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ABSTRACT

The gas phase xenon resonance lamp photolysis of
dimethylsilane and the cadmium lamp photolysis of hydrogen sulphide
in the presence of dimethylsilane have been investigated in detail.
The resulting product distribution was accounted for in both studies
and mechanisms were proposed. The vacuum ultraviolet absorption
spectra CH,SiH,, CH,SiD,, (CH,),SiH,, (CH,),SiD,, (CH,),SiH,
(CH3)3SiD, (CH3)BSiF and (CH3)ASi were recorded and used to help
explain the results from the photolysis c¢f dimethylsilane.

The photolytic decomposition of dimethylsilane yielded
ten products and a polymer deposit on the cell window. The mechanism
was deduced from the effect of pressure studies, time studies,
radical scavengers such as nitric oxide and ethylene, and deuterium
labelingf The photolysis was shown to proceed by thirteen primary
steps, many of which can be subdivided because they involved the
loss of two fragments. Although the 14702 resonance line of the
Xenon iamp lies predominantly in the silicon-hydrogen absorbing
region, silicon-hydrogen cleavage is not the dominant mode of decom—
position. The nature of the mechanism is a clear indication that
absorption of photon energy in one moiety of a molecule can lead to
decomposition along a variety of pathways. The results unambiguously
indicate the intermediacy of two types of silylene diradicals, the
silicon analogue of carbenes. They both readily imsert into the Si-H

bond of the substrate to give vibrationally excited methylated

disilanes. The presence and importance of primary and secondary



idi

photolysis isotope effects between (CH3)ZSiH2 and (CH3)ZSiD2 was

illustrated in the kinetic evaluation of the data.

The photolysis of HZS in the presence of dimethylsilane—d2
led to the formation of large amounts of D2. The exchange reaction

H* + (CH3)ZSiD — D+ (CH3)ZSiHD was proven not to be important.

2
The recombination reaction of a dimethylsilyl radical and a thiol
radical to form a silylmercaptan was the sole fate of the thiol
radical. The silylmercaptan was photolyzed to give a hydrogen atom
and a silylthiol radical which abstracted from substrate. The
reformed silylmercaptan in turn, photolyzed to give a deuterium

atom and the silylthiol radical again, which acted as a photochemical

chain carrier. The photochemical chain was time dependent, having a

length of about five in a fifteen minute photolysis and a length of

about one and one-half in a one minute photolysis.
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CHAPTER 1

INTRODUCTION

A, Silicon Chemistry

The photochemistry of silicon compounds and in particular
of silicon hydrides, is a relatively new and rapidly increasing
field of interest. Information on this subject is scarce (1) and
prior to the early 1960's, the main emphasis in silicon chemistry
has been on the synthesis and characterization of new compounds (2).
The photochemical work that has been done on silanes in this period,
with few exceptions, was largely preparative with mo effort to under-
stand the kinetic-mechanistic aspects. The greatly increased
practical importance of silicon chemistry, as well as its intrinsic
interest, has ied to muéh activity within the last ten years.

Before reviewing the recent developments, let us turn our attention

to the silicon atom, its properties and simple compounds.

1. Physical and Chemical Properties of Silicon Compounds

Silicon is the second member of the group IV B elements.
The chemistry of the first element, carbon is very much different
from the other members of the group and there is probably no other
group of elements that shows such a striking difference in the
physical and chemical properties.as we proceed from the first to the
second row. The salient features of the chemical properties of

silicon in comparison with carbon can be summarized in the following



SRt G R ym Ly § TP

e e

P s g

points.

(2) The main mode of bonding for both carbon and silicon
is sp3 hybrid bonding, such as hydrides, alkylated hydrides, halides,
hydroxyl compounds, ethers, etc. Long chain bonding of silicon
and oxygen gives rise to the industrially important compounds -
siloxanes. Silicon can increase its coordination to six in some
cases, by the use of d-orbitals, which will be discussed later.

(b) The tendency for catenation decreases drastically
in going from carbom to silicon. Stable carbon-carbon linkages in
the order of hundreds are well known while similar linkages involving
silicon are unknown. Compounds having more than six silicon-silicon
bonds have not been prepared in quantitative yields.

(¢) Multiple bond formation, which plays a large and
important role in carbon chemistry, is unknown in silanes. There
have been many attempts’ to synthesize stable {(p = p)T double bonds
but the products have invariably been proven to be dimers or
polymers (3). The presence of silicon double bonds as transient
intermediates has been proposed in pyrolysis systems (4). The
reason for the lack of double or triple bond formation to silicon
is not known with certainty. Some of the theories put forward are
discussed below.

(1) It has been suggested (5) that silicon double bonds

are not formed because o bonds;are stronger than 7
bonds. This rationalization seems to work in the
case of Si-0 vs Si=0 bonds. The Si-0 bond strength

is about 106 kcal/mole while the C~O bond strength



is 86 kcal/mole. Although stable Si=0 compounds

do not exist, a bond strength of 190 kcal/mole has
been found for gaseous SiO at high temperature, as
against a value for carbon monoxide of 256 kcal/mole.
Hence it would seem that 2E(Si;0) is greater than
E(Si=0) while 2E(C-0) is not as great as E(C=0). This
argument loses credibility when applied to Si=C and
Si=Si bonds because the Si-C and Si-Si bonds are not
particularly strong. Also, it must be remembered
that 2E(C-C) is greater than E(C=C) and olefins are
well known. (A complete discussion of bond strengths
will be given later).

(ii) It has also been suggested that (p = p)T overlap is
poor for higher row elements (6). That is, the (ap)
orbitals %re diffuse for values of n = 3 or higher.
However, quantum mechanical calculations involving
Slater orbitals do not support this (7,8).

(iii) Pitzer (9) has suggested that inner shell repulsions
could become important at the short internuclear dis~
tances required for multiple bonding. This does not,
however, explain why Si=O bonds are so unstable
because P=0 and S=0 bonds are well known and the same
effects should be operative.

The interrelation of all these factors could be so finely
balanced that a slight shift in any one of them could explain the

difference in carbon and silicon bonding.



PR A N

ST

—re

RZOUTE AN PR

(d) Another important difference between carbon and
silicon is the ability of silicon to utilize its vacant d-orbitals.
Although carbon has vacant d-orbitals, they lie in the order of
220 kcal/mole (10) above the 2p orbitals and would be of little
importance in bonding or transition states (11). However, the
5-fold degenerate d-orbitals of silicon are only 130 kcal/mole (10)
above the highest occupied orbital, which makes them potentially
important in bond formation. It is more facile to promote a 3p-
electron to a 3d-orbital than it is to promote a 3s inmer shell
electron to a 3p-orbital. Hence d-orbitals are important in the
formation of additional bonds by mixing with s and p orbitals. The
five coordinate sp3d hybrids and the six coordinate sp3d2 hybrids
are examples of this. Probably one of the most controversial aspects
of the importance of the 3d-orbitals of silicon is that of (p > 7
bonding (12-14).

(e) Electronegativity is another property where carbon and
silicon differ. Although the concept of electronegativity is some-
what vague and there are at least three different scales in popular
use, the difference between carbon and silicon is still distinct.

The electronegativities of some common elements using the Allred-
Rochow scale follow: hydrogen = 2.20, carbon = 2.50, silicon = 1.74,
nitrogen = 3.07, oxygen = 3.50, fluorine = 4.10, chlorine = 2,83,
bromine = 2.74, iodine = 2.21, and sulphur = 2.44 (15). As far as
the hydrides are concerned, we find that silicon would carry a partial
positive charge. This means that silicon hydrides are more susceptible

to nucleophilic attack by water or oxygen. Hence we find that the



simple alkyl silanes and silicon hydrides are less stable than their

carbon analogues.

In light of the foregoing discussion it is not surprising
that the chemical reactivity and stability of many silicon compounds
differ markedly from their carbon analog. For example, silanols are

very unstable and readily condense to siloxanes and water.

2 R3810H - R381081R3 + H20 [1]
Silanediols are unknown. All the silames, but in particular those

that have more than one silicon atom, are very susceptible to hydrolysis

during storage in glass containers.
R3SiSiR3 + HZO — R381081R3 + H2 [2]
The silicon hydrides, but not the alkyl silanes, burn spontaneously

when exposed to oxygen.

2. Thermodynamics

Thermochemical data and bond dissociation energies for
silanes are sparse. Uncontrollable explosions and the formation of
polymeric SiO2 makes the use of calorimetry difficult. Mass
spectrometric results are often complicated by ion-pair formation
an& the difficulty in interpolation of the ionization curves. In
addition, radical ionization potentials for silanes are not known.

Average bond enthalpies for some ca?bon and silicon
derivatives have been obtained by explosion calorimetry, heats of
hydrolysis and elaborate thermochemical reasoning (12). It can be

seen that silicon forms weaker bonds to itself, carbom, and hydrogen



than does carbon. However, it forms stronger bonds with group

V, VI, and VII elements. Table I-I gives some selected bond energies
obtained by several different authors. The differences in bond
strengths between carbon and silicon can be rationalized in terms

of electronegativity. Bond energies, however, do not necessarily
reflect reactivity. Although Si-Cl bonds are stronger than Si-C
bonds, they are more reactive to the presence of water on glass
surfaces. This is because the Si-Cl bond is more polar and hence

susceptible to nucleophilic attack.

3. Silyl Radicals

The physical and chemical differences between carbon and
éilicon radicals are extensive. Great effort has gone into determin-
ing the structure of trivalent silyl radicals. The SiH3 radical
has been produced (25) in a krypton matrix at 4.2°K by Y-irradiation
of SiH4. An ESR study of'the radical showed that the orbital of
the unpairgd glectron had 22% s-character and that the bond angle
was li0.6°. This éan be contrasted to the physical properties of
methyl radicals which have an essentially planar structure and no
s-character in the orbital of the unpaired electron. Similar studies
on SiH3 (26), CH3SiH2 (27) and (CH3)3Si (27) radicals in a xenon
matrix indicated bond angles of 113° - 114°. The non-planarity of
silyl radicals has been predicted theoretically (28). It has also

been shown that optically active o-naphthylphenylmethylsilyl radicals

generated in solution (29) abstracted from CCl4 to give a product

with 85% retension of configuration.



TABLE I-I

Selected Bond Energies of Silicon Compounds (kcal/mole)

Compound D(Bond) Referance
H3Si—H 94 21
Si-H 74 22
HSSiZ-H 90 23
H3Si—SiH3 81 21
CH3SiH2—H 94 24
(CH3)3Si-H 81 17
80.3 19
79 18
H (CH3) 2S:i.—CH3 76.5 19
(CH3) 38:1.—CH.3 76 17
76 18
67.6 20
(CH3) 3Si—Cl : 88 17
123 18
(CH3) 3Si—Br 78.5 17
(CH3) 3S i-T 69 17
(CH3)3Si—Si(CH3)3 67 16

67 18
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In contrast to carbon, there are few good sources of silyl
radicals. Pyrolysis of the simple silanes is not suitable for
kinetic studies because of competing silyleme formation. Also,
many of these compounds require very high temperatures for decomposi-
tion, sometimes in excess of 773°K. The pyrolysis of hexamethyl-
disilane (16) at 796 — 828°K is one example where a thorough study
of the trimethylsilyl radical was possible.

The use of silicon substituted ketones and azo compounds
for the production of silyl radicals by photolysis has certain limita-
tions. The extremely high bond strength of Si-0 and Si-N means that
these compounds are too stable to be good.radical sources (30). This
increased bond strength is probably due to interaction of the p-
orbitals of oxygen and nitrogen with the vacant d—orbitals of
silicon. At the energies required for photolysis there can be many
competing modes of decdmposition. The photolysis of silicon-mercury
compounds, such as ((CH3)3Si)2 Hg, have proved to be useful sources
of silyl radicals (31).

Kinetic studies of the reactions of silyl radicals are
somewhat easier than those involving carbon radicals cven though
there are few good sources. Pyrolysis does not proceed by a radical
chain mechanism as in hydrocarbons, although there can be complica-
tions from polymerization. Another important point is that dispro-
portionation does not cccur because silicon.does not form double
bonds. Hence complicating addition reactions do not occur.

Extensive reviews of silyl radical reactions are available (32-34).
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4. Silylenes

Divalent carbon radicals (carbenes) play an important role
in carbon chemistry (35,36). In Group IV B there is a steady increase
in the stability of the divalent species relative to that of tri-
valent species. That is, reaction [3] becomes less important with

respect to reaction [4] and/or [5] where M is a Group IV B element.

R4M — R3M + R [3]
—_— RéM + 2R [4]
-_ R2M + R?. [5]

Silylene reactions are extremely important in silicon chemistry and

reviews (35,37) have appeared recently.
It is known that the ground state cf methylene is a linear

triplet, 32;, and the first excited state is a bent singlet, 1Al

(38). The various bond lengths, energies, and other physical

properties of methylene and its derivatives have been well established.
The same cannot be said of silylene and its derivatives however,
Dubois, Herzberg and Verma (39) found two eléctronic states in

SiHZ. In the lower electromnic state, 1A1, the HSiH angle is 92° 5°

and the Si-H distance is 1.5162. In the upper electronic state,

lBl’ these parameters are 123° and 1.4872 respectively. They were
unable, however, to find a lower triplet ground state analogous

to methylene. Also, they could not determiné if the 1A1 or the lBl

were the ground state. Theoretical calculations by Jordan (40)

indicated a singlet ground state for Sin. Recently, Milligan and

and Jacox (41). have shown, by photolysis of silane in an argon matrix
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at 4° and 14°K and analysis by infrared and ultraviolet spectroscopy,

that the ;Al state is the ground state.

Silylenes have been formed by a variety of means (37);

. ..t
-

pyrolysis, flash photolysis, photolysis, neutron irradiation, and
glow discharge. However, in all these methods, there is a fine
balance between silylene formation and single bond homolysis to

form silyl radicals. This balance seems to be a function of the

. starting material. For example, hexamethyldisilane yields two tri-

methylsilyl radicals when pyrolized (16). However, substitution
of a methoxy group for one of the methyl groups on each of the
silicon atoms will give rise to dimethylsilylene upon pyrolysis (42).
The most likely mechanism in the latter case involves. an o~
elimination. The driving force for this process is probably the
strong affinity of oxygen for silicon. The pyrolysis of 7-
silanorbornadienes and metal silyls, such as AlMez(SiMe3) have given
good yields of silylemes (37).

The study of silylene reactions has been difficult because
of their great reactivity. Silylenes polymerize, insert into
single bonds, and add to carbon-carbon multiple bonds. In the absence
of other reagents, silylenes readily polymerize. This reaction is
analogous to olefin formation with carbenes but since silicon
does not form double bonds, polymer formation occurs. In the presence
of a precursor or a trapping agent, there is;ready insertion into
single bonds. They readily insert into silicon-hydrogen bonds
and into any bond between silicon and a more electronegative atom,

such as halogens, oxygen or nitrogen. However, they do not insert

10



into silicon-carbon, carbon-hydrogen or carbon-carbon bonds even at
high temperature. Because of this, it has been suggested that
silylenes are less reactive than carbenes (43). Silylenes will also
add to umsaturated organic compounds. However, no stable silacyclo-
propane has ever been isolated. Although they are thought to be

an intermediate, it appears that they dimerize to a 1,4-disilacyclo

compound or rearrange to give a vinyl silane (43,44).

5. Free Radical Attack on Silicon Compounds

The reactions of alkyl radicals (45-48) and halogen sub-
stituted alkyl radicals (49-55) with silanes have been the object
of extensive studies over the last few years. The transfer reactions
of alkyl radicals with non-halogenated silanes indicated that the
logarithms of the Arrhenius A factors are, in most cases, between
11.0 and 12.0. This agrees very well with the A factors for alkyl
radical attack on hydrocarbons. The activation energies in the
case of silanes, 5 - 8 kcal/mole, are lower than for the hydrocarbons,
11 - 1é kcal/mole (47). This decrease has been attributed to the
weaker Si-H bond. Substitution of one or more halogen atoms on the
silane or the use of halogen substituted attacking radicals markedly
alters the activation energy but has little effect on the A factor.
This result has been attributed to polar effects associated with
the interaction of the reactants.

The reaction of hydrogen atoms with silanes has not received
much attention. The vacuum ultraviolet photolysis of monomethyl-

silane (91) has led to the determination of the isotope ratio

11
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D + CHSSiH3 — CH3SiH2 + HD [6]

D+ CH3SiD3 _— CH3SiD2 + D2 [7]

k6/k7 = 3,2. The iodine lamp photolysis of mixtures of ethylene—d4

and the appropriate non-deuterated silane enabled the determination
of a series of abstraction rate constants (56). It has been shown
(57) that D-atoms will undergo a displacement reaction with disilane
with an efficiency approximately equal to the abstraction reaction

D+ SizH6 R SiH3D + SiH3 [8]
The rate constant for the reaction of D-atoms with (CHB)BSiH has
been shown (58) to be 1.11 x 10ll ce mole_l sec_l in a flow system.
The 18492 photolysis of C2D4 in the presence of SiH4 suggested the -
transient formation of SiH4D and allowed the determination of the
rate constant for abstraction (59).

An extensive study of the reactions of methylene with
silanes has been carried out by Simons and his co-workers (60-62).
Unlike éilylene, singlet methylene will insert into both carbon-
hydrogen and silicon~hydrogen bonds. The ratio for Si-H to C-H
bond insertion is: monomethylsilane = 8.9, dimethylsilane = 6.9 and
trimethylsilane = 7.2. These values were found to be independent
of wavelength and silicon-carbon insertion did not occur. It is
believed that methylene insertion into silanes is as fast or faster
than addition to olefins. RRKM theoretical calculations on the
decomposition of the chemical activated species indicates that the
16 1

A~-factor is 1015 to 10 sec .
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6. Pyrolysis of Silicon Compounds

The first serious attempt to understand the mechanism of
monosilane pyrolysis was not undertaken until 1966 by Purnell and
Walsh (63) and later by Ring et al. (64). Not surprisingly, there
is disagreement on the mechanism. Purmell favours molecular elimina-
tion of hydrogen to form silylene which subsequently imserts into
substrate. Ring, however, favours atomic hydrogen loss to form a
monosilyl radical which undergoes a displacement reaction with
substrate. The latter mechanism is critically dependent on the
presence of HD in equimolar mixtures of SiH4 and SiD4. However, they
do not report the aﬁsolute yields of HD. Pollock et al. (57) have
shown that monosilyl radicals do not recombine at atmospheric

pressure. These results indicate that a SiH3 radical in collision

with a SiD3 radical would give rise to HZ, HD, or D2 plus the

appropriate diradical.. Also, thermodynamic calculations by Purnell
(65) and Davidson (66), indicate that SiH3 is totally unstable with
respect to SiH2 at typical silane pyrolysis temperatures. Hence it

would seem that silylene formation is the chief mode of decomposition
in the pyrplysis of monosilane.

The pyrolysis of trimethylsilane between 943°K and 1031°K
by Davidson (19,67) established that the primary step was the forma-
tion of silyl radicals and not silylenes. 3ost notable among the
products were di-, tri-, and tetramethyl-1,3-disilacyclobutanes. It
was necessary to postulate the formation cf the double bonded

intermediates, (CH2=Si(CH3)2) and (CHZ=SiHCH3), by disproportionation

13
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reactions of the initial radicals and subsequent dimerization.
Clifford et al. (20) obtained-similar results on the pyrolysis of
tetramethylsilane. The presence of silicon double bonded intermedi-
ates in the thermal decomposition of 1,1-dimethyl~1-silacyclobutane
was proven by Flowers and L. E. Gusel'nikov (4). The addition of
methanol to the system yielded trimethylsilanol while the addition
of ammonia yielded trimethylsilylamine. These compounds in turn
dimerized to hexamethyldisiloxane and hexamethyldisilazane.

A very thorough study of the pyrolysis of disilane has been
carried out by Bowrey and Purnell (68) who showed that the only
primary step was éilyl formation. The initial formation of silylene
was verified independently by Ring (69,70). Both authors showed,
by the addition of alkylsilanes to their systems, that insertion of
silylene into carbon-silicon and carbon-hydrogen bonds does not
occur even at elevated temperatures.

Ring (71) has carried out the thermal decomposition of
methyldisilane and 1,2~-dimethyldisilane. The initial.steps were
silylene formation. The trisilanes formed in each case resulted
from insertion of the appropriate silylenme into a silicon-hydrogen
bond. The thermal decomposition of pentamethyldisilane (72) proceeds
by silylene formation rather than silyl radical formation. The
pyrolysis of methoxymethyldisilanes involves the migra*ion of the
methoxy group and subsequent silylene formation (42,44). The pyrolysis
of hexamethyldisilane (16,73,74) , however, has been shown to proceed

by a radical mechanism.

