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1 Introduction

It is well known that the use of high temperatures permits the forma-
tion of a wide range of gaseous atomic and molecular chemical
species which are often unobtainable by other means. Many of these
species such as the free atoms of the metals or low oxidation state
oxides and halides of Group 13 and 14 elements have the potential
both thermodynamically and kinetically to be chemically very reac-
tive. As soon as the temperature is lowered the species become
metastable and tend to recombine to form the less reactive gaseous
or solid elements or compounds from which they were made. This
recombination can be very rapid and often special conditions have to
be established to make use of the species while they are still reactive.

Deriving useful chemistry from such species began to be a lively
area of research in the 1960s following work by Skell on carbon
vapour chemistry.! There was a frenzy of activity in the 1970s fol-
lowing the first work on transition metal atom chemistry at
Bristol.2—5 Developments have continued to the present but
undoubtedly the biggest surprise in the 1980s and early 1990s again
involved carbon in the synthesis of fullerenes, the remarkable mol-
ecular allotropic forms of that element.®

Section 2 below, the first main part of this review, surveys some
experimental considerations relevant to using high-temperature
species in synthesis, while the other three parts are concerned with
work over the past few years at Bristol in exploiting the chemistry
of neutral atoms and small molecules: Section 3 on reactions of
metal atoms with hexafluorobenzene, Section 4 on microfibres
formed by condensing silicon monoxide and Section 5 on some new
silylene chemistry.

2 Experimental Conditions

High temperatures can be attained by many different methods
including electrical resistance heating, flame heating, electron bom-
bardment, focussed light beams, electric arcs and plasmas, and a
detailed discussion of them is beyond the scope of this review.
However, one point is worth making. If gaseous species are pro-
duced in thermal equilibrium with a heated solid or liquid, it is
usually fairly easy to measure the temperature at which the species
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are formed and to predict the position of chemical equilibria. When
species are formed under more dynamic conditions in flames, by
laser pulses, in electric arcs or in plasmas or discharges, it is more
difficult to define the temperature or know the position of chemical
equilibria. In addition, high-voltage electrical discharges and
plasmas will contain energetic electrons and ions. So the formation
of species under dynamic conditions can create problems for the
synthetic chemist which should not be underestimated. That said,
dynamic methods may sometimes be the only way of generating
species under particular conditions and they are being used suc-
cessfully. To give three examples: working in the vacuum chamber
of a Fourier-transform ion-cyclotron resonance (FT-ICR) mass
spectrometer allows ion—molecule reactions involving metal atoms
or ions to be studied to great advantage,’ rapid cooling-by-expan-
sion of the vapour plumes created by a pulsed laser impact on
carbon and metals allows many novel gaseous clusters to be made 8
and arc and plasma evaporation techniques are responsible for
much of the spate of fascinating new work on condensing ‘nan-
otubes’ of carbon, boron and other materials.®

Whatever method of generating the species is used, pressure is of
crucial importance as it affects the ease of forming, condensing or
reacting species. Figure 1 summarises how different pressure
regions permit different types of chemistry involving high-temper-
ature species to be carried out. Considering the situation at atmos-
pheric pressure (10° Pa) first; if a metal is heated in a system
containing an inert gas at 103 Pa, then rapid evaporation of the metal
to form atoms will only be observed at a temperature when its
vapour pressure is close to 10° Pa. The mean free path of the atoms
formed will be very short so that as soon as the temperature of the
gas falls, multi-body collisions of the gaseous atoms leading to
nucleation of solid or liquid metal will occur. If an attempt is made
to react the gaseous atoms with a gaseous substance, the substance
and any reaction products will become heated by conduction from
the surrounding hot gas and they will only survive if they are ther-
mally stable. These effects impose severe limitations on the subtlety
of the chemistry that can be carried out. Nevertheless, as it is easier
to work at atmospheric pressure than in any other pressure region,
a huge amount of work has been carried out on atmospheric-pres-
sure processes involving high-temperature species generated from
furnaces under thermal equilibrium conditions or under non-equi-
librium conditions in flames, arcs or plasmas. In some cases inter-
esting aggregation effects occur after nucleation of solids which can
lead to useful materials (see Figure 1 and Section 4) and in other
cases the high activation energy for nucleation permits alternative
gas-phase processes to occur in preference: e.g. in a high-tempera-
ture synthesis of ethyne from methane in which the gas phase
process 2CH,—C,H, +3H, occurs much faster at 2000 °C than the
thermodynamically favoured CH,—C(solid)+2H,.

