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Foreword

In 1995 the Deutsche Forschungsgemeinschaft (DFG) started a focussed 
research program entitled “Specific Phenomena in Silicon Chemistry: New 
Experimental and Theoretical Approaches for the Controlled Formation and 
Better Understanding of Multidimensional Systems”. The Austrian Fonds zur 
Förderung der wissenschaftlichen Forschung (FWF) established in 1996 a 
parallel funding program on silicon chemistry (“Novel Approaches to the 
Formation and Reactivity of Silicon Compounds”) to improve collaboration 
between scientists from both countries. Both programs ended in 2002; 33 
research groups in Germany and 6 research groups in Austria participated in 
the focussed programs during the years. 

The intention of this book is twofold. First, an overview on the scientific 
results of the bi-national program is presented. However, the authors of the 
individual chapters were asked not to go into too much detail, but rather to 
embed their results in a broader perspective. For the latter reason, two 
“external” scientists, who had given invited talks at the final bi-national 
symposium on silicon chemistry in Werfenweng/Austria in 2002, were asked to 
contribute to this book. Thus, a book on topical developments in silicon 
chemistry came into being. 

More so than for any other element, the development of two- or three-
dimensional extended structures from molecular or oligomeric units can be 
studied (“bottom-up” syntheses) for silicon-based compounds. This aspect of 
silicon chemistry turned out to be a central topic of both focussed programs 
during the years. The book is thus organized in three sections. The first section 
deals with reactive molecular precursors and intermediates in silicon chemistry. 
Mastering their synthesis, understanding their molecular and electronic 
structures, and being able to influence their reactivity (including their kinetic 
stabilization) is essential for using them as building blocks for extended 
structures. In the second and third sections, the way from molecular building 
blocks via oligomeric compounds to extended networks is shown for several 
systems based on Si-O and Si-Si bonds. 

The authors of the book thank the Deutsche Forschungsgemeinschaft and 
the Fonds zur Förderung der wissenschaftlichen Forschung for funding 
research in an exciting and topical area for many years. 

Peter Jutzi, Ulrich Schubert 
Editors
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Part I 

Reactive Intermediates in Silicon Chemistry 

– Synthesis, Characterization, and Kinetic Stabilization 

A detailed knowledge about important highly reactive intermediates is the key 

for a better understanding of fundamental mechanisms and for the optimization 

of established synthetic procedures; furthermore, it is regarded as a chance to 

develop synthetic strategies for novel molecules. Part 1 of the present book 

details recent results concerning the synthesis and characterization of the 

following short-lived silicon-containing species:

 Si (atom) Si2 SiH2 SiH3

 Si2H2 Si2H4 Si4H6 H2SiCH2

 (SiO)1,2,3 (SiO2)1,2 Si2N SiHxOy

 RR'Si RR'SiO2 F2SiS

For the synthesis and characterization of transient species, rather sophisticated 

techniques have to be applied. These include high-temperature synthesis by 

element vaporization, vacuum thermolysis of precursor molecules, photolysis 

of matrix–entrapped precursor molecules, matrix isolation and spectroscopy 

(UV/Vis, IR, Raman), dilute gas-phase spectroscopy (including millimeter 

wave, microwave, high-resolution FTIR, IR spectroscopy), and gas-phase 

kinetics. The introduction of bulky substituents R instead of hydrogen atoms is 

the basis for the kinetic stabilization of highly reactive molecules; this strategy 

has been applied for the stabilization of the species SiH2, Si2H2, Si2H4, and 

Si4H6.

Elemental silicon plays a very important role in solid-state physics 

(microelectronics, photovoltaic solar cells, etc.) as well as in inorganic and 

organic silicon chemistry (Müller–Rochow process, etc.). As expected, the 

reactivity of silicon depends drastically on the particle size (lump silicon < 

powder < nanoparticles (clusters) < atoms). In this context, fundamental silicon 

chemistry can be learned from the properties of silicon atoms. In Chapter 1, G. 

Maier et al. describe studies with thermally generated silicon atoms, which 

have been reacted in an argon matrix with the reactants SiH4, CH4, and O2.

Based on a combination of experimental and theoretical findings, the 

mechanisms of these reactions are discussed. In the reactions with SiH4 and 

CH4, the highly reactive double–bond species H2Si=SiH2 (disilene) and 

H2Si=CH2 (silaethene), respectively, are the final products. The reaction with 

O2 mainly leads to SiO (the most abundant silicon oxide in the universe!) and 

to small amounts of SiO2.

Silicon Chemistry.     Edited by Peter Jutzi and Ulrich Schubert
Copyright © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3527-30647-3
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More about the matrix chemistry of SiO is reported by H. Schnöckel and R. 

Köppe in Chapter 2. Condensation of SiO prepared by high-temperature 

reaction of Si and O2 gives rise to the formation of oligomers (SiO)n with n = 

2,3,4. In the reaction of SiO with metal atoms, species of the type MSiO with 

M = Ag, Au, Pd, Al, Na are formed. Reactions with oxidizing agents yield 

monomeric species OSiX (X = O,S) and OSiX2 (X = F, Cl). The synthesis of a 

dimeric SiO2 molecule (SiO2)2 allows speculation about a possible formation of 

fibrous (SiO2)n. All presented structures have been deduced from spectroscopic 

data (IR, Raman) and from quantum chemical calculations. 

Several highly important technical applications need elemental silicon in the 

form of thin films (microelectronics, photovoltaic solar cells, digital data 

storage and display devices, photocopy systems, X-ray mirrors). The preferred 

fabrication process for such thin films is deposition from the gas phase by 

physical vapor deposition (PVD) or chemical vapor deposition (CVD). Details 

of thin–film formation by PVD or CVD on the atomic or molecular scale are 

still scarce, due to the high reactivity, short lifetime, and low concentration of 

relevant gas–phase species, but would be very helpful to refine the processes 

and to regulate the film properties. In Chapter 3, H. Stafast et al. report on 

diagnostic methods, which allow the in situ characterization of gas–phase

species such as Si, Si2, SiH2, and Si2N during a-Si (amorphous silicon) thin–

film deposition by PVD (thermal evaporation of Si) and by CVD (SiH4

pyrolysis) and the measurement of mechanical stress in growing a-Si (during 

plasma CVD of SiH4) thin films. Besides elemental silicon, silicon dioxide also 

finds many technical applications in the form of thin films due to the dielectric 

properties of this material. Thin SiO2 layers are prepared by low–pressure 

oxidation of SiH4 or Si2H6 with molecular oxygen in CVD processes. The most 

important step in the reaction manifold is the oxidation of SiH3 radicals. This 

reaction has been investigated in detail by F. Temps et al. and this work is 

described in Chapter 4. In fast radical-radical reactions, several SiHxOy

intermediates are formed, which show diverse consecutive reaction steps. The 

experimental results are supported by ab initio quantum chemical calculations. 

Silylene SiH2 and its derivatives SiR2 with less bulky substituents R constitute 

another class of highly reactive silicon compounds. They play an important role 

as intermediates in several areas of silicon chemistry. In Chapter 5, W. Sander 

et al. report on the oxidation of silylenes SiRR' (RR' = F, Cl, CH3 and R = 

CH3,R' = Ph) with molecular oxygen, as studied by matrix–isolation 

spectroscopy. Dioxasiliranes were obtained as the first isolable products, 

whereas silanone O-oxides were most likely non-observable intermediates. In 

combination with DFT or ab initio calculations, IR spectroscopy once again 

proved to be a powerful tool to reliably identify reactive molecules. 

Following the classical “double bond rule”, compounds such as H2Si=SiH2,

H2Si=CH2, and HSi SiH (disilyne) with multiple bonding to silicon are too 
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reactive to be isolated under ordinary conditions and thus are predestined for 

investigations by more sophisticated methods (matrix experiments, dilute gas–

phase studies). Interestingly, such studies have shown that the ground-state 

structures of these molecules differ to some extent from those found in the 

analogous carbon compounds. Explanations are given in the contributions of H. 

Beckers (Chapter 6), N. Wiberg (Chapter 7), and M. Weidenbruch (Chapter 8). 

The report of H. Beckers deals with the synthesis and characterization of the 

short-lived species F2Si=S and H2Si=CH2, which were obtained by coupling 

flash vacuum thermolysis (FVT) with matrix IR spectroscopy or with real-time 

high-resolution gas–phase spectroscopy. 

The concept of “kinetic stabilization” has been applied very successfully to the 

class of compounds incorporating double or even triple bonds to silicon. The 

last two contributions deal with some recent highlights in this field. In Chapter 

7, N. Wiberg reports on the introduction of very bulky silyl substituents R such 

as SitBu3, SiH(SitBu3)2, and SiMe(SitBu3)2, which allow the synthesis of stable 

disilenes RR'Si=SiRR'. Elimination reactions possibly lead to the novel triply-

bonded species RSi SiR, the final goal in the field of kinetic stabilization. In 

Chapter 8, M. Weidenbruch reports on the synthesis and characterization of a 

tetrasilabuta-1,3-diene containing two neighboring Si=Si double bonds (and 

also on the first tetragermabuta-1,3-dienes). Kinetic stabilization could be 

realized with the help of bulky 2,4,6-(triisopropyl)phenyl substituents. Several 

types of addition reactions are described, some of which lead to compounds 

with isolated Si=Si double bonds. Finally, novel types of conjugated 

compounds are presented, formed by the reaction of hexa-tert-butyl-

cyclotrisilane with di- and polyynes. 

Peter Jutzi, Ulrich Schubert 



1 Investigations on the Reactivity of Atomic Silicon: A 

Playground for Matrix Isolation Spectroscopy

G. Maier, H. P. Reisenauer, H. Egenolf, and J. Glatthaar

1.1 Introduction 

During the past five years, we have studied the reactions of thermally generated 

silicon atoms with low molecular weight reactants in an argon matrix. The 

reaction products were identified by means of IR and UV/Vis spectroscopy, 

aided by comparison with calculated spectra. The method turned out to be very 

versatile and successful. The reactions that we have carried out to date cover a 

wide range of substrate molecules (Scheme 1.1).[1]

CH3 OH

CH3 Cl

NH3

CH2 O

CH3 O CH3

 SYSTEMS  SYSTEMS

( + n) SYSTEMS( + n) SYSTEMS

H2

 H2O

SiH4
HC CH

CH2

H3C Br

Si ..
..

H2C=CH CH=CH2

N N

HC CH

H2C CH2
CH4

O O

NHC

Scheme 1.1. Reactions of silicon atoms with different substrate molecules. 

In order to get an idea about the potential of silicon atoms, we selected 

examples which belong to four different groups, namely ( ) systems, (  + n) 

systems, (  + n) systems, and pure ( ) systems. These reactions can be 

 Address of the authors: Institut für Organische Chemie der Justus-Liebig-
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understood considering the basic features of atomic silicon. First, it has a triplet 

ground state. A diradical type of reaction can thus be anticipated. According to 

the law of spin conservation, the primary reaction product should be a triplet 

molecule. Second, the silicon atom has an empty 3p orbital. As a consequence, 

a strong electrophilic behavior can be expected.

 The matrix study of silicon atoms is not merely an academic exercise, but 

also has practical relevance. This will be demonstrated by the selection of 

oxygen, silane, and methane as reaction partners (enframed in Scheme 1.1). 

 There are reports that porous silicon can be a dangerous material in the 

presence of oxygen[2] or even nitrogen,[3] depending on the grain size. Lump 

silicon is at one end of the scale, silicon atoms represent the other extreme. 

Silicon powder lies in between. Thus, the properties of silicon atoms can tell us 

something about the chemical behavior of “activated” silicon. Another example 

concerns simple silicon hydrides, which play an important role in silicon 

chemical deposition (CVD) processes, which are of significance to the 

semiconductor industry. Again, detailed study on the reaction of silicon atoms 

with silane will help to understand the mechanisms of these reactions. Last but 

not least, knowledge about the reaction pattern of atomic silicon in the presence 

of compounds such as chloromethane, methanol, or dimethyl ether can help us 

to understand the detailed features of the “direct process” (Müller–Rochow 

synthesis).

1.2 Matrix Isolation Spectroscopy 

Matrix isolation is a very suitable technique for the synthesis and detection of 

highly reactive molecules. This method allows spectroscopic studies of the 

target species with routine spectroscopic instrumentation (IR, UV, ESR) 

without having to use fast, time-resolved methods. The reactive species are 

prevented from undergoing any chemical reaction by embedding them in a 

solid, provided that three conditions are fulfilled: (a) the solid has to be 

chemically inert, (b) isolation of the single molecules must be achieved by 

choosing concentrations which are sufficiently low, and (c) diffusion in the 

solid has to be suppressed by applying low temperatures during the 

experiments. In this way the kinetic instability inherent to the isolated 

molecules is counteracted. 

 In general, there are two possible means of creating a solid with the desired 

properties, the so-called matrix. The molecules of interest can be generated 

from suitable precursors by reactions in the gas phase. The routine method is 

the high-vacuum flash pyrolysis of thermally labile compounds followed by 

direct condensation of the reaction products and co-deposition with an excess 

of host material on the cold matrix holder. The second way is to produce the 
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reactive species in situ by photolysis of the entrapped precursor molecules in 

the matrix material. Other procedures are also known. One such special case is 

presented in this article (see below).

 For full information on the development of matrix isolation methods and 

their application, the reader is referred to several monographs.[4]

 The properties of the matrix material determine the spectroscopic methods 

that can be applied. The use of solid rare gases like argon and xenon or solid 

nitrogen is well established, since they are optically transparent in the 

commonly observed spectral ranges. The fact that there is nearly no interaction 

between the host lattice and the enclosed guest species and that the rotational 

movements are frozen has an important effect on the IR spectra; under ideal 

conditions the recorded infrared spectra are reduced to spectra consisting of 

very narrow lines (< l cm–1). Each of them originates from the respective 

vibrational transition. UV/Vis spectra are also obtained easily and are likewise 

useful for the structural elucidation of unknown species. What is even more 

important is the fact that the UV absorptions allow the selection of the 

appropriate wavelengths for the induction of photochemical reactions, which 

under matrix conditions are often reversible. 

1.3 Computational Methods 

An important breakthrough in the development of matrix isolation was the 

construction of suitable cryostats, which goes back to the 1970s. A similar 

push, which, during the last few years, has opened a new dimension for the 

structure determination of matrix-isolated species, has come from theory. 

Quantum chemical computations of energies, molecular structure, and 

molecular spectra are nowadays no longer a task reserved to few specialists. 

The available programs, for instance the Gaussian package of programs,[5] have 

reached the degree of convenience and ease of application that nearly anyone 

can formulate the needed input data to obtain reliable information about the 

energy, electronic structure, geometry, and spectroscopic properties of the 

species of interest. 

 In our own experience, density functional calculations (B3LYP-DFT 

functional) are very well suited for a reliable prediction of vibrational spectra. 

TD (time dependent) calculations even give surprisingly good results for 

electronic transitions. 
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1.4 Identification of Matrix-Isolated Species 

Comparison of the calculated and experimental vibrational spectra is in most 

cases (at least for molecules of moderate size) sufficient to identify an 

unknown molecule unequivocally. Examples are given below.

 Special techniques can be applied if additional information is needed for the 

structural elucidation of the entrapped molecules (our study of the reactions of 

silicon atoms with nitrogen[1h] sets some shining examples in this respect). 

Since the matrix-isolated species are too reactive to be handled under standard 

conditions and therefore cannot be identified by routine methods, the structure 

determination has to rely exclusively on the matrix spectra. Sometimes, if a 

species can be reversibly photoisomerized upon matrix irradiation, the 

unchanged elemental composition provides valuable information. The 

advantages of IR compared with UV/Vis spectra are obvious: a) Calculated IR 

spectra are of high accuracy. b) FT-IR instruments allow the generation of 

difference spectra by subtraction of the measured spectra. In other words, if one 

of the matrix-isolated components is specifically isomerized to a new 

compound upon irradiation, one can eliminate all the bands of the photostable 

molecules. By these means it is possible to extract exclusively and separately 

the absorptions of the diminishing photolabile educt molecule and the newly 

formed photoproduct. c) If a compound has only a few (sometimes only one) 

observable IR bands, it may be dangerous to depend solely on the comparison 

of experimental and calculated spectra. In these cases isotopic labeling will 

help. Isotopic shifts of the IR absorptions are dependent on the structure, and 

on the other hand can be calculated with utmost precision. 

1.5 Experimental Procedure 

For matrix-isolation studies there is a minimum of necessary equipment. The 

essentials include: a) a refrigeration system (cryostat), b) a sample holder, c) a 

vacuum chamber (shroud) to enclose the sample, d) means of measuring and 

controlling the sample temperature, e) a vacuum-pumping system, f) a gas-

handling system, g) devices for generating the species of interest, h) 

spectrometers for analysis of the matrices. 

 The generation of the species discussed in this article is different from the 

two classical methods mentioned above: Solid silicon is vaporized and the 

extremely reactive silicon atoms create the envisaged molecules in the moment 

of co-deposition by reaction with the selected partner (such as oxygen, silane, 

or methane) on the surface of the cold matrix holder. The products remain 
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isolated in the argon matrix and can then be studied spectroscopically or 

transformed into other species upon irradiation. 

 Nowadays, the standard cryostats are closed-cycle helium refrigerators. 

They are commercially available. We use either the “Displex Closed-Cycle 

System CSA” from Air Products or the “Closed-Cycle Compressor Unit RW 2 

with Coldhead Base Unit 210 and Extension Module ROK” from Leybold. 

These systems can run for thousands of hours with minimal maintenance. The 

sample holder can be cooled to temperatures from room temperature to about 

10 K. A typical example of a closed-cycle helium matrix apparatus is shown in 

Figure 1.1. 

Cooled
spectroscopic
window

Outer
spectroscopic
window

Matrix
gas inlet

Rotatable seals

Helium
pressure
connections

Port to turbo-
molecular pump

Photolysis
window

Oven

Spectroscopic
window

Spectroscopic
window

Figure 1.1. Closed-cycle helium cryostat. 

1.6 Generation of Silicon Atoms 

A critical point in the work presented in this communication was the generation 

of a steady stream of silicon atoms which have to be condensed together with 

the substrate molecule and an excess of matrix material onto the cooled 

window. In our early experiments, silicon was vaporized from a tantalum 

Knudsen cell (Figure 1.2, Type A) or a boron nitride crucible which was 

surrounded by an aluminum oxide tube. The oven was resistively heated to 

temperatures of 1490–1550 °C by means of a tungsten wire wound around the 

alumina tube (Figure 1.2, Type B). In later runs, a rod of dimensions 0.7·2·22 
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mm was cut out from a highly doped silicon wafer and heated resistively by 

using an electric current of 10 A at a potential of 10 V (Figure 1.2, Type C). 

Under these conditions, the surface temperature amounted to 1350–1380 °C.

��
��

�����
������

�

�
�
�

�

��
����

��

��
��
��
��

�����

�����

Si ..

� �����

90 mm 

H2O

H2O

H2O

H2O

H2O

H2O

Adapter flange Vacuum casing,

water-cooled

Copper electrodes,
water-cooled

Radiation shields

..

A: B: C:

Knudsen cell; Boron nitride crucible;
aluminum oxide tube;

Rod (0.7 x 2  x 22 mm)
of doped silicon wafer;

ca. 2 V, 200 A 1490 - 1550 °C
ca.10 V, 10 A; 1350 - 1380 °C

°
°°°°°°°°

°°°°°°°°

tantalum;

Figure 1.2. Oven for the evaporation of silicon. 

 The produced silicon atoms were quantified by applying a quartz crystal 

microbalance incorporated into the cryogenic sample holder. The amount of 

substrate molecules was determined by measuring the pressure decrease in the 

storage flask containing a gas mixture of argon and substrate. Annealing 

experiments, which allow a reaction between the isolated species by softening 

of the matrix, can be carried out by warm-up of the matrix to 27–38 K. 

 The construction of an oven for the evaporation of silicon on a larger scale 

turned out to be difficult, but quite recently we also found a solution for this 

technical problem. 

1.7 Reactions of Silicon Atoms with Oxygen 

The system Si/SiO2 is very important for technical applications. Hence, it is no 

surprise that many studies have been carried out on low molecular weight 

silicon oxide and that much effort has been focussed on these intermediates on 

their way from molecule to solid. 
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(SiO)2

+  O
OSiO  

(SiO2)n

SiO(SiO)n

(SiO2 / Si)n(Si)n

O2

or

(SiO)3+

 Schnöckel [6] has shown that co-condensation of gaseous SiO, which can be 

prepared by thermal depolymerization of solid (SiO)n, and oxygen atoms, 

generated by a microwave discharge, yields molecular SiO2. Not only 

molecular SiO, but also its oligomers (SiO)2 and (SiO)3 are well-known 

species.[7] They can be obtained upon heating solid quartz or a mixture of 

quartz and bulk silicon,[7] or when molecular oxygen is passed over heated 

silicon.[8] 

SiO

SiO2 O3

1500           1400            1300             1200           1100            1000
                                       Wavenumber / cm
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0.1

0.0
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b
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o
rb

a
n
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e

1
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Figure 1.3. IR spectrum after co-condensation of silicon atoms and oxygen in 

argon (1:500). 

 Surprisingly, there was no known study of the reactions of silicon atoms 

with oxygen when we began an experimental and theoretical investigation of 

the SiO2 energy hypersurface. In the meantime Roy et al.[9] carried out such 

experiments in connection with a search for silicon trioxide SiO3.

 As expected, the global minimum within the series of SiO2 isomers is the 

linear OSiO molecule. The reaction of the components 3Si and O2 to give OSiO 

1 is highly exothermic ( E = 153.2 kcal mol–1). Astonishingly, even the 

splitting of molecular oxygen into two atoms and recombination of one of them 

with a silicon atom under formation of SiO 3 is exothermic ( E = 61.3 kcal 

mol–1). So one can expect not only OSiO but also SiO upon reaction of silicon 

atoms with oxygen. 
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Scheme 1.2. Calculated energies and geometries of SiO2 species (B3LYP/6-

311+G**, zero-point energies included). 

 The calculations are in agreement with experiment (Figure 1.3). Co-

deposition of silicon atoms and molecular oxygen in argon at 10 K mainly 

leads to SiO 3. In addition, a small amount of SiO2 1 is formed. Traces of O3

can be explained as the result of the capture of O atoms by O2. The higher 

aggregates of SiO, namely Si2O2 and Si3O3, can also be detected (beyond the 

scale of Figure 3), especially after annealing of the matrix. The main products 

after warm-up to 30 K are OSiO 1 and O3.

O Si
O2 2 O2

Si

.
. .

.
O OSi + O3

1 3

 As far as the mechanism of the oxidation of silicon (yielding SiO 3 and 

OSiO 1) is concerned it can be assumed that the first reaction product is triplet 

peroxide 5, which either splits off an oxygen atom – even at 10 K – under 

formation of SiO 3 or forms singlet peroxide 4. Silicon dioxide OSiO 1 can
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result from 4 via the cyclic peroxide 2, in which the O,O bond should be 

broken very easily, but it is also possible that SiO 3 recaptures an oxygen atom. 

 For comparison, we also calculated the CO2 energy hypersurface. The 

replacement of a silicon by a carbon atom leads to a very similar situation, 

although the energy differences are much greater in the case of carbon. The 

reaction of a carbon atom with molecular oxygen forming OCO 6, the global 

minimum, is strongly exothermic ( E = 258.1 kcal mol–1). Again, the formal 

splitting of molecular oxygen into two O atoms and addition of one of them to 

a C atom is also exothermic ( E = 131.8 kcal mol–1).

3O + C O

1C O

O

OO

C

C v

D v
0.0

50.0

100.0

150.0

200.0

250.0

E / kcal mol-1
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71.4

0.0

OO C 6

7

8

9

3C + O2

170.0

C2v

Cs

150.6

1.150

1.362

1.128

71.4
1.321

1.542

1.161

Scheme 1.3. Calculated energies and geometries of CO2 species (B3LYP/6-

311+G**, zero-point energies included). 

 It is trivial that CO2 6 and CO 8 are the combustion products of carbon. 

Nevertheless, there is a chance that other isomers of 6, namely the cyclic form 

7 and the singlet peroxide 9 might be detected in the reaction of atomic carbon 

with oxygen. Like the silicon analogues 2 and 4, both are still unknown. 

Perhaps they are intermediates in the addition of oxygen to the carbon atom 

under formation of OCO 6. The mechanistic implication would be similar to 

the silicon series. According to calculations the triplet peroxide 3COO is not a 

minimum on the energy hypersurface. 
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1.8 Reactions of Silicon Atoms with Silane and Methane 

A detailed study on the reaction of silicon atoms with silane will not only give 

us more insight into silicon CVD processes. Another appeal stems from the fact 

that starting with the first isolation of a disilene by West et al.[10] a new chapter 

in silicon chemistry was opened, yet the isolation and identification of the 

parent disilene was still missing. Last but not least, silicon hydrides are 

excellent target molecules to demonstrate the unique bonding characteristics of 

silicon compared to carbon, resulting very often in surprising “bridged” 

structures. These fascinating aspects explain the numerous experimental and 

theoretical studies covering silicon hydrides SiHn and Si2Hn.

 On the other hand, a study of methane would also have scientific and 

practical relevance. It can be shown by calculation that methane 18 and silane 

14 behave quite differently when attacked by a silicon atom (Figure 1.4). If a 

silicon atom in its triplet ground state approaches methane, the energy is 

continuously raised. There is no indication of any bonding interaction. On the 

contrary, the reaction coordinate for the approach between a 3Si atom and 

silane descends steadily until the formation of a complex between the two 

partners is reached. 
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Figure 1.4. Calculated changes of the potential energy during the approach of a 
3Si atom to a methane (upper curve) or a silane molecule (lower curve); 

UB3LYP/6-311+G**; full optimization at each step. 
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 For the structural identification of the expected species it was again 

necessary to obtain the calculated vibrational spectra. To get an overview of the 

Si2H4 potential energy surface, several stationary points, together with the 

corresponding vibrational spectra, were calculated. Scheme 1.4 shows the 

calculated relative energies of some relevant minima. 

 The global minimum is disilene 10. The trans-bent geometry was suggested 

some twenty years ago.[11] The stabilization energy compared with the two 

components triplet silicon atom and silane 14 is 43.2 kcal mol–1. Besides 10,

silylsilylene 11 should also be formed in an exothermic reaction from 3Si atoms 

and 14. On the triplet energy hypersurface, the starting components form, 

without an activation barrier, a loose complex 13. Its stabilization energy 

amounts to 5 kcal mol–1. In a subsequent step the primary complex 13 can be 

transformed into triplet silylsilylene 12, followed by intersystem crossing to 

singlet silylsilylene 11 (T/S gap 14.1 kcal mol–1). On the singlet energy hyper-

surface, isomerization of silylsilylene 11 to the thermodynamically more stable 

( E = 5.7 kcal mol–1) disilene 10 then takes place. 
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Scheme 1.4. Calculated energies and geometries of some Si2H4 species 

(B3LYP/6-311+G**, zero-point energies included). 



1 Investigations on the Reactivity of Atomic Silicon: A Playground for Matrix ...             15

Si

H

H

H
H

Si H Si

H

H
H

H

Si Si

H

H
H

H

Si Si

H

H
H

Si Si

H

HH

H

Si

..
3 3

T

Ar, 10 K

T

Ar, 10 K

T

Ar, 10 K

14 13 12

..

T, Ar 10 K

1110

h ,  > 570 nm

h ,  = 334 nm

+. .
..

 The analysis of the spectra shows that the reaction of silicon atoms with 

silane 14 leads to a mixture of silylsilylene 11 and disilene 10. Upon irradiation 

of the matrix at long wavelengths (  > 570 nm), 11 is isomerized to 10. The 

backreaction can be induced by using shorter wavelengths. With  = 334 nm, 

disilene 10 regenerates silylsilylene 11.

 Through a combination of the experimental and theoretical findings the 

mechanism of the reaction of 3Si atoms with silane 14 can be summarized as 

follows. Via the triplet complex 13 triplet silylsilylene 12 is formed. Both are 

too short-lived to be detected. Intersystem crossing gives singlet silylsilylene 

11. The reaction leading to 11 releases enough energy to surpass the barriers on 

the pathway from 11 to 10, even at 10 K. 

 Applying our standard procedure, we condensed methane 18 as a gaseous 

mixture with argon onto a spectroscopic window at 10 K. In all cases only the 

IR spectrum of the starting material could be registered. There was not even an 

indication for the existence of a complex 19 between methane 18 and a silicon 

atom. This was the first time that a substrate molecule had not reacted with 

silicon atoms in our experiments. This observation suggests that mineral oil 

may be a suitable medium to protect “activated” silicon from unforeseeable 

reactions with oxygen or nitrogen. 
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Scheme 1.5. Calculated energies and geometries of some CSiH4 species 

(B3LYP/6-311+G**, zero-point energies included). 

 If one considers how a reaction can be enforced in such a case, one has to 

keep in mind that the silicon atom in the gas phase shows a weak UV transition 

at 220 nm and another, strong absorption at 251 nm. This suggests that 

irradiation with light of wavelength 254 nm might be a way to activate silicon 

atoms. Indeed, irradiation of the co-condensate of methane 18 and silicon 

atoms at short wavelengths (  = 185 or 254 nm) leads to methylsilylene 16.

Obviously, photoexcitation leads to the insertion of a silicon atom into the C,H 

bond of methane 18. The intensity of the IR bands of 16 arising during 

irradiation was relatively weak. Nevertheless, its structural elucidation has to 

be taken for granted, since it is possible to establish a photoequilibrium 

between 16 and the isomeric silaethene 15. At  > 400 nm the equilibrium is 

shifted to silaethene 15; at  = 254 nm it lies on the side of methylsilylene 16.
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 A thermal equilibrium between 16 and 15 should lie on the side of 

silaethene 15. According to calculations, carried out in comparison to the silane 

system, methylsilylene 16 should be 2.5 kcal mol–1 higher in energy. The 

starting components 3Si and methane 18 lie 36.8 kcal mol–1 higher than 

silaethene 15. The calculated activation energy for the transformation of 15 into 

16 amounts to 36.3 kcal mol–1.

1.9 Conclusion 

Studies of the reactions of atomic silicon with oxygen, silane, and methane 

illustrate that matrix-isolation spectroscopy can give valuable information on 

the basic properties of this element in both the microscopic and macroscopic 

dimensions.
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2 Reactions with Matrix-Isolated SiO Molecules 

Hansgeorg Schnöckel
*
 and Ralf Köppe 

2.1 Introduction 

SiO and SiO2 are the simplest binary compounds of silicon and oxygen, which 

are the most abundant elements in the Earth’s crust. Whereas SiO is a well-

characterized molecule at high temperatures and in interstellar space, there has 

hithero been much less research regarding the structure of solid SiO, even 

though this solid compound is frequently used in the technical sector, e.g. for 

the coating of optical construction elements. With SiO2 the relationship is 

different: while crystalline and glass-like SiO2 have been examined and 

characterized in detail, molecular SiO2 has only become known since its 

synthesis in solid rare gas and through quantum chemical calculations.†

In this article we intend to address the following issues: 

What oligomeric SiO species are formed on the way from monomeric 

matrix isolated SiO to solid SiO? What deductions can be made from 

spectroscopic and quantum chemical examinations of the structures and the 

bonding arrangements of these intermediates? 

What reactions of matrix-isolated SiO species are possible, apart from 

oligomerization?

- Reduction processes by reaction of metal atoms will lead to 

intermediates on the way to elemental Si. During these processes, 

differences to and analogies with corresponding conversions between 

metal atoms and CO become clear (e.g. we will clarify the matter as to 

whether, analogously to the metal carbonyls, there are comparable SiO 

compounds).

- Oxidation processes of matrix-isolated SiO will lead to Si compounds 

in the oxidation state +4, as indicated above for SiO2, which do not 

occur at all or only in barely detectable amounts in the gas phase. The 

reactions of SiO in solid rare gas therefore offer an ideal possibility to 

examine molecules such as, for instance, O=Si=O, S=Si=O, O=SiX2 (X 

= F, Cl), and to find out the characteristics of the bonding arrangements 

on the basis of spectroscopic data and by using quantum chemical 

methods.

_________________________
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The variation possibilities of the SiO multiple bonds in comparison to the 

situations in analogous CO bonds will be discussed on the basis of simple 

examples.

Reflections about the synthesis of fibrous SiO2, which can be deduced 

from the results of SiO2 matrix examinations, show that a problem of 

matrix-isolation spectroscopy, initially of only academic interest, can lead 

to the solution of a central problem of solid-state chemistry and might also 

indicate possible applications of, e.g., nanostructured SiO2 fibers. 

2.2 The High-Temperature SiO Molecule

2.2.1 Synthesis, Matrix Isolation and Spectroscopy 

On passing oxygen over elemental silicon at ca. 1200°C in a high temperature 

reactor made of Al2O3, gaseous SiO (Eq. 1) is produced.

 Si (g) + ½ O2 (g) SiO (g) (1)

For this purpose, the O2 flow has to be arranged in such a way that the 

resulting SiO partial pressure will be smaller than the partial pressure of SiO in 

the equilibrium according to the corresponding reaction between solid Si and 

SiO2 (Eq. 2).

 Si (s) + SiO2 (s) 2 SiO(g) (2) 

During the matrix experiments discussed here, the high temperature reactor 

is located in a high vacuum recipient, which also includes the cryostat (Figure 

2.1). With the help of a cryostat a Cu block with a polished surface (13 cm2) is 

cooled to ca. 10 K and positioned in such a way to enable the condensation of 

the SiO molecules together with a large surplus of argon or N2 or CH4 as a 

matrix (ca. 1:100 to 1:1000) on the polished surface.[1, 2] Thus, the SiO 

molecules are isolated in the solid inert gas like raisins in a cake and can be 

examined spectroscopically. For this purpose, we applied IR and Raman 

spectroscopy, because the observed vibrations of the atoms may permit 

conclusions to be made as regards the geometry and bonding arrangements of 

the isolated molecules.
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Figure 2.1. Schematic drawing of the matrix-isolation set-up. 

It is especially helpful that these experiments can readily be conducted with 
18O-substituted SiO species, because the 16O/18O frequency shifts provide 

important additional information about structure and bonding arrangements. 

Since the absolute positions of the vibrational frequencies as well as their 

isotopic shifts (e.g. 16O/18O, 28Si/29Si) can be obtained by quantum chemical 

calculations, we are now able to assign vibrations to as yet unknown molecules 

with great reliability. Afterwards, the parameters of the individual vibrations 

can be quantified and the force constants can be determined as characteristic 

bonding constants. Thus, for the SiO bonds under discussion here, the 

corresponding SiO force constants are obtained, which constitute a measure of 

the restoring forces during the elongation of this bonding by 1 Å. The force 

constant f(SiO) for the bonding within the SiO molecule, derived simply from the 

observed frequency of 1226 cm–1 in solid argon and the masses of silicon (mSi)
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and oxygen (mO), amounts to 9.0 mdynÅ–1, based on the following vibrational 
equation (3) for a diatomic SiO oscillator.[3]

5.891  10–7• 12262 = f (SiO) • 
Si

1

m
 + 

Om

1
 (3) 

For polyatomic molecules, more complex vibrational equations result, which 
can only be solved by simplifying the interactions between the vibrations that 
reflect the particular electronic interactions during certain elongations. For 
many molecules discussed hereafter we quote the SiO force constants, as these 
are a very sensitive indication of the variation of the SiO bond strength. 

2.2.2 Oligomeric SiO Species 

During the condensation of the high-temperature SiO molecules with a rare gas 
surplus there will be interaction between the SiO molecules, and thus oligomers 
are observed. The simplest reaction leads to dimeric SiO with a D2h ring 
structure (Figure 2.2). 

Figure 2.2. Structural parameters of dimeric SiO, calculated by quantum 
chemical methods. 

The calculated dimerization energy of 249 kJ/mol for Si2O2
[4, 5] indicates 

that SiO single bonds are favored over SiO multiple bonds and clarifies the 
difference to CO, which, even at low temperatures, is still monomeric in the 
gas phase (boiling point 81.63 K [6]).

Figure 2.3 shows a Raman spectrum obtained after deposition of SiO in 
solid methane.[5] Further SiO oligomers can be deduced from the frequencies 
observed, the 16O18O shifts, and the band pattern, e.g. when using a 16O2/

18O2

mixture for the generation of SiO. The structures are shown in Figure 2.4. 
Ultimately, the geometrical data result from quantum chemical calculations, the 
reliability of which is verified by the correspondence of calculated and 
experimentally observed vibrational frequencies. 
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Figure 2.3. Raman spectrum of matrix-isolated SiO in solid CH4 ( ecitation = 

514.5 nm). 

D3h - Symmetry S4 - Symmetry 

Figure 2.4. Structural parameters of trimeric and tetrameric SiO, calculated by 

quantum chemical methods. 

There is as yet no experimental proof for the existence of higher oligomers 

formed by diffusion of SiO or (SiO)n species under matrix conditions. Since 

there are no SiSi bonds in Si4O4 (Figure 2.4) and, on the other hand, these 

bonds seem to be indispensable for the formation of a reasonable structure (see 

Chapter 32 in this book), a proof of further oligomerization steps would 

provide some essential information. 
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2.3 Reactions of SiO in Solid Noble Gases 

2. 3.1 Reactions with Metal Atoms 

The simultaneous deposition of gaseous SiO and metal atoms with a surplus of 

rare gas is difficult to realize experimentally as two high–temperature furnaces 

have to be located within a distance of a few centimeters from the cooling 

surface in order to achieve a ca. 1:1 ratio of SiO and metal atoms in the matrix 

by virtue of the metal’s vapor pressure. In the last years, our group has 

performed reactions of SiO with the following metals: Ag,[7] Pd,[8] Na,[9] Al.[10]

The structures shown in Figure 2.5 can be deduced from the spectra and by 

quantum chemical calculations in analogy to the facts stated above. The AgSiO 

molecule (Figure 2.5) shows an AgSiO angle of 109.50°, which was initially 

deduced from the spectra and has been the subject of many contradictory 

results obtained from quantum chemical calculations.[11,12]

Figure 2.5. Calculated structural parameters of MSiO species (M = Ag, Au, 

Pd, Al, Na). 

Only by using DFT methods could the originally suggested structure based on 

experiments be confirmed. In contrast to the reaction with precious Ag metal, 

the reaction of SiO with electropositive Na atoms leads to a structure that 

seems plausible in view of the expected ion-dipole interaction (Na+SiO–), in 

analogy to the bent NaCN molecule in the gas phase.[13] On the other hand, the 

linear structure of the Al-O-Si molecule is somewhat unexpected.[10] This linear 

arrangement of Al-O-Si can best be explained with reference to the also linear 

high temperature molecule Al-O-Al, in which the additional electron is located 
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in a  orbital. Thus, a molecule results, in which the Teller-Renner effect, as 
predicted by quantum chemical calculations, demands two slightly different 
deformation vibrations. 
On the other hand, the also linear PdSiO molecule shows a metal-Si bond.[8]

The bonding character is explained analogously to that of the carbonyls, whose 
existence has been proved by matrix isolation (e.g. PdCO). The calculated 
values of the corresponding dissociation energies [PdSiO  Pd + SiO: –182 
kJ/mol; PdCO  Pd + CO: –162 kJ/mol] show that the bonding descriptions 
established for the carbonyls ( -donor/ -acceptor bonding) can, in principal, 
also be applied for the Pd-Si bonding.[8] This bonding description is also proved 
by the force constants deduced from the vibrational spectra. According to our 
results, PdSiO is the first experimentally confirmed example of a CO-
analogous bonding of an SiO molecule to a transition metal atom. The principal 
difficulty in trying to synthesize further M(SiO)n species (e.g. Ni(SiO)4) is that 
SiO molecules – in contrast to CO molecules – tend to react with each other 
(see above) and, therefore, the required concentration of monomeric SiO units 
is difficult to attain. 

2.3.2 Reactions of SiO with Oxidizing Species 

2.3.2.1 SiO2/OSiS: As long ago as the 1970s, it was shown that GeO2 and SnO2

molecules,[15, 16] as the heavy homologues of silicon, can be synthesized 
through insertion of the metal atoms into the O-O bond of di-oxygen under 
matrix conditions. The analogous reaction with silicon atoms failed. Therefore, 
we chose another method, in which SiO molecules were reacted with O atoms 
formed in a microwave discharge. By applying this method we were able to 
prove – simply with the help of IR spectra – the linearity of the SiO2 molecule 
and derived a force constant of 9.2 mdyn/Å for the SiO bond, which is slightly 
higher than the force constant found for the SiO molecule (see below) [14]

[Note: A few years later, other authors demonstrated that SiO and O2 form the 
SiO3 molecule [17]].

This strengthening of the SiO bonds in SiO2 based on the force constants – 
which was unexpected – was also confirmed for the linear OSiS molecule 
which is synthesized in a matrix reaction from SiS and O atoms generated in a 
microwave discharge. For molecular S=Si=O, the three vibrational modes 
(2  + 1 ) and the corresponding 16O/18O shifts were observed, and therefore 
all force constants could be determined only on the basis of these experimental 
findings. In combination with quantum chemical calculations the following 
bonding parameters result for SiO2 and SSiO (Table 2.1):[18]



2 Reactions with Matrix-Isolated SiO Molecules 27

Table 2.1. Comparison of force constant values and distances in SiO2 and 
SSiO.

d(SiO) (pm) d(SiS) (pm) f(SiO)
mdyn/Å

f(SiS)
mdyn/Å

SiO2 148.3 – 9.2 –
SSiO 148.5 190.4 9.0 4.86

In both cases, we see molecules which, as isolated species (e.g. in 
interstellar space), are stable with respect to any dissociation (e.g. SiO2  SiO 
+ O or  Si + 2 O). Only the exothermic dimerization of SiO2 molecules and the 
final synthesis of three-dimensional cross-linked SiO2 units as in quartz show 
that four SiO single bonds are significantly more stable than the two SiO 
double bonds. This means that the synthesis of compounds having an SiO 
multiple bond is only possible under certain conditions, and this will be 
demonstrated in the following examples. 

2.3.2.2 OSiX2/OSiX (X = F, Cl): Being polymers, the silicones (OSiR2)n

formally derived from the ketones, have no SiO double bonds but SiOSi 
bridges. The first example of such a monomeric species was the OSiCl2

molecule synthesized in a matrix reaction:[1]

Si O O SiCl2+ Cl2
h

From the IR spectra, the 16/18O and the 35/37Cl shifts, the C2v structure and a 
strong SiO bond could be deduced: f(SiO) = 8,95 mdyn/Å.[1] This result was 
confirmed by quantum chemical calculations.[19]

These earlier matrix experiments recently helped us to prove the key role of 
the OSiCl2 molecule during the technically important SiCl4 combustion with O2

forming SiO2 and HCl.[19,20] A presumed possible participation of an OSiCl 
radical species could not be confirmed but, on the other hand, we were able to 
demonstrate by matrix experiments that OSiCl is only formed during a matrix 
reaction of SiO and Cl atoms. For the OSiCl molecule, the experimentally 
deduced bent structure with a strong SiO bond (f(SiO) = 8.0 mdyn/Å) could be 
confirmed by quantum chemical calculations as well:[19]

d(SiO) = 153.6 pm, d(SiCl) = 207.7 pm, <(OSiCl) = 125.2° 

Analogously to OSiCl2, an OSiF2 molecule could be synthesized by a matrix 
reaction between SiO and F2 and structurally characterized by observation of 
all permitted vibrations and their 16O/18O and 28Si/29Si shifts:[21] f(SiO) = 9.4, 



28            H. Schnöckel, R. Köppe

f(SiF) = 6.25 mdyn/Å. These results, and the subsequent quantum chemical 

calculations, which were recently reinvestigated with more sophisticated 

methods, essentially confirm the earlier results:[22]

d(SiO) = 147.8 pm; d(SiF) = 155.5pm); <(SiOF) = 127,2° §

Thus, in all OSiX2 and SiOX species we encounter SiO bonds which 

essentially correspond to the bonds within the SiO molecule and, therefore, 

also exhibit bonding parameters completely different from the corresponding 

carbon compounds, e.g. CO and OCCl2. In the following section, we examine 

this matter in more detail. 

2.4 The SiO Multiple Bond 

In Table 2.2, several bonding parameters of the SiO2 and SiO molecules, which 

were obtained by experiments, by quantum chemical calculations, and by 

combining both methods, are compared to the analogous data of CO2 and CO.

Table 2.2. Experimentally deduced force constants, distances, bond energies 

(BE), and calculated partial atomic atomic charges of MOx (M = C, Si: x = 1, 

2).

MOx f(MO)

(mdyn/Å)

d(MO) (pm) bond energy 

(kJ/mol)

q(M)

CO 18.6 110.6 1071.8 0.06

CO2 15.6 113.6 799.0 0.68

SiO   9.02 148.9 794.1 0.34

SiO2   9.2 148.3 621.7 1.22

For the carbon compounds, these data show that the bond within the CO 

molecule is stronger than those in the CO2 molecule, thus justifying their 

common description as triple and double bond, respectively. On the other hand, 

the force constants and the distances in SiO2 and SiO give an indication of 

similar bonding arrangements in both molecules with an apparently slightly 

stronger bond in SiO2. The higher bond energy (BE) for SiO compared to SiO2

on the other hand is suggestive of a drastic bonding increase in SiO, although 

this can be largely attributed to the different polarities of the molecules. Thus, 

during a separation into neutral fragments (atoms) (i.e. SiO2(g)  Si(g) + 2 O(g)),
for a polar bond the required BE will decrease according to the definition of BE 

due to the fact that the internal charge equalization is combined with a greater 

gain of Coulomb energy. 
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The parameters of distance and force constant permit a better evaluation of 
the bonding situation and demonstrate that in all SiO multiple bonds (including 
that in OSiX2) the maximum bond strength is reached with force constants of 
about 9 mdyn/Å and short distances of ca. 149 pm, in contrast to the 
arrangements found in CO and CO2. Recently, we interpreted the higher force 
constant of SiO2 (compared to SiO) like this: by a charge equalization in the 
more polar SiO2 the covalent bonding contributions will increase during the 
vibrational elongation, whereas during the elongation of SiO an increasing 
bonding polarity will weaken the covalent bonding contributions that have 
crucial influence on the distance as well as on the ascent of the potential 
function, and, therefore, on the force constants.[23]

2.5 Reflections on dimeric SiO2 molecules and on the synthesis of 

solid, fibrous SiO2

The reaction of SiO2Si (Figure 2.2) with O2 under matrix conditions leads to 
dimeric SiO2 molecules with a D2h structure (Figure 2.6): 

Figure 2.6. Calculated structural parameters of dimeric SiO2.

From the vibrational spectrum and the 16O/18O and 28Si/29Si shifts, we could 
definitely infer this structure: f(SiO) = 9.2; f(SiO) = 3.65 mdyn/Å.[24] These 
results are confirmed by earlier and recent quantum chemical calculations 
(Figure 2.6). Apart from the structure, the mechanism of formation of Si2O4

seems to be of interest, since already existing SiO bonds are clearly broken 
during this photochemically promoted reaction. Thus, when using 18O2, the 18O
atoms can be found in terminal as well as in bridging positions. A secondary 
reaction of the dimeric SiO2 units with two further SiO molecules could not be 
observed due to the diminished concentration of this species after the primary 
matrix reaction. A hypothetically continued reaction with additional O2

molecules should finally lead to a linear (SiO2)n molecule constructed of edge-
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linked tetrahedral SiO4 units which would correspond to a section of the SiS2

structure (Figure 2.7). 

Si

O

Si

O

O

Si

O

Si

O

Si

O

O

Si

O

Figure 2.7. Solid-state structure of fibrous SiO2.

These results demonstrate that, under certain conditions, during the reaction 

of SiO primary products of an SiS2-analogous SiO2 modification can be 

formed. As long ago as 1954, such a fibrous SiO2 modification was described 

by Armin and Alarich Weiss.[25] Interestingly enough, in those early 

experiments, gaseous SiO molecules were also reacted with O2 under special 

conditions. Unfortunately, the authors were unable to determine the bonding 

parameters in this crystalline modification with the required precision due to 

the inadequate methods available at that time. Until now, all experiments 

conducted in order to reproduce these results have been unsuccessful and so the 

fibrous SiO2 seems to have steadily disappeared from textbooks. Since our 

recent matrix results can be interpreted as a confirmation of the results obtained 

by A. Weiss and A. Weiss, we will vary the conditions of the SiO oxidation by 

O2 in order to confirm the pioneering examinations of 1954 and to obtain an 

exact structure of this SiO2 modification (Figure 2.7). 

2.6 Summary and Outlook 

Examinations of the primary steps that occur during the formation of SiO 

bonds, i.e. the linking of two of the most abundant elements of the periodic 

system, with the help of matrix-isolation spectroscopy and of quantum 

chemical calculations have allowed us to 

a) critically examine the possibilities for multiple bond formation between 

these elements for the first time, 

b) make suggestions regarding the structure of solid SiO as a technically 

important but structurally yet unknown material by characterizing 

oligomeric SiO compounds, 
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c) make suggestions about the bonding changes in SiO upon varying the 

reduction conditions of SiO with different metals (these changes should 

also be important in the partial oxidation of the surface of Si wafers) 

d) offer a plausible interpretation of earlier results concerning fibrous SiO2

through the synthesis of a dimeric SiO2 molecule, thereby also providing a 

stimulus for further optimized experiments. 

In all these cases, problems of fundamental importance are discussed, 

concerning the very basics of chemistry, their potential technical applications, 

and, finally, their spectacular possibilities, e.g. the production of nanostructured 

SiO2 fibers. 
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4 The Gas-Phase Oxidation of Silyl Radicals by Molecular 

Oxygen: Kinetics and Mechanisms 

T. Köcher, C. Kerst, G. Friedrichs, and F. Temps

4.1 Introduction 

Silane, SiH4, and disilane, Si2H6, are among the most common precursors for 

chemical vapor deposition (CVD) processes, which have found widespread 

application for the production of Si, Si:H, or SiO2 thin films for microelectronic 

and photovoltaic devices, the synthesis of Si-containing nanoparticles, or the 

protection of metal surfaces by inert layers. The deposition processes can be 

initiated by electric discharges in plasma sources, pyrolysis, or 

photochemically by laser-induced reactions.  The final products are usually 

formed through very rich reaction sequences. As illustrated schematically in 

Figure 4.1, many elementary reaction steps are involved in the gas phase (free 

radical reactions, ion-molecule reactions), at the gas-surface interface 

(adsorption, desorption), and on the surface (surface decomposition, hopping, 

lattice growth, annealing). There is great interest in the development of detailed 

reaction mechanisms and kinetic models which can be used to describe the 

overall processes based on quantitative experimental data for the important 

elementary reactions.[1, 2] Because of the widely differing environments and 

time scales, and in view of the different experimental techniques for laboratory 

diagnostics studies, it is useful to divide the mechanisms into subsets 

describing the gas-phase, gas-surface, and surface chemistries. 

The gas-phase chemistry of Si-containing radicals forms one important 

sub-mechanism which is attracting considerable attention.[3] The two most 

important Si radicals generated in either discharge, pyrolysis, or photochemical 

CVD sources are silylene, SiH2, and silyl, SiH3.

SiH2 is a highly reactive species which may undergo fast insertion reactions 

into  bonds and addition reactions to  bonds. The available work on the 

elementary reactions of SiH2 up to 1994 has been reviewed in detail by Jasinski 

et al.[3] Because of its intense and well-resolved 1B1
1A1 electronic 

absorption in the visible spectrum,[4] SiH2 is easily detected with high 

sensitivity by laser-induced fluorescence,[5] laser resonance absorption flash 

kinetic spectroscopy,[6, 7] or cavity ring-down spectroscopy.[8] These techniques 
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have been employed for detailed kinetic investigations.[3] Other detection 

methods for SiH2 are infrared diode laser absorption [9] and mass 

spectrometry.[10–12]

SiH3 is expected to be present in gas-phase systems in high concentrations 

because of its relatively long lifetime.[1, 2] However, despite significant 

efforts,[3] many aspects of its chemistry still provide considerable challenges. 

This is true in particular regarding the products and mechanisms of the ensuing 

elementary reactions.

Si
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H

SiSiSi

O-H
Si

OH

SiSiSi
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Figure 4.1. Schematic diagram of the different sub-mechanisms involved in the 

CVD of Si, Si:H, or SiO2 layers. 

This article is concerned with investigations of the kinetics, products, and 

mechanism of the oxidation of SiH3 radicals by molecular oxygen, 

SiH3 + O2 products (1)

Reaction (1) is the most important step in the sequence of chain reactions in 

CVD processes which lead to the conversion of SiH4 to SiO2 layers.[3, 13] It is 

also critically important for the determination of the flammability and 

explosion limits and induction times of SiH4-containing gas mixtures, issues of 

utmost concern for industrial applications.[14–17] The key question is whether the 

reaction products can be explained by the proposed channels [16, 17]

SiH3 + O2 SiH2O + OH (1a)

SiH2O2 + H (1b)

SiH3O + O (1c)
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or whether other products (e.g., SiO) arising from subsequent fragmentation 

steps have to be taken into account. 

In view of the limited space, we focus on research on the title reaction 

conducted in our laboratory during the last few years. We describe 

measurements of the rate constant and Si-containing products of reaction (1) in 

the gas phase at pressures of a few mbar in the temperature range 298 K T

890 K.[18] Results are presented in an exemplary fashion; the reader is referred 

to the original work [18] for details and to the review by Jasinski et al.[3] for work 

on other SixHy reactions. After this introduction, we give a brief summary of 

the methods for generating SiH3 radicals in laboratory kinetics studies and the 

available direct detection techniques for SiH3. Next, we consider results for the 

mutual combination reaction 

SiH3 + SiH3 products (2)

which almost always occurs in parallel with reaction (1). The following main 

section concentrates on rate constant measurements and product observations 

for reaction (1), especially the detection of H2SiO (silanone) and SiO, and the 

underlying reaction mechanism. We conclude with a brief outlook at further 

research directions. 

4.2 Generation and Detection of SiH3 for Kinetic Studies 

The known direct sources of SiH3 such as the photolysis of Si2H6, SiH3Br, or 

SiH3I at wavelengths of  = 193 or 248 nm,[19] lead to serious complications in 

kinetic studies due to their low quantum yields for SiH3 (  = 0.05–0.2) 

compared with high backgrounds of other radicals (SiH2, SiHBr, SiHI). 

Extreme care has to be taken to prevent the formation of such side products 

because of possible interference due to regeneration or fast consumption of 

SiH3 by other products. Therefore, virtually all direct studies of SiH3 reactions 

rely on H atom abstraction from SiH4 by Cl atoms, 

Cl + SiH4 HCl + SiH3 (3)

Reaction (3) proceeds with a rate constant close to the gas kinetic collision 

frequency (k3(298 K) = 2.0  1014 cm3/mol s).[20, 21] The Cl atoms have 

frequently been obtained from the  = 193 nm photodissociation of CCl4 ( =

8.7  10 19 cm2, Cl = 1.2).[19, 22] A more efficient Cl atom source is the 

photolysis of CCl3F, which has a higher absorption cross-section ( =

1.36  10 18 cm2).[22] Although no evidence has been found for interfering 



4 The Gas Phase Oxidation of Silyl Radicals by Molecular Oxygen: Kinetics and ...             47

reactions of the accompanying CCl3 and CCl2F radicals with SiH3,
[19, 23] their 

fate in the reaction systems is largely unknown.

A much cleaner and almost ideal source employed in our laboratory is the 

 = 193 nm photodissociation of oxalyl chloride, (COCl)2, which gives two Cl 

atoms ( Cl = 2.0) with a very high absorption cross-section (  = 

3.83  10 18 cm2) without other interfering radical products.[24] The reaction 

SiH3 + (COCl)2 products (4)

has been found to be negligible (k4(298 K)  1010 cm3/mol s).[18] H atom 

abstraction from SiH4 by F atoms from the  = 193 nm photolysis of XeF2 has 

also been used.[25] The reaction O (1D) + SiH4 with O (1D) from the  = 193 nm 

photolysis of N2O has been found to be inferior due to the fast reaction O (1D)

+ N2O and too many side products.[25, 26]

The detection techniques for SiH3 employed in kinetic studies are infrared 

laser magnetic resonance,[27] diode laser IR spectroscopy of the 2 and 3

bands,[28–30] mass spectrometry,[10, 31–32] and electronic A X  transient 

absorption spectroscopy in the 205–250 nm region.[33] Photoionization mass 

spectrometry, pioneered by Gutman and co-workers,[31] is extraordinarily 

sensitive, but the readily accessible photon energies are below the ionization 

limits of many interesting Si-containing reaction products. In view of the lack 

of spectroscopic information on these species, low energy electron impact 

ionization mass spectrometry remains the only universally applicable detection 

method.[10, 18, 32] The adiabatic ionization potentials of SiH3 and SiH4 have been 

reported by Berkowitz et al. (8.01 eV and 12.09 eV, respectively).[10] The 

detection of SiH3 can thus be accomplished at a low electron energy (10.2 eV) 

to avoid fragmentation of the SiH4.
[18] Somewhat higher ionization energies 

(12–14 eV) are used for the detection of closed-shell reaction products.[34] More 

insight may be gained from future applications of resonantly enhanced 

multiphoton ionization.[35]

The experimental set-up for direct kinetic studies of SiH3 reactions used in 

the author’s laboratory is shown schematically in Figure 4.2. SiH3 is produced 

by pulsed excimer laser photolysis of CCl4, CFCl3, or (COCl)2 in the presence 

of a large excess of SiH4 along the axis of a tubular slow-flow reactor and 

detected through a conical pinhole by time-resolved molecular beam sampling, 

near-threshold electron-impact ionization mass spectrometry. A detailed 

description can be found in [18]. Elementary reactions of Si containing radicals 

can be studied with this set-up using low radical concentrations (SiH3 detection 

limit: 3  109 cm 3) at pressures of a few mbar and temperatures up to 

T = 1200 K. 
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Figure 4.2. Experimental set-up for kinetic studies of SiH3 reactions by 

excimer laser photolysis in a tubular slow-flow reactor with time-resolved 

detection by molecular beam sampling, near-threshold ionization electron 

impact mass spectrometry.[18]

4.3 The Reaction SiH3 + SiH3  Products 

The rate constant for the reaction SiH3 + SiH3 (2) has to be precisely known in 

order to model SiH3 concentration profiles in CVD systems and in reaction (1). 

As a radical-radical reaction, reaction (2) is expected to proceed via formation 

of a short-lived vibrationally highly excited Si2H6* intermediate. Due to the 

high excess energy in this “complex”, which is higher than the threshold for 

decomposition to SiH2 + SiH4 or H2 + Si2H4, the primary Si2H6* complex can 

be collisionally stabilized only at very high pressures (p  1 bar). In the low-

pressure regime, the only direct reaction products are SiH2 + SiH4 and H2 + 

H3SiSiH (silylsilylene). The alternative 1,2-elimination of H2 with the slightly 

more stable H2SiSiH2 (disilene) as product requires a significant activation 
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energy, but H2SiSiH2 can be produced in a subsequent isomerization of the 

H3SiSiH.[36, 37] Formation of Si2H5 + H is endothermic and should not play a 

role.[37, 38] Si2H6 is formed as a final product by the insertion of SiH2 into SiH4.

With the heats of formation of Sax and co-workers,[38] the reaction system may 

thus be summarized by the equations 

SiH3 + SiH3   Si2H6* Si2H5 + H rH
o

298 = +  53 kJ/mol (2a)

SiH2 + SiH4 rH
o

298 =   93 kJ/mol (2b)

H2 + H3SiSiH rH
o

298 =   81 kJ/mol (2c)

H2 + H2SiSiH2 rH
o

298 = 119 kJ/mol (2d)
M Si2H6 rH

o
298 = 320 kJ/mol (2e)

followed by

SiH2 + SiH4 + M Si2H6 + M rH
o

298 = 227 kJ/mol (5)

with M as a third body collision partner. 

Earlier measurements of the rate constant for reaction (2) gave rather 

divergent results (9.6  1012 cm3/mol s k2  9.0  1013 cm3/mol s).[19, 39–43] The 

discrepancies may be attributed to uncertainties as to the absolute SiH3

concentrations, side reactions with other radicals, and influences from the 

heterogeneous SiH3 wall loss reaction 

SiH3 + wall products (6)

which has sometimes been neglected. In flow reactors, the continuous chemical 

vapor deposition of an amorphous silicon hydride layer on the reactor surface 

observed after prolonged reaction times gives rise to increasing effective wall 

rate constants k6 with increasing SiH3 concentration, which have to be taken 

into account.[18] 

A typical second-order SiH3 decay plot due to reaction (2) measured in our 

laboratory [18] is shown in Figure 4.3a. The SiH3 radicals were generated 

according to reaction (3) with Cl atoms from (COCl)2. Their absolute 

concentration, which is needed for a rate constant determination, was 

calculated from the laser fluence and the (COCl)2 absorption cross-section and, 

alternatively, from the calibrated HCl mass signals. The result from a standard 

second-order analysis (Figure 4.3b) is k2(298 K) = (7.0  2.0)  1013 cm3/mol s. 

However, due to reaction (6) this value constitutes an upper limit. A reanalysis 

with k2 and k6 as adjustable parameters gave a slightly lower rate 

constant value, k2(298 K) = (4.4  1.5)  1013 cm3/mol s. The excellent 

agreement with a measurement published during our investigations by the 

Krasnoperov group,[44] who monitored SiH3 by UV absorption and found 
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k2(298 K) = 5.0  1013 cm3/mol s, leads us to recommend a value for future 

kinetic modeling work of k2(298 K) = 5.2  1013 cm3/mol s. 

From the measured absolute Si2H6 yields, the branching ratios for the 

reaction channels to SiH2 + SiH4 (2b) and H2 + H3SiSiH (2c) are k2b/k2 = (0.8 

0.1) and k2c/k2 = (0.2  0.1).[18]

Figure 4.3. Measured second-order [SiH3] decay plot due to reaction (2). T = 

298 K, p = 4.4 mbar, [SiH4] = 8.4  10 11 mol/cm3, [(COCl)2] = 8.58  10 11

mol/cm3, [Cl]0 = 1.11  10 11 mol/cm3.

4.4 The Reaction SiH3 + O2  Products 

4.4.1 Overall Reaction Rate Constant 

The overall rate constant for reaction (1) can be determined under pseudo first-

order conditions by monitoring the decay of the SiH3 concentration in the 

presence of a large excess of O2. The measurements in our laboratory are 

discussed in some detail in [18], preceding work is described in refs. [30–32, 45–46].

The rate constants are shown in an Arrhenius plot in Figure 4.4. The data points 

can be described by the rate expression k1(T) = (7.7 ± 2.5) × 10¹¹ 

exp[(650 ± 130)K/T] cm3/mol s for 298 K T  690 K.
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Figure 4.4. Arrhenius plot of the rate constant for reaction (1).

4.4.2 Reaction Products 

The formation of Si containing reaction products has been investigated by mass 

spectrometry over a range of O2 concentrations from room temperature up to 

T = 890 K.[18] Measured time profiles are displayed in Figure 4.5.

The interpretation of the results is complicated by the coincidences of the 

mass signals of Si2H6/SiH2O2, Si2H5/SiHO2, and Si2H4/SiO2 and by possible 

fragmentation steps in the ionization. The solid lines refer to kinetic 

simulations of the concentration profiles (SiH3, HCl, Si2H6,) and multi-

exponential fits to the mass signals (Si2H5, Si2H4, SiH2O, SiHO, SiO), 

respectively. As can be seen from Figure 4.5, the Si2H6 is nicely described by 

the kinetic simulations. The ratios of the m/z = 62, 61, and 60 signals are 

consistent with the fragmentation pattern in the mass spectrum of Si2H6. Under 

slightly different conditions, evidence could also be observed for a production 

of SiH2O2 and SiO2. However, these products could not be quantified. 
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Figure 4.5. Measured time profiles of different Si-containing product species 

of reaction (1) at different [O2] concentrations; T = 298 K, p = 3.9 mbar, [SiH4]

= 6  10 11 mol/cm3, [CCl3F] = 2.27  10 10 mol/cm3, [Cl]0 = 2.5  10 12

mol/cm3.
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The mass signals at m/z = 46 (SiH2O
+), 45 (SiHO+), and 44 (SiO+) are 

clearly due to products of reaction (1). At the low ionization energies used, 

fragmentation processes were minimal. The time profiles and the temperature 

dependencies of the m/z = 46 and 44 signals show that they belong to different 

species (SiH2O and SiO, respectively), while the m/z = 45 signal could arise 

from fragmentation of SiH2O. Based on unimolecular rate calculations (see 

below), the SiH2O
+ signal can be attributed mainly to H2SiO (silanone) rather 

than HSiOH (hydroxysilylene). 

Temperature-dependent measurements showed a rapid decrease in the 

SiH2O yield and a strong increase in the SiO yield with increasing 

temperature.[18] At T > 650 K, SiO was found to dominate. Further, the Si2H6,

SiHO, SiH2O, and SiO concentrations were observed to decay on time scales of 

several ms.

4.4.2 Reaction Mechanism 

The radical-radical reaction (1) is expected to proceed via formation of a short-

lived vibrationally highly energized SiH3O2* intermediate. The products are 

determined by the competition of the possible unimolecular isomerization and 

fragmentation steps and collisional stabilization.[47 – 49] The product yields may 

be rationalized in terms of unimolecular rate theory.[18, 50]

Figure 6 shows an energy diagram with the main minima and transition 

states on the potential energy hypersurface.[51–55] The reaction can follow two 

pathways, which proceed with comparable rates.[18] The first (Figure 4.6a) 

leads to an isomerization of the SiH3O2* to H2SiOOH (hydroperoxysilyl), 

which then dissociates to give OH + H2SiO (silanone). A subsequent 

isomerization of the H2SiO to HSiOH (hydroxysilylene) or dissociation to SiO 

+ H2 can only occur surmounting high potential energy barriers.[55]

Unimolecular rate calculations [18, 50] have shown that this is possible only if the 

OH is translationally and rovibrationally cold, i.e. the excess energy is 

concentrated in the H2SiO fragment. In this case, the vibrationally excited 

H2SiO isomerizes with a rate constant of 1011 s 1, compared with an effective 

collisional stabilization rate of  109 s 1 (M = He, p = 1 bar). However, a 

sizable amount of excess energy in the dissociation of the H2SiOOH should be 

partitioned into translation and rotation. Furthermore, the OH has been found to 

be vibrationally excited [OH(v = 1)/OH(v = 0) = 0.49], and some OH may be in 

states with v > 1.[56] In this case, the H2SiO isomerization and decomposition 

become energetically forbidden. Thus, at room temperature, only a small 

fraction of the H2SiO can isomerize and decompose. At higher temperatures, 

the internal energy distribution of the “chemically activated” SiH3O2* is much 

broader and it shifts to higher energies, so that the yield of H2SiO is expected to 
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drop, whereas the production of SiO should increase. These trends have been 

verified by experiments.[18]
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Figure 4.6. Energy diagram for the intermediates and transition states in 

reaction (1). See text for details. 

The second pathway (Figure 4.6b) involves a cyclic H2SiO2 intermediate 

formed by H atom elimination. Subsequently formed intermediate structures 

are HSi(O)OH or Si(OH)2, which may be collisionally stabilized if a large 

amount of the excess energy is partitioned to the H atoms. The energy barriers 

for decomposition to SiO + H2O are, however, relatively low. Thus, this 

pathway is suggested to account for SiO in the room temperature experiments. 

Direct bond fission in the SiH3O2* complex to give SiH3O + O is 

endothermic. The reported mass spectrometric detection of SiH3O
[32] has to be 

due to some fragmentation of intermediate species. The chain branching role of 

the SiH3O + O channel assumed to explain the SiH4/O2 explosion limits [16, 17]

also appears questionable. H atoms and OH radicals from pathways (a) and (b) 

have been detected by laser induced-fluorescence in the VUV.[56] The reported 

relative ratio is OH/H = 0.38, but it is difficult to rule out contributions to the H 

and OH formation from secondary reactions. 
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4.4.4 Consecutive Reactions 

Both H2SiO and SiO are reactive species. H2SiO decomposes to SiO + H2 at 

high temperatures and it can react with H2O.[18] The latter reaction was 

predicted by quantum chemical calculations.[55] The observed concentration 

and time dependences are consistent with the formation of an H2SiO-H2O

complex that can reach an equilibrium value (the predicted stabilization energy 

is 88 kJ/mol [55]) or with a presence of two chemically different SiH2O species 

in the system (H2SiO as the main product and HSiOH as the minor product). 

SiO produced in reaction (1) was observed to decay with a rate that seems to 

depend on the O2 concentration.[18] It is possible that this decay is due to a 

reaction of a precursor of the SiO with O2. In addition, a fast dimerization of 

SiO has been predicted,[52] and it appears reasonable to assume a reaction with 

O2 to form SiO2 which eventually leads to the observed SiO2 surface 

deposition. Attempts to detect larger SixHyOz species have so far remained 

unsuccessful, but the formation of SiO2 nanoparticles could be verified by 

Fourier transform infrared measurements and light-scattering experiments.[57]

4.5 Conclusions and Further Directions 

The oxidation of SiH3 by O2 (1) proceeds by the way of fast radical-radical 

reactions with a rich variety of SixHyOz intermediates and products. Many 

products can be stabilized only at high pressures, in the liquid phase, or in 

matrices. At low temperatures in the gas phase, H2SiO (silanone) appears to be 

an important product. At high temperatures, the reaction leads mainly to SiO + 

H2 + OH and SiO + H2O + H. The consecutive reactions of the H atoms and 

OH radicals in the system still deserve further investigations. Interesting future 

research directions include the formation of SixHyOz clusters and nanoparticles 

and the gas/surface deposition reactions of, e.g., SiO and SiO2. That larger 

clusters can be detected has been shown by mass spectrometric observations of 

SixHyNz species in the NH2 + SiH4 reaction system.[25]
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5 Oxidation of Matrix-Isolated Silylenes 

Wolfram Sander
*
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Trommer, and Magdalene Zielinski 

5.1 Introduction 

Silylenes 1 and silenes 2 are generally highly reactive species that can only be 

isolated under normal laboratory conditions if protected by bulky 

substituents.[1–9] But even then these molecules rapidly react with molecular 

oxygen at room temperature and thus have to be stored under an inert gas 

atmosphere. The oxidation often leads to complex product mixtures or to 

complete combustion. At low temperatures, on the other hand, the reaction 

becomes slow and is difficult to follow. Thus, only a few studies on the 

mechanisms of the oxidation of stable silenes and silylenes have been 

published.
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Si
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An alternative method of isolating 1 or 2 without sacrificing their reactivity 

is the matrix-isolation technique. In a low-temperature inert gas matrix, 

reactive molecules are immobilized, and thus bimolecular reactions are 

inhibited. In addition, the low temperatures prevent reactions with activation 

barriers larger than a few kcal/mol. In most of our experiments, argon matrices 

at 10 K have been used. Under these conditions, the diffusion of even small 

molecules like CO or O2 is effectively suppressed. Warming the argon matrix 

from 10 K to temperatures above 30 K allows small molecules to slowly 

diffuse. Under these conditions, bimolecular reactions are observed, if the 

activation barrier is small enough. Thus, reactions of matrix-isolated reactive 

species such as silenes and silylenes can be effectively controlled by variation 

of the matrix temperature.

All the experiments described in this chapter consist of several steps. The 

first step is the matrix isolation of a precursor molecule in a large excess of 

argon (typical matrix ratios are >1000:1). The next step is the photochemical 

generation and spectroscopic characterization of the reactive intermediate. To 
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prevent secondary photolyses of the intermediates, monochromatic light is 

usually used. This step is followed by a controlled warming of the matrix from 

10 K to 32–40 K to allow the diffusion of molecular oxygen to induce 

bimolecular reactions. The oxidation can be continuously monitored by UV/vis 

or IR spectroscopy. In additional steps, the photochemistry of the oxidation 

products is investigated by selective irradiation. In many cases, this sequence 

of reaction steps allows one to cleanly synthesize and characterize a number of 

different intermediates in a single experiment and to gain a detailed insight into 

the reaction mechanisms. A prerequisite for a bimolecular reaction to occur 

rapidly at temperatures below 40 K is a low activation barrier, typically less 

than 2 kcal/mol. Thus, the oxidation of less reactive silicon species cannot be 

observed in cryogenic matrices. 

By far the most important spectroscopic method for this purpose is IR 

spectroscopy. In combination with DFT or ab initio calculations matrix IR 

spectroscopy has become a very powerful tool for the reliable identification of 

reactive and unusual molecules. In addition, isotopic labeling with 18O is 

frequently used to assign the IR spectra of oxidized species. However, a 

prerequisite for this technique is the availability of suitable photochemical or 

thermal precursor molecules of the reactive silicon species. During the last 

years, we have published details of the oxidation mechanism of alkyl-

substituted silenes 2.[10–15] In this chapter, our mechanistic studies on the 

oxidation of silylenes 1 using the matrix-isolation technique are summarized. 

5.2 Oxidation of Silylenes 

As primary products of the reaction of silylenes with molecular oxygen the 

formation of either silanone O-oxides 3 or the dioxasiliranes 4 can be expected. 

The homologous carbenes react exclusively to give carbonyl O-oxides 5 which 

rearrange photochemically to dioxiranes 6 (Scheme 5.1).[16, 17]
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Scheme 5.1. 

While many examples of carbene oxidations have been reported, only four 

papers on the reaction of silylenes 1 with molecular oxygen have been 

published. The limited number of experimental studies on the oxygenation of 

silylenes is mainly due to the lack of suitable precursors.[18] The photolysis of 

matrix-isolated trisilanes produces silylenes in close proximity to disilenes or 

other products of the precursor decomposition rather than matrix-isolated 

silylenes.[19–22] Gas-phase thermolysis of disilanes and other thermal 

precursors[23, 24] requires very high temperatures, while the photolysis of 

diazidosilanes[25, 26] requires short-wavelength UV irradiation. In all of these 

cases, the yields of silylenes are rather poor. 

Ando et al. investigated the oxidation of dimesitylsilylene 1b in solid 

oxygen at 16 K.[19, 27] During UV photolysis of the precursor of 1b (the 

corresponding trisilane), a new IR absorption at 1084 cm–1 was observed, 

which was claimed to be due to the O-O stretching vibration of 

dimesitylsilanone O-oxide 3b (Scheme 5.2). The assignment of the 1084 cm–1

vibration was based on comparison with RHF/6-31G(d) calculations for the 

triplet state of the parent silanone oxide 3a (no minimum for singlet 3a was 

located at this level of theory). The direct thermal reaction of 1b with 3O2 was 

not observed, and other IR bands of 3b were not reported. In later 

communications a singlet ground state of 3a and a small activation barrier for 

the thermal 3a 4a rearrangement were predicted on the basis of MP2 

calculations.[27, 28]
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In our laboratory, the oxidation of difluoro-,[29] dichloro-,[29] dimethyl-,[28]

and methyl(phenyl)silylene[30]
1c–f was investigated in O2-doped argon 

matrices (Scheme 5.2). The halogenated silylenes 1c and 1d were generated by 

FVP of the corresponding hexahalogenodisilanes with subsequent trapping of 

the products in argon or argon/oxygen at 10 K. Interestingly, despite the high 

affinity of divalent silicon species towards oxygen, no thermal reaction of 1c or 

1d with O2 was observed under these conditions. Thus, the silylenes 1c and 1d

could be matrix-isolated in solid oxygen at 10 K, and even annealing of the 

oxygen matrix at 40 K did not result in the formation of products. This is in 

accordance with the observation that singlet carbenes with a large singlet-triplet 

splitting react exceedingly slowly with 3O2 due to spin restrictions.[31]

Irradiation with UV or visible light is required to induce the reaction of the 

halogenated silylenes with 3O2 and the only products formed are the 

dioxasiliranes 4c and 4d, respectively (Scheme 5.3). Since neither the silylenes 

nor O2 absorb in this spectral region, it is most likely that the excitation occurs 

into a charge-transfer absorption. The identification of 4c and d was based on 

isotopic labeling studies using 16O2,
16O18O, and 18O2. The IR spectra of the 

labeled compounds show the expected isotopic splittings of the Si-O and O-O 

stretching vibrations. From the number of isotopomers, it was clearly shown 

that the two oxygen atoms are equivalent, as required for 4.[29] The carbonyl 

oxides 3c and 3d, respectively, were not observed. However, since the 

dioxasiliranes 4c and 4d are generated photochemically and oxides 3 are 

expected to be highly photolabile, this cannot be taken as evidence that 

silanone oxides 3 are not formed during the course of the reaction. 
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Dimethylsilylene 1e was found to react thermally in 0.5% O2-doped argon 

matrices at temperatures as low as 40 K. This indicates that the activation 

barrier for the oxidation of this silylene must be very close to zero. The only 

product is dimethyldioxasilirane 4e, while dimethylsilanone O-oxide 3e, the 

proposed precursor of 4e, is not observed. This is in contrast to carbene 

oxidations, where carbonyl oxides 5 are the primary thermal products and 

dioxiranes 6 are formed on secondary photolysis of 5. Under the assumption 

that the thermal reaction of silylenes 1 with molecular oxygen leads to silanone 

oxides 3 as the primary products, it follows that the barrier for the 3 4

rearrangement must be considerably smaller than that for the 5 6

rearrangement. This is in agreement with MP2 calculations, which predict a 

barrier of 22.8 kcal/mol for the carbonyl oxide, but only 6.5 kcal/mol for 

rearrangement of the silanone oxide 3a (parent compounds, R = R' = H). The 

large excess energy released by the thermal reaction of 1e with O2 to give 3e

cannot be dissipated fast enough, and thus 3e directly rearranges to 4e, even 

under the conditions of matrix-isolation at cryogenic temperatures. In contrast 

to 4c and 4d, dioxasilirane 4e is photolabile and 400 nm irradiation rapidly 

results in its rearrangement to methyl(methoxy)silanone 8e. This is completely 

analogous to the photochemistry of dioxiranes, which rearrange to esters.[17]

The dihalodioxasiliranes 4c and d, on the other hand, are completely stable 

towards visible and UV irradiation, since a migration of a halogen atom from 

silicon to oxygen is energetically highly unfavorable. 

Although dimethylsilylene 1e reacts thermally with 3O2, this molecule is not 

very suitable for the investigation of this reaction. The conditions for the matrix 

isolation of 1e are quite harsh, and either short-wavelength UV irradiation or 

high pyrolysis temperatures (depending on the precursor used) are required for 

the synthesis. The yields of 1e are therefore quite low. In addition, the methyl 

substituents in the proposed intermediate 3e might not be efficient enough in 

dissipating the reaction energy to prevent the rearrangement to 4e. This leads to 

the question as to whether large substituents, such as the mesityl groups used 

by Ando et al.,[19] can lead to a stabilization of the silanone O-oxides 3.

We thus developed more efficient precursors for the synthesis and matrix 

isolation of silylenes 1 under mild conditions. Such a precursor is 

phenylsilyldiazomethane 9, which can be easily synthesized by reaction of 
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phenylsilyl trifluoromethanesulfonate with diazomethane.[30] Photolysis in the 

visible or near UV (400–350 nm) results in the loss of N2 and formation of the 

highly labile carbene 10 (Scheme 5.4). Depending on the irradiation conditions, 

the diazirine 11 is also formed. Carbene 10 rapidly rearranges to silene 12

through a [1,2]-hydrogen migration and is thus not observed in the matrix. 

