [Bi9(m3-O)8(m3-OR)6]

5+ (R = H, Et).[52]

The bismuth-rich silanolates reported here might be de-
scribed in terms of assemblies of the {Bi6} unit A. Thus, four
{Bi6} units (A) are observed in the structures of compounds
7 and 8, six in [Bi22O26(OSiMe2tBu)14] (9) (Figure 13), ten in
[Bi33NaO38(OSiMe3)24] (3) and 20 in [Bi50Na2O64(OH)2-
(OSiMe3)22] (4). The octahedral {Bi6} units of type A are as-
sembled through their Bi–Bi edges to give the final bismuth-

oxo cluster core. A correlation of the bismuth-oxo cluster
size with the number of units A is shown in Figure 14.

Building up an infinite structure based on the {Bi6} units
(A) results in an arrangement of bismuth atoms that is close
to an fcc structure. Similar structures have been described
for bismuth compounds such as tetragonal b-Bi2O3 and
cubic d-Bi2O3, both of which can be deduced from the CaF2
structure by assuming a defect oxygen sublattice. However,
in contrast to b-Bi2O3 and d-Bi2O3, in the bismuth-oxo clus-
ters 3, 4 and 6–9 all tetrahedral voids are occupied by
oxygen atoms and in the sodium-containing compounds
even some of the octahedral voids are occupied. It is likely
that similar “defects” will occur in the solid-state structures
of heterometallic bismuth compounds that are prepared
starting from sodium metalates. The electronic properties of
such “defect” compounds might be different from those of

Figure 13. View of the basic structural motif in [Bi22O26(OSiMe2tBu)14]
(9).[38] The octahedral {Bi6} units A are highlighted in red and blue.
Carbon atoms are omitted.

Figure 14. Correlation of the number of {Bi6} units A and the size of
metal-oxo clusters. The octahedral {Bi6} unit A is highlighted in red. In 3
and 4, there is partial substitution of bismuth atoms by sodium atoms; in
b-Bi2O3 and d-Bi2O3 only three-quarters of the tetrahedral voids of the
bismuth atom sublattice are occupied by oxygen atoms.
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the pure material. Recently, it was reported that the photo-
catalytic activity of monoclinic BiVO4 prepared from
sodium vanadate and bismuth nitrate depends on the syn-
thetic procedure used (wet chemical route vs solid-state re-
action).[53] It seems likely that different degrees of substitu-
tion of bismuth atoms by sodium atoms are responsible for
the changes in electronic properties rather than the synthetic
procedure used.
The most prominent BiOn coordination polyhedron ob-

served within the bismuth-oxo clusters is the BiO4X (X =

lone pair) pseudo-trigonal bipyramid with Bi�O bond
lengths in the range 2.0–2.5 =. Additional secondary Bi�O
bonds often complete the coordination sphere at the bis-
muth atom and cause deviations from the ideal polyhedron.
This bonding situation is closest to that found in b-Bi2O3. In
the latter, the bismuth atom shows pseudo-trigonal bipyra-
midal coordination with Bi�O bond lengths of 2.096(4),
2.128(7), 2.253(7) and 2.463(7) =.[12]

To the best of our knowledge, examples of a series of
structurally closely related compounds formed along the hy-
drolysis pathway of metal siloxides and even alkoxides are
rare. The most extensively studied compounds are those of
Group IV. Several titanium-oxo alkoxides have been fully
characterised,[54] in which the predominant coordination
number of the titanium atoms within the metal-oxo clusters
is six. The large oxygen atoms play a structure-directing
role. In contrast, the hydrolysis/condensation process of bis-
muth silanolates is controlled by the large bismuth atoms,
which leads to assembly in an fcc structure. The oxygen
atoms occupy the corresponding voids. The coordination ge-
ometries are predominantly pseudo-tetrahedral, pseudo-
trigonal bipyramidal and pseudo-octahedral, with additional
bismuth–oxygen distances being significantly less than the
sum of the van der Waals radii (rvdW(O) 1.50 =, rvdW(Bi)
2.40 =).[55] The lone pair on the bismuth atom causes strong
distortions from ideal coordination geometries.