Reducing the pressure below atmospheric has important effects
on the position of chemical equilibria, on the frequency of collisions
of gas molecules with each other and on the mode of condensation.
For example, pressures just below atmospheric are being used in arc
syntheses of the ‘nanotubes’ mentioned above.® Slightly lower
pressures have proved to be the best for forming fullerenes. When
carbon is evaporated under helium at 15 000 Pa the condensation of
carbon vapour which occurs gives Cy,, C,, and other cage forms of
carbon. These molecules were first synthesised by pulsed laser
evaporation of carbon in helium but it is now recognised that they
can be formed by thermal or arc evaporation of carbon or even by
controlled combustion of aromatic molecules.> ¢ The success of this
chemistry owes much to the thermal stability of the carbon—carbon
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Figure 1 The pressure used for different types of synthesis involving gaseous high-temperature species.

bonds in the gaseous intermediates and in the final condensed
product as molecules can only exist at high temperatures if they
contain strong chemical bonds.

The pressure range of 10— 1000 Pa has long found uses in flash
vacuum pyrolysis of organic compounds, in which a compound is
passed quickly through a heated tube and yields highly reactive
fragments which can be used in synthesis. In this pressure range,
there is still fairly efficient heat transfer from the hot walls of the
tube to the gas so that reactive species are generated by energetic
intermolecular collisions and then pass out of the hot zone rapidly
because of the low pressure.!?

When high-temperature species are generated at pressures below
0.1 Pa, individual atoms or molecules will travel many centimetres
before their progress is seriously impeded by collisions with sur-
rounding gas. Nucleation of solids from gases takes place slowly
and may not be observed in ordinary vacuum systems in which col-
lisions of species with the walls occur long before gas-phase nucle-
ation. This makes it possible, for example, to transfer metal atoms
efficiently from a hot zone where they are made through the vacuum
to a cooler surface where they can be condensed, this is the prin-
ciple behind the industrial method of vacuum metallization. These
low pressures will also further facilitate formation of high-temper-
ature molecular species from solid—-solid or gas—solid equilibrium
reactions. If the condensing surface is made sufficiently cold, it is
possible to condense on it not just the gaseous high-temperature
species but also the vapour of any compound which may react with
the high-temperature species. Contact between the hot source of
gaseous species and the added vapour can be made negligible so
that even the most delicate molecules can be reacted with high-tem-
perature species under these conditions. Cocondensation of high-
temperature species with compounds on surfaces cooled in the
range — 100 to —269 °C is a valuable synthetic method which has
been applied widely.> The very lowest temperatures are required if
permanent gases like CO or N, are to be reacted with metal atoms
and other high-temperature species and such work has usually been
carried out on a milligram scale using in situ spectroscopic charac-
terisation of products.!' A great deal of work has used liquid nitro-
gen-cooled surfaces at —196 °C (as we have used for the work on
hexafluorobenzene described in Section 3) and has been conducted
on a scale ranging from milligrams to tens of grams of reactants.
Species may also be condensed under vacuum into liquids of low
vapour pressure. Commonly the liquid is a solution of a reactive
compound in an inert solvent, cooled until it has a low vapour pres-
sure (as we have used for silylene chemistry described in Section 5)
but in some cases the pure liquid is the reactant.'?

