s
. ?
- -
~0or
27648 "
| ]
l * Ndhnn.a&l ihrary Bibhiothdque nationale
of Canada du Canada . !

CANADIAN THESES
ON MICROFICHE

4

THESES CANADIENNES
SUR MICROFICNHE

- ~
\ ' \
' /’1‘ . ‘
Ay
ANANE w Y ALTHOR AW (a0 % R E b\ (" *\ ‘\\(\/\\h -
TITE O T "lvat PraCTer sy s, Ok TeE TR oMy Thyr il AN

TOURE D o THESE

‘%w\w AL

e VTN,

0 WK\N\LKMYL‘)\&YL

P TR DR WA & WU

NV ERSETY

OF YRS ISR

A LERN TS

DEGRESD FOR WHLC M THESIS WAS PRESENTED ;
GRS PR (Y okl, CETTE THESE FUiT PRESENTEE

N

. PR Ve Rty

D - .

VESBR TR DEGHEE © ONFERRED AANEE DTOBTENIION O CE GRADE

- _ :

SN S

. ¢

NAME b L PERN T OR AOM D DIREC TEIR DE THE SE L
<
Peatan v s Retedyy, ranted to the NATION AL LIBRARY OF

CANADA tcomapcrotdbe this thesos and o tead ar sell copies:

dothe b

v

e gthor teserves otner pobbication rights  and nerther the
the e eatensive extrgots from ot may be printexd or other-

A et e edwathout the author's written permission,

Dee S VTS

L autorisation est. par la présente. accordée 8 /a BIBLIOTHE-

QUE NATIONALE DU CANADA -de microtimer celte thése ef

/

de préter au de vendre des exemplares du tilm,

L auteur se réserve les autres droits de publicanon ur fd

thése ni de longs extraits de celle-ci ne dovent etre imprimeés

ou autrement reprodurl's sdns [autorisation Bcrite de ["auten

o I ) .
"ig >3 LAQ_, Q(\" (S NN L g
AN .

ot AT SITGNED Sioaf
P ,
DERMANEAT Al DRESS RES DEALCE FRE Teg Y A
~ o™ ee1or s L BEET 6 ~
N ¥




-

INFORMATION TO USERS
“-

THIS OTSSERTATION HAS BLEN
MICROFTIMED EXACTLY AS RECEIVED

T opy was produed from a micro-
tiene copy ot tne original document.
e quatity ot the copy is heavily
fependent upon the quality of the
criginal thesis sybmitted for
rotrIming. tvery effort has - -,
een made to ensure the nryhest
quality 2? reproduction gessible,

SUEASE 0T
ndistintt prant,
vece 1 yed

Some pages may have
Fiimed as

Canadran Theses Division
Cataloguing Branch
Nathronal-taibrary of Canada
ttawa, Canada KA ON4

Directi

AVIS AUX USAGERS

LA THESE A ETE MICROFILMEE
TELLE QUE NOUS I.'AVONS RECUL

Cette copie a 6té faite & partir
d'une microfiche du decument
original. La qualité de la copie
dépend grandément de la qualitée .
de la th8se-soumise’ pour le
microfimage. Nous avons tout

fait pour assurer une qualité

" supérieure de reproduction.

NOTA BENE: La,qualité d'impression

* de certaines pages peut laisser 2

désirer. Microfilmée telle que -
nousxl 'avons regue.

0

<

Division des tn@ses canadiennes
du catalogage

ue nationale du Canada
K1IA  ON4

Biblioth
Ottawa, Canada



. THE UNIVERSITY OF ALBERTA
\
: R S
THE PHOTOLYSIS OF TETRAMEPHYLSILANE
AND THE REACTIONS OF TRIMETHWLSILYL RADICALS '
by .
) ' I
LESLIE GAMMIE -
A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE'DEGREE.
‘ OF DOCTOR OF PHILOSOPHY
)
\
©
o

DEPARTMENT OF CHEMISTRY
UNIVERSITY OF ALBERTA
EDMONTON, CANADA

SPRING, 1976



THE lﬁﬂVERSITY OF ALBERTA
‘ FACULTY OF GRADUATE STUDIES AND RESEARCH

9
)

The undersigned certify that they have read, and r,:mnd
to the Faculty of Graduate Studies and Research, for acceptance. a
thesis entitled : . ——
THE PHOTOLYSIS OF "TETRAMETHYL'SIULANE .

