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T. Simpson: The Pyrolysis and Photolysis of some Oligosilanes

Abstract

The thermolysis of octamethyltrisilane yields
trimethylsilane as the major product. Other prominent
products are cyclic carbosilanes; evidence is presented that
one of these is formed in a novel cyclisation/elimination
reaction.

The thermolysis of n-decamethyltetrasilane and
i-decamethyltetrasilane also yield trimethylsilane as the
ma jor product. Other major products include cyclic
carbosilanes and high molecular weight multiple ring
disilacyclobutane compounds.

Kinetic and trapping experiments show that all these
pyrolysis mechanisms are predominantly radical in nature;
there is also a notable contribution from silylenes, silenes
and disilenes. The difference in product composition between
the high and low sample pressure reactions is rationalised in .
terms of the relative importance of uni~- and bimolecular
reactions in the pyrolysis mechanisms.

The main silicon containing product in the pyrolysis of
2,2-diethyl-hexamethyltrisilane apart from trimethylsilane was
vinyltrimethylsilane. Unlike the pyrolyses of the
permethylated oligosilanes cyclic carbosilanes were found to
be minor products. Mechanistic suggestions, of relevance to
polysilane laser photoablation, explain this difference.

Computer modelling by numerical integration, using the
KINAL and ACUCHEM packages, was used to validate the pyrolysis
mechanisms of octamethyltrisilane and 2,2-diethyl-hexamethyl-
trisilane.

Three primary photochemical pathways have been identified
in the irradiation of three oligosilanes at 254 and 228 nm.
These pathways include a reductive elimination not previously
observed in oligosilanes but analogous to a chain scission
process that occurs in polysilanes.
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Chapter 1

Introduction

Polysilanes are of current interest because of their
industrial potential as photoresists and precursors to silicon
carbide fibresl. This thesis reports on the gas phase
pyrolysis of some permethylated oligosilanes. The kinetic and
mechanistic studies reported may act as models for polysilane
thermal chemistry and therefore help to understand their
industrial use.

Photolysis experiments were carried out on a series of
branched and chained oligosilanes to expand and update earlier
mechanistic studies2. It is known that the results of
oligosilane photochemistry are readily transferable to
polysilanes3.

The use of oligosilanes instead of polysilanes in thermal
and photochemical studies is desirable as these simpler
molecules allow easier product identification, reveal the
intermediates involved and the relative.importance of separate
intermediates in each process. The inherent simplicity of
studying molecules in the gas phase also favours using
volatile oligosilanes. The common intermediates in
organosilicon chemistry are silyl radicals, silylenes, silenes
and disilenes; a brief summary of their chemistry is given
below. The structure and physical properties of oligo and
polysilanes are also summarised, followed by a description of
polysilanes as photoresists and oligosilane photo and thermal

chemistry.

I) Silyl Radicals (R;Si-)

Silyl radical chemistry has been reviewed by Davidson4,
Sakurai’ and Arthur et. al.5, The primary source of silyl
radicals is the pyrolysis of permethylated oligosilanes?,
providing the oligosilane does not contain any
Silicon-Hydrogen (Si-H), Silicon-Halogen (Si-Hal) or
Silicon-Alkoxy (usually Si-OMe) bonds; in these cases silylene

formation would dominate®. Silyl radicals may also be



produced via direct photolysis of oligosilanes containing aryl
groups? or mercury photosensitisation of silicon hydrides e.g.
mercury photosensitisation of trimethylsilane yields
trimethylsilyl radicals!?®, Trimethylsilyl radicals will also
be generated by the isomerisation of x-silylmethyl radicals
e.g. HMe,SiCH,-+» Me,Si- and when methyl radicals attack
trimethylsilanel®,.

Theoretical calculations and experimental evidence predict
that silyl radicals will be pyramidal in structurell. The
reactions of silyl radicals are similar to those of alkyl
radicals. Silyl radicals undergo disproportionation, radical
recombination, abstraction and addition reactions3.6., However
there are some fundamental differences in reactivity as
silicon is a larger and more electropositive atom®, Silicon
forms stronger bonds to oxygen, nitrogen and the halogens than
carbon, but, silicon forms weaker bonds to carbon and hydrogen
than carbon.

The disproportionation of silyl radicals is known to play a
role in the disappearance of these species. The ratio of
recombination to disproportionation is 10:1 for trimethylsilyl

radicals in the gas phasel2:

Ke

Me,S1SiMe,

Me,Si- + Me,Si -y

\'——> Me;SiH + Me,Si=—CH,

K4

and Ky/K_ = 0.1

The silaethene (silene) formed by the disproportionation of
trimethylsilyl radicals is highly unstable due to the reactive
silicon-carbon m=bond. Silyl radicals add rapidly to silenes
to form linear carbosilanes with a new silicon centred
radical. Unlike alkyl radicals, recombination reactions of
silyl radicals are not affected by the substitution of bulky
pendant groups (due to the large size of the silicon atom)10,

The irreversible abstraction of chlorine from alkyl halides
by silyl radicals has led to the use of methyl chloride as a
radical transfer agent in silyl radical chemistryl3. Useful
thermodynamic data such as bond dissociation energies and
enthalpies of formation are readily accessible from the
generation of silyl radicals as they are less disposed to

being radical chain carriers than alkyl radicalsl!4. However,



chain reactions involving silyl radicals are not unknown.

(II) Silyienes (R,Si:)

These neutral divalent species are the silicon analogues of
carbenes. Silylene chemistry has been reviewed by GasparlS
and Davidson4. Unlike silyl and alkyl radicals, silylenes
show major differences in structure and reactivity to carbenes
e.g. 8silylenes are known to have a singlet ground state
whereas carbenes have a triplet ground state.

Silylenes may be generated by pyrolySing disilanes
containing Si-H, Si-Hal or Si-OMe bonds!®. Kinetic data led
to the conclusion that the transition state involves a
penta-coordinated sp3d hybridised silicon atomlS.

The photolysis of linear and cyclic oligosilanes containing
three or more silicon atoms generates silylenes in high
vields. The ease of generation of silylenes by both these
methods allows these species to be generated bearing a wide
variety of substituents. Other methods of generation include
hydridomonosilane pyrolysis and recoiling silicon atom
reactionsls,

The singlet to triplet energy gap in H,Si: is large, but
different substituents are calculated to affect the ordering
of states. Bulky substituent groups may be able to lower the
triplet to the ground state by increasing the bond angle to
129°17, However, ab initio calculations on di-tertiary butyl
silylene show that the singlet state is still the ground state
lying 42 kJmol-1! below the tripletls,

Highly electronegative substituents are known to stabilise
the singlet state while electropositive atoms destabilise
it15, The singlet to triplet promotional energy for the
series H,Si:, Me,Si:, F,Si: and Li,Si: are calculated to be
73.68, 95.8, 310 and -43.1 kJmol-1 respectively!9, Therefore
in the case of Li,Si: the triplet manifold is the ground
state, although this species has no experimental precedent.

Silylenes can insert into o-bonds, add to carbon-carbon and
carbon-oxygen double bonds, dimerise and undergo rearrangement
reactions. o-bond insertion reactions are believed to be
concerted for singlet silylenes. The insertion of H,Si: into

H, is thought to proceed via a two step process with the o-



bonding electrons donated to the empty p—orbital of the
silylene and the lone pair donated to the o—-anti-bonding
orbital of the substrate2®, 1Insertion reactions may be inter-
or intra-molecular and silylenes are known to insert into
Si-H, Si-Hal, Si-OMe and O-H bonds. Compounds containing
these bonds may be utilised as silylene traps. Inter-
molecular silylene reactions also include C-H and Si-C o-bond
insertions as well as the insertions mentioned abovel5s.

Silylenes add to carbon-carbon double bonds in a concerted
fashion involving an electrophilic and nucleophilic stage?2!
yielding a silacyclopropane. The addition of silylenes to
carbon-double bonds is of use for silylene trapping reactions
as they form stable adducts with conjugated 1,3 butadienes.
The reaction is formally a 1,4 cycloaddition reaction but it
is thought to proceed via a 1,2 addition to one double bond
followed by rearrangement22.

Silylenes may isomerise to silenes via 1,2- hydrogen,
methyl or silyl shifts23.24, The isomerisation of
dimethylsilylene to 1l-methyl silene is thought to be a
thermoneutral reaction with a barrier of 120 kJmol-1. ab
initio calculations predict the i1-methylsilene is slightly
more stable than dimethylsilylene by 14 kJmol-1 25,

Silylsilylenes may isomerise to disilenes and experimental
evidence shows that when a disilene is generated by pyrolysis
in the presence of butadiene the corresponding silylsilylene
is also be trapped2%, Disilene-silylsilylene interconvertions
are thought to be approximately thermoneutral with the
disilene calculated to be more stable by 48 kJmol-1 19,
Addition of electronegative groups increasingly stabilise the
silylsilylene and the ground state energy of Cl1,Si=SiClH is
calculated to be 1.6 kJmol-! above that of its silylsilylene
isomer+4.

Barton and his co-workers first suggested intra-molecular
silylene insertion reactions and silylene-silylene
interconversions26, helping to rationalise many organosilicon
pyrolysis and photolysis reactions. The common isomerisation
and rearrangement reactions of dimethylsilylene and related
silenes, disilenes and silylenes may be summarised in

scheme 1.1,



Scheme 1.1: Reaction scheme demonstrating isomerisation, dimerisation
and rearrangement reactions of some related silylenes, silenes and
disilenes.

HMeSI==CH_ ‘_j—; Me Si
\\ /\5\‘He251

AN

6 Me Si = SiMe
2 2
7
/CH ) 8u
CH .o H
SN2 —iiy-n ._:\. 9 ‘e 10 —
- e2$1 SlHMe<—Me3$1 Si Me——b-f‘le3$i Si=CH,
Me Si SiMe 11
2 H . e
131
ui
CH2
Me N\ Me 7N
Si Si A neaal T8in
H N\ H //\\ H 15
B Me .
Si Si
Me \/ H

Reaction 4 is the isomerisation of 1-hydrosilene to
dimethylsilylene via a 1,2 H-shift from Si to C.
Dimethylsilylene can undergo the reverse reaction (3),
dimerise to form tetramethyldisilene (5) or insert into the
Si=C bond to form a disilacyclopropane (6). The
disilacyclopropane can isomerise via a 1,2 H-shift to form a
B-dimethylsilylmethylsilylene (11). This silylene can
isomerise back to the disilacyclopropane (12) or undergo
intra-molecular Si-H insertion to form product A (14).
Tetramethyldisilene can isomerise to trimethylsilylmethylsilylene
via a 1,2-methyl shift (7). Trimethylsilylmethylsilylene can
isomerise back to the disilene (8), undergo intra-molecular
C-H insertion to form a disilacyclopropane (9) or form
trimethylsilylsilene via a 1,2 H-shift from the C to Si (10).
A 1,2-silyl shift yields a disilacyclopropane (13) which can
undergo intra-molecular C-H insertion to form product B (15).

(III) Silenes (R,Si=CH,)

Silenes have been reviewed by Davidson4 and Raabe and
Michl27. They are silicon-carbon m-bonded species which are
highly reactive. The Si=C bond is polar i.e. 5*3i=C%~ with

the dipole moment calculated at 0.84D28, corresponding to a



-0.6lel charge on C and a + 0.5lel charge on Si. Silenes were
thought of as intermediates only, until the first stable
silene was prepared in 1981298, The Si=C bond was protected
using bulky substituent groups to suppress dimerisation, other
similarly substituted stable silenes have also been
prepared39

Silenes may be generated by a variety of thermal and
photochemical methods e.g. the thermolysis of
l1,1-dimethylsilacyclobutane yields ethene and dimethylsilene
(18), which can be thought of as a 2+2 cycloreversion
reaction3l. The dimethylsilene once formed undergoes head to

tail dimerisation (17).

Me,5i — A
—® CH,==CH, + Me,Si==CH
16 2 2 2 DIMERISES
1;\‘~ AN
Me,Si SiMe
2 2
N

The dimerisation is thermally forbidden but it takes place
due to the polarity of the Si=C bond. In the case of H,Si=CH,
the barrier to dimerisation is 52 kJmol-1, the reaction being
exothermic by 319 kJmol-1. Other thermal generations include
retro-Diels Alder reactions and silyl radical
disproportionation.

Silenes have a singlet ground state and are planar about
the Si=C bond33., The Si=C bond length is calculated to be 170
pm27, in good agreement with X-ray crystallography
measurements on the least sterically hindered stable silene
(170.2 pm)34, The bond length is consistent with double
bonding, being shorter than the Si-C bond. The high polarity
of the Si=C bond is not affected by substituents such as
hydrogen or carbon, but addition of electronegative
substituents such as fluorine may increase the natural
polarity of the bond if bonded to carbon, or reverse the
polarity of the bond if bonded to silicon33; in the latter
case the reactivity of the silene is reduced.

Silenes are known to dimerise, undergo Diels Alder cyclo-
addition reactions and radical addition reactions. The
reaction of silenes with 1,3-butadiene yields 3,4-
dimethyl-3-silylcyclohexene, a stable adduct, therefore
pyrolysis in the presence of butadiene can be used as a test

of silene intermediacy24.



Their isomerisation reactions to silylenes (vide supra) are
not mirrored in carbon chemistry where the carbene is much
higher in energy than the alkene.

(IV) Disilenes (R,Si=SiR,)

These silicon-silicon n-bonded species were first proposed
as reactive intermediates by Roarke and Peddle when they
pyrolysed disilabicyclo [{2.2.2.] octadiene to generate
tetramethyldisilene38, The first stable disilene was prepared
in 1981 by West, Michl et. al. when they photochemically
generated dimesitylsilylene which dimerised to
tetramesityldisilene, an orange crystalline compound stable to

160°C in the absence of air and moisture37.

h.u .o
Me ,SiSiSiMe, —Is—” Me Si SiMe, + Si (Mes),
(Hes)2 \\\:Inenxsss
19

(Mes), Si—= Si(Mes)2
_ The primary source of disilenes in solution is the
photolysis of trisilanes followed by silylene dimerisation.
Disilene chemistry has been reviewed by Davidson4, West38 and
Michl and Raabe27.

The Si=Si bond for stable disilenes are nearly planar with
bond lengths of between 214-216 pm depending on the
substituents bonded to the disilene3®. These bond lengths are
shorter than the Si-Si bond in accordance with double bonding.
The m-bond energy has been found experimentally to be 120
kJmol-! by monitoring cis-trans isomerisation reactions27?
although theory predicts this value to be 92 kJmol-1 490,

Disilenes, like alkenes, are known to undergo addition with
chlorine, oxygen and HCl, however, unlike alkenes, ethanol can
also add across the double bond27. It is their isomerisation
to silylsilylenes that is of most interest in the gas phase

(vide supra)2st,



(V) 0Oligo and Polysilanes: Structure and Properties

Oligo and polysilanes are catenates of silicon which
possess different chemical and physical properties to alkanes,
their carbon counterparts. Oligosilanes with Si-H or Si-Cl
bonds are very reactive and are unstable to moisture and
air4l, however, peralkylated oligosilanes are stable and can
be prepared in polymeric form. Oligo and polysilanes possess
characteristic absorptions in the near-UV, suggesting
extensive delocalisation42,43, Polysilane chemistry has been
reviewed by Westl, Michl?® and Hengge4l.

The first polysilanes were prepared by Kipping in 1924 by
the condensation of Me,SiCl, with sodium in the presence of an
inert organic solvent44. The permethylated polymer formed was
a brittle, insoluble solid. The modern era of polysilane
chemistry began in 1980 when the first soluble polymers were
prepared and it was found that these polymers could be cast as
high quality films45. The behaviour of these polymers is
largely affected by the nature of their pendant substituent
groups. The UV absorption maxima (A, ,,) of polysilanes with
pendant alkyl groups are between 300-325 nm, large alkyl
groups cause a red shift in X,,, compared to small alkyl
groups. Amax for polysilanes with directly substituted aryl
groups are red shifted by 25-35 nm42,

Spectroscopic evidence suggests the backbone conformation
of decamethyltetrasilane is more stable in the trans form than
the gauche by ~2 kJmol-1. The barrier between both forms is
thought to be small. The backbone conformation of polysilanes
is believed to mirror that of oligosilanes3.

The ground state electronic structure for oligosilanes and
polysilanes may be explained in terms of LCBO theory3.
Calculations show that there is no d-orbital contribution in
the silicon—-silicon bonding. Considering the all trans
conformer, each silicon atom will have four sp3 orbitals, the
silicon backbone will have a resonance integral between two
sp? orbitals on adjacent silicon atoms (B,;.). This resonance
integral is responsible for sigma bond formation giving rise
to strongly bonding and antibonding sigma orbitals (o and
o*). A secondary interaction of smaller magnitude between two
sigma orbitals on the same silicon atom gives rise to a second

resonance integral (Bgem).




These two resonance integrals are the primary source of
delocalisation in the silicon backbone. The degree of
delocalisation is a function of B,.,/B,;., the ratio being
0.87 for oligosilanes and 0.76 for alkanes. The most stable
molecular orbital will have no nodes at bond midpoints or at
each silicon atom; the least stable bonding orbital, the HOMO,
will have no nodes at each bond midpoint but a node at each
silicon atom. The LUMO will therefore have a node at each
bond midpoint but no nodes across each silicon atom3.

Perfect delocalisation is brought about by non-nearest
neighbour resonance integrals and the interactions of
substituent groups with the silicon backbone. Substituents
such as hydrogen or methyl groups will form 6 and o#*
antibonding orbitals with the two remaining silicon sp3
orbitals. The local symmetry of these orbitals may be o0 or m
in nature and they interact with the molecular orbitals of the
silicon backbone.

Non-nearest neighbour interactions are responsible for the
conformational effects along the silicon chain. These 1,4
orbital interactions are affected by the angle of twist in the
silicon chain and are largest when the silicon backbone is
trans and planar.

Although there is net stabilisation of the o-bonding
orbitals in the silicon chain by substituent effects and non-
nearest neighbour resonance integrals, these interactions act
to destabilise the HOMO and stabilise the LUMO. Therefore
there is a red shift in the absorption maxima upon
substitution of bulky groups i.e. enforcing planarity on the
silicon backbone.

This simple molecular orbital picture of the bonding in
oligosilanes helps explain the extensive delocalisation in the
silicon chain, characterised by the UV absorptions exhibited
by all oligo and polysilanes.

Photophysical studies suggest that oligo and polysilanes
are made up of chains of mutually interacting chromophores of
differing lengths separated by gauche links46. The UV
absorptions of polysilanes are broad and featureless
(typically 25-35 nm wide) and have large extinction
coefficients47,

A and €,,, increase rapidly with molecular weight but

max
reach a limiting value at 40-50 monomer units long suggesting



a limiting value for the length of chromophore in the silicon
chain (fig. 1.1)48,

Figure 1.1: Schematic representation of the effect of increasing chain

length on xmax for a typical di-alkylpolysilane.
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The UV transition is between the ¢ and ¢* molecular
orbitals of the silicon backbone4®. Emission studies show
that the first excited state is also delocalised, while
fluorescence quantum yield studies confirm that the chain is a
statistical distribution of chromophores by exciting either
long or short chromophores depending on the wavelength of
irradiation4®. The maximum number of monomer units in a
single chromophore in solution is believed to be 20 from

fluorescence polarisation studies4®.

(VI) Photoresists

Photolithography is the method used in the electronics
industry to place microcircuitry onto silicon chips. The role
of photoresists in the lithographic process is to transpose a
template of the circuitry onto the silicon substrate.
Photoresists may behave in a positive or negative fashion
(fig. 1.2)49,

Photoresists are commonly spun coated onto a silicon wafer
to achieve uniform thickness. The resist is then irradiated
through a mask with the desired relief pattern. Depending on
whether the resist is positive or negative the irradiated
portion becomes more or less soluble. Wet development of the
resist is followed by etching the SiO, layer. Dopants or
metallic contacts may now deposited onto the silicon wafer.
Positive photoresists are known to give higher resolution than
negative resists and it is in this area that polysilanes are
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of most interest3?®. With any photoresist there is always some
lateral development due to solvent effects, as a result there
is a move towards multilayer resist systemsS! using a thin top
layer of photoresist which will undergo less lateral
development32. The image can be transferred using all dry
development techniques such as oxygen reactive ion etching
(0,-RIE) which is an all anisotropic technique which, however,

places stringent demands on the resists9,
uv

Figure 1.2: Schematic I T TR |
representation of 4 Yvy

photolithography.
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Polysilanes are now available as high quality films and

seem ideal candidates for positive acting photoresists in
bilayer applications having bleachable UV absorption maxima
and being stable to 0,-RIE. The role of polysilanes as
photoresists has been reviewed by Miller39, The three main
uses for polysilanes in this area are:

(i) Bilayer photoresists.

(ii) Contrast Enhanced Photolithography (CEL).

(iii) Laser Photoablation.

(i) Bilaver PhotoresistsS1,53

The first layer applied to the substrate is a thick
planarising layer that will cover any existing topography. A
thin layer of polysilane is then applied and developed as
usual. The exposed planarising layer is then developed using
0,-RIE to produce line widths of 0.75




(ii) Contrast Enhanced Lithographyl,S54

This bilayer process utilises the ability of the polysilane
film to bleach rapidly and then transmit light to a
photoresist layer below i.e. effectively placing a new mask
in contact with the lower resist layer. An in-contact mask
minimises diffraction effects at the edges of the incident
light. The contrast is improved at the edges of the exposed
resist where light of lower intensity is incident. Only light
of high enough intensity will bleach the polysilane film,
light below the required intensity will not be transmitted.
Line widths of 0.5 uym are achievable using CEL.

(iii)laser Photoablation55.,56

Sub-micron features can be produced using a XeCl laser
emitting light of 300 nm wavelength on a polysilane bilayer
system. No wet development is required after initial
exposure, the image is transferred using the 0,~-RIE technique.

The three processes above utilise the photochemical (i)
and (ii) and thermal (iii) properties of polysilanes. The
thermal and photochemical properties of the related
oligosilanes may prove useful in establishing the processes

which occur in these techniques.

(VII) Oligosilane Photochemistry

Oligosilanes are known to undergo photochemical degradation
upon direct photolysis and the photochemistry of these
compounds has been reviewed by Kumada2.57, The two processes
that occur are silylene elimination and Si-Si bond cleavage.
Kumada et. al. irradiated a number of straight chain38,
cyclic®9 and branched®? permethylated oligosilanes in hexane
using incident radiation of 254 nm. Silylene elimination was
found to be the major process, occurring via an extrusion

reaction formally represented below:
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It is believed the photochemistry of polysilanes is similar
to that of oligosilanes3®. It is known X, ,, and ¢,,, depend on

molecular weight and that upon photolysis A,,, and €,,, are
reduced (photochemical bleaching). Processes which reduce
molecular weight, similar to those in oligosilanes, are
thought to be occurring.

Initial photochemical experiments on polysilanes showed
that silylene elimination and silicon bond homolysis were
taking place; it was suggested that these processes may be
linked,5° but later investigations proved that this was not
the case3. 1Indeed it was proved that silylene formation was
wavelength dependant, above 300 nm irradiation no silylenes
were formed. Silylene formation is the minor photochemical
process in polysilanes following on from the fact that in
oligosilane photochemistry silicon bond homolysis increases
with increasing chain length583. Silicon bond homolysis, the
ma jor photochemical breakdown route, is wavelength
independent. This wavelength independence can be rationalised
as follows.

Irradiation above 300 nm leads to excitation of long
chained chromophores which undergo Si-Si bond homolysis to
yield silyl radicals. Upon irradiation at short wavelengths,
short chained chromophores are excited leading to silylene
extrusion. However, an excited short chained chromophore can
also undergo energy transfer to a longer chained chromophore,
the longer chained chromophore can then undergo Si-Si bond
homolysis. Silylene extrusion in oligosilanes is the major
reaction upon photolysis as there are no long chained
chromophores to be excited and energy transfer from excited
short chained chromophores is therefore impossible.

A novel photochemical breakdown mechanism has been
suggested to account for 10 % of polysilane photolysis
products, trialkyl terminated oligosilanes. Evidence for this



mechanism is backed by the separate observation that the most
persistent radical has a unique structure and is thought to be
formed via the same photochemical breakdown route as the
trialkylated oligosilanes (fig. 1.3)61,

-Radical A —RR’Si-Si-SiRR—
R

Figure 1.3: The structure of the most persistant radical
Radical A is not formed by the loss of an alkyl group since

no alkanes or alkenes were isolated. The mechanism to account
for both these observations is termed chain ‘cleavage by
reductive elimination’.
mI<->-31RR'--SiRR’2 + :SiR-SiRR’-
-SiRR’-SiRR“-SiRR“-SiRR"- ---2
—» -SiRR’-SiR,R” + :SiR’-SiRR"-

The first step of this mechanism is the formation of
silylene terminated polysilane chain and the simultaneous
formation of a trialkylated oligosilane (10% of products).

The second step leading to the formation of the most
persistent radical, is thought to be the rearrangement of the
silylene to a disilene.

:SIR-SiRR’- —— R,S1==SIR’- '3—2?# - SiR2—ii:- SiR"",

The disilene would be consumed rapidly under these reaction
conditions by radical addition to yield the most persistent
radical, as observed by ESR and ENDOR spectroscopy. There is
no precedent for this mechanism in oligosilane photochemistry.
However, hexamethyldisilane undergoes the first step of the
‘reductive elimination’ reaction (0.4%) upon direct photolysis
in the gas phase (206 nm) 62,

Silyl! radicals are formed via the first triplet excited
state as shown by quenching experiments and the fact that the
triplet excited state only has a very weak phosphorescence,
the transition energy being in the same order as the Si-Si
bond strength46., Silylene formation is believed to arise from

the doubly excited singlet state3.

(VIII) Oligosilane Thermal Chemistry

Substituents affect the formation of silylenes or silyl
radicals upon oligosilane pyrolysisl®, For example for
disilanes containing Si-H, Si-Hal or Si-OMe bonds, silylene
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formation will be dominantl®., However, for disilanes
containing only Si-C (alkyl or aryl) bonds, silyl radical

formation will take precedence?.

A
S1,Rg — R,Si- +R,S1-  ( 24) (-24)

Si,Rs—2» R,s1 +R,S1F (23) (-25)

Silylene elimination is the thermodynamically favoured
process®., However, it is the activation energy of the reverse
reaction (-25) i.e. the insertion of a silylene into a
silicon substituent bond, which mainly determines whether
silyl radicals or silylenes are formed. Activation energies
for inter-molecular silylene insertions into Si-H, Si-Hal and
Si-OMe bonds are known to be low but are high for insertions
into Si-C or C-C bonds. Figure 1.4 shows the energy profiles
of the two competing processes, silylene formation being
favoured in graph A and silyl radical formation being favoured

in graph B.

Graph A Graph B 'y
R351'+ R3Si‘ A
E E Y S \\\\‘Rasi + R3SI
R,Si:+ R Si T AE;T T RaSi:+ R,Si
AH AE
, 1 l 1 A,|2
y >

AE(-1)<AE(-2)

AE(-1)>AE(-2)
Figure 1.4: Graph A; Shows enthalpy (AH) and activation energy

(AE) changes favourable to silylene formation.

Graph B; Shows enthalpy (AH) and activation energy
( AE) changes favourable to silyl radical formation.

Because silylene elimination proceeds via a tight three
membered transition state, the A-factor (usually represented
as logA) for a silylene elimination will always be smaller
than the A-factor for a radical dissociation. Therefore, it
is not only the activation energy (usually represented as E_)
that dictates whether silyl radicals or silylenes are formed
upon pyrolysis, but also the A-factors. Where the activation
energy for silylene elimination is only slightly less than the
activation energy for radical dissociation, the larger
A-factor for the latter will facilitate this process.



The role gas phase kinetics has played in elucidating
complex organosilicon reaction mechanisms is neatly
demonstrated by the pyrolysis of hexamethylidisilane
(HMDS)7.63, A simple but effective way of determining
reaction kinetics is by the stirred flow technique (SFR)&4,
The SFR technique enables kinetic parameters to be measured
over a range of temperatures, so orders, rate constants and
Arrhenius parameters can be calculated (see chapter 2).

High pressure pyrolyses of HMDS carried out in sealed
tubest3 or continuous flow apparatus®® gave the isomer
trimethylsilyl (dimethylsilyl)methane (IS0O) as the major
product.

Me;SiSiMe; =% Me,SICH,SiMe,H ---26

Addition of m—-xylene, a known radical trap, reduced the
rate of formation of ISO, indicating that a radical chain
mechanism may be responsible for its formation. KXinetic
experiments in a static system between 444-507°C showed three
halves order for the formation of IS067,

Low pressure pyrolysis of HMDS, on the other hand, yielded
trimethylsilane (3MS) as the major product along with smaller
amounts of ISO, tetramethylsilane (4MS) and 1,1,2,2-tetra-
methyl-1,2-disilacyclo-butane (TMDSCB).

The apparent inconsistency in product composition between
the high and low pressure experiments was solved by the SFR
technique. HMDS was pyrolysed between 497-600°C giving 3MS as
the major product with smaller amounts of ISO, TMDSCB and 4MS.
The orders of formation of all the products, except 4MS, were
complex ranging between 1 and 2. The formation of 4MS was
first order while 3MS and TMDSCB followed the same rate
equation suggesting a common route to their formation.