3 Reactions of Atoms with Highly Fluorinated
Arene Ligands

Since the first work on transition metal atom chemistry at pressures
<0.1 Pa,2 one of the most successful uses of transition metal atoms
in chemical synthesis has been the reaction of atoms with arenes to
form bisarenemetal ‘sandwich’ compounds and related products
with coordinated arenes. Hundreds of compounds have been made
this way which are inaccessible or difficult of access by the con-
ventional methods of organometallic chemistry involving reduction
of metal compounds in the presence of arene ligands or ligand dis-
placement reactions.513—16 The sandwich compounds have been
made with Group 3-8 elements with the largest number in Group 6
where the products are 18-electron complexes (six electrons from
the metal and six #-electrons from each arene ligand) with greater

stability than for comparable products from other Groups.
However, by using bulky arene ligands like 1,3,5-tri(ters-
butyl)benzene to provide steric protection, surprisingly stable com-
plexes have been made of many early transition metals including
15-electron complexes of some of the lanthanide elements.!7-18

We have been re-exploring this area using hexafluorobenzene
and other highly fluorinated aromatic compounds as ligands.
Relative to benzene or alkyl substituted benzenes, the electron with-
drawing fluorine atoms reduce the availability of the aromatic
7r-electrons for o-bonding to metals but enhance m-acceptor prop-
erties. Early work on condensing chromium atoms with hexafluo-
robenzene at —196 °C showed that no product that was stable at
room temperature was formed but if benzene or trifluorophosphine
was mixed with the hexafluorobenzene the stable compounds
[Cr(CF)(PF,),] or [Cr(C H)(CFy)] could be isolated.!® More
recently, we have found that condensing molybdenum or tungsten
atoms with hexafluorobenzene on a liquid nitrogen-cooled surface
gives low yields (ca. 2% based on the metal atoms used) of
IM(C(F,),] (M=Mo or W) as quite volatile, air-stable, brightly
coloured crystalline solids.2° The compounds were best formed in
the apparatus of Figure 2 in which the tip of an uncooled rod of Mo
or W was heated by a focussed electron beam allowing rapid evap-
oration from a pendant drop of molten metal held by surface
tension. The bisarene complexes are the only molecular products of
the atom reactions apart from a trace of decafluorobiphenyl, so they
are easily isolated on warming the condensate by first pumping
away the excess hexafluorobenzene then pumping them or dissolv-
ing them out of the involatile/insoluble metal-rich residue on the
condensation surface. Their air stability contrasts sharply with the
behaviour of bisarenemolybdenum or tungsten compounds with
less electron withdrawing ligands — some bisarenemolybdenum
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Figure 3 Preparation and structure of bis(hexafluorobenzene)tungsten.

compounds even catch fire spontaneously in air. The hexafluo-
robenzene raises the effective oxidation state of the Mo or W to a
point where air oxidation cannot easily occur. Bis(hexafluoroben-
zene)tungsten decomposes at about 180 °C in either argon or in air
showing its indifference to the presence of oxygen. The structure of
[W(CGFy),I (see Figure 3) determined by X-ray diffraction has tung-
sten—carbon bond lengths very similar to those in [W(C,HMe),]
showing that the different o~donor and r-acceptor properties of
hexafluorobenzene and toluene must balance out.

Using mixtures of CiF¢ and CgHg or C(F and C(H,F,-1,3,5 with
Mo and W atoms gives the mixed products [M(CF)(C¢Hg)] and
[M(C,F UCGH,F,)] which show beautiful NMR spectra as the
nuclei in the two rings couple to each other. This coupling produces
well resolved septets in both the 'H and '9F NMR of
[M(C4F,)(CHy)). For [M(C(F,)(C{H,F;-1,3,5)], the 1F NMR (see
Figure 4) shows a septet of quartets for the C{H,F, ring and a sym-
metrical 10-line multiplet for the C/F ring formed by a superim-
posed quartet of quartets in which the inter-ring F~F coupling
constant is twice the inter-ring H~F coupling constant.

Atoms of the Group 8 metals ruthenium and osmium condensed
with C,F, have not yielded any stable complex [M(CFy),]. With
these metals, mixtures of non-halogenated arenes and hexafluoro-
benzene give products of type |[M(n6-arene)(1*-C¢F)] in which the
71*-C¢F, ring is non-planar, i.e. the metal atom optimises its share of
electrons from full coordination of benzene or an alkylbenzene and

partial coordination of the poorer donor hexafluorobenzene.?! We
have made a compound [Ru(CF{)(PF,),] from Ru atoms, C,F, and
PF, in which the hexafluobenzene appears to be n8-coordinated but
the complex decomposes at low temperatures and complete charac-
terisation has proved very difficult.