According to DFT calculations, only the triplet state of 10 is a minimum on the 

potential energy surface, while singlet 10 is a transition state directly leading to 

12. The formation of the isomeric silene 13 would require a [1,2]-phenyl 

migration and it is not observed. Prolonged irradiation under the same 

conditions ultimately leads to methyl(phenyl)silylene 1f in excellent yields. 

This reaction sequence also allows the generation of 1f in doped argon matrices 

and thus permits the investigation of the subsequent thermal reactions with 

small molecules such as O2, CO, PH3, etc. 
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Scheme 5.4. 

As with dimethylsilylene 1e, the reaction of methyl(phenyl)silylene 1f with 

O2 results directly in the formation of the corresponding dioxasilirane 4f, while 

silanone oxide 3f could not be detected (Scheme 5.5). The dioxasilirane 4f was 

identified by comparison of the experimental IR spectra with DFT calculations, 

by isotopic labeling with 18O2, and by its subsequent photochemistry. The O-O 

stretching vibration of 4f at 577 cm–1 shows the expected large isotopic shift on 
18O-labeling.[30] In dimethyldioxasilirane 4e, this vibration is observed at 554 

cm–1,[28] and in the fluorinated and chlorinated dioxasiliranes 4c and 4d at 615 

and 576 cm–1,[29] respectively. Thus, with the exception of 4c, the O-O 

stretching modes are found in a narrow range around 560 cm–1. In dioxiranes 6,

the corresponding absorptions are weaker and less characteristic.[32–34] Another 
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typical vibration of 4, which exhibits a large isotopic shift, is the Si-O 

stretching vibration, in the case of 4f, it is observed at 1002 cm–1.
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DFT calculations predict a very small barrier (ca. 1 kcal/mol) for the 

rearrangement of silanone oxide 3f to dioxasilirane 4f.[30] Although ab initio

calculations at the MP2 level of theory predict a somewhat larger barrier (ca. 6 

kcal/mol), it is safe to say that the barrier for the 3 4 rearrangement is much 

smaller than the barrier for the rearrangement of 5 to 6, while the former 

rearrangement is considerably more exothermic. This explains why, even under 

the conditions of matrix isolation, only the siladioxiranes 4, and not the 

proposed primary adducts of molecular oxygen and silylenes 1, the silanone 

oxides 3, are observed. 

Dioxasilirane 4f is photolabile, and visible light irradiation (420 nm) rapidly 

results in its rearrangement to methyl(phenoxy)silanone 8f, the product of a 

[1,2]-phenyl migration. The isomeric silanone 13, which would be produced by 

a methyl migration, could not be detected in the matrix. Presumably, the 

rearrangement of 4f proceeds by rupture of the O-O bond to form a dioxy 

diradical, which subsequently rearranges. Although 8f contains an unfavorable 

Si=O double bond, the rearrangement is estimated by DFT calculations to be 
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exothermic by 62 kcal/mol, much more exothermic than the corresponding 

rearrangement of dioxiranes 6 to esters. 

The question remains as to why, according to a previous report by Ando et 

al., the reaction of dimesitylsilylene 1b with molecular oxygen results in the 

formation of silanone oxide 3b and not dioxasilirane 4b.[19] The reaction 

conditions in these experiments were quite different from ours. First of all, a 

trisilane was used, which on irradiation with short-wavelength UV light (254 

nm) produces the silylene 1b. An examination of the published IR spectra 

reveals that the products from this reaction were not matrix-isolated (very 

broad, overlapping UV absorptions). Moreover, the oxidation was carried out 

in neat oxygen during UV irradiation, while in our experiments the silylenes 

react in about 1% O2-doped Ar matrices under controlled conditions. In our 

case, this means that in the first step the silylene is generated and 

spectroscopically characterized and in a second step the oxidation is induced by 

either warming the matrix from 10 K to 35 K to allow the diffusion of 3O2 (1e

and f) or by visible or long-wavelength UV irradiation into a charge-transfer 

absorption of the silylene-oxygen complex (1c and d). Since the silanone oxide 

3b is expected to be not only thermo- but also photolabile, neither 3b nor the 

isomeric dioxasilirane 4b should survive 254 nm irradiation. We thus suggest a 

re-evaluation of the oxidation of 1b.

5.3 Computational Studies on Silanone oxides 3 and Dioxasiliranes 4 

The parent silanone oxide 3a has been well investigated by Nagase et al. using 

perturbation theory up to order four (MP2 to MP4SDTQ), generalized valence 

bond (GVB), and complete-active space self consistent field (CASSCF) 

methods.[27] In contrast to the structure of carbonyl oxides (5), the structure of 

3a is not planar, but rather it is significantly pyramidalized. The sum of bond 

angles at the Si atom is 318.7° (close to three times 109.1°) rather than the 360° 

of a trigonal-planar coordination.[27] The O-O and O-Si distances are 1.306 Å 

and 1.748 Å, respectively, while the O-O-Si angle is 122.5° (all data are 

MP2(full)/6-31G(d), see Figure 5.1). As silyl radicals are pyramidal, in contrast 

to alkyl radicals, the nonplanar structure of 3a has been ascribed to the silyl 

radical character of the SiH2 moiety. Nagase et al. analyzed the CASSCF and 

GVB wavefunctions and concluded from the spin polarizations and orbital 

overlaps that 3a has a markedly greater biradical character than 5a. This 

significant biradical character of 3a makes a description of its electronic 

structure rather difficult, as noted by Nagase et al., who obtained significantly 

different results for 3a from single configuration (HF, MPn, and CI) and 

multiconfiguration treatments. 
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Figure 5.1. Structures of silanone oxide (3a), siladioxirane (4a) and the 

transition state for ring closure as computed at the MP2(full)/6-31G(d) and 

GVB/6-31G(d) (in brackets) levels of theory. All data are taken from reference 

[27].

Figure 5.2. Structures of phenylmethylsilanone oxide (3f) and the 

corresponding siladioxirane (4f) as computed at the RB3LYP/6-311++G(d,p) 

level of theory. All data are taken from reference [30]. 

The ring-closure reaction from 3a to 4a was studied independently by 

Nagase et al. and Patyk et al. in 1989.[27, 28] Both groups reported an 
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MP2(full)/6-31G(d) barrier of 6.5 kcal/mol. A somewhat lower barrier was 
obtained by Nagase et al. at MP4/6-31G(d)//MP2/6-31G(d) (5.0 kcal/mol) and 
at GVB/6-31G(2d,p) and CASSCF/6-31G(d) (2.5 and 2.4 kcal/mol). As 
mentioned above, a barrier ranging in the order of 2–6 kcal/mol is significantly 
smaller than that for the 5a 6a rearrangement, and in agreement with the 
experiments, in which 3 cannot be detect as an intermediate in the oxidation of 
1. The syn isomer of phenylmethylsilanone O-oxide 3f is 0.7 kcal/mol more 
stable than the anti form. The silicon atom in phenylmethylsilanone O-oxide 3f

is not pyramidalized at the RB3LYP/6-311++G(d,p) level of theory.[30]

Nonetheless, it was found that dipolar resonance structures are not in 
agreement with charges derived from the natural population analysis at the 
B3LYP/6-31G(d,p) level and thus that 3f also has a strong biradical character. 
Although it is difficult to compare directly structures obtained at different 
levels of theory, it is obvious from the computed O-O and Si-O distances that 
the RB3LYP description of 3f is much more delocalized (1.445 Å and 1.598 Å, 
respectively) than that of 3a at MP2 (1.306 Å and 1.748 Å, respectively). As 
Nagase et al. concluded from their investigation of 3a that Hartree-Fock and 
MP2 overestimate the delocalized planar geometry, it remains to be probed 
whether the structural differences of 3f and 3a are due to substituent effects. 

As mentioned above, ring closure of 3f to 4f has an extremely small barrier 
of less than 1 kcal/mol at RB3LYP/6-311++G(d,p), in agreement with its 
elusive nature in the matrix-isolation study. The reactions 3a 4a and 3f 4f

are strongly exothermic, by around 60 kcal/mol [MP4SDTQ/6-31G(2d,p)] and 
50 kcal/mol, respectively. An interesting feature of 4a is its rather long O-O 
bond (1.63 Å at MP2 and 1.81 Å at GVB),[27] which is significantly longer than 
in dioxiranes (microwave 1.516 Å;[32] computation 1.52–1.55 Å [33]). In 
contrast, the O-O distance in 4f is only 1.58 Å, and is thus much closer to the 
value in the carbon system. Again, it is unclear as to whether the difference in 
geometry parameters of 3f and 4f reflects substituent effects or whether it arises 
from the differing computational models. In order to better understand the 
silanone oxide and siladioxirane species, a computational investigation at a 
uniform and adequate level of theory appears highly desirable. 

5.4 Summary 

The oxidation of silylenes 1c–f with molecular oxygen has been investigated 
by means of matrix-isolation spectroscopy and ab initio and DFT methods. 
With all four silylenes, the dioxasiliranes are obtained as the first isolable 
products. The halogenated silylenes 1c and d require photochemical activation 
to be oxidized, while the silylenes 1e and f react thermally with 3O2 even in the 
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solid state (O2-doped argon matrix) at temperatures below 40 K. Thus, 

halogenation increases the activation barrier for the oxygenation substantially. 

The thermal reaction of the singlet molecules 1e and f with triplet O2 to give 

singlet products requires an intersystem crossing (ISC) during the reaction. 

However, our experiments give no clue as to at which step the ISC occurs. 

Although there is no direct evidence, silanone O-oxides 3 are most likely the 

primary products of the addition of 3O2. In this case, oxides 3 might be formed 

in their triplet states, which subsequently decay to the lower-lying singlet 

states. Alternatively, the ISC might occur along the reaction path and not at a 

stationary point. 

The silanone oxides 3 formed in these reactions are not observed, even 

under the conditions of matrix isolation. This is rationalized in terms of a very 

small activation barrier for the cyclization and the high excess energy released 

during the primary addition of oxygen to the silylene molecule, which cannot 

be dissipated to the matrix sufficiently rapidly. The IR spectra of 3 are nicely 

reproduced by DFT calculations. This suggests that this computational method 

also reliably reproduces the geometric and electronic properties of 3. These 

results suggest that 3 is highly polar, in accordance with the difference in 

electronegativity between silicon and oxygen, but not as polar as would be 

expected for a zwitterion. On the other hand, the wavefunction of 3 has a 

significant diradical-type character. The dioxasiliranes 4 exhibit properties 

similar to those of the dioxiranes 6. Photolysis of 4 and 6 results in their 

rearrangement to “sila-esters” and esters, respectively. So far, the reactivity of 

4 in solution has not been explored due to the lack of suitable precursors. The 

properties of 4 as reagents for the transfer of oxygen atoms, in analogy to the 

most important reaction of 6, thus remain to be investigated. 
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6 Short-Lived Intermediates with Double Bonds to Silicon: 

Synthesis by Flash Vacuum Thermolysis, and Spectroscopic 

Characterization

H. Beckers

6.1 Introduction 

The synthesis and characterization of compounds with multiple bonds to silicon 

and its heavier neighbours in the periodic table has attracted enduring interest 

in recent decades.[1, 2] Above all, remarkable progress has been achieved in the 

synthesis of isolable compounds whose reactive multiple bonds are protected 

by bulky groups. On the other hand, the price to be paid when resorting to 

tailored highly crowded substituents is that the properties of such kinetically 

stabilized compounds are governed primarily by what the bulky ligands permit 

rather than the nature of the reactive centers linked by the multiple bond in 

question.

Recent gas-phase spectroscopic studies, particularly on transient silicon 

compounds, have established that their ground-state structures differ to some 

extent from those of highly substituted derivatives.[3] Moreover, in sharp 

contrast to molecules with stabilized multiple bonds that can be obtained at 

ambient temperatures, unprotected derivatives may have non-rigid structures 

owing to a low barrier to rearrangement of the small substituents.[3a, 4a] Above 

all, according to timely ab initio calculations,[4] silicon with a low coordination 

number tends to avoid multiple bonds as are commonly found for carbon, 

favoring instead structures which permit an increased population of its valence 

s-orbital. One striking example is Si2H2, the disilicon analogue of acetylene. 

The ground-state structure of the most stable isomer of Si2H2 (1) contains 

twofold H-bridged Si atoms in a butterfly-type non-planar arrangement rather 

than triply-bonded silicon.[3a] More recently, the rotational spectrum of CH2Si,

formed in an SiH4/CO plasma, has been observed by Izuha et al.[3b] For the 

CH2Si molecule the non-classical singlet silylidene structure (2) predicted by 

ab initio calculations [4b] has been confirmed. 
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Widely used techniques to produce reactive species such as 1 or 2 are dc 

glow discharges coupled to sensitive high-resolution spectroscopic techniques 

such as millimeter wave (mmw), microwave (mw), or tunable diode laser 

(TDL) IR spectroscopy.[5] However, even in cooled electric discharges, not 

only the precursor, but also the target species thus formed, are destroyed rather 

unselectively, and their concentrations in discharges are often very low.[5]

Short-lived species may be obtained selectively in the gas phase by either 

UV photolysis or flash vacuum thermolysis (FVT). However, both photolysis 

and FVT have their limitations. In order to generate transients by photolysis in

situ in the absorption cell, the precursor should have absorption bands in the 

UV or visible region. By FVT, transients are produced outside the absorption 

cell. This method is thus limited to transients that are both thermally 

sufficiently stable, and whose lifetimes are not shorter than a few ms. Being 

generated in the gas phase, such transients may be either stabilized in a matrix 

at low temperature and characterized by IR spectroscopy, or observed in real 

time by high-resolution spectroscopic measurements. The latter techniques 

provide information about the lifetime, the gas-phase structure, and the 

rotational and vibrational energy patterns of the target species. 

High-resolution spectroscopic methods cannot, however, be successfully 

applied to molecules composed of more than a few atoms. Our work was 

therefore aimed at synthesizing novel small transients in the gas phase and 

characterizing them by their rovibrational and rotational spectra. For this goal, 

it was deemed highly desirable to develop productive and selective routes 

directed towards the transient targets. This report is restricted to some short-

lived intermediates with unprotected double bonds formed by silicon, while a 

few results of our work on related transient phosphines are mentioned in 

Sections 6.4 and 6.5 for comparison. The respective species have been obtained 

by coupling FVT with matrix-IR, mmw, and high-resolution FTIR 

spectroscopies.
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6.2 Rotational Spectrum and Equilibrium Structure of Silaethene, 

H2Si=CH2 (3a) 

The first structural study of a molecule with a silicon-carbon double bond was 

the electron-diffraction investigation of 1,1-dimethylsilaethene, Me2Si=CH2

(3b), reported in 1980.[6a] In that first work, an extremely long Si=C bond 

length was erroneously determined for 3b. This was even longer than those 

determined by X-ray crystallography [7] of highly substituted stable derivatives. 

This prompted Gutowski et al. [6b] to reinvestigate the structure of 3b by mw 

spectroscopy. A complete structure determination of 3b was, however, 

impossible in that work. Thus, only structural parameters of the planar C2Si=C

heavy atom skeleton were determined experimentally, and an effective Si=C 

bond length of 169.2(3) pm (r0) was obtained. 

In order to obtain more reliable structural data on silaethenes with 

unstabilized Si=C double bonds, we tried to obtain the mmw spectrum of the 

parent species 3a.[8] Contrary to the synthesis of substituted silaethenes such as 

3b, the thermolysis of the corresponding silacyclobutane (4) proved to be less 

useful for obtaining the parent species 3a (route A in Scheme 6.1 [8a, 9]).

Scheme 6.1. Synthesis of silaethene (3a) by FVT of 4 (route A) and 5

(route B) [8].

We obtained the mmw rotational spectrum of 3a,[8a] produced by low-

temperature FVT of precursor 5 (route B in Scheme 6.1). Both the lower 

temperature required for the pyrolysis of 5 compared to that of 4, and rigorous 

cooling of the absorption cell in order to trap condensable products, proved to 

be crucial for the first detection of rotational lines belonging to gaseous 3a.

Concomitantly with the spectrum of 3a, rather strong lines arising from 

methylsilane, CH3SiH3 were observed. The latter might be formed from 3a in 

two steps by the well-known silaethene-to-methylsilylene rearrangement [9]

followed by hydrogenation of the reactive silylene thus formed.

Altogether seven isotopomers of 3a were generated from isotopically 

labeled species 5, and examined by mmw spectroscopy. Based on the different 
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sets of experimental molecular parameters obtained and on predicted 

corrections for vibrational effects provided by ab initio methods, a very 

accurate equilibrium structure of 3a has been determined.[8b] The length of the 

Si=C double bond in 3a (170.39(18) pm, re) was found to be similar to that in 

the silylidene 2 (169.5(9) pm, r0),
[3b] as estimated from the rotational spectrum 

of the main isotopomer, but shorter than that found for the X3  ground state of 

diatomic SiC (171.9(1) pm, re
[10]).

6.3 Gas-Phase Studies of Intermediates with Unstabilized Silicon-

Chalcogen Double Bonds 

Both monomeric oxo- and thioxosilanes, X2Si=O and X2Si=S, respectively, 

contain silicon in a trigonal-planar coordination. Their strongly polarized 

silicon-chalcogen double bonds, Si +=O – and Si +=S –,[11, 12] render them 

kinetically unstable unless efficient protecting substituents X are present at 

silicon. The first kinetically stabilized thioxosilane, stable at ambient 

temperature, has recently been described.[12a] Stable oxosilanes have, however, 

not been isolated to date, and their synthesis continues to challenge 

experimentalists.[12b, 12c]

Although a few transient oxosilanes in low-temperature matrices have been 

observed by IR spectroscopy,[13] successful gas-phase studies of such 

intermediates have hitherto been limited to the examination of the unsubstituted 

parent species H2SiO (6).[14] Oxosilane 6 was detected by means of its sub-

mmw rotational spectrum in a silane/oxygen/argon low-power plasma cooled 

to liquid-nitrogen temperature.[14c] The experimental structure of 6 has been 

reported.[14d] The Si=O bond length in 6 (151.5(2) pm, rm
[14d]) was found to be 

similar to that in diatomic SiO (150.97 pm, re
[15a]).

Subsequent efforts to obtain 6 by FVT coupled with mmw spectroscopy 

were, however, unsuccessful. A search for 6 in the products of the thermolyses 

of both the retro-ene precursor 7 (Scheme 6.2) [16a] and disiloxane 8
[16b] at 

temperatures between 600 and 1000°C was fruitless. In the course of both 

experiments, strong rotational lines attributable to SiO [15b] were observed, and 

their intensity increased with temperature. It thus appears that 6, if formed at 

all, decomposes at the temperatures required for FVT. At least partial 

dehydrogenation occurs to yield the observed SiO and hydrogen. However, 

unimolecular destruction of 6 by H-migration to give slightly more stable 

HSiOH isomers is predicted by ab initio calculations [11c] to be more facile than 

dehydrogenation. Poor thermal stability has also been observed for the 

substituted derivative Me2Si=O.[13f] This transient, obtained by low-temperature 
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thermolysis in the gas phase, has been characterized by matrix IR spectroscopy. 

It decomposes under FVT conditions at temperatures > 850°C.

650 - 1000 oC

- 1,3-pentadiene

- 2 isobutene
H Si O SiO

- SiH4

- H2
2

O

Si(t Bu)2

7

O
H3Si SiH3

8

6600 - 1000 oC

H

Scheme 6.2. FVT of 7 [16a] and 8.[16b]

Compared to spectroscopic studies of oxosilanes, direct observations of 

transient thioxosilanes have remained particularly scarce.[17, 18] Photolysis of 

matrix-isolated SiS in the presence of Cl2 and HCl provided the first 

thioxosilanes, Cl2Si=S [17a] and Cl(H)Si=S,[17b] respectively. Previous attempts 

to detect Me2Si=S [17c] by matrix IR spectroscopy during FVT of either its 

cyclodimer or the cyclotrimer failed. Recently the rotational spectrum of the 

HSiS radical has been reported,[19] while that of the parent thioxosilane H2Si=S

is still unknown.[18b, 19] The HSiS radical was produced on striking an electrical 

discharge in a mixture of SiH4 with either OCS or H2S.[19]

More recently, substituted transient thioxosilanes have been obtained by a 

retro-ene reaction according to Scheme 6.3.[18a] In this study, the thermolysis of 

several thiosilanes such as 9a and 9b (Scheme 6.3) was examined using both 

high-resolution mass spectrometry (HRMS) and photoelectron spectroscopy 

(PES). While monomeric (i-Pr)2Si=S (10b) was obtained from 9b and 

identified independently by both methods employed, 10a was not observed in 

the mass spectrum of the thermolysis products of 9a. Moreover, the detection 

of monomeric 10a by its PE spectrum was hampered by strong bands due to 

allene and undecomposed precursor obscuring bands assumed to stem from 

10a.[18a]
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- propene
R Si S

S

SiR

o
600 - 1000 C

2
2

9a: 

9b: 

R = Me
R = -Pri

10a: 

10b: 

R = Me
R = -Pri

H

Scheme 6.3. FVT of allylthiosilanes 9a, b.[18a]

In order to overcome the limited thermal stability of unprotected 

monomeric, four-atom thioxosilanes we synthesized the fluorine-substituted 

derivative F2Si=S (11), incorporating two particularly strong silicon-fluorine 

bonds.[20] First, we intended to synthesize 11 by thermal decomposition of its 

cyclodimer (F2SiS)2 (12), which had been reported in the literature.[21]

However, exploring several routes directed towards this promising precursor 

we were unable to obtain any 12.[22] Monomeric 11 was finally obtained 

according to Eq. 1 by FVT of (F3Si)2S (13) [22] at  500°C. Being formed in the 

gas phase, 11 was trapped at cryogenic temperatures and characterized by its 

FTIR spectrum.[20]

  (F3Si)2S
T, Ar

 F2Si=S  +  SiF4 (1) 

      13        11

The infrared spectrum of the deposit obtained by FVT is displayed in Figure 

6.1.[20] Evidently, the thermolysis of 13 according to Eq. 1 was rather selective 

and almost quantitative. Nevertheless, the most intense absorptions associated 

with 11, and assigned to the SiF2-stretching vibrations at 995.7 and 969.1 cm–1,

are rather weak compared to the intensity of the 3 band of 28SiF4 at 1023.3 cm–

1. This peak is accompanied by two satellites of 29SiF4 at 1014.4 

cm–1 (4.7%) and of 30SiF4 at 1006.2 cm–1 (3.1%; marked by an asterisk in 

Figure 6.1). It thus appears that the majority of 11, once generated, was 

destroyed under the FVT conditions before being trapped in the low-

temperature matrix. 

In Table 6.1 theoretical results reported for the fundamental vibrational 

wavenumbers and infrared band intensities of 11 are compared with their 

experimental counterparts determined in this work. The assignment of the 

measured bands is fully consistent with these calculations. Further support for 

this assignment comes from the calculated intensity pattern of the infrared 

absorptions, which is in very good agreement with the experimental relative 

intensities (see Figure 6.1 and Table 6.1). 
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Figure 6.1. Matrix IR spectra of a deposit obtained by FVT of (F3Si)2S (13)

[20]; A: 500–1100 cm–1; B: 150–650 cm–1; on top: predicted ab initio spectrum 

of 11; SiF4 peaks are marked by an asterisk and peaks due to contamination by 

F3SiSH with a filled rhomboid. 

Table 6.1. Computed and experimental fundamental vibrational wavenumbers 

(cm–1) of F2Si32S a).

Mode Experimental b)  Ab initio c)

a1; s(SiF2) 996 (2.60)  1003 (262) 

(SiS) 638 (0.02)  647 (  1) 

(SiF2) 337 (0.30)  339 ( 25) 

b1; as(SiF2) 969 (1.30)  967 (142) 

(SiF2) 247 (0.12)  247 ( 10) 

b2; (SiF2) 296 (0.54)  316 ( 33) 
a) Ref. 20. b) Extinction in parentheses. c) MP2/VTZ+1 values; infrared band 

intensities (km/mol) in parentheses. 

The hitherto unknown cyclodimer 12
[22] might be a secondary product 

formed by dimerization of 11. The search for absorptions associated with 12 in 

the spectrum of the deposit (Figure 6.1) was, however, unsuccessful. No peak 

could be definitely assigned to this elusive species, even after annealing the 

matrix and the disappearance of lines due to 11. Hence, if formed at all, only 
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traces of 12 might have been co-condensed in the low-temperature matrix. 

Thus, the fate of 11 differs strongly from that of the methyl-substituted 

derivative 10a. The crowded spectra obtained in related experiments directed 

towards the synthesis of 10a
[17c, 18a] are dominated by bands attributable to the 

corresponding cyclodimer. The latter was assumed to be formed by 

dimerization of kinetically unstable, monomeric 10a on the walls.[17c]

Due to the lack of experimental data on the structure of sterically 

unhindered thioxosilanes, we have to resort to a high-level ab initio structure of 

11.[20] The SiS distance in 11 (191.1(1) pm) is predicted to be shorter than the 

experimental distance in diatomic SiS (192.93 pm, re
[23]). These bond lengths 

differ considerably from that recently estimated for the HSiS radical. The 

reported effective Si=S bond length of this radical, 195.37(19) pm (r0), is 

similar to those determined by X-ray crystallography of a stable, sterically 

overcrowded derivative (194.8(4) pm and 195.2(4) pm [12a]).

6.4 Exploration of the Time Domains of Transients

Gas-phase studies have provided compelling evidence of the transient nature of 

the reactive species investigated. Their high reactivity may certainly be 

attributed to their polar and unprotected double bonds. However, apart from a 

few kinetic studies on substituted silaethenes,[24] any detailed knowledge on 

their chemical stability is lacking. Nevertheless, the temporal fate of a transient 

is certainly of high chemical significance and interest since it strongly 

influences the choice of methods for its production and spectroscopic 

characterization.

In spite of the successful detection of 3a by its mmw spectrum, we have not 

as yet been able to record its FTIR spectrum.[25] While the FTIR technique is 

certainly less sensitive than both TDL and pure rotational experiments, the 

wide and continuous scan range makes FTIR spectra extremely valuable. FTIR 

spectroscopy has, however, only been applied in very few cases to study 

transient molecules.[26] Recently, we have been able to observe both the high-

resolution FTIR and mmw rotational spectra of short-lived monomeric 

chalcogenophosphines FP=O (14a) [27] and FP=S (14b).[28] It is instructive to 

compare effective lifetimes of alkylidene- and chalcogenosilanes with those of 

corresponding transient phosphines (Scheme 6.4). 
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Scheme 6.4. Effective 1/e lifetimes (s) (see text) observed for some transient 

species.

The time-resolved decay of ground-state mmw lines of the relevant 

transients, produced either by modulated discharges or by pulsed UV 

photolysis, has been measured under analogous experimental conditions. A 

typical decay plot is shown in Figure 6.2. The intensities of rotational lines due 

to the fluorophosphines 14a
[27b] and 14b,[28b] observed in modulated discharges 

in (20:1) mixtures of a noble gas with 15a and 15b, respectively (Eq. 2), at 

8–10 Pa and at room temperature, decrease exponentially, with time constants 

of about 8 ms for 14a (Figure 6.2), and 2 s for 14b.

 F2PYPF2  FP=Y  +  PF3 (2) 

         15a: Y = O   14a: Y = O 

         15b: Y = S   14b: Y = S 

The 1/e lifetime of silanone 6, produced in a pulsed discharge cooled to 

liquid nitrogen temperature, was reported to be 1.2 ms.[14c] Silaethene 3a,

generated by pulsed UV photolysis of pure 5 (Scheme 6.1) at 193 nm with an 

ArF excimer laser at a pressure of 0.8 Pa and at ambient temperature, revealed 

a 1/e lifetime of 30  2 ms.[8b] 

Figure 6.2. Decay characteristics of the 186,12–185,13 mmw line of FPO 

(14a).[27b]
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The absorbance versus time profiles thus observed comprise all reactions of 

the transient with any of the species present in the mixture, and these reactions 

may be different for the different transients investigated. We found 14b to be 

less reactive than the other transients investigated in this work (Scheme 6.4), 

since its double bond is expected to have the lowest polarity. However, 14b is 

nevertheless a highly reactive intermediate compared to compounds with 

unprotected carbon-phosphorus multiple bonds such as RCP, with R = H or 

CH3. The latter were extensively investigated during the 1980s,[2] and are 

known to be stable in the gaseous state at room temperature.[29] A higher 

polarity of the double bond of the transient may facilitate both dimerization and 

insertion of these intermediates into polar bonds, and hence shorten their 

lifetime in the presence of polar reagents. 

Although the decay of the obtained transients is believed to show trends in 

relative total reactivity at ambient temperature, other reaction channels of the 

relevant transients, unavailable at ambient temperature, may well be favored at 

high FVT temperatures. Although the FTIR technique demands more rigorous 

FVT conditions (higher partial pressures and higher FVT temperatures) than 

those employed for mmw measurements, it appears that robustly bound 

molecules such as 14a survive even under these more rigorous conditions at 

partial pressures high enough permit their studies by FTIR spectroscopy, while 

the thermally less stable 3a may not be observable. Preliminary gas-phase 

mmw and matrix IR spectroscopic studies on the difluorinated intermediates 11

and F2Si=CH2, respectively, have established that even these more robust 

molecules are thermally unstable with respect to elimination of the kinetically 

more stable F2Si under the chosen FVT conditions. 

6.5 Conclusion 

Productive and highly selective FVT routes directed towards the short-lived 

intermediates H2Si=CH2 (3a),[8] F2Si=S (11),[20] FP=O (14a),[27] and FP=S 

(14b) [28] with unprotected double bonds involving silicon or phosphorus have 

been explored, and new gas-phase syntheses of 11, 14a, and 14b have been 

developed. The transients 3a, 14a and 14b have been obtained directly in the 

gas phase, and their rotational spectra, as well as high-resolution FTIR spectra 

of 14a and 14b, have been recorded. The silane 11 has been trapped from the 

gas phase in a low-temperature matrix and unambiguously characterized by its 

matrix FTIR spectrum. 
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Highly accurate experimental equilibrium lengths of unstabilized Si=C 

bonds, as well as of P=O and P=S double bonds of compounds with Si(IV) and 

P(III), respectively, have been determined. These will serve as references for 

forthcoming studies. This work includes the first structural investigation of a 

thioxophosphine in the gas phase. The double-bond lengths are compared to 

those of known corresponding diatomic molecules. Thus, the double-bond 

length in silaethene 3a is shorter than that in the diatomic species SiC, while 

that in H2Si=O (6) is similar to that in SiO. In particular, the behavior of these 

silicon-oxygen bond lengths differs significantly from that of the corresponding 

carbon-oxygen homologues. This observation accounts for the known 

reluctance of silicon to form multiple bonds at the expense of the population of 

its valence s-orbital.[4] Owing to the electron withdrawing effect of fluorine, the 

double-bond lengths in the phosphines 14a (145.28(2) pm, re
[27b]) and 14b

(188.86(4) pm, re ([28b]) are also found to be even shorter than those in the 

corresponding diatomic species PO (147.64 pm, re
[30a]) and PS (189.77 pm, re

[30b]), respectively.

The investigated transients with double bonds to silicon exhibit short 

effective 1/e lifetimes ranging from a few ms (for H2Si=O) up to ca. 30 ms for 

3a. In contrast to these silanes, the kinetic instability of multiply-bonded 

transient phosphines depends more strongly on the electronegativity of the 

element involved in the multiple bond to phosphorus. The observed 1/e 

lifetimes span a substantial range from 8 ms for highly reactive 14a up to stable 

derivatives with unprotected phosphorus-carbon multiple bonds. FVT coupled 

with FTIR spectroscopy has proved to be a competitive technique to study 

robustly bound transients with 1/e lifetimes as short as 8 ms.
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7 Kinetic Stabilization of Disilenes >Si=Si< and Disilynes 

–Si Si–

Nils Wiberg

7.1 Introduction 

As silicon represents the next homologue to carbon, which is widely admired 

as the "king of elements", the question of the carbon analogy of silicon arose 

early, and chemists, bearing the group connections in mind, have tried to find 

chemical similarities between them. In fact, carbon and silicon form 

compounds with analogous compositions which are more comparable in their 

properties than analogous compounds of element pairs to the left and right in 

the periodic table.[1]

Whereas saturated silicon compounds SinH2n+2 (e.g. disilane H3Si–SiH3)

have been known for a long time, the same is not true for unsaturated silicon 

compounds SinH2n (e.g. disilene H2Si=SiH2) or SinH2n–2 (e.g. disilyne 

HSi SiH). Their existence has been regarded as the central touchstone not only 

for the aforementioned analogy between carbon and silicon, but – in a broader 

sense – also for the double bond rule.[1] In fact, disilenes first became 

accessible in 1981 after many unsuccessful experiments with the isolation of 

Mes2Si=SiMes2 by R. West et al., when it was realized that substitution of the 

hydrogens in H2Si=SiH2 with bulky groups reduces drastically the tendency of 

the disilene to di-, oligo- or polymerize.[2] Since this discovery, the chemistry 

of disilenes has made rapid progress.[2] At the same time, it strongly stimulated 

the search for an isolable, dimerization-stable disilyne RSi SiR.

Clearly, the substituents R used for a kinetic stabilization of disilenes or 

disilynes must not only hinder the intermolecular dimerization of the reactive 

species through steric crowding, but, in addition, must also be chemically inert 

with respect to intramolecular isomerization processes such as insertions or 

migrations, by which the disilenes are transformed into disilanes, and the 

disilynes into disilenes as well as disilanes. According to ab initio calculations, 

electrophilic groups R (silyl less electronegative than organyl) are favorable to 

the aforementioned carbon analogy of silicon. In place of a bulky substituent, 

we selected the chemically very inert tri-tert-butylsilyl group SitBu3, called 
supersilyl and symbolized by R*. Indeed, this moiety has a lot of merits, as we 
described in a review in 1997,[3] which summarized our knowledge regarding 
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supersilyl compounds at that time. In addition, the even more sterically 
crowded disupersilylsilyl group R  = SiHR*2 and the extremely bulky 
methyldisupersilyl group R** = SiMeR*2, which we jokingly call “megasilyl”, 
have been used. We also considered using the sterically very crowded 
trimesitylsilyl group, but the extreme insolubility of SiMes3-containing starting 
materials for the preparation of disilenes and disilynes, stopped us from 
persuing this further.

In the following text, results concerning the syntheses and reactions of 

disilenes of types 1–4 are presented. In addition, dehalogenations of the 

disilenes 2 and 4, and dehydrobromination of the disilane R HBrSi–SiBrHR ,

which possibly lead to disilynes of types 5–7, will be described (in some cases, 

these reactions obviously proceed via cyclotrisilenes as well as 

cyclotetrasilenes and even tetrasilabutadienes). The disilenes 1 (R = Ph), 3, and 

4 and, (obviously) the disilyne 7, could be obtained under normal conditions 

due to an adequate steric shielding of the reactive >Si=Si< and -Si Si– entities 

with bulky silicon-bound groups. 

Incidentally, the silylene SiR*2, generated by dehalogenation of R*2SiX2 (X 

= halogen), does not dimerize due to steric reasons (R = R* in 1 is not 

possible). Instead, it decomposes by an intramolecular insertion of the silylene 

Si atom into a CH bond of supersilyl.[4]

7.2 Syntheses and Reactions of Disilenes R*RSi=SiRR* (1)

7.2.1 Formation of 1 from R*RXSi–SiXRR* 

The disilanes R*RBrSi–SiBrRR* (R = H, Me, Ph; also R*PhClSi–SiBrPhR*), 

in the presence of equimolar amounts of supersilyl sodium NaR* in THF at 

–78°C, form – according to Scheme 7.1 – the disilanides R*RBrSi–SiNaRR* 

(1•NaBr), which have been identified by protonation, bromination, and 
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silylation [5, 6] (for the preparation of R*RBrSi–SiBrRR* cf. [7]). The disilanides 

are transformed by elimination of NaBr (at about –70 to –50°C) into the 

disilenes R*RSi=SiRR* (1 with R = H, Me, Ph). Thereby, 1H and 1Me are 

obtained as reactive species, the intermediate existences of which have been 

proved by trapping the disilenes with diphenylethyne or anthracene (Scheme 

7.1).[5, 6] According to the structures of the obtained [2+2] and [2+4] 

cycloadducts 8 and 9, with both the R* and R groups in trans positions, there is 

every reason to believe that the disilenes 1H and 1Me are trans configured. On 

the other hand, 1Ph is metastable at room temperature and – as a disilene which 

is more overcrowded than 1H and 1Me – reacts neither with C2Ph2 nor C10H8,

even at 80 °C. 
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Scheme 7.1. Dehalogenation of R*RBrSi–SiBrRR*; formation of the disilenes 

R*RSi=SiRR* (R = H, Me, Ph); reactions of the disilenes 1H and 1Me.
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Heating the silanide R*HBrSi–SiNaHR* (1H•NaBr) in THF from –78 °C to 
room temperature leads – according to Scheme 7.1 – obviously via the 

tetrasilanide 10H•NaBr (which is an adduct of 1H•NaBr and the disilene 1H,

generated from 1H•NaBr) to a mixture of the cis,trans-cyclotrisilanes 10a and 

10b along with the cis,cis,trans-, cis,trans,cis- and trans,trans,trans-

cyclotetrasilanes 10c (Scheme 7.1).[5] At –78 °C, 1H•NaBr transforms only into 
cis,trans-10a and cis,trans,cis-10c (mole ratio 3:1), whereas at 66 °C cis,trans-
10b and cis,trans,cis-10c (mole ratio 3:1) are formed.[5] On the other hand, on 
heating a solution of the silanide R*MeBrSi–SiNaMeR* (1Me•NaBr), prepared 
in THF at –78 °C, a mixture of compounds is obtained via unknown reaction 
pathways, with the trisilane R*MeHSi–SiMeR*–SiHMeR* being the main 
product (Scheme 7.1).[6] Finally, heating the silanide R*PhBrSi–SiNaPhR* 
(1Ph•NaBr) in THF from –78 °C to room temperature leads – according to 
Scheme 7.1 – to the disilene R*PhSi=SiPhR* (1Ph). It could be isolated as light-

yellow, hydrolysis- and air-sensitive crystals and characterized (i) 

spectroscopically (Raman: ~ (Si=Si) = 591 cm-1; UV/Vis: max = 398 nm 
(  = 1560); 29Si NMR:  (>Si=) = 128 ppm), (ii) by X-ray structure analysis 
(dSi=Si = 2.182 Å; planar and trans configured >Si=Si< framework), and (iii) by 
its thermolysis and by further reactions.[8]

7.3 Syntheses and Reactions of Disilenes R*XSi=SiXR* (2) 

The action of supersilyl sodium NaR* in THF on the silanes R*SiX3 or 

disilanes R*X2Si–SiX2R* (X = Cl, Br, I) leads to the tetrahedro-

tetrasupersilyltetrasilane Si4R*4 (13) shown in Scheme 7.2 [5] (for the 

preparation of R*SiX3 or R*X2Si–SiX2R*, see [7, 9]). As the tetrahedrane is 

obtained in quantitative yields from the bromides and iodides, the routes for the 

formation of 13 must be straightforward. Indeed, the question arose as to 

whether the starting materials are first transformed by NaR* into disilenes 

R*XSi=SiXR* and then into the disilyne R*Si SiR*, which finally dimerizes 

or reacts with its precursors with formation of 13. These ideas stimulated 

detailed studies, the results of which are partly represented in Scheme 7.2.

Incidentally, it is worth mentioning that the action of NaR* in THF on the 

tribromodisilane R*HBrSi–SiBr2R* rather than the tetrabromodisilane 

R*Br2Si–SiBr2R*, leads cleanly to the bicyclo-tetrasilane 15, shown in Scheme 

7.2[5].
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7.3.1 Formation of R*XSi=SiXR* from R*SiX3 or R*X2Si–SiX2R*

Trapping experiments with acids, dienes, triethylsilane etc.[4, 5] indicate that the 

silanes R*SiX3 (X = Br, I) react with equimolar amounts of NaR* in THF at 

–78 °C according to R*SiX3 + NaR*  R*SiX2Na + R*X to form initially the 

silanides R*SiX2Na, which then add silylenes R*SiX (generated according to 

R*SiX2Na  R*SiX + NaX at about –50 °C) with formation of disilanides 

R*X2Si–SiXNaR* (2•NaX; Scheme 7.2). The disilanides transform by 

elimination of NaX (at about –30 to –10 °C) into the reactive disilene 

intermediates R*XSi=SiXR* (2).

The disilanides 2•NaX, which are also obtained from R*X2Si–SiX2R* (X = 

Br, I) and NaR* in THF at –78 °C (the chlorides R*Cl2Si–SiCl2R* and R*SiCl3

react only slowly with NaR*) stabilize in different ways.[5] The chloride 
2Cl•NaCl (formed from R*Cl2Si–SiBrClR*/NaR*) adds to the disilene 2Cl,
generated from 2•NaCl, with formation of the tetrasilanide 11•NaCl, which 

then transforms into the cyclotetrasilane 11 (Scheme 7.2). The decomposition 

pathways of the bromide 2Br•NaBr have hitherto not been studied in detail, but 

the iodide 2•NaI cleanly gives product (2I)2. Due to steric reasons, insertion of 

the disilenes 2 into the NaSi bond of their precursors 2•NaX is possible only for 

2Cl•NaCl. The same is obviously true for a reaction of less bulky 

R*HBrSi–SiNaBrR* with R*HSi=SiBrR* (both generated from 

R*HBrSi–SiBr2R* and NaR*; see above), leading via the tetrasilanide 
R*HBrSi–SiBrR*–SiHR*–SiNaBrR* to a cyclotrisilane of type 10a (cf. 
Scheme 7.1: exchange of H/SiH2R* for Br/SiBrHR*), which, in the presence of 
NaR*, ultimately affords the bicyclo-tetrasilane 15 (Scheme 7.2).[5]

The disilenes 2 are formed as reactive (not yet isolated) intermediates. X-ray 

structure analyses of products 2•DMB and 2•C2Ph2 obtained by trapping 2 with 

2,3-dimethylbutadiene (DMB) or with diphenylethyne, respectively, show both 

R* and X in trans positions,[5] indicating that the disilenes are trans configured. 

Obviously, the disilenes R*XSi=SiXR* may isomerize to some extent to form 

silylenes R*X2Si–SiR*, as follows from a trapping experiment with Et3SiH

leading to the product R*X2Si–SiHR*(SiEt3).
[5]

The decomposition pathways of the disilenes 2 themselves are, in fact, not 

clear, while the unsaturated compounds form in the presence of their precursors 

2•NaX, which may act as traps for 2. It seems most probable that 2Cl dimerizes 

with formation of the cyclotetrasilane (2Cl)2 (Scheme 7.2), whereas 2I, due to 

steric reasons, dimerizes only with formation of the cyclotrisilane (2I)2 (Scheme 

7.2), which can be rationalized as the [2+1] cycloadduct of the disilene 

R*ISi=SiIR* and its isomer R*I2Si–SiR*.[5]
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The metastabilities of 2 must clearly increase in the order 2Cl < 2Br < 2I due 

to an increasing shielding of the Si=Si double bond in the same direction, a 

consequence of which is that the isolated (2I)2 is indeed not a product of 2I with 

2I•NaI, but with itself. Naturally, it should be favorable to catalyze the 

transformation of the precursors 2•NaX into 2 (with Me3SiX?) at temperatures 

at which the disilenes are still metastable. 

Na

Na



7 Kinetic Stabilization of Disilenes >Si=Si< and Disilynes –Si Si– 91

7.3.2 Formation of Si4R*4 (13) from R*XSi=SiXR* (2) 

The intermediately formed disilenes R*XSi=SiXR* (2) react with NaR* – 
according to Scheme 7.2 – via disilenides R*XSi=SiNaR* (5•NaX) and 
probably via cyclotetrasilenes R*4Si4X2 (12) with formation of the orange 
tetrahedrane Si4R*4 (13) , the structure of which has been determined by X-ray 
structure analysis.[5] In fact, the cyclotetrasilane 11 in contact with NaR*
cleanly affords the tetrahedrane 13 (Scheme 7.2), evidently through the 
intermediacy of the unsaturated ring compound 12Cl.

[5] In addition, the red 
cyclotetrasilene 12I is not only formed from 13 with equimolar amounts of I2

(Scheme 7.2), but has also been proven to be a product of the reaction of 
R*I2Si–SiI2R* with a sub-stoichiometric amount of NaR*, i.e insufficient for 
the formation of 13 in quantitative yield.[5, 10] The cyclotetrasilene 12I is 
dehalogenated with re-formation of 13, and takes up H2O or MeOH via 
R*4Si4I

+ (14
+; isolable as 14

+BI4¯) with formation of the light-yellow 
tetrahedrane oxide R*4Si4O (14

+ with O for I+) or the orange cyclotetrasilene 
12OMe.

[10] The mentioned unsaturated ring compounds 12I and 12OMe show 
Si=Si distances of 2.26 Å,[10] whereby the >Si=Si< groups with approximately 
planar Si atoms are evidently twisted about the double bonds, with the R* and 
X groups at the saturated Si atoms in a trans arrangement. 

The disilenides 5•NaX may be transformed into 12Cl, Br. I by reaction with 
any of the other compounds present in solution, namely the disilanides 2•NaX
or the disilenes 2 as precursors of 5•NaX, and the disilyne 5 may be a possible 
product of 5•NaX (cf. Scheme 7.2). In fact, insertions of 2 into the NaSi bond 
of 5•NaX or of 5 into the NaSi bond of 2•NaX or 5•NaX are quite probable. 
The formed tetrasilenides Na–R*XSi–SiXR*–R*Si=SiXR* or 
Na–R*Si=SiR*–R*XSi–SiX2R* may then transform via R*XSi=SiR*–
R*Si=SiXR* or directly into 12Cl, Br, I. So far, we have been unable to trap the 
disilyne 5, a result that neither proves or disproves the intermediacy of such a 
disilyne.[5]

It is interesting to note that the tetrahedrane 13 is also formed by the 
dehalogenation of R*SiX3 and R*X2Si–SiX2R* (X = Cl, Br, I) with alkali 
metal naphthalenides in THF at low temperatures, and may be reduced further 
with NaC10H8.

[5] Thus, 13 is transformed at –100 °C – according to Scheme 
7.2 – into the tetrasilanediide 13

2– which is easily oxidized by I2 with re-
formation of the tetrahedrane 13. The existence of the thermolabile sodium salt 
2 Na+·13

2– in THF (not yet isolated) has been established by its reaction with 
MeOH, leading to the endo,endo-bicyclo-tetrasilane 15, as would be expected 
if 13

2– has the structure shown in Scheme 7.2 (the endo,endo species slowly 
isomerizes at room temperature to some extent into the exo,endo species).[5] On 
the other hand, the formation of the cyclotetrasilene 12Me from 13

2– and 
Me2SO4 is better realized if the central structured element of 2 Na+

13
2– is a 
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(puckered) Si4
2– ring with the Na+ ions each coordinated to Si atoms on 

opposite sides of the Si4
2– ring, which then constitutes a 6  aromatic system.

7.4 Syntheses and Reactions of the Disilenes R HSi=SiHR  (3) and 

R**ClSi=SiClR** (4) as well as the Disilynes R Si SiR  (6) and 

R**Si SiR** (7)

Based on the formation of the tetrahedro-tetrasilane Si4R*4 (13) from R*SiX3

or R*X2Si–SiX2R* and NaR* via disilenes R*XSi=SiXR* (2) (see above), it is 

quite certain – regardless of whether or not the the disilyne R*Si SiR* (5)

represents the direct precursor of 13 – that the steric crowding of supersilyl 

groups R* = SitBu3 would not suffice to stabilize a halogen-containing disilene 

RXSi=SiXR against further reactions or a disilyne RSi SiR against 

dimerization. Therefore, we planned to synthesize disilynes R Si SiR  (6) and 

R**Si SiR** (7) with the very bulky groups R  = SiHR*2 and the extremely 

bulky “megasilyl” groups R** = SiMeR*2. On the way to these disilynes, two 

hitherto unknown disilenes, R HSi=SiHR  (3) and R**ClSi=SiClR** (4), were 

obtained.

In fact, another indication of the formation of a bulky substituted disilyne 

has recently been published.[11] Dehalogenation of the silane RSiF3 (R = 2,6-

Mes2C6H3) with Na in boiling THF was found to afford the product 18 in 

Scheme 7.3. One may envisage formation of this product either via the disilyne 

16 or via the silylene 17 as reaction intermediates. 
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7.4.1 Formation of R HSi=SiHR  (3) from R HBrSi–SiBrHR – On

the Route to an Unstable Disilyne R Si SiR  (6)

We have observed [13] that the disilane R HBrSi–SiBrHR  (R  = SiHR*2),

generated according to Scheme 7.4 from the silane R SiH2Cl (obtained by the 

action of SiH2Cl2 on NaR [12]) and Na via the disilane R H2Si–SiH2R  reacts 
with supersilyl sodium NaR* in THF at –78 °C to form mainly the disilene 
R HSi=SiHR  (3) besides the cyclotetrasilene R*4Si4H2 (20). The hydrolysis- 
and air-sensitive disilene 3, which is in fact the first silicon compound with 
hydrogen atoms bound to unsaturated silicon atoms that has been isolated as a 
pure substance (29Si NMR for >Si=: d of d at  = 141.32 ppm with 1JSiH = 149.9 
and 2JSiH = 0.9 Hz), decomposes slowly at room temperature ( ½ • 3 h) with 
formation of the colorless isomer 19 (Scheme 7.4), and adds MeOH with 
formation of the colorless compound R HSi–SiH(OMe)R . Unfortunately, 
crystals of 3 suitable for an X-ray structure analysis have not yet been obtained. 
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The red cyclotetrasilene 20 (puckered Si4 ring; dSi=Si = 2.36 Å [11]) may arise 
via an intermediate disilyne R Si SiR  (6), which may then transform via the 
tetrasilabutadiene R*HSi=SiR*–SiR*=SiHR* (6iso) into 20. Thus, the 
intermediate 6iso must be formed by a migration of two R* groups associated 
with a relief of the steric crowding of 6, and must then react further by an 
electrocyclic process in a conrotatory sense with formation of 20.

7.4.2 Formation of R**ClSi=SiClR** (4) from R**SiX3 – On the 
Route to a Stable Disilyne R**Si SiR** (7)

To obtain the silanes R**SiX3 (X = Cl, Br), which could function as precursors 
for R**XSi=SiXR** and R**Si SiR** (cf. R*SiX3 as precursors for 
R*XSi=SiXR* and Si4R*4, Scheme 7.2), we – according to Scheme 7.5 – first 
brominated the compound R**SiH2Cl (prepared by the action of SiH2Cl2 on 
NaR** [12]) with Br2 in CCl4 at 0 °C.[14] This led to an unseparated mixture of 
R**SiBrCl2 (21a) and R**SiBr2Cl (21b) in a molar ratio of ca. 2 : 1 (obviously, 
CCl4 also acts as a chlorinating agent). On subsequent warming of mixture 21
with NaR* in THF from –78 °C to room temperature, the initially dark-red 
solution of the formed silanides 22•NaCl was transformed into an orange 
solution, which may have contained the silylene R**SiCl (22a) and at best 
traces of the silylene R**SiBr (22b), and from which the disilene 
R**ClSi=SiClR** (4) slowly (over hours) precipitated.[14]

According to X-ray structure analysis, the disilene 4[14] shows, like the 
disilene R*PhSi=SiPhR* (1Ph), a planar >Si=Si< framework (dSi=Si = 2.162 Å) 
with both the R* groups and Cl atoms in trans arrangements (Raman: ~

(Si=Si) = 589 cm–1). It represents the first silicon compound with halogen 
atoms bound to unsaturated silicon atoms that has been isolated as a pure 
substance. It forms very thermostable orange-red crystals (m.p. 228°C with 
dec.), which are practically insoluble in organic solvents. In contrast to the 
disilene 1Ph, the disilene 4 is unreactive towards water, methanol, hydrogen 
fluoride, or supersilyl sodium, and even oxygen decolorizes the disilene only 
over a period of days.[14] Obviously, there is only a small step from R  = SiHR*2

to R** = SiMeR*2, but the additional effect of the latter group in stabilizing 
disilenes is evident. Therefore, megasilyl R** should also be a suitable 
substituent for stabilizing disilyne Si2H2.
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Scheme 7.5. Dehalogenation of R**SiX3; formation and reactions of the 
disilene R**ClSi=SiClR** (4) and the disilyne R**Si SiR**(7). (NaR) = 
+NaR*/–R*Br, NaCl 

As a consequence of increasing bulkiness in the direction R  R**, only 
the disilane R H2Si–SiH2R , and not the disilane R**H2Si–SiH2R**, may be 
prepared from RSiH2Cl (R = R , R**) and Na (cf. Scheme 7.4 and 7.5). 

Obviously, disilanes >R**Si–SiR**< with four-coordinated central Si atoms 

are  not  favored  for  steric  reasons,  and  this  also  may  explain  the chemical
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inertness of 4. Steric reasons are undoubtedly also responsible for the fact that

22a is favoritely formed from 21 and NaR* (Scheme 7.5). 

To dehalogenate 4, we combined a suspension of the disilene in THF at 

–78 °C with LiC10H8 in THF.[14] After evaporation of all volatile products at 

room temperature and treating the residue with benzene, we obtained an 

orange-red solution. Chemical ionization (NH3) mass spectra indicated the 

presence of chlorine-free molecules with the mass of the desired disilyne 

R**Si SiR** (7) and in addition 7 plus two oxygen atoms. This was confirmed 

by EI high resolution measurements. Indeed 7 is extremely oxygen-sensitive 

and also reacts cleanly with ethene (cf. Scheme 7.5); dSiSi in the very insoluble 

ethene adduct 2.18 Å; (29Si) in the dioxygen adduct +81 ppm. 

7.5 Concluding remarks 

Syntheses, geometric as well as electronic structures and reactions of disilenes 

have been well studied in the last 20 years, as is reflected in many published 

review articles.[2] To date, ca. 40 acyclic and several cyclic disilenes have been 

isolated, and many disilenes have been proved as intermediates.[2] Among the 

more thoroughly investigated stable acyclic disilenes, the following are worth 

mentioning: tBu2Si=SitBu2, Mes2Si=SiMes2, and (tBuMe2Si)2Si=Si(SiMe2
tBu)2,

besides the isolable disilenes R*PhSi=SiPhR* (1), R HSi=SiHR  (3) and 

R**ClSi=SiClR** (4), which have been highlighted above. Only a few 

disilenes R2Si=SiR2 have a planar structure like 1 and 4; most of these 

compounds show a trans bent and/or a twisted >Si=Si< central element.[2]

As shown herein and elsewhere,[1, 2] carbon and silicon exhibit many 

analogies with regard to their bonding and chemical properties. Indeed, they 

form not only saturated, but also unsaturated compounds of analogous 

compositions (cf. acyclic as well as cyclic alkenes and disilenes,[2] butadienes 

and tetrasilabutadienes,[2, 15] alkynes and disilynes), which, in addition, show 

analogous reaction pathways (e.g. additions, ene reactions, cycloadditions). 

Silicon compounds are generally much more reactive than analogous carbon 

compounds. This, as in other cases, is exemplified by ethene C2H4 and disilene 

Si2H4, both of which are thermodynamically unstable with respect to 

polymerization, but only the former may be isolated under normal conditions 

due to its metastability. 

Moreover, in many cases, unsaturated carbon and silicon compounds have 

different conformations, the former possessing planar >C=C< or linear –C C–
units, the latter having trans-bent >Si=Si< or non-linear –Si Si– entities, based 
on structure analyses [2] and ab initio calculations.[16] Furthermore, nonlinear 
H–Si Si–H does not represent the global minimum on the potential energy 
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surface: facile isomerizations to more stable H-shifted or H-bridged isomers 
have been calculated.[16] Upon substitution of the H atoms by R  the isomerized 
species disappear from the potential energy surface of R–Si Si–R as R 
becomes bulkier. 

The differences in the conformations of the >C=C< and –C C– groups on 
the one hand, and the >E=E< and –E E– groups (E = Si, but also the heavier 
tetrels Ge, Sn, Pb) on the other, can be traced back to fundametally or gradually 
different electronic ground states of tetrelylenes or tetrelylynes, these being a 
triplet or singlet for CR2 or ER2 and a doublet energetically near to or far away 
from a quartet for CR or ER.[1] As shown in Scheme 7.6, the dimerizations of 

tetrelylenes or tetrelylynes in the triplet/singlet state or the quartet/doublet state 

lead to ditetrelenes >E=E< with planar/trans-bent double bonds or to 
ditetrelynes with linear/non linear triple bonds (classical or non-classical 
multiple bonds).[16] Bulky substituents R may, in addition, force a twist of 
classical or non-classical double as well as triple bonds due to van der Waals 
repulsions or attractions. 

Scheme 7.6. Illustration of the formation of ditetrelenes R2E=ER2/ditetrelynes
RE ER with planar/linear and non-planar/non-linear multiple bonds from 
tetrelylenes ER2/tetrelylynes ER. 

singlet tetrelylenes

(x = small) combined to form 

a non-classical double bond 
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The non-classical double bonds R2E=ER2 become more and more 
pronounced if the singlet triplet promotion energy of two ER2 species 
increases, that is with increasing mass of E and electronegativity of R.[1] In fact, 

while alkenes show as a rule classical structures, only a few disilenes (see 

above) and no digermenes, distannenes, or diplumbenes that have been studied 

so far, possess a classical structure.[2, 17] Indeed, the bond shortening on going 

from ditetrelanes to comparable ditetrelenes is much less pronounced for 

disilenes and digermenes than for alkenes, and even changes to a bond 

lengthening in the case of distannenes and diplumbenes. In addition, the trans

bent angles increase in direction >Si=Si<, >Ge=Ge<, >Sn=Sn<, >Pb=Pb<. The 
same dependences of bond lengths and trans-bent angles on the nature of the 
element and the substituent have been calculated for non-classical triple bonds 
RE ER. Interestingly, besides the triply-bonded ditetrelynes, singly-bonded 
isomers RE–ER were calculated to be energetically less/comparable/more 
stable in the cases of Si2R2/Ge2R2/Sn2R2,Pb2R2. In the latter isomers, each tetrel 
atom uses two of its valence p orbitals for bonding with the group R and the 
other tetrel atom E; the remaining p orbital is unoccupied, and the lone electron 
pair is thus accommodated with the s orbital. As a consequence, the central EE 
distance and the non-linearity are subject to an additional increase in the 
direction RE ER  RE–ER. 
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8 A Tetrasilabuta-1,3-diene and Related Compounds with 

Conjugated Multiple Bonds 

Manfred Weidenbruch

8.1 Introduction 

The first molecule with an Si=Si double bond, the classical disilene 2, was 

prepared more than 20 years ago by dimerization of dimesitylsilylene generated 

photolytically from the trisilane 1.[1]

Mes2Si
SiMe3

SiMe3
h

-(Me3Si)2

[Mes2Si:] x2 Mes2Si      SiMes2

1 2

Mes =

(1)

 Since then, over 40 more acyclic and cyclic disilenes have been prepared 

and more than half of them have been structurally characterized. Most of these 

compounds are tetraaryldisilenes, although some examples with alkyl, silyl, or 

amino substituents are also known.[2,3]

Si        Si
d

Si        SiSi (2)

 Characteristic features of the structures of the disilenes are the length of the 

Si=Si double bond d, the twist angle , and the trans-bent angle . In contrast 

to the double bonds of sterically crowded alkenes, in which variations of the 

bond lengths are small, the Si=Si bond lengths of disilenes vary between 214 

and 229 pm. A twisting of the two SiR2 planes can also occur, as reflected by 

the twist angle , which varies between 0° and 25°. As a result of this type of 

distortion, which has also been observed in alkenes with bulky substituents, 

close contacts between the usually voluminous groups are avoided. 

 A further peculiarity of the disilenes, not observed in alkenes, is the 

possibility of trans-bending of the substituents, which is described by the trans-

bent angle  between the R2Si planes and the Si=Si vector. This effect, which 
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can lead to trans-bent angles of up to 34°, can be rationalized as follows. 

Carbenes have either a triplet ground state (T) or a singlet ground state (S) with 

relatively low S T transition energies. The familiar picture of a C=C double 

bond results from the approach of two triplet carbenes, as shown in Figure 8.1a. 

(a)

(b)

(c)

C      C

repulsion

Si        Si

C C

Si Si

Si Si

Figure 8.1. Double bond formation from two triplet carbenes and singlet 

silylenes.

 In contrast to carbenes, all silylenes have singlet ground states with a 

relatively large S T excitation energy.[3] Very recently, it was found that the 

sterically encumbered silylene iPr3SiSiSitBu3 is an exception and probably has 

a triplet ground state.[4] Approach of two singlet silylenes should usually result 

in repulsion rather than in bond formation (Figure 8.1b). However, if the two 

electron-sextet molecules are rotated with respect to each other, interactions 

between the doubly-occupied s-type orbitals and the vacant p orbitals can also 

lead to the creation of a double bond, which, in contrast to that in alkenes, 

arises by way of a double donor-acceptor adduct formation. This is 

accompanied by a trans-bending of the substituents about the Si=Si vector 

(Figure 8.1c). 

 The authors group addressed the question as to whether molecules with two 

or more neighboring Si=Si double bonds can be synthesized. This chapter 

details the isolation of a tetrasilabutadiene and a tetragermabutadiene, as well 

as the formation of stable or intermediate compounds with conjugated Si=C 

and Ge=C double bonds.
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8.2 Hexaaryltetrasilabuta-1,3-diene 

8.2.1 Synthesis and Properties 

Recently, we obtained the first and, as yet, only tetrasilabuta-1,3-diene 6 from 

the tetraaryldisilene 3
[5,6] as follows. The disilene was treated with excess 

lithium to give the putative disilenyllithium compound 4. In the second step of 

the reaction sequence, mesityl bromide was added in the expectation that the 

bulk of this aryl group and the poor solubility of mesityllithium would favor 

halogenation over the competing transarylation. In fact, the bromodisilene 5

does appear to be formed smoothly but, like 4, has not yet been unambiguously 

identified. Intermolecular cleavage of lithium bromide from the two 

intermediates 4 and 5 then furnished the tetrasilabutadiene 6 in up to 60% 

yield.[7]

R2Si      SiR2  +  2 Li
-LiR

R2Si      Si
R

Li
3 4

4 +  MesBr
-LiMes

R2Si      Si
R

Br
5

+ 4
Si

R2Si SiR2

Si
R      R

6

R =

-LiBr (3)

 The reddish-brown crystals of 6 are thermally very stable but extremely 

sensitive to air. In the solid state, and presumably also in solution, 6 exists in 

the s-gauche form with a dihedral angle for the Si4 framework of 51°. Similar 

to the situation in other molecules with conjugated double bonds, the Si=Si 

double bonds are slightly elongated [217.5(2) pm] while the central Si Si

single bond length of 232.1(2) pm is remarkably short in view of its bulky 

substituents. The preference of 6 for the s-gauche form is in sharp contrast to 

the analogous carbon compounds, which mostly prefer the s-trans

configuration. Conjugation between the two Si=Si double bonds has been 

confirmed by the electronic spectrum of 6. The band at longest wavelength 

experiences a bathochromic shift of more than 100 nm in comparison of those 

of disilenes with analogous substitution patterns.[7]
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8.2.2 Reactions 

8.2.2.1 Cycloadditions. Although 6 exists in the solid state in the s-gauche

form, which should favor [4+2] cycloadditions of the Diels-Alder type, to date 

all attempted reactions with alkenes, acetylenes, and the C=O bonds of ketones 

have remained unsuccessful. The reasons for this are probably the steric 

overcrowding in 6 as well as the large 1,4-separation of 540 pm between the 

terminal silicon atoms. Thus, it was at first surprising to find that compound 6

reacted with maleic anhydride through a formal [4+4] cycloaddition to furnish 

the tetracyclic compound 7.[8]

6  +
O

O O

SiSiR2Si

O

O

SiR2

O
7

R     R

(4)

 The mechanism of formation of 7 is not yet known. A feasible sequence 

involves a [2+2] cycloaddition of one of the Si=Si double bonds of 6 to the 

highly reactive C=O group, followed by a second cycloaddition of the 

remaining Si=Si double bond across the C=C double bond to complete the 

formation of the final product 7.[8] To obtain a better insight into the course of 

this reaction, we have also treated a large number of structurally related 

compounds with 6 under otherwise identical conditions. However, in no case 

did we find any sign of a reaction.[8]

R =

O

SiR2R2Si

O

O

H

H

O

Si

R2Si

O O
O

Si

R2Si

O
O

H

1,2-proton shift

1,4-addition

R2 R2
H

3  +
O

O O

10

8 9

(5)

 Since maleic anhydride apparently exhibits a high reactivity towards Si Si

multiple bonds, we have also examined its reaction with the disilene 3, from 

which the bicyclic compound 10 was isolated. The driving force for the 

6 +
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formation of 10 is assumed to be the oxophilicity of silicon. This leads to the 

dipolar addition product 8 that, in turn, affords the new intermediate 9 through 

1,4-addition. The last step of the sequence would then be a 1,2-proton shift to 

produce 10.[8]

6  +  1/8 S8 SiR2

SiSi

R2Si
S

R    R

11

6  +  Et3P    X
SiR2

SiSi

R2Si
X

R    R

-Et3P
12  X = Se

13  X = Te

(6)

 In view of the low tendency of 6 to undergo cycloaddition reactions, it was 

surprising that treatment of 6 with sulfur afforded the five-membered ring 11 in 

a formal [4+1] cycloaddition. Upon addition of catalytic amounts of 

triethylphosphane, selenium and tellurium reacted with 6 to give the analogous 

rings 12 and 13 in high yield. The five-membered rings 11–13 are nearly planar 

(sum of angles 539.5°) and reveal Si=Si double bond lengths ranges from 

217.0(1) pm to 219.8(2) pm.[9]

 Although the mechanism of formation of 11–13 cannot be proven 

experimentally, the following proposal seems to be reasonable. In analogy to 

the reaction of disilenes,[10] the reaction sequence could be initiated by a [2+1] 

cycloaddition of a chalcogen atom to one of the Si=Si double bonds, followed 

by a rearrangement of these intermediates into the less strained five-membered 

rings 11–13.[9]

R2Si
O

Si
O

Si
O

O
SiR2

O

R R

O2 6
mCPBA

R2Si
O

Si
O

Si

O
SiR2

O

R R

14 15

(7)

 Passage of dry air through a solution of 6 leads to the formation of colorless 

crystals of 14. This molecule consists of two 2,4-disiladioxetane rings linked 

by an oxygen atom. In analogy to the reactions of disilenes,[2,10] the reaction 

sequence involves a two-fold cycloaddition of atmospheric oxygen to the Si=Si 

double bonds, followed by a rearrangement to furnish the 2,4-disiladioxetane 

rings. In this context the two double bonds of 6 behave like isolated disilenes. 

However, the insertion of oxygen into the highly shielded Si Si single bond 

with formation of a disiloxane unit at room temperature is very unusual and can 
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be considered as additional evidence for the high reactivity of the 

tetrasilabutadiene.[12]

 On the other hand, treatment of 6 with meta-chloroperbenzoic acid 

(mCPBA) afforded the product 15 consisting of two disiladioxetane rings with 

retention of the Si Si single bond.[12]

8.2.2.2 1,2-Addition Reactions. While cycloadditions to 6 are still exceedingly 

rare, reactions of 6 with small molecules, as summarized in Scheme 8.1, were 

more successful. Treatment of the tetrasilabutadiene with small amounts of 

water led, via the 1,2-addition product 16 to the rearranged 

oxatetrasilacyclopentane 17, an analogue of tetrahydrofuran. With an excess of 

water the tetrasilane-1,4-diol 18 was obtained, which showed no tendency to 

eliminate water with the formation of 17.[12]

Si

R2Si

OH
SiR2

Si
Si

R2Si

OH

SiR2

Si

OH

Si

R2Si

O

SiR2

Si

SiR2

SiSi

R2Si

o

H2O

R     R

N2H4

R      RH H

H2O
R      RHR     RH H

17 16 18

6

Si

R2Si

NH

SiR2

Si

NH2

R      R
Si

R2Si

NH

SiR2

Si

NH

R      RH H

Si

R2Si

Cl

SiR2

Si

Cl

R      RCl Cl

NH3

H2N HNH

H

19 2120

Cl2

.....

.........

Scheme 8.1. 1,2-Addition reactions to the tetrasilabutadiene. 

 When dry ammonia is passed over the dark red solution of 6, yellow crystals 

of the twofold 1,2-addition product 19 are formed in high yield. This result is 

somewhat surprising because attempted additions of ammonia to the disilene 3

were unsuccessful. This observation again reflects the increased reactivity of 6

in comparison to the isolated double bond in 3 and other disilenes. 

 On account of the presence of two stereogenic centers in 19, the existence of 

a diastereomeric meso-form in addition to the enantiomeric R,R- and S,S-forms

is possible. An X-ray crystallographic analysis of the crystals of 19 revealed 
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the existence of a conglomerate of enantiomerically pure substances. Such 

conglomerates are still rather rare in comparison to the large number of similar 

molecules that crystallize as racemates.[13] A further special feature in the 

structure of 19 is the small separation between the nitrogen atoms of 300 pm, 

which is indicative of a dynamic hydrogen bridging system NH···N.[14]

 The 1,4-dihydrazinotetrasilane 21, obtained from 6 and anhydrous 

hydrazine, also exists in the solid state as a conglomerate of enantiomerically 

pure crystals. The separations between the two pairs of nitrogen atoms are very 

short (303 pm and 315 pm) and thus suggest the presence of two dynamic 

NH···N bridges.[15]

 In order to determine whether other 1,2-addition products at the two double 

bonds of 6 also crystallize as conglomerates, we treated 6 with chlorine. 

Although the individual molecules of the tetrachlorotetrasilane 20 are also 

chiral, this compound crystallizes as a racemate.[14]

8.2.2.3 1,4-Additions. In contrast to the numerous 1,2-additions, 1,4-additions 

to the terminal silicon atoms of 6 were unknown until quite recently. Since 

X H and X Cl bonds participate in smooth addition processes with the double 

bonds of 6, we attempted to address the question as to which of these bonds 

reacts preferentially with 6. Thus, trichlorosilane, which contains not only 

Si H but also Si Cl bonds, was added to a solution of 6. However, the data 

obtained for the isolated bright-orange crystals revealed that the expected 

addition of trichlorosilane to 6 had not occurred. Instead, a 1,4-addition of 

hydrogen chloride with formation of 22 had taken place. Analogously, the 

reaction of 6 with hydrogen bromide, slowly generated by the action of 

trifluoroacetic acid on lithium bromide, furnished intensely orange-colored 

crystals of the 1,4-adduct 23.[16]

Si

R2Si

H

SiR2

Si

Br

R      R

HSiCl3

23

Si

R2Si

H

SiR2

Si

Cl

R      R

LiBr/CF3COOH

22

6
(8)

 The X-ray structure analyses of the unsymmetrically substituted disilenes 22

and 23 revealed the presence of somewhat stretched Si=Si and Si Si bonds. It 

is not clear as to why no 1,2-additions of the hydrogen halides to the double 

bonds of 6 occur in these reactions or why instead the previously unobserved 

1,4-additions with formation of new double bonds take place. The closest 

precedent involves the action of small amounts of water on 6, which is 

presumably initiated by a 1,2-addition and subsequent 1,3-hydrogen shift to 

form compound 17.
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8.3 Hexaaryltetragermabuta-1,3-diene 

The successful synthesis of the tetrasilabutadiene 6 raised the question as to 

whether an analogous compound with conjugated Ge=Ge double bonds would 

be accessible by following a similar synthetic approach. As a starting 

compound we chose the tetraaryldigermene 25, which was previously prepared 

in a multistage procedure starting from a germanium tetrahalide.[17,18] We have 

found that the reaction of the germanium(II) amide 24
[19] with the appropriate 

aryllithium compound affords the digermene 25 in one step and in an 

acceptable yield. The structural integrity of 25 in solution was confirmed by its 

reactions with diazomethane and trimethylsilyldiazomethane, from which the 

three-membered rings 26a,b were obtained in high yield.[20]

:Ge[N(SiMe3)2]2  +  2 LiR R2Ge: x 2 R2Ge     GeR2

24 25

25  +  CHR'N2
R2Ge GeR2

N

N
R'HC

26a  R' = H

26b  R' = SiMe3

R =

(9)

 Treatment of 25 with an excess of lithium did not afford the 

digermenyllithium compound 28, but instead we obtained dark-red crystals of 

the ionic compound 27, which contains an allyl-like Ge3 anion as part of a four-

membered ring. Within the planar ring, the Ge Ge multiple bond lengths 

(236.79 pm) differ substantially from the Ge Ge single bond lengths (251.16 

pm).[21]

R2Ge     GeR2

25

+ 4 Li/DME

- 3 LiR
[Li(dme)3]

+

+ 2 Li

- LiR

R2Ge      Ge

Li

R

R2Ge      Ge

Br

R

- LiMes - LiBr

+ 28 Ge

R2Ge GeR2

Ge
R      R

3028 29

Ge

GeR

Ge

RGe

R2

R

27

MesBr

Scheme 8.2. R = 2,4,6-iPr3C6H2, Mes = 2,4,6-Me3C6H2.
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 Shortening the reaction time to such an extent that most of the digermene 

had reacted before the formation of 27 could become the main reaction did 

indeed lead to compound 28, which, by subsequent reaction with mesityl 

bromide, presumably resulted in the bromine derivative 29, from which the 

tetragermabutadiene 30 was formed by intermolecular coupling with 

elimination of LiBr. 

 Similar to 6, compound 30 adopts the s-gauche form with a dihedral angle 

of the Ge4 framework of merely 22°. The Ge=Ge double bonds (average value 

235 pm) and the Ge Ge single bond (245.81 pm) are in the typical ranges for 

such bond lengths. Both double bonds display a considerable trans-bending of 

the substituents from the respective Ge=Ge vector (35.4° and 31.1°) and torsion 

angles of 22.4° and 21.3°. The conjugation between the two double bonds is 

confirmed by the electronic spectrum of the dark blue solution of 30 which 

shows a longest-wavelength absorption of 560 nm. Compared with the yellow 

or orange digermenes, this absorption is shifted bathochromically by about 140 

nm.[21]

Ge Ge

R2Ge GeR2

4 GeCl2 . dioxane + 6 RMgBr + Mg
- MgX2

R R

31 30

(10)

 A disadvantage of the method depicted in Scheme 8.2 is the low yield of the 

tetragermabutadiene of merely 10%. Very recently, we have found that the 

reaction of the germanium(II) chloride dioxane complex with the Grignard 

compound 31 affords compound 30 in one step and in a yield of more than 

30%.[22] We will next investigate whether 30 can participate in similar reactions 

to those of its silicon analogue 6.

8.4 Acetylene-Linked Bis(silaethenes) and Bis(germaethenes)

Photolysis of hexa-tert-butylcyclotrisilane 32
[23] leads to the silylene 33 and the 

disilene 34 through simultaneous cleavage of two Si Si bonds. In contrast to 

the aryl-substituted silylenes, which undergo dimerization to give further 

disilene, the short-lived silylene 33 and the marginally stable disilene 34

remain together in the form of a cage and only separate when appropriate 

trapping reagents are available.[24]
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Si Si

Si
Si Si

Me C C
Si

Si
Si Si

SiSi

h

tBu2

tBu2tBu2
tBu2Si: + tBu2tBu2

32 33 34

32 +
2

h

tBu2

tBu2
+

tBu2tBu2

tBu2tBu2

35 36

(11)

 The high reactivity of both intermediates is demonstrated by their reactions 

with di- and polyynes from which different products can be isolated depending 

on the irradiation time. For example, photolysis of 32 in the presence of hexa-

1,3-diyne furnishes the bicyclic compounds 35 and 36, which are presumably 

formed through [2+1] and [2+2] cycloadditions of 33 and 34 to the triple bonds 

of the diyne.[25]

Si

tBu2Si

Si

SitBu2

tBu2 tBu2

h

tButBu

Si

Si

tBu

tBu2

tBu2

Si

Si

tBu2

tBu2

tBu

h

tBu

Si
tBu2

tBu2Si

SitBu2

Si
tBu2

40

tBu

41

39

32 + (tBu     C     C     )2

h

Si

Si

tBu

tBu2

tBu2

tBu

tBu

Si

SitBu2

tBu

32 + (tBu     C     C   C     C     )2

h

37 38

+

40

tBu2

(12)

 Insights into the reactivity of 33 are provided by its reaction with 2,2,7,7-

tetramethylocta-3,5-diyne, from which the C C-linked bis(silacyclopropene) 

37 can be isolated. Renewed photolysis of 37 furnishes the rearranged bicyclic 

compound 38.[26] The reaction behavior of 33 and 34, formed by photolysis of 

32, is even more transparent when the photolysis of 32 in the presence of an 
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octa-1,3,5,7-tetrayne is considered. This reaction affords three products. [2+2] 

Cycloadditions of two molecules of the disilene 34 to the two inner triple bonds 

of the tetrayne lead to product 39 having an s-cis-butadiene framework bridged 

by two disilene moieties. Addition of the silylene 33 to each of the four C C

triple bonds affords the C C linked quatersilirene 40, whose carbon skeleton 

has the s-cis-trans-cis configuration, presumably in order to minimize steric 

interactions between the bulky tert-butyl groups. Upon prolonged photolysis, 

40 rearranges to the bicyclic compound 41.[27]

(R'     C     C     )2 +  2  43

2 R2Ge: R =

42 43

R2Ge      GeR2

C     C     C     C

R'

Ge R'

GeR2

44  R' = nBu; 45  R' = Ph

R2

(13)

 The reaction of the germylene 43, formed from the digermene 42 in 

solution, with 1,3-diynes proceeds differently and gives the products 44 and 45

as the first molecules with conjugated Ge=C double bonds.[28] The conjugation 

of the two Ge=C double bonds across the linking acetylene bridge is reflected 

in the UV/vis spectra rather than in the bond lengths. The absorptions at longest 

wavelength at 518 nm for 44 and 595 nm for 45, in comparison to the yellow or 

orange germaethenes,[29] are bathochromically shifted by 100 nm or more.[28] In 

analogy to the formation of C C-linked bis(silacyclopropenes), it can be 

assumed that the reaction is again initiated by a twofold [1+2] cycloaddition of 

the germylene 43 to the two triple bonds of the 1,3-diyne. Unlike with the 

bis(silacyclopropenes), however, the next step does not involve a 

rearrangement to the bicyclic molecules, but instead affords the acyclic 

molecules 44 and 45 through cleavage and the formation of new bonds. 

