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ABSTRACT

The gas phase Hg(63pl) sensitization and direct
photolysis of disilane and the Hg(63P1) sensitization of
phenylsilane molecules have been investigated in detail.
The primary processes and ensuing secondary reactions of
the various silicon radicals have been elucidated.

The initial step in the mercury sensitization
of 512H6 and SiZDG was found to involve only Si-H bond
cleavage. The hydrogen atoms undergo a novel displacement
reaction with disilane as well as the more common abstrac-
tion reactions. Scavenging studies with ethylene and
nitric oxide coupled with isotopic substitution have
shown that disilanyl radicals either combine in the
presence of a third body or disproportionate to disilane
and a diradical species, Monosilyl radicals only dis-
proportionate to gilane and silylene at pressures below
one atmosphere.

The mercury photosensitized decomposition
occurs with unit efficiency at room temperature and a
temperature study indicated that the monoradicals were
stable with respect to homogeneous decomposition up to
220°C. The monosilyl radicals abstract from the disilane
substrate and the disilanyl radicals displace a silyl

radical from disilane at elevated temperatures.



The mercury photosensitization of phenylsilane
resulted in near unit decomposition at room temperature
and above. The major step was found to be Si-H bond
cleavage. Two other processes, C-Si scission and
elimination of SiH2 contributed about 20% between them.
Isotopic substitution studies showed that monosilane
was formed by the abstraction of hydrogen atoms from
the silyl side chain by SiH3 at 105°C.

The mechanism of the near ultraviolet photolysis
of disilane was deduced from the effect of exposure
time, pressure and radical scavengers on the product
yields. Molecular elimination processes predominated
over single bond homolyses in this system. Both Siﬂ‘
and Hz were primary products. Molecular hydrogen was
formed from both 1,1 and 1,2 elimination. The silylenes
Sin and siHJSiH inserted into substrate to give tri-
silane and tetrasilane while SinsiH2 was the polymer
precursor. The contribution to the overall decomposition

of Si-H and Si-Si scissions was less than ten per cent.
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CHAPTER I

INTRODUCTION

I. SOME ASPECTS OF SILICON CHEMISTRY

The chemistry of silicon is a dynamic, rapidly
expanding field. In 1964 one hundred and eighty references
were considered sufficient to give a review of the work
being done in organosilicon chemistry. By 1967 more than
four times as many references, eight hundred and sixty-
five, were required for a similar review in the fledgling
series Organometallic Chemistry Reviews. Admittedly most
of the work is of a preparative nature but the scattered
references to mechanistic and kinetic studies are becom-
ing more frequent, and tend to emphasize the differences
between carbon and silicon chemistry. wWwhat is the physical
basis for these differences?

carbon and silicon atoms both have 3? ground
states which, in simple valence-bond theory, may be
represented as (nsznpz) where n = 2 for carbon and 3 for
silicon. Silicon has vacant 3d orbitals which lie 130
kcal/mole above the highest occupied orbitals whereas
the 3d orbitals in carbon are 220 kcal/mole above the 2p
orbitals (1). The five-fold degenerate d-orbitals of
silicon are available for bonding then since energetically

it is more favourable to promote a 3p electron to a 3d



orbital than to promote one of the paired 3s electrons to
a 3p orbital, 130 kcal/mole vs 139 kcal/mole. Rather
drastic conditions are necessary for silicon to expand
its valency to six; strongly electronfwithdrawing ligands
such as fluorine are able to contract the diffuse 4
orbitals sufficiently to permit the existence of the
compound KZSiFG.

Another role of the d-orbitals in silicon is in
internal (p“ - d“) bonding. While the existence of this
type of bonding is generally agreed upon, its strength is
still under debate (2). To list only a few of the phe-
nomena which could be attributed to (p“ - d") bonding one
can mention the following:

The electron density withdrawal from the aromatic
ring in silylsubstituted benzenes (3).

The interaction between the silicon atom and the
half filled p-orbital in the (CH,) 351-&}12 radicals (4).

The various peculiarities in the near u.v. spectra
of extended chain and cyclic silanes (5,6).

The vacant 3d orbitals of silicon then may be
utilized for external bonding as in the hexavalent silicon
salts, internal (p' - d") bonding in either the ground
or excited electronic state, or as a low-1lying multi-
directional path for both heterolytic and homolytic
attack on silicon atoms (7). Thus these orbitals serve

to modify slightly the chemistry of the normal 393



hybridization common to both carbon and silicon.

Though sp3 hybridization is common to both
families, stable examples of sp2 and sp hybridization in
silicon chemistry are unknown. This is also seen in the
physical properties of the free radicals derived from
silicon. The unpaired electron on monosilyl radicals,
trapped at 4°K, retains 21% of its s character and the
radical retains its pyramidal configuration in contrast
to the methyl radical in which the electron is in a p-
orbital and the radical is planar (8-12). The ground
state of :siH2 has recently been found to be a bent sing-
let (13,14), again in contrast to the linear triplet
ground state of :CH2 which can be said to represent sp
hybridization of the carbon electrons. It is concluded
then that silicon is either sp3 hybridized or else not
hybridized at all, i.e. divalent.

Divalent silicon species have been predicted
to possess some degree of stability (15,16) . Difluoro-
silylene has a half-life of approximately 150 seconds at
ambient temperatures and 0.1 torr (17). As a consequence
of this stability silicon compounds have the avenue of
molecular elimination open to them in their decomposition
reactions

R‘Si —=+ R - R+ :SiRz (1)

and indeed the high temperature decomposition of silicon



halides has proven to be one useful source of halo-
silylenes (18).

Silicon is less electronegative than most of
the atoms with which it commonly combines (19). As a
consequence, the hydrogen of the silicon-hydrogen bond
is hydridic and carbon carries the partial negative charge
in the charge separation of the silicon-carbon bond.
Heterolytic cleavage of the bonds to silicon thercfore
proceeds more readily than in carbon chemistry. Trends in
homolytic cleavage of these same bonds are rather more
difficult to predict.

Some bond enthalpies are listed in Table I
where it can be seen that gilicon-silicon and silicon-
hydrogen bonds are weaker than the corresponding carbon
linkages but the bond enthalpies for silicon and Group
v, VI and VII atoms are greater than those for carbon and
these atoms. Individual bond dissociation energies and
best estimates for the heats of formation of some silyl

compounds of interest are given in Table II.

II. SILYL RADICALS

In view of the foregoing discussion and the
increasing stability of divalent species as one descends

the Group IV atoms from C to Pb reaction path (2]

MR — :MR

4 2+R

2 (2)



(]

FC ]
-

a)

b)

c)

d)

e)

TABLE I - I

Some Bond Enthalpies (kcal/mole) for MX

c si
99.2% 77.4 (5154)b
82.62 73.2 (MeySicl)©
72.8% 76.4 [(Me3Si)2NH]c
85.5% 106.3 [(Me351)201°
116 (CF)® 142 (siFp¢
81 (cc1p)? 97.2 (sic1?
68 (CBr,)? 75.6 (siBr)?
51 (c1,)? 56 (511‘)d
73.2° 64 (siH)P®

T. L. Cottrell, "Strengths of Chemical Bonds",
Butterworth, London, 2nd ed., 1958.

Based on AH? (gas)® of SiH, = 7.3; Si,H¢ = 17.1; Si =
108.9; H = 52.1 (kcal/mole).

A. E. Beezer and C. T. Mortimer, J. Chem. Soc. (A),

514 (1966) .

A. E. Beezer and C. T. Mortimer, J. Chem. Soc.,

2727 (1964) .

D. D. Wagman, W. H. Evans, V. B. Parker, 1. Halow, S.
M. Bailey and R. H. Schumm, "Selected Values of Chemical
Thermodynamic Properties”, National Bureau of Standards
Technical Note 270-3, U.S. Government Printing Office,

Wwashington D.C., 1968.



TABLE I - II

Some Bond Energies and AHE(g) for R-X (kcal/mole)

R-X

HZSI-H

HSi-H
Si-H
3381-8183

35812-3

(Me)381-ﬂ
(He)3Si-B

(Ma)3Si-C1

(Ma)381-8r

(Ma)331-1

(Me) ;Si-Me

(He)ssi-s:l(lla)3

aHZ_(R)

50
87
109
50

Ref.

(20)

(22)

(20)

(24)

(25)
(24)

(25)

(24)
(24)
(24)
(25)
(24)
(25)

D(Bond)

94

74
8l
90
8l
70
88
123
79
69
75
75
67
67

£.

(21)

(22)
(21)
(23)
(24)
(25)
(24)
(25)
(24)
(24)
(24)
(25)
(24)
(25)



may be expected to successfully compete with single bond

homolysis

MR, -+ -MR; + R (3]

in the pyrolysis of silanes. This competition is demon-
strated in the thermolyses of hexamethydisilane and penta-

methyldisilane (26-33) where the primary steps are

Me3Si-SiMe3 - 2Me3Si

MeJSi-SiMeZH -_— MeBSiH + MeZSi:
and emphasizes the care with which potential silyl radical

sources must be chosen.

A. Production of free radicals

(i) Pyrolysis

(a) Monosilane and its derivatives:

The thermal homolytic cleavage of covalent
hydrogen bonds to silicon has been used as a source of
silyl radicals. There exists some controversy as to
whether the primary step in the pyrolysis of monosilane is
analogous to [2] or (3] (34-37). Purnell and Walsh (36)
favour the split into molecular hydrogen plus silylene.
Ring et al. (37) favour the initial cleavage of a single
Si-H bond. They cite the formation of HD in an SiH‘ -
SiD‘ mixture as being evidence for this mode of decom-
position but fail to report their yield of hydrogen. It

has also been observed that a mixture of GeH4 and GeD‘



produces HD on pyrolysis but this reaction was complicated
by surface effeéts and it was concluded that germane de-
composed via pathway [2] (38,39).

In support of reaction pathway (3] White and
Rochow (40) found ethylsilane and vinylsilane respectively
when silane was pyrolysed in the presence of ethylene and
acetylené. This however, probably indicates no more than
the presence of free radicals in the system since they
observed extensive polymerization on the walls of the
reaction vessel.

These conflicting opinions on the nature of the
initial step have given rise to two theoretical interpre-
tations based on the stability of silylenes or a modifica-
tion of the reaction path by d-orbitals. The proponents
of primary step (2] consider disilane as being formed by
insertion of the initially formed ground-state singlet
silylene into a silicon-hydrogen bond of silane. In the
second case the monosilyl radical from the initial step
approaches a substrate molecule on a potential surface
modified such that it loses one of its hydrogen atoms
and then forms disilane.

A greater number of studies have been done on
the pyrolysis of alkyl silanes but most of them have been
of an exploratory nature. Tetramethyl silane decomposes

at an appreciable rate only above 650°C (41). The



activation energy was measured at 79 kcal/mole but the
products are not simple so it is not possible to equate
this value with the carbon silicon bond in (CH3)4Si (42).
Trialkyl silanes have been reported to decompose more
rapidly than the tetraalkyls at the same temperature (43,
44) . The fact that these pyrolyses are indubitably chain
reactions only reflects the presence of a Si-H bond which
is more easily abstracted than a C-H bond and does not

necessarily mean that D(3Si-H) is less than D(=Si-C) .

(b) Compounds containing Si-Si bonds:

pDisilane and hexamethyldisilane have been the
subject of numerous investigations. Early studies on
disilane established that the decomposition obeyed first-
order kinetics with an activation energy of 49-51 kcal/
mole (45,46). A free radical mechanism has been pos-
tulated. More recent investigations of the pyrolysis of
disilane however indicate that the primary step is
decomposition to form é silane molecule plus silylene.
The silylene then inserts into the silicon hydrogen bond
to give the product trisilane which is equal to the
monosilane when decomposition is restricted to less than
one per cent (47-49).

Substituted disilanes may also decompose by
path (2]. Pentamethyldisilane yields trimethylsilane

and dimethylsilane (33). This same type of reaction is



well characterized for methoxy substituted disilanes and
has been observed for Me3SiSiMe2x where X = C1,0Ph,Ph
(18).

In contrast, hexamethyldisilane has been found
to undergo homolysis of the silicon-silicon bond (26-32).

Well-known sources of carbon radicals such as
azocompounds, metal alkyls and peroxides have not proved
to be useful sources of silyl radicals. Substituted
silyls of the type R3Si-—N=N-SiR3 have been prepared but
decompose to give (R3Si)2N-N(SiR3)2 + N, rather than
(R381)2 + N2 (50). Similarly substituted silyl mercurials
have been prepared but their thermal decomposition in
solution to give silyl radicals has been questioned. It
appears that the mercurials undergo a molecular reaction

(51-54).

(ii) Photolysis

The simple hydrides and organic derivatives of
silicon do not absorb in the near ultraviolet. Mercury
photosensitization provides a means of achieving reaction
and has been reported for silane (55,56), the methyl-
silanes (56) and the chlorosilanes (57,58).

In all cases silicon-hydrogen bond cleavage
occurred if one was present. In tetramethylsilane
carbon-hydrogen bond cleavage took place instead. No

reaction occurred with tetrachlorosilane. Monosilane

10
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sensitization must include additional steps since in a
fresh reaction vessel hydrogen is produced with a quantum
yield of ten but decreases to three in a used cell.

Reedy (58) also employed various organic sensitizers

and found no reaction when trimethylsilane was photo-
gsensitized with benzene. This indicates that D(Me3Si-H)
> 83 kcal/mole.

Linear (5) and cyclic (6) polysilanes absorb
in the near ultraviolet. Dodecamethylcyclohexasilane is
reported to undergo ring contraction on photolysis to
give permethylcyclopentasilane plus dimethylsilylene (6).

The onset of absorption of silane and the
methyl silanes in the vacuum-ultraviolet is red-shifted
from the simple alkanes (59). The importance of initial
decomposition to silylene or a methyl-substituted gsilylene
has been unequivocally demonstrated through the use of
nitric oxide scavenging and isotopic labelling studies
in the 123.6 nm and 147 nm photolysis of methylsilane
(60,61) . Subsequent work on the vacuum ultra-violet
photolysis of dimethylsilane and disilane (62) as well
as monosilane (63) has provided further examples of the
universal nature of this process. The silylenes insert
into a silicon-hydrogen bond of the substrate to give
vibrationally excited disilanes which can be pressure

stabilized.
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Other examples of direct photolysis include
the flash photolysis of chloro- and bromosilane to give
molecular hydrogen plus the monohalosilylene (64) and
the vacuum ultraviolet photolysis of silane and its
halogen derivatives using a hydrogen discharge (65-68) .
Aromatic substitution on the silicon atom makes it amen-
able to absorption in the near ultraviolet. While it
was possible to observe a weak spectrum of Sill2 from the
flash photolysis of phenylsilane (69) less drastic con-
ditions with diphenylsilane produced a redistribution
of the phenyl groups via participation of silyl
radicals (70).

4¢,5iH, Sy 0,51 + 9,SiH + ¢-SiH, + SiH,

The most convenient photolytic source of silyl
radicals in solution to date has been the photolysis

of the bis(trialkylsilyl) mercury compounds (53,71,72).

(iii) Metathesis
A technique used extensively in preparative
work is the free radical initiated chain addition of
silyl radicals to unsaturated compounds. The most common

initiators are t-butyl peroxide and azoisobutyronitrile.

R '
Rssiﬂ + R -+ R'H + 8381

Only catalytic amounts of initiator are required and
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side reactions between the initiator and the silyl
radicals are thus minimized.

Recently several kinetic studies on the alkyl
free radical metathetical reactions with silanes and
substituted silanes have been reported (23,73-86). In
all cases the rate of abstraction was greater for the
silane than for the corresponding carbon compound. It
has now been established (23,73-75,77,78) that the
increase in reactivity is due to the lower activation
energy for the abstraction reaction, the A-factors being
similar for both carbon and silicon compounds.

The thermal reaction between hexamethyldisilane
and iodine proceeds by a SH2 mechanism rather than by
abstraction of a hydrogen atom as is the case for

alkanes (87).

I + Me3si—SiMe3 — Me3SiI + MeJSi

This type of reaction is common for elements possessing

vacant d-orbitals (88).

(iv) Other Methods

Radiolysis and electric discharges have also
been employed to produce silyl radicals (63,89,90).
Because of the high energy of the radiation, indis-
criminate breaking of the various bonds usually occurs,

giving rise to a wide variety of products.



14

B. Removal of free radicals

Organic free radicals undergo three broad
classification of reactions:
(i) Unimolecular reactions
a) isomerization
b) decomposition
(ii) Radical-Molecule reactions
a) addition to unsaturated molecules
b) abstraction or radical transfer
(iii) Radical-Radical reactions
a) combination
b) disproportionation
These reactions have been the topic of several review

articles (91). Silyl radicals will be considered under

the same classifications.

(i) Unimolecular Reactions

Kinetic studies on the isomerization and
decomposition of silyl radicals are non-existent. There
are some qualitative observations which indicate that
the permethylsubstituted radicals are more stable toward
unimolecular decomposition or isomerization than the
corresponding alkyl radicals. Trimethylsilyl radicals
are stable up to 400°C (56). These radicals are pro-
duced in the homolysis of hexamethyldisilane and are

postulated to undergo only combination or abstraction
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reactions at low pressures and 550°C (30). At pressures
higher than 1 torr and temperatures 400-600°C the
decomposition of hexamethyldisilane is complicated

by chain reactions and the various steps are uncertain
(26-32) . The radical produced when trimethylsilyl
abstracts from hexamethyldisilane, while not a silyl-
radical itself, does rearrange to a silyl radical at

pyrolysis temperatures (92).

Messi-SiMQZCHz -— Me3Si-CHZSiMe2

No isomerization took place at 80°C.

Two other examples of the stability of silyl
radicals under conditions where carbon radicals are
known to isomerize are the benzyldimethylsilyl (70) and

cyclopropyldimethylsilyl (93) radicals at 140°C.
¢-CH,SiMe, ¥+ CcH SiMe CH,; ">—-SiMe, ‘¥ ring opening

(ii) Radical-Molecule Reactions

The addition of silyl radicals to double bonds
is one of the major laboratory sources of organosilicon
compounds (94). Addition to terminal alkenes is anti-
Markovnikov. The silicon hydride is such an efficient
chain transfer reagent that the monomer can be used to
characterize the free radical in the system (40,89). 1In

spite of, or because of, the extensive use of this reaction
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for synthesis almost no kinetic studies have been done.
The relative rates of the thermal addition of trichloro-
silane to cthylene and methyl-substituted ethylenes

suggest that the trichlorosilyl radical is electrophilic
(95) :

CH2=CH2 < Me2C=CH2 < MeCH=CH2 < EtCH=CH2 < Me,C=CHMe < Me,C=CMe

2 2 2

Silyl radicals may abstract from saturated
compounds. There exists an empirical relation, after
Polanyi, between the enthalpy change for an abstraction
reaction and the activation energy of the same (96).
Hydrogen abstraction by silyl radicals is expected to
be slower than for the corresponding alkyl radicals be-
cause of the lower Si-H bond energy. Trimethylsilyl
radicals produced by the photolysis of bis(trimethyl-
silyl)mercury in anisole, xylene and toluene produced
only small amounts of trimethylsilane - less than 1%
of the mercurial which had decomposed (97). Pentamethyl-
disilyl reacted with toluene at 135°C to give addition
and recombination products. Bibenzyl accounted for about
8% of the toluene which had reacted (98). A material
balance in the published data suggests that the benzyl
radicals were largely produced by abstraction by the
initiator.