Experiments with hexafluorobenzene and metal atoms have
enabled us to explain better the way in which all low-temperature
reactions between metal atoms and arenes occur.?? Earlier work had
shown that condensation of chromium or molybdenum atom with
pure bromobenzene or with mixtures of benzene and bromobenzene
gave no molecular product containing coordinated bromobenzene.
Instead, oxidation of the metals by the bromobenzene occurred. We
observed that condensation of the same metal atoms with a mixture
of hexafluorobenzene and bromobenzene gave [ Cr(CF()(C,HsBr)|
and [Mo(C.F)(CHBr)] respectively. How had the hexafluo-
robenzene permitted bromobenzene to coordinate to the metals
without oxidising them? From this and many related experiments
we found that the key is the sequence of addition of arene ligands
to the metal atoms and the sensitivity to oxidation of the intermedi-
ate ‘half-sandwich’ complex.

At the very low temperatures at which metal atom reactions are
conducted, only reactions with very low activation energies can
proceed rapidly. When a chromium atom interacts with a bromo-
benzene molecule at low temperatures, two types of reactions are
possible: complexation of the 7-electrons of the bromobenzene to
the chromium to give the half-sandwich [Cr(C,H Br)] or oxidative
addition of bromobenzene to chromium to give C{H,CrBr. The evi-
dence is that half-sandwich formation is the dominant process in
this and all reactions of metal atoms with arenes. However, the
chromium in the half-sandwich complex is more electron rich than
a free chromium atom so it is more susceptible to oxidation and it
is also harder for a second arene molecule to coordinate to it. Thus,
bromobenzene rapidly oxidatively adds to [Cr(C,H,Br)| forming
chromium(ir) products from which the coordinated arene is lost and
[Cr(C4H;Br),] is not produced. In the situation in which a mixture
of CqH, and C,H,Br is condensed with chromium atoms, the
C¢H,Br destructively oxidises [Cr(C4Hy)] as well as [Cr(C,H,Br)|,
but with the C,F,+CHBr mixture and chromium, [Cr(CFy)| is
resistant to oxidation by C,H,Br and coordination occurs instead to
give the observed [Cr(CF()(C,H,Br)]. These ideas are summarised
in Figure 5.

Spectroscopic evidence for [V(C.F,)] analogous to [Cr(CFy)]
was obtained by Ozin?* from EPR studies of the vanadium
atom—C¢F reaction under matrix-isolation conditions and we have
recently made various complexes of type V(C/F()(arene) on a
preparative scale. However, neither [ Cr(C Fy)] nor [V(CF)] seems
capable of adding another C¢F¢ molecule to form the bisarenemetal
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Figure 4 Fluorine-19 NMR spectrum of [M(C,F }(C,H,F,-1,3.5)].
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Figure 5 Comparison of redox properties of different half-sandwich inter-
mediates in the reaction of chromium atoms with arenes.

complex although Mo and W can, presumably because the bonding
capabilities of 3d orbitals are more strongly affected by an increase
in effective oxidation state of the metal than are the 4d or 5d elec-
trons of Mo or W.

Hexafluorobenzene is itself capable of destructively oxidising
some half-sandwich molecules. In the reaction of molybdenum
atoms with a mixture of C{H, and C(F, [Mo(CF ) (CH)] is vir-
tually the only molecular product because any [Mo(n-C¢Hy)l
formed is destructively oxidised by C¢F, and the [Mo(n®-C¢Fy)]
half-sandwich adds benzene much more easily than it adds hexa-
fluorobenzene. This combination of the oxidising power and weak
donor ability of C,F, limits the range of metal atoms which will
form stable complexes with hexafluorobenzene. For example, we
have so far failed to make hexafluorobenzene complexes contain-
ing Nb, Mn, Re or Fe. However, these properties of hexafluoroben-
zene also complicate alternative approaches to studying its
coordination chemistry without using metal atoms. Some progress
has been made in this area?* but it is likely that metal atom chem-
istry will remain the best approach for many of these products.