However, the conjugation between the two double bonds does not result in a 

higher reactivity. Thus, for example, these products do not react with 

phosphaalkynes or dienes, whereas simple germaethenes form the 

corresponding addition products.[30] Only with compounds containing electron-

poor multiple bonds do addition reactions occur.[31]
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C      C      )2 +  2 tBu2Si:
h( C C

Si
tBu2

CC

Si
tBu2

C     C     C

tBu2Si

C

SitBu2

46 33 47

48 49

C     C     C

Si

C

Si
tBu2tBu2

(14)

 The successful synthesis of the acetylene-linked bis(germaethenes) posed 

the question as to whether analogous compounds with conjugated Si=C double 

bonds could at least be detected through the use of suitable substituents on the 

1,3-diynes. The reaction of the silylene 33 with the 1,4-bis(cyclohex-1-enyl)-

substituted 1,3-diyne 46 furnished colorless crystals of compound 49 in high 

yield. Like all other additions of silylenes to di- and oligoynes, the reaction 

sequence probably begins with the formation of the cycloadduct 47.

Subsequent opening of the Si C bonds would then lead to intermediate 48,

which, in this case, does not react further to afford a bicyclic product of type 

35, but rather undergoes twofold [2+2] cycloadditions with the double bonds of 

the cyclohexene rings to furnish the isolated product 49.[32]

 In an attempt to make this intramolecular [2+2] cycloaddition less easy and 

thus, perhaps, to effect stabilization of an acetylene-linked bis(silaethene) of 

type 48, we increased the steric bulk of the substituents at the double bonds. 

However, in this case, only a rearranged bicyclic compound of type 35 was 

isolated.[32]
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Part II 

Si-Si Systems: From Molecular Building Blocks to Extended 

Networks

Networks with Si-Si linkages do not occur in Nature due to the sensitivity of 

the Si-Si bond towards air and moisture. Nevertheless, there are several man-

made materials, which have already gained technological importance or look 

set to become important in the near future. In the following 14 chapters, Si-Si 

bond containing species of different size and dimensionality are presented, 

from low–molecular weight units to three-dimensional extended networks. 

For the formation of Si-Si bonds, silyl- and oligosilylanions are useful reagents 

in nucleophilic substitution or electron-transfer reactions. In Chapter 9, C. 

Marschner et al. describe a novel access to oligosilyl potassium compounds by 

splitting of Si-Si bonds with potassium alkoxides. Further metal-exchange 

reactions allow a tuning of the nucleophilicity of the respective oligosilyl 

anion. In Chapter 10, K. Hassler et al. report on the competition between Si-Si 

and Si-P bond splitting in the reaction with potassium tert-butoxide; the steric 

demand of the silyl groups determines the regiospecificity. 

Elongation of the Si-Si chain in oligosilanes leads to the important class of 

polysilanes. Conjugation within the all-silicon backbone is the reason for the 

interesting physical and chemical properties of these polymers. They are 

photoluminescent, photoconductive, conductive on chemical doping, and 

photosensitive to UV light. In Chapter 11, R. G. Jones gives a basic 

introduction to the synthesis, structure and properties of polysilanes of the type 

(R2Si)n. Several properties of these polymers depend on the conformation they 

adopt. The mobility of alkyl side chains and the resulting phase behavior of n-

alkyl–substituted polysilanes is described in the contribution of H. Frey, C. 

Schmidt et al. in Chapter 12. 

Quite different numbers and arrangements of Si atoms are present in the 

anionic components of metal silicides belonging to the class of Zintl phases. In 

Chapter 13, R. Nesper presents electron counting rules and bonding concepts to 

describe the different kinds of silicide structures and to explain the electronic 

behavior of the respective compounds (isolator, semiconductor, conductor). In 

Chapter 14, J. Evers and G. Oehlinger describe very high pressure effects on 

the Zintl phases MSi2 with M = Ca, Sr, Ba, Eu. The high–pressure phases of 

these compounds, prepared in a belt apparatus at 40 Kbar, crystallize in 

structures which are related to that of the superconducting compound MgB2.

The Zintl phase CaSi2, with its puckered (Si-)n polyanion layers, has been the 

starting point for an interesting development, which began as long ago as in 

1863 with a contribution from F. Wöhler: in a topochemical reaction with 
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aqueous HCl, the sheet polymer (Si2HOH)n, called “Wöhler-siloxene”, is 

formed, the photoluminescence of which resembles that recently observed for 

“porous silicon”. The search for electroluminescence in such materials is the 

motivation for current research activities. More information is given in the 

contributions of M. S. Brandt et al. (Chapter 15) and H. Stüger (Chapter 16). 

The group of M. S. Brandt could verify the epitaxial growth of CaSi2 and other 

Zintl phases on crystalline silicon or germanium substrates and the topotactic 

transformation of these materials into novel puckered sheet polymers. Partial 

substitution of the backbone silicon by germanium is used to tune the 

luminescence properties. Modified conditions in the reaction of CaSi2 with 

aqueous HCl lead to the so-called “Kautsky-siloxene”. H. Stüger has prepared 

polymeric materials with similar properties, including intense photo-

luminescence, by selective hydrolysis and subsequent condensation of cyclic 

oligosilanes bearing hydrolytically labile substituents. 

The next step from Silicon-based sheet polymers to tubular structures has been 

performed so far only on the computer. In Chapter 17, Th. Frauenheim et al. 

describe the structure and the electronic properties of silicide, silane and 

siloxane nanotubes. The structures can be understood in terms of conventional 

graphitic carbon nanotubes by replacing the flat hexagons by puckered rings. 

The electronic properties depend on the tube diameter. Potential applications 

are discussed. 

The next two chapters deal with investigations concerning solid silicon 

monoxide. The application of thin films of this material is based on its unique 

mechanical, chemical, and dielectric properties. It is related to Si-Si systems in 

so far as solid SiO consists of small particles of Si and SiO2. Depending on the 

conditions for synthesis, the material has different local structures. In the 

contribution of U. Schubert and T. Wieder (Chapter 18), the structure and 

reactivity of a special SiO modification (Patinal ) is described. This material 

consists of Si and SiO2 regions of 0.25 – 0.5 nm in diameter, which are 

connected by a thin interface. Most of the SiO reactions are also observed for 

elemental silicon. H. Hofmeister and U. Kahler (Chapter 19) show that thermal 

processing of solid SiO (from BALZERS) up to 1300°C leads to phase 

separation into Si nanocrystallites embedded in an SiOx matrix. Their internal 

structure is determined by solid–phase crystallization processes. 

Clusters of small and intermediate size play an important role in the 

explanation of the chemical and physical properties of matter on the way from 

molecules to solids. The great interest in silicon clusters stems from the 

importance of silicon in solid-state physics and from the photoluminescence 

properties of porous silicon. In Chapter 20, A. F. Sax presents theoretical 

models to describe bare and hydrogenated small silicon clusters and discusses 
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two quite different approaches to describe solid silicon and localized defects 

such as vacancies with the help of clusters. Sophisticated molecular beam 

experiments for the size-selective preparation of neutral silicon clusters are 

presented by J. A. Becker in Chapter 21. Calorimetric studies indicate the 

presence of spherically and non-spherically shaped cluster isomers. The 

existence of several isomers might play an important role with regard to the 

growth kinetics of solid silicon. 

One of the great issues in the field of silicon clusters is to understand their 

photoluminescence (PL) and finally to tune the PL emission by controlling the 

synthetic parameters. The last two chapters deal with this problem. In 

experiments described by F. Huisken et al. in Chapter 22, thin films of size-

separated Si nanoparticles were produced by SiH4 pyrolysis in a gas–flow 

reactor and molecular beam apparatus. The PL varies with the size of the 

crystalline core, in perfect agreement with the quantum confinement model. In 

order to observe an intense PL, the nanocrystals must be perfectly passivated. 

In experiments described by S. Veprek and D. Azinovic in Chapter 23, 

nanocrystalline silicon was prepared by CVD of SiH4 diluted by H2 and post-

oxidized for surface passivation. The mechanism of the PL of such samples 

includes energy transfer to hole centers within the passivated surface. 

Impurities within the nanocrystalline material are often responsible for 

erroneous interpretation of PL phenomena. 

Peter Jutzi, Ulrich Schubert 
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9.1 Introduction 

Analogous to carbanions there are also compounds with silicon atoms bearing 

negative charges known as silylanions.[1] However, methods for the synthesis 

of carbanions can rarely be applied for the synthesis of silylanions. This is 

mainly due to the different electronegativities of silicon and carbon, as well as 

due to the different chemical reactivity of carbon-carbon bonds compared to 

silicon-silicon bonds. Therefore, proton abstraction, which is an important 

method for the generation of carbanions is generally not a useful method for 

the synthesis of silylanions. Similarly, silicon-silicon bond cleavage with alkali 

metals, which is the most important method for the generation of silylanions,[2]

is not a very practical procedure for obtaining carbanions. 

The chemistry of silylanions has been extensively reviewed.[1] The goal of this 

article is to present some fundamental basics, a few recent highlights, and a 

more exhaustive coverage of the developments in our laboratory since the 

publication of the latest comprehensive accounts. 

9.2 Silylanions 

The single most important reaction for the generation of silylanions is the 

cleavage of disilanes with alkali metals. Lithium is most often used for this 

purpose (Eq. 1),[1,2] but examples that make use of sodium/potassium alloy,[3]

potassium graphite (C8K),[4] or other sources of alkali metals are also known. 

Frequently, disilanes are first generated in situ by treatment of chlorosilanes 

with an excess of alkali metal. The major drawback of this reaction is the 

requirement of a charge stabilizing group (e.g. R' = phenyl) on the silicon atom, 

if the reaction is to be conducted in ether solvents such as THF or DME 

(dimethoxyethane). Hexamethyldisilane, for example, cannot be cleaved in this 

way.

Besides alkali metals, certain very strong anionic compounds, such as 

alkyllithiums[5] and alkali metal alkoxides[6] can also be used to cleave disilanes 

(Eq. 2). Hexamethyldisilane can only be cleaved in strongly coordinating 

* Address of the authors: Institut für Anorganische Chemie, Technische Universität 
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solvents such as HMPA,[6a] DMI (1,3-dimethyl-2-imidazolidone),[6b] or DMPU 

(N,N-dimethylpropyleneurea).[6c]

SiR2R'R'R2Si LiR'R2Si
2 Li

2

R' = charge stabilizing group           (1) 

SiR3R3Si MR3SiR'M or R'OM

(M = Li, Na, K)

- R'SiR3 or R'OSiR3

           (2) 

A disadvantage of both methods is that the obtained silylanions are usually 

adducts of the donor solvents used for their synthesis. These donor molecules 

can sometimes cause problems in subsequent reactions. Base-free silylanions 

can be obtained by means of transmetalation from silylmercury compounds 

(eq. 3).[7,14] In this case, hydrocarbon solvents can be used to generate the 

silylanion. While this is a very flexible and reliable reaction, the use of the 

toxic and frequently very sensitive bis(silyl)mercury compounds diminishes the 

value of the method. 

SiR3Hg LiR3Si
2 Li

2R3Si
- Hg          (3) 

9.3 Oligosilylanions 

Compounds containing silicon-silicon bonds, the so-called oligosilylanions, are 

of special interest among the silylanions. The prototypical compound, 

Li[Si(SiMe3)3], was first prepared by Gilman et al. by treatment of Si(SiMe3)4

with methyllithium (Eq. 4).[8]

- SiMe4

SiMe3

Si SiMe3Me3Si

SiMe3

SiMe3

Si LiMe3Si

SiMe3

MeLi

          (4) 

This reagent has become increasingly popular over the last 20 years for the 

nucleophilic introduction of the Si(SiMe3)3 group. A number of interesting, 

kinetically labile structural units have been stabilized with this substituent. 

However, it was found that, in some cases, even the bulk of the Si(SiMe3)3

group is not sufficient to provide the necessary steric protection.[9] An example 
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is Wiberg's ingenious synthesis of a tetrasilatetrahedrane, where the Si(SitBu3)3

group was used.[10] Another example is Apeloig's reaction of Li[Si(SiMe3)3]

with adamantanone, which leads to dimerization of the resulting silene.[11]

Repeating the reaction with Li[Si(SiMe3)2(SiMe2
tBu)] resulted in the isolation 

of a stable silene.[12]

These and other examples called for a systematic study, varying three 

parameters of the tris(trimethylsilyl)silylanion: 

size – through the incorporation of substituents of different steric demand,

electronic properties – through the incorporation of substituents with 

different electronegativities and resonance capabilities,

reactivity – through the choice of counterions and donor molecules.

To generate the silylanions, a potassium alkoxide was used (Eq. 5) instead 

of the alkyllithium compounds used by Gilman et al.[8] The reaction with 

Si(SiMe3)4, which is very clean and almost quantitative, was not described in 

the literature prior to our studies.[13] THF or DME are the solvents of choice.

tert-BuOK / THF or DME
- tert-BuOSiMe3

SiMe3

Si SiMe3Me3Si

SiMe3

SiMe3

Si KMe3Si

SiMe3          (5) 

The resulting K[Si(SiMe3)3] was previously prepared base-free by 

Klinkhammer et al. by transmetalation from M[Si(SiMe3)3]2 (M = Hg or Zn) 

with potassium.[14] The THF or DME adducts of the compound are slightly 

more reactive than the lithium compound and, rather unexpectedly, show 

improved solubility in apolar organic solvents. The marked nucleophilic 

behavior of this compound makes it easy to obtain derivatives. 

9.3.1 Sterically More Demanding Oligosilylanions 

Other neopentasilanes can be easily obtained by the reaction of different silyl 

halides or triflates with K[Si(SiMe3)3] (Eq. 6). 

SiMe3

Si KMe3Si

SiMe3

SiMe3

Si SiR'R''2Me3Si

SiMe3

R'R''2SiX

R'                       R''

tert-Bu                 Me
thex                     Me
iso-Pr                  iso-Pr  
Ph                       Me
Me                      Ph
Ph                       Ph (6)

When these compounds were subjected to further treatment with potassium 

tert-butoxide, it was found that they do not all behave in the same way. 
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Compounds without phenyl groups reacted, as expected, with very selective 

removal of SiMe3 groups to give products, that differ from the K[Si(SiMe3)3] in 

such a way as befits the introduction of a sterically more demanding 

substituent. On the other hand, (Me3Si)3Si–SiMe2Ph reacted with potassium 

tert-butoxide to give a mixture of K[Si(SiMe3)2SiMe2Ph] and K[Si(SiMe3)3] in 

an approximate ratio of 1:1. The reactions with the higher phenylated 

compounds showed a similar picture, complicated by the additional formation 

of K[SiMePh2] or K[SiPh3], respectively. 

9.3.2 Secondary Oligosilylanions 

The approach employed in the previous section was also used for the 

generation of isotetrasilanes and their subsequent transformation into 

silylpotassium compounds. Reactions of K[Si(SiMe3)3] or the above mentioned 

bulkier analogues with various alkylating agents usually proceed smoothly to 

form the respective alkylated isotetrasilanes (Eq. 7). An exception are reactions 

with alkyl iodides. In these cases, nucleophilic substitution is not observed. 

Instead, metal/halogen exchange takes place, leading to the formation of silyl 

iodides in substantial amounts. 

SiMe3

Si KR''2R'Si

SiMe3

alkylating agent

SiMe3

Si R'''R''2R'Si

SiMe3
R''' =  Me, Et, iso-Pr

          (7) 

Reactions of methyl, ethyl, and isopropyl isotetrasilanes (obtained according 

to Eq. 7), as well as the phenylated compound, with potassium tert-butoxide

proceed analogously to those with neopentasilanes. Again, the expected 

silylpotassium compounds are formed in almost quantitative yields (Eq. 8). 

R = Me, Et, iso-Pr, Ph, H

tert-BuOK / THF or DME
- tert-BuOSiMe3

SiMe3

Si SiMe3R

SiMe3

SiMe3

Si KR

SiMe3
          (8) 

However, the corresponding hydrosilane, which is easily available from 

K[Si(SiMe3)3] by protonation, does not react with potassium tert-butoxide to 

give a uniform product. While the expected compound K[SiH(SiMe3)2] is 

formed in ca. 65% yield, the remainder of the product consists of 

K[Si(SiMe3)3], apparently formed by deprotonation.
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9.3.3 Alkynylated Oligosilylanions 

One objective for the synthesis of new silylanions is to incorporate certain 

functionalities into the oligosilyl moiety that would allow further 

functionalization at a later stage. This can be achieved by a variety of 

strategies. One is to incorporate an Si-H unit as exemplified above. This unit 

allows for further radical chemistry, hydrosilylation, or the introduction of a 

leaving group. The latter can, of course, also be incorporated through a phenyl 

group and a subsequent protodesilylation reaction with a strong acid.[15] The 

same is probably true for aminosilanes, which will be treated in the next 

section.

However, if it is not advisable to react the central silicon atom, some other 

group needs to be introduced that can be further functionalized. This can be an 

alkynyl group, for example. To test the compatibility of these groups with the 

formation of silylanions, a number of model compounds were prepared and 

subjected to metalation with potassium tert-butoxide (Eq. 9). The results were 

surprising in that the reactions with the alkoxide proceeded substantially faster 

than in the previously described examples, with the phenylethynyl derivative 

being completely consumed almost instantaneously after mixing of reagents 

and addition of the solvent.[16] Reaction of potassium tert-butoxide with 

(Me3Si)3Si–C CH showed that deprotonation of the alkynyl substituent by the 

alkoxide is not a competitive reaction. 

SiMe3

Si BrMe3Si

SiMe3

SiMe3

SiMe3Si

SiMe3

R= H, Me, Ph, C8H17

Li R
R

tert-BuOK

SiMe3

SiK

SiMe3

R

 (9) 

9.3.4 Heteroatom-Substituted Oligosilylanions
[17]

Amino-substituted silylanions were introduced by Tamao and have proved to 

be valuable synthetic building blocks.[18] In our case, the objective to prepare 

aminooligosilylanions was driven by the intention to incorporate a site suitable 

for further functionalization, as well as by the prospect of obtaining transition 

metal silyl ligands with additional coordination sites. 

This was accomplished by coupling either an amine or a phosphide with a 

silyl halide, followed by metalation. In the case of the obtained aminosilane, 

the subsequent metalation proceeded smoothly resulting in a stable 

aminosilylanion. In the case of phosphorus, we observed the formation of the 

phosphinosilyl anion by NMR, but the compound was not stable under the 

reaction conditions and rearranged to give the potassium phosphide. 
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Me3Si Si

SiMe3

SiMe3

Cl Me3Si Si

SiMe3

SiMe3

ER2 K Si

SiMe3

SiMe3

ER2
Et2NH or Ph2PK tert-BuOK / THF

- tert-BuOSiMe3

(10)

9.3.5 Higher Oligosilylanions 

Most of the chemistry outlined so far would probably also work using Gilman's 

method[8] employing methyllithium instead of potassium alkoxides. However, 

the main restriction in this case is that it is not suitable for the generation of 

higher oligosilylanions. For example, the reaction of Si2(SiMe3)6 with 

methyllithium leads to cleavage of the central silicon bond and generates 

Li[Si(SiMe3)3] and MeSi(SiMe3)3.
[19]

In contrast, reaction of the same starting material with potassium tert-

butoxide only causes cleavage of one trimethylsilyl group, thus leading to the 

clean formation of K[Si2(SiMe3)5] (Eq. 11).[13] In this reaction, there is no 

indication of cleavage of the central Si-Si bond. It is assumed that the two 

reactions follow different mechanisms. While the alkoxide attack is probably a 

nucleophilic attack and therefore rather selective with regard to the steric 

shielding of the attacked silyl center, the reaction with methyllithium appears to 

be an electron-transfer reaction and is therefore governed by the position of the 

LUMO.

R Si

Me3Si

Me3Si

Si

SiMe3

SiMe3

SiMe3

MeLi tert-BuOK

tert-BuOK / THF
- tert-BuOSiMe3

R Si

Me3Si

Me3Si

Si

SiMe3

SiMe3

K

R = SiMe3, Ph       (11) 

It was surprising to detect additional selectivity in the reaction of 

Si2Ph(SiMe3)5 with with potassium tert-butoxide: only a trimethylsilyl group in 

the ß-position to the phenyl group was attacked.[20]

9.3.6 Multiply-Charged Oligosilylanions 

The feature of the reaction with potassium alkoxide not to cleave inner Si-Si 

bonds made us optimistic that with larger silanes multiply metalated products 

could be obtained. Such compounds have been prepared before by cleavage of 

strained cyclosilanes with alkali metals (Eq. 12).[21]
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Si

Si Si

Si
Ph

Ph Ph

Ph

Ph

PhPh

Ph

Li

Si

Si

Si

Si

Li

Ph Ph

PhPh

Ph Ph

Ph Ph

 2 Li

       (12) 

More recently, the synthesis of a geminal dianion by Sekiguchi et al.[22] has 

attracted some attention (Eq. 13). 

Li / THF

SiMe3Me3Si

Si

i-Pr3Si Sii-Pr3

Si

i-Pr3Si Sii-Pr3

SiMe3Me3Si

Li Li

+

       (13) 

Kira et al. have since reported the formation of a 1,2-dianion by reaction of 

a disilene with alkali metal (Eq. 14).[23]

Si Si
Li / THF

R3Si Si

SiR3

Li

Si

SiR3

Li

SiR3

R3Si = tert-BuMe2Si, iso-Pr2MeSi

R3Si SiR3

SiR3R3Si

      (14) 

In another interesting approach, Apeloig et al. showed that double 

metalation with methyllithium becomes feasible without cleavage of any inner 

Si-Si bonds once the silyl bridge between two tris(trimethylsilyl)silyl units 

consists of two dimethylsilyl groups (Eq. 15).[24]

(SiMe2)2 SiSiMe3Si

SiMe3

SiMe3

2 MeLi / THF

- 2 Me4Si

SiMe3

Si (SiMe2)2Li

SiMe3

Si

SiMe3

SiMe3

SiMe3

SiMe3

SiMe3

Li

   (15) 

In order to test our system with respect to multiple metalation, we tried to 

react compounds like Si2(SiMe3)6 and some higher homologues with spacer 

units between the Si(SiMe3)3 units with two equivalents of potassium tert-

butoxide.
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9.3.6.1 Silylene-bridged dianions. In the compounds having two, one, or no 

dimethylsilylene units (n = 0–2) between the Si(SiMe3)3 groups, it was found 

that a second metalation step can take place at 60 °C in THF.[25] While the 

compounds with n = 1 or 2 yielded rather clean products (Eq. 16) with some 

additional formation of K[Si(SiMe3)3], the reaction with Si2(SiMe3)6 (n = 0) 

was rather messy. Reaction of the compound with n = 3 also did not result in 

the formation of the expected dianion. 

(SiMe2)n SiSiMe3Si

SiMe3

SiMe3

2 tert-BuOK / THF, 60°C

- 2 tert-BuOSiMe3

SiMe3

Si (SiMe2)nK

SiMe3

Si

SiMe3

SiMe3

SiMe3

SiMe3

SiMe3

K

n = 1,2   (16) 

The use of an alternative protocol eventually made it possible to carry out 

bismetalations with all the mentioned substrates (n = 0–3) under very mild 

conditions. This required the use of crown ether to coordinate the potassium 

ion and allowed switching from the previously required ether solvents to 

aromatic solvents such as benzene or toluene. The reaction proceeds even at 

room temperature and is much faster than previously observed. An additional 

advantage is that in almost all cases the products precipitate and can be 

subjected to X-ray crystallographic analysis.[26]

(SiMe2)n SiSiMe3Si

SiMe3

SiMe3

2 tert-BuOK /18-Cr-6/ C6H6, rt
- 2 tert-BuOSiMe3

SiMe3

Si (SiMe2)nK

SiMe3

Si

SiMe3

SiMe3

SiMe3

SiMe3

SiMe3

K

n = 0,1,2,3

18-Cr-618-Cr-6

(17)

9.3.6.2 Alkylidene-bridged dianions. Alternatively, alkyl chains can also be 

used as spacers between the Si(SiMe3)3 groups.[27] Again, the conditions 

outlined above result in the formation of the expected dianions. The 

compounds exhibit interesting chemistry as they cyclize upon cautious 

hydrolysis and are transformed into cyclosilylanions.[27a] 

(CH2)n SiSiMe3Si

SiMe3

SiMe3

2 tert-BuOK / THF, 60°C

- 2 tert-BuOSiMe3

SiMe3

Si (CH2)nK

SiMe3

Si

SiMe3

SiMe3

SiMe3

SiMe3

SiMe3

K

n = 2,3,4      (18) 

9.3.6.3 Alkynylidene and phenylenealkynylidene-bridged di- and trianions.

The alkynylidene unit is a special kind of spacer. With its sp-hybridized carbon 

atoms it leads to the formation of a linear conjugated dianion. The 1,3- and 1,4-

phenyldialkynylidene spacers behave similarly. The enhanced reactivity of the 
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alkynylsilanes facilitates silylanion formation. All dianions in this series are 

formed extremely smoothly in ether solvents (THF, DME) at room 

temperature. This fortunate situation sets the stage for the synthesis of a triply-

metalated silane starting from 1,3,5-C6H3[C CSi(SiMe3)3]3. The metalation 

also proceeds very readily in this case. 

9.3.7 Differently Metalated Oligosilylanions 

The variations in the tris(trimethylsilyl)silylanion reactivity so far addressed 

have mainly been due to different substituents. However, a real regulation of 

reactivity is not easily feasible this way. As mentioned above, the potassium 

compounds are more reactive than the corresponding lithium compounds. 

While this increased reactivity is sometimes beneficial, it also can impose some 

difficulties. For example, in the reactions with some metal halides, the high 

reactivity, coupled with a substantial reduction potential can lead to 

unintentional electron-transfer reactions. Therefore, it is desirable to somehow 

tune the reactivity. This is in fact easily possible by employing metathesis 

reactions of the silyl potassium compounds with the halides of less 

electropositive alkali or alkaline earth metals. The most convenient reactions 

include those with lithium or magnesium bromide. In the latter case, a sila-

Grignard reagent can be obtained.[28] Use of only half an equivalent of 

magnesium bromide facilitates the formation of the Mg[Si(SiMe3)3]2·THF

adducts. Similarly, Grignard reagents can also be used in the transmetalation 

process (Eq. 19). This then allows the isolation of mixed silyl-

alkyl(aryl)magnesium compounds. 

SiMe3

Si MgRMe3Si

SiMe3

SiMe3

Si KMe3Si

SiMe3

MgBrR

- KBr

R = Br, Me, Ph, Si(SiMe3)3          (19) 

9.4 Conclusions 

It has been demonstrated that by the use of potassium alkoxides as metalating 

agents an impressive variety of silylanions can be prepared. Starting from 

simple K[Si(SiMe3)3], the substituents, the reactivity, and also the charge of the 

compounds can be manipulated in a rather straightforward fashion.
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10 Oligosilyl Substituted Heptaphosphanes – Syntheses, 

Reactions and Structures 

Judith Baumgartner, Vittorio Cappello, Alk Dransfeld, Karl Hassler
*†

10.1 Introduction 

The occurrence of homoatomic anions [En]
x– of the elements of groups IV (C, 

Si, Ge, Sn, Pb) and V (P, As, Sb, Bi) as constituents of Zintl phases is well 

known.[1] Despite numerous attempts, just a few of the En clusters have been 

isolated as uncharged molecules EnRx from the Zintl phases by reaction with 

suitable agents such as alkyl chlorides. 

With the heavier elements of group V, the [E7]
3– Zintl ion with a 

nortricyclene structure (Figure 10.1) is exceptionally stable, and numerous 

derivatives P7R3 and As7R3 with R = alkyl have been synthesized over the years 

from these Zintl ions.[2]

P
PP

P

PP
P

Figure 10.1. Arrangement of the phosphorus atoms in the [P7]
3– Zintl ion. 

A few P7 derivatives with silyl substituents, such as SiMe3,
[3] SiPh3,

[4] and 

SitBu3
[5] have also been reported. Attempts to functionalize the P7 cluster to use 

it as a building block for larger systems were, however, largely unsuccessful. 

For example, when P7(SiMe3)3 is treated with BuLi, MeLi, tBuLi or 

LiP(SiMe3)2, a mixture of degradation products including P(SiMe3)3,

LiP(SiMe3)2 and Li3P7 is obtained.[6] LiP7(SiMe3)2 is initially present in the 

reaction mixture but decomposes quickly. Mixtures of heteroleptic cages such 

as P7(SiMe3)n(CMe3)n–3 have also been prepared, but no pure compounds could 

be isolated.[7] It should be mentioned that by reaction of crystalline K3P7 with 

R4N
+ (R = Me, Et, n-Bu), the [R2P7]

– ions and, subsequently, the heteroleptic 

cages P7RR2 (R = alkyl) were obtained,[8] but X-ray structure analyses were not 

possible.
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The anticipation that larger oligosilyl substituents at the P7 system would not 

only exert stabilizing effects, but also slow down reaction rates and improve 

the tendency to crystallize was the starting point for this work. We furthermore 

expected that the Si-Si bonds surrounding the cage would allow reactions to 

take place without complete destruction of the inner core, leading to 

functionalized cages which then could be used for the preparation of larger 

systems.

10.2 Preparation of Oligosilyl Substituted Heptaphosphanes P7R3

When sodium potassium phosphide, prepared from red phosphorus and sodium 

potassium alloy in DME, reacts with Me3SiCl, the heptaphosphane P7(SiMe3)3

is obtained in good yields.[9] By replacing Me3SiCl with Me(Me3Si)2SiCl,

(Me3Si)3SiCl (hypersilyl chloride) and Ph(Me3Si)2SiCl, the heptaphosphanes 

1–3 can be synthesized. The large oligosilyl groups effectively shield and 

protect the P7 cage (Figure 10.2). For example, 2 (R = Si(SiMe3)3, which was 

prepared previously [10]) is inert towards oxygen and moisture and can be stored 

in air for several weeks without detectable decomposition. It does not react 

with water or PCl5, even when refluxed in benzene. 

P
PP

P

PP
P

R R

R

1, R = -SiMe(SiMe3)2

2, R = -Si(SiMe3)3 3, R = -SiPh(SiMe3)2

P7R3

Figure 10.2. Molecular structures of the heptaphosphanes 1–3.
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Due to the large size of the substituents, only the symmetric isomers 

P7R3-sym (Figure 10.3) are formed during the syntheses. The steric 

demand of the substituents is expected to decrease in the order 

Si(SiMe3)3  SiPh(SiMe3)2  SiMe(SiMe3)2.

P P

P

P

P

P

P

R

R

R

P7R3-sym

P P

P

P

P

P

P

R

R

P7R3-asym

R

Figure 10.3. Symmetric and asymmetric isomer of P7R3 viewed down the 

C3-axis.

10.3 Reaction of P7[SiMe(SiMe3)2]3 with tert-BuOK

In toluene and in the presence of 18-crown-6, P7[SiMe(SiMe3)2]3 (1) reacts 

with one or two equivalents of tert-BuOK by cleavage of one or two Si-P 

bonds to quantitatively afford the phosphanide ions [P7R2]
– and [P7R]2–,

respectively. The by-product tert-BuOSiMe(SiMe3)2 was identified by 29Si

NMR spectroscopy. The [K(18-crown-6)]+ salts of 4 and 5 crystallize readily 

from toluene. 

The molecular structure of 5 was determined by X-ray crystallography 

(Figure 10.4) and is the first example of a structurally characterized [P7R]2–

dianion.

Figure 10.4. Two views of the molecular structure of 

[K(18-crown-6)]+
2[P7R]2–.
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As expected, the P7-cage is somewhat distorted. The longest P-P bonds are 

those of the three-membered ring (221.5–226.2(5) pm) and between the apical 

and the silicon-substituted phosphorus atom (221.1(3) pm). The bonds which 

involve the negatively charged phosphorus atoms are considerably shorter 

(213–210(5) pm). This shortening is also observed in the [P7]
3– ion. The 

complex cations serve as 'face-capping' units that effectively surround and 

protect each anionic cage. 

The existence of the [P7R2]
– ion 4 is deduced from the 31P NMR spectrum 

(Figure 10.5). The spectrum of 1, shown for comparison, is typical for all P7R3

systems and displays three second-order resonances with relative intensities 

3:1:3 at –160 ppm (P3 ring), –80 ppm (apical P atom), and 0 ppm (Si-

substituted P atoms). For 4, five resonances with relative intensities 1:1:2:1:2 at 

–18, –32, –56, –95 and –188 ppm, respectively, are observed. 

Figure 10.5. 31P{1H} spectra of 1 (top) and 4 (bottom).

Figure 10.6 shows three possible isomers for 4. Isomer II (Cs symmetry) can 

be ruled out on the basis of steric arguments as the size of the oligosilyl 

substituents is too large. In isomer III, all seven phosphorus atoms are non-

equivalent and hence seven resonances would be expected. For isomer I (Cs

symmetry) with two pairs of equivalent phosphorus atoms, five resonances 

with an intensity ratio 1:1:1:2:2 would be expected, in accordance with 

observation. There is no evidence for the formation of isomer III. The 

formation of the anion upon reaction of 1 with tert-BuOK proceeds with a 

simultaneous inversion of one of the phosphorus atoms. 
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Figure 10.6. The three possible isomers of 4, neglecting rotational isomerism 

about the SiP bonds. 

The spectrum of 4 gives no indication of fluxional processes in solution; its 

general features are quite similar to those of the [P7H2]
– anion.[2] In contrast, 5

undergoes rapid bond fluctuation in analogy to dihydrobullvalene at room 

temperature and can be described by two valence tautomeric forms (Figure 

10.7). The 31P{1H} spectrum at room temperature shows broad signals without 

detectable 31P31P couplings. At –60 °C, the usual second-order resonances are 

observed. The general features of the spectrum at low temperature are again 

similar to those of the [P7H]2– dianion.[11]

R

R

Figure 10.7. Cope rearrangement of 5.

10.4 Reaction of P7[Si(SiMe3)3]3 with tert-BuOK

The reaction of P7[Si(SiMe3)3]3 (2) with tert-BuOK proceeds in a completely 

different way compared to the reaction of 1. Due to the bulkier hypersilyl 

groups, a Si-Si bond instead of a Si-P bond is cleaved.[12] tert-BuOSiMe3 and a 

silyl anion are initially formed. The latter quickly rearranges into a 

phosphanide anion and bis(trimethylsilyl)silylene. The silylene then inserts into 

a P-P bond of the three-membered ring of the phosphanide anion forming 

compound 6. This is the only process which takes place at low temperatures. 

Figure 10.8 shows the proton 31P{1H} NMR spectrum of 6 together with the 

spectrum of 2. The signals of the phosphorus atoms of the three-membered ring 

around –180 ppm are clearly missing in 6. The second-order splitting of all 
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signals and their relative intensity ratio of 1:1:1:2:2 prove that seven 

phosphorus atoms are still present in the anion 6 and that it possesses Cs

symmetry.

Figure 10.8. 31P{1H} NMR spectra of 2 (top), 6 (center), and a mixture of 6

and 7 (bottom). 

The second-order splitting of the NMR signals can be reproduced accurately 

by a simulation of the spectrum based upon the structure shown on the left side 

of Figure 10.9. As in the formation of 4, reaction of 2 with tert-BuOK proceeds 

with a simultaneous inversion of one of the phosphorus atoms, and therefore 6

has Cs symmetry. 
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When the reaction is carried out at ambient temperatures, a second product 

7 is formed together with 6. The spectrum consists of seven second-order 

resonances at 140, 55, 40, 30, –15, –70 and –160 ppm with equal intensity 

ratios. The molecular structure of 7 (Figure 10.9) shows that this compound 

also contains the SiR2 unit (R = SiMe3) which is inserted into a P-P bond of the 

three membered ring, but differs from the structure of 6 by a shift of the 

negative charge and a shift of a P-P bond. 

P

P
P

P

P
P

P

SiR2

R3Si

SiR3

_

Figure 10.9. Proposed structures of 6 (left) and molecular structure of 7 (right; 

the SiMe3 groups have been omitted for clarity). 

The proposed rearrangement of a PSiK fragment into a silylene and a 

phosphanide anion is supported by results of ab initio calculations and also by 

unpublished results of C. Marschner.[13] Figure 10.10 shows the minimized 

structure of (PH2)2PSiH2Li (the triphosphane unit was chosen as an 

approximation for the P7 cage) together with bond lengths and Mulliken 

charges. The lithium atom bridges the silicon atom and the two phosphorus 

atoms not directly bonded to it. These two phosphorus atoms also bear large 

negative charges. Furthermore, the P-Si bond is stretched. The results make the 

formation of a silylene and a phosphanide anion at least plausible and can also 

explain the observation that the negative charge is not necessarily located on 

the phosphorus atom from which the silylene is expelled. 

10.5 Synthesis and Reactions of Hypersilylmonophosphanes 

To further gain some insight into the reactivity of the P-Si(SiMe3)3 bond, the 

Si(SiMe3)3-substituted monophosphanes 8 and 9 were prepared. 
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(Me3Si)2P–Si(SiMe3)3 (8, (31P) = –267.0 ppm) was obtained in excellent yield 
by the reaction of LiP(SiMe3)2 with ClSi(SiMe3)3. Its reaction with MeOH 
afforded (Me3Si)HP–Si(SiMe3)3 (11). Treatment of (CF3O2SO)Si(SiMe3)3 with 
PH3 gives H2P–Si(SiMe3)3 (9, (31P) = –264.9 ppm, 1J(P,H)= 176.8 Hz) as the 
only product (Scheme 10.1). 

Figure 10.10. Calculated bond lengths [Å] and Mulliken charges for 
(PH2)2PSiH2Li.

(SiMe3)2PLi  +  ClSi(SiMe3)3

(SiMe3)2PSi(SiMe3)3

(SiMe3)HPSi(SiMe3)3 (SiMe3)KPSi(SiMe3)3

CF3SO3Si(SiMe3)3  +  PH3 H2PSi(SiMe3)3

HPSi(SiMe3)3(K18-crown-6) Li2PSi(SiMe3)3

MeOH KOtBu

KOtBu

18-crown-6
nBuLi

Scheme 10.1. Preparation of hypersilylmonophosphanes. 
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Reactions of 8 and 11 with tert-BuOK in toluene in the presence of 

18-crown-6 proceed by cleavage of the P-SiMe3 bond, giving 

(Me3Si)KP–Si(SiMe3)3 (10, (31P) = –352.7 ppm) and KHPSi(SiMe3)3

(12, (31P) = –352.2 ppm, 1J(P,H) = 127.7Hz). 

The oxidative coupling of 12 with BrCH2CH2Br gives the diphosphane 

(Me3Si)3SiHP–PHSi(SiMe3)3 (14). 14 can also be prepared quantitatively from 

9 and tBu2Hg. The 31P{1H} NMR spectrum consists of two multiplets centered 

at –201.8 and –211.8ppm (Figure 10.12) which originate from meso- and rac-

14 and are the XX’ parts of an AA’XX’ spin system (A = H, X = P). 31P31P

coupling constants of –254.1 Hz were obtained for the d,l form of 14, and 

–82.6Hz for the meso form by a simulation of the spectra. The large difference 

between the two coupling constants can be explained by the dihedral angle 

between the two phosphorus lone pairs. In the meso form, the dihedral angle is 

180° if the hypersilyl groups are in anti position, which is reasonable because 

of their large size. Such an arrangement is known to give a small absolute value 

for the PP coupling constant.[14]

Figure 10.12. Calculated and experimental 31P{1H} NMR spectra of 14 with 

the XX’ multiplets of two AA'XX' spin systems. Left: meso (centered at –201.8 

ppm); right: d,l (centered at –211.8 ppm). 

10.6 Conclusions 

The outcome of the reaction of oligosilyl-substituted phosphanes with tert-

BuOK depends on the steric demand of the silyl groups. A phosphanide anion 

is formed by cleavage of the Si-P bond if the size of the silyl group allows 

attack at the Si-P bond. If both SiMe3 groups and oligosilyl groups are attached 

to the phosphorus atom, the smaller SiMe3 group is invariably cleaved, which 

can be used for the preparation of oligosilyl-substituted phosphanide anions. 
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Reactions of P(SiMe3)3 with tert-BuOK have previously been investigated by 

Uhlig.[19] If the size of the oligosilyl groups is increased, tert-BuOK cleaves an 

Si-Si bond. The resulting silyl anion is not stable and rearranges into a 

phosphanide anion and a silylene. In the case of the P7 anion, the silylene then 

inserts into a P-P bond forming novel heptaphosphanide anions. 
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11 Polysilanes: Formation, Bonding and Structure 

Richard G. Jones
*

11.1 Introduction 

Polysilanes consist of catenated silicon atoms substituted with aryl groups, 

alkyl groups or other groups capable of withstanding the sometimes harsh 

conditions of the polymer synthetic procedure. Unlike carbon chain polymers, 

all the silicon atoms of the chain are capable of bearing substituents as a 

consequence of the greater Si-Si bond length and a lack of steric crowding 

resulting from the conformation usually adopted by the chain. Some typical 

examples of polysilanes are shown in Figure 11.1. 

poly(dimethylsilane)

poly(methylphenylsilane)

poly(di-n-hexylsilane)

poly(cyclo-hexylmethylsilane)

Si

CH3

n
Si

CH3

CH3

n

Si

CH3

n

Si

C6H13

C6H13

n

poly(dimethylsilane-co-methylphenylsilane)

            also called  polysilastyrene

Si

CH3

CH3

n

Si

CH3

m

Figure 11.1. Typical polysilanes. 

Many silicon-containing polymeric structures are of particular interest for 

their spectroscopic and electroactive properties and polysilanes are no 

exception. They absorb strongly between 290 nm and 400 nm and display 

strong narrow photoluminescence. They are photoconductive and conductive 

upon chemical doping. They have NLO properties and are photosensitive to 

UV light. Although it is only in recent years that the polymers are finding 

applications based on these properties, new possibilities are emerging regularly 
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as polysilanes combined with carbon chain structures in block copolymers 

reveal aggregation capabilities that have the potential to enhance the properties 

of the parent polymers. 

This chapter offers the newcomer to polysilanes a basic introduction to their 

synthesis, together with an understanding of the unique nature of the main 

chain bonding and the chain structures that gives rise to their special properties. 

Like all topics that are reaching maturity, there is far more that might be 

written than can be covered in a single chapter so copolymers will not be 

discussed. Likewise, applications will only receive mention so that polysilanes 

can be seen to take their rightful place in the context of materials for the future. 

The reader who wants to delve deeper into the subject is referred to a more 

comprehensive volume concerned with the full range of silicon-containing 

polymers that was published recently.[1]

11.2 Synthetic Procedures 

The first polysilanes were synthesized more than 75 years ago by Kipping [2, 3]

through Wurtz-type reductive dehalogenation of dihalodiorganosilanes. This 

procedure, which is alkali metal intensive, has in the last decade been better 

understood and has consequently acquired a degree of control that was not 

previously considered possible. It remains the easiest and most widely used 

route to a polysilane and it will be discussed later in this section after 

consideration has been given to three other methods of synthesis that have been 

researched in recent years. 

11.2.1 Anionic Polymerization of Masked Disilenes 

The first of these new synthetic methodologies, the anionic polymerization of 

masked disilenes developed by Sakurai and co-workers,[4–6] is elegant and its 

concept is unique. Almost uniquely, it offers access to a range of 

polyalkylsilane structures with narrow molecular weight distributions but 

involves some procedures that are so painstaking as to cause the principal 

researcher to caution the uninitiated who might wish to follow a similar path.

The overall procedures of the methodology are shown in Scheme 11.1. The 

first reaction depicts the synthesis of masked disilenes of representative 

structures and the second is a conventional anionic polymerization such as 

might be applied in the synthesis of polystyrene. Masked disilenes are so-called 

as they are to all intents and purposes disilenes stabilized by a biphenyl bridge. 

During the polymerization reaction the bridge is released. Product polymers 

have been reported to have molecular weights up to 50,000 with 
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polydispersities between 1.5 and 2.0. Although these distributions are not 

particularly narrow, it is nevertheless a living polymerization and this feature 

can be exploited for the synthesis of block copolymers.[7, 8]
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Scheme 11.1. Synthesis of polysilanes via the ‘masked-disilene’ methodology. 
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Scheme 11.2. The ‘masked-disilene’ methodology applied to the synthesis of 

dialkylamine-substituted polysilanes. 
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The synthesis of poly(1,1-dihexyl-2,2-dimethylsilane) as depicted in 

Scheme 11.1 was used to demonstrate the high order associated with these 

polymerizations.[5] The disilene units are incorporated exclusively in a head-to-

tail fashion. 

11.2.2 Anionic Ring-Opening Polymerisation 

This method of synthesising polysilanes has so far found very limited 

applicability. As first demonstrated by Matyjaszewski and co-workers,[10] it 

requires the pre-synthesis of a strained silacycle. In general, these are not 

readily accessible; however, 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclo-

tetrasilane can be synthesized from octaphenylcyclotetrasilane, after which the 

all-trans isomer was prepared by recrystallization of a hexane solution of 

stereoisomeric mixtures. The anionic polymerization reaction of this monomer 

is depicted in Scheme 11.3. The products had molecular weights up to 36,000, 

almost normal distributions, and were predominantly heterotactic. 
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���������
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���������

��
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Si

Ph

Si
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Si-, CuLx
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Mn =  36,000    Mw/Mn  =  1.6
regioselective & stereoselective

Scheme 11.3. Anionic ring-opening polymerization of cyclotetrasilanes. 

Another anionic ring-opening polymerisation that can also be used for the 

synthesis of a poly(germasilane) as well as a polysilane has been described by 

Sakurai and co-workers [11] and is shown in Scheme 11.4. They are formed in 

greater than 40% yield and as well as having narrow molecular weight 

distributions (Mn = 17,000, Mw/Mn = 1.3) the polymers are highly ordered, as 

evidenced by NMR spectroscopy. 
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Scheme 11.4. Highly regulated polymers via anionic ring-opening 

polymerization.
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11.2.3 Catalytic Dehydrocoupling of Hydrosilanes 

The third method of synthesizing polysilanes that has received significant 

attention in recent years is one based on catalytic dehydrogenation using alkyl 

metallocenes of the type Cp2MR2 at room temperature. When this is applied to 

a primary silane, as depicted in Scheme 11.5, and in selected instances to 

secondary silanes, oligomers are readily formed.[12] Much of the effort has been 

directed towards extending the molecular weights of the products by varying 

the reaction conditions, catalyst, monomer, but degrees of polymerization no 

greater than about 50 have been obtained. This is possibly caused by growing 

chains disengaging from the catalyst at a particular average degree of 

polymerization for a reason that lies beyond the chemistry of the reaction. This 

will not be elaborated here but it is probably not dissimilar to influences that 

prevail in the Wurtz-type reductive-dehalogenation reaction to be discussed in 

the next sub-section. 

catalyst = ,   M = Zr, Hf  :   DPn  ~  30 ;

  99% conversion ;  85%  linear

,   M = Zr, Hf  :   DPn  ~  45 ;

  90% conversion ;  90%  linear

,   M = Zr  :   DPn  ~  45 ;  syndiotactic

  90% conversion ;  90%  linear

/ 2BuLi / B(C6F5)3MCl2

/ 2BuLiMCl2

(CH2)2NMe2

/ 2BuLi / B(C6F5)3MCl2

n

PhSiH3
���catalyst

H Si H

Ph

H

+      H2

���

Scheme 11.5. The synthesis of polysilanes by the catalytic dehydrogenation of 

primary silanes. 

11.2.4 The Wurtz Reductive Coupling Reaction 

The synthesis of polysilanes by the Wurtz-type reductive-coupling reaction is 

shown in Scheme 11.6. It is applicable to the synthesis of any polysilane, the 

substituents of which can withstand the harsh reaction conditions. This limits 

the systems to ones with alkyl, aryl, silyl, fluoroalkyl, and ferrocenyl 

substituents but other structures are accessible through post-polymerization 

chemistry.[13]
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Scheme 11.6. Synthesis of polysilanes by the Wurtz-type reductive-coupling 

reaction.
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Figure 11.2. Molecular weight distribution of poly(methylphenylsilane) 

prepared by a Wurtz reductive-coupling in boiling toluene (Reprinted with 

permission from Organometallics, 1998, 17, 59. Copyright 1998 American 

Chemical Society). 

The reaction has conventionally been carried out in boiling toluene using 

sodium as the reducing agent. It is highly exothermic and although at such an 

elevated temperature the reaction rates are high, yields can be quite variable. 

Another detraction is that the molecular weight distributions of polymers that 

result under these conditions of reaction are polymodal consisting of a narrow 

low molecular weight fraction (Mr,w < 1,000), a dominant intermediate fraction 

(1,000 < Mr,w < 50,000) with a polydispersity index of about 10, and a lesser 

high molecular weight fraction (Mr,w ~ 106) characterized by a polydispersity 
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index of about 1.5. A typical distribution for poly(methylphenylsilane), PMPS, 

is shown in Figure 11.2.[14] Although the first of these fractions is easily 

removed using standard polymer isolation techniques, the other two fractions 

are inseparable other than by fractionation. 

Given the generality of the Wurtz-type reductive-coupling to the synthesis 

of polysilanes, recent years have seen a substantial drive to understanding the 

mechanism of the reaction with a view to optimization of the procedures.[15]

The reaction has been investigated at high, intermediate, and low temperatures. 

Solvent effects have been studied, as have homogeneous reaction systems and a 

range of alternative heterogeneous systems. It is now generally accepted that 

the lowest molecular weight fraction arises in part from an end-biting reaction 

that leads to the formation of cyclopentasilane in the early stages of 

polymerization, and in part from a back-biting degradation reaction leading to 

cyclohexasilane when the reaction is carried out at elevated temperatures such 

as that of boiling toluene. The latter reaction is considered to be the reason why 

polymer molecules that comprise the dominant intermediate molecular weight 

fraction are prevented from further growth, i.e. they become disengaged from 

the alkali metal surface as a consequence of the back-biting reaction. The 

reaction is thermally activated and so it follows that the lower the temperature 

at which the polymerization can be conducted, the higher will be the molecular 

weights attained within this fraction. This assertion is borne out by 

observations of the synthesis of PMPS in THF at ambient temperature. In this 

system no high molecular weight fraction is formed but the average molecular 

weights of the intermediate fraction are seen to increase steadily with time.[14, 

15] This procedure, if necessary assisted by ultrasound,[16] has now been proved 

to work effectively for the production of other polysilanes in substantial yield, 

in particular polyalkylsilanes.[16, 17]

The underlying reason for the formation of the highest molecular weight 

fraction at elevated temperatures is intriguing, but first it is necessary to 

consider the overall progress of the reaction as depicted in Figure 11.3 for the 

synthesis of PMPS in boiling toluene. There are two clear phases of reaction. 

The first phase, lasting about 5 minutes, is one in which the precursor 

dichlorodiorganosilane is rapidly consumed, as would be consistent with a 

chain reaction. In this time all three of the product fractions appear. An 

acceptable molecular mechanism that accounts for this phase of reaction has 

been proposed by Matyjaszewski [18] in which silyl anions, radical anions, and 

radicals are all intermediates. In the second phase, lasting for the next 20 

minutes or thereabouts, the oligomeric fraction is depleted to the advantage of 

the other two fractions. This can be explained by accepting that the lowest 

molecular weight fraction contains linear as well as cyclic oligomers and that 

the former can be involved in what are effectively single-stage condensation 

reactions onto the other two fractions. However, it is clear that molecular 
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mechanism offers no explanation for the formation of two distinct polymeric 

fractions. In order to explain this phenomenon it is first necessary to understand 

a little of the structure of polysilanes. 
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Figure 11.3. Variation of composition of reaction mixture with time for a 

conventional Wurtz synthesis in boiling toluene (Reprinted with permission 

from ref. [1], Copyright 2000 Kluwer Academic Publishers). 

Fujiki and co-workers [19] have recently shown that many polysilanes, 

including PMPS, adopt a helical conformation which in the absence of internal 

or external preventative influences switch screw-sense, M to P or P to M, and 

pitch at intervals along the chain (see Section 11.4). These switch points 

represent structural kinks in the chain and within a polymer molecule in 

solution they move freely up and down the chain. For a polymer molecule 

growing on an alkali metal surface it is presumed that the kinks enter the chain 

at the free end and that as the chain grows it can accommodate an increasing 

number of them, this being predetermined in an average sense by a stability 

that correlates with a length of sequence for which a particular screw sense can 

be maintained. Figure 11.4 shows a representation of the kinks and the role 

they are considered to play in the disengagement of growing polymer chains 

from the alkali metal surface (included as an inset to the figure is a 

representation of helical screw-sense reversal that constitutes a kink). It is 

assumed that the translation of a kink to the metal surface facilitates the back-

biting reaction and the concomitant disengagement of the polymer molecule. 
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At any given temperature these events would occur with a defined probability 

(Pi) that is at its greatest when the chain is only of sufficient length to 

accommodate one kink. As chain length increases this probability decreases, 

explaining the characteristic shape of the distribution of the intermediate 

molecular weight fraction. However, as the chain length increases the 

probability of adjacent kinks meeting and undergoing mutual annihilation also 

increases. This results in an abnormal reduction in the probability of the kink 

closest to the alkali metal surface ever reaching it and the polymerization 

progressively taking on the attributes of a living polymerization. This 

possibility explains the narrow distribution, high molecular weight fraction that 

is formed when Wurtz-type polymerisations are conducted at elevated 

temperatures. Theoretical molecular weight distributions detailed in a 

mathematical model elaborated by McLeish et al.[20] are in excellent agreement 

with the experimentally observed distributions. 

1 2

i - 1
Na

NaNa

incipient i th. defect ���
���

1 2

i - 1i - 1

2
1

i

��growth :   1 - Pi

termination :    P i

���

Pi >  Pi+1 for all values of  i ,

thus for  i = 1 the probability of
termination is at the maximum

Figure 11.4. Schematic of an alkali metal mediated Wurtz-type synthesis of a 

polysilane. Inset: Representation of a helical structure showing screw-sense 

reversals.

11.3 Bonding

The spectroscopic and electroactive properties of polysilanes touched upon in 

the introduction arise from their unique chain structure. Underlying the helical 
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conformations already alluded to in the previous section is the phenomenon of 

-conjugation represented in Figure 11.5. Included for purposes of comparison 

is a representation of the more familiar -conjugation as found in a linear 

polyene. The greater size of the sp3 bonding orbitals of the silicon atom 

facilitates a significant geminal overlap that simply does not occur in the case 

of carbon. As a consequence, electronic delocalization through the -bonded

framework of a polysilane is a reality, whilst for a carbon chain polymer this 

can only be realized within the -bonded framework of a polyene. Whereas 

each silicon atom contributes two orbitals to the conjugated backbone whilst 

each carbon atom of a polyene contributes only one, it is easily reasoned from 

Figure 11.5 that disilane is analogous to ethene, trisilane to butadiene, and 

tetrasilane to hexatriene, etc. Because the resonance integrals vic and gem of a 

polysilane are different just as those of alternate bonds in a real polyene with 

alternating shorter and longer bonds are different, the energy gap between 

HOMO and LUMO tends to a finite value, rather than to zero, with increasing 

chain length. 
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Figure 11.5. Orbital diagrams of a -conjugated linear polysilane (lower) and a 

-conjugated polyene (upper). 

The above conclusions follow from the so-called Sandorfy C model.[21] This 

model ignores the other two sp3 hybrid orbitals that are used to bond the 

substituents and the latter are assumed not to interact with the backbone 

orbitals. This is adequate for describing the ground-state properties since most 

polysilane substituents are so much more electronegative than the silicon atoms 

that the orbitals that bind them to the chain are lower in energy and for the most 

part reside on the substituents. The corresponding antibonding orbitals are 

located mainly on the silicon atoms but they are unoccupied and are therefore 

not needed to describe the ground state. None of the occupied bonding orbitals 
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have a node across a Si-Si bond but all of the unoccupied antibonding orbitals 

do. Just as the HOMO of the  system of a linear polyene has nodes between 

every alternate pair of carbon atoms, so the HOMO of a linear polysilane has 

nodes at every silicon atom. Likewise, whereas the LUMO of the linear 

polyene has nodes between the carbon atoms where they were not found in the 

HOMO and none where they were, so the LUMO of a polysilane has nodal 

planes between every silicon atom. In accordance with the Sandorfy C model, 

Figure 11.6 illustrates how the HOMO of the polysilane chain can be viewed as 

being composed from the 3px orbitals of the silicon atoms, whilst the LUMO 

has a large contribution from the silicon 3s orbitals. Consistent with this view 

of the ground state, the xy nodal plane at each silicon atom in the HOMO 

contains the orthogonal and therefore non-interacting 3py and 3pz orbitals that 

contribute to the bonding of the substituents. In contrast, the LUMO, with its 

large contribution from silicon 3s orbitals, interacts quite strongly with the *

orbitals of the lateral bonds. 

�����������������
�����������������
�����������������

�����������������
�����������������
�����������������

�����������������
�����������������
�����������������

�����������������
�����������������
�����������������

�����������������
�����������������
�����������������

�����������������
�����������������
�����������������

�����������������
�����������������
�����������������

�����������������
�����������������
�����������������

Si Si Si Si

����������
����������
����������
����������
����������
Si

����������
����������
����������
����������
����������
Si

����������
����������
����������
����������
����������
Si

����������
����������
����������
����������
����������
Si

LUMO:  large contribution from silicon 3s orbitals
 - strong interaction with substituent antibonding orbitals
in the yz plane

HOMO:  mainly composed from silicon 3p x orbitals
- can only interact with -symmetry orbitals of substiuents

x - direction

Figure 11.6. Molecular orbital representations of the HOMO and LUMO of a 

linear polysilane based on the Sandorfy C model. 

The problem with the Sandorfy C model is that the resonance integrals ( vic

and gem) do not change on rotation about an Si-Si bond and all conclusions 

that can be drawn are independent of molecular conformation. This is 

inconsistent with experimental observation. Typically, the second ionization 

potential of peralkylated tetrasilanes shows that the energy of the gauche 

conformation is approximately 0.5 eV greater than the energy of the transoid 

conformation.[22] To account for this and related observations a non linear 

orbital interaction topology is required in which the magnitude and even the 
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sign of vic changes as the dihedral angle changes from 0  (syn) to 180  (anti).

Such a topology resembles a ladder and the so-called “ladder C” model [23]

satisfactorily accounts for the ground-state electronic structure of polysilanes. It 

is from such considerations that an understanding of the absorption and 

emission spectroscopy and the related electroactive properties of polysilanes 

has developed. 

11.4 Structure

Poly(arylmethylsilane)s absorb at longer wavelengths than poly(alkylsilane)s 

and poly(diarylsilane)s absorb at wavelengths greater than 400 nm. These shifts 

are too large to be explained by -  mixing and in the case of the 

poly(diarylsilane)s, based on a variety of supporting evidence, it was concluded 

that the explanation lay in extended sequences of silicon atoms in all-trans

conformation enforced by the bulk of the substituents.[24] In addition, 

spectroscopic studies had until recently indicated that most polysilanes adopt 

an ordered, usually all-trans conformation under given conditions and some 

other conformation under other conditions. Typically, the position of the 

absorption maximum associated with the main chain - * transition in poly(di-

n-alkylsilane)s in solution is sensitive to temperature (thermochromism) and to 

solvent (solvatochromism). Thus, there is a discontinuous wavelength shift 

over relatively narrow temperature or compositional ranges indicating that two 

conformational isomers must coexist in solution.[25] Such transformations were 

explained as coil-to-rod transitions, the ordered all-trans conformation 

representing the rod-like form. 

One of the first signs that the above model was an oversimplification came 

from the recognition that poly(di-n-hexylsilane) in its low temperature form 

(presumed to be an all-trans conformation even in the solid state) is crystalline 

but that its high temperature form is a liquid crystal-like mesophase in which 

crystallinity is lost but some ordering remains.[25, 26] This polymer in its low 

temperature form and its lower alkyl homologues that are not thermochromic 

are now understood to adopt helical conformations and it is the order within the 

helices that gives rise to the crystallinity.[27–29]

Fluorescence spectroscopy in combination with circular dichroism (CD), 

optical rotatory dispersion, X-ray crystallography, UV and NMR spectroscopy 

of the main chain is a powerful probe for identifying helical conformation, 

uniformity, and rigidity in polymers. In recent years, these techniques have 

been applied extensively to investigate the structures of polysilanes in both the 

solid state and in solution and it is now clear that after electronic structure main 

chain helicity is the principal determinant of the properties of polysilanes. In 
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this final section it is intended to elaborate on some of the notions underlying 

this assertion but for a detailed understanding the reader is referred to the 

recently published and very excellent review of the subject by Fujiki.[30]

Figure 11.7. Absorption and luminescence spectra of polysilanes: (a) typical 

spectra in which Ea and Ep are the peaks of absorption and emission 

respectively, and E and E are respectively the Stokes shift and the width at 

half height of the absorption band; (b), (c) and (d) depict the spectra of a single 

screw-sense rod-like polysilane, poly(di-n-butylsilane), and PMPS, 

respectively (Reprinted from ref.[1]. Copyright 2000 Kluwer Academic 

Publishers).

Figure 11.7 depicts typical absorption and luminescence spectra for 

polysilanes. Absorption peak energies are within the range 3 to 4 eV and are 

determined mainly by backbone conformation. Photoluminescent efficiencies 

are high (10% to 50%) and the apparent Stokes shift increases with the breadth 

of the absorption spectrum. Whenever a single screw-sense helical structure 

pertains, the absorption and emission bands are narrow and the Stokes shift is 

small. Such a polymer is poly[decyl-(S)-2-methylbutylsilane], the chiral center 

within the (S)-2-methylbutyl substituent determining the screw sense. Such 
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polymers are rod-like. The spectra of poly(di-n-butylsilane), for which two 

phases coexist over a limited temperature range, are broader. The Stokes shift 

is accordingly greater and originates from energy transfer between the two 

phases, which have different backbone conformations, within the excited state. 

Ignoring the short-wavelength absorption that arises from the * transition of 

the phenyl substituent and the broad, long-wavelength emission, it is seen that 

the spectra of PMPS have features that accord more with those of poly[decyl-

(S)-2-methylbutylsilane] than those of poly(di-n-butylsilane). The long-

wavelength emission is known to be due to branching defects arising from the 

presence of trace amounts of trichlorosilane impurities in the synthesis and is 

not seen if the polymer is prepared from high purity dichloromethyl-

phenylsilane.[31]

It has been shown from correlations of the * UV spectroscopic 

parameters with the viscosity index (the  parameter of the Mark–Houwink 

equation) for a range of poly(dialkylsilane)s and poly(alkylarylsilane)s in THF 

solution at 30 C that the peak intensities increase exponentially as  tends 

towards the maximum attainable value for an ideal rigid rod polymer. There is 

also a concomitant narrowing of peaks.[32] From this and corresponding data for 

a series of optically active polysilanes, the extent of -conjugation in the main 

chain is seen to be closely connected to the overall shapes of the molecules in 

solution. These range from shrink coil through random coil to stiff and rigid 

rod-like.

Structural dependence on temperature is now best illustrated by example. 

Optically inactive poly(hexyl-2-methylpropylsilane) has an  parameter of 1.29 

in THF indicating a rigid rod-like structure. Furthermore, in isooctane solution 

at ambient temperature the peaks of the UV absorption and fluorescence 

spectra are narrow, they mirror each other, and the Stokes shift is only 3 nm. 

These are indicative of an almost homogeneous photoexcited energy state with 

minimal structural variation in the main chain. Notwithstanding this 

conclusion, when the solution is cooled to –80 C, the absorptivity increases, 

the peaks narrow, and the Stokes shift drops to 2.2 nm. It is thus assumed that 

the polymer attains a perfectly extended rod shape at this temperature.[30]

If the above conclusions are applied to address the abrupt thermochromism 

of poly(dihexylsilane) not only in the solid state but also in solution, the 

conclusion is that the increase in UV absorption intensity does indeed result 

from a coil-to-rod transition but that the red shift arises from a helix-to-helix 

transition of the main chain. Recent calculations have indicated that the 

absorption maximum gradually red shifts as the helical dihedral angle changes 

from 60  to 180 .[33–35]

Although polysilane main chain conformations can range from shrink coiled 

through to rigid rod-like structures, it is now generally accepted that most of 
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them (including PMPS) tend to adopt helical main chain structures regardless 

of substituents, physical state or temperature.[34, 35] The helices may be tight 

with approximately gauche conformations or loose with approximately ortho

or transoid conformations. However, most polysilanes do not show Cotton 

effects in their CD spectra, a characteristic that would indicate a preferential 

screw-sense. Thus, they contain equal numbers of P and M segments, i.e. they 

are internal racemates and optically inactive. However, if the main chain 

helicity is driven by a chiral chemical influence, enantiomeric excesses of 

either the P or M screw sense are the result. Such an effect is shown in Figure 

11.8 for the chiral substituted homopolymer and copolymer depicted 

alongside.[19] Positive Cotton effects at the absorption maxima are observed in 

both cases and there is little to distinguish the extent of the chiral influence 

within the homopolymer from that within the copolymer. Although it is not 

depicted, if the chiral substituent is changed from the (S) to the (R) isomer, the 

sign of the CD band changes accordingly, indicating that the polymers adopt 

the opposite screw sense. 
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Figures 11.9 and 11.10, relating to PMPS and poly(methyl-n-hexylsilane)

(PMHS) respectively, show that the chiral influence on main chain helicity of 

polysilanes need not be an internal influence.[36] In each case, the upper plots 

depict the UV spectra of the relevant polymer in THF solution and in the chiral 

solvent, (S)-2-methylbutylbenzyl ether. The lower plots depict the CD spectra 

overlaid on the corresponding UV spectra for solutions of the polymers in the 

chiral solvent. From the absorption spectra, a very slight change in solution-

phase conformation is evident for PMPS on switching solvents but not so in the 
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case of PMHS. However, both CD spectra display positive Cotton effects 

consistent with the main chains adopting enantiomeric excesses in the chiral 

solvent. In the case of PMPS the excess is only 8% but for PMHS it is 80%. 

Figure 11.9. UV spectra of PMPS in THF and (S)-2-methylbutylbenzyl ether 

(top) and overlaid UV and CD spectra in (S)-2-methylbutylbenzyl ether 

(bottom) at ambient temperature. 
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Figure 11.10. UV spectra of PMHS in THF and (S)-2-methylbutylbenzyl ether 

(top) and overlaid UV and CD spectra in (S)-2-methylbutylbenzyl ether 

(bottom) at ambient temperature. 
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11.5 Conclusion

The various physical properties indicated in the introduction arise from the 

unique bonding of the main chain of polysilanes. The consequent potential for 

exploitation of these properties is greatly dependent upon the conformation that 

the polymers adopt. Conformation influences the way in which they pack in the 

solid state and therefore the magnitude of the electroactive effects they display. 

Poly(n-hexylphenylsilane) has recently been shown to have a one-dimensional 

intrachain hole mobility of 0.23 cm2 V-1 s-1, which is comparable to the values 

determined for the better known -conjugated carbon chain hole transport 

polymers.[37] Conformation also influences the ability of polymers to self-

assemble. Recently, carefully designed amphiphilic block copolymers in which 

the hydrophobic component is a polysilane have been shown to assemble into 

vesicles in aqueous dispersion [38] or to be capable of being formed into shell-

crosslinked micelles.[39] Such possibilities can be traced back to the unique 

chain structures of polysilanes and following from the greater understanding of 

these structures that has been gained in recent years will be rewards afforded 

by the effort to tailor them for the purposes of optimization in a comprehensive 

range of applications. 
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12.1 Introduction 

Polysilanes are high-molecular-weight polymers with a pure silicon chain as 

backbone and organic side chains. The -conjugation of the silicon backbone 

leads to interesting properties, such as strong UV absorption and 

photoconductivity.[1–3] Poly(di-n-alkylsilanes) with n-alkyl side chains longer 

than ethyl form mesophases, in which the polymers are hexagonally packed in 

two dimensions but have highly flexible backbones. Such condis 

(conformationally disordered) crystals,[4] characterized by a dynamic exchange 

between different conformations, are also known for other polymers, for 

example, polysiloxanes and polyphosphazenes. A clear proof of the backbone 

mobility in these mesophases is provided by solid-state NMR spectroscopy.[5–7]

While the mesophase structures seem to be similar for all poly(di-n-

alkylsilanes), the crystal structures depend on the length of the side chains. In 

the following, symmetrically substituted poly(di-n-alkylsilanes) will be denoted 

by PDxS, with x specifying the length of the side chains, and asymmetrically 

substituted polysilanes with side chains of length x and y at each silicon atom 

will be called PxyS. PD6S was found to have a planar all-trans (21 helical) 

backbone conformation,[8, 9] whereas PD4S and PD5S reportedly have a 73

helical structure.[10, 11] Other structures, some still under dispute, have been 

reported for homologues with longer side chains.[8] Over the years, it has 

become obvious that most polysilanes can exist in more than one crystalline 

form.[8,12–18] Since the physical properties, which form the basis of all 

applications, depend strongly on structural details, the goal of our 

investigations was to achieve a better understanding of this polymorphism. 

Only a comprehension of how a variation of the chemical structure (in this case 

the length of the side chains) affects the phase structure, and hence other 

properties, can lead to a tailored synthesis of functional materials. 

In the following, we will first report on the mobility of the alkyl side chains 

in polysilanes with short side chains up to length 6. The analogy between 
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polysilanes and polycarbosilanes will be pointed out. Then, the polymorphism 

of PD4S and PD5S at elevated pressure, known from reports on piezochromic 

effects,[19 20] and the phase behavior of PD8S and PD10S, as revealed by our 

DSC, NMR, and pVT experiments, will be discussed.[21]

12.2 Materials and Methods 

12.2.1 Polymer Materials 

Polysilanes with protonated or -deuterated n-alkyl side chains were prepared 

from the respective dialkyldichlorosilanes by Wurtz-type coupling.[1,21] The 

products, high-molecular-weight polymers with number average molecular 

weights between 180,000 and 400,000 g/mol and polydispersities of about 1.5, 

were obtained by fractionated precipitation from toluene. Additional samples 

were prepared by dissolving small amounts of polymer in cyclohexanol and 

letting them slowly crystallize from the boiling solvent.

12.2.2 Measurements 

12.2.2.1 Differential Scanning Calorimetry (DSC). DSC measurements were 

carried out with a Perkin Elmer DSC 7 at heating rates between 0.1 and 40 

K/min.

12.2.2.2 Pressure-Volume-Temperature (pVT) Experiments. pVT experiments 

were performed with a Gnomix apparatus using the confining-fluid (Hg) 

method. Temperatures from 30–400 °C and pressures between 10 and 200 MPa 

were accessible.

12.2.2.3 Solid-State NMR Spectroscopy. The NMR experiments were carried 

out with a Bruker MSL 300 spectrometer at resonance frequencies of 46.073 

and 59.625 MHz for 2H and 29Si, respectively. 2H spectra were obtained using 

the quadrupole echo pulse sequence with 90° pulses of 3 s. 29Si signals in the 

crystalline phase were recorded using cross-polarization with a contact time of 

2.5 ms and a recycling delay of 4 s. In the mesophase, either cross-polarization 

or direct excitation of the 29Si nuclei with a single pulse, followed by 

acquisition under proton decoupling was used. Chemical shifts were calibrated 

using Q8M8 (12.4 ppm relative to TMS); the values reported are relative to 

TMS.
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12.3 Results and Discussion 

12.3.1 Side-Chain Motion in the Crystalline Phase

12.3.1.1 PD4S, PD5S, and PD6S. A typical example of the changes in the 2H

NMR line shape when passing through the phase transition from the crystalline 

state to the mesophase is shown in Figure 12.1 for a sample of PD4S. The wide 

Pake pattern at lower temperatures is the spectrum of the crystalline phase. It is 

replaced by the motionally narrowed Pake pattern of the mesophase at higher 

temperatures. The broad transition regime of several tens of K is typical of 

mesomorphic polymers. Above the glass transition temperature a narrow 

isotropic peak from a spurious amorphous fraction is observed. The high 

crystallinity of the samples discussed here is due to the special preparation 

technique using slow crystallization from boiling cyclohexanol. 

Figure 12.1.
2H NMR spectra of PD4S, showing the transition from the 

crystalline phase at low temperature to the mesophase at high temperature. 
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Figure 12.2.
2H NMR line-shape parameters  and  of highly crystalline 

PD4S (squares), PD5S (circles), and PD6S (triangles). 

Figure 12.3. Top: Jump model for the motion of the -CD2 group in the 

crystalline phase;  bottom: jump angle as a function of temperature for PD4S 

(squares) and PD5S (circles). 

A closer inspection of the spectra obtained from the crystalline phase of 

PD4S reveals subtle changes in the line shape, which result from an increasing 

mobility of the side chains as the temperature is raised. The quadrupole 
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splitting decreases and the shoulders at the outer flanks of the singularities 

become more pronounced. A quantitative line-shape analysis by fitting of the 

spectra yields the quadrupole coupling  and the asymmetry  of the electric 

field gradient. The temperature dependence of these line-shape parameters is 

shown in Figure 12.2. Only the polymers PD4S and PD5S, which form a 73

helical backbone, show substantial side-chain motion in the crystal, whereas 

PD6S, with its all-trans (21) backbone conformation, remains almost rigid. 

Hence, mobility of the side chains is clearly related to the phase structure. 

The side-chain motion can be described by the simple jump model 

illustrated in Figure 12.3, which was developed for poly(diethylsiloxane).[22]

The backbone remains rigid but the -CD2 group of the side chain is allowed to 

rotate about the Si-C bond. This rotation can be modeled as a jump of the 

deuterons by a jump angle  on a cone with a fixed cone angle . The 

experimental line shapes were fitted using  as a free parameter. The results 

depicted in Figure 12.3 show a linear increase of  with increasing temperature 

for both PD4S and PD5S. 

As the side chains begin to move, the silicon backbone stays essentially 

rigid. This becomes evident from an inspection of the anisotropic chemical 

shift parameters of 29Si, compiled in Figure 12.4 for PD4S, PD5S, and PD6S. 

The shift parameters of the crystalline phase do not vary with temperature, 

showing that the silicon backbone remains immobile. Figure 12.4 also 

demonstrates once more the different backbone conformation of PD6S 

compared to PD4S or PD5S. In the mesophase, there is no difference in the 

shift parameters of the different polymers, indicating that the dynamical state in 

the mesophase is the same for all the polymers. 

Figure 12.4. Principal values of the 29Si chemical shift tensor (relative to TMS) 

for PD4S (squares), PD5S (circles), and PD6S (triangles) in the crystalline 

phase and in the mesophase.
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12.3.1.2 Polycarbosilane. The 2H NMR spectra of poly(di-n-butylsilyl-

enemethylene),[23] depicted in Figure 12.5, are qualitatively similar to those of 

the polysilanes, showing clear evidence of a mesophase.[21, 24] However, the 

mesophase of polycarbosilane could not be obtained in pure form; it was 

always found to coexist with at least one other phase. The quadrupole splitting 

of the crystalline phase[21, 24] decreases with increasing temperature as seen for 

PD4S and PD5S, revealing mobile side chains. In the mesophase of 

polycarbosilane, the splitting is much smaller than that for the polysilanes. This 

is not surprising as the mesophase splitting is also related to the rapid 

conformational exchanges of the backbone, which will, of course, be different 

for the two classes of polymers. 

Figure 12.5.
2H NMR spectra of poly(di-n-butylsilylenemethylene) deuterated 

in the -position of the side chains. 

12.3.2 Polymorphism of Polysilanes with Short Side Chains 

The phase behavior of PD4S, PD5S, and PD6S appears simple at first glance 

since all three polymers exhibit only one transition in DSC experiments. This 

mesophase transition occurs at about 351, 338, and 318 K for PD4S, PD5S, and 

PD6S, respectively. Variations of up to 5 K from batch to batch have been 

observed.[7,21] However, previous reports on piezochromism indicate the 

existence of more than one crystalline modification, which led us to perform 

pVT investigations on polysilanes.[21]

A first result of our pVT experiments is that the volume change from the 

crystalline phase of PD6S (21 conformation) is rather large, whereas the 

"normal" transitions of PD4S and PD5S (73 conformation) show only a small 

volume change.[21,24] This is consistent with a less dense packing and the higher 

side-chain mobility of PD4S and PD5S described above. While pVT 

experiments on PD6S show no additional crystalline phases, for PD4S and 

PD5S a phase behavior much richer than previously thought was unraveled. 
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Figure 12.6 gives a summary of the transitions observed in our pVT 

investigations on these two polymers. 

Figure 12.6. Phase transition temperatures of PD4S (left) and PD5S (right) 

determined by pVT experiments. Top: after isothermal crystallization; bottom: 

after isobaric crystallization. 

First of all, for both PD4S and PD5S one additional phase can be obtained 

at high pressure by either isothermal or isobaric crystallization. This phase 

occurs at lower temperatures than the "normal" crystalline phase with its 73

backbone. Because of the relatively large volume change at the additional 

transition (from the new phase to the 73 structure or possibly to the mesophase) 

the new phase is assumed to be equivalent to the crystal phase of PD6S and is 

therefore labeled "21" in the diagrams of Figure 12.6. This additional phase is 

not the only new feature. Under certain conditions, by isobaric crystallization 

in the case of PD4S and isothermal crystallization in the case of PD5S, one 

more phase of unknown structure forms at low temperatures. Furthermore, 

PD4S reveals a complicated phase behavior at high pressures. The nature of the 

transition to the mesophase changes dramatically at about 120 MPa, as is 
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evident from the different slopes for the mesophase transitions in Figure 12.6, 

showing yet another phase in this regime. 

Experiments on polysilanes with asymmetric side chain substitution, P45S 

and P56S, showed no spectacular results, but the behavior of these polymers 

fits well into the overall picture. P45S has one transition at 319 K and a 73

backbone conformation;[8, 25, 26] pressure-induced additional phases were not 

observed. P56S shows two transitions[27] at  and 289 K, even at ambient 

pressure, indicating two different modifications, probably with 21 and 73

backbone conformations. 

12.3.3 Phase Behavior of PD8S and PD10S

12.3.3.1 PD8S. The large variation in the phase transition temperatures[1, 16, 17, 

21] and other physical properties such as UV absorption[16–18] as reported by 

different authors indicates a rich polymorphism of this polymer. Very recently, 

Chunwachirasiri et al.[17, 18] reported on five different crystalline or 

semicrystalline structures in quenched samples of PD8S, some of which occur 

only below the temperature range considered here. Our own DSC experiments 

on samples prepared in three different ways (denoted A–C) confirm that the 

phase behavior strongly depends on the conditions of sample preparation. 

Figure 12.7. Phase transition temperatures of PD8S determined by pVT 

experiments under various conditions. Open triangles and squares, filled circle: 

after isobaric crystallization; filled triangles and squares, open circles: after 

isothermal crystallization; open diamonds: transition pressures after isothermal 

crystallization. The dashed lines are linear fits of the filled squares and 

triangles, respectively.
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Precipitation from toluene at room temperature yields samples with only 

one transition at 285–286 K upon heating (type A). These samples are sticky 

solids at room temperature, in agreement with their low phase-transition 

temperatures. Type A is probably the type of material that most authors have 

obtained and investigated. Its 29Si MAS spectra below the transition 

temperature show one major peak at  = 28.5 ppm together with a much 

smaller peak at  = 20.8 ppm.[21] These peaks disappear simultaneously at the 

transition to the mesophase; whether or not they belong to one structure is not 

clear. The chemical shift value of the smaller peak indicates a transoid structure 

similar to that of PD6S.