AND THE REAGTIONS OF TRIMETHYLSILYL RADICALS
A ) ‘

s N

‘submitted by ‘
’ LESLIE GAMMIE : .

-

ip partia] fulfﬂment of the requirements for theo degree of Doctor
of Phﬂosophy ' ) -~

._ | B ) '. " »L %¥<}KL <~/")

--------------------------------

..........................

/‘ ),»7

D. J. Le ao‘- Externa}/E aminer i

Date .. November 724, . 1975



- MO S A'ssmAcr

\ ' .
The gas phase xenon resonance lamp photo1ysis of tetra-
methylsilane and t e medium pressure mercury lamp photolysis of
'bi;(trime;hylsi1y1)msrcury have been investigated 1n1deta11‘ The
resulting product dis\rxbution was -accounted for in both studies and
,mechan\Sms wero/proposed The reactions of the trimethylsilyl radicaf
were ‘examined Ehut’i;é fﬂnd1ngs used to help explain the mechanisms _
in the photo1ysis studies ' '

the ]47 nm photolysis of tetramethylsi]éne.yieldpd }en
measurable products and a polymer deposit on the cell window. The
mecﬁenism was deduced from the effect of pressure, exposure time,
nitric oxide scavenging and isotopic labelling. The photoTysis was
shown to proceed by a mﬂntmum of six primary steps, with C- Si bond
cleavage .being the predominant (~77%) mode of decomp051t1on “The
quantum y1e1d of fTuorescence was found to be less than 10'5.

The occurr%nce of the trimethylsilyl radical as.one of the
major primary products and the lack of knowledge of .its properties, Ied\
to the photolysis of b1s(tr1methy1saly1)mercury at wavelengths” greater
than. 300 nm as a simpler source of the radical. The mecbanism was
determined by pressure studies, t1mo studles fnd rad1c31 scavenging
.w1th nitric oxide, ethylene and oxygen, and found to be a clean source
of ‘trimethylsilyl radicals.

™ From the deta a disproportionafion-combination rate constant
.ratio of 0.046 for.trimethy[silyl radicals was obtained. The existence
of disproportionetion clearly demonstrates a preference for fermation

of a silaethylene-type structure. The relative stabilities of singlet

"~



and triplet silaethylene were found to be almost equivalent in an

N

"ab initio molecular orbitgﬁ éalculation. ‘
N The mercurial was also photolyzed in tpe presence of other
'added silanes to obtain relative rates of hydrogen abstractioptby the
trimethyls¥lyl radical. Arrhenius parameiers for the abséractfdn
reactions were calculdted by the BEBO method and from the avai]aﬁis

-

evidence a value was'estimated_for the triméthylsi]y] radical recom-
A~ ,\_\

bination rate.constant. . .

}t was also poss1b1; to demonsirate the existehce of cross-
disproportionation and combination reactions between trimethylsilyl
 rad1ca1s and.other silyl rédiqals andifb estimate corrésponding kd/kc

ratios. .

i o
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CHAPTER 1

INTRODUCTION
-
The photochemistry‘of silicon compounds and the reactions of
silicon radicals are still relatively new fields and are of increading
interest agyshown by the recent reviews surveying the general Ehemistry

- 7,8 . PR
! 6. silicon radical c@emistry , and the chemistry of sily-

of silicon
]enesg. Most of the earlier photochemical work on silanes was essénf
iial]y preparatoryF)and it is only recently that the kinetic-mechanistic
aspects have been investigated. In addition, our knowledge"of free

. 1,
radical chemistry - 12

is based almést wholly on alkyl and ary] radicals,
a condition that could be improved if we expanded the field by studying

the reactions of radicals containing elements other than carbon.