4 Condensation of SiO at High Temperatures -
a Versatile Fibre-forming System

The molecule SiO is well known as a gas-phase species at high tem-
peratures. In Norway and other countries rich in hydroelectric
power, arc furnaces are used to produce metallurgical grade silicon
and ferrosilicon from SiO,/C and SiO,/Fe,0,/C on a huge scale. In
these furnaces, the formation and reactions of gaseous SiO play a
major part in reduction and heat transfer. Escape of hot gaseous SiO
from the furnaces into the atmosphere leads to its oxidation and con-
densation as finely divided silica, SiO,. This material used to be the
main component of smoke effluents from such industrial arc fur-
naces which caused considerable damage to the local environment.
After legislation forced the polluters to collect the silica instead of
releasing it, they began seeking uses for the waste product. Today
that collected silica is in such great demand as an additive for
strengthening concrete that some arc furnaces are being run with the
primary purpose of producing SiO, from oxidised SiO rather than
silicon or ferrosilicon!

When hot gaseous SiO condenses in an inert gas stream, it forms
a brown powder originally named nearly ninety years ago as
‘Monox’ .25 This solid is basically a mixture of silicon and silica
because there is no stable solid phase SiO and the disproportionation:

2Si0(gas)—>Si(liquid or solid)+SiO, (viscous liquid or solid)

accompanies condensation. In the 1950s, the B. F. Goodrich
Company in the USA undertook a study of the generation and con-
densation of SiO with a view to making solids of use as fillers for
rubber. They reported in patents that if condensation is carried out
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Figure 6 Apparatus for preparing and condensing gaseous SiO.

from a smoothly flowing gas stream containing SiO plus an inert gas
(CO, N, or Ar), the SiO condensed mainly in the form of micro-
fibres and that the proportion of fibres could be increased by adding
alow percentage of ammonia to the inert gas.26

We followed up this work with the objective of learning more
about the conditions under which fibres form but have also discov-
ered that the morphology of the fibres can be changed by chemical
additives.?” Using the type of apparatus shown in Figure 6 we
prepare SiO gas from a mixture of silicon and silica heated induc-
tively in a graphite crucible to about 1800 °C. The SiO is carried
upwards away from the crucible in a non-turbulent stream of N, or
Ar and, as the gas stream cools, the SiO condenses to a brown solid
which is collected in a filter. By scanning electron microscopy
(SEM) the solid appears as groups of bent microfibres, of diameter
around 20 nm and length of 200—300 nm as shown in Figure 7(a).
Closer analysis by transmission electron microscopy (TEM) and
powder XRD shows the silicon is present as microcrystallites.
These are at highest concentration at the head but they also appear
along the length of each fibre. The accompanying silica is amor-
phous. The surface area of the fibres is quite high, around 150 m?
g~!. Conventional chemical analysis of the collected fibrous solid
gives the composition as Si,O;, but if air exposure is rigorously
avoided before analysis then we have proved that the composition
is very close to Si0.28

Fibre growth occurs rapidly. We estimate that the time interval
between nucleation of gaseous SiO and completed growth of the
microfibres in the rising, cooling gas stream is <0.1 s. As noted in
the B. F. Goodrich patents, the growth process is sensitive to a
variety of physical parameters and we find that the condensed SiO
consists of discrete fibres only if: (a) the gas stream leaving the cru-
cible contains at least 10% SiO corresponding to the equilibrium
pressure of SiO over Si0,/Si at 1600 °C or above; (b) the gas flow
is non-turbulent in the condensation region; and (c) the gas stream
is fast enough to carry growing fibres rapidly away from the SiO
source. Based on these observations, our proposals on the stages
of fibre growth which occur in the apparatus of Figure 6 are as
follows. The SiO vapour, mixed with inert gas, leaves the graphite
crucible where it is formed and begins to cool by radiative heat loss;
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Figure 7 Electron micrographs: (a) SEM of fibrous condensed SiO: (b) TEM of SiO condensed in the presence of AICl, vapour; (¢c) TEM of mixed con-
densate of SiO and GeO: (d) TEM of S10 condensed in the presence of WCl, vapour.