Scheme 1.2 shows the series of reactions which account for

the pressure dependence of this pyrolysis.
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Scheme 1.2:

Me,S1SiMe, —>—# 2 Me,Si-

Me,Si- + Me,SiSiMe, —22#> Me,SiH + MesSI,CH)*  Me,Si SiMe,
MegSi,CH,- —239 Me,SiCH,SiMe, 35 0 tmers sation
Me,SICH,SiMe, —22P Me,Si- + Me,Si=CH

Me,SICH,SiMe,+ Me,SiSiMe, —21-8 Me S1,CH," + Me,SICH,SiMe H
2 Me,Si- —2P Me S1SiMe,
Me,Si- + Me SICH,SiMe, —23# Me SIiCH,SIMe,SiMe,
2 Me,SiCH,SiMe, —P (Me,SICH,SiMe,),

At high pressures reaction 31 is much faster than 30,
leading to ISO being the major product along with a small
amount of 3MS. The major radical termination step is 34 as
the ISO radical is in the highest concentration, leading to
three halves order for the formation of ISO.

At low pressure reaction 30 will compete with 31 leading to
the formation of TMDSCB (via reaction 35) and larger
quantities of 3MS. Radical termination reactions 32, 33 as
well as 34 also occur, leading to fractional orders for the
formation 3MS, ISO and TMDSCB.

When HMDS is pyrolysed in the presence of excess m-xylene
using the SFR technique the major product is ISO with smaller
amounts of 3MS and 4MS, no TMDSCB being formed. The formation
of ISO follows three halves order kinetics, while 3MS is
formed at a reduced rate following first order kinetics.

There is no effect on the rate of formation of 4MS (first
order). The reactions to account for these observations are

shown in scheme 1.3.
Scheme 1. 3:

Me,SiSiMe; —28—p» 2 Me,Si-
Me,Si- + RH —2L— Me, SiH + R
Me,SISIMe, + R+ —2—P Me S1,CH, + RH
Me Si,CH, —22—9 Me SICH,SiMe,
Me,S1CH,SiMe, + RH —*— Me SiCH,SiMeH + R:
2R- —41—> R,
TMDSCB is not formed because reaction 40 is much faster
than reaction 30 (scheme 1.2). The single radical termination
step (41) ensures three halves order for the formation of ISO.

3MS is not produced by a radical chain mechanism, the rate
determining step being the dissociation of the Si-Si bond
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(36). The Arrhenius parameters for the formation of 3MS are
E,= 3374 kJmol-land log A= 17.2+0.3 s-!; this E, is believed
to be the best measurement of the Si-Si bond dissociation

energyl4.

The formation of 4MS is first order throughout all
pyrolysis experiments and is believed to result from the
unimolecular elimination of dimethylsilylene from HMDS.

Me,SiSiMe, G—= Me,Si + Me,Si: - - -42(-42)

The Arrhenius parameters for this elimination are E,=
282+12 kJmol-1 and logA= 13.7+0.7. The activation energy for
the insertion of dimethylsilylene into a Si-C bond of 4MS is
related to the enthalpy change of reaction by68:

BHyp, 42 = Eo42 - Eala ---{1.1}
The molecular heats of formation for HMDS, 4MS and

dimethylsilylene are given in table 1.1.
Table 1.1:

AH (kJmol~1)

Me,SiSiMe] -361
Me ,S1 -233

Me,Si: 109

Therefore by Hess'’'s law:

AH42,‘42 = ( BH; (amsy *+ AHf(ﬂezsi:) ) - AHf(HnDs) -=={2}
AH,p _4p = (-233 + 109 ) - ( -361 )
= 237 kJmol~!
From equation 1 E,_4, can be calculated:
Ea-a2 = Eoq2 - AH42,-42
E._42 = 282 - 237
= 45 kJmol~!

demonstrating that silylene insertions into Si-C bonds have
high activation energies whereas it is known that silylene
insertions into Si—-H bonds have activation energies of 0
kdJmol-1,

When heptamethyltrisilane is pyrolysed between 330-450°C
using the SFR technique it dissociates into dimethylsilylene
and pentamethyldisilane (PMDS)68, Dimethylsilylene may be
trapped using 2,3-dimethylbuta-1,3-diene. PMDS will
dissociate at these high temperatures into dimethylsilylene



and trimethylsilane. The mechanism of trapping is complex
involving the initial formation of a silacyclopropane
(Scheme 1.4)70,

Scheme 1.4:

43 > .
Me,SiSiMe,SiMe ,H <4¢—— Me,SiSiMe H + Me,Si:

44
43
Me,SiSiMe,H G ——®  Me,SiH + Me,Si:
46
49 T

47 p  Me,S 23 g
Me,Si: + >\“/< - AN < ”ezSi\/”\

=

The Arrhenius parameters for reaction 43 are E,= 175%5
kJmol-! and log (A/s-!) = 11.8+0.4, clearly showing a major
reduction in E, for silylene elimination when compared to the
Si-Si bond dissociation energy.

Other experimental techniques may be used for gas kinetic
studies. Walsh reacted iodine with a series of silanes in the
gas phasel4, a method first introduced by Benson?!, to access
bond dissociation energies. The technique involves the
reaction of iodine with molecules containing Si-H bonds.

I, + X;SIH — X,SiI + HI - - -51

The reaction mechanism in the majority of cases of silicon
hydrides is simple:

I, + M 2 M+ 21 K, (known)
2 53 I2
—24 g

I- + X5S1H < X;81i- + HI

X3$1 + 12 4—57— X381I + I

As mentioned, silyl radicals are less likely to undergo
chain reactions than alkyl radicals, thus simplifying the
kinetic measurements using this technique. The reverse
reaction (57) is unimportant due to the strength of the Si-I
bond, therefore the rate of disappearance of I, is given by:

d[I,]

- /= = kg,K, Y/2[1,11/2[X,SiH] - - -{1.3)

dt 2

-d[I,]/dt can be measured to yield kg4, whose temperature
dependence gives the activation energy. As E,s5; is small and
does not vary with the nature of X, E,54 provides a good
approximation of AHs, ss (=E,54-E,ss5). The enthalpy change at
room temperature can be calculated using standard

thermodynamic equations. The enthalpy change (AH°5, ss) is
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related to the bond dissociation energies thus:
Al";tt,';'.s"'D ( Si-H ) - D ( H-T ) - --{1.4)

As D(H-I) is known D(Si-H) can be calculated. The Si-H
bond strengths in the series H;Si-H, H,MeSi-H, HMe,Si-H and
Me,;Si-H are 378, 375, 374 and 378 kJmol-! respectively. The
effect of increasing methyl substitution does not
significantly alter the Si-H bond strength, unlike the same
series for increasing methyl substitution of methane. Methyl
groups, therefore, do not weaken the Si-H bond (i.e. stabilise
the resultant silyl radical).

Consecutive bond dissociation energies calculated from
Walsh's experimental data on SiH, show a decrease in the
second bond dissociation energy; for the series H;Si-H,
H,Si-H, HSi-H and Si-H the bond dissociation energies are 378,
268, 352 and 294 kJmol-1 respectively. The lower value for
second bond dissociation energy is thought to be a consequence
of the group IV inert pair effect, the difference between the
first and second bond dissociation energies giving a lone-pair
stabilisation energy of 109 kJmol-1! for H,Si:.

Recent investigations into laser photoablation of
polysilanes revealed the major intermediates involved were
silyl radicals. Cyclic carbosilanes were also formed but
these were poorly characterised?2,

The physical property of primary importance is the
volatility of the oligosilane under investigation in this gas
phase study. Table 1.2 gives some common physical constants

for a series of straight chained permethyloligosilanes?3.

Table 1.2: Some Physical Constants for the
Series of Straight Chained Permethyloligosilanes.

Masses Melting Boiling
COMPOUND (m/u)* Point (°C) |Point (°C)
Me88i3 204 -52 175-176
"910514 262 -14 112-113
Me,,Sig 321 -34 135-136
Me14Sis 378 28 1865
He163i7 438 20 184

1u = 1.66 x 10-27 kg; m = M_u
The increasing involatility of these compounds with
increasing chain length led to the development of the liquid



injection SFR technique (see Chapter 2).
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Chapter 2

Experimental

(I) Kinetic Measurements Using The Stirred Flow Reactor (SFR)
Apparatus

The SFR technique is a continuous flow method enabling
kinetic measurements to be carried out over a range of
temperatures; orders, rate constants and Arrhenius parameters
can be calculated using this methodl. The conventional SFR
technique allows a steady stream of reactant vapour to be
carried by an inert carrier gas into a specially designed
reactor. The reactor design ensures perfect mixing so
reactant concentration is constant throughout2. The extent of
pyrolysis is dependant upon the temperature and ’'residence
time’' in the reactor (where the ’residence time’= reactor
volume divided by volumetric flow rate). Simple kinetic
equations can be derived for product formation by considering
the mass balance in a continuous flow reactor.

For a first order reaction A - B with a rate constant k,,
consider the mass balance for product B:

Formation - Loss= 0 -——{2.1}
k,v[A] - v[Bl= 0 -—={2.2}

where v= volume of reactor, vu= volumetric flow rate,

and []= molar concentration in the reactor.
Hence, k,=[Bl/[Alx --=-{2.3}
where t=v /v, is the ’residence time’ -——{2.4}

Rate constants for product formation can be calculated
using equation {2.3} as long as v, v and the concentrations of
reactant and product are known. Continuous flow methods use
large quantities of reactant and problems arise in achieving a
uniform flow rate and knowing exact reactant and product

concentrations in the reactor. The batch SFR technique
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developed by Davidson overcomes these problems3, 4.

The basic experimental apparatus consists of a gas
chromatograph (GC) with an attached gas sample valve
(Fig. 2.1).

Figure 2.1: Schematic diagram of the Stirred Flow Reactor Apparatus.

_’
N2
FC

vL ISV iAHP}
H
‘ OPUS PCV

|
' ]reactorl '

Furnace' '

FC= Flow Controller, PG= inlet pressure Gauge, SV=a Sample Valve,
VL= Vacuum Line, H= Liquid Injector Heater, AMP= 0-5V amplifier.

Inserted between the gas sample valve and GC is a miniature
quartz stirred flow reactor of a similar design to that used
by Mulcahy and Williams2 (Fig. 2.2). The stirred flow reactor
differs from the original design in two ways; the reactor is
of smaller volume (10 cm3) and instead of a perforated bulb
being at the reactor inlet, a nozzle ensures perfect mixing.

Figure 2.2: A Stirred Flow Reactor

Volume of bulbx10 cm3

A

N,

Thermocouple

Pocket

Furnace

-« 15 cm o

The reactor is placed in an electrically heated tubular
furnace, the reactor temperature being measured by a
thermocouple inserted into a pocket at the centre of the bulb.

An attached vacuum line allows reactant vapour to fill the gas
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sample valve. The vacuum line is used for storage and
manipulation of volatile reactants and is fitted with Youngs
greaseless taps throughout; sample pressure is measured by a
Baratron pressure gauge.

Reactants of low vapour pressures, such as high molecular
weight oligosilanes, may be injected into the carrier gas by a
syringe placed in a heated injection port. The injector is
electrically heated (250°C) and éontains a quartz woo! plug to
ensure a large surface area for rapid vaporisation.

Involatile oligosilanes are stored under nitrogen in V-Vials
fitted with ptfa septa.

The nitrogen carrier gas is dried (by passing through
molecular sieves) and deoxygenated (by passing through an
oxytrap). The flow rate of the carrier gas is controlled by a
solid state flow controller (ASM).

An ’analytical sized’ pulse of reactant vapour is injected
into the carrier gas stream by the gas sample valve (Pye
Unicam) or a syringe. The reactant pulse is mixed by stirred
flow and partially pyrolysed. Products and unpyrolysed
reactant flow out of the reactor and into the GC (Pye Unicam
G.C.D. Gas Chromatograph), where reactant and products are
separated on a packed column (3.5 m/3% SE-30). Gaseous
products can be separated by cooling the GC oven to 0°C with
dry ice.

) The separated peaks are detected by a flame ionisation
detector (FID), data being recorded and used to construct a
visual display on a dedicated microcomputer (OPUS PCV). The
FID supplies a 0-1V signal which is amplified to 0-5V for the
AD converter card inserted in the OPUS PCV. The GC is
calibrated for various reactants and products for calculation
of their final molar concentrations.

In the batch SFR method, as the sweeping out of the reactor
is a first order process with a rate constant t-1, equation
{2.3} is still valid for a first order reaction and
independent of the percentage breakdown of reactant3. The
validity of equation {2.3} is dependant upon; (i) the volume
of the pulse being small compared to the volume of the
reactor, (ii) perfect mixing and (iii) perfect pulse behaviour
i.e. the concentration of the pulse at the reactor inlet
becomes zero upon injection. First order rate constants can

be calculated over a range of temperatures and concentrations
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allowing a full kinetic investigation to be carried out on
relatively small amount of reactant. Specially written
software allows easy calculation of rate constants and
Arrhenius parameters. From equation {2.3} the volumetric flow
rate must be calculated at the reactor temperature (urp):

u, P T
u.= a_.:.. - - (2.5}
Pr Ta
P. T, v
therefore T= - --{2.6}
Ua Pa TI"

If the percentage conversion of reactant is small, rate
constants for reactions of orders greater than one can be
calculated, the change in concentration of reactant relative
to Tt is insignificant3. If reaction A - B has an order of n
then the rate constant « may be calculated thus:

k= [B] p(n-1)p

[A]" ~ - =--{2.7}

therefore [B] = [A]“{ - - (2.8}

py(n=1), }
A plot of log[B] versus loglA] will have a slope= n, the order
of the reaction.

Product identification using the kinetic apparatus can be
achieved by comparative retention time experiments using
authentic samples, although some degree of uncertainty will

remain using this method.

(II) Product Identification Using the Gas Chromatograph/Mass
Spectrometer-Stirred Flow Reactor Apparatus (GC/MS-SFR)

The problem of product identification is overcome by
attaching an SFR to a Hewlett—-Packard HP5995C GC/MS,
controlled by a series 300 Chemstation. The SFR apparatus is
similar to that in fig. 2.1 but modified slightly to
accommodate the inherent differences in using a capillary
GC/MSS. A quadrupole mass spectrometer is used to record mass
spectra and detect peaks eluting from the GC by measuring the
total ion current (TIC). Capilliary columns (50 and 12m
polysiloxane SCOT) are used for more efficient separation,
leading to two differences between the kinetic and GC/MS-SFR
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(vide infra). Dried, deoxygenated helium carrier gas is used,
reactor residence times being altered by a solid state flow
controller. The gas sample valve is of unconventional design
to prevent helium carrier gas leakageSd.

The mass spectrometer has a mass range of between 10-800
atomic mass units (amu). Tuning of the mass spectrometer is
software controlled and is achieved by focusing on the known
fragmentation peaks of perfluorotributylamine (pftba). The
GC/MS may operate in two modes; scan mode, recording mass
spectra over a preset range, or single ion monitoring (SIM)
mode where individual ions are monitored.

The use of high resolution capillary columns results in two
differences in the GC/MS-SFR apparatus. The first is the
necessity to use a liquid nitrogen cold trap between the exit
of the reactor and the injection port of the GC/MS4. The
sweeping out of the reactor is a first order process (t-1), at
time 5t 99X of the sample has left the reactor. Short
retention times for volatile samples in a capillary column
result in a broad, diffuse peaks if a cold trap is not used.

A time scale of 5t is too long for a capillary column,
retention times should be at least 10t for good separation (a
condition met by the packéd column without the use of a cold
trap). The liquid nitrogen cold trap condenses the sample if
kept in place for a suitable length of time (»>5t). The
reactant and products are then volatilised using hot water at
approximately 90°C. Concentrated reactant and product peaks
result, giving satisfactory resolution. Methane and other
samples which exert a vapour pressure at liquid nitrogen
temperatures are not condensed.

A packed column has the capacity to separate all the
reaction mixture, however, the reduced capacity of a capillary
column and the differences in flows between the reactor
(25ml/min) and the column flow entering the mass spectrometer
(1ml1/m) means a nondiscriminatory splitter must be usedS.

The injection port of the GC/MS has been modified to suit
gas phase injections. The carrier gas is diverted through the
injection port ending just above the splitter (as in a normal
syringe injection), thus avoiding indiscriminate loss of
products and reactant via the septum purgeS.

The series 300 Chemstation's macro-driven software allows

easy data manipulation, the recorded mass spectra of the
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separated peaks being used for product identification.
Therefore the GC/MS-SFR apparatus is a powerful tool in

establishing organosilicon pyrolysis mechanisms.

(III) The Q8/MS~-Sealed Tube Pyrolysis Technique for the
Detection of Hydrogen and Methane

The lowest mass the HP5995-C mass spectrometer can detect
is 10 amu, therefore it cannot detect hydrogen. To detect
hydrogen a V.G. Q8 quadrupole mass spectrometer is used (mass
range 0-300 amu). The Q8/MS has an attached vacuum line
fitted throughout with Youngs greaseless stopcocks. Gaseous
samples enter the ion source via a leak between the vacuum
line and the Q8/MS.

A sealed tube pyrolysis is carried out on a known volume/
sample pressure of oligosilane; the pyrolysis cell being a
siandard gas sample vessel. A rough time scale for 50%
pyrolysis (t;,,) is calculated from the Arrhenius parameters
for the formation of a major product e.g. the production of
trimethylsilane from iso-decamethyltetrasilane gave the
Arrhenius parameters E,= 294 kJmol-1 and log (A/s-1) = 16.4
(see Chapter 5):

k = A e~(Ea/RT) ---{2.9}

The half-life of a first order reaction is given by:

t1/2 = (1/k) 1In2 --={2.10}
At 620°C: k = 0.252 s™! and t,,, = 2.75 s

At 550°C: k = 5.25 x 1073 s! and t,,, = 3.00 mins

At 500°C: k = 3.35 x 10™* s~ and t,,, = 35 mins

A time scale of approximately 5 minutes is desirable. The
mixture is pyrolysed in a tubular furnace for the calculated
length of time. The sample vessel containing the pyrolysed
mixture is then attached to the Q8/MS vacuum line.

Heterogeneous reactions with the sample vessel walls lead
to the formation of more products in a sealed tube pyrolysis
than a SFR pyrolysis. To simplify the mass spectra of the
pyrolysed mixture the sample vessel is kept under liquid
nitrogen. The only products having vapour pressures at liquid
nitrogen temperatures will be hydrogen and methane, the mass

spectra of both these gases are easily recognisable.
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Therefore if hydrogen and methane are pyrolysis products they
will be detected using this method.

(IV) Preparative Experiments Using The Preparative Gas

Chromatograph Stirred Flow Reactor Apparatus (GC-PREP/SFR)

There can be some uncertainty in product identification
using GC/MS alone unless there are authentic samples of
products to compare retention times and mass spectra.
Therefore, products were isolated for NMR analysis by
attaching a large scale SFR apparatus to a Pye-Unicam 105 Mark
2 Preparative Gas Chromatograph. The differences to the
apparatus shown in fig. 2.1 are; (i) a 25 cm3 volume reactor
with a perforated bulb at the inlet is used, (ii) no sample
valve (and therefore no vacuum line) is required as all
injections are liquid and (iii) an acetone-dry ice cold trap
is used to concentrate reactant and product peaks (the larger
reactor size leading to longer residence times)4. Monosilanes
are not condensed as they exert a vapour pressure at -78°C.

Typically 10 mls of reactant is introduced into the
nitrogen carrier gas (dry/deoxygenated) via a syringe
injection and mixed by stirred flow in the reactor. This
process is repeated up to five times to ensure a collectable
quantity of product is condensed in the cold trap (the
quantity of product not being large enough to result in poor
peak separation).

The condensed reactant and products are then volatilised
using water at 90°C. All reactant and products flow onto the
preparative packed GC column (20% SE-30). The exit end of the
column is fitted with a 100:1 splitter; the majority of the
carrier gas flows out of the GC and into super-efficient cold
traps in an acetone/’dry-ice’ slush bath. The minority of the
carrier gas flows to the flame ionisation detector, the FID
output being recorded on a chart recorder. Separated products
can therefore be collected in different super—-efficient cold
traps. High nitrogen carrier gas flow rates (75-100 mis/min)
ensures sharp, well resolved peaks.

When enough product is isolated, each cold trap is washed
out with 250 mls of deuterated chloroform . The purity of
each product being tested by GC/MS (HPS5995C). Three sets of
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NMR spectra were run on each sample; proton, carbon (3 and
DEPT. All NMR spectra were recorded on a Brucker AM 300 NMR
spectrometer operating at 300.133 MHz for proton and 75.469
MHz for carbon 13/DEPT NMR.

(V) Photolysis Experiments®

The simple photolysis apparatus consists of a quartz
photolysis cell and an ultra-violet (UV) light source. A
sample of an oligosilane solution is placed in a photolysis
cell and degassed on a vacuum line. The degassed solution is
then placed a known distance from a light source (typically
0.5 cm) and irradiated for a timed period. Product
identification of irradiated samples is by GC/MS (HP5995C);
the sample being injected directly onto a 50 or 12 m capillary
column (polysiloxane SCOT). Product identification is
followed by progress curve construction to gain more
quantitative mechanistic information.

A sample of irradiated oligosilane solution is taken at
each timed period, GC/MS analysis providing reactant and
product peak areas. The oligosilane solution contains a known
standard (n-Decane) to normalise peak areas and a plot of
normalised product peak area versus time indicates whether a
product is formed via a primary or secondary photochemical
pathway.

The relative photochemical yield of an exhaustive
photolysis experiment is then measured by first performing a
preparative photolysis and isolating the products by GC/PREP.
GC calibration for each product is followed by GC analysis of
a photolysed solution; product peak areas being converted into
molar amounts from which relative photochemical yields can be

calculated.

UV absorption spectra of all oligosilane solutions were
recorded on a Cary 2300 UV/VIS/NIR absorption
spectrophotometer. The photolysis cells used were of two
different designs (Fig. 2.3); cell A was used for normal
mechanistic studies and cell B was used for monitoring

photolysis reactions by UV-Spectrophotometry.
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Figure 2.3: Diagram of Quartz Photolysis Cells.

The oligosilanes used were dissolved in highly purified
hexane (Fluka Chemicals-52750 puriss. standard for GC »>99.7%)
or pentane (Fluka Chemicals-76870 puriss. standard for GC
»99.8%). Trapping experiments were performed in
triethylsilane (»99%). The light. sources used were a 228 nm
quartz cadmium lamp (Phillips Spectral Lamp~-Cd Typ 93107E
E27); powered by a lab discharge lamp transformer (Phillip
Harris P41254/0) and a 254 nm low pressure/high intensity
mercury lamp (Mineralight UVGL-58).

Products which could not be identified by GC/MS alone were
isolated by GC/Prep and NMR spectra were taken. All NMR
spectra were run on a Brucker AM300 spectrometer; proton run
at 300.133 HZ and carbon 13/DEPT run at 75.468Hz.

GC analyses were performed on a Pye Unicam G.C.D. Gas
Chromatograph; the data was recorded and displayed on a
dedicated OPUS V microcomputer. GC/Prep experiments were
performed on a Pye-Unicam 105 Mark 2 Preparative Gas

Chromatograph.
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Chapter 3

The Pyrolysis of Octamethyltrisilane

(I) Introduction

The first study on the gas phase pyrolysis of
octamethyltrisilane (OMTS) was by Barton and co-workersl.
Their flash vacuum experiment (860°C/10-3 Torr) gave l-methyl-
3,3-dimethyl-1,3-disilacyclobutane (CYCLO 1) as the major
product . Scheme 3.1 shows the mechanism Barton proposed to
explain the formation of CYCLO 1. Reactions (1) (bond
homolysis), (2) (disproportionation) and (4) (cyclisation by
C-H bond insertion) all had precedents in organosilicon
chemistry, but reaction 3 was a novel silene-to-silylene

rearrangement via a 1,2-silyl shift.
Scheme 3.1:

1 3. s .

MessigiSINea—b Me3$1 + Measlﬁie

e, 2
Me,S1 Me,S ..
Me,Sisi- —2#  ° >Si==cH,—2p ° i\CHz—SiMe
Mez Me #
Me 7\  Me
Ssiosil
[ cYCLo 1 ]
20 % YIELD

It is well known that the pyrolysis mechanism of HMDS shows
an intriguing pressure dependence, rationalised by the
relative importance of unimolecular and bimolecular
reactions2. This pressure dependence would be expected to be
mirrored in pyrolysis of OMTS3., Thus the pyrolysis mechanism
of OMTS using the SFR apparatus would be expected to give
different results from those in Barton’s low pressufe
experiments, the mechanism probably involving silyl radicals,
silylenes, silenes and disilenes simultaneously.

The mechanism of the pyrolysis of OMTS was therefore
investigated using the GC/MS-SFR apparatus4. To test for the
intermediacy of silylenes, silenes, disilenes and silyl
radicals, trapping experiments were performed. Preparative
experiments were carried out using the GC-PREP/SFR followed by
1H, 13C and DEPT NMR for complete product identification.

Using the kinetic-SFR apparatus, experiments were performed



to measure first order rate constants for the formation of the
major products and trapped species. The pyrolysis experiments
were performed over a temperature range to enable the

calculation of Arrhenius parameters.

(II) GC/MS-SFR Results

(i) OMTS pyrolysis experiments

OMTS was pyrolysed between 570-650*0 at sample pressures
ranging between 0.2-1.5 Torr. TIC 1 shows the groups of
products formed in a typical mid temperature/sample pressure

range experiment.

7.0ES- OMTS
5 .0E6
group 1 group 3
4 .0EG
group 4

2 .0EG group 2

10 20
TIC 1l: Group 1- monosilanes; Group 2- disilicon compounds; Group3
trisilicon compounds; Group4- tetrasilicon compounds.
Temperature* 631*0; Sample Pressure* 1.0 Torr

The monosilanes 1in group 1 are shown in detail in TIC la.

4 . 0EG:
2 .0EG
1.0EG:
01
TIC la: Group 1: [1] MegSiH], [2] MegSiH, [3] Me”Si



Group 1 contains the major product of the pyrolysis,

trimethylsilane (2] (3MS). Smaller amounts of dimethylsilane

{1] (2MS) and tetramethylsilane [3] (4MS) are also produced.
TIC 1b shows group 2,the products corresponding to

8
9
1
2 7.5 8.g 8.5

7. . .
Time (min.)

di-silicon compounds.
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S.8ES7, e 7
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TIC 1b: Group 2:- [4] Me,Si{ /SiHy, [S] MeHSi{ SSiMeH, [s1l Hezsi\\/siﬂez

N ..
[7] MeySiSiMe,H, [8] MeySiSiMes,[9]  Me,Si  SiMeH, [10] He35{\/aiﬂe2

Abundance

[11] I‘lezSi SiHez.

/

N
A number of prominent products are contained in group 2;

including HMDS (8], CYCLO 1 (8], and 1,1,3,3-tetramethyl-
1,3-disilacyclobutane [11] (CYCLO 2).

TIC 1c shows the products in group 3 plus the reactant
OMTS.
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TIC 1lc: Group 3:=- [12] MegSiy [13] MeySiSiySiMe,, (141 < T>
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31"92 SiMeH 9281 Si e,
>° . 17l

[1S] 2 /\S (18] *
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i ) e i 2
K/ S “93 He2$1 SiHe2 2 \/

(18] neusﬁ<:>5i<:>51ne2, {193 Ne251<:>s£<:>5ine2
The major product in group 3 is 1,1,3,3,4,4-hexamethyl-
1,3,4-trisilacyclopentane [16] (CYCLO 3). Other products in
the group are minor by comparison, including {131,

pentamethyldisilyl(dimethylsilyl)methane.
Mass spectral data was insufficient to fully characterise

the products in group 4 (TIC 1d).
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TIC 1d: Group 4:- [20] mw= 244, [21] mw= 258, [22] mw=s 228,
(23] mw= 242, [24] mw=s 256,
Figures 3.1 and 3.2 show the mass spectra of compounds

[23] (containing Si-H bond) and [24] (no Si-H bonds):

S5.QES

Q
g 4 .BES
o
i 3.8E5
§ 2.0€e5S
Q
c l.B8ES

a - : ' P , .

Sa . 10@ 150 2008
Mass/Cnargs
Figure 3.1: mass spectrum of [23] (contains Si-H bonds).
4 . QES ’ \

Q -
Y4 3.8ES g4t
] 113
j 2.0ES /
3 43 73 99
o 1.8€E5 la}] 171
T N N AN S e 213

G- L ‘1 - el :..L.:.L ...J:.J Y ¥ Y SN S ¥ S fatps 4

590 190 1S3 =47%]%] 2508
Mass/Charge

Figure 3.2: mass spectrum of [24] (NO Si-H bonds)
From the mass spectra of these compounds it was deduced

that they are all 4 silicon containing cyclic carbosilanes and
it was possible to assign two types of structure to each peak;
(i) carbosilanes containing Si-C=C-Si linkages or (ii) cyclic
carbosilanes containing Si-C-Si and/or Si-C-C-Si linkages.

A series of preparative experiments were carried out using
the GC/PREP-SFR apparatus (650°C). After a GC/MS purity test,
1H, 13C and DEPT NMR spectra were run on each sample. Simple
analysis of NMR spectra can readily distinguish signals
arising from HC=CH bonds from those of CH,and CH; groups.
Isolation of single products proved difficult using a
preparative column but through comparison of GC peak areas
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with NMR peak intensities, some assignments may be made. TIC
2 shows a purity test carried out on the sample containing
products (23] & [24]:

24
S.QES]

-

4.0E51

3.0ES1

ARbundance

2.8ES-

1.0EST

M , T g T

8 3 19 11 12 13 14

TIC 2: sample from preparative experiments containing products [23]

and [24].
Table 3.1 shows the chemical shifts in the 1H, 13C and DEPT

NMR spectra for products [23] and [24]. The chemical shifts
for OMTS and CYCLO 3 are also given to help characterisation.
The absence of any CH groups in the DEPT NMR spectra plus the-
lack of low field signals in the 1H and 13C spectra proved
that [{23] and [24] do not contain Si-C=C-Si linkages. The
absence of characteristic hyperfine coupling of the A’A-B'B
type suggests -Si-CH,-CH,-Si linkages are not present. The
NMR spectra show only CH;-Si and Si-CH,-Si to be present.