When PD8S is precipitated from toluene at high temperature, the first DSC 

heating scan (after prior cooling) yields the well-known transition at about 283 

K plus an additional one at about 304 K, which, to our knowledge, has not been 

reported before. This second transition is no longer present in subsequent 

heating scans. The existence of two distinct crystalline forms with different 

transition temperatures to the mesophase is corroborated by extensive pVT 

experiments, applying different isobaric or isothermal crystallization 

procedures on a sample of type A.[21] The results, summarized in Figure 12.7, 

give evidence of only two distinct crystalline phases, no matter how the sample 

was treated. The phase with the lower transition temperature to the mesophase 

is obtained by rapid crystallization at low temperatures, that is, when the 

sample is quenched, even at moderate cooling rates, as in a typical DSC 

experiment. The second phase, which has a higher transition temperature, is 

obtained only when the sample is allowed to crystallize slowly at elevated 

temperatures. Both phases can be induced by the application of pressure. They 

correspond to the two phases found at ambient pressure in type A and B 

samples. This is proven both by the extrapolation of the data in Figure 12.7 to 

low pressure and by a DSC experiment carried out with a sample that had been 

slowly crystallized under pressure. This pressure-crystallized sample shows the 

same transition temperatures as a type B sample. Of the two crystalline forms, 

the slowly crystallizing one is the thermodynamically stable phase. Due to the 

slow kinetics of its formation, estimated to be slower than the formation of the 

other phase by a factor of 0.02, it is rarely obtained. 

Finally, a third type of sample (C) was obtained by slow crystallization from 

boiling cyclohexanol. This procedure yields a white powder at room 

temperature. The sample shows three DSC transitions at 283, 313 (shoulder), 

and 321 K. In the pVT experiments, starting from a type A sample, we found 

no evidence of a crystalline form with such a high transition temperature. 

Interestingly, Miller and Michl also report a phase-transition temperature of 

320 K for a PD8S sample with a transoid backbone structure.[1] 
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Figure 12.8.
29Si MAS spectra of PD10S at different temperatures (in K). 

Spectra a–d were obtained upon heating after rapid cooling from the 

mesophase, spectrum e after slow cooling from the mesophase.

12.3.3.2 PD10S. Our conclusions on the phase behavior of PD10S based on 

DSC and solid-state NMR measurements have been reported before.[15] We 

assigned the two DSC peaks observed at about 304 and 322 K to the transitions 

of two different crystalline phases, labeled I and II, to the mesophase. Phase I is 

normally obtained at moderate cooling rates, whereas phase II is obtained only 

when the sample is annealed above 304 K or for samples prepared by 

crystallization from boiling cyclohexanol. 29Si MAS NMR spectra are shown in 

Figure 12.8. Phase I (spectrum a) exhibits three narrow peaks at  = 19.7,

22.5, and 30.8 ppm, while phase II (spectrum e) has one broad signal at  = 

20.5 ppm, reminiscent of the spectrum of PD6S. The fact that phase I exhibits 

three peaks left some doubt about it being a pure phase. Based on X-ray 

investigations, Chunwachirasiri et al.[17] suggest a crystal structure of phase I 

with a two-chain orthorhombic unit cell and a backbone structure with 

TnD Tn'D  sequences (T: transoid with dihedral angle of 170°, D: deviant with 

dihedral angle of 145°, n and n': small integer numbers) that includes 

considerable conformational disorder. This structure may have three basic Si 

environments with Si atoms surrounded by two T linkages, a T and a D  (or 

D ), or even a D  and D , consistent with the three peaks seen in the NMR 

spectrum. The TG TG  structure of the backbone suggested earlier[8] can be 

ruled out for phase I.[17]

In addition to the two structures mentioned here, three more crystalline 

phases have been observed by Chunwachirasiri et al. in samples quenched from 

the mesophase at 343 K to  K.[17] These authors also reported a fundamental 

difference between the structures of polysilanes with short and long side 

chains. The crystalline phases of PD10S have a biradial structure, that is, the 

side-chains are sticking out from the backbone in only two directions, in 

contrast to the tetraradial structure with interdigitated side chains from 

neighboring polymer molecules found for PD6S and other homologues with 

short side chains. The structures of PD8S are intermediate forms, with biradial 

structure but a more open packing of the side chains. 
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12.4 Conclusions 

During the last few years, substantial progress has been made in understanding 

the phase behavior of polysilanes. Seemingly contradictory results from 

different groups could be understood once the complexity of the phase 

behavior of some polysilanes had been realized. A variety of phases with 

different chain packings, different backbone conformations, or different side-

chain orders exists, not only for polysilanes with longer side chains but, as the 

pVT experiments discussed here demonstrate, also for PD4S and PD5S. 

Although the results reported here[21] and the investigations by Chunwachirasiri 

et al.[17,18] have shed more light on the polymorphism of alkyl-substituted 

polysilanes, many puzzles remain to be solved. 
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13 Structural and Electronic Systematics in Zintl Phases of the 

Tetrels

Reinhard Nesper

Zintl phases are made up of metal ions and semi-metal cationic components. 

They involve both ionic and covalent interactions, which occur in discrete 

regions in their crystal structures. Covalent forces bind the Zintl anions if they 

do not occur as monoatomic entities, as oligo- or polymeric groups consisting 

exclusively of the semimetal component(s).[1–5]

In general, simple counting rules allow for a rationalization of the dependences 

of electron number and crystal structures.[6–10] For compounds of main group 

elements like AaXx d ( represents defects which are found in a given structure 

compared to a defect-free reference structure) Eq. (1) holds:[11]

 E = (8–N)(a + x) + N*d + Ec
' + Ec

'' (1) 

(E = valence electron number per formula unit; N = average bond number 

per semi-metal atom in a chosen defect-free reference structure; N* = 

additional electrons to be introduced upon formation of one defect in the 

reference structure, e.g. a defect in the diamond structure type localizes four 

electrons to form four lone electron pairs in the neighborhood of the defect; Ec

= electrons located in electron-poor clusters which, for example, may be 

determined according to Wade-Mingos rules[12] or according to the 18e rule; Ec
'

= electron number in electron-poor cluster(s) composed of semi-metal atoms; 

Ec
'' = electron number in electron-poor cluster(s) composed of metal atoms). By 

definition, Zintl phases do not contain metal-centered occupied electronic 

states; for these cases (1) may be rewritten as:[13] 

 E = (8–N)x + N*d + Ec
' (2) 

(Ec
' = electron number in electron-poor clusters composed of semi-metal 

atoms). Eq. (2) states that bonds only occur between semi-metal atoms. This 

implies a complete formal electron-transfer concept for relating crystal and 

electronic structures. Such a complete formal charge transfer has proven to be a 

very reliable concept applicable not only to semiconducting Zintl phases but 

also if metallic conductivity occurs.[14–16] A graphical rationalization of this 

concept is given in Figure 13.1: the butterfly-shaped X4
6– Zintl anion bears the 
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formal charge (6–) if X = Si, Ge. Such large formal charges (resulting in fairly 

large effective charges) must always be stabilized by a surrounding cation 

matrix. Such strong coulomb fields cannot be guaranteed outside of crystal 

lattices. Consequently, many attempts to isolate or react highly charged Zintl 

anions have resulted in redox and decomposition reactions. Inspection of the 

geometric distribution of valence states, for example by the electron 

localization function ELF,[17–20] shows that occupied bonding and nonbonding 

states are always centered at the semi-metal sites (yellow iso-ELF surfaces ELF 

= 0.8 in Figure 13.1). This means that the relationship between geometric 

structures and valence electron numbers can only be understood in simple 

terms if metal-centered states are not hosting valence electrons. For good 

reasons, it should be noted that such an understanding of charge transfer is 

completely independent of any definition of effective charge distributions. This 

should thus be emphazised that the cations coordinate the valence electron 

regions which are centered at the Zintl anions but do not take part in the 

covalent bonding patterns. This means that mainly ionic interactions are 

present between cations and Zintl anions. 

If there is an energy gap (EG) between the occupied semi-metal centered 

states (non-bonding and bonding; valence bands) and the unoccupied 

antibonding metal-centered states, then semiconductor (EG< 3eV) or isolator 

(EG > 3eV) behavior results. In general, but not exclusively, Zintl phases 

belong to the group of the semiconductors.

If the semi-metal components are either silicon or germanium, very 

frequently their Zintl phases exhibit the following characteristics:[21,22] 

1. large cations group to trigonal prismens which are centered by X and 

have bond angles X-X-X close to 120° (Figure 13.2); 

2. large cations envelope bridging parts of Zintl anions; 

3. small cations of the same or a higher charge coordinate higher charged 

terminal groups of the Zintl anions because they generate a stronger 

coulomb field and thus introduce a better charge stabilization (Figure 

13.2);

4. the Zintl anions are very frequently planar or contain planar parts; this 

tendency increases with increasing negative charge; 

5. planar parts of different Zintl anions stack in a ecliptic manner with 

typical distances of 420 and 490 pm; these separations still allow for 

covalent interactions; 

6. if 4. and 5. hold, then anisotropic and/or low-dimensional metallic 

conductivities arise along the stacking direction of the Zintl anions. 

Despite the very frequent occurrence of planar Zintl anions, there is no 

indication at all that aromatic systems occur. 
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E

Figure 13.1. Butterfly-shaped X4
6– Zintl anion. 

Figure 13.2. Arrangements in Zintl phases. 
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Figure 13.3. different geometries of Zintl anions. 

Figure 13.4. Effect of different cations on a chain segment. 

Figure 13.5. Different chain conformations found in Zintl phases. 

Figure 13.6. Two possible isomers of [X5]
8–.

(t)                          (tttc)                (tttctc)                    (ct) 
BaSi                     SrLaSi              Ca2LiSi3            BaMg0.1Li0.9Si2
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Figure 13.7. Eclipsed stack of transannularly linked Si6 rings forming a one-

dimensional planar Zintl anion (polysilaphenylide). 

Figure 13.8. Structure of Ba2X2I.

Figure 13.9. Structure of Sr5Si6I2(SiI2).

DOS(states/(eVxc
ell)
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Figure 13.10. En route to hypothetical "graphite-like" silicon. 
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Figure 13.11. Crystal structures of Ba5Mg18Si9(Si4) (left) and 

Ba9(Mg17.5Li0.5)ZrSi9(LiSi3) (right). 

Only in selected cases do these rules apply for stannides. As there are no 

carbides with sufficiently large carbanions, comparison is not possible here.

The electrostatic action of the cations on the very soft Zintl anions is 

considerable and determines the crystal structure formations in a pivotal way.

Figure 12.3 shows Zintl anions with the same or similar charge but of different 

geometry. Short-range interactions surely give rise to the formation of different 

forms of anions, but general structural requirements (packing, etc.) may also be 

of importance.

Figure 13.4 shows the influence of different cations on a chain segment: 

small cations like Li+ and Mg2+ favor a cis-conformation, because that results in 
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better contacts to the free electron pairs of the chain atoms. Figure 12.5 

presents a few examples of different chain conformations found in Zintl 

phases.[14, 21]

As mentioned before, small cations also coordinate anionic end-groups, which 

means that such cations may exhibit different multidirectional behavior in a 

structure. Thus, the frequency of end-groups (1b)X– [23] is a function of the 

concentration of such cations. Complex cations like [M6O]10– (M = Ca, Sr, Ba), 

which have also been found in Zintl phases, tend to act similarly. If the Zintl 

anions are viewed as soft geometrical sensors, then the coulomb fields 

generated by the complex cations should be similar to those of the above-

discussed small or highly charged cations.

Besides the cation-anion interactions, the electron distribution in the Zintl 

anion itself plays a structure-directing role. In Figure 13.6, two possible 

isomers of [X5]
8– are shown, both of which have partially occupied * systems. 

In one case, a localized double bond is formed (left), in the other a spatially 

well delocalized -system results with double bond contributions all over the 

anion. In general, the latter is only possible in planar systems and is 

preferentially found in the Zintl phases discussed here (cf. Figure 12.6). It 

should be emphasized that – according to our present stage of knowledge – 

there are no magic electron numbers and no aromaticity in these anions. The 

driving force for a certain electronic filling is simply that the Zintl anions 

receive a global charge, which is as large as possible without overloading local 

semi-metal centers. In other words, the preference for planar arrangements in 

highly charged Zintl anions stems from the need to achieve a stable charge 

distribution. Consequently, the filling of the *-systems must vary depending 

on the charge, concentration, and distribution of cations.[14–16, 21]

In Figure 13.7 an eclipsed stack of transannularly linked Si6-rings forming a 

one-dimensional planar Zintl anion (poly-sila-phenylide) is shown. Inspection 

of the electronic band structure reveals that the high dispersion of bands 

crossing the Fermi level is due to the * * overlap of consecutive anion parts 

in the stack.[24] To the right side of the band structure, the corresponding 

density of states is presented, where the black-filled regions arise from just 

these * bands. Thus, Zintl phases of this general kind, i.e. those with one-

dimensional eclipsed stacking of planar Zintl anions, are always metals with a 

one-dimensional characteristic and the conduction electrons reside in * bands.

Comparing the structure of Ba2X2I (BaxX4I2; X = Si, Ge) in Figure 13.8 with 

the structure of Sr5Si6I2(SiI2) in Figure 13.9 exemplifies two linking stages of 

Zintl anions which belong to a series as shown in Figure 13.10. 

The upper left situation in Figure 13.10 is the least condensed member and 

the hypothetical "graphite-like silicon" the most highly condensed one. Based 

on the above described understanding of charge stabilization and planarity, a 
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"graphite-like silicon" is highly unlikely because there would not be any 

charges to force planarity upon the system. However, a triel anion, for example 

formed by aluminum or gallium, could stabilize by adapting such a geometry. 

At present, we do not know how far the condensation series for tetrel elements 

can extend towards the graphite structure, because there are many parameters 

(synthesis, cation, types and combinations, etc.) which may be investigated.[25]

Ba2X2I may be written as Ba4X4I2 = (Ba3X4)(BaI2) (X = Si, Ge) and 

consequently Sr5Si6I2 as (Sr4Si6)·(SrI2). Inspection of the crystal structures 

shows that these compounds comprise real double salts of Zintl phases and 

halogenide salts, and it is important to note that in such compounds a 

completely new way of separating Zintl anions has been found. This is due to 

the fact that a suitable cation coordination remains on introduction of the 

halogenide components. The two above-mentioned double salts in particular 

exhibit a clearcut separation of Zintl and halogenide into different layers. This 

leads directly to an electronic separation of the Zintl regions into quantum 

layers and in ideal cases to quasi-two-dimensional electron gases. It should be 

emphazised that such quantum layer systems – contrary to many others formed 

by different techniques – are generated by self-organization during the 

formation of homogeneous phases.[25–27]

Figure 13.11 depicts the crystal structures of Ba5Mg18Si9(Si4) (left) and of 

Ba6(Mg17.5Li0.5)LiSi9(LiSi3) for comparison.[24] Surprisingly, the general 

structural pattern is very similar, i.e. both structures contain similar building 

blocks, which have been emphazised by the yellow triangles, but the Zintl 

anions are very different. We assume that this is due to relatively consistent 

mutual coordination schemes as given above under points 1. to 4. and as shown 

in Figure 13.2. However, it should also be mentioned that there are only 

isolated full-shell [Si4–] anions in Ba6(Mg17.5Li0.5)LiSi9(LiSi3), for which the 

same arguments as for the polynuclear Zintl anions need not necessarily be 

valid. A deeper understanding may arise here from future theoretical 

investigations.[28]

Zintl phases have always been understood within the framework of an 

elegant and simple scheme, the so-called Zintl-Klemm concept.[1–12] However, 

only Zintl compounds with semiconducting properties were assumed to fulfil 

this concept. In the last decade, important steps have been taken towards an 

expansion of the Zintl-Klemm concept into the metallic regime while still 

separating Zintl compounds quite clearly from intermetallic phases. This is due 

to the fact that in intermetallics the clearcut separation of components at which 

valence states are centered and those at which they are not, is lost.

However, despite an extremely fruitful and long period of expanding the 

family of Zintl phases and their theoretical understanding there are still very 

few data on their properties. Furthermore, just a few reactions in which Zintl 

phases are used as precursors and may even react in a topochemical way under 
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preservation of at least parts of the original structure have been investigated. 

Such reactions may be very interesting for future applications of Zintl phases of 

the tetrels. 
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14 Zintl Phases MSi2 (M = Ca, Eu, Sr, Ba) at Very High 

Pressure

Jürgen Evers and Gilbert Oehlinger

14.1 Introduction 

In recent decades, the static high pressures that can be generated for the 

synthesis and study of materials have increased by a factor of approximately 

50. Now, at a pressure range which is hard to imagine, materials with exciting 

structures and properties are being both prepared and investigated. This huge 

development has been possible due to the great improvements made in the 

diamond anvil cell technique. The pressure in the Earth´s interior is about 

3500000 bar = 3500 kbar = 3.5 Mbar.[1] However, the highest pressure now 

achieved in a diamond anvil cell is 5.5 Mbar,[1] and it is envisaged that the 

upper limit for pressure generation with diamonds is approximately 7.5 Mbar.[2]

At this pressure, metallization of diamond, accompanied by a large volume 

decrease, is believed to start. 

Changes in the internal energy (U) of a material depend on the variables of 

state temperature (T) and pressure (p): U = T· S p· V (S: entropy and V:

volume). By adjusting the temperature dependent product T S the state of 

aggregation can be changed, e.g. by melting or by evaporation. Nevertheless, 

the pressure dependent product p· V plays a more dominant role, since 

pressure can be increased over a much greater range than temperature. Table 

14.1 summarizes the effects that can be achieved for a material with a volume 

decrease of V = 20 cm3/mole, if one increases the pressure from 5000 bar to 

500000 bar and then to 5000000 bar. 

Applying pressures of 5000 and 50000 bar results in relativly small effects, 

such as the squeezing of materials or the bending of bonds. Such effects can 

also be achieved by adjusting the temperature at 1 bar. However, on reaching a 

pressure of the order of approximately 500000 bar, one enters a totally new 

field: new materials are built up with new bonds and new electronic levels. 
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Table 14.1. Effects achieved by increasing pressure from 5000, to 50000, and 

then to 500000 bar. 

p (bar) p· V (kcal/mol) Effects

5 000 2 Squeezing of materials 

50 000 20 Bending of bonds 

500 000 200 
Creating of new bonds with new electronic 

levels

As a highlight, the results of very high pressure research on nitrogen are 

mentioned here. Due to its triple bond, the N2 molecule is one of the most 

stable diatomic molecules. Therefore, it possesses a very high bond energy. At 

low temperature and pressure, nitrogen is condensable into solid structures 

consisting of N2 molecules. Nitrogen in such structures is an isolator with a 

large band gap. In 1985, McMahan and LeSar [3] predicted that at very high 

pressure, the triple bond in molecular nitrogen could be broken, creating a 

mono atomic arrangement of nitrogen. Here, every nitrogen atom is covalently 

bonded to three other nitrogen atoms. Such structures have already been 

observed at ambient pressure for the elements phosphorus, arsenic, antimony, 

and bismuth, the chemical relatives of nitrogen in the same main group V of 

the periodic table. According to the prediction, this transformation should take 

place in a pressure range between 500 and 940 kbar. Looking at the bond 

energies, it becomes apparent that mono atomic nitrogen must be a high energy 

material: the triple bond has an energy of 226 kcal/mol, the single bond one of 

38 kcal/mol.[4] The difference is 188 kcal/mol, approximately the energy 

presented in Table 14.1 for 500000 bar. Recently, Mao et al. performed the 

transformation of molecular into mono atomic nitrogen in situ in a diamond 

anvil cell.[5] At 980 kbar and 300 K the transformation starts. It is observable 

with a light microscope looking through the diamond anvils. At the beginning, 

darkening is seen, then a color change from red to dark occurs at 1500 kbar. 

The dark phase is a semiconductor with a band gap of 0.4 eV at very high 

pressure. At ambient pressure, a band gap of 0.4 eV would result in a silvery 

white color, as is observed for germanium with a band gap of 0.7 eV. It is quite 

remarkable that after breaking the triple bond in nitrogen an amorphic phase is 

obtained under several pressure conditions. Here an energy barrier kinetically 

hinders the crystallization of the mono atomic nitrogen phase. Some other 

highlights of very high pressure research are also briefly mentioned. Molecular 

CO2 is transformed at very high pressure into a solid structure which shows 

close analogy to the tridymit structure of SiO2 at ambient pressure;[6] the 

isolator iron(II) oxide FeO becomes a metallic alloy under pressure;[7] due to a 

change of the 6s-electron into a 5d-band, the main group metal cesium 
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becomes a transition metal at high pressure,[8] crown sulfur, S8 – a yellow, 

transparent isolator at ambient pressure – transforms into a supraconducting 

material at very high pressure,[9] and a condensate of the composition Ar(H2)2

crystallizes at high pressure in the structure of the intermetallic Laves phase 

MgZn2.
[10]

14.2 Materials Studied at Very High Pressure

In the following, a research report is presented on compounds which belong to 

another class of intermetallic phases: the Zintl phases MSi2 (M = Ca, Eu, Sr, 

Ba). In these phases, the number of covalently bonded silicon atoms can be 

derived by simple valence rules. In an ionic interpretation, the above Zintl 

phases are formulated as M2+ (Si–)2. Negatively charged Si– ions with five 

valence electrons show structural analogies to the elements of main group V. 

Therefore, in the silicon sublattice of the MSi2 compounds, each Si atom is 

connected to three neighbors, as is also observed in the solid-state structures of 

P, As, Sb, and Bi and now additionally in the structure of mono atomic N as 

well. One might regard such Zintl phases MSi2 as mere curiosities of solid-state 

research laboratories, but the Zintl phase MgB2 (ionic formulation Mg2+(B–)2)

recently prepared at high pressure, is a supraconductor with a critical 

temperature Tc = 39 K.[11] This is the highest value yet observed for an 

intermetallic compound. Therefore, one can speculate on a technical 

application of MgB2, e.g. in supraconducting magnetic coils. The hithero 

practically applied intermetallic materials Nb3Sn and NbTi only have critical 

temperatures near 20 K. In MgB2 with the AlB2 structure,[12] negatively charged 

B– ions with four valence electrons, as in carbon, have three boron neighbors in 

planar graphite-like layers. Planar groups of four boron atoms with equidistant 

bonds and equal bond angles of 120o build up these layers, which are separated 

by Mg2+ counterions in order to compensate the negative charge. The four 

phases investigated in this project, CaSi2-II,
[13–15] EuSi2-I,

[16–18] SrSi2-II,
[19, 20]

and BaSi2-III
[21–23] crystallize in structures that show some similarities to 

MgB2. In these disilicides, each Si– ion also has three neighbors of the same 

kind. In addition, CaSi2-II and SrSi2-II are supraconductors, albeit with a much 

lower critical temperature [13, 24] than MgB2. Europium disilicide contains Eu2+

cations, with seven unpaired 4f electrons, and shows interesting magnetic 

ordering properties.[17, 18] The Roman numerals at the end of the four MSi2

chemical formulae are used to distinguish between normal and high-pressure 

phases. "I" is used to characterize a normal-pressure phase, "II" and "III" are 

used for high-pressure phases. The high pressure phases CaSi2-II, SrSi2-II, and 

BaSi2-III were prepared in a belt apparatus at 40 kbar and 1000 °C and were 
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then quenched to ambient conditions as metastable phases.[23] At temperatures 
lower than 400 °C at 1 bar, these phases can be handled as "normal" materials. 
As is well known, at 1 bar diamond is metastable with respect to graphite. On 
heating diamond to 1500oC at 1 bar, it transforms exothermically into the 
thermodynamically stable phase graphite. The four MSi2 Zintl phases (M = Ca, 
Eu, Sr, Ba) in their network structures were used as starting materials in this 
very high pressure investigation. Sometimes it is less laborious if one "starts" 
the investigation with a material, which is "dense" even at 1 bar. The phases 
CaSi2-II,

[13–15] EuSi2-I
[16–18] and SrSi2-II

[19, 20] crystallize in the tetragonal -
ThSi2 structure.[25] Compared to MgB2 the -ThSi2 structure also contains 
planar groups of four atoms. However, in contrast to the diboride, such planar 
groups of four atoms are rotated 90° with respect to each other in the disilicide 
in order to build up a three-dimensional net instead of a layer. Also, the 
symmetry of the planar group of four atoms in the disilicide with the -ThSi2

structure is lower than that in the diboride. The planar groups of four Si atoms 
in the disilicide consist of one short and two longer Si-Si bonds and have two 
different SiSiSi valence angles. The different bond distances and angles are a 
consequence of the axial ratio c/a, which, in these three compounds has a value 
of approximately 3.15, a 10% lower value than the ideal one of c/a = 2· 3 = 
3.464. With such an axial ratio c/a and a positional parameter of zSi = 5/12, the 
Si-Si bonds are of equal length and the SiSiSi valence angles are 120°. The Si-
Si bond distance in CaSi2-II at 2.299(1) Å indicates one of the shortest Si-Si 
bonds to have been determined by modern single-crystal techniques at ambient 
pressure.[15] In the cavities of the silicon network, the M2+ counterions
compensate the negative charge of the Si– net. Figure 14.1 shows this 
remarkable structure. Laves describes the silicon sublattice of the -ThSi2

structure as a "three dimensional graphite analogue",[26] and according to 
calculations by Hoffmann and Kertesz [27] it is a hypothetical carbon structure 
with a density between those of graphite and diamond. 

Up to 40 kbar and 1000 °C, the -ThSi2 structure is stable for the disilicides 
of Ca, Eu, and Sr. The metallic radius can be increased from that of calcium 
(rCa = 1.974 Å) [28] up to that of strontium (rSr = 2.151 Å).[28] However, for 
barium disilicide (rBa = 2.243 Å) [28] a polymorph with the cubic SrSi2 structure 
is obtained in the belt apparatus. 

This structure also consists of a three-dimensional three-connected silicon 
net. Here, however, four Si– ions built up pyramidal groups with equal bond 
distances and equal bond angles of 118.1°. The top of the pyramid is 0.36 Å 
higher than its base. It is interesting that in its ideal version the three-
dimensional three-connected net of the SrSi2 structure shows a very high 
topological symmetry. According to A. F. Wells,[29] this net is the three-
connected analogue of the four-connected diamond net. Figure 14.2 shows the 
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three-dimensional, three-connected net of the SrSi2 structure. Among phases 
with the SrSi2 structure, no supraconducting material has yet been identified. 

Single-Crystal Data [15, 20, 23]

 Si-Si (Å) (1 bar) 
CaSi2-II 2.299(1) 1x,
 2.400(1) 2x EuSi2-I
 2.306(8) 1x, 2.421(4) 2x 
SrSi2-II 2.330(2) 1x, 2.489(2) 2x 

Figure 14.1.Three-dimensional, three-connected silicon net of the -ThSi2

structure for CaSi2-II, EuSi2-I, and SrSi2-II. The net consists of planar groups of 
four Si atoms with one short and two longer Si-Si bonds. The distances are 
given above. In the cavities of the net, M2+ counterions compensate the 
negative charge of the silicon net. 

Single-Crystal Data [23]

  Si-Si (Å)(1 bar) 
 BaSi2-III 2.447(1) 3x  

Figure 14.2. The three-dimensional, three-connected silicon net of the SrSi2

structure for BaSi2-III. The net consists of pyramidal groups of four Si atoms 
with equal bond distances and equal bond angles (118.1°). In the cavities of the 
net, Ba2+ counter ions compensate the negative charge of the silicon net. 
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14.3 Apparatus and Experimental Technique

The pressure calibration was performed by adding 20% silver powder to the 
samples of the Zintl phases MSi2 (M = Ca, Eu, Sr, Ba) at ambient pressure and 
determining the specific volumes V/Vo from the lattice parameter of silver at 
variable pressure. Specific volumes V/Vo of silver are tabulated as a function of 
pressure up to approximately 1 Mbar.[30] The diamonds used in the anvil cell 
had culets of 0.3 mm. A maximum pressure of approximately 600 kbar was 
then created. For 0.2 mm culets, a calibration with silver up to 1.04 Mbar was 
performed. The gaskets were made of stainless steel with a hole of 130 µm (0.3 
mm culet) or 90 µm (0.2 mm culet). No pressure-transmitting material was 
applied. The diamond anvils were used in a lever apparatus which amplifies the 
pressure by a ratio of 5:1.[31] Heating was performed with a CO2 laser at a 
wavelength  = 10.6 µm. The diamond anvils were thermally isolated with 
Al2O3 discs. In the high-pressure diffractometer filtered Mo-K  or Ag-K  X-ray 
radiation was used to aquire diffractograms in the  range 1 to 12.5° with a 
typical increment of 0.03°. Counting times were between 600 and 900 seconds 
per increment. The X-ray microcollimators used had diameters between 110 
and 80 µm. 

14.4 Results 

In Tables 14.2, 14.3, and 14.4, the pressure (kbar), the tetragonal axes a (Å) 
and c (Å), the axial ratio c/a and the specific volumes V/Vo for CaSi2-II, EuSi2-I
and SrSi2-II with the -ThSi2 structure are summarized. In Table 14.5, the data 
for BaSi2-III with the SrSi2 structure are presented. The experimental results in 
these four tables were obtained without laser heating. 

Heating experiments with a CO2 laser – at first only up to 700oC – showed 
only the sequence of reflections for the -ThSi2 structure for EuSi2-I up to 500 
kbar. As a first heating candidate, europium(II) disilicide was chosen, since 
here the change of one 4f electron of Eu into a d-band results in a change to 
valence three. Eu3+(Si–)2 should be as stable as the corresponding 4f disilicide 
Gd3+(Si–)2. GdSi2

[16] crystallizes at ambient pressure in an orthorhombic variant 
of the -ThSi2 structure with a 13% lower volume than EuSi2 with divalent 
europium. The decrease in volume on changing from divalent to trivalent 
should promote the transformation through the product term p· V.

In Table 14.2, 14.3, and 14.4 it is shown that for the phases CaSi2-II,
EuSi2-I, and SrSi2-II up to 400 kbar specific volumes with approximately 
V/Vo = 0.72 are obtained. This means that in comparison to the volumes at 
ambient pressure, the volumes at 400 kbar are squeezed by approximately 28%. 
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Squeezing in the diamond anvil cell at 400 kbar is more efficient than in the 
belt apparatus at 40 kbar. The metastable quenched high-pressure phases MSi2

(M = Ca, Sr, Ba) [23] obtained in the belt apparatus showed only a volume 
decrease of approximately 10%. 

Table 14.2. CaSi2-II, -ThSi2 structure.

Pressure (kbar)  a(Å) c(Å) c/a V/Vo

0.001 4.283(3) 13.53(1) 3.159(5)  1.000 
58(5) 4.14(2) 13.40(4) 3.24(2) 0.926(5) 
83 4.08 13.37 3.28 0.897 

123 4.04 13.36 3.31 0.879 
157 3.97 13.28 3.35 0.844 
180 3.92 13.22 3.37 0.819 
200 3.89 13.14 3.38 0.802 
215 3.86 13.12 3.40 0.788 
227 3.83 13.08 3.42 0.774 
255 3.82 13.02 3.41 0.766 
271 3.79 13.01 3.43 0.754 
284 3.78 12.96 3.43 0.747 
302 3.76 12.94 3.44 0.738 
333 3.73 12.87 3.45 0.722 
360 3.71 12.87 3.47 0.714 

Table 14.3. EuSi2-I, -ThSi2 structure. 

Pressure (kbar)  a(Å) c(Å) c/a V/Vo

0.001 4.304(3) 13.66(1) 3.174 (5) 1.000 
8(5) 4.27(2) 13.62(4) 3.19(2) 0.981(5) 
35 4.16 13.54 3.25 0.925 
137 4.02 13.49 3.36 0.862 
183 3.96 13.46 3.40 0.834 
250 3.90 13.29 3.41 0.799 
278 3.86 13.27 3.44 0.781 
354 3.81 13.21 3.47 0.758 
375 3.78 13.14 3.48 0.742 
470 3.73 13.11 3.51 0.721 
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Table 14.4. SrSi2-II, -ThSi2 structure. 

Pressure (kbar)  a(Å) c(Å) c/a V/Vo

0.001 4.438(3) 13.83(1) 3.116(5)  1.000 
68(5) 4.31(2) 13.61(4) 3.16(2) 0.928(5) 
138 4.18 13.53 3.24 0.868 
186 4.10 13.45 3.28 0.830 
208 4.06 13.40 3.30 0.811 
275 4.00 13.30 3.33 0.781 
330 3.95 13.24 3.35 0.758 
375 3.92 13.18 3.36 0.744 
405  3.89 13.16 3.38 0.731 

Table 14.5. BaSi2-III, SrSi2 Structure.

Pressure (kbar)  a(Å) V/Vo

0.001 6.7154(3) 1.000 
34 6.61(2) 0.954(4) 
63 6.55 0.928 
80 6.50 0.907 
97 6.48 0.897 
143 6.39 0.862 
178 6.34 0.842 
224 6.24 0.803 
297 6.16 0.772 
335 6.12 0.757 
368 6.07 0.739 
420 6.01 0.717 

At ambient pressure, EuSi2-I has an axial ratio c/a = 3.17. This value 
deviates only slightly from that in the quenched high-pressure phases CaSi2-II
with c/a = 3.16 and SrSi2-II with c/a = 3.12 (see Table 14.2–14.4). As already 
mentioned, the deviation of the axial ratio from its ideal value of c/a = 2· 3 = 
3.464 is responsible for the distortion in the planar groups of four Si atoms 
within the net of the -ThSi2 structure (Figure 14.1). In Table 14.2, it is shown 
for CaSi2-II that the axial ratios increase with increasing pressure. At 83 kbar 
e.g. the axial ratio c/a is 3.28, and at 200 kbar it is 3.38. At 360 kbar, it reaches 
a value of 3.47, i.e. approximately the ideal value of 3.464. 

Recently, a high-pressure investigation of CaSi2 in a diamond anvil cell has 
been published.[32] Nitrogen was used as a pressure-transmitting material and 
the diamond anvil cell was calibrated by the ruby luminescence method. 
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However, this investigation was only performed up to 178 kbar with a specific 

volume of V/Vo = 0.826. Here also, an increase in the axial ratio with increasing 

pressure was observed, e.g. from c/a = 3.17 at 6.1 kbar to c/a = 3.32 at 178 

kbar. Inspection of Table 14.2 shows that our c/a values are slightly higher 

(CaSi2-II, e.g. at 180 kbar, c/a = 3.37(2)). The small deviations are probably the 

result of the two different methods of high-pressure calibration. In Table 14.6, 

the bond distances and bond angles are summarized for CaSi2-II at three 

pressures applied in our investigation (83, 200, 360 kbar) and are compared 

with those obtained by a single-crystal investigation at ambient pressure.[15]

Table 14.6. Axial ratio c/a, Si-Si bond lengths (Å) and SiSiSi bond angles (°) 

for CaSi2-II with increasing pressure (kbar). 

Pressure

(kbar)

c/a Si-Si bond lengths (Å)

 1x 2x 

SiSiSi valence angles (°) 

 1x 2x 

0.001 3.16 2.299(1) 2.400(1) 126.3(1) 116.8(1) 

83 3.28 2.27(2) 2.30(2) 124(2) 118(2) 

200 3.38 2.19(2) 2.23(2) 122(2) 119(2) 

360 3.47 2.14(2) 2.14(2) 120 120 

In Table 14.6, it is shown that in CaSi2-II the differences in bond distances 

and SiSiSi bond angles become smaller with increasing pressure. At 360 kbar, 

the ideal arrangement of Si atoms with equidistant bonds of 2.14 Å and bond 

angles of 120° is obtained. Density functional theory (DFT) calculations 

confirm the experimental results. In addition, from DFT calculations it is 

evident that at much smaller specific volumes than V/Vo = 0.71 (Table 14.2, 

360 kbar) the axial ratio increases to higher values than 3.46. 

It is interesting that for strontium disilicide with the -ThSi2 structure, with 

a larger metallic radius than for calcium or europium, the axial ratio c/a = 3.46 

is obtained only at a much higher pressure than 400 kbar. Inspection of Table 

14.4 shows that in SrSi2-II at 405 kbar, the axial ratio is c/a = 3.38. This value 

is achieved for the smaller CaSi2-II at a much lower pressure of 200 kbar 

(Table 14.2). With increasing metallic radius, it becomes more and more 

difficult to compress the -ThSi2 structure. From this fact, it can now be readily 

understood, as to why for BaSi2,with the large barium cations, only the SrSi2

structure and not the -ThSi2 structure is obtained in the belt apparatus up to 40 

kbar.

The cubic SrSi2 structure shows no characteristic axial ratio from which a 

change in the pyramidal group of Si atoms can be deduced. For BaSi2-III in 

diamond anvil cell experiments up to 420 kbar, only the decreases in both the 

cubic lattice parameters and the specific volumes V/Vo are apparent (Table 
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14.5). At 1 bar, the Si-Si bond distance in this phase is 2.447(1) Å (3x ) (Figure 
14.2) and the SiSiSi bond angle is 118.1(1)° (3x). These data result from the 
positional parameter xSi = 0.4191(1) determined in a single-crystal 
investigation at ambient pressure.[23] DFT calculations show that in BaSi2-III up 
to 420 kbar, the minima in total energy are also obtained for the positional 
parameter xS = 0.419. Therefore, the pyramidal groups of Si atoms in BaSi2-III
do not become planar with increasing pressure up to 420 kbar. In addition, with 
this positional parameter and the lattice parameter (6.01 Å, Table 14.5) the Si-
Si bond distance of 2.19 Å in BaSi2-III at 420 kbar is obtained. 

The short Si-Si bond distances for CaSi2-II, EuSi2-I, SrSi2-II, and BaSi2-III
at very high pressures of approximately 400 kbar can also be estimated from 
the specific volumes V/Vo at very high pressure. These volumes are the cubic 
power of specific lengths L/Lo: V/Vo = (L/Lo)

3. Therefore, from the cubic root of 
the specific volumes, the specific lengths can be calculated: (V/Vo)

1/3 = L/Lo.
For the four investigated phases CaSi2-II, EuSi2-I, SrSi2-II, and BaSi2-III from 
the lowest V/Vo values (0.714, 0.721, 0.731, 0.717, respectively (Table 14.2–
14.5)), L/Lo values are calculated (0.893, 0.897, 0.901, 0.895, respectively). 
With the averaged Lo values (= Si-Si bond distances) from the single-crystal 
investigations at 1 bar (2.366, 2.383, 2.436, 2.447 Å, respectively, Figure 14.1–
14.2) one may calculate rough estimates of the Si-Si bond distance in CaSi2-II
at 360 kbar (2.11 Å), in EuSi2-I at 470 kbar (2.14 Å), in SrSi2-II at 405 kbar 
(2.19 Å), and in BaSi2-III at 420 kbar (2.19 Å). The average value of these four 
Si-Si bond distances is 2.16 Å at approximately 400 kbar. 

Such a value deviates only slightly from 2.14 Å, which is tabulated for the 
length of an Si-Si double bond at 1 bar.[4] In a double bond, each Si atom has 
four valence electrons in bonding orbitals. In the Si– ions of the Zintl phases 
MSi2 (M = Ca, Eu, Sr, Ba), however, there are five valence electrons, three in 
bonding and two in non-bonding orbitals. It would appear that the two Si 
electrons in the non-bonding orbitals with large volume requirements, as well 
as the repulsive effects due to the negative charges, create problems. Therefore, 
with increasing pressure in the range above 600 kbar the limit of stability of Si-
Si bonds in the four Zintl phases MSi2 (M = Ca, Eu, Sr, Ba) with three-
connected Si atoms is reached. The quality of the diffractograms obtained at 
such very high pressures decreases: reflections are increasingly broadened until 
they disappear totally: amorphization starts as was also mentioned for the very 
high pressure study on nitrogen.[5]

14.5 Summary and Outlook

On increasing the pressure up to about 400 kbar, in a diamond anvil cell, the 
Zintl phases MSi2 (M = Ca, Eu, Sr, Ba) are compressed to approximately 28% 
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of their volumes at 1 bar. In the three phases with the -ThSi2 structure
(CaSi2-II, EuSi2-I, SrSi2-II), the axial ratios c/a (approximately 3.15 at 1 bar) 
increase to near their ideal value (2· 3 = 3.464). Therefore, the planar group of 
four Si atoms becomes more symmetrical with increasing pressure. At 360 
kbar, the Si-Si bond distances in CaSi2-II are equal (2.14 Å, 3x), as are the 
bond angles (120o, 3x). For SrSi2-II, with the larger strontium cation in 
comparison to calcium, much higher pressure is needed to squeeze the planar 
group of four Si atoms into a more symmetrical arrangement. It is interesting 
that both CaSi2-II and SrSi2-II phases with the -ThSi2 structure are 
supraconductors, probably due to the sp2 hybridization of the silicon atoms. 
EuSi2-I, which also has an sp2 hybridization of the silicon atoms, becomes 
magnetically ordered at very low temperatures and is, therefore, not 
supraconducting. The behavior of BaSi2-III, with the SrSi2 structure, is different 
from that of CaSi2-II, EuSi2-I, and SrSi2-II. According to DFT calculations, the 
groups of four Si atoms in barium disilicide remain in their pyramidal 
arrangement (probably with sp3 hybridization of the Si atoms), even at 420 
kbar. Here, no supraconducting property is found. 

At very high pressures of 400 kbar, short Si-Si bond distances of 
approximately 2.16 Å are observed for the four Zintl phases MSi2 (M = Ca, Eu, 
Sr, Ba). This short bond distance is comparable to that of an Si-Si double bond 
at 1 bar, even though the bonding must be quite different. In an Si-Si double 
bond between neutral Si atoms, four valence electrons permit, at a distance of 
2.14 Å, a quite good overlap of orbitals to form one  and one  bond. In the 
Zintl phases MSi2 (M = Ca, Eu, Sr, Ba) with Si– ions, however, at 2.16 Å the 
limit of the stability of a single bond is reached. Here, with the five valence 
electrons (three in bonding, two in non-bonding orbitals), the two electrons in 
the non-bonding ("free") orbitals seem to create problems at very high 
pressures. As is well-known, non-bonding orbitals have large spatial 
requirements. In addition, the repulsive effects due to the negative charges 
become very important, as the Si-Si distances decrease drastically to 2.16 Å. 
The energy input from the product p· V is estimated to be approximately 100 
kcal/mol at 400 kbar. This energy is sufficient to break Si-Si bonds between the 
Si– ions, but due to kinetic hindrance it is insufficient to induce crystallization 
in a new structure with Si-Si coordination higher than three, as already 
observed in the Zintl phases MSi2 (M = Ca, Eu, Sr, Ba). Si-Si coordination 
higher than three should produce two stabilizing effects. Firstly, it could lead to 
an increase in the Si-Si distance, even at high pressures, e.g. from 2.16 to 2.21 
Å. Secondly, it could activate the electrons in the non-bonding orbitals to create 
new bonds to more than three silicon neighbors. 

Creating new bonds in materials with exciting structures needs a lot of 
energy from the term p· V as is indicated in Table 14.1. A possible candidate 
for such a new structure could be an intermetallic Laves phase with the MgCu2
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structure [33] with a Si-Si coordination of six. A transformation from the 

ternary Zintl phase EuPdSi (with the LaIrSi structure,[34] a ternary variant of the 

SrSi2 structure) into the intermetallic Laves phase with the MgZn2 structure has 

already been observed in quenched samples obtained in belt experiments at 40 

kbar and 1000 °C.[35] However, for the binary Zintl phases MSi2 (M = Ca, Eu, 

Sr, Ba) the transformation pressure must be much higher. According to DFT 

calculations, for CaSi2 a pressure of approximately 100–200 kbar should be 

sufficient to transform the -ThSi2 structure into the MgCu2 structure. 

However, the diamond anvil cell would have to be heated with a laser, and one 

would first have to solve the kinetic problems which hinder the induction of 

crystallization.
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15 Silicon- and Germanium-Based Sheet Polymers and Zintl 

Phases

Martin S. Brandt , Günther Vogg and Martin Stutzmann 

15.1 Introduction 

Depending on their coordination in the backbone network, group IV elements 

can form extended, covalently bonded structures of different dimensionality. 

As the most commonly known example, the fourfold coordination of the sp3

hybridized atoms leads to the three-dimensional (3D) crystalline solids 

diamond, c-Si, c-Ge, and -Sn with their well-known semiconducting 

properties. On the other hand, linear (1D) polymer chains (XR2)n with X = C, 

Si, Ge, Sn are based on a twofold coordination of the backbone atoms and are 

of great importance in organic and inorganic polymer chemistry.[1]

The classical layered 2D structure of group IV elements is graphite, 

although this is a special case due to the sp2 hybridization of the C atoms. In 

contrast, layered graphite fluoride (CF)n is purely based on sp3 hybridized 

carbon,[2] whereas both hybridizations are present in layered graphite oxide.[3]

For the heavier group IV elements, the formation of extended 2D structures 

with a pure threefold backbone coordination between sp3 hybridized atoms has 

so far only been reported for Si in the form of polysilyne (SiH)n ("layered 

polysilane" [4]) or, in the case of higher oxygen contents, as oxypolysilyne, also 

known as siloxene.[5] These crystalline layered polymers are formed by a 

backbone of weakly interacting, puckered Si 2D layers similar to the {111} 

layers of c-Si.[6] The single layers are stabilized through termination of the free 

valences pointing out of the layer plane by hydrogen or hydroxide groups.

Silicon sheet polymers were formed for the first time by Wöhler in 1863, 

who studied the effect of acids on "Kieselcalcium" CaSi2. Treating CaSi2 with 

ice-cold concentrated aqueous HCl, he obtained a yellow compound which he 

called "Silicon".[5] Kautsky later modified the reaction conditions and obtained 

a gray-green product he called “siloxene”.[7] The fact that the latter compound 

could easily be modified by various substitution reactions [8] led to considerable 

scientific interest in this material in the following decades.[9] From chemical 

substitution experiments, Kautsky concluded that siloxene obtained according 

to his modified reaction conditions consists of planes of Si6 rings connected to 

each other by linear oxygen bridges.[8] However, this structure has never been 

observed by means of X-ray diffraction (XRD); Kautsky siloxene is rather 
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found to be amorphous. Indeed, the bond angles of oxygen bridges are typically 

well below 180°, so that the insertion of O atoms into the Si layers leads to 

stress and ultimately to the destruction of the planar structure. Due to the high 

luminescence intensity of Kautsky siloxene and the possibility of shifting the 

luminescence wavelength through substitution, this material is certainly of 

considerable interest on its own.[10, 11] Nevertheless, here we focus on sheet 

polymers with a threefold homoatomic coordination, which is not found in 

ideal Kautsky siloxene.

In contrast, the transformation of CaSi2 according to Wöhler leads to 

crystalline sheet polymers with a threefold coordinated Si backbone, as first 

shown by Weiss et al.[6] This well-defined structure has advantages compared 

to the amorphous Kautsky material, such as the possibility of forming high 

quality epitaxial thin films which are accessible to the usual structural analysis. 

In this contribution, we will summarize the present state of knowledge on sheet 

polymers, in particular with respect to their formation and physical properties. 

Special attention is given to the growth of epitaxial thin films of the layered 

Zintl phases of Ca with Si and Ge and the formation of Ge and SiGe alloy sheet 

polymers, which have been achieved during the last years. More details on 

specific topics can be found in the literature cited below. For a thorough 

introduction to layered Zintl phases and sheet polymers, the reader is referred 

to ref.[12]. Earlier reviews on silicon sheet polymers can be found, e.g., in the 

Gmelin series [13, 14] or in refs.[9, 15, 16].

15.2 Chemical Transformation of the Layered Zintl Phases of Ca 

with Si and Ge 

The only method known to date for the formation of Si or Ge sheet polymers is 

the topochemical transformation of the layered Zintl phases CaSi2 or CaGe2 in 

aqueous HCl solutions.[5, 17] According to the 8-N rule of Zintl phases,[18] the 

strong heteropolar bonding character in CaSi2 and CaGe2 leads to the formation 

of puckered (Si–)n and (Ge–)n polyanion layers, which are separated from each 

other by planar monolayers of Ca2+.[19, 20] The corresponding crystal structure is 

shown in Figure 16.1. In spite of the heteropolar bonding, CaSi2 is a 

metal.[21–23] During a topochemical transformation, the Ca2+ ions are removed 

without destroying the polyanion structure, which then forms the backbone of 

the resulting sheet polymer. The structures of the prototype sheet polymers 

obtained, siloxene (Si2HOH)n and polygermyne (GeH)n, are also shown in 

Figure 16.1.[6, 17] The preserved puckered layers of the group IV atoms are 

terminated by hydrogen or hydroxyl groups bonded to each backbone atom. To 

date, all attempts to obtain such sheet polymers by polymerization have only 
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led to the formation of statistical network polymers, which, on average, do 

exhibit a threefold coordination, but form a 3D amorphous structure rather than 

stacked layers.[24–26] Thus, only the topochemical transformation of layered 

Zintl phases can be used to obtain sheet polymers. Nevertheless, the exact 

stoichiometry of the polymers obtained and their properties depend on the 

specific reactions taking place. We will start our discussion of the topochemical 

reactions of the layered Zintl phases with the well-known reactions of CaSi2

and then turn to the reactions of CaGe2 investigated more recently. 

Figure 15.1. Structures of the trigonal-rhombohedral tr6 modifications of the 

Zintl phases CaSi2 and CaGe2, of the sheet polymers polygermyne (GeH)n and 

siloxene (Si2HOH)n and of the polygermyne calcium dihydroxide intercalation 

compound (Ca(OH)2(GeH)2)n. In each case, a full unit cell in the c direction is 

shown.

The simplest reaction to remove Ca from CaSi2 would be by exposure to 

pure Cl2:
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e.g. by treating a suspension of CaSi2 and CCl4 with gaseous Cl2 according to 

ref.[27]. However, the fourth valences of the Si atoms would then form highly 

reactive dangling bonds after the transformation. It is therefore not surprising 

that the 2D "active silicon" obtained according to Eq. (1) is unstable, highly 

reactive, and can hardly be handled or characterized.[28, 29] In contrast, much 

more stable sheet polymers are formed by exposure of CaSi2 to aqueous HCl. 

The overall reaction in this case is: 

 (CaSi2)n + 2n HCl + xn H2O   (Si2H2-x(OH)x)n + n CaCl2 + xn H2   (2) 

The parameter x in Eq. (2) describes the degree of hydrolysis that takes 

place during the transformation. In accordance with the results from other 

groups,[30,31] we typically find a hydrolysis corresponding to x  1 over a broad 

range of reaction conditions (temperature, acid concentration). The polymer 

(Si2HOH)n obtained for x = 1, with H and OH groups alternately bonded to the 

Si atoms, is called Wöhler siloxene and its ideal structure is shown in Figure 

15.1. A lowering of the reaction temperature to below –20 °C has been reported 

to suppress hydrolysis and to lead to the formation of the oxygen-free sheet 

polymer polysilyne (SiH)n.
[32, 33] However, we have not been able to confirm 

this result, possibly due to the very fast spontaneous oxidation of this material 

upon exposure to air.

It is surprising that, although CaGe2 has been known since 1944,[20] the 

analogous topochemical transformation into Ge sheet polymers has only been 

studied recently.[17] In contrast to Eq. (2), we do not observe a significant 

hydrolysis during the reaction of CaGe2 with aqueous HCl, even at reaction 

temperatures of 0 °C or slightly above. The overall reaction is instead: 

 (CaGe2)n + 2n HCl   (GeH)2n + n CaCl2   (3) 

Therefore, the Ge sheet polymer obtained is pure polygermyne (GeH)n
(Figure 15.1). In contrast to (SiH)n, (GeH)n is stable when exposed to the 

ambient atmosphere, indicating a significant difference between the oxidation 

behavior of Ge and Si sheet polymers, reminiscent of the different oxidation 

behavior of Ge and Si surfaces. The stronger tendency of Si to undergo 

hydrolysis in sheet polymers can be rationalized by comparing the relevant 

binding energies involved. Whereas the Si-O bond (8.0 eV) is significantly 

stronger than the Ge-O bond (6.6 eV), the Si-H bond (3.0 eV) is slightly 

weaker than the Ge-H bond (3.2 eV). Only after prolonged reaction times are 

there indications of the formation of a partially OH-substituted germoxene 

(Ge2H2-x(OH)x)n, albeit with significantly less structural integrity than 

siloxene.[34]
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Si and Ge are known to be completely miscible,[35] forming homogeneous 

SiGe alloys over the entire composition range. The successful topochemical 

transformation of CaGe2 and the growth of Ca(Si1-xGex)2 alloy Zintl phases [36]

therefore suggests that Si1-xGex alloy sheet polymers should be obtainable in the 

same way as pure Si and Ge polymers. Indeed, such polygermanosilynes 

(Si1-xGex H1-y(OH)y)n have been obtained over the entire composition range.[37]

The different oxidation behavior of Si and Ge leads to a characteristic 

dependence of the OH concentration in the polygermanosilynes as a function of 

the Ge content x: For x < 0.5, the OH concentration is approximately constant. 

For x > 0.5, it decreases linearly to eventually become 0 in pure polygermyne. 

Fourier-transform infrared spectroscopy (FTIR) and thermal effusion 

experiments (thermally programmed desorption, TPD) show that the hydroxyl 

groups are preferentially bonded to Si in the backbone rather than to Ge.[37] We 

therefore observe the overall topochemical transformation reactions

(Ca(Si1-xGex)2)n + 2n HCl + n H2O   ((Si1-xGex)2 HOH)n + n CaCl2 + n H2 (4) 

for x < 0.5 and

 (Ca(Si1-xGex)2)n + 2n HCl + 2(1-x)n H2O

                                    ((SiOH)1-x(GeH)x)2n + n CaCl2 + 2(1-x)n H2 (5)

for x> 0.5.

While the overall stoichiometry of the different polymers and the chemical 

reactions leading to their formation are now known in most cases, no 

information concerning the kinetics of the topochemical process has been 

available. Topochemical reactions are typically characterized by extended 

reaction zones and the formation of product layers separating the reactants, 

which have to be overcome by diffusion. Consequently, no generally valid 

theoretical model exists for the description of such solid-state reactions.[38]

However, the pronounced changes in the physical properties when metallic 

Zintl phases are transformed into semiconducting polymers can easily be used 

to monitor the reaction kinetics.[39] As an example, Figure 16.2 shows that the 

transformation according to Eq. 2 proceeds with a constant reaction rate along 

the Si layers. This indicates that the overall transformation is limited by the 

reaction rate and that diffusion along the siloxene layers formed does not limit 

the transformation kinetics, even over macroscopic distances. A more complete 

analysis of the reaction kinetics, as well as of the anisotropy of the reaction 

rate, is given in ref.[39].

Thus far, we have reviewed the reaction of CaSi2, CaGe2, and the 

Ca(Si1-xGex)2 alloys with aqueous HCl solutions. We now turn to the reaction of 

these Zintl phases with pure water. CaSi2 reacts with moisture or oxygen only
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(a)

1mm

t = 60 mint = 40 mint = 20 min

(b)

Figure 15.2. Time dependence of the propagation of the topochemical 

transformation according to Eq. 2 of CaSi2 along the layers of the (Si–)n
polyanions. (a) The surface of an epitaxial layer of CaSi2 on a (111)-oriented Si 

substrate is photographed through a covering epoxy layer, which ensures that 

the CaSi2 is only in contact with the aqueous HCl solution at the top of the 

photographs. The yellow material is the siloxane formed, the metallic green 

material is the remaining CaSi2. The linear progression with time of the 

reaction zone indicated by the lower arrow is also evident from the 

measurement of the sample conductivity as a function of reaction time shown 

in (b). 

very slowly. Even the heated material exposed to H2O vapor shows no 

significant decomposition.[5] However, a slow reaction in hot water is reported 
[40] as 

 (CaSi2)n +  6n H2O n Ca(OH)2  +  2n SiO2  +  5n H2  (6) 

It is obvious that this reaction destroys the original layered crystal structure 

by the formation of SiO2. In contrast, CaGe2 and Ca(Si1-xGex)2 alloys with a 

high Ge concentration x are much more sensitive to the attack of H2O
[36] and 

react rapidly under ambient atmosphere, forming new layered Ca-Si-Ge-O-H 

compounds. Pure thin films of CaGe2 transform in moist air or in water 

according to
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 (CaGe2)n +  2n H2O   (Ca(OH)2 (GeH)2)n   (7) 

Analysis of the structural and vibrational properties of the resulting material 

indicate that the reaction product contains the (GeH)n layers of polygermyne.[41]

However, in contrast to the transformation in aqueous HCl, Ca cannot be 

removed, especially when the reaction is performed in air. Rather, the Ca layers 

are transformed into (Ca(OH)2)n layers, which are intercalated between the 

(GeH)n layers. We therefore call this material “polygermyne calcium 

dihydroxide intercalation compound” (Ca(OH)2(GeH)2)n. Its structure is also 

shown in Figure 15.1.

The time needed for thin films of CaGe2 to form this intercalation 

compound is of the order of several hours at ambient conditions. In contrast, 

Ca(Si1-xGex)2 alloys react significantly faster, with thin films of CaSiGe being 

decomposed in less than 60 s. In the reaction of Ca(Si1-xGex)2 with H2O, the 

formation of (GeH)n layers competes with the formation of SiO2. Indeed, 

crystalline layered polygermanosilyne calcium dihydroxide intercalation 

compounds have been found only for 0.7 < x < 1.[41] At lower Ge contents x,

the reaction products become amorphous. 

15.3 Preparation and Properties of Si and Ge Sheet Polymers 

15.3.1 Reactive Deposition Epitaxy and Topotactic Transformation 

We have already noted above that the only known way to obtain Si- and Ge-

based sheet polymers is by transformation of the corresponding layered Zintl 

phases. Bulk CaSi2 or CaGe2 can be prepared by several methods which, 

however, are rendered difficult by the incongruent melting of the material, 

which can lead to the formation of several different Ca silicides and 

germanides.[21, 42, 43] An alternative route, which is, moreover, widely compati-

ble with existing semiconductor technology, is the preparation of thin films on 

Si or Ge substrates.[36, 44–46] For the growth of silicides on Si, solid-phase epi-

taxy (SPE) is commonly used. In this method, the silicides are formed from a 

metallic film that is deposited on the cold substrate and then subjected to a 

thermal anneal. Although this method has been shown to work for CaSi2 as 

well,[47] the comparatively high vapor pressure of Ca severely limits the 

obtainable film thickness. We have, therefore, used the alternative method of 

reactive deposition epitaxy (RDE) and optimized this process for the growth of 

Si- and Ge-based layered Zintl phases.[36, 44–46]. In RDE of CaSi2, the metal is 

evaporated onto a heated reactive substrate which, at the same time, functions 

as the source for Si. Since Si is diffusing faster through the CaSi2 layer than Ca, 
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the growth zone is at the sample surface.[48] For thick CaSi2, this results in an 

erosion at the Si/CaSi2 interface, limiting the maximum silicide thickness that 

can be grown by RDE to about 2 m. On the other hand, the fast diffusion of Si 

prohibits the formation of other, Ca-rich silicides at the Si/CaSi2 interface, 

leading to atomically abrupt interfaces. We have used this method to grow 

CaSi2 on Si, CaGe2 on Ge, and Ca(Si1-xGex)2 on Si1-xGex epilayers, which were 

grown by molecular beam epitaxy (MBE) on Si. The technique, as well as the 

optimum growth parameters to achieve laterally homogenous layers, are 

discussed in detail in refs.[36, 45, 46].

Growth of silicide layers on substrates with different crystallographic 

orientations showed that the puckered Si layers in epitaxial CaSi2 films grow 

parallel to the {111} planes of the substrate, a behavior called templating.[45]

On Si(111), the CaSi2 layers grow parallel to the surfaces, while on Si(110), the 

CaSi2 planes are inclined at an angle of 35.5° with respect to the substrate 

surface (Figure 15.3). In the latter case, twinning can be suppressed by using 

off-axis cut substrates. Due to the much higher electrical conductivity of the 

sheet polymers parallel to the layers,[49] the latter orientation will be beneficial 

for the realization of optoelectronic devices where current flow across the 

Si/sheet polymer interface is required. 

Figure 15.3. High-resolution transmission electron micrographs (TEM) of the 

interface of CaSi2 and Si for CaSi2 films grown on Si(111) surfaces (a) and 

Si(110) surfaces (b). The diagrams on the right-hand side indicate the 

orientation of the Si layers in the CaSi2 formed with respect to the substrate.

We have analyzed the structure and the chemical composition of the Zintl 

phases, as well as of the sheet polymers, with the help of X-ray diffraction 

(XRD),[17, 34, 37, 36, 41, 45, 46, 50] scanning electron microscopy (SEM),[45, 46, 51]
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energy dispersive X-ray analysis (EDX),[17, 34, 36, 37] elastic recoil detection 

analysis (ERD),[46] nuclear magnetic resonance (NMR),[16, 52] thermally 

programmed desorption (TPD),[37, 51] and vibrational spectroscopy (Raman, 

infrared absorption and neutron scattering).[53, 54] The strained epitaxial layers 

of CaSi2 have also been used to study the elastic properties of this Zintl 

phase.[50] As the dominant polytype in all epitaxial Zintl phase layers, we have 

identified the trigonal rhombohedral tr6 modification. However, other 

polytypes are also formed in the thin films, usually simultaneously with the tr6 

modification.[36, 45, 46] The tr3 modification of CaSi2 was found to grow on top 

of thick CaSi2 films,[45] while at the Ge/CaGe2 interface, a thin hexagonal h2 

CaGe2 modification is formed.[46] The reason for the formation of a particular 

polytype in the layered Zintl phases is still unclear, but probably can be 

attributed to contamination with impurities or to strain.[50] X-ray diffraction 

clearly shows that, upon topochemical transformation, the stacking sequence or 

polytype of the Zintl phase is preserved in the sheet polymer. Using reciprocal 

space maps, in particular the formation of tr6 siloxene [45] and tr6 

polygermyne [12, 17] has been shown. The presence of a stacking sequence in the 

sheet polymers demonstrates the high structural quality of the films obtained. It 

also shows that the term “topotactic” transformation should be used rather than 

topochemical, since the relative crystallographic orientations of the thin film 

and the substrate are preserved.[55]

15.3.2 Vibrational Properties 

The large concentration of H- and OH-ligands present in the sheet polymers 

leads to various easily observed local vibrational modes, which have been used 

for the structural and compositional analysis of these materials.[56, 57] Isotopi-

cally substituted polymers can be obtained by the use of DCl in D2O or HCl in 

H2
18O for the topochemical transformation and are very helpful in the 

assignment of the different modes. It is beyond the scope of this brief review to 

discuss the large number of different local vibrational modes in detail.[53]

Instead, we would like to briefly discuss two particularly interesting issues 

which can be addressed by vibrational spectroscopy of sheet polymers: the 

question of bonding between the polymer sheets and the use of these polymers 

as model substances for Si surfaces. 

The spontaneous cleavage of bulk CaSi2 during topochemical 

transformation yielding siloxene platelets clearly shows that bonding between 

adjacent polymer sheets is weak as would be expected. From Figure 15.1, it is 

obvious that interlayer bonding can either be through van der Waals forces or 

through hydrogen bonds. In infrared absorption spectroscopy, the O-H 

stretching vibrations are observed between 3200 and 3600 cm-1. Isolated OH 

groups give rise to a narrow line at 3595 cm-1. In contrast, OH groups 
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participating in a hydrogen bond absorb in a broad frequency band centered at 

around 3400 cm-1. Taking into account the rather different oscillator strengths 

of these OH groups,[58] we find that typically only 10% of the hydroxyl groups 

participate in hydrogen bonds, while the vast majority of the ligands remain 

isolated. However, because of the much higher strength of hydrogen bonds, we 

conclude that both van der Waals forces and hydrogen bonds contribute 

significantly to the interlayer bonding.

At lower frequencies, the Si-H bending mode and the Si phonon modes are 

found. In crystalline Si, these modes do not couple due to their different 

symmetries. However, in the sheet polymers, both the bending mode and the 

phonon with the Si atoms vibrating in-plane are two-fold degenerate (type E) 

and undergo a Fermi resonance. This is clearly seen in Raman spectroscopy, 

where the Si phonon appears to harden under H-D substitution from 515 to 

575 cm-1.[54] Such behavior has already been predicted for Si surfaces.[59]

However, only the chlorine chemistry available for H-D substitution in sheet 

polymers has enabled the experimental observation of this mode coupling, 

while it still eludes observation on Si surfaces, where the necessary fluorine 

chemistry complicates the H-D substitution.[60] This mode coupling is also 

observed in neutron scattering from siloxene,[54] which clearly shows that sheet 

polymers can be used as a convenient model system for the properties of Si 

surfaces, even with bulk-sensitive methods. 

15.3.3 Band Structure and Luminescence 

The most prominent physical property of the Si and Ge sheet polymers is their 

intense visible photoluminescence (PL), which can reach efficiencies of up to 

10% at room temperature.[61] Crystalline Si and Ge only show very weak 

infrared luminescence due to the indirect character of their electronic band 

structure.[62] Linear chain polymers like polysilane or polygermane, on the 

other hand, exhibit a much stronger luminescence, albeit in the near-UV 

spectral range.[63] In order to obtain Si- or Ge-based materials which show 

strong photo- and electroluminescence and which are compatible with existing 

microelectronics technology, various approaches for a physical or chemical 

modification of crystalline Si or Ge have been followed, such as the use of 

superlattices for band structure folding, incorporation of impurities, 

introduction of disorder or quantum confinement.[64–67] Band structure 

calculations show that the dimensional reduction from 3D crystals to pure H-

terminated 2D sheet polymers results in a near degeneration of the direct and 

indirect band gaps. While the theoretical predictions disagree as regards 

whether polysilyne (SiH)n has a direct or an indirect band gap, a direct band 

gap is unanimously predicted for siloxene (Si2HOH)n.
[67–71] Recent calculations 

find the same for polygermyne (GeH)n.
[51, 71]
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The luminescence properties of siloxene have now been studied in great 

detail. A typical siloxene PL spectrum is shown at the bottom of Figure 15.4 

(b). It has a maximum in the yellow-green spectral range at around 2.4 eV. At 

low temperatures, a radiative lifetime of 10 ns and a polarization memory were 

observed.[72] These properties and the small Stokes shift between the 

photoluminescence and its excitation spectra [73] provide experimental evidence 

for the hypothesis that siloxene does indeed have a direct band gap. Details of 

the excited states in siloxene leading to the luminescence have also been 

obtained from measurements of optically detected magnetic resonance 

(ODMR).[74–76]

(a)

(b) (c)

Figure 15.4. (a) Visual appearance of thin epitaxial polygermanosilyne layers 

as a function of the Ge content x. (b) Comparison of the photoluminescence 

spectra of the different sheet polymers as a function of the Ge content x. All 

spectra have been measured at room temperature and have been normalized. (c) 

Comparison of the dependences of the photoluminescence energies and the 

absorption edges of several Si1-xGex compounds on the Ge content x. [26, 37, 62, 77]
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Polygermyne has a strong infrared luminescence at 1.3 eV (Figure 15.4 (a) 

top), which can also be excited with a small Stokes shift.[17, 71] Figure 15.4 (b) 

shows that the photoluminescence peak of the polygermanosilynes is 

continuously tunable between 1.3 and 2.4 eV.[37] The continuous variation of 

the band gap of SiGe alloy sheet polymers is also quite obvious from Figure 

15.4 (a), which shows the visual appearance of some of the polymers with 

different Ge content x. A broadening of the luminescence spectra in the alloy 

sheet polymers due to compositional disorder and lower crystalline quality is 

also seen in Figure 15.4 (b). In contrast to siloxene and polygermyne, no band 

structure calculations have yet been performed for alloy sheet polymers. 

Similarly, the influence of ligand substitution on the band structure of 

polygermyne and the polygermanosilynes has not been studied, neither 

theoretically nor experimentally. 

The dependences of the optical absorption edges and of the luminescence 

maxima of various Si1-xGex alloys on the Ge content are compared to that of the 

polygermanosilynes in Figure 16.4 (c). Apart from in the case of crystalline 

Si1-xGex alloys, where the characteristic dependence of the zero phonon 

luminescence line on alloy composition is caused by the fact that the 

conduction band minima in Si and Ge occur in different directions of the 

Brillouin zone,[62] a more or less linear dependence of the optical band gap and 

of the luminescence energy is typically observed. This is in marked contrast to 

the dependence observed for the polygermanosilynes. Here, the optical 

properties are more or less constant for x < 0.5, but exhibit a strong decrease 

with increasing Ge content x for x > 0.5. The shift for x > 0.5 is compatible 

with a linear decrease of the characteristic optical energies from the values 

expected for pure (SiH)n to those observed for pure (GeH)n.
[69] It is possible 

that the deviation from this linear behavior for samples with lower Ge content 

is caused by the well known red-shift induced by the hydroxyl groups attached 

to the Si atoms.[8, 68]

The polygermyne calcium dihydroxide intercalation compound also shows 

an intense photoluminescence, which is shifted with respect to that of pure 

polygermyne to the red spectral region at 1.7 eV due to the intercalated 

Ca(OH)2 layers (Figure 15.4 (b)). Optical experiments indicate that this 

compound also has a direct band gap.[41] The amorphization that takes place 

during the reaction of Ca(Si1-xGex)2 alloys with water leads to a strong decrease 

in the photoluminescence intensity even for moderate Si concentrations. The 

large difference between the optical absorption and the luminescence observed 

in these compounds suggests that this luminescence originates at defects. No 

band structure calculations have yet been performed for the intercalation 

compounds.

The photoluminescence line width of siloxene of about 0.3 eV is the same in 

crystalline platelets obtained from bulk CaSi2 and in epitaxial thin films, 
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despite the considerably higher structural quality of the latter.[71, 73] Possible 

origins of this line width include inhomogeneities in the termination with H- or 

OH-ligands, stacking faults or a strong electron-phonon coupling. The large 

line width has probably prohibited the observation of stimulated emission from 

siloxene until now. To study optical gain in siloxene, we have grown CaSi2

layers on silicon-on-insulator substrates, which were topochemically 

transformed into 500 nm thick siloxene layers on 400 nm thick SiO2 buffer 

layers. SiO2 rather than Si is needed below the siloxene film to ensure optical 

waveguiding. However, using a frequency-doubled Ti:sapphire laser for 

excitation, no gain narrowing could be observed on these structures for pulse 

energies up to 1 nJ and pulse lengths of 2 ps. In addition to the large line width 

of the PL, scattering caused by surface and interface roughness could lead to an 

increase of the pumping level required for stimulated emission.

15.4 Future Directions 

15.4.1 Sheet Polymers Containing Other Group IV Elements 

We have described above the preparation and properties of Si1-xGex sheet 

polymers over the entire compositional range. This motivates a discussion 

concerning the possibilities of forming sheet polymers containing other group 

IV atoms such as C or Sn in the backbone, summarized in Table 16.1.

In marked contrast to Si and the heavier group IV atoms, carbon is able to 

form multiple bonds. As a consequence, CaC2 does not form a layered structure 

similar to that of CaSi2, but modifications containing triply-bonded monomeric 

(C–)2 units.[78] Therefore, C-based sheet polymers with sp3 hybridization of the 

carbon backbone atoms are only obtained directly from graphite. In this case, 

the sp2 hybridization of carbon can be changed in favor of an sp3 hybridization 

by stabilizing each C atom by a strongly electronegative ligand such as 

fluorine. The resulting product is the sheet polymer graphite fluoride (CF)n,

which is isotypic to (GeH)n, containing similar buckled backbone layers.[2] In 

contrast, the formation of C sheet polymers with less electronegative ligands is 

energetically unfavorable, and, in particular, purely H-terminated (CH)n does 

not exist. Instead, an O- and H-containing carbon sheet polymer called graphite 

oxide or graphite acid can be prepared by treating graphite with strong aqueous 

oxidizing agents.[3] However, since the electronegativity of OH groups is not 

sufficient for a general sp3 hybridization of the C atoms, the layer structure of 

this compound is characterized by the simultaneous presence of C=C double 

bonds, C-O-C bridges, and some OH termination.[3] Graphite oxide with 
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different colors has been reported, with some samples exhibiting strong yellow 

to red luminescence.[79]

Table 15.1. Compilation of the Ca Zintl phases with layered polyanions and 

of typical sheet polymers based on an sp3 hybridized backbone for the different 

group IV atoms. The arrows indicate the route for obtaining the polymers.

2D

polymer

Graphite

fluoride

 Siloxene Polygermano- 

silynes

Poly-

germyne

   

(CF)n  (Si2HOH)n (Si1-xGexOyHz)n (GeH)n    

Zintl-

phase with 

2D

polyanion

  CaSi2 Ca(Si1-xGex)2 CaGe2 Ca(Ge1-xSnx)2

with x 0.25

Element

or alloy 

C SiC Si Si1-xGex Ge Ge1-xSnx Sn Pb 

To a certain degree, the method of preparing sheet polymers by the 

formation of layered Zintl phases should be applicable to Ge1-xSnx and Si1-xCx
alloys. Pure CaSn2 does not exist,[80] but Ca(Ge1-xSnx)2 alloys have been 

prepared as bulk material under equilibrium conditions for x  0.25, though no 

topochemical transformation was attempted.[81] Epitaxial films of Zintl phases 

with even higher Sn content may probably be grown by non-equilibrium 

methods. Epitaxial thin films of -Ge1-xSnx have been grown up to x = 0.3,[82] 

which might be used for RDE growth of the corresponding Zintl phases. 

Similarly, Si1-xCx alloys with carbon concentrations up to x = 0.2 have been 

grown using non-equilibrium techniques.[83] However, no layered Zintl phases 

other than CaSi2 have been reported in the Ca-Si-C system. In particular, 

attempts to obtain bulk CaSiC have led to phase separations into CaSi2 and 

CaC2.
[84] In view of the different structure and chemical behavior of CaC2, it 

would be surprising if SiC alloy sheet polymers with C concentrations above a 

couple of percent could be obtained via the Zintl phase route, but Ge1-xSnx sheet 

polymers with Sn contents of at least up to 0.25 can most probably be formed. 

Broadening the range of elements used in sheet polymers further, one might 

even speculate about the possibility of forming group III–V compound sheet 

polymers such as (GaAsH2)n. Attempts to form a CaGaAs Zintl phase have, 

however, failed also due to phase separation,[84] so that the formation of such 

compound polymers, if stable at all, does not appear to be possible via the Zintl 

phase route.
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15.4.2 Physics and Chemistry of Sheet Polymers

We finally point out some issues concerning the physics and chemistry of sheet 

polymers and Zintl phases which could be interesting research topics in the 

near future. 

For the existing SiGe sheet polymers, some rather fundamental 

investigations of the electronic band structure remain to be performed. For 

example, the layered structure should allow the direct determination of the 

complete band structure by angular resolved photoemission spectroscopy or 

inverse photoemission. The anisotropy of the dielectric constants leading to 

optical activity has been reported,[85] but has not been studied systematically as 

a function of wavelength, e.g. by ellipsometry. Also, for the realization of 

optical gain and stimulated emission, it appears necessary to identify the origin 

of the broad luminescence line width and to find ways of reducing it. 

Furthermore, as mentioned above, no calculations have been performed to 

predict the band structure of the polygermanosilyne alloys and of the 

intercalation compounds, nor to study the effect of ligand substitution on the 

band structure of these polymers. Finally, superlattices of Si and Ge sheet 

polymers might be formed from ordered (CaSi2)n(CaGe2)m structures, which 

would have to be grown with atomic layer precision e.g. by molecular beam 

epitaxy.

Concerning electronic transport in the sheet polymers, the situation is 

similar. Both siloxene and polygermyne are intrinsic semiconductors.[17, 49, 51]

As would be expected from the crystallographic structure, the conductivity of 

siloxene is very anisotropic.[12, 49] The photoconductivity of siloxene is large 

and dominated by bimolecular recombination, which shows that the material 

has very few electronically active defects such as dangling bonds.[49, 75]

However, for the realization of optoelectronic devices, doping of the sheet 

polymers is required. Substitutional doping with group III or group V atoms 

will most probably not lead to any doping effect, since these atoms will be 

incorporated into the backbone with their preferred threefold coordination. 

Substitutional doping with atoms of group II or group VI elements could be 

more promising, but might also lead to an unwanted destruction of the polymer 

layers during topochemical transformation. Therefore, intercalation after the 

formation of the polymers with group I atoms such as lithium, which is a 

known interstitial donor in silicon,[85] or group VII atoms such as iodine should 

be attempted first. Without doping, the first siloxene diodes exhibiting an 

asymmetric current-voltage characteristic have been fabricated using p-type Si 

and Ca, which have very different work functions, as contacts for charge 

injection.[12, 44] Further development of such devices is required for the 

realization of electroluminescence.[87]

Turning to the chemistry of the sheet polymers, we first have to note that the 

substitution reactions reported for Kautsky siloxene [8] do not appear to lead to 
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ligand substitution in Wöhler siloxene. The origin of this behavior is unclear at 

the moment. A significant concern with respect to the application of sheet 

polymers is the easy oxidation, in particular of siloxene and the Si-rich 

polygermanosilynes. This is due to the energy of about 1 eV gained when an 

oxygen atom from an OH-group is incorporated into an Si-Si bond of the 

backbone structure.[68] While exposure to ambient oxygen can be limited by 

appropriate encapsulation, the incorporation of O from the hydroxyl groups is 

an inherent problem of siloxene and can only be solved by the use of other 

ligands. Finally, the weak interlayer bonding, which leads to an easy cleavage 

of siloxene, could be strengthened by suitable cross-linking. 

Knowledge of the topochemistry of the Zintl phases of Ca with Si and Ge 

known is still rather limited. New approaches could include the use of different 

sources of chlorine or of protic solvents in the topochemical transformation of 

the layered Zintl phases. A first attempt in this direction has involved the use of 

aqueous solutions of CoCl2 for the removal of Ca.[88] A different approach to 

broaden the topochemistry is the transformation of Zintl phases with different 

structures of the group IV polyanions, leading to Si or Ge compounds with 

other backbone structures.[15] An example of this is the reaction of CaSi with 

HCl, which leads to the formation of linear polysilane chain polymers.[89] 

However, the Zintl phases of Si and Ge have an even richer structural 

chemistry, containing polyanions in the form of tetrahedra or planar Si rings, 

which could lead to Si compounds of great interest from both a chemical and a 

physical point of view.[15, 90]

The discovery of carbon nanotubes showed that sheet polymers do not 

necessarily have to exist in planar form.[91] Recent calculations have shown that 

the Si- and Ge-based sheet polymers discussed here should also be able to form 

such nanotubes, retaining the sp3 hybridization, threefold homoatomic 

coordination, and H- and OH-termination. In contrast to the carbon nanotubes, 

these tubular structures are expected to remain semiconducting, but should 

show a dependence of the band gap on the diameter of the tube.[92] Various 

techniques aimed at forming free-standing Si quantum wires are being pursued, 

but no hollow, tubular structures have yet been grown. It will be a challenging 

endeavor to identify the type of templating necessary to form such siloxene or 

polygermyne tubes.