additional cooling is caused subsequently as the gases rising from
the crucible mix with the cooler quench gas flow. At a distance of
about 15 mm above the crucible and at a temperature estimated to
be >1400 °C, the vapour becomes supersaturated and nucleation
begins creating tiny, hot particles (studies have been made of SiO
nucleation at sub-atmospheric pressure but not under conditions in
which fibres would form?2°). The concentration of molecular SiO in
the gas phase then drops very rapidly to a level at which it con-
tributes little to further condensate development. As SiO is not
stable in the condensed phase, disproportionation to liquid Si and
viscous solid SiO, takes place within the tiny particles; these phases
tend to segregate to give molten silicon and viscous silica-rich
domains. Aggregation of the primary particles proceeds rapidly
with a slight gain in enthalpy; the most favoured mode of aggrega-
tion will be for the molten silicon-rich areas on two particles to stick
and coalesce followed by coalescence of the silica as it flows across
the silicon surface. Repetition of this mode of aggregation gives the
observed strongly asymmetric growth with a molten silicon-rich
growth tip moving away from the solidifying silica-rich fibre tail.
Segregation of silicon and silica is imperfect and some of the silicon
is left imbedded in the silica in the tail. Growth of a fibre diminishes
and eventually ceases as the supply of molten particulates is used
up and as 1ts own growing-tip head solidifies. Probably after solid-
ification but while the fibres are still very hot, head—head collisions
between fibres may cause sticking and the development of the
cauliflower-like fibre groups visible in Figure 7(a). If the gas flow

is turbulent, particulates in different stages of growth are intermixed
and the progression of fibre growth is impaired. Unless the partial
pressure of SiO vapour leaving the crucible is quite high, initially
formed droplets do not grow fast enough to maintain themselves
liquid and they eventually coalesce to give particulate material
which appears to be made of loose aggregates of small spheres and
sometimes poorly formed microfibres.

We have added a wide range of gaseous inorganic compounds to
the gas stream carrying the SiO to find the effect on SiO condensa-
tion and fibre growth. Some of these are chlorides added as gases or
vapours to the quench gas stream, e.g. AICI;, GeCl, or WCI_
vapour. In these cases, the collected products are heated under
vacuum to remove any condensed or adsorbed metal halides and
then any remaining metal is present in the product as free metal or
as an oxide. Other gaseous inorganic compounds are generated as
high-temperature species along with the SiO from within the cru-
cible mainly by adding oxides to the Si/SiO, mixture. For example,
partial replacement of SiO, in the crucible by Ga,O,, GeO, or
Li,SiO, yields Ga,O, GeO or Li atoms to be condensed together
with the SiO.

Particularly striking changes in fibre morphology are obtained
when the quench gas stream contains about 4% AICI, vapour. The
product then has much longer and less bent fibres than from SiO
alone with less clearly defined head regions |Figure 7(b)|. Free
silicon is still present in the fibres but very little of this is crystalline.
There is ca. 5% of aluminium present as oxide in a non-crystalline
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mixed phase with silica Long fibres are also seen when Ga,O, or
GeO, 1s added to the S1/S10, mixture 1n the crucible to form Ga,O
or GeO+S510 1n the gas phase Fibres containing 20% Ge as GeO,
are ribbon-like [Figure 7(c)] We have recently made very long
microfibres by condensing S10 1n the presence of lithium to give
fibres containing a glassy S10,/L.1,510, phase and a S1 phase which
also contains some lithium 28 The common feature favouring fibre
lengthening among all these systems involving main group metal
additives seems to be the formation of a eutectic between S10, and
a few percent of the metal oxide We postulate that the formation of
this liquid S10,—metal oxide phase acts as a flux to aid material flow
nto the fibre tail and allows fibres to continue growing at a lower
temperature