A Silicon Chemistry

> 1. Comparison of Some Silicon and Carbon Properties

Silicon is the second member of the Main Group IV elements
but there are important differences between it and carbon along with the
similarities that might be expected from having the same n52 np2
electronic structure. Silicon is a larger atom than carbon and tends
to form weaker bonds to itself, to carbon and fo hydrogen than does
carbon, but stronger bonds to more electronegative atoms such as the
halogens, oxygen and nitrogen, either because of bonding, with silicon's
3d orbitals or because of its lTow electronegativity.

According to the Pauling scale of e]ectronegativity13,

silicon (1.8) is significantly different from carbon (2.5) and



hydrogen (2.1}, such that whereas in alkanes ‘the C-H bond is slightly .
po1qf with the &7 charge on carbon, in silicon hydrides the bond -
polarity is in the OppOS{te sense with the 6* charge ¥n silicon. Thus
the susceptibility of silicon hydrides to nucleophilic attack is an
example of the difference in reactivity of silicon and ;arbon.

‘Silicon does not form lTong chain molecules as carbon does,

the largest kndwn being 10 silicon atoms 1ong‘4, but does form large - ‘g
. X ,)\
molecules with alternating silicon and Oxygen atoms, the industrially R T

Since the main mode of bonding for both carbon and silticon

is sp3 hybridization similar types of compounds exist, such as ﬁ

hydrides, alkyl hydrides, halides, and ethers, but silicon can incfease

d
important siloxanes.. ' ‘ 44;
‘ TZ

its normal coordination number of four to five or six by using its
vacant d-orbitals to form sp3d or sp3d2 hybridsls’]s. The vacant d-
orbitals on si{licon lie about 130 kCals/mﬁle]7 above the highest occu-
pied orbitals whereas in carbon this gap is 220 kcals/mo]e17 so that the
silicon orbitals are much more readi‘.bavailable]s. Thus silicon can
enter into a dﬂ - pTT interaction]g—24 with eIectfbn donof'groups such

as phenyl, vinyl, oxygen or halogen to form a partial = bond. The

contentioys issue of silicon P, = P, bonding will be discussed later.

2. Thermodynamic Properties
Thermodynamic properties are very useful in relating radicq]
reactivities and energetics of radical reactions and ge]p to contribute
to the fundamental understanding of the processes involved. Unfor-

tunately the literature is full of mutually inconsistent and conflicting

values for the heats of formation and bond dissociation energies of



silicon eompounds and few measurements or estimates of silicon
entropies have been made.

25'26 have been obtained from first-order

Many bond energies
non- chain thermolyses of compaunds where the observed activation energy -
may be equated w1th the energy of the bond belng broken27. e.g. D(Si- Si)

28
from thermo]ys1s of hexamethyldisilane

(CH3)3SiSi(CH3)3'££—ﬁ»_ 2(CHy),Si |
reverse L3
. ' e
This assumes that the act1vat1on energy for the reverse pro-
cess is Zero and that the 1nterpretat1on of the kinetic data is
correctly assigned to the actual initial dissociation. Many pyrolyses
are complicated by the fact that the observed activation energy may.
not be directly related to any single bond dissociation.
“Otber bond energies have been calculated from electron impact
measurements by mass sp,ectrometry29 where the appearance potential of a

fragment jon can be related to the ionization potential of the ion and

the dissoctation energy of the bond broken:

+ -
o R Ryt Ryre

- R)) + I.P. (R]).

+
Thus, ART) = D(R, R,

Usually, D(R] - R2) is supplied from a kinetic measdrement and the
ionization potential of R] S0 bbtained ean then be applied to a-series
of compounds containing the group R] to find D(R - R ) In addition
heats of formation can be re]ated to appearance potentials and further
bond energy values can be calculated. A set of avai]abte bond energies

is given in Table I-1.