15.5 Conclusion 

We have summarized the present knowledge about the layered Zintl phases of 

Ca with Si and Ge and about the sheet polymers obtained from them. In 

particular, we have been able to demonstrate in recent years the high quality 

epitaxial growth of CaSi2, CaGe2, and Ca(Si1-xGex)2 alloys on crystalline Si and 
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Ge substrates, for the first time synthesizing the alloy Zintl phases. By 

topotactic transformation of these Zintl phases, a variety of formerly unknown 

sheet polymer compounds was obtained, most notably polygermyne and the 

alloy polygermanosilynes. With the alloy sheet polymers, we now have Si- and 

Ge-based materials available which show a strong visible photoluminescence 

tunable from 2.4 to 1.3 eV. While the variation of the luminescence through 

ligand substitution in sheet polymers has been known for a long time, we have 

shown that substitution of backbone atoms can also be used to tune the optical 

properties of these substances. Nevertheless, the issues raised in the last section 

ensure that sheet polymers will be an interesting and rewarding research field 

for years to come. 
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16 Kautsky-Siloxene Analogous Monomers and Oligomers 

Harald Stüger*

16.1 Introduction 

Because of its indirect band structure, crystalline silicon does not show visible 

light emission at room temperature. Low-dimensional silicon polymers such as 

polysilanes, or silicon polymers with sheet-like structures, however, have a 

direct band structure. They attract considerable attention in solid-state physics 

mainly because of their outstanding luminescence properties.[1–3] Especially the 

two-dimensional sheet polymers such as siloxene (Si6O3H6)n or polysilyne 

(SiH)n are promising candidates for technological application because of their 

higher mechanical stability and higher conductivity. Since (SiH)n, accessible 

from (SiBr)n and LiAlH4 or, more recently, from CaSi2 and HCl,[4,5] is highly 

unstable and shows luminescence only in the UV part of the spectrum, siloxene 

with its strong room temperature photoluminescence in the green or yellow has 

been most thoroughly investigated. Research on siloxene has been further 

intensified by the recent suggestion that the efficient visible luminescence 

observed in porous silicon, a phenomenon of considerable current interest, is 

mainly due to the presence of siloxene species on the surface of the porous 

silicon particles.[6]

A prerequisite for an understanding of the luminescence properties of 

siloxene is to understand its solid-state structure. In the following section, the 

present knowledge about the structure of siloxene is briefly reviewed, and this 

is followed by a short summary of current studies aimed at rebuilding siloxene-

like structures from well-defined molecular precursors to obtain structurally 

well defined sub-elements of the siloxene lattice. Particular attention will be 

devoted to the question as to whether the fluorescence properties of siloxene 

can be matched by selectively prepared siloxene sub-units or substituted 

cyclopolysilanes.

16.2 Synthesis and Structure of Siloxene 

When CaSi2 is reacted with HCl in a topochemical reaction, insoluble solid 
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siloxene is obtained (Eq. 1). 

3 CaSi2 + 6 HCl + 3 H2O  Si6O3H6 + 3 CaCl2 + 3 H2         (1) 

Two different experimental methods are available yielding siloxenes with 

different properties. The original Wöhler method,[7] later optimized by Hönle et

al.,[5] affords a crystalline yellow product with green luminescence ( max,em = 

560 nm), while siloxene prepared according to Kautsky [8] is a grayish-green, 

X-ray amorphous solid showing blue luminescence ( max,em = 500 nm). It was 

frequently argued that different structures might be responsible for this 

different behavior.

There are three commonly proposed structures for siloxene (Figure 16.1): 

(A) the planar modification, resembling the 111-double layers in crystalline 

silicon, consists of two-dimensional corrugated silicon layers with three Si-Si 

bonds per silicon and alternating OH or H substituents; (B) the ring structure 

consisting of Si6 rings, which are linked by oxygen bridges to form planes, and 

(C) the chain structure containing Si chains interconnected by oxygen 

bridges.[9] In structures (B) and (C) the fourth valence of the silicon atoms is 

passivated by a hydrogen atom. 
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Figure 16.1. Structural models for siloxene. 

Single crystals of Wöhler siloxene can be obtained either by growing 

epitaxial CaSi2 on Si and transforming the layer to siloxene by treatment with 

HCl [2] or from CaSi2 single crystals and HCl.[5, 10] As a consequence, it is now 

well established from X-ray diffraction studies that siloxene freshly prepared 

by the Wöhler method predominately consists of the planar modification 

(A).[4, 5, 10] This assignment is also supported by 29Si NMR [11] and vibrational 

spectroscopy.[12] There is no experimental proof for the existence of the ring 

(B) or chain structure (C). However, it has been argued that siloxene may 

undergo structural transformations upon heat treatment[13] or further 

oxidation,[14] and that polymers with structures related to the modifications (B) 

and (C) might be generated due to the stepwise insertion of oxygen into the Si6
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rings, although experimental evidence for this interpretation is very limeted. 

The exact structure of Kautsky siloxene has not been determined so far, 

mainly because of its X-ray amorphous character and the inhomogeneous 

composition of the material. X-ray emission and infrared spectra confirm that 

Kautsky-siloxene samples are mixtures of several modifications with a pre-

dominant contribution of the ring structure (B).[12, 15] An idealized structure 

according to model (B) is therefore not unlikely, as has already been proposed 

by Kautsky mainly on the basis of the substitution chemistry of the material.[16]

16.3 Siloxene-like Polymers from Molecular Precursors 

One of the basic properties of siloxenes is their general insolubility in organic 

solvents, a fact that strongly impedes physical and structural characterization. 

As a result, the question arose as to whether structurally better defined 

siloxene-like polymers with improved solubility can be assembled in a stepwise 

manner starting from appropriate molecular precursors, and whether the 

properties of siloxene, such as the intense photoluminescence, can be matched. 

We thus attempted to rebuild the proposed structure of Kautsky-siloxene by the 

controlled hydrolysis of cyclic or linear oligosilanes bearing hydrolytically 

labile substituents followed by the thermal condensation to polymeric 

siloxanes.[17] The general route is outlined in Scheme 16.1. 
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Scheme 16.1. General reaction scheme for the synthesis of polymers with 

siloxene-like structures. 
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The resulting polymers exhibit properties closely resembling those of 

siloxene. The materials are insoluble in organic solvents, their IR spectra 

exhibit characteristic bands near 3400 cm–1 [  (O-H)] and 1050 cm–1 [ as (Si-O-

Si)], and in some cases intense photoluminescence is observed. Depending on 

the starting materials the fluorescence maxima of the obtained products range 

from 400 to 550 nm. The fluorescence spectra of selected examples are shown 

in Figure 16.2. 
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Figure 16.2. Normalized fluorescence spectra of selected siloxene-like 

polymers (the molecular precursors used for polymer preparation are indicated 

above the spectra). 

Criteria for fluorescence are the presence of cyclosilanyl sub-units and 

polymeric multidimensional structures,[18] as clearly indicated by the 

diminishing fluorescence on going from polymer 1 to 4 in Scheme 16.2. While 

the precursor of polymer 1 has six Si-Cl functionalities per cyclohexasilanyl 

unit, which is likely to result in the formation of highly cross-linked materials 
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upon hydrolysis and condensation, the degree of cross-linking in polymer 2 is 

strongly reduced, because only three hydrolytically labile substituents per 

precursor molecule are present. Polymer 3 most probably has a linear structure, 

and polymer 4, derived from an open-chained precursor, does not exhibit 

fluorescence at all. 

Since only polymers derived from cyclic starting materials, which are likely 

to have siloxene-like structures, exhibit color and fluorescence, the polysilane 

ring seems to be essential for the exceptional optical properties. This is in 

agreement with the original idea assuming the cyclosilane ring to be the 

chromophore responsible for the photoluminescence of siloxenes. 
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16.4 Synthesis and Fluorescence of Molecular Models 

If the luminescence of siloxenes is a molecular rather than a solid-state 

property, as has been argued in an earlier study,[12] smaller sub-units of siloxene 

such as cyclohexasilane derivatives of the general formula Si6Men(OSiR3)6 n

bearing siloxy groups attached to the polysilane ring should represent suitable 

models. While numerous cyclosilanes bearing organic side groups have been 

prepared in the past, synthetic routes to functional cyclopolysilanes are limited 

to a very few examples so far. The following section covers only selected 

aspects of cyclohexasilane chemistry relevant to the scope of this article. For a 

more general overview the interested reader is referred to several reviews on 

cyclopolysilanes.[19] 

16.4.1 Synthesis of Methylsiloxycyclohexasilanes Si6Men(OSiR3)6 n

Si6Me12 can be conveniently prepared from Me2SiCl2 with sodium/potassium 

alloy in THF in the presence of an equilibrating catalyst, which causes depoly-

merization of the initially formed permethylpolysilane (Eq. 2).[20]

Me2SiCl2
THFNa/K,

(Me2Si)6 + (Me2Si)5 + (Me2Si)7

>80% <10% traces
(2)

The methyl groups in Si6Me12 can be substituted by halogen without 

destruction of the ring structure. With SbCl5, either one, two or three of the 

methyl groups can be replaced by chlorine depending on the stoichiometric 

ratio of the reactants.[21] In the case of Si6Me10Cl2, the 1,3- and 1,4-isomers are 

produced exclusively (Scheme 15.3). 

Scheme 3. Partial chlorination of Si6Me12.
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Separation of 6 and 7 can easily be accomplished by hydrolysis of the 

isomeric mixture, distillation of the hydrolysis products 1,3-dihydroxydeca-

methylcyclohexasilane and decamethyl-7-oxa-1,2,3,4,5,6-hexasilanorbornane, 

followed by rechlorination of the Si-O bonds with acetyl chloride.[22] 1,2-

Dichlorodecamethylcyclohexasilane can be synthesized systematically from 

1,2-diphenyltetramethyldisilane by several Si-Si bond-formation and selective 

substituent exchange steps.[23] 1,2,3,4,5,6-Hexachlorohexamethylcyclohexa-

silane (9) is prepared as shown in Eq. 3.[24]

Li/THF

Ph

Ph

Ph

Ph

Ph

Ph Cl

Cl

Cl

Cl

Cl

Cl

PhMeSiCl2

HCl/AlCl3
SiMe=

(9)

(3)

Reactions of the partially chlorinated cyclohexasilanes 5–8 with various 

nucleophiles such as H–, [(CO)2CpFe] , RS  or R , afford the corresponding 

substitution products.[25] The siloxy-substituted cyclohexasilanes 10–13 can be 

prepared in a similar way by reacting 5–8 with lithium silanolates according to 

Scheme 15.4.[26]

The di- and trisubstituted derivatives 11–13 were obtained as statistical 

mixtures of cis/trans isomers. Isolation of the least soluble isomer was 

achieved by crystallization. Single-crystal X-ray diffraction studies of 11 and 

12
[27] reveal that the cyclohexasilane ring adapts a slightly distorted chair 

conformation with the bulky OSiMe2
tBu groups in equatorial sites in order to 

minimize non-bonding interactions (Figure 16.3).[28]

Scheme 16.4. Synthesis of siloxy-substituted cyclohexasilanes. 
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Figure 16.3. Crystal structure of compound 12.

16.4.2 Absorption and Photoluminescence Spectra of Methylsiloxycyclo-

hexasilanes

UV absorption and fluorescence emission spectra of compounds 10–13 are 

shown in Figure 15.4. All spectra show relatively weak absorption bands at the 

low energy side, which are not present in the spectrum of Si6Me12 and exhibit 

pronounced bathochromic shifts as the number of siloxy groups increases.

When isomerically pure samples of 10–13 are excited at the wavelength of 

the first UV maximum around 290 nm, distinct photoluminescence is observed. 

Several overlapping fluorescence bands appear at around 340 nm, the positions 

of which are not influenced markedly by the number of the siloxy groups 

attached to the cyclohexasilane ring (see Figure 16.4).
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Figure 16.4. Absorption and photoemission spectra of 10–13 in cyclohexane 

(c = 5 10–4 mol/L, ex = 288nm). 
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Although the trends appearing in the luminescence spectra of 5–8 and 

related compounds cannot yet be interpreted straightforwardly, the 

fluorescence intensity of siloxy-substituted cyclohexasilanes turns out to be 

considerably higher compared to that of the corresponding phenyl derivatives, 

while the fluorescence of Si6Me12 is rather weak (Figure 16.5). Intense 

photoluminescence, therefore, can be traced back to the smallest subunit of 

Kautsky siloxene, that is the cyclohexasilane ring linked to other silyl groups 

by oxygen bridges. 
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Figure 16.5. Normalized photoemission spectra of trans-12, Si6Me12

(c = 5 10–4 mol/L, ex = 288nm) and trans-1,4-Si6Me10Ph2 (c = 1 10-3 mol/L;

ex = 291nm) 

16.4.3 Studies Concerning Methylaminocyclohexasilanes Si6Men(NR2)6 n

In order to clarify whether the presence of oxygen is a prerequisite for the 

pronounced fluorescence of the cyclopolysilane derivatives 10–13, the 

photoluminescence behavior of aminocyclohexasilanes Si6Me6–n(NR2)n was 

also studied. Aminosilanes are most commonly prepared from chlorosilanes 

and amines or alkali metal amides.[28] When chloropermethylcyclohexasilanes 

are reacted with NH3, the corresponding amino derivatives are obtained. As 

shown in Scheme 15.5, the reaction of 5 with ammonia cleanly affords 

Si6Me11(NH2) (14), which can be further silylated yielding the silazanes 15 and 

16 after lithiation with n-BuLi. 16 is also easily accessible directly from 14 by 

thermal condensation. The air-stable compound 17 is obtained in good yield 

from the reaction of 10 with LiN(SiMe3)2.
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pentane

Scheme 16.5. Synthesis of aminocyclohexasilanes 14–17.

The crystal structure of 14 again exhibits the cyclohexasilanyl ring in a chair 

conformation. Unlike the bulky hetero substituents in the structures of 6 and 7,

however, the small NH2 group occupies an axial position with an unusually 

long Si-N bond distance of 183.4 pm. This extraordinarily long Si-N bond 

length implies a relatively weak Si-N bond, what is manifested by the 

sensitivity of 14 towards thermal condensation. 

1,4-Diaminodecamethylcyclohexasilane 18, which can be prepared from 7

and Na/NH3 according to Scheme 16.6, undergoes inter- and intramolecular 

condensation even at room temperature when stored for several days. As a 

consequence, silazane polymers with sheet-like structures similar to the 

polymers 1 and 2 depicted in Scheme 16.2 might be accessible from 8 or 9

under very mild and controlled conditions. 

Cl NH2

- NaCl

Cl

Na/NH3

Cl NH2

- NH3

25°C; slow
N N

n

+
H H

N
H

(18)

Scheme 16.6. Synthesis and condensation of 1,4- Si6Me10(NH2)2.

Remarkably, the UV absorption and emission spectra of 15–17 do not show 

any photoluminescence above 300 nm. The absorption spectra of 16 and 17
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also lack the weak, low-energy absorption band near 270 nm present in the 

absorption spectrum of the corresponding siloxy derivative 10.

16.5 Summary 

It has been demonstrated that polymeric materials with siloxene-like properties, 

including intense photoluminescence, can be synthesized by the hydrolysis and 

thermal condensation of partially functionalized oligosilanes bearing hydro-

lytically labile substituents. However, only polymers obtained from cyclic 

starting materials exhibit color and fluorescence. Well-defined monomeric 

model substances Si6R6–n(OSiR3)n bearing siloxy groups on the cyclohexasilane 

ring were also found to exhibit significantly increased luminescence intensities, 

while the corresponding aminocyclohexasilane 

Si6R6–n(NR2)n do not show any photoluminescence at all. Cyclosilanyl subunits 

in the polymer lattice and the presence of oxygen-containing substituents are 

therefore the essential criteria for the observed photoluminescence behavior of 

the molecular and polymeric materials investigated in this study. 
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19 Si Nanocrystallites in SiOx Films by Vapour Deposition and 

Thermal Processing 

Herbert Hofmeister and Uwe Kahler
*

19.1 Introduction 

Materials consisting of Si nanocrystallites embedded in an Si suboxide matrix 

exhibit peculiar electrical, optical, and optoelectronic properties, which depend 

strongly on the Si nanocrystallite size as well as on the structural characteristics 

and dielectric properties of the surrounding medium.[1–9] One of the main issues in 

these studies has been attempted tuning of the photoluminescence emission 

wavelength by controlling the nanocrystallite size. Various techniques, like co-

sputtering of Si and SiO2, ion implantation of Si in SiO2, reactive modes of 

chemical vapor deposition, laser ablation, and gas-phase evaporation have been 

employed for the production of Si/SiOx nanoparticulate composites.[8, 10–17]

Investigations of the structure, composition and properties of these materials have 

been directed towards the formation of nanosized Si crystallites during synthesis 

and/or subsequent processing,[18–20] the formation and/or variation of the SiO2

matrix,[21–25] and the role and nature of Si–O bonds at the particle/matrix 

interface.[4, 6, 22, 26, 27] Physical vapor deposition of silicon monoxide, on the other 

hand, is widely used for thin-film formation aimed at exploiting the unique 

mechanical, chemical, and dielectric properties of such materials. However, despite 

the ease of making these films due to the high vapor pressure of SiO of 3.8  10-3

mbar at 1000 °C, little is known about their tendency to decompose into Si and 

SiO2 at elevated temperatures. A better understanding of this behavior may enable 

controlled phase separation into composites of Si nanocrystallites embedded in an 

SiOx matrix upon thermal processing. This requires a more detailed picture of the 

structure of SiOx.

Since the first synthesis of silicon monoxide by Potter 1905,[28] the chemical 

state and atomic structure of this amorphous solid have been discussed 

controversially. The known binary phase diagrams of silicon and oxygen that 
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include the existence of SiO [29, 30] predict stability of the compound only above 

1000 °C. Below this temperature the material is found in a metastable state 

depending on the conditions of synthesis and storage. To explain the observed 

behavior, principally two different models have been developed. One is the random 

bond (RB) model,[31] considering a random network of statistically distributed 

Si(Si4-iOi) tetrahedra with i = 0 to 4 denoting the number of oxygens bound to the 

central silicon. The other is the random mixture (RM) model,[32] considering only 

two phases, Si and SiO2, with the corresponding tetrahedral units Si(Si4) and Si(O4)

randomly dispersed down to the nanometer scale. Any silicon suboxide SiOx

between Si and SiO2 is described in the RM model by varying proportions of 

Si(Si4) and Si(O4) (the straight dashed lines in Figure 19.1), and in the RB model 

by varying portions of Si(Si4), Si(Si3O), Si(Si2O2), Si(SiO3), and Si(O4) (the solid 

curves in Figure 19.1). The restriction to Si(Si4) and Si(O4) constituents of the RM 

model is not realistic because of the non-negligible volume of an interfacial region 

where other tetrahedral units must also occur. This interphase material amounts to 

a significant fraction when the dispersion of Si and SiO2 phases approaches linear 

dimensions of only a few nanometers. This is taken into account in several 

modified mixture models, which differ in how small these dimensions may be and 

in what fraction of elemental Si may occur.[33–35]

Figure 19.1. Representation of silicon suboxide composition in terms of the 

relative probabilities of RB (solid curves) and RM (dashed lines) model 

constituents Si(Si4-iOi).



254          H. Hofmeister, U. Kahler

Regardless of the model, there is one feature in common, namely the 

assumption of various building blocks instead of only one SiO unit. Strictly 

speaking, all models consider a certain degree of disproportionation of 2 SiO into 

Si and SiO2 and even in the most homogeneous distribution [31, 35] we must account 

for the initial stage of disproportionation. 

It is well known that this initial stage may proceed to further disproportionation 

upon applying special heat treatment.[36, 37] This behavior opens a route to Si 

nanocrystallite formation provided that the scale of the phase separation may be 

confined appropriately. Because of the relatively high temperatures required for 

crystallization of Si in SiOx,
[38–41] the variation of the available volume fraction of 

Si is recommended as a more convenient control of crystallite size. Such control of 

the suboxide stoichiometry may be achieved by applying well-defined oxygen 

admission during the film fabrication. Based on the structural investigation of the 

source material used, we studied the disproportionation behavior and Si 

nanocrystallite formation in SiOx films of various stoichiometry using mainly 

Fourier-transform infrared (FTIR) spectroscopy and high-resolution electron 

microscopy (HREM). The obtained results are related to model considerations 

concerning some principal aspects of the processes taking place. Details of the 

additionally studied photoluminescence emission of these films, in particular the 

evolution with crystallite size, have been published elsewhere.[39–41] 

19.2 Fabrication of SiOx Films 

19.2.1 Characteristics of the SiO Source Material 

The non-porous SiO powder of BALZERS (nominal purity 99.9%; grain size 0.2 to 

0.7 mm) was studied by X-ray diffraction (XRD) and transmission electron mi-

croscopy (TEM) in the as-received state as well as after heating to about 1300 °C 

in high vacuum for 1 h to ensure that the material exhibits the expected behavior. 

Figure 19.2 shows the results of XRD measurements obtained with the copper K

line of a PHILIPS X-ray diffractometer.

The positions and widths of the diffraction peaks of the as-received sample 

diffraction pattern are characteristic of an amorphous random network of 

tetrahedrally coordinated silicon and oxygen with broad maxima at scattering 

angles 2  of 22.3, 52.2, and 69.2°. Three additional maxima at 28.4, 47.6, and 

56.3° occur after heating, which are more narrow and correspond to {111}, {220},
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and {311} lattice planes, of crystalline silicon. By using the Scherrer formula a 

mean size of Si nanocrystallites of 3.5 to 4.9 nm was calculated from the width of 

the diffraction peaks. 

Figure 19.2. XRD measurement of Balzers SiO, as-received and upon 1 h heating 

to 1300 °C, with crystal lattice reflections indexed. 

Electron microscopy investigations, using a JEM 4000 EX operating at 400 kV, 

were additionally performed on the same samples pulverized to appropriate size. 

They revealed a homogeneous appearance for the as-received sample, with the 

characteristic contrast features of a completely amorphous material. Upon heating, 

the sample contains densely arranged Si crystallites of the diamond cubic lattice 

type having sizes approximately ranging from 3 to 5 nm. XRD and HREM 

investigation unambiguously confirmed that the source material used is of 

homogeneous nature and has a completely amorphous structure. After heating to 

1300 °C, the formation of Si nanocrystallites is observed. This result suggests that 

annealing at slightly lower temperatures may yield Si nanocrystallites in the size 

range below 5 nm which would be interesting because of their photoluminescence 

properties.

To get a more accurate picture of the behavior of SiO at elevated temperatures, 

we performed a differential scanning calorimetry (DSC) measurement up to 

1100 °C. To this end, the SiO powder was heated in a Pt crucible at a rate of 20 K 

min–1 under flowing Ar gas (75 ml min–1) in a DSC Pegasus 404C from NETZSCH.

Figure 19.3 shows the heat flow rate plotted versus temperature in the range of 500 
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to 1100 °C. Exothermic effects may be recognized by negative deviations from the 

base line. At an extrapolated onset of about 800 °C, the beginning of crystallization 

can be seen. The maximum is situated at 997 °C. The crystallization enthalpy 

amounts to –178.7 J g–1. From this measurement, it is clear that in pure SiO powder 

crystallization occurs between 800 and 1050 °C. Consequently, we routinely 

applied annealing at 1000 °C to our SiOx films since one may expect complete 

crystallisation of the Si fraction at this temperature. 

Figure 19.3. High-temperature DSC measurement of Balzers SiO revealing 

exothermic effects (crystallization) between 800 and 1050 °C. 

19.2.2 Vapor Deposition and Thermal Processing of SiOx Films 

The SiOx films we fabricated was done by physical vapor deposition of SiO with 

controlled oxygen admission in an oil-free vacuum apparatus at 1  10–7 mbar base 

pressure. The experimental set-up is shown schematically in Figure 19.4. Thermal 

evaporation of SiO from two Ta boats was directed to rotating 10 cm Si(100) wafer 

substrates heated by rear illumination with tungsten halide lamps. To achieve 

uniform film thickness over the large area of the Si wafer, the angle between the 

evaporators and substrate center was fixed at 53°, while the distance between the 

substrate plane and evaporator plane was kept at 20 cm. Routinely, films of 100 nm



19 Si Nanocrystallites in SiO
x
 Films by Vapour Deposition and Thermal Processing          257

thickness were deposited this way. A defined oxygen partial pressure was adjusted 

by admitting high purity oxygen gas into the evaporation chamber. Incorporation 

of oxygen into the growing film is determined by the SiO evaporation rate, the 

residual gas pressure, and the residual gas composition on the one hand, and by the 

sticking coefficients of SiO and oxygen on the other. Since the oxygen sticking 

coefficient is temperature dependent, the substrate temperature also plays a role. 

Without oxygen admittance, a film stoichiometry parameter x as near as possible to 

1 was achieved by setting the evaporation rate to 12 nm min–1 and the substrate 

temperature to 100 °C. By increasing the oxygen partial pressure (2  10–7 to 1 

10–4 mbar), the additional incorporation of oxygen could be adjusted up to a 

stoichiometry of x = 2. 

Figure 19.4. Schematic drawing of the experimental set-up for SiOx film 

deposition.

After deposition, the films were annealed in a conventional quartz tube furnace. 

This heat treatment, performed in vacuum to avoid supplementary oxidation, was 
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aimed at starting disproportionation of the Si suboxide and, based on the corre-

sponding atomic processes, proceeding to a phase separation into amorphous Si 

and SiO2. The latter process should enable the formation of Si nanocrystallites 

above 800 °C, provided that the Si regions are large enough. Even at lower tem-

peratures, up to 400 °C, a certain restructuring of the slightly porous material is 

observed, accompanied by a removal of surface hydroxyl groups, which results in 

an increase in the density of the films.[42] For the phase separation study described 

in section 19.3.2, a vertical evaporation geometry was utilized yielding more dense 

films that do not contain hydroxyl groups, even though the film thickness becomes 

less homogeneous.[42] 

19.3 Decomposition of SiOx Films and Formation of Si Nanocrystallites 

19.3.1 Initial Stoichiometry 

Since the Si–O–Si stretching vibrations exhibit stoichiometry–dependent 

resonances in the infrared spectral region, one could use their maximum position as 

a measure of the oxygen content.[43] However, variations of the film density, due to 

a porosity caused by the deposition geometry,[41] as well as the degree of  

disproportionation may influence this position.[44] To get an as accurate as possible 

determination of the absolute oxygen content of the fabricated SiOx films, we 

applied Rutherford back-scattering (RBS) analysis. This method does not require 

extensive calibration and is well-suited for direct quantification of thin-film 

measurements. It is based on the detection of energy losses of highly energetic ions 

(1.4 MeV He) bombarded onto and back-scattered from the surface of a sample of 

unknown composition. RBS enables a considerable depth resolution and is even 

used for thick ness evaluation. The stoichiometry of the SiOx films could be 

determined with an accuracy of  1% by comparing the measured curves with 

calculations based on models of known composition. In this way, RBS 

measurements proved that under otherwise identical conditions the SiOx film 

stoichiometry was a monotonic function of the oxygen partial pressure.[39, 40] This is 

demonstrated by Figure 19.5, where the results for films of various stoichiometry 

are plotted. RBS measurements also confirmed that no changes occurred in the 

overall composition of the films during subsequent heat treatment. 
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Figure 19.5. SiOx film stoichiometry by RBS in dependence on the oxygen partial 

pressure (straight line is to aid the eye). 

19.3.2 Disproportionation and Phase Separation 

To monitor structural changes in the SiOx films caused by annealing at elevated 

temperatures, we recorded their FTIR spectra in the range of the Si–O–Si 

stretching vibration. The spectra were acquired on a BRUKER IFS66v FTIR 

spectrometer equipped with an infrared detector. Recording was performed in 90° 

transmission geometry using a piece of plain wafer, subjected to the same thermal 

processing, as reference. Figure 19.6 shows such spectra for a series of samples of 

stoichiometry x = 1 annealed at temperatures between 300 and 1100 °C. Beginning 

at an annealing temperature of about 400 °C, a shift of the Si–O–Si stretching 

vibration maximum position to higher frequency is observed, indicating distinct 

changes in the environment of Si.[45] The as-deposited film shows a peak at 1024 

cm–1.
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Figure 19.6. FTIR spectra of SiOx films of stoichiometry x = 1 in dependence on 

the temperature of thermal processing for 1 h.[42]

Assuming no contribution of already disproportionated Si to the above vibration 

and a homogeneous distribution of oxygen throughout the remaining phase, one 

could correlate the maximum position to the stoichiometry of this phase.[46] This 

rough estimate yields values for the as-deposited films which agree fairly well with 

those determined by RBS. We introduce below a detailed model which relates the 

maximum position to a more realistic description of the degree of 

disproportionation. Upon annealing at 950 °C the peak is shifted to 1080 cm–1,

indicating a complete phase separation into Si and SiO2. The peak shift is 

accompanied by an increase of peak height at the expense of the halfwidth, 

pointing to a more narrow distribution of the various Si–O coordinations. This 

behavior has been previously explained in terms of approaching the bonding 

situation of SiO2 upon annealing.[45, 46]

The blue shift of the Si–O–Si stretching vibration peak upon thermal processing 

of SiOx films clearly indicates that disproportionation may occur well below the 

temperature of Si nanocrystallite formation. To understand the reason for this peak 

shift a simple model was developed which correlates the maximum position with 

the degree of disproportionation, based on an atomic structure of SiOx according to 

the RB model. However, it seems to be more appropriate not to consider isolated 

tetrahedral units Si(Si4-iOi) with Si in the center, but clusters of two such tetrahedra 

which share a common oxygen for reasons of symmetry. Since oxygen is always 

bound to two Si nearest neighbors, regardless of stoichiometry, a change in 
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vibration with x can only be simulated by considering the next-nearest neighbors as 

well, i.e. the three neighbors of the two nearest Si atoms. Seven configurations of 

such clusters are obtained by varying the number of next-nearest oxygens from 

zero to six as shown in Figure 19.7(a), where these clusters are numbered 1 to 7. 
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Figure 19.7. Smallest clusters of Si(Si4-iOi) containing a central oxygen (a); calcu-

lated spectra for varying stoichiometry parameter x (b); Si–O–Si stretching vibra-

tion peak position of calculated spectra versus stoichiometry parameter x (c). 

The bonding site of a certain oxygen at the silicon is unspecific, but the number 

of oxygens bonded to a silicon makes a difference in the spectra. Therefore, for 

clusters 3, 4, and 5, we must consider the corresponding modifications, which 
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increases the number of clusters to ten. The probability of each of these clusters in 

SiOx results from the product of probabilities of the tetrahedra involved according 

to the RB model. The sum of these values, subtracted from unity, gives the 

probability of all clusters having no central oxygen. Since these clusters do not 

exhibit Si–O–Si stretching vibrations, they do not contribute to the spectra under 

consideration. The stretching vibration frequency of each of these clusters is 
calculated by means of a semi-empirical molecular orbital program.[47, 48] More 
details of the simulation, such as the Gaussian broadening of single lines and the 
weighting of individual fractions according to the absorption cross-section of the 
clusters, are given elsewhere.[42]

The effective dynamic charge of the clusters was 

estimated using the partial charges of the atoms involved. The spectra obtained 

after summation of all fractions for the stoichiometry changing from x = 1 to x = 2 

are shown in Figure 19.7(b), and the essential parameters of the simulation are 

listed in Table 19.1. 

Table 19.1. Calculated structural and vibrational characteristics of the clusters 

shown in Figure 19.7. 

cluster combined RBM 

probability

dynamic charge 

e*

bond angle 

Si–O–Si [°] 

Si–O–Si stretching 

vibration [cm-1]

1 P1  P1 0.643 118.7 1061 

2 P1  P2 1.061 121.9 1072 

3a P2  P2 1.562 125.8 1086 

3b P1  P3 1.354 138.0 1126 

4a P2  P3 1.903 130.9 1103 

4b P1  P4 1.989 142.0 1144 

5a P3  P3 2.332 132.8 1105 

5b P1  P3 1.731 139.9 1135 

6 P3  P4 2.783 134.3 1123 

7 P4  P4 3.288 133.4 1129 

There is a clear shift to higher frequencies, which is almost linearly dependent on 

the stoichiometry, as can be seen from the plot in Figure 19.7(c). The extent of the 

shift and the absolute position of the peaks do not agree completely with the 

experimental findings since the model is not yet sufficiently realistic. However, it 

allows a qualitative description of the stretching vibration peak shift in terms of 
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restructuring effects during disproportionation. It can be used to calculate the 

stoichiometry of the oxygen-rich phase formed during thermal processing and to 

estimate the degree of disproportionation taking place.

The evaluation of rapid thermal annealing experiments with SiOx films of x = 1 

initial stoichiometry proves that during disproportionation two different processes 

occur,[42] one with a rather short time constant and one with a somewhat larger time 

constant. For the latter process, leading to complete disproportionation, an effective 

activation energy of 0.44 eV could be calculated. The first process is assumed to 

involve only bond switching in the close neighborhood of atoms, whereas in the 

second process the oxygen diffusion should be rate determining. 

19.3.3 Formation of Si Nanocrystallites 

As a consequence of the observed phase separation, Si nanocrystallites are ex-

pected to occur when the amorphous Si regions are large enough and the tempera-

ture is high enough to allow solid-phase crystallization. To this end, we 

investigated the annealed samples by high-resolution electron microscopy (HREM) 

using a JEM 4000 EX (JEOL) operating at 400 kV. A cross-section preparation 

technique was applied that enabled not only a characterization of the size, size 

distribution, and shape of the Si nanocrystallites, but also of their spatial 

distribution within the films. Formation of nanocrystallites was generally not 

observed below 900 °C, regardless of stoichiometry. Upon 1 h annealing at this 

temperature, relatively few Si nanocrystallites were found. Therefore, we chose 

1 h annealing at 1000 °C to study the crystallization as a function of oxygen 

content. The nanocrystallites formed are uniformly distributed within the films and 

have approximately spherical shape. As an example, Figure 19.8(a) shows part of a 

HREM cross-section micrograph of a film with x = 1.17. The interface between 

single-crystalline substrate in the lower left and the SiOx film is marked by a 

straight line and Si nanocrystallites are marked by arrows and circles. From the 

course of the lattice plane fringes imaged in these nanocrystallites, their orientation 

appears to be random. There is no preferred arrangement throughout the films. 

Frequently, the nanocrystallites exhibit planar lattice defects such as stacking faults 

and twin boundaries characteristic of solid-phase crystallization processes. 

Examples of cyclic and parallel arrangements of such defects (marked by arrows) 

are shown in Figures 19.8(b) and 19.8(c). 
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(a) (b)

(c)

Figure 19.8. HREM images of Si nanocrystallites in an SiOx film (x = 1.17) 

illustrating their random orientation (a) and examples of cyclic (b) and parallel (c) 

planar defects.

The size distributions of Si nanocrystallites determined for samples of various 

stoichiometry are represented in Figure 19.9. For equal annealing conditions, the 

mean nanocrystallite size is strongly correlated to the initial oxygen content of the 

SiOx film. The size distribution maximum clearly shifts to smaller sizes with in-

creasing x. Accordingly, the mean nanocrystallite size achieved upon 1 h annealing 

at 1000 °C drops from 4.3 nm to 3 nm with the stoichiometry parameter increasing 

from x = 1.17 to x = 1.63. The higher oxygen content not only prevents the 
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formation of larger nanocrystallites, but also reduces their formation rate. 

Simultaneously, the size distribution becomes more narrow, which may be 

rationalized in terms of consumption of the available amorphous Si regions, be-

cause of their limited size, before the annealing is finished. The highest oxygen 

partial pressure applied resulted in a stoichiometry parameter x close to 2 for which 

only very few crystallites could be observed. Therefore, no accurate size 

distribution of this sample was determined. 

Figure 19.9. Size distribution of Si nanocrystallites in SiOx films as a function of 

their oxygen content. 

19.4 Conclusion 

Starting from SiO vapor-deposited films, which may be regarded as nano- 

disproportionate materials, we have studied the evolution of further dispro-

portionation and phase separation into a nano-particulate Si/SiOx composite 

material; within which; at sufficiently high temperatures, Si nanocrystallites may 

form. The mean size and concentration of these nanocrystallites are mainly 

governed by the initial oxygen content of the films and the annealing temperature. 
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Their internal structure is determined by solid-phase crystallization processes. 
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20 Theoretical Treatment of Silicon Clusters 

Alexander F. Sax
*

20.1 Introduction 

The study of small and intermediate-sized clusters has become an important 

research field because of the role clusters play in the explanation of the chemical 

and physical properties of matter on the way from molecules to solids.[1] Depending 

on their size, clusters can show reactivity and optical properties very different from 

those of molecules or solids. The great interest in silicon clusters stems mainly 

from the importance of silicon in microelectronics, but is also due in part to the 

photoluminescence properties of silicon clusters, which show some resemblance to 

the bright photoluminescence of porous silicon.[2] Silicon clusters are mainly 

produced in silicon-containing plasma as used in chemical vapor deposition 

processes. In these processes, gas-phase nucleation can lead to amorphous silicon 

films of poor quality and should be avoided.[3–6] On the other hand, controlled 

production of silicon clusters seems very suitable for the fabrication of 

nanostructured materials with a fine control on their structure, morphological, and 

functional properties.[7]

Theoretical investigations of bulk as well as surface properties of crystalline, 

porous, and amorphous solids are only possible with the help of theoretical models, 

which reduce the dimension of the problem to a manageable size. Very popular 

with solid-state physicists is the periodic cluster approach, where a cluster of 

appropriate size is periodically reproduced by applying periodic boundary con-

ditions. When the surface of a crystal or a surface defect is considered, slabs formed 

by several layers of atoms are frequently used as models. The periodic cluster 

model is also used for the investigation of small silicon clusters. Because such 

calculations are generally performed in momentum space, very large unit cells have 

to be used.[8] In the large cluster approach a cluster of some hundred atoms treated 

like a molecule simulates the solid. In the case of covalent crystals such as silicon, 

hydrogen atoms are frequently used to saturate the unpaired electrons at the surface. 
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The description of defects is frequently achieved with the embedded cluster 

approach, where a small cluster, which includes the defect, is embedded in the 

surrounding bulk. This model is usefully applied when the bulk can be described 

with simpler methods than the embedded cluster. Embedding of a cluster can be 

done both with and without use of periodic boundary conditions. Therefore, the 

embedded cluster model can be seen merely as a modification of the first two 

models.[9]

In this article, only small gas-phase clusters will be discussed, as well as the use 

of clusters in the description of solids. Mesoscopic systems like nanoparticles will 

not be considered. 

20.2 Small Silicon Clusters 

Silicon clusters, both bare and hydrogenated, have been the focus of numerous 

experimental and theoretical investigations over the past decade (see, for example, 

refs. [10-13] and literature cited therein). The theoretical investigations comprise 

studies on the structure and stability, electronic and optical properties, and chemical 

reactivities of neutral and ionized clusters with up to 90 silicon atoms. Calculations 

have been performed with methods at very different levels of theory: classical 

model potentials,[14,15] tight-binding,[15,16] semi-empirical Hartree–Fock (HF),[12,17]

all-electron HF and post-HF methods like Moller–Plesset perturbation theory of the 

fourth order,[18–20] generalized valence bond (GVB) wavefunctions,[21] density 

functional methods from local density approximation (LDA) [13,14] to generalized-

gradient-approximations (GGA),[22–24] and Quantum Monte Carlo.[13,25]

20.2.1 Bare Silicon Clusters 

The diatomic Si2 molecule can be seen as the smallest bare silicon cluster, which 

has only one equilibrium structure. Starting with the Si3 molecule all clusters have 

several possible structures; the most stable ones for Si3 to Si7 are: an isosceles 

triangle, a planar rhombus, a flattened trigonal bipyramid, an edge-capped trigonal 

bipyramid, and a tricapped tetrahedron, respectively.[18–20] For these clusters, the 

following construction scheme was found: each Sin can be built from a smaller 

cluster Sin-1 by adding an Si atom at an appropriate edge- or face-capping site. For 

small clusters the edge-capped structures are favored; for intermediate clusters the 

face-capped clusters become comparable in energy. Si7 is a tricapped tetrahedron 
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and Si10 is a tetracapped octahedron. Compactness is however not the only criterion 

of stability; the tetragonal pyramid of Si5 where the apex atom forms four bonds is 

less stable than the trigonal bipyramid where each of the two apex atoms forms 

only three bonds. 

The cohesive energy, that is the binding energy per atom, calculated at the MP4 

level, increases from 1.56 eV in Si2 to 3.82 eV in Si10, or from 33.7% to 82.5% of 

the bulk cohesive energy. This is surprising because, for metallic clusters, the corre-

sponding fraction is much smaller. In silicon clusters, this is explained in terms of 

the formation of different kinds of bonds between silicon atoms in other than sp3

hybridization states. 

The stabilities of clusters can be better compared on the basis of incremental 

binding energies, that is the reaction energy of the reaction Sin  Sin-1 + Si. These 

energies show the existence of clusters which are especially stable, like Si4, Si6, Si7

or Si10. Grossmann and Mitáš [13] investigated silicon clusters with up to 20 silicon 

atoms using both LDA DFT and Monte Carlo methods. For n  10, they compared 

their results with those of Raghavachari et al., and found good agreement in 

geometries for all methods used; LDA, however, overestimates the binding energy 

by 15 to 20%. The results of Grossmann and Mitáš show that Si13 and Si20 are also 

very stable. 

For large cluster sizes, the problem of finding the global minimum becomes 

more and more important. Although the two possible ways of capping an existing 

structure lead to plausible starting geometries from where the minimum search can 

start, the number and the stability of all possible isomers is not known. It turns out 

that cluster isomers with high symmetry are often less stable than those with lower 

symmetry. For example, the dodecahedral Si20 is by 4 eV less stable than an elon-

gated, stacked cluster with C3v symmetry. In this cluster structure all atoms except 

for the two capping atoms are four-coordinate. 

Studies on large clusters are therefore carried out either to investigate a special 

class of structures like elongated, stacked clusters or to investigate only clusters 

with magic numbers to find an explanation for their exceptional stability. 

Grossmann and Mitáš [13,25] in their Monte Carlo study of Sin with n  50 

investigated elongated clusters, which are regarded as important in the construction 

of nanoscale wires. They found that these structures can be regarded as stacked, 

equilateral triangles in planes parallel to the xy plane with a common z axis and one 

or two capping atoms along the z-axis. The triangles are rotated by 60° with respect 

to their neighboring triangles. An Si6 chair (D3d symmetry) consists, according to 

this scheme, of two stacked triangles, labeled A and B, without capping atoms; an 

Si26 tube consists of 8 triangles or 4 AB pairs and two capping atoms. If the number 
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of triangles is even, there is a pronounced trend toward chair-like six-membered 

rings (one AB pair), which can also be seen as building blocks, and can be stacked 

along an axis. Except for the capping atoms all silicon atoms are four-coordinate. 

In the case of an odd number of triangles, the clusters differ considerably from 

their even counterparts because here the triangles no longer pair, i.e. there is no 

tendency to form six-membered rings, and the bonding and coordination of the 

atoms varies considerably. Clusters with an odd number of triangles and n  29 

have a significantly larger cohesive energy than smaller clusters with odd n. LDA 

was found to correctly predict the energy differences between the various isomers. 

20.2.2 Hydrogenated Silicon Clusters 

The optical band gap of silicon clusters increases with decreasing cluster size and 

all surface atoms with dangling bonds contribute to mid-gap electronic states 

(defects) which are assumed to quench photoluminescence. Saturation of the 

surface dangling bonds with hydrogen is the simplest way to eliminate defects, and 

therefore theoretical studies of the electronic structure of silicon clusters without 

defects are most easily performed on hydrogenated silicon clusters. The 

thermodynamic stability of these species is also of interest, because hydrogenated 

silicon clusters are formed in thermal and plasma CVD of silane.[3–6]

Theoretical studies on SinHm have been carried out in a rather unsystematic way 

because of the great variety of possible structures. Such clusters are frequently 

investigated for cases in which the bare clusters show great stability.[23] In this 

study, bare and hydrogenated clusters with 5, 17, 29, 35, and 47 silicon atoms were 

investigated using DFT at the B3LYP level. A study on Si6Hx clusters (1 x 14)

showed that there are many structures which can be related to tetrahedral-bond-

network clusters,[22] made of bent bonds, long bonds, and lone pairs, and polyhedral 

bonding network clusters, where triangular faces or tetrahedral interstices share 

electron pairs, and which are much more stable than hexasilaprismane.[26,27] A 

common feature of all these studies was that the selection of the hydrogenated 

clusters was either led by the stabilities of the parent bare clusters or motivated by a 

comparison with molecules such as hexasilaprismane. A systematic search for 

stable structures is only possible when techniques like simulated annealing or 

evolutionary algorithms are used.[28]

The question "What happens when one hydrogen atom is attached to a bare 

silicon cluster?" was investigated by Balamurugan and Prasad,[8] who calculated the 

influence of the hydrogen atom on ground-state geometry, total energy, and the first 

excited energy level in the series SinH, with 2 n 10. Based on Car–Parinello 
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molecular dynamics results using LDA-DFT, they state that hydrogen forms bonds 

to only one silicon atom in all clusters except Si2H and Si3H, where bridged bonds 

like those in the butterfly isomer of Si2H2 are found. However, these authors do not 

mention that for Si2H two bridged structures exist, corresponding to local minima 

on the potential energy surfaces for the 2A' and the 2A" electronic states. These two 

local minima differ in the Si-Si bond length by about 10 pm but are nearly isoener-

getic; the energy difference is only 2 kJ/mol.[29] For the 2A' state, Kalcher and Sax 

also found a structure with a conventional Si-H bond and this structure is 1 kJ/mol 

lower in energy than the bridged structure; the saddle point connecting the two 

local minima is only 40 kJ/mol higher. These results were obtained with multi-

reference CI methods. Using coupled cluster methods, Kalcher and Sax [30] likewise 

found for Si3H on the 2A' surface two local minima corresponding to a bridged 

structure and a structure with a conventional Si-H bond. Here, the bridged structure 

is 6 kJ/mol lower in energy, but the saddle point is only 24 kJ/mol above the 

bridged minimum. This means that such small clusters are extremely dynamic and 

it makes little sense to speak of such local minima as if they correspond to rigid 

structures.

20.3 Silicon Clusters in Solid State Investigations 

Two quite different approaches are used to describe solids with the help of clusters. 

In the first approach a periodic cluster represents the solid, while in the second it is 

represented by a single large cluster, which is treated like a large molecule. An 

important difference lies in the way the electronic Schrödinger equation is solved: 

periodic cluster calculations are done in momentum space or k space, whereas large 

clusters are treated like molecules in real space. The theoretical methods used are of 

different levels of sophistication. They range from tight-binding (i.e. extended 

Hückel) and semi-empirical methods (see, for example, refs. [31–33]) to DFT-LDA 

coupled with various pseudopotentials;[34–36] GGA-DFT (generalized gradient 

approach) or quantum chemical ab initio methods are very rarely used.[31]

20.3.1 The Periodic Cluster Approach 

In the periodic cluster approach, a supercell consisting of a small number of unit 

cells on which periodic boundary conditions are imposed represents a crystal. This 
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simulates the translational symmetry of the supercell in an ideal crystal. For 
example, the unit cell for the diamond lattice contains 8 atoms, and so in solid state 
calculations a supercell made from 23 = 8 unit cells with 64 atoms is frequently 
used; the next largest supercell is made from 33 = 27 unit cells with 216 atoms, etc. 
The electronic spectrum of a supercell of carbon or silicon atoms contains not only 
bonding and antibonding molecular orbitals (MO) but also several MOs from the 
unsaturated electrons of the surface atoms. Due to their non-bonding character, 
these MOs lie in the energy gap between bonding and antibonding MOs. The 
surface dangling bonds are saturated by applying periodic boundary conditions, and 
the mid-gap energy levels disappear. A periodic cluster has a discretized electronic 
spectrum instead of continuous bands; the electronic structure is calculated mainly 
in k space, and the wavefunction is spanned by plane waves. The combination of 
LDA-DFT and LAPW (Linear Augmented Plane Waves) is frequently used for 
such calculations; for large supercells the much simpler tight-binding method is 
frequently used. 

In the periodic cluster approach, the size of the supercell influences the number 
of orbitals and thus the discrete representation of the band structure. Using this 
model to describe localized defects such as vacancies introduces an additional 
difficulty because now the spatial extent of the vacancy wavefunction must be 
related to the size of the supercell. A 64-atom supercell was found to be too small 
to adequately describe the vacancy wavefunction,[36,37] the amplitude of the wave 
function of a monovacancy at the cell boundary is still 1/4 of the maximum value. 
This means that the wavefunction has a considerable overlap with the vacancy 
wavefunctions of the neighboring cells. This artificial defect–defect interaction 
leads to a dispersion of about 0.8 eV for the vacancy states. When a 216-atom 
supercell is considered, the wavefunction amplitude at the cell boundary is only 1/8

of the maximum value and the dispersion is less than 0.2 eV.[37] A supercell of at 
least this size was therefore recommended for a correct description of a 
monovacancy. Ö üt et al. found that only a cluster with 12 shells of silicon atoms 
around the vacancy contains about 95% of the squared vacancy wavefunction.[36]

The literature does not give a clear answer as to how strongly the geometric 
structure of vacancies depends on the size of the supercell because frequently only 
incomplete geometry relaxation is allowed (see below). 

20.3.2 The Large Cluster Approach 

A large cluster treated like a large molecule is a very old model of a solid going 
back to Coulson,[38,39] and defect molecules are used to describe defects in solids. 
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When the central silicon atom in neo-Si5H12 is removed, the four silyl groups in a 

tetrahedral arrangement constitute the simplest model of a monovacancy in silicon 

with only first-silicon neighbors. If X represents a monovacancy, then the spherical 

clusters XSi4H12, XSi16H36, XSi32H36, XSi34H36 are defect molecules with inclusion 

of the first-, second-, third-, and fourth-silicon neighbor shells. Such clusters have 

frequently been used to calculate the energies of the orbitals representing the 

vacancy, and the HOMO of the perfect cluster has been regarded as a good estimate 

of the band edge of the valence band. Comparison of the orbital energies of the two 

calculations showed, however, that the a1 orbital of the vacancy may lie above the 

band edge in contrast to the results from calculations not based on the cluster 

model. The reason for this is that the orbitals of the perfect cluster cannot correctly 

describe bulk silicon due to both the small size of the clusters and the terminating 

hydrogen atoms. This means a non-physical interaction of the vacancy with the 

surface, similar to the spurious defect–defect interactions in the periodic cluster 

approach. This problem becomes even more pronounced when semi-empirical 

methods are used, where the influence of parameterization on the results must also 

be accounted for. Semi-empirical quantum chemistry programs have frequently 

been used because of their success in organic chemistry calculations without 

considering that the silicon parameters are somewhat less reliable than those for 

carbon, oxygen, and other "organic" elements. Good reviews of these problems are 

given in refs. [32,33]. All in all, the large cluster approach has never been the 

dominant method used for solid-state investigations. 

In the last few years, however, the large cluster approach has again become 

attractive for investigations of defects in materials due to advances in electronic 

structure algorithms such as "real-space" methods.[40–43] One main advantage is the 

straightforward application to charged systems without the need to add neutralizing 

background charges, but real-space methods can also easily be adapted to parallel 

computers. Combined with efficient pseudopotential techniques, real-space 

methods are successfully used to investigate the physical properties of defects in 

materials.[31,36]

20.3.3 Methodic Problems 

It has been shown that in both approaches the size of the model system is of great 

importance with regard to the reliability of the results. This is true for the geometric 

structure of vacancies as well as for their respective electronic properties. However, 

it would be wrong to believe that increasing the size of the supercell or the large 
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cluster will guarantee relevant results without consideration of the methods used for 

the calculation of the electronic wavefunction and for the geometry relaxation. Ö üt

et al. found, for example, a relaxation energy of 0.9 eV for the monovacancy in a 

Si166H124 cluster with DFT using the Ceperley–Alder exchange-correlation 

functional; this is larger than the 0.36 eV obtained from a 64-atom supercell 

calculation using the same exchange-correlation functional,[36] but much smaller 

than the tight-binding values of 1.9 eV [44] and 1.4 eV [45] obtained with 512- and 

64-atom supercell calculations, respectively. Any energetic comparison of silicon 

clusters is only possible when a complete geometry optimization has been 

performed.

It is obvious that semi-empirical methods are especially attractive for time-con-

suming calculations such as geometry relaxations of large supercells. However, 

semi-empirical methods are also used when small supercells are relaxed, and even 

for such calculations complete geometry relaxation is frequently avoided. Roberson 

and Estreicher investigated neutral and charged vacancies and used hydrogenated 

silicon clusters up to Si44H42 to approximate the solid. Only the four nearest 

neighbors of the vacancy were allowed to relax. They found only a slight distortion 

of the original tetrahedral configuration. When the Si-Si bond length in bulk silicon 

is 2.35 Å, the distance between the four neighboring atoms is 3.84 Å. In the relaxed 

geometry the silicon atoms are only slightly displaced, and the authors find "bonds" 

between two pairs of silicon atoms with a bond length of 3.76 Å. This result is 

completely at variance with other investigations where complete geometry relaxa-

tion was allowed. Clark obtained bond lengths of 2.4 Å with a 64-atom supercell 

when complete geometry relaxation was allowed,[46] and similar results were 

obtained by Krüger and Sax with QM/MM methods.[47] It is, however, not clear 

whether the incomplete geometry relaxation or the semi-empirical PRDDO method 

used by Roberson and Estreicher is responsible for their results. Clark, as well as 

Krueger and Sax, used DFT methods for the geometry optimization. Hastings et 

al. [35] calculated the energy gain by successively removing silicon atoms starting 

from the monovacancy up to the hexavacancy. Using a 64-atom supercell and the 

PRDDO method, they optimized the geometries of the vacancies but allowed only 

the nearest neighbors to the vacancies to relax. These geometries were then used for 

subsequent single-point ab initio Hartree–Fock calculations. Bearing in mind the 

results of Roberson one must be doubtful of the reliability of these results. 
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20.3.4 QM/MM Techniques for Solid-State Calculations 

Clark showed in his Ph.D. thesis [46] that for the monovacancy new bonds are 

formed in the first shell of neighboring atoms, and that major relaxation of the bulk 

occurs in the second shell and only minor changes in the third shell. This 

demonstrates nicely that the structure of local defects like monovacancies can be 

regarded as a relatively small part of the crystal where the atoms deviate 

considerably from their respective positions in a perfect crystal whereas the 

surrounding bulk is nearly undisturbed. The quantum chemical QM/MM hybrid 

method is one of several methods that can be used in the embedded cluster 

approach. In QM/MM methods, a large system is divided into a small part, the core, 

and a larger part, the bulk. Electron reorganization through bond breaking or bond 

formation may occur in the core, and therefore this part must be treated with 

quantum theoretical methods. The bulk is necessary to provide an elastic 

environment in which the core is embedded. It is mainly needed to prevent the core 

from collapsing or dissociating, and therefore a method of a much lower theoretical 

level can be used; for a review see ref. [48]. We chose this method for a treatment of 

multivacancies ranging from the monovacancy to various tetravacancies.[47,49] We 

used the density functional BP86 as a high-level method for the core and the semi-

empirical method AM1 as a low-level method for the bulk; these methods were 

combined through Morokuma’s subtractive QM/MM scheme ONIOM.[50]

The starting point for the calculation of the electronic structure of vacancies is a 

highly symmetrical distribution of unpaired electrons (dangling bonds) in the first 

silicon neighbor shell. For example, four tetrahedrally placed dangling bonds about 

a monovacancy give rise to a low-lying non-degenerate and a triply-degenerate 

orbital. In the electronic ground state, two electrons must be placed into the degen-

erate orbitals, which results in a degenerate electronic state. Through Jahn–Teller 

displacements of the atoms the degeneracy is lifted, but the direction of the dis-

placements depends on which component of the degenerate orbital is occupied. In a 

divacancy, each of the removed silicon atoms is surrounded by three dangling 

bonds with local C3 symmetry. From each set of three, we obtain a low-lying non-

degenerate and a doubly-degenerate orbital, into which one electron can be placed. 

Linear combinations of the degenerate local orbitals give two molecular orbitals for 

the vacancy describing two types of bonding situations. In the first, a single bond is 

formed between two silicon atoms at each end of the vacancy. In the second, new 

bonds are formed between all atoms with dangling bonds, and one atom becomes 

pentacoordinate. A similar situation is found for the trivacancy, and for a 

tetravacancy where four silicon atoms in a zig-zag arrangement are removed. When 

a tetravacancy is formed by removing four silicon atoms in a pyramidal 
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arrangement, three sets of three of dangling bonds with local C3 symmetry are 

found. In the optimized structure of this vacancy, six silicon atoms with dangling 

bonds, together with three bulk silicon atoms, form a nine-membered ring.

A great advantage of QM/MM methods is that laborious geometry optimization 

need not be done for the whole system with the high-level method, but much work 

has still to be done to find the best combination of high- and low-level methods for 

solid-state investigations. Another advantage of QM/MM is that traditional 

quantum chemistry techniques can be applied to investigate electron excitations of 

the localized vacancy, which is treated as a molecule. 

However, all caveats concerning spurious interactions of the vacancy with the 

cluster surface mentioned above also hold for QM/MM methods. One must be very 

careful with orbitals that are used for the construction of the excited states, because 

they may be considerably more extensive than the core. Of course, one can make 

the size of cores as large, as in the large cluster approach, but they will always be 

embedded in a larger bulk for which no quantum theoretical method need be 

applied. This should make QM/MM methods especially attractive for applications 

in materials science. 
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21.1 Introduction 

Semiconductor clusters like SiN have been the subject of many investigations 

concerning the evolution from molecules through clusters to solid materials, 

revealing a significant change in electronic, chemical, and structural properties 

with particle size.[1–4] It turned out that some of the most interesting systems are 

silicon clusters in the size range of N = 20–100 for which different structural 

types are observed. For SiN
+ and SiN

– clusters, such isomers were first identified 

by drift mobility measurements of silicon cluster ions in helium buffer gas by 

Jarrold’s group.[5–7] The results were rationalized by classifying the isomers by 

their global structure, one type with spherical and the other with elongated 

shape. Since the different isomers could play a crucial role in the growth 

kinetics of solid semiconductors, it is important to gain more experimental 

information on the members of these isomer classes of semiconductor clusters. 

Mobility measurements are one of the few experimental methods allowing size-

selective studies on structural properties, although they are limited to charged 

clusters.

Several quantum chemical calculations [8–10] support the idea of spherically and 

non-spherically shaped silicon cluster classes as well, but the distribution of 

isomers on the internal energy scale of the isomers is still unknown. There is 

theoretical evidence that at room temperature at least several isomers within 

each class have to be considered. Theoretical ab initio calculations and 

dynamical simulations for a temperature of 300 K show that the energy 

surfaces of the elongated silicon clusters are very flat and thermal fluctuations 

can cause bond-breaking and subsequent rebonding on a time scale of about 

0.1 ps without a significant change in the overall shape.[11] The coexistence of 

several isomers is important for the isomerization rates of elongated to 

spherical clusters, especially if they affect the activation entropies. The 

activation energies for the isomerization of cluster cations obtained from drift 

mobility experiments have been discussed on the basis of the RRK 
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(Rice–Ramsperger–Kassel) theory,[12] giving activation energies of 1.0–1.5 eV, 

but entropic effects were not considered in this analysis. 

Since cluster ions and neutral clusters may have different geometrical 

structures, it was important to develop advanced experimental methods that 

offer new information on neutral silicon clusters. 

21.2 Experimental 

21.2.1 Preparation of Neutral Silicon Clusters 

In order to investigate the properties of neutral silicon clusters, we set up a 

molecular beam experiment,[13, 14] in which the silicon clusters are generated in 

a laser vaporization cluster source. A small amount of material is evaporated 

from a silicon rod in the presence of helium with a nanosecond pulse of an 

Nd:YAG laser. By collisions with helium the silicon atoms are rapidly cooled 

down and start to form clusters. The mixture of helium atoms and silicon 

clusters is then expanded through a nozzle into a high-vacuum apparatus 

forming a molecular beam. The molecular beam is an appropriate starting point 

for a detailed investigation of neutral silicon clusters. Photoionization mass 

spectrometry allows one, for example, to determine the size distribution of the 

neutral clusters in the molecular beam. A schematic drawing of the laser 

vaporization cluster source together with a typical time-of-flight mass spectrum 

of neutral silicon clusters is shown in Figure 21.1. 

Figure 21.1. Photoionization time-of-flight mass spectrum of neutral silicon 

clusters. The clusters have been ionized with an excimer laser (h = 7.89 eV). 

In the inset a schematic drawing of the pulsed laser vaporization cluster source 

is shown. 
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21.2.2 Calorimetric Studies on Silicon Clusters 

The identification of different isomers requires the measurement of significant 

physical or chemical properties of the neutral silicon clusters, by which one can 

discriminate between possible existing cluster isomers. Since the various 

cluster isomers should have different thermodynamic properties, a 

measurement of the binding energies of silicon clusters should be adequate to 

identify different isomers. In order to measure the binding energies of neutral 

clusters, we have applied highly sensitive calorimetric techniques, which 

enable the detection of the heat of condensation during cluster deposition on a 

solid substrate. Such a device, based on a pyroelectric polymer foil,[15] permits 

one to probe a heat of condensation of a few nanojoules, which corresponds to 

the deposition of 108 silicon clusters with an average size of about 100 

atoms.[13] If one takes the enhanced kinetic energy of the clusters in the 

molecular beam experiments into account, it is possible to determine the 

binding energies of the neutral silicon clusters from the measured heats of 

condensation.[16] Within the limits of sensitivity of the calorimeter, binding 

energies of neutral silicon clusters having a mean cluster size of N  = 65–890 

atoms, could be measured. The half-width of the investigated size distributions 

was typically 100 atoms. 

21.2.3 Collision Cross-Sections of Silicon Clusters 

An alternative method to investigate silicon cluster isomers is to study cluster–

rare gas collisions, because one would expect the different shapes of the 

various isomers to influence their collision cross-sections. Therefore, we have 

investigated how efficiently the clusters are accelerated during the expansion at 

the end of a nozzle tube due to collisions with rare gas atoms by measuring the 

terminal velocity that the clusters attain in the molecular beam.[14] Depending 

on their collision cross-sections and masses, the clusters reach a lower velocity 

than the helium atoms, i.e. there is always a “velocity-slip” between clusters 

and carrier gas.[17] In order to estimate how the velocity slip can be affected by 

the shape of cluster isomers one can use a hard-sphere model to calculate the 

helium–cluster–collision numbers.[14] According to the hard-sphere model, the 

isomers having a less compact shape are faster than the corresponding compact, 

spherical-like clusters. 

The starting point of the velocity measurement is provided by a system of 

two mechanical shutters that determine a time window during which the beam 

can pass through. The finishing point is determined by the pulsed ionization 

laser beam crossing the molecular beam. The ionized clusters are then counted 

with a time-of-flight mass spectrometer (TOF-MS). This is shown 

schematically in Figure 21.2 (a). The cluster intensity is measured as a function 

of the time of ionization. The time difference between the opening of the 
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shutter system and the maximum of the cluster intensity allows one to calculate 

the mean cluster velocity, taking into account the distance between the shutter 

system and the point at which the ionization laser crosses the molecular beam. 

Figure 21.2. Schematic outline of the apparatus used for the measurement of 

cluster velocities (a) and typical cluster intensity profiles for different nozzle 

tube temperatures (b). The broken lines indicate the shift of the maxima of the 

intensity profiles with increasing nozzle tube temperature for the two different 

cluster isomers. 

21.3 Evidence for Neutral Silicon Cluster Isomers from Calorimetric 

Studies

In order to investigate different neutral cluster size distributions, we also used a 

shutter system that allows one to select different regions of the cluster pulse for 

the calorimetric investigations.[13] Since the various cluster sizes are not 

homogeneously distributed over the total cluster pulse, this technique enables 

one to attain a powerful size selection for neutral clusters. The binding energies 

per atom of silicon clusters, ebin, for different mean cluster sizes N , determined 

with the pyroelectric calorimeter, are plotted against N –1/3 in Figure 21.3. 
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Clearly, two different classes of silicon cluster could be identified by their size-

dependent binding energies. One class of silicon clusters has binding energies 

proportional to N –1/3. This size dependence is expected for compact, more 

spherically shaped clusters, because the number of surface to volume atoms of 

these structures decreases with N –1/3 for increasing cluster size. Therefore, it is 

obvious to identify the silicon clusters with the enhanced binding energies, i. e. 

the more stable ones, as silicon cluster isomers having a more compact, 

spherical-like shape. The physical basis for this simple energetic argument is 

the so-called droplet model. With this model, it is possible to predict 

quantitatively the size dependence of the binding energies, taking the surface 

energy and the density of bulk silicon into account.

Figure 21.3. Binding energies per atom, ebin, for neutral silicon cluster size 

distributions determined with the pyroelectric calorimeter. The half-width of 

the size distributions is about 50 atoms for smaller cluster sizes and about 250 

atoms for larger cluster sizes. The open circle represents the bulk value of the 

cohesive energy of silicon.[18]

These more stable, larger silicon clusters have been found later in the cluster 

pulse.[13] If one investigates smaller clusters, which are present earlier in the 

cluster pulse, the size dependence of the binding energies changes dramatically. 

The binding energies of these silicon clusters are much smaller and do not 

depend on size within the accuracy of the measurements, as shown in Figure 

21.3. Clearly, for N  = 100–200 there is an overlap in cluster size between 
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these two classes of silicon clusters. This indicates that, for a given cluster size, 

two different types of cluster isomers exist in the molecular beam. If the size 

dependence of the binding energies of this second class of isomers could be 

also explained in terms of the number of surface to volume atoms, one would 

expect this ratio to be size-independent for these silicon clusters. Therefore, 

these metastable clusters might have less compact structures compared to the 

more stable ones. One possibility to account for the size dependence of the 

measured binding energies might be elongated or cylindrically shaped clusters. 

However, other cluster structures might be equally likely to describe the 

measured binding energies. Since it is hardly possible to ascribe a definite 

structure or shape to the different cluster isomers from the binding energies, a 

second experiment is necessary, which allows one to obtain size-selected 

structural information on different cluster isomers in a more direct way. 

21.4 Collision Cross-Sections and Shape of Neutral Silicon Cluster 

Isomers

Figure 21.2 (b) presents the intensities of SiN clusters with N = 50 atoms 

measured with the TOF-MS with respect to the time of ionization for different 

nozzle tube temperatures. The measured intensity profiles for nozzle tube 

temperatures of T = 300 and 450 K have a gaussian-like shape. Therefore, the 

mean cluster velocity can be derived from the maximum of a gaussian function 

adjusted to the cluster intensity profile. A comparison of the widths at half-

height of the cluster intensity profiles for T = 300 and 450 K with the shutter 

opening profile reveals that the effect of the cluster velocity distribution on the 

width at half-height is negligible. One can conclude that, under these source 

conditions, the molecular beam either contains only a single cluster isomer or 

the difference in the cross-sections between different isomers must be too 

small. However, this situation becomes different when the temperature of the 

nozzle tube is raised from 300 K to 350, 375 and 400 K. Then, the shape of the 

velocity distribution changes, becoming broader and asymmetric. This 

observation can be explained in terms of the existence of at least two structural 

isomers in the molecular beam, these being simultaneously present in the 

cluster beam at T = 350, 375 and 400 K. Different collision cross-sections of 

the cluster structural isomers lead to different final cluster velocities, which is 

manifested in the broadening of the cluster intensity profiles. At 300 K the 

faster and at 450 K the slower isomer predominates. Comparing these results 

with the measured binding energies, one can identify the faster clusters, which 

are predominately observed at 300 K, as the isomers having smaller binding 

energies, i.e. those that are less stable. 
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Within the hard-sphere model the slow-flying isomer must have a smaller 

collision cross-section and therefore a more compact structure than the fast-

flying isomer. Hence, one gets an idea about the differences in shape if one 

assumes that the slow-flying isomers, which only appear in the mass 

spectrometer at higher nozzle-tube temperatures, have compact spherical 

structures, in agreement with the measurement of their binding energies. With 

this assumption one can derive from a simple acceleration model [14] the 

collision cross-section of the fast-flying isomers relative to the compact, 

spherically shaped cluster isomers. The enhanced final velocities of the second 

class of silicon cluster isomers can be explained in terms of an increase of the 

collision cross-section of these clusters as a result of their non-spherical cluster 

shape. If one assumes, for example, that these non-spherical isomers have a 

cylindrical shape with length l and diameter d, their geometry ratios l/d can be 

adjusted to the enlarged collision cross-sections. This is shown in Table 21.1 

for SiN clusters with N > 60. The l/d ratios of the assumed cylindrical cluster 

geometries increase with growing cluster size and show a significant deviation 

from a spherical cluster shape. In general, our adjusted l/d ratios are in good 

agreement with quantum chemical calculations [9] and drift mobility 

measurements on silicon cluster cations.[5, 7, 10] Therefore, the experimentally 

determined velocities for two different silicon cluster isomer classes support 

the idea that the non-spherical cluster isomers have a cylindrical shape, even if 

a more detailed interpretation of our results on the basis of the simple 

acceleration model and the assignment of a defined structure to the measured 

collision cross-section is not possible. 

Table 21.1. Geometry ratio l/d of the fast-flying, metastable clusters with an 

assumed cylindrical shape calculated from the velocity difference of the two 

isomers compared with results obtained from quantum chemical calculations 

and drift mobility measurements. 

cluster size N geometry ratio (non-spherical isomer) l/d

27 3 Jarrold [5] 

50 3.5–4.5 Grossman, Mitas [9] 

67 6.9 (+1.9/ -1.2) our results [14] 

84 7.5 (+2.0/ -1.3) our results [14] 

100 7–9 extrapolated from [9] 

100 11 extrapolated from [5] 

102 8.6 (+2.4/ –1.5) our results [14] 
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21.5 Discussion of Growth Processes for Metastable, Elongated 

Clusters

It is still an important question as to how the metastable clusters are formed 

from the hot plasma of thousands of degrees as it is rapidly cooled down to 

about 300 K by the helium within microseconds. It is even un-clear as to 

whether these clusters grow by addition of single Si atoms, molecules or small 

clusters. They might also be generated by fragmentation from larger clusters. 

Although annealing of thin films of evaporated semiconductors at elevated 

temperatures reduces the number of voids to a certain extent, the voids cannot 

be removed entirely before the crystallization temperature is reached [19] and 

hence it is not surprising that unannealed metastable clusters are generated. 

What is surprising is that these unannealed species do not statistically occur in 

a broad variety of overall shapes but rather can be classified into two types that 

strongly differ in their shape and binding energies. The assumed cylindrical 

structure might result from a growth process that is initiated by a nucleus that is 

composed of two small spherical-like clusters. However, in many respects, this 

is a delicate process and we must discuss its likelihood under our experimental 

conditions. The clusters typically spend 1 ms in the cluster source before they 

enter the high-vacuum apparatus, and the number density in the cluster source 

can be estimated by deposition experiments in combination with mass 

distribution analysis to be of the order of 1014 clusters/cm3.[20] This gives 

cluster–cluster collision rates of 104 s–1, which means that about 10 cluster–

cluster collisions take place in the source chamber. The most interesting result 

is that these cluster–cluster collisions do not generally lead to larger product 

clusters, meaning that there is a considerable activation barrier for the cluster 

growth. However, we observed the formation of larger clusters when we doped 

the clusters with metal atoms such as Co, V or Dy, indicating that the barrier 

can be overcome by generating through doping a kind of reactive site. This 

means that the barrier for cluster–cluster reactions will depend sensitively on 

the mutual positioning of the clusters. However, even if the positioning of the 

educt clusters is ideal and a cylindrical cluster is formed, one has to consider 

that the cluster is heated due to the new bonds that are formed. The clusters 

must then be efficiently cooled down by the cluster–helium collisions within a 

typical time scale small enough that the free enthalpy of activation ‡G for 

isomerization is not overcome. Then, a cylindrical cluster with an increased 

geometry ratio l/d is formed. The question then arises as to why this elongated 

cluster grows to larger l/d values. This may be due to reactive sites that are 

located at the tips of the rods, where efficient bonding of additional clusters is 

again possible thereby generating in a stepwise manner a kind of cluster chain 
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consisting of small clusters. However, the mechanism for the formation of 

metastable cluster isomers is still undetermined. 

21.6 Temperature Dependence of Collision Cross-Sections and 

Unimolecular Decay Model 

21.6.1 Temperature-Dependent Collision Cross-Sections 

From the observed broadening of the cluster intensity profiles in the velocity 

slip experiments one cannot determine how many isomers each of the assumed 

two isomer classes contains. However, it is possible to extract from the 

broadening of the cluster intensity profiles the ratio of all isomers having a 

more compact, spherical shape to all of the isomers having a less compact, 

elongated shape. From the areas of the two gaussians in Figure 21.2 (b) one 

obtains the temperature-dependent intensity ratio of the two silicon cluster 

isomers, which is the intensity of the spherical isomers divided by the intensity 

of the non-spherical isomers. 

In order to determine the rate constant for the cluster isomerization reaction 

from the temperature-dependent intensity ratios, one needs a model for the 

mechanism of the transformation. The simplest model for the isomerization of 

more cylindrically shaped clusters SiN
c to more spherically shaped clusters SiN

s

is based on the assumption that the cluster isomerization can be described by a 

unimolecular gas-phase reaction SiN
c k

 SiN
s with a single rate constant 

k.[21] Within the Eyring transition state theory for a unimolecular gas-phase 

reaction SiN
c [SiN]‡  SiN

s, with the activated complex [SiN]‡, the rate 

constant k is then related to the activation free enthalpy ‡G of the 

isomerization reaction. 

21.6.2 Analysis of Isomerization by a Unimolecular Decay Model

The ‡G values for all investigated cluster sizes are between 50 and 

110 kJ/mol.[21] These values are of the same order as the previously estimated 

activation energies obtained on the basis of RRK theory for the elongated to 

spherical transition of cationic silicon clusters.[12]

The activation enthalpy ‡H and the activation entropy ‡S can be derived 

from the temperature dependence of the ‡G values as a function of cluster 

size; for N = 45–60 values of ‡H = 5 kJ/mol and ‡S = –180 J/(K·mol) are 

typical.[21] This means that entropic effects play an important role in the cluster 

isomerization reaction, because the activation free enthalpies ‡G are an order 
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of magnitude larger than the activation enthalpies ‡H, which are only of the 

order of the thermal energy RT, with the ideal gas constant R.

The negative values for ‡S will lead, within the Eyring theory for 

unimolecular reactions, to frequency factors of about 102-104 s–1. These 

frequency factors are extremely small, in contrast to investigations on gas-

phase molecular isomerization of organic molecules, in which typical values 

for the frequency factors of the order of 1010–1014 s–1 have been found.[22, 23]

Although exceptions with values of 105 s-1 are known in the literature,[22] the 

rate-determining mechanism for the isomerization of silicon clusters seems to 

be different from those conventionally discussed for the typical molecular 

isomerizations of organic molecules. For a large number of organic 

molecules,[22, 23] the experimental ‡S values have been reasonably explained 

by a change in the vibrational frequency spectrum of the molecule in its initial 

and its transition state. In order to explain large values for ‡S, a change in the 

rotational and vibrational partition function Q of the reactant and the activated 

complex Q‡ and a symmetry factor have been considered.[22, 23] However, it is 

hard to imagine that Q and Q‡ differ by some orders of magnitude for different 

silicon cluster isomers with N  50. Even though it has been shown that the 

vibrational entropy can play a crucial role in determining the equilibrium 

structure of clusters,[24] the frequency factors derived from our thermal analysis 

of the rate constants are ca. 109 orders too small to be explained by this way.

However, for the isomerization of the silicon clusters, there might be an 

additional effect that could explain the observed ‡S values. Recent ab initio 

molecular dynamics simulations have demonstrated a process of bond breaking 

and formation on a picosecond time scale at 300 K,[11] i.e. a fluctuation between 

isomer structures separated by low energy barriers of the order of the thermal 

energy RT. In a kinetic picture, this means that there are energetically low-lying 

transition states, which allow different isomers to coexist at room temperature. 

These different isomers belong to one class, i.e. no overall change in shape 

takes place. Therefore, the situation is completely different compared to typical 

molecular isomerizations of organic molecules, where usually only one 

structural isomer has to be considered. The molecular dynamics simulations 

indicate that the investigated silicon clusters seem to have some weak chemical 

bonds. The weak chemical bonds allow the different silicon cluster isomers to 

rearrange without a global change in their external shape. In contrast to this, a 

global rearrangement of the cluster geometry from cylindrical to spherical 

shape needs more than an arbitrary breaking and reforming of some weak 

chemical bonds. The global isomerization process might need either the 

breaking of some strong chemical bonds or a transition state with several weak 

broken bonds located in certain critical positions. In the first case, one would 

expect ‡H values that are considerably larger than the observed experimental 
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ones. In the second case one can indeed have low ‡H values in combination 

with low frequency factors as experimentally observed. 

The possibility of having low ‡H values can, in principle, be explained by 

simple Hückel-like molecular orbital schemes describing the chemical bonding 

of the silicon clusters as has been discussed in ref. [21]. However, if the non-

spherical, cylindrical clusters grow by addition of preformed small ring-like or 

polyhedral clusters, it has to be considered that these precursors need not be in 

their most stable configuration, i.e. that they are also energetically activated. 

This can store additional energy in the growing cylindrical clusters, thereby 

leading to energetically weakly stabilized cylindrical clusters with small ‡H

barriers. However, these cylindrical isomers seem to be entropically stabilized 

through the negative ‡S found in the experiments. The resulting low frequency 

factors indicate that a large number of successive statistical fluctuations are 

necessary to find the critical combinations of broken bonds. In order to 

quantify this effect, one can estimate the corresponding frequency factor by 

assuming that a large number  of different configurations of cylindrically 

shaped isomers are accessible and thermally fluctuate into each other by 

breaking and forming a small number of bonds at 300 K. The mixing entropy 

Smix due to the mixture of these configurations of the isomers is then 

lnBmix kS , where kB is the Boltzmann constant. If one tries to explain the 

experimental results for ‡S, the number of broken bonds has to be set to 5–7 to 

achieve ‡S = –152 to –197 J/(K mol).[21] This means that in our simple model 

the isomerization mechanism can be understood analogously to the 

isomerization of organic molecules as a one-step global rearrangement of the 

less compact, cylindrically shaped clusters, but at least 5–7 critical chemical 

bonds have to be broken in order to reach the transition state. The presence of 

the transition state bonding configuration is very improbable in comparison 

with all other configurations. At room temperature, it takes a random walk with 

a duration of 106 vibrations in order to find the transition state configuration 

with the small ‡H value, meaning that this reaction path follows a narrow 

valley on the energy surface between higher enthalpy. 
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22.1 Introduction 

Silicon is the most widely used material in the electronics industry. To develop 

silicon-based devices for optoelectronic applications, one would like to make 

silicon a photon-emitting material. Unfortunately, silicon is an indirect gap 

semiconductor and, thus, the efficiency of photon emission is extremely low 

since the radiative recombination of the electron–hole pair is not allowed 

without the assistance of a momentum-conserving phonon. Moreover, the 

existence of defects leads to an almost total quenching of this rather unlikely 

process.