At the temperature used for the pyrolysis of

hexamethyldisilane, however, abstraction of hydrogen



from the substrate can compete effectively with combina-
tion of the free radicals in the system (32).
Abstraction of halogen atoms from halo-carbons
by silyl radicals is exothermic and has been reported
by several workers (99-113) . The abstraction from
alkylchlorides and bromides by SiCl3 has been shown to

be a straightforward chain reaction in which the relative

17

rates for a series of normal and branched alkyls accurately

reflect the energy of the bond being broken (112,98).

i.e. k <k and kCl <k

prim < ksec tert Br

The same reactivity was found for triethyl and
diphenylmethylsilyl radicals reacting with a series of
halogen-substituted hydrocarbons (103-105) . Carbon
tetrachloride was found to be the most reactive among
the chlorinated hydrocarbons and it has been used to
demonstrate that a silyl radical derived from an optically
active silane retains its optical activity (106) . Carbon
tetrachloride also competes effectively with phenyl-
substituted silanes for silyl radicals (101,105), which
in the absence of CCl4 undergo redistribution (70).

The reactivity of MenSiC13_n when n = 0-3
toward primary and secondary C-Cl bonds has been est-
ablished as Hejsi > Me281C1 > MesiCl, > SiCl, (107,108) .

Bearing in mind that the free electron in 'SiH3 retains
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21 per cent s character and that there is evidence that
this decreases with methyl substitution (8-12) it would
seem that a correlation exists between the degree of s
character of the unpaired electron and the selectivity
of the radical.

Aryl halides are subject to abstraction reactions
(109-113) as well as the more familiar substitution reac-
tions. Curtice et al. (109) found no evidence for a
chain reaction when triphenylsilyl radicals, formed by a
peroxide initiator, abstracted chlorine from chloro-
benzene. The resultant phenyl radicals appeared as
chlorobiphenyls in the products along with the triphenyl-
chlorosilane. Sakurai et al. (111), however, favour the
homolytic substitution mechanism for the peroxide
initiated reaction between triethylsilane and chloroben-
zene since they found no chlorobiphenyls among the pro-
ducts, only hexaetiyldisiloxane, benzene and phenyltriethyl-
silanes. Davidson et al (110) have shown that the thermal
gas-phase reaction between trichlorosilane and chloro-
benzene proceeds via two distinct chain mechanisms. The
one leads to the condensation product phenyltrichlorosilane
pius hydrogen chloride and the other, the abstraction
reaction, to trichlorosilane and benzene. A preliminary
investigation by the same authors of the trimethyl-
silane plus chlorobenzene reaction was complicated

by secondary processes, such as the cleavage of



trimethylphenylsilane by hydrogen chloride to give benzene
and chlorotrimethylsilane. The same parallel processes
are probably occurring in the peroxide initiated reactions
and would explain the differing results of the two groups

in the liquid phase.

(iii) Radical-Radical Reactions

Free radicals usually disappear from a system
by either combination or disproportionation. Silyl
radicals, because they don't form stable P, - P, bonds,
would not be expected to form the analogous dispropor-
tionation products of alkyl radicals, i.e. silane and
nonexistent silene. On the other hand it might be
possible for them to follow another disproportionation
path to yield a saturated molecule and a diradical
intermediate.

Trisubstituted silyl radicals have been found
to give only recombination products when they are the
only radicals in the system (56-58). Disproportionation
of the trimethylsilyl radicals to tetramethylsilane and
dimethylsilylene is apparently unfavourable. Such is not
the case for mono- and dimethylsilyl radicals. Some
processes other than dimerization must be occurring and

disproportionation is a plausible alternative (56,114) .

2 He2518 — Mezsiﬂz + MeZSi:

— (MQZSiH)z

19
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This alternative reaction is more important for
monomethylsilyl radicals than for dimethylsilyl radicals.
A logical extension of this trend is that combination of
unsubstituted monosilyl radicals may be less favourable
than disproportionation to give silane and silylene. In
fact when silyl radicals were formed in the presence of
excess methyl radicals the products could be rationalized
only if the predominant reaction between methyl and silyl
afforded methane plus silylene (115). The silylene could
then combine or disproportionate further when the methyl
radicals to give di- and trimethylsilane.

Hydrogen atoms were reacted with a mixture of
Sil{4 and siD4 to give monosilyl and monosilyl-d3 radicals
(62) . Mixed disilanes were formed in which the major
components were do, dz, d4, d6 in support of dispropor-
tionation, followed by insertion of the silylene into
the Si-H bonds to give the observed disilanes.

Substituted and unsubstituted silyl radicals
react efficiently with the stable free radical nitric
oxide (56,116,117) to produce siloxanes and nitrous
oxide as the principal products. At room temperature
the reaction is a chain reaction and produces nitrogen
and hydrogen as well. The mechanism has not been
elucidated but the best available data indicate that the

silyl radical reacts with the oxygen end of NO (56,117):
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SiH3 + NO -~ 81H30N

SiHBON +4 NO -+ SiH,ONNO ~+ SiH,0 + N

3 3 2°

2SLH3ON + SLH3ON20$1H3 i 281H30 + Nz

SiH30 + 8184 + SiH,0SiH, + H

3 3
or + 51H3OSLH2 + H2
III. SILYLENES

In that body of literature concerned with the
kinetic and mechanistic aspects of free radicals derived
from silicon there is an increasing awareness of the
importance of divalent silicon intermediates. Many of
the methods utilized for production of monoradicals may
also give the diradical, silylene. Why, then, were the
silylene intermediates not characterized sooner? The
answer lies in their chemistry. This has recently been
reviewed by Atwell and Weyenberg (18) so that this
discussion will be confined to the gas phase work.

Silylenes generated in the absence of other
reagents polymerize. pDifluorosilylene has been exten-
sively studied by Margrave and co-workers (118). This
polymerization is not confined to the halosilenes how-
ever; polymers variously described as "non-volatile

viscous liquids®" or “"white polymeric films*®, depending
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on the substituents, are products of the reaction of all
free radicals.

Skell and Goldstein (16) postulated that dimethyl
silylene inserts into the silicon-hydrogen bond of tri-
methylsilane. This is a characteristic reaction of silyl
silylenes and alkylsubstituted silylenes (60,61) . A
series of competitive reactions has been established that
at the pyrolysis temperature of disilane, the rate of
insertion of Sin into Si-H bonds decreases in the order
MeZSiH2 > MeSiH3 > SiZHG > SiH3C1 (49) . In a parallel
study Bowrey and Purnell (48) found that siH2 from the
pyrolysis of 512H6 inserted into the Si-H bond of mono-,
di-, and trisilane., No reaction was found with either
tetramethyl silane or the alkanes, ethane and propane.
Thus we can say that silylene is an electrophilic reagent
and that there exists an energy barrier for insertion into
primary and secondary carbon-hydrogen bonds which is
greater than that for insertion into Si-H bonds of disilane.
In addition, there is no evidence for insertion at C-Si
bonds or Si-Si bonds (16,47-49,60-62,119) .

Silicon-hydrogen bonds are not the only ones
reactive toward silylenes, as has been shown by condensed
phase work. In this medium "the insertion of gsilylenes
into a variety of MX bonds (where M represents boron,
carbon or phosphorus and X represents halogen or alkyoxy)

may be a rather general reaction® (18).



23

Diphenyl acetylene is an effective radical trap
for silylenes formed in the condensed phase, where the
initially formed silacyclopropene dimerizes to give a
1,4 silicon substituted cyclohexadiene. 1,3-Butadiene is
just as effective as substituted acetylenes for trapping
silylenes in solution and both of these linkages are more
reactive toward silylenes than ethylene (18). No reactions
between divalent silicon intermediates and acetylenes or
1,3 dienes have been reported in the gas phase. This
can only be because no suitable system has been studied
since dimethylsilylene reacts with ethylene go give
vinyldimethylsilane (16). Contrast this with the vacuum
ultraviolet photolysis of methylsilane where ethylene
could not compete successfully with the substrate for the
CHJSiH and SiH2 present in the system (60).

From the gas-phase work the order of reactivity
of silylenes is
prim-CH and sec-CH < C2H4 < prim-SiH < sec-SiH < tert-SiH
and from condensed phase work we have
benzene < ethylene < dimethoxytetramethylsilane <dienes

and alkynes,

It should prove fruitful to add a diene or an
alkyne to the disilane pyrolysis system.

Silylenes do not combine with the free radical

nitric oxide. This proved to be useful in the elucidation
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of the mechanism of the vacuum ultraviolet photolysis
systems (60-62).

In conclusion silylenes insert into silicon-
hydrogen bonds, add with facility to dienes and alkynes

and are inert toward nitric oxide.

PRESENT INVESTIGATION

The complexity of the mercury-sensitization of
monosilane as compared to the methyl-substituted silanes
required that some other source of unsubstituted silyl
radicals be found. Phenylsilane was a possible source.
1f, as was true for the alkylsilanes, only silicon-
hydrogen bond fission took place the reactions of the aryl-
substituted silyl radical could be compared to the alkyl-
substituted radicals. It was also possible that silicon-
carbon cleavage could occur. The extent of either of
these processes would add to the understanding of energy
transfer by excited mercury atoms.

Disilane has both Si-H and Si-Si bonds. Both
of these bonds exhibit large quenching cross-sections in
their collisions with excited mercury atoms (Table III).
Elucidation of the reaction mechanism for the mercury
sensitization of disilane, in addition to its intrinsic
interest, should also provide information on the mode
of transfer of energy from mercury to the polarizable

bonds of silicon.



TABLE I - III

Quenching Cross Section Values of Silanes and

paraffins for Hg (63?1) M:ousa

Silicon 2 2 Carbon 2 2
Compounds gQL_A_ Compounds gQ‘_h_
siH, 26 cH, 0.06
MesSiH, 32 c, Hg 0.10
(Me) ,84H 33 C,Hg 1.5
(Me) ,81H 30 (Me) ,CH 6.8
(Me) 84 5.0 (Me) C 1.4
(Me) ,84F 1.0 Celig’ 39.4
(Me) ,81F, 0.19 Clighe” 59.1
(Me) (81, 33

(a) See reference (120) .

(b) See reference (121).



In view of the facility of the metathesis
between methyl radicals and the silanes it was felt that
a study of the fate of the resultant silyl radicals would
contribute to an understanding of their chemical reactions.
It was postulated that since methyl radicals readily
abstract from silanes, hydrogen atoms should also produce
silyl radicals plus hydrogen molecules, and provide yet
another source of silyl radicals.

The thermal stability of the silyl radicals
was also studied.

The onset of absorption of disilane occurs at
approximately 210 nm so it is possible to effect the
direct photolysis using conventional photolysis techniques.
The results of this study were contrasted with the mercury

sensitization system.
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CHAPTER II

EXPERIMENTAL

High Vacuum System

Pressures of 10"% torr could be realized in a
conventional high vacuum apparatus pumped by a three stage
mercury diffusion pump backed by a Cenco Hyvac 7 oil
pump. The apparatus was rendered grease free throughout
by means of Delmar mercury float valves and Hoke metal
diaphragm valves (numbers TY440, C413K and C415K).
Absolute pressures were measured with a MacLeod gauge, a
constant volume mercury manometer or an Octoil §
(Consolidated Vacuum Corporation) manometer. Low tem-
perature distillations and gas transfers were monitored
on a Pirani vacuum Gauge (Consolidated Vacuum Corporation,
Type GP-140) utilizing Pirani gauge tubes (Consolidated
vacuum Corporation Cat. No. GP-001). Samples could be
introduced into the attached inlet system of the gas
chromatograph either through the Toepler pump - gas

burette assembly or directly from the distillation train.

Photolytic Assembly

All experiments were carried out in a 60 x S0
mm cylindrical quartz cell equipped with a cold finger
and attached to the vacuum system via a quartz to pyrex

graded seal through a Hoke TY440 valve. For runs at

27
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elevated temperatures the cell was surrounded by an
insulated aluminum block furnace equipped with quartz end
plates to minimize heat losses at the faces of the cell.
Temperatures were determined with an iron-constantan
thermocouple. Potentials were measured on a Leeds and
Northrup potentiometer (Catalogue Number 8667) .

The incident radiation was derived from two
different sources, a low-pressure mercury resonance arc,
Hanovia #687A45, and a medium pressure mercury arc,

Hanovia Type 30620. For both sources provision was made
for inclusion of appropriate wavelength and neutral density
filters. The low-pressure arcC had a Vycor envelope which
effectively eliminated the 184.9 nm resonance line. This
lamp was used as the source of the 253.7 nm mercury
resonance line. The lines around 280, 265 and 195-205 nm
in the medium pressure arc were utilized for various

experiments.

Analytical System

Gas chromatography (g.c.) was the major analytical
tool. It was used for identification, purification and
separation of the reactants and products. Three different
detection systems were used in the present study. The
initial work was done with a Gow-Mac TR-II-B temperature
regulated thermal conductivity cell maintained at 150°C

and with a filament current of 250 mamp. The power supply
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unit was a Gow-Mac 9999-C. This detector was subsequently
replaced with a Gow-Mac Tr-III-A temperature regulated
thermistor cell thermostated at 40°C. The power supply
for this unit was a Gow-Mac 9999-D1 and was operated at
10 mamp. The chromatograms were displayed on a Sargent
model RS recorder.

For these units the carrier gas was helium
(single stream) which had passed through activated
molecular sieve 13X in a spiral trap bathed in liquid
nitrogen. The flow was regulated with an Edwards needle
valve and was measured with a bubble flow meter. The 6
mm o.d. glass spiral columns packed with appropriate
materials were maintained at the desired temperatures in
an aluminum cylinder heated by suitably insulated
resistance wire.

Typically.non-condensable gases were measured
in the gas burette from where they could then be intro-
duced directly into the evacuated sample loop of the g.c.
or pass to a second Toepler pump equipped with a remov-
able glass ampoule. The total amount of condensable
product was measured in the gas burctte then transferred
to the g.c. sample loop. Separation was then achieved
on a suitable column and the separated components could
then be condensed from the detector outlet stream in the
trapping train. From this trapping train the samples

could be transferred directly to the high vacuum system
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and containers suitable for mass spectral (m.s.), infra-red
(i.r.) or nuclear magnetic resonance (n.m.r.) analysis.

Themthird detector used in this study was the
hydrogen-flame ionization unit of a Hewlett-Packard 5750
Rgsearch Chromatograph. Sample introduction on this unit
was somewhat different. Due to the inherent high sensi-
tivity of this detector the entire reaction mixture,
substrate plus product, was frozen into a pyrex ampoule
equipped with a Burrell Silicone rubber seal. The pressure
in the ampoule was raised to atmospheric with helium, added
from a gas syringe, after which a suitable sample could be
withdrawn in a syringe for injection onto the column of
the gas chromatograph.

Unsubstituted silanes cause relatively rapid
deterioration of the sensitivity of a hot wire detector.
For this reason the total products were measured in the
gas burette and the amount of each component was computed
from the peak size and a relative response factor. This
factor, determined from time to time remained constant at
1.23 per Si atom in the molecule.

Columns employed in this study are listed in

Table 1IV.

Materials
The compounds used, their source, grade and

purification are listed in Table V.
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TABLE II - II
Materials Used

Material Supplier Purification
SiH4 Merck, Sharpe Distilled at -160°C
and Dohme Degassed at -210°C
SiD4 Merck, Sharpe Distilled at -160°C
and Dohme Degassed at -210°C
812H6 Merck, Sharpe Distilled at -126°C
and Dohme Degassed at -160°C
81206 Merck, Sharpe Distilled at -126°C
and Dohme Degassed at -160°C
C6HSSiD3 Merck, Sharpe Preparative G.L.C.
and Dohme
C6H58103 Laboratory Preparative G.L.C.
preparation
C3“8 Phillips pistilled at -130°C
Degassed at -160°C
C3°8 Merck, Sharpe Distilled at -130°C
and Dohme Degassed at -160°C
Czﬂ‘ Phillips Degassed at 196°C
NO Matheson pPassed through trap at -78°C,
soda-lime trap and ons column
Nzo Matheson pistilled at -130°C
Degassed at -196°C
1-C4H8 Phillips Research, 99.9+%
Hz Airco Assayed Reagent
D2 Matheson passed through column of
molecular sieves
Hg(He)2 Eastman Degassed at -95°C
Organic
He Liquid Air passed through column of
molecular sieves
Ar Linde pPassed through column of

molecular sieves
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Procedure

Photolytic sources were allowed to warm up for
at least one hour before use. For all quantitative runs
the incident light intensity was measured before each
run. All actinometry was done at ambient temperature.
This meant if runs were performed at elevated temperatures
the actinometric measurement was made the night before the
actual experiment since the furnace was left to equilibri-
ate overnight. Daily measurement of the light intensity
was necessary because of the attenuation of the incident
flux by the polymeric film deposited on the cell face
during a run. Approximately one hour of irradiation was
sufficient to reduce by one-half the total light absorbed
in a freshly cleaned cell. At this point the cell was
removed, and the polymer was washed off with dilute HF.

For compounds with significant vapour pressures
the cell was filled by observing the pressure on the
adjacent mercury manometer before closing the Hoke valve
to the cell. For high pressure runs with low vapour
pressure compounds the substrate was measured out in a
known volume adjacent to the cell then the entire amount
was frozen into the cell. In the cell all substrates,
pure or mixtures, were allowed to diffuse for one hour at
the cell temperature before irradiation. The time of
irradiation was minimized to reduce secondary reactions.

Substrate and products were frozen into a spiral trap at
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liquid nitrogen temperature. Non-condensables were then
pumped off through a U-trap also in liquid nitrogen and a
solid nitrogen trap, by a single stage mercury diffusion
pump to the Toepler and gas burette. Any monosilane,
ethylene or nitric oxide present was trapped by the solid
nitrogen. Appropriate slushes were used to separate the
substrate from higher boiling compounds, always through

the spiral and U-trap, and the substrate was saved for
re-use. These higher boiling compounds were then subjected
to g.c. analysis.

For phenylsilane the procedure had to be
modified, only the non-condensables at -160°C were removed
and the rest of the reaction mixture was injected into the
g.c. In this case the reaction mixture was analyzed and

the substrate was purified at the same time.

Additional Equipment

Mass spectral breakdown patterns were obtained
from Associated Electronics Industries Model numbers

MS2, MS9 and MS12,

Hydrogen isotope ratios were done on Associated
Electronic Industries Model MS10.
Infra-red spectra were recorded on a Perkin-
Elmer 421 spectrometer.
Nuclear Magnetic Resonance Spectra were obtained

from a Varian 100 Mc machine.