The other high molecular weight products ([201-[22]) were
in poorly isolated samples but NMR spectra again revealed that
there were no C=C bonds in any of the molecules, only
Si-CH,-Si and CH;-Si groups. Therefore from the mass spectral
and NMR information products [20]1-[(24] could only be of the

type:
AL\ H ANeH e
. . . M : .
MeHsi{ DS JSi, Sitte, H9231<:>31\v/51\v/51ﬂe3
[20] mw= 244 [21] mw= 258
N AN N NNk
MeHS Si i Me,Si S S SiMeH
e L\V/SL\// \v/51MeH 22X 1\¢/ 1\v/ iMe
[22] mw= 228 [23] mw= 242
AN
He2$(:>Si\v/Si<:>SiMe2

[24] mw= 256



Table 3.1: Chemical shifts for OMTS , [18], [23] and [24].
Product 1y NmR 13: nmr DEPT NMR
OMTS -0.068 -1.4 CH, SiMey x
-0.078 -7.2 CH4 SiMe,
No. 18 -0.018 2.965 CH, SiMe, x
~0.087 1.9 CH, SiMe,
-0.415 -1.2 CH, CHy x 2
No. 23 & 0.142 6.1 CH3
24 0.1180 5.4 CH,
0.1680 5.1 CH,
0.1904 5.0 CH,
-0.1166 4.8 CH4
-0.2380 3.5 CH4
2.3 CH3
2.1 CH
3
1.8 CH
-1.5 3
. CH,

When low sample pressures of OMTS are pyrolysed it is
noticed that the higher molecular weight products (groups 3 &
4) are reduced in yield.

To summarise, a substantial amount of the products from the
table 3.2 shows the

products identified from the straight pyrolysis of OMTS:

pyrolysis of OMTS are cyclic carbosilanes;



Table 3.2:

Major Products
Me ;S1iH
2 A iH AN\
JMessisine3 Me251\/31Me Hezsl\/SiMe2
[e] - [9] [11]
Me§$1§
Mezs —SlMe2
[16]
Minor products
o x AN
H,™ CH,™ Me,SiH, Me ,S1 Me,SK JSiH,
N T [4]
MeHSL( ,SIMeH Me,Si.  SiMe, Me;SiSiMe,H Me,Si\  SiMe,H
[s] [6] [71] {101
Me H
si
MeSISL\ /SiMe H <D Mo e
2 Me,SI—SiMe, Mai\/ 131M
[13] [14] [15]
Me_Si
Mo, s s1stten Me,s1i5sisiMe,
Me,Si\_, SiMeH [18] [19]
[17]
H Me S(:>$i/A\31 SiMe,
MeHSC s<> SL_, SiMe,
[211
[20]
AN\ M 51/A\ /A\s SiMeH
MeHSL\/Si\V,Si\V/SlMeH e L\v/ e
[22] [23]
Nei Ns1 N\
MeaSI SIS SiMe;
[24]

*see section (IV); Q8/MS-Sealed tube results

(ii) Butadiene/OMTS pyrolysis experiments

OMTS was pyrolysed in a 10 fold excess of butadiene
(570-640°C). End product analysis showed major product
formation was reduced but not suppressed. However, the
formation of the tetra-silicon compounds was completely
suppressed. The major trapping products are identified
TIC 3.
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TIC 3:[1] ﬂc.-zS@, [2] He2$© , [31 Me2$0| ,

£4] ni3§xE;H2 £s] ne355551n.2 Temperaturem 637°C.

Therefore the major intermediates trapped in the butadiene
pyrolysis experiments were Me,Si: and Me,Si=SiMe,. A small
amount of Me,Si=CH, was also trapped. Other peaks present in
TIC 4, along with the products the straight pyrolysis, were
non—-silicon containing compounds such as benzene, resulting
from the radical induced reactions of butadiene.

(iii) TolgeneZOuTS pyrolyvsis experiments.

OMTS was pyrolysed in a ten fold excess of toluene between
570-650°C. Major product formation was reduced, the formation
of tetra-silicon compounds being completely suppressed.
Products unique to this experiment were ethylbenzene,
benzyltrimethylsilane and i{,2-dibenzylethane (shown in TIC 4):
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TIC 4: Where 1 is ethylbenzene and 2 is benzyltrimethyl-
silane, 3 is 1,2-dibenzylethane, Temperature= 637°C

iv) Methylchloride/OMTS rolysis experiments

OMTS was pyrolysed in a five fold excess of methylchloride
between 570-650°C. End product analysis showed there to be a’
reduction in all product yields, the formation of
tetra-silicon compounds being completely suppressed.
Methylchloride acts as a radical transfer agent and isolates
as chlorosilanes the main silicon containing radicals involved
in the pyrolysis. The products unique to this pyrolysis are
shown in TIC §.
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TIC S: Where 1 is anstI, 2 is He251C12, 3 is HeZSi\/SiHe2

cl . H ¢l .
4 is Hezsx\//SiHea. S is H92$1\¢/§:Sine3’ 6 is
H H "\ <.H o
HeZSb\//giSiHezcl, 7 is Hezsk\//Sx\v/SiﬂeClz. Temp= 624°C.
The ma jor product was trimethylchlorosilane with smaller

amounts of products [2] to [7] also formed.

(ITI) Kinetic-SFR Results

(i) Straight pyrolysis kinetic results

OMTS was pyrolysed between 570-650°C with sample pressures
ranging between 0.2-1.0 Torr. Figure 3.3 shows a typical gas
chromatogram for a mid-temperature range pyrolysis experiment.

First order rate constants were measured for the peaks shown

in figure 3.3. The Arrhenius parameters for the formation of

these products are shown in table 3.3.
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Table 3.3: Kinetic results for major products of
the straight pyrolysis of OMTS.

- -1
Product log(A/s 1) Ea (kJmol ) k(620’C)
Me,SiH 268.5 £11.8| 0.0783
Me,SiSiMe, 186.4 * 4.2 9.9 x 10~3
Me S/\SiNeH 10.0%£ 0.6 198.4 £10.1| 0,0248
25
VAN -3
Me.Si” ‘siMe|13.6%0.3 ]269.1% S.4| 7.2 x 10
281 Ainey
"jasf> 123.2 = 6.1 9.8 x 1073
X
Hezsi'—"sn‘leZl

A typical Arrhenius plot is shown in figure 3.4,

case for the formation of cyclo 2.
various orders of formation between 1 and 1.5,

temperature, for simplicity, first order rate constants were

Figure 3.5 shows a typical order plot for the

calculated.

formation of CYCLO 2 at high and low temperatures.

in this
The products measured had
varying with

Me,SiH

Me SIH.

omMTS

evauod

Figure 3.3: Gas Chromatogram for the pyrolysis of OMTS at 648°C.
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Figure 3.4: Arrhenius plot for the
OMTS between 586-654°C.

1000/T

formation of cyclo 2 from

log [CYCLO 2]
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Figure 3.5: Order Plot for the formation ot CYCLO 2 at
883 k (= 1.3 %= 0.1) and 924 k (= 1.0 * 0.2).

(ii) Butadiene/OMTS kinetic results

OMTS was pyrolysed in a ten fold excess of butadiene

between 570-650°C.
chromatogram for a mid-temperature range pyrolysis.

Figure 3.6 shows a typical gas

First

order rate constants were measured for the peaks shown in

figure

3.6. The Arrhenius parameters for the formation of

i
|



Table 3.4: Kinetic results for butadiene/OMTS
pyrolysis experiments

Product log(a/s™1y e (kamo1~1)

a k(620°C)

Me;SiSiMe, 14.7% 2.3 ]282.0+39.3]| 0.016

HeZS'
>

AN 9.3 0.9 192.8 £6.6 0.105
Hezsi"—SiHe2

"ezsi\/” 15.8*2.0 |300.3+34.0| 0.017

Me,Si—SiMe
2 NEE: -3
’ 13.9% 2.8 |277.3+46.9| 4.8 x 10

.~

Figure 3.7 shows a typical Arrhenius plot for the formation
of cyclo 3. Kinetic measurements were difficult to make
because the number of products in the pyrolysed mixture from
the secondary reactions of butadiene.

oMTS

_ U

Figure 3.6: Gas Chromatogram for the pyrolysis of OMTS/butadiene
at 612°C.
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1000/T
Figure 3.7: Arrhenius plot for the formation of cyclo 3 from
OMTS (in the presence of butadiene) between 564-636°C.

(iij) Toluene/OMTS kinetic results

OMTS was pyrolysed in a 10 fold excess of toluene between

570-650°C.

mid-temperature range experiment.
were measured for the products shown in figure 3.8.
Arrhenius parameters for the formation of these products are

given in table 3.5.

Table 3.5:
experiments.

Kinetic results for toluene/OMTS

Figure 3.8 shows a gas chromatogram for a
First order rate constants

-1 -1
Product log(A/s ) Ea (kJmol ) k(620°C)
Me, SiH 14.5%0.5 271.8 9.4 0.0400
Me,SiSiMe, 9.8 £0.4 195.4 £11.8} 0.0234
He2$%>
9. 6%0.2 |203.2+3.3 5.2 x 1073
Hezsi-—SiHe2
C”av/<t:>> 17.920.4 |347.8% 6.7[3.6 x 1073

The Arrhenius plot for the formation of cyclo 3 is shown in

figure 3.9.
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,Jm vy L LEE‘ cYcLo3

Figure 3.8: Gas Chromatogram for the pyrolysis of OMTS/toluene
at 64s°c.

1000/T

Figure 3.9:Arrhenius plot for the formation of cycle 3 from
OMTS (in the presence of toluene) between 508-683°C.

(VI) Q8/MS-Sealed Tube Pyroiysis Resul<Ts

OMTS was pyrolysed in a sealed sample vessel at 550°C. The
time scale for the pyrolysis was calculated from the Arrhenius

parameters for 3MS formation given by the kinetic-SFR
experiments:
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At 620°C k
At 550°C k

The Q8/MS revealed that large quantities of hydrogen were
(Fig 3.10).

produced

= 0.0783

in the pyrolysis of

(3-1),
3.61 x 10%3

£t/
(s'l),

of methane was also detected.

X - N
'S
THE-
1
i1
H M-
m [ .
444— [ +4- Y
4AMuraap
Ttd XU-H
- 314444444-
M .
T— =M 4444414
1" a1 ™
-h-r- G900 -r-
- T
= 4rg LET-
-r— ‘wT wp
j- T ! e
iy
-Cn
t
4r . ..oc
-u
1
Figure 3.10; Mass
pyrolysis of OMTS

Spectrum
at 550@C.

OMTS
-—%t
i—4
ut
—H
—r
AH
4
MT
-444 4
r44L -
i -t-4
U—fF
1 4
-r—h
- 4
H--
of and CH

50

3.2 mins.

A small amount



(V) Discussion

The relative yields of the major products, trimethylsilane
(3MS), 1,1,3-trimethyl-1,3-disilacyclobutane (CYCLO1),
1,1,3,3,4,4-hexamethyl-1,3,4-trisilacyclopentane (CYCLO 3),
hexamethyldisilane (HMDS) and {,1,3,3-tetramethyl-1,3-
disilacyclobutane (CYCLO 2) were 10:3.3:2:2:1 respectively
over the pyrolysis temperature range. Kinetic measurements
revealed that it is unlikely that any of the major products
arose from first order unimolecular reactions or from a
sequence of reactions with a rate limiting step that is first
order. It is concluded, therefore, that radical chain
mechanisms lead to major product formation. There is also a
possibility that there may be more than one route to the
formation of each major product. The accuracy of the kinetic
measurements may be affected by the secondary decompositions
of some the di-silicon compounds and it is known that at these
elevated temperatures HMDS, CYCLO 2 and CYCLO 3 have

appreciable decomposition rate constants2,5,6;

Log (A/s™1) E, (kImol~1) K200 c%s-l)
Me,Si HSiMe
<. > —> H 16.1* 0.6 316 £ 11 4.12 x 1073
Me,Si—SiMe, Me,Si\_ SiMe,
AN »
Me2$1v51;~|e2——> Hezsi=CH2X 2 14.4% 0.2 296 *3 1.21 x 10

Co-pyrolysis in the presence of butadiene revealed that
dimethylsilylene (Me,Si:), tetramethyldisilene (Me,Si=SiMe,)
and dimethylsilene (Me,;Si=CH,) were formed during the
pyrolysis. Pyrolysis in the presence of methylchloride or
toluene showed that trimethylsilyl radicals (Me;Si-) were the
most abundant intermediates. Co-pyrolysis in toluene also
revealed that there was also a substantial concentration of
methyl radicals (CH;-). Pyrolysis in the presence of
butadiene or toluene did not suppress the Arrhenius parameters
for major product formation (although these Arrhenius
parameters are subject to large error limits). Kinetic
measurements on trapping product formation showed that most of
the intermediates are not formed via first order reactions.
Therefore, it seems reasonable to assume that they are formed

by radical chain mechanisms and may arise from more than one
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source. The trapping products will again have appreciable

decomposition rate constants at these high temperatures e.g.7?

-1 -1 Kk -1
log(A/s E.(kJmol cxXs™h
site, 9 ) . ) (6200C)
SlMe > L0 12.3+ 0.2 251+ 9 4.15 x 10”3
/ - ~—
N L+ SlMe2 11.9% 0.2 230+ 4 0.0279

Ethylbenzene is formed by a first order process with
Arrhenius parameters in the order of Si—-Si bond dissociation
energy. Benzyltrimethylsilane gave a curved Arrhenius plot.

The complexity of the kinetic results can be related to:-
(i) the difficulty in accurate product area measurement beca

use of the number of products formed, (ii) product
decomposition, (iii) there being more than one mechanism to
form some of the major products and intermediates. However,
the measurements do give some insight into the mechanism of
ma jor product and intermediate formation.

The formation of the products in group 1 can be explained

by the reactions in scheme 3.2:
Scheme 3.2:

Si=-Si BOND

CLEAVAGE /Y-S—P Me,Si [3] TIC 1a
v \

Me ;SiH ‘E— Me Si- — . + Me,Si: —1 . Me,SiH, [1] TIC 1a

la H2
[2] TIC l CH“<<T—_Q\\I \{\\\\ ) Q§_:;7
/ N
i CH4 e Si & Me
Me331\/<6\ CHs\@ Me,S \j M 281\//’

[2] TIC 4 [1] TIC 4 (3] & (2] TIC 3

Following Si-Si bond cleavage trimethylsilyl radicals
(Me;Si-) can either abstract hydrogen to give 3MS (7) or they
can dissociate to form methyl radicals (-CH;) and
dimethylsilylene (Me,Si:) (5). The combination of -CH; and
Me;Si- radicals leads to the formation of 4MS [4] (8).

The Q8/MS-Sealed tube experiments revealed that hydrogen
and methane were produced in the pyrolysis of OMTS. Hydrogen
could arise from two sources; (i) hydrogen radical
H-abstraction reactions or (ii) cyclisation with elimination
of hydrogen (vide infra). Methane will have two possible
sources; (i) methyl radical H-abstraction reactions (10) or
(ii) methyl and hydrogen radical combination. Me,Si: produced

via the dissociation of Me;Si- radicals can insert into the H,
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o-bond to yield 2MS [1] (11).

Evidence for scheme 3.2 comes from kinetic measurements on
the formation of 1,1-dimethyl-i-silacyclo-3,4-pentene in the
1,3-butadiene/OMTS experiments ([2] & [3] TIC 3) and the
formation of ethylbenzene in the toluene/OMTS experiments ([1]
TIC 4). Both these trapped species give Arrhenius parameters
in the order of the Si-Si bond dissociation energy. The rate
of -CH; and Me,Si: production depends on the formation of
Me,;Si- radicals whose rate limiting step is Si-Si bond
cleavage, explaining the values for the Arrhenius parameters?.
The toluene/OMTS experiments also produce TMSB ([2] TIC 4) by
the combination of benzyl and Me;Si- radicals (6).

The formation of CYCLO 1 can be rationalised by using the

mechanistic ideas first introduced by Barton (scheme 3.3)1:
Scheme 3.3:

Me,SiSiSiMe,—1% g Me,Si- + Me,SISi- [R-]
Me, Me,

. . 14 Me 15 :
Me,SiSiSiMe, + R ——p Me,SiSiSiMe, —» Me3Si\/SMiSiMe3

Me .
2 _::if;/lix//// CH, €
17 19
-Me Si-

Me35151==CH2 H
Me
Meask\//?i?inea

.

In scheme 3.3 initial Si-Si bond cleavage (13) is followed

Si N CYCLO 1
Me,Si\_SiMe ~—— 77 > Me251\/SiMeH [ ]

by hydrogen abstraction from a central methyl group on OMTS
(14). The carbon centred radical formed will either undergo
isomerisation to form a new silicon centred radical (15)2,8 or
dissociate to form Me;Si- and trimethylsilyl(methyl)silene
(silene 1)(16). The silicon centred radical formed via
reaction (15) can then undergo three reactions:- (i)
dissociation into a Me;Si- radical and silene 1 (17), (ii)
dissociation into a Me;Si- radical and a-trimethylsilyl-
(methyl)silylene (silylene 1)(18), (iii) hydrogen abstraction
to form an isomer of OMTS (19). At the high temperatures of
reaction, the isomer of OMTS would rapidly eliminate 3MS to
form silylene 1 (21)9. Silylene 1 may also be formed by the
rearrangement of silene 1 via a trimethylsilyl shift (20)1,.
Once formed silylene 1 will rapidly cyclise by C-H bond
insertion to form CYCLO 1 (22)10,.

The kinetics of formation of CYCLO i appear to support a
complex mechanism of formation and all the reactions given in
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scheme 3.3 have strong precedents in organosilicon chemistry.
The formation of CYCLO 3 is thought to be by a quite

different route. As there are no Si-H bonds in the molecule,

conventional cyclisation reactions are ruled out. Scheme 3.4

shows the series of reactions believed to lead to CYCLO 3.
Scheme 3. 4:

23 cas sas .
Me,SiSiSiMe, + R: —=% Me,SiSiSiMe,CH," 24 _p. Me,SiSiMe, + Me,Si=CH,
Me - RH Me
2 2
25 27
26
Me,SiS SiM 28 Ne, &
e i iMe M is SiM
Me231—_—C% T

Me, Me, - 20 Me, Me, H

. 2 s .
Me33181\/51\/31l‘1e2 Tb Me33151\/5i\/$1Me2 [A]
-neasiHl?1

SiMe,
< > [ CYCLO 3 ]
P1e2$i——Sil‘1e2

Hydrogen abstraction from a terminal methyl group will
vield a carbon centred radical (23). This radical will either
dissociate to form a pentamethyldisilyl radical and
dimethylsilene (24) or isomerise to form a new silicon centred
radical (25)2,8, The new silicon centred radical can undergo
three reactions:- (i) dissociation to form a pentamethyl-
disilyl radical and dimethylsilene (26) (recombination gives
the reverse reaction (27)), (ii) abstract hydrogen to yield
product [13] (28), (iii) undergo dimethylsilene addition to
yield a new silicon centred radical (29). Reaction (29) is
feasible as the addition of silenes to radicals is known to be
fastll, The silicon centred radical produced via reaction
(29) can abstract hydrogen to yield compound [A). [A] is
thought to undergo a novel cyclisation reaction with
elimination of 3MS to form CYCLO 3. This novel elimination
reaction may be thought to be akin to the elimination of
trimethylsilane from pentamethyldisilane, a well characterised
reaction in organosilicon chemistry. Another possible
cyclisation reaction is (31 a) where [13] eliminates hydrogen
to yield CYCLO 3 (see Appendix 1).

The isomerisation reaction (25) is a 1,2-shift but a

1,3-shift can also take place generating an isomeric silicon
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centred radical (Scheme 3.3):

Scheme 3.95:

Me,SiSiSiMe,+ R"}:;’ Me,SiSiSiMe,CH," 224 Me,SiSiMe, + Me,Si=CH,

Me2 Me2
34l ‘3/ Me,Si=—SiMe, + Me,SiCH,
. % H
Me.,Si iSiM 37 : 1 Q3
3 \/leezl e, TP Measl\/a‘gSlMez
2
Me ,Si=—CH 39
SET \
Me ., . 0 Me, H Me. S H
MegSiy SIShSitte, —g MesSI\ SISL Site,  Mes I\_/SiMe, + Me,Si:
2
2 [8] [10]
a1
SiMe,
[ CYCLO 3 ]

I‘IeZSi—-SiMe2

The radical formed via reaction (34) may undergo three
reactions:—- (i) dissociation to form tetramethyldisilene and
trimethylsilylmethyl radical (35) (recombination leads to the
reverse reaction (36)), (ii) hydrogen abstraction to yield =2
hydridosilane (37) which at these temperatures will dissociate
to form dimethylsilylene and product [10] (39), (iii) addition
of dimethylsilene to yield a new silicon centred radical (38).
This radical can then abstract hydrogen to form compound ([B]
(40). [B] is also thought to cyclise, eliminating 3MS to
yield CYCI.O 3 (41).

To test this novel elimination reaction, compounds [A] and
[Bl] were synthesised (see Appendix 1). [A] was pyrolysed at
low sample pressures and same temperatures as OMTS and CYCLO 3
was indeed found to be the major product. Arrhenius
parameters measured for the production of 3MS were log A=
11.7¢1.3 s-1, E,= 220+£23 kJmol-1 and for the production of
CYCLO 3 were log A= 11.5+0.8 s-1, E = 215£13.6 kJmol-1. These
parameters are consistent with a ring closure reaction with a
similar mechanism to the formation of 3MS from
pentamethyldisilane.

The ma jor products of the pyrolysis of [Bl] were CYCLO 1,
CYCLO 2 and CYCLO 3. Characteristic products of both [A] and
[B] were cyclic carbosilanes formed by the cyclisation with
the elimination of hydrogen, giving support to reaction (31

a.
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The reactions in scheme 3.5 may indeed take place but with
the balance tilted towards dissociation and hydrogen
abstraction? instead of silene addition to the silicon centred
radical. The formation of product [10] and the trapping of
tetramethyldisilene support this argument ([5] TIC 3). The
explanation for this may lie in the fact that this silicon
centred radical is attached to an adjacent silicon atom, which
opens pathways of dissociation not available for the radical
formed by reaction (25) (c.f. scheme 3.3 where dissociation
and hydrogen abstraction are also favoured by a silicon
centred radical with an adjacent silicon atom). The radical
formed by reaction (25) does not have an adjacent silicon atom
which explains why product [13] is the only isomer of OMTS
detected and why this radical may be more susceptible to
silene addition or H-abstraction followed by cyclisation with
elimination of hydrogen rather than dissociation.

This argument may be extended to the elimination reactions
(31) and (41); the former takes place with the constituents of
3MS being bonded to silicon centred groups only, which is not
the case for (41), therefore, CYCLO 3 is the major product of
the pyrolysis of [A] but not [Bl]. It can be concluded that
the differing local environments for radicals produced by the
isomerisation reactions (15), (25) and (34) dictate whether
dissociation or silene addition are favoured (H-abstraction is
probably the same for all these radicals).

The kinetic measurements on CYCLO 3 appear to support a
complicated mechanism of formation such as scheme 3.4, which
would give very low Arrhenius parameters.

HMDS may be formed via two separate mechanisms, Me;Si-
radical combination or the unimolecular elimination of Me,Si:
from OMTS. The unimolecular elimination reaction could be
more important in the pyrolysis of OMTS than it is in HMDS? as
it is known that silylene insertions into Si—-Si bonds require

a lower activation energy than insertions into Si-C bondsl3:
42

2 x Messi' —\
/————> Me,SiSiMe;, [ HMDS ]
Me ,S1SiS1Me ;——
Mez (-Mezsi:)
The Arrhenius parameters for the formation of HMDS favour

the radical combination reaction as the major contributor.
Therefore reaction (42) is favoured, as there are many sources
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for Me,;Si- radicals (e.g. 13, 16 & 17). The kinetics of
formation of dimethylsilacyclopent-3,4-enel4 also suggests
that the source of dimethylsilylene is not only OMTS, in fact
the indications are that OMTS is a minor source, the primary
sources being the dissociation of Me,Si- (§) radicals with
minor contributions from secondary decomposition reactions
such as 39 and 45 9:

Me SiSiMe, + RH———# Me,SiSiMeH ——# Me SiH + Me,Si:

71
MegSLy_SISiMeH 2 _p Me,SL._SiMe,H + Me,Si:
? [10]
CYCLO 2 is probably formed by the head to tail dimerisation

of dimethylsilenelS:

46 VAN
2 x Me,Si=CH, —» He231v51Me2 [ cycto 2 ]

The ma jor source of dimethylsilene is reaction (24). A
minor source may be the disproportionation of Me;Si- radicals
(the ratio of combination to disproportionation being 10:1)12;

2 x Me,S1- —9»Me,SI==CH, + Me,SIH

Only a small quantity of dimethylsilene was trapped in the
presence of butadiene but it is known that the rate of
formation of the cyclic adduct is low when compared to radical
addition or dimerisation!®, The kinetics of formation for
CYCLO 2 reflect the number of different sources for Me,Si=CH,,
the values not being consistent with a unimolecular reaction
or a sequence of reactions with a first order rate limiting
step.

The ma jor product, 3MS, arises from a number of different
sources:- (i) the abstraction of hydrogen by Me,;Si- radicals,
(ii) elimination from compound [A] in the cyclisation
reaction, (iii) from the dissociation of pentamethyldisilane
and (iv) Me;Si- radical disproportionation.

Therefore it would be expected that 3MS would give
Arrhenius parameters in accordance with a complex mechanism of

formation even in the presence of toluene.

Schemes 3.2, 3.3, 3.4 and 3.5 were modelled by numerical
integration using the KINAL and ACUCHEM packages (see Appendix
2)17, Arrhenius parameters were calculated over the

experimental temperature range. Table 3.6 gives the
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experimental and calculated Arrhenius parameters for the major

products. In view of the complexity of the mechanisms for
ma jor product formation the agreement is reasonable.
" Table 3.6:
Experimental Calculated
Product 1 -1 1 -1
log(A/s ) Ea (kJmol ) log(A/s™ ™) Ea(kJmol )
MeBSiH 14.6+*0.6 | 268 +11 12.1+£0.9 216 + 13
s~ Me
Me,Si Si 10.0+ 0.6 |198 £10 10.6 +0.9 204 £ 17
2T\ H
Me S{
</2 > 5.2+0.3 | 123% 6 7.1 %0.2 138 + 4
Me,Si™SiMe,
Me,SiSiMe, 8.9+0.2 |186+ 4 9.1 +0.9 188 * 15
o 264 + 18
Me.Si SiMe.J 13.6+0.4 | 269+ 5 13.8+1.1 *
2 N4 q

A route to products [4] and [5] could be via the
isomeristion of Me,Si=SiMe,:
Scheme 3.6:
Mezsi—— SlMe2

A

Me Si—Si Me
3 Jso

X
N

CH CH ¢
2 S1 52
SNE -— y \\2 —_— /
Me Si SiMe Me Si— SiH Me Me Si SiH
2 H .. 2 3 Al

51

7\
Me 7N\ SiH

H

M
Me s (41 si

Si Si
H N\, H Me

Me,Si=SiMe, is known to isomerise to trimethylsilyl(methyl)

ar

silylene. Once formed this silylene may undergo an
intramolecular C-H insertion reaction to yield a disilirane, a
reaction first suggested by Bartonl8. The disilirane will
then undergo competing ring opening reactions to yield two
isomeric B-silylsilylenes via 1,2 methy! or hydrogen shifts.
Intramolecular C-H insertions give [4] and [5].

Product (8] is thought to be formed via a radical
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mechanism. Methylchloride experiments showed there to be a
small amount of Me,HSi-CH,-SiMe,Cl formed (TIC §5: [31]),
probably via a chlorine abstraction reaction by the
Me,HSi-CH,-SiMe,- radical. This radical, which could arise
from the cleavage of the Si—-Si bond in product [13], will
yield [6] upon hydrogen abstraction.

Products [14] and [15] are cyclic carbosilanes containing
Si~-H bonds. Scheme 3.7 shows a sequence of reactions which

could lead to their formation:
Scheme 3.7:
Me
Me,SiSi=CH Me ,SiSi-
3 2 3 He2

55
Hez . Me H
Me,S1Siv, SISIMe, SSp Me SiSie,SiSiMe
3 Me 3 RH 3 Me 3
fﬂl-neasm
MeSiH ss

< MeSis_ $1SiMe, — p MeH51<>31”e
Me ,SI—5iMe, ez SiMe,
[ 14 ] [15]

The addition of trimethylsilyl(methyl)silene (produced in
reaction 16) to a pentamethyldisily! radical (produced in
reaction 17) yields a new silicon centred radical (55).
Hydrogen abstraction (56) is followed by elimination of 3MS
(57) to yield a silylene which cyclises by an internal C-H
silylene insertion to form [14] (58). Another internal C-H
silylene insertion is possible which would lead to product
[15] (59).