In the early nineties, the studies of Canham [1] and Lehmann and Gösele [2]

showed that a silicon wafer could be made to emit visible light when it was 

electrochemically etched in hydrofluoric acid thus producing a porous 

nanostructured surface. The observation of photoluminescence (PL) was 

explained on the basis of the quantum confinement leading to a widening of the 

band gap and a partial relaxation of the selection rules making silicon a 

somewhat more direct-gap material.[3, 4] An even more important reason for the 

enhanced efficiency is an effect termed spatial confinement which prevents the 

diffusion of the carriers to nonradiative recombination centers. Due to the 

reduced size, the probability of the carriers finding a defect in the core is 

drastically reduced. However, for this to occur it is important that the 

crystalline Si core is either isolated or surrounded by a higher band gap 

material, and that the silicon nanoparticle is perfectly crystalline and does not 

have any dangling bond. 

Since the discovery of the intense red photoluminescence of porous 

silicon,[1,2] much work has been devoted to this particular nanostructured 

material [4, 5] and, in the meantime, also to silicon nanoparticles.[6, 7] An 

important issue in current studies is the influence of the passivation on the 

photoluminescence properties. It has already been noted that, in the quantum 
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confinement model, it is essential that the surface is well passivated to avoid 

any dangling bond at the surface.[8] Being middle-gap defects, these dangling 

bonds will quench the photoluminescence. On the other hand, the surface itself 

may lead to surface states that can be the origin of another kind of 

photoluminescence.[9, 10]

During the last few years, we have studied silicon nanocrystals produced by 

CO2 laser pyrolysis of silane and we have been able to show that, in these 

experiments, the PL characteristics can be unambiguously explained in terms 

of quantum confinement effects.[11–13] However, to observe the photolumines-

cence with the naked eye, we had to wait a few hours or even a few days. It 

appeared that the silicon nanocrystals were passivated by natural aerial 

oxidation and that, with time, the photoluminescence became more and more 

intense.

In this chapter, we present the most recent results of our investigations 

devoted to the initial steps of oxidation and its influence on the PL properties of 

Si nanoparticles. These studies have also given us new insight into the PL 

behavior of aged samples. We also demonstrate the effect of HF attack on the 

oxide shell of aged samples and the subsequent oxidation as far as the PL of 

these samples is concerned. A short account of this study has been given in a 

recently published Letter.[14] Using the etching technique with HF vapor and 

subsequent oxidation, it is possible to shift the size distribution of macroscopic 

samples of silicon nanoparticles collected in the exhaust line of a flow reactor 

to smaller sizes and to shift their PL from the near IR to the visible. All 

observations presented in this chapter can be explained in the frame of the 

quantum confinement model. Other origins of photoemission need not be 

invoked.

22.2 Experimental 

Thin films of non-interacting silicon nanoparticles were produced by pulsed 

CO2 laser pyrolysis of silane in a dedicated gas-flow reactor and molecular 

beam apparatus. This apparatus and the characterization techniques used have 

been described in detail elsewhere.[7, 11, 15, 16] Here, it is sufficient to concentrate 

on the most important aspects that will be discussed along with the schematic 

view of the experimental setup given in Figure 22.1. The radiation of a pulsed 

CO2 laser is focused into the flow reactor to interact with the SiH4 molecules, 

which will become dissociated. In this way, a saturated vapor of silicon atoms 

at elevated temperature (  1300 K) is produced, giving rise to condensation and 

subsequent growth of silicon nanoparticles. The as-prepared Si clusters are 

extracted from the flow reactor through a conical nozzle of 0.2 mm diameter to 

form a pulsed molecular beam of non-interacting particles. Since their velocity 
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is strongly correlated with their mass (the smaller nanoparticles are faster than 

the larger ones), they can be selected according to their size by using a simple 

molecular beam chopper.[7, 16]

Figure 22.1: Schematic view of the experimental set-up. 

Thin films of size-selected neutral silicon nanoparticles were then deposited 

at low energy on various substrates positioned behind the chopper. When the 

substrate is not in place the particles can proceed into the following chamber 

where they are analyzed by time-of-flight mass spectrometry (TOFMS) 

employing an ArF excimer laser to ionize them. The size distribution 

determined in the beam by TOFMS was further checked ex situ by atomic force 

microscopy (AFM) of a low coverage deposit. The two size distributions were 

found to be completely consistent in the small size regime (between 0 and 10 

nm). As a result, one can conclude that TOFMS is very well suited to 

determine the size distribution of nanoparticles on the substrate if they are 

deposited at low energy.[11] The actual experimental parameters employed in 

the present studies are summarized here: flow of silane: 30 sccm; flow of 

helium: 1100 sccm; total pressure: 330 mbar; CO2 laser line: 10 P28 (936.8 

cm-1); laser energy: 30 mJ; pulse length: 20 ns, repetition rate 20–30 Hz. 

While only a minor part of the clusters and nanoparticles are extracted 

through the small conical nozzle into the evacuated source chamber, most 

particles produced during the CO2 laser pulse are pumped away through the 
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funnel and collected in a filter mounted outside of the apparatus. It is important 

to note that these particles are always larger than the ones extracted by the 

nozzle since their residence time in the laser-heated reaction zone is much 

longer. At the same time, their size distributions are also considerably broader. 

However, it is possible to collect many more particles in the filter than can be 

deposited from the beam.

Compared to the experiments reported previously,[7, 11, 16] the apparatus has 

been equipped with an additional vacuum chamber, mounted perpendicularly to 

the cluster beam axis. This chamber, not shown in Figure 22.1, can be 

separated from the differential chamber by means of a gate valve. After 

deposition, the samples were transferred under vacuum into this analysis 

chamber and their photoluminescence properties were studied by exciting them 

with the fourth harmonic of a pulsed Nd:YAG laser (  = 266 nm) and 

monitoring the emitted light with a dedicated spectrometer. This PL 

spectrometer is very similar to the one used in Saclay and described 

previously.[11] The response of the S20 photocathode and the entire optical set-

up has been carefully calibrated. It should be stressed that the sensitivity of the 

detection system is considerably lower in the infrared region than in the visible, 

leading to a lower signal-to-noise level for wavelengths above 750 nm. 

To study the evolution of the PL as a function of the degree of oxidation, the 

samples were exposed to air under normal conditions for well-defined periods 

of time while keeping them in the analysis chamber. Before each PL 

measurement, the analysis chamber was evacuated. In this way, stable 

conditions during the data collection were ensured. In order to remove the 

oxide layer of already passivated samples, we exposed them for several 

minutes (up to 40 min) to the HF vapor simply by holding them over a Teflon 

crucible filled with a 37% solution of HF in water. Thereafter, the samples 

were returned to the vacuum chamber which was immediately pumped. For 

these HF-treated samples, the effect of oxidation on the PL behavior was 

studied as well.

Due to the larger size of the Si nanoparticles collected in the filter, most 

filter samples do not show any visible photoluminescence. However, as we 

could observe with an IR-sensitive video camera, they usually luminesce in the 

IR. For the following experiments, we selected a few samples that showed 

some weak PL below 700 nm that could be observed by eye. After HF 

treatment and subsequent oxidation, the samples clearly showed enhanced PL 

in the visible as a result of the reduced particle size. To accelerate the 

oxidation, the samples were exposed for 2–4 h to water vapor at ~150 °C in an 

oven.
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22.3 Results and Discussion 

In order to demonstrate the size-selection capabilities of our cluster beam 

apparatus, we present in Figure 22.2 a photo of a luminescent sample of silicon 

nanocrystals when it was exposed to the light of a laboratory UV lamp (  = 254 

nm). The sample was prepared with a clockwise rotating molecular beam 

chopper that distributed the transmitted nanoparticles from left to right 

according to their size. Details of the experiment are given in a recent 

publication.[17] Within the deposited film, the size of the Si nanoparticles varies 

from 2.5 nm (on the left side) to 8 nm (on the right side), as was determined 

with the TOF mass spectrometer. Accordingly, the color of the 

photoluminescence varies from yellow-orange to the IR. A selected set of PL 

curves measured along a horizontal line on the sample is plotted in the lower 

panel of Figure 22.2. 

If we plot the peak positions of the PL bands in eV as a function of the 

nanocrystal size (d in nm),[17] the data points follow nicely the inverse power 

law

EPL(d) = E0 + 3.73/d1.39 (1) 

derived by Delerue and co-workers[18] on the basis of the quantum confinement 

model. The band gap of bulk silicon enters this formula as E0 = 1.17 eV. In 

contrast to an earlier comparison,[11] the experimental data are much less 

scattered. This can be ascribed to the fact that all particle sizes are contained in 

one single sample that was prepared in a single run, thus avoiding any 

difference in the production conditions or the oxidation history after deposition. 

The conclusion that could be drawn from this experiment was that the 

photoluminescence of the Si nanocrystals, produced by CO2 laser-assisted 

pyrolysis of silane and gently oxidized in air under normal conditions, can be 

perfectly explained on the basis of the quantum confinement model, that is, by 

the radiative recombination of electron–hole pairs confined in the 

nanocrystals.[17]

In the same study, we also determined the efficiency of the PL process by 

carefully measuring the ratio of the emitted and absorbed energies. A 

pronounced maximum was found for crystallite sizes around 3.5 nm. For this 

size, a PL yield of 30% was observed. On going to larger sizes, the PL yield 

decreases exponentially to reach a value of only 1% for 8-nm particles. On the 

other side, the PL yield of 2.5-nm particles is reduced to 10%. 
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Figure 22.2. PL study of a sample produced by cluster beam deposition using a 

chopper for size separation. The upper panel shows a photo of the deposit when 

it was illuminated by a simple UV lamp. The lower panel reports the PL 

spectra recorded at the positions indicated by the arrows. 

Figure 22.7. Photos of a filter with normal (left) and UV (right) light 

illumination. The quarter piece has been cut from the original sample. Its PL is 

very weak and mostly in the IR. The larger three-quarter piece was subjected to 

HF vapor and subsequently oxidized. 

Now we want to discuss in some detail the effect of oxidation on the PL 

behavior of Si nanocrystals. For this purpose, we have carried out a set of 

dedicated experiments. We first prepared a size-selected sample with an 
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average size of d  = 3.6 nm and a size distribution of full-width at half-

maximum (FWHM) of d = 0.6 nm. As described in the experimental section, 

the freshly prepared sample was transferred under vacuum into the analysis 

chamber where we tried to measure a PL spectrum. However, no PL could be 

detected unless we exposed the sample to air. Only after 20 min could some 

rather weak photoluminescence be observed. The maximum position of the 

corresponding PL curve was at 1.72 eV. This and the subsequent results are 

displayed in Figure 22.3. With increasing time of exposure to air, the PL 

became more intense and the PL peak position further shifted to the blue. After 

one day, the maximum position had already experienced a shift to 1.85 eV. At 

later times, the effect became smaller and seemed to go into saturation. Finally, 

after 25 days, the maximum position was found at 1.87 eV. 

Figure 22.3. Evolution of the amplitude-normalized PL spectra for a size-

selected sample exposed to air for different cumulative times given in the 

figure.

As the maximum of the PL band shifts to higher energies, its width also 

increases. Thus, for the same period, the FWHM varies from 0.23 eV for the 

first spectrum to 0.31 eV after 25 days. The evolution of the two parameters, 

position and width of the PL band, as a function of time is summarized in 

Figure 22.4. In this representation, it can also clearly be seen that the time 

dependence of these two parameters saturates after approximately one week 

(104 min). 
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Figure 22.4. Evolution of the full-width at half-maximum (upper panel) and 

peak position (lower panel) of the PL bands as a function of the time for which 

the sample was exposed to air. 

Figure 22.5. Relative PL spectra of a non-size-selected sample exposed to air 

for different cumulative times. The horizontal bars indicate the half-widths at 

half-maximum (HWHM) of the PL bands. 
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Figure 22.5 shows the time behavior of another sample that was prepared 

without size selection ( d  = 4.4 nm; d = 2 nm). During this study, we have 

paid particular attention to keeping the power of the exciting laser at a constant 

level. Therefore, the spectra can be readily compared as far as their PL 

efficiencies are concerned. As for the first sample, no PL could be observed 

immediately after preparation. In this case, however, the process of complete 

passivation seemed to take longer since no PL could be detected until 2 days 

had elapsed. Again, we observe a broadening of the PL band with time (from 

0.2 to 0.4 eV). However, more important is the observation of a strong increase 

of the PL intensity. From 2 days to one month, it increases by a factor of 16. 

During this time, the maximum position of the PL band shifts only slightly 

from 1.49 to 1.52 eV. 

Figure 22.6. PL spectra of a non-size-selected sample after different successive 

treatments: after passivation in air for two months (thick solid curve), after 

exposure to HF vapor for 40 min (grey thin and dotted curves), after re-

exposure to air for 1 h (black thin and dashed curves), and after continued 

exposure to air for 2 d (dash-dotted curve). The sketch in the upper part of the 

figure illustrates the effect of the various treatments on the core and oxide shell 

of the nanoparticles (schematic). 

Figure 22.6 describes the results of another kind of experiment. In this 

study, we started from an already passivated sample. Its PL spectrum is given 
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by the black solid curve that peaks at approximately 775 nm or 1.6 eV. The 

sample was then exposed to HF vapor for 40 min (see the experimental section 

for details). The spectrum recorded after this procedure is shown by the thin 

grey curve. Due to the low signal, the measured PL band is rather noisy. 

Therefore, we have fitted the experimental curve by a Gaussian, which is 

presented in the figure as the dotted grey curve. Then the sample was again 

exposed to air for definite periods of time. After 1 h, the spectrum represented 

by the thin black curve and the dashed fit was measured. Finally, the spectrum 

representing the latest stage of the evolution after 2 days in air has been plotted 

by the dash-dotted line. This rather broad curve peaks at approximately 2 eV. 

The attack of HF results in a complete or almost complete removal of the 

oxide layers surrounding the Si nanoparticles. As can be seen in Figure 22.6, 

this treatment results in a substantial narrowing of the band (from 0.4 to 0.26 

eV), while the position of the band maximum is not changed. On the other 

hand, the integrated intensity of the PL is considerably lower, having decreased 

by a factor of 70. This is the reason why the spectrum is rather noisy after HF 

treatment. Subsequent oxidation of the Si nanoparticles has the same effect as 

the oxidation of freshly prepared samples. The peak shifts to higher energies 

(from 1.59 through 1.81 to 1.97 eV), and the width increases from 0.26 through 

0.28 to 0.55 eV. At the same time, the integrated PL intensity finally increases 

by a factor of 5. 

In a previous study,[19] we showed by high-resolution transmission electron 

microscopy that aged silicon nanocrystals are surrounded by an oxide shell, the 

thickness of which corresponds to approximately 10% of the total particle 

diameter. It was found that, for a given particle size, the spacing of the {111} 

lattice plane fringes varies by ~2%. This variation, which can be explained by 

different degrees of oxidation and thus different stresses exerted on the 

crystalline lattice, results in an inhomogeneous “oxide-induced” PL bandwidth 

of 0.25 eV for a given particle size in an aged sample.[11] The final PL response 

of a given sample can be calculated by transforming the particle size 

distribution into a PL band (taking the correlation between particle size and 

band gap given by Delerue et al. [18]) and convoluting the resulting curve with a 

Gaussian line-shape function with a FWHM of 0.25 eV to account for the 

oxide-induced inhomogeneous broadening.[11] Since the oxide layer is clearly 

less pronounced for fresh samples, we expect much narrower PL bandwidths 

for these samples, provided that the size distribution is not too broad.

If we look at the results of the present study, we indeed find that, for 

relatively fresh samples, the spectra are quite narrow ranging in width from 0.2 

to 0.23 eV (FWHM). These values are even smaller than the oxide-induced 

width of 0.25 eV of an ensemble of single-sized aged nanocrystals studied in 

ref. [11]. On the other hand, after one month of exposure to air, we end up with 

PL bandwidths of 0.31 to 0.4 eV. This is clearly due to an increase of the 
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oxide-induced width. Another confirmation of this interpretation is given by 

the last experiment. Starting from an aged sample for which the PL peak is 

rather broad, the width is significantly reduced when the oxide layer is 

removed. This results in a relaxation of the stress exerted by the oxide layer. 

Conversely, when the sample is oxidized again, the width increases and even 

exceeds a value of 0.55 eV. 

In the same conceptional framework, we can also understand the evolution 

of the peak position. As we have shown before, the position of the PL of aged 

samples is well correlated with the average size of the nanocrystallites in 

accordance with the theoretical law established by Delerue et al.[18] In the 

present experiment, we find that, with time, the PL peak gradually shifts to the 

blue. On the basis of the inverse power law [18] (see Eq. 1) and the experimental 

verification, one can derive that, for the first sample reported in Figure 22.3, 

the crystalline core varies from di = 3.96 nm at the beginning to df = 3.33 nm in 

the final state. This corresponds to a shrinking by a factor of 0.84. 

Taking an average molecular weight of SiOx of M = 52 (corresponding to 

x = 1 .5) and assuming that the density of silicon oxide is rather close to that of 

silicon (2.33 g/cm3),[11] it follows that the volume containing the same number 

of Si atoms is a factor of 1.86 larger for the oxide shell (SiOx) than for 

crystalline silicon. Knowing, furthermore, that the thickness of the oxide layer 

of an aged Si nanoparticle is approximately 10% of the total diameter,[19] we 

can calculate that, after complete passivation, the size of the crystalline core is 

reduced by a factor of 0.87. This number compares rather favorably with the 

experimental value (0.84) derived in the previous paragraph. 

For the second sample (Figure 22.5), the spectral shift observed between 

two days and one month  corresponds to a change in size from 5.85 to 5.48 nm. 

Due to the poor detection efficiency in the IR, we could not observe the PL for 

the very fresh sample. Therefore, the determination of the oxide shell thickness 

is not straightforward.

The results obtained for the sample exposed to HF give new insight into the 

characteristics of the photoluminescence of Si nanocrystals. The initially 

measured PL curve (black curve in Figure 22.6) could be fitted rather well by 

assuming a nanocrystal size distribution with an average diameter d  = 4.1 nm 

and having a width of 2.2 nm (FWHM).[14] Corresponding to our earlier 

investigations,[11] the convolution was carried out with an oxide-induced width 

of w = 250 meV. The treatment with HF did not change the nanocrystal size 

distribution, as evidenced by the fact that the PL maximum did not shift. While 

keeping the original size distribution, we had to reduce the individual width w

of a single nanocrystal size from 250 to less than 10 meV to obtain good 

agreement between simulation and measurement.[14] This gives us an upper 

limit for the intrinsic width of the PL response of a single Si nanocrystal of 10 

meV. Upon oxidation, the crystalline cores of the nanoparticles are further 
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reduced in size. An attempt to fit the experimental curve of the last 

measurement (green curve) with the same log-normal distribution shifted to 

smaller sizes and an oxide-induced width of w = 250 meV resulted in an 

average particle size of d  = 2.8 nm. However, the agreement with the 

experimental data was not completely satisfactory, especially at higher 

energies.

Recently, Wolkin et al. [9] observed an upper limit of the PL emission 

energy of 2.1 eV in oxidized porous silicon even if the nanocrystal size became 

smaller than 2 nm. This behavior, which seems to contradict quantum 

confinement, was explained in terms of the formation of stabilized electronic 

states on Si=O bonds at the surface. For nanocrystals with diameters smaller 

than 2.8 nm, the widening of the band gap due to quantum confinement makes 

them appear as inner band gap states. Including the results of Wolkin et al. in 

our model calculations, we obtained nice agreement with the experimental 

data.[14]

The behavior of the PL band of silicon nanoparticles with diameters 

between 2 and 5 nm after exposure to air can be summarized as follows. The 

maximum position of the PL band shifts to higher energies while its intensity 

and bandwidth both increase with the time. All observations can be explained 

as resulting from a shrinking crystalline core and a growing oxide shell. From 

the fact that the time dependences go into saturation, it can be concluded that 

the oxidation of Si nanoparticles in this size regime is a self-limiting process. 

This is in agreement with our earlier electron microscopy study [19] and with 

previous studies on the progressive oxidation of silicon nanowires by Liu et

al.[20] Finally, it should be stressed that the PL behavior of the Si nanoparticles 

investigated in the present study can be fully understood in terms of quantum 

confinement. Only if the nanocrystal size drops below approximately 2.8 nm 

does a new state within the band gap seem to evolve, limiting the maximum PL 

energy to 2.1 eV. This latter observation is in perfect agreement with the 

combined experimental and theoretical study of Wolkin et al.[9] 

It has already been mentioned that the Si nanoparticles collected in the 

exhaust line of the flow reactor are larger due to their longer residence time in 

the reaction zone. As a result, the filters do not usually show visible 

photoluminescence if they are subjected to UV light; the PL is entirely in the 

IR. However, for the following experiment, we chose a filter whose PL was 

rather close to the visible, as manifested by its dark-red color under UV light. 

From this filter, we cut about one quarter to retain it for later comparison. The 

remaining filter was subjected to HF vapor for 40 min as described in the 

experimental section. Afterwards, the sample was passivated in a humid 

atmosphere in an oven at 150 °C. Figure 22.7 (displayed after Figure 22.2) 

shows photos of the two pieces of the filter under normal illumination (left) and 

under UV light (right). Whereas the original filter is still quite dark under UV 
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light, the HF-treated filter exhibits rather intense PL in the red and even in the 

orange region of the spectrum. Furthermore, from the different colors of the 

luminescent sample, it can be seen that the laminar flow entering the small 

filter chamber results, to a certain extent, in a size separation. The original 

intention of the experiment was to apply the HF attack and the subsequent 

oxidation successively, in order to reduce the particle size at will and to shift 

the PL further to the blue. However, as can be seen particularly in the left 

photo, the density of Si nanoparticles on the filter was significantly diminished 

after the first cycle. This means that many silicon particles were already 

transformed to SiO2 by the etching and oxidation procedure. 

Figure 22.8. Averaged PL response measured from the original filter (dashed 

curve) and from the one treated with HF (solid curve). 

We measured several series of PL spectra from both filter pieces. Because 

of the inhomogeneous size distribution of the particles on the filter, the PL 

curves were averaged, and the final result is displayed in Figure 22.8. 

Unfortunately, due to the limited IR response of the photocathode used, the 

curves are cut at 800 nm and do not extend into the IR. Nevertheless, the trend 

is clear. Whereas the dashed curve, which was measured from the original 

filter, shows only a very small contribution of visible PL, the solid curve shows 

that the HF attack and subsequent oxidation reduces the size of the silicon 

crystallites, thus shifting a substantial part of their photoluminescence into the 

visible. It should be emphasized that the maximum of this PL curve is still in 

the IR. Apparently, the procedure not only shifts, but also leads to a substantial 

broadening of the size distribution. This behavior seems to limit the possibility 

of applying subsequent cycles of HF attack and oxidation to reduce the size of 
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Si nanoparticles. However, to clarify this issue, it will be necessary to measure 

the complete PL spectra in the IR by employing a sensitive semiconductor 

detector.

22.4 Conclusions 

CO2 laser pyrolysis of silane in a gas flow reactor and the extraction of the 

resulting silicon nanoparticles into a cluster beam apparatus has been shown to 

offer an excellent means for the production of homogeneous films of size-

separated quantum dots. Their photoluminescence varies with the size of the 

crystalline core. All observations are in perfect agreement with the quantum 

confinement model, that is, the photoluminescence is the result of the 

recombination of the electron–hole pair created by the absorption of a UV 

photon. Other mechanisms involving defects or surface states are not operative 

in our samples. 

We have shown that, in order to exhibit intense PL, the Si nanocrystals must 

be perfectly passivated. A simple way to achieve this is through natural aerial 

oxidation. We have followed this process by measuring the photoluminescence 

as a function of time. Stable conditions are achieved after approximately 6 

months. This indicates that the oxidation of Si nanoparticles is a self-limiting 

process.

The oxide shell of silicon nanoparticles can be etched away by exposing the 

samples to HF vapor. The subsequent oxidation reduces the size of the 

crystalline core and shifts the PL of the nanoparticles to shorter wavelengths. 

This technique can also be applied to reduce the size of Si nanoparticles 

collected in much larger amounts in the exhaust line of the flow reactor, and to 

shift their photoluminescence, which is normally in the IR, into the visible. 
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23. Localization Phenomena and Photoluminescence from 

Nano-structured Silicon and from Silicon/Silicon Dioxide 

Nanocomposites

S. Veprek  and D. Azinovic 

23.1 Introduction 

The first reports on visible photoluminescence (PL) from porous silicon[1, 2]

triggered a large number of investigations in the hope that it will be possible to 

develop silicon-based optoelectronic devices. After more than a decade of 

intense research work on both PL and electroluminescence (EL), this goal is 

still far away and the available data suggest that it will be extremely difficult or 

impossible to achieve it. The reason is a low efficiency and short lifetime of 

such devices because the PL and EL – as far as they have been investigated for 

a given material in sufficient detail – originate from defect states within the 

layer that is used to passivate the silicon surface. Such a passivation is 

necessary because a single dangling bond at the Si surface is sufficient to cause 

a very fast, non-radiative electron–hole recombination. In this chapter, we 

concentrate on the PL from nanocrystalline silicon (nc-Si) passivated with 

thermally grown silicon dioxide, which also acts as a matrix separating the Si 

nanocrystals in order to ensure the localization of the photogenerated charge 

carriers.

 The fundamental aspects of the physics of nano-sized semiconductors have 

been discussed in many excellent reviews to which we refer.[3, 4, 5, 6]. When 

crystallite size decreases to below about 10 nm, the number of eigenstates 

decreases to a few thousand or less. As a result, the Pauli repulsion decreases, 

the band gap increases,[7] and discrete states appear at the band edges. This has 

been shown for a variety of compound semiconductors that have a direct gap,[4]

as well as for organosilicon molecules.[3, 8] In order to obtain an efficient PL, 

the surface of such nanocrystals has to be passivated by appropriate 

substituents [3] or encapsulated (overcoated) with another semiconductor having 

a large band gap.[9] By choosing the appropriate sizes of monodispersed 

nanocrystals, PL covering the whole range of colors of the visible spectrum can 

be obtained.[4, 7, 10]

 Relaxation of the momentum conservation rule is another important change 

when the crystallite size decreases to 1–2 nm. This can be understood in terms 

of Heisenberg's uncertainty principle hxp . In a large single crystal of 
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x  1 cm, the uncertainty of the momentum, p, is small. Thus, the 

momentum is a good quantum number and its conservation has to be obeyed in 

electronic transitions. In silicon, which has an indirect band gap, the 

recombination of electrons and holes requires a creation or annihilation of 

phonons and is therefore predominantly of non-radiative nature.[11] If, however, 

the size of an Si nanocrystal approches 1 nm, x  1 nm and p spans a 

significant part of the Brillouin zone. The momentum conservation is relaxed 

and electronic transitions (absorption of a photon with the formation of an 

electron–hole pair or their radiative recombination) become efficient.

In the following sections, we shall briefly discuss the preparation of 

nanocrystalline (nc-Si) and porous (PS) silicon and the post-treatment thereof 

needed to obtain efficient PL. Afterwards, the experimental evidence for the 

predicted increase of the band gap and electronic transition rates will be given, 

together with a brief summary of the properties of the PL obtained from nc-

Si/SiO2 nanocomposites. The last section will deal with selected examples of 

artefacts, such as impurities and defects, which cause a variety of different PL. 

23.2 Preparation of Light Emitting Silicon 

The majority of papers deal with the PL from porous silicon because of its 

relatively easy preparation by anodic dissolution.[1, 2] However, the nano-

crystalline silicon prepared either by chemical transport in hydrogen plasma [12]

or by plasma CVD from SiH4 diluted with H2
[13] offers a much better control of 

the particle size owing to the regular shape and separation of the nanocrystals. 

The as-deposited nc-Si shows a negligible PL because of the presence of 

dangling bonds on the surface of the nanocrystals and their small separation. 

Therefore, the grain boundaries of the deposited nc-Si have to be oxidized and 

the oxide post-treated in forming gas (FG, ca. 90 vol.% N2 and 10 vol.% H2).

We refer to ref. [12] and papers quoted therein. This material will be discussed 

here. It should be emphasized that the PL attributed to nc-Si in many papers 

was actually due to impurities, such as silanol groups, organosilicon and 

metallic impurities, and others (see ref. [12] and papers quoted there). This is 

illustrated in Figures 23.1a and 23.1b. Fairly efficient "green" PL was also 

observed from the nc-Si/SiO2 nanocomposites prepared by ultra-pure 

processing after their storage in air for several months. 
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Figure 23.1. (a) Development of the PL from as-deposited nc-Si upon 

oxidation and annealing in forming gas; (b): "red" PL from nc-Si/SiO2 prepared 

by the ultra-clean processing as in (a) and PL due to silanol and tungsten 

impurities (see ref. [12] and papers quoted there); (c): Effect of the separation of 

the Si nanocrystals on the "red" PL.[14]

23.3 Increase of the Band Gap of nc-Si with Decreasing Size and the 

Photoluminescense from nc-Si/SiO2 Nanocomposites 

As outlined above, the band gap of nanocrystalline semiconductors increases 

with decreasing crystallite size. Thus, direct gap semiconductors (GaAs, CdS, 

CdSe ...) with well passivated surfaces show optical absorption and PL that 

change color when the crystallite size is varied.[4, 9, 10] In the case of nc-Si/SiO2

(and also porous Si), the situation is more complex because although the band 

gap increases with decreasing size as predicted by the theory, the spectral 

distribution of the PL remains unchanged as shown in Figure 23.2.
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As can be seen in Figure 23.1a, the spectral distribution of the "red" PL 

remains almost unchanged, although during the subsequent oxidation and 

annealing in FG the crystallite size of nc-Si decreases, typically from about 10 

to 1 nm.[14] Figure 23.1b shows, however, that with decreasing crystallite size 

the photon energy that is needed to excite this PL increases. This increase 

means that the band gap of the absorbing Si nanocrystals increases as shown in 

Figure 23.2a. This increase is in a very good agreement with the theoretical 

calculations of Delerue et al.[15] as well as with those of Delley and 

Steigmeier.[16] Obviously, the mechanism of the PL is complex and it has to 

involve the photogeneration of electron–hole pairs in the Si nanocrystals, 

energy transfer to some kind of radiation centers and the photon emission from 

there.
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Figure 23.2. (a): Dependence of the band gap of nc-Si determined from the 

onset of the PL excitation spectra (shown in (b)) in comparison with theoretical 

calculations [15, 16] and the position of the maximum of the "red" PL from nc-

Si/SiO2.

The strong decrease of the PL with decreasing average separation between 

the Si nanocrystals shown in Figure 23.1c is due to an increasing delocalization 

of the electronic eigenstates of the crystals when the wave functions overlap. 

This conclusion has also been substantiated by microwave absorption 

measurements [13] as illustrated in Figure 23.3. The PL is observed only when 

there is no measurable microwave absorption, i.e. when the Si nanocrystals are 

sufficiently separated. 
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Figure 23.3. A strong microwave absorption is seen in as-deposited nc-Si 

when the electrons can pass through the grain boundaries between different Si 

crystals. It sharply decreases after oxidation of the grain boundaries and 

concomitant increase of the separation between the nanocrystals, when the PL 

appears.[13]

23.4 The Mechanism of the PL from nc-Si/SiO2 Nanocomposites 

The increase of the measured normalized intensity of the "red" PL (see Figure 

23.4a) with decreasing crystallite size is in agreement with theoretical 

calculations of the transition rate for electron–hole recombination, which is 

similar to that of the electron–hole photogeneration due to the relaxation of the 

momentum conservation rule. The experimental observation that the decay 

time of the "red" PL remains unchanged (by analogy with the constancy of the 

decay time of the much faster PL from the silanol and W+ impurity radiative 

centers, see Figure 23.4b), being too fast for samples with crystallite sizes 

larger than about 5 nm and too slow for smaller crystallites (Figure 23.4a), 

lends strong support to the above suggested mechanism, which is shown 

schematically in Figure 23.5. 
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Figure 23.4. (a) Theoretical calculations of the electron–hole recombination 

rate and the measured intensity of the "red" PL (normalized throughout to the 

same volume fraction of silicon in the nc-Si/SiO2 sample) vs. crystallite size. 

(b) Decay time of the "red" PL (upper line) and of the PL from the silanol 

groups and W+-doped nc-Si/SiO2.
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Figure 23.5. Mechanism of photoluminescence from nc-Si/SiO2

nanocomposites: Left: pictorial illustration, right: energy levels involved in (1) 

the photogeneration of electron–hole pairs in the silicon nanocrystals, the band 

gap and transition probabilities of which increase with decreasing crystallite 

size, which is followed by an energy transfer to localized radiative centers, 

such as (2) a non-bridging oxygen hole center (NBOHC) in the SiO2 layer or 

(2´) a metallic impurity. 

Accordingly, the absorption of a photon with a sufficiently high energy, 

corresponding to the increasing band gap, results in the photogeneration of 

electron–hole pairs in the Si nanocrystals, in agreement with theoretical 
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calculations of the quantum confinement. This step is followed by a fast energy 

transfer to the radiative centers, either at the Si/SiO2 interface or within the 

SiO2 matrix. In the case of metal-doped samples, such as with Wn+, these sites 

provide a fast PL the intensity of which reaches a maximum when the doping 

level corresponds to approximately one Wn+ metallic ion per Si nanocrystal.[15]

A similar mechanism was also found for so-called "spark-processed" light-

emitting silicon.[16] Strongly supportive of this suggested mechanism is the 

absence of any polarization memory (Figure 23.6) for these PL's,[18, 19] whereas 

the PL from silanol ( Si-O-H), alanol (=Al-O-H) and other hydrated metal 

oxides shows a strong memory.[17, 18, 19] (When one and the same dipole 

absorbs and emits a photon, the polarization of such PL correlates with that of 

the incoming exciting light.[20 21] The polarization memory is ,however, lost 

when an energy transfer occurs from the absorbing center to the emitting one.) 
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Figure 23.6. Polarization memory of the PL from silanol ( Si-O-H) groups 

emitting around 2.7 eV (open circles) and its absence in the "red" PL from nc-

Si/SiO2 (filled circles) emitting around 1.5 eV and Wn+-doped nc-Si/SiO2 (open 

diamonds) emitting at about 2.7 eV. 

23.5 The Nature of the Emitting Centers

Because a variety of PL can be observed from various defects in SiO2 as well 

as from metallic and organic impurities, detailed ESR studies have been carried 

out in order to elucidate the possible nature of the radiative centers that are 
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responsible for the "red" PL from ultra-pure processed nc-Si/SiO2. As a result, 

the non-bridging oxygen hole centers (NBOHC) were identified as those 

involved in the above described energy transfer and light emission. Figure 23.7 

shows the correlation between the intensity of the PL and that of the ESR 

signal corresponding to the NBOHC.[22]
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Figure 23.7. Correlation between the density of NBOHC radiative centers and 

the intensity of the "red" PL from ultra-pure processed nc-Si/SiO2

nanocomposites. The PL was measured under identical conditions and 

normalized to the same amount of the material. 

23.6 Origin of the Observed Small Changes of the PL Spectral 

Distribution

Occasionally, researchers have reported small changes of the PL from nc-Si 

passivated with an oxide layer and have discussed whether it could be 

attributed to phonon confinement phenomena. Figure 23.8a shows two 

examples reported by Schuppler et al.[23] and by Takagi et al.[24] These shifts 

are, however, much smaller than the corresponding change of the band gap (see 

Figure 23.2a and 23.8a) as well as the blue shift of the very efficient PL from 

organosilicon chains and ladders.[28] For the latter, the blue shift is observed 

when the chain or ladder length becomes comparable with the size of the 

exciton (or smaller), which extends over about 20 Si atoms. 

Figures 23.8b and 23.8c show the changes of the spectral distribution and 

the corresponding shifts of the position of the maximum of the "red" PL from 
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nc-Si/a-SiO2 nanocomposites prepared by ultra-pure processing. Because in the 

course of the oxidation the crystallite size decreases whereas the PL shows a 

red shift, it is unambiguously clear that such minor changes as reported by 

Schuppler et al. and Tagaki et al. (Figure 23.8a) and as shown in Figures 23.8b 

and 23.8c cannot be attributed to quantum confinement. They are associated 

with small changes of the energy position of the (broadly distributed) NBOHC, 

as also observed by ESR.[23]
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Figure 23.8. (a) Blue shift of the PL from nc-Si passivated with SiO2 as 

reported by Schuppler et al.[26] and Tagaki et al.,[27] for organosilicon chains 

and ladders [28] and theoretical calculations [15, 16] of the change of the band gap; 

(b) changes of the spectral distribution of the "red" PL upon post-treatment 

(oxidation and FG annealing); (c) the corresponding shift of the position of the 

PL maximum. 

The experimental results presented here clearly show that the "red" PL from 

nc-Si/SiO2 nanocomposites prepared by ultra-pure processing originates from 

the non-bridging oxygen hole centers in the passivating SiO2 matrix. The 
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overall mechanism involves a photogeneration of electron–hole pairs within the 

silicon nanocrystals. Both the band gap and the transition rate increase with 

decreasing crystallite size, in very good agreement with the theoretical 

predictions. However, the recombination does not result in PL from the 

nanocrystals (which would have to show a similar energy dependence as found 

for the band gap of the nc-Si and for the PL of direct-gap semiconductor 

nanocrystals). Instead, an energy transfer to NBOHC radiative centers within 

the passivating SiO2 matrix leads to the observed "red" PL with a nearly 

constant decay time and spectral distribution. The small variation of the PL 

spectral distribution can readily be attributed to small changes of the energies 

of the NBOHC sites. A variety of impurities, such as OH groups, metallic ions, 

and organic compounds, can be identified as the source of various PL reported 

in the literature and frequently attributed to quantum confinement phenomena. 

23.7 Photodegradation of the PL from nc-Si 

As already mentioned, electroluminescing devices based on nc-Si or PS-Si 

would have only a short lifetime. The relatively slow PL decay strongly limits 

the area of possible applications. Moreover, even nc-Si/SiO2 nanocomposites 

show a photodegradation of the PL, as shown in Figure 23.9.
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Figure 23.9. Photodegradation of the photoluminescence intensity from nc-

Si/SiO2 nanocomposites upon prolonged illumination with the excitation 

radiation for both the "red" PL and the fast PL from Wn+-doped nc-Si/SiO2

nanocomposites. The photodegraded sample can be recovered by annealing in 

forming gas (FG) as described above, but this is not of any use for applications 

in devices. 
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These facts make the possible application of nanocrystalline silicon in 

optoelectronic devices unlikely. Also, the majority of organopolysilane 

compounds do not represent suitable candidates because the transition involved 

in the PL (e.g. Figure 23.8a) involves the * (HOMO  LUMO) 

transition which would also result in an irreversible photodegradation due to 

photolysis.

Possible and promising candidates that should not suffer from such 

problems are substituted silsesquioxanes Rn(SiO1.5)n because the observed 

intense PL from these compounds is due to the transition between the non-

bonding states at oxygens and the LUMO states of the ligands. Silsesquioxanes 

do not show photodegradation, even when illuminated with a light from a 

strong mercury lamp for a period of several hours. Detailed studies of the 

absorption and PL spectra, together with a mechanism of the PL from 

silsesquioxanes of the type R8(SiO1-5)8, have been published in our recent 

papers.[25, 26]

23.8 Conclusions 

The mechanism of the photoluminescence from nc-Si/SiO2 nanocomposites 

includes a quantum confinement controlled photogeneration of electron–hole 

pairs within the silicon nanocrystals, followed by an energy transfer to non-

bridging oxygen hole centers within the passivating SiO2 matrix. The relatively 

inefficient and slow PL from such radiative centers is of little interest. A 

variety of other PL that have been reported in the literature and attributed to 

radiative recombination within the Si nanocrystals are most probably due to 

impurities. Several examples are shown to illustrate that extreme care has to be 

taken in order to avoid such artefacts. 

 The PL from substituted silsesquioxanes is efficient, fast and, because it is 

due to excitation from non-bonding states at the oxygen, does not show 

photodegradation, unlike that from the majority of polysilanes. This 

phenomenon makes them interesting for possible applications. 
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Part III 

Si-O Systems: From Molecular Building Blocks to Extended 
Networks

Networks based on Si-O-Si linkages are ubiquitous. All naturally occurring 
silicon-containing compounds (crystalline and amorphous silica, silicates, silica 
in biological systems) and many man-made materials (silicones, sol-gel 
materials) are constructed from tetrahedral units, with silicon as the central 
atom. The structural and compositional variety of such compounds originates 
from two facts. First, the average number of corners a tetrahedral unit shares 
with neighboring units, i.e. the average number of Si-O-Si bonds per silicon 
atom, can vary from two (as in silicones) to four (as in silica). The average 
degree of crosslinking is of key importance for the network structure and thus 
the macroscopic properties. The terminal groups, i.e. the groups not 
participating in the network formation (OH, O-, OR, Cl, R, etc.), modify the 
properties of the siloxane network. Second, as the silicon-based tetrahedra only 
share corners, the structures resulting from the connected tetrahedra have many 
degrees of freedom and can adopt a variety of geometries. 

Extended siloxane structures are in almost all cases formed by the stepwise 
condensation of silanols. The possibility of following the growth of siloxane 
structures from molecular units via oligomeric species to two- or three-
dimensional extended systems is unprecedented in chemistry. This allows, inter 
alia, study of the influence of the precursor composition and the synthesis 
parameters on the structures and the properties of the extended systems. 

Following this rationale, the first chapters of this Section deal with 
molecular precursors with Si-O bonds. The five- and six-coordinate compounds 
described in Chapter 24 by R. Tacke et al. give an outlook on what is possible 
beyond the “normal” four-coordinate silicon-oxygen compounds. It has been 
speculated that such higher-coordinate complexes may play a role in silicon 
biochemistry. The stability of silanols and hence the reactivity of Si-OH groups 
is a key issue in studying the formation of Si-O-Si bonds, and much can be 
learned from “stabilized” silanols (Chapters 25 and 26). U. Klingebiel et al. 
employ bulky organic substituents to prepare functionalized silanols, such as 
halo- or amino-substituted silanols, and use these compounds for the stepwise 
formation of linear or cyclic oligomers with Si-O-Si bonds. In the contribution 
of W. Malisch et al., silanols stable with respect to condensation reactions are 
obtained by bonding the silicon atom to a transition metal. The electron–
releasing effect of the metal complex fragment reduces the acidity of the Si-OH 
proton and thus allows the isolation of transition metal substituted silanols, -
diols, and -triols. 

Silicon Chemistry.     Edited by Peter Jutzi and Ulrich Schubert
Copyright © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3527-30647-3
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An important nexus between molecular compounds with Si-O bonds to 
three-dimensional silicate or siloxane networks are cage compounds. Such 
compounds can be constructed from silicon-based tetrahedral units alone, as in 
the silsequioxanes or sphero–silicates, or in combination with polyhedral units 
of other elements. Chapters 27 and 28 describe the use of silanols to assemble 
heteroatomic cage compounds. M. Veith et al. discuss the synthesis of the 
prototypical (Ph4Si2O5)4Al4(OH)4 from diphenylsilanediol and tBuOAlH2,
while P. Jutzi et al. deal with the synthesis of polyhedral titanasiloxanes from 
silanetriols and titanium alkoxides. An important aspect of both contributions is 
how the initially obtained cage structures can be modified post-synthesis, a 
very important aspect with regard to the general question as to how extended 
oxide structures develop from small oligomeric units (nuclei). 

Another strategy for synthesizing heteroatom-substituted silicate cages is to 
introduce the heteroatom after pre-assembly of the silicate fragment. Examples 
of this approach are given in the contribution of F. Edelmann (Chapter 29), 
which describes the preparation of various metallasilsesquioxanes by reacting 
incompletely condensed silsesquioxanes with metal salts. 

The experimental finding that silsesquioxane units are isolators and do not 
allow considerable through-space and/or through-bond interactions across the 
cage is treated theoretically in Chapter 30 by W. W. Schoeller. It is shown that 
spin-delocalization is interrupted by the electronegative oxygen atoms linking 
the silicon centers. 

While many methods are available for the characterization of both 
molecular and solid-state compounds, the reliable identification and 
characterization of oligomeric compounds is still a challenge to analytical 
chemistry. The contribution by R.-P. Krüger and G. Schulz (Chapter 31) gives 
an introduction to MALDI-TOF mass spectrometry and illustrates the great 
potential of this promising method with the characterization of several types of 
oligomeric and polymeric silicon-containing polymers. 

There are two technically important methods by which extended Si/O 
systems can be formed from molecular precursors. The first is by reaction of 
chlorosilanes with oxygen at high temperatures, while the second is by 
hydrolysis and condensation reactions of chloro- or alkoxysilanes. Chapters 32 
and 33 deal with the structural evolution of siloxane structures in such reactions 
from an experimental and theoretical viewpoint. M. Binnewies et al. compare 
the stepwise formation of Si-O networks from SiCl4 for both the combustion 
and hydrolysis reactions. The stability and reactivity of intermediate 
chlorosiloxanes is an important issue in this work. Both the initial process in 
the reaction of SiCl4 with O2 and the growth of larger siloxane cages are 
investigated theoretically in the contribution of K. Jug. 

The final four contributions in this Section deal with polymeric Si-O 
compounds. G. Kickelbick et al. (Chapter 34) discuss the formation and phase 
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behavior of amphiphilic copolymers with defined siloxane blocks. It is shown 
that short–chain poly(dimethylsiloxane)-poly(ethylene oxide) diblock 
copolymers preferentially form lamellar phases. The topic of Chapters 35 and 
36 is mesostructured silica materials with an ordered porosity. Such materials 
are prepared by templating with supramolecular assemblies of amphiphiles. N. 
Hüsing et al. give an overview on the synthesis of mesostructured films and 
describe different approaches for the functionalization of the walls of the 
mesopores. P. Behrens et al. describe the modification of mesostructured 
powders by either post-synthesis grafting of functional groups onto the pore 
walls or by co-condensation of differently substituted silanes during the 
formation of the network structures. The ultimate goal of any effort to 
synthesize hierarchically ordered structures is to reach the sophistication of 
natural structures. The final Chapter of this Section– the contribution of C. C. 
Perry (Chapter 37) on how Nature builds up complex siliceous structures – may 
therefore serve as a motivation for further efforts in this area and as a guide for 
where to go. 

Peter Jutzi, Ulrich Schubert 



24 Higher-Coordinate Silicon Compounds with SiO5 and SiO6

Skeletons

Reinhold Tacke, Oliver Seiler
*

24.1 Introduction 

The chemistry of silicon-oxygen compounds with SiO4 skeletons has been 

studied in great depth. In contrast, compounds with SiO5 and SiO6 frameworks 

are significantly less well explored. This article is an account of contributions 

to the chemistry of molecular silicon compounds with SiO5 and SiO6 skeletons. 

Studies dealing with higher-coordinate silicon in crystalline silicon dioxide[1]

and silicate phases[2,3] as well as in silicate glasses[4] will not be discussed. 

24.2 Pentacoordinate Silicon Compounds with SiO5 Skeletons 

24.2.1 Anionic Species with SiO5 Skeletons 

The anion [Si(OH)5]
– can be regarded as the parent system for anionic silicon 

species with SiO5 skeletons. Unlike [SiF5]
–, the [Si(OH)5]

– anion has not yet 

been isolated and characterized. Recently, we succeeded in synthesizing some 

compounds that formally derive from [Si(OH)5]
– and its anhydride 
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[(HO)4Si–O–Si(OH)4]
2–, the 5Si-hydroxosilicates 1

[5] and 2
[5] as well as the 

5Si, 5Si´- -oxo-disilicates 3
[5] and 4

[6] (synthesis of 2 and 3: Scheme 24.1). 

The related compound 5 was also prepared.[6] 

The racemic compounds 1, 2·THF (isolated as a conglomerate), 3·2CH3CN,

and 5 as well as meso-4 were crystallographically characterized. The Si coordi-

nation polyhedra of all the complexes are distorted trigonal bipyramids, with 

the carboxylate oxygen atoms of the two bidentate ligands in the axial 

positions. This is illustrated for the anions of 2·THF and 3·2CH3CN in Figure 

24.1.
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Scheme 24.1. Synthesis of compounds 2, 3, and 16.

Figure 24.1. Structures of the anions in the crystals of -2·THF (left, Si-O(ax) 

1.798(3), Si-O(eq) 1.650(3)–1.660(2) Å) and 3·2CH3CN (right, Si-O(ax) 

1.805(2)–1.836(2), Si-O(eq) 1.615(1)–1.659(1) Å). 
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Distorted trigonal-bipyramidal Si coordination polyhedra have also been 

reported for the related 5Si-silicates 6,[7]
7,[8]

8,[9]
10,[8]

11,[10]
12,[10]

13,[11] and 

14,[12] with the monodentate ligands in equatorial positions. In contrast, the Si-

coordination polyhedron of 9·MeOH[8] is best described as a distorted square 

pyramid, the four basal positions being occupied by the two bidentate ligands. 
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24.2.2 Neutral Species with SiO5 Skeletons 

In 1970, the synthesis of zwitterionic (neutral) 5Si-silicates with SiO5

skeletons, such as 15, has been claimed, based only on elemental analyses.[13] A 

few years ago, the existence of such compounds was established unequivocally. 

In the course of our systematic studies on zwitterionic 5Si-silicates,[14] we 

succeeded in synthesizing 16,[15]
17,[15] and 18·DMF[16] (synthesis of 16:

Scheme 24.1) and characterized their structures by single-crystal X-ray 

diffraction.

Si

O O

OO

O

15

(CH2)3 N H

H

H

O O

O

Si

OO

O

(CH2)n N

Me

H

Me

O

R
R

R
R

Me

Me

Ph

16

17

18

R n

2

3

2

P

O O

Si

O O

O P

N

N

O O

Si

O O

O N

19 20



24 Higher-Coordinate Silicon Compounds with SiO
5
 and SiO

6
 Skeletons: Syntheses ...          327

The Si coordination polyhedra of 16 (Figure 24.2), 17, and 18·DMF are 

distorted trigonal bipyramids, with the carboxylate oxygen atoms of the two 

bidentate ligands in the axial positions. A distorted trigonal-bipyramidal 

environment was also observed for the silicon atom of 19, whereas the Si 

coordination polyhedron of 20·CH2Cl2 is a square pyramid.[17] 

24.3 Hexacoordinate Silicon Compounds with SiO6 Skeletons 

24.3.1 Anionic Species with SiO6 Skeletons 

The dianion [Si(OH)6]
2– can be regarded as the parent system for dianionic 

silicon species with SiO6 skeletons. Unlike [SiF6]
2–, the [Si(OH)6]

2– dianion has 

not yet been isolated and characterized. However, the synthesis of the first 

derivative, the tris[benzene-1,2-diolato(2–)]silicate dianion, was reported as 

long ago as 1920. This silicon(IV) complex was obtained as the pyridinium salt 

21,[18] the identity of which was unequivocally established five decades later by 

single-crystal X-ray diffraction.[19] In the meantime, many derivatives of 21,

with different cations and/or substituted benzene-1,2-diolato(2–) ligands, were 

synthesized, and various aspects of their chemistry were studied (selected 

publications: refs.[20–32]. With the syntheses and crystal structure analyses of 

22·2CH3CN (Scheme 24.2, Figure 24.3) and 23, we have also contributed to 

this chemistry.[33] The Si coordination polyhedra of 21, 22·2CH3CN, 23, and

other tris[benzene-1,2-diolato(2–)]silicates[22,29,32] are distorted octahedra. 
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Figure 24.2. Structure of 16 in the

crystal (Si-O(ax) 1.773(2) and 1.798(2),

Si-O(eq) 1.643(2)–1.659(2) Å).
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In contrast to the well-established chemistry of the tris[benzene-1,2-

diolato(2–)]silicate dianion (including derivatives with substituted ligands), the 

chemistry of the related tris[ethane-1,2-diolato(2–)]silicate dianion is signifi-

cantly less well explored. To the best of our knowledge, 

24·3.25HOCH2CH2OH (obtained by reaction of BaO and SiO2 with an excess 

of ethane-1,2-diol) is the only example that has been structurally 

characterized.[34]

Scheme 24.2. Synthesis of compounds 22, 28, 30, 33, and 35.

The tris[oxalato(2–)]silicate dianion represents another 6Si-silicate species 

with three symmetric bidentate ligands. The first example of this type of 

silicon(IV) complex, compound 25 (obtained by treatment of SiCl4 with 
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[NEt4]Br and silver oxalate (molar ratio 1:2:3)), was first described in 1969,[35]

and ca. 25 years later the crystal structures of the derivatives 26 and 27 were 
reported.[36] In the meantime, various tris[oxalato(2–)]silicates with different 
cations were described.[36–40] As shown by crystal structure analyses, the Si 
coordination polyhedra of 26,[36]

27,[36]
28

[40] (synthesis: Scheme 24.2; 
structure: Figure 24.3), and 29

[40] are distorted octahedra. 

Figure 24.3. Structures of the dianions in the crystals of 22·2CH3CN (left, Si-O 
1.774(1)–1.798(1) Å) and 28 (right, Si-O 1.767(1)–1.788(1) Å). 

Recently, we succeeded in developing syntheses of dianionic 6Si-silicates
with SiO6 skeletons containing three unsymmetric bidentate ligands. These 
ligands derive from (i) aceto- or benzohydroximic acid,[41] (ii) -
hydroxycarboxylic acids (such as glycolic acid and benzilic acid),[42] or (iii) ß-
hydroxycarboxylic acids of the salicylic acid type.[43] In the case of such 
unsymmetric bidentate ligands, special stereochemical features have to be 
considered, i.e. fac/mer-isomerism and / -enantiomerism.
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Compounds 30–32 represent tris[hydroximato(2–)]silicate complexes.[41]

They were prepared by using the same preparative approach (synthesis of 30:
Scheme 24.2) and isolated as the fac- (30, 31·MeOH) or mer-isomer
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(32·2MeOH). As shown by crystal structure analyses, the Si coordination 

polyhedra of these compounds are distorted octahedra. 
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Compounds 33 and 34 are silicon(IV) complexes with three bidentate 

ligands derived from -hydroxycarboxylic acids. They were synthesized 

according to Schemes 24.2 or 24.3 and were isolated as mer-33 and fac-

34·1/2C4H8O2 (C4H8O2 = 1,4-dioxane).[42] 

  SiCl4

3

–  4 NaClOHHO

O
Ph

Ph   2 NEt3  4 NaH

–  4 H2

34

Scheme 24.3. Synthesis of compound 34.

Compounds 35–37 are silicon(IV) complexes of the tris[salicylato(2–)]–

silicate type.[43] They were prepared by using the same synthetic approach 

(synthesis of 35: Scheme 24.2) and isolated as the mer-isomers (37 was 

obtained as mer-37·2THF). In contrast to all the other aforementioned hexa-

coordinate silicon(IV) complexes with three five-membered chelate rings, 

compounds 35–37 contain three six-membered chelate rings. 

Recently, we succeeded in synthesizing the first silicon(IV) complex with 

two tridentate citrato(3–) ligands, compound 38 (Scheme 24.4, Figure 24.4).[44]

As shown by single-crystal X-ray diffraction, the two tridentate ligands are 

each coordinated to the silicon atom through two carboxylato oxygen atoms 

and one alcoholato oxygen atom, forming two bicyclic moieties each with a 

five-, six-, and seven-membered ring. The Si coordination polyhedron is a 

distorted octahedron. 
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As demonstrated by crystal structure analyses, the Si coordination 
polyhedra of 33–38 are distorted octahedra, the Si-O(carboxylato) distances 
being significantly longer than the Si-O(alcoholato) distances. 
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Scheme 24.4. Synthesis of compound 38.

24.3.2 Cationic Species with SiO6 Skeletons 

To the best of our knowledge, cationic pentacoordinate silicon(IV) complexes 
with SiO5 skeletons have not yet been described, whereas the chemistry of 
cationic hexacoordinate silicon(IV) species with SiO6 skeletons is well 
established.

In 1964, the syntheses of the cationic tris[1-oxopyridin-2-olato(1–)]-
silicon(IV) complexes 39–41 were claimed,[45] based on elemental analyses and 
ESCA data for 39.[46] Very recently, we succeeded in synthesizing and char-
acterizing the related complexes 42–44 (synthesis of 42: Scheme 24.5).[47]

Compound 42·C5H5NO2 (C5H5NO2 = 1-hydroxy-2-pyridone or 2-hydroxy-
pyridine N-oxide) was structurally characterized by single-crystal X-ray 
diffraction;[47] the Si coordination polyhedron was found to be a distorted octa-
hedron.

In 1964, the first cationic tris[tropolonato(1–)]silicon(IV) complexes, 45

and 46, were described (synthesis of 45: Scheme 24.5).[48] However, their 
identity was established only by elemental analyses. In the meantime, further 
reports on cationic tris[tropolonato(1–)]silicon(IV) complexes (including 
derivatives with substituted ligands) have been published.[49–54] Very recently, 

Figure 24.4. Structure of the
dianion in the crystal of 38 (Si-O1
1.716(1), Si-O2 1.815(1), Si-O3
1.800(1), Si-O4 1.733(1), Si-O5
1.795(1), Si-O6 1.812(1) Å).
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the crystal structure of 47 was reported.[54] The Si coordination polyhedron of 

its cation is a distorted octahedron. 
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The syntheses of the first cationic tris[ß-diketonato(1–)]silicon(IV) 

complexes, such as 48–54, were described as long ago as 1903 (synthesis of 

48: Scheme 24.5).[55,56] Their identities were established by elemental analyses. 

Eight decades later, the crystal structure of 55 was reported.[57] In the 

meantime, further reports on cationic complexes of this type were published 

(selected publications: refs.[58–65]), including the crystal structure analyses of 

mer-56
[64] and 57·CH2Cl2.

[65] The Si coordination polyhedra of 55, mer-56, and 

57·CH2Cl2 are distorted octahedra. 

42Si

OMe

OMe

MeO OMe

–   4 MeOH

N O

OH

3    F3CSO3H

Si

Cl

Cl

Cl Cl

–   3 HCl

3

48

HO

O

–   2 HCl

3
OO

45

Scheme 24.5. Synthesis of compounds 42, 45, and 48.
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24.3.3 Neutral Species with SiO6 Skeletons 

In contrast to the well-established chemistry of anionic and cationic hexacoor-
dinate silicon(IV) complexes with SiO6 skeletons, neutral hexacoordinate 
silicon(IV) species with SiO6 frameworks are significantly less well explored. 
Compounds 58,[66–68]

59,[69] and 60
[70] are examples of this type of compound. 

O
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OAc

OAc
Si

O
O

O
O

Si
O

O

O

O

OMe

OMe
Si

O
O

O

O

58 59 60

Ph O
O

Si

Ph
O

O

O

O

Ph

Ph

O

Ph

Ph

61

None of these complexes was characterized by crystal structure analysis. Very 
recently, we succeeded in synthesizing 61 (Scheme 24.6) and established its 
structure by single-crystal X-ray diffraction.[71] The Si coordination polyhedron 
of 61 is a distorted octahedron (Figure 24.5). 

Si

OMe

OMe

MeO OMe

   2

–   4 MeOH

HO OH

O
Ph

Ph

Ph Ph

OO

61

Scheme 24.6. Synthesis of compound 61.

Figure 24.5. Structure of 61 in the crystal (Si-O 
1.693(1)–1.821(1) Å).
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24.4 Concluding Remarks 

As is evident from sections 24.2 and 24.3, significant progress in the chemistry 

of molecular higher-coordinate silicon compounds (including anionic, cationic, 

and neutral species) with SiO5 and SiO6 skeletons has been made in recent 

years. Since the first reports on the syntheses of compounds with SiO5

frameworks (1970; neutral species[13]) and SiO6 skeletons (1903; cationic 

species[55,56]), a variety of anionic, cationic (only with SiO6 frameworks), and 

neutral species of this type have been synthesized and structurally 

characterized. It should be mentioned that there is also increasing knowledge 

about their chemical reactivity and stereodynamics in solution (for further 

details, see the cited literature). The chemistry of higher-coordinate silicon 

species with SiO5 and SiO6 skeletons in aqueous solution is currently of special 

interest: it has been speculated that such higher-coordinate silicon(IV) 

complexes with ligands derived from organic hydroxy compounds (such as 

pyrocatechol derivatives, hydroxycarboxylic acids, and carbohydrates) may 

play a role in silicon biochemistry, controlling the transport of silicon, its 

concentration as a soluble silicon pool, and its deposition as silica (in this 

context, see ref.[44] and literature cited therein). 
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25 Functionalized Silanols and Silanolates 

Susanne Kliem, Clemens Reiche, Uwe Klingebiel
*

25.1 Introduction 

The hydrolysis of chlorosilanes R2SiCl2 (R = alkyl, aryl) is a well known 

reaction for preparing silanols and silanediols.[1,2] With small alkyl groups the 

silanols and silanediols are unstable and condense spontaneously under 

formation of acyclic and cyclic siloxanes. Bulky organyl groups stabilize 

silanediols in such a manner that they do not condense, even under the 

influence of mineral acids or on heating in an autoclave.[3] Analogous reaction 

behavior is found for other H-acidic silicon compounds such as aminosilanes, 

R3SiNH2 and R2Si(NH2)2,
[3,4] or silylphosphanes, R3SiPH2, and R2Si(PH2)2.

[5]
.

This is in contrast to carbon chemistry, where compounds with two H-acidic 

groups bonded to the same carbon atom are unstable.

25.2 Halosilanols, Aminosilanols, Silanediols, and Siloxanediols

Bulky substituted difluorosilanes such as tBu2SiF2 react with KOH in a 1:1 

molar ratio to give stable fluorosilanols.[1,2,6] Chloro- and bromosilanols result 

from the reaction of silanediols with halides such as PHal5.
[2,7] In contrast to the 

fluorosilanol, the bromo- and chlorosilanols form aminosilanols upon reaction 

with NH3 (Eq. 1).[2,8]

Si

OH

NH2

Si

OH

OH

+ +

-

-

-

PHal5

POHal3
HHal

2 NH3

NH4Hal
Si

OH

Hal
Hal = Cl, Br

     (1) 

Di-tert-butylsilanediol and di-tert-butylaminosilanol crystallize in ladder-

like chains via H-bridges.[2,9] The structure of the aminosilanol is a good 

example of a case where, in a compound with two basic atoms, the less 

electronegative element, here the nitrogen, forms stronger H-bridges (Figure 

25.1). [10]
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Figure 25.1. Crystal structure of tBu2Si(OH)NH2 (N····HO = 285 pm, O····HN = 

336 pm). 

While trisiloxanediols like R2Si[OSitBu2(OH)]2 (R = Me, iPr) are dimers in 

the solid state,[2,11] the isoelectronic 1-amino-5-ol-trisiloxane is a monomer due 

to a hydrogen bridge between the lone pair of the nitrogen and the OH 

group.[2,11]
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Me2Si
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O
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SiMe2

O
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(CMe3)2 (CMe3)2
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(Me3C)2Si
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O
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O

Si(CMe3)2
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H H

Me2
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25.3 Alkali Metal Silanolates and Siloxanolates 

Alkali metal derivatives of stable functionalized silanols are very important for 

the stepwise formation of siloxane units of almost any size.[1,2] Detailed 

structural analyses are therefore important to understand the mechanism of 

their reactions. 

Most information about mono-metallated compounds is available for 

lithium derivatives.[2,12,13] They crystallize as cubanes or dimers. The sodium 

and the potassium derivatives of tBu2Si(OH)2 form hexagonal prisms instead. 

These structural elements are even stable in the gaseous state.[2,14]
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The stepwise synthesis of Si-O chains and rings is feasible from alkali metal 

silanolates and fluorosilanes. The first heptasiloxane was prepared in this way 

(Eq. 2).[11]  

Si O Si FHO

F Si O Si FF2Si+SiF OLi

Me2HC Si O Si O Si O Si O Si O Si O Si CHMe2

CHMe2

F

CMe3

CMe3

Me

Me

CMe3

CMe3

Me

Me

CMe3

CMe3

CHMe2

F

-

LiF

+ KOH

-

KF

+ n-C4H9Li

- n-C4H10

   (2) 

The alkali metal siloxanolates crystallize in different structures from polar 

or nonpolar solvents.[2,12,15] A dimer (Li-O four-membered ring) is formed in 

THF, and a trimer (Li-O six-membered ring) in n-hexane.

THF: n-hexane:

(THF)
2

O
Si

O
Li

F

Si

3

O

Li

Si O Si

F

The hard Lewis acid Li+ coordinates the hard Lewis base F–. The sodium 

analogue reveals a surprisingly similar structure with three-coordinate sodium 

atoms.[15] The trimers might appear to be predisposed for forming four-

membered Si-O-rings by intramolecular salt- (LiF or NaF) elimination. 

However, both the lithium and sodium salts are stable, even when melted, 

distilled or sublimed. 
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25.4 Six- and Eight-Membered Si-O Ring Systems 

A simple way of synthesizing cyclotrisiloxanes is thermal LiF elimination from 

lithiated fluorosilanols (Eq. 3, for example).[2,6]

Si
OLiMe

3
C

Me
3
C F

3
> 300 °C

- 3 LiF
(Me3C)2Si O[ ]3

                         (3) 

A better control of the reaction products is achieved by starting the synthesis 

from dilithiated disiloxanediols. Cyclotrisiloxanes are formed upon reaction 

with halides such as tBuSiF3 (Eq. 4).[2] Six-membered ring systems containing 

heteroatoms are also accessible by this method. 
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A third way of synthesizing six-membered rings is by intramolecular salt 

elimination from metallated halogen-substituted trisiloxanols. Lithium 1,1,5,5-

tetra-tert-butyl-1-fluoro-5-hydroxy-3,3-dimethyl-trisiloxane is stable in n-

hexane. Only by weakening the Li-O contact by using a donor solvent such as 

THF, can the elimination of LiF with concomitant formation of a six-

membered ring be achieved (Eq. 5).[15] 
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1,5-dihydroxy-1,3,5-trisiloxanes crystallize as dimers via O H bridges.[11]

Thermal H2O elimination from such siloxanes represents a fourth method of 

synthesizing six-membered Si-O rings (Eq. 6). 

> 100° C
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     (6)

Cyclotetrasiloxanes are obtained in the reaction of dilithiated silanediols 

with di-, tri-, or tetrahalosilanes (Eq. 7).[2,10] Coupling reactions of the fluoro-

functionalized rings with other silanols are possible. 
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+ SiF4

+ 2 n-C4H9Li

Si

Me3C

Me3C

OH

OH

Si
OO

Si Si

O O
Si

CMe3

CMe3

F

F F
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   (7) 

Another route for the preparation of cyclotetrasiloxanes is thermal LiF 

elimination from the lithium salts of 1-hydroxy-3-fluorodisiloxanes (Eq. 8):[10]

O Si
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2

    (8)

The most successful way of preparation of heteroatomic eight-membered 

rings utilizes bifunctional trisiloxanes as precursors. By reacting a dilithiated 

trisiloxanediol with dihalo-functional compounds, a variety of eight-membered 

ring systems can be obtained (Eq. 9).[2]
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Si
R

R

O

O
Si

Si

OLi

OLi
+ M

Hal

Hal
Si

O

O

Si

Si
O

O
M

R

R- 2 LiHal

M = SiMe2, SiF2, BF, AlCl, GeCl2, AsF, TiCl2, PF    (9) 

25.5 Sodium and Potassium Aminosilanolates 

In contrast to the lithium aminosilanolate, which forms an Li-O cubane 

structure in the solid state, the sodium- and potassium aminosilanolates form 

hexameric prisms (Eq. 10, Figure 25.2).[10]  

(Me3C)2Si(OH)NH2 + M (Me3C)2Si
OM

NH2- ½ H2
  (10) 

Figure 25.2. Crystal structure of tBu2Si(NH2)ONa (Si-O = 159.7(3), Si-N 

176.4(4), Na(1)-O(1) 241.6(3), Na(1)-O(2) 229.0(3), Na(1)-N(1) 249.5(4), 

Na(2)-N(2) 252.9(4) pm).

The metal atoms are coordinated by three oxygen atoms and the nitrogen 

atom of the NH2 group. The nitrogen thus brackets the Si-O-Na skeleton to 

form a planar four-membered ring of a monomeric unit.
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25.6 From Aminosiloxanes to Six-Membered (SiO)2SiN-Rings

1,5-Diamino-1,3,5-trisiloxanes are prepared by the reaction of the alkalimetal 

aminosilanolates with halosilanes.[2,10] NH3 elimination leads to the formation 

of six-membered or spirocyclic (SiO)2SiN-rings (Eq. 11 and Figure 25.3).[10]

Si

R

R

O

O

Si

Si

NH2

NH2

Me3C CMe3

Me3C CMe3

Si

Me3C

Me3C

O

O

Si

Si
NH

Me3C CMe3

Me3C CMe3

Si
O

O

Si

Si

NH

Me3C CMe3

Me3C CMe3

O

O

Si

Si

HN

Me3C CMe3

Me3C CMe3

R = CMe3

- NH3

R = OSi(CMe3)2NH2

- 2 NH3

        (11) 

Figure 25.3. Crystal structure of [HN(tBu2SiO)2]2Si: (Si(1)-O(3) = 166.9(3),

Si(3)-O(3) = 169.6(4), Si(3)-N(1) = 166.2(3) pm).

25.7 Four- and Eight-Membered Aza-oxa-cyclosiloxanes 

The lithium derivatives of aminosiloxanes are usually isolated as 1,3-disilazan-

1-olates (type A), i.e. a 1,3-(O-N) silyl group migration has occurred. This 
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rearrangement can be prevented by bulky substituents, such that 1-lithium-

amido-1,3-disiloxanes (type B) are formed.[10]

(Me3C)2Si

N

O

HR2Si

F

Li

(type A)
(type B)

(Me3C)2Si

N

O SiR2

H Li

F

Eight-membered (SiOSiN)2 rings are obtained in salt elimination reactions 

from halofunctional compounds of type A.[2,16–18] The eight-membered rings are 

often planar and invariably have large ring angles at the oxygen atoms (Si-O-Si 

= 178–180°) and smaller angles at the nitrogen atoms (Si-N-Si = 145–150°). 

Starting from di-tert-butyl-aminosiloxanols, eight-membered ring systems with 

one, two, and three NH groups are also available (Eq. 12).[2,19]

+ Hal2Si

- 2 HHal2 HHal-

Hal2Si+
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Si

Si

O

Si(CMe3)2

R R´

O
HH H
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O

N

Si

Si

O

N

Si(CMe3)2

R R´

(Me3C)2Si O

NH2

Si

R

R´

O Si(CMe3)2

OH

(Me3C)2Si O

NH2

Si

R´

O Si(CMe3)2

NH2

          (12) 

Bulky substituents lead to the formation of small-ring compounds. For 

example, LiF elimination from 1-lithium-amido-3-fluoro-1,3-disiloxanes leads 

to four-membered (SiNSiO)-ring systems (Eq. 13).

Me3C Si

CMe3

NH2

O SiF2R

R = 2 4 6 (CMe3)3C6H2

+

-

-

n-C4H9Li

n-C4H10

LiF Si
Me3C

Me3C

O

N
Si

F

Me3C

CMe3

CMe3

H
    (13) 

The atoms N, Si, O, and Si of this 1-aza-3-oxa-2,4-disilacyclobutane form a 

planar four-membered ring. The Si-O-Si (93.42(10)°) and Si-N-Si angles 

R = 2,4,6-(CMe3)3C6H2
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(94.03(10)°) are slightly opened, which is accompanied by a contraction of the 

angles at the other ring atoms [N-Si-O = 87.15(9)°, 85.4(10)°]. The Si-O 

(167.2(2), 170.2(2) pm) bond distances are lengthened. The Si-N bonds 

(166.6(2), 169.1(2) pm) are short, even shorter than the Si-O bonds. The 

lithium salt of the four-membered ring crystallizes from n-hexane as a dimer 

(Figure 25.4). The four-membered (Li-N)2 ring is folded by 10.7°. The dihedral 

angle between the Si-O-Si-N rings and the central (LiN)2 ring is 86° and that 

between the two Si-O-Si-N rings 5.8°. The tert-butyl groups, and therefore the 

aryl group and the fluorine atom, are in cis positions. The Si-O distances are 

shorter than the Si-N distances. The ring angles at Si(1) (92.6(3)°) and Si(2) 

(90.9(3)°) are now larger than 90°, and the angles at O(1) (89.7(2)°) and N(1) 

(86.5(3)°) smaller than 90°. This puts the Si(1) and Si(2) atoms in closer con-

tact to each other; the Si…Si nonbonding distance across the ring is only 237.2 

pm. The transannular O…N distance is 245.1 pm.[20]

Figure 25.4. Crystal structure of [RSiFONLiSi(CMe3)2]2, R = 2.4.6-

C6H2(CMe3)3

The lithium atom of these four-membered rings can be replaced by other 

groups, for example SiMe3 (Eq. 14).[20]

Si

Me3C

Me3C

O

N

Si

R

F
Li

+

+ Me3SiCl

LiCl

Me3SiOSO2CF3

LiOSO2CF3-

-

Si

Me3C

Me3C

O

N

Si

R

F

SiMe3

R = 2.4.6-(CMe3)3C6H2    (14) R = 2,4,6-(CMe3)3C6H2
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The (OSiNSi) four-membered ring in the silyl derivative is planar with ring 

angles at the Si atoms smaller than 90° and angles at the N and O atoms larger 

than 90°. The transannular Si…Si distance is 244.5 pm. 
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26.1 Introduction 

Due to their important role as intermediates in the technical synthesis of 

silicones, organosilanols of the general type R4–nSi(OH)n (R = alkyl, aryl; n = 

1–3) have been the subject of extensive studies concerning intermolecular 

condensation to give siloxanes.[1] This tendency rises with temperature and the 

number of OH groups, as well as with decreasing steric demand of the organic 

substituents. Therefore, the isolation especially of silanediols or silanetriols has 

been achieved preferentially with bulky organic ligands and by using special 

reaction conditions.[2]

In the context of our studies on the reactivity of functionalized silicon 

transition metal complexes,[3] we have established a new type of silanol with a 

transition metal fragment directly bonded to silicon. These metallo-silanols of 

the general type LmM–SiR3–n(OH)n (n = 1–3) are characterized by a remarkably 

high stability towards self-condensation due to the electron-releasing effect of 

the metal fragment reducing dramatically the acidity of the Si-OH proton. This 

property allows the isolation of a number of transition metal substituted 

silanols,[4] including examples with stereogenic metal and silicon atoms [5] and 

even of metallo-silanediols [6] and -triols.[7]

26.2 Metallo-silanols

26.2.1 Preparative Procedures 

Two routes proved to be most efficient for the generation of metallo-silanols: 

the hydrolysis of metallo-chlorosilanes in the presence of an auxiliary base and 
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the reaction of metallo-hydridosilanes with the oxygen transfer agent dimethyl-

dioxirane (Eq. 1).[8]

+ n H2O, + n Et3N

- n [Et3NH]Cl

O O
+

O

-

n

n

LnM = C5R'5(OC)2Fe/Ru  (R' = H, Me)

          Cp(OC)(Ph3P)Fe

          C5R'5(OC)2(Me3P)Mo/W  (R' = H, Me)

x = 1-3 R = Me, Ph, o-Tol

LnM Si(R)3-xClx LnM Si(R)3-xHx
LnM Si(R)3-x(OH)x

(1)

Electrophilic oxygen insertion is especially productive for metallo-silanes 

with electron-rich Si-H bonds provided by metal fragments of high donor 

capacity. This is the case for phosphane-substituted metal fragments such as 

Cp(OC)(RPh2P)Fe [R = Ph, N(H)C*(Me)(Ph)H]. Even the diastereomerically 

pure ferrio-silanol Cp(OC)(Ph3P)Fe–Si(Me)(Ph)OH [5] and the enantiomerically 

pure ferrio-silanediol Cp(OC)[H(Me)(Ph)C*N(Me)Ph2P]Fe–Si(Ph)(OH)2
[9]

were isolated. The hydrolysis of the analogous metallo-chlorosilanes fails for 

these systems due to insufficient electrophilicity of silicon. In an extension of 

the oxygenation procedure, a catalytic method was developed using 

urea/hydrogen peroxide adduct in the presence of MeReO3.
[10] For example, 

C5Me5(OC)2(Me3P)W-Si(OH)3 was obtained in better yields from 

C5Me5(OC)2(Me3P)W–SiH3 by this method than by using dimethyldioxirane.[11]

Other procedures involve the selective, hydrolytic cleavage of the Co-Si 

unit in heterodinuclear complexes of the type (OC)4Co–SiR2–Fe(CO)2Cp

obtained from Cp(OC)2Fe–SiR2H and Co2(CO)8. For R = Me, the H/OH 

exchange at silicon can even be performed with catalytic amounts of 

Co2(CO)8.
[12]

26.2.2 Condensation Reactions to Metallo-siloxanes and -heterosiloxanes 

The metallo-silanols with an M-Si bond are characterized by a high stability 

towards self-condensation. For example, the phosphane-substituted ferrio-

silanetriol Cp(OC)(Ph3P)Fe–Si(OH)3 is recovered unchanged after heating to 

60 °C for 5 d in THF. In the case of Cp(OC)2Fe–SiMe2OH, a ß-hydrogen 

elimination of the Si-OH proton is observed, leading to the formation of the 

metal hydride complex Cp(OC)2Fe–H and, formally, dimethyl silanone 

“Me2Si=O”, which is converted into hexamethylcyclotrisiloxane.

However, the facile isolation of metallo-silanols allows controlled conden-

sation reactions with organochlorosilanes in the presence of an auxiliary base 

leading to transition metal substituted oligosiloxanes which can be considered 

as model compounds for silica-immobilized catalytic systems (Eq. 2a). 
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Especially those metallo-siloxanes bearing an Si-H function at the  silicon 

have a high synthetic potential, since oxidative addition to electronically 

unsaturated metal centers gives easy access to Si-O-Si bridged binuclear metal 

complexes, as illustrated in Eq. 2b.[13]

+ Et3N

- [Et3NH]Cl

+ R2Si(H)Cl,

OH

Me

Fe Si

OC
OC

Me

OSiR2H

Me

Fe Si
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h

- CO
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Si O

O
R2

Me2
Si
R2

Si
Me2

Fe
H

OC

1

1/2

2        a        b   

R    Me    p-Tol

3        a        b   

R    Me    p-Tol

b)a)

(2)

The ferrio-silanols Cp(OC)2Fe–Si(Me)(R')OH (R' = Me, Ph), although 

characterized by a lowered acidity compared to organosilanols, react with tri-

alkylalanes, -gallanes, and -indanes to yield the transition metal fragment sub-

stituted heterosiloxanes 4a–d under elimination of alkane. Molecular weight 

determination of 4a,b shows the presence of dimers in solution, deriving from 

an intermolecular interaction of the Lewis acidic group 13 element and the 

Lewis basic oxygen atom of the Si-O unit. In the case of the derivatives 4c,d

with stereogenic silicon atoms, the aggregation to dimers can easily be deter-

mined by NMR spectroscopy due to the formation of diastereomers. In 

addition, the dimeric structure of 4a,b,d in the solid state is confirmed by X-ray 

structure analyses.[14] These results clearly indicate that an increased O-E -

interaction (E = In, Ga), induced by the Cp(OC)2Fe fragment at the silicon, is 

not sufficient to suppress dimerization. 
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5

The reactions of the ferrio-silanediol Cp(OC)2Fe–Si(Me)(OH)2 with 

trimethylgallane and -indane, respectively, result in the formation of the 

heterosiloxanols 4e,f. Only one OH function of the ferrio-silanediol is trans-

formed, irrespective of the amount of trimethylgallane or -indane used. The 
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same is found for the reaction of the ferrio-silanetriol Cp(OC)2Fe–Si(OH)3

with trimethylgallane. In n-hexane at room temperature, 

Cp(OC)2Fe–Si(OH)2–OGaMe2 is initially formed. However, in the presence of 

two equivalents of THF at 65 °C, the drum-shaped heterosiloxane 5 with iron-

substituted silicon atoms is produced.[15] In this reaction, THF acts as a donor to 

stabilize the formed intermediates and to guarantee a controlled 

condensation.[16] 

26.3 Bis(metallo)silanols and -siloxanes

The “transition metal effect”, operative for most of the metallo-silanols, can be 

doubled by attaching two transition metal fragments to the same silicon atom. 