TABLE -1

4

, Vo :
~Selected Bond Emergies of Siliton Compounds (kcals/mole)

Compound 9 D(Bondi _ Reference
Hysi-H - . 98 ' 30
HSSiz—H : o . 90 | . 31

_CH3SiH2-H : . 394 32
(CH3)351-H ‘ | 81 : 7
85 ) 33

8 . 34

9 .3

| CH3-SiH3 . 86 i 36
'CH3-'S1"(CH3)3 - 76 37.
85 | 29

'H351151H3 ‘ 81 | - 30
81 ' 28

86 29

(CH3)351CH2-H ‘ 97 39




w3

Heats of formation, usually obtained through heats of combus-

40

tion from calorimetry ~, are subject to large errors with silicon

compounds due to the involatility of -silica, formation of surface films

and a tendency to detonate, so'that many earlier results are of doubt-

ful’ relfability. Later techniques such as deriving heats of formation
from heats of hydronsis‘l may give mo}e consistent results. The spread

in r;sults for some éhosen silanes is demonstrated in Table 1-2.

-
-

B. Radica’l Reactions

1. Alkyl Radical Reactions |

Since the main body of information on Fadiéal propefties has
been gathered from alkyl radical reactions it wouNd be helpful to
summarize the known reactions and sources of these radicals before
notihg the GiffgrenCes applibable to si11¢9n radical chemistry.

An alkyl free radical is an a]kané’molecule in which one of
the carbon atoms has a freé valque with one unpaired electron. A di-
radical is a species with two free valence sites on different carbon
atoms, and a garbene has fuo free sites on the same carbon atom.

47 and other

2

_ >Méthy1 radicals have Been shown to be planar
evidence poinfs to other alkyl radicals also being p]agar~w1th sp
hydridjzation around the radical site.

Alkyl radicals are stable up to high temperatures but afe
also very reactive]z. The fastest reactions that they undergo are com-
bination and disproportionation. Combination is an exothermic process
which involves pairing of the free electrons on twq)radfcals to form a

new bond, e.Qq.

-

-



TABLE I-2

Selected Heats of Fonngg1qg;pf"5111;on Compounds

'|(7 K ""'f h 4 Dt Lt
Co*pound . AH" (298°) kcal}/molo Reference
s1n‘ 8.2 ~ 4
| 8.7 43
512H6 , 17.1 40
, 19.0 43
CH351H3 . -4.0 a4
-11.8 43 . .
- 1.0 45
(CH3)251'H2 ‘ -7.8 45
_ ’]5.2 ‘44
-29.8 43
(CH3)3SiH -18.1 45
-28 44 .
-44 .5 . 43
. o
-55 37
(CH3)4Si -33 45
{
-82.2 44
-55.5 43
-68 37
(CH3)3SiSi(CH3)3 -50 ' 45 -~
-52 46
-118 37

=126 29




This appears to take place at a rate close to the collision
frequency for methyl radicals but it is not clear whether larger alkyl
radicals combine as fast or whether the rates are orders of magnitude
s[gwer. The process épparent]y does not iavolve ap activation energy
though one might expect,%{%‘ieast in the larger radicgls, an activation
energy apg:oximately equivalent to the rotational barrier wp to about
5 kcals/mole.

The ”ﬁot“ molecule formed will decompose to radicals again
if the released emergy is not dissipated. Co]1isioﬁ“wq}h other gas
molecules is an effective method of stabilization and'}Q\torr total
pressure is sufficient to obtain stabilization of C2H6* with unit
probability ir.any collision. Current valuds for some alkyl radical ”
recombination rate constants are shown in Table I-3.