The cyclic carbosilane [17] is a major decomposition
product of [16], the reaction having an appreciable rate
constant at these temperatures (vide supra)3. Scheme 3.8,

however, offers another explanation for its formation:
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Scheme 3.8:
Me3$i§£:=cgi\\ Measi.\/SiHe2
GV

. Me, RH H Me, -Me SiH .. Me,
Me3313i\/51\/31l‘1e3 T» He3Si§i‘vSi\/SiMe3 -—6;—' MeSi_SI\_~SiMe,

lsa
N

He,SL Site,

17

Reactions (16 & 17) lead to the formation of trimJihyll
silyl(methyl)silene whilst the secondary decomposition of
HMDS2 yields trimethylsilyl(dimethylsilyl)methane radical. At
high sample pressures, the addition of these two species will
be fastil1(680). Hydrogen abstraction (61) is followed by the
elimination of 3MS and the formation of a silylene (62). This
silylene will then cyclise by an internal C-H insertion to
vield [17].

Products [18]-[24] have a similar disilacyclobutane-
multiple ring backbone. These products are greatly affected
by sample pressure and trapping agents, suggesting they arise
from bimolecular reactions. One simple explanation for the
formation of these products could be the head to tail
dimerisation of silenes bearing different substituents:
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Scheme 3.9:
N 64

Me,SK SSI=CH, + MeHSI=CH, —2*
hvd
N — — 65
MeHSl\/S].— CH2 + MeZSi-—- CH2 —— P
Me,si” si= CH = B8 _p
e, 1\/31—— 2 *+ Me,SI=CH,
H 67
MeySL SE SSI=CH, + MeHSi= CH,— »
. Heao Nei— 88
MeySi Si=CH,+ MeHSL st CH,— »

Me.si s Dsi=c i=CH,—>—p
e, {\/SL\// = H2 + Me281—-CH2

Na:— L Ho. 70
Me Sk~ SI=CH, + Measl\/S).—CHz‘_’
MeHst” Ssi=cH, x 2 —1—

N
MeHS<>Si<>Si‘—‘ CH, + MeHSi= CH——#

MeHSJ‘<>Si= cH, + Me s _st=cH,— 2

N = = 74
MeHSI\/Sl\/>Sl-—-CH2 + Me,Si= CH,—»

/\ /\ —_ _ 75
Me,SK > SK_JS1=CH, + MeHS1= CH,——>—>
Nai” Nay — _ 76
Me,SK_SSK JSI=CH, + Me,S1= CH,—*—
N 77
Me,SK SSECH, x 2 —

APV AN
Sl\/ Siv SiMeH

VA NP AN
Me2 51\/ 51\/ Si MeH

N N
L5 SiMe,

Me2

Me,S
Mensi > s sil siMe,
mensi > 5151l sime,
MeZSi\/> sil>sif SiMe,

N ar”N a:H SiMe
Me, SI{_> s1{ ) S1/ 3

S N e VLe:"\ o:
MeH Sl\/SJ.\/ 31\/ SiMeH

Met 5151 51 siMeH
Me, 5151 s siten
Me 511 i siMeH
Me, 5151 51 simen
Me,S1siO s sive,

Me 511> s stte,

Small quantities of Me,Si=CH, and trace amounts of
MeHSi=CH, were trapped when OMTS was pyrolysed in the presence
of butadiene but no trapping products corresponding to the

other silenes in scheme 3.9 were detected.

However the

[ 18]

[ 18]
[19]

[ 201
[ 20]
[ 21]
[21]
[ 22]
[ 22]
[ 23]
[ 23]
[ 23]

[ 24]

[ 24]

formation of these silenes from OMTS would involve a complex

series of reactions,

the intermediates and,

therefore,

products being formed a long way down the reaction pathway.

Co-pyrolysis in the presence of butadiene,

toluene and MeCl

suppressed the formation of these products indicating that

complex bimolecular reactions are involved in their formation.

(VI) Summar

The pyrolysis mechanism of OMTS shows a marked difference

from that of HMDS. However,

the pressure dependent nature for

the formation of the major products of OMTS bears a similar

relationship to that of HMDS,
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rationalised by the balance of unimolecular and bimolecular
reactions. The major product in Barton’s low pressure
experiments was CYCLO 1 but the SFR technique at high pressure
leads to the formation of CYCLO 3 as well as CYCLO 1, CYCLO 3
being formed via bimolecular reactions, CYCLO | being formed
via a unimolecular dissociation.

The most significant difference between the two pyrolyses
is the formation of CYCLO 3 by the elimination of 3MS and
hydrogen, reactions not observed in the pyrolysis of HMDS.
Two of the three linear isomers of OMTS were not detected due
to their rapid decomposition at these temperatures (21 & 39);
the other linear isomer may cyclise to CYCLO 3 with the
elimination of hydrogen (31 a). Therefore the linear isomers
of OMTS are not prominent products.

The unimolecular elimination of Me,Si: from OMTS is not a
ma jor breakdown pathway, the pyrolysis mechanisms being

predominantly radical in nature.
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Chapter 4

The Pyrolysis of n—-Decamethyltetrasilane

(I) Introduction

Barton et. al. first studied the pyrolysis mechanism of
n-decamethyltetrasilane (n-DMTS)1. Their low pressure flash
vacuum experiments gave 1,1,3-trimethyl-1,3-disilacyclobutane
(CYCLO 1- 21%) and 1,3-dimethyl=-1-(trimethylsilyl)-1,3-
disilacyclobutane (CYCLO 2- 5%) as the major volatile
products. Scheme 4.1 shows the mechanism Barton invoked to

explain their formation:
Scheme 4_.1:
Me 2 Me 351\
Me SlSiSiSiMe3 —L 2 x Me,SiSi- — > Si =—CH
Me, Me, Me” 2

- Me,St

MeSL_ SiMe

Me2
2
Me,SiS1S1-
Me2 l“
sl PN
Me,S1,_SiMeH
Me
2
Me SiSi 2 ield
, Mp\ Me 1 % Yie
Si=CH — > MeS Si
2
ME s NSiMe \"' s 51/"‘a
N
N SLMe
5 X Yield

These products were formed via either initial central
(CYCLO 1) or terminal Si-Si bond cleavage (CYCLO 2).

If n-DMTS is pyrolysed using the SFR technique the results
would be expected to be different from Barton’s low pressure
experiments. As in the pyrolysis of hexamethyldisilane
(HMDS)2 and octamethyltrisilane (OMTS)3 product formation will
be expected to depend on the balance between bimolecular and
unimolecular reactions. The pyrolysis mechanism will be
expected to be complex, involving silyl radicals, silylenes,
silenes and disilenes.

The pyrolysis mechanism of n-DMTS was studied using the

GC/MS~-SFR apparatus4. Trapping experiments were performed to
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test for the different intermediates involved. GC/MS product
identification was supplemented by comparative retention time
tests and mass spectral analysis on authentic samples.

Kinetic measurements were performed using the kinetic-SFR
apparatus to further elucidate the pyrolysis breakdown
mechanism. First order rate constants were measured for major
and trapping products over a range of temperatures to allow

the calculation of Arrhenius parameters.

(II) GC/MS-SFR Results

(i) n-DMTS pyrolysis experiments

n-DMTS, being an involatile 1liquid, was pyrolysed using the
syringe injection technique. Reactant volumes varied from

0.01 to 0.10 ul, while the experimental temperature range was

570-650°C. TIC 1 shows the range of products formed in a high
sample pressure experiment, the products being sub-divided
into groups of monosilanes, di-silicon compounds, tri-silicon

compounds and tetra-silicon compounds:

Divirs
GROUP4
GROUP 1
S.0E®6
5.0ES
4 .0ES
3 .0ES
GROUP3
2 .0EG
GROUP2
1.0ES-
0 =
20
TIC 1: Group 1- monosilanes, Group 2- disilicon compounds.
Group 3- tri-silicon compounds. Group 4- tetrasilicon

compounds .

TIC la shows the products in group 1:
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. @EB
. QEB
. QEB
. 9EB 3
. Q6
. @6 1
%) T T

8.5 1.0 1.9
Time (min.)

TIC la: [1] Me,SiH,, [2] Me,SiH, [4] Me,Si.
2 2 3 4

- N W & U0

Abundance

Group 1 contains the major product of the pyrolysis is
trimethylsilane (3MS); other prominent products are dimethyl-
silane (2MS) and tetramethylsilane (4MS).

TIC 1b shows the products corresponding to the di-silicon

compounds in group 2:

2.Q0E8
S 7
c 1.35€E86
o
T
g 1.08€E8 8
3 s.@€ES . 3 s .
< W
a L A ¥ T
4 S 1] ’ .
Time (min.)

TIC 1b: [4] Me,HSN,SiMe,H, [S] Me,ySin  SiMeH,, [6] Me SiSine,,
No. . . . .
(71 Hezsii/51MeH, [81 MeySi SiMe,H, [9] HEZS<:>SI"92.

Prominent products in this group include HMDS (6], CYCLO 1
(71, ISO-HMDS (8] and 1,1,3,3-tetramethyl—-1,3-disilacyclo-

butane [9].
TIC 1c shows the tri-silicon compounds in group 3:

_66_



2.Q€E6 .

1.5E6
. @EB

Abundance

S.QES

13 14 15 16 17
Time (min.)

Cesas AN H N H
TIC 1c: [10] Measlilslhe:;, [11] Mezsy\/S)\/SIHezH. [12] HeHSl\/Si\/SLNe3,

€2
Me H Me Me H H Me Me
Si Si Si Si
VAN
[13] << t> , [14] <( S> L sy (], 1e] <f
Me,Si— SiMe, Me,Si— SiMeH Hezii//SiHez Me,Si—SiMe,
Me H
si
N
(171 (/ \] , [18] NeHs£:>s{:>Sine2, [19] He28<:>SLw/SiHe2.
Me,Si SiMe,
NS

All but one of the products in group 3 are cyclic carbo-
silanes, with 1,3,3,5,5-pentamethyl—-1,3,5-trisilacyclohexane

[17] being the most prominent.
TIC 1d contains the tetra-silicon compounds in group 4 and

the reactant n-DMTS:

20
4 DMTS 26 26
o 6.0EG6
g ] 28 a7
] J
3 4 .QEG
1 7
1 23
a 2.0E6] AT
@
f- T B n - — =
22 S 21.0 21.95 22.0 22.5 23.0Q0

fine fmin.Y

' AN /\\ H
TIC 1d: [20] n-Me,,Si, [21] HeHSx\V/ \V/ SlHe3,

/\ (S'\Hez
Me,Si SiM
[22] €271 |l 2 23] Me,Si  SiMe,
P‘Iezsi\\/Sir‘le2 SlMe2
/\f VANV
[24] Me s£<:> i gv/51he3, £25] neHs£<:>Si\v/ \V/SIHEH

NN N AN N AN
[26] Me2$K\/81\V/Sl\V/81MeH, [27] Me2sk\/5i\v/5i\v/5iH92

Therefore product composition at high sample pressures
comprised mainly 3MS, 2MS, 4MS and CH, with smaller amounts of

di-, tri- and tetra-silicon cyclic carbosilanes. At low
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sample pressures product composition is simplified. TIC 2
shows the products from a low pressure pyrolysis, using the

numbers of the corresponding products in TIC 1:

2.2667
2.2E61
1.ass§
I.SES?
1.4E61
1.2E61
1.0E6]
e.assé
6. @ES

4.0ES5
2.0ES- 5| i3 _Jﬂwj,w“’
[ —— . - 9, e ;gjgdjﬂl o
19 LS

%] 20
lime (min.)Y

Abundance

P N
—]

ul.

TIC 2:{2}] He381H,[3] He281H2,[6] He3$1$1He3,[7] Mezsx\/SLHeH,

. < Nas H .

[8] He351\/81He2H, [9] Hezsl\/SIHez, [11] Mezs(:>skv/81ne2H,
VA NN, BN '

[12] HeHSl\/Sl\/31He3.

There is a marked suppression of the higher molecular
weight carbosilanes in groups 3 and 4 suggesting that these
may arise from bimolecular reactions.

Table 4.1 gives the products identified from the pyrolysis

of n-DMTS:



Table 4.1:

Group 1
Hy* CH,*  Me,SiH,  Me,;SiH Me,Si
(11 [21 (3]
Group 2
81 s Hf isi A\a;H
Me,Si\_~SiMe, Me3SL\/,S Me Me,SiSiMe, Me2SL\/$1Me
[4] £s1 (61 [73
A et
Measi\/SiHe2 He2S1\V/51Me2
[e] [9]
Group 3

Me A H H Me
Me SlSlSlMe i i /”\
s IS Sty SO sives
f10] [11] [12]
Me H Me Me,Si :
Si 2 '} \l Me}§1B
<f T> <f T> Me,SL ,SiH, Me.Si SiM
Me,SI—SiMe, | Si—SiMe, 2 Uiz TMedlT S,
[13] [14] [15] [18]
Me,Si AN\, 27
'% Me,SK_s1<_/SiMeH Me,Si{  Si{ “SiMe,
MeZSi\v/SiHeH [18] [19]
[17]
Group 4
- SiMe,
Me_Si SiMe, Me_Si
H 2 2 2
MeHS<> s<\/ S SiMeg |
MeZSi SiMe2 Mezsi SiMe2
[21]
[22] [23]
A N\eH < Ngi N\
Me2$(i>31\v/sk\/§1ﬂe3 MeHSkN/Sl\V/ \V/SLMeH
[24] [25]
NN N N1 517 Nsim
Me 517 si_, si{_ siMen MeaSI SIS A1tMe2
[26]

[27]

*see section (IV)-Q8/MS-Sealed tube experiments
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(ii) 2,3-dimethyl—-1,3-butadiene/n-DMTS pvrolysis experiments

A 10:1 mixture of 2,3-dimethyl-1,3-butadiene and n-DMTS was
pyrolysed using the liquid injection technique. The pyrolysis
temperature range was 570-650°C. High pressure experiments
had little effect on product yield or composition. The
complexity of end product composition increased due to the
secondary reactions of butadiene. Low pressure experiments
reduced but did not suppress product formation. The products

unique to this pyrolysis are shown in TIC 3:

4
. DMTS
S.QE6
4.QEG
o ]
v ]
< ]
o 3.0E6T
C .
3 4
2 J
T 2.PE64
]
) 1
l.@EB .
:M\A 23
2 e - 7 T
5 192 1S 20

FlMime (min.>Y

/ Me.Si v
TIC 3: [1] "eZSiiji\ , [2] eﬂﬂﬁii:l\ , [31 Me,Si—SiMe,.

TN\

The most abundant intermediate trapped in this pyrolyses
was dimethylsilylene (Me,Si:) with smaller amounts of
trimethylsilyl(methyl)silylene (Me;Si(Me)Si:) and tetramethyl-
disilene (Me,Si=SiMe,). Trace amounts of dimethylsilene were

also trapped.

(iii) Toluene/n—-DMTS pyvrolysis experiments

A 10:1 toluene:n-DMTS mixture was pyrolysed between
570-650°C using the liquid injection technique. Product
composition was not affected but yields were slightly reduced
by the presence of toluene. Products unique to this pyrolysis
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are shown in TIC 4:

Abundance

6.0E6] DMTS

5. QEGA
4.QE61

3.0E61

2.QE61

1.@E6]

p
<

g

v T T T T -
S | §%] 15 20 25 30
fime (min.)

TIC 4: [1] ethylbenzene (ETHB) and [2] benzyltrimeth;
silane (TMSB).

The major products were benzyltrimethylsilane (TMSB) and

ethylbenzene (ETHB).

iv) Methylchloride/n-DMTS rolysis experiments

n-DMTS was pyrolysed in an excess of methylchloride (MeCl)
between 570-650°C. The n-DMTS was introduced via the liquid
injection technique while the MeCl was injected via the gas
sample valve. The high pressure products were suppressed but
the yields of the low pressure products remained unchanged.

TIC 5 shows the products unique to this pyrolysis:
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Rbundance

1@555 o°
T\ A 7

2 < G 8 e 12 14

Fflime fmin.)

TIC S: [1] Me,ySiCl, [2] Me,SiCl,, [3] MeySiSiMe,Cl,

H o Cl cl
(4] Hezs(:>SiNeCI, [51 Me,S{_ SiMe,, [6] MeySi SiMeH

Me
[7] MeySin SiCl,H, [8] Hezsi?\Si SiMeCl,
wey N
Me,Si. A SiMHes Me,SiSi Me
3 3
[9] n}l\/SIHe ,[10] Hé,/\glne

The ma jor product from this pyrolysis was trimethyl-
chlorosilane, arising from the abstraction of chlorine by
Me,;Si- radicals; another prominent product arises from
abstraction of chlorine by pentamethyldisilyl radicals. Two
interesting products are [9] and [10], which do not contain
chlorine and are not present in the straight pyrolysis of
n—-DMTS.

(III) Kinetic~-SFR Results

(i) n—-DMTS kinetic experiments

n-DMTS was pyrolysed using the liquid injection technique
between 570-650°C. Volumes of n-DMTS varied between 0.04-
0.14 pl. Figure 4.1 shows a typical gas chromatogram for a
mid-temperature range pyrolyses. First order rate constants
were calculated for the products shown in figure 4.1. Table
4.2 gives the Arrhenius parameters for the formation of these

products.
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Table 4.2: Kinetic results for n-DMTS pyrolysis
experiments.

Product log (As™D [E, (kimol~l) keg20°cy (s D)
Me,SiH 16.6 +0.5 294.5+ 8 0.252
CH, 22.9%£0.2 406.7+ 3 0.140
Me,SiH, 16.3+ 0.9 299.7% 186 0.064

Figure 4.2 shows the Arrhenius plot for the formation of

3MS.

Me,SiH
DMTS

CH, Me Si

Figure 4.1: Gas Chromatogram for the pyrolysis of n-DMTS at 626°C.
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Figure 4.2: Arrhenius plot for the formation of trimethylsilane,

Figure 4.2 shows a curved Arrhenius plot, but, if the low
to mid temperature range points are considered the values in
table 4.2 result.

7

(ii) 2,3-dimethyl-1,3-butadiene/n-DMTS kinetic experiments

A 5:1 mixture of 2,3-dimethyl-1,3-butadiene and n-DMTS was
pyrolysed using the liquid injection technique. The
experimental temperature range was 570-650°C. Rate constants
proved difficult to measure because of the complexity of the
pyrolysed mixture. First order rate constants were measured
for the formation of the Me,Si: adduct, 1,1,3,4-tetramethyl-1-
silacyclopent-3,4-ene (Fig 4.3). The Arrhenius parameters for

the formation of the adduct are given in table 4.3:

Table 4.3: Kinetic results for 2,3-dimethyl-1, 3~
butadiene/n~-DMTS experiments.

Product log (A/S-s La (kJmol-l) k(szooc)(s'l)
Mezs{fT(: 16.0 +1.2 [305.4 421 0.014
%

The Arrhenius plot for the formation of this product is

shown in figure 4.4.
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Figure 4.3: Gas Chromatogram for the pyrolysis of n-DMTS/ 2,3-di-
methyl-1,3-butadine at 64S°C,
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Figure 4.4: Arrhenius plot for the formation of
1,1,3,4-tetramethyl-l1-silacylopent-3,4-ene,
The Arrhenius parameters are subject to large error limits
due to the difficulty in measuring correct reactant and

product areas.



iii) Toluene/n-DMTS kinetic experiments

A 10:1 mixture of toluene:n-DMTS mixture was pyrolysed
using the liquid injection technique. The mixture was
pyrolysed between 570-650°C. Figure 4.5 shows a gas
chromatogram for a typical mid-temperature range experiment.
First order rate constants were measured for the peaks
identified in figure 4.5. The Arrhenius parameters for the

formation of these products are given in table 4.4:
Table 4.4: Kinetic results for toluene/n-DMTS
experiments.

Product log (A/3-51;a (kImol~1)y k(szooc)(s‘l)

Me,SiH 15.0%£0.5 |[278.1 £8 - | 0.0710

Me,SiH, 17.3%0.8 [325.4 =10 0.0184

Me,Si 16.1£0.3 [305.9 14 0.0160
"’35"\/@ 15.8%0.14 |294.4% 9 0.0380

CH, 17.4+£0.6 [321.9+ 10 0.0371

C"a\/<g§§> 16.3%0.4 [316.7% 8 5.9 x 1073

The Arrhenius plot for the formation of
benzyltrimethylsilane is shown in figure 4.6.

DMTS

Me,SiH T™SB

C&M’é Me.Si ETHB

Figure 4.5: Gas Chromatogram for the pyrolysis of n-DMTS/toluene
at 6399,
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Figure 4.6: Arrhenius plot for the formation of benzyltrimethylsilane.

V) Q8/MS~Sealed Tube Pvrolysis Results

n-DMTS was pyrolysed at 550°C in a sealed sample vessel for
2.00 minutes. The time scale of the pyrolysis was calculated
from the Arrhenius parameters for the formation of 3MS given
in the kinetic-SFR results.

At 550°C: k = 8.09 x 10-3 (s-1), t;,,= 2.00 mins.

The Q8/MS revealed large amount of hydrogen were produced
(fig. 4.7). A smaller amount of methane was also formed.
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Figure 4.7: Mass Spectrum of H” and CH” from the sealed tube
pyrolysis of n-OMTS at 400"C.



(V) Discussion

The Arrhenius parameters for the formation of trimethyl-
silane in the low temperature range are in the order of the
Si-Si bond dissociation energy (BDE)2. These Arrhenius
parameters suggest that the primary source for 3MS is Si-Si
bond cleavage, however, the Arrhenius plot for the formation
of 3MS is curved emphasising the importance of secondary
reactions at high temperatures. Pyrolysis in the presence of
toluene reduces the number of secondary reactions and the
Arrhenius parameters for the formation of 3MS and
benzyltrimethylsilane (TMSB) are both in the order of the
Si-Si BDE over a wide temperature range. Therefore the major
source of 3MS is Me;Si- radicals produced by the cleavage of
a terminal n-DMTS Si-Si bond. The combination of Me;Si- and
benzyl radicals leads to the formation of TMSB, the rate
limiting step for its formation being the cleavage of a Si-Si
bond.

Pyrolysis in the presence of 2,3-dimethyl-1,3-butadiene
yielded 1,1,3,4-tetramethyl-1—-silacyclopent-3,4-ene (ADD1),
the adduct of Me,Si:, as a major product3. The Arrhenius
parameters for the formation of ADD 1 were in the order of the
Si-Si BDE. Also the kinetics of formation of methane and
ethylbenzene (ETHB) in the toluene/n-DMTS experiments are
consistent with the Si-Si BDE. Methane being formed via the
hydrogen abstraction by -CH; radicals and ETHB being formed by
the combination of benzyl and -CH; radicals. Therefore, the
source of both -CH; radicals and Me,Si: could be the
unimolecular dissociation of Me;Si- radicals, the rate
limiting step for the formation of -CH; radicals and Me,Si:
being the formation of Me;Si- radicals. The Arrhenius
parameters for the formation of methane in absence of toluene
are very high, revealing the increasing importance of
secondary reactions in methane formation. The Arrhenius
parameters for the formation of 4MS in the presence and
absence of toluene are in the order of the Si-Si BDE. The
combination of Me;Si- and- CH; radicals leads to its
formation, the rate limiting step for the production of both
these species being the cleavage of the Si-Si bond.

The Q8/MS experiments revealed that hydrogen and methane
are formed when n-DMTS is pyrolysed. The source of methane is
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methyl radical H-abstraction (vide svpra) or hydrogen and
methyl radical combination. Hydrogen is formed by either
hydrogen radical H-abstraction, hydrogen radical combination
or the cyclisafion with elimination of hydrogen reaction (vide
infra).

The Arrhenius parameters for the formation of 2MS in the
straight and toluene pyrolyses are in the order of the Si-Si
BDE. Me,Si: formed by the dissociation of Me;Si- radicals is
thought to insert into the hydrogen o-bond to yield 2MS (15)6.

The mechanism of formation for methane, 2MS, 3MS, 4MS,
ETHB, TMSB and ADDl1 is summarised by the reactions in scheme

4.2:
Scheme 4.2:

Si-Si BOND 9

CLEAVAij////<<:::\ Me,Si [3] TIC 1a
MeSIH <—Z— e si- » Mo Si: i te,s1H, (11 TIC 1a
[2] TIC 1a 11

v Cﬂzotu\ \:/

[2] T71C 4 [1] TIC 4 f131 TIC 3
-The di- and tri-silicon cyclic carbosilanes in groups 2 and

3 are believed to be formed via more complex mechanisms. Most
of these compounds are more prominent in the low pressure
experiments. Scheme 4.3 shows a set of unimolecular reactions
~leading to some of the products in groups 2 and 3.

The reactions in scheme 4.3 all have precedents in organo-
silicon chemistry and being unimolecular in nature offer a
reason why these products are less affected by lower sample
pressures, toluene and methylchloride experiments.

There are 6 general types of reaction taking place in
scheme 4.3:—- (i) radical dissociation reactions (18, 20, 22,
24, 42), (ii) isomerisation reactions via 1,2- (19, 21) or
1,3- shifts (22), (iii) hydrogen abstraction reactions (23,
25, 37, 43), (iv) silylene elimination via 1,2 hydrogen shifts
(26, 27, 38, 44), (v) cyclisation via internal C-H silylene
insertion (28, 29, 30, 32, 33, 39, 45) and (vi) silylene-
silylene isomerisation via disilirane intermediates
(29-31)7. 8,

The silylene produced in reactions 22 and 23 can be trapped
in the presence of 2,3-dimethyl—-1,3-butadiene yielding product
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(2]-TIC 3.

Hydrogen abstraction from a terminal methyl group leads to
the reactions shown in scheme 4.4.

The majority of products in'scheme 4.4 are linear
carbosilanes. The reactions in scheme 4.4 can be grouped
into:- (i) radical dissociation reactions (46, 50, 58), (ii)
isomerisation reactions via 1,2- (49), 1,3- (47) or 1,4 shifts
(48), (iii) hydrogen abstraction reactions (51, 53, 5§55, §7,
62, 65, 68), (iv) silylene elimination via 1,2 hydrogen shifts
(52, 60, 61, 69). The isolation of the chlorosilane (5] (TIC
5) gives evidence for reaction (66) leading to product [4].
Evidence for reaction (58) comes from the isolation of the
Me,Si=SiMe, adduct (product [3] TIC 3). Most reactions are
unimolecular in both schemes 3 and 4, but, the formation of
[16] is believed to involve the bimolecular addition of
dimethylsilene, explaining its suppression in low sample
pressures. The formation of the radical in reaction (50) is
thought to be an analogous reaction to the unimolecular
dissociation of Me;Si- radicals. The cyclisation/elimination
reaction leads to the formation of [(16]3. The remainder of
the products in group 3 are formed in high yields at high
sample pressﬁres. - Product [17] is believed to arise by the
same reactions shown in scheme 3.8, chapter 3. [17] is
suppressed in low pressure pyrolyses, because the bimolecular
silene/radical addition (70) reaction is suppressed?. The
silene is produced in reaction (18) and the radical is
produced in reactions (22) and (58). Evidence for scheme 3.8,
Chapter 3 comes from the'MeCl experiments. The silene
produced in reaction 18 can undergo head to tail dimerisation
to form product (9] TIC 5 (vide infra). The MeCl experiments
suppress the bimolecular silene/radical addition, thus the
silene-silene addition is possible.

The kinetics of formation of the di- and tri-silicon
compounds were not measured because of:- (i) the difficulty in
measuring gorrect peak areas, (ii) the importance of secondary
decomposition reactions of these compounds2.10,11 and (iii)
the complexity of their formation. Therefore little could be
learned from measuring first order rate constants.

Hexamethyldisilane caﬁ be formed by the combination of
Me;Si- radicals or the unimolecular elimination of trimethyl-
silyl(methyl)silylene via an internal 1,2 methyl shiftt2.
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Me, =~ Me,SiSiMe
Me,SiSiSiSiMes—— Me,SiSiMe @—— Me,Si- x
3 Me 3 74 3 3 75 3
2 [uMDS]
The abundance of Me;Si- is demonstrated in the MeCl and

"toluene trapping experiments; also there was only a small
amount of trimethylsilyl(methyl)silylene trapped in the
butadiene experiments. Therefore, the primary source of HMDS
is Me;Si- radical combination (75).

1,1,3,3-tetramethyl-1,3~-disilacyclobutane is thought to be
formed by the head to tail dimerisation of dimethylsilene
(Me,Si=CH,) (see reaction (46) Chapter 3). The major source
for dimethylsilene is reaction (46) although some may arise
form the disproportionation of Me,Si- radicals (reaction (47)
Chapter 3).

Octamethyltrisilane (OMTS) can be formed by two routes; the
unimolecular elimination of Me,Si: from n-DMTS or the
combination of Me;Si- and Me;Si(Me,)Si- radicals:

Me -Me,Si:

2 2

He351815151ﬂe2-—————i> HeasisiSiMe3-<k—;;—- He3$1' + -SiSlHe3
Me, 76 Me, Me,

10}
From the MeCl and toluene experiments it is clear that there

are substantial quantities of Me;Si- and -Si(Me,)SiMe,
radicals. The Arrhenius parameters for the formation of the
Me,Si: adduct, ADD1, are not consistent with a unimolecular
elimination involving a three membered transition statel+4.
Therefore the radical combination reaction is thought to be
the major source of OMTS (78).

The isolation of the chlorosilane [6] in TIC 5 suggests
that product [5] (TIC 1b) may be formed via a radical
mechanism. Product [5] may also arise form the insertion of
the silylene formed by reactions 35 and 38 inserting into
hydrogen.