Conclusion

We have shown herein that hydrolysis of bismuth silanolates
proceeds via polynuclear bismuth-oxo clusters. Eight bis-
muth-oxo silanolates of different sizes have been structurally
characterised, which might be regarded as molecular models
for the hydrolysis/condensation process of bismuth silano-
lates. The results are also likely to be of relevance to the
polycondensation of bismuth compounds in general. The
smallest molecule, [Bi4O2(OSiEt3)8] (5), contains four bis-
muth atoms, while the largest, [Bi50Na2O64(OH)2(OSiMe3)22]
(4), contains 50 bismuth atoms. The predominant structural
motif is the hexanuclear [Bi6O8]

2+ fragment, referred to as
{Bi6} unit A. The assembly of these octahedral {Bi6} units
(A) through their Bi–Bi edges results in a nearly fcc packing
of the bismuth atoms. The oxygen atoms mainly occupy the
tetrahedral voids to give a molecular structure that might be
regarded as a “cut-out” of the solid-state structure of b-
Bi2O3 with an excess of oxygen in the tetrahedral voids.

Hydrolysis of bismuth silanolates using an excess of water
gives [BinOx(OH)y(OSiR3)z]. Thermolysis of the latter has
been shown to yield bismuth silicates such as Bi12SiO20 and
Bi4Si3O12, and bismuth oxide (a-Bi2O3 and b-Bi2O3), depend-
ing on the substituent R and the reaction conditions. Char-
acterisation of the unprecedented [Bi33NaO38(OSiMe3)24] (3)
demonstrates that substitution of single bismuth atoms by
sodium atoms is possible. The general motif of the fcc pack-
ing of the metal atoms is only slightly disturbed, but the sub-
stitution results in a change in the number and the positions
of the oxygen atoms. It might be anticipated that in compar-
ison with the parent bismuth oxide the electronic structure
of such “defect” materials may be modified without an obvi-
ous change to the basic solid-state structure. This should be
considered when bismuth oxide-based materials are pre-
pared from sodium-containing precursors.
The control of the growth process of homo- and hetero-

metallic metal-oxo particles is still challenging. The results
presented here contribute to the fundamental understanding
of this process. It has been shown that partial hydrolysis of
bismuth silanolates offers a mild synthetic route to tailor-
made bismuth-oxo clusters with dimensions in the nanome-
ter range. In addition, the large bismuth-oxo clusters are
embedded in a silanolate matrix, which offers the possibility
of introducing further functionality at their periphery by ex-
change reactions with functionalised ligands.

Experimental Section

General procedures and instrumentation : All manipulations were per-
formed under inert conditions using the Schlenk technique and an argon
atmosphere. Solvents were distilled from appropriate drying agents prior
to use. Elemental analyses were performed on a LECO-CHN analyzer.
The DTA-TG measurements were performed at a heating rate of
6 8Cmin�1 to a maximum temperature of 750 8C in an atmosphere of
flowing argon using Al2O3 as a reference material. The residues were ex-
amined by powder X-ray diffraction using a Phillips PW1050/25 diffrac-
tometer. 1H and 29Si NMR spectra were recorded from samples in
[D8]toluene at 400.13 MHz and 59.6 MHz, respectively. Chemical shifts d
are given in ppm and were referenced against Me4Si. IR spectra were re-
corded from samples as Nujol mulls and absorption bands assigned to the
compounds in the range 400–1400 cm�1 are listed. Celite (Fluka) and
sodium silanolate (Aldrich) were dried in vacuo at 120 8C prior to use.
Bismuth trichloride (Lancaster) was heated at reflux in thionyl chloride,
washed with pentane and dried in vacuo. Triethylsilanol (ABCR) was
used as received. [Bi(OtBu)3],

[28] [Bi(OSiR3)3] (R = Me, Et, iPr),[35] and
[Bi22O26(OSiMe2tBu)14]

[38] were prepared according to literature proce-
dures.