Ultraviolet spectra and extinction coefficients

were resolved on a Cary Model 14 spectrometer.

38
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CHAPTER III

The Hg(6391) Sensitized Decomposition of Disilane and

Disilane-d_, and the Reactions of Methyl Radicals
v

and Hydrogen Atoms with Disilane

RESULTS

The mercury sensitization of disilane was studied
as a function of substrate pressure, time, temperature,
and added free radical scavengers in order to determine
the nature of the processes responsible for the observed
products: hydrogen, monosilane, trisilane, tetrasilane
and a transparent polymeric film deposited on the cell
face.

Additional information on the mechanism was
gained from the products formed when methyl radicals or
hydrogen atoms reacted with disilane. Both of these
systems were studied as a function of disilane pressure
and temperature.

The results reported here were obtained at room

temperature unless otherwise noted.

1. The effect of substrate pressure on the sensitization

of disilane.

The effect of substrate pressure on the product
quantum yields was determined using short irradiation

times. The results are given in Table III-I and Figure
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ITI-1 for 51206 and Table III-II and Figure III-2 for
Sizﬂs. The quantum yields for monosilane and hydrogen
increase to plateau values above 100 torr but for tetra-
silane considerably higher pressures are required. The
quantum yield of trisilane varies little with pressure.

Only at the lowest measured pressure does the
monosilane to hydrogen ratio change indicating that
secondary decomposition of another product is contributing
to the yield of one or both of them. The invariance of
the quantum yields of the other products in their plateau
region shows that the deficiency in the tetrasilane yield
below 400 torr does not appear as a volatile product but
probably contributes to polymer formation. The fall-off
in all of the quantum yields below 50 torr is most
probably caused by incomplete quenching.

The reported difference in quantum yields for
the 51206 and SiZHG systems is a function of the two
different actinometers used to measure the absorbed light
rather than a function of the substrate. This is obvious
from the results when the two actinometric methods were
used to obtain the quantum yield values in the H2 + 51206
+ Hg* system (vide infra), where the quantum yield of
monosilane was 1.31 when 500 torr N20 plus 1% l-butene
was used as the actinometer, but only 0.92 when 800 torr

of propane containing the photostationary-state concen-

tration of propylene was used. Clearly the actinometer



43

Kx3ewout3oy 9pTXO SNOIITN (Q)

gojnuTw 0T = ewtl stsAtojoud (w)

€L°0 11°0 18°0 9L°0 82170 0ET* 0 zoy
L5°0 €170 6L°0 o 0£T 0 SET"0 002
Lr-o 890°0 $8°0 0L°0 SET°0 8910 101
1€°0 8¥0°0 €0°1 €9°0 810 LST"0 18
12°0 650°0 L0 85°0 LST*0 €8T°0 Lz
- - Sp°0 05°0 €810 $12°0 ot
0Ty¥rs 8ut1s Yurs %n 1933% 91030q 1103
UTe3ISUTI/SOTON ‘¢ utw/sute3suran ’ ®r "“”M“"“M

(q’e) ®URTISTd 3JO UOTILZTITSUISOIOUd

U3 I0J @Insseid JO UOTIOUNI ® S® SIONPOXd JO PTITX wmauend

i II - III 374Vd



44

omNMm 3o uoj3ezriTsudsojoyd Linoxew
103 seinssaid ajeviisqns sA saonpoxd jo p1atk unjuenb paAIesSqO T-III WNOId

1103 ‘@anssaxd w:u«m

oov 00€ 002 00T 0
T

v

sZ°0

0s°0

SL°0

uya3suTa/SITON ‘sqo ¢



45

interacts with the polymer deposited during a run and alters
the transparency of the cell window. The two actinometric
methods were compared in a clean cell (Appendix A) and

the ratio of the mecasured light intensities was found to

be Ia(Nzo)/Ia(c3H8) = 1.00/0.85. As a consequence, the
quantum yields reported herein are based on a value of

OH = 0.58 for the propane actinometer, rather than 0.50

2
unless otherwise annotated.

2. The effect of exposure time on the product quantum

yields.
The effect of time on the product quantum yields

was investigated at a disilane-d6 pressure of 235 torr.
The results, given in Table III-III and Figure III-3 show
that all the products decline with increasing exposure
time, the effect being greatest for the less stable tri-
silane and tetrasilane. The four products are all primary
products since the extrapolated quantum yields at zero
exposure time are: 0(02) = 0.58; 0(5104) = 0.73;

Q(Si3D = 0.10 and 0(814010) = 0.67.

8)

3. Effect of the addition of the radical scavenger

ethylene.
By analogy with the methyl silanes the observed

products could be formed from monoradicals and hydrogen
atoms. On the other hand, disilane might resemble mono-

silane, in which case molecular eliminations could play
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a significant role in the primary step. Ethylene was added
as a radical trap. It has been shown to be an effective
gscavenger of monosilyl radicals (40) but unable to compete
with a substrate silane for silylene radicals (18) .

Table III-IV and Figure 1II-4 present the results
from the addition of up to 4% ethylene to 200 torr of
disilane-ds. The tetrasilane—d10 yield was suppressed,
monosilane was decreased by 28%, and deuterium and tri-
silane-d8 remained unaffected. The major new product was
ethyldisilane—dG, and ethylsilane-d4 was tentatively
identified as a shoulder on the disilane-d6 substrate peak
by g.l.c.

The rapid decrease in the tetrasilane-dlo yield
with added ethylene coupled with the rise of ethyldi-

silane-d6 is indicative of the sequence,

81205 + C2H4 —_ SiZDSC2H4 (1}

SiZDSC2H4 + 81206 — SIZDSC2H4D + 81205 (2]

in which the precursors to tetrasilane-dlo are removed
by addition to ethylene, i.e. step (1] occurs in place

of step (3],

Sizbs + Sizbs — 514010 (3)

The guantum yield of ethyldisilane-d6 indicates that (1]
and ([2) are facile reactions even at room temperature.

Similar reactions of the monosilyl—d3 radical,

—— e
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PIGURE III-4: Observed quantum yield vs C2H4 pressure for
mercury photosensitization of 200 torr 81206.
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8103 + C2H4 — SiD3C2H4 (4)

SiD3C2H4 + 81206 — SiD3C2H4D + SizD5 (5]

account for the qualitative observation of ethylsilane-d4.
Deuterium and the unscavenged monosilane-—d4 now
appecared to be molecular elimination products and the
trisilane-d8 could result from insertion of SiD2 into
a substrate molecule. Another possibility for the observed
behaviour of the deuterium and monosilane—d4 yield was that
deuterium atoms reacted faster with substrate to produce
deuterium and monosilane-d4 than they did with the added
ethylene. This is consistent with the known kinetics of
the reaction between hydrogen atoms and monosilane (55,56).
Auxiliary competitive rate experiments were
done to determine the rate of reaction of H atoms with
disilane. Disilane and ethylene were allowed to compete
for the hydrogen atoms formed by the mercury photosensi-
tization of molecular hydrogen (Table I11I-V). The butane
yield gave an accurate measure of the extent of the
reaction in the absence of any competing species (127)
and the decrease in the butane yield was a measure of the
relative rates of reaction of hydrogen with ethylene and
the competing molecule.
In this system the following scheme is

applicable
A=253.7 nm

Hg + hv Hg* Ia



Hg* + Hz — 2H + Hg
H + C2H4 —_ Czﬂs
H + 812H6 — = R + molecule
R + C2H4 —_— RCZH4
Colig + Collg — C4Hyo
C2H5 + ncza‘ — C459R
-—_— C2H6 + RC2H3
2RC H, — RCqMlg

-_ RC2H5 + RCZH3

(6)
(7]
(8]
(')
(9]
(101
(11}
(12}
(13]

(14])

where R represents a silyl radical. The silyl radicals

are removed by addition to ethylene as was shown in

Table III-IV. Ethyl radicals do not add to ethylene under

the conditions of this experiment (127), and the rate

constant for this addition is 105+6 cc/mole-sec (128,129).

This is about the same value as that measured for the

abstraction of a hydrogen atom from disilane by simple

alkyl radicals, 107'1 cc/mole-sec (86). Radical-radical

reactions, therefore, were the sole mode of removal of

C,H

be made,

Mg and Rczﬂ‘. The following approximations can then

2K = 2(k9 + klo) = (kyy * klz) = 2(k;45 * kl"'

52
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This simplifies the expression for steady-state radical

concentrations to

2
Ia = K([Sizlls] + [RC2H4])

The following relation can then be derived,

Rate°(C4H1°) ks[Sizﬂsl

2
= (1 +
Rate (C4H1°)

(a)
7 (Colly

where Rate‘(C4H10) is the rate of formation of n-butane
when no competing gas is present and Rate(C4H10) is the
rate of formation of n-butane in the mixture. The ratio
ka/k7 derived from the slope of the lines in Figure I1I-5
is 3.2 for disilane and 1.7 for disilane-ds. Hydrogen
atoms reacted with disilanes faster than they added to

an equal concentration of ethylene at room temperature,
and certainly are a possible source of "unscavengable”
hydrogen and monosilane.

It was concluded that disilanyl radicals added
readily to the olefin and that the disilanyl radicals
gave rise to tetrasilane; monosilyl radicals were not the
sole precursors to the monosilane product; hydrogen
atoms, if present would not be scavenged by ethylene;
and the intermediates which produce trisilane were not

completely removed by ethylene.

4. Effect of the addition of nitric oxide.

Small concentrations of nitric oxide suppress
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the dimerization of silyl and methyl-substituted silyl
monoradicals (56) but do not remove silylene radicals
(60,61) . Addition of nitric oxide to the disilane system
should then complement the ethylene scavenging study.

The results are given in Table XI. Broadly speaking, the
effect on the product silanes was the same as it was for
ethylene: tetrasilane was practically suppressed, mono-
silane was not completely eliminated and trisilane was
again largely unaffected. In addition the hydrogen yield
was increased and nitrogen and nitrous oxide were formed.
Four new products were eluted on the g.l.c.; one between
disilane and trisilane and three between trisilane and
tetrasilane. Mass analysis of these compounds utilizing
a g.l.c. leak into a rapid scan mass spectrometer showed
them to be oxygen containing silanes. Deuterium substi-
tution on the disilane and leo were used to aid in the
identification, in no instance were the ions found to
contain nitrogen. Tentative assignments of the structures
are given in Table III-VI under A, B, C and D, in their
order elution from the g.l.c. column. The mass spectra
can be found in Appendix B along with that of a fifth
compound E, which was eluted from the column into the
mass spectrometer before A, but was not resolved on the
thermal conductivity detector.

The yield of oxygen containing silanes was

computed by assuming that the sensitivity of the detector
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was the same for the four gilicon atom skeleton as for
tetrasilane, and that a gimilar relation was valid between
trisilane and the oxygen containing three silicon atom
skeleton. The results showed a deficit in the oxygen

atom material balance.

Mention should be made of the fact that nitric
oxide served to eliminate the deposition of polymer on
the cell wall as evidenced by the absence of any attenua-
tion of the light intensity during runs with nitric oxide,
in fact the amount of light absorbed by the actinic com-
pound was greater after a run than before, in a used
cell (Table III-VII).

A further observation was that the peak area
ratios changed with time when the condensable products
were allowed to stand at room temperature (Table I1II-
VIII). For this reason the product analyses reported in
Table III-VI were always done immediately after separation
of the products from the substrate by low temperature
distillation. The more highly-oxygenated compounds E,

B and C were formed at the expense of the siloxanes A

and D(Table III-VIITI), which fact, coupled with the
material imbalance for oxygen suggested that there is an
uncharacterized highly oxygenated intermediate of limited
stability at room temperature responsible for the
observed behaviour.

The products indicated the presence of monosilyl
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and disilanyl radicals since SiH3osiZH5 and SiZHSOSiZHS
were both formed. As in the ethylene scavenging, the
monosilane could not be completely eliminated. The
unscavengable monosilane and the trisilane must then

arise from intermediates which were not removed by nitric

oxide, such as H atoms, silylenes, or from a molecular

process.

5. 1Isotopic labelling experiments.

The scavenging studies established that disilanyl
and monosilyl radicals were formed in the mercury sensi-
tization of disilane. By analogy with the mercury
sensitization of the methyl silanes a probable mode of
formation of disilanyl radicals was by scission of a

silicon-deuterium bond in the primary step,
*
81206 + Hg —_— 81205 + D + Hg (15]
followed by the abstraction reaction,

D + 81206 — SiD. + D (16])

2°5 2
to give another disilanyl radical. The importance of
steps (15) and [16] was tested by sensitizing an equimolar
mixture of 300 torr of disilane and disilane-d6 and
analyzing the hydrogen fraction for its isotopic content.
The distribution of HZ:HD:02 was 2.4:2.7:1.0 demonstrating
that H atoms and D atoms were indeed present in the

system and that there existed a significant kH/kD kinetic
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isotope effect for the abstraction reactions of hydrogen

atoms:
H + 812H6 _— Hz + SiZHS {171
H + 51206 — HD + sizo5 (18]

I1sotopic analysis of the monosilane fraction
from the equimolar mixture ruled out any major contribution
from molecular elimination of monosilane in a primary
step since the SiD3H concentration was greater than the
SiD4 concentration (Table B-VIII, Appendix B).

The mass spectrum of the tetrasilane fraction
is included in Table B-IX, Appendix A, along with the
spectra for Si4l-l10 and 514010, (Table B-III, Appendix B)
for comparison. Table B-IX shows no m/e ratio greater
than the ion corresponding to 312H551205+ and indicates
that Sizﬂs must be the dominant disilanyl radical in
the system: this confirms the existence of significant
isotope effect for the abstractions by the hydrogen
and deuterium atoms.

It was concluded that primary step [(15] was
operative with a minimum efficiency of 0.6 as given by
the quantum yield of D, that the atoms produced in
primary step (15] exhibited an isotope effect in their
abstraction reactions with 512"6 and 51206; that the major
mode of formation of monosilane was via some reaction
other than molecular elimination in a primary step; and

that disilanyl radicals recombined to give tetrasilane.
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6. The reactions of H atoms with disilane-d_ .

Hydrogen atoms were produced by the mercury
photosensitization of molecular hydrogen in the presence of
disilane-ds. The results, given in Table III-IX and
Figure III-6, showed monosilane to be the major product
with lesser amounts of trisilane and tetrasilane. 1Iso-
topic analysis of the monosilane showed the presence of
both SiD4 and SiD3H (Table B-10, Appendix B). Monosilane
does not give a parent ion, but the observed relative
intensities of SiD3+ and SiDZH+ were nearly equal.
Neglecting isotope effects, the concentration of SiD3H
in the mixture was a minimum of 50% of the total mono-
silane; if the cracking reaction exhibited a H/D isotope
effect the SiD3H fraction would be grcater.

These observations dictated a displacement
type reaction between hydrogen atoms and the disilane

molecule,
H + 51206 — SiD3H + SiD3 {191}

in addition to the more common abstraction type reaction

of hydrogen atoms,

H + 51206 — HD + SiZD5 (18]

Since the quantum yield of hydrogen atom production in
the mercury photosensitization of Hz is two, the rate
constant ratio km/k19 can be estimated to be 1.2, if it

is assumed that the difference 2-%(monosilane) correctly
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represents the quantum yield for step [19]. This provides
a mechanism for formation of monosilane which cannot be
completely suppressed by low concentrations of either
ethylene or nitric oxide and points to a single primary
step in the mercury photosensitization, silicon-hydrogen
bond cleavage.

The low gquantum yield of tetrasilane, 0.2, even
in the presénce of one atmosphere of hydrogen suggested
that hydrogen might be a poor moderator for the vibra-
tionally excited tetrasilane formed by the dimerization of

disilanyl radicals,

o *
51205 + 81205 -»> 514010 3]
814010* — fragmentation [20]
M, si,D (211

4710

when deuterated propane was added as a
moderator, Table III-X, the product yields were not
appreciably influenced. It was concluded that the
observed dependence of the tetrasilane yield on disilane
pressure was due to a reaction between a radical inter-
mediate and a disilane molecule rather than a third body
requirement for the combination of disilanyl radicals.

The system was also used to look at the
recombination of monosilyl radicals. Hydrogen was

metcury-sensitized together with an equimolar mixture of



67

peurmzelep ON (Q)

sonuTH 07 = SWII stsktoloud (@)

$Z°0 0€°0 69°1 00z oL8
0€°0 6Z°0 (Q) 0sT 0sY
¥z°0 Le°o (qQ) 0sT 00Z1
g8e°0 g8e° o0 99°1 00T 0021
v°o % Al 69°1 0S 0sZT
Le*0 1€°0 oLt 0 0621
eURTTSRIIDL auURTTISTIL auw T TSOUOH 13103 1103
9ansso1d exnss9xd
(setouwr) SIONACAd manu Nz

8¢
@) @ 5 3O @ouesdxd

S5 T T303 ST = J4°TS PeppY uath

N-I‘l‘\‘l‘ll

H 30 uoT3I®ZTITSUSSOIOUd

X - III J1Evd



Sm4 and SiDd. Disilane was produced with a quantum

yield of 0.30 and the isotopic composition of the disilane
was determined by mass spectrometry utilizing the cracking
patterns published by Ring et al. (63). The distribution
of the hydrogen isotopes in the disilane (Table B-XI,
Appendix B) indicated that most of the disilane came from
insertion of a silylene into either SiD4 or SiH4, rather
than from combination of two silyl radicals. A probable
sequence of reactions for the labelled radicals is:

*

sin, + SiD, —  SiH,SiD, (22)
sin,sip," —  SiH D + SiD, (23]
——  SiDJH + SiH, (24]

SiH, + SiH, —  siHg (25)
+ sip, ——  Si,DH, (26]
siD, + SiH, ——  si,DH, (27]
+ sip, —  si,Dg (28]

This accounts for the observed absence of SiH351D3 among
the products. The vibrationally excited disilane
molecule formed in reaction (22]) decomposes before it
can be stabilized by the 400 torr of hydrogen present

in the reaction cell. The silylenes formed in [(23) and

{24) then give rise to disilanes with only even numbers

of deuterium and protium atoms in reactions (25] - [(28].
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7. The reactions of methyl radicals with disilane.