The majority of products [181-[27] are cyclic carbosilanes
with multiple ring disilacyclobutane backbones. The exception
to these structures are compounds [22] and [23]. These
products are thought to be formed via cyclisation/ elimination
reactions. Scheme 4.5 shows a possible sequence of reactions
leading to products (22] and [231]:

_84—



Scheme 4_.5:

Me, + R° Me, . Me,
Me.SiSiSiSiMe —— Me,SiSiS1SiMe,CH, —13p Me_Si—CH. + Me,SiSiSi-
3 378 3 M 2772 2 2 3 M

Me2 . 82 e2
2y 2
82
2 614 3151??2 s
Me3SISi\/SISIMe2 Me, \SiMe,
M92 He2
87 nezst=cnz 84 H02$i=CH2
Me Me., . Me, Me. .
. 2 2 2 2 RH !"ke2 Me2 H
”easlsi\/ﬁéji\/smez ""‘3515,115:\/51\/31"’2—;5"’ e SISISLESKD Sitte,
2
86
88| RH ~HeySiH SiMe,
Me.S1  SiMe
-Me,SiH 2 2
He2 Me2 H 3 [22] "ezsi\ ’/§1He2

N\ 2

Hydrogen abstraction from a terminal methyl group leads to
a carbon centred radical (78). This radical may dissociate to
form Me,Si=CH, and a heptamethyltriéilyl radical (78) or
isomerise via a 1,2 (80) or 1,3 shift (81). The silicon
centred radicals formed can then undergo silene addition to
generate new silicon centred radicals (84 & 87). Hydrogen
abstraction by these new silicon centred radicals lead to the
formation of two isomeric carbosilanes (85 & 88). These
carbosilanes may cyclise and eliminate 3MS to form products
(22] & [23] (86 & 89).

The radicals produced by reactions (80) and (81) may
abstract hydrogen and undergo cyclisation with elimination of
hydrogen, giving another route to products [(22] and [23].

These products are minor in comparison with the multiple
disilacyclobutane compounds. Head to tail dimerisation of
differently substituted silenes could lead to the formation of
these multiple ring compounds (see scheme 4.9, Chapter 3).
The suppression of these products at low sample pressures and
in the MeCl experiments suggests a complex route to their
formation. The formation of these silenes would indeed be
complex, being formed a long way down the reaction pathway,
explaining why they are not trapped in the 2,3-di-methyl-
1,3-butadiene experiments.

- 85 -



Two interesting products are formed in the MeCl experiments
were [9] and [10] (TIC 5). These can be formed by the
dimerisation of the silenes produced in reactions (18, 20 &
46):

”el 90 "e381 N _ Me
= S Si__, Si 9]1-TICS
Me,SISI=CH, x 2 Me> N Msime, . L9l
2
Me i
2 N\ _ SiSiMe
Me,SI==CH, + Me,SiSisi=CH, —2Lm Me,SI\  Si 3010]-TICS

Me
2
(9] & [10] (TIC 5) are not noticed in the straight

pyrolysis. The formation of these silenes is via the
decomposition of the carbon centred radicals formed in the
first steps of schemes 4.3 & 4.4. Under the complex reaction
conditions of the straight pyrolysis silenes would not be
expected to survive long enough to dimerise, however, under
the less complex conditions of the MeCl experiments,
dimerisation is possible. Low pressure products of the
straight pyrolysis are not suppressed in the presence of MeCl,
supporting the idea that MeCl reduces the number of
bimolecular secondary reactions.

VI) Summar

There is a general consistency in the pyrolysis mechanisms
of HMDS, OMTS and n-DMTS. The mechanisms are all
predominantly radical in nature and product formation is
linked to the balance between bimolecular (high pressure) and
unimolecular reactions (low pressure).

The ma jor difference between HMDS and the other two
oligomers is the lack of cyclic carbosilanes products; the
ma jor product in the high pressure pyrolysis of HMDS is the
isomer, a linear carbosilane2.1!35. Linear carbosilane isomers
of OMTS and n—-DMTS are not prominent products in either
pyrolyses because of their rapid secondary decomposition
reactions. The products containing more than one silicon atom
in the pyrolyses of OMTS and n-DMTS are predominantly cyclic
carbosilanes.

The low pressure products for OMTS and n-DMTS can be
explained by known reactions in organosilicon chemistry.
However, the high pressure reactions of OMTS and n-DMTS
differ, the cyclisation/elimination reactions being prominent
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in the pyrolysis of OMTS and the formation of multiple disila-
cyclobutane compounds being more important for n-DMTS. The
cyclisation/elimination reactions do take place in n-DMTS but
are minor in comparison to the formation of the multiple ring
compounds. This may be because the cyclisation/ elimination
reactions are less favourable for n-DMTS e.g. the precursors
for reactions (88), (91) may be too large for ring closure to
be rapid. Thus the multiple rings may be formed with no
competition from the cyclisation/elimination mechanism.

The kinetics of formation of 3MS support this argument; in
the case of OMTS, 3MS formation gives Arrhenius parameters _
lower than the expected value for Si-Si bond cleavage, even in
the presence of toluene, because the elimination of 3MS/
cyclisation reaction is more important. The Arrhenius
parameters for the formation of 3MS from n-DMTS, however, are
in the order of the Si-Si BDE. Therefore, 3MS formation is
mostly via Si-Si bond cleavage, the elimination of 3MS/
cyclisation reaction being less important in this case.

There is an absence of the second most prominent product in
Barton's low pressure experiments [CYCLO 2]. This can be
attributed to the differing reaction conditions between the
SFR.and the flash vacuum pyrolysis technique.
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Chapter 5

he rolysis of iso—Decamethyltetrasilane

(I) Introduction

The pyrolysis of iso-decamethyltetrasilane (i-DMTS) has not
been previously studied. A knowledge of the pyrolysis
mechanisms of hexamethyldisilane (HMDS)!, octamethyltrisilane
(OMTS)2 and n-decamethyltetrasilane (n-DMTS)3 should help
elucidate the thermal breakdown mechanism of i-DMTS. i-DMTS
is an interesting oligosilane to study as it can be thought of
as a trisilane with a central trimethylsilyl group or as a
tetrasilane. The low pressure reactions of the compounds
studied so far have been explained by familiar organosilicon
chemistry4, but, their high pressure reactions show remarkable
differences. Therefore, it is an aim of this study to see if
the cyclisation/elimination reactions (c.f. OMTS) or the
formation of multiple disilacyclobutane ring compounds (c.f.
n-DMTS) will dominate. The pyrolysis mechanism of i-DMTS will
be expected to be as complex as the others studied with the
simultaneous involvement of silyl radicals, silylenes, silenes
and disilenes. .

The pyrolysis mechanism of i-DMTS was investigated using
the GC/MS-SFR apparatus for product identification. Trapping
experiments were performed to test for the presence of
different intermediates. GC/MS product identification was
supplemented with comparative retention time tests and mass
spectra analysis of known samples3.

Kinetic experiments were performed to further elucidate the
thermal breakdown mechanism. First order rate constants were
measured over a range of temperatures to enable the
calculation of Arrhenius parameters.
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(II) GC/MS-SFR Results

i i -DM rolvsis experiments

i-DMTS was pyrolysed between 570-650°C using the liquid
injection technique. The reactant volumes varied between
0.02-0.10 ul. TIC 1 shows the range of products formed from a
typical high pressure experiment. The products are grouped
into monosilanes, di-, tri- and tetra-silicon compounds:

L*2)

7 . Q€6 DM

4

6 .QES ]

S . 3EG
f(Srnupl
4 . BES ]

<

3.0E61

Roundance

<

] Group 3
2.0E6
] Group4

1.QEG
] Group2 ) )
a 1 NgLA&‘kI\L . 1 . -

2 4 ] .8 1a L2 14

rd

Sitme fnil

TIC 1: Group 1 contains monosilanes, Group 2 contains di-silicon
compounds, Group 3 contains tri-silicon compounds and Group 4

contains tetra-silicon compounds.

The monosilanes in group | are shown in TIC la:

4 . QJES
3.38E68
2.Q8E8
{.Q3ESB : 1 3
g - - = > >
a.2 .2 a.G a.sg
fine fmin.}

Abundance

TIC la: [1] Me,SiH,, [2] Me SiH , [3] HMe,Si.
This group contains the major product of the pyrolysis
trimethylsilane (3MS) with smaller amounts of dimethylsilane
(2MS) and tetramethylsilane (4MS).
TIC 1b shows the di-silicon compounds in group 2:
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Abundance

2.3 2.s
FTine fain.DY

TIC 1b: [4] He,SiSiMey, (5] n.zs<:>31ﬂoﬂ, C8] "'35\v/§‘"'z-

€71 chsﬁi:klﬁez.

This group contains HMDS,
trimethylsilyl(dimethylsilyl)methane (ISO-HMDS) and 1,1,3,3-

1,1,3-trimethyl—-1,3-silacyclobutane,

teramethyl=-1,3-disilacyclobutane.
TIC ic shows the tri-silicon compounds in group 3:

g 2.8E8
C 1.sSEs
2 1.@E8
2 s.@Es
T a e
.S 8.3
H
TIC 1c: (8] He381giilﬂeg, {91 Hozs(:>$1tv}inez, 101 Heﬂsi::sftvﬁtheg,
Me.St MeHS i s:]
C11] <? >, a2l >, na fpﬁ .

Me,Si— SiMeH Me,Si— SiMe, "ezs{w/ﬁiﬂtz

MeHSL
VaNEVAN

14] rﬁ kﬁ , [15] Hezs(:>51<:}iﬂoﬂ, 18] chsL\/Si\VSiHoz’

H02S{V/31"¢2
H
i .
SiNo3
The majority of the products in group 3 are isomeric cyclic

. S
(171 He,SK S

carbosilanes.
TIC 1d shows the reactant and the tetra-silicon compounds

in group 4:
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] FOMTS
q 8 .0ES8
g ]
g .
Bt 4 . QEB
S ]
a Z.GES': » n
a- - e — e . St
3.8 3.5 . 10.0 13.93
filme (min.)
Me,Si )
//2 AN\ H
TIC 1d: [18] i-omTs, [19] ,[20] HeHS&/Si\;I\/siﬂea,
MeSi—SiMe, '
H'3Si

N "\ H AW AWaN
[21] M SL SN\ Si(_SiMes, [22] MeHS{ Sk _SL_SiNeH,

£231 neus(:>s£<:}1<:}tne2, [24] n.zs(:>s£::3{:>sznez.

Low pressure experiments had a large affect on some of the
tri-silicon ([14], [15] & [16]) and all of the tetrasilicon
compounds ([{18]1-{24]). TIC 2 shows a typical low pressure

experiment:

Abundance

1 .BES]
B <“ha&ﬂu, L_‘NL I

a- e et e pe— - ———
2 &~ G 8 13 12 14

vinme i)

TIC 2: Low sample pressure pyrolsis (S87°c/0.02ul);
praoducts [8] & [10] (TIC 1lc) are still prominant.

The yvield of 3MS is also reduced.
The products identified from the pyrolysis of i-DMTS are
given in table 5.1:




Table 5.1:

Group 1
Hy* CH®  Me,SiH,  Me,SiH Me,Si
f11 21 31
Group 2

H H
Me,S1SiMe, Me2$(:>$1ne Me ,Si._, SiMe, Me,sr<:)51ne2

[4] Cs] [s] 73
Group 3
Me /\ H H Me H
MeS1SiSiMe, 5 SiM \
e, M\ SR SiHer 1 s SiMe,
el [s1 103
Me
Hes{-l 812 Me?ﬂ\
Me,S SiH
Me SI—SiMe, uSh—Sire, 254/ SiH,
(11] (121 131
F N Me,sC st Jsiten Me 51 siCsite,
Me._S SiMeH
14 AeiH
Mezs]\/SISi.Me3
(171
Group 4
l‘1e2<51.\>
H
M HSI::> s:::> SL  SiM
Mesi—SiMe, ¢ L SiMe,
Me Sl
[19] [201
N\ VAN
nezs(:>31\v/s SiMe, MeHSL\/Si\v, 177\ s1MeH
[21] [22]
N1 Ns1 N
Me sf/\‘ SL\V/SiM e TeRSL S\ SI SiMe,
[23] [24]

*see section (IV)-Q8/MS-Sealed tube experiments
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Cii) 2.3—dimethxl;1,3—butagigne/1-DM£§ experiments

A 5:1 mixture of 2,3-dimethyl-1,3-butadiene and i-DMTS was
pyrolysed between 570-650°C using the liquid injection
technique. The yields of 3MS and high pressure products were
reduced, but the yields of low pressure products were not
affected. Products unique to this pyrolysis are shown in
TIC 3:

vy

3.Q€ES6 3 =DM
8.0€ES
7 .QE8B
6 .Q8ES
S .QdEs

4 .QES

Abundance

3.QE8

2.Q8E8 '
3 .
t-9e8 A ; b J‘M
a - - 2 = T 3 — v

2 .4 8- g Lg t2 14
rina faix.Y

TIC 3: [1] n.qz:::> , [21 n.zsg::][: , 31 nezét::>
7N

7N

[4] °3ms0(, Cs3 mSiO(, £s] nezsx\/si\/

The major intermediate trapped in this pyrolysis was dimethyl-
silylene (Me,;Si:) with smaller amounts methylsilene, dimethyl-
silene and trimethyl(methyl)silylene. Other complex silylenes

were also trapped ([5] & [81]).

iii luene/i-DM experiments

A 10:1 mixture of toluene and i-DMTS was pyrolysed between
570-850°C using the liquid injection techmnique. Toluene had
little effect on product composition but it did appear to
slightly suppress 3MS and the products formed at high sample
pressures. Products unique to this pyrolysis are shown in
TIC 4:
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1.2E71
o : ] 2 FomMTs
o .
2 8.8
L
b ]
§ s.@Es7
o]
< ]

4 . QE6

|
2.0E6
L N o WM

2 < s a . .0 .2 14
Jime fain.)

TIC 4: [1] ethylbenzene (ETHB), [2] benzyltrimeth
silane (TMSB).
The major trapping products of this pyrolysis were benzyl-

trimethylsilane (TMSB) and ethylbenzene (ETHB) arising from
trimethylsilyl (Me;Si-) and methyl radicals (-CHj)

respectively.

iv) Methylchloride/i-DM experiments

i-DMTS was pyrolysed in an excess of methylchloride (MeCl)
between 5680-630°C. MeCl was injected via the gas sample valve
whilst i-DMTS was introduced using the liquid injection
technique. Low pressure products were not affected but 3MS
and high pressure products were suppressed. Products unique

to this pyrolysis are shown in TIC 5:
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2.2e71
I.BE?é
1.sa7§
1. 47
1. 2677
1.@E7]
] 1
8.3E86 7
s.assé

4.QEG ]
b 43
%] - - - — . .
2 < G 8 {3 te L4

Jime fmin

Abundance

H
TIC 5: (1] Heasicl, 2] HezsiCIZ, £31] Haqji SiMe

. Me
Me,Si o€y
3 f e,SiSi< A\ A
{41 negsf<> sme, , [sT'°3 He S} SiMe,.

The major product of this pyrolysis was trimethylchlorosilane
formed by chlorine abstraction from MeCl by Me;Si- radicals.
Two interesting products of this pyrolysis were [4] & ([S5];
these were non-chlorine containing cyclic carbosilanes not
present in the i-DMTS pyrolyses.

(ITT) Kinetic—-SFR Results

(i) i-DMTS experiments

i-DMTS was pyrolysed between 570-850°C using the liquid
injection technique. First order rate constants were measured
for 3MS formation. The Arrhenius parameters for the formation
of 3MS are given in table 5.2. Rate constants for methane,
2MS and 4MS were also measured but these gave scattered
Arrhenius plots. A typical gas chromatogram for a kinetic

experiment is shown in figure 5.1.
Table S.2: Kinetic results for the formation of
3MS from i-DMTS.

Product log (A/™) [E, Ckimol™ ) kegrgecys™h)

Me,SiH 16.4+0.8 | 294.3 +15 0.153
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The Arrhenius plot for the formation of 3MS is shown in
figure 5.2. The Arrhenius plot is curved but if only the low
temperature points are considered the Arrhenius parameters in
table 5.2 result.

-OMTS

Me.SiH

\J\_L M\ﬂw

Figure S.1: Gas chromatogram for the pyrolyis of i-DMTS at 607°C.

1nK
-031 +—+
£ +2
484+ | .
108 f 1 i % { i i { { 77 '

1000/ T

Figure 5.2: Arrhenius plot for the formation of 3MS
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A 5:1 mixture of toluene and i~DMTS was pyrolysed between
S7T0-650°C using the liquid injection technique. First order
rate constants were measured for the formation of (,1,3,4~
tetramethyl-1-silacyclopent-3,4-ene (ADD 1) (fig. 5.3). The
Arrhenius parameters for the formation of this product are

given in table §5.3.

Table S.3: Kinetic results for 2,3-dimethyl-1,3-~
butadiene/i-OMTS experiments.

Praoduct log (A/3-5 E, (kT mol'lx k(szooc)(s'l)

AN\
"ezsi\)K 17.9 =1.7 330 £ 29 0.039

Figure 5.4 shows the Arrhenius plot for the formation of
ADD 1.

X

N7
Figure 5.3:Gas chromatogram foc the pyrolysis of i-OMTS/ <:
at 628°C.
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1000/T
Figure S.4: Arrhenius plot for the formation of ADD 1

Kinetic measurements were difficult to obtain due to the
complexity of the reaction mixture, the secondary reactions of
2,3-dimethyl-1,3-butadiene interfering with the pyrolysis of

i-DMTS.

(iii) Toluene/i-DMTS experiments

A 5:1 mixture of toluene and i-DMTS was pyrolysed between
570-850°C using the liquid injection technique. First order
rate constants were measured for the formation of the products
shown in the gas chromatogram (fig. 5.5). Table 5.4 gives the

Arrhenius parameters for the formation of these products.

Table S.4: Kinetic results for the i-DMTS/toluene
experiments.

Product log A (3-5 E. (kImo1 ™1y k(820°C)
Me,SiH 16.3%0.2 |291.6%3 [0.175
: ——~ +
ne3skvf<&:)416.s +0.6 |303.0%10 |o.075
CH4 17.9% 0.4 326.0% 7 0.068
CH -3
3L |15.72 0.7 |306.5x 11 [s5.8 x 10
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-4.7

of 3MS.

=OMTS

Me,SiH
S “THSB

N R T U

Figure S.5: Gas chromatogram for the pyrolysis of i-OMTS/ Toluene
at 595°c.

i 1 | ! } l

e

i 1 1 i i 1
1.08 1.12 1.17

1000/T

Figure 5.6: Arrhenius plot for the formation of 3MS
in the presence of toluene.
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(IV) Q8/MS-Sealed Tube Pyrolysis Results

i-DMTS was pyrolysed in a sealed tube at 550°C for 3.0
minutes. The time scale for the pyrolysis was calculated from
the Arrhenius parameters for the formation of 3MS given by the
kinetic-SFR experiments.

At 550*0: k = 5.25 x 10-3 (s-i), tj*/2™ 3.00 mins.

The Q8/MS revealed a large amount of hydrogen was produced

in the pyrolysis. A smaller amount of methane is also formed.
4&~ h
—e—
-Crt
Figure 5.7: Mass Spectrum of H” and CH” from tfie sealed tube

pyrolysis of i-DMTS at 550*C.
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(V) Discussion

It is believed that chemistry similar to that in the
pyrolysis of n-DMTS is involved in the formation of the
monosilanes, methane and major trapping products. The
Arrhenius parameters for the formation of these products are
of similar magnitude in both cases; the reactions leading to
their formation are given in scheme 4.2, Chapter 4.

The ma jor products containing more than one silicon atom in
the low pressure pyrolyses were isomeric cyclic carbosilanes.
Kinetic measurements were not performed on these products
because they were:- (i) poorly resolved, (ii) formed by
complex mechanisms that were probably not first order, (iii)
susceptible to secondary decomposition reactions at these high
temperatures$.

Scheme 5.1 shows the reactions leading to the formation of
the major low pressure products.

Initial Si-Si bond cleavage is followed by hydrogen
abstraction from the methyl group on the central silicon atonm
(1). All the reactions in scheme 5.1 have precedents in
organosilicon chemistry and can be summarised into general
types:- (i) 1,2 Shifts (2)7, (ii) hydrogen abstractions (6),
(iii) radical dissociations (3)1, (iv) silene-silylene
interconvertions via a 1,2-trimethylsilyl shifts (7, 8)4%, (v)
disilirane formation via internal Si-C (21), C-H (11), Si-H
(22) insertions®, (vi) disilirane ring opening reactions to
form silylenes via 1,2-H (18) and 1,2-Me (14, 23)shifts?3,
(vii) ring closure reactions via internal C-H (10, 17, 20, 21,
25) and Si-C (24) insertions®, (viii) silylene elimination via
a 1,2 H-shifts (9, 13)%8. Evidence for reaction (13) comes
form the trapping of the silylene in the 2,3-dimethyl-1,3-
butadiene experiments ([6] TIC 3).

Hydrogen abstraction from a terminal methyl group (35) will
lead to the reactions in scheme 5.2.
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Scheme S.2:

Me Me Me
Me,SigisiMe 25> Me,SiSiSiMe CH —2L.p Me,SiSiSiMe; + Me,SF=CH,

€3 / SJ.He \w 3%
‘(/39 7 31

4 Men. -
Me 5131 SiM
Me SL\/$131MQ SiMe ©2 32
SJ.He 3
33
RH 39| Me,Si=CH,
1578
Me,Si SiMe
Me,Si._SiSiMe,H 2
\/gu‘1e3 . SiMe,
34 Me SlSi S SiMe
‘ -Mezsl. Sl”e k/ 2 41 a
H '?/RH
Me,Si\_SiSiMe
3 3
Me -Me,SiH Sl"‘\
- iH(3s Me 5151 iMe —
Me sml SiMea\/s 2 a4, S
\4 MeSi—SiMe,
.o Me,Si
36 N 3
Me,Si._SiMe Me 3L SiMeH € 19 3
34 ‘58 £ 51
v
Me,SiSi==CH,

Me
The carbon centred radical formed after initial hydrogen

abstraction can either (i) dissociate into Me,Si=CH, and a
bis—-trimethylsilyl(methyl)silyl radical (27), (ii) undergo a
1,2-shift (28) or (iii) undergo a 1,3-shift (29).

The 1,3 shift is followed by hydrogen abstraction (33). A
1,2 H-shift on the resulting carbosilane will eliminate 3MS
and yield a silylene (34). This silylene may isomerise to a
silene via a 1,2-trimethylsilyl shift (37) or ring close via
an internal C-H insertion (36) to yield product [5]. These
reactions being unimolecular in nature will be favoured by low
sample pressure pyrolyses4. Evidence for reaction (35) comes
from the trapping of the silylene in the 2,3-dimethyl-1,3-
butadiene experiments.

The radical formed via a 1,2-shift may dissociate to form
Me,Si=CH, and a bis-trimethylsilyl(methyl)silyl radical (30).
At higher sample pressures, however, it may undergo silene
addition to vield a new silicon centred radical (39). This
radical will then abstract hydrogen to yield a linear
carbosilane (40) which can undergo cyclisation with
elimination of 3MS (41) to yield product [19]2. The linear
carbosilane formed by reaction (32) may also cyclise with the
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elimination of hydrogen (41 a) to yield product [19].

HMDS could be formed via Me;Si- radical combination or the
elimination of trimethylsilyl(methyl)silylene via a 1,2-
trimethylsilyl shift:

Me -He3Si§£He
Me331§§§iﬂe3 7 & Me;SiSiMe, 5 Me, Si- x 2
3

L 41

The major intermediate in the pyrolysis was Me,Si- and only
a small quantity of trimethylsilyl(methyl)silylene was trapped
in the 2,3-dimethyl~1,3-butadiene experiments, therefore it is
thought that Me;Si- radical combination is the major source of
HMDS.

The isomerisation of HMDS to ISO-HMDS will have an
appreciable rate constant in the pyrolysis temperature rangetl.
Therefore the source of ISO-HMDS is thought to be the
decomposition of HMDS (see Chapter 1, scheme 1.2).

1,1,3,3-tetramethyl-1,3~-disilacyclobutane is thought to be
formed by the head to tail dimerisation of Me,Si=CH,19 ( see
reaction (46), Chapter 3). The major source of Me,Si=CH,
reaction (27), other minor sources being reaction (30) and
Me;Si- radical disproportionation!! (see reaction (47),
Chapter 3).

OMTS could be formed by Me,Si: elimination from i-DMTS or
from -CH; and bis-trimethylsilyl(methyl)silyl radical
combination.

Me -Me,Si: Me
i Me ,SiSiSiMe 1 .
He:’SLS%aé?% —44—> 3 Me, 3 4:'5— Me,SiSiSiMe, + Me
[ 381

The abundance of :-CH; and bis-trimethylsilyl(methyl)silyl
radicals suggest that their combination is the major source of
OMTS. This argument is supported by the Arrhenius parameters
for the formation of ADD 1 which are not in the range expected
for a unimolecular elimination of Me,Si: from i-DMTS12.

The formation of product [19] has already been rationalised
by the high pressure reactions leading to the cyclisation
elimination reaction, other high pressure reactions are
thought to lead to the remainder of the products.

Scheme 3.8, Chapter 3, shows the series of reactions
leading to the formation of [14]. The silene is formed in
reaction (37) and the radical is formed during the

isomerisation of HMDS.
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The remainder of the products are multiple disilacyclo-
butane ring isomers. The mechanism for their formation is not
immediately obvious but a simple solution could-be the head to
tail dimerisation of differently substituted silenes (scheme
3.9, Chapter 3)13. The silenes shown in scheme 3.9, Chapter 3
undoubtedly have complex mechanisms of formation explaining
why they are not trapped in the presence of
2,3-dimethyl~-1,3-butadiene. It is also known that the
addition of silenes to butadienes is slow when compared to
dimerisation. Scheme 3.9 Chapter 3 is only a suggestion as
these complex products would be formed a long way down the
reaction coordinate.

The MeCl/i-DMTS experiments revealed the nature of some of
the radicals involved in the pyrolysis. The most abundant
radical was Me,;Si- with smaller amounts of the trimethylsilyl-
(dimethylsilyl)methane radical ((3] TIC 5). Dimethyl-
dichlorosilane ([2] TIC 5) is thought to be formed via the
abstraction of chlorine from MeCl by Me,Si:14. The resulting
radical would abstract another chlorine to yield Me,SiCl,.

Two interesting non-chlorine containing products in the
MeCl pyrolysis were [4] & [S5] (TIC 5). These disila-
cyclobutane compounds are thought tb arise from the reaction
of the silenes formed in reactions (3) and (15) to
Me,Si=CH, (c.f. Chapter 4 reactions (80 & 91)):

Me,Si__"\

Me,Si )
37SIT=CH, + Me,SI=CH, 12 5 S sitte, 41TICS
Me,Si Me;SI
e
Me Me,Sist? "\
2 —_ 79 .
Me,SISI=CH, + Me,SI=CH, —— 3 HeSl\/SLHez [Ls1TIiCSs

These reactions are possible in the MeCl experiments as the
reaction mixture is not as complex i.e. there are less
radicals present. Low reaction pressure isomerisations were
still possible yielding the characteristic carbosilanes in
high yields (scheme 2). (4] and [3] (TIC 5) are not present
in the i-DMTS pyrolyses as they would be rapidly consumed by

radical additionls.

(VI) Summary

The pyrolysis of i-DMTS has more features in common with
the pyrolyses of OMTS and n-DMTS than HMDS as the major

- 106 -



products containing more than one silicon atom were cvclic
carbosilanes. HMDS yielded a linear carbosilane as its major
product.

Comparing the pyrolyses of OMTS, n—-DMTS and i-DMTS it can
be seen that the low pressure reactions of these compounds are
very consistent. Although the low pressure products produced
in the pyrolyses of n-DMTS and i-DMTS are the same, it is
noticed that the relative yields of each is different. This
result can be linked to the different silenes initially
produced at low sample pressures (i—-DMTS scheme 5.2; reaction
(12), n-DMTS Chapter 4, scheme 4.3 reactions (18 & 20)).

The high sample pressure reactions of OMTS, n-DMTS and
i-DMTS are significantly different. The high pressure
pyrolyses of OMTS strongly favours the cyclisation/elimination
reactions, the formation of multiple disilacyclobutane ring
compounds being a relatively minor process. The high pressure
reactions of n-DMTS strongly favour the formation of the
multiple disilacyclobutane ring compounds, the
cyclisation/elimination reactions do take place'but are minor
reaction pathways. The difference in the high pressure
reactions is thought to arise from the difference in chain
length of the lineaf carbosilane precursor for the
cyclisation/elimination reactions. For n-DMTS the linear
carbosilanes are too long for the ring closing reactions to be
efficient. Therefore, the geometry of the transition state
for the cyclisation/elimination reaction strongly affects the
rate of this reaction.

From the product distribution for i-DMTS it is noticed that
neither the cyclisation/elimination reactions nor the
formation of multiple disilacyclobutane ring compounds is
dominant. The cyclisation/elimination reactions should be
feasible for i-DMTS as OMTS because the chain length of the
linear carbosilane precursors is the same. However, in the
case of i-DMTS there is a bulky trimethylsilyl group present
on the terminal silicon atom of the carbosilane precursors,
this may affect the geometry of the transition state thus
lowering the probability of these reactions taking place.

This obstacle to the cyclisation/elimination reaction could
lead to the increase in formation of the multiple
disilacyclobutane ring compounds.

Therefore the high pressure reactions of i-DMTS can be said
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to be a hybrid of the OMTS and n-DMTS pyrolyses. the geometry
of the transition states for the cyclisation/elimination
reactions playing an important role in determining whether
this reaction is favourable. The geometry of the transition
state being dictated by the chain length and substituents on
the linear carbosilane precursor.