These bis(metallo)silanols are characterized by a very high stability towards 

self-condensation which even provides rare examples of Si-H and Si-Cl 

functionalized silanols R2Si(X)OH (X = H, Cl). These are accessible from the 

same starting compound [Cp(OC)2Fe]2Si(H)Cl (6) by making use of the two 

complementary synthetic routes, hydrolysis and oxygenation. Et3N-assisted

hydrolysis of 6 yields the corresponding SiH-functional bis(ferrio)silanol 7a,

while the bis(metallo)chlorosilanol 7b can be prepared by treating 6 with 

dimethyldioxirane.[17] However, in spite of the two iron substituents, 7b rapidly 

decomposes at room temperature.

The bis(metallo)chlorosilanol 7b is especially interesting with regard to the 

generation of stable silanones,[18] which could be derived from 7b by 

intramolecular HCl elimination. 

In analogy to the synthesis of 7b, the bis(ferrio)silanediol 8 is obtained in 

good yield from [Cp(OC)2Fe]2SiH2
[19] under standard conditions in acetone at 

–78 oC. The oxofunctionalization of an Si-H bond using dimethyldioxirane also 

proved to be successful for the synthesis of the first hetero-bismetalated silanol 

[Cp(OC)2Fe][Cp(OC)2(Me3P)W]Si(Me)OH.[17]

Fe

Si
Fe

OH X

COOC COCO

8

Fe

Si
Fe

OH OH

COOC COCO

 9      a          b

 X      H     OSiMe2H

Fe

Si
Fe

X OSiMe2H

COOC COCO

 7       a      b

 X      H     Cl

Despite their greatly reduced reactivity with respect to self-condensation, 

the Si(OH) units in the stable bis(metallo)silanols 7a and 8 can be used to carry 
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out the typical condensation reactions of silanols with chlorodimethylsilane to 

yield the bis(metallo)siloxanes 9a,b, which are useful for further modifications 

involving the Si-H function. 

26.4 The Transition Metal Effect: Regiospecific Hydroxylation 

Metallodisilanes LnM-SiX2–SiX3 (X = H, Cl) represent interesting model com-

pounds for the study of the “transition metal effect”, because these species 

contain both a transition metal substituted- as well as a metal-free Si-X unit in 

the same molecule. Et3N-assisted hydrolysis of the ferrio-pentachlorodisilane 

Cp(OC)2Fe–Si2Cl5 yields exclusively the ferriodichloro-trihydroxy-disilane 10,

demonstrating the reduced susceptibility to nucleophilic attack at the silicon in 

the -position to the transition metal atom.[20]

On the other hand, the oxygenation of C5R5(OC)2Fe–Si2H5 (R = H, Me) 

with dimethyldioxirane results in the formation of the ferrio-dihydroxydisilanes 

11a,b, which reveals the strong activation of the -SiH2 unit towards 

electrophilic oxygenation.[20]

These regiospecific hydroxylation reactions allow access to new types of Si-

H and Si-Cl functional metallo-disilanols by simple reaction steps due to the 

influence of the transition metal fragment. 

An analogous regiospecific hydroxylation with dimethyldioxirane results in 

the formation of the bis(ferrio)disiloxanol 12 from 

[Cp(OC)2Fe]2Si(H)OSiMe2H (9a). As in the case of 11a,b, the exclusive 

formation of 12 shows that electrophilic attack of dimethyldioxirane at the 

metal-activated -Si-H bond of 9a is strongly favored.[17]
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COOC COCO
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26.5 Metallo-silanols with the Silicon and Transition Metal 

Separated by a Spacer Group 

It is not possible to obtain metal fragment substituted polysiloxanes by 

controlled self-condensation reactions with an M-Si bond due to their great 
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condensation stability, a consequence of the direct influence of the transition 

metal fragment on the silanol unit. Therefore, it seemed reasonable to decrease 

this stabilizing effect by separation of the metal and the silanol group. In this 

context, we have used in a first approach a methylene group or a 5-

cyclopentadienyl unit as suitable spacer groups. We envisage access to poly-

nuclear metal fragment substituted oligo- and polysiloxanes from these 

systems.

26.5.1 Ferriomethyl- and Tungstenmethyl-diorganosilanols 

The ferriomethyl-silanols 13a–c are produced by Et3N-assisted hydrolysis of 

C5R5(OC)2Fe–CH2–Si(Me)(R')Cl (R = H, Me; R' = Me; R = H, R' = Ph) in 

good to moderate yields.[21] The dioxirane route is also applied for 13a

by oxygenation of the Si-H functional ferriomethyl-silane 

Cp(OC)2Fe–CH2–SiMe2H.[22] However, in this case the oxygenation method is 

inferior to the hydrolysis as it results in lower yields of the silanol 13a.

13    a     b      c   

-o    H    H     Me

 R   Me  Ph    Me

Fe
OC

OC OH

Me

Si

R

14      a       b

L      CO   Me3P

R      Ph    Me

Fe

Si OH

Me
Me

R3P

L

In contrast to ferrio-silanols with a direct metal-silicon bond, a modification 

of the ligand sphere around the metal center of the ferriomethyl-silanol 13a is 

possible without decomposition. Photo induced CO/PR3 (R = Me, Ph) 

exchange leads to the mono- and bis-phosphane-substituted ferriomethyl-

silanols 14a,b, which can be isolated in moderate yields. In addition, 14a,b can 

be synthesized by Et3N-assisted hydrolysis of the corresponding ferriomethyl-

chlorosilanes.[23]

X-ray structure analyses of 13a–c reveal the formation of hydrogen-bonded 

superstructures leading to OH….O-bridged tetramers in the case of 13a,b, which 

are stacked on top of each other to build up a tube-like arrangement with 

additional weak CH….OC interactions between a Cp and a CO ligand of 

neighboring molecules (Figure 26.1, left). These tubes can be considered as 

hydrophilic channels inside a lipophilic structure composed of the remaining 

ferriomethyl fragments. In the case of 13c, an infinite linear chain cover is 
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produced, the result of a disordered Si-OH proton which guarantees the linkage 
of the molecules into two directions by OH….O bridges (Figure 26.1, right).[21]

Si1
O3

H1

H1

H1

H1

O1

O1

O1

O1
H1'

H1'

H1'

H1'

Figure 26.1. Left: Tube-like arrangement of tetrameric units of 13a; O….O 2.74 
Å. Right: Chain structure of 13c; O….O 2.77 Å.

The methods used for the preparation of ferriomethyl-diorganosilanols can 
be extended to the analogous tungsten derivatives Cp(OC)2(R3P)W–CH2–
SiMe2OH (R=Me, Ph).[24]

26.5.2 Ferriomethyl-disiloxanes and -heterosiloxanes 

The ferriomethyl-silanol Cp(OC)2Fe–CH2–SiMe2OH (13a), which can be con-
sidered as a derivative of trimethylsilanol with a methyl hydrogen substituted 
by the Cp(OC)2Fe fragment, exhibits an enhanced tendency towards self-con-
densation compared to the analogous Fe-Si complex. Thus, 13a undergoes slow 
self-condensation at room temperature leading to the 1,3-(bisferriomethyl)-
disiloxane 15a. C5R5(OC)2Fe–CH2–Si(Me)(R')OH [R = H, R' = Ph (13b); R = 
R' = Me (13c)] are stable with respect to this process due to steric (13b) or 
electronic (13c) factors. 

The disiloxane 15a can also be obtained by the reaction of the silanol 13a

with Cp(OC)2Fe–CH2–SiMe2Cl in the presence of Et3N. The disiloxanes 15b,c

with only one iron fragment are analogously available using the organochloro-
silanes Me(R)Si(H)Cl (R = Me, p-Tol).

The Si-OH function of ferriomethyl-diorganosilanols is also suitable for 
condensation reactions with group 4 metal chlorides, as proved for 
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Cp(OC)2Fe–CH2–SiMe2OH (13a). The Et3N-assisted reaction of 13a with 

titanocene or zirconocene dichloride offers an easy access to the bismetalated 

heterosiloxanes 16a,b. Further condensation of 16b with 13a to give the 

trinuclear species 16c proceeds almost quantitatively.[25]

Fe
OC

OC O

Me
Me

Si

15               a                  b          c

 R               Me              Me p-Tol

 R'    CH2Fe(CO)2Cp      H   H

Si R'

Me
R

16        a         b                    c

M         Ti        Zr                  Zr

X         Cl       Cl      OSiMe2CH2Fe(CO)2Cp

Me Me

Si

OC CO

Fe

X

M

O

26.5.3 Ferriomethyl-silanediols and -silanetriols 

The synthesis of the silanediol 17a and silanetriol 18 can be accomplished 

either by the oxygenation or the hydrolysis method starting from Cp(OC)2Fe–

CH2–Si(R)H2 (R = Me, H) [26] or the chlorofunctional ferriomethyl-silanes 

Cp(OC)2Fe–CH2–Si(R)Cl2 (R = Me, Cl).[27] Additional access to 18 is provided 

by the hydrolysis of Cp(OC)2Fe–CH2–Si(OMe)3 with an excess of water in the 

presence of acetic acid. 

Both the silanediol 17a and the silanetriol 18 can be isolated in pure form 

and can be stored for several weeks at –20 °C without significant change. 

However, at room temperature, the reactivity of 17a and 18 in solution is 

significantly enhanced giving rise to the formation of complex product 

mixtures, presumably due to self-condensation. A greater stability towards self-

condensation is observed for the phosphane-substituted ferriomethyl-silanediol 

17b, which can be obtained by Et3N-assisted hydrolysis of the corresponding 

ferriomethyl-dichlorosilane.

Fe
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L

17       a       b

L       CO    PPh3

OH

  Me
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OH
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OC OH

  HO

Si

HO

18
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OC

L Si(Me)3-n(OSiMe2H)n

19    a        b       c

L CO   PPh3   CO

n       2       2       3
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The condensation reactions of 17a,b and 18 with dimethylchlorosilane in 

the presence of triethylamine proceed in a controlled manner yielding the 

ferriomethyl-tri- and -tetrasiloxanes 19a–c, respectively, in good yields as 

orange-brown to dark brown oils.[26]

26.5.4 Photochemical Reactions of Ferriomethyl-siloxanes 

The Si-H functions of the ferriomethyl-siloxanes 19a–c offer the possibility for 

further functionalization reactions. For example, photochemical treatment 

induces elimination of CO and subsequent reaction steps leading to rearrange-

ment of the siloxane backbone. In the case of the ferriomethyl-tri- and -tetra-

siloxanes 19a,c, UV irradiation in benzene results in the formation of the six-

membered cyclo(ferra)trisiloxanes 20a,b (Scheme 26.1).[27]

20a, which bears two methyl groups at the -silicon atom, is isolated as a 

single compound, whereas 20b is obtained as mixture of two isomers in a ratio 

of ca. 60:40, originating from the relative orientation of the substituents at the 

iron atom and the  silicon atom. 
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R
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20    a         b
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Scheme 26.1. Rearrangement of 19a,c to 20a,b induced by UV irradiation. 

Mechanistically, the reaction shown in Scheme 26.1 involves an initial CO 

elimination from 19a,c upon UV irradiation leading to the 16-electron species 

A, which is stabilized by an intramolecular oxidative addition reaction of one 

of the terminal Si-H units to the iron center. The resulting five-membered ring 

B is transformed via a reductive elimination of the iron-bound hydrogen and 
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methylene unit into C, giving rise to the formation of a new Si-Me group. 

Finally, C is again stabilized by an oxidative addition reaction of the remaining 

Si-H function to the iron center, leading to the formation of 20a,b.

26.5.5 Metallo-silanols with 
5
-C5H5 Spacer Units 

The synthesis of this special type of metallo-silanol starts most efficiently with 

an appropriate silyl metal complex, such as Cp(OC)2Fe–SiMe2R (R = H, OMe). 

An anionic shift of the silyl group from the iron to the cyclopentadienyl unit 

can be induced with lithium diisopropylamide, leading to the metallates 21a,b.

Methylation with methyl iodide produces the neutral methyl iron complexes 

(C5H4SiMe2R)(OC)2Fe–Me (R = H, OMe), which can be converted either, for 

R = H, by the Co2(CO)8 method, or, for R = OMe, by hydrolysis in the 

presence of acetic acid, into the corresponding silanol 22.

Fe

C C
O O

SiMe2R

Li
+

-

Fe

OC
Me

SiMe2OH

OC

21    a      b

R H   OMe

22

Silanols with the silicon directly linked to the cyclopentadienyl group are 

stable towards self-condensation at room temperature. However, if the silanol 

unit is attached to C5H4 via a propylidene chain, self-condensation to the 

corresponding siloxanes is observed. 

26.6 Conclusions 

The chemistry of metallo-silanols is strongly influenced by the electron-

releasing transition metal fragment, which is especially demonstrated in the 

decreased tendency for self-condensation. This property has been used to 

synthesize a number of transition metal substituted silanols and to study their 

structural features as well as their reactivity, especially the controlled conden-

sation with organochlorosilanes leading to transition metal fragment-

substituted oligosiloxanes. The transition metal effect is impressively 

manifested in some regiospecific hydroxylation reactions of metallo-disilanes 

and bis(metallo)disiloxanes having metal-bound as well as “metal-free” Si-X 

functions (X = H, Cl). Extension of these studies to derivatives with a 

methylene spacer group between metal fragment and silanol unit demonstrates 
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the weakening of the transition metal effect, expressed by the increased 

tendency for self-condensation of the ferriomethyl-silanols Cp(OC)2Fe–CH2–

Si(Me)3–n(OH)n (n = 1–3). 
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27 Rational Syntheses of Cyclosiloxanes and Molecular Alumo- 

and Gallosiloxanes 

Michael Veith, Andreas Rammo
*

27.1 Selective and Stepwise Synthesis of Cyclosiloxanes with Mixed 

and "Inorganic" Substituents 

Cyclic siloxanes with organic substituents on the silicon atoms have often been 

described in the literature,[1] whereas reports about Si-O ring systems with 

halogen, sulfur or nitrogen as ligands at the silicon atoms are rare.[2–4]

Cyclosiloxanes with only amino substituents were unknown until recently. 

Moreover, cyclosiloxanes with halogen substituents are not only difficult to 

prepare but are only obtained in moderate yields.[1,5]

We have examined in more detail new and modified syntheses of cyclotri- 

and cyclotetrasiloxanes with inorganic substituents using two novel general 

procedures.[6–9]

The first route (useful for the synthesis of a variety of amino-substituted 

cyclotrisiloxanes) proceeds in a stepwise fashion. [6] The initial reaction is the 

controlled hydrolysis of diaminodichlorosilanes in the presence of the HCl 

scavenger triethylamine to furnish diaminochlorosilanols. The diaminochloro-

silanol is then transformed into the silanolate by treatment with nBuLi in n-

hexane (Eq. 1). Both intermediates, the chlorosilanol as well as the lithium sila-

nolate, are remarkably stable and can be isolated by sublimation without de-

composition (neither HCl elimination nor LiCl abstraction is observed). 

(1)

The silanol and the lithium derivative in Eq. 1 are crystalline and form 

tetramers in the solid state, as determined by X-ray structure determinations. 

Whereas O-H-O bridges between the silanol groups are responsible for the 

agglomeration to four molecules,[6, 8, 10–12] the mutual interactions of the Li-O 
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(2)

units in the lithium salt lead to an Li4O4 cube as the central structural 

polyhedron.[6, 8, 13–15]

Although the lithium silanolate can be recrystallized from hot toluene 

without LiCl elimination, a change to the polar solvent THF allows the 

selective formation of six-membered siloxane rings under LiCl elimination (Eq. 

2).

The preparative potential of the second route is even more versatile. In this 

method, the auxiliary reagent hexaorganodistannoxane is used as the oxygen 

source for the Si-O-Si cycles. The starting material in this procedure is a 

dichlorosilane with additional organic or “inorganic” substituents R, which can 

be transformed into a di(stannoxo)silane by the use of this reagent.[16] Depend-

ing on the steric demand of the substituents at the silicon atom, a substitution of 

only one chlorine atom by an R'3SnO group is sometimes observed at room 

temperature; the reaction solution then has to be heated to complete the double 

substitution.[7, 8]

The intermediate R2Si(OSnR3)2 is a key product in the procedure, as either 

six- or eight-membered rings can be obtained depending on the reaction part-

ners. Six-membered Si3O3 rings can be synthesized by treating R2Si(OSnR3)2

with 1,3-dihalogenodisiloxanes,[7, 8] eight-membered rings by the reaction of 

R2Si(OSnR3)2 with dichlorosilanes in an equimolar ratio (Eq. 3).[9] Condensat-

ions to the Si3O3 or Si4O4 rings occur even at room temperature in diethyl ether 

solution, with concomitant cleavage of triorganotin chloride. A selection of 

new rings obtained from these routes is shown in Scheme 27.1. 
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Scheme 27.1. Selected six- and eight-membered cyclosiloxanes with different 

substituents on silicon. 

The cyclosiloxanes substituted by amino groups or halides may be used for 

further reactions. In some cases, we were able to selectively cleave the Si-N-

bonds with a solution of HCl in THF without destroying the Si4O4 ring frame-

work (Eq. 4). Compounds such as cyclo-(Cl2SiO)2(Me2SiO)2 (Eq. 4) may of 

course be used for further modification reactions or may serve as starting com-

pounds for silicon polymers. 
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27.2 Molecular Alumo-Siloxanes 

The formal systematic replacement of SiO2 units in quartz or other polymorphs 

of silicon dioxide by AlO(OH) or M+AlO2
– (M = monovalent metal) is well 

known to lead either to sheet silicates or to tectosilicates, the zeolites being the 

most remarkable representatives.[17–19] All these solid-state compounds have as 

a common feature interstitial holes, which are occupied by easily extractable 

cations, or have three-dimensional frameworks which can be modified and 

used for many applications (ion exchange, catalysts, specific coordination sites, 
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molecular sieves, etc.). Along these lines, it seems interesting to ask whether 

modifications of silicone chains or polyhedral silsesquioxanes can also be made 

by replacing some of the silicon atoms by aluminum [20–26] or gallium.[27,28]

These modifications should influence the structures and may induce properties 

similar to those of the above mentioned solid-state compounds. 

We used the reaction of diphenylsilanediol, Ph2Si(OH)2, with tert-

butoxyalane, tBuOAlH2, to form alumosiloxanes.[29] As can be seen from Eq. 5, 

the reaction between these two molecules seems to proceed by initial conden-

sation of Ph2Si(OH)2 to (HO)SiPh2–O–SiPh2(OH) and subsequent reaction with 
tBuOAlH2, whereby all substituents on aluminum are eliminated as H2 or tert-

butanol.

    (5) 

The polycyclic compound of the general formula (Ph2SiO)8[Al(O)OH]4 is 

obtained in up to 75% yield and can be easily purified by crystallization. The 

structure of this compound has been confirmed by an X-ray structure determi-

nation of its diethyl ether adduct.[29] The molecule has five eight-membered 

cycles, which are mutually connected at the aluminum atoms: the center of the 

molecule thus consists of a pure Al4(OH)4 ring, to which four O-SiPh2-O-

SiPh2-O chains are fused. As the aluminum atoms are in an AlO4 environment, 

the Si2O4Al2 rings are either directed up or down with respect to the central 

Al4(OH)4 ring. The whole molecule has almost S4-symmetry, which means 

that the Al4O4 ring does not have a crown conformation but rather a conforma-

tion similar to S4N4. The four hydroxy groups are alternately pointing in 

opposite directions. Phenyl groups are located on the outer sphere of the 

molecule, wrapping up the interior inorganic skeleton. 
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From a simple ball-and-stick model of (Ph2SiO)8[Al(O)OH]4 (Figure 27.1), 

it becomes clear that chemical access to the inner skeleton of the molecule is 

hindered by the steric crowding of the phenyl groups.[8] We have established 

discrete different reactivities depending on the nature of the reactant, as 

explained in the following sections. 

Figure 27.1. Ball and stick model (left) and polyhedra representation around 

Al (cross hatching) and Si (simple hatching) (right) for (Ph2SiO)8[Al(O)OH]4.

27.2.1 Reactions of (Ph2SiO)8[Al(O)OH]4 with Organic Nitrogen and 

Oxygen Bases 

Organic nitrogen and oxygen bases such as triethylamine, diethyl ether, or 

pyridine have different steric demands, the shielding of the basic atom being 

most effective in triethylamine. While (Ph2SiO)8[Al(O)OH]4 forms a 1:2 adduct 

with NEt3, it is 1:3 for OEt2 and 1:4 for pyridine; all adducts have hydrogen 

bridges between the OH groups of the Al4(OH)4 cycle and the corresponding 

nitrogen and oxygen atoms of the bases.[29,30] Although NEt3 is the most

powerful base in this series (which can also be seen from an effective attraction 

of the acidic hydrogen of the OH group to nitrogen, almost forming a HNEt3
+

ion), it can only bind to two of the OH groups because of the steric 

requirement, the two other OH groups being shielded by the conformational 

change in the polycycle and the cut-off through the phenyl groups. The 

situation is less dramatic for diethyl ether, as this base can coordinate three OH 

groups of (Ph2SiO)8 [Al(O)OH]4, and even less for pyridine, which coordinates 

all four OH groups. In the latter case, the flat pyridine molecules are almost 

“sandwiched” by the phenyl groups at the silicon atoms. The 



27 Rational Syntheses of Cyclosiloxanes and Molecular Alumo- and Gallosiloxanes          365

(Ph2SiO)8[Al(O)OH]4 polycycle thus functions as a size selective, hydrogen-

mediated base selector. 

27.2.2 Reactions of (Ph2SiO)8[Al(O)OH]4 with Ammonia and Water 

Apart from the acidic hydrogen atoms of the OH groups in 

(Ph2SiO)8[Al(O)OH]4, the aluminum atoms themselves may also act as Lewis 

acids. However, as yet we have not found any attack of organic bases on the 

aluminum atoms (probably because of the steric congestion around these 

atoms). This situation becomes different when the bases become smaller in 

size. Water and ammonia can easily access the aluminum atoms of 

(Ph2SiO)8[Al(O)OH]4 and, due to rearrangements within the Lewis acid/base 

adducts, dramatically change the composition and structure of the alumo-

siloxane. The reactions proceed differently depending on the molar ratios of 

reactants and the nature of the solvent. We were able to characterize 

NH4
+{[(Ph2Si)2O3]6[Al5O2(OH)3 Et2O][Al(NH3)2]}

– and (NH4
+)2 {[(Ph2Si)2O3]6

[Al8O4(OH)6] 2Et2O}2– as crystalline compounds using ammonia as the base, 

and [(Ph2Si)2O3]6[Al6(OH)3][Al(OH)6] 3Et2O using water. The structures of the 

two products from the ammonolysis reactions are shown in Figure 27.2. 
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Figure 27.2. Polyhedra around Si (simple hatching) and Al (cross hatching) in 

the anion {[(Ph2Si)2O3]6[Al5O2(OH)3 OEt2][Al(NH3)2]}
– (left) and in (NH4

+)2

{[(Ph2Si)2O3]6[Al8O4(OH)6] 2OEt2}
2– (right). The dashed lines represent the 

hydrogen bridges. 
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The most remarkable structural feature in the compound 

NH4
+{[(Ph2Si)2O3]6[Al5O2(OH)3 OEt2][Al(NH3)2]}

– is an octahedron around 

one of the aluminum atoms with two oxo, two hydroxo, and two NH3 ligands. 

Further, the octahedron is fused through a common edge with an AlO4 tetra-

hedron and through corners with the four other aluminum-centered tetrahedra. 

Altogether there are six polyhedra with aluminum in the center and twelve 

tetrahedra around the silicon atoms, maintaining the silicon/aluminum ratio at 

2:1 as in the starting compound (Ph2SiO)8[Al(O)OH]4. While the anionic part 

of the ion pair, {[(Ph2Si)2O3]6[Al5O2(OH)3 OEt2][Al(NH3)2]}
–, can easily be 

distinguished in the crystal, the ammonium cation appears to be distributed 

over several places (split positions).

As regards (NH4
+)2{[(Ph2Si)2O3]6[Al8O4(OH)6] 2OEt2}

2–, several differences 

are apparent compared to the other ammonolysis products: the Si/Al ratio has 

changed to 3:2, besides aluminum-centered tetrahedra AlO5 trigonal 

bipyramids are also present, and the ammonium cations are incorporated in the 

polycyclic Al-O-Si-O framework, occupying holes. This has some resemblance 

to ammonium aluminosilicates. In the middle of the centrosymmetric molecule, 

four aluminum-centered polyhedra are linked through common edges, while 

the remaining four AlO4 tetrahedra are attached through corners to the central 

ribbon. As in the other reaction products of (Ph2SiO)8[Al(O)OH]4, the central 

aluminum-oxygen framework is wrapped by the diphenylsiloxane units.

When (Ph2SiO)8[Al(O)OH]4 is allowed to react with limited amounts of 

water, the product that crystallizes from diethyl ether solutions is 

[(Ph2Si)2O3]6[Al6(OH)3][Al(OH)6] 3OEt2.
[31] The silicon/aluminum ratio is 

again altered (2:1.167), as is the O/(OH) ratio (from 3:1 to 2:1) compared to the 

starting compound. From the X-ray structure analysis it becomes clear that a 

central Al(OH)6 octahedron is linked to six AlO4 tetrahedra through hydroxo 

corners, which are connected in pairs through other hydroxo corners. The 

aluminum-centered polyhedra are again interconnected in the center of the 

molecule and are efficiently wrapped by peripheral diphenylsiloxane units. A 

sketch of the connected polyhedra in [(Ph2Si)2O3]6[Al6(OH)3][Al(OH)6] 3OEt2,
from which the phenyl groups have been omitted, is shown in Figure 27.3; it 

also illustrates the high point symmetry of D3 (32) in the crystal. 

27.2.3 Formation of "Molecular Alumosilicates" 

As the hydrogen atoms in (Ph2SiO)8[Al(O)OH]4 are quite acidic, an obvious 

step was to replace them by electropositive elements such as lithium, potassium 

or divalent tin and thus to create molecular alumosilicates. The reactions can 

easily be performed with reactants like butyllithium, phenyllithium, lithium 

amide, potassium tert-butoxide, tin di(tert-butoxide), bis(hexamethyldisilazyl)-
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tin, etc.[8,9,30] The molarity of the reactant with respect to (Ph2SiO)8[Al(O)OH]4,
as well as the reaction conditions, such as solvent and temperature, are crucial 

for obtaining reproducible products. A list of isolated and structurally 

characterized compounds is given in Table 27.1. 

Table 27.1. Selection of “molecular alumosilicates“ obtained by hydrogen–

substitution from (Ph2SiO)8[Al(O)OH]4
 [9] 

(a) Original inner skeleton maintained: 

(Ph2SiO)8(AlO2)4(Li Et2O)4

(Ph2SiO)8(AlO2)4(Li Et2O)2(Li NH3)(Li OEt2,NH3)

(Ph2SiO)8(AlO2)2 [AlO(OH)]2Sn

(Ph2SiO)8(AlO2)4Sn2

(b) Modified inner skeleton: 

(Ph2SiO)8[AlO1.5(OH)]4Li4 2 OEt2 *2 THF

(Ph2SiO)8[AlO(OH)]2[AlO1.5(OH)]4(Li OEt2)4

(Ph2SiO)8(AlO2)2(Li NH3)[Li(OH2)2(THF)]

(Ph2SiO)12(AlO2)2[AlO1.5(OH)]4Li4(Li THF)2

(Ph2SiO)12(AlO2)2[AlO1.5(OH)]4Li5[Li OEt2]

(Ph2SiO)12(AlO2)4[AlO(OH)]4K4 2 OEt2
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Two sorts of reaction products can be distinguished. In the first case (Table 

27.1a), the compounds are structurally very similar to the starting material 

(Ph2SiO)8[Al(O)OH]4, with the exception that the hydrogen atoms are replaced 

by metallic elements. In the second case (Table 27.1b), the skeleton is 

considerably modified, creating oxygen coordination holes which are occupied 

by the cations such as Li+ and K+. Of the structures assembled in Table 27.1, 

two are depicted in more detail (Figure 27.4). The structure of the inner 

Figure 27.3. Polyhedra around Si 

and Al in [(Ph2Si)2O3]6[Al6(OH)3]-

[Al(OH)6] 3Et2O. The phenyl groups 

have been omitted for clarity; the 

dashed lines show hydrogen bridges.
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skeleton of (Ph2SiO)8(AlO2)4Sn2 is shown on the left-hand side of Figure 27.4, 

illustrating the bridging ability of the two-valent tin atoms. In 

(Ph2SiO)8(AlO2)4Sn2, the metallic atoms form part of the polycyclic system and 

can be considered as covalently bonded. In 

Li5[Li OEt2](Ph2SiO)12(AlO2)2[AlO1.5(OH)]4 (Figure 27.4, right), the situation 

is different as the lithium cations either occupy holes in the crystal (one of 

them) or in the polycycles (the other five). 

Si

Al

O

Sn

Figure 27.4. Left: Si-O-Al-O-Sn skeleton in (Ph2SiO)8-(AlO2)4Sn2 with almost 

S4 symmetry. Right: Polyhedral representation of Li5(Ph2SiO)12(AlO2)2

[AlO1.5(OH)]4 with the lithium cations in the holes of the polycyclic structure. 

27.3 Molecular Gallo-Siloxanes 

We were surprised to find that the reaction of tert-butoxygallane with diphenyl-

silanediol, analogous to that of tert-butoxyalane (see Section 27.2), did not give 

the corresponding products. Instead, we found that (tBuO-GaH2)2 reacted with 

silanols such as (HO)Ph2Si–O–SiPh2(OH) and (HO)Ph2Si–O–SiPh2–O–

SiPh2(OH) to give different polycycles, mostly with only partial loss of the 

substituents at gallium.[32] To illustrate this peculiar behavior we have selected 

the reaction of (tBuO–GaH2)2 with (HO)Ph2Si–O–SiPh2–O–SiPh2(OH), which 

leads to the parallel formation of two distinct products: {[(O)Ph2Si–O–SiPh2–

O–SiPh2(O)]GaH}2 and {[(O)Ph2Si–O–SiPh2–O–SiPh2(O)]Ga–OtBu}2 (see Eq. 

6). In the first product, the gallium atom has retained one of the hydride 

ligands, whereas in the second the tert-butoxy group is retained. As the ratio of 

the products is almost 1:1, this demonstrates that the hydride and the alkoxy 

groups behave similarly towards siloxy groups, and that the reactivity of these 

groups at gallium is reduced in comparison to those at aluminum. 
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[tBuOGaH2]2 + 2 HOSiPh2-OSiPh2-OSiPh2OH

- 4H2 -2H2 / -2 tBu OH

(6)
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28 Synthesis, Structure, and Reactivity of Novel Oligomeric 

Titanasiloxanes

Peter Jutzi , Hans Martin Lindemann, Jörn-Oliver Nolte, Manuela 

Schneider

28.1 Introduction and Background 

Amorphous and crystalline Ti-containing silicas represent an important family 

of modern materials which find industrial application in many areas. 

Amorphous titania-silicas are used extensively as heterogeneous catalysts and 

as supports for a wide variety of reactions, especially as oxidation catalysts.[1]

In addition, they can be utilized as protective coatings, as antireflex coatings, 

and as glass materials with low thermal coefficients and high refractive 

indices.[1] The most widely used method for their preparation is sol-gel 

processing. Here, microdomain formation of anatase-like TiO2 due to the 

differences in the hydrolysis and condensation rates of Ti- and Si-alkoxides is 

an unwanted reaction and the major problem. Numerous different structures are 

feasible in the amorphous gels, depending on the reactivity of the precursors 

and on the reaction conditions, and a remarkable restructuring may occur in the 

subsequent aging, drying, and calcination steps.[2] Furthermore, only materials 

with a low TiO2 content can be obtained. At higher Ti contents, TiO2

crystallites tend to be formed as a separate phase. 

Micro- and mesoporous crystalline titanium silicas, such as Ti silicalite 

TS-1 and the Ti-containing MCM-41 zeolite, represent another important 

family of modern materials and find versatile application as catalysts for 

oxidation reactions and in absorption technologies.[3] These materials are 

prepared under hydrothermal conditions using tetraalkylammonium hydroxide, 

titanium tetraalkoxide, and tetraethyl orthosilicate as precursors. Only limited 

amounts of Ti can enter the SiO2 framework and the actual bonding situation at 

Ti is not yet fully understood. Several data suggest that Ti substitution for Si in 

the lattice positions retaining the tetrahedral coordination is important for 

catalysis.
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28.2 Strategy 

Our own work deals with the synthesis and chemistry of oligomeric 

titanasiloxanes. Such compounds are regarded as model systems for the first 

condensation steps in the sol-gel processing of TiO2-/SiO2 solids and as 

suitable subjects for the investigation of catalytic effects. They can be prepared 

following a known procedure[4] by condensation reactions of organosilanetriols 

with titanium tetraalkoxides. It was intended to investigate in more detail the 

structure directing influence of steric effects of the organic substituents at 

silicon and of the alkoxy substituents at titanium on the process of framework 

formation. Furthermore, it was intended to investigate whether the substituents 

at the titanium and silicon centers in the preformed polyhedral structures can be 

exchanged under preservation of the respective TiOSi core. The introduction of 

functionalized substituents would allow the preparation of novel 

inorganic/organic hybrid materials[5] in a controlled way with polyhedral 

titanasiloxane cores as molecular building blocks. Furthermore, it would be 

possible to synthesize novel dendrimers possessing titanasiloxane cores. A 

necessary prerequisite for these strategies is the leaving group character of the 

substituents at silicon and titanium; therefore, we have chosen different kinds 

of cyclopentadienyl substituents (CpR)[6] at silicon and alkoxy or acetyl-

acetonato groups at titanium in the condensation reactions. Finally, it was 

intended to investigate whether novel homogeneous Ti-O-Si materials can be 

prepared by condensation reactions between polyhedral titanasiloxanes under 

preservation of the respective core structures. Such reactions might occur by 

proton transfer from a TiOH group to the CpR substituent at silicon and by 

subsequent CpRH elimination under concomitant formation of a novel TiOSi 

bond. The formation of a TiOH unit by thermal alkene elimination from a 

TiOR group is documented in the literature.[7]

28.3 Synthesis and Structures of Polyhedral and Cyclic Titana-

siloxanes

Condensation reactions of CpRsilanetriols with titanium alkoxides have led to 

the formation of novel oligomeric titanasiloxanes. The chosen substituents at 

silicon (CpR) and at titanium (OR) are presented in Figure 28.1. 
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Me SiMe
3 SiMe

3

Cp* MeFl Me3SiFl Me3Si(tBu)2Fl

OEt OiPr OtBu AcAc

CpR:

OR:

Figure 28.1. Summary of substituents at silicon (CpR) and at titanium (OR). 

4  (Me3SiFl)Si(OH)3

+ 4  Ti(OiPr)4

rt

[(Me3SiFl)Si]4O12[TiOiPr]4 (3) + 12 iPrOH
THF, rt

hexane,-78°C

6 (Me3Si(tBu)2Fl)Si(OH)3

+10 Ti(OiPr)4 + 5 H2O
([(Me3Si(tBu)2Fl)Si]3O10[TiOiPr]4[ 2-OiPr]2[ 3-O]Ti)2O (7)

  + 28 iPrOH
hexane

rt

2  (MeFl)Si(OH)3

+ 6 Ti(OiPr)4

+ 4 H2O + 2 PhNH2

[(MeFl)Si]2O8[TiOiPr]6[ 2-OiPr]4[ 3- O]2[PhNH2]2 (5)

 + 16 iPrOH

rt

hexane

4  (Me3SiFl)Si(OH)3

+6 Ti(OiPr)4 + 2 H2O
[(Me3SiFl)Si]4O12[TiOiPr]6[ 2-OiPr]2[ 3- O]2 (4)

 + 16 iPrOH

rt

hexane

2  (Me3SiFl)Si(OH)3

+4 Ti(OEt)4

[(Me3SiFl)Si]2O5[TiOEt]4[ 2-OEt]6[ - O] (6)

 + 6 EtOH

rt

hexane

4  (Me3SiFl)Si(OH)3

+   4  Ti(OtBu)4

[(Me3SiFl)Si]4O12[TiOtBu]4 (1) + 12 tBuOH
rt

hexane

4  Cp*Si(OH)3

+   4  Ti(OtBu)4

[Cp*Si]4O12[TiOtBu]4 (2) + 12 tBuOH
hexane

2 (MeFl)Si(OH)3

+2 Ti(OiPr)2(acac)2

[(MeFl)Si(OiPr)]2O4[Ti(acac)2]2 (8)

  + 2 iPrOH
hexane

rt

Scheme 28.1. Synthesis of oligomeric titanasiloxanes. 
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Figure 28.2. Titanasiloxane frameworks:[8] for clarity, the organic substituents 

are represented only by their ipso-C atoms; the aniline molecules are 

represented by the N atoms only. 
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With a given substrate ratio of 1:1, the expected compounds with a cubic core 

structure [CpRSi]4O12[TiOR]4, possessing terminal CpR and OR and bridging 

Si- 2O-Ti units, were isolated in high yields only in a few cases. Quite often, a 

mixture of products was obtained, from which only the crystalline species, 

which were formed in rather low yield, could be unambiguously characterized. 

Interestingly, those compounds were obtained in nearly quantitative yield when 

the appropriate substrate ratio was used, including the presence of further 

substrates such as water or aniline. Furthermore, product formation has been 

shown to depend on the reaction temperature and even on the solvent. The 

equations with the appropriate stoichiometry of substrates for the synthesis of 

the oligomeric titanasiloxanes 1–8 are given in Scheme 28.1; in Figure 28.2, 

the different titanasiloxane frameworks I–VI are presented in the form of ball-

and-stick models. 

The more complex polyhedral structures II–V show, in addition to the 

structural features of the cubic compounds I, ( 3-O)Ti3, ( 4-O)Ti4, Ti( 2-

OR)Ti, and Si( 2-OR)Ti units. Silicon atoms are always four-coordinate, 

whereas titanium atoms are four-, five-, or six-coordinate. The presence of 

TiOTi units indicates competing TiOR or TiOH condensation reactions. 

Intermediate TiOH species are formed by hydrolysis of TiOR units; the 

necessary water molecules arise from SiOH condensation reactions or from the 

reaction of SiOH groups with liberated ROH molecules. Another high yield 

product from a 1:1 substrate ratio is the eight-membered ring system of type VI 

(Figure 28.2) containing six-coordinate titanium centers; the acetylacetonato 

substituents are not involved in exchange reactions and thus prevent the 

formation of a polyhedral structure. The condensation reactions performed with 

(Me3SiFl)Si(OH)3 and Ti(OiPr)4 demonstrate that the product formation also 

depends on the solvent and temperature (see Scheme 28.1). 

Further condensation reactions, which lead to oligomeric titanasiloxane 

species, are presented in Scheme 28.2. As already mentioned, the first 

compound with a cubic core structure (9) was prepared from the reaction by the 

aminosilanetriol [(2,6-iPr2H3C6)N(SiMe3)]Si(OH)3 with Ti(OEt)4.
[4] Reaction of 

the same aminosilanetriol with the titanium species (Cp*TiMe( 3-O))3 led to 

the formation of the titanasiloxane 10 possessing an adamantanoid core 

structure with three six-coordinate Ti centers.[4] Finally, the reaction of the 

silanetriol (MeFl)Si(OH)3 with Cp*TiMe3 afforded the cyclic 

oligotitanasiloxane 11 possessing one four- and four six-coordinate Ti centers. 

The structure of 10 and 11 are presented in Figure 28.3. 
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(MeFl)Si(OH)3 + Cp*TiMe3 [(MeFl)Si]4O10[Cp*Ti]4[TiO4] (11) + oligomers
-78°C

[(2,6-iPr2H3C6)N(SiMe3)]Si(OH)3

+ (Cp*TiMe( 3-O))3

rt
[(2,6-iPr2C6H3)N(SiMe3)Si]O3[Cp*TiO]3 (10)

+ 3 MeH

4 [(2,6-iPr2H3C6)N(SiMe3)]Si(OH)3

+ 4 Ti(OEt)4

rt
[(2,6-iPr2H3C6)N(SiMe3)Si]4O12[TiOEt]4 (9)

+ 12 EtOH

Scheme 28.2. Synthesis of further oligomeric titanasiloxanes. 

Figure 28.3. Titanasiloxane frameworks: for clarity, the peripheral carbon 

atoms of the substituents at silicon are omitted.

It is evident from the information given in this chapter that small changes in 

the steric demand of substituents at silicon and at titanium drastically influence 

the pathway in condensation reactions. It is also evident that the chosen 

reaction conditions also influence the product formation. Thus, the pathway in 

the condensation reaction of (Me3SiFl)Si(OH)3 with Ti(OiPr)4 is shown to 

depend on the solvent and on the temperature. 

28.4 Core Functionalization 

Following our strategy, it was an important target to investigate substitution 

reactions at the silicon and titanium atoms of the polyhedral frameworks. 

Earlier experiments in titanasiloxane chemistry have already shown that TiOSi 

units are very sensitive towards acid- and base-catalyzed oligomerizations.[9]

Thus, the choice of reactants for selective functionalization under conservation 
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of the core structure was very limited. We have investigated in more detail the 

cubic titanasiloxanes 1, 2, and 3 and the polyhedral titanasiloxane 4. We have 

found selective reactions at the titanium centers; substitution chemistry at the 

silicon centers turned out to be much more difficult. 

The first indication of selective substitution reactions came from 

experiments with 1 and 2 as catalysts for alkene epoxidation.[10] NMR 

experiments have shown that both compounds catalyze the epoxidation of 

cyclohexene with t-butyl hydroperoxide (TBHP). The catalytic activity is 

comparable to that of the model compound Hex7Si7O12Ti(OiPr).[11] The 

measured turn over numbers indicate that all four Ti centers are involved in the 

catalytic process. The catalysts could be recovered quantitatively, a proof of 

core-functionalization and for the core stability during many catalytic cycles. A 

more detailed catalytic study has recently been performed with the cubic 

titanasiloxane [(2,6-iPr2C6H3) (Me3Si)NSi]4O12[TiOtBu]4 (12).[12] This 

compound was prepared by the reaction of 9 with t-butanol and catalyzes the 

epoxidation of cyclohexene with TBHP. The titanium tbutylperoxo

intermediate could be isolated after a stoichiometric reaction with TBHP. This 

intermediate then reacted with cyclohexene to produce cyclohexene oxide. A 

schematic representation of the catalytic process is given in Figure 28.4. 

Figure 28.5. Catalytic cycle in the epoxidation of alkenes by cubic 

titanasilsesquioxanes (represented by ( SiO)3TiOR).

Further substitution reactions at the titanium atoms in polyhedral 

titanasiloxanes are collected in Scheme 28.3. Core degradation was observed in 

the reaction of the titanasiloxanes 1 or 3 with methanol or ethanol; cage 

compounds bearing methoxy or ethoxy substituents could not be detected. We 

conclude from the above observations that it is impossible to introduce a less 

bulky alkoxy group without core degradation. Reaction of 1 and 3 with four 

equivalents of triphenylsilanol proceeded readily at room temperature to afford 

the triphenylsiloxy-substituted derivative 13 almost quantitatively.[10]

Treatment of 1 and 2 with four equivalents of dimethylhydroxylamine afforded 

the substitution products 14 and 15, respectively, with bidentate 
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dimethylhydroxylamido substituents. The five-coordinate titanium atoms were 

confirmed by X-ray crystallography.[10] Reaction of 2 with four equivalents of 

acetylacetone afforded the substitution product 16 bearing bidentate 

acetylacetonato substituents. Single crystals obtained from diethyl 

ether/dioxane contain four additional dioxane molecules coordinated to the four 

titanium atoms, as shown by X-ray crystallography. This arrangement leads to 

six-coordinate titanium centers.[10] Reaction of the polyhedral titanasiloxane 4

with six equivalents of acetylacetone led to the four-fold substitution product 

17. The core structure corresponds to that of the starting material (resembling a 

cube-like polyhedron with an additional "roof" created by insertion of a Ti-( 3-

O)2-Ti fragment into one of the six faces of the cube structure). Only the 

isopropoxy groups of the four-coordinate titanium atoms are substituted by 

acetylacetonato groups, whereas the two five-coordinate titanium atoms still 

bear isopropoxy substituents. The presence of five-coordinate (trigonal 

bipyramidal) and six-coordinate (octahedral) titanium atoms was proven by X-

ray crystallography.[10] 

[(Me3SiFl)Si]4O12[TiOSiPh3]4 (13) + 4 tBuOH1 + 4 Ph3SiOH

[(Me3SiFl)Si]4O12[TiOiPr]2[Tiacac]4[µ2-iPrO]2[µ3-O]2 (17)

+    4 iPrOH

3 + 4 Ph3SiOH [(Me3SiFl)Si]4O12[TiOSiPh3]4 (13) + 4 iPrOH

1 + 4 Me2NOH [(Me3SiFl)Si]4O12[TiONMe2]4 (14) + 4 tBuOH

2 + 4 Me2NOH [Cp*Si]4O12[TiONMe2]4 (15) + 4 tBuOH

2 + 4 AcacH [Cp*Si]4O12[Tiacac]4 (16) + 4 tBuOH

4 + 4 AcacH

9 + 4 tBuOH [(2,6-iPr2H3C6)N(SiMe3)Si]4O12[TiOtBu]4 (12) + 4 EtOH

Scheme 28.3. Substitution reactions at the Ti-atoms in polyhedral 

titanasiloxanes.

With the reactions in Scheme 28.3 it has been demonstrated that polyhedral 

titanasiloxanes can be functionalized selectively at their four-coordinate 

titanium centers. The choice of the reagents turns out to be crucial to avoid core 

degradation. Most suitable are those reagents which lead to an increase of the 

coordination number (chelating ligands). 

Substitution at the silicon atoms has been investigated with the cubic 

titanasilsesquioxanes 1 and 3 as representative examples. If CpR substitution 

takes place, then in most cases it is with concomitant degradation of the core 
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structure. In compound 3, the Cp*-Si bonds are easily cleaved by treatment 

with stoichiometric amounts of ethanol, water, or hydrogen chloride to afford 

pentamethylcyclopentadiene (Cp*H) and gel-like materials that form an 

insoluble solid after removal of the solvents. Interestingly, the formation of 

trimethylsilylfluorene (Me3SiFlH) was not observed in comparable reactions 

with compound 1; the slow formation of insoluble solids indicates catalytic 

cage opening followed by oligomerization reactions (attack of the electrophile 

at the SiOTi unit). 

28.5 Core Condensation to Homogeneous TiOSi Materials 

Preliminary results show that, in accord with our strategy, CpR-substituted

titanasilsesquioxanes are versatile precursors for homogeneous TiOSi materials 

with high titanium content. Thermal treatment of compounds 1 and 2 at 300 °C 

leads to the elimination of isobutene and to the liberation of the protonated CpR

substituents (Me3Si)FlH and Cp*H, respectively. These reactions might occur 

under formation of a TiOH unit by thermal alkene elimination from a TiOtBu

group, followed by proton transfer to the CpR substituent at silicon and by 

subsequent CpRH elimination. In the case of compound 2, the additional 

formation of significant amounts of tetramethylfulvene (TMF) is observed. The 

formation of TMF and Cp*H is a consequence of the disproportionation of Cp* 

radicals,[13] a well-known process in the gas-phase deposition of Cp*-silanes.[14]

The homolytic cleavage of the Si-Cp* bonds allows further condensation 

processes to take place. After thermolysis, 1 and 2 show significant carbon 

contents due to the incorporation of organic material. The carbon contents can 

be reduced to values lower than 5 % by calcination in a flow of dry oxygen. 

The TiOSi materials prepared by thermolysis of 1 and 2 and subsequent 

calcination have been analyzed by EDX, PXRD, IR-, Raman- and UV/vis 

spectroscopy. As expected, the samples possess a Ti/Si ratio close to one. 

PXRD measurements indicate amorphous, porous structures without greater 

TiO2 domains. The UV/vis spectra suggest the presence of titanium centers 

possessing octahedral as well as tetrahedral symmetry. Octahedral titanium 

sites may arise from the coordination of H2O molecules or the presence of 

TiO2-nanodomains (< 5 nm; not observed by XRD). The IR spectra show 

significant amounts of Ti-O-Si hetero-linkages involving tetrahedrally 

coordinated titanium atoms. 

Further studies, including DTA-MS and PXRD measurements and the 

determination of surface areas and porosities, are in progress.[15]



28 Synthesis, Structure and Reactivity of Novel Oligomeric Titanasiloxanes          381

28.6 Conclusions 

We have shown that novel polyhedral titanasiloxanes bearing CpR substituents 

at silicon and alkoxy substituents at titanium can be selectively prepared in 

high yields by the co-condensation of silanetriols and titanium alkoxides. The 

core-structure and thus the Ti/Si ratio of the titanasiloxanes can be determined 

by the choice of substituents at silicon and at titanium and even by variation of 

the solvent and temperature. The alkoxy groups at the titanium atoms can be 

selectively functionalized by suitable substituents without core degradation. 

The leaving group character of the substituents at silicon and at titanium can be 

used for the synthesis of homogeneous TiOSi materials by thermal or 

photochemical treatment of the compounds. Core condensation of selectively 

preformed polyhedral titanasiloxanes under formation of materials with Ti/Si 

ratios corresponding to those of the precursor molecules represents a novel 

strategy in TiOSi chemistry. 
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29 Metallasilsesquioxanes – Synthetic and Structural Studies 

Frank T. Edelmann

29.1 Introduction 

Polyhedral silsesquioxanes of the general formula (RSiO1.5)n form an 

interesting class of organosilicon compounds which currently have a 

tremendous impact on catalysis research [1, 2] and materials science [3] alike. Due 

to their chemical composition they can be viewed as hybrids between silica, 

(SiO2), and the silicones, (R2SiO)n. In accordance with several unique 

properties, the polyhedral silsesquioxanes have been termed the "smallest 

particles of silica possible" [4] or "small soluble chunks of silica".[2] The fact 

that silsesquioxane molecules like 1 contain covalently bonded reactive 

functionalities also makes them promising monomers for the development of 

novel hybrid materials which offer a variety of useful properties.[3, 4] With 

respect to catalysis the chemistry of metallasilsesquioxanes also receives 

considerable current interest.[1, 2, 5, 6] Incompletely condensed silsesquioxanes 

such as Cy7Si7O9(OH)3 (1, Cy = c-C6H11, Scheme 29.1) share structural 

similarities with -cristobalite and -tridymite and are thus quite realistic 

models for the silanol sites on silica surfaces.[7–11] Metal complexes derived 

from 1 are therefore regarded as "realistic" models for metal catalysts 

immobilized on silica surfaces.[2, 8]
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Scheme 29.1. Schematic representation of silsesquioxane 1.
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29.2 Group 1 and Group 2 Metal Derivatives 

Various synthetic routes are available for the introduction of metal atoms into 

the cage system of 1. The most straightforward route involves protonation of 

metal alkoxides, amides or organometallic compounds by the free trisilanol 1.[1, 

2, 8, 10] The reactivity of 1 can be modified by silylation of the Si-OH functions 

using Me3SiCl/NEt3 in different stoichiometric amounts.[6, 12] In this way, the 

silylated derivatives Cy7Si7O9(OH)2(OSiMe3) (3), Cy7Si7O9(OH)(OSiMe3)2 (4),

and Cy7Si7O9(OSiMe3)3 (5) can be selectively prepared. Another possible 

means of modifying the reactivity of 1, 3, and 4 is to prepare the corresponding 

thallium silanolates by treatment of the free silanols with TlOEt.[13] Early 

attempts to fully deprotonate 1 were frustrated by a report by Feher et al., who 

found that treatment of 1 with strong bases such as NaOtBu caused the 

silsesquioxane cage to collapse.[8] More recently, we[1,14] and Aspinall et al.[15]

independently discovered that fully metallated derivatives of 1 are readily 

available by using nBuLi or MN(SiMe3)2 (M = Li, K) as deprotonating agents. 

With the use of n-BuLi, Aspinall et al. succeeded in preparing unsolvated 

Cy7Si7O9(OLi)3 (6) as an air-stable (!) white solid.[15] Crystalline materials 

suitable for X-ray diffraction can be prepared by treatment of 1 with 

MN(SiMe3)2 (M = Li, K) in the presence of coordinating solvents such as 

acetone, Et2O, THF or DME. Thus far, the alkali metal silsesquioxane 

derivatives [Cy7Si7O9(OLi)3]2 · 3 Me2CO (7), [Cy7Si7O9(OLi)3]2 · 3 Et2O (8),

[Cy7Si7O9(OLi)3]2 · 3 THF (9), and [Cy7Si7O9(OK)3]2 · 4 DME (10) have been 

fully characterized. [14] X-ray diffraction studies revealed that they consist of 

dimeric molecules in which two silsesquioxane cages are bridged by a box-

shaped M6O6 polyhedron (M = Li, K). As a typical example, the molecular 

structure of [Cy7Si7O9(OLi)3]2 · 3 Me2CO (7) [1, 14] is depicted in Figure 29.1. 

Figure 29.1. Molecular structure of [Cy7Si7O9(OLi)3]2 · 3 Me2CO (7)

(cyclohexyl substituents omitted for clarity) 
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 Silsesquioxane derivatives of the alkaline earth metals are very little 

explored, although it was shown by Liu that the heterobimetallic complex 

[Cy7Si7O12MgTiCl3]n (11) displays a high catalytic activity for ethylene 

polymerization in the presence of triethylaluminum. [16a] An unprecedented 

tetranuclear Mg complex was isolated by Abbenhuis et al. from the reaction of 

1 with MeMgCl.[16b] The use of 6 as starting material enabled us to achieve the 

synthesis and structural characterization of the first beryllasilsesquioxane.[17]

Compound 6 was generated in situ by treatment of 1 with three equivalents of 

LiN(SiMe3)2 in THF. Subsequent reaction with anhydrous BeCl2 according to 

Scheme 29.2 afforded the novel beryllasilsesquioxane [Cy7Si7O12BeLi]2  2 

THF (12) in 81% isolated yield. A single-crystal X-ray diffraction study 

established the presence of dimeric molecules of the composition 

[Cy7Si7O12BeLi]2  2 THF in the solid state. Self-assembly under formation of a 

dimer occurs in a rather unsymmetrical manner. Two Li and two Be ions are 

bridged by the deprotonated silsesquioxane ligands in such a way that a 

different coordination environment results for each metal ion. 
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Scheme 29.2. Preparation of the beryllasilsesquioxane 12.

29.3 Early Transition Metal Derivatives: Titanium, Zirconium, and 

Tantalum

Apparently, the most thoroughly investigated class of complexes in this area 

are Ti complexes because of their promising catalytic applications.[1, 8] The first 
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Ti derivatives were made by Feher et al. and included Ti(III)[18,19] and Ti(IV) 

silsesquioxanes.[20, 21] The former were prepared by reacting 1 with either 

Ti[N(SiMe3)2]3 or TiCl3(NMe3)2. Blue dimeric [Cy7Si7O12Ti]2 (13) is the initial 

product in these reactions. Treatment of 13 with pyridine affords the bis-adduct 

[Cy7Si7O12Ti(py)]2 (14).[18, 19] Corner-capping of the silsesquioxane framework 

with a TiCp unit is also readily achieved yielding monomeric Cy7Si7O12TiCp

(15).[20, 21] Other titanasilsesquioxanes have been designed as model compounds 

for titanosilicates, which are industrially important as oxidation catalysts.[22]

Examples of such realistic models include (MeC5H4)4Ti4(SitBu)4O12 (16),[23]

[2,6-iPr2C6H3NH3][(RSiO3)3Ti4Cl4( 3-O)] [17, R = 2,6-iPr2C6H3N(SiMe3)],
[24]

[Cy7Si7O12MgTiCl3]n (11, n = 1,2),[16a] [(c-C5H9)7Si7O12(SiMe2R)]2Ti (18a: R = 

vinyl; 18b: R = allyl), and [R7Si7O12TiOiPr]n (19a: R = c-C5H9; 19b: c-C6H11; n

= 1,2).[25] It has now become widely accepted that various titanasilsesquioxanes 

are veritable catalysts themselves, e.g. in olefin polymerizations and 

epoxidation reactions.[2] Treatment of Cy7Si7O12Ti(OiPr) (19b) with MeOH 

affords the six-coordinate titanasilsesquioxane dimer [Cy7Si7O12Ti(µ-

OMe)(MeOH)]2 (20) which has been structurally characterized.[25] Related 

monomeric complexes have also been isolated from reactions of 1 with 

Ti(CH2Ph)4, Ti(NMe2)4 or Ti(OSiMe3)4 yielding Cy7Si7O12TiCH2Ph (21),

Cy7Si7O12TiNMe2 (22), and Cy7Si7O12TiOSiMe3 (23), respectively.[26] We 

started our work in this field by investigating reactions of 1 with titanium 

tetraalkoxides. While this work was in progress, several closely related 

titanasilsesquioxane alkoxides, including [R7Si7O12TiOiPr]n (19a: R = c-C5H9;

19b: c-C6H11; n = 1,2) and [Cy7Si7O12Ti(µ-OMe)(MeOH)]2 (20), were 

published by Crocker and co-workers.[26] In our laboratory, the hitherto 

unknown ethoxide derivative 24 (Scheme 29.3) was prepared in an analogous 

manner.
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 It was shown by Crocker et al. that treatment of Cy7Si7O9(OH)2(OSiMe3) (3)

with one equivalent of Ti(OiPr)4 produces monomeric 

[Cy7Si7O11(OSiMe3)]Ti(OiPr)2 (25) as the sole product. A homoleptic 

bis(silsesquioxane) titanium complex, [Cy7Si7O11(OSiMe3)]2Ti (26), can be 

prepared by reacting 3 with tetrabenzyltitanium, Ti(CH2Ph)4.
[26b] Compound 26

is also readily accessible by reacting Ti(OEt)4 or Ti(OiPr)4 with 3. Both 

reactions afford white crystalline 26 in almost quantitative yield (96–97%) 

employing commercially available reagents. An X-ray diffraction study 

published by Crocker et al. revealed that the central Ti atom in 26 is 

tetrahedrally coordinated by the two silsesquioxane cages (Scheme 29.4).[26b] 
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 Several titanocene derivatives containing silsesquioxane ligands have also 

been prepared and characterized.[27] A typical example is the reaction of 

Cy7Si7O9(OH)2(OSiMe3) (3) with Cp2TiCl2 in toluene solution in the presence 

of triethylamine. In this case, the µ-oxo dititanium complex (µ-

O)[Cy7Si7O11(OSiMe3)TiCp]2 (27) was isolated in ca. 70% yield in the form of 

orange crystals (Scheme 29.5). 
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 When Cy7Si7O9(OH)2(OSiMe3) (3) was reacted with the corresponding 

pentamethylcyclopentadienyl complex Cp*
2TiCl2 in the presence of 

triethylamine,[27] it was possible to isolate and fully characterize the red 

crystalline trinuclear 1,3,5-trititana-2,4,6-trioxane derivative Cp*
2Ti3O3-

[Cy7Si7O11(OSiMe3)]2 (28) (Scheme 29.6). 
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 The molecular structure of 28 has been elucidated by an X-ray structure 

analysis. The central structural motif of 28 is an unsymmetrically substituted 

six-membered Ti3O3 ring. Two pentamethylcyclopentadienyl ligands are 

coordinated to one titanium atom, while the other two are free of Cp*. They are 

both part of eight-membered TiSi3O4 ring systems within the silsesquioxane 

frameworks.

 In a more straightforward manner, a bis(pentamethylcyclopentadienyl)-

titanium(III) silsesquioxane complex became available according to 

Scheme 29.7.[27, 28] This synthesis involves addition of silsesquioxane 

precursors across the Ti-C bond of the "tucked-in" fulvene titanium complex 

Cp*Ti(C5Me4CH2).
[29] The main advantage of this "fulvene route" is that it is a 

salt-free method by which bis(pentamethylcyclopentadienyl)titanium 

complexes can be obtained without the need of separating any by-products. The 

method was first successfully employed by Teuben et al., who prepared various 

new Cp*2Ti derivatives by reacting Cp*Ti(C5Me4CH2) with protic reagents 

such as alcohols, thiols, etc.[29b,c] It has since been found that the fulvene 

complex Cp*Ti(C5Me4CH2) is also the reagent of choice to make novel 

titanium silsesquioxanes. For example, treatment of Cp*Ti(C5Me4CH2) with 

one equivalent of the disilylated silsesquioxane precursor 4 resulted in clean 

formation of the Ti(III) silsesquioxane complex 29.



29 Metallasilsesquioxanes – Synthetic and Structural Studies          389

29

4

O

R O

Si
O

O

R
Si

Si

O

O

O

O

R

R

Si

Si

Si

O

R

O

Si

OH

R

OR

SiMe3

SiMe3
+ Ti

CH2 toluene

O

R O

Si
O

O

R
Si

Si

O

O

O

O

R

R

Si

Si

Si

O

R

O

Si

O

R

O
R

SiMe3

SiMe3

Ti

R = cy-C6H11

Scheme 29.7. Synthesis of 29 via the fulvene route. 

 Simple crystallization from the concentrated reaction mixture afforded 29 in 

the form of air-sensitive, dark-green crystals. An X-ray diffraction study of 29

revealed that a Cp*
2Ti unit had been generated upon protonation of the 

coordinated tetramethylfulvene ligand. The Ti-O bond length in 29 is 192.7(2) 

pm. The "fulvene route" has also been successfully employed in the preparation 

of a compound which can be regarded as one of the most advanced molecular 

models for a catalytically active Ti center on a silica surface.[27,28] When 

Cp*Ti(C5Me4CH2) was reacted with 3 in refluxing toluene, a bright-yellow 

material was isolated which was subsequently shown to be the novel 

mono(pentamethylcyclopentadienyl)titanium(IV) silsesquioxane complex 30

(69% yield, Scheme 29.8). 

 The surprising outcome of this reaction is the exclusive formation of a 

Cp*TiIV complex in which two silsesquioxanes are bonded in different ways to 

a single Ti center. A mono(pentamethyl-cyclo-pentadienyl)titanium unit resides 

on a "model silica surface" formed by one chelating and one monodentate 

silsesquioxane ligand. A unique feature of 30, which makes this compound a 

particularly "realistic" model system, is a silanol function in close proximity to 

the titanium center. A very weak hydrogen bonding interaction of this silanol 

group with a cage oxygen atom apparently prevents intramolecular protonation 

of the remaining Cp* ligand, thus "taming" the reactivity of the Si-OH function. 
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Scheme 29.8. Preparation of 30 via the fulvene route. 

 Known zirconium silsesquioxane complexes include the species 

Cy7Si7O12ZrCp* (31),[30] [(c-C5H9)7Si7O11(OSiMe3)]2Zr(THF) (32),[31] and [{(c-

C5H9)7Si7O12}Zr(CH2Ph)]2 (33).[31] The zirconocene [(c-C5H9)7Si7O11-

(OSiMePh2)]ZrCp2 (34) was obtained by treatment of Cp2ZrMe2 with an 

aluminosilsesquioxane.[32] The availability of permetallated Cy7Si7O9(OLi)3 (6)

enabled us to prepare the first heterobimetallic zirconium silsesquioxane 

complex (Cy7Si7O12)2Zr[Li(O=CMe2)]2 (35) according to Scheme 29.9.[14]
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Scheme 29.9. Synthesis of (Cy7Si7O12)2Zr[Li(O=CMe2)]2 (35).
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 Significantly less is known about metallasilsesquioxanes incorporating 

Group 5 metals. The vanadyl silsesquioxane Cy7Si7O12V=O (36) was reported 

more than ten years ago and has been shown to be a single-site catalyst for 

olefin polymerization.[33] During the course of our investigations, we found that 

various tantalum silsesquioxanes are readily accessible via a versatile amide 

route.[34] Protonation and liberation of 3 equivalents of dimethylamine took 

place upon reaction of Ta(NMe2)5 with 1 in a 1:1 molar ratio (Scheme 29.10). 

The "half-sandwich" complex Cy7Si7O12Ta(NMe2)2 (37) was isolated in 92% 

yield. Similar treatment of Ta(NMe2)5 with 1 in a 1:2 molar ratio did not lead to 

the formation of the neutral tantalum(V) species Cy7Si7O12Ta[Cy7Si7O11(OH)]

with one Si-OH function remaining intact. Instead, the anionic 

bis(silsesquioxane) "sandwich" complex [Ta(Cy7Si7O12)2]
– was obtained in the 

form of its dimethylammonium salt 38 (89% yield) (Scheme 29.10). By 

adapting the amide route to more complex systems, the amido tantalacarborane 

species (C2B9H11)Ta(NMe2)3 was found to react cleanly with 1 to afford the 

novel "mixed-sandwich" complex Cy7Si7O12Ta(C2B9H11) (41) as an orange 

crystalline solid (82% yield). Compound 41 is the first representative of a novel 

class of inorganic cage compounds in which a carborane and a silsesquioxane 

framework are linked through a single metal center. 
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29.4 Lanthanide Derivatives: Cerium and Ytterbium 

The first metallasilsesquioxanes incorporating lanthanides were described in 

1994 by Herrmann et al.[35] More recently, several Ln silsesquioxanes resulting 

from reactions of 1 with lanthanide silylamides and aryloxides have been 

reported.[36] Our own efforts in this field resulted in the isolation of a novel 

Ce(IV) silsesquioxane complex [37] as well as the structural characterization of 

a bimetallic Yb/Li derivative.[14] Treatment of [Ce{N(SiMe3)2}3] or anhydrous 

CeCl3 with two equivalents of Cy8Si8O11(OH)2 (42) in diethyl ether in the 

presence of an excess of pyridine exclusively afforded the diamagnetic 

complex (Cy8Si8O13)2Ce(py)3 (43, Scheme 29.11). Quite surprisingly, in both 

cases cerium was oxidized to the tetravalent oxidation state. 
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Scheme 29.11. Schematic representation of the cerium(IV) silsesquioxane 43.

 An unprecedented functional Yb silsesquioxane was obtained as outlined in 

Scheme 29.12. Trisilanol 1 was lithiated in situ using an excess of 

LiN(SiMe3)2, followed by treatment with YbCl3. In bimetallic 44, a reactive 

ytterbium bis(trimethylsilyl)amide unit resides on a model silica surface 

formed by two lithium-linked silsesquioxane cages. 

      44

Scheme 29.12. Preparation of the amidoytterbium silsesquioxane 44.
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30 Spin-Spin Interactions in Silsesquioxanes and Transition 

Metal Substitution 

Wolfgang W. Schoeller , Dirk Eisner 

30.1 Introduction 

Silsesquioxanes of the general formula (RSiO3/2)n, n = 4, 6, 8 .... etc., are 

probably some of the best studied members of the large class of Si-O 

compounds. A variety of synthetic procedures has been reported during the last 

years, as summarized lucidly in a recent article.[1] For n = 8, they possess a 

cube-like structure, as shown in 1, in which each silicon atom is surrounded by 

three oxygen atoms. 

 1 2 3 

The silsesquioxane H8Si8O12 is an ideal compound for further experimental 

investigations. Besides the fact that its crystal structure has been analyzed in 

much detail,[2, 3] its derivatization by transition metal fragments has been 

reported.[4, 5] In addition, it reveals interesting material properties, e.g. as paints 

between metal surfaces[6], as schematically indicated in 2. A current topic of 

debate is whether or not silsesquioxanes can mediate electron transfer, such as 

across the donor acceptor linkage 3. The experimental investigations indicate 

that the silsesquioxanes mainly behave as isolators and that they do not allow 

considerable through-space and/or through-bond interactions through the cage. 
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30.2 Results and Discussion 

This facet of the Si-O linked system is somewhat surprising since it is known 

that polysilanes themselves reveal low band gaps.[7] In this respect, it is of great 

interest to investigate the bonding properties of the corresponding radical and 

biradical structures which emerge from the silsesquioxanes, when the ligands at 

the silicon centers are omitted. The biradicals can be viewed schematically as 

follows: the radicals can either reside in neighboring positions, as in the SiO 

structure, or in distal positions, as in the 1.3- and 1.4-centered biradicals.

A biradical is usually defined as a chemical structure in which the electrons 

cannot be properly distributed by two-electron two-center bonds, i.e. they are 

defined as non-Kekulé compounds. Two of the archetypal biradicals are  

trimethylene 4,[8] and the cyclobutanediyl-1.3 5.[9] The former is an 

intermediate in cyclopropane isomerization and the latter the transition state for 

bicyclobutane inversion. These structures are biradicals in the context of 

organic chemistry since they possess fairly small singlet-triplet (S-T) energy 

separations, of the order of a few kcal/mol.[10] Consequently, the methylene 

groups between the two radical positions function as “chemical isolators”, 

although there are some through-space and/or through-bond interactions.[11]

There is an essential difference with regard to the analogous silicon 

compounds. It is known that polysilylenes tend to fragment into silylene 

units.[12] As a consequence of orbital non-hybridization[13] silylene possesses a 

singlet rather than a triplet ground state, as known for methylene.[14]

1.2 1.3 1.4
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This gives rise to the view of trisilylene, which is the simplest representative 
of a polysilylene chain, as a donor-acceptor coupled ensemble of three singlet 
silylenes, 6b, rather than as a biradical, 6a.

This is supported by quantum chemical calculations, as well as by chemical 
experiments, which reveal for the tetrasilabicyclobutane structure a rather long 
(2.412 Å) Si-Si central bond.[15] Intermediate cases with a strong preference for 
a singlet ground state are exemplified by the boron systems 7, [16] in which a 
singlet fragment (PR2

+) is flanked by two radical positions (BR´).

In 8, the intervening units are PR´ fragments which act as donors.[17] These
findings[16, 17] extend our understanding of biradicals. Such systems range from 
species with small S-T energy separations (e.g. trimethylene), in which the two 
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radical positions are coupled through a triplet fragment, to biradical structures 

with larger S-T separations, in which the radicals are coupled through singlet 

fragments or (weak) donors, such as the phosphino group. In this regard, the 

intervening units are preferentially a) an acceptor (SiH2, PH2
+) or b) a donor 

(PR, NR) unit. For the former, the resulting highest occupied molecular orbital 

(HOMO) is symmetric, i.e. it results in transannular -bonding, while for the 

latter it is antisymmetric, thus leading to transannular -antibonding. On this 

basis, the former structures can easily accommodate ring-closure to the 

corresponding bicyclobutane structures. while for the latter this process is 

symmetry forbidden on the basis of the Woodward-Hoffmann rules. This is 

consistent with the hitherto reported experimental investigations. We have 

termed the former biradical structures as type I and the latter as type II

biradicals.[18]

In the silsesquioxanes, it is oxygen that couples the two radical functions, as 

shown schematically in the model compound 9. Quantum chemical calculations 

on 4 and 9 substantiate the qualitative assertions (Table 30.1). The singlet state 

of the C2 conformation is substantially lower in energy (117.7 kJ/mol) than the 

planar structure (C2v geometry), in agreement with the known strong 

pyramidalization forces in silyl radicals. 

Table 30.1. MR-MP2 (MCSCF) calculations on 4 and 9, S-T energy 

separations in kJ/mol. 

Structure symmetry -E (S-T)a c (HOMO)b c (LUMO)b

4 C2v 22.2 0.738 –0.675 

9 C2v 36.9 0.838 –0.545 

 C2 28.1 0.837 –0.547 

a) CAS(2,2)/6-31g(d) optimized, plus MR-MP2 for dynamical electron 

correlation correction. 

b) Expansion coefficients of the MCSCF wavefunction. 

The trisilylene is a closed-shell structure, which emphasizes the nature of 

three silylenes coupled by mutual donor-acceptor interaction. Most notably, the 
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biradical structure 9, the motif for bonding in the silsesquioxanes, reveals a 

larger S-T separation than trimethylene. Pyramidalization at the silicon atoms 

(C2 symmetry) reduces the S-T separation. In other words, the coupling of the 

two unpaired electrons depends strongly on the orientation of the nonbonding 

orbitals at the terminal silicon centers.

These aspects are also indicated for the various H6Si8O12 biradicals (Table 

30.2). For the calculations, the octahedral structure of the cube was imposed 

and the corresponding hydrogen atoms were removed. They thus refer to a 

“vertical” formation of the corresponding biradical structures from the cube. 

Table 30.2. S-T energy separations (negative, in kJ/m), at a) TCSCF/ECP-

31g(d) (ECP from Stevens, Basch, and Krauss) and b) UDFT (B3LYP/6-

31g(d)) level on the various biradicals in silsesquioxanes. 

 Structure TCSCFa UDFTb

1.2-Biradical 3.0 6.7 

1.3-Biradical 0.6 2.5 

1.4-Biradical 0.1 2.5 

a) Two-configuration SCF, b) Values after spin-contamination correction in the 

energy lowest singlet. 

 The <S2> values ( 1) reflect the biradical character in the silsesquioxanes 

(the lowest singlet and triplet energies strongly mixed in the unrestricted 

wavefunction), in agreement with the fairly small S-T energy separations. In 

fact, the S-T separations are smaller than in trimethylene (see Table 30.1). This 

indicates that these species, exemplified here by the various cube structures, 

behave as “electronic isolators”, as witnessed in the experimental 

investigations.[6] At least this is strongly dictated for the 1.4-biradical structure-

type.

 There are further data which confirm these findings. The calculated UV 

spectra (TD/6-31g(d)) predict absorptions for the three lowest-energy UV 

transitions at 110.6 (f = 0.0), 106.3 (f = 0.0), 106.3 (f = 0.0) nm, in agreement 

with the colorless nature of these compounds. Furthermore, the structure of the 

silsesquioxane is well described quantum chemically even at the RHF level of 

sophistication (Table 30.3). 
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Table 30.3. Bonding parameters for H8Si8O12 1 (bond lengths in Å, bond 
angles in degrees).

 Method Si-O < Si-O-Si Si-H < HSi-O 
RHF/6-31g(d) 1.626 149.4 1.452 110.0 
B3LYP/6-31g(d) 1.643 148.6 1.464 109.3 
B3LYP/6-311g(d) 1.624 148.6 1.456 109.7 
Experiment 1.62 148.4 1.48 109.5 

On this basis, the theoretically calculated vibrations from the quantum 
chemical treatment are fairly well predicted at the  RHF level of sophistication 
(Figure 30.1). 

Figure 30.1. Experimental versus calculated (RHF/6-31g(d)) vibrations.
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Figure 30.2. Plots of molecular orbitals of the parent cube and TM-substituted 

derivatives (RHF/6-31g(d)), [M] = Co(CO)4.

They agree perfectly with the skillful analysis presented by Calzaferri et 

al.[19] The analysis of the molecular orbitals in the cube reveals the highest 

occupied molecular orbital to be a2g (within Oh symmetry) and constituted from 

pure p orbitals at the oxygen atoms. In agreement with the previous 

considerations, the energy splitting between occupied and unoccupied 

molecular orbitals is considerable (Figure 30.2) and is not significantly affected 

by transition metal substitution ([M] = Co(CO)4).

The structural parameters for the transition metal substitution, shown here 

for the TM fragment Co(CO)4, are significantly affected by the electro-

negativity of the substituent attached to the silicon center. This is reproduced 

by quantum chemical calculations on various substituted model compounds of 

the type R3SiCo(CO)4 (Table 30.4). 

With increasing electronegativity of the substituent R, the transition metal is 

more strongly bound to the silicon center. Concomitantly, the positive charge at 

the silicon is increased. The TM substitution has no significant effect on the 

HOMO-LUMO energy separation in the cube (see Figure 30.2). On this basis, 

the biradical character should be maintained, even if the TM fragments are 

oxidized (not presented in detail here). 
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Table 30.4. Transition metal substitution at an SiR3 center (B3LYP/ECP-

31g(d), ECP from Stevens, Basch, and Krauss), bond lengths in Å. 

R Si-Co Co-(CO)ax BOa (Si-Co) qCo
b qSi

b

H 2.380 1.814 0.785 –1.578 0.306 

F 2.277 1.825 0.884 –1.551 1.118 

OH 2.339 1.819 0.818 –1.552 0.931 

SH 2.337 1.819 0.808 –1.558 0.345 

SeH 2.359 1.819 0.831 –1.583 0.456 

TeH 2.392 1.817 0.760 –1.595 0.321 

a) Löwdin bond orders; bpartial charges according to Löwdin. 

Interestingly, the quantum chemical calculations on the TM-substituted 

silsesquioxanes, and on the various investigated substituted silyl model 

compounds indicate that the Si-[M] vibrations are easily identified from the 

other vibrations of the compounds. This is shown for the silyl-[M] structure 

(Figure 30.3). 

Figure 30.3. Calculated (harmonic) vibrations for H3Si-[M], [M] = Co(CO)4

(B3LYP/6-31g(d)).
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The symmetric stretching vibrations (a1 within C3v) are strongly coupled 

with the CO ligand vibrations. The lowest-energy vibrations relate to wagging 

motions of CO ligands. Overall, the whole variety of vibrations relate to the 

representations

A similar shortening of the Si-[M] bond is also obtained for the transition 

metal fragments which contain the cyclopentadienyl ligand (Figure 30.4). 

There, detailed relevant experimental data are provided in the work of Malisch 

et al.[20] Further population analysis of the substituted silanes shows that the 

polarization at the silicon as a function of the distance of the silicon center 

attached to the transition metal is fairly small. In other words, a change is only 

obtained in the charge for the neighboring silicon atom.

Figure 30.4. Fe(cp)(CO)2 ligand substitution at silicon. 

The transition metal substitution does not import a further strengthening of 

the spin-spin interactions in the silsesquioxanes. This is shown here for the 

dicoordinate structure (Figure 30.5).

Figure 30.5. <S2> value for the dicoordinated cube, [M] = Co(CO)4.

Co(CO)4

Co(CO)4

1<S2> = 1.11
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The <S2> value is consistant with the previous considerations on the 1.2- to 

1.4-biradical structures, with fairly small S-T energy separations. It indicates 

that in the TM-substituted silsesquioxanes the transition metal fragment can be 

readily oxidized at the metal center, but a delocalization over the cube does not 

take place. More generally, spin-delocalization is interrupted by the 

electronegative atoms linking the silicon centers. A similar phenomenon is 

observed for the spin-spin interactions in the resulting cubes with 

phosphaneiminato ligands.[21]

According to our calculations, the 1.4-biradical and to a lesser extent the 

1.3-biradical structure, seem to be fairly good “isolators” for electronic 

communication for the unpaired spins, while our investigations also indicate a 

weak electronic coupling for the 1.2-type biradical. 
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31 Characterization of Silicon-Containing Polymers by 

Coupling of HPLC-Separation Methods with MALDI-TOF 

Mass Spectrometry 

Jana Falkenhagen, Ralph-Peter Krüger
*
, Günter Schulz 

31.1 Introduction 

The worldwide investigation of new silicon-containing polymers as innovative 

high-tech materials requires the development of modern analytical techniques. 