The rate of disproportionationsg is of the same order of
magnitude as corbination for most®alryl radicals. This reaction
inv. ’ ztstraction of a hydroaen atom from a carbon atom adjacent to

the 1oSsite.

r T —— b .
CH TH, + CHCH, CHef My & CH,=CH,

This also involves no activation energy, so that there is a character-
istic ratio of rate constants for combination and disproportiocnation for
each alkyl radical whicr is nearly independent of temperature.
Note that diﬁ;prﬁrt}Ond£1on involves the cleavage of a C-H
bond and tne formation of t.o new bonds, one of which is a C(-C - bond.
Abstraction Ly a radical from a molecule involves simultaneous

4 .
formation of one bond and cleavage of another to form a new radical:

CH ---H---CR,—= CH, + CR

3 + H-CR3 — CH3 3 4 3




TABLE 1-3  “~__

o

Selected Alkyl Radical Recombination Rate Constants

W SRCaw xm =t T i o: - traw ot oy o= == L A S = ————

1 -1

Radical log kr (cc.mole” 'sec” ') Reference
CH, ~ 13.4 48 , 49
13.5 . 50
y
~__ C2H5 13.4 51
\
11.6 52
[ ]
11.4 53
i—C3H7 13.8 54
11.6 55
t—C4H9 12.5 56
8.4 57



This process involves measurable activation energies usually between 5
and 20 kca]s/mo]e]z-
Another process which requires an activation energy is the

addition of a radical to a double bond to form a new radical:

th

CH3 + CH2=CH2 —— CH3-CH2—CH2

Activation energies are of the order of 5 - 10 kcals/mole.

Radicals can also rearrange and decompose, but both of these
processes normelly require very high activation energies and are
usually found only in high temperature pyrolysis stud19512

Carbenes undergo two main types of reactionﬁo; insertion

into a single bond

*
CH2 + CR3CR3 — R—CHZ-CRZCR3

and addition across a double bond

CHZ*
‘ RN
CHy + CR,=CR, ——= CR ;5 CR,,

Both of these processes are highly exothermic and can lead to
decomposition of the excited product, the amount of decomposition
decreasing with the increase in the number of vibrational degrees of
freedor of the molecule formed. Insertion into different C-H bonds seems
to be relatively irdTscririnate if the effect of abstraction®] by the
Carbene do qubtracted.

Carbene inLertion into silanes se®ms to show a preference for
$1-H bonds over C-H bonds6? ir the order tertiary - secondary - primary63

{
. | 64
and there i, mv<hn$wwhwmn On exceos carbene enerqgy



2. Silicon Radicals

Silicon radicals undergo types of reactions similar to those of
alkyl radicals but to different extents and with different results.

Silyl radicals have been shown to be pyramida]ss’66 rather
than planar and are stable up to high temperatures, but few values are
available for their rates of reaction.

Formation of ; ‘ n polymer is almost alyays associated
with the presence of silyl radicals mainly due to reactions of reactive
silicon diradicals, the analogues of alkenes.

Very litt]e‘information is available on the combination/dispro-
portionation reactions of silyl radicals and no hydrogen abstraction
studies have been done in the gas phase. The efficient addition of sili-
con radicals to double bonds67 has been widely studied and is one of the
principal reactions emp]oyed,in the synthesis of organosilicon compounag.

Silyl radicals are expected to react more slowly than alkyl
radicals in abstraction from saturated compounds since the Si-H bond
energies are ]err than the correspo&ding C-H bond energies. The
empirical Polanyi equation68 shows a linear relationship between the
enthalpy change for an abstraction reaction and the observed activation
energy for a homologous series.

Silylenes, the aﬁa]ogues of carbenes, have been studied in
some deta119’69. Arrhenius parameters or relative rates have been
obtained for insertion rcacfions of silylene and methy]si]y?&“es into

. , 70,71
various sitlanes .

The silylenes were obtained by pyrolysis of &
suitable silane and were found to insert into Si-H bonds but not into
5i-C, C-C, or C-H bond- . It is possible that they may insert into

51-5i bonds.  Inforration on abstraction by silylenes is sparse and in

10



n

the absence of other reagents silylenes polymerize.