It is evident that the factor influencing the importance of
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silyl versus silylene formation in the primary step of the pyrolysis
of a disilane is the ability of the substrate to form a transient
three member ring, that is, an O-elimination mechanism. Hydrogen
and oxygen readily form such bridges while carbon does not. If the
disilane is not symmetrical as in methyldisilanme then there are two
silylenes possible and the formation of the more complex monosilane
seems to be slightly favoured.
Gusel'nikov and co-workers (75,76) have shown that the

pyrolysis of large methylcyclosiloxanes leads to the formation of

transient silicon-oxygen double bonded species which, in turn,

readily polymerize.

7. Radiolysis of Silicon Compounds

The radiolysis of silanes has mostly been concerned with
industrial applications. (77) and the emphasis has been on increasing
the yield of the desired products. The reactions are not particularly
clean and a large variety of products are formed in addition to the
desiréd material. The mechanisms of such radiolysis studies have
been interpreted in terms of free radicals and/or ionic species.

The Y-ray radiolysis of monosilane (78) at room temperature
produces only hydrogen and disilane with G yields of 17.0 and 5.3
respectively as the measureable products. A light brown polymeric
deposit forms on the cell surfaces. Monosilane is consumed with a
G value of approximately 22. The primary steps involve both free

radical and ioric processes.

More recently, Mains and Dedinas (79,80) have carried

e ]
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out a radiolysis study on tetramethylsilane in both the vapor and
liquid phase. It was felt that the mechanism can be explained
exclusively by neutral radical formation and molecular elimination.
The formation of iomic species and subsequent ion-molecule reactions
were not considered to be important. It was shown that 817 of the
hydrogen arises from thermal hydrogen atoms, 12% from molecular
elimination and 7% from hot hydrogen atoms. Thermal methyl radicals
account for 35% of the methane while 40% arises from molecular
elimination and 25% from hot methyl radical abstraction. Ethane and
the silane products arise almost exclusively from radical recombina-
tion. Olefinic intermal free radical scavengers, acetylene, ethylene
and propylene, are formed in significant G yields in the presence

of oxygen or nitric oxide. A 1,2-diradical arising from molecular
elimination of methane is thought to be of minor importance. The
silylenes formed by molecular elimination do not give rise to
measurable products. This £inding is in keeping with the inefficiency
of silylene insertion into carbon-silicon and carbon-hydrogen bonds.
The principal alkylsilane products arise from the intercombination
of CH3, (CH3)3Si, and (CH3)3SiCH2 radicals. Minor carbosilane
products could arise from radical addition reactions to the olefims
and the 1,2-diradical mentiomed above. All G yields were lower in

the liquid phase than in the vapor phase due to geminate recombination.

8. Mercury Photosensitization of Silicon Compounds
The mercury photosensitization of momosilane was first

reported by Emeléus and Stewart (81l) who detected hydrogen formation
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and a2 brown film of polymeric silicon hydride. Mercury photosensi-
tization should be a good method of studing silane decomposition
since a known quantity of energy can be tramsferred in one step.
Also, it has been shown that the cross sections for decomposition

of the silicon hydrides are very much larger than their carbon
counterparts (82). Niki and Mains (83) studied the sensitized decom-—
position of monosilane and found that quantum yield of hydrogen
production was 1.8 but it was admitted that this value was subject

to considerable uncertainty. Disilane, trisilane and other higher
condensation products were detected.

A detailed investigation of the mercury photosensitized
decomposition of the simple silanes has been undertaken by Strausz
and co-workers. The mercury photosensitization of monomethylsilane,
monomethylsilane—d:,’, dimethylsilane, trimethylsilane, tetramethyl-
silane and dimethyldifluorosilane (84) were all found to involve
exclusive initial loss of an H or D atom from the Si-H or Si-D
bond, if available; otherwise, C~H scission occurs. The main
products found in all of the systems were hydrogen and the appropri-
ate disilane, formed by silyl radical recombination, in equal
amounts. Although the quantum yields of hydrogen and the appropriate
disilane were approximately equal, they were less than unity. This
deficiency can be attributed to side reactions since smaller yields
of higher silanes and polyﬁer were noticed. ‘Addition of small amounts
of nitric oxide to these systems resulted in the complete suppression
of disilane formation and the simultaneous appearance of the

corresponding disiloxane via a chain mechanism.

17



The mercury photosensitization of monosilane (84) proved
to be more complex. The reaction was extremely surface dependent
with values of ¢(Hé) ranging from 10 in a clean cell, to 3ina
conditioned cell. Other products were disilanme, trisilane, tetra-
silane, and a solid polymer. It was necessary to postulate five
primary steps and a very efficient wall reaction to account for the
results.

The sole primary step in the sensitized decomposition of
disilane (57) is Si-H cleavage. The hydrogen atoms react with
disilane via two competing reactions having comparable rate constants,
abstraction and a displacement reaction to give monosilane and a
monosilyl radical. Disilyl radiéals recombine to give tetrasilane
in a pressure dependent reaction up to 400 torr of disilame. Recom—
bination of a monosilyl and a disilyl radical to give trisilane is
pressure dependent up t& 1000 torr. Monosilyl radicals do not recom—
bine at atmospheric pressure but disproportionate to give SiH4 and
SiH.. -‘Rate theoretical calculations indicate that recombination

2
could occur only at pressures above ca. 10 atmospheres. There was

substantial polymer formation.

The sepsitized decomposition of phenylsilane (85) occurs
via three primary steps. Siiicon—hydrogen cleavage accounts for
approximately 80% of the primary quantum yield. The remaining two
steps, silicon-carbon cleavage to form a silyl radical and a phenyl
radical and a rearrangement process to form silylene and benzene,
each constitute approximately 10%Z of the overall primary process.

Small quantities of benzene and phenyldisilane and trace amounts of

18
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diphenyl, diphenylsilane and diphenyldisilane were detected. It was

necessary to postulate that approximately 70% of the hydrogen atoms
add to the phenyl ring of the substrate. The most probable fate of
the silyl substituted cyclohexadienyl radical thus formed is combina-
tion or disproportionation with another radical or addition to a sub-
strate molecule to form a higher molecular weight compound. The
silylceyclohexadiene formed by disproportionation could not be
detected. These results contrast markedly with those found for
toluene where no decomposition was observed on photosensitization at
room temperature and the quantum yield of hydrogen was only 0.1
at 673°K (86).

The use of nitric oxide as a scavenger of monoradicals in -
alkyl radical chemistry is well established (87). 1Its role in the
scavenging of the monoradicals formed in the mercury photosensitiza-

tion of the methyl silanes (84) was dramatically illustrated by the

complete suppression of the disilanes. Large amounts of the corres-—

ponding disiloxane, hydrogen, nitrogen, and nitrous oxide were

formed. A tentative chain mechanism was proposed by Strausz et al.

(84) which is given below:

MeRZSi + NO - MeRZSiON £9l
ZMeRZSiON — MeRZSiONNOSiRéMe [10]
MeRZSiONN081R2Me —_— ZﬂgRZSiO + N2 ' [11]
MestiO + MeRZSiH'—* MeRZSiOSiRZMe + H [12]

H + MeRZSiH -— H2 + MeRZSi [13]

et R AL
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where R = CH3 or H. The addition of nitric oxide to the silyl
radical occurs at the O-atom whereas in alkyl radical systems
bonding takes place at the N-atom (87). This addition is readily
explained by the much higher affinity of silicon atoms for oxygen
over nitrogen. It is interesting that a radical scavenger
like nitric oxide has initiated a chain reaction in a non—chain
system. Since the integrity of the primary radical is prgserved
in the siloxane product, we have a means of radical identificationm.
The inverse addition pf nitric oxide to the silyl radical
has been verified by Kamaratos and Lampe (88) by a mass spectrometric
study of the mercury photosensitized reactions of silane and methyl-
silane with nitric oxide. They revised the mechanism somewhat in

order to account for the formation of nitrous oxide. The mechanism

is given below:

Hssi + NO . -—*'HSSiON [14]
HSSiON + NO -—*-H3SiONN0 [15]
H3Si0NNO _— H3Sid + N20 [16]
H3SiO + SiH4 —_— H3SiOSiH2 + HZ [17]
H3SiOSiH2 + NO — H3SiOSiH20N [18]
H3SiOSiH20N + NO — H3SiOSiH20 + N20 .[19]
H3SiOSiH2 + S:'LH4 — HBSiOSiH3 + SiH3 [20]
SiH3 + H3SiONNO —_— ZS;HBO + N2 [21]

The formation of large molecular weight siloxanes can be readily



accounted for b& the chain nature of the reacticn mechanism. This
investigation showed that the mechanism is very dependent on the
amount of nitric oxide present. In the presence of excess nitric
oxide, the double addition of NO will take place as indicated in
reaction [15]. However, as the nitric oxide is depleted, then
reaction [10] will become important. A very involved mechanism of
eighteen steps for the scavenging of disilyl radicals formed in the
mercury photosensitization of disilane has been proposed, which

combines the main features of the two studies mentioned above (89).

9. Photolysis of Silicon Compounds

The direct photolysis of the simple silicon hydrides was
first reported by Strausz and co-workers (90,91). Monosilane and
the methylated monosilanes absorb only in the vacuum ultraviolet
(92,93) while disilane photolysis can be initiated by a medium
pressure mercury lamp because the absorption is significant between
20004 and 21004 (94.

- Preliminary accounts of the vacuum ultraviolet photolysis
of monomethylsilane using a xenon lamp and a krypton lamp have been
reported (90,91). 1In both cases, the products were hydrogen, 1,2-
dimethyldisilane, methyldisilane, methane, ethane, dimethylsilane,
monosilane, and a solid polymer. The primary steps of the reactionms,
their quantum yields, and the mechanism of the overall processes
were established from the nature of products, their dependence on
conversion, pressure, the addition of scavengers such as nitric oxide

and ethylene, and from the use of deuterium lakeling. The effect of
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wavelength was also examined. The proposed mechanism and the primary
quantum yields for the various steps using the xenon and krypton
lamps are given in Table I-II. 1In the xenon photolysis, the total
primary quantum yield was 1.03 which means that it is not necessary
to postulate further polyfragmentation steps. In the krypton
photolysis, however, the total primary quantum yield was 1.23. 1In
the absence of chain processes, the primary quantum yield must equal
1.0 to within experimental error. It was felt that step three,

the 1,2 loss of hydrogen, has too high a value for a primary yield
and it was postulated that all the CHZS:I.H2 decomposes to CHSiH and
64% of this species decomposes to CSi. Methylsilylene forms in two
possibie primary steps with the molecular process predominating.
This species inserts quantitatively into the SiH bond of substrate

to give 1,2-dimethyldisilane. Silylene also forms by two primary

steps but radical cleavaée predominates. Silylene quantitatively

inserts to give methyldisilane. The 1,2 diradical formed in step three

does not undergo further reaction to give measurable products but

rather, contributes to polymer formation. The silylmethylene diradical

22

formed in step four does not insert but undergoes unimolecular isomeriza-

tion to give a 1,2 diradical:

CHSiH3 —_— CHZSiH2 [22]

This process is favoured thermochemically by the fact that the carbon-
hydrogen bond is stronger than the silicon-hydrogen bond. Polyfrag-
mentation, as indicated in step seven, does not occur in the xenon

photolysis. Single bond homolysis, as indicated imn step eight is



TABLE I-II
Primary Processes in the Vacuum Ultraviolet Photolysis of

Monomethylsilane Using a Xenon and a Krypton Lamp

¢ (Xe) ¢ (Kr)
CH,SiH, + hv—=— CH;SiH + H, 0.32 0.16
—2 > cH,SiH + 2H 0.05 0.09
—2— cHsiH, + E, 0.23 <0.37 (0.14)
—4— cHsiH, +E, 0.07 0.11
—— cH, + sif, 0.09 0.08
—6  cm, +E+siE, 0.26 - 0.25
—L— B+ H,+H+ Si0.00 0.17
—2— cu, + sin, 0.01 0.00

total 1.03 <1.23 (1.00)
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not important. Steps one to four can be considered as special

cases of one type of cleavage while steps five to eight can be
considered as special cases of another type of cleavage. It is
obvious that increasing photonic energy increases the relative
importance of polyfragmentation.

Unpublished work from this laboratory on the iodine lamp
photolysis of monomethylsilane (95) is in keeping with the above
results, but with differences reflecting the decrease in photon
energy . Polyfragmentation decreased and single bond homolysis

increased at tic expense of molecular elimination.

The final member of this series, tetramethylsilane, is cur-—
rently being studied with the xenon lamp (96). Preliminary results can
be summarized as follows. Methane and ethane account for nearly two-
thirds of the products. Hydrogen is less than seven per cent while the
remaining is made up of fourteen other products with trimethylsilane
being about one-half of this. The nature of the products could best be
-explained by the almost exclusive formation of diradicals in the primary
step and their subsequent polymerization since silylene insertion into
Si-C or C-H bonds is much less favoured than insertion into Si-H bonds.

An attempt at the solid phase photolysis of dimethylsilane
(96) with a xenon lamp led to unmeasurably small product yields due
to monolayer absorption and geminate recombination.

A preliminary study of the photolysis of monosilane (97)
by a xenon lamp has shown that silylene formation is the primary mode

of decomposition. Photolysis of equimolar quantitites of SiH4 and

S uuau'-lw.l“g
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SiD4 lead to some HD formation but it is thought to arise from the
deccnposition of hot insertion products and not from H or D atom
abstraction. The lack of Si2H3D3 formation is the strongest argument
against silyl radical formation. This fact by itself, however, is
not valid evidence for the primary silylene mechanism because it
has been shown (57) that silyl radicals do not recombine but instead
disproportionate to give monosilane and silylene which would give
rise to the products detected. The vibrationally hot disilanes can
be pressure stabilized or undergo decomposition to give various
isotopic hydrogen species and the appropriate silane fragment which
can undergo further reaction with the substrate or polymerize. The
pyrolysis of monosilane, as discussed previously, proceeds by the
formation of silylene in the primary step and hence the mechanism
for the photolysis as given above is probably correct. However,
product analysis alone i; not adequate to determine a mechanism in
silane chemistry and the mechanism proposed by Ring et al. (97),
for the photolysis of monosilaﬁe has to be considered tentative
until a complete kinetic study is done.

The direct photolysis of disilane (94) has been carried
out by a low pressure mercury arc and the results are more in keeping
with the photolysis of monomethylsilane (90,91) than with monosilane
(97). It was necessary to postulate five primary steps with molecular
elimination predominating over single bond homolysis. The primary

steps and their relative importance are given below:

S?I.ZH6 + hv — H + SiZHS 3% {23]



-_— SiH3 + SiH3 67 [24]
-_— H2 + SiH4SiH 3% [25]
-—"'H2 + SiHZSiH2 47% [26]
-_— SiH4 + Sin 417 [27]1

The photolysis of perdueterodisilane yielded greater amounts of
monosilane than hydrogen, while the reverse was true for disilame
itself. Trisilane and tetrasilane were formed in secondary reactioms.
The primary mode of molecular hydrogen formation is via 1,2 clea%age
rather than 1,1 cleavage which is in contrast to ethane and the
hydrocarbons in general (98). The 1,2 diradical does not abstract
from substrate or undergo other reactions to give detectable products,
but rather, it acts as the polymer precursor. Unlike ethylidene 98),
disilylene does not undergo unimolecular isomerization but inserts
into the substrate as does silylene. The major secondary reactions

of the radicals are the same as previously discussed in the mercury
photosensitization of disilane.

In summary, it can be concluded that while triplet mercury
sensitization in general is a good source of silyl radicals, the
direct photolysis of silanes provides an excellent source of the
divalent silicon radicals — silylenes, the silicon analogs of carbenes.
The silylenes, such as silylene itself, silylsilylene and methyl-
silylene undergo insertion reactions with the silicon-hydrogen bond
but not with the carbon-hydrogen bond.

The direct photolysis of silicon hydrides is a complex

process which is characterized by the occurrence of numerous parallel
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primary modes of decomposition: molecular eliminations, free radical
splits and polyfragmentations. On the whole, the photolytic behavior
of silicon hydrides resembles that of the paraffins with some signifi-
cant differences originating from the characteristic differences
between the physico-chemical properties of the carbon and silicon

atoms.

B. Vacuum Ultraviolet Photochemistry

The preceding sections have given us a fairly lucid picture
of the physical chemistry of the simple silanes. It is obvious
however, that the photochemistry of these compounds is sparse and
somewhat tentative. Since all the simple monosilanes absorb below
20002 (92,93), their stu§y could only be undertaken with the advent
and development of vacuum ultraviolet techniques. The vacuum ultra-
violet photolysis of the simple hydrocarbons has done much to further
our understanding of the interaction of photonic emergy with molecules
and it was felt that similar studies on silanes would be fruitful.
Since the results of these studies are to be compared and contrasted
to the already existing body of information on the direct photolysis
of paraffins in the vacuum ultraviolet, it would seem useful and
necessary to discuss this information and its significance. A
thorough discussion of the experimental methods of vacuum ultraviolet

photochemistry will appear in another chapter.

There have been many recent reviews (98-106) of the chemistry
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associated with the vacuum ultraviolet region and hence a comprehensive
survey will not be undertaken here. This short review will be con-

cerned only with the most recent work directly relevant to the object

of this thesis study.

1. Carbon Dioxide

The photochemistry of carbon dioxide has been the object of
much study due to its use as a chemical actinometer and its role in
planetary atmospheres. Early work by Groth (107) and later by Mahan
(108) established that the main products of the photolysis were
oxygen and carbon monoxide. Evidence was found for ozone formation
but it could not be measured quantitatively. The initial step in
the mechanism was shown to be dissociation of the excited substrate
molecule to form carbon monoxide and an oxygen atom. This step is in
keeping with the spectroscopy of carbon dioxide in that the spectrum
is essentially a continuum (109). Depending on the wavelength of
light u§ed for irradiation, it is possible to generate various
species of carbon monoxide and atomic oxygen. In the vacuum ultra-
violet region, however, only ground state carbon monoxide is formed.
Below 16502 the oxygen atom is formed in the lD state and below
12752, it is formed in the 1S state as well (110). The fate of the
1D or ls atoms is thought to be deactivation to the ground 3P state
and subsequent recombination to form molecu1a£ oxygen which in turn
could act as a sink for ozone formation. The quantum yield of carbon
monoxzide formation was found to be near unity at both 14702 and 12362.

This mechanism would mean that the ratio 02/C0 should equal 0.5
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whereas values ranging from 0 - 0.5 were obtained experimentally.
The low values found were explained by ozone formation.

Katakis and Taube (111) suggested that the low OZ/CO ratio
could be explained by the 0(1D) atom reacting with substrate to form
CO3. The carbon trioxide molecule could diffuse to the wall and form
solid carbonate products and thus result in a reduced O2 yield. The
time dependence (112), pressure dependence (113), temperature
dependence (114) and surface effects (113) of the OZICO ratio have
been attributed to the CO3 molecule. Spectroscopic evidence for CO3
formation was provided by Jacox and Milligan (115) who photolyzed
CO2 at 77°K. Sach (116) photolyzed 002 in the presence of 14CO and
apparently found evidence for CO3 oxidation of carbon monoxide. Also,
some of these authors found values of ¢$(CO) ranging from 0.25 to 2.0.

Slanger and Black in 1971 (117) examined the cérbon dioxide
problem in detail and sﬁowed that the quantum yield of carbon
monoxide formation is indeed unity. It was also shown that each
photon’ absorbed produced an 0(3P) atom and thus the CO5 + CO oxidation
reaction cannot explain the anomalies of the carbon dioxide photolysis.
In keeping with this result, Ausloos (106) has suggested that 0(3P)
could arise from the dissociation of C03. That is, deactivation of
0(1D) atoms is not a simple quenching process but, rather, involves
a short-lived intermediate. Both authors (106,117) attribute the
low yield of oxygen to 0(3P) atom adsorption on the cell walls.

The most recent work on the CO2 photolysis problem by
Cvetanovié (118) has shown that ozone is the species responsible

for the discordant results in the literature. It was shown that the



photolysis of water acts as a catalyst for the decomposition of ozone

and that pressure.and surface effects are important. Material balance

could be obtained from the yields of CO, 02 and 03.

2. Alkanes

The vacuum ultraviolet photochemistry of the simple alkanes
has been widely studied and much relevant and valuable information
concerning the decomposition of highly excited molecules has been
gained. The absorption spectra of methane, ethane, propane, and n-
butane were first measured by Okabe and Becker (119) under low resolu-
tion with a single beam instrument. Subsequent to this, more detailed
results have been obtained on all the normal paraffin hydrocarbons
from C1 to C8 as well as some branched chain paraffins by Sandorfy
and co-workers (120-123). The absorption spectra are broad and
continuous over the region studied with very little structure.