Both the mercury sensitization of, and the
reactions of hydrogen atoms with, disilane gave monosilyl
radicals as well as disilanyl radicals. 1In an effort
to obtain a unique source of disilanyl radicals mercury
dimethyl was photoleed in the presence of varying
amounts of disilane and the results are presented in
Table III-XI. The reaction turned out to be more complex
than anticipated; in addition to the products listed in
Table III-XI thirteen other minor peaks were eluted from
the g.l.c. column. Mass spectra of these peaks indicated
that they were multimethylated silanes. It is significant
that neither methylsilane nor tetrasilane was a major
product of the reaction. This means that at room

temperature the displacement type reaction
CH3 + 51206 —_— CH3SID3 + SiD3 (29]

could not be important and that some reaction other than self-
combination was removing the disilanyl radicals. It was

also observed that the ethane yield was lower than would

be expected. When methane is formed only by abstraction

from disilane by the methyl radical, the ratio of the

rate of abstraction to the square root of the rate of
self-combination is given by

R

C“BD - kabstraction(SiZDG]
R. . 1 k3

C2H6 combination
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This is a function linear in substrate concentration and
deviations from linearity indicate additional modes of
formation of methane. The appropriate plot is made in
Figure III-7 where the dotted line is the slope calcu-
lated from the published rate constants, the open circles
are for runs done in an unused cell and the half-filled
circles represent runs carried out in a used cell. The
value in brackets is the number of previous runs done in
the same cell. Obviously other processes are contri-
buting to the formation of methane and the extent of this
contribution is dependent on the previous history of the
reaction vessel. In view of the low yield of tetrasilane
a likely process is the disproportionation of methyl
radicals with disilanyl radicals (31}, in competition

with the abstraction reaction (30],

CH3 + 51206 —_ Cli3D + SizDS (30}
CH3 + Sizbs —_— CH3D + 81204 [31)
CH3 + SiZD4 e CH3D + 81203, etc. [{32)

This system was not a unique source of

disilanyl radicals.

8. The effect of temperature on the quantum yields in

the systems Hg* + 31256' CH3 + 81296 and H + Sizo .

All three systems were studied over a range

from room temperature to ~220°C. Blank runs established

72
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that thermal decomposition of substrate was not occurring.
Trisilane is reported to undergo no measurable decom-
position below 300°C (45-47), so thermolysis of products
during the fifteen minute photolysis runs was not a com-
plicating factor.

The quantum yields for the Hg* + SiZH6 gsystem
are reported in Table 11I-XII. It is seen that the
results fall into two broad categories. Below 150°C the
hydrogen and tetrasilane yields were relatively constant,
while the trisilane and monosilane yields had a slightly
positive temperature coefficient. Above 150°C on the
other hand, all the products increased with increasing
temperature and the mono- and trisilane became the major
products. This is graphically illustrated in Figures
I1II-8 and III-9 where log (¢) is plotted vs. 1/T. The
two regions appear as straight lines with a break in the
slope corresponding to ~150°C.

In the region below 150°C where temperature
had a minimum effect on the hydrogen quantum yield, the

postulated primary step is independent of temperature,

Hg* + SiH¢ —— H + Si,H + Hg (33)

The fragments further react as follows,

H + SiH¢ ——  H, + SijHg (17)

— SiH, ¢ SiH, (34)
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M
51235 + 512H5 —_— 514510 (35)

Steps (17] and [34], abstraction reactions,
are expected to be temperature dependent whereas {351,
a radical-radical combination, is not. The expression
for the hydrogen quantum yield is
°H'x—"1'zk'_
2 17 34

which can be rearranged to

1_, .
*H, 37)

The log of the L.H.S. of this equation is plotted versus
the reciprocal of the absolute temperature in Pigure III-
10. From the slope of the line and the intercept the
Arrhenius parameters for k17 and k34 are calculated to
be,

109(A17/A3‘) = 0.61 £ 0.15
817 - 83‘ = 0.50 £ 0.24 kcal/mole.

The monosilane formed directly in step ({34) will show
very little variation with temperature thus this reaction
is not responsible for the observed positive dependence.
Since part of the monosilane can be scavenged,
the monosilyl radicals must react further to form mono-

silane. Reactions which must be considered are,
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81H3 + 81H3 - — siﬂ‘ + anz (36]
SiH3 + Si2H5 — SiH4 + 812H4 (371
siH3 + Sizﬂ6 — siH4 + sizﬂs. (38}

Steps [(36] and (37] are then the most probable mono-
silane forming steps at room temperature, if the
abstraction reaction [38] has an activation energy of
10-12 kcal/mole as is the case for the analogous hydro-
carbon reactions. As the temperature is increased the
contribution from step [38] will become important, thus
making it responsible for the observed positive tempera-
ture coefficient.

Evidence so far has indicated that trisilane
is unscavengable, thus it could come from elimination of
silylene which then inserts into disilane. It was
observed however, that methyl radicals tended to dis-
proportionate with disilanyl radicals to give methane
plus a diradical. The unscavengable nature of trisilane
may then arise from the silylene formed when the non-
silyl radicals present in the scavenging systems
disproportionate with a silyl radical to terminate the
chain. If this is the case the trisilane yield would
indeed remain largely unaffected in the presence of
radical scavengers. The positive temperature coefficient
would then result from an activation energy associated

with the insertion reaction.



The steps which might be considered in this

temperature interval include (171, (33-38] plus the

following,
SiHy + SiHg ~—— Sijg + SiH, (39]
sin, + SiHg ~—— Sijfg (401
S1,H, wall | oolymer (41]
SiH, wall | ojymer (42]

Step (39] is the disproportionation which
complements (37); (40) produces the "unscavengable"”
trisilane and, (41]) and [42] are the polymer-forming
steps.

At temperatures above 150°C this sequence of
reactions cannot account for the observed products.
Additional reactions, which break the silicon-silicon
bond and generate hydrogen atoms, are required. A

change in the primary step such as,

Hg* + SiH¢ — 2H + SiH, + Hg
or

—— SiH, + SiH

3 3

is not adequate; the products are formed in some chain
mechanism. The most probable process is one in which
an intermediate decomposes to give fragments which will

produce the products and regenerate itself such as,

80



Sizﬂs ——A—" SiH2 + SiH3 (43)
and Siﬂ3 T SiH2 + H [44)
or Sizﬂs < Sizﬂ4 + H (45]

No one of these steps can explain the observed increase
in all of the products. If a suitable source of one of
the intermediates could be found it might be possible

to differentiate among the processes giving rise to the
various products.

Methyl radicals plus disilane would be a source
of disilanyl at higher temperatures where the abstraction
reaction would predominate over the disproportionations
found to be operative at room temperature. A temperature
study of this system would provide information on the
thermal stability of the disilanyl radical. The results
from such a study are tabulated in Table III-XIII. ASs
before methyl silane-d3 was not a major product of this
reaction which indicates that methyl radicals exclusively

abstract in their reactions with disilane-ds. Trisilane-

d8 and monosilane-d4 were the major products at higher

8l

temperatures, thus 51205 radicals can give rise to products

containing an odd number of silicon atoms. The 51308 and
sto‘ differed by approximately the same amount excluding
the room temperature run. When this is taken into

consideration the two odd-numbered silicon products
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exhibit the same temperature dependence. Arrhenius
type plots are made from the data in Table IIi—XIII in
Figure III-11 and from the slopes for the Si3D8 and
Si4010 the apparent energies of activation are 8.4%0.5
and 2.5:0.2 kcal/mole, respectively.

The mass balance between SiD4 and 81308

suggested that reaction [46]

51205 _ 5102 + SiD3 [46]

might be responsible for the two products but the low
apparent activation energy arqued against a unimolecular
scission of the silicon-silicon bond. It is more pro-
bably a bimolecular reaction such as

Si,Dg + Si,Dg — Si;Dg + SiD, (47])
which gave rise to the observed concentrations of mono-
and trisilane.

The almost constant difference between SiD‘ and
51308 is not inconsistent with a mechanism in which the
methyl radicals generated in the photolytic step undergo
a disproportionation with 51205 to give methyl silylene

plus monosilane,

CH3 + 81205 — CHBSiD + SiD‘. (48]

Deuterium was not a product of this system.

This ruled out step (45]) as a source of hydrogen atoms in

84
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the mercury sensitization case. It also militated
against reaction (44), loss of hydrogen from monosilyl,
since SiD3 radicals were almost certainly present in the
methyl plus disilane—d6 system.

A further check was made by looking at the
effect of temperature on the H atom plus disilane-d6
system. Any change in the gquantum yield of hydrogen would
not be noticed in this system nor would it be possible
to see any increase in the other products caused by a
chain mechanism because of thé low concentration of
disilane. However, decomposition of either SiD3 or Si, D
radicals would manifest itself as a decrease in the
observed quantum yields. The results are displayed in
Table I1II-XIV and Figure I1I-12. The monosilane yield
was not significantly altered. The 81308 and 814010 both
decreased. This corroborates the evidence from the
methyl plus disilane system that the monosilyl radical
does not decompose. The decrease in 51308 reflects
the decrease in SiD2 caused by the tcndency for mono-
silyl radicals to abstract rather than disproportionate
at higher temperatures.

At least part of the decrease in observed
quantum yields is due to the actinometric method used.
The cell was not allowed to cool to room temperature

before the actinometric determinations were made. A
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subsequent check showed that the quantum yields at 215°C
were 20% low but this did not fully account for the
observed decrease. Some decomposition of disilyl might
be occurring under the experimental conditions, most

likely by silicon-deuterium pond scission.

DISCUSSION

1. Formation of the Monoradicals.

The results indicate that hydrogen atoms and
disilanyl radicals were the sole products of the primary

quenching act in the mercury photosensitization of

disilane:
Hg* + 512“6 — H + 812H5 + Hg (331

This is similar to the single hydrogen loss in the primary
cleavage found for paraffins and methyl—substituted
silanes but in contrast to the results for monosilane
where loss of more than one hydrogen occurred in the
primary step (56) . It is also significant in that

energy transfer must be agssociated more with the hydridic
hydrogen atom than with the large more polarizable
silicon atom, since the quenching cross-section data
available indicate that the gsilicon-silicon linkage is

a very effective quencher of excited mercury atoms

(Table I-III). The results further indicate that the

hydrogen atoms from reaction {33]) either abstract a
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hydrogen atom from the suhstrate,
H + S12H6 — Hz + 512H5 (17}
or displace a silyl radical from disilane,
H + Si H. —+ SiH, + SiH, (34)
Subsequent reactions of the silyl radicals are

responsible for the observed product distributions.

2. Reactions of the Monoradicals.

a) Combinations and Disproportionation

The self and cross combinations of the two
radicals will be considered. Each of these reactions
forms a silicon-silicon bond which will have a finite
1ifetime dependent on the decomposition paths which are
available to it. In the case of alkyl radicals only the
combination of thermalized methyl radicals shows any third
body dependence at the pressures used in this study
(p > 10 torr). The decomposition path of lowest energy
for ethane is dissociation to two methyl radicals however,
so that only ihe thermal energy of the combining methyl
radicals has to be dissipated for stabilization. The
same does not apply for silyl radicals. Pyrolysis
studies of silanes indicate that decomposition paths with
energy requirements significantly less than those neces-
sary for homolysis of the silicon-silicon bond are

available (45-47).



Consider the combination of two monosilyl
radicals. If we accept the electron impact value for

AHf°(SiH3) = 50 kcal/mole (20) the disilane formed in

reaction (48},

. .
SiH3 + SiH3 — Si2H6 (48)

will contain 83 kcal/mole excess energy when the radicals

are thermalized since,

AH = AHf°(812H - 2AHf°(SiH

48 6 3)

= 17.1 - 2 x 50
= -83 kcal/mole.

Pyrolysis of disilane has shown that the molecule decom-
poses to SiH2 + SiH‘ with a rate constant of k = 5.8 x
1.014 e°‘89°°/RT sec'1 (46,47). This represents a low
energy path for the decomposition of the chemically
activated disilane molecule. To a first approximation
the unimolecular rate constant for decomposition of a
molecule which contains significantly greater amounts of

energy than is required for decomposition along the

lowest energy path is given by the RRK expression

s-1

E - B

total a -1

k s A ( ) secC
uni E;otal

where s = (3N-6)/2, the number of effective oscillators

at room temperature and A is the A factor of the Arrhenius

90



expression. Substituting the values given above for

disilane the rate constant is found to be

8
_ 14 /83 - 49 - 11 -1
kuni = 5.8 x 10 (’“ﬁj"") 4.6 x 10 secC

which requires a half-quenching pressure of some 250
atmospheres. The combination of monosilyl radicals then
is an efficient path for disproportionation of monosilyl

radicals to a silane molecule plus silylene.

* .
Si2H6 — SiH4 + Sle. (49])

The silylene which will be in the singlet ground state may
undergo further reactions by either inserting into a

silicon hydrogen bond of disilane

Siﬂz + 812H6 — 813H8 (40]

or terminating at the wall as a unit of polymer,

SiH, wall | oo)ymer. (42)

Reaction [49) is not the only low-energy decom-
position path open to the excited disilane molecule, it
may also lose a molecule of hydrogen which can happen
either of two ways, 1,1 elimination as in (50) or 1,2

elimination as irn [S1).

si.ut — H

He 2 * SiHSiH3 (S0]

—_— Hz + SiH281H2 (51)
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There are no kinetic data on these reactions but the
enthalpy changes associated with them can be estimated
using monosilane as a model compound. The activation
energy for the thermolysis of monosilane to H, + Sin
is reported to be 56 kcal/mole (36). When this is com-
bined with the activation energy for the thermal decom-
position of disilane the heat of formation of SiH2 can

be calculated. Consider the two reactions,

SiH4 —_— siH2 + H2 (52)
812H6 —_ siH2 + SiH4 (49]
The enthalpy change for reaction [52]) is given by
Aﬂsz‘ = AHf°(SiH2) + AHf°(H2) - AHf°(SiH4)
where
Eg, - E_gp = BHg® (SiH,) + AH° (H,) - BH° (SiH,) ,
and the heat of formation of Sin is,
AHI‘(Siﬂz) = 7,3 -0 + 56 - E‘-SZ
=63 - E_¢, kcal/mole.
Similarly, for reaction (49])

Aﬂ‘g’ = Aﬂf'(SiHZ) + Aﬂf'(SiH‘) - AH£°(81286)

By - B_qo" = MMg°(SiHy) +7.3 - 17.1



and

AH£°(SiH2) = 49 + 17.1 - 7.3
= 58.8 - E_,q kcal/mole.

The heat of formation of SiH2 therefore is less than 59
kcal/mole by an amount corresponding to the activation
energy for the insertion of SiH2 into a silicon hydrogen
bond of monosilane. The insertion must have a positive
activation energy associated with it since silylene
preferentially inserts into methylsubstituted silanes in
the presence of disilane (48) but the magnitude cannot

be more than a few kilocalories since the insertion is
observed at room temperature (60,61) . A value of 6 kcal/
mole was chosen for Ea_49 which gives the value

AH£°(SiH2) = 53 kcal/mole, for the standard heat of forma-
tion of silylene. Thus the energy required to remove two
hydrogen atoms from monosilane is 150 kcal/mole. Return-=
ing now to the case of disilane and reactions [50] and
(51) a reasonable estimate for the removal of two hydrogen
atoms from one end of disilane is also 150 kcal/mole since
the dissociation energy of the first hydrogen bond is

5 kcal less than it is in monosilane (23) but the silyl
group has a destabilizing effect on the radical. The
value for the heat of formation of SiHJSiH derived in

this manner is given by,

93
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AH53° = 2 X AHf°(H) + AHf°(SiH3SiH) - AHf°(SiZH6)

AHf’(SiH3SiH) = 150 - 2 x 52.1 + 17.1

= 63 kcal/mole,
from the reaction

812H6 —_— SiH351n + H+H (53]

If the hydrogen atoms are removed one from either end of
the disilane molecule the energy requirement will be
greater since the two unpaired eclectrons do not form a
stable n bond. The energy input to break the two bonds
will not be much different from 180 kcal/mole. The

enthalpy change for [54)
SiZHG-—» 51H251H2 + H+H (54)
then becomes
AH54° = 2 X AH£°(H) + AHf°(SiH251H2) - AHf°(812H6)
and the heat of formation,

AHf°(SiH Sin) = -2 x 52.1 + 17.1 + 180

2
= 93 kcal/mole.

It is now possible to estimate the enthalpy changes in

reactions [50) and [51]):
AHSO' = Allf"(Hz) + Auf'(sulsm3) - Aﬂ£°(812H6)
=0 + 63 -17.1

= 46 kcal/mole
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and

° . . _ .
AH51° AHf (Hz) + AHf°(51H251H2) AHf°(812H6)

76 kcal/mole.

Step [51] obviously will not contribute signifi-
cantly to the decomposition of the chemically activated
disilane molecule but reaction path (50] is energetically
feasible. The absence of hydrogen among the products
when methyl radicals reacted with disilane even though
monosilane was present, suggests that the reverse of
reaction [50] must have a significant energy of activation,
as would indeed be expected for the insertion of SiH3SiH
into a hydrogen molecule. The activation energy for
insertion of Sin into H2 is 4 kcal/mole greater than for
the insertion into SiH4 and the latter activation energy
was assigned the value 6 kcal/mole. A value of 13 - 14
kcal/mole would then not be unreasonable for the insertion
of SiH3SiH into "2 which means that E¢q = 60 kcal/mole
compared to a value of 49 kcal/mole for step (49]. Thus
reaction ([(49]) will be the predominant mode of decomposition
of the chemically activated disilane.

Monosilyl radicals may also combine with
disilanyl radicals to form a trisilane molecule containing

excess energy

SiH, + Si.H *

3 JHg-— Sijlg (55]
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In order to compute the exothermicity of this reaction a
knowledge of the heat of formation of the disilanyl radical
is mandatory. This can be obtained from the value for
D(SiZHS-H) of 90 kcal/mole estimated by Strausz et al. (23)
and the values for the heats of formation of disilane and
hydrogen atom.

For the decomposition

31236 —_— 512H5 + H {56)

the endothermicity is given by

AH56° = AHf°(H) + AHf°(SiZH5) - AHf°(SiZH6),

whence
= 55 kcal/mole.

Substituting this value into the expression for

the enthalpy change in (55] (130,131),

B ® = MH °(SiyHg) - AHE®(Si,Hg) - AH°(SiHy)

= 25.9 - 55 - S50

= -79 kcal/mole

we get a contribution of 79 kcal/mole to the energy of
the molecule by the newly-formed bond. This is 5 kcal/
mole less than the value found for the silicon-silicon
bond in disilane which suggests that 55 kcal/mole is a

minimum value for the heat of formation of the disilanyl
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radical. No value has been reported for the energy of
activation for the thermal decomposition of trisilane
which is postulated to proceed via elimination of a
silylene (45-47). 1f the Arrhenius A-factor for the
decomposition of trisilane is similar to that for disilane
and monosilane the rate constant at 592°K corresponds to
an E, of 48 kcal/mole (46). When these values are sub-
stituted into the RRK expression,

kdecomp =

12.5
5.8 X 1014 (127:9'—43) sec !

- 4.7 x 10° sec”?

the rate constant for decomposition is such that approxi-
mately one atmosphere of substrate pressure is required
to quench half of the excited molecules if each collision
is effective. The recombination of a silyl and disilanyl
radical is not a probable source of product trisilane at
the pressures used in this work.

The number of potential decomposition paths for
the chemically activated trisilane is considerably greater
than it was for disilane. Oonly those paths which entail
si-Si bond scission will be considered because of the
observed absence of hydrogen in systems where hydrogen
atoms were not present.

specifically, reactions (57) and (58],
s1,H,"

— Sin + 812“6 (57)
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— SiHSiH, + SiH, (58]

which correspond to the two types of disproportionations
between mono- and disilanyl radicals, will be treated.