This simple eutetic 1dea fails when applied to the transition metal
chloride additives Transition metal oxides like T1O, form a eutec-
tic with S10, very similar to that formed with Al,O,, but mixing of
vapours of transition metal chlorides or oxo-chlorides such as TiCl,
VOd(l,, CrO,Cl, or WCl, with the S10 before condensation gives
solid products which contain mainly Monox-like fibres In most
cases, the fibres are covered with nodules of solids rich 1n transition
metal oxides With WCl, the nodules are only 1-5 nm 1n diameter
[Figure 7(d)] Analysis by XPS shows oxidation states of 4+ for Ti,
5+ forV, 3+ for Crand a mixture of 4+ and 6+ for W From chem-
1cal analysis there 1s as much free silicon 1n the fibres as with normal
Monox but 1t 1s non-crystalline

So why the difference between main group and transition metal
additives? The most important factor 1s likely to be the much lower
solubility of transition metals than maimn-group metals in molten
silicon This means that while main-group chlorides are reduced to
metals on the hot silicon-rich growing tip and pass through 1n solu-
tion to scavenge oxygen from S10, immediately behind the tip,
reduction of transition metal chlorides 1s blocked because the metal
silicide formed does not dissolve 1n or pass through the molten
silicon Instead the transition metal chloride vapours seem only to
attack the hot Monox fibres after they have formed, undergoing
metathesis with silica on the surface to give the observed nodules
of metal oxides

We think that the range of fibre morphologies that can be
obtained from S10 condensation may be greater than for any other
known substance We are still exploring practical uses of the various
types of fibres that we can produce, particularly their potential as
reinforcing fillers for plastics or rubbers Many of them can be dis-
persed by vigorous mechanical means 1n solutions of polymers with
very hittle damage to the microfibres, : e they are quite strong, but
bonding between polymers and the fibre surface needs to be
improved to optimise their reinforcing properties

In all our preparations of S10 fibres so far we have used atmos-
pheric pressure because 1t was most convenient but we now plan to
vestigate the condensation behaviour of S10 at pressures above
and below atmospheric These studies should throw more light on
the mechanism of fibre formation

5 New Low-temperature Solution Reactions of

Silylenes
Silylenes, along with other carbene-like molecules, were among the
first gaseous species formed under vacuum at high temperatures to
be studied by the method of low-temperature condensation 1n the
1960s They were used to synthesise a large range of new organosil-
1con compounds and many major features of their chemistry under
these conditions had been explored by the late 1970s 3° However,
recently we chanced on a new facet of the chemistry of silylenes m
the following way

Our aim was to make silicon oxotodides, a previously unknown
class of compound, to find if their thermal decomposition was a
useful way of depositing high-quality silica layers for the elec-
tronics industry We considered condensing 1odine vapour with
S10 under vacuum at low temperatures but, to avoid the nuisance
of evaporating the 10odine, we chose to condense S10 nto a solu-
tion of 10dine 1n a solvent with a vapour pressure of 10 ' Pa at 1ts
freezing pomnt Tests showed that 10doethane or toluene were suit-
able solvents We hoped to avoid using carcinogenic 1odoethane,
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toluene(solvent) + Iy(dissolved) + SiO(gas)

condense 95°C warm to
20°C and evaporate solvent

viscous oll of composition SlagOx4l172{CsHs(CHz)}11Hs made up
of the groups shown in the partial structure below -

I3S\
?(‘\ 4 \s\/°\

i
>\Z< tol _s\—-|

.

(63%) CHs (31%) H€  (6%)

Figure 8 The formation of a polysiloxane from reaction of S10 gas with a
solution of 1odine 1n toluene at —95 °C

so we tried toluene cooled to —90 °C From earlier work,3! we
knew that toluene reacted iefficiently with S10 at low tempera-
tures partly by addition across the aromatic multiple bonds and
partly by insertion imto ring or methyl C—H bonds giving
intractable solids but we felt 1t was likely that the reaction with 1,
would predomate