The methods should allow the characterization of the starting compounds as 

well as a comprehensive analysis of the main and by-products with regard to 

their molar masses and molar mass distribution. Precise information on the 

distribution of the chemical constituents and functional groups is also needed in 

order to understand polymer formation processes, degradation behavior, and 

structure-property relationships. 

The first step in the characterization of polymers is to fractionate the un-

known sample, and then to determine the structures of the separated fractions. 

Separation is best performed by modern liquid chromatographic methods. 

Depending on the kind of heterogeneity it is necessary to select the most 

suitable chromatographic method, i.e. either Size-Exclusion Chromatography 

(SEC) or Liquid Adsorption Chromatography (LAC). Furthermore, the 

meanwhile well-established Liquid Adsorption Chromatography at Critical 

Conditions (LACCC) is also used. A separation system that operates near 

critical conditions sometimes has to be applied. 

Whereas SEC, well-known for the determination of molar mass distribution, 

has been used since 1959,
[1]

 LACCC was first mentioned by Belenkii et al. in 

1976
[2]

 and then by Entelis et al. in 1986.
[3]

 The theory and experimental 

details for the determination of critical conditions have been described by 

Pasch.
[4]

 The separation of polymers under critical conditions of adsorption 

allows, for example, the elution of homopolymers with the same repeat unit 

irrespective of their molar mass, according to the number and nature of 

functional groups. 

To operate in these HPLC modes, more and more highly sensitive methods 

for the detection and identification of separated species are required. Matrix-

Assisted Laser Desorption/Ionization Time-Of-Flight Mass Spectrometry 
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(MALDI-TOF-MS) has the potential to identify the fractions separated by 

SEC, LACCC or LAC. This method was developed by Karas et al.
[5]

 and by 

Tanaka et al.
[6]

 in 1988. The method was first applied for investigations of 

silicon-containing polymers in 1995, for example by Lorenz 
[7]

 and by Tang.
[8]

MALDI-TOF-MS represents a powerful tool not only for the determination of 

chemical structure but also for SEC calibration. SEC calibration for specific 

polymers is still problematic, since there are no commercially available 

standards. Therefore a calibration by the coupling of different modes of liquid 

chromatography with MALDI-TOF-MS is preferred. 

In this article, some results concerning the characterization of siloxanes and 

silsesquioxanes are reported. It should be emphasized that only the described 

combination of separation and identification methods is capable of determining 

the polymer heterogeneity in a comprehensive manner. 

31.2 Methods 

31.2.1 HPLC

The separation of macromolecules in ideal size-exclusion chromatography is 

determined by an entropy-controlled process, i.e., by a change of conformation 

without interaction with the surface of the separation material. It depends on 

the hydrodynamic volume of the macromolecule. Large molecules elute earlier, 

because they cannot enter small pores. In contrast, in ideal adsorption 

chromatography, all repeat units can interact with the surface, resulting in an 

enthalpy change. Long molecules elute later. As can be seen in Figure 31.1, the 

separation efficiency in different molecular weight ranges is quite variable in 

the different LC modes ( V1, V2). Depending on the column material, on the 

thermodynamic quality of the solvent mixture and on the temperature, one of 

the two processes will dominate. At a certain solvent/non-solvent composition 

at a given temperature, critical conditions are reached where the enthalpic and 

entropic contributions compensate each other and all molecules with the same 

chemical composition (repeat units, end groups) but different molar masses 

will elute at the same elution volume. Experimentally, the critical solvent 

composition is determined with polymers of the same type and different molar 

masses. The elution behavior in the three different modes is schematically 

demonstrated in Figure 31.1.

The LACCC and LAC experiments were conducted on a Hewlett-Packard 

(HP1090) HPLC system using a diode array UV Detector and an evaporative 

light-scattering detector. SEC measurements were performed on a modular 
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system consisting of a Rheos 4000 pump and UV and refractive index 

detectors.

Figure 31.1. Elution behavior of macromolecules in the different modes of 

HPLC of polymers. 

31.2.2 MALDI-TOF Mass Spectrometry 

In the last few years MALDI-TOF-MS has become established as a powerful 

technique for the determination of the masses of large biomolecules and 

synthetic polymers. The technique involves mixing an appropriate matrix with 

the dissolved sample. The matrix preferentially strongly absorbs at the 

wavelength of the laser. The sample/matrix mixture is placed on a target, and is 

then subjected to laser desorption and ionization. The individual ions are 

accelerated to a fixed energy in an electrostatic field and directed into a field-

free flight tube. The ions then impact onto an ion detector, and the time 

intervals between the pulse of the laser light and impact on the detector are 

measured (TOF).

By MALDI-MS, molecular weight and molecular weight distribution infor-

mation can be obtained for polymers of narrow polydispersity. Monomer and 

end group masses can be deduced from the accurate measurement of the mass 

of individual oligomers. The ability to ionize a broad range of synthetic 

polymers, fast sample preparation, high sensitivity, broad mass range, and the 

absence of fragmentation are characteristics of the technique.

MALDI-TOF mass spectrometry was carried out on Kratos Kompact 

MALDI III and Bruker Reflex III spectrometers. 0.5 L of a solution of the 
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sample (1 mg/mL in THF) and 0.5 L of the matrix solution (20 mg/mL of 2-

nitrophenyl octyl ether and 10 mg/mL silver trifluoroacetate) were mixed on a 

stainless steel sample slide. The solvent was evaporated in a stream of air at 

ambient temperature. Bovine insulin or polyethylene oxide was used for 

calibration. Conditions for the measurements: polarity positive, flight path 

reflection, 20 kV acceleration voltage, nitrogen laser (  = 337 nm). For the 

creation of 3D MALDI spectra, the sprayed target was analyzed continuously. 

The result is a three-dimensional plot giving the variation of peak intensity with 

shots and masses. Shot 1 corresponds to the start and shot 300 to the end of the 

sprayed trace, respectively. 

31.2.3 Coupling of HPLC and MALDI-TOF-MS 

A commercially available interface LC 500 (LabConnections) was used for 

semi-on-line coupling of liquid chromatography and mass spectrometry (Figure 

31.2). The matrix was added continuously through a mixing T-fitting to the 

eluent after the separation column outlet by means of a secondary pump. To 

prevent damage of the pump, the matrix solution was filled in a loop (> 1 mL) 

which was placed between the pump and T-fitting. The eluate, containing the 

polymer, the solvent, and the matrix, was sprayed onto the target, and the 

solvent was simultaneously evaporated in a nitrogen gas stream at 120 °C. This 

allows an optimal embedding of the sample within the matrix and the use of a 

great variety of matrices.

Figure 31.2. Semi-on-line coupling of HPLC and MALDI-TOF-MS. 
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31.3 Results 

31.3.1 LAC / MALDI-TOF-MS Coupling 

The liquid chromatogram of a polydimethylsiloxane (PDMS) sample with OH 
end groups is shown in Figure 31.3a. The separation was achieved by using a 
Nucleosil silica column (pore size 120 Å, 200 × 2.1 mm ID). The mobile phase 
was n-hexane/ethyl acetate, the flow rate 0.4 mL/min.[9]

Figure 31.3a. LAC of PDMS with OH end groups.

According to the elution order it appears to be a chromatogram in SEC 
mode, but it is actually a case of adsorption chromatography. The separation 
takes place according to the intensity of interaction of OH end groups with the 
silica gel column material. The intensity of interaction depends on the number 
of OH groups in proportion to the molecular weight. The content of OH groups 
is higher in lower molecular mass species, which results in longer retention 
times.

Peak 1 in Figure 31.3a has no OH end groups, but only CH3 end groups, as 
verified by MALDI-TOF-MS. A determination of the molecular weight 
distribution of this sample is in principle possible by the application of SEC 
software. For this purpose a calibration of the system is necessary. This was 
achieved by coupling with MALDI-TOF-MS. The shaded part of the chromato-
gram in Figure 31.3a (peaks 7–13) was deposited on the target for MALDI-MS. 
The associated monodisperse MALDI-TOF mass spectra (Figure 31.3b, left) 
demonstrate the exact chromatographic separation – there is only a single 
MALDI peak for each chromatographic fraction. Fractions taken from the 
higher molecular weight range (positions 2–6) and the associated MALDI 
spectra (Figure 31.3b, right) allow the construction of a calibration curve for 
the whole elution range (Figure 31.3c). It is thus possible to carry out a 
substance-specific calibration for unknown PDMS samples. 
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Figure 31.3b. MALDI-TOF mass spectra of different positions in the 

chromatogram.

Peak 7 

1374.1 Da 

Peak 8 

1300.8 Da 

Peak 9 

1226.6 Da 

Peak 10 

1152.3 Da 

Peak 11 

1078.3 Da 

Peak 12 

1003.8 Da 

Peak 13 

930.0 Da 

Peak 6 

2706.0 Da 

Peak 5 

2853.7 Da 

Peak 4 

3371.7 Da 

Peak 3 

4778.4 Da 

Peak 2 

5740.2 Da 
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Figure 31.3c. Resulting calibration curve for determination of the molecular 
weight distribution. 

31.3.2 LACCC / MALDI-TOF-MS Coupling 

The following investigations demonstrate the ability of LACCC to separate a 
polymer sample with respect to different architectures. 

The critical solvent composition (csc) for PDMS standards was determined 
using a silica column (pore size 100 Å, average particle size 5 µm, 200 × 4 mm 
ID) and toluene/iso-octane mixtures. When plotting the retention factor k
versus solvent/nonsolvent composition, the csc is indicated by the intersection 
point demonstrated in Figure 31.4a. Under these conditions, PDMS samples of 
different molecular weights elute at the same retention time. Any separation of 
an unknown sample into different peaks can be ascribed to a heterogeneity 
other than molecular weight distribution. 

Figure 31.4a. Determination of critical conditions of adsorption of PDMS. 
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The LACCC elution curve of an unknown PDMS sample is shown in Figure 

31.4b. MALDI-TOF-MS is used for characterization of the two peaks. The 

spectra are shown in Figure 31.4c. The first peak could be identified as being 

due to a cyclic structure of PDMS, whereas the second peak is due to linear 

species. Investigations on similar systems have been described previously.
[10]

Figure 31.4b. LACCC of a PDMS sample. 

Figure 31.4c. MALDI-TOF mass spectra of the two peaks in Figure 31.4b 

(cationization with Ag). 
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31.3.3 SEC / MALDI-TOF-MS Coupling (Heterogeneity) 

The coupling of SEC and MALDI-TOF mass spectrometry can also be a 

powerful tool for a more complete determination of polymer heterogeneities. In 

the following example, the SEC elution curve of the sample containing 

Oct8Si8O12 (Oct = n-octyl) is shown (Figure 31.5a). A small portion of higher 

molecular weight species is visible. The MALDI-TOF mass spectra of the two 

peaks are reproduced in Figures 31.5b and 31.5c. The mass of 1430.7 Da 

represents [OctSiO1.5]8, the mass of 2542.3 Da for the first peak corresponds to 

two silsesquioxane polyhedrons linked by an Si-O-Si bond, i.e. [Oct7Si8O12]2O.

Figure 31.5. SEC elugram (a) and MALDI spectra (b,c) of [OctSiO1.5]8

containing a substituted species. 
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A three-dimensional MALDI-TOF-MS representation of the silsesquioxane 

shows even more results (Figure 31.6a). An additional peak (see circle) at 3652 

Da was found. This peak represents the trimer [Oct7Si8O12O]2[Oct6Si8O12].

Figure 31.6a. MALDI-TOF-MS 3D-plot indicating single, dimeric, and 

trimeric polyhedra. 

A single shot-mass spectrum (Figure 31.6b) shows all three masses that 

make up the three silsesquioxane structures. 

Figure 31.6b. MALDI-MS; single shot with different polyhedra. 

Cage rearrangement is an established procedure to prepare polyhedral 

silsesquioxanes (RSiO1.5)n with n  8.
[11]

 Normally, the portion of compounds 

with n  12 is very small and difficult to characterize. As shown previously,
[12]

SEC in combination with MALDI-TOF-MS is a very powerful tool to identify 
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these products. In the case of the rearrangement of [OctSiO1.5]8, sizes up to 

n = 40 were found.

In the following, a new example of the cage rearrangement is demonstrated. 

In Figure 31.7a, the SEC elution curve of the sample containing Hep8Si8O12

(Hep = n-heptyl) is shown.

Figure 31.7a. SEC of a silsesquioxane sample containing Hep8Si8O12 and

higher oligomers. 

The presence of higher molecular weight species is remarkable. By coupling 

of SEC/MALDI-TOF-MS, sizes of n = 8 up to n = 28 can be found. The 3D 

image of the MALDI-TOF mass spectra in Figure 31.7b proves the presence of 

higher polyhedra without vacancies.

Figure 31.7b. MALDI-TOF-MS 3D-plot a silsesquioxane sample containing 

Hep8Si8O12 and higher oligomers. 
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31.4 Conclusions 

The research on modern silicon polymers by different chromatographic 

methods and their combination with structure-specific and molar mass-

sensitive detectors has shown that the characterization of such Si-containing 

polymers is possible. The choice of coupled methods for use in such 

investigations depends on the properties of the polymer sample and has to be 

established in each individual case. Because of poor solubility, it is better to 

work with oligomers in the low molecular weight range. Moreover, it is easier 

to establish critical conditions of adsorption for a specific polymer in this range 

and to apply MALDI-TOF-MS. The developed semi-on-line coupling of liquid 

chromatography with MALDI-TOF-MS allows the characterization of the 

whole sample continuously at each point of the chromatogram. 

It is reasonable to use the potential of the presented combinations of 

methods for future research on copolymers, blends, and silicon polymers of 

different architectures. The direct linking of separation, identification, and 

characterization is a great advantage. 
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33 Mechanism of Ring and Cage Formation in Siloxanes 

Karl Jug
*

33. 1 Introduction 

The transition between molecules and solids has become a fascinating area of 

research. Such compounds have been termed clusters, and their size ranges 

from a few atoms up to thousands of atoms. With growing cluster size, the 

properties of these compounds gradually change towards solid-state properties. 

It is therefore essential to understand the growth mechanism of clusters in order 

to design compounds with particular useful properties. 

This article deals with the essential steps in the formation of large siloxanes. 

Such compounds are formed by reaction of chlorosilanes with oxygen in the 

gas phase [1] or by hydrolysis of substituted silanes in solution.[2]

The reaction of SiCl4 with O2 is of technological importance for the 

chemical vapor deposition (CVD) of solid SiO2 films.[3–5] SiO2 and Cl2 are

formed above 1000 °C. However, in the temperature range 800–1000 °C, the 

product mixture consists of a great variety chlorosiloxanes of the general 

formula SinOmCll.
[1,6] These siloxanes can be considered as intermediates in the 

formation of solid SiO2. They form chains, rings or cages. The mixtures were 

first separated by gas chromatography and then characterized by mass 

spectrometry.[6] It is difficult to determine the structures experimentally and 

even more the processes by which the siloxanes are formed.

This gap is bridged by means of quantum chemical calculations. In Section 

33.2 of this article, the initial process is illuminated starting from SiCl4 and O2,

and is followed up to the formation of the smallest ring Si2O2Cl4. The 

formation of such a ring of the composition Si2O2R2R'2 from disilenes was 

recently reviewed,[7] but no information on the detailed steps starting from 

SiCl4 is available. In Section 33.3, the growth of larger siloxane cages is 

described in relation to the synthesis of mixtures of higher silsesquioxanes by 

base-catalyzed cage rearrangements of octasilsesquioxanes [8] and subsequent 

characterization by MALDI-TOF mass spectrometry.[9]
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33.2 Siloxane Ring Formation from SiCl4 and O2

Our early work was concerned with the structure and stability of 

chlorosiloxanes,[10] the growth pattern of chlorosiloxanes,[11] and the decompo-

sition of perchlorodisiloxane.[12] However, it was not clear as to how the forma-

tion of siloxanes is initiated. In particular, the role of the elusive O=SiCl2
[13]

remained unclear. In recent work,[14] we have tried to elucidate the mechanism 

of siloxane ring formation from SiCl4 and O2. We investigated three pathways 

(A–C). Pathway A involves the formation of the Cl2SiO2 ring. The energy 

profile along this pathway is given in Figure 33.1. The highest barrier of 76 

kcal/mol involves the transition state of the reaction of Cl2SiO2 with SiCl4. The 

structures of the reactants, intermediates, transition states, and products (1–12)
along this pathway are shown in Figure 33.2. They were optimized by density 

functional calculations at the B3LYP/6-311G* level. 

An alternative pathway (B) involves the dimer (Cl3SiO)2 bound through an 

O-O single bond. The highest energy barrier results from the breaking of this 

O-O single bond, which is 72.7 kcal/mol higher than the energy of the 

reactants. A third possibility (pathway C) starts with the abstraction of a 

chlorine atom from SiCl4. This leads to a barrier of 95.7 kcal/mol and is 

therefore not competitive with the other two pathways. Pathway C is also 

excluded by experimental evidence, i.e. the non-occurrence of SiCl3 radicals. 

The investigation shows a rather complicated initiation of the siloxane 

formation.

Figure 33.1. Energy profile of the reaction SiCl4 + O2 along pathway A; bold 

numbers refer to the structures in Figure 33.2. 
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Figure 33.2. Structural data (Å) of reactants, intermediates, transition states, 
and products for pathway A. 
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Starting from the relatively stable structure 10, it is suggested that the chain 

Si3O2Cl8 is formed by insertion of SiCl4 under elimination of Cl2 and that the 

larger ring Si4O4Cl8 is obtained by dimerization of structure 10 under 

elimination of 2 Cl2. The latter ring can be the starting structure for the cage 

Si8O12Cl8. The steps and the energy changes calculated with the SINDO1 

method [15] have been previously documented.[16] 

33.3 Pathways for Silsesquioxane Growth 

Among the siloxanes, the silsesquioxanes SinO3n/2Rn are of special interest. 

Si8O12R8 has a cube-like structure with the eight silicon atoms at the corners 

and the twelve oxygen atoms bridging the silicon atoms. Many cages of this 

kind have been synthesized and their properties analyzed.[17–19] Hydrido-

silsesquioxanes with R = H and n = 8–18 have also been prepared and their 

structures investigated.[20–24] Most recently, the size of experimentally detected 

silsesquioxanes was extended to n = 38.[9] 

Stimulated by the experimental work and the need for a more specific 

description of structure and stability, we undertook a comprehensive study of 

silsesquioxanes. Initially, we calculated selected perchlorosilsesquioxanes with 

up to 60 atoms [11] with the SINDO1 method.[15] We observed that some of the 

chosen structures, namely the sodalite cage of Si24O36Cl24, and the -cage

Si48O72Cl48, did not fit the global trend of stabilization. We therefore repeated 

the calculations with the newly developed MSINDO method,[25] which is 

substantially improved in terms of structure and energy compared to the 

SINDO1 method. In the selection of structures, we initially followed the 

pattern of fullerene structures, since the silicon atoms of silsesquioxanes form 

rings which are reminiscent of fullerene rings with a preference for five- and 

six-membered rings. In order to save computer time, we studied hydridosil-

sesquioxanes [26] in which the cage structure is the same as for perchlorosil-

sesquioxanes. It turned out that the isolation rule of five-membered rings that 

applies to larger fullerenes is not a guiding rule for the stability of 

silsesquioxanes. Instead, egg-shaped structures are preferred for Si48O72H48 and 

Si60O90H60, in which six Si 5-rings are located at both the top and bottom of the 

egg-shaped cage. (Note that the ring Si5O5Cl10 is called an Si 5-ring, because it 

contains five Si atoms). 

The observation of such an egg-shaped structure led us to an extension of 

the idea that such structures could be precursors of nanotubes. We therefore 

studied even larger silsesquioxanes with 72, 84, 96, 144, 192, and 240 silicon 

atoms in tube-like shapes.[27] Figure 33.3 shows the three largest structures. We 

suggested a growth mechanism similar to the C2 insertion into fullerenes. 
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Figure 33.3. Tube-like structures of hydridosilsesquioxanes Si144O216H144 (D6d),

Si192O288H192 (D6h), Si240O360H240 (D6d).
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In order to test this mechanism, we simulated the growth of Si30O45H30 to 

Si32O48H32 by addition of [Si(OH)(H)Cl]2O and elimination of 2 HCl.[28] These 

compounds are of the size found [9] in the silsesquioxane mixtures formed by 

cage rearrangement of octasilsesquioxanes [8] in solution. Figure 33.4 shows the 

transition states for this process. A topological study showed that such an 

insertion mechanism with retention of Si 5-rings and 6-rings would cease to be 

applicable when the necessary local arrangement of 5- and 6-rings is no longer 

possible. We also found that isomerization involves a much higher barrier and 

can be excluded. 

Figure 33.4. Structure of the transition states for the growth of Si30O45H30 to 

Si32O48H32 by addition of [Si(OH)(H)Cl]2O.
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We therefore decided to abandon the postulate of retention of only Si 5-

rings and 6-rings and studied an insertion mechanism which allowed the 

generation of Si 7-rings. By topological considerations, it could be shown that 

such 7-rings can be converted to 6-rings in a subsequent step. MSINDO 

calculations for such non-classical reaction pathways resulted in energy 

profiles very similar to those for the classical pathways involving Si 5-rings 

and 6-rings only. The maximum barrier differs only by 0.2 kcal/mol. 

33.4 Conclusion 

The initiation of the reaction of SiCl4 with O2 for the formation of siloxanes is 

quite complicated and involves a large number of steps, including the 

generation of radicals. This explains the great variety of siloxanes produced in 

the process. The interesting structures of silsesquioxanes show similarities to 

the fullerenes. However, their growth pattern differs from that of the fullerenes 

not only in the violation of the 5-ring isolation rule, but also in the ease with 

which growth may occur via Si 7-rings.
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34 Structurally Well-Defined Amphiphilic Polysiloxane 

Copolymers

Guido Kickelbick
*
, Josef Bauer, Nicola Hüsing

†

34.1 Introduction 

In recent years, the study of block copolymers has been an expanding field 

because of their extraordinary behavior with respect to phase separation or their 

compatibilizing properties at interfaces.[1] Amphiphilic macromolecules, 

having an affinity for both ‘water’ and ‘oil’, have attracted particular interest 

and find widespread technological applications.[2] Many of the widely used 

non-ionic commercially available amphiphilic block polymers typically have 

either polyether (Pluronic®; PEO-b-PPO-b-PEO with poly(propylene oxide) 

(PPO) and poly(ethylene oxide) (PEO) and Brij®; alkyl ether surfactants) or 

polyhydroxyl(glyceroglycolipid) sugar derivatives as the polar group.[3]

The extraordinary properties, easy functionalization, and hydrophobic 

nature of poly(dimethylsiloxane) (PDMS) make it attractive for the formation 

of speciality polymers such as block and graft copolymers. In the case of 

PDMS, the formation of several types of di- and triblock copolymers (Figure 

34.1a) is particularly easily achieved, either using an approach whereby the 

‘living’ chain end is extended in an ionic polymerization or by applying 

coupling techniques to end-functionalized polysiloxane blocks.[4]

A B AB B

BA A (C)

A

B

a) b)

Figure 34.1. Schematic representation of (a) di- or triblock and (b) graft co-

polymers.
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Another type of siloxane copolymers is graft copolymers, with the poly-

siloxane constituting either the backbone or the branches (Figure 34.1b). These 

grafted systems have been prepared, for example, by hydrosilation of Si-H 

group containing polysiloxanes with -allyl-PEO[5] or -undecenoyl-PEO.[6]

Block copolymer-type siloxane surfactants are mostly limited to the combi-

nation of hydrophobic siloxane backbones and organic hydrophilic substituents 

grafted onto the siloxane chain. Functionalized polymers with purely inorganic 

siloxane backbones have to be prepared either from monomers in which the 

functional group is protected before the commonly used ring-opening 

polymerization (ROP) or by a post-functionalization of the preformed block 

polymers.[7] Post-modification of the blocks is an appropriate means of 

preparing polysiloxane block copolymers with functional side groups that 

would otherwise deactivate the ‘living’ end groups in the sequential ROP of 

two different monomers. Amphiphilic block copolymers with a pure 

polysiloxane backbone consisting of a hydrophilic sequence formed by a 

polysiloxane chain with pendant carboxyl groups represent one of the few 

examples in this field.[8] Eq. 1 shows an example of the typically used post-

modification of preformed block and/or graft copolymers via hydrosilation. 

Further examples of modifications are the introduction of alkyl polyethers as 

pendant chains into Si-H containing siloxane polymers by hydrosilation with 

allyl ether glycols[5] or by reaction with allyl glycidyl ether.[9] A subsequent 

sulfonation was performed to obtain polymer electrolytes.[10]

           (1) 

Thio-ene addition is another attractive method for the attachment of organic 

thioether groups to polysiloxane chains. It is based on the free-radical addition 

of a thiol group to a vinyl-substituted siloxane or the addition of a terminal 

alkene to a thiol-substituted siloxane (Eq. 2).[11] Boileau et al.[12] used this 

reaction to graft different amino acids to the polymer backbone to induce 

potential interactions with polar surfaces. 
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We were interested in two types of polysiloxane diblock copolymers, both 

having a hydrophobic PDMS block, the second block consisting either of a 

hydrophilic PEO block or a hydrophilic polysiloxane block. 

34.2 Synthesis of Block Copolymers 

34.2.1 Preparation of PDMS-b-PEO Copolymers 

‘Living’ anionic ring-opening polymerization is probably the most frequently 

used method for the controlled synthesis of siloxane polymers with narrow 

molecular weight distributions (Mw/Mn < 1.2) and defined block composition. 

Strong bases, such as organolithium compounds, and THF as solvent are 

typically used for the anionic ring-opening of cyclosiloxanes.[13] Applying this 

technique, anionic polymerization of hexamethylcyclotrisiloxane (D3) is 

initiated by butyl lithium, which forms the silanolate Bu[Si(CH3)2O]3Li

quantitatively in hydrocarbon solvents. However, polymerization does not 

occur in the absence of a donor solvent such as THF, glyme, HMPA, or 

DMSO. When small amounts of these promoters are present, it is possible to 

obtain PDMS with controlled molecular weight and a narrow molecular weight 

distribution.

The propagation step is reversible because a reverse back–biting reaction of 

the active propagation center with its own chain may reproduce the monomer. 

The back–biting process also leads to the generation of a series of monomer 

homologues of various ring sizes. The silanolate center may attack another 

chain as well, leading to chain transfer, which results in chain randomization 

(Eq. 3). In the absence of acidic contaminants, the reaction proceeds without 

termination. Thus, the polymerization must be quenched to deactivate the 

silanolate center. 

(3)

Several methods for the termination of a ‘living’ anionic polymerization and 

hence the introduction of a reactive end group onto the polymer chains are 

available. Si-H-functionalized polysiloxanes are obtained by quenching the 

‘living’ end groups with chlorodimethylsilane (Eq. 4). The homooligomers/ 
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homopolymers serve as the hydrophobic part in the synthesis of the 

amphiphilic block copolymers discussed below. 
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A commonly used hydrophilic polymer block in amphiphilic block copoly-

mers is poly(ethylene oxide) (PEO). An end-functionalized PEO block was 

prepared by an etherification reaction between an OH-terminated polyethylene 

oxide of a defined block length and allyl bromide under basic conditions.[14,15]

In addition to the PEO blocks, short–chain hydrophiles, such as (allyloxy-

ethoxy)-2-ethyl ether, were prepared by a similar reaction. 

Si-H-functionalized polysiloxanes and allyl-functionalized PEO blocks were 

coupled by hydrosilation reactions using H2PtCl6 (Speier catalyst)[16] or 

Pt2[(CH2CHSiMe2)2O]3 (Karstedt catalyst) (Eq. 5). This method allows for 

variation of the block lengths and, therefore, of the relative molar ratios, over a 

wide range. 

    (5) 

All the prepared polymers had narrow molecular weight distributions 

(Mw/Mn < 1.4) as measured by size exclusion chromatography (SEC). The 

completeness of the hydrosilation reactions, as determined by 1H NMR 

experiments, was typically of the order of 95% or higher. The purity of the 

synthesized diblock copolymers was > 95%. The molecular weight determined 

from SEC experiments (Figure 34.2) on the PEO and PDMS homopolymers 

and the coupled diblock copolymer showed a marked shift to a lower retention 

volume (thus to a higher molecular weight) after the hydrosilation reaction. 

This shift, and the absence of signals in the homopolymer range, as well as the 
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disappearance of the allyl and Si-H signals in the 1H and 13C NMR spectra, 

indicated complete conversion in the coupling reaction. 
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Figure 34.2. Comparison of SEC chromatograms of PEO (Mn = 585 g/mol, 

PD = 1.15) and PDMS (Mn = 1320 g/mol, PD = 1.24) homopolymers and 

PDMS18-b-PEO12 diblock copolymer (Mn = 1780 g/mol, PD = 1.34) prepared 

by hydrosilation (internal standard: diphenyl ether). 

34.2.2 Preparation of Poly(methylvinylsiloxane)–Polydimethylsiloxane 

Diblock Copolymers (PMVS-b-PDMS)

Poly(methylvinylsiloxane) (PMVS) was prepared by anionic ring-opening 

polymerization of either 1,3,5,7-tetramethyl-1,3,5,7-tetravinylcyclotetra-

siloxane (D4
v) or 1,3,5-trimethyl-1,3,5-trivinylcyclotrisiloxane (D3

v). Cyclotri-

siloxanes are generally preferred for this type of polymerization because of 

their higher ring strain compared to cyclotetrasiloxanes, resulting in a greater 

ring-opening tendency. For example, the ring strain energy of hexamethyl-

cyclotrisiloxane (D3) was determined to be between about 8.5 to 16.7 kJ/mol, 

while octamethylcyclotetrasiloxane (D4) is practically strain–free (1.05 

kJ/mol).[17,18] Furthermore, it was shown that during the polymerization process 

the equlibrium weight fraction of non-preferred siloxane rings increases when 

bulkier substituents, e.g. vinyl groups, are present.[19,20]

For the preparation of a vinyl-functionalized polysiloxane block by anionic 

ring-opening polymerization commercially available D4
v was used and com-

pared with D3
v. Because of the diminished ring strain in D4

v, the ring-opening 

reaction needs additional activation compared to that of cyclotrisiloxanes.[21,22]
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It was shown in the literature that an increased nucleophilicity of the 

initiating anion leads to a better efficiency of the initiator. For example, 

Me3SiCH2Li proved to be superior to commonly used linear organolithium 

initiators, especially in combination with cryptands.[23-25] Contrary to the n-

BuLi/THF system, polymerization of D4
v was possible when Me3SiCH2Li

/THF was used as the initiator. However, the resulting polymers revealed broad 

molecular weight distributions, and an increased formation of larger cycles (D5
v

and D6
v) throughout the reaction was confirmed by GC/MS analyses. With 

[12]crown-4 as the promoter, the polymerization showed a much higher 

conversion (up to 80%) in THF with quite narrow molecular weight 

distributions of the resulting polymers. After 75% conversion of D4
v, the 

formation of larger cycles (D5
v and D6

v) by ‘backbiting’ reactions again became 

more noticeable by a broadening of both the polymer and monomer signal in 

SEC measurements, which was also confirmed by GC/MS analysis.[26]

Kinetic studies of the anionic polymerizations of the cyclosiloxanes D3, D3
v

and D4
v were performed in THF using n-BuLi or Me3SiCH2Li as initiators at 

room temperature. The propagation rate constants increased in the row D4
v < 

D3 < D3
v. Moreover, a small difference of the propagation rates of 1,3,5-

trimethyl-1,3,5-trivinylcyclotrisiloxane D3
v was noticed when different initiator 

systems were used. The propagation rate kpx of D3
v using n-BuLi as the initiator 

was 1.7 times higher than in the case of Me3SiCH2Li.

34.2.3 Amphiphilic Polysiloxane Block Copolymers 

Although polysiloxanes have superior properties compared to common organic 

polymers, the controlled formation of amphiphilic block copolymers consisting 

of a pure polysiloxane backbone remains essentially unexplored. There have 

been only a few reports of such polymers in the literature, for example one 

bearing pendant carboxyl groups on the polysiloxane chain,[8] and another 

prepared by a one-pot sequential anionic ring-opening polymerization of two 

cyclotrisiloxanes.[27] 

34.2.3.1 Functionalized block copolymers by sequential monomer addition. 

Sequential addition of monomers to a ‘living’ anionic polymerizing system is 

at present the most useful method for the synthesis of well-defined block 

copolymers.[28,29] An AB diblock copolymer is produced by first completely 

polymerization of one monomer (A) using an initiator such as butyllithium. 

The second monomer (B) is then added to the ‘living’ anions. When the second 

monomer has reacted completely, a terminating agent is introduced into the 

reaction mixture and the block copolymer is isolated.
[30]

 This method can be 

used to synthesize any of the various types of block copolymers (di-, tri-, tetra- 
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to multiblocks) by employing the appropriate sequence of additions of the 

monomers, provided that each propagating anion can initiate the 

polymerization of the next monomer. This synthetic strategy has already been 

employed in the synthesis of AB– or ABA–type siloxane block copolymers 

with controlled structures. Important examples of macromolecules produced by 

‘living’ anionic polymerizations include the copolymers of dimethylsiloxane 

with diphenylsiloxane, styrene, methyl methacrylate, and several other vinyl 

monomers.
[31,32]

 Siloxane block copolymers with a pure siloxane backbone in 

which the substituents are varied in the cyclotrisiloxane, have also been 

synthesized by sequential ‘living’ anionic polymerization. Examples are di- and 

triblock copolymers of dimethylsiloxane and (fluoroalkylmethyl)siloxane,
[33]

 as 

well as the controlled synthesis of block copolymers of diphenylsiloxane and 

dimethylsiloxane.
[34]

 However, it would be desirable if larger rings could also 

be used as starting materials, because cyclic trimers are often not commercially 

available and their preparation tends to be low-yielding.

The controlled synthesis of polysiloxane block copolymers with pendant 

functional groups on one of the blocks is not an easy task; the anionic 

polymerization technique tolerates only certain functional groups because of 

possible termination reactions with the propagating chain end. In particular, 

polar groups such as alcohols or carboxylic acids, which are interesting for the 

introduction of hydrophilic properties, usually give rise to termination reactions 

due to their acidic character. Two possible methods can be employed to avoid 

such interactions: the use of protecting groups or the use of organic 

functionalities that do not interact with the chain end during polymerization 

and can be transformed into the desired polar functional groups after the block 

synthesis. An example of the latter methodology is the polymerization of 

cyclosiloxanes with vinyl groups and their subsequent functionalization. 

34.2.3.2 Ring-opening polymerization of D4
v extended by D3. Block copolymers 

from ‘living’ ring-opening polymerizations are obtained by using a polymer as 

a macroinitiator and extending it with a second monomer. For the PDMS-b-

PMVS system, it was found that the extension of a PDMS chain with PMVS by 

polymerization of D4
v only leads to the addition of up to five monomeric units 

(n = 15 to 20) until the equilibrium between polymeric and ring species is 

reached, while initial polymerization of D4
v allows for a much better control of 

the reaction. 

Differences in the sequence of polymerization were investigated and it 

became apparent that a better control is obtained if the slower propagating 

monomer (D4
v) is polymerized first. The method permits the synthesis of block 

copolymers with molecular weight distribution < 1.4 and high block purity.
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The kinetically controlled ‘living’ anionic polymerizations of first D4
v and 

then D3 were carried out in two steps under argon at room temperature. Purified 

D4
v was first allowed to react with the initiator in THF for 3 h, in order to 

quantitatively afford lithium silanolates. Then, the activating agent, [12]crown-

4, was added to the stirred mixture. After five days, when up to 80% of the D4
v

(Mw/Mn  1.40) had been consumed, a solution of D3 in THF was introduced 

(Eq. 8). 
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The polymerization of D3 was followed by GC/MS. After 36 h, the reaction 

was quenched by the introduction of trimethylchlorosilane. About 92% of the 

D3 had been converted, while the amount of unconverted D4
v had not changed 

significantly. 29Si NMR analyses allowed the determination of the sequence 

distribution of repeat units, which showed no random copolymerization of D4
v

and D3 as in the case of diblock copolymers prepared by sequential anionic 

copolymerization of D3 extended with D4
v. Because the polymerization of the 

first monomer could not be carried out to completion (<100% conversion) 

without increasing the molecular weight distribution, the second monomer 

(with faster propagation rates) had to be introduced before the equilibration 

reaction became established. Therefore, unreacted monomer from the first step 

was still in solution when the second monomer was added. The risk of random 

copolymerization can be suppressed if the second monomer has far higher 

reactivity towards polymerization than the first monomer. The block formed in 

the second step contained only a few methylvinylsiloxane units, i.e. the ‘block 

purity’ was very high. 

34.2.4 Functionalization of the PMVS-b-PDMS Copolymers 

The PMVS-b-PDMS diblock copolymers still display purely hydrophobic 

properties, but the vinyl groups can easily be transformed into a variety of other 

functional groups. The double bonds of the methylvinylsiloxane blocks were 
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modified either by hydrosilation[35] or by epoxidation.[36] In the latter case, 

further modification reactions of the polyepoxide block were carried out (Eq. 

9).

                                                   (9) 

The hydrosilation of the double bonds with Karstedt catalyst at 70 °C was 

quantitative. HSi(OEt)3, HSi(OMe)3 and HSi(CH3)2Cl were used for this 

reaction to obtain a functionalized polysiloxane block. While the trialkoxy-

silane groups can be hydrolyzed and used for cross–linking reactions, the 

chlorosilanes are able to react with a variety of nucleophiles, such as alcohols, 

carboxylic acids, etc. 

Another possibility for the functionalization of the double bond is 

epoxidation and subsequent ring-opening of the oxirane ring. The epoxide was 

quantitatively formed by selective oxidation of the double bonds with m-

chloroperoxybenzoic acid (MCPBA). The obtained epoxide was opened with 

various mono- or difunctional nucleophiles, such as hydroxide ions, diamines, 

diols, dicarboxylic acids, hydroxy-functionalized ethers, and carboxylic acid 

chlorides (Eq. 10).[37] These reactions resulted in the formation of a hydroxide 

group at one carbon atom and the coupling product with the nucleophile at the 

other. Nucleophilic attack of the epoxide at the more hindered (inner) carbon 

atom was not evident from the 1H NMR spectra. Acid- or base-catalyzed 

hydrolysis of the epoxidized block copolymers led to the corresponding 1,2-

diol side groups. Epoxide ring opening was quantitative. The processing 

parameters of the ring-opening reactions allowed for the preparation of 

different materials. High dilution of the block copolymers in the solvent during 

the ring-opening led to linear polymers, while cross–linked hydrogels were 

formed at low dilution. To completely suppress cross–linking reactions using 

multifunctional nucleophiles, a large excess of reactants is necessary and harsh 

purification conditions should be avoided. For a total prevention of cross–
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linking reactions it is advisable to use monofunctional protected ring-opening 

agents and to remove the protecting groups in a further step.

(10)

34.3 Phase Behavior 

We investigated the phase behavior of selected samples of short chain PDMS-

b-PEO (repeating units < 20) diblock copolymers by means of several 

techniques, such as optical polarization microscopy, surface tension 

measurements, 2H NMR spectroscopy, small angle X-ray scattering (SAXS), 

fluorescence spectroscopy, and cryogenic transmission electron microscopy 

(cryo TEM). The samples showed lamellar phases over a wide range of 

compositions, concentrations, and temperatures (in water), and vesicles at low 

concentrations (< 0.12 wt%) of the diblock copolymers in water. On 

systematically increasing the hydrophobic block volume (by lengthening the 

siloxane block at a constant PEO volume), the lamellar phase region became 

smaller and destabilized, which correlates with the formation of turbid 

dispersions at lower concentrations. 
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34.4 Summary 

Polysiloxane–containing amphiphilic block copolymers have been prepared by 

different approaches. Coupling of an end-functionalized polydimethylsiloxane 

with a functionalized poly(ethylene oxide) led to the formation of PDMS-b-

PEO diblock copolymers. The sequential anionic ring-opening polymerization 

of tetramethyltetravinylcyclotetrasiloxane and hexamethylcyclotetrasiloxane 

resulted in the formation of a vinyl-substituted diblock copolymer, the vinyl 

groups of which could be modified by further reactions so as to import 

amphiphilic character. The phase behavior of short–chain PDMS-b-PEO

diblock copolymers revealed the preferred formation of lamellar phases by this 

type of amphiphile 

34.5 Acknowledgement 

We gratefully acknowledge Wacker-Chemie for their kind donation of 

chemicals. Furthermore, we like to thank the group of Krister Holmberg and 

Anders Palmqvist at Chalmers University of Technology for their support in 

determining the phase behavior of the block copolymers. 

34.6 References 

[1] D. F. Evans, H. Wennerström, The Colloidal Domain Where Physics, 

Chemistry, Biology and Technology Meet., VCH, New York, 1994. 
[2] S. Förster, M. Antonietti, Adv. Mater. 1998, 3, 195. 
[3] B. Jönsson, B. Lindman, K. Holmberg, B. Kronberg, Surfactants and 

Polymers in Aqueous Solution, J. Wiley, New York, 1998. 
[4] T. J. Barton, P. Boudjouk, Adv. Chem. Ser. 1990, 224, 3. 
[5] E. Wu, I. M. Khan, J. Smid, Polym. Bull. 1988, 20, 455. 
[6] Y. Sela, S. Magdassi, N. Garti, Colloid Polym. Sci. 1994, 272, 684. 
[7] G. Belorgey, G. Sauvet in R. G. Jones, W. Ando, J. Chojnowski (Eds.), 

Silicon-Containing Polymers, Kluwer Acad. Publ., Dordrecht, 2000, p 43. 
[8] M. Scibiorek, N. K. Gladkova, J. Chojnowski, Polym. Bull. 2000, 44, 377. 
[9] G. B. Zhou, I. M. Khan, J. Smid, Polym. Prepr. (Am. Chem. Soc., Div. 

Polym. Chem.) 1989, 30(1), 416. 
[10] G. B. Zhou, I. M. Khan, J. Smid, Polym. Commun. 1989, 30, 52. 
[11] B. Boutevin, F. Guida-Peitrasanta, A. Ratsimihety in R. G. Jones, W. Ando, 

J. Chojnowski (Eds.), Silicon-Containing Polymers, Kluwer Acad. Publ., 

Dordrecht, 2000, p 79. 



450          G. Kickelbick, J. Bauer, N. Hüsing

[12] S. Abed, S. Boileau, L. Bouteiller, J. R. Caille, N. Lacoudre, D. Teyssiè, J. 

M. Yu, Polym. Mater. Sci. Eng. 1997, 76, 45. 
[13] L. Wilczek, J. Kennedy, Polymer 1987, 19, 531. 
[14] H. Riemschneider, Monatsh. Chem. 1959, 90, 787. 
[15] T. N. Mitchell, K. Heesche-Wagner, J. Organomet. Chem. 1992, 436, 42. 
[16] J. L. Speier, J. A. Webster, G. H. Barnes, J. Am. Chem. Soc. 1957, 79, 974. 
[17] R. G. Jones, W. Ando, J. Chojnowski (Eds.), Silicon-Containing Polymers;

Kluwer Acad. Publ., Dordrecht, 2000. 
[18] W. A. Piccoli, G. G. Haberland, R. L. Merker, J. Am. Chem. Soc. 1960, 82,

1883.
[19] J. A. Semlyen in S. Clarson, J. Semlyen (Eds.), Siloxane Polymers; PTR 

Prentice Hall, London, 1993, pp 135. 
[20] J. A. Semlyen, Adv. Polym. Sci. 1976, 21, 41. 
[21] S. Hubert, P. Hèmery, S. Boileau, Makromol. Chem., Macromol. Symp.

1986, 6, 247. 
[22] M. Jelinek, Z. Laita, M. Kucera, J. Polym. Sci. C 1967, 16, 431. 
[23] S. Boileau, Makromol. Chem., Makromol. Symp. 1993, 73, 177. 
[24] J. M. Yu, D. Teyssie, R. B. Khalifa, S. Boileau, Polym. Bull. 1994, 32, 35. 
[25] K. Ròzga-Wijas, J. Chojnowski, T. Zundler, S. Boileau, Macromolecules

1996, 29, 2711. 
[26] J. Bauer, N. Hüsing, G. Kickelbick, J. Polym. Sci. Part A: Polym. Chem.

2002, 40, 1539. 
[27] J. Chojnowski, M. Cypryk, W. Fortuniak, K. Kazmierski, M. Scibiorek, K. 

Rozga-Wijas, Polym. Prepr. 2001, 42(1), 227. 
[28] M. Morton, L. J. Fetters in C. E. Schildknecht, I. Skeist (Eds.), Anionic

Polymerizations and Block Copolymers, Wiley, New York, 1977. 
[29] M. Morton, Anionic Polymerization: Principles and Practice; Academic 

Press, New York, 1983. 
[30] L. J. Fetters, E. M. Firer, M. Defauti, Macromolecules 1978, 10, 1200. 
[31] J. B. Plumb, J. H. Atherton in A. Noshay, J. E. McGrath (Eds.), Block

Copolymers: Overview and Critical Survey, Academic Press, New York, 

1977.
[32] P. C. Juliano, New Silicon Elastoplastics, General Electric Co., New York, 

1974.
[33] M. J. Owen in D. J. Meier (Ed.), Block Copolymers, Science and 

Technology, Academic Publ., Harwood, 1983; Vol. 3, p 129. 
[34] N. V. Gzovidc, J. Ibemesi, C. C. Meier, Macromol. Symp., Proc. 1982, 28,

168.
[35] Y. Chang, Y. C. Kwon, S. C. Lee, C. Kim, Polym. Prepr. 1999, 40(2), 269. 
[36] F. Macchia, P. Crotti, M. Chini, Tetrahedron Lett. 1990, 31, 4661. 
[37] J. Bauer, N. Hüsing, G. Kickelbick, Chem. Commun. 2001, 137.



35 Synthesis and Functionalization of Mesostructured Silica-

Based Films 

Nicola Hüsing
*
, Beatrice Launay, Guido Kickelbick

†

35.1 Introduction to Mesostructured Materials 

In the early 1990s, researchers discovered that in addition to single molecules 

such as tetramethylammonium bromide used for the preparation of zeolites, 

molecular assemblies, as found in liquid crystals, can be used for templating 

inorganic matrices.[1,2] With this discovery, research in the field of templating 

and patterning inorganic materials so as to obtain perfectly periodic, regularly 

sized and shaped cavities, channels, and layers has expanded dramatically. This 

supramolecular templating relies on the ability of amphiphilic molecules to 

self-assemble into micellar structures that, when concentrated in aqueous 

solutions, undergo a second stage of self-organization resulting in lyotropic 

liquid crystal-like mesophases. Molecular inorganic species can cooperatively 

co-assemble with these structure-directing agents (templates) to eventually 

condense and form the mesoscopically ordered inorganic backbone of the final 

material (Figure 35.1). The mesostructured nanocomposite is typically either 

calcined, ozonolyzed, or solvent–extracted to obtain a porous inorganic 

material in which the pore dimension relates to the chain length of the 

hydrophobic tail of the template molecule. 

There are some excellent review articles on different aspects of meso-

structured materials, such as synthesis, properties, and applications.[3-6]

Extensive research effort has been devoted to the exploitation of new phases 

(lamellar, cubic, hexagonal structures), expansion of the pore sizes (about 2 50

nm are accessible), and variable framework compositions (from pure silica, 

through mixed metal oxides to purely metal oxide-based frameworks, and 

inorganic–organic hybrid mesostructures). Another research focus is on the 

formation of mesostructured materials in other morphologies than powders, e.g. 

monolithic materials and films, which are required for a variety of applications 

including, but not limited to, sensors (based on piezoelectric mass balances or 

surface acoustic wave devices), catalyst supports, (size– and shape–selective) 

filtration membranes or (opto)electronic devices. The current article is focused 
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on the different methods of film formation and the possibilities for their 

modification and functionalization. 

Figure 35.1. Schematic representation of the supramolecular templating 

(reprinted from ref.[1] with friendly permission of Nature Publishing Group). 

35.2 Synthesis of Mesostructured Thin Films 

Mesostructured thin silica films can be prepared as freestanding films or 

supported by a variety of different substrates. In the following, a short descrip-

tion of the different synthesis methods is given; the synthesis and the formation 

mechanism of mesoporous silica films has been reviewed in detail elsewhere.[4] 

35.2.1 Films Grown Spontaneously from Solution (Solid Liquid,

Liquid Liquid and Liquid Vapor Interface) 

Continuous mesoporous silica films can be grown at interfaces through inter-

facial silica surfactant self-assembly processes from surfactant solutions above 

the critical micelle concentration. These interfaces include substrates such as 

mica or graphite, which are immersed in an acidic solution of a mixture of 

surfactant (e.g., hexadecyltrimethylammonium salts) and a silica source such 

as tetraethoxysilane. Three-dimensional surfactant structures form at the 

solid liquid interface in which the final structure is determined by physical 

(and/or) energy constraints on the first micellar layer (depending on the sub-

strate).[7,8] Following the nucleation of small oriented structures on the surface, 

these structures grow and eventually coalescence to form a continuous 

mesostructured film. The films have a thickness of 0.2 to 1 m, depending on 

the time for which the substrate is immersed in the solution, which is typically 

in the range of a couple of hours to weeks. After calcination, the films are truly 

mesoporous materials, with hexagonally packed one-dimensional channels that 
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run parallel to the film surface. Under similar reaction conditions, freestanding 

films can be grown at air water and oil water interfaces.[9,10]

35.2.2 Films Based on Solvent Evaporation Techniques (Spin–Coating, 

Dip–Coating, Casting) 

Periodic mesoporous continuous thin films can also be prepared by processes 

that rely on solvent evaporation induced self-assembly (EISA).[11,12] The first 

detailed study on the process was performed on dip-coated samples and can be 

described as follows. The starting point is a homogeneous solution of ethanol, 

water, hydrochloric acid, soluble silica, and surfactant, at a concentration far 

below that at which micelles or other aggregates are formed. Upon withdrawal 

of the substrate from the sol, preferential evaporation of the ethanol 

concentrates the film in water, silica species, and surfactant. Therefore, the sur-

factant concentration is progressively increasing, resulting in the formation of 

micelles and, upon further evaporation of ethanol, in the formation of liquid 

crystal-like mesophases consisting of silica surfactant co-assemblies. This 

process allows the formation of a mesostructured nano-composite film within a 

few tens of seconds (Figure 35.2). 

After template removal, a mesoporous material is obtained in which the 

pores can be arranged in either a hexagonal or  a cubic fashion.

Figure 35.2. Schematic representation of the dip coating process (reprinted 

from ref.[12] with friendly permission of Wiley-VCH). 
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This mechanism has been utilized in casting, spin–coating and dip–coating 

processes, and a variety of films differing in pore size and pore orientation has 

been synthesized.[13-15] The principle has been investigated extensively for 

silica-based systems. Recently, it was shown that mesostructured transition 

metal oxide based systems can also be synthesized by using the EISA 

process.[16]

Electrodeposition or pulsed-laser deposition techniques are additional 

possibilities for forming thin mesostructured films. These techniques have 

mainly been applied to non-silica mesostructured films such as niobia or 

platinum, but also hexagonally oriented mesoporous silica films were prepared 

by pulsed-laser deposition.[17]

35.3 Functionalization of Mesostructured Thin Films 

For many applications, e.g. in the area of sensing, catalysis or separations, 

modifications of the inorganic backbone are required to provide a certain 

specific surface chemistry or active sites on the inner pore surface. Different 

routes, such as simple inclusion of molecules, or the covalent attachment of 

functional entities, are applied. Because of the specific synthesis strategy, the 

structure-directing agent can also be used for functionalization of the 

mesostructured material. Only in situ modifications are discussed; post-

synthesis modifications of the final porous material are, in principle, possible, 

but are beyond the scope of this article. 

35.3.1 Modification by Inclusion of Functional Moieties 

For the inclusion of functional moieties, control of the location and the 

orientation of the guest species within the host architecture is of considerable 

importance. The supramolecular templating approach allows the in situ

controlled placement of molecules due to the formation of reservoirs of 

different polarity (the hydrophobic interior of the micelles, the hydrophilic 

compartment, the inorganic framework) during the synthesis.[18] However, the 

synthesis conditions must be carefully chosen because the mesostructure 

formation involves a delicate interplay between micelle formation, 

condensation of the inorganic framework, and the formation of the film. 

It has been shown that mesostructured silica-based films are excellent hosts 

for photochromic dyes such as spiropyrans and spirooxazines, which are pre-

dominantly incorporated into the hydrophobic cores of the formed micelles.[19]
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35.3.2 Modification by Co-condensation Reactions 

Through covalent attachment of organic groups to the inorganic backbone of 

mesostructured silica films, the pore surface characteristics, such as polarity, 

hydrophilic–hydrophobic balance or functionality, can be systematically and 

deliberately tailored. A direct route for the covalent modification of 

mesoporous silica–based films is the co-condensation of tetraalkoxysilanes 

with organotrialkoxysilanes in the presence of a structure-directing agent. 

Simple organic groups, functional groups (e.g. mercapto, amine, quaternary 

amine), and more complex systems such as organic dyes (3-(2,4-

dinitrophenylamino)propyltriethoxysilane) all covalently attached to an 

Si(OMe)3 unit, have been used in the modification of thin films.[20-22]

It was shown that the pores can be modified without destruction of the 

periodic pore structure. However, for template removal calcination cannot be 

used because the organic groups would be destroyed as well. Thus, a solvent 

extraction process has to be applied.

The dual approach of co-condensation and controlled placement has been 

demonstrated by using methacrylate-substituted trialkoxysilanes in the 

presence of tetraalkoxysilanes and methacrylate-containing organic monomers 

as precursors. The inorganic network is modified by methacrylate groups, 

which can be polymerized with the methacrylate monomers that are located 

within the hydrophobic micelle reservoir during film formation. Polymerization 

reactions led to a nanocomposite coating, which mimics nacre with alternating 

organic and inorganic layers.[23]

A different network structure is obtained when the organic groups link two 

or more Si(OR)3 groups, that is when silanes of the type (RO)3Si-X-Si(OR)3 are

employed as precursors. The use of such precursors permits the organic groups 

to become an integral part of the network rather than just a pendant function-

ality. This has been demonstrated for different bridged silsequioxanes such as 

ethane- (a), ethene- (b), benzene- (c), and thiophene- (d) derivatives (Figure 

35.3), which are processed either alone or in the presence of a tetraalkoxysilane 

by using spin or dip coating, or starting from bulk silica-surfactant solutions 

above the critical micelle concentration.[24,25]

The incorporation of integral organic groups and functionalities can result in 

synergistic properties promising an unprecedented ability to tune the properties 

and function of the resulting mesoporous film. 

35.3.3 Modification by Functional Surfactant Molecules 

In the synthesis of mesostructured thin films, modification or functionalization 

of the material can also be achieved by varying the template molecule. 
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(Me3O)Si
Si(OMe)3 Si(OMe)3(Me3O)Si

(Me3O)Si
Si(OMe)3

S Si(OMe)3(Me3O)Si

(a)

(b)

(c)

(d)

Figure 35.3. Chemical formulas of bridged silsesquioxane monomers 

employed in the preparation of mesostructured thin films. 

This can either already bear a functionality, e.g. a polymerizable group or a 

metal complex system, resulting in mesostructured nanocomposite materials, or 

the template can be converted in a second step to functionalize the final 

(porous) material. 

The first approach using a functional template molecule was demonstrated 

by applying an oligoethylene glycol functionalized diacetylenic surfactant, 

from which an ordered polydiacetylene/silica nanocomposite film was prepared 

that exhibited unusual chromatic responses to thermal, mechanical or chemical 

stimuli.[26] 

The application of a 11-ferrocenylundecyl-ammonium bromide/hexa-

decylammonium bromide surfactant mixture as structure–directing agent 

resulted in a lamellar mesostructured silica film, which showed electronic 

conductivity due to electron transport in the ferrocenyl chains.[27] Lyotropic 

lithium triflate-silicate liquid crystals have been utilized as supramolecular 

templates in the synthesis of ionically conducting nanocomposite films.[28]  

In addition to the synthesis of mesostructured nanocomposite materials, the 

template molecule can also be used to functionalize the periodic porous silica 

film. This was demonstrated by applying polyethylene glycol containing 

surfactants that had been pre-reacted with titanium alkoxides.[29] These 

lyotropic metal-containing surfactants were used in the synthesis of 

mesostructured silica-titania mixed metal oxide thin films serving two different 

functions: as structure-directing agents and as moderator of the hydrolysis rate 

of the titanium alkoxide (Figure 35.4).

The tailored design of the titanium-coordinated surfactant and its 

application in an evaporation-induced self-assembly process followed by heat 

treatment enabled the preparation of periodic mesoporous silica-based films 

with a high loading and good dispersion of tetrahedral titanium atoms within 

the silica matrix. This approach is also feasible for a variety of other transition 

metal oxides. 

In another approach, inorganic–organic hybrid template molecules such as 

poly(dimethylsiloxane)-b-poly(ethylene oxide) block copolymers were applied 

(Figure 35.5). These amphiphilic molecules offer the interesting possibility of 
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converting parts of the template molecule into silica, thereby reinforcing and 

thickening the wall of the inorganic framework. 

Ti
PriO

OiPr
OiPr

O O

O
CH2-CH2-O....

+

Si

OEt

OEt
OEt

EtO Ordered 
silica network

Homogeneously 
distributed Ti(IV)
-species

Figure 35.4. Schematic pathway to mesostructured silica / titania mixed oxide 

films.

Figure 35.5. X-ray diffraction pattern and TEM image of a PDMS18-PEO12

templated calcined silica film. 

This is the first example of a stable lamellar phase in a material that was 

heat treated up to 450 °C. At this temperature, the silicone part of the surfactant 

does not degrade completely, but forms silsesquioxane units condensed to the 

silica backbone of the film. The silsesquioxane units located on the surface of 

the pore wall structures render the material hydrophobic and also act as a buffer 
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between the layers, such that no collapse of the lamellar structure can be 

observed.[30] 
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37 Biosilicification – Structure, Regulation of Structure and 

Model Studies 

Carole C. Perry
*

37.1 Introduction 

Silica, in its various forms (orthosilicic acid (Si(OH)4) through to hydrated 

amorphous silica (SiOn(OH)4-2n, n = 2–4)), is important in geological and bio-

logical processes. Geological minerals may be crystalline or amorphous, 

porous or non-porous. In contrast, biologically derived silica is routinely 

amorphous, and yet organisms are able to produce complex micro-architectural 

features that may contain distinct structural motifs built up from silica particles 

of characteristic size, degree of hydration, surface chemistry, and particle-

particle orientation. How is this done? This chapter describes the structure of 

siliceous materials found in biological organisms and indicates some of the 

progress that is being made in the search for the underlying reactions/ inter-

actions that control the process. Model studies to look at specific interactions 

between biopolymers and simpler molecules containing the “presupposed 

required functionalities” with silica are also described. 

37.2 Structural Chemistry of Biosilicas 

The mineral silica, or more specifically hydrated amorphous silica, often 

referred to as opal, is the second most abundant mineral type formed by 

organisms, with only the carbonate minerals exceeding it in abundance and 

distribution. Much of the biogenic silica produced is formed at temperatures of 

4º C or lower in the polar oceans.

The morphology of siliceous structures still forms the basis for the 

taxonomy of a number of groups, including the radiolaria, Figure 37.1. The 

mineral is used to strengthen cell walls and to provide skeletal features. It is 

also found as secondary wall associated deposits where adventitious particles 

including quartz stick to the outside of the organism.[1] Table 37.1 lists the 

organisms known to process silicon.[2] 

Amorphous silica is found in biological organisms as the kinetic barrier to 

crystallization is of the order of 800 kJ mol-1. Biogenic silica is not a 
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stoichiometric mineral and the nature (density, hardness, solubility, viscosity) 

and composition of siliceous structures in biology may vary considerably, 

being influenced directly and indirectly by a wide range of cellular processes. 

Although there is flexibility in terms of composition in respect of hydroxyl 

functionality biological silicas actively exclude other metal ions from their 

structures.[3]

If we consider silicas produced by biological organisms we find that there 

are examples of both gel-like and particulate materials that exhibit variable 

porosity (Table 37.2). These materials are all formed under conditions of 

ambient temperature and pressure and at circumneutral pH and yet many of the 

structures show evidence of long–range structural organization. Even more 

remarkable is the fact that the biosilicas show no evidence of crystallinity and 

yet are able to produce cohesive structures over length scales many orders of 

magnitude greater than the dimensions of the fundamental building blocks. 

Although biogenic silica exhibits no long-range crystallographic order (as 

determined by ultra high resolution transmission electron microscopy and 

diffraction methods,[4,5] morphological order exists at the microscopic level. 

The initial distinction that can be made is between gel, continuous, and 

particulate structures. In true ‘gel-like’ phases such as costal strips from the 

Figure 37.1. Radiolarians.

Reproduced from Haeckel,

Ernst, Art Forms in Nature,

Dover Publications, New York

(1974) with the permission of

the publisher. Originally

published by Ernst Haeckel in

Kunstformen der Natur (1899-

1904). In comparison to

organisms such as diatoms and

choanoflagellates, much less is

known concerning the

formation of the skeletons of

these organisms as they are

much more difficult to culture

in the laboratory. Organisms

may be up to many hundreds of

micrometres in diameter. 
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marine protozoan, Stephanoeca diplocostata Ellis, where the cell is surrounded 

by a basket–like casing (lorica) built up from 150-180 silica strips (costal rods), 

the silica phase is a continuous network throughout the material [6] and even on 

partial dissolution, particles are not visible (Figure 37.2). 

In contrast, the silica deposits in many organisms, including higher plants 

comprise ‘particulate’ structures where secondary structural motifs are built up 

from primary particles of different sizes, shapes, and surface chemistries.[7,8]

Table 37.1. Silicon involvement in biological systems. 

Type of 

 involvement 

Species of

silicon required 

Known function Occurrence 

As a trace element Orthosilicic acid DNA polymerase 

Collagen and 

glycosaminoglycan

synthesis

Bone

mineralization

For growth 

Diatoms

Vertebrates

Vertebrates

Diatoms, some 

higher plants, 

vertebrates

Cell wall and 

skeleton

formation

Silicic acid 

Amorphous silica 

Protection, support Diatoms, chryso-

phytes, other 

silicified algae 

Choanoflagellates,

radiolaria,

testaceous,

amoebae, other 

protozoa, sponges, 

mollusc teeth 

Secondary cell 

wall-associated

deposits

Silicic acid 

Amorphous silica 

Possibly as an 

alternative to 

excretion

Some higher 

plants

Modified from Simpson and Volcani, 1981. [2]
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Table 37.2. Adsorption data for selected biogenic silicas. 

 Surface area 

[m2g-1]

Pore diameter 

[Å]

Particle size* 

[Å]

Plant hairs (Phalaris

canariensis)

               Silica only 

               Intact hairs 

240

0

35

-

50–100

50–100

Diatom (Navicula

pelliculosa)

               Silica only 100 100 50

Sponge (Euplectella

Owen)

1 - 30 

* Particle sizes were determined by electron microscopy and were for the 

smallest recognizable particles, not the fundamental particles making up these 

structures.

Figure 37.2. Transmission electron micrograph of Stephanoeca diplocostata 

Ellis, Scale bar = 8 m (Courtesy of Prof. S. Mann, Bristol University). 

The structures have been classified as sheet–like, globular and fibrillar 

depending on the nature of the aggregation between the particles.[7] The range 

of particle sizes observed in a particular structural motif is limited. Apart from 



37 Biosilicifi cation; Structure, Regulation of Structure and Model Studies          479

globular structures where small (5–10 nm) particles coalesce to produce larger 

particles, all the other motifs are built up from clearly distinguishable particles 

that remain distinct from one another under conditions of analysis. 

The stability of the structural motifs in the electron microscope is consider-

able, in comparison to industrially prepared precipitated silicas of similar 

dimensions, perhaps indicating a surface stabilization for the biologically 

derived silicas.[8] A noticeable feature of particulate silicas formed in the 

biological environment is the narrow particle size distribution for specific 

structural motifs and the lack of necking between particles, which is 

synonymous with controlled nucleation, particle growth, and aggregation.[9]

Figure 37.3 shows the sizes and particle size distribution of the smallest 

particles measurable making up particulate structures in globular silica 

extracted from the branches of Equisetum species, and examples of nano- and 

macro-structures for this species are shown in Figure 37.4. 

An intermediate structural type is that exhibited by some sponges and 

diatoms, which we term ‘continuous’ silica (Figure 37.5). Morphological forms 

such as fibrillar and hexagonal columnar arrangements have been observed in 

the development of some diatoms [10,11] that are not discernible in the fully 

mineralized frustule or coat. It is only when partial dissolution of the diatom 

skeleton has taken place that the shell can be seen to be built up from 5 nm 

particles (similar to those observed in particulate arrangements) with further 

impregnation of siliceous or organic material to give the resultant composite 

frustule. This final material we would describe as ‘continuous’ silica. 
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Figure 37.3. The smallest measurable

particle sizes for biogenic silica in the

branches of Equisetum arvense [black

bars], silica produced in a model system

from a silicon catecholate complex

[striped bars], and silica produced in a

model system in the presence of a

biosilica protein containing extract from

Equisetum arvense [hatched bars].
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Figure 37.4. Plant silica examples. A. Silicified cell wall structures from the 

branches of Equisetum arvense, Scale bar, 20 m, B. Silica found inside the 

stem of Equisetum arvense (Scale bar 100 nm). 

Figure 37.5. Diatom silica from Navicula pelliculosa. Left: pore structures. 

Right: silica network structures. 

On a macroscopic scale, the beauty of siliceous structures has fascinated 

scientists since the advent of light microscopy. The complex, often geometric 

morphology of these structures still forms the basis for the taxonomy of a 

number of groups of lower plants and animals, e.g. radiolaria (see Figure 37.1). 

The architectural design of these intricate structures at the macroscopic level 

may be mirrored in the ultrafine morphology on the microscopic scale, for 

example within each individual pore of a diatom frustule (Figure 37.5, left).[12]

Clearly, control at this level of sophistication is ultimately the result of genetic 

processes acting on the regulation and organization of chemical and biochemi-

cal reactions at the molecular level. Silica structures are sometimes found to 

mimic the underlying organic cell wall structure (Figure 37.5, right).
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37.3 Identification of Biomolecules in Biological Silica 

The finding that proteinaceous matrices can act as templates for the nucleation, 

growth, and growth regulation of crystalline biominerals has prompted a search 

for similar regulatory molecules in silicifying organisms such as diatoms, 

sponges, and higher plants. The chemical nature of the biomolecules extracted 

from the different organism types show some similarities but there are also 

many differences in composition and structure.

Studies in the early 1970s on the organic casing of a range of mature 

diatoms [13] showed that diatom cell wall proteins were consistently enriched in 

serine and threonine, comprising 16–34 mol%, and glycine, at 11–21 mol%. In 

contrast, the concentrations of sulfur–containing (cysteine and methionine) and 

aromatic (phenylalanine and tyrosine) residues were low and the cell wall was 

depleted in acidic amino acids, namely aspartic and glutamic acid, although at 

levels ranging between 16 and 23 mol% the material could still be considered 

relatively rich in acidic residues, consistent with composition data obtained 

from matrices extracted from crystalline biominerals. 

Recent studies performed on one particular diatom, Cylindrotheca

fusiformis have identified three types of proteinaceous materials. Treatment 

with EDTA produced a new glycoprotein family, termed frustulins,[14-16] that 

appear to have a modular structure. Each frustulin contains at least three of five 

structural elements: (a) a presequence domain, (b) an acidic cysteine rich 

(ACR) domain with a highly repetitive structure with a common sequence 

being C-E/Q-G-D-C-D, (c) proline-rich domains, (d) polyglycine domains and 

(e) a tryptophan-rich domain. The secondary structure of the frustulins is 

expected to contain both extended helical structural components (proline-rich 

and polyglycine domains) and globular structural components (ACR and 

tryptophan-rich domains) [14] with some but not all frustulins being 

glycosylated. Frustulins are assembled through non-covalent calcium ion salt 

bridges.[14] A second class of proteins, referred to as HF–extractable proteins, 

or HEPs, have been identified as being tightly associated with a substructure of 

the silica scaffold [17] although all information on sugar content is lost due to the 

treatments used. The most thoroughly investigated protein, HEP200, displays a 

bipartite structure with serine being more concentrated in the N-terminal 

portion where it constitutes ca. 11 mol% of the amino acid composition. A 

third set of low molecular weight protein containing materials (4-17 kDa 

molecular weight) have also been isolated from C. fusiformis by anhydrous HF 

treatment. The polycationic peptides have been termed silaffins, [18] and their 

amino acid composition is particularly rich in basic amino acids, with Lys-Lys 

and Arg-Arg clusters being spaced in a highly regular manner and the hydroxy-

amino acids serine and tyrosine being located principally between the basic 

clusters. The silaffins contain amino acids which have been subject to post-
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translational modification with -N,N-dimethyllysine and oligo-N-methyl-

propylamine side chain functionalities, both of which increase the positive 

charge on the molecules in the sub-neutral pH range.[18,19]

Investigations into the nature of an intra-silica matrix have also been per-

formed on sponges and higher plants. The sponge Tethya aurantia has a central 

protein filament which can be dissociated into three similar sub-units, referred 

to as silicatein , , and . The amino acid compositions of the purified extracts 

appear to be remarkably consistent with those for the various diatom species, 

showing ca. 20 mol% acidic residues, 16–20 mol% serine/threonine and ca. 15 

mol% glycine.[20] The more abundant  subunit of the sponge filament proteins 

has been further characterized and identified as a novel member of the 

cathepsin L subfamily of papain-like cysteine proteases. A distinctive feature 

of this subunit is the clustering of the hydroxy amino acids giving rise to 

serine–rich sequences, which strengthens the idea that they are molecular 

templates for silicification.

Studies on higher plants, including Equisetum telmateia (Great horsetail), 

and E. arvense (Common horsetail), and on hairs found on the lemma of the 

grass Phalaris canariensis, have also identified an organic matrix that is 

intimately associated with biogenic silica.[21,22] Three extracts have been 

obtained with distinctive chemical compositions. The most readily released is 

enriched in respect of serine/threonine (25 mol%), and glycine (20 mol%) and 

is relatively rich in acidic residues (25 mol%). The second extract has lower 

levels of glycine and hydroxyl-containing residues, with the glycine being 

replaced principally by proline, and an increase in the lysine concentration, 

which doubles from approximately 4 to 8 mol% in Phalaris and from 6 to 

12mol% in Equisetum. A third, insoluble material is also obtained, which 

contains up to 26 mol% of lysine, high levels of proline, and high levels of 

aliphatic amino acids. The proportion of acidic amino acids is still around 16%, 

but the level of hydroxylated amino acids is reduced to around 6%.

37.4 Proposed Mechanisms of Action 

The original mechanism proposed for templated silicification was that pro-

posed for diatoms by Hecky et al. [13] and is still referred to today by workers in 

the field. It was envisaged that the serine/threonine–enriched protein would 

form the inner surface of the silicalemma, and as such would present a layer of 

hydroxyls, facing into the silica deposition vesicle, onto which orthosilicic acid 

molecules could condense. This initial layer of geometrically constrained 

orthosilicic acid molecules would promote condensation with other orthosilicic 

acid molecules. The carbohydrate moiety present in the diatom cell wall was 
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assigned a number of possible roles, including action as a physical buffer 

between the organism and the aquatic environment, providing resistance to 

chemical and bacterial degradation, and functioning as an ion–exchange 

medium.

As a consequence of more recent structural and mechanistic studies of silica 

formation in diatoms, the frustulins are proposed to play a structural role in the 

organic casing of diatoms rather than a regulatory role in the silicification 

process.[14] It has been tentatively speculated that the HEP’s may regulate 

morphogenesis in subsets of the girdle bands that are structural components of 

the developing diatom frustule.[18] A role has been proposed for the low 

molecular weight silaffins that involves promotion of silicic acid polyconden-

sation and precipitation of biogenic silica under neutral or slightly acidic pH 

conditions. The presence of the post–translational polyamine modifications 

would be indispensable for silaffins to exert silica precipitation activity at the 

sub–neutral pH conditions proposed to exist within the lumen of the silica 

deposition vesicle.[18,23] A distinctive feature of specific subunits within the 

silaffins is the clustering of the hydroxy amino acids giving rise to serine-rich 

sequences, a fact that again strengthens the idea that they are molecular 

templates for silicification.

For the silicateins extracted from sponges, their structural relationship to the 

proteases which catalyze hydrolysis reactions (essentially the reverse of the 

condensation reaction by which orthosilicic acid oligomerizes to produce 

silica) adds further weight to the hypothesis that they are involved in silica 

deposition. Additionally, structural variants of the silicatein protein produced 

using site–directed mutagenesis [24] have shown that specific serine and 

histidine side chains are required for optimal activity in the catalyzed formation 

of silica.

Among the materials extracted in studies of plant materials,[22] the highly 

charged, (very high levels of lysine and acidic groups) and relatively rigid, 

(high levels of proline) materials are envisaged as playing roles in regulating 

nucleation. Those materials which contain higher levels of amino acids (such as 

serine) that could bind to silica by a hydrogen-bonding mechanism would 

provide a means by which the growth of particles is regulated. It is likely that 

cell wall proteins and some of the carbohydrate polymers present in the 

secondary cell wall of these silicifying structures may also be involved in 

regulating particle growth and in the delineation of spaces with specific shapes 

in order for structural motifs of silica and macroscopic features to result.
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37.5 Studies of the Effect of Biosilica Extracts on the in vitro

Formation of Silica 

Proteinaceous extracts from diatoms, sponges, and higher plants have been 

used in model studies of silicification in order to identify the role of the 

extracted biomolecules.

Studies using low molecular weight silaffins from diatoms [17] have shown 

that these molecules accelerate the silica polycondensation process and aid in 

flocculation, the biopolymer extract being occluded in the silica formed. These 

molecules were shown to be able to cause a metastable solution of silicic acid 

to spontaneously aggregate, with small ca. 50 nm spherical particles being 

produced in the presence of a mixture of silaffins and larger ca. 500–700 nm 

particles being produced in the presence of a purified silaffin. The silaffins 

were found to be effective in promoting silicification at pH values as low as 4, 

a situation possibly encountered in the lumen of the diatom silica deposition 

vessel.[23] The provision of highly positively charged side chains was thought to 

be very important in enabling the silaffins to promote condensation and 

aggregation under mildly acidic conditions. 

Studies on the effect of silicatein  extracted from sponge spicules on 

polysiloxane synthesis at neutral pH have shown a ca. 10–fold increase in the 

amount of harvestable silica compared to experiments run in the presence of 

the denatured silicatein or proteins such as bovine serum albumin and 

trypsin.[25] A catalytic role for the silicatein in the polycondensation of 

siloxanes was proposed in a manner analogous to that of serine– and cysteine–

based proteases. The suggested mechanism of catalysis was that of a general 

acid/base catalyst with a specific requirement for both serine and histidine 

amino acids at the active site.[24] A scaffolding or structure-directing activity 

was also reported as the polymerized silica was able to form a layer following 

the contours of the underlying protein fiber, which was not observed on either 

cellulose or silk fibroin fibers.[25]

Biosilica extracts from Equisetum arvense [9,26] have been found to acceler-

ate the rate of formation of small oligomers of silicic acid, and more silica was 

produced that exhibited a narrower distribution of particle sizes than for silica 

formed in the absence of the biomolecule extracts (Figure 37.3), with the 

particle size distribution closely mirroring that found for the biogenic silica 

from which the biosilica extract was taken. Layered, crystalline materials were 

also produced that could have arisen from the epitaxial matching of initially 

formed oligomers on a -sheet type material, the silica structure continuing to 

develop from the initial biopolymer-controlled nucleation event.
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37.6 Biomimetic Studies of Silica Precipitation 

Using information obtained from silica precipitation studies performed using 

biosilica extracts as a starting point, several groups have been investigating the 

effect of amino acids, polyamines, and synthesized fragments of the biosilica 

extracts as solution adjuncts in studies of silica formation from both aqueous 

(catecholates and diluted solutions of water glass, e.g. [21,27,28]) and non-aqueous 

precursors (alkoxysilanes and their derivatives. [24,25,29]) The results obtained 

show that, in accord with results obtained on simple carbohydrate materials, [21]

amino acids have little effect on the kinetics of silica formation.[27,28]

Homopeptides of arginine (up to Arg65) and lysine (up to Lys1005)
[28] affect the 

silica precipitation process at circumneutral pH, with the effect being related to 

the length of the polypeptide chain. Electrostatic interactions have been pro-

posed as the principal mode of interaction between negatively charged silicic 

acid species and positively charged polypeptide chains leading to gelation 

and/or precipitation according to the system investigated.[28] Other studies using 

block copolypeptides of cysteine and lysine have shown that silane hydrolysis 

is enhanced in the presence of such molecules and that certain of the block 

copolymers investigated are also able to direct the formation of silica 

morphologies such as spheres and columns.[29] The state of oxidation of the 

copolymer was also found to influence the morphology of the precipitates 

formed. A polycationic peptide (derived from the C fusiformis silaffin-1 protein 

chemically synthesized with no post-translational modification of the lysine 

residues) has recently been used in the generation of a two-dimensional array 

of silica nanospheres within a hybrid polymer hologram (Figure 37.6).[30]

37.7 Conclusions 

The results obtained by various researchers working with both single molecule 

biosilica extracts and mixtures of molecules clearly demonstrate that some 

biopolymers and components thereof are able to accelerate the process of silica 

formation in an in vitro situation. The fact that structures not usually formed in 

aqueous synthetic experiments can be formed in the presence of some of these 

extracts suggests that in biological organisms, additional controls must be 

exerted during the process of silica precipitation in order to prevent the 

formation of crystalline phases. It is clearly not a straightforward task to 

nucleate and control the growth of an amorphous material, generating shape 

and functionality along the way. 
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Figure 37.6. Biosilica nanostructure created upon reacting a silane with a 

peptide-embedded hologram (courtesy of Dr. Morley Stone, Wright Patterson 

Air Force Base, Ohio, USA). 

Much remains to be investigated in our search for an understanding of the 

mechanisms by which biological organisms regulate mineral formation, 

particularly a mineral of infinite functionality such as silica. The information 

obtained in this search will however assist us in our understanding of the 

essentiality of silicon to life processes and in the generation of new materials 

with specific form and function for industrial application in the twenty–first 

century. Already we have seen that the ability to create an ordered 

organic/inorganic array of silica nanospheres using a polycationic peptide 

derived from a diatom silaffin to promote localized condensation might be of 

practical use in the fabrication of photonic devices. [29]
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