The ethzne spectrum is the most interesting in that it has a broad,
slightly structured band around 13002. The generally structureless
features of the spectra would indicate that the excited states are
essentially repulsive (although the existence of many close-lying
electronic states, the large number of rotational isomers and the
increasing number of totally symmetrical vibrations could contribute
to the structureless features) with very short livetimes, however,
ethane would be expected to have a'longer 1ifétime due to its greater
structure. The onset of absorption increases with increasing com-
plexity of the molecule. Methane photolysis cannot be effected by

. o
the xenon lamp (A = 1470A) but lies well within the region of the
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krypton lamp, (A = 12362) while all other paraffins can be photolyzed
by both lamp systems. Since the absorption is strong throughout the
spectral region, the transitions are allowed and the ekcited states
are probably singlets. Near the omsets, deuterated and non-deuterated
species can have significantly different extinction coefficients.
However, in the spectral region of the xenon and krypton lamp, the
differences in extinction coefficients are not so important. The

strong absorption of the molecules makes photochemical study facile,

in that large enough product yields can be obtained in reasonably short

periods of time.

Photolysis of the simple alkanes in the vacuum ultraviolet
leads to decomposition with a quantum yield of essentially unity.
Although fluorescence has been observed for n-pentane, its quantum

> (124) and is therefore negligible.

yield is of the order of 6 x 10
Efficient photochemical.decomposition of the substrate molecule in
this region does not, however, simplify the mechanistic evaluation,
since the energy available usually greatly exceeds that required.

The initial steps in the photolysis are usually single bond cleavage
to form two radicals, or molecular elimination from a neutral excited
molecule to leave a diradical. Formation of three or more fragments
in the primary step is unlikely because such an - efficient randomiza-
tion and simultaneous accumulation of energy in two or more bonds is
not very probable. Mechanistic derivation may indicate such decom-
position at first glance but it is more likely that there is secondary

decomposition of the vibrationally excited fragment left behind after

the primary decomposition. The excess photonic energy available
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in vacuum ultréviolet photolysis studies means that there are usually
several parallel primary steps, many of which can lead to secondary
decompositions. All the species thus formed, excluding molecular
products, can undergo further reactions leading to final measureable
products. The unravelling of this complex process is difficult and
it is sometimes impossible to unambiguously establish all the steps
in the mechanism. In the vacuum ultraviolet study of the simple
hydrocarbons, the tgsk is made conceptually easier, in that all the
fragments can be identified in the form of material balance. In

similar studies on silanes however, there are additional complications,

in that many of the silane fragments polymerize.

The main techniques used in elucidating the mechanistic
details of these systems are: pressure studies; time studies; addi-
tion of scavengers such és nitric oxide, olefins, and hydrogen
sulfide; selective deuterium labeling; addition of large excesses
of inert foreign gases; and wavelength studies. It should be empha-
sized that most of the molecules studied have been in the gas phase.
Liquid and solid phase studies are sparse indeed, mainly because
of Fhe additional complicating factors of geminate combination and
disproportionation. Probably the single most powerful tool used in
vacuum ultraviolet studies has been selective deuterium labeling.
This method introduces a decomposition isotope effect into the
system being studied. This phenomenon is quite important in the
photolysis of monomethylsilane and dimethylsilane and will be dis—~

cussed in greater detail in another chapter.
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(a) Ethane
The mechanism of the photdéhemical decomposition of
ethane has been established by the efforts of several workers (125-
133). The xenon, krypton and argon photolyses have shown that the
primary mechanism consists of the following four steps.
(i) Molecular loss of hydrogen by either a 1,1 or a 1,2
cleavage. -
(ii) Single atomic hydrogen loss to yield an excited ethyl
radical which loses another hydrogen atom to yield ethylene.
(iii) Carbon-carbon cleavage to form molecular methane and
methylene.
(iv) Carbon-carbon cleavage to form two methyl radicals.
In the argon lamp photolysis there was a small (5%) additionai
process of ionization. Process (i) decreased with increasing energy,
processes (ii) and (iv) increased and process (iii) went through a
maximum. There are two types of processes operative in the system§
direct bond cleavages (processes (ii) and (iv)) and rearrangement
molecular cleavages (processes (i) and (iii)). Direct bond
cleavages account for 137 of the mechanism at 8.4 ev (Xe), 38% at
10.0 ev (Kr) and 56% at 11.6 — 11.8 ev (Ar). Thus at higher energies,
the excited molecule has a shorter lifetime and hence is less
susceptible to a rearrangement process.
The ethylidene produced.in process (i) does not insert into
the substrate but rather, undergoes unimolecular isomerization to form

a vibrationally hot ethylene molecule which can lose hydrogen to yield
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acetylene as the final product. The ethylene produced by the 1,2
molecular loss of hydrogen does not, however, undergo further decom-
position. Ethyl radical formatiomn is not operative because of the
excess energy left behind in the species after single bond homolysis
and the driving force of double bond formation. The resulting
ethylene from process (ii) does not decompose further. The methylene
diradical inserts into substrate to yield an excited propane molecule
which can decompose to yield methyl and ethyl radicals. The hydrogen
atoms can abstract from substrate or add to ethylene to yield ethyl
radicals which can recombine or disproportionate, and methyl and
ethyl radicals can recombine to give propaﬁe.

The xenon sensitized decomposition of ethane has been
carried out by Bumau and co-workers (134). The same products were
formed as in the direct photolysis but in different amounts. Over~-
all, xenon sensitizatioﬁ tends to enhance radical reactions at the
expense of molecular reactions.

Tanaka and co-workers (135) applied the RRKM unimolecular
decomposition theory to the energized ethylene formed in the 14702
photolysis of ethane. The experimental rate constant was 1.01 x 109
sec--l while the calculated values from two assumed models were 0.33
x 109 set:-1 and 1.21 x 109 sec—l. It was not possible to choose
between the rigid and semi-rigid models with the data available.

However, the excellent agreement obtained testifies to how far our

understanding of the vacuum ultraviolet photochemistry of ethane

has progressed.
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(b) Propane
The efforts of several workers (132,136-140) have
established the five primary steps in the photolysis of propane.
(i) Two types of molecular hydrogen loss to form normal
and iso-propylidenes.
(ii) 7TIwo types of atomic hydrogen loss to form normal and
iso-propyl radicals, which lose an additional hydrogen atom.
(1ii) Two types of methane loss to form either a 1,2 or a
1,3 diradical.
(iv) Carbon-carbon cleavage to form a methyl and an ethyl
radical, which loses a hydrogen atom.
(v) Formation of methylene and an ethane molecule.
The normal and iso-propylidenes produced in step (i) do not react
with substrate but rather, undergo unimolecular isomerization to
form propylene which can'decompose further. The reactions of the
other radicals are in keeping with the previous discussion on ethane
photolysis.
| Ausloos and Lias (139) carried out the argon lamp photolysis
(11.6 - 11.8 ev) of propane and showed that the ionization quantum
yield is approximately 0.25. Hence, mechanistic elucidation at
theée energies must take into consideration ionic reactions as well.
We need not worry about ionic reactions in the xenon and krypton
lamp photolysis because the ionization potential of propane, 11.2 ev
(139), is well above the 8.4 ev emergy of the xenon lamp and the 10.0

ev energy of the krypton lamp.

The primary quantum yields for the xenon and krypton lamp
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photolysis of propane were reported by Tanaka and co-workers (141)

in 1971. The five primary steps and theif-quantum yields are given

below at the two wavelengths studied.

0338*

*
The C3H7 and CZHS

Xe

- H,. + C.H
2 376 } 0.67
— H + C.H*

377
-'--'-CI-].2 + CZH6* 0.05
— CH3 + CZHS* 0.17
— CH& + C2H4 0.11

the following two apparent primary steps.

*
C3Hg

—+ H<+ H + C2H6

—> CH; + H '+ C,H,

Kr

[28]
0.32

[29]
0.10 [30]
0.43 '[31]
0.15 [32]

* radicals undergo further hydrogen loss to give

[33]
[34]

Subsequent reactions are in keeping with the results presénted

previously.

of molecular and atomic hydrogen loss.

It was not possible to determine the relative amounts

However, ome would suspect,

on the basis of previous results on the photolysis of ethane, that

atomic hydrogen loss would increase with respect to molecular hydrogen

loss with increasing photonic energy.

This would be due to the

sharter lifetime of the excited state with increased photon energy,

not allowing for a rearrangement mechanism.

Although this rationaliza-

tion seems quite sound in explaining hydrogen loss, it cannot explain

the increased methylene and methane yields.

The theoretical aspects

of these hydrocarbon systems are not well enough understood to

adequately explain all aspects of the mechanism.
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Unimolecular decomposition theory, RRKM, has been applied
to propane as it has to ethane (135). As before, rigid and semi-rigid
models were considered for the activated complex. The experimental

rate constant for decomposition was found to be 1.78 x 10 sec_1 while

9

the calculated value from one model was 1.00 x 10 sec-'1 and from the

other, 2.90 x 109 sec_l.

3. Theoretical Considerations

Although attempts at underst#nding the photochemical decom—
position of molecules in the vacuum ultraviolet have been undertaken,
they have not been overly successful. In fact, the treatments would
have to be considered as qualitative rationalizationms. If we take
ethane as an example, we could explain the molecular loss of hydrogen
by saying that in the excited state the carbon-hydrogen bonds are in
an anti-bonding configuration and the hydrogen-hydrogen bonds are
in a bonding configuration.

One of the first attempts at understanding the experimental
findinés on the photolysis of the simple alkanes was done by Peters
(142). In the case of ethane it was felt that 1,1 and 1,2 molecular
elimination of hydrogen occurred from the same excited state as
atomic loss of hydrogen, while methyl and methylene radical formation
occurred from different states.

Since methane is the simplest hydrocarbon, it has received
a significant amount of theoretical consideration. FKarplus ard
Bersohn (143) showed that atomic loss of hydrogen should be

favoured over molecular loss of hydrogen, while Lindholm (144)

feels that molecular loss is more important. In actual fact
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the two primary processes are about equal (106).

The interpretation of the absorption spectra (120-123) of
the simple hydrocarbons in theoretical terms is somewhat rudimentary
at best. It has been suggested by Raymonda and Simpson (145) that
there are two types of (0,0%) transitions in the hydrocarbons. In
the longer wavelength region, there is a promotion of a (C-C)o bonding
electron to an upper state, and in the shorter wavelength region
there is a promotion of a (C-H)0 bonding electron to an upper state.
Hence we should get more carbon-carbon bond cleavage at longer wave-
length photolysis than carbon-hydrogen cleavage. The opposite would
be true at shorter wavelengths. The previous discussion, however,
shows that this is not the case. That is, absorption in one moiety
of a saturated hydride molecule can lead to rupture of other bonds
in the molecule. This is a clear indication that we are dealing with
strongly delocalized orﬁitals in the excited state.

Lombos et al. (120-123) measured the absorption spectra
of the simple alkanes and carried out Pariser-Parr calculations on
methane, ethane and propane. Obi et al. (141) used the wavefunctions
thus derived to obtain the bond orders corresponding to the allowed
trgpsitions in ethane. The experimental results are in excellent
agreement with the bond orders derived at the five transitions.
However, the experimental and theoretical findings are not in agree~
ment in the case of propane. Work on the higher alkanes was not dome
due to the absence of reliable wavefunctions. It is obvious that much
theoretical work remains to be done before a thorough understanding of

the photochemistry of paraffins is achieved.
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C. Present Investigation

The only previous study published in the literature on the
photochemistry of methylated silanes was carried out in this
laboratory (90,91). As a continuation and extemsion of this program,
a study of the xenon lamp photolysis of dimethylsilane was undertaken
in the present research. The principal aim was to examine the
effect of the presence of an additional methyl group in tﬁe molecule
on the primary step and to investigate the chemist;y of the various
new intermediate radicals produced in the decomposition sequence.

In the course of this work, it became necessary to study
the reactions of hydrogen atoms with silanes. Hence the photolysis
of hydrogen sulphide in the presence of dimethylsilane was done,
and the subsequent kinetic data were incorporated into the dimethyl-
silane system. The vacuum ultraviolet spectra of all the simple
methylated silanes and their deuterated counterparts were recorded,
in order to correlate with the photolysis work.

It was also anticipated that this detailed examination of
the photobehaviour of dimethylsilane, coupled with auxiliary studies
from this laboratory on other silane systems and others from the
literature, would lead to a more thorough understanding and revision
of the photodecomposition of monomethylsilane.

Since this work complements and extends the earlier data
on the vacuum ultraviolet photolysis of monomethylsilane, it was

hoped that some trends could be established with the hydrocarbon

series.
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CHAPTER II

1. Vacuum System

Two conventional vacuum systems were employed for the study.
The actual photolyses were carried out in a grease—free vacuum system
pumped by a two-stage mercury diffusion pump, backed by a Welsh Duo
Séal oil rotary pump. Delmar mercury float valves and Hoke metal
diaphragm valves (numbers TY440, C413K, and C415K) were used. The
system was capable of achieving pressures of 10-6 torr of foreign
gas, although the vapour pressure of mercury in the system was of
the order of 10--3 torr. Pressures were measured with a MacLeod
gauge and a constant voliume mercury manometer. Gas transfers and
distillations were followed on a Pirani Vacuum Gauge (Consolidated
Vacuum Corporation type GP-140) using Pirani tubes as the sensing
head (number GP-001). Samples could be introduced to the attached
gas chromatograph via a Toepler pump and gas burette assembly or
directly from the system. A three stage trapping assembly could
be 1:1$ed in conjunction with the gas chromatogrsaph for preparative
purification or product separation. A low pressure system was used
to operate the float valves, manometer and Toepler pump.

The second vacuum system was mercury free and was used to
prepare the vacuum ultraviolet photolysis lamps. It was pumped by

a three stage oil diffusion pump (Octoil S oil) and backed by a Welsh



Duo Seal rotary pump. Greased stopcocks (Apiezon N grease) and Hoke
(type 425106 Y-316-SS) were used. Pirani Vacuum Gauge and tubes and

an oil manometer (silicon o0il DC200) were used to measure pressures.

2. Vacuum Ultraviolet Techniques

There are many recent reviews (98,101,146,147) of vacuum
ultraviolet techniques available. Hence only a short review will be
given here.

(a) Lamps

There have been two types of light sources employed

in the vacuum ultraviolet. The continuum lamp such as hydrogen (148)
or a rare gas (149,150) discharge at a pressure of a few hundred
torr have been used in conjunction with a vacuum monochromator to
obtain monochromatic light sources. The poor efficiency of mono-
chromators in the vacuum ultraviolet means that it is difficult to
obtain high enough intensity for meaningful product yields. The
most practical light sources should have enough intensity so as
to create several micromoles of product in a relatively short period
of time.

The second, and by far the best source of vacuum ultra-
vioiet light has been the rare gas resonance lamps. There are many
reasons for their wide popularity.

(i) High intemsity is quite easily obtained, lamp outputs

15 6

of 107 - 101 quanta/sec are quite common.

(ii) Most of the lamps have a high degree of monochromatic

purity; in some cases, krypton lamps for example, the use of
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appropriate window material will absorb an interferring resonance
line.

(iii) Due to the monochromatic nature of the emission, it
is possible to define exactly how much energy is absorbed by the
molecule under study. The use of several different lamps emitting
their own distinct lines makes a wavelength study possible which
in turn can yield much valuable information on the dissociation of
highly excited molecules.

(iv) It is possible to carry out photolysis studies without
the interference of ionization; in turn it is possible to carry out
a selected ionization that can yield information that is pertinent
to radiolysis work.

(v) Ease of operation makes their use particularly attrac-—
tive.

(vi) It is poséible to add quenchers and scavengers such
that a particular lamp will not photolyze them but can decompose the
substrate.

The main lamps used in the vacuum ultraviolet and their
emission lines are given in Table II-I. The emission lines of the
halogen lamps are listed in Table II-II. The relative intensities vary
somewhat with halogen pressure. The main emission line of the xenon
lamp is 14702.with the line at 12952 being about 27 of that at 14702.
The 1165 2 line of the krypton lamp is 28% of the 12362 line. The
10672 and 10482 lines in the argon lamp are about equal in intensity.

Electrode discharge halogen lamps were first developed by

Harteck and co-workers (151,152). Their ease of use has been greatly
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TABLE II-I
Wavelengths of Atomic Emission Lines Used in

Vacuum Ultraviolet Photochemistry

Light Source Emission lines

i
Iodine 2062, 1876-1783
Low Pressure Mercury 1849 .
Bromine 1634, 1583-1450
Xenon 1470, 1295
Rrypton 1236, 1165
Hydrogen 1216 |
Argon - 1067, 1048
Neon 744, 736

Helium . 584




Wavelengths of Emission Lines of Halogen Lampsa

TABLE II-II
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Iodine Lam.pb

Bromine Lam.pc

Wavelength Relative Wavelength Relative
Intensity A Intensity
2062 100 1634 ioc
1876 i6 1583 36
1845 13 1577*%, 1575 65
1830* 21 1541* 71
1799 14 1532 25
1783* 33 1489% 29
1702 4 1450% 5
1642* 2
1618% 1

2 x. Obi, Ph.D. Thesis, Tokyo Imstitute of Technology

(1966) .

b Iodine pressure 40 microms.

c N s
Bromine pressure 50 micromns

% Resonance line.



facilitated by modification to microwave discharge (153,154). ZLoucks
and Cvetanovié (118) have recently reported a spherical bromine lamp
of fairly high intensity. Iodine lamps can be used with a quartz
window and bromine lamps with a sapphire window. The relative output
of both lamps can be adjusted by the use of an appropriate refriger-
ant around the cold finger because the relative intensities of the
lamps are pressure dependent.

The rare gas resonance lamps can be operated at room
temperature if a getter (Ba-Al-Ni alloy) is used. In the absence of
a getter, a refrigerant such as liquid oxygen would suffice. How-
ever, the potential danger associated with the use of liquid oxygen
makes the use of getters somewhat obvious. The best resonance lamps_
are achieved by having a 5 - 10 times excess of carrier gas such as
neon or helium over the emitting gas (xenon, krypton or argom); the
total pressure should be in the 1 - 2 torr range. The hydrogen Lyman
o lamp can be made the same way using argon as the carrier gas (155,
156).

(b) Window Materials

Window materials through which the photon must be propa-
gated are an important consideration and a restricting requirement in
vacuum ultraviolet photochemical studies. The materials most common-
ly used in vacuum ultraviolet photochemistry are listed in Table II-
III along with the approximate onset for 10% transmission. These

low wavelength transmittance cutoffs shift to the red with increasing

temperature (157).

Quartz is the most suitable window material for photochemical
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TABLE II-III
Approximate Wavelength Limits for Transmission of Various

Optical Materials in the Vacuum Ultraviolet™

Thickness Wavelength (K) for
Material (zm) 10% transmission
LiF 1 1050
LiF (x-rayed) i 1200
Can (synthetic) 3 1220
Sapphire (synthetic) 0.5 1425
Suprasil 1 1550
Quartz, clear fused i0 1720
Quartz, crystal 10 1860

2 H. Friedman, in J. A. Ratcliffe, ed., Physics of the Upper
Atmosphere, Academic Press, New York, 1960, p. 160. J. G.
Calvert and J. N. Pitts, Jr., Photochemistry, John Wiley &

Sons, Inc., New York, 1966, p. 748.
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experiments at wavelengths longer than the 1700-18002 region.
Suprasil, a synthetic quartz, is transparent down to 1550;. These
materials are convenient to use because they can be attached
directly to quartz reaction vessels. Synthetic sapphire can be used
for experiments at wavelengths as short as 14502 and it is possible
to make a gradcd seal to pyrex (158). This seal is capable of with-
standing a temperature range of 77 - 700°K and like a quartz to quartz
seal, it is quite resistant to thermal shock. Sapphire has the
added advantage of being able to selectively transmit the 14702

line of fhe xXenon resonénce lamp and cutting off the 12952 resonance
line.

Synthetic calcium fluoride is transparent down to 12202 and
has the merit of being able to absorb the 11652 resonance line of the
krypton lamp and transmitting the more intense 12362 line. Lithium
fluoride has the shortesé wavelength cutoff (10502) of the readily
available optical matterials. It can transmit the 10673 resonance
line of the argon lamp and the hydrogen Lyman o (12162) line as well
as the longer wavelengths of the xenon and krypton lamps. The most
convenient way of sealing Can and LiF to the lamp is by means of
black wax. This method, however, restricts the temperature range
of the lamp to ambient temperature. It is possible to affix LiF to
pyrex by means of a LiF - AgCl ~ Ag - AgCl - Pyrex seal (98) which
is capable of withstanding temperature up to 673°K. During such low
wavelength irradiation, aﬁ F-center is formed in the LiF window,
which decreases the transparency and hence the lifetime of the lamps

are in the order of 10 - 20 hours.



Below the lithium fluoride cutoff, there is a tremendous
increase in experimental difficulty. The two methods used in this
region are differential pumping in windowless systems, and thin
films. For example, Back and Walker (159) derived an intensity of
3 x 1014 quanta/sec at 5842 by using the differential pumping tech-
nique. Rebbert and Ausloos (160) obtained an intensity of 1013
quanta/sec by employing a thin aluminium f£ilm (2000 - 40002 thick)
att;cged to a fine mesh ﬁacking. This window was leak~free and cap-—
able of withstanding a pressure differential of 25 torr. Thin silicon
oxide films are transparent to wavelengths shorter than 10002 but are

very fragile. A very thorough discussion of window materials is

~available (161).