3. fSourceg of Radicals

Radicals are produéed in the thermo1ys{s of almost any com-
pound, but this type of system poses dffficu]ties for the study of
radical reactions sinceﬂthe high temperatures requiréd for thérmo]ysis
also lead to decomposi}ioh of the radicals themse]ves72, and in'addition
there are experimental défficu]ties dssociated with conditiéning_of
the reactor wa11573. ~

Photgb}sis74 has the advantage of exciting the molecule with é
known energy. If this leads to homolysis of a bond Qr bonds, the
resulting fragments will be at room temperature or within 200°C‘of it
and any further decomposition will be a function of the éxcess.energy .
they contain. In addition, any pr?ducts formed.will be stable and will
not undergo photolytic decomposition if conversion'is' kept below a few
percent.

Mercury photosensitization is another source of radicals which
has the adJantage that the bond cleavage is se]ectivé and less energy
is introduced into the sxstem than is usual in diréct photolysis.

4. Reactions of Alkyl Radica]s with Si]anes

A large body of information has accumulated on the
hydrogen ab: “raction reactions by alkyl radicals from a variety of
silanes, and it has been shown that A-factors are similar to those for
abstraction from alkanes but that activation energies are lower because
of the greater reactivity of silanes. The decrease in activation

energiec aqrecs with the observation that Si-H bond energies are lower



than C-H bond energies but the ;rend in the experimental activation
energies for abstraction from different Si-H bonds do;s.not agree with
the observed trend in Si-H Bond energies (Table 1-1).

Table 1-4 shows the Arrhenius parameters for a representative

set of abstractions by a]ky}'radicals from silanes.

C. Photochemistry

1. Vacuum Ultraviolet Spectroscoby

Monosilanes absorb in thé vacuum ultraviolet and their

/
77,18 are similar to those of the alkanes’? both in structure

sggctra
and extinctibn‘qoefficient except that the silanes are red-shifted some
!0 to 20 nm compared to the corresponding alkaﬁe,

The spectra all show a continuum and have some fine structure
around 140 nm. Tetrémethy]si]ane has a window around 150 nm that is
absent in the other parﬁia11y methy]&ted ﬁilanesf indicating that the
Si-H bond is probably the main absorber in this region.

Interpretation of the spectra is best attempted by comparison
with the methods that have been used to understand the photdchemical
detomposition of alkanes in the vacuum u]trayio]et. )

It has been suggestéd that there are two types of o,0* transi-
tions in the a]kanesao. The Tonger wavelength region corresponds to a
(C-C)o electron promotianto an upper state While_the shorter wavelength
region corfesponds to prométion of a (C-H)o electron. Other interpreta-

tionsB]

show that there may be quite a number of allowable transitions
from the valence molecular orbitals of the system to Rydberg-type 3p
orbitals.

Photolysis of the carbon analogue of tetramethylsilane,




TABLE 1-4

Arrhenius Parameters for Hydroggp Abstraction by -

Alkyl Radicals from Silanes

T TSI o R R N R AT e T

Radical Reactant log A E Reference
" cc.mole 'sec”) kea? ;61e’

CH, SiH, Kf’ﬁ 75
CH3SiH, 8.13 76
(CH3),SiMy /. 8.30 76
(CH3)4SiMH | 8.31 76
(CHy)aSi 11.34 9.66 76
Si,Hg 11.96 '5.65 3

CoHe SiH, .73 7.25 75
SiyHg, : 11.75 5.65 75

n-CqH, SiH, . ] 11.52 6.91 75

i-C4H, SiH, 11.84 8.63 75

13
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neo-pentaneaz. ha{ been undertaken by. Ausloos et al. and their results

serve as a convenient model to illustrate the similarities and dffferences

between silicon and carbon compounds .

The main fragmentation processes were-

: 1
2o CH. 4+ H 4+ iso-C.H
3 4"g-
. 3. 2CH, + C_H_. '
- 37 %3 \

The main conclusions were:

i)

ii)

BEED)

iv)

Isobutene was the major primary product, being formed in
two of the priﬁary stéps, and this.together with the pro-
duétion of propylene in step 3 meant that alkenes were the
major result of photolysis.