Synthesis

Hydrolysis of bismuth silanolates [Bi(OSiR2R’)3] (R = R’ = Me, Et, iPr;
R = Me, R’ = tBu)—typical procedure : A solution of H2O in iPrOH
(12.3 mL, c = 5.55 molL�1) was slowly added to a solution of [Bi-
(OSiMe3)3] (1.62 g, 3.40 mmol) in benzene (5 mL). The resulting suspen-
sion was stirred at room temperature for 20 min and then the solvent was
evaporated in vacuo at 30 8C to leave an amorphous residue. The IR
spectrum of the residue was indicative of partial hydrolysis. Thermolysis
was carried out at a heating rate of 6 8Cmin�1 to a maximum temperature
of 750 8C in an atmosphere of flowing argon. The residue was analysed
by powder X-ray diffraction and the carbon content was determined. [Bi-
(OSiMe3)3] gave a mixture of Bi12SiO20 (JCPDS No. 80-0627) and some
Bi4Si3O12 (JCPDS No. 76-1726). [Bi(OSiEt3)3], [Bi(OSiiPr3)3] and [Bi(O-
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SiMe2tBu)3] gave Bi12SiO20. Heat treatment of the hydrolysis product of
[Bi(OSiEt3)3] at 150 8C in vacuo for 4 h prior to thermolysis gave a-Bi2O3
(JCPDS No. 71-2274) as the final material after calcination at 750 8C. The
carbon content was below the detection limit for all samples.

Synthesis of [Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38(OSiMe3)24]·3C7H8

(3·3C7H8) and [Bi50Na2O64(OH)2(OSiMe3)22]·2C7H8·2H2O
(4·2C7H8·2H2O): In an attempt to prepare [Bi(OSiMe3)3] by a metathesis
reaction, single crystals of the heterobimetallic compounds [Bi2Na4O-
(OSiMe3)8] (1),

[40] [Bi18Na4O20(OSiMe3)18] (2), [Bi33NaO38(OSiMe3)24] (3)
and [Bi50Na2O64(OH)2(OSiMe3)22] (4) were obtained. These have been
characterised by single-crystal X-ray diffraction analysis. NaOSiMe3
(12.01 g, 107.1 mmol) was added in small portions to a suspension of
BiCl3 (11.26 g, 35.7 mmol) in THF (80 mL) at room temperature. The
suspension turned yellow upon stirring at room temperature overnight.
The THF was removed in vacuo and the solid residue was suspended in
toluene (100 mL). The solid material was removed by centrifugation
under inert conditions. The 29Si NMR spectrum of the remaining crude
reaction mixture in toluene (D2O capillary) showed only one signal at d
= 7.4 ppm, attributable to Me3SiOSiMe3. The solution was concentrated
to a volume of approximately 25 mL and benzene (25 mL) was added.
After several days at 4 8C, single crystals were obtained, which by visual
inspection under a microscope appeared to be a mixture. The presence of
three different crystalline compounds was confirmed by single-crystal X-
ray diffraction analysis: [Bi2Na4O(OSiMe3)8] (1),[40] [Bi18Na4O20-
(OSiMe3)18] (2) and [Bi33NaO38(OSiMe3)24]·3C7H8 (3·3C7H8). A mixture
of single crystals of [Bi2Na4O(OSiMe3)8] (1) and [Bi50Na2O64(OH)2-
(OSiMe3)22]·2C7H8·2H2O (4·2C7H8·2H2O) was obtained from a similar
experiment after the solution had been kept for several months at 4 8C.
The heterometallic bismuth-oxo silanolates are extremely moisture-sensi-
tive and were mounted on the diffractometer by the oil-drop technique
immediately after removal from the crystallisation vessel.

Synthesis of [Bi4O2(OSiEt3)8] (5): A solution of Et3SiOH (8.30 g,
63 mmol) in toluene (50 mL) was added dropwise to a solution of [Bi-
(OtBu)3] (9.00 g, 21 mmol) in toluene (70 mL) at room temperature. The
cloudy solution was filtered through Celite and all volatiles were re-
moved in vacuo at 40 8C to give liquid [Bi(OSiEt3)3] (11.98 g, 95%). The
bismuth silanolate was dissolved in toluene and the solution was exposed
to air moisture for 5 min. The solvent was partially removed in vacuo to
give a concentrated solution. Crystallisation at 4 8C gave colourless crys-
tals (1.52 g, 15%) of [Bi4O2(OSiEt3)8] (5) with a melting point of 76 8C.
After the crystals had been isolated, a second crop of single crystals was
observed. Alternatively, single crystals were obtained upon slow evapora-
tion of the solvent. 1H NMR (C7D8): d = 0.69 (q, J = 7.8 Hz, 2H; CH2),
1.09 ppm (t, J = 7.8 Hz, 3H; CH3); IR (Nujol): ñ = 1414 (w), 1237 (w),
1015 (m), 974 (w), 954 (vw), 878 (s), 846 (w), 828 (w), 736 (s), 550 cm�1

(m); elemental analysis calcd (%) for C48H120Bi4O10Si8 (5)
(1918.1 gmol�1): C 30.1, H 6.3; found: C 29.4, H 6.1.