The pyrolysis mechanisms of OMTS, n-DMTS and i-DMTS are
very consistent. The major product (3MS) and trapped
intermediates are the same in all three pyrolyses. The low
pressure pyrolyses lead to similar reactions while the high
pressure reactions are different, the cyclisation/elimination
reactions appearing to be quite general for all three
compounds but of different importance in each case.
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Chapter 6

e TO is o 2-Diet examet trisilane

(I) Introduction

The pyrolysis of 2,2-diethylhexamethyltrisilane (DEHMTS)
has not been previously studied. A knowledge of the pyrolysis
mechanisms of octamethyltrisilane (OMTS)?!,
n-decamethyltetrasilane (n-DMTS) and iso-decamethyltetrasilane
(i-DMTS)2 should help elucidate the thermal breakdown
mechanism of DEHMTS. The low sample pressure pyrolysis
mechanisms of OMTS, n-DMTS and i-DMTS are very consistent, the
ma jor products arising via similar reactions. The high sample
pressure reactions of OMTS, n-DMTS and i-DMTS are different,
the importance of the cyclisation/elimination reactions being
different for each compound studied. Therefore, the low
pressure reactions of DEHMTS will be expected to be similar to
those of OMTS, but it will be interesting to see how important
the high sample pressure cyclisation/elimination reactions
will be. The presence of bulky ethy! groups in DEHMTS may
reduce the feasibility of the cyclisation/elimination
reactions as the ethyl groups could cause steric hindrance in
the transition state.

The presence of ethyl groups may open other reaction
pathways not accessible to permethylated oligosilanes. The
pyrolysis of trimethylethylsilane (TMES)3 shows a different
reaction course to that of tetramethylsilane (4MS)4. The
ma jor products of the pyrolysis of TMES are ethene,
trimethylsilane (3MS) and vinyltrimethylsilane (VMTS). Scheme

6.1 shows reasonable reactions leading to their formation:
Scheme 6.1: 1
Me SICH,CH; ——% Me SL- + -CoHg
2
Me SiCH,CH, + Me3$1‘—> Me,SiCH,CH," + Me,SiH
Me,SICH,CH; —2—P Me,Si- + CH,=CH,
fe,S1+ + Me SICH,CH; —2—® Me SIC,H,SiMe,
Me,Si++ Me SICH,CHy —3—# Me SIH + Me SICH=CH,
The main process of the thermolysis is formally the
dehydrosilylation reaction Me;SiCH,CH, - Me;SiH + CH,=CH,. It
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was concluded that the dehydrosilylation reaction invoives a
radical chain sequence (1-4). VMTS arises via the radical
intermediate -C,H,SiMe, (5).

DEEMTS was pyrolysed on the GC/MS-SFR apparatus.

identification was by mass spectral analysis and comparative

Product

retention time tests on known samplesS.

Further mechanistic information was gained from kinetic
measurements for major product formation. Experimental '
Arrhenius parameters were compared with those calculated by
numerical integration using both the KINAL and ACUCHEM

software packagesS.

(II) GC/MS-SFR Results

iments

i) DEHMTS olysis expe

DEHEMTS was pyrolysed between 580-633°C using the liquid
injection technique. The volumes of DEEMTS injected were
0.06=-0.10ul. The products of a typical high sample pressure/
high temperature experiment are shown in TIC 1. The major
products are numbered in TIC 1l; the minor products were di-, -

tri- and tetra-silicon compounds:

3

1.1E7 ,
1.9€E7 '

3.0QES
8.dES

7 .QES
§.QES
S.Q0EB 1
4.QES
3.09€86

208 A, 1 sy S0
1:@ES- % SBHMH&L |
A e ey

Abundance

@ — Lanes T
S 1a LS 20
(min.)

Time

TIC 1: [1] CH,xCH,, [2] Me,SiH,, [3] Me SiH, [4] Me,Si, [S] Me SiCHaCH,

vol= 0.1ul,

temp= 833°%C.

The major products of the pyrolysis were ethene (1],
trimethylsilane (3MS) (3] and vinyltrimethylsilane (VIMS) [5].
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Smaller amounts of dimethylsilane (2MS) (2] and tetra-
methylsilane (4MS) [4] were also formed.
The products identified from the pyrolysis of DEHMTS are

shown in table 6.1:
Table 6.1

Major Products

CH;=CH,  Me,SIH,  Me;SIH  Me,SL  Me,SLCH=CH,
[11] 21 31 [4] L£s]

Minor products

H
HJ* CH,® Me SiSiMe;  Me,SI{ SIMeH  Me SL\SiMe,
(81 (73 23!
/N He
Me,S1C SSiMe,  Me SISIEE,
(91 [10]
H_Et
Et, SxE
togSISIL StreH
e,SI—S1iMe,
[11] 121 : ~
SIM
HeHS<>S<>SJ\/SIHe3 ""25051 r\/i ‘3
[13 ([f]
N\ Me,517 st st siMeH
MeH$1\¢,Si\v/Si SiMeH N AN L\¢,
(1351 (161
A Ng N
Hezsl\v/ \v/ \V/Slﬁez
(171

®*see section (IV)-Q8/MS~-Sealed tube experiments
The yields of the di-silicon compounds were minor in

comparison with ethene and the monosilanes. Compounds
identified from the di-silicon compound group include
hexamethyldisilane (EMDS) [6], 1,1,3-trimethyl-~1,3-
disilacyclobutane [7], trimethylsilyl(dimethylsilyl)methane
(ISo-gMDSs) (81, 1,1,3,3-tetramethyl-1,3-disilacyclobutane [9]
and 2,2-diethyl-1,1,1,2-tetramethyldisilane (10].

The yields of the tri-silicon compounds were less than
those of the di-silicon compounds. This group contained small
amounts of cyclic carbosilanes such as 1-ethyl1-3,3,4,4-
tetramethyl-1,3,4~-trisilacyclopentane [12]. A trace amount of
1,1,1-trimethyl-2,2-diethyldisilyl(dimethylsilyl)methane
(ISO-DEHMTS) [11] is also formed.

The tetra-silicon compounds were multiple disilacyclobutane
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ring compounds ([13]1=-{17]). These products were minor in
comparison to the monosilanes and ethene.

Low pressure experiments further reduced the yields of the
di-, tri- and tetra-silicon compounds suggesting that these
products arise from bi-molecular reactions. The yield of
2,2-diethyl-1,1,1,2-tetramethyldisilane [(10], however, was not
reduced. The yields of the major products were not affected
by low sample pressure experiments.

2,3-dimethyl - -butadiene experiments

A 5:1 mixture of 2,3-dimethyl-1,3-butadiene and DEHMTS was
pyrolysed using the liquid injection technique. The pyrolysis
temperature range was 800-630°C and the mixture volume range
was 0.04-0.12ul. TIC 2 shows the products unique to this

pyrolysis.
1.2E7
1 HMOETS
1.8E7
. 1
o 8.@ES
4]
c
< ]
° 6 .3E8-
c P
3 -
Ked 4
T 4 .CES
2.8E54
1 3
4 ' 2 W
]
o] : — = -

lB
fime (min.

TIC 2: (1] H23i0< £21] HeHSO( , L[31] H'ZS‘Q(

vol=m 0.04ul, temps= 625°C.
The yields of major and minor products were not affected by

the presence of 2,3-dimethyl-1,3-butadiene. The trapping
experiments revealed the presence of small amounts of
dimethylsilylene (Me,Si:) and methylsilylene (MeHSi:). Trace
amounts of silylene (H,Si:) and ethylsilylene (EtHSi:) were

also noticed.

- 113 -



(iii) Toluene/DEHMTS experiments

A 5:1 mixture of toluene and DEEMTS was pyrolysed using the
liquid injection technique. The pyrolysis temperatufe range
was 600-630°C and the mixture volume range was 0.20-0.24ul.
Products unique to this pyrolysis are shown in TIC 3.

4

2.0E7-
j HMDETS

Q9 .
S  1.SE71
C
ﬂ 1 2
s ]
g 4
3 1.8E71
1

S.BEST : '
: \\h—d-—J_b;h | thLth*uL“/’b
a- T ———M—_—
S 19%] 1S - 20
Time (min.)

TIC 3: [1] ethylbenzene, [2] benzyltrimethylsilane.
vol=m 0.20ul, temp= 820°C.

No suppression of major or minor product formation was
noticed. The major intermediates trapped were trimethylsilyl
radicals (Me;Si-) and methyl radicals (-CH;) leading to the
formation of benzyltrimethylsilane (TMSB) and ethylbenzene
(ETHB) respectively.

iv) Methylchloride/DEHMTS experiments

DEHEMTS was pyrolysed in an excess of methylchloride (MeCl)
between 585-575°C. MeCl was injected via the gas sample valve
whilst DEHMTS was introduced using the liquid injection
technique. Products unique to this pyrolysis are shown in TIC
4.
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HMOETS

Abundance

8 T LS L} T v - b
2 a 6 8 10 12 L4

Time (min.)
TIC 4: [1] Me,SiHC1l, [2] MeySiCl, [3] Me,SiCl,
[4] Heask\/SiHeZCI. Vol= 0.10ul, MeCl press.= 11.0 torr
temp= 565°C.
The yields of ethene and VMTS were not reduced, but the

formation of 3MS was suppressed. The products containing more
than one silicon atom were all suppressed (except 2,2-diethyl-

1,1,1,2-tetramethyldisilane).
MeCl traps silyl radicals as chlorosilanes; the major
radical trapped in this pyrolysis was Me,;Si-, leading to the

formation of trimethylchlorosilane (21].

(III) Kinetic-SFR Results

(i) DEHMTS kinetic experiments

DEHMTS was pyrolysed using the liquid injection technique
between 570-630°C. Kinetic measurements with initial
concentrations of DEHMTS between 10-5 and 10-% mol dm-3 gave
an average order of formation of ethene, 3MS and VTMS of =
1.6, Figure 6.1 shows a typical order plot for the formation

of ethene.
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. log [C2H4]

-2 ) 1 1 1 1 1 1 J

-134 -133 -13.2 -13.1 -13 -129 -128 -127 -128
log [DEHMTS]

—— ORDER = 1.8 (860 K)
Figure 6.1: Order plot for the formation
ethene. Slope = 1.7 # 0.1,
Rate constants based on an order of 1.6 were calculated for
the formation of ethene, 3MS and VIMS. Table 6.2 gives the

Arrhenius parameters calculated from these rate constants.

Table 6.2: Kinetic results for DEHMTS
experiments,

Product log (Ass™H £, (kImol~ly
CH,=CH, 20.8%0.5 308+ 9
Me,SiH 20.840.6 310t g
Me,SiCH=CH, |18.020.6 274+ 10

The percentage yields at 580°C. for ethene, 3MS and VMTS
were 46%, 38% and 9% respectively; at 630°C the yields were
56%, 30% and 5% respectively. The minor products accounted
for approximately 5% of total product composition
(demonstrated clearly in figure 6.2).
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HMOETS

HL=CH,

Me.SiCH=CH,

Ve SH, Me St

J ]

-

Figure 6.2: Gas chromatogram for the pyrolysis of DEHMTS at 816°¢C.
A typical Arrhenius plot for the formation of ethene is

shown in figure 6.3.

0.0
-1.a2 34—
e
_ ! 1 L 1 l I I i
2.e8 T T 1 T 1 T 1 T - 1 }
1.08 1.12 1.18

1000/T

Figure 6.3: Arrhenius plot for the formation (:}-!2=Cl-|2 from DEHMTS
between S570-830°C.

The Arrhenius plot was curved over the experimental
temperature range reflecting the kinetic complexity of the

pyrolysis.
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(ii) 2,3-dimethyl-1,3-butadiene/DEHMTS kinetic experiments

A 5:1 mixture of 2,3-dimethyl-1,3-butadiene and DEHMTS was
pyrolysed using the liquid injection technique between
580-630°C. For simplicity, first order rate constants were
measured for the products shown in figure 6.4. The Arrhenius
parameters for the formation of these products are given in
table 6.3.

Table 6.3: Kinetic results for DEHMTS/

2,3-dimethyl-1,3-butadiene
experiments.

Product log (Aﬁ‘s E, (kImo1~1y
CHy=CH, 17.5%0.9 304 £15
Me,SiH 17.5%1.4 312% 23
He3$iCH-CH2 13.5%2.1 254 % 35

Kinetic measurements were difficult due to the complexity
of the reaction mixture, partly because of the radical induced
secondary reactions of 2,3-dimethyl-1,3-butadiene.

HMVDETS

Me,SiH iCH=CH,

k“NA_mak~u~_~ﬁu,~M~ﬁ o -

Figure 6.4: Gas chromatogram for the pyrolysis of DEHHTS/\\ﬂ(/ at s579°C.
' /

A typical Arrhenius plot for the formation of ethene is
shown in figure 6.5. The Arrhenius plot is again curved over
the whole temperature range.
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Figure 6.5: Arrhenius plot for the formation CH,=CH, from DEHMTS
between 580-630°C in the presence of \\_//.
77N

(iii) Toluene/DEHMTS kinetic experiments

A 5:1 mixture of toluene and DEHMTS was pyrolysed using the

liquid injection technique between 580-630°C. First order

rate constants were measured for the products shown in figure

6.86. The Arrhenius parameters for the formation of these

products are given in table 6.4.

Table 6.4: Kinetic results for DEHMTS/
toluene experiments.

Product log (As D[E, (kimo1~1)
CH,=CH, 21.330.6 364 + 10
Me;SiH 19.740.6 344 210
Me,SiCH=CH, |14.720.9 276 15

A typical Arrhenius plot for the formation of

shown in figure 6.7.
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H,C=CH,

MeSiH
HMDETS

Me,SICH=CH,

IJ @WK L MWL

Figure 6.6: Gas chromatogram for the pyrolysis of DEHMTS/toluene at 630°C.

0.0

1nK

-2.08

-4.16

1000/T

Figure 6.7: Arrhenius plot for the formation CH2=CH2 from DEHMTS
between S580-630°C in the presence of toluene.

(Iv 8/MS-Sealed Tube Pyvrolysis Results

DEHMTS was pyrolysed in a sealed sample vessel at 400°C for
5 minutes. The time scale of the pyrolysis was calculated
from the Arrhenius parameters for ethene formation from the
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kinetic-SFR experiments.

At 400®C: k = 7.83 x 10-4 (g-i), t~/j ~ 14 mins.

The Q8/MS showed the major volatile component at 1liquid
nitrogen temperatures was hydrogen (fig 6 .8). Smaller amounts

of methane and ethene were also identified.

Figure 6.8: Mass Spectrum of Hj, CH” and from the sealed tube
pyrolysis of DEHMTS at 400®C.
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(V) Discussion

DEHMTS gives only three major products, ethene,
trimethylsilane (3MS) and vinyltrimethylsilane (VMTS) upon
pyrolysis. Product yields revealed that the di-, tri and
tetra-silicon compounds accounted for less than 5% of the
product composition (see figure 6.1). Trapping experiments
show the pyrolysis mechanism is primarily radical in nature,
the first step being Si-Si bond homolysis leading to the
formation of Me;Si- radicals and 1,1,1-trimethyl-2,2-

diethydisilyl radicals.

Scheme 6. 2: CH2
S
Me S1SiSiMe, —2—# Me S+ + -SiSiMe, —=— :SiEt, g2 EtHSI{ |
Et, Et, -Me,Si- 1o CH,
/ &2 -CH,=CHj11
-Me ,SIH\14
Me: + Me,Si:  MejSiSiMe, EtHS1:
. Et
Me,SiS1SiMe, + Me,SISIEt, —13—> Me,SiSiSiMe, + Me,SISIEt,
Et CH H
2 2
“CH,
Et .
He SiSISlMe + Me3sl‘ A—» Me3sig}.}lsine3 + MeaslH
Et, “CH}
Et H
Me,SiS1SiMe, + Me 515 SiMe, ~—16 g Me SlSiSlMe3 + Me SiSi SiMe,
Et, ( CH, Et
-CH
Et Et
Me,S1SiSiMe, —11—» Me SISiSiMe;  Me,S1S1SiMe,
CH, -CH,=CH Et,
*CH, 2772 l18 19
H 22 - 4— H
s Qi —P Me SiSiEt Me,SiS1SiMe,
2i Z$F4
H
HSlCHSlMe3 Me3S1S

i .o
Me |; —28p Me,SISiH + CH,=CH,

Z%J;7H 2%130 #M

CSiMe 21 .o WALLS
L\\ ""T' HSiCH2CH2$iMe3
[B] 32
WALLS
He351CH='—'=CH2 + :SlH2
LS]
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Schemes 6.2 & 6.3 show reactions which could account for major
product formation. Scheme 6.2, Me;Si- radicals can dissociate
into a methyl radicals and Me,Si: (7); 1,1,1-trimethyi-2,2-
diethydisilyl radicals can dissociate into Me;Si- radicals and
diethylsilylene (Et,Si:) (8).

Et,Si: can undergo an internal B-C-H bond insertion
leading to the formation of a silacyclopropane (9). This
silacyclopropane can dissociate into ethene and ethylsilylene
(EtHSi:) (11).

The radicals produced by Si-Si bond cleavage can also
abstract a B-hydrogen from an ethyl group on DEHMTS (13 & 14).
The carbon centred radical formed can dissociate into ethene
and a 2-ethyl-hexamethyltrisilyl radical (17). This new
silicon centred radical can then abstract hydrogen to yield a
hydridosilane (19) which would rapidly eliminate 3MS to yield
trimethylsilyl(ethyl)silylene (20)7. Dissociation of the
2-ethyl-hexamethyltrisilyl radical also yields trimethylsilyl-
(ethyl)silylene (18).

Trimethylsilyl(ethylsilylene) can either isomerise via a
1,2 H-shift to a silene (21) or insert into a B-C-H bond to
yvield silacyclopropane [A] (23). The silene formed can
isomerise to a silylene via a 1,2-silyl shift (25), the
resulting silylene can insert into a B-C-H bond to yield
silacyclopropane [B} (26).

Silacyclopropane [A] can either dissociate into ethene and
trimethylsilylsilylene (28) or ring open via a 1,2 silyl shift
to yield a silylene. The silylene formed can insert into a
B-C-H bond to give silacyclopropane [B]. Silacyclopropane [B]
can dissociate into silylene and VMTS ([5] TIC 1).

The trapping of methyl radicals as ETHB in the toluene
co-pyrolysis experiments ([1] TIC 3) and Me,Si: as 1,1,3,4-
tetramethyl-1-silacyclopent-3,4-ene (ADD 1) in the
2,3-dimethyl-1,3-butadiene experiments ([{3] TIC 2) offers
evidence for reaction (7). Evidence for reaction (11) comes
from the trapping of EtHSi: in the 2,3-dimethyl-1,3-butadiene
experiments. The trapping of silylene in the 2,3-dimethyl-
1,3-butadiene experiments offers evidence for reaction (33).

a~-H abstraction from an ethyl group on DEHMTS leads to the
reactions in scheme 6.3.

The carbon centred radical formed by «-H abstraction (36,
37 & 38) will rearrange via a 1,2-shift to yield a silicon
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Scheme 6. 3:

; Et
Me,SiSiSiMe, + Me;SiSiEt,  —2%— Mo SiSiSiMe, + Me,SiSiEt,
Et, -CH H
CH,
S Me ,SiH
. 3 1
Me,SiSiSiMe, + Me ,Si- 37 p Me3s%gé31ne3 + Fe3
Et, H,
X 38 Bt H
Me SiSiSiMe, + Me3Si§iSiMe3 e MeasfgéSLMe3 + He3512181Me3
Et, )
Et Et
Me,S1SiSiMe, —22— Me33i\(§iSiMe3
"CH \\\qi SiSiSiMe
CH 41 3" Et 3
3 4o¢ 2
H X Et
Me.SICHS 7 2P Me,Sis_SiEt #ii- Me;Si\ SiSiMe,
37 Me 43 N -Me,SiH H
43| |44
50| ~CH,=CH lﬁ
2 2
Al
.o H H
HS1CHSiMe, EtSi—CSiMe; —2Tp Me,SICH=CH, + :SIEtH

: 'CHz/ [51 l.ss
:SiH, 32— stli7
-CH,=CH,

centred radical (39). This silicon centred radical can either
dissociate into Me;Si- and a silylene (40) or abstract
hydrogen to yield a hydridosilane (41) which would rapidly
eliminate 3MS to yield the same silylene (42). This silylene
can form two possible silacyclopropanes (45 & 43). The
silacyclopropane formed in reaction (43) may eliminate EtHSi:
to yield VMTS (47) ([(5]) TIC 1). The silacyclopropane formed
by reaction (45) can eliminate ethene to yield a silylene (50)
which in turn can form silacyclopropane [B] by B-C-H bond
insertion (26) (scheme 6.2).

Terminal hydrogen abstraction leads to the reactions in
scheme 6.4.

The carbon centred radical formed by terminal H-abstraction
(51, 52, 53 & 54) can either dissociate into dimethylsilene
and a 2,2-diethyl-1,1,1-trimethyldisilyl radical (55) or
isomerise by a 1,2-shift to yield a new silicon centred
radical. This silicon centred radical can either dissociate
into dimethylsilene and a 2,2-diethyl-1,1,1-trimethyldisilyl
radical or abstract hydrogen to yield ISO-DEHMTS ([(12] TIC 1).
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Scheme 6.4:

Me
2
Me SISISIMe, + Me SISIEt,  —3L - Mo SISISICH, + Me,SISIEE,
Et X Et * H
Me,
Me,SiSiSiMe, + Me;Si- — 525 Me,SiSiSiCH, + Me,SiH
Et, Et,
Me, H
Me,SiS1SiMe, + Me SiSiSiMe3 —33 5, Me,SiSISiCH, + Me,SiSiSiMe,
Et, Et Et, Et
Me, H
Me;S1SiSiMe, + Me 313 iMe; —3% p  Me SISISICH, + Me,SISL_SiMe,
Et, Et, : Et

Me

Me SlE%SiCH —22_p Me 25i=CH, + Me SiSiEt
2

‘ss 57
58

Et, - Et, H
Me 51512 SiMe, —39 Me S1SL” SiMe,

Me,SiSiSiMe,
Et,

Product yields show that the reactions in scheme 4 are minor
compared to those in scheme 6.2 & 6.3.

All the reactions in schemes 6.2, 6.3 and 6.4 have
precedents in organosilicon chemistry e.g. the formation of
silacyclopropanes via silylene insertion into B~-C-H bonds has
been shown to be a preferential reaction of n-butyl(methyl)-
silylene. Barton et. al. studied the reactions of
n-butyl(methyl)silylene using flash vacuum pyrolysis3.
Although a number of cyclic carbosilanes could be formed by
C-H silylene insertion (scheme 6.5) silacyclopropane formation
was found to be dominant‘(BO). The silacyclopropane
dissociates into methylsilylene and l-butene.

Scheme 6.5:
CH4CH,CH,CH, SiMe —580 o MeHSi —B3 - MeHSi: + CH,=CHCH,CH,

X%,

Me H
: Qh\
/ / MeHS1=CH, + CH;=CHCH,

Co—pyroly51s of DEHMTS in the presence of 2,3-dimethyl-1,3-

MeHSi=CHME + CH;—CH,
MeHSi——‘ /

butadiene or toluene did not reduce or suppress the formation
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of ethene, 3MS and VMTS. These bimolecular trapping agent
reactions cannot compete with the rapid unimolecular reactions
leading to major product formation. MeCl did suppress the
formation of 3MS by trapping Me;Si- radicals as trimethyl-
chlorosilane, showing the major source of 3MS is Me;Si-
radical H-abstraction. MeCl also suppressed the formation of
the di-, tri- and tetra-silicon compounds; therefore,
bimolecular reactions lead to the formation of these compounds
e.g. HMDS is formed by the combination of Me;Si- radicals
(12).

The formation of 2,2-diethyl-1,1,1,2-tetramethyldisilane is
not suppressed by co-pyrolysis in the presence of any trapping
agents, including MeCl. 2,2-diethyl-1,1,1,2-tetramethyl-
disilane is believed to be formed by the unimolecular
elimination of Me,Si: from DEHMTS:

Me3s1§%§1ne3 —2% 3 Me,SISIEt,Me + Me,Si:

Reaction (66) is minor in comparison to Si-Si bond cleavage
(Chapter 1 (VIII)).

The Q8/MS-Sealed tube experiments showed that hydrogen is a
ma jor product of this pyrolysis. Hydrogen is formed by
hydrogen radical abstraction reactions. These experiments
also revealed the presence of methane, formed by either the
abstraction of hydrogen by methyl radicals or hydrogen and
methyl radical combination. Methyl radicals arise from the
dissociation of Me,Si- radicals.

2MS is formed by the insertion of dimethylsilylene into the
hydrogen o-bond, a reaction that would be rapid at these
temperatures?®. 4MS is formed by the combination of Me;Si- and
methyl radicals. The toluene pyrolysis experiments show that
both these radicals are present, methyl radicals are trapped
as ETHB ({1] TIC 3) and MeySi- radicals are trapped as
benzyltrimethylsilane (TMSB) ([2] TIC 3) (see Chapter 4,
scheme 4.2).

Kinetic measurements showed first order processes did not
lead to the formation of ethene, 3MS or VIMS. 1In the
10-3-10-% moldm-3 concentration range their orders of
formation were 1.6, suggesting complex mechanisms such as
schemes 2 & 3 are in operation. Kinetic experiments performed

in the presence of trapping agents did not reduce the rate of
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formation of ethene, 3MS or VMTS by any large amount, the low

pressure reactions (13 & 35) being dominant.

Reactions (5-60) were modelled by numerical integration
(the Arrhenius parameters for the individual reactions are
given in Appendix 2). The orders of formation of these
products varied with temperature, but, over the experimental
temperature range were found to be 1.6. Table 6.5 gives the
experimental and calculated Arrhenius parameters calculated
from rate constants based on an order of 1.6 for the formation
of ethene, 3MS and VMTS. The model gave curved Arrhenius
plots, in agreement with experiment. Numerical integration
showed the amount of ISO-DEHMTS produced was very small in
comparison to ethene, 3MS and VMTS, agreeing with the
experimental results.

Table 6.5:
Experimental Calculated
Product -1 -1 -1 -1
log (A/s™ ™) Ea (kJmol™ ") log (A/s™ ™) Ea(kJmol )
CH,=—CH, 20.8 * 0.5 |308 + 9 20.7 £ 1.6 318 + 22
Me,SiH 20.8+ 0.6 |310+ 9 19.5 1.4 303 + 23
Me ;SICH=CH,| 18.0 % 0.6 [374 + 10 19.6 £1.4 |[312 23

The calculated Arrhenius parameters appear to be in good
agreement with those derived experimentally, giving further
evidence that the reactions in schemes 1, 2 and 3 are valid
for the pyrolysis of DEHMTS.

The orders of formation for the major products would be
expected to be close to 1.5. Consider the simplified
mechanism of formation for the radical formed by reaction
(15), a major route to ethene (scheme 6.6 reaction (12) being

the only termination step):

Scheme 6.6: y
Me3$iSiSiMe3 — Me3Si° + Me3SiSi'

Et, Et,
Me,Si- + Me,SISiSiMe, —® Me,SiH + Me SiSiSiMe,
Et, ° CH,
2 "CH,

12
Measi' + Me351'——> Me?)SJ'.SiJ“Ie3
The rate of formation of this radical is given by equation
{6.1}. To develop this rate equation the concentration of

Me,;Si- radicals must be found, which is done by using the
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steady state approximation {6.2}. The solution to {6.2} is
given by {6.3}. This leads to an overall rate equation {6.4}
for the formation of this radical:

Et
d[Messig,gsm%]/dt = ky5 [Me,SiSiSiMe,] [Me,Si-] ---{6.1)
Et
2 2
“CH;
d[Me,Si-1/dt = kg [Messigésm%] - kg, [Mey8i-12 %0 ---(8.2)
2
= [Me,Si-] = kg/k,, [Me,S1SiSiMe,]0-3 ---{8.3}
Et,
therefore
Et
d[Me,SiSiSiMe,1/dt = k 5 (kg/k,,)°% % [Me,SiSiSiMe ]t % ---(6.4)
gnz Et,

2
The formation of the radical has an order of exactly 1.5.

(VI) Summary

There are many similarities in the pyrolysis mechanisms of
OMTS, n-DMTS, i-DMTS and DEHMTS :- (i) the formation of the
monosilanes 2MS, 3MS and 4MS are similar in all pyrolyses,
(ii) the major trapping products are formed by the same
mechanisms, (iii) the effect of trapping agents is small in
all pyrolyses and (iv) the unimolecular elimination of Me,Si:
from all of these oligosilanes is a minor process, Si-Si bond
homolysis being dominant.

There is a balance between low pressure unimolecular
reactions and high pressure bimolecular reactions in the
pyrolyses of OMTS, n-DMTS and i-DMTS. This balance does not
exist in the pyrolysis of DEHMTS, unimolecular reactions
dominate.

The formation of silacyclopropanes is the favourable
process in the pyrolysis of DEHMTS, a reaction pathway which
is accessible because of the presence of ethyl groups. The
high pressure bimolecular reactions of DEHMTS are not fast
enough to compete with the rapid unimolecular reactions
(including silacyclopropane formation).

The differences between the pyrolysis mechanisms of
permethylated oligosilanes and those with partial substitution

of ethyl groups may have some bearing on their possible use as
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self-developing photoresists in laser photoablation.

(VII) The Potential of Methvlated versus Ethylated Polysilanes

as Self-Developing Photoresists in lLaser Photoablation

The aim of this project was to elucidate the thermal
breakdown mechanisms of some oligosilanes by gas phase
kinetics. It may be possible to use some of the results of
this study in polysilane thermal chemistry and therefore help
explain why some polysilanes are good self-developing
photoresists.