Apbroximate]y 75% of the methane was formed in a molecular
elimination step.

Elimination of a hydrogen molecule, a process which is of
major importance in the simpler alkanes, is of little
importance in the photolysis of neo-pentane.

Approximately 80" of the bond cleavage is in the C-C

N

bonds.

The absorption spectrum of neo-pentane shows a continuum

below 172 nm, and Raymonda and Simpson argue that the region from 172

to 123 nm is due to C-C electron transitions and that the C-H transitions

ocCur near the methane band centre, from 124 to 120 nm.

Under these circumstances photolysis at 147 nm (195 kcals/mole)
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should give exclusively C-C cleavage. Although the experimental results
‘show that C-C cleavage predominates,vthe existence of other decomposi-
tion paths shbws that absorptio% in one moiety can lead to rupture of
other bonds. Thus the excited state would appear to have strongly
delocalized orbitals.

One would then expect tetramethylsilane to photolyze in a
similar fashion mainly via' Si-C cleavage although the non-existence
of stable silicon-carbon double bonds could change the typebof primary
decomposition. Prediction of such features as molecular elimination is
also complicated by the present lack of understanding of the theoretical

aspects of absorption spectra.

2. Actinometric Photochemistry

Both carbon dioxide and to a lesser extent nitrous oxide have
been Used as chemical actinometers for 147 nm radiation since it is
generally believed that for CO2 photolysis at 147 nm, $CO = 1.0 and for
N,0 photolysis at 147 nm, ¢N2 = 1.44,

Carbon dioxide has been studied in some detail because of its
general use as an actinometer and its role in planetary atmosphere583}.

Early work?4 established that the initial step was dissocia;
tion of the excited w0Yecule to form carbon monoxide and an oxygen atom.
Below 165 nm the oxygen atom is formed in the Ip state and below 128 nm
it is formed in the lS state as well. The fate of these excited atoms
is thouaht to be very rapid relaxation to the 3P state by .interaction
with (02 molecules. .

The oxygen atoms can then corbine and provide a source of

molecular oxygen which can account for the formation of ozone. However,
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the predicted OZ/CO ratio of 0.5 is not attained in many cases. The
quantum yield of OZ is often variable and this is attributed to adsorp-
tion and heterogenecous reactions of oxygen atoms on the walls of the
reaction vessel. Recent work by Cvetanovich has shown that the
photolysis of water acts as a cataly«t for the decomposition of ozone.

Not all the result, yield :CO = 1.0 but it is difficult to
explain lower values since there scems to be no fluorescence followina
photon abxorptiong6 and the disse "ation yield seems to be invariant
with proszur087.

Slanger et aJ.88 found that the dissociation quantum yield
varies with wavelength from 121 nm to 149 nm with the highest yield at
1236 nmand they expressed their yields relative to Inn's va1ue89 of
C.7% at 147 ni. The cstimated error limits for both values, 1.00 and
0.7°, e alrost tarae enough to include the other value. The question
of whethor there are statle excited states of CCp 1s urresolved at
thre point but oince 'most reccarchers have adopted ‘co T 1.0, this
velue bas bLeer, used 10 our calculations.

NWidrous oxide photnlysis has also been used as a vacuum
490-92'

ultravirle* actinoreter; @ = 1.4
. N2

Tre rajor step in dissociatieon at 147 - appears to be

1.+ 1 4

’120 foh i NZ( ;v 0! D)
Lutothe o h L Ttanen Ly currin e of athor otoo 0 390 possible.  The -
yiel oot e e Lr e presurat Ty results ‘rom the reactine

<

1
GLD) + SRR R S
) 5 5 >

A | o R S Y N 1V B S R A S R R TR P R yields of cther oroducts
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may vary depending on conditions.