The enthalpy changes for ([57],

Hs7° AHf°(SiH2) + AHf°(512H6) - AHf°(Si3H8)
= 53 + 17.1 - 25.9
= 44 kcal/mole.

and for (58]

H -]

58 AHf°(SiHSiH3) + AHf°(SiH4) - AH£°(Si3H8)

= 63 + 7.3 - 25.9

44 kcal/mole

are the same, which means that the activation energy for
(-58] must be greater than that for the back reaction
(-57) in order for elimination of SiH2 to be observed in
the pyrolysis of trisilane. The magnitude of the
difference E_cg - E_g9 determines how much monosilane is
produced in the reaction sequence (55) + (58] and together
with the monosilane, the substituted silylene SiH3SiH
whose main mode of removal will be polymerization,

SiHSiH, wall | o) ymer (41)

Thermodynamic properties of tetrasilane, the
product of the combination of two disilanyl radicals, have

not been reported. The heat of formation is estimated to



be 35 kcal/mole from the average thermochemical bond
energies of trisilane and the heats of formation of the
atoms. The similarity between the energies of activation
for the thermolyses of di- and tri-silane suggest that
the activation energy of decomposition of tetrasilane
will be closely approximated by 45 kcal/mole.

The chemically activated tetrasilane formed in

reaction (59]

_. *
Sizﬂ5 + SiZHS g Si4H10 (59)

possesses energy above its ground state energy, given by

the enthalpy change,
AH59° = AHf°(Si4H10) - 2AH£°(512RS)
= 35 - 2 x 55
= =75 kcal/mole.

The greater number of effective oscillators in the RRK

expression lowers kuni

17

- 5.8 x 101* ("_5.7-'—-‘-3)

k 5

uni

= 9,2 x 10’ sec” !

to a value such that 20 torr of substrate is sufficient
to stabilize half of the excited molecules if every col-

lision is effective.
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The products of the breakdown of the excited
tetrasilane molecule do not include significant amounts
of trisilane since it was observed in the pressure study
of the mercury sensitization of disilane that the tri-
silane yield did not increase at low pressures where all
of the tetrasilane was not stabilized. This observation
points up the approximate nature of the values which were
used to get the various heats of formation since thermo-
dynamically the more favorable path for decomposition of
the tetrasilane is a breakdown to SiH2 + Si.H,; see the

3'8’
following reactions,

* . .
514“10 —— SiHSiH, + Si_ H (60]

3 2°6

— Sin + Si3H8 (61]

The enthalpy changes for the two reactions are given by

o ] 3 2 : -
AHSO AHf (SLHS1H3) + Aﬂf‘(812H6) AHE°(Si‘H1°)

=63 + 17.1 - 35

45 kcal/mole,

and

A“Gl. AHf°(SiH2) + AH£°(513H8) - AH£°(Si4H10)

44 kcal/mole.

The difference in 8H°'s is compatible with the
observed products if the activation energies of the

reverse reactions are different, but in order for [60])



101

to predominate over (61] there must exist a higher energy
barrier for the insertion of Sin into a primary silicon
hydrogen bond of trisilane than for the insertion of
silylsilylene, SiH3SiH, into a silicon hydrogen bond of
disilane.

More and better thermochemical data will no doubt
resolve this enigma. In the meantime, the above treatment
is consistent with the observed data and suggests the
following mechanism for the mercury sensitization of disilane

at room temperature.

Hgt + S, — H + SijHg + Hg (33)
H + SiHg — H, + Si,H, (17)

— SiH, + SiH, (34)
SiH, + SiH, —_— Sizus* (48)
sxzuG* — siH, + SiH, (49)
SiH, + SiHg — siHgt (55]
si,ig? — SiHg + SiH, (571

— siH, + SiHSiH, (58]
SiHg + SiHg — si Mot (59)
si‘um* A st (62)

— siHg + SiHjSiH (60]
SiH, + SiH, — Si,Hg (40)
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Siﬂz wall ., polymer (42)
S1,H, wall | oolymer (41]
A steady-state treatment of these reactions,
taking
2k4g = kg = ZKsg

to simplify the quadratic expressions for the radical

concentrations, gives the following relations for the

quantum yields of the products taken at time zero.

0 - F_“_l.;"__ - 0.58 (63
H, 17+%34
2
K K X
33 17 58
® -—————+k(1-f——k—— +(-————— ()
sin,  kyqtkyy 17*%34 kg7+ksg
()
1 - =0.73 [(64]
17%34
k. [Si.H.) X 2 K
o . X40!772% k(— 17>+( 57
siHg ~ Kyo[Sifgl*ky k17%K 34 Ks7+%sg
() (1 -(_:l;——)z = 0.10 (65]
ki9*k3q

' 2
K. (M)
62 - 0.67

X
17
* - (%) (} +
SiH ~ Kgp (M *Kgg K1 7%%34
{66}
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From these, various rate constant ratios are derived by
the appropriate substitutions. substituting ([63] into (64)

0.73 = 0.42 + %(L - 0.58)2 + ksa/(k57+k58)(k){1 - (0.58)%}

we get

ksg

' = 0.80 (67)
ks7*ksg

Further substitution of (63) and (671 into [{65) gives,

k4o[3f2“6]
Ky0 51 gl * K42

= 0.91

and substitution of (63] into [(66) gives,

kg (M]
kga (M + kgq

= 1,

The large value for the ratio kse/(k57+k58) suggests that
further, more quantitative work on the pyrolysis of tri-
silane will show that the elimination of monosilane is

the major primary step in the decomposition rather

than elimination of Sin as is presently postulated. The
fact that k4o[512H6]/(k40[51256] + kyo) is close to unity
ghows the facility of the insertion of silylene into the
gilicon hydrogen bond of disilane even at room temperature
as compared to diffusion to the wall. A comment on the
ratio for stabilization of tetrasilane versus unimolecular
decomposition is in order. The observation that this

ratio is unity implies that all disilanyl radicals which
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become a stable tetrasilane molecule under the conditions
employed in the time study. It also suggests that the
assumption that step (41] is the sole fate of the SiH3SiH
radical formed from the disproportionation of silyl and
‘disilyl radicals, is not valid, rather, some of these
diradicals insert into the substrate to give tetrasilane

via ([68])

SiH3SiH + 512“6 — 514810 (68]

The treatment so far has ignored the dependence
of the tetrasilane yield on the disilane pressure which
is observed in Figures III-1 and III-2. Since the expres-<

gsion for the quantum yield of tetrasilane is given by

(M] X 2
®si H 3“__%_1_&_:* “Q*'——E_) '
10 Ke2 60 7*K34

the reciprocal,

\
k
1 60
= b + 1 + r}
®si H Kgs (M]
10
where

K -2
17
b = 4[1 + T ’
( 17° 34)

gives a straight line graph. The intercept can be compared

with the value derived from the extrapolation to zero time.
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The results from SiZDG and 512H6 are plotted in Figures
III-13 and III-14 and the slope in both cases is the
same and equal to

( )

x b = 100 torr.
e

For the 51206 case where the intercept b = 1.67 as

compared to the calculated 1.60, the ratio

k
60 100 torr -8 moles/cc _ -6
k:; —mj— X 5.38 x 10 ___torr 3.22 x 10

moles/cc.

This corresponds to a half-quenching pressure of 60

torr of disilane. The RRK calculation for tetrasilane

7

gave a rate constant of 9.2 x 10 sec”} for its uni-

molecular decomposition, and by adopting a value of 4.5;

for the collision diameter of SiZDG' the collision number

14

in the simple collision theory, is 4.5 x 10 cc/mole-sec.

The efficiency of 81206 as a quencher of 814010* is then

given by the relation

(*eo)RRK , , . 1
k60 %62) Is

i.e., one collision in sixteen is effective in stabilizing
the excited molecules. Alternatively, since the molecules
contain 30 kcal/mole excess energy, where the energy is

removed with equal probability per collision, 1.9 kcal is
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removed per collision. The raw data do not lend them-
selves to a more sophisticated treatment wherein more
definite limits can be set on the amounts of energy
transferred and the frequency with which it is transferred.
Puture studies on the recombination of silyl radicals,
when more and better thermodynamic values are known,
certainly will contribute to the understanding of the

processes of energy randomization and energy transfer.

b) Hydrogen atoms plus disilane
Hydrogen atoms produced from the mercury photo-
gsensitization of hydrogen were found to react with disilane
to produce hoth monosilyl and disilanyl radicals which in
turn may undergo disproportionation and combination as in

the case of the mercury photosensitization of disilane,

viz.,

Hg + hv — Hg* Ia
Hg* + H, — 2H + Hg [ 6)
H + SiHg — H, + Si,H, (17)

— SiH, + SiHy (34)
SiH, + SiH; — si it (48]
sxzus" —- SiH, + SiH, (49)
SiHy + SiHg — SiqHg' (55]
sxsus’ —  SiH, + Si Hg (57)
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— SiHsiH3 + siH4 [58]
: *
SiZH5 + 812H5 — Si4H10 [59]
* M

Si4H10 — 514"10 [62]
—_— siHSiH3 + 51286 (60]
siﬂz + SiH6 —_— Si3H8 (fO]

SiH wall
2 polymer | [42)
512H‘ wall, polymer {41)

The simplifying assumptions, that 2K = 2k48 =

k55 = 2k

trisilane molecules cannot be stabilized, are made and

59 and that vibrationally excited disilane and
the steady-state approximations then give the following
expressions for the quantum yields of products,

2
. ) 2k, +( kq4 ) . Kcg ( k197%34 )

(691
K, (SLH] k 2y K, ok
N - 40°°7276 ( 34 ) -1 (1734 )
trisilane = K TSTHETFR; ) \k %Ky, TRITANPREINY
(70])
( 2
kg (M] X,

' B PPYCI B Py K 7+Kq (71]
tetrasilane 62 + 60 +
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Substituting the values derived from equations ([63] - [67]
from section a) into [69], [70] and ({71] the predicted

quantum yields are,

¢ monosilane 0.84 + 0.176 + 0.195 = 1,21

% trisilane

0.91 (0.176 + 0.049) = 0.22

¢ tetrasilane = 1 (0.34) = 0.34.

This distribution of products is similar to that o .erved

in Table III-IX where the measured values are,

¢ monosilane = 0.9
¢ trisilane = 0.2
and ¢ tetrasilane = 0.2.

These results indicate that all of the disilanyl
radicals which combine are being recovered as tetrasilane
molecules since a quantum yield of 0.2 for 814010 is not
abnormal. This in turn means that the main function that
C3°8 served in the H, + 512"6 + Hg* system was to
act as a competitor with hydrogen for the excited
mercury atoms. There is then‘no ?eason to postulate
that the observed dependence of the 814010 yield on the
disilane-d6 pressure is due to a competition between an
intermediate reacting with disilane to produce tetra-
silane and the same intermediate being removed in a uni-

molecular reaction, such as

SiHSxH3 + Sizﬂ6 ———— Si‘ulo

SiHSiH3 wall | polymer.
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Further consideration will now be given to the
initial interaction between the hydrogen atoms and the
disilane molecule. The rate constants for the reaction
hetween hydrogen atoms and simple silanes and methylsub-
stituted silanes are known to be large (55,56,132,133),
Some pertinent rate constant ratios derived from relative
rate studies are presented in Table XX together with
some estimated Arrhenius rate equation parameters
reported by the authors. There is excellent agreement
among the observed ratios considering that the results
were obtained by three different methods; a fast flow
system (132), direct photolysis of ethylene (133), and
the present mercury photosensitization. The agreement
between the quoted rate constants is not as striking,
this reflects the current controversy over the absolute
rate constants for the addition of hydrogen atoms to
olefins. For example, two recent values for the rate
constant for H + C2H4, both determined by Lyman-a
photometry, are 2.3 x 1011 cc/mole-sec (134-136) and
8.1 x 1011 cc/mole-sec (138). The lower value is used
in the computations which follow.

The Arrhenius A factors in the expression
k = Ae-Ea/RT, for the metathetical reactions between
methyl and trifluoromethyl radicals and silanes were

found to be the same as those for metatheses with the

corresponding alkanes (23,73-86). It is assumed that
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the same is true for the abstraction of hydrogen from
disilane by hydrogen atoms. The Arrhenius parameters

for the alkane case, H + CZHG' are
log k abstraction = 14.1 - 9.7/6 (139),

when k is expressed in cc/mole-sec and 6 = 2.303 RT.
The ratio of abstraction to total reaction between H

atoms and disilane is given in equation (63) as,

k19

EI;;E;: = 0.58 (63]
and the ratio of the rate constants for the total reaction
of hydrogen atoms with disilane to the rate constant for
the reaction of hydrogen atoms with ethylene is 3.2 (see

Table III-XV). The absolute value of k17 then becomes,
kyq = 0.58 x 3.2 x 2.3 x 10!t = 4.3 x 10t} cc/mole-sec.

When k17 is expressed in its Arrhenius form, k17 = Al7
e E /RT ~ and the values for k,, and A, are inserted,

the energy of activation
Eyq = (14.1 - 11.63) 1.38 = 3.4 kcal/mole.

Arrhenius parameters can also be calculated
for the rate constant of the displacement reaction,
(34). Using the values derived from the slope in Figure

10,

317 - 83‘ = 0.50 ¢+ 0.24 kcal/mole,
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and

109(A17/A34),= 0.61 ¢ 0.15.

From these it follows that log k34 = 13.5 - 2.9/6 when
k34 is expressed in units of cc/mole-sec.

A measure of the kinetic importance of the
reverse reactions,

SiZHS + “2 _— 512H6 + H : (-17]

and SiH3 + Si!l4 — 812H6 + H, (-34)

which have been postulated in the pyrolysis studies, can

be obtained from the following thermodynamic relations,

A forward _ AS° and AH® =

log 3—teverse = 2.3 R E, forward Fa reverse,

and the appropriate thermodynamic properties listed in

Table XXI.

The change in entropy for reaction (17) is

expressed by Asl7° = (S§12H5+ sﬁz) - (Sg12H6 + sa) cal/

mole-deg. Substituting the values from Table III-XVI, this

expression becomes

517 = 5,7 cal/mole-deg,

and log —L = g—'%-g- 1.25,

12

whence A_,, = 8 x 10°° cc/mole-sec. The estimated value

of E_ is given by

17



TABLE III - XVI

Thermodynamic Properties

kcal/mole

7.39

17.19

52.12

so ®

ss £
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SO
Species cal/mole-deg
a
H, 31.2
SiH 48.7%
Si,H 6.1%
H 27.42
b
sul3 0.2
c
812H 67
(a) Ref. 3, Table I - I.
(b) Estimated by assuming s§1"3 - 85“3
(c) Estimated by assuming Si - H bond makes same contri-

(d)
(e)
(f)

bution to 8° in Sm4 and Sizﬂs.

Ref. 130.
Ref. 20.

Estimated from D(81zus - H) = 90 kcal/mole and

assuming combination of H atoms and 812H5 has no

energy of activation.
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E_17 " 817 - Af°(SiZH5) - AHf°(SiZH5) - AHE°(H2)

+ AHf°(H)
= 17 kcal/mole.

When the Arrhenius parameters for (-17), log
k.47 ™ 12.9 - 17/8, are compared to the values for the

carbon analogue,

c,H

oHg + H —_— C.H.  + H

2 26

which are reported to be, log kc = 12.7 - 13.9/8 (140),

H

275
it is seen that not only are the pre-exponential A-factors
similar but the activation energies differ only by some

3 kcal/mole.
Treating reaction (-34) in a gimilar manner it
can be shown that, 1og k_,, = 12.1 - 15/8

°)y - (s ° + 8.°)
SiH3 Sizﬂs H

= 64 cal/mole-deg,

from 534‘ = (sSiH‘. + S

and 8_3‘ - 33‘ - AHf°(Siﬂs) - AHf°(SiH‘) + Auf°(81236)
+ AHf°(H)
= 15 kcal/mole,
A AS,,*
34 34
where log (=—) = and E = E__ - AH_.°

The pte-exponential A-factor for reaction (-34), a dis-
placement reaction, is similar to the A-factor for the
abstraction reactions of alkyl radicals (86) and suggests

that there is little steric hindrance associated with
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step (-34].

c) Addition to ethylene
The mechanism proposed below accounts for the
observed non-scavengable monosilane and trisilane and the

monomers formed when silyl and disilanyl radicals add to

the olefin ethylene.

Hg + hv — Hg* (1a)
Hg* + 81206 —_— Sizbs + D + Hg (1s]
D + Si,D, — D, + Si,Dg (16)
— SiD, + SiD,4 (72)
si,Dg + C,H, — Si,DsC,H, (1)
$iD, + CH, —— SiD,C.H, (4)
Si,DgCoH, + si,0g — S1,D,C,H, D + 8i,Dg¢ (2]
SiD,C,H, + Si0g — SiD,C,H,D + Si,D¢ (s}
S1,DgCoH, + si,pDg — Si,DC,H,Si,0g (73]
—+ Si,DgCyH,D + si,D, (74)
Si,DcCH, + sip; — $1,DgC,H 51Dy (75)
—— Si,D,CHD *+ SiD, (76)
S1,D + Si,Dg M. si,0., (21)
SiD2 + 81206 — 81308 (77)
81,0, wall oG ymer (78)
SiD2 wall, polymer (79)
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Ethyldisilane is generated in a chain reaction which
is initiated by steps [15], [16] and (72], carried by
(1), (2}, (4) and (5], and terminated by (73] and (74].
The following expression is obtained for the steady-

state concentration of Sizosz

l

I k., [Si,D.)
a 2 2°s ) (80

{si,D.] =(
275 Tk73+k74)kl[czﬂ4]
The ratio of the quantum yield of tetrasilane in

the absence of ethylene as derived in section 2a) to

that in the presence of the olefin is,

2
s°tetrasilane _ | , ) (1 . F16 ) (k73*k74>( El) [CoH,)
¢ tetrasilane k16+E52 _Eal k2 [51256]
(81]
*s1,0,,
( - ) is plotted vs [C2H4] in Figure III-1S5.
514010
The slope of the line, combined with the value of 0.58
for kls and the assumption that 2k21 = (k73+k74),
k16*k72

gives a value for k,/k,;

= 4.6 x 102.

2.

The ahsolute value of kz is estimated from the determinations
of the rate constants for the metathetical reaction

between a series of simple alkyl radicals and disilane
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given in Table III-XVII, to be 1 x 10’ cc/mole-sec. The
rate constant for the addition of disilanyl to ethylene,

9 cc/mole-sec. This is several orders

kl’ is then 5 x 10
of magnitude greater than the corresponding reaction for
alkyl radicals. This enhanced activity of the silyl
radicals, considered in terms of the simple collision
theory, can be related to: i) their greater physical
size, though this is largely offset by the increased
molecular weight in the expression for the collision
number; ii) their larger polarizability which tends to
increase the effective collision diameter; iii) their
available d-orbitals which extend in all directions
and minimize any steric hindrance associated with the
reaction; iv) their geometry. Silyl radicals retain
the tetrahedral molecular configuration and the unpaired
electron possesses 22% s-character. The net energy
required to rearrange the planar alkyl free radical and
rehybridize the unpaired electron in the p atomic
orbital to an sp3 molecular orbital is not required in
the case of the silyl radical thus the energy barrier
for the addition reaction is lowéi. All of these factors
increase the value of the expression for the rate
constant.