Synthesis of [Bi9O7(OSiMe3)13]·0.5C7H8 (6·0.5C7H8): The bismuth silano-
late [Bi(OSiMe3)3] (230 mg, 0.48 mmol) was dissolved in toluene
(10 mL). The solution was exposed to air moisture for 5 min and the sol-
vent was almost completely removed. Crystallisation at 4 8C quantitative-
ly afforded colourless single crystals of [Bi9O7(OSiMe3)13]·0.5C7H8
(6·0.5C7H8) with m.p. 210 8C (decomp) for a dried sample. IR (Nujol): ñ
= 1403 (w), 1294 (w), 1258 (m), 1245 (m), 1155 (w), 934 (s), 909 (s), 832
(s), 723 (w), 676 (w), 501 cm�1 (m); elemental analysis calcd (%) for
C39H117Bi9O20Si13 (6) (3152.3 gmol

�1): C 14.9, H 3.7; found: C 14.9, H 3.8.

Synthesis of [Bi18O18(OSiMe3)18]·2C7H8 (7·2C7H8) and [Bi20O18-
(OSiMe3)24]·3C7H8 (8·3C7H8): Freshly prepared [Bi(OSiMe3)3] (15.63 g,
32.9 mmol) was suspended in toluene (15 mL) and the solid was removed
by centrifugation under inert conditions. The solution was exposed to air
moisture for 5 min. Crystallisation at �20 8C gave colourless single crys-
tals of [Bi20O18(OSiMe3)24]·3C7H8 (8·3C7H8), which were isolated and
dried in vacuo (1.21 g, 11%); m.p. 211 8C (decomp). After the toluene
solvate 8·3C7H8 had been isolated, a second crop of single crystals was
obtained at 4 8C. Single-crystal X-ray diffraction analyses of this second
crop showed it to consist of a mixture of 8·3C7H8 and 7·2C7H8. The su-
pernatant solution was removed to leave a suspension of single crystals.
After several weeks, single-crystal X-ray diffraction analysis of eight crys-

tals was indicative of a pure fraction of 7·2C7H8, which was isolated and
dried in vacuo (0.81 g, 8%); m.p. 204 8C (decomp).

Compound 7: IR (Nujol): ñ = 1453 (sh), 1408 (w), 1360 (sh), 1333 (w),
1301 (w), 1257 (m), 1244 (m), 954 (m), 909 (s), 831 (s), 742 (m), 620 (w),
564 (m, br), 540 (m), 498 (w), 478 (w), 464 (w), 427 (m), 405 cm�1 (br s);
elemental analysis calcd (%) for C54H162Bi18O36Si18 (5655.1 gmol

�1): C
11.5, H 2.9; found: C 11.4, H 2.8.

Compound 8 : IR (Nujol): ñ = 1362 (w), 1343 (w), 1293 (m), 1258 (s),
1245 (s), 956 (s), 913 (s, br), 830 (s), 742 (s), 676 (m), 620 (w), 599 (sh),
570 (s), 536 (s), 496 cm�1 (m); elemental analysis calcd (%) for
C72H216Bi20O42Si24 (6729.3 gmol

�1): C 13.1, H 3.3; found: C 14.0, H 3.3.

Structure determination : Intensity data for the colourless crystals were
collected on a Nonius KappaCCD diffractometer with graphite-mono-
chromated MoKa radiation. The structures were solved by direct methods
using SHELXS97[56] and successive difference Fourier syntheses. Refine-
ment was carried out by full-matrix least-squares methods using
SHELXL97.[57] An absorption correction was applied with a multiscan
method using SCALEPACK.[58] The figures were created with
SHELXTL[59] and DIAMOND (release 2.1e, 2001). Selected crystallo-
graphic data are presented in Tables 1 and 2. Further details on the data
collection and refinement are given in the Supporting Information.

CCDC-278713 (2), -278707 (3·3C7H8), -278712 (4·2C7H8·2H2O), -278711
(5), -278710 (6·0.5C7H8), -278709 (7·2C7H8) and -278708 (8·3C7H8) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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