The result was quite different from our expectation The only
reaction product was an oil of molecular mass around 3000 32 A
combination of MS, IR, 'H, 13C and 2°S1 NMR, and chemical analy
sis studies on the product indicated that 1t was a polysiloxane with
C4H,(CH,), I and H substituents on silicon n an overall composi-
tion close to S1,,0,,1,,{CH,(CH,)},H, The structure was
complex apparently mnvolving both ring and chain forms of the
siloxane skeleton containing linked XYS1(O-), umts [X=I,
Y =C¢H,(CH;),HorI| witha few chain-terminating 1,S10— groups
and chain or ring branching HS1(0O—), or 1Si(O—), units (Figure 8)
Carbon-silicon bonds had been formed exclusively with aromatic
ring carbons, the predominant mono-substitution of H by S1 on
toluene gave relative proportions of the resulting ortho, para and
meta 1isomers of 6 3 |

Subsequently, we found that the dihalogenosilylenes behave
similarly ** Condensation of SiF,, SiCl, or SiBr, mto solutions

quartz tube furnace

filled with Si preces rotating, evacuated

10 hitre flask

T

SiX, vapour

vacuum
pumps ————>

P e—
S1X4 or X; vapour

/ \cold solution of

cooling arene + lodine
bath

Figure 9 Apparatus used for reacting dihalosilylenes under vacuum with
cold solutions
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of 10dine 1n toluene at —90 °C using the apparatus of Figure 9 results
m  efficient  aromatic  substitution  reactions  giving
CH,(CH,)S1X,I(X=F, Cl, Br) with respective o p /n 1somer ratios
of 311,1043 and 522 When the toluene solution of 1, 1s
replaced by ICl in toluene 1n these reactions, the same reaction prod-
ucts are formed, 1 e there 1s no incorporation of chlorine from the
1Cl 1n the products

How do these reactions occur? The following 1s our current inter-
pretation It has been known for many years that when I, 1s dis-
solved 1n benzene, toluene or other alkylbenzenes, complexation
occurs and the polarised 1, molecules are sandwiched between the
planes of aromatic rings as shown m Figure 10 When an S10 or
S1X, molecule condenses 1n the solution at —90 °C, addition of 1,

Figure 10 A proposal for the mechanism of the reaction of silylenes with
toluene and 10dine

to give S101, or S1X,1, definitely does not occur to any appreciable
extent Instead, the S10 or S1X, may act as a nucleophile, approach-
ing the positively charged end of the polarised I, molecule and
forming toluene  S101* 1~ toluene or toluene  S1X,1* I~
toluene moieties within the sandwich structure, which rearrange as
shown 1in F1g 10 so the positive charge 1s on the toluene This effec-
tively electrophilic attack liberates H+ which associates with the [~
There 1s at present considerable interest in silyl cations and an indi-
cation from the work of Schleyer34 that the interaction between an
arene and a silyl cation could yield an intermediate of the type
shown 1n Figure 10

In toluene solution, ICl 1s complexed 1n the same way as 1, The
fact that ICI reacts the same as 1, provides strong evidence against
a possible alternative mechanistic explanation involving free radi-
cals For if the reaction of 1Cl and Si1X, yielded free radicals,
S1X,CI*+1* would be more thermodynamically favoured than
S1X,I*+Cl* The absence of chlorine incorporation 1n the products
shows that S1X,CI" cannot be the attacking species

Overall, these 10dine-induced reactions of silylenes with toluene
or with other alkylbenzenes provide (a) the most direct way known
of forming a silicone o1l — albeit a very reactive one as 1t contains
S1—11n addition to Si—aryl bonds but the S1—I can be quantitatively
converted to S1—OR by reaction with an ether at low temperatures,
and (b) a way of making chemically reactive arylS1X,l products,
which are generally new compounds since they are hard to prepare
conventionally

What of the silicon oxolodides? Did we prepare a liquid polymer
of nomal composition (S101,), by condensing S10 nto a solution
of 10dine 1n 10doethane at — 100 °C which was shown by 2°S1 NMR
to contain mainly 1,S1(0—), umts with some branching 1S1(0—),
units and termmal [,S1O—units On strong heating under vacuum 1t
vaporised yielding mainly cyclic S1,0,1, but this has proved very
reluctant to decompose cleanly on hot surfaces to S10, and Sil, So
the origimal objectives of our study proved to be worthless, but a

rich new vem of silylene chemistry has been discovered in the
process
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