Ethylene is an excellent trap for mono- and

disilyl radicals.
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d) Reactions with NO

The nature of the reactions between NO and
silyl radicals is largely uncharacterized. Work
instigated in this laboratory has shown that NO reacts
with methyl substituted and monosilyll radicals, to form
a siloxane in which the integrity of the primary radical
is preserved (56,60-62). A radical derived by removal
of a hydrogen atom from the substrate comprised the
other substituent on the oxygen atom of the siloxane.
In the case of the unsubstituted monosilyl radical,
hydrogen, nitrogen and nitrous oxide all appeared as chain
products. In the methylsilane plus nitric oxide system
on the other hand, nitrous oxide was only a minor product
compared to the hydrogen and nitrogen. Methane and
ethylene became relatively more important as the concen-
tration of nitric oxide was increased. All this led to
the proposal of a tentative mechanism for the formation
of nitrogen, hydrogen and siloxane in the methyl-

substituted silane systems, viz.

MeRZSi + NO -_ MeRZSiON (82)
ZMeRZSiON — MestiOﬂNOSiRZHB (83}
MeRZSiONNOSiRZHe — 2MeR2$iO + NZ (84)

MeRZSiO + MeR251H — MestiosiRzMe + H (85)

H + MeRZSiH —_— Hz + MeRZSL (86]
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where R = (Me or H).
This mechanism has been revised somewhat by
Kamaratos and Lampe (117) to account for the nitrous

oxide found in the monosilane system.

H3Si + NO —_ H3SiON (87)
H3SiON + NO — H3SiONNO (88)
H3SiONNO —_— H3SiO + NZO (89]
H3SiO + 8184 —_ H3SiOSiH2 + Hz (90}
HJSiOSiH2 + NO —_ H3SiOSiH20N (91)
H3SiOSiﬂ20N + NO —_— H3SiOSiH20 + NZO (92]
HJSiOSiﬂz + 8184 —_— H3SiOSiH3 + SiH3 (93]
SiH3 + H3SiONNO _— 281H3O + N2 (94]

This mechanism predicts that Nzo and Hz production rates
are equal and that Nz only becomes an important product
when the concentration of NO is low enough that all of
the silyl radicals are not scavenged. This is
demonstrably not the case for the mercury sensitization
of disilane (Table III-VI), where the Nz yield was
observed to increase as the initial NO concentration

was increased. The enhancement of the Nz yield was
coupled with a rise in the total hydrogen recovered as

a product. The yield of excess hydrogen as a function of

initial NO pressure lagged the nitrogen and the nitrous



oxide, rose abruptly over the interval 2.5 to 4 torr
and leveled off at a value approximately X of the Nz
yield. Simultaneously the "20 began to decrease
slightly and the more highly oxygenated siloxanes
increased in importance.

As pointed out in a recent comprehensive
review of the role of NO in photochemistry (142) the
adduct between alkyl radicals and NO in the presence of
excess nitric oxide can act as a catalyst for the con-
version of NO to N, + NO, or be removed by nitric oxide
in a reaction which forms RO + N,O. A modification of

this is applied to the present system;

Sizﬂs + NO _— SiZHSON [(9s]
812H50N + NO _— 812H50N20 (961
SiZHsONNO —_— Sizﬂso + Nzo (971}
812H50 + NO —_— SiZHSONO 98]
N=0
/
Si.H_.ON + 2NO — Si . H.O- (99]
25 275 N
O-N=0
N=0 N
/ 7
Si_H_O-N -+ Si_H_O-N {100]
2°5 N 25 N
O-N=0 O-Noz
N
i d i + NO
- — v
S 2“50 N\\ S ZJSO + N2 N 3 (101])

stznso + Slzﬂ6 — 812H505183 + 8183 (102)

126
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SiH3 + 2NO —_ SiH3O + NZO (103}
NO3 + 512H6 _— SiH3OSiHZOH + NO (104)
281H3OSiH20H —_— SiH3OSiH2081HZOSiH3

+ H20 (105])
H20 + 512H6 —_ 812H50H + H, (106])
2312H50H — SiZHSOSiZHS + uzo [(107)
SiH3OSiH20H + SiZHSOH — SiH3OSiHZOSi2H5 + Hzo {108)
SiH30 + Sizﬂso — SiH300812H5 (109]

The silyl radicals are scavenged by the nitric
oxide and transformed to siloxy radicals in (951-097]).
The siloxy radicals may then either react further with
NO, (98], or in the event of low NO concentration react
with substrate and displace a silyl radical (102].
Another possible reaction would be abstraction of a

hydrogen atom by the siloxy radical

SiH 0 + SijHg — Si,HOH + SiHg , (110}

however the predominance of 512HSOSiH3

at low [NO] suggests that this reaction is not important.

in the products

The No3 formed together with N2 in the sequence
(98}-(101] is postulated to oxidize the disilane substrate
rather than react with NO to form 2NO, as is the case in
alkyl radical systems. Step (104] is speculative and

the siloxysilanol if formed would be highly activated due



128

to the three new Si-O bonds in the molecule. This step
provides a path for insertion of an oxygen atom into the
Si-Si bond and the -Si-0-Si-O- linkages observed in the
products. The known tendency of unsubstituted silanols
to quantitatively condense to siloxanes as in (105]),
(107) and (108], results in a molecule of water. This
leads to a molecule of hydrogen via [106] which will not
co-produce monosilane. The suppressing effect on the
monosilane yield through scavenging of the monosilyl
radicals, is maintained since hydrogen is formed in a
molecular elimination step.

The small yield of trisilane is maintained by

minor chain terminating steps such as
SiH3 + SiH3o —_ siusoﬂ + siH2 {110}
SiH3 + stzﬂso —_— SiZHSOH + Sin {111)

followed by insertion of the silylene into the substrate.
The major chain terminating process {109) gives

rise to an unstable silyl peroxide which can act as an

oxidizing agent and is the unstable product which further

oxidizes the siloxanes at room temperature.

3. Thermal Stability of Silyl Radicals

There was no previous information extant on
the thermal stability of unsubstituted silyl radicals.

The trimethyl silyl radical had been found to be more



stable thermally than its hydrocarbon analogue, the

t-butyl radical (56), in that no unimolecular decomposi-

tion occurred up to 400°C.

The present results indicate
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that the radicals formed in the hydrogen plus disilane—d6

and methyl plus disilane-d6 systems do not decompose

below 220°C.

The following mechanism is proposed to

account for the yield of products.

CH3 + S8

CH, + S

3

CH3 + S

Sizo5 +

812D5

SiD

1,06

1,0

1,0

si,D

2°5

+ S1i.D

2 276

81205 +

SiD3

When reactions Ia,

51206

+ Si,D

276

—l
—

—
—_—
——
—

(30},

2CH, + Hg
CH,D + Si,Dg

CH30 + Sizb‘

CH3SiD + SiD

Si4D10

SiD2 + 8103

51308

si,D

1Pg + 8103

siDp, + Si

4 2P

5

(31), (47),

are considered the rate expressions are:

Rs . k‘ala .

iD, 31*%48)

Ry _ k47 K3 |
i,0g k3, K ¢g)

k47

k

30

2
[81206]

k3, *Kkgg)

81206]

2

4

Ia
(30}
(31)
(48)
(3]
(46)
(77]
(47]

(112}

(48] and (112)
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2 2
« k30 [51206]

3 ki vk, )

R =
S14D39 31*%48

The monosilane-d4 and trisilane-d8 differ by a constant,
provided k31 and k48 are both independent of temperature.
The apparent activation energies listed in Table III-XVIII

can be equated to definite steps i.e.

= F + E

47 30 E31 = 8.4 kcal/mole

E..:
51308

and

BSi D = 53 + 2(E30 - 831) = 2.5 kcal/mole.

4710
One can set E, = 0 and obtain E4, - Ej, = 1.25 kcal/mole
and from this a value for 347, the displacement reaction
between disilanyl radicals and substrate, of 7.1 kcal/
mole. This value is not unreasonable since the enthalpy

change for the reaction can be estimated as,

AH‘7 = 26 + 50 - 55 - 17 = 4 kcal/mole.

The value for E,, - Ejy is lower than the value of
7 kcal/mole found for the homogeneous activation energy
of [30) though, and suggests that a heterogeneous com-
ponent may be contributing to the reaction mechanism in
the quartz cell.

A similar kinetic treatment of this mechanism
in which [(112] and [47] are replaced by [(46]) and (47])

gives the following relations for the activation energies,
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si.p. = E46 + 330 - E31 = 8.4 kcal/mole

ESL D..= 83 + 2(E3O-E31) = 2,5 kcal/mole.

4710

whence 846 = 7.1 kcal/mole. The enthalpy change for

this reaction is
AH46 = 50 + 53 - 55 = 48 kcal/mole,

hence step [46) is not the rate determining step in this
system. This is substantiated by the results from the
H2 plus Sizb6 system (Table III-XIV) where the tetra-
silane would decrease and the mono- and trisilane species
would increase if the disilanyl were decomposing.
Reaction [47]) is a probable source of mono-
silane and trisilane in the mercury sensitization of
disilane at elevated temperatures but no reaction of
monosilyl or disilanyl radicals observed in the CH3 or
H plus disilane-d6 systems can explain the hydrogen, and
the monosilane in excess of the trisilane (Table III-XII).
The probability that this is due to Sizus being much
more unstable than 51205 is low since it would entail a
kﬂ/kb ratio of 4 or 5 at 485°K. It is most probably

associated with the reactions of hydrogen atoms with

disilane at large substrate concentrations,
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CHAPTER 1V

The Mercury Photosensitized Decomposition of Phenylsilane

RESULTS

Preliminary investigation showed that phenyl-
ailane-d3 underwent no thermal decomposition in two hours
at 175°C. Photosensitized decomposition occurred at room
temperature as well as at higher temperatures. The
reaction was studied most extensively at 105°C and to a
lesser extent at 60 and 166°C.

The data in Table IV-I show the effect of
pressure on the quantum yields of Dz, 8134, ¢-D and
¢-Sizos at 105°C. The non-variation of the quantum yields
of D,/ ¢-D and 0-51205 with pressure shows that complete
quenching of the excited mercury atoms was occurring over
the entire pressure range. The decrease in the quantum
yield of monosilane at low pressure indicated that the
isotopically pure siD‘ was probably formed by abstraction
of a deuterium atom from the gside chain by a SiD3 radical.

The enhanced 8104/02 ratio for one hour
irradiation times was taken as evidence for either a
buildup in concentration of some uncharacterized
source of readily abstractable deuterium atoms or the

secondary decomposition of some, again uncharacterized,
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PIGURE IV-1: Arrhenius plot of .510‘/. D, for ¢-SiDj.




source of silyl radicals.

The variation of the same four product yields
with temperature is presented in Table IV-II. The data
show that the only product which varied significantly
with temperature was monosilane and it increased as the
temperature was elevated. The scatter in the SiD4/D2
ratio is not as great as it is for monosilane and when
log (SiD4/DZ) is plotted versus the reciprocal of the
absolute temperature the apparent activation energy
difference lies between 5.8 and 4.0 kcal/mole (Figure
Iv-1l).

The quantum yield of D2 remained constant
within experimental error over the 100° range. Three
plausible explanations for this phenomenon were con-
sidered; 1) molecular elimination of D, in a primary
step, 2) %p = 0.25, and unit efficiency for the meta-
thetical reaction between the atoms and the -SiD3 side
chain, or 3) OD * 1, and a constant ratio for the rate
constants for the metathetical reaction and the expected
addition to the phenyl ring, i.e. kmetathesis/kaddition
= 1/3, over the entire temperature range.

The first postulate was tested by photosensi-
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tizing various ratios of phenylsilane and phenylsilane-ds.

The results are given in Table IV-III and they showed
that HD was an important product in the mixture, thus

molecular elimination was not the only mode of forming
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02‘ The contribution of the molecular step can be

evaluated from the data in the following manner.

When

the possibility for both molecular and atomic formation

is included in the primary step the hydrogen producing

mechanism is,

A=253.7nm

Hg + hv E——
Hg* + ¢—SiH3 —
—_—

Hg* + ¢-8103 _—
_—

H + ¢-siﬂ3 —_—
+ ¢-51iD, —_—

D + 0-8133 —_—
+ 0-5103 —_—

Hg*
H + ¢-SiH, + Hg

Hz + ¢-SiH + Hg

D + ¢-SiD, + Hg

2

D2 + ¢-SiD + Hg

HD + 0-8102

HD + ¢-SiH2

D

+

Ia
(1]
(2]
(3]
(4]
{S)
(6]
(7]

(8]
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Steady-state treatment of this scheme yields the relation,

x_°_2_ . (k L, ey lHE] ) ( (HE] + [LI) )
e 4 7 KTLIT3KgTHE] 1tkp) [LIT+(kytky

which reduces to

Xp X

4

Y“_:' - W at the limit (HE) =+ 0;
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where xDz = mole fraction of 02 in the total hydrogen
product
Xug = mole fraction of C6H58103 in the reaction
mixture
(HE) = concentration of C.H siD

65 3

(LI]) = concentration of Cﬁﬂssiﬂ

3

This relation is plotted in Figure IV-2 and the extra-
polation value for k4/(kl+k2) is 0.08. Steps (2] and (4]
can therefore be neglected as sources of molecular hydroL
gen and deuterium, Two more useful relationships can be

derived (Appendix C) and evaluated from the data.

They are plotted in Figure Iv-3 and give,

o - r‘%—*rt%"l“
Xyg [HE]l =0 kg Ktk 1%,
Xup kq ky k)

D - + = 2.46
X, (LI} >0 " kg ky¥k, ky¥k,

k k
It has just been shown that E—;%— = E—;%— = 1 so the
172 k M |

above equations simplify to

kg K,

+ = 1.36
kg k ¥k,
kq
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The assumption was made that quenching by the silicon
deuterium bond was responsible for the formation of the
atoms. This is a reasonable assumption since no decrease
in the hydrogen yield by increased pressure was observed
as might be expected if the excited phenyl ring was
eliminating a B-hydrogen (Table IV-I). Then, because
deuteration of methylsilane was found to have no effect

on the primary quenching process (56), and in an auxiliary

study the ratio kg/k10 for
Hg* + SiH4 + products + Hg (91
Hg* + SiD4 + products + Hg (10])

was found to be unity (143), the following was also true,

ky ky
- = 1.
k ¥k, k3¥k,

We now have evaluated the kH/kD isotope effect for the

abstraction by both hydrogen and deuterium atoms:

kg
K = 2,78 at 110°C

6

and k?
r = 1.‘6 ‘t llo.CQ

8

Returning now to postulates 2) and 3) for the
invariant hydrogen yield, these were tested by producing
hydrogen atoms in the presence of phenylsilane and

phenylnilane-d3 under varying conditions of pressure
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and temperature. The yield of HD in the large excess of
H2 could not be monitored but the monosilane yield could
be. It was known that ¢-SiH2 radicals displace SiH3 from
phenylsilane (70) and the present work had shown that
the monosilane yield increased with increasing pressure
at a constant temperature and also increased with increas-
ing temperature at a constant pressure. Thus it was
reasoned that if postulate 2) were operative the guantum
yield of monosilane should approach the quantum yield of
hydrogen atoms at high enough pressure and/or temperature.
The results are given in Table IV-1V and while OSiD4 does
increase with temperature and with pressure it doesn't
approach the quantum yield of hydrogen atoms, ¢H = 2
(127). Postulate 2) was revoked in favour of 3).

Postulate 3) receives further support from the
data in Table IV-V. The quantum yield of SiH4 from the
photosensitization of phenylsilane is greater than that
for SiD4 from the photosensitization of phenylsilane—d3,
all other things being equal. This reflects the primary
isotope effect for the metathesis between silyl radicals
and the silyl side chain of the aromatic molecule.

The magnitude of ¢D in postulate 3) remains
to be determined. In view of the large quenching cross
section of the aromatic ring (121), quenching at the
hydridic silicon-deuterium bond should have less than

unit efficiency. This was indicated when NO was added to
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the sensitization system to delineate the mono-radical
reactions form any molecular or biradical processes. The
results given in Table IV-vI show that the monosilane yield
was eliminated but that benzene and phenyldisilane were not
completely suppressed by the radical scavenger. An
electronically excited state of phenylsilane-d3 could
undergo silylene elimination to form a molecule of benzene-
d1 and the unscavengable silylene would then insert into

a silicon-hydrogen bond of phenylsilane.

The presence of diphenylsilane was verified
through a modification of the analytical procedure. An
aliquot of the entire reaction mixture after photosensitiza-
tion was subjected to mass spectral analysis. Mass to
charge ratios corresponding to the molecular weights of
(0)2 and (¢-SiDz)2 were observed as well as that corres-
ponding to 025102. A semiguantative calculation estimated
the relative importance of the above products relative to

monosilane as; SiD‘ ~ ¢2Sioz >> 02, (QSiDZ)z.

DISCUSSION

The foregoing results indicate that the mercury
photosensitlzation of phenylsilane or phenylsilane-d3
results in unit decomposition of the molecule. The main
mode of primary decomposition is silicon-hydrogen bond

cleavage
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TABLE IV - VI

Effect of NO on the Product Yields from the

Photosensitization of 18 torr of ¢-SLD3

at Room Temperature

NO Product Yield, umoles
Time Pressure —_— N0 51D,  ¢-D <370
Minutes Torr Dz “z*”z "z D( $-D ¢ 275
10 0 0.36 - - 0.90 0.050 trace

13 1.3 - 0.95 3.7 0.00 0.028 trace
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Hg* + ¢-SiH .—» H + ¢-SiH, + Hg (1)
3 2

Two other primary decomposition processes appear to be

operative,

Hg* + ¢-siﬂ3 —=+ ¢-H + SiH2 + Hg {11}

— ¢ + SiH3 + Hg (12)

Reaction [11] is supported by the observation that its
quantum yield is constant over the various conditions
used and also by the fact that when nitric oxide was added
to the system the yields of benzene and diphenylsilane
were not eliminated. The detection of biphenyl as a
reaction product leads to the proposal that (12) is one
of the primary decomposition steps. In a separate study
of the mercury sensitized decomposition of phenylsilane
in a fast-flow system coupled to the ion source of a
mass spectrometer it was also concluded that Si-D bond
rupture was the major decomposition process (115).
Attempts to measure the importance of (12] by trapping

the phenyl radicals produced with methyl,

$ + CH3 -_— ¢-CH3,

indicated that approximately 5 to 6% of the phenylsilane
decomposed terminated as toluene. Combining this data
with the results obtained in this study, the importance of

the primary decomposition processes are estimated to be,
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0[1] > 0.80

0[11] = 0T10

A

0[12] 0.10.