3. Photolysis System

Two different cells were used in the various stages of the

work aﬁd all runs were carried out under static conditions.

(aj A cylindrical Pyrex reaction cell 22 mm in diameter and
190 mm in length with a volume of 99 cc including cold finger and
valve attachment was used in the xenon resonance lamp photolysis
of dimethylsilane. It had a single lithium fluoride window, 28 mm
in diameter and 2 mm thick, and was affixed to the cell by means of
black wax (Apiezon W). The window was polished after each runm with
Cerium Oxide (Optical Equipment Coﬁpany) to remove the polymer formed
on the surface. The window of the lamp was placed in contact with
the entrance window of the cell and surrounded with a column of flow-

ing nitrogen gas in order to remove oxygen which would strongly
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absorb the emitted radiation.

(b) A cylindrical quartz reaction cell, 36 mﬁ in diameter and
150 mm in length with a volume of 166 cc including cold finger and
valve attachment was used in the photolysis of hydrogen sulphide in
the presence of dimethylsilane. It was equipped with 2 mm thick
quartz windows. The cell could be easily baked with a hand forch.

The xenon lamp was a cylindrical Pyrex vessel, 22 mm in dia-
meter and 175 mm in length. A 2 mm thick by 28 mm in diameter lithium
fluoride window was attached to one end by means of black wax
(Apiezon W). A barium (Ba-Al-Ni alloy) getter (Kemet Division, Union
Carbide) was imbedded through the bottom of the cold finger. The
lamp was connected to the mercury free Pyrex vacuun systeﬁ by means .
of a graded seal and evacuated for several days during which time it
was frequently baked with a hand torch. The lamp was filled to a
pressure of about ten tofr with neon and the system discharged by a
2450-Mc/sec Hg 198 Microwave Exciter (Baird-Atomic Inc.) operated at
15% power through a V-shaped antenna which was kept from one to two mm
from the lamp surface. This was done to remove residual absorbed
oxygen and water on the lamp surface that would lead to spectral
impurities., When significant amounts of impurities are present, the
neon would not discharge for more than a2 few minutes. The initial
bright scarlet colour quickly became pink and the discharge ceased.
When the lamp was thoroughly purged, the neon discharge remained
bright scarlet for several hours. The barium getter was heated by
means of a rheostat (1-2 volts) to degas the metal. When the lamp

was thoroughly purged, the barium getter was melted (4-5 volts) and
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a barium mirror formed on the lower part of the cold finger. This
barium mirror would absorb water discharged off the lamp walls during
use. The lamp was then filled with 0.2 - 0.3 torr of xenon and 1.5 -
2.0 torr of neon as carrier gas. The lamp was sealed ¢ff with a hand
torch and removed from the system. The lamp was operated at ambient
temperature with 15 - 20% power from the microwave generator. The
main emission line of the xenon lamp was 14702. During the course

of the work, several xenon lamps were used as they have a tendency

to deteriorate after about ten hours of use. All the vacuum ultra-
violet lamps require the use of a tessla coil to initiate the dis-
charge. Carbon dioxide was used as an actinometer taking ¢(CO) =
1.0. The pressure of CO2 was 100 mm, the photolysis time was 5 min..
and the ratio OZ/CO equaled 0.348. A more thorough discussion of
vacuum ultraviolet techniques will be given later.

The cadmium laﬁp was a commercial model manufactured by
George Gates and Company. It was operated at 1.5 volts and the main
emission line was 22882. A Pyrex sleeve was used to cut out the
22882 line and only allow the next strongest 32612 line. A ten to
fifteen minutes warm-up period was required for steady operation of
the lamp.

A medium pressure mercury arc, Hanovia Type 30620 was also
used. The lines around 28002, 26502 and 1950-20502 were used for
various experiments; a 20 -~ 30 minutes warm-up period was employed.
In both the cadmium and the mercury lamps, provision was made for the

use of cutoff filters, interference filters and neutral density

filters.
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4. Materials

The materials used, their source, and their purification

are given in Table II-IV.

5. Analytical System

The main analytical method used in the study was gas
chromatography. Both separation and identification of compounds
were routinely carried out. Two types of gas chromatography were
employed; (a) thermal conductivity and (b) flame ionization.

(2) The thermal conductivity gas chromatograph was a component
type that was coupled directly to the high vacuum system. The
detector was a Gow-Mac TR-11-B operated at 140°C. The power supply
was a Gow-Mac 9999C and the results were read out on a Sargent model
RS recorder. The power.supply control unit was operated at 140 ma
when argon was the carrier gas and at 250 ma when helium was the
carrier gas. The gases were passed through a column of molecular
sieves 13x and the single stream flow rate was controlled by an
Edwards needle valve. This detector was used only to measure non-
condensable (-196°C) gases. Relative response factors were determined.
These gases were measured in the gas burette and a portion thereof
was transferred to the evacuated sample loop of the G.C. from which
it was introduced to the column. The columns used, the conditions of
use, and the compounds analyzed are given in Table II-V.

{(b) The flame ionization chromatograph used for the dimethyl-

silane photolysis work was a Hewlett-Packard model 5750. Results were
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Material Supplier Purification
CH3SiH3 Merck, Sharpe, and Dohme Degassed at -196°C
Distilled at -130°C
CHSS:LD3 Merck, Sharpe, and Dohme Degassed at -196°C
Distilled at -130°C
(CH3)28iH2 Peninsular ChemResearch Degassed at -196°C
Distilled at -130°C
(CH,).,SiD Merck, Sharpe, and Dohme Degassed at -196°C
3727772
Distilled at -130°C
(CH3)3SiH Chemical Procurement Degassed at -196°C
Distilled at -112°C
(CE3)3SiD Merck, Sharpe, and Dohme Degassed at -196°C
Distilled at -112°C
(CH3)3SiF Peninsular ChemResearch Degassed at -196°C
Distilled at -112°C
(CH3)4Si Aldrich Chemical Co. Degassed at -196°C
Distilled at - 98°C
(CH.3)3SiSi(CH3)3 Pierce Chemical Co. Degassed at -196°C
CH, - Phillips Petroleum Co. Degassed at -196°C
C,Hg Phillips Petroleum Co. Degassed at -196°C
C,Hg Phillips Petroleum Co. Degassed at -196°C
n—04316 Phillips Petroleum Co. Degassed at -196°C
C,H, Phillips Petroleum Co. Degassed at -196°C
c,D, Merck, Sharpe, and Dohme Degassed at -196°C
C,H, Matheson Degassed at -196°C
st Matheson Degassed at -196°C
DZS Merck, Sharpe, and Dohme Degassed at -196°C
cos Matheson Passed through

sodium hydroxide
and lead acetate
solutions and then
through a drierite

column.

Degassed at -196°C
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Materials Used
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Material

Supplier

Purification

(HZCO)X

Cco

o
N

NO

Xe

Ne
He

LiF

Shawinigan

Airco
Adirco
Airco
Airco
Airco

Matheson

Airco
Airco
Airco

Canadian Liquid Air
(for G.C.)

Union Carbide
(for G.C.)

Harshaw

Degassed at
ambient tempera-
ture. Heated
with hand torch
to form H200
vapor.

Assayed Reagent
Assayed Reagent
Assayed Reagent
Assayed Reagent
Assayed Reagent

Passed through
soda lime trap at
-78°C and P05
column at ambient
temperature.
Degassed .at -196°C
Distilled at -186°C

Assayed Reagent
Assayed Reagent
Assayed Reagent

Passed through
column of molecular
sieves at ambient
temperature

Passed through
column of molecular
sieves at ambient
temperature

None
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TABLE II-V
Thermal Conductivity G.L.C. Operating Conditions

Compounds
Column Flow Rate Temperature Construction Analyzed
Silica Gel 30 cc/min  room 4 ft x 6 mm o.d. co,
High Activity He temperature glass
Molecular Sieve 30 cc¢/min room 6 ft x 6 mm o.d. 02, co
13X, 45-60 mesh He temperature glass
Molecular Sieve 30 cc/min room 6 ft x 6 mm o.d. HZ’ CH4,
13X, 45-60 mesh Ax temperature glass N.. NO

2,
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displayed on a Sargent Model RS recorder. The carrier gas, helium,
was passed through a column of molecular sieves 13x. The entire con-
densable (-196°C) reaction mixture, substrate plus products, was
frozen into a Pyrex ampoule equipped with a Burrell Silicone rubber
seal. The internal pressure was raised to atmospheric with helium
introduced from a gas syringe and a sample was withdrawn with a
syringe for injection onto the appropriate column. Relative response
factors and linearity of the substra;e were determined. The columns
uged, the conditions of use, and the compounds analyzed are given in

Table II-VI.

6. Other Equipment

(a) Mass spectra were determined on Associated Electronics
Industries Model numbers MS2, MS9 and MS12.

(b) Hydrogen isotope ratios were determined on an Associated
Electronic Industries Model MS10. The response of the instrument
to HZ,'HD, and D2 was checked periodically.

(¢) Nuclear Magnetic Resonance Spectra were obtained on a
Varian 100 Mc machine. This instrument was used to check the isotopic

purity of the deuterated silanmes.

(d) Ultraviolet spectra were determined on a Cary Model 14

spectrometer.

(e) The flash photolysis—kinetic absorption spectroscopy appara-

tus has been described previously (162).

(f) The flash photolysis-mass spectroscopy apparatus has been

described previously (163).
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(g) Since there were no double beam recording vacuum ultraviolet
spectrometers available at the University of Alberta, it was necessary
to do this work elsewhere. The work was carried out in the Department
of Chemistry at the University of New Brunswick, Fredericton, New
Brunswick. The instrument used was a commercial Jarrell-Ash, one
meter 15° Robin vacuum ultraviolet double beam spectrophotometer, with
a spectral range of 11502 - 36002. A detailed description of this
apparatus can be found in the literature (164). However, due to
deteriorated MgF2 optics the actual operative spectral range was
13502 - 20002. The light source was the continuum of a deuterium
discharge lamp. Four centimeter cells with 2 mm thick LiF windows were

used; the pressure range employed was 0.1 - 0.5 torr.
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CHAPTER III

THE XENON RESONANCE LAMP PHOTOLYSIS

OF DIMETHYLSILANE

A. Results - Photolysis

The direct photolysis of dimethylsilane by the xenon
resonance lamp was studied as a function of substrate pressure,
exposure time, and concentration of free radical scavengers
nitric oxide and ethylene. The photolysis of dimethylsilane—d2 and
mixtures of dimethylsilane and dimethylsilane-dz, were carried out in
order to determine the nature of the primary processes. All runs

were done at room temperature and under static conditions.

1. Products

The photolysis yielded ten products. In decreasing order
of impoftance they were: hydrogen, 1,1,2-trimethyldisilane (Tri-MDS);
methane; ethane; 1,1,2,2-tetramethyldisilane (Tet-MDS); trimethylsilane
(Tri-MS); 1,1-dimethyldisilane (DMDS) ; monomethylsilane (MMS);
methylethylsilane (MES); and ethylene. Two other products detected in
trace amounts, hereafter referred to as A and B, which could not be
identified have been neglected in the kinetic treatment. A solid
polymeric material formed during the photolysis was deposited on the

cell walls and caused a decrease in the transparency of the LiF

window.
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2. Effect of Substraée Pressure

The effect of substrate pressure on product yields was
studied in 16 min photolyses. The relative yields are given in
Table III-I and are shown graphically in Figures III-1 and III-2
(with the exception of A and B).

The observed pressure dependence of C2H6’ C2H4, CHA’ HZ’
MES, Tri-MS, DMDS, Tri-MDS and Tet-MDS can be rationalized in terms

of pressure stabilization of hot silane insertion products,

silane *
(}nsertion products) H, Hy, CHj, CH,, CpH,> [l

silane fragments

M, silanes . [21 -

The silane fragments would presumably contribute to the formation of
polymer.

MMS is unaffécted by substrate pressure. It will be
shown later that it is formed in a molecular process. To avoid com-
plications due to pressure—dependent fragmentations, all subsequent

experiments were conducted at a pressure of 100 torr or higher.

3. Effect of Exposure Time

A time study was carried out to determine the quantum yields
because of increasing attenuation of the incident light iﬁtensity by
the polymer deposition. Carbon dioxide actinometry was dome before
and after each run and $(CO) was taken as 1.0 (Chapter I, section
B-1). Light intensities were corrected to a constant initial photon

input and a plot was made of post run intemsity corrected vs time.
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This graph was integrated to yield the total photon input at any
given time. The intensity measurements are given in Table III-II

and Figure IIT-3.

The results of the quantum yield study are listed in Table

. ITI-IITI and are shown graphically in Figures III-4 and ITI-5 (with

the exception of compounds A and B). A graphical extrapolation of the
data to zero exposure time gave the quantum yield values listed in
Table III-IV.

The results given in Table IIT-V show that the products are
invariant with respect to exposure time and consequently they are of

primary origin.

4. Effect of Nitric Oxide as a Scavenger

It has been shown in the mercury photosensitization of
silanes (84) and in the direct photolysis of monomethylsilane (90,91)
that nitric oxide is an efficient Scavenger of monovalent silyl
radicals. Silylenes on the other hand, are not affected by nitric
oxide,‘hence relatively small concentrations of nitric oxide should
suppress all radical recombination products. In order to differentiate
products originating from monoradical and diradical precursors, experi-
ments were carried out in the presence of a few torr of nitric oxide.
The results are shown in Table ITI-VT and Figure III-6. As can be seen,
51% of the Tet-MDS, 83% of the Tri-MS, and 100% of the C2H6 are
scavengeable. The unscavengeable'Tet-MDS, Tri-MsS, Tri-MDS, DMDS, MES
must arise from insertion of various diradicals into the substrate.

MMS was not scavengeable but it will be shown that this product
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TABLE III-II

Intensity of the Xenon Lamp as a Function

of Time (x 1015, quanta/sec)

Pre Run Post Run Pre Run Post Run
Time Intensity Intensity Intensity Intensity Total
min Uncorrected Uncorrected Corrected Corrected Intensity
1 5.47 2.99 6.00 3.28 273
1 8.10 4.24 6.00 3.14 273
1 7.96 5.24 6.00 3.95 273
2 5.32 3.86 6.00 4.35 486
2 6.23 3.86 6.00 3.72 486
3 6.98 3.24 6.00 2.78 669
5 5.47 4.05 6.00 4. b4 954
5 5.43 2.49 6.00 2.76 934
5 4.49 1.63 6.00 2.17 954
5 7.85 2.25 6.00 1.72 954
5 7.48 2.54 6.00 2.04 954
10 © 5.43 2.68 6.00 2.97 1380
10 5.43 0.87 6.00 0.97 1380
10 4.49 0.94 6.00 1.26 1380
16 9.35 1.12 6.00 0.72 1662
16 5.78 4.18 6.00 4.34 1662
20 5.43 0.56 6.00 0.62 1836
20 5.12 0.81 6.00 0.95 1836

64
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TABLE ITII-III

Quantum Yield of Products as a Function of Time from the

Xenon Lamp Photolysis of Dimethylsilane

Quantum Yield

. 10

Time / \
min HZ Tri-MDS CH4 C2H6 Tet-MDS Tri-MS
1 0.89 0.32 0.20 0.15 0.13 0.11
1 0.85 0.29 0.20 0.14 0.11 0.10
1 0.80 0.33 0.18 0.11 0.14 0.10
2 0.85 0.23 0.20 0.11 0.098 0.067
2 0.85 0.32 0.24 0.14 "0.15 0.11
3 0.68 0.28 0.17 0.11 0.12 0.091
5 0.72 0.21 0.21 0.11 0.087 0.065
5 0.55 0.19 0.16 0.084 0.078 0.065
5 0.70 0.23 0.21 0.14 0.10 0.082
5 0.50 0.16 0.15 0.085 0.081 0.071
5 0.55 0.20 0.13 0.070 0.074 0.068
10 0.56 0.16 0.18 0.072 0.064 0.054
10 0.48 0.16 0.14 0.075 0.063 0.050

0.77 0.21 0.26 0.11 0.063 0.084
16 0.42 0:%3 0.14 0.072 0.055 0.054
16 0.60 0.18 0.18 0.081 0.071 0.065
20 0.44 0.14 0.14 0.063 0.060 0.048
20 0.49 0.13 0.17 0.061 0.059 0.048
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TABLE III-III (cont'd)

Quantum Yield of Products as a Function of Time from the

Xenon Lamp Photolysis of Dimethylsilane

Quantum Yield

Time /[ \
min  DMDS MMS MES CH, A B
1 0.067 0.039 0.017 0.018 0.009(3) -
1 0.064 0.010 0.016 0.012 0.011 0.002(2)
1 0.066 0.017 0.017 0.013 0.009(7)  0.001(2)
2 0.056 0.015 0.013 0.017 0.009(1) -
2 0.071 0.035 0.017 0.012 0.011 0.001(8)
3 0.060 0.029 0.015 0.010 0.008(4)  0.002(4)
5 0.044 0.005(9) 0.011 0.009(0) 0.006(6) 0.002(2)
5 0.042 0.012 0.012 0.007(4) 0.006(5) 0.001(9)
5 0.050 0.038 0.014 0.011 0.008(0) 0.002(8)
5 0.042 0.025 0.012 0.006(5) 0.006(6) 0.001(5)
5 0.039 0.020 0.010 0.004(4) 0.007(7) 0.001(5)
10 0.034 0.006(4) 0.010 0.005(3) 0.006(3) 0.001(6)
10 0.030 0.012 0.007(2) 0.005(7) 0.003(7) 0.000(7)
10 0.048 0.039 0.013 0.006(9) 0.008(0) 0.002(4)
16 0.026 0.038 0.008(3) 0.003(1) 0.004(3) 0.001(4)
16 0.036 0.035 0.012 0.003(7) 0.007(2) 0.002(4)
20 0.026 0.000(4) 0.008(0) 0.003(9) 0.005(0) 0.001(5)
20 0.025 0.023 0.007(9) 0.003(5) 0.005(2) 0.001(2)
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TABLE III-IV
Quantum Yield of Products at Zero

Time from the Xenon Lamp Photolysis

of Dimethylsilane

Product Quantum Yield, ¢°
H2 0.50
Tri-MDS 0.35
CH, 0.20
C2H6 0.}5
Tet-MDS 0.13(5)
Tri-MS 0.11
DMDS 0.075
MMS 0.035
MES 0.018
C,H 0.015
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TABLE III-V

Relative Yield of Products as a Function of Time from the

Xenon Lamp Photolysis of Dimethylsilane

Relative Yield, %

\

Time 4
min H2 Tri-MDS CH..4 C2H6 Tet-MDS Tri-MS
1 45.7 16.7 10.1 7.63 6.63 5.53
1 47 .3 15.9 11.3 7.49 J 6.11 5.59
1 44.9 18.7 9.89 6.11 7.73 5.66
2 51.1 13.5 12.1 6.73 5.89 4,01
2 43.8 16.5 12.2 6.95 | 7.54 5.45
3 43.1 17.6 10.9 7.23 7.43 5.84
5 48.8 13.9 14.2 7.62 5.87 4.39
5 45.3 16.0 13.2 6.94 6.46 5.40
5 44,0 14.6 13.1 9.02 6.30 5.12
5 43.9 14.3 12.7 7.45 7.11 6.22
5 47.0 16.8 i1.1 5.95 6.32 5.82
10 48.9 13.9 15.2 6.28 5.56 4.66
10 46.8 15.6 13.3 7.43 6.23 4.93
10 47.8 13.0 16.0 6.82 3.88 5.22
16 44,3 13.6 14.7 7.53 5.76 5.61
16 47.2 14.1 14.2 6.34 5.56 5.07
20 46.6 15.1 15.2 6.72 6.43 5.17
20 48.2 12.7 16.4 5.93 5.80 4.64




TABLE III-V (cont'd)

Relative Yield of Products as a Function of Time from the

Xenon Lamp Photolysis of Dimethylsilane

Relative Yield, 7

Time /
min DMDS MMS MES C,H, A B
1 3.43 2.00 0.88 0.92 0.48 -
1 3.56 0.58 0.86 0.64 0.62 0.13
1 3.71 0.96 0.94 0.72 0.55 0.068
2 3.38 0.91 0.75 1.01 0.55 -
2 3.67 1.79 0.89 0.63 0.55 0.092
3 3.85 1.84 0.96 0.65 0.54 0.15
5 2.96 0.40 0.77 0.61 0.44 0.15
5 3.51 0.99 0.95 0.61 0.54 0.15
5 3.16 2.37 0.89 0.69 0.50 0.18
5 3.68 2.20 1.07 0.57 0.58 0.13
5 3.30 1.70 0.87 0.37 0.66 0.13
10 2.96 0.56 0.90 0.46 0.55 0.14
10 2.92 1.16 0.70 0.56 0.36 0.073
10 2.99 2.45 0.79 0.43 0.50 0.15
16 2.69 4.00 0.87 0.32 0.44 0.15
16 2.81 2.76 0.94 0.29 0.56 0.19
20 2.83 0.043  0.85 0.42 0.54 0.16
20 2.40 2.24 0.77 0.34 0.51 0.11
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TABLE III-VI

Micromoles of Products as a Function of Added

Nitric Oxide from the Xenon Lamp Photolysis

of Dimethylsilane

y——— Nitric Oxide, %

Products 0 0.97 4.19 6.94 ;5.;\
H, 0.96 1.37 1.73 a a
Tri-MDS 0.31 a a 0.27 0.36
CI-I4 0.27 0.59 0.62 a a
CZH6 0.16 0.058 0.009 0.002 '0.004
Tet-MDS 0.13 0.057 0.070 0.047 0.087
Tri-MS 0.11 0.016 0.022 a a
DMDS 0.069 0.079 0.10 0.086 0.12
MMS 0.632 0.052 0.13 0.019 0.073
MES 0.019 0.013 0.024 0.018 0.032
CH, 0.012 0.022 0.092 0.026 0.051
A 0.011 a a a a

B 0.003 0.011 0.005 0.00 0.00
Tri-MDSO 0.00 0.10 9.14 0.13 0.26
Tet-MDSO 0.00 a a 0.23 0.76
N, 0.00 0.45 0.90 a a

a: not determined

73



74

‘SH-TAL ¥ “SaW-39L © *ouerTsTAyIsuIQ JO srsATojoug duer uousy sya woxy
OPTX0 OTAITN POPPY Jo uorioung B se Jxln pue SH-FaL ‘SAN-391 JO SITOWOIITH *9-TIT TYNOIA

(%) 3QIXO DI¥LIN

8 14 0 8 174 0 8 14 0
| I I B S ~eugm T T T T T T 0

= -+ jgn -
: + : 1 v00
. I ,1. 800
" 1. .,M.
- T s 210
- . + 4910
. + + {020
I SN SR T TN TN M DAY W T T T T T iy 4 4 7veo

SITOWOIDIW



75

arises from a molecular mode of decomposition of the substrate. The
increase in HZ’ CHé’ CZHA’ and N2 yields with increasing concentra-
tion of nitric oxide is indicative of the chain nature of the NO
reaction. The same trend in the yield of the new products 1,1,2-
trimefhyldisiloxane (Tri-MDSC) and 1,1,2,2—tetramethyldisiloxane
(Tet—MDSO) also supports the operativeness of short chains as well

as demonstrates the presence of the radicals CH3§iH2 and (CHg)zéiH

(Chapter I, section A-8).