The results reported here can be compared to the recent
studies by Michl et. al. on the laser photoablation of
polysilanes bearing methyl (Me,Si),, n-~hexyl (Hx,Si),, n-butyl
(Bu,Si), and propyl (Pr,Si), groupsl®. There are many
similarities in the results from the two studies and some
clarification of Michl’'s study may be offered from the results
reported here.

Michl confirmed that laser photoablation is a thermal
rather than photochemical process. Identification of the
ablated materials by mass spectroscopy proved difficult due to
the complexity of the thermal breakdown mechanism of these
high molecular weight polysilanes. Some general results were
reported.

In the case of (Me,Si), the ablated materials contained
Me;Si-+ radical cations and large amounts of cyclic
carbosilanes containing two or three silicon atoms. The
formation of higher molecular weight cyclic carbosilanes were
also reported. Full characterisation of high molecular weight
carbosilanes was not possible but they were believed to be
either multiple ring carbosilanes or carbosilanes containing
carbon-carbon double bonds. Linear carbosilanes were not
formed. Silylenes, silenes and disilenes were not major
intermediates in the pyrolysis. The major intermediates were
postulated as being either radical or ionic.

The results of the pyrolysis of (Me,Si), are similar to
those reported here on OMTS, n-DMTS and i-DMTS. The higher
molecular weight carbosilanes are probably similar to the
multiple disilacyclobutane ring compounds found in our
experiments. The di- and tri-silicon cyclic carbosilanes
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could be envisaged as being formed by the low pressure
reactions reported in Chapters 3, 4 and 5.

The polysilanes containing Hx, Bu and Pr groups showed a
deviation from the thermolysis mechanism to the permethylated
polysilanes. The major products were l-alkenes, Me;Si-*+ and
small amounts cyclic carbosilanes. 1-alkenes are thought to
arise via silacyclopropane formation, the silacyclopropanes
being formed by internal silylene B-C-H insertion. Michl
quotes Barton’s work as a precedent for this mechanism?.

.. Y _
-$1-CH,CH,CH,CH, —» -51\/ » -SiH + CH;=CHCH,CH,

Michl favours silylene formation by via a 1,2 alkyl group
shift (analogous to the unimolecular elimination of Me,Si:

from OMTS, n-DMTS, i-DMTS and DEHMTS):

-51-81-S1- ——p -Si-SiR; + :Si-
RZ R2 Rz R2 R

The results reported here show that the silylene formation
by unimolecular elimination is a very minor process. A more
reasonable route to silylene formation is silyl radical
dissociation (a source also postulated by Michl).

It is probable that permethylated polysilanes would not
make the most efficient self-developing photoresists as the
studies reported here and in Michl’s experiments show that
there is a tendency for these oligo/polysilanes to form high
molecular weight carbosilanes. The formation of these
carbosilanes may affect the line widths of the image left on
the photoresist by leaving a carbosilane residue after
ablation.

Polysilanes containing longer alkyl groups would make ideal
self-developing photoresists as the major products of ablation
are volatile 1-alkenes and monosilanes (as in the pyrolysis of
DEHMTS). These polysilanes will leave little carbosilane
residue to affect the line widths of the ablated area.
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Chapter 7

The Photochemistry of Some Permethyvloligosilanes

(I) Introduction

Permethylated oligosilanes have long been known to absorb
light in the near-UV region of the electromagnetic spectruml.
The photochemistry of branched? and straight chained3
permethyloligosilanes was first studied by Ishikawa and
Kumada4. Their study involved the irradiation of n-hexane
solutions of oligosilanes at 254 nm. The major reaction was
silylene extrusion with simultaneous cleavage of a silicon-
silicon (Si-Si) bond e.g. n-decamethyltetrasilane gave 84X%
silylene extrusion and 11%¥ Si-Si bond homolysis.

Photochemical studies on polysilanes revealed that three
simultaneous primary processes occur:

A Chain scission by homolytic Si-Si bond cleavageS:

-RR’'Si-RR’Si-RR’Si-RR’'Si- -+ -RR’'Si-RR‘Si- + RR’Si-RR’Si-
B Silylene extrusiond: )

-RR’Si-RR’'Si-RR’'Si-RR’Si- + -RR’Si-RR’Si-RR’Si- + RR’Si:
C Chain scission with formation of a silylene on the

polysilyl chain®:

-RR’'Si-RR’Si-RR’'Si-RR’'Si- -+ -RR'Si-SiR,R’ + :SiR,»-SiRR’-

-RR’'Si-RR’Si-RR’Si-RR’'Si- + -RR’'Si-SiR’,R + :SiR-SiRR’-

Process A (Si-Si bond homolysis) was found to be the major
photochemical breakdown route (Chapter 1, part VII). It has
been proved that the silyl radicals produced by process A
abstract hydrogen from the a-position on pendant substituent
groups?.,

Pathway C has no counterpart in oligosilane photochemistry,
although C does occur in the gas phase irradiation of
hexamethyldisilane at low pressures®. The photochemical
breakdown mechanisms of the following branched and straight
chained oligosilanes were studied®.

(i) 2,3-bis-trimethylsilyl-octamethyltetrasilane
(BTMS-OMTS) ,

(ii) 1iso-decamethyltetrasilane (i-DMTS),

(iii) n-decamethyltetrasilane (n-DMTS),

(iv) 2,2-diethylhexamethyltrisilane (DEHMTS),
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(v) octamethyltrisilane (OMTS).

The UV absorption characteristics of oligosilanes (i)-=(v)
are listed in table 1; the absorption maxima for the branched
oligosilanes (BTMS-OMTS and i-DMTS) were in the vacuum UV
region of the electromagnetic spectrum and therefore outside
the range of UV/VIS spectrophotometer used in these
measurements. The values A;,;: and €;,;. are used to
characterise these compounds, these values were recorded at

the highest wavelength of absorbance for these compounds.

Table 7.1: UV absroption charateristics of
oligosilanes (i)-=(v).

COMPOUND MaxPin1t™ | Emax€init™
(nm) (moldm'3 em~1)

BTMS-OMTS 260 * 1090 *

i-DMTS 245 * 515 *

n-DMTS 235 14700

DEHMTS 214 9000

OMTS 215 9020

Oligosilanes (i)-(v) were dissolved in highly purified
n-hexane or n-pentane with concentrations ranging from 0.02-
0.99 mol dm-3. The oligosilane solutions were degassed and
irradiated at either 254 nm (low pressure mercury lamp) or 228
nm (cadmium spectral lamp). Product identification was by
GC/MS, supplemented by comparative retention time tests and
mass spectral analysis on known samples. Where some doubt
remained over product identification preparative photolysis
experiments were performed and the relevant products were
isolated by GC/PREP. The isolated products were then
identified by 'H and 13C NMR.

Experiments were performed in 1:1 n-hexane:triethylsilane
(TES) solutions to ascertain the intermediates involved in the
photolysis; silylenes readily insert into the TES Si-H bond to
form photochemically stable hydridosilanes, while
characteristic products were identified from radicals formed
by hydrogen abstraction from the TES Si-H bond.

Product identification was followed by the construction of
progress curves. GC peak areas were measured for products at
timed intervals of irradiation, the peak areas were normalised
by an internal standard (n-decane). Products formed by
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primary photochemical pathways can be distinguished from those
formed via secondary routes using this method.

Samples of products were isolated by preparative scale
photolyses, enabling GC calibration for each product. The
vield of each product could then be calculated and the
relative importance of each photochemical process ascertained.
The error involved in product yield calculations was typically
+5%X e.g. for i-DMTS - HMDS

Error for i-DMTS= Error in vol. injected into GC + Error in
making up i-DMTS solution = 1 %X + 2 % =2 3 %

Error for sensitivity measurement = = 1 %

Error in Area measurement = + 1 %

Therefore, Total Error in converting peak area into mol
unit area-1= = 2 %

Total relative yield error = 3 ¥ + 2 ¥ = 2 § %.

(II) Results

(i) BTMS-OMTS

A solution of BTMS-OMTS in n-hexane (0.052 mol dm -3) was
irradiated at 254 nm. TIC i1 shows a sample taken after 10
minutes irradiation (approximately 20% photolysis):

- 1A =




Abundance
feo]
®
m
w
F

5
12 J d‘ g
@

c 4 8 8 2 14 16 18
Time (min.)

H
TIC 1: [1] He3$1§LSlHe3, [2] He351§é§1"e3'

Me MeMe MeMe
(3] Me S1SiSiMe [4] Me SiSigiH, [S] Me,SiSiSiMe,
SiMe He,SiSiMé, Me,SiSiMey

MeMe

[6] Me SiSiSiSiHea (BTMS-0MTS).

g . ot
e381SxHe3

The major product was i-DMTS (3] with smaller amounts of
1,1,1,2,3,3,3-heptamethyltrisilane [1]1 (2-HMTS), OMTS (21,
2,3-bistrimethylsilyl-1,1,1,2,3-pentamethyltrisilane [4] and
2,3-bistrimethylsilyl-1,1,1,2,3,3-hexamethyltrisilane [S5].
Some trimethylsilane (3MS) is also produced but the GC
temperature program used did not allow its separation.

A 1:1 n-hexane:TES solution of BTMS-OMTS (0.026 mol dm-3)
was irradiated at 254 nm. TIC 2 shows a sample taken after S
minutes irradiation, identifying the unique trapping products:



1.98E61
l.6E6
1. 4E6 2
1.2E6]
© ]
e 1.DEBT i
L p
-] 4
S 8.QE57
o ]
6.08E37
4.0E51
2.0651 ’d
GE!:'|L1 T T ¥ 1! T ¥ Al 1 [
2 4 8 8 18 12 14 16 18
Time (min.)
TIC 2 [1] Et,SiSiH 2] et Slg'eH (3] Et Sigtg:H
: > i, ’
HeqS1 37 He, 37 SinMe, He SisiMe,
[4] Et,SiSiH.
r?e38i

The major intermediate trapped was trimethylsilyl(methyl)-
silylene (Me;Si(Me)Si:) (2], smaller amounts of dimethyl-
silylene (Me,Si:) [1] and bis-trimethylsilylsilylene [4] were
also trapped. Product [3] was derived from the insertion of
Me;Si(Me)Si: into the Si-H bond of [2].

BTMS-OMTS was irradiated in n-hexane solutions containing
different concentrations of TES to ensure all the silylenes
produced upon irradiation were trapped. This was necessary
before any quantitative experiments could be carried out.
Figure 7.1 shows that above approximately 4 mol dm-3 TES

concentration all silylenes are trapped.
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2 CORRECTED AREA (ARB. UNITS)
-

0 ] 1 1 1 1 L ]

0 2 4 6 8 10 12 14
TES CONC.

—[2] TIC 2

Figure 7.1: Graph showing the increase in trapping product
([2] TIC 2) fomation with increasing TES concentration.
TES concentration in mol dm~3.

A progress curve for the photolysis of BTMS-OMTS (in the
presence and absence of TES) showed that all products were

produced via primary photochemical pathways (fig. 7.2):
20 CORRECTED AREA (ARB. UNITS)
-

25L _ ) ////?///’

20 +

15|

10

1

0 20 40 80 80 100
TIME (MINS)

——[Rlmcz —[aImc1 =¥[2lTc1 -E-[1JTIC2 ¢ [1]TC1

Figure 7.2: Progress curve for the irradiation of BTMS-OMTS
at 254 nm.

The relative yields of products formed by photolysis at 254
nm are shown in table 7.2.
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Table 7.2: Relative Yields for Products of
BTMS-OMTS irradiation.

Product % Yield
H
He3SiSiSiHe3 {1] TIC 1 4
Me
Ne3$1§:SiHe3 [2] TICc 1 3
€2
Me
He35i8i51ﬂe3 [3] TIC 1 87
SiHea
MeMe
HQESiSlSiH [4] TIC 1 2
easiSiHes
MeMe
He3SiSi$1He (5] TIC 1 3
Me3$iSiHe3
EtasiSiH 1] TIC 2 3
He2
Me
Et,SiSiH 2] TIC 2 87
37 SiMe, £21
Et3SlSiH [4] TIC 2 3
(SiHe3)2

A 1:1 n-hexane:TES solution of BTMS-OMTS (0.052 mol dm-3)
was irradiated at 228 nm; the resulting progress curve shows a
maximum for i-DMTS formation, revealing some product
decomposition at this wavelength of irradiation (fig. 7.3):

OCORRECﬂﬂ)AREA(ARB.UNHS)

50

40

20

10

h E X ﬁi i § ]
0 50 100 150 200 250
TIME (MINS)

——[2]lTcz —+[@BlTc: —¥RImci1 -B-[1JTc2 E[1TIC!

Figure 7.3: Progress curve for the irradiation of BTMS-OMTS

at 228 nm.
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(ii) i-DMTS

A solution of i~DMTS in n-hexane (0.045 mol dm-3) was
irradiated at 254 nm. TIC 3 shows a sample taken after 3
hours photolysis (approximately 30% decomposition).

4
2.0E61
1.5E61
@ ]
Q -
[
~ -
-
S 1.0E8-
& 1
5. 0E5 3
T 2
Fa 1 I § WY TN L
. | 18 12 14 16 18
Time (min.)

H
TIC 3: [1] He3SiSiﬂe3, 2] He381§£81ne3,
Me
[31] Neasiﬁé:inea, [4] "’35‘§}§§g°3 (1-0MTS).

The ma jor product was hexamethyldisilane (HMDS), smaller
amounts of 2-HMTS and OMTS were also observed. 3MS is also a
minor product of this photolysis (vide supra).

A 1:1 n-hexane:TES solution of i-DMTS (0.0225 mol dm-3) was
irradiated at 254 nm. TIC 4 shows a sample taken after 3

hours irradiation.
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Abundance

8 1@ 12 14 18 18
Time (min.,)

Me
TIC 4: [1] Et,SiSiH, [2] Et,S SiH, [3] Et,SiSiH
3 Me, 3 i\/Hez' 3 Siﬂea’

[4] Et,SiSiEt,.

The major intermediate trapped was Me;Si(Me)Si: (3], a

small amount of Me,Si: [1] was also trapped.
A progress curve for the photolysis of i-DMTS (with and

without TES) showed that all products were formed via primary
photochemical pathways (fig 7.4).

2.5 CORRECTED AREA (ARB. UNITS)
O

0 10 20 30 40 50 60 70
TIME (MINS)

—[3]TIC4 —+[1]JTIC3 —*[3] TIC 3

Figure 7.4: Progress curve for the irradiation of i-DOMTS

at 254 nm.
Table 7.3 lists the relative yields of the products
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identified in

Table 7.3:

TIC's 3 & 4.

i-DOMTS irradiation.

Relative Yields for Products

of

Me
Et,SiSiH 3] TIC 4
S, 1T

Product % Yield
Ha3$1$iﬂa3 1] TIC 3 76
H
He3518181ﬂes 2] TIC 3 9
Me
HeasiSiSiHe3 {3] t1C 3 4
Hez
Et3$l$1H [1] TIC 4 s
Hez
80

3

iii) n—-DMTS

A solution of n-DMTS in n-hexane (0.025 mol dm-3) was
TIC 5 shows a sample taken after 5

irradiated at 254 nm.

minutes photolysis.

A ]TJ sdb o A oy

4

E.SEBj
2.0E617
o 1.3EB1
Q b
I3 4
[
-]
g r
a LOE8<
5.0E5
Iy
g-= ’
4

6 8

Time (min.)

12 - 12 14

TIC 5: [1] Me SiSiMe,H, £2] He3$i§LSiHe2H, [3] He3SiaLSiHe3,

2

Me Me
[4] Me SlSiSigiHe H, [S] Me SlSlSi%iHe (n=-DMTS).
3 2 3 3
Me He2

2

The ma jor product was OMTS (3], with smaller amounts of

pentamethyldisilane [1]1 (PMDS),
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trisilane (2] (3-HMTS) and 1,1,1,2,2,3,3,4,4-nonamethyl~-
tetrasilane [4] (NMTS). 3MS was also a product of this

photolysis (vide supra).
A 1:1 n-hexane:TES solution of n-DMTS (0.0125 mol dm-3) was

irradiated at 254 nm. TIC 6 shows a sample taken after S

minutes photolysis.

L. g5

8.0E5] ]

Abundance

6.BES

4,065

2.0E51 LJ
1 .

10 12 14 15
Time (min.)

@ 4

TIC 6: [1] Et,SiSiH.
3 Hez
Product (1] is formed by the insertion of Me,Si: into the

Si-H bond of TES.
A progress curve for the photolysis of n-DMTS (with and

without TES) revealed that all products are produced via

primary photochemical pathways.
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—[BlTICS —+[1]TIC8 —¥[2]TICS5

Figure 7.5: Progress curve for the irradiation of n-DMTS
at 254 nm.

The relative yields of the products shown in TIC's 5 & 6

are given in table 7.4.

Table 7.4: Relative Yields for Products of
n-DMTS irradiation

Product % Yield
HeSSISiHezH [1] TIC S5 15
Me,SiSiSiMe,H [2] TIC S 6
3 Me 2
2
Me,SiSiSiMe, [3] TIC S 78
3 3
Mez
EtasiSiH [1] TIC 6 78
He2

(iv) DEHMTS
A solution of DEHMTS in n-pentane (0.154 mol dm-3) was

irradiated at 228 nm. TIC 7 shows a sample taken after 8
hours photolysis.

-_ 1 A7 =
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TIC 7: [1] Me;SiSiMe,, [2] He3SiSiEt2H, £3] He3SiSiEt2He,

Et
(4] Me;SisiSiMe; (DEHMTS), [5] ne351g%§1ﬁ.

The major product was HMDS [1] with smaller amounts of
2,2-diethyl-1,1,1-trimethyldisilane and 2,2-diethyl,1,1,1,2-
tetramefhyldisilane. 3MS is also a minor product of this

photolysis (vide supra).
A 1:1 n-pentane:TES solution of DEHMTS (0.077 mol dm-3 )

was irradiated at 228 nm. TIC 8 shows a sample taken after 4

hours photolysis.
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Abundance

Time (min.)

TIC 8: [1] EtasiﬁgH, [2] EtySi_ SiMe,H, (3] EtBSiE%H,
(4] Et,SiSiEt, 2 2

The major intermediate trapped was diethylsilylene (Et,Si:)
[3]; a small amount of Me,Si: (1] was also trapped.

A progress curve for the photolysis of DEHMTS (in the
absence and presence of TES) showed that products were formed

via primary photochemical pathways (fig. 7.6).

12 CORRECTED AREA (ARB. UNITS)

0 —— — 1 1 I

0 5 10 15 20
TIME (HOURS)

—[lmncr —+[2]lTIC?Y —H*[3]TIC? -—S-[3]TIC8

Figure 7.6: Progress curve for the irradiation of HMDETS
at 228 nm.
Table 7.5 gives the relative yields of the products

identified in TIC’s 7 & 8.
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(v) OMTS

Table 7.5: Relative Yields

DEHMTS irradiation.

for Products of

Product

% Yield

He3SiSiH93 [1] TIC 7

HeasiS!EtzH [2] Tt1C 7

Hessistsihe (3] TIC 7
E

t
Et.SiSiH 1] TIC 8
Sige 0l
EtySiSiH (2] TIC 8
Et,

80

15

80

A solution of OMTS (0.99 mol dm-3) in n-pentane was

irradiated at 228 nm.

hours photolysis.

TIC 9 shows a sample taken after 8

RAbundance

—

.1lE?
.BE?
. BEG™
.BEG
. BEGH
. BEG
.BEB
.BEG
3.08E6
2.8E6
1.8ES

A B O N D W e

1

L L

|

2 4 &6 8
Time ¢

-

nin.

T

18
)

12 14 168 18 20

TIC 9:

(41

(71

The major

PMDS.
(41,

Three
[7] and

[11] Me,SiH, [2] He;SiSiMe,H, £3] MeySiSiMe

3’

HezsﬁC>SiMe2, [S] n-decane, [6] Heasigégiﬂea,

ne2s£:>51<ne)51ne3, (2] neasi(ne)s<:>31(ne)51ne

3

product was HMDS with smaller amounts of 3MS and

interesting products were the disilacyclobutanes

(81.

A 1:1 n-pentane:TES solution of OMTS (0.50 mol dm-3) was
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irradiated at 228 nm. TIC 10 shows a sample taken after 6

hours photolysis.

5.0EG
S.@EG1 ]
4. QEG-

3.0E6]

Abundance

2.0E6

1.BE6

95 . lL, o~ kJJ —t 17% il ‘

L S s e T e S e e e s e e e e s

2 < G 8 10 12 ie 16 82 20
Fime fmin.)

TIC 10: [1] Et351§22.
The only intermediate trapped was Me,Si:.
A progress curve for the photolysis of OMTS (with and
without TES) showed that all products arose via primary
photochemical pathways (fig. 7.7). '

IBCMHECHH)AMM»@RB.UNHS)

14
12
1+

0.8

0.8
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= e ————
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TIME (HOURS)

5 38

— [[BITc9e —+[1]TIC10 —H[2]TIC9 -S—[1]TIC9

Figure 7.7: Progress curve for the irradiation of OMTS
at 228 nm.
Relative yields for the major products shown TIC’'s 9 & 10

are given in table 7.6.
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Table 7.6: Relative Yields
irradiation of OMTS

of Products

for

Product %X Yield

2
He3SiH

2
ﬂeasiSiHezH

7
Heasislﬂe3 S
Et3SiSiH 75

He2




(ITTI) Discussion

(i) BTMS-OMTS

Scheme 7.1 shows the primary processes which lead to the
formation of the products of the photolysis of BTMS-OMTS.
Unique products from TES experiments are also shown.

Scheme 7.1: Me . Process Type
h . te,SiSISIMe, + Me SiSiMe B
SiMe, ¢Et3$iH
[3] TIC 1 M
e
Et,SiSiH 87 %
SiMe,
1 Me £2] TIC 2
2 x Me,SiSi- A
iMe,

RH
2

Me
Me,SiSiH [1] TIC 1 4
SlMe3

&

MeMe hy MeSiMe3 .o
Me SiSlSiSiHes—?b Me,SiSiSiMe, + Me,Si Cc
Me,SisiMe, Ae,si
‘EtSSiH
[5] TIC 1
Et.SiSiH 3%
[1] TIC 2
— |‘1e3$iaiSIMe3 + (Me351)2$1: c
e
5 2
[2] TIC 1 4Ft381H
SiMe,
Et,SiSiH 3%
SiMe,
[3] TIC 1
MeMe
Me,SiSiSi- + Me,Si: A
Me,SiSiMe,
‘RH ‘RH
MeMe -
Me,SiSiSiH Me,SiH 2 %
MeasiSiMe3
[4] TIC 1

Process B is the major photochemical breakdown route (87%)
leading to the formation of i-DMTS and Me;Si(Me)Si:.
Me;Si(Me)Si: is trapped by TES to yield [2] TIC 2.

Two separate reactions are classified as process C,
observed for the first time in oligosilane photochemistry as a
minor photochemical pathway.

Silyl radicals are formed in reactions (2 & 5) by process
A. These silyl radicals abstract hydrogen to yield
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hydridosilanes.

Silyl radical hydrogen abstraction is thought to lead to
the formation of two minor products which are general to all
TES photolyses, Et3;SiCH,Si(H)Me, and EtgSi,. Hydrogen
abstraction from either trimethylsilyl radicals (Me;Si-) or

TES leads to the reactions in scheme 7.2.
Scheme 7.2:

Et3SiH + R- —2%— Et,Si- + RH
Me,Si- + R-—TL—# Me,Si=CH, + RH
2 : H
Et,Si- + Me,SI=CH;— P Et,Si_SiMe,——® Et,Si_A5iMe,

2 Et,Si-—1%% Et,SiSiMe,

Hydrogen abstraction from Me;Si- radicals yields a
hydridosilane and dimethylsilene (Me,Si=CH,) (7). Hydrogen
abstraction from TES yields a triethylsilyl radical (Et;Si-)
and a hydridosilane (6). Addition of Et;Si- radicals to
Me,Si=CH, generates a new silicon centred radical (8) which
can abstract hydrogen to yield Et;SiCH,SiMe,H (9). The
combination of Et;Si- radicals leads to the formation of
hexaethyldisilane (10). In the absence of TES the silyl
radicals are thought to abstract hydrogen from Me,;Si-
radicals, although no characteristic products from the
dimerisation of the resulting Me,Si=CH, were observed.

(ii) i-DMTS

The processes leading to the formation of products from the
photolysis of i-DMTS are shown in scheme 7.3. Unique products

from the TES are also rationalised.
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Scheme 7.3: Process Type
DY g Me SiSiMe, + Me,SiSiMe B

/ [13] TIC 3 |Et,SiH
/ \J
1 Me
4 Et,SiSiH 80 %
/ SiMe,
/
/ £3] TIC 4
Me hy .o
Me SiSiSiMe ,|—5— Me,SiSiSiMe, + Me,Si c
SiMe, Me,
[3]1 TIC 3 ‘Et351H
'3 Et331?41eH 5 %
2
Me [1] TIC 4
DV o Me,SiSi- + Me,Si- A
SiMe,
¢RH ¢RH
Ne
Me;SiSiH  Me SiH 9 %
SiMe,
[2] 11IC 3

The major photochemical pathway is B (85 %), leading to the
formation of HMDS and Me;Si(Me)Si:, the silylene being trapped
in the presence of TES to yield (3] TIC 4.

Process C leads to the formation of OMTS and Me,Si:, Me,Si:
being trapped in the presence of TES ([1] TIC 4).

Process A leads to the formation of two silyl radicals
which abstract hydrogen (see scheme 7.2) to yield two
hydridosilanes.

(iii) n-DMTS

Scheme 7.4 shows the processes leading to the formation of
the major products of the photolysis of n-DMTS (including TES
trapping products).




Scheme 7. 4: Process Type

A Me SiSiSiMe, + Me,Si: B
/ Me, \Et.SiH
17/ [31 TIC S \ A
/ EtasiSiH 78 %
/ Me,
Me, Me, [1] TIC 6
Me33l51?41eime3 —{‘%&MeﬁiSiesr + Me,Si- A
2
|RH ‘RH
A Y Me,
1:\\ MeasiSiSiH MeasiH 6 %
Me2
\ h [2] vic 5
2 x Me,SiSi-
Me2 A
| RH
\/
Me3SiSiH 15 %
Me2
: {11 1IC S
The major photochemical process is B, leading to the
formation of OMTS and Me,Si:. Me,Si: is trapped by TES to

vield [1] TIC 6.
Process A yields three silyl radicals (15 & 16) which can
abstract hydrogen to give hydridosilanes (scheme 7.2).

(iv) DEHMTS

The primary photochemical processes occurring in DEHMTS are
summarised in scheme 7.5.

Scheme 7.5: h Process Type
Me3SiSiMe3 + Et_Si: B
Et,SiSiH 80 %
Et,
4 h '[2] TIC 8
Me,SiSiSiMe i¥p Me,SiSi- + Me,Si- A
Et, Et

2 |
\ ¢RH RH
. v

18 Me3313%2 Me3SiH 15 %
[2] TIC 7

m&Me.sSiEiMe + Me,Si: c
2 Et.SiH
[3] TIC 7  / 3
Et,SiSiH 1%
Me
1] TIC 8

Process B (80 %) leads to the formation of HMDS and Et,Si:
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which is trapped in the presence of TES to yield [2] TIC 8.
For the first time in a straight chained oligosilane
process C is observed (19), leading to the formation of
2,2-diethyl-1,1,1,2-tetramethyldisilane and Me,Si:, the
silylene being trapped in the presence of TES ([i] TIC 8)
The silyl radicals produced via process A (18) abstract
hydrogen (Scheme 7.2) to yield hydridosilanes.

(v) OMTS

The primary photochemical processes occurring in OMTS are

shown in scheme 7.6.

Scheme 7.6: Process Type

h
o P Me,SiSiMe, + Me,Si: B
/,/9// (37 TIC 9 1§t331H
Me,SiSiSiMe - ]
SigLsiMe, Et;SISIH 75 %
2

N £1] TIC 10

h

Me,SiSi- + Me,Si- A
Me

2

¢FH ‘RH

Me,SiSiH Me ,SiH 2
Me
[2] TIC % [1] TIC 9
The ma jor process is again B, leading to the formation of
HMDS and Me,Si:.
The hydridosilanes [1] & [2] (TIC 9) are formed via silyl
radical hydrogen abstraction, the silyl radicals being formed

of

via process A.

Scheme 7.2 offers one explanation for the source of
hydrogen for these silyl radicals. Another source of hydrogen
could be OMTS. Characteristic products of hydrogen
abstraction from terminal and central methyl groups are
observed ([4}, [7]1 & [8] TIC 1). Scheme 7.7 shows possible

reactions leading to these products.
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Scheme 7.7: .
Me,SiSiSiMe, + R-—224  Me,SiSiSiMe,CH, + RH

_Mez _Mez
23 25l
Y
.CH,
Me381ié§1Me3 + RH Me381§é' + Me2§1::CH2
2 Me ., Si—CH
) 2 e 1
11 \%\\2 2
Me,517_SiMe,
.. c o L
MESSI + Me331?11_—_.C|r2 @ [4] TIC 9
28 5'2' CH
e, SiSi= S
e 2 Me,S1"__SiSiMe,
oo\ Me [7] TIC 9
Me351§;\v/5131Me3
(8] TIC 9

Me ,S1SI==CH,—22# Me Si SiMe-20p- Me,S17_SiMeH

Hydrogen ag;traction from a central methyl group yields a
carbon centred radical (23). This radical can dissociate to
form a Me;Si- radical and trimethylsilyl(methyl)silene (24).
Trimethylsilyl(methyl)silene can dimerise to form
1,3-bis-trimethylsilyl-1,3-dimethyl-1,3-disilacyclobutane (([8]
TIC 1) (286).