These results contrast markedly with those found for
toluene where no decomposition was observed on photosen-
sitization at room temperature and the quantum yield of
hydrogen was only 0.1 at 400°C (144). 1In the case of
the aromatic hydrocarbons the decomposition was found

to be via an excited molecule formed in the initial
quenching step since the yield of product passed through
a maximum with pressure (144-146).

The fact that the 112 kcal/mole transferred to
the hydrocarbon by the excited mercury atom was not
effective in cleaving the benzylic carbon-hydrogen bond
suggests that a photophysical process (phosphorescence)
(147) was dissipating the energy before it could accumulate
in that bond.

Since the benzylic carbon-hydrogen bond in
toluene is only 85 kcal/mole (137) and the Si-H bond in
phenylsilane is approximately the same as the 94 kcal/mole
Si-H bond in monosilane (23), the difference in the decom-
position of toluene and phenylsilane cannot be ascribed
to the lower bond energy in the silane. This leaves two

possibilities; 1) nearly 80% of the primary quenching is



done by the hydridic Si-H linkage, or 2) the silyl side
chain so alters the energy surfaces reached by the
excited phenyl group that efficient energy transfer to
the side chain is occurring before pressure induced
relaxation can take place. Sufficient information is not
available to choose between these alternatives.

Within the proposed reaction scheme approxi-
mately 30% of the hydrogen atoms produced in step (1)
abstract from the silyl side chain to form hydrogen
molecules and the remainder add to the phenyl ring (148,

149) :

H + ¢-81H3 — Hz + ¢-SiH2 (5]

— @-Siﬂ3 (13)

The most probable fate of the substituted cyclohexadienyl
radical formed in step (13) is combination or dispropor-
tionation with another radical or further addition to
substrate molecules to form a high molecular weight

compound (150):

a-—@-sm3 + ¢-SiH, —= 2¢-SiH, (14]
u—-€>-sm3 + ¢-SiH; — heavy (15]

As mentioned above phenylsilyl radicals are capable of

displacing silyl from a substrate molecule (70),

151
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¢-Sinz + ¢-Siﬂ3 — ¢2-SiH2 + SiH3 (16]

Thus the phenylsilyl radicals formed in reactions [1]

and [5] act as a source of silyl. It is most probably
reaction [16] which has the positive temperature coefficient
associated with it and which is responsible for the

apparent activation energy of 6 kcal/mole as determined

from the slope of the line in Figure IV-1. At lower
temperatures the phenylsilyl radicals will terminate

as the dimer

2¢-siﬂz — ¢-SiHZSiH2-¢ (17])
or disproportionate with the cyclohexadienyl radical,
step (14].

Silyl from both the primary step and the dis-

placement reaction abstract from the silyl side chain,
SiH3 + o-siH3 — SiH4 + ¢-siH2 (18]

As mentioned in the previous section reaction (18] is

most probably thermoneutral (23). In hydrocarbons,
thermoneutral hydrogen atom transfer reactions are
normally associated with activation energies of 12 kcal/
mole or greater (91). An activation energy of this
magnitude in the phenylsilane system would render reaction
(18) an improbable source of monosilane. The observation
that it is a source of siH‘ is supported by the study

of the reactions of isopropyl radicals with monosilane.
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1t was found that the activation energy for hydrogen
atom abstraction from monosilane was 7.6 kcal/mole (86) .
This is an example of a thermoneutral metathetical reac-
tion with a relatively jow activation energy requirement.
An alternative path for monosilane production
involving the disproportionation of monosilyl with cyclo-
hexadienyl radicals was also considered. Because of the
fact that the monosilane product was exclusively SiD4
when ¢—SiD3 was decomposed, a mechanism whereby only D
atoms could be involved was required. The following

process was thought to be a possible solution,

o Oy — ooy
oy o (X, — sing» )0
3 SiD4 4 3

This scheme was tested using the photosensitized decom-
position of D, in the presence of 10% ¢-SiH3. If the
above reactions were occurring the isotopic composition
of the monosilane product would be SiH4D. Mass spectral
analyses of the monosilane showed that it was solely
SiH‘ thereby ruling out the disproportionation sequence
and lending further weight to the abstraction reaction
(18].

The absence of disilane as a reaction product

is in agreement with the results involving H atoms and
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SiD4 + siH4 (Chapter III) where the disilane was do, dz,
d4 or d6' and the reaction of recoil silicon atoms with
phosphine (151). The recoil atoms are reported to react
with gaseous phosphine to give only SiH4 as a product.
When siH4 was introduced into the reaction system, SiZH6
became an important product. The observation that the
radical scavengers NO and C2H4 had little or no effect on
the Sizﬂ6 yield led the authors to suggest that Sin

was the disilane precursor. Any silylene atom formed by

disproportionation of the silyl radicals

5183 + SiH3 — Siﬂ2 + SiH4 (19]

or from reaction [l11l] will insert in a silicon-hydrogen
bond of the phenylsilane to produce phenyldisilane.

In conclusion mercury photosensitization of
phenylsilane did prove to be a source of monosilyl
radicals. They differ in their reactions from the alkyl-
substituted silyl radicals in that self-disproportionation
occurs to the exclusion of combination. The primary
step in the photosensitization of the aromatic-substituted
silicon hydride resembles the primary step in alkyl-
substituted silicon hydrides and the paraffin hydrocarbons
more than the primary step in the mercury photosensitiza-
tion of unsaturated hydrocarbons. It was estimated that
80% of the primary quenching resulted in Si-H bond

cleavage. The 20% which occurred at the w-system gave
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decomposition products which were independent of the

total pressure in the reaction vessel.



CHAPTER V

The Near-Ultraviolet Photolysis of Disilane

RESULTS

Disilane was photolyzed through 15 cm of air
with the full arc of the medium pressure mercury lamp.
The only effective emission lines were those at 194, 197
and 200 nm since the next emission line, at 225 nm, lies
above the onset of absorption (Figure V-1). The products
of the photolysis in decreasing order of abundance were
Hz, SiH4¢ Si3H8, n-Si4ﬂlo, i-Si4H10 and a solid polymer
on the cell walls., The polymer attenuated the incident
light intensity but was observed not to produce products
in the empty reaction vessel when exposed to actinic
light.

The effect of time on the product yields was
studied to differentiate between products of primary and
secondary origin. The results are given in Table V-I.

A plot of the product mole-fractions versus exposure time
(Pigure V-2) shows that "2' SiH‘, 513H8 and Si4H1° all
extrapolate to finite values at zero exposure time
indicating that they are of primary origin. The observed
increase of hydrogen and monosilane fractional yields at

longer exposure times is a result of secondary photolysis

156



absorption coefficient (cn'latn°1)

PIGURE V-1:

5.0

3.0-

2'0-

1.

—¥

1 1 [

190

200 210 220
A, nm

Absorption spectrum of 312"6 and Sizo‘

A, 81.D,.;
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TABLE V - I

Effect of Exposure Time on the Product Yields from the

Photolysis of 100 Torr of Si,H. at Room Temperature

Products, umoles

Time

Minutes H, siu‘ 813H8 81‘310
2 1.00 0.85 0.86 0.14
S 2.00 1.65 l.68 0.22
9 3.20 2.70 2.52 0.28

14 4.39 3.78 3.14 0.33
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of tri- and tetrasilane. The onset of absorption of these
compounds is red-shifted from that of disilane (2c, 152).
There is a wealth of lines in the emission spectrum of

the lamp above 225 nm. Overlap of the absorption spectrum
of these products and the emission spectrum can lead to
significant secondary photolysis of the §i3H8 and Si4H10.

The effect of pressure on the product yields
was studied next. The results are given in Table V-II.
Complete absorption of the incident radiation was realized
at pressures greater than ca 100 torr, as evidenced by
the invariant total product yield. The mole fractions
of Hz, SiH4, Si3H8 and 814H10 are plotted in Figure‘y-3.
There are two distinct regions on the graph. Above 30
torr the fractional yields are constant; below this pres-
sure the hydrogen and monosilane increase as the tri-
and tetrasilane decrease indicating that the latter were
formed in vibrationally excited states which decomposed
to hydrogen and monosilane unless pressure stabilized.

The observation that the monosilane and
trisilane yields approached one another at high pressures
and short exposure times was consistent with a step in
which disilane decomposed to silane and silylene, followed

by insertion of the silylene into a substrate molecule,

812H6 + hv — 5184 + Sin (1]

. M
S).H2 + Sizﬂs —_— 513H8 (2]



TAB

LE V - II

Effect of Substrate Pressure on the Product Yields from

the 4 minute Photolysis of 51256 at Room Temperature

Pressure

161

812“6 Products, umoles
Torr “2 SiH4 81388 Si4Hlo r
7 2.02 1.82 0.60 0.05 4.49
14 2.42 1.98 1.15 0.18 5.74
28 2,87 2,42 1.75 0.21 7.25
4l 3.13 2.50 1.80 0.35 7.78
57 3.15 2.68 - - -
71 3.08 2.60 1.90 0.50 8.08
101 3.12 2.70 2.10 0.48 8.40
118 3.18 2.73 2.10 0.50 8.51
125 3.16 2.75 2.10 0.60 8.61
148 3.14 2.62 1.95 0.30 8.0l
1452 3.03 2.72 2.20 0.45 8.40
400° 1.03 2.20 1.48 0.26 4.97

a
700 torr c3H8 added to Sizu6

b sizbs, photolysis time 6 minutes.
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The same 1 to 1 correspondence was not observed
for the other two products, hydrogen and tetrasilane.
Hydrogen may be formed in any of three ways: 1) elimina-
tion of molecular hydrogen from the same silicon atom in
disilane in a primary process, 2) elimination of molecular
hydrogen from different atoms in disilane in a primary
process, or 3) scission of a single silicon-hydrogen bond
in the primary photolytic act followed by a metathetical
hydrogen transfer from substrate to the hydrogen atom,

To examine these possibilities the deuterium
labelling technique was employed. An equimolar mixture
of si.zﬂ6 and 51206 was photolyzed and the composition of
the hydrogen fraction is shown in Table V-III. Clearly
molecular elimination processes such as 1) and 2) were the
major ones since the D2 yield was greater than the HD
yield. This would not be possible if all of the D2 arose
from deuterium atoms abstracting from 51206. Furthermore

process 2),

812H6 + hv —_— Hz + SiHZSiﬂz, (3]

would be the predominant mode of hydrogen formation since

the diradical formed in 1),

812H6

+ hv — H, + SiHJSiH, (4]
would insert into a substrate molecule to give tetrasilane

Siﬂssiﬂ + 512H6 — 514“10 (s)
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TABLE V - III

Isotopic Composition of the Product Hydrogen

Pressure
Torr Percentage Composition
81286 81206 ﬂz HD D2
0 170 2.8 9.2 88.0
89.8 90.4 63.0 10.1 27.0
100 100

64.3 9.2 26.5

R U Rin; i 20 e
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whereas the diradical formed in step (3], by analogy with
the vuv-photolysis of methylsilane, would contribute only
to polymer formation (61),

SiH,SiH, wall | lymer. (6]

In order to delineate the radical processes in
the system ethylene was added as a radical scavenger.
The results are given in Table V-IV. Evidently monoradical
reactions make only minor contributions to the product
yields. The appearance of Sizﬂsczﬂs as a major product
and the 50% reduction in the yield of tetrasilane was
evidence for the disilanyl intermediate since the addition
of sizﬂs to C2H‘ is known to be a chain process in the
presence of disilane, Chapter III. Coupled with the small
yield of H atoms found in the isotopic studies this
indicated some single silicon-hydrogen cleavage in a
primary step

SiZH6 + hv — H + Sizﬂs (7)

The 20 to 25% decrease in the SiH‘ and si3ll8 yields

indicated that SiH3 from a step such as
812H6 + hy — 51n3 + SLHJ (8)
could be contributing to the formation of these compounds

in the unscavenged system. The slight decrease in the

hydrogen yield was ascribed to an artifact of the systea
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in view of the fact that hydrogen atoms react with
disilane five times faster than they add to ethylene,
(Section lc, Chapter III).

More evidence for SiH3 intermediates was sought
by adding NO as the radical scavenger; it has been shown
to be an excellent agent for sorting out radical processes
in the vacuum-ultraviolet photolyses of methyl silanes
(60,61). The results are given in Table V-V. Obviously
nitric oxide was not acting solely as a radical
scavenger, since the monosilane and trisilane yields
were definitely not decreased. The appearance of N, and
Nzo together with the enhanced yield of H, was gsimilar
to the behaviour of NO in the mercury photosensitization
system in Chapter III but the constitution of the conden-
sable products was significantly different from that
which had been observed in the photosensitization system
(cf. Table III-VI). A check on the emission spectrum
of the photolytic source showed that significant inten-
sities were being emitted at wavelengths corresponding
to absorption maxima in the spectrum of NO, Table V-VI.
The electronically excited NO-sensitized decomposition
of 512H6 was not the purpose of this study so the
"scavenging” by nitric oxide was not further pursued.

Another interesting result of the "NO scaveng-
ing*, was the identification of the trace product

i-Si‘Hlo in the combined g.l.c.-mass spectrometric
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TABLE V -~ IV

Four Minute Photolysis of 33 torr 81,56 at Room

Temperature in the Presence of Ethylene

Pressure umoles Product

C,H

274 ] ‘
H SiH si.H Si_H C,H.Si . H

Torr 2 4 38 4710 2577278
o 2080 2.‘0 1060 0031 -
1.5 2062 2.40 - 0019 009‘
3.9 2,67 1.98 1.26 0.17 1.78
8.7 2.60 1.81 1.27 0.16 1.80

13.3 2.65 2.14 1.22 0.19 1.80
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analysis. The concentration of this product was below
the detection limit of the g.l.c. unit employed for routine
analyses. This product could be formed in either of two
ways: 1) insertion of the silylsilylene radical into
the Si-Si bond of the substrate, or 2) preferential
insertion of silylene into a secondary silicon-hydrogen
bond of the product trisilane. If 2) is the source of
of the branched isomer the yield will be time dependent.
A meaningful time study in which iso-tetrasilane can be
monitored awaits a more sensitive analytical system or

a monochromatic light source for photolysis of disilane
which will not at the same time cause serious secondary

photolysis of tetrasilane.

DISCUSSION

The foregoing data indicate that photolytic

decomposition of disilane is a multi-step process,

SiHe + hv — SiH, + SiH, (1]
— H, + SiH,SiH, (3)
— H, + SiH SiH (4]
— H + SiHg (7]

—_— sm3 + stns. (8]
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For Sizﬂ6 the hydrogen forming steps were found to be
greater than those forming monosilane whereas the reverse
was true for 81206. Thus the relative rates of the
various steps is a function of the substituents on the
silicon atoms though the absorption is largely associated
with the silicon-silicon bond (2c). The tail of the
absorption spectrum contains fine structure which is
probably due to vibrational levels in the upper state.
This indicates that the upper state is not totally repul-
gsive in character. A total pressure of 850 torr did not
reduce the total yield of products; so the lifetime of
the excited state is of the order of the period of a few
hundred vibrations. Since the absorbed photons carry
energy of Nl40bkcal/einstein and there are five postulated
primary steps, energy randomization must be efficient.
This amount of energy is much greater than the endo-
thermicities for decomposition into ground electronic
state reaction products (Table v-VII), thus the fragments
have excess energy to be dissipated. In step (1], for
example, there is a maximum of 97 kcal/mole to be distri-
buted among the vibrational, rotational, and translational
modes of the two fragments. If each product receives its
share of the total excess energy the Sin will get 9/24 x
97 = 36 kcal/mole and the Siﬂq, 61 kcal/mole. Equilibra-
tion of the translational and rotational modes with the

812H6 bath will be efficient (153) leaving ~12 kcal/mole
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Estimated Endothermicities of the Postulated

Primary Reactions

Reaction

<>

+

813‘ + 81“2

H, + Slﬂzsiﬂz

2

+ SiH_SiH

Hy 3

H + stzns

8133 + 8183

AH, kcal/mole

43

54

41

83
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vibrational energy in Sin and 37 kcal/mole in the SiH4.
The excess vibrational energy in the monosilane is well
below the decomposition threshold of 56 kcal/mole (36)
so vibrational relaxation will be its fate. The Sin
however, carrying up to 12 kcal/mole excess energy will
insert into a substrate molecule, step (2], to form a
chemically activated trisilane molecule.

It was observed that ca. 30 torr of substrate

was required to stabilize the excited Si3H8 and 814“10
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in the pressure study. If we assume a collision efficiency

of 0.1 for stabilization of the excited molecule by
Sizﬂs, a value can be calculated for the excess energy
in the trisilane from the classical RRK expression and

and the collision frequency.

The collision frequency is given by,

- 2 fenkT -1
zAB OAB = (A) sec .

With an assumed collision diameter o0,, of 4.Si for the
colliding pair and a pressure of 30 torr stz 6’ the

collision frequency is

z = 2.5 x 10° sec”l.

Multiplying this by the collision efficiency and setting
it equal to the RRK expression for the trisilane molecule

(Section 2b, Chapter Il1I) we get,
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12.5

E - 45
7 14 tot -1
kdecomp 2.5 x 10" = 5.8 x 10 (———-——EtOt ) secC

This equation is solved for Etot' the total energy in the

excited trisilane molecule, and gives,

Etot = 60.6 kcal/mole.

The exothermicity of step (2] is 44 kcal/mole, therefore
the Siﬂ2 which inserted contained 16.6 kcal/mole excess
energy. The agreement between this value and that
calculated for the sin formed in the primary step
indicates that the photonic energy is randomly distributed
among the various available modes in the ground electronic
state of the primary fragments.

Consider now the molecular hydrogen forming
steps. It was found in the vacuum ultra-violet photolysis
of ethane that the loss of a molecule of hydrogen from
one carbon atom was the major mode of decomposition at 147
nm (154). The resultant "hot" ethylidene then rearranged
to an excited molecule of ethylene which could be pressure
stabilized, The product hydrogen from the photolysis of
disilane is generated in a molecular process but if it
were largely from one silicon atom one would expect the
unscavengable tetrasilane yield from reaction (5] to
approach the total hydrogen yield. The fact that it does

not and that the fractional yield of tetrasilane remains
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invariant over a 3-fold change in substrate concentration
and a 25-fold increase in total pressure militates

against a competition between a unimolecular isomerization
step and a bimolecular insertion reaction for the removal

of the silylene,

SiH.SiH* —— SiH

3 2SiH2 (9]

SiH,SiH* + Si

3 2t

6 SigHy, (51

Therefore the molecular hydrogen arises mainly from a 1,2
elimination.