5. Deuterium Labeling Studies

The photolysis of dimethylsilane can lead to various types
of atomic and molecular losses of hydrogen and methane. In order to
examine this phenomenon in more detail, and to determine the relativé
and absolute values of these processes, experiments were carried out
with isotopically labelled substrate (dimethylsilane—dz). Various
mixtures of undeuterated dimethylsilane and deuterated dimethylsilgne
were photolyzed and the isotopic composition of the noncondensable

products (hydrogen and methane) were determined. The results, using

the xenon lamp, are shown in Table III-VII.

6. Effect of Ethylené as a Scavenger

Mixtures of dimethylsilane—d2 and ethylenme were photolyzed
and the isotopic coméositign of hydrogen and methane was recorded.

The results are presented in Table III-VIII.



TABLE III-VII

Isotopic Composition of Hydrogen and Methane from the Xenon Lamp

Photolysis of Mixtures of Dimethylsilane and Dimethylsilane—d2

Mole Fraction Mole Fraction Mole Fraction
Substrate Hydrogen Methane
(CHS)ZSiHZ (CH3)ZSiD2 B, j213) D, CE, CHED
0.000 1.000 0.096 0.421 0.483 0.269 0.731
0.000 1.000 0.120 0.406 0.475 0.267 0.733
0.000 1.000 0.108 0.395- 0.494 0.260 0.740
0.000 1.000 0.150 0.391 0.459 a a
0.103 0.897 0.262 0.406 0.332 a a
0.101 0.899 0.143 0.431 0.426 0.414 0.586
0.250 0.750 0.389 0.369 0.241 0.539 0.461
0.498 0.502 . 0.586 0.286 0.126 0.690 0.310
0.754 0.246 0.813 0.144 0.043 0.860 0.140
0.900 0.100 0.921 0.063 0.016 0.937 0.063

a: not determined



TABLE III-VIII

Isotopic Composition of Hydrogen and Methane from the Xenon Lamp

Photolysis of Mixtures of Dimethylsilane—dz' and Ethylene

Mole Fraction Mole Fraction Mole Fraction
Substrate . Hydrogen Methane
(CH3) 2S:i.D2 C2H 4 HZ HD D2 CH 4 CH3D
0.953 0.047 0.194 0.398 0.408 0.347 0.652

0.947 0.053 0.214 0.394 0.394 0.340 0.660
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B. Results - Spectra

Spectroscopic data on the lower silicon hydrides and their
methyl derivatives are sparse. Harada et al. (92) reported low resolu-
tion vacuum ultraviolet spectra for five of these molecules, namely
SiHA, (CH3)ZSiH2, (CH3)3SiH, (CHB)4Si, and (CH3)6812. The structure-—
less continuum common to all these spectra resembles those observed
in the hydrocarbon ultraviolet spectra except that they are shifted
to the red with enhanced intemsity. In all the silicon hydrides
examined, there was no indicated of transiﬁions from the bonding
orbitals of the CH3 group to the vacant 3d .orbitals of the siliconm.

In the present study the vacuum ultraviolet spectra of all
the methylated monosilanes, the deuterium substituted analogs, and
trimethylfluorosilane were recorded. The spectra are presented in

Figures III-7, III-8, III-9, and III-10.

C. Kinetics and Mechanistic Derivations

The photolysis of dimethylsilane can lead to various
types of atomic and molecular loss of hydrogen and methane. In
order to sort out these possibilities, experiments were carried out
with isotopically labelled substrate (dimethylsilane—dz). For ease
of writing, we will use the symbol L (light) for dimethylsilane and the
symbol He (heavy) for dimethylsilane—dz. The following kinetic
scheme for the primary loss of hydrogen in the photolysis of
dimethylsilane should be considered.

He + hv ——> He* ' [3]
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He* — H 14]
— D [5]
— D, [61
—> HD [7]
— &, (8l
L+ hv - L* [s3
L* — H [10]
— H [11]
— &, [12]
— &, [13]
— H [14]

2

Equations [10] - [14] in the undeuterated (L) system correspond to
equations [4] - [8] in the deuterated (He) system.

The hydrogen and deuterium atoms can carry various amounts
of excess translational energy but are assumed to be thermalized in the
kinetic treatment. The following abstraction and exchange reactions
with both He and L are then possible; (for clarity, the resulting

silane fragments will not be written).

EH+ L — &, [15]
H + He HD [16]
D+ 1L — HD [17]
D + He _— 1)2 [18]
H + He — D [19]
D+ L — H [20]
H+ L — CH3 [21]
H + He — CH, [22]



D+ L -_— CH3 [23]
D + He — cH, [24]

Since there was no monosilane among the products, the exchange reac-
tions [21] - [24] are not important. Im order to determine the
importance of the exchange reactions [19] and [20], H-atoms from the
photolysis of hydrogen sulphide were allowed to react with dimethyl-
silane—dz. It was thus shcwn that the exchange reactions [{19] and
[20] do not occur to any significant extent. The auxiliary study
forms Chapter IV in this thesis.

Abstraction from the methyl grouﬁs of the substrate has
not been included in the scheme because it has been shown that
abstraction from the silicon end of the molecule is several orders
of magnitude faster (47). Similarly, exchange with the methyl groups
was omitted because any exchange mechanism must involve a five-
bond complex as an intermediate; since the silicon atom can form such
a complex more readily than the carbon atom, it was felt that if
exchange does take place, it would be exclusively with the silicon
end of the molecule. This aspect was further verified in auxiliary

studies (Chapter IV).

Steady state treatment of the above set of equations gave

IaFHe
(He¥*) = [25]
k4 + ]s:.5 + k6 + k7 + k8

IF

a'L
kig Ry F Ry T R3 TR,

[26]

x*)

84
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Where Ia is the incident light intensity, k4 - k8 and klO - kl 4 3re

the rate constants for reactions [4] - [8] and [10] - [14] respectively,

FHe = SHe(He)/ (EHe(He) + eL(L))
F, = sL(L)/ (eﬂe(ﬂe) + eL(L)),

and €y and g, are the extinction coefficients of He and L respectively.

Hence we obtain,

% I k
2 1 lSXHe
— = ={¢ + ¢ [27]
To | 26 |%6 TR K F R X s]
o _ 1 ; . C16%Re o + k1AL s
Fpe 20 |7 kK TR 4 kAt 2
L k165
+ + [28]
€He leXL + kl6xﬂe ¢10 q)ll
X5 e
2 _ 2 b A
T, | %% [q’s T X ("’12 + 93 F <I>14)

k5% e
+ ¢, + —— T— (9.4 + $; )] [29]
1{:I_’SXL + k16XHe 4 E:He Xﬂe 10 1r

Where XDZ, %D’ and XHZ are the experimentally determined isotopic
hydrogen yields, I¢ is the total experimentally determined quantum
yield, ¢ 4" ¢8 and ¢10 - 4)14 are the quantum yields corresponding

to Ireaction [4] - [8] and [10] - [14] respectively and XL and Xﬂe
are the mole fractions of L and He respectively. A complete kinetic

derivation is given in Appendix A. As indicated in the results sectiom,

€He ~ Er°



A ?1ot of XDZIFHe vs X and XHD/FHe vs XL is given in

Figure III-11l. It can be shown at XL = 0.0 that

%
2 1
== = 55 (0 + &)
FHe PN 5 6
X 1
T2 = = (9, + )
FHe pX) 4 7
FHe o) 8
It can also be shown that at XHe = 0.0:
D1,
FHe X0 6
X 1 k6 L
T2 = 55 |6y + 6+ T o (910 + 69)
FHe X0} 7' 5 k15 sHe 10 11
B
FHe

From these equations ¢5, ¢6, ¢8’ and ¢4 + ¢7 can be determined.
values obtained are ¢5 = ¢(D) = 0.295, ¢6 = ¢(D2) = 0.135, 4)8 =
¢(H2) = 0.107 and ¢4 + 4)7 = ¢(H) + ¢(#D) = 0.363.

Rearranging equation [27] gives

B S A A
%, TR
T e

A plot of equation [36] is shown in Figure III-12 from which a kinetic

isotope effect, kl7/k18 = 3.6, was determined. We set le/k16 =

[301

[31]

[32]

[33]

[35]

The

[36]
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A Plot in Accordance with Equation [36] to Obtain
the Isotope Effect for Abstraction in the Xenon
Lamp Photolysis of Mixtures for Dimethylsilane
and Dimethylsilane—dz.
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k17/k18‘ That is, the isotope effect ratio for abstraction is indepen-—
dent of the attacking species. This is not unreasonable to a first
approximation in gas phase reaction rate theory.

Owing to the primary isotope effeé.f: for hydrogen loss
between He and L, ¢ 4 and d>7 must be determined independently from the i

ethylene scavenger studies. The following kinetic scheme applies to

this system, where EH refers to ethylene.

He + hv —> He* [3]
— H [4]
— D [51
— D, ' [6l
— HD [71
— H, [8l
EH + hv —_ EH* [37]
Eﬂ* »—-r H [38]
— H, ' [39]

The H and D atoms formed in the system would be expected to add to

ethylene and abstract from dimethylsilane-dz.

B+ Ey — C,Hg f40]
H + He — HD [16]
D+ Ey — C,H,D | [41]
D + He — D, [18]

It has been shown (165-168) that the abstraction and exchange reac=
tions

D+ C2H4 -_ CZH3 + HD [42]
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D + C,H, — C,H.D + H - [43]

are of mo importance under these conditions and can be ignored.
Steady state treatment of this set of equations gives the expression
g Xg
o * e_EH T %3
He xI-Ie

¢, +
T o

k
XHD 16 XHe [44]
XDZ

= 7

o, + —
° k41xEH

—_— — + 1
k18 XHe

A complete kinetic derivation is given in Appendix B.

Since'k:L7 = 3.83 x 10:Ll cc/mole-sec (56) based on a value

of k,, = 6.7 x 1011 cc/mole~-sec (56) and kl7/k18 = 3.6 (this work),

40
_ 11 _ _
then k18 = 1.06 x 10 cc/mole-sec. Hence k40/k16 = k41/k18 = 6.32,

Also, €, = 7850 l/mole-cm (98,169), €he = 13,155 1/mole~cm (this

work) and ¢38 = 0.58 (170). Using the already derived values for d)s,
¢6’ o] 4 + cb? and the ethylene scavenging results we find that ¢4 = 0.101
and ¢7 = 0.262.

The question of molecular methane and methyl radical loss

should also be considered. The relevant reactions are:

He + hv — He% ' [3]
—_ CH3 ' ‘ [45]
— CH3D : [46]
L + hv —r L* [9]
— CH [47]

3



TSR

R T

— CH4 [48]
CH, + L — CH, [49]
CH3'+ He -— CH3D [50]
CH; + CH, — C,H, [51]
CH, + RySi — R,SiCH, [52]

Kinetic treatment of this scheme does not lead to an explicit solu-
tion for the steady concentration of methyl radicals, but the problem
can be solved by a different approach. It has been shown that all

the ethane is formed by radical recombination. Hence:

R E
C2He
(CHS) =\%— [53]
51
where RC " is the rate of formation of ethane. Also, we know that
2°6
at any given time:
R =¢, .. I ' [54]
Colg  "Colg
where ¢c " is the quantum yield of formation of ethane and I is the
2°%

total photon input. A time study enabled us to determine the quantum

yield of ethane formation at zero time (Tzble ITI-IV). Hence:

1
©
¢C2H6 Ia
(cay) = | —= 2= [55]
51
where Cba " is the zero time quantum yield and Ia is the incident
276

light intensity.

Since the rate of formation of CH3D by abstraction is

given by
A _
Regp = Ks50(CHj) (Be) [56]

3
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iy, -
Then o
¢A = k ((b(:zi) i (He) [58]
CH3D 50 kSlIa

Substitution of the appropriate numbers (k50 = 3.38 x 105 cc/mole-sec

A

CH3D

explained previously, methyl radical abstraction from the methyl

(48), kg, = 2.5 x 10™> ec/mole-sec (171,172)) show that ¢ 0. As

groups is several orders of magnitude slower than from the silicon
end of the molecule, hence all the methane in the system is molecular
methane and 26.5% is CH4 and 73.57% is CH3D.

Having derived the quantum yields for the various isotopic
hydrogen and methane species, we can now establish a mechanism for the
overall photolysis on the basis of the deuterated molecule for clarity.

Although the final values for the primary mechanism (Table
IIT-IX) can only be considered accurate to the second decimal place,
additional significant figures will be carried during the derivation
to avoid round-off errors.

The quantum yield of formation of Tri-MDS is 0.35 and

nitric oxide showed it to be non-scavengeable. Hence it must be formed

by insertion of methylsilylene into substrate.

CH3SiD + (CH3)ZSiD2 —_— (CH3)ZSJ°jDSiD2CH3 [59]

Methylsilylene could form in two possible primary steps.

(CH3)ZS:’LD2 + hv — 03351D + CH3D [60]
— CH3SiD + CH3 + D [61]

The total quantum yield of formation of methane is 0.20. From the

92
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photolysis of (CH3)ZSiD2, Table III-VII, 26.5% of the methane is CH4
and the remaining 73.5% is CHSD. Since methyl radicals cannot
abstract (47) from the methyl groups of DMS, then CH4 must form in a

molecular process with a quantum value of 0.053.

(CH3)281D2 + hv — CHZSiD2 + CH4 [62]

It has been shown previously that all the CH3D is molecular and none

forms by methyl radical abstraction.

—_— (CH3)ZSiD + CH,D [63]

cH 3

3

+ (CH3)ZSiD2

Hence = 0.147 and ¢61 = 0.203.

%60
The quantum yield of formation of DMDS is 0.075 and nitric
oxide showed it to be non-scavengeable. It must form by an insertion

reaction of silylene,
§iD, + (CH3)ZS:LD2 — (CH3)231DSiD3 [64]
Since all the ethane was scavengeable then silylene could only be

formed by step [65] with a quantum yield of 0.075.

(CH3)ZSiD2 + hv — SiD2 + ZCH3 [65]

Nitric oxide studies showed that 837 of the Tri-MS and
100%Z of the ethane is scavengeable so they would form by radical

recombination reactions.

CH3 + (CH3)ZSiD — (CH3)3SiD [66]
CH, + CH, — C,H, [67]

¢66 = 0.0913 and ¢67 = 0.15. The total methyl radicals required to

produce the observed produced is 83% ¢(Tri-MS) + 2¢(CZH6) = 0.3913

whereas the total derived from the mechanism is 0.353. The difference
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of 0.0383 must still be account for.

The quantum yield of formation of MMS is 0.035 and none of

it is scavengeable. A likely mode of formation would be
(CI:I.3)ZS:§.D2 + hv _— CH3SiDZH + CH2 [68]
The CH. formed in step [68] would then insert into the carbon—

2

hydrogen and silicon-hydrogen bonds of the substrate.

CH2 + (CH3)ZSiD2 — (CH3)ZSiDCH2D [691]

—_ CH3SiD2CH2CH3 [70]
Seventeen percent of the Tri-MS was non-scavengeable and none of the
MES was scavengeable, therefore ¢69 + q570 = 0.0367. This agrees
very well with ¢68 which is the sole source of methylene. Therefore_
methylene will insert into the silicon-hydrogen bond 3.12 times faster
than into the carbon-hydrogen bond in this system.

The quantum yield of formation of Tet-MDS is 0.135 and
nitric oxide showed it to be 51% scavengeable. The non-scavengeable

Tet-MDS would form by insertion of dimethylsilylene with a quantum

yield of 0.06615.
(CHS)ZSi + (CH3)?_S:7.D2 — (CH3)255.DSiD(CH3)2 [71]
The dimethylsilylene could arise in two possible steps.
(CH3)2S:ED2 + hv —_ (CH3) 2S:i. + D2 . [72]
— (CH3)2Si + 2D [73]

Since the relative importance of steps [72] and [73] cannot be
determined, step [73] will be designated 8 and ¢72 is then 0.06615-8.

The scavengeable Tet-MDS would form by radical recombination.
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(CH3)ZSiD + (CH3) 2S:i.D _— (CH3) 2S:v‘.DSiD(CHs)2 [74]
So far we have accounted for all the products except

hydrogen, methane and ethylene and the primary quantum yield up to

this point is 0.57915. We still have to rationalize ¢(CH3) = 0.0383,

¢(D2) 0.06885 +8, ¢(D) = 0.092 - B, ¢(HD) = 0.262, ¢(H) = 0.101,
6(8,)

such a way that the silane fragments left behind after cleavage do not

0.107 and ¢(C2H4) = 0.015. These must be accounted for in

give measureable products, i.e. they must be 1,2 diradicals or multi-
radicals that would contribute to polymer formation. Also, the
total primary quantum yield must equal unity to within experimental
error and the proposed steps must be in accordance with energetic
considerations. There are many combinations of primary steps that
would satisfy the above requirements and the scheme proposed here

must be considered speculative.

(CH3)ZS:£D2 + hv and CHSiD2 + CH3 + H2 [75]
— CHCH3Si + D2 + H2 [76]
I CHZCH3Si + H) + D [77]
——*-CHCHssiD + H + H [78]
—_— CHZCHSS:‘.D2 + H [79]
— CHZCH3SiD + HD [80]
¢75 = 0.0383, ¢76 = 0.06885 + B, ¢77 = 0.092 - 2B, ¢78 = 0.051,
¢79 = 0.05, and ¢80 = 0.119 + 28. The total primary quantum yield

is 0.9983 + B and the limits on B are 0.0 < B < 0.06615. The presence
of ethylene among the products will be discussed later. The

thirteen step mechanism is summarized in Table III-IX.
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Primary Mechanism for the Xenon Lamp Photolysis of

Dimethylsilane—d2

60

(CH3)ZS:'.D + hy ——m

2

61

PEEEREEEREE]

CH381D + CH3D

CH3SiD + CH3 + D

S:!'.D2 + ZCH3

CHZSiD2 + CH4

CH381D2H + CH2

(CH3)2Si + D2
(CH3)28i + 2D
CHS:'LD2 + CH3 + H2

CHCH3Si + D2 + HZ

CHZCH3Si + HD + D

CHCH3SiD + HD + H

CHZCHBSiD2 + H

CHZCHBSiD + HD

0.15
0.20-
0.08
0.05
0.04
0.07 - B
B

0.04
0.07 + B8
0.09 - 28
0.05

0.05

0.i2 + 28

1.01 + B
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D. Discussion

From the data presented, it is evident that there are two
main primary processes involved: the first is loss of molecular frag-
ments such as HZ’ Dz, HD, CH3D and CH4; the second is radical loss of

H, D and CH3. There is also a minor process involving formation of
methylene. The silane fragments left behind may be monoradicals and
diradicals that give silane products or monoradicals, diradicals and
multiradicals that end up in polymer. Product formation involves
silicon-hydrogen bond cleavage, carbon-hydrogen bond cleavage and
silicon-carbon bond cleavage. The occurrence of so many primary proces—
ses and products is probably of spectral origin since numerous
repulsive surfaces and excited states are possible. Hence, fluctuation
of the internal energy in the excited molecule would lead to decom-
position along a great variety of surfaces and therefore to a large
number of primary processes. That is, there can be a random accumu-
lation of energy in one particular bond regardless of what moiety of
the molecule does the absorbing.