Trimethylsilyl(methyl)silene can also isomerise to a
silylene (29) which ring closes via an internal C-H insertion
to form 1,1,3-trimethyl-1,3-disilacyclobutane (30), a product
detected in trace amounts. ’

Hydrogen abstraction from a terminal methyl group yields a
carbon centred radical (22) which dissociates to form a
pentamethyldisilyl radical and dimethylsilene (25). Me,Si=CH,
can dimerise to yvield 1,1,3,3-tetramethyl-1,3-disilacyclo-
butane ({4] TIC 1) or it may add to trimethylsilyl-
(methyl)silene to yield 1-trimethylsilyl-1,3,3-
trimethyl-1,3-disilacyclobutane ([7] TIC 1).

(IV) Summary

For all the oligosilanes studied, process B is the major
photochemical breakdown route. The photochemistry of the
branched oligosilanes (BTMS-OMTS & i-DMTS) reveal that process
C is a general reaction for these compounds.

Evidence for process C in the photochemistry of straight

chained oligosilanes comes from DEHMTS. Process C probably



occurs 1in the photochemistry of n-DMTS and OMTS but it is not
detected because the same products as process B result.
Therefore, the production of Me,Si: from n-DMTS and OMTS 1is
more complicated than previously assumed, the majority is
formed by B where an internal silicon atom is lost, while some
will be formed by C where a terminal silicon atom is lost.

Processes A, B and C in polysilane photochemistry have
counterparts in oligosilane photochemistry. Process A is
dominant in polysilane photochemistry while process B is
dominant in oligosilane photochemistry (Chapter 1, part VII).

Not all possible process C reactions take place e.g. one
possible product of the irradiation of both BTMS-OMTS and
n-DMTS is HMDS.

MeMe MeMe
Me,SiSiSiSiMe ,—2Llp Me,SiSiMe, + Me,SiSiSi:
Me,SiSiMe, SiMe,
Et,SiH
Me
Et,SiSiH
MeSiSiMe,
SiMe,
Me, _
Me,SiSiSiSiMes 229  Me,SiSiMe, + Me,SiSi:
Me, Me
¢ﬁt351H
Me
Et,SiSiH
SiMe,

Neither HMDS nor the corresponding hydridosilanes of the
trapped silylenes in TES experiments were noticed in either
case, the reason for this is unknown.

The photolysis study gives three suggestions for the source
of hydrogen for silyl radical H-abstraction:-

(i) Me,;Si- radicals (scheme 2),
(ii) Oligosilane starting material (scheme 7),
(iii) TES (if present) (scheme 2).

Suggestion (ii) could be a general source of hydrogen in
all cases studied, the characteristic products being noticed
only in the case of OMTS because this solution was the most

concentrated photolysed.

The difference between the photo and thermal chemistry of
the oligosilanes studied is clear. In the photolysis studies
silylene formation dominates while thermal decomposition is

predominantly silyl radical in nature.
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Appendix 1

The Pyrolysis of Carbosilanes [Al* & [Bl”*

*Where [A] = 1,1,1,2,2,4,4,6,6-nonamethyl-1,2,4,6-n-tetrasila-
hexane:
Me, Me, H
Me SIS Sil /SiMe, [A]
and (B] = 1,1,1,3,3,4,4,6,6-nonamethyl-1,3,4,6-n-tetrasila-
hexane:
Me, H

: fqy 2 .
Me,Si\_-SiSi\_-SiMe, [B]
Me,

(I) Introduction

1,1,3,3,4,4-hexamethyl-1,3,4-trisilacyclopentane (Chapter 3
TIC 1c— product [16] CYCLO 3) is a prominent product of the
high sample pressure pyrolysis of octamethyltrisilane (OMTS).
Carbosilanes [A] and [B] were believed to be precursors to the
formation of CYCLO 3 (Chapter 3, Schemes 3.3 & 3.4),
undergoing a novel ring closure reaction with the elimination
of trimethylsilane (3MS):

SiMe
Me Me H \\2
2 2 1
Me,SiSi”  S$i” SiMe, ———» [CYCLO 3]
WIUNSTINTTT2  MesiH '--S/'M
[A] Me231 1 e2 ‘
J A + A
| Me S K SiMe, |
T MeZSi\ > C T
——SiMe2
Me.Si 51sM'e2 g'n 2 /51%2
e,Si\ i iMe ——
TN e, 2 T he,SiH /7 [cycLo 3]
[B] Mezsl—s-l”ez
: H.
| /, Yo # ‘
| Meysi. S |
- = \ / - - ]

Me,Si—SiMe,
To test these mechanistic suggestions, carbosilanes [A] and
[B] were synthesised.
(A] and [B] were pyrolysed in the same temperature range as

OMTS (570-850°C). Product identification was by GC/MS,

supplemented by comparative retention time tests and mass




spectral analysis on known samples.
Kinetic experiments were performed to further elucidate the
thermal breakdown mechanisms of [A] and (B] . First order

rate constants were calculated for major product formation.

(II) GC/MS~-SFR Results for ([A]

(A] was pyrolysed by the liquid injection technique between
800-650°C. Prominent products included 3MS and CYCLO 3.
Another major product was a cyclic carbosilane of molecular
weight 274 (mw (A] = 276). This cyclic carbosilane [CYCLO A]
gave a mass spectrum corresponding to the structure given
below TIC 1:

.1E7 .
.@E?
. BE8
. @E6 ,
. BES

6.8ES .
S.QES
4 .QES

3.Q8E8
e Lkﬁhkhkk Athﬂ *&$u.
1.8E8 :
S A L,\LL A M‘_‘M..Jr oA .
S 29

a y Y et
S 19 L

Timea (min.)

N @D W o~ e

Abundance

rIc 1: [1] cycLo 3, (2] cycLo [A]; vol [A]l = 0.1 ul,

temp = §18°C. M
Me ,S1 e
3 .

where CYCLO [A] coresponds to: - (/ L\
Mezs{\\//51ne2

The minor products were cyclic carbosilanes in common with
those found in the pyrolysis of OMTS. CYCLO 3 and CYCLO [A]
were the prominent products in low sample pressure pyrolyses,
the other cyclic carbosilanes being suppressed.

Co-pyrolysis in the presence of butadiene or toluene did
not affect product composition or yield. The butadiene
experiments revealed the presence of a small amount of
dimethylsilylene. The toluene experiments showed that methyl



and trimethylsilyvl radicals were also present.

Pyrolysis in the presence of methylchlioride (MeCl)
suppressed the formation of the minor cyclic carbosilanes,
however, CYCLO 3 and CYCLO (A] remain unaffected (TIC 2).
Minor products in this pyrolysis were chlorosilanes, including
trimethylchlorosilane, derived form silyl radical chlorine

abstraction reactions:

4
4

1.8E7
1.6E71
1.4E7

4

1.2E7

—

.BE7 4

Abundance

. BE6
. BEG 1

4 2
QEB S

-oe w L

a- Y 7
2 4 s 8 10 12 14
Time (min.)

(A VIR (N ¢ ) I 1]

TIC 2: (1] CcycLOo 3, [2] cycLo [A]l; vol [A] = 1.0 ul,
sample pres. MeCl = 15.0 torr, temp = 606°C

(ITI) Kinetic—SFR Results for [A]

(A] was pyrolysed using the liquid injection technique
between 600-650°C. Rate constants for the formation of the
3MS, CYCLO 3 and CYCLO [A] were calculated (fig A1.1). Table
Al.1 gives the Arrhenius parameters for the formation of these

products.
Table Al1.1: Arrhenius parameters for the
formation of 3MS, CYCLO 3 & CYCLO [A].

Product Jlog¢A/s ™ YE, (kimol™ {k(s20°¢C)

3IMS 11.7+ 1.3§220 + 23 0.060
CYCLO 3 j11.5% 0.7 }215 £13 0.076
CYCLO [A] 9.4% 0.4J192 £ & 0.013

The rate constants of formation for both 3MS and CYCLO 3

are greater than those for the formation of CYCLO [A]. The



Arrhenius plot for the formation of CYCLO 3 is shown in figure

Al.2.

tyans

O A

Iy A

' 8

Figure Al1.1: Gas chromatogram for the pyrolysis of [A]

at 630°C.
0.0
INK 1
- > 45
1 -FA -Fs _+7
-1.86 ——
. - 4J0
4J2
T -F11
R T S B o e B E A —
1.06 1.08 1.12
1000/T

Figure Al.2: Arrhenius plot for the formation of CYCLO 3

A Q8/MS-sealed tube pyrolysis experiment on [A] showed that
hydrogen was a prominent product. Some methane was also
identified. The time scale for this pyrolysis was calculated
from the Arrhenius parameters for the formation of 3MS:

At 550°C k = 5.5 x 10-3 (s-1), t,,, = 2.1 mins.
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§ NRQIKG

Figure Al. 3: Mass Spectrum of H* and CH* from the sealed tube

pyrolysis of [A] at b550°cC.

(Ill) GC/MS-SFR Results for [B]

[B] was pyrolysed between 600-650°C using the 1liquid

injection technique.
(CYCLO [B]) with molecular weight 274 (mw [B]

The major product was a cyclic

carbosilane

276) . The structure of (Bl is shown below TIC 3:
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TIC 3: [1] CYCLO [B]; vol [B] = 0.04 ul, temp = 612°C

Me,Si

where CYCLO [B] coresponds to:- <f; Y
M /
$Si—SiMe,
Me,Si

Co-pyrolysis in the presence of butadiene, toluene or MeCl
had no affect on the production of CYCLO ([BI].

Kinetic experiments were performed between 600-650°C and
rate constants measured for the formation of [Bl. The
Arrhenius parameters for the formation of this product are

given in table Al1.2:

Table Al1.2: Arrhenius parameters for the i
formation of CYCLO [B].

Product | log(A/s 1| £, (kImo1™1) k(620°¢C)

CYCLO [B)f 10.6 £1.2 214 21 0.012

A Q8/MS-Sealed tube experiment on [B] showed there was a

substantial amount of hydrogen produced in the pyrolysis.

(IV) Conclusion

The pyrolysis of carbosilane [A] showed that the formation
of CYCLO 3 by the elimination of 3MS is indeed the major
thermal breakdown mechanism. CYCLO [A] is thought to be
formed by cyclisation with the elimination of hydrogen.

Hydrogen has been shown to be a prominent product in the
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pyrolysis [A]:

Me.Si_ Me
93 lSi
Me2 Me2 H 3
reg IS Sk SiMe,——— ( w cYCLO [A]
, Me.Si SiMe
2 2
. . H. N
: H\\ ,,Si(Me)Slﬁe?‘ + f
o] }
Mezsi\\//SiMe2

The Arrhenius parameters for the formation of 3MS, CYCLO 3
and CYCLO [A] support these related cyclisation/elimination
mechanisms, the A-factors and activation energies being low.

Carbosilane [B] does not undergo the cyclisation with
elimination of 3MS reaction. All the centres involved in the
transition state are silicon in the cyclisation with
elimination of 3MS for [A] (1). 1In CYCLO (B] not all the
centres in the transition state are silicon, offering an
explanation why reaction (2) does not take place. [B] is able

to undergo cyclisation with elimination of hydrogen to yield
CYCLO [Bl]:

Me,
Si
- Me, H 4 / o I8
< )
Hessl\/iies;\/ﬁM%—F. " ,\ CYCLO [B]
. MeSi—SiMe,
! /’H\ Me, :
- He _ St + A SiMe,
I H,C '
Lo 2 - - =}
D
MeSi—SiMe,
Me,Si

Therefore, the elimination 3MS is a general reaction as
long as the constituents of 3MS to be eliminated are attached
to silicon. The elimination of hydrogen also appears to be a
general reaction, taking place in both carbosilanes [A] and
(Bl. It is believed that carbosilane [A] offers a reasonable
route to the formation of CYCLO 3 in the pyrolysis of OMTS.

Cyclisation with elimination of hydrogen can offer another
route to the formation of CYCLO 3:
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SiMe,

Me, H 5 D CYCLO 3
Me,SiSi” SiMe, ———» N
- H .
. 2 Me,Si—SiMe,
H- A

§ 4

! H. ,\’S.Mez E
T Hzc\

Me,SI—SiMe,

The high sample pressure pyrolysis of OMTS yields only a
small quantity of the isomer of OMTS undergoing reaction (5)
(unlike the high sample pressure pyrolysis of hexamethyldi-
silane Ch 1, part VII). Reaction (5) may offer some
explanation to why this isomer of OMTS is being formed in such
a low yield (the isomer of OMTS should be stable at these
temperatures).

The isomer of OMTS was not isolated in the preparative
pyrolysis experiments and therefore this mechanistic
suggestion remains to be substantiated, but the cyclisation
with elimination of hydrogen does appear to be a general

reaction for linear carbosilanes.
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Appendix 2: Numerical Integration

(I) Introduction

Computer modelling has become a useful tool in the
investigation of complex pyrolysis mechanisms. The
thermolysis of octamethyltrisilane (OMTS) and 2,2-diethy-hexa-
methyltrisilane (DEHMTS) were studied using the KINAL and
ACUCHEM numerical integration packages!. Numerical
integration requires a proposed mechanism to be broken down
into single step reactions, each reaction having its own set
of Arrhenius parameters. At a specific temperature, these
Arrhenius parameters were used to calculate rate constants for
each reaction. The computer simulation uses the basic

differential equation for each reaction:

g% =f (c,k) : c(0) =0 ——-(a2.

The calculations take place within a given time interval
(usually the same as Tt in the SFR). The calculated rate
constants allow an initial concentration of reactant to be
converted into the final concentrations of reactant,
intermediates and products (at time T).

The order of product formation can be ascertained by
varying the reactant concentration at constant temperature. A
plot of log {product] against log [reactant] yields a straight
line with a slope equal to the order. The calculated order of
the formation for a product can then be compared to the
experimental value. Overall rate constants for major product
formation can then be calculated based upon the orders of
their formation. Experimental rate constants and Arrhenius
parameters can be compared with those given by the model.

An important function of computer modelling is
concentration sensitivity analysis. This test perturbs '
individual rate constants for each reaction. The effect this
perturbation has on product formation is measured, thus
examining the importance of each reaction. Redundant
reactions are therefore ruled out by a concentration

sensitivity analysis.
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(IT) The Pyrolysis of OMTS

The pyrolysis mechanism of OMTS (schemes 3.2, 3.3 and 3.4
in chapter 3) was modelled by numerical integration. Scheme
A2.1 shows the proposed individual reactions with their
corresponding Arrhenius parameters. The Arrhenius parameters
for the individual reactions were either adapted from
literature values or measured experimentally (see references).

At 580°C the model gave relative product yields of
14:3:4:1.6:1 for trimethylsilane (3MS);
1,1,3,3,4,4-hexamethlyl,3,4-trisilacyclopentane (CYCLO 3);
1,1,3-trimethyl-1,3-disilacyclobutane (CYCLO 1);
hexamethyldisilane (HMDS) and
1,1,3,3-tetramethyl-1,3-disilacyclobutane (CYCLO 2) (in the
same range as the experimental values).

Scheme 1 was modelled over the experimental temperature
(570-650°C) and concentration (10-5- 10-6 moldm-3) ranges.
Orders for major product formation were between 1.0 and 1.3 at
low temperatures and between 1.0 to 1.5 at high temperatures
(c.f. experimental values). Figure A2.1 shows a typical plot
for determining the order of formation for CYCLO 2 at two
different temperatures (i.e. a plot of log [CYCLO 2] against
log [OMTS]).

For simplicity, first order rate constants were calculated
from the final calculated concentrations. Table 1 shows the
Arrhenius parameters for major product formation derived form
experimental and calculated rate constants.

The calculated and experimental Arrhenius parameters are in
good agreement, supporting the mechanism suggested. Figures
A2.2 and A3.3 show experimental and calculated Arrhenius plots
for the formation of HMDS respectively; both plots show a
degree of scattering and give similar Arrhenius parameters
(Table A2.1).
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*
Scheme A2.1: log A Ea

(1) Me;SiSiSiMey;——= Me,Si* + Me,SiSi- 17.2 337 2
Me 3 Me
2 2 .
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¢s) Me.,SiSiSiMe, — P Me,Si' + Me,SiSi==CH 18 1865
3¥ 3 3 35 2
- 2 e
Lo . . e e 3
(6) ne351§1:e\/slne3———> Me,Si" + ne351§‘1e__CH2 16 203
7 RH + Me 5181\/51He3 - He3S§g':SxHe3 + Me SlSr\/SxNe 3
2 10.4 75
H . .o 4
(8) Ne3Si§§\/Sil‘1e3 —P Me,SiH + neasx\/sxm 13.3 203
. ) 5
(9) Me,SiSi=—=CH, ——P Me,S SiMe 14.2 110
3 Me 2 3 \/
(10)  MeySi_ Sime — ﬂe25<>SiHeH 12 145 8
éHz
(11) RH + Me,Si- — % Me,SiSiSiMe, + Me SiH 10.4 65 3
Mez )
CH,
(12) RH + Me,8iSi- — P Me,S5iSiSiMe, + Me SiSiH 10.4 go 3
37 Me 37 " Me 2 Me
2 2 2
CH
(13) ne3S131sme —_ Heasxslﬂez + Me,Si==CH, 16 165 3
He2
"CH, R
(14) Ne 5151521He2 —P Me SlSl\/SiHe2 13.3 30
(15) Me s;s\/sm(ez—b Me, s;s:2 + Me,Si==CH, 15 203 3
(16) Me,SiSi‘ + Me,Si==CH, ——P» Me_SiS$ SiMe 8.4 o 3
3> e 2 2 RN 2
2 €2
CH2 H
(17) RH + Me SiSl\/SlMe —>Me351§119s2u~1e2 + Me 8181\/51Ne2
10.4 go 3
s : : 3
M i — 8.4 0
(18) e3S1rS1;}/SIHe2 + He281 CH — He SlS \/SlHe
Hez . He H CH
(19) I‘1e3$1f11e\2/51\/51ne2 + RH —@8P» Me ste\/ 1\/ su1e2 + He3$1$1$,21r1e2
10.4 75 3
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-,
7N
/

Me, H /" SiMe,
(20) He351§|;\2\/51\v/51he2—-—> Me,Si ! + Me,SiH 11.5 214

N
\\/Sinez

(21) Me,ysi- ——P Me_Si: + Me-’ 14.5 265

2

(22) 2 x Me,Si- T Me,SiSiMe, 10.0 0

(23) Me" + neasi'——bne431 11.0 o
(24) 2 x Me,Si==CH, —P> MeZSi\/ SiMe, 6.8 (o]
(25) Me,SiSi- N Me,Si: + Me,Si- 16.0 236
Me
2
(26) Me" + ne2Si=CH2———> Me,SiCH,CH, 8.68 0
(27) MeysSi® + Hezsx——'—CHz—-——b Me3S\/SiMe2 8.38 0
(28) Me,SiSiH e Me,Si: + Me,SiH 12.9 199
Me,

(29) ne35i51ne3—> 2 x Me,Si- 17.2 337
(30) ne35t\/sme2——-——> Me,Si—CH, + Me;Si- 15.0 192
. Me H

(31) r'teGJSi\\/SiMe2 + RH ———Pp l'1e3Si.(S:'i_.{Sir1e3 + l'ie:%Si\/SiNe2
2 10.4 75
i *CH, H
(32) Heasi\/SiHez + RH ——P Hessi%iestriez + ne35i\/sme2
2 10.4 75
(33) MegSi, —_— Me,Si: + Me SiSiMe, 13.7 282

*log (A/s'l) for unimolecular reactions and dm3 mol~! s™lfor bimolecular
reactions; Ea in kJ mol~1,
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log [CYCLO 2]

L 1 1 l

‘6 1 1 L )| 1 1. 1
-5.2 ~5.15 =5.1 =5.05 -5 -4.95 —4.9 —4.85 —4.8 —4.75 —4.7 —4.65 —4.8
log [OMTS]

—— ORDER = 1.2 (859 K) —+— ORDER = 1.0 (833 K)

Figure A2.1: Plot of 1og[{CYCLO 2] against log[OMTS].
Slope = 1.2 %= 0.1 at 859 k and 1.0 £ 0.1 at 833 k.

Table A2.1:

Experimental Calculated
Product ~1 o1
log(a/s~1) |E, (kImol™ Y 10g(ass™1) | E,(kImol™D)
Me,SiH 14.6%0.6 | 268 +11 12.1%0.9 216 +13
Ve Me '
MeZSi\/Si 10.0%0.6 |198 £10 10.6 £0.9 | 204 %17
H
He/2$i\
. .2 %0, * 7.1 %20.2 +4
< ) S 3 123+ 6 138 *
Me,Si—SiMe
Me,S1SiMe, 8.9%0.2 |186%4 9.1 %0.9 188 *£15
PN
Me_.Si SiMe.] 13.8+0.4 263+ 5 13.8+1.1 264 £ 18
2 2 p.




1nK
-2-96 4
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T 1 T T ! 1 ) T
+08 118
1000/T .

Figure A2.2: Experimental Arrhenius plot for the farmation
af HMDS between S70-8350°C.

~4-
-

1“2! 1CN3CJ}J£;

Figure A2.3: Calculated Arrhenius plot for the formatian
of HMDS between 370-520°C.
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(III) The pyrolysis of DEHMTS

The pyrolysis mechanism of DEHMTS (schemes 6.2, 6.3 and 6.4
Chapter 6) was modelled by numerical integration. Scheme A2.2
shows the individual reactions with their corresponding
Arrhenius parameters. The Arrhenius parameters used in scheme
A2.2 were either adapted from literature values or estimated
from thermochemical values.

The model gave ethene, 3MS and vinyltrimethylsilane (VMTS)
as the major products, in agreement with experiment. The
system was modelled over the experimental concentration
(10-5-10-% moldm-3) and temperature ranges (570-630°C). The
orders of formation for ethene, 3MS and VITMS were 1.6, again
in agreement with experiment. Figure A2.4 shows a typical
plot for determining the order of formation for ethene
(loglC,H,] against 1og[DEHMTSI]).

Rate constants based upon an order of 1.6 were calculated.
Table A2.2 shows the Arrhenius parameters derived from
experimental and calculated rate constants.

The Arrhenius parameters given by the model are in
agreement with those derived experimentally. Figures A2.5 and
A2.6 show experimental and calculated Arrhenius plots for the
formation of ethene respectively; both plots show a degree of
scattering and curvature which would be expected in this

kinetically complex systen.
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Scheme A2 2:

(1)

(2)

(3

(4)

3

(8>

(7>

2)

(9

(10)

(11)

(12)

(13)

(14)

(15)

(16)

17)

(18)

(19)

ne3SiSiSine3———>Measi' + Me,SisSi-
Me,Si° — P Me-
— He3Si’ + Etzsi:
2 x Me,Si° — Me,SiSiMe,

+ RH—P Me,SiSiH + Me,SiSiSiMe,
Me;SiSiH ——P» Me,SiH + Et,Si:

Et,Si: - EtHSi<]

EtHSiq — Et,Si:

—— CH2=-CH2 + EtHSi:

Me,Si* + RH — Me,SiH + Me,SiSiSiMe
CH
Me -
$iCSiSiMe, + RH — Me,S
HEt
Et
Me3SiSiSiteg —® CH,aCH, + Me,SiSiSiMey
Et
He3$i§iSiMe3——> Me,Si* + Me;SiSi:
Me,SiSiSiMe
SiSiSiMey —> Me,SiH + Me,SiSi:
H
H
i: —P Me;SiSi==CHCH,
H
Me,SiSi— CHCH, e Me,SiSi:

H ..
Me,SiSi=—CHCH, —P® HSiCHSiMe
3 3 Me 3

—_—p Me3Si(H)Siq

log A"

17.2

14.5

16.0

10.4

13.3

12.3

14

16.9

10.4

iCSiSiMe3 + Mey SiSiSiMey 10.4
HEt CH

16

16

+ RH —P Me,SiSiSiMe, + Me,SiSiSiMe, 10.4
3%y 3 3 CH 3

13.3

13.3

13.9

14.2

Ea

320

255

235

7S5

203

44

62

108

63

80

154

23S

80

203

182

179

110

44

10

10

10

11

12



(23)

(24)

(23)

(26)

(275

(28)

(29)

(30)

(31)

(32)

(33

(34)

(35)

(36)

(37>

(38)

s
Me,Si(H)Si. —® Me,SiSi: 14 62
3 37kt
//1 .
neSSi(H)s{'\ —®  Me,SiSiH + CH,=CH, 16.9 108
. /]—Siﬂea
HSiCHSiMe, ——® H,Si 12.3 44
e 3 2 ’\'
—SiMe, N
H,Si. ———3p» HSiCHSiMe 14 62
27N Me 3
Me;Si(H)Si —>H31cnzcnzsine3 14 62
HSiCH,CH,SiMe, — Measi(H)Sl<l 12.3 44
Me SiSiH —P WALL 4.0 0
. —Sil‘ie3
HSiCH,CH,SiMey — H,St 12.3 44
/ SiHe3
H,S — HSiCH,CH,SiMe, 14 62
/"Sir‘le3
H2$i\| — Me,SiCH—CH, + H,Si: 16.9 108
H,Si: —P uALL 4.0 o
Et
RH + Me_,Si* —P Me.SiH + Me,SiSiSiMe 10. 4 65
CH,
Et
RH + Me,SiSi* —™ P Me,SiSiH + Me,SiSiSiMe 10.4 65
37 et 3 3130 3
2
CH,
Et Et Et
RH + Me,SiSiSiMe, — P Me,SiSiSiMe, + Me,SiSiSiMe, 10.4 80
312 3 3> 0 3 3% .CH 3
CH,
Et Me -
He3S{gFi'31He3 e "93SiCHsE’£SI"e3 12.3 90
CH,4
. Me - °
Me,SiCHSiSiMe, — P Me,Si" + Me,SiCHSiEt 16 235
3 Et 3 3 37 Me
Me . MeH Et
RH + Me,SiCHSiSiMe, —®> Me,SiCHSiSiMe, + Me,SiSiSiMe, 10.4 80
3 3 3 3 3 3
Et Et -CH
CH,
MeH ..
Me,SiCHSiSiMe, — P> Me,SiH + Me,SiCHSiEt 13.3 203
3 3 3 3
Et Me
.. H
Me,SiCHSIEt e Me,SiCHSi 12.3 44
Me Me
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(39)

(40)

(41)

(42)

(43)

(44)

(45)

(486)

(47)

(48)

(49)

(50>

(51)

(52)

(53)

(54)

Me SiCHSl\l—> Me, SiCHSlEt

. Slne3
Me3Si$rSiEt — Et(H)SKi]—
e
Sir‘le3
Et(H)S —— He3SiCHSiEt
Me

H ..
Me3SiCHSi\j B Me3SiCHSiH + CH,aCH,
Me Me
SxHe3
Et(u)s1<]' ——P Me SiCH—CH, + Et(H)Si:

Et(H)Si: —P stq

HySi —P Et(H)Si:
H,Si R HySi: + CH,=CH,
He2
RH + Me,;SiSi* —P Me,SiSiH + Me SiSiSiCH
3 3 rdis]
Et Et Et,
2 ta
Et Et

Et Et

RH + Me,SiCHSiSiMe — Me,SiCHSiSiMe, + Me,S1SiSiCH 10. 4
3 d 3 3 3 3 L 3
Me MeH Et,

Me
2
RH + Me,Si+ —P Me,SiH + Me,SiSiSiCH
3 3 3Tt 2
2
Me,
Me,SiSiSiCH, —P Me,Si=—CH, + Me,SiSi-
3 <12 2 2 3
Et, Et,
Me,
Me,SiSiSiCH, —P Me,SiSi iMe
37 Ee, 2 \/S 2

Me.Si$ SiMe, —P» Me,Si==CH., + Me,SiS1"
3 ‘\/ 2 2 2 e,

RH + Me SiSi\/SINez —> HeasiSi\/Sxﬂez + He3$1$

*Log (A/s” ) for unimolecular reactions and (A/dm
bimolecular reactions; Ea in kJ mol'1

- 174 -

Me

2
RH + Me_,SiSiSiMe —P> Me.SiSiSiMe, + Me,SiSiSiCH
3 . 3 3 H 3 3 Et 72

2

mol =1

14

12.3

14

16.9

16.9

12.3

14

16.9

10.4

10.4

Me2

10.4

15

12.3

15

He2

Et2

s'l) for

62 12

4q 12

62

108

108

44

62

108

80

80

80

7S5

181
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191
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log [C2H4]

1 1 1 (| 1 1 /] 1

-1.2

1 J

-85 -83 -681 -59 -5 -55 -53

log [DEHMTS]

-6.1 -4.9

—— ORDER = 1.8 (860 k)

Figure A2.4: Plot of log[CzH4] against
Slope = 1.57 * 0.0S.

Table A2.2:

-4.7 -—-4.5

log[DEHMTS].

Experimental Calculated
Product -1 1 -1 ~1
log (A/s ) E, (kImol 1 log (A/s 7) Ea(kJmol )
CH,=—CH, 20.8 £ 0.5 |308 + 9 20.7 +1.6 318 + 22
Me3SiH 20.8 % 0.6 |310 £ 9 19.5 1.4 303 + 23
Me SICH=CH,[18.0 % 0.5 374 £ 10 18.6 £ 1.4 [312 %23

[A factors calculated using moldm™3 as the unit of

concentration]




| 4% | | |

m ' ' o ' ' T 13
1000/T

Figure A2.5: Experimental Arrhenius plot for the formation
of ethene between 570-630°C.

-228+

| +3
B —+4
-530+- s
TR . . . , | H % T T
1000/T

Figure A2.6: Calculated Arrhenius plot for the formation
of ethene between S$70-630°C.
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