It was stated in the previous section that the
1,2 silicon diradical formed from this elimination was
responsible for the observed polymer. This is contingent
upon the 1,2 diradical being inert with respect to reaction
with any other species in the system. This is not unex-
pected in the pure disilane system where reaction with

the substrate is estimated to be quite endothermic,

SinsiH2 + 512“6 —_— SiHSSiH2 + SiH3SiH2,

AH = 21 kcal/mole, and interaction with other radicals in
the system could not compete with their removal by the
substrate. The observation by Flowers and Gusel'nikov
(155) that olefins inhibited the thermal decomposition

of 1,1 dimethyl-1l-silacylcobutane

N
SLQ T Me,Si-CH, + C,H,
m/
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suggested that a simple 1l:1 adduct might be formed between

SiHZSiH2 and ethylene

SiHZSiHZ + C2H4 . SiHZ - ?iﬂz

CH - CH

2 2

No volatile product was observed on the addition of
ethylene, which might be ascribed to the addition. A
minor product, less than 5% of the ethyldisilane, whose
mass spectrum indicated a molecular weight corresponding
to C4Si.2H14 was found at the highest concentration of
ethylene. This could correspond to (Czﬂssiﬂz)z, the
product of the addition of two molecules of ethylene to
the 1,2 diradical . This would indicate that this radical
probably has some singlet character rather than existing
strictly as two doublets, otherwise scavenging of the
1,2 diradical would be complete at much lower ethylene
concentrations and the resultant absence of attenuating
polymer would cause an increase in the hydrogen yield.
It was concluded, therefore, that SiHZSiH2 was the
polymer building unit, and siHJSiH was the precursor to
the unscavengable n-tetrasilane.

The monoradicals formed in the single bond
homolysis steps, (7] and (8], have more than enough
internal energy to overcome any energy barriers for meta-

thesis with the substrate,
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H* + 512H6 — Hz + Sizﬂs {10])
SiH3* + Sizﬂ6 — SiH4 + SiZHS (11}
Sizﬂs' + 81236 — 512H6 + Sizﬂs (12)

Additional reactions which the non-equilibrated radicals

may undergo are,
H* + 51286 — Siu4 + Siu3 (13]

si * + SiZH — Si. H, + SiH

Ms 6 3fg 3 (14)
steps analogous to those for the mercury photosensitization
of disilane. The thermally equilibrated radicals which

result from these reactions undergo the usual dispropor-

tionations and combinations

SiH, + SiH,  — siu* (15)
si,Hg" — SiH, + SiH, (16)
SiH, + SiHg — si,tg! (17
si,Hg’ — siH, + SiH, (18]
SiHg + SiHg — si ).t (19)
si,,} — si,H  + SiH, (20)

HA.sim, (21)
Siﬁz + Slzﬂs — 81350 (2)

where the combination products si286¢ and 513H8* are

unstable with respect to their decomposition products at
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the pressures employed in this study (Section 2b,
Chapter III).

The failure of NO to decrease the yield of any
product except tetrasilane seems to indicate the transfer
of electronic energy from an excited NO molecule to the
disilane substrate which then decomposes to a molecule
and a silylene, most probably SiH4 and siﬂz. Electronical-
ly excited nitric oxide in its lowest doublet state is

known to react with ground state NO to form oxygen atoms

or molecules (142),
NO* + NO — Nz + O2 (22]

NO* + NO —_— N20 + 0 (23]

It is the oxygen species which are most probably responsi-
ble for the large yield of disiloxane, SiH3OSiH3 which was
observed in the condensables when NO was added. If this
is_so it means that the chemical cross-section for
reaction between an excited NO molecule and a ground

state NO is at least an order of magnitude larger than
that for the reaction between NO* and sizus.

When the scavenging effect of NO on the tetra-
silane yield is combined with the ethylene and isotopic
mixture studied it is possible to estimate the contribu-
tion of the single bond scissions to the mechanism,

Assuming that

1) ¢t stzﬂs = 2 x (scavengable Si‘nlo) + (scavengable S£3H°)
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2) L SiH3 = (scavengable SiH4) + (scavengable 81338)

3) stu‘ +H) = total primary processes

and utilizing the mole fractions extrapolated to zero

time, the result is

812“6 + hv —+ H + Sizﬂs 3
-_— SiH3 + Siﬂ3 6%
— Hz + stussin 3
-_— Hz + Siﬂzsiﬂz 47
—_— Siﬂ‘ + Siﬂz 418

The values estimated for the molecular processes
represent upper limits since a minimum of 7% of the
total hydrogen yield was HD in tge isotopic mixture.
This estimation does serve to contrast the direct
photolysis with the mercury sensitization where the only
primary step necessary to explain the products was a

simple Si-H bond cleavage.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

The present investigation has furthered
knowledge of the production and reactions of silyl
radicals derived from energy transfer between Hg(63Pl)
and ¢-Siﬂ3, ¢—SiD3, 812H6 and SiZDG; the metathetical
reactions between H atoms and these compounds; and the
reaction CH3 + SiZDS‘ All of these systems were studied
as a function of temperature. The results were compared
with those from the direct photolysis of 812H6 and 51206.

The result of transfer of energy from excited
mercury atoms to ¢-SiH3 differs from that in the case of
the analogous hydrocarbon, in that unit or near unit
decomposition is realized. The decomposition occurs
mainly at the Si-H bond and is a further example of the
high reactivity of the hydric, polarizable, silicon

hydride linkage toward the electrophilic 3P mercury

1
atoms. The observation that carbon-silicon bond cleavage
and elimination of SiH2 also contribute to the decomposi-
tion processes is ascribed to the interaction between
the vacant d-orbitals of the silicon-atom and the n-cloud
of the aromatic ring. Presumably the energy transferred

from the excited mercury atom to the aromatic ring under-

goes intramolecular partitioning before intermolecular
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processes dissipate the energy of excitation.

The reaction between the excited mercury atoms
and disilane was analogous to that between mercury and
ethane in that hydrogen bond cleavage was the primary
step. There was no evidence for Si-Si bond scission.

Reactions of silyl radicals are similar to those
of alkyl radicals, with important differences which reflect
on the properties’of silicon. Monosilyl radicals do not
recombine at pressures up to one atmosphere. Similarly
no combination products from methyl plus disilanyl or
monosilyl plus disilanyl were observed at total pressures
up to one atmosphere. Tetrasilane, the combination pro-
duct of two disilanyl radicals was observed, however.

This indicated that as the degree of complexity of the
newly formed molecule increased, i.e. as the total number
of ways of partitioning the energy of the newly formed

bond became greater, the lifetime of the species increased
and collisional stabilization was possible. These observa-
tions reflect the fact that silanes have available to them
a low energy decomposition path which leads to a stable
silane molecule and a silylene.

Disproportionations of silyl radicals are not
readily observed since stable multiple bonded silicon
compounds are unknown. The simplest disproportionation
product SiH2 has a singlet ground state and inserts into

substrate to give a disilane. The head-to-tail
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disproportionation product of two disilanyl radicals,
SiHZSiﬂz, is the most probable precursor to the solid
polymer observed on the cell walls and the presence of
this polymer suggests that the reaction does occur. Dis-
proportionation to combination ratios can be determined
only by difference because of this reaction.

Another difference between alkane and silane
reactions is the accessability of pentavalent gsilicon
atoms. This makes possible the displacement reaction
observed in reactions between hydrogen atoms and
disilane at room temperature and the displacement reac-
tions between disilanyl radicals and disilane and phenyl-
silyl radicals and phenylsilane at somewhat higher
temperatures. It was found that these displacement
reactions could compete with the "conventional” metathesis
reactions.

Monosilyl and disilanyl radicals were found to
be stable with respect to unimolecular decomposition at
temperatures up to 220°C. This was attributed to the
inability of silicon to participate in multiple bonding
in the case of disilanyl.

Direct photolysis of disilane was similar to
that of ethane and methylsilane in that molecular processes
were the main mode of decomposition. Homolysis of single
bonds, both Si-Si and Si-H contributed less than 10 per

cent to the overall process. Significantly the proportion
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of substrate which decomposed by a given path was a
function of the substituents on the silicon atom.
Deuterium substitution favoured processes in which loss
occurred from one silicon atom moreso than did protium
substitution. This was not observed for methyl silane
or ethane.

The surface of the field of silyl radical
reactions has only been scratched. The greatest present
need is still more reliable thermodynamic values for
silicon and organosilicon compounds and temperature
studies of photolysis systems offers one possibility of
extending our present knowledge in this field. Studies
along this line should also lead to a greater understand-
ing of the mechanisms of energy transfer and inter- and

intramolecular partitioning of energy.
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APPENDIX A

Propane Actinometry

"The quantum yield of hydrogen production is
0.46 at room temperature and 14 cm pressure, rising to
0.50 at high pressures. Hydrogen production is a linear
function of time."” (122) This observation made propane
a convenient actinometer for Hg(63P1) photosensitization
reactions. At that time it was felt that the quantum
yield deficit was due to "physical quenching” of the
electronically excited mercury atom by the propane
molecules. Back (123) found that the rate of hydrogen
production was not a linear function of time in the
initial stages of the reaction, instead it decreased
with time to a limiting value. This is characteristic
of a build-up of a secondary product to a concentration
such that it can compete successfully for the products
of the primary step. Such a product is the olefin
formed by the disproportionation of the alkyl free
radicals formed in the primary step.

The reaction scheme proposed by Back included

1 3
Hg(6 So) + hv — Hg(6 Pl) Ia
Hg(6’P)) CjHg —— n-CjH, + H + Hg(6'S ) (11

— §-CyHy + H + ng(slso) (21



H + 0388

n-C3li7 + n-c3n7

1-C3H7 + n-C3H7

i-C H7 + 1-0387

H + C3H6

—

pras———_

Steady state treatment of this scheme yields®

dfnl . o = k, (Hg*1(S] + k;(H](S)

d(i]

d(H]

HEL 2 0 = (k) +ky) (Hg*1(S) - (ky+k,) [H](S)

n-C,H, + H, (3]
i-CyH, + H, (4]
CeHigq (S}
C4Hg + CyHg (6]
CeH1a (7]
C,H, + CjHg (8]
CeHyg (9]
CyHg + CyHg (10)
i-c H, (111}

- 2(kg+kg) (a1

- (kqt+kg) [n] (1] (12}

- (kp+kg) [n] (1]

2
2(kg+k ) [4] (13)

- k), ] (14)
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The rate constants for radical-radical reactions

can be associated with the collision frequency which is

proportional to the product of the collision diameter

and the square root of the reciprocal of the reduced mass

a
S = gubstrate, csna

n= n-CJli7

0l = olefin, CJ"S
i = i-CJH-’
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of the colliding species. For the propyl radicals in this

system the following relation will hold

2K = 2(k5+k6) = (k7+k8) = 2(k9+k1°) [16]

and from this
k
o1
m - 1= () (17)

Knowing that kl/k2 = 0.101 and k3/k4 = 0.0417
from the work of Campbell et al. (124,125) , substitution

of (17] into [(12] and (13) gives

0 = 0.0917 ks ® 2K (n) 2
= 0, I + - n
a* TK;#E,Y 519K (OD)
- 2K(n) (($1,/K) % = (n)) (18

0.0417k,(S) oI
4 a X ]
= 0,0917 ¢I_ + mm -2( 1) (n) =K
a R 4 S)+ 11 1) a
y (0.1372k4(S)+0.0917k11(01))
(n) = %(4I,/K) (T OAT7K, (51 +k (010

(1.946k4(8)+1.9083k11(01))

(£) = H(41,/K) (T-04T7K  (ST7K, (O17) (19]

The condition of a photostationary concentration

of propylene imposes the restriction

= O= k6(n) + ks(n)(l) + klo(i) - kll(ﬂ)(OI)

(20])
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and the relation between the rate of abstraction from
propane by hydrogen atoms and the rate of addition to
propylene is given by

R(abs) . a -1 [21)
R(add) ~ Tk, (n) kg (M) (D) +k o (1)

Starting from the approximation that (k3+k‘)(8) = k1°(01)
in equations [18) and [19] it is found from substitution
in [21) that (R(abs)/R(add)) reduces to 1.40 when the
disproportionation to combination ratios from Terry and
Putrell (126) are inserted.

This predicts a value of 0.58 for the guantum
yield of hydrogen from the mercury photosensitization of
high pressures of propane when the rate of hydrogen
production is constant. This can be compared to the
experimental value of 0.581 ¢+ 0.012 obtained when
nitrous oxide with 1% l-butene added to scavenge the

oxygen atoms was used as the actinometer, (Table A-I).
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TABLE A - 1

Rate of Formation of Non-condensables in the

Determination of Absorbed Light Intensities

1000 torr C3§8 500 torr N20 + 4.0 torr 1-CHg

Time a(d,] d[N,]
min —3 umoles/min — ymoles/min
10 0.131
14 0.137
12 0.138
10 0.137
11.5 0.137

10 0.241
11 0.244

6 0.235

10 0.232

10 0.236

10 0.236

8 0.244

1f 0(82) = 0,.50; Ia = 0.274 yEinsteins/min
1f .‘"2) = 1,00; Ia = 0.236 ¢ 0.004 Einsteins/min

In terms of nitrous oxide actinometry then Q(Hz) from

propane is
O(Hz) = 0.58 ¢ 0.012 Moles/Einstein.
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APPENDIX B: MASS SPECTRA OF PRODUCTS

The relative intensities of the m/e ratios in

the mass spectra were determined at an ionization voltage

of ca 70 volts. The symbol *p" indicates the parent

compound.
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TABLE B - VIII

a
Monosilane Praction from 81256 + 81226 + Hg*

m/e R.I, Postulated Ion
36 9

35 19

34 292 81D,"

33 246 8ip "

32 725 84D,", 818,0"
31 912 sipn*, siH,’
30 1000 sin*, sin,’

29 263 sin®

28 532 sit

a. Assumption of no isotope effect for cracking
pattern gives

SLD‘:8103H=81330381H‘ = 25:37:42:54
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TABLE B - X

*
Monosilane Fraction from 52 + SLQDS + Hg

n/e R.I.2 rR.1.P R.1.6 Posgg}xaud
36 20 25 20

35 50 49 53

34 694 681 710 8iD,"

33 679 652 576 81D, H"

32 1000 1000 1000 _siD,*

31 562 523 438 sipn*

30 350 337 312 sip*

29 85 98 40 sint

28 160 193 - sit

a. 32/812D6 = (500 torr)/(2 torr).

b. 82/81206 = (600 torr)/(6 torr).

c. “2/C3°s/ 81206 = (1200 torr)/(150 torr)/(1l5 torr).
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Derivation of the Expression for the Fraction of Molecular

Hydrogen Formation in the Mercury Photosensitization

of Phenylsilane

The following reaction scheme is considered for

the production of hydrogen in the Hq(63Pl) sensitization

of phenylsilane:
Hg + hv A=253.7nm, Hg*
Hg* + ¢-SiH, — H + ¢-5iH,

—_— ﬂz + ¢-8iH

+ ¢-8iD, —— D + ¢-5iD,
— D, + ¢-SiD

H + ¢-8iH, — H, + ¢-SiH,
+ ¢-81D, — HD + ¢-5iD,
D + ¢-SiH, — HD + ¢-SiH,
+ ¢-8iD, —= D, + ¢-51D,

Applying steady-state approximations

Ruge = 1a-(HG*1 (K #K)) (LI} + (kyek,) (HE]) = O

Ry = kllllg'l[LI] - (ul{ksu.x] + ksuua)) =0

Ia

)

(2)
(3]

(4)
(5]
[6)
(7]
(8)
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Ry = kg (Hg*) (HE]) - [D}{k,(LI] + kamzl} = 0

and solving for the steady-state concentrations of the

intermediates gives

[Hg*) = a
3*ky

k, (Hg*) [LI]

) =
5 L + ke HE

k3lﬂq'l[HEl
(D) = KITEIT + KgIHE)
7 8
The rates of formation of the hydrogen products are

Ruz = kleQ*l[LIl + kslﬂllLIl
RBD - k6[H][HE] + k7[Dl[LIl
nDz = k‘lﬂg*][LI) + kalbl[HB)

and the total rate of formation of hydrogen is
R(Hzﬂlbwz) = k, (Hg*] (LI} + (kg [LI])+kg [HE]) (H) + (kg (LI)+
kalHEl)[Dl + k‘lﬂg'llLIl
= (k1+kz)(ﬂq'l[L1) + (k3+k‘)lH9‘llHBl-

The mole fraction of each of the isotopic hydrogen

components then becomes
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"u, k, [LI)
m *u, rrrmfmr‘rﬂ'ﬁfl

kg [LI)ky (LI)

* TR TLITHk  (RET) (k) #K, ) TLTT+ Tk ¥k ) T [HET)

- (“z * K TLII#k, (HET [m (ml—xqr{rrﬁrrn—r)

(1)

“oz Y k kg [HE]
| P = + rrm‘rrﬂ
(32+HD+D2) xD2 )
(11)

R y *up = | K TLIT3k THE] ¥ K TLTT#kg THE]

(HZ+BD+02

(i)

1
*
Tk, +k,) (LIT+ (k3K ) THE)

Also the mole fractions of the phenylsilane and phenyl-

cilane-d3 respectively are expressed as

- LI}
X1 [LIT + [HE) (iv)

HE (v)
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The expression for the ratio of the mole fraction of D2

to the mole fraction of phenylsilane-d3 then becomes on

combining (ii) and (v)

(x"z)_ (k , _ X3kglHE) [LI)+ (HE

K- [LIJ+k,(HE]
R;; 4 5 [LIT+k g THE 1+2L1+k3+‘HE
which at the limit [HE] + 0, reduces to

Xp X,

2 -
Xue k) + Kk,

Division of (iii) by (iv) gives,

"uo) _ ) FakgluEl o kgky[HE) (LI) + [HE) \
K. TCIT+K, [RE |
g LI]+k¢ HE) LI)+k [HE 1tko LIJ+(ky+k,) [HE

X1 7 8 |

which as [LI] + 0 reduces to

(=) . etm 2R

Similar treatment of equations (iii) and (v) gives

(8o (5) b
%e /ey -0 \Ks 1t %2 1t %2
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Correction for isotopic impurity in phenylsilane-

{Hg*) = *
1

Taking into account the hydrogen content of
the silyl side chain the new expressions for the steady-

state approximations are,
Ry = 0 = kyHg*(HE) () - k, (D] [LI] - kg(D] [HE](X)
- k(D] [HE] (1-X)

Ry = 0 = kjHg*[LI] + k3Hg* [HE](1-x) - kg [H) (L]

- xslallanl(l-x) - kslulluzl(x)v

from which the atom concentrations are,

k ,Hg* (HE] (X) I,(x
D = LIS RET(I-X T TkgRET(X) E‘TTETT'TRETTI=§TTTE'TH‘TT')
" k Hg* [L1]+k jHg* (HE] (1-%) Xy 1a Xyp I (1-X)
ESI[EI]+[“E]‘I'X’I+56[“EI(x’ 5 1 E -x k¢ X

where x = fractional deuteration of 0-8103 and the other

symbols have been defined above.
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When [LI) = 0,

Rp, = KglD)1HE)(X)

kalﬂnl (X) Xyp I‘(x)
7 B 'x + 8 X

21, xg
E-"I'X; + EQ‘X,

It is reasonable to assume that k7(1-x) << ks(x) thus
= (x)I_. Having solve or x it 1is en poss e to
(I, i lved f it is th ibl
2

correct all of the observed values to 100% deuteration.