Comparing this work with the 14702 photolysis of the carbon
analog, propane (132,136-140), shows both similarities and differences.
The differences arise from, and reflect on, the characteristic
differences between the chemical nature of the carbom and silicon
atoms. It would be useful to discuss at length the absorption spec-
trum of DMS and propane.

The absorption spectrum of propane has been extensively
studied (119-123). It shows an absorption onset at approximately

© o -]
1630A, and eight bands between 1590A and 1100A. These bands may be
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broadly .characterized as (0,0%)-type transitions. The first three
(15902, 15772 and 15122) are weak and probably correspond to the
promotion of one of the (C-C)o electroms to a 3s molecuiar orbital.
It is reasonable to assume that it is the forbidden lA1'+ lAl
transition. The other bands (13952, 12852, 12002, 11722 and 11622)
are stronger and probably correspond to the promotion of a (C-H)C
electron to the same excited orbital. There are methyl aqd methylene
C-H bonds and it is not possible to make a full assignment at present.
The extinction coefficient at 14702 is approximately 3500 i/mole~cm
aﬁd the radiative lifetime of the order of 10-8 sec.

Until this work was begun there had only been one report
(92) on the vacuum ultraviolet spectr# of the simple methylated
silanes. Due to the preliminary nature of this account and in order
to determine the effect of deuteration, the absorption spectra of
all the simple silanes were recorded. The principal features of these
spectra, shown in Figures 1II-7 to III-10 agree with the earlier data
of Hara@a et al. (92), with the notable distinction that some structural
features were resolved at the 14002 maxima. This, taken in conjunction
with the observation that decomposition of photoexcited silicozn
hydride molecules is unaffected by pressure up to at least 1000 torr
but-is strongly suppressed in the condensed phase (96), places the
decomposition lifetime in the order of 10-11 sec. With a resolution
of 0.152 no structure is apparent near the onset of absorption.

The appearance of the windows with minima at 15402 (tetra-
methylsilane) and at 15002 (trimethylfluorosilane) would seem to sug-

-] ©
gest that the main absorber in the 1500A to 1600A region in the
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partially methylated silanes is the Si~-H bond. The longer wavelength
transitions are probably associated with the Si-C bond absorption and
the structured maxima centered at 14002 with the C-H bond absorption.
Deuteration, as expected, has little effect on the spectra (98).

Substitution of fluorine for the tertiary hydrogem in tri-
methylsilane has the effects of: shifting the 14002 maxima slightly
to the blue; eliminating the structural features; and suppressing the
intensity. These phenomena may be related to dﬂ - P bonding between
silicon and fluorine or to inductive effects.

| The spectrum of dimethylsilane in particular, shows an
absorption onset at approximately 17502; two strong bands at 14502
and 13502; very strong absorption from 1300 - 11002, with a maximum
at 1120;. The 14702 resonance line of the xenon lamp coincides with
the onset of the first strong transition. Although there is some fine
structure in the spectrum, the excited states in this region (1100 -
18002) must be essentially repulsive. Since the absorption is strong
at 1470; then the transitions are allowed and the excited states
are prébably singlets. The extinction coefficient at 14702 is 13,155
1/mole-cm and the radiative lifetime is of the same order as propane
(10--8 sec). A comparison of the two spectra show that DMS is shifted
by less than lOOZ to the red, with respect to propane. Therefore it
is not unreasonable to assume that the interpretation of the propane
spectrum (meager as it is) can be applied to dimethylsilane. Hence
we would expect the Si-C tramsition to lie at longer wavelengths.
between 1650 and 17002, and have a small extinction coefficient. The

[-] -]
bands at 1350A and 1450A would be associated with the Si-H bond.
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Therefore the 14702 resonance line falls in the Si-H transition region
and one would be tempted to assume that the main mode of decomposition
would be Si-H cleavage. This, however, is not the casej; C-Si cleavage
and fragmentation are the major modes of decomposition. This is a
clear indication that the energy in the excited molecule can randomize

and cause decomposition along a variety of repulsive surfaces.

It is impossible at this point to decide whether the primary
processes (Table III-IX) are parallel, competing reactions, or whether
they encompass secondary reactions ensuing‘from only two or three
primary steps. For example, steps [60] and [61] could occur indepen-

dently or follow the sequence

(CH3)ZSiD2 + h.\) — CH3D* + CH3S:1'.D2 [81]

CH.D* M ., cap (821
3 3

CHgD* e CH3 + D [83]

The seéond alternative is not likely since the methane yield decreases
to a plateau with increasing pressure (Figure III-2); furthermore,

the excess energy carried away by the methane fragment would have to
exceed 104 kcal/mole to cause fragmentation and it has been shown
(98-106) that, in the photolysis of simple hydrocarbons, the excess
photon energy is left behind in the parent fragment. It is possible

however, that steps [61], [65] and [75] can be written as

: %
(cxz:,')‘,,_sm2 + hv — CHy + (cn3sm2) [84]

(CH3SiD2)* — DZ’ D, CH3, etc. [85]
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Similarly, the combinations [75] + [76], [77] + [78] + [80], and [61]
+ [73] + [77] can be considered as originating from single primary
steps. Energy delocalization in the excited state is undoubtedly
responsible for the observed multiplicity of apparent primary steps.

It was necessary to postulate that approximately 477 of the
primary mechanism gives rise to silane fragments that do not form
measurable products but contribute to polymer formation. . The six
steps chosen are speculative and whereas there are many more possible
choices, the ones chosen were donme so to keep fragmentation at a
minimum. Also, as noted in Chapter I, section B-2, the loss of more
than two fragments in a p£imarj prbcess is not very likely. The use
of B was made necessary because it was not possible to establish
the relative importance of steps [72] and [73].-Thus the total primary
quantum yield is 0.9983 + B. 1If B were zero, then the primary quantum
yield would be unity to within experimental error. Other values of B
would mean that an adjustment would have to be made in steps [78],
[79], and [80] to make the primary quantum yield unity.

A better understanding of the primary processes could pos—
sibly be achieved by considering the quantum yields for hydrogean,
methane, methyl, and methylene formation. The values obtained were:
9(H) = 0.101, ¢(D) = 0.295, $(D,) = 0.135, $(H#D) = 0.262, $(8,) =
0.107, é(CH3D) = 0.147, ¢(CH4) = 0.053, ¢(CH3) = 0.391, and ¢(CH2) =
0.035. The need to correlate these easily measurable species
(with the possible exception of methyl radicals) with the final
silane products led to a somewhat unyielding mechanism which was not

very informative. The main conclusion that could be drawn from the
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mechanism was that numerous (thirteen) parallel primary steps had to
be postulated. This is in contrast to the photochemical decomposi-
tion of propane and the other simple hydrocarbons where few (four or
five) primary steps (98-106) are adequate to explain the results.
From the results presented above, we see that the quantum yield for
elimination of molecular fragments is 0.739 and for elimination of
radical species, 0.787.

It has been stated that all the unaccounted silane fragments
contribute to polymer formation; although it is not possible to study
the polymer deposition quantitatively, it is possible to get some idea
of its composition from the proposed mechaﬁisﬁ. All the H and D atoms
would abstract from substrate to give dimethylsilyl radicals while the
methyl radicals only undergo recombination. Thus, ¢((CH3)ZSiD) = 0.396
and of this, 0.1377 recombine to yield scavengeable Tet-MDS and 0.0913
combine with methyl radicals to give Tri-MS. This leaves ¢ = 0.167,
or 42.2%, unaccounted for. Taking an average value for 8 of 0.0331,
it can be shown that an average polymer unit has the approximate
empirical formula: CZHSSiD°

Methylene loss in the photolysis of monomethylsilane was
considered but could not be verified; the occurrence of primary step
[68] was definitely proven. As stated in section C, the quantum
yield of MMS is equal to that of the insertion products of methylene.
Methylene loss was also definitely proven in the 14702 photolysis of
propane (132,136-140), but was not considered important in the 14702
photolysis of ethane (125-133). This is not unreasomnable because

CH3SiHD2 and CD3CH2D can more easily carry away the excess energy
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than can SiHD3 and CHD,. It was shown (173) that methylene
inserted into the Si-H bond of monomethylsilane 8.9 times faster than
into the C-H bond. There would be a change in the insertion ratio
for DMS because of a different bond ratio (3:1 for DMS, 1:1 for MMS)
and steric factors. Indeed, it has been shown (174) that the ratio
for dimethylsilane is 6.9 and for trimeth&lsilane, 0.80. The present
work points to a value of 3.1 for dimethylsilane; this difference could
be due to the large errors associated with the analysis of such small
product yields in this study or to the different experimental variables
between the two studies.

Ethylene was an important reaction product at low pressures

and its mode of formation deserves comment. As stated earlier, it

probably forms by fragmentation of the hot disilane insertion products:

\ k

silane .
(%nsertion productg) H, HZ’ CHB’ CH4’ CZH4’ [1]
silane fragments
—Y2 , silanes [2]
It could not form in a primary step
(CH3)281D2 + hy —m SiHZDZ + 6234 [86]

because no monosilane was formed in the reaction. It would not form

from a hot C2H6

0236* —_— C2H4,+_H2 . [87]
because no non-scavengeable CZH6 was detected among the reaction
products. Molecular ethane would not be feasible because of the

impossibility of intramolecular abstraction as in the case of CH4,
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CH3D,'étc. Therefore primary step [65] appears to be a true primary

. process and the following sequence does not occur.

(CHS)ZSiDZ + hv — SiD2 + CZHG* [88]

C2H6* — ZCH3 ;89]
The pressure dependence of ethylene shows that its yield approached
zero at about 400 torr; this reinforces the postulate that it comes
from a vibrationally hot intermediate. Although this would mean that
the quantum yield of the disilame insertion product would be different
than indicated, the error is negligible as ethylene is the smallest
measureable product. Thus ethylene was not considered in the mechanism
derivation.

. The initially formed silylenes, (CH3)ZSi, CH3SiD and SiD2
can carry up to 145 kcal/mole excess energy and like methylene,
inserted quantitatively. When they insert, there would be an addition-
al gain in energy in the new molecule, due to bond formation. Since
the silylenes (in contrast to methylene) inserted solely into the
Si-H bond, then the disilane formed can carry up to 230 kcal of excess
energy. Therefore reaction [1] would be facile at lower pressures:
at higher pressures, these disilames are stabilized. The diradical
Sil.)2 would carry the least excess energy (23 kcal) of the silylenes
and thus it would be the least difficult to stabilize as shown by
the pressure graphs (Figures III-1 and III-2). This is in spite of
the fact that DMDS has less vibrational modes to disperse the excess
energy than do Tri-MDS or Tet-MDS. These silanes would probably be

formed in a singlet electronic excited state (Chapter I, section A-4).
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The silylenes do not rearrange.to give a 1,3 diradical or an olefin
as in the case of ethylidene. The silylenes are in fact, quite
stable.

The addition of nitric oxide as a scavenger was necessary to
sort out the mechanism (Table III-VI and Figure III-6). The appearance
of Tri-MDSO and Tet-MDSO among the products was indicative of the
presence of (CHS)ZSiH and CH3SiH2 radicals. There are two things to
consider in interpreting the nitric oxide results. Firstly, any
product yield that increases cannot be rationalized in quantitative
terms due to the chain nature of the nitric oxide mechanism. On the
other hand, the decrease of a product can be interpreted in quantitatve
terms because insertion reactions and molecular products are not
affected by nitric oxide. The presence of the methylsilyl radical
among the products should be examined further. It can be seen that
the only products (Tri-MDS and MMS) that could conceivably arise from

the monoradical, CHBSiDz’ are not affected by nitric oxide. That is,

the following reactions do not take place.

(CH3)281D + CH,SiD

451D, —-*'(CH3)ZSiDSiD CH [90]

273
(CH3)ZSiD2 + CH3SiD2 — CH3SiD3 + (CH3)ZSiD [91]
Also there is no 1,2-DMDS formed in the DMS system. Therefore the

reaction

CH

3SiD2 + CH381D2 — CH3SiDZS:‘LD2CH3 [92]

does not occur. Hence, the methylsilyl radical, which could arise
only from the reaction

(CH3)ZSiD2 + hv -_— CH3SiD2 + CH3 [93]
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is not formed in the reaction; yet nitric oxide shows that it is
present. To explain this ambiguity, it is necessary to examine the
mechanism of the nitric oxide scavenging reaction.

Combining the two mechanisms discussed previously (Chapter
I, section A-8) and using the dimethylsilyl radical as an example, we

can write the following sequence.

(CH3)2HSi + NO — (CH3)2HSiON [94]
(CHs)éﬁSiON + NO - (CH3)2HSiONNO [95]
(CH3)2HSiONNO — (CH3)2HSiO + NZO [96]

The dimethylsiloxyl radical can now undergo a displacement with sub-

strate. The first step would be the formation of the Si-0-Si bond
(CH3)2H510 + (CH3)2H51H-—* ((CH3)2H81—0-51H2(CH3)2) [97]

This reaction can be explained by the high affinity of silicon towards

oxygen and the expansion of the valence shells of silicon by utiliza-

tion of the vacant d—orbitals. The product could then undergo H or

CH3 loss to stabilize itself,
((CH3)2HSiOSiH2(CH3)2) — TeF-MDSO + H [98]

-+ Tri-MDSO + CH [99]

3
and thus give rise to the two main siloxanes. However, the inter-
mediate can also lose molecular species such as H2 and CH4 that would

leave behind different silyl radicals.
((CH3)2HSiOSiHZ(CH3)2) — (CH3)2HSiOSi(CH3)2 + H2 [100]

s (CH3)2HSiOSiHCH3 +-CH4 [101]
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These new silyl ;adicals can react with nitric oxide and undergo the
above sequence of reactions several times, giving_rise to multioxy-
genated silanes and polymer.

The chain termination step in this reaction is not clear but
it is not unreasonable to assume that a certain percentage of the
siloxyl monoradicals or the N-O-silyl diradicals would end up in
polymer. Also, the diradical could imsert to give (CH3)2HSiONHSiH(CH3)2
which could somehow decompose and/or end up in polymer. This is

supported by evidence for such compounds as

CH3SiH2 CH3SiH2

CH3HZSiON NOSlHZCH3

in the mercury photosensitzation of CHSSiH3 in the presence of nitric
oxide (84). Several small peaks also appeared in the chromatogram
at long retention times,'and were impossible to identify positively;
they were probably multioxygenated silanes (89).

All the 0236 was scavengeable so the methyl radicals were
obviously scavenged by nitric oxide. The mechanism for the scaveng-
ing of methyl radicals is in a state of extreme controversy (87).
There were no peaks identified that could correspond to the scavenging
of methyl radicals. The multioxygenated peaks mentioned earlier could
help explain the methyl radical scavenging or the products formed

might contribute to the formation of polymer.
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The preceding results have given us 2a fairly lucid picture
of the photochemistry of dimethylsilane. However several approximations
and choices were made which require further explanation. |

Firstly, let us discuss the kinetic derivation that led
to the determination of the quantum yields and primary isotope effect
for abstraction. It was stated that the quantum yields of steps
[10] to [14] would equal those of steps [4] to [8] provided the
corresponding rate constants were also identical. However, the rate
constants are not equal owing to primary and secondary isotope effects
for loss of the various ﬂydrogen species from excited dimethylsilane
and dﬁmethylsilane-dz. This point has been discussed in some detail
by Rabinovitch (175) who showed that these effects can be quite
important. It can be shown that as the excess energy in the excited

molecule becomes large, say greater than 60 kcal/mole, then the pri-

mary isotope effect is éiven by,

2. o

where Hy and W, are the reduced masses for motion along the reaction
coordinate. The expression for the value of the secondary isotope
ef?ect is a lot more complex but it can be shown that its limiting
value, when the excess energy of the excited species is large, is
approximately 1.05. These values should enable us to obtain a ratio
between the various rate constants mentioned above.

A comparison between equations [4] and [10] shows that k4
is influenced by two secondary isotope effects. Therefore k10 =

(1}05)(1.05)k2f= 1.10 k,. It can be seen that ks has one primary

e as i an ) e b ol



109

and one secondary isotope effect; hence kll = (1.39)(1.05) kg =

1.46 ks. When we consider molecular loss, we will take the total
mass of the leaving species (DZ’ HD, or HZ) to calculate the primary
- - - = 3 =
isotope effect. Hence k12 1.37 k6’ kl3 (1.20)(1.05; k7 1.26

k7 and k14 = (1.05)(1.05) k8 =1.10 k8. It was shown earlier that:

IF
(He)* = 2 He [25]
k4+k5+k6+k7+k8 .
I1F
a

L [26]
ko * K1 + Ko T Ey3 T Ry

which means that ¢ 4 to ¢8 are proportional to (He)* and ¢10 to ¢l4’

(L)* =

to (L)*. TFor the processes shown in equations [4] - {8] and [10] -
[14] we have

k

A
¢ -3 - [103]
4 k4+k5+k6+k7+k8
ks
¢ <« : [104]
5 k4+k5+k6+k7+k8
etc.
K10
Gan & [105]
10 k10+k11+k12+k13+k14
k
11
¢y, = [106]
11 k.|.0+kll+k12+k13+kll+
etc.

Writing the ratios of the rate constants as klo = a k’4’ kll =b ks,

kl?_ =c k6, k13 =d k.7, and k14 = e k8’ where the values of a, b, ©»



d, and e are defined above, we see that ¢10 to ¢14 can be expressed
in terms of k4 to k8. However, there is no simple way to express
in terms of ¢4, ¢11 in terms of ¢5, etc. Therefore we cannot

¢10
solve for all the quantum yields for the reasons explained in section
C. The total primary quantum yields for both dimethylsilane and
dimethylsilage—d2 would be the same if there were no fluorescence,
deactivation or chain processes and should equal 1.0. Al;hough the
total quantum yield should be equal in both cases, the individual
quantum yields, ¢4 and ¢10, ¢5, and ¢ll’ etc. need not be equal.
This is because we are dealing with a "success" process. That is,
(He)* and (L)* need not decompose in the same manner because of the
difference in the rate constants for the various types of hydrogen
loss. Even though we can obtain a reasonable ratio for the rate
constants involved, we cannot obtain a simple ratio for the quantum
yields because they represent complex interdependent rate constants.
As explained earlier, the results of the ethylene scavenging studies
were used to determine ¢4 and ¢7.

The system used to differentiate between H and HD loss
(¢4 and ¢7) from the photolysis of dimethylsilane—d2 should be further
discussed. Mixtures of dimethylsilane—d2 and ethylene were photolyzed
and the XHD/XDZ ratio recorded. The kinetic scheme used involved

k, to k., and as discussed above, there are primary and secondary

4 8’
isotope effects for the various modes of hydrogen loss between He

and L. It follows therefore that there is an isotope effect between
k4, kS’ k6’ k7, and k8. This is automatically taken into account when

discussing a mixture of He and L. However, in the He + EH system
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ratios for k4 to k8 must be determined. Using the isotope effects

a, b, ¢, d, and e as mentioned above, we obtain the following rate
constants: k4/a, kslb, k6/c, k7/d, and ks/e. The XHD/XDZ ratio that
was used to f£ind the extent of H and HD loss is given by equation [44].
Since this equation has ¢ 40 ¢5, ¢6’ and ¢7 incorporated into it,

which in turn ore a function of the rate constants, then the results
derived from the He system cannot be transposed to the L system.

It is obvious that ¢4, ¢5, d)6, ¢7, and ¢8 as derived above are
legitimate within the He system.

The product quantum yields were determined only for the L
system and were transferred to the He system in order to derive the
mechanism. Any difference could be particularly noticeable in the
determination of the relative amounts of molecular and radical methane
which was dependent on the evaluation of ¢82H6, formed by recombina-
tion of two methyl radicals. The amounts of methyl radical and
methane losses would be influenced by isotope effects in the same
way that hydrogen loss would be. Hence (¢EZH6)L # (¢EZH6)H e and

(¢EH4)L # (¢EH3D)He' Also, since the heavier products are formed
after the loss of the various species in the primary steps then their
absolute amounts would be influenced by isotope effects. Although
the total primary quantum yield should be 1.0 in both the L and He
systems, the relative amounts of the different products could be
different: that is, one type of _primary loss may be more important
in one system than in the other. Results comparing the photolysis

of (CH3) 2S:i.H and (CH3) 2S:i.D2 show that the total quantum yield of all

2
the various products are approximately the same (to within 10%).



The existence of a primary photolysis isotope effect is
dramatically illustrated by the following calculations. If we assume
that the quantum yields of steps [4] ~ [8] are identical to those of
steps [10] - [14] respectively then the values obtained for ¢4 and
¢7 (d)4 = ¢(H) = 0.252 and ¢7 = ¢(HD) = 0.111) from equatioms [30] -
[35] pertaining to the He/L system differ from those obtained by
usiﬁg ethylene as a scavenger (¢4 = ¢(H) = 0.101 and ¢7 ='¢(HD) =
0.262). Hence the mechanism derived for the (CH3)ZSiD2 system

. cannot be conveniently applied to the (CH3)ZSiH2 system because

of the presence of primary and secondary isotope effects for hydrogen

loss.
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CHAPTER IV

THE PHOTOLYSIS OF HYDROGEN SULPHIDE

IN THE PRESENCE.OF DIMETHYLSILANE

The reactions of hydrogen atoms with silanes is an important
part of the work described in the previous chapter, and s;nce kinetic
data for these systems are sparse, it was decided to examine this
problem separately. Imn this study, the photolyses of HZS’ DZS’ and

CH.O have been employed as hydrogen atom sources. In particular, it was

2
hoped that we could determine the rate comstant for hydrogen abstrac-—
tion from the simple silanes and compare the results with previous
work (56). The present study should also enable us to establish some
pertinent facts about (2) hot atom reactions with silanes - such as
the relative role of abstraction and displacement; (b) the role of
possible long lived interemdiates and (c) the presence of short
chains.

Hydrogen sulphide seemed an ideal source of hydrogen atoms.
Tt exhibits 2 continuous zbsorption spectrum (176) over the region
1850 - 2700A with a maximum at about ZOOOA The BS-H bond strength
is belleved to be 90 * 2 kcal/mole (177). Since the Cd 2288A
resonance line was used as the light source, the excess energy carried
mostly by the H-atom (178) would be of the order of 35 kcal/mole.
The extinction coefficient of st at 22882 is quite small, 170 L

mole-l c:m_1 (176). Therefore the amount of decomposition is small

but yet large enough for accurate product analysis. Dimethylsilane
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and the other simple methylated and nommethylated silanes do not
absorb at 22882 (92,93).

The primary process in the photolysis of hydrogen sulphide
in the 1850 - 27002 spectral region is rupture of the HS-H bond to

form (179) an HS (zﬁ) radical and a "hot" H (28) atom:

HZS + hv — H* + HS [1]

The majority of the "hot" H-atoms undergo thermalizing collisions before

reaction and thus the symbol H* refers to a distribution of tramslational

Additional steps in the photolysis of pure HZS are:

energies.
3
H* + HZS -_— H2 + SH | [2]
2SH — H, + S, . [3]
— H,S + sCp) [4]
— H,S, [5]

followed by the polymerization of S and 82 to elemental sulphur
which forms a solid coating on the cell walls. The predominant

reaction removing SH is step [4] (180).

A. Results

1. The Photolysis of DZS in the Presence of Dimethylsilane—dz.
Previous work has shown that abstraction of a hydrogean from
the silicon end of the simple methylated silanes is several orders of
magnitude faster than from the methyl end (47). We first wanted to
establish if the hot hydrogen atom produced im reaction [1] would

react in the same way. Hence we photolyzed DZS in the presence of



dimethylsilane—dz.(hereafter referred to as DMS—dZ). The results are

shown in Table IV-I, where the following reaction sequence is expected

to hold:
D,S + hv —» D* + DS (6]
E3
D* + (0113)2511)2 — D, + (cnS)zs:m [71
—r HD + cnz(cn3)s5.D2 (8l

It is seen in the Table that there was a substantial impurity level

in D.S but can be accounted for in the calculations. XHD increases

2
slightly in the presence of DMS—d2 due to reaction [8], or to some

side reaction with a trace impurity. Even if the increase is real,
it is obvious that reaction [8] is not very important.

In the photolysis of pure DZS there was a great deal of
sulphur deposited on the walls of the reaction cell due to the
reactions .

DS + DS — DZS + S [9]

— D2 + S2 [10]

In the presence of the silane there was NO sulphur deposit.
Therefore the DS radical is being removed by silane and does not

disproportionate. Possible reactions are

(CH.3) 2S:F.ID + DS i (CH3) 2S:I.DSD [11]
(CH3)ZS:LD2 + DS -_ (CH3)ZSiD + DZS [12]
—_— (CH3)ZSiDSD + D [13]

It should be noted that reaction [12] is at best thermoneutral and
probably endothermic. Silyl mercaptans are not very stable and

would probably undergo a condensation reaction, analogous to



TABLE IV~-1

Isotopic Composition of Hydrogen from the Cadmium Lamp

Photolysis of Deuterium Sulphide in the Presence of

Dimethylsilane-dza

P(DZS) P(DMS—dz)

xﬂ xHD XD2 _ Hmoles

£ 2
mm mm min hydrogen
0.0 97.5 15 - - - 0.00
6.23 0 15 0.0203  0.118  0.862 5.49
5.83 100.8 15 0.0212  0.138  0.841 5.86
5.70 99.9 15 0.0221  0.138  0.844 4.69
5.40 99.9 15 0.0199  0.135  0.845 4.65

ax=

-]
2288A
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silylanols:
2(CH3) 2SJ’.DSD — (CH3)2DSiSSiD(CH3)2 + DZS [14]
This sequence of reactions should give three condensable

products, silylthioether (reaction [14]1), silylthiol and tetramethyl~

disilane, arising from radical recombination as shown in step [15]:
2(CH,) 53D — (CH,) ,DSiSiD(CH,), [15]
G.C. showed only two significant peaks, A and B, of appro;{imate;.y the
same area. Mass spectrometric analysis showed that B was tetramethyl-
disilane. Peak A gave the breakdown spectrum of tetramethyldisiloxane
(Tet-MDSO) which is an impurity in DMS with the same retention time
as peak A but is only a few per cent of peak A. Hence peak A either
breaks down in the ion source and gives no mass spectrum, OT Tet—MDéO
is an exchange product of peak A originating in the mass spectrograph.
The exchange of silylthiol on the cell wall to give silylanol which
could then condense to Tet-MDSQ, as indicated in reactions [16] and

[171, ;’.s not very likely since DZS does not exchange:
(CH;),SiDSD + cell wall —* (CH,),SiDOH [16]
2(CH3)ZSJ.DOH — (CHB) ZDS:LOSiD(CH3)2 + H20 [17]
It is known however that silylthioethers can condense to siloxanes;
(CH3)2DSiSSiD (CH3) 2 + E20—> (CH3) 2DS:i.OSJ‘.D(CH.?‘)2 + HZS [18]
and reaction [18] could easily happen on the walls of the mass spectro-
graph. Alternatively, peak A could be silylthiol which gives a poor
mass spectrum. This problem will be discussed later. It should be

emphasized that there was no evidence of any significant amounts of

methane, ethane, or monomethylsilane formation.
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2. The Photolysis of HZS in the Presence of Dimethylsilane—dz.
Effect of Varying HZS/DMS—d2 Ratios at Constant Exposure Time.
In spite of the mysterious disappearance of the sulphur
deposits mentioned previously, it was felt that it would still be
possible to obtain a rate constant for hydrogen abstraction from

dimethylsilane. The reaction scheme envisioned would be,

H,S + bv — H* + HS (1]
B% + H,S —> H, + HS [2]
H* + (CHj),SiD, HD + (CH,),SiD [19]

— H, + CH,, (CH,)S$1D, [20]

It was shown previously that reaction [8] is not important SO

therefore reaction [20] has been neglected in the scheme. The kinetic

rate expression is

k. o (DMS-d.,,)
% _ 19 2 (21]
g, k, (8,5)

The results are presented in Table IV-II.

The most startling observation is the large vields of D2
and as can be seen, none of the major reactiomns [1] - [19] give rise

to DZ' As noted previously, there were no sulphur deposits on the

cell walls.

There are two possibilities that could give rise to the

large amounts of Dz.

(2) A very efficient exchange reaction,

H* + (CH3)ZSiD2 -—*'(CH3)ZSiHD + D [22]

following by abstraction:



Isotopic Composition of Hydrogen from the Cadmium Lamp

Photolysis of Hydro

of Dimethylsilane—dz.

TABLE IV-II

gen Sulphide in the Presence

Constant 'I.‘imea

ap emdy . R m o % Gl
2.74 101.5 5 0.0401 0.223 0.736 1.33
4,40 102.5 5 0.0516 0.275 0.674 1.68
8.40 101.9 5 0.0734 0.326 0.601 2.52
12.60 101.9 . 5 0.106 0.373 0.521 3.39
17.40 101.8 5 0.162 0.433 0.405 3.18
23.40 104.3 5 0.241 0.455 0.305 3.39
20.30 99.4 5 0.217 0.454 0.328 3.70
14.20 104.2 "5 0.125 0.393 0.483 3.06
20.0 20.9 5 0.626 0.340 0.0344 2.34
20.0 61.5 5 0.327 0.495 0.178 2.26
20.0 12.1 5 0.771 0.216 0.0128 1.76
20.0 15.3 5 0.749 0.234 0.0172 2.76

Q
2 3 = 2288A
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D+ (CH3)ZSiD2 —_ D2 + (CH3)ZSiD [23]

(b) Secondary photolysis of silylthiol, silylthiolether, or

tetramethyldisilane.

3. Effect of Exposure Time at Constant HZS/DMS—d2 Ratios.

The results are presented in Table IV-III and shown
~ graphically in Figure IV-1. The last two one-minute runs in the
Table were allowed to remain for over one hour in the reaétion cell
after photolysis before the hydrogen was removed for mass spectral
analysis. As can be seem, there is no post photolysis dark reaction
taking place. The dramatic time dependence is quite evident, and
suggests that D2 is a secondary product. However, the possibility of

the exchange reaction [22] cannot be ruled out as yet.

4., Test for Dark Reactions

The question of a dark reaction should also be considered:
HZS + (CHB)ZSiD2 -— HDS <+ (CHB)ZSiHD [24]
This could account for the results in Table IV-II. A 1:1 mixture
of HZS and D‘Ms-d2 was allowed to stand overnight. The presence of
(CH3)2SiHD and (CH3)ZS:I.H2 was checked for, using a 100 Mc-NMR. Since

these species were not found, there is obviously no dark reactioa.

5. Effect of Added Carbon Dioxide
The question of the occurrence of the possible hot atom
exchange reaction [22] can be further clarified by experiments with

added CO Table IV-IV. As can be seen, there is no change in the

2’
isotope ratio with added CO,. From the work of Cvetanovil (181)



© Isotopic Composition of By

TABLE IV-III

drogen from the Cadmium Lamp Photolysis

of Hydrogen Sulphide in the Presence of Dimethylsilane—dz.

Constant HZS/DMS-dZ Ratio®

rp et %y w o % aiis
6.03 99.4 15 0 0462  0.268  0.686 5.78
6.74 100.3 15  0.0481  0.280  0.672 6.04
6.40 102.0 s  0.0625  0.301  0.638 2.10
6.40 103.1 3 0.0725  0.326  0.602 1.43
6.30 105.0 1 0.200 0.477  0.324 0.278
6.60 101.5 1 0.164 0.443  0.393 0.439
6.70 103.2 1 0.167 0.468  0.366 0.354

[-]
2 3 = 2288A
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FIGURE IV-1. XD as a Function of Time from Cadmium Lamp Photolysis
2

of Hydrogen Sulphide in the Presence of Dimethylsilane-

d2. Constant HZS/DMS-d2 Ratio.
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TABLE IV-IV

Isotopic Composition of Hydrogen from the Cadmium Lamp Photolysis
of Hydrogen Sulphide in the Presence of Dimethylsilane—dz.

Effect of Added Carbon Dioxide®

P(HZS) P(DMS«dz) ? XH XHD XD umoles P(COZ)
mm mm min 2 2 hydrogen mm
7.13 99.9 15 0.0444 0.262 0.694 4.86 1015
0.41 11.2 15 0.0509 0.260 0.689 1.17 1033

(-]
2 ) = 2288A
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on the HZS/olefin system, one would expect CO2 to thermalize the H¥
atoms. This in turn should affect the exchange reaction [22] since
Polanyi (182) has shown that exchange reactions are very energy-
dependent. Hence it is obvious that reaction [22] is not the doninant

mode of D atom formation.

6. The Photolysis of CHZO in the Presence of Dimethylsilane-dz.
The role of sulphur in the formation of D2 was given by
using a sulphur-—free source of hydrogen atoms, namely the photolysis
of formaldehyde. The CHO-H bond strength is approximately the same
as the HS-H bond strength in hydrogen sulphide; 85-90 kcal/mole (183).
Hence the H atom produced in the photolysis would carry 35 - 40 kcal
excess energy at 22882 and would be approximately thermoneutral at

o
3261A. The primary step is

CHZO + hv . — H* + CHO [25]

We will not comnsider molecular hydrogen formation or the complex
photochemistry of formaldehyde (184) here. Table IV-V shows that

(-]
there is no D2 formed at 3261A and only trace amounts when the full

line system of the cadmium lamp is used. Hence we have to rule out

reaction [22] as being important.

7. Photolysis of HZS in the Presence of Trn'.methylsilane—dl
The question of secondary photolysis in the HZS/ DMS—d2
system should be considered in more detail. From previous work,
Chapter III, we kmow that tetramethyldisilane and tetramethyldisil—
oxane do not photolyze at 22882. One possibility to consider is the

photolysis of silylthioether:
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(CH3) 2SiDSSiD(CH3)2 + hy — (CH3)ZS:‘LSS:LD(CH:;)2 + D [26]
To check this possibility, HZS was photolyzed in the presence of
trimethylsilane—dl (hereafter called Tri—MS—dl) . The results are
shown in Table IV-VI. Postulating a sequence of reactions for Tri-

MS-d, similar to DMS-dz,

1
%
B* + (CH,),SiD — (CHy)4S1 + HD _ [27]
(CH3)3Si + SH -— (CH3)3SiSH [28]
Z(CH3)3SiSH - (CH3)3SiSSi(CH3)3 + HZS [29]
(CH3)3SiSSi(CH3)3 + hv — no deuterium [30]

As seen in Table IV-VI, large amounts of D2 are formed and the DZIHD

ratio in this system was nearly identical to that obtained from the

HZS/DMS—d system at equal DZIHZ levels. Hence we have to rule out

2
the possibility of reaction [26] being the major mode of formation of

D atoms.
The secondary photolysis of silylthiol should proceed
via
(CH3) 2S:i.DSH + hvy — (CH3) ZSiSH + D [31]
—_— (CH3)ZSiDS + H {323
(CH3)3SiSH + hv —_— (CH3)3SiS + H [33]

However, reaction [33] would not explain the DZ formed in the HZS/
'I'ri—MD—dl system. Also, reaction [32] may be more important than
reaction [31] because the S-H bond would be the absorbing moiety at
22882 and not the Si-D bond. Hence we cannot yet explain the large

amounts of D2 formed in the !E'L‘,,-S/DI'IS-d2 system.
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TABLE IV-VI

Isotopic Composition of Hydrogen from the Cadmium Lamp Photoly

of Hydrogen Sulphide in the Presence of Trimethylsilane—dl

sis

a

P(HZS) P(TriJMS-dl) F XH XHD Xb Hmoles
mm mm min 2 2 hydrogen
0.0 104.7 5 - - - 0.00
8.1 104.7 5 0.211 0.451 0.338 2.18

(-]
2 ) = 2288a
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8. Photolysis of COS in the Presence of Dimethylsilane—d2

That a sulphur containing product is somehow responsible

for the high yields of D2 was proven by auxiliary experiments using
COS. The predominant primary process in the photolysis (163) of

[-]
COS at 2288A is,

CoS + hv — o + s(D) [34]

with a small contribution from the spin forbidden process

COS + hv — o + sCp) [35]

In the presence of paraffins, the S(lD) atoms will insert to give
mercaptans (185):

R,cE + s('D) — R,GSE [36]
It has been shown (186) that in the case of methyl-silanes there is
predominant insertion into the silicon-hydrogen bond,

(CH),SiD, + S('D) —> (CH,) ,SiDSD [37]
although carbor~hydrogen insertion does take place.

(CHy),SiD, + s('D) —> HSCH,(CH,)SiD, [38]

The results are given in Table IV-VII. Large amounts of
D2 are formed, as well as the mercaptans formed via reactions [37]
and [38]. Apparently these mercaptans photolyze readily to give H

and D atoms which in turn abstract to give molecular hydrogen. The

absorbing moiety would have to be the sulphur-deuterium or sulphur

hydrogen bond (187,188).
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Isotopic Composition of Hydrogen from the Cadmium Lamp
Photolysis of Carbonyl Sulphide in the Presence

of Dimeth.ylsilane—d2

P(COS) P(DMS—dz) XH XHD XD t Hmoles
2

mm ' 2 (mnin) hydrogen

. 10.3 102.0 0.0534 0.144 0.803 5 1.68

1.34 100.5 0.0802 0.160 0.760 30 1.59

129
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9. Ultraviolet Absorption Study

If secondary photolysis is taking place, then the species
responsible must compete favourably in absorption with hydrogen
;ulphide. To check this hypothesis, matched UV cells with 6.3 mm of
HZS and 102.6 mm of (CH3) 2S:i.D2 were prepared. The UV spectra were
recorded against air in the 20002 - 25003. region. The HZS spectrum
had a value of A = 2.6 at 2288:&. When the spectra of the cells were
run against each other, a zero baseline was obtained. Thé sample
cell was irradiated at 22882 1ine for fifteen minutes and the result-
ing spectrum recorded against the blank within three minutes. There
was no increase in absorption. If the.re is an absorbing species
formed in the system it has to have a lifetime shorter than three
minutes.

The sample cell was further irradiated for fifteenm
minutes and the spectrum at 22882 measured within twelve seconds. A
value of A = 0.7 was recorded, which did not change over a period of
seven minutes. The sample was jrradiated for anmother fifteen minutes,
and the spectrum at 22882 measured within fifteen seconds. A valve
of A = 0.09 was recorded and did not change over a period of five
minutes. This increase in absorption is obviously not due to the
silylmercaptan intermediate or to any other intermediate as it is not
strong enough. The absorption after such a long period of photolysis
is probably due to the build-up of one of the final heavy products,
A or/and B, mentioned earlier. However, since B is tetramethyldisilane

(-]
and does mot absorb 2288A radiation, then the small increase in absorp-

tion is due to compound A.
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10. Flash Photolysis with Kinetic Absorption Spectroscopy

The possibility of the presence of a short-lived, strongly
absorbing intermediate, was examined by the use of conventional
flash photolysis coupled with kinetic absorption spectroscopy. The
absorption was monitored between 20882 and 24882.'. Flashing one torr
(CH3) 2S:I.D2 in the 20002 - 30002 spectral range with delay times up
to 1500 psec verified that there was not a significant amount of
absorption. A similar flash study using 0.05 torr HZS esf;ablished an
absorption baseline. Next, a mixture of approximately 0.05 torr HZS
and 1 torr (CH3) 2S:I.D2 was flashed under the same conditiomns. The
plate showed a small increase in absorption over the HZS baseline,
up to 300 usec. After 300 usec, the absorption became more intense
than the HZS background and continued to increase up to about 1500
usec then began to decline.

These results prove the build-up and the start of decay within
a short time period (= 1500 usec) of an intensely absorbing inter-
mediate. The most likely species is siiylmercaptan, formed by the

combination of a dimethylsilyl and a thiol radical.

11. Flash Photolysis with Mass Spectrometry
Finally, the transient presence of dimethylsilylthiol was
detected in flash photolysis experiments using kinetic mass spectro-—
metry. A tem per cent mixture of HZS in (CH:,’)ZS:H:I2 was flashed in a
Vycor cell and the resulting mixture bled into a mass spectrograph.
The only significant m/e values recorded, after the 500 psec delay
time of the instrument, were 92, 91, 77, and 76. These masses

correspond to (cn3)zsmsn+, (CE,) ,sins’, CH3S:’LHSH+, and cn3sms+



respectively. Further experiments showed that silylthiol had a half
life in the order of a few milliseconds.

Although these m/e values were the only significant ones,
there was some indication of m/e values of 150, 149, 135, and 134.
These peaks would, if real, correspond to silylﬁhioether formed as
the condensation product of silylmercaptan. This point will be dis-
cussed later. ]

Similar studies on HZS/ (CH3)3SiH, HZS/CHBSiH » Cos/ (CH3)3SiH,
COS/(CH3) 2SiHZ, and COS/CH3SiH3 gave the parent and some fragment
ions of the corresponding silylthiol with half lives in the order of
a few milliseconds. The largest peaks were recorded with (CH3) 3SiH,
and decreased as methylation decreased. | Experiments with HZS/S:LH4
and COS/ SiH, could not be meaningfully interpreted.

B. Discussion

The possibility of the occurrence of the exchange reaction
[22] can be examined further kinetically. Let us consider the follow-

ing kinetic scheme:

HZS + hv — H* + HS [1]
B* + HZS — HZ + HS [2]
H* + (CE[3)ZS:!.D2 — HD + (CH3)ZSiD [19]
B* + (CHS)?_S:i.D2 — D + (CH3)ZS:I.HD [22]
D+ (CH3)281D2 —_ D2 + (CH3)ZS:I.D [23]
D+ HZS — HD + HS [39]
D+ H,S —> H + HDS [40]

2
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This is the simplest scheme that does not consider HS radicals as

contributing to hydrogen production. It can be shown that:

m _ F9 [k19 Gkgg + kyp) k39] @S [41]

%, 22 ko2 k3 kp3 | ((CH3),51D5)

The equation is derived in detail in Appendiz C. A plot of equation

[41] from the data in Table IV-II is shown in Figures IV-2 and IV-3. As

can be seen, the results do not give a straight line as p:l;'edicted. Other

kinetic relationships were derived from the above reaction scheme

but none fit the data. This kinetic treatment, in conjunction with

the carbon dioxide cooling experiments and in particular, the use of

formaldehyde as an alternative hydrogen atom source, definitely rules

out the simple exchange reaction [22]. -
The marked time effect of X‘D at constant H S/DMS—dZ ratios

was shown in Figure IV-1. Im fact, XDZ approaches zero at low

exposure times and indicates the importance of secondary photolyses.

It is difficult to see how an exchange reaction could be time depend-

ent but the possibility can be checked quite easily because a long

1ived intermediate has to be involved. 1In the HZS/DMS—d2 system,

such intermediates could be ((CH ) SiD H))* or ((cH ) SiD SH))

which might be expected to decompose to give D—-atoms. However, when

the reaction mixture was allowed to stand after a short period of

photolysis (Table IV-III) there was essentially no change in the

isotopic composition of hydrogen,' and we can effectively rule out the

presence of a long 1ived intermediate and the subsequent exchange

reaction. Also, if an exchange reaction took place, it should

release methyl radicals as well as deuterium atoms. The methyl
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FIGURE IV-2. A Plot in Accordance with Equation [41] for the Cadmium Lamp
Photolysis of Hydrogen Sulphide in the Presence of
: Dimethylsilane—dz. Constant Time.
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FIGURE IV-3. A Plot in Accordance with Equation [41] for the Cadmium Lamp

Photolysis of Hydrogen Sulphide in the Presence of Dimethyl-
silane-d,. Comnstant Time. Low HZS/DMS-d.2 Ratios.
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radicals would form meth;ne by abstraction from substrate, and
ethane, by radical recombination. The absence of methane, ethane
and MMS among the products and the non-variance of the total hydrogen
yield in Table IV-I rules out all types of exchange reactions.

It bhas been mentioned that there were only two heavy products
formed in the DZS/DMS—d2 system in about equal amounts, tetramethyl-
disilane and A (silylthioether ?). Since there were no sulphur
deposits, then all the DS or HS radicals were undoubtedly'scavenged
in a radical recombination reaction with the dimethylsilyl radicals,

as indicated in reactions [11] and [42] respectively:

(CH3)ZSiD + SH —_— (CH3)ZSiDSH | [42]
Another possible, but less likely means of silylmercaptan formation
would be,

(CH,),S1D + SC’P) — (CH,),S1DS [43]

(CH3)ZS:‘.DS + (CH3)ZSiDZ—* (CH3)ZS:’.DSD + (CH3)ZSiD [44]
For clarity, let us consider the HZS/DMS—d2 system. The number of H
atoms would equal the number of dimethylsilyl radicals which would
now recombine with the SH radical to give (CH,),SiDSH. Since there
was no noticeable sulphur deposits, the HS radicals do not dispro-
portionate as indicated in reactions [3] and [4] to any great extent.
If the sole fate of silylmercaptan were stabilization or dispropor-

tionation,
2(CH3)ZSiDSH — (CH3)ZSiDSSiD(CH3)2 +-HZS [45]
then tetramethyldisilane formation would be suppressed:

2(CH3)ZSiD I (CH3)ZSiDSiD(CH3)2 [11]
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Therefore it seems that there is a surplus of dimethylsilyl radicals

over HS radicals. This surplus would also explain why all the HS .
radicals are so effectively scavenged before they react with each
other. Hence any mechanism proposed must create dimethylsilyl radicals

as well as provide for D2 formation.

The evidence indicates the following mechanism:

HZS + hv — H* + HS [1]
H* + \CH3)ZSiD2 — HD + (CH3)ZSiD [19]
HS + (CHS)ZSiD, —_ (CHs)ZSiDSH [42]
(CH3)ZSiDSH~+ hv — (CH3)281DS + H [32]
H + (CH3)ZSiD2 - HD + (CH3)ZSiD. [46]

) "‘(CH3)ZSiDS + (CH3)ZS:E.D2—* (CH3)ZSiDSD + (CH3)28iD [44]
(CH3)ZSiDSD + hvy — (CH3)ZSiDS + D [47]

D+ (CH3)ZSiD2 ——-)-D2 + (CH3)ZSiD [23]

The (CH3)ZSiDS radical now acts as the chain carrier, producing,
via reaction [44], (CH3)ZSiDSD which contributes to D atom formation in
reaction [47] and molecular D2 formation in reaction [23]. This
reaction scheme gives a surplus of dimethylsilyl radicals which
contribute to the formation of tetramethyldisilane.

This mechanism is an example of a photochemical chain.
The length of this chain can be estimated by considering the yield of

HD and D,, when P(DMS-dZ) >> P(HZS). It must be remembered that the

2
chain length is time dependent. At small concentrations of HZS,
reaction [39] to form HD will not be very important so therefore all

the HD will be formed in reactions [19] and [46]. Reaction [32] gives

the first link in the photochemical chain formation of D2. If all the
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(CH3)ZSiDSH undergoes reaction [32] then half the HD would be formed
in reaction [19] and half in reaction [46]. Therefore the ratio
XDZI% XHD will give the length of the photochemical chain at a given
time. For example, (Table IV-III) the chain length decreases from
A5 for a 15 min. photolysis to V1.5, for a photolysis time of one
minute. '

Since this is a photochemical chain then the términation
step would be the physical act of turning off the photolysis lamp.
Silylmercaptan has been shown to be a stronger absorber than hydrogen
sulphide, due to its large extinction coefficient rather thamn its con~
centration since the total conversion was less than five per cent
in most cases. Silylmercaptan, although present in small but
significant concentration, has a half life of the order of a few
milliseconds and could not be detected at all using conventional
ultraviolet spectroscopy. The suspected presence of tetramethyl-
silylthioether among the products, and the short lifetime of silyl-
mercaptan, support the hypothesis that silylmercaptan can somehow
form silylthioether. That is, during the photolysis there is a
competition between photochemical decomposition of silylmercaptan

and its decay via reaction [45] and even more likely, reaction [48].
(CH3)ZSiDS + (CH3)ZSiD - (CH3)ZSiDSSiD(CH3)2- [48]

The occurrence of reaction [49] could not be proven because the

disulphide formed would probably be unstable with respect to decom-

position;

2(CH,),SiDS — (CH,) ,SiDSSSiD(CH,), [49]

)y
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However, reaction [48] should predominate because of the large concen—
tration of dimethylsilyl radicals present.

In any event, tetramethylsilylthiocether is most likely
the major reaction product labeled A. That it cannot be conveniently
identified by conventional mass spectrometry is not surprising. As
mentioned in section A-1l, peak A gave the breakdown pattern of the
oxygen analog — tetramethyldisiloxane. The condensation of silyl-
thiocethers to siloxanes is well known and could easily happen on the
metal waiig’gf the masé spectrograph. Sulphur—oxygen exchange has
been noted in these experiments. For example, when DZS was intro-
duced into the mass spectrograph to ascertain its isotopic purity,
only the spectrum of D20 was obtained. The spectrum of HZS can only
be obtained when a large enough sample is introduced so that the

mass spectrograph walls are purged. Hence it must be concluded that

peak A is the silylthioether which gives a misleading mass spectrum.
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CHAPTER V

SUMMARY AND CONCLUSIONS

The preceding chapters have given a fairly reasonable
picture of the photochemistry of the simple silanes and in particular,
of dimethylsilane. The direct photolysis of dimethylsilane was
accomplished with a xemon resonance lamp and the reactions of H-atoms
with dimethylsilane were examined separately. The resulting product
distribution was accounted for in both studies, and mechanisms were
proposed.

The photolytic decomposition of dimethylsilane yielded
ten products and a polymer deposit on the cell window. By the use of
pressure studies, time studies, scavengers, and deuterium labelling,
it was possible to show that the decomposition was initiated by
thirteen primary steps. Many of these steps can be further subdivided
because they jnvolve the loss of two fragments. The vacuum ultra-
violet spectra of all the simple methylated silicon hydrides, their
deuterated counterparts, and trimethylmonofluorosilane, were recorded
and incorporated into the photolysis study. Although the 14702
resonance line of the xenon lamp falls in the predominately silicon-
hydrogen absorbing region, silicon-hydrogen cleavage is not the
dominate mode of decomposition. That multifragmentation occurs to
such a large extent, coupled with the need to postulate at least
thirteen primary steps, is 2 clear indication of energy delocalization,

that is, absorption of photon energy in one moiety can lead to

i |
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decomposition along a variety of pathways. The need to postulate such
a complex mechanism is in contrast to the vacuum ultraviolet photo-
chemical decomposition of the simple hydrocarbons.

The photolysis of hydrogen sulphide in the presence of
dimethylsilane established that hot hydrogen atoms do not abstract
from the carbon-hydrogen bond and do not undergo an exchange reaction.
The presence of a strongly absorbing transient intermediate was
needed to explain the isotopic hydrogen distribution. This silyl-
mercaptan had a half-life in the order of a few milliseconds and
reached a photostationary state during the photolysis. The silylthiol
radical formed during the photolysis acted as a chain carrier. Such
photochemical chains are not operative in the corresponding carbon
systems and the high extinction coefficient of the silylmercaptan must
indicate some type of in;eraction between the silicon and sulphur
atoms. Indeed, the proposed condensation reaction for self-destruction
of the silylmercaptan would indicate this.

The results on dimethylsilane have led to a revisiom (95,
189-191) of the proposed mechanism (92,93) for the photolysis of
monomethyléilane, Table I-II. Several more HD-forming steps, analogous
to [77] and [78] (Chapter III) were included in the primary sequence,
all the methane was shown to form in a molecular.process and the
kinetic treatment became at least as complex as that describea for
dimethylsilane. The two systems thus exhibit many similarities in
the primary fragmentation steps but, at present, quantum yield data

at various wavelengths cannot be assessed on a structural basis.
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The trends and findings of this study reflect on the physico-
chemical differences between carbon and silicon and indicate the
desirability of studying the photochemistry of elements other than
the first row. The field of silicon photochemistry is a new one
and it is obvious that more work is required before it is as well
understood as hydrocarbon photochemistry. Future studies should
include further photochemical photolyses of silanes and the recording
of their spectra so that an attempt at c;rrelation can be undertaken.
The reaction of hydrogen and sulphur atoms with silanes is a.virgin

‘&omain and thus such studies are most desirable. In particular, the
flash photolysis of hydrogen and sulphur atom domors in the presence
of silanes, using mass spectrometry and kinetic absorption spectros-
copy to monitor the transients should yield much valuable information

on silane reactions.
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APPENDIX A

The photolysis of the simple methylated silames can lead to
various types of atomic and molecular loss of hydrogen. Imn order to
sort out these possibilities, experiments were carried out with iso-
topically labelled substrate (on the silicon atom only). Various
mixtures of undeuterated silane (hereafter referred to as L) and
deuterated silane'(hgreafter referred to as He) were photolyzed and
the isotopic hydrogen yields measured.

The following kinetic scheme was used to analyze the data;
it is obvious that this scheme is applicable to any methylated

silane. In this study, He = (CH3)ZSiD2 and L = (CH3)ZSiH2.

He + hv — He# o I, Fp,
He* - H 4:1 [1]
— D b, [2]
— D, $3 [3]
— HD ¢4 [4]
— H, ¢5 [5]
L+hv —L* I, F
L* — H be [6]
—H ¢4 71
— H, ¢g [81
— H, $g [9}
— 5 %10 [10]

The B and D atoms formed in the system would only abstract from the
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silicon end of the substrate (see Introduction).

H+ L — H, [11]
H+ He —* HD [12}
D+ 1L —> HD [13]
D+ He — D, [14]

We will not write the silane products formed from these equations
because they do not contribute to hydrogen formation.

Equations [1] - [5] in the "heavy" (He) correspond to
equations [6] - [10] in the "1ight" (L) silane. The following
symbols will be used: kl - kl 4 will refer .to the rate constants
for reactions [1] - [14]; 4)1 - ¢10 will refer to the primary quantum
yields for reactionms [1] - [10}; €L and €xe refer to the extinction

coefficieats of L and He respectively; and Ia is the incident light

intensity. Other expressions used are:

_ (L)
T W+ @) [15]
_ (He)
XHe - @) + (He) [16]
L [17]
F, = 1
p e (D) + e (He)
€ge (He)
He EL(L) 4+ aHe(He)
Rate(Hz)
xnz = Tate(d, + B + D)) [19]
= Rate (BD) [20]

Xp = Rate(d, + BD + D,)
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Rate(Dz)
= [21]
XDZ Rate(d, + B + D))

T = Gy F by ceeneees 910 [22]

= total experimental hydrogen quantum yield

Steady state treatment of the above reaction scheme gives:

1F
a

_ L .
@*) = k6 +'k7 +'k8 + k9 + klo £23]
(Be®) = . [24]
es) = k1+k2+k3+k4+k5
k. (Be®) + (k, + k) (L%)
@ = —= 6" %7 [25]
L0 + k(@)
kZ(He*)
[26]

@ = ¥ F Ky, @)

The rate expressions for isotopic hydrogen formation are:

.-Rate(Hz) = k (He*) + (kg + kg + ko) (L*) + kg (B) w [27]
Rate(HD) = k, (He¥) + ky () (He) + k3D (L) [28]
Rate(D,) = ky(He®) + k;, (D) (He) [29]
Rate(d, + HD + Dy) = IZ¢ [30]

Thus we obtain:

k., (Be)k, (Be*)
XD 1 [k 14 2 )] [31]

(He*) +
2 IaZd) 3 kl3(L) + kl 4 (He

[l

X, (Be* k.. (He*
(3(e))F ke (z(e))F ] (321

1
+
Zé [IaFHe He k13XI.. + k14xﬂe IaFHe He

opi e angplan
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jDZ = % [¢3 tx kl&xfek 4’2] [33]
He l3xL leﬂe
A plot of F—g vs XL (see Figure III-11) enables the
He .
determination of ¢2 and 4)3.
at XL =0
XDZ 1
7 = 5570, +¢,) [34]
FHe 273 2
at XL = 1.0
xDZ 1
= = 57(2) [35]
FHe 73 '
A rearrangement of equation [33] gives:
*2 I R X [36]
B k
%2 14 Xﬂe
=9
FHe 3
A plot of the L.H.S. of equation [36] vs o— will give the isotope
e
effect k13/k14.
Similarly we obtain:
1, T a1 s T L
x_ - 1 [k ey + ;clz(he;zcl(He*) . klZ(He) (kg + k7) (L*)
IaZd) 4 kll(L) + klz(He) kll(L) + klz(He)

(L)k. (He*)
+ K130k )] [37]

k13 (L) + k14(He
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_ 1 [( 4(He*)) . klzxﬁ (k (He*)) .
Zq) a He He 11}& + klzxﬂe a He He

. ;9 %e ((ks + k) (L*)) .
k1%, + K19%he LFL L
k k., (He*)
*tx 13ka ( . )Fﬂe [38]
1350 * *14%5e
fm _ 1 [¢ k19%5e
Fie N N S
k £
b 121.1; b + 0 Lo+ klsxi ]
1150 * ¥12%5e €he  X13%L klaxae
| [39]
T |
plot of 7 VS XL (see Figure III-11) enables the
He
determination of q>1 + ¢ 4
at XL =0
m 1
—F-‘H—e = (4)4 + ¢1) [40]
at XL = 1.0
X 1 k2 €
'E;'-'EE' ¢4+¢2+§(¢6+¢7)E}: [41]
Sir:;ilarly we obtain:
1 ' kll(L)kl(He*)
*n, © % [ks(He*) + (kg + kg + kyg) (L) + Ky, (0 + Ky, (Ee)
@ g + 1A%
T T @) + K, @) 421
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Y k (He*) . (k8 + k9 + klo) (L*) .
) IaFH He IF L

FHe

kll ¢H) (kl(He*) )
kll L) + klZ (He) \1I F

a He
k.. (L) (k, + ) (L%)
. 11 ( 6 ¥ %7 ) FL] [43]

kll (L) + k12 (He) Ia.FL

Xy £
2 b
= = O + (Py + Oy + ¢,4) =
T % [5 s+ % * %100 T 5 -

k1% & &
k11XL k12XHe (d)l “Re Xﬂe + ¢7))] L44]

A plot of this equation is not necessary because q:s is readily obtained

from the photolysis of He alome.

at X.L =0
X
2 1
= < (@) [45]
He o 5
at-Xl = 1.0
X5
2
FHe
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APPENDIX B

The photolysis of d:i.methylsilane—d2 (He) in the presence of
small amounts of ethylene (EH) affords a convenient method of finding

d)l and ¢ 4 separately (4ppendixz A). The kinetic scheme to be considered

€ AT S AT PN g vy eyt 4 gy e oy £ e Beist

k& R

is given below.

He + hv

— He*

I F

~ Ta "He
He* — H ¢, [1]
—*D oy [2]
— D, b3 [31
— HD b, - [4]
— H, b5 [5]

E; + by — Eg* I, FEB
Eg* — H bg [6]
—* H, ¢, 71

The H and D atoms formed in the system would be expected to add to

ethylene and abstract from dimethylsilane—dz.

H+ Ey — C,H; (8l
B + He ~— HD [9]
D+ Eg — C,H,D [10]
D + He — D, [11]
Symbols that differ from Appendix A are:
_ (Be)
e = @ + (& [12]
(Ey)
%, T @ + Gy (131
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eHe(He)
Foe = €y (HE) + eEB(EH) [14]
£
(E)
F = i [15]

Eg N eHe(He) + aEH(EH)

Steady state treatment of the above set of equations

gives:
IaFHe
(Be*) = [16]
kl+k2+k3+k4+k5
IaFEH
G = ¥ (173
6 7

kl(He*) + k6 (EH*)

® = ks(Ea) + kg (He) [18]
kZ(He*)
R R S el

The rate expressions for isotopic hydrogen formation are:

Rate (Hz) = k5 (He*) + 1% (EH*) [20]
Rate(HD) = k 4 (He*) + k9 (B) (He) [21]
Rate(Dz) = k3 (He*) + kll(D) (He) [22]

Rate(H2 + HD + DZ) =K
stant [23]

Hence we obtain:

kl(He*) + ks(EH*)
XED k4(He*) + k9 (He? ( ks (EH) T kg @) )
. - kz (He*) )

[24]
2 ky (Be®) + kllcne)(klo G i )




k 4 (He*)
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kl (He*) k6 (EH*)
IF
a He

H a

IaFEH

IaFHe

+
IaFHe_

[25]

Il

[26]




APPENDIX C

The photolysis of HZS in the presence of DMS—d2 (He) leads
to the formation of large amounts of D2. The following kinetic

scheme was used to examine the possibility of a simple exchange

reaction.
HZS+h\) —+ H + HS
H + He —> HD
H + He —+ D
D + He —-*DZ
H+HZS ——>H2
D+st ~— HD
D+HZS —r H

Steady state treatment of the above set of equations gives:

@ _ k3(He)' + (ks + k6) (HZS)
(©)) kz(He)

The rate expressions for hydrogen formation are:

I

Rate(HZ) k, (H) (st)

Rate(HD) = kl(H) (He) + kS(D) (HZS)
Rate(D,) = k(D) (He)
Rate(H2 + HD + DZ) =K

= constant

Hence we obtain

@ k, (@) (He) + ks o) (st)

X, | RE®
2

I
a

ey

[2]
[3]
[4]
[51]
[61

[71

[81
[9]
[10]

[11]

f12]

[13]
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k) (kg + ko) . ﬁ (_H_z_ﬁ) (161
k.  k, kg | (Be)

[Ty

-y