3. Photolysis of Silanes
Direct gas phase photolysis studies have been carried out in
. . 95
this laboratory on monOmothylsilanoq3, dimethy]sﬂaneg4 and disilane

while 2ing et al. have studied mohosi]an096.

Comparison of the salient features of the decomposition of
the above silanes with fhe decoriposition of their carbon analoques has
revealed important facets of th photochemistry of si]aneé.

Vacuur ultraviolet photolysis of monomgthylsilane with a xenon
recondance Tamp (147 nr) gawe prOdUtLB'WhiCh could bte crplained by
invoking i primary steps (Table 1-5) with the lass nf nydrogen
accour ane for 67 of the total priv -vy quantum yield. The primary
steps . their quanturm yield, and the mechar isms of the processes were
establick d fror the nature of the procadcts, their dependence on
conversiaon, pro o sure, addition of radical scaver jers such as nitric

.
oxide and ethylene, and the_uzc of deuterium lahelling.

The effect of wavelength was also exanmined by photolyzing
with a krypton rescnance lamp (123.6 nri).  The increased photonic energy
(231 kcals,mole) gave the sare types of primary steps but there was
increased polyfrag entation,

Hvdrogen ant! methane were both formed by molecular elimiéétion
and t. o sl-traction reaction..  The silyiercs formed inserted quant +ta-
tively anto tre Si-b bonds of the substrate, while the 1,2-diradical
- »
for=od in step 3 cortributes to polyrer formation and the silylmethylene
Airadical forred in sten 4 urdoroaec unimolecular isomerization to give

a 1,0-diradical whicn alan ig Inot as polyrer,



TABLE 1-5

Primary Stepgiin the 147 nm Photolysis
rr A.Y._._P%"‘ . 197 nm Fhototlysi:

of ,t. -l ‘o_m.e_t}ly}_sjj_a.n_e
. . ¢
. 1 : .
C}1381H3 + hy — - CH351H + H2 0.32
o2, CH,STH + 2K 0.05
3 . ’
— CHZS1H2 + H2 0.23
4 .
— CHS]H3 + H2 0.07
5 ,
— - CH4 + S1H2 0.09
6 .
——=  CHy + H + SiH, 0.26
1.02

18
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- "" Y i‘
Photolysis of the ca " _, * 697’99. shows almost ' .

excl0sive hydrogen 1pss with molecular elimination predominating. The
molecular elimination alomg with simultancous loss Qf two hyéroden atoms
accounts for over 90" of the decqpanition.

Elimination of methane and C-C bond cleavage are very minor
processes.

Mononethylsilane photolysis is thus noticeably different as
it shows appreciabte amounts of Si-C bond cleavage with %ormat1on of
methane and methyl radicals acéounting for some 35% of the primary
yield, although most of the remainder is molecular hydrogen elimination
(62?).

Photolysis of dimethylsi]ane-dz with a Xe resonance lam; was
also carried out and the prirary steps (Tab]e [-6) derived in the
same manrer as before.  The decomposition involves twelve primary
steps leading to many different silicon fragments. Methane and hydrogen
were forred by both rmolecular elirination and radical formation and Si-C
cleavaue accounts for 287 of the bonds broken.

The silylene: formed %nserted quantitatively into Si-H
bonds and approximately half of the silicon fragments terminated in
the polyrer. BecaQse of this Toss of silicoun residues'it was impossible
to unambiguously define certain reaction paths and maintain a strict
material balance.

Photuly<in of prOpurn]OO_102, tge carbon analoqgue, is some-
what simpler in that only five primary steps are_ involved and there
1s less polyfragrontation than in the direthylsilane case, where

situltarcous loss of tuo methyl aroups, two hydrogen molecules, or a
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TABLE 1-6

Primary Steps in the 147 nm Photolysis

of Dimethylsilane-d,

Ty e# e, . - .o

> ¢
(CHz) o510, h L s cHysin + cigp 0.15
2. CH3SiD ¢ CHy + D 0.20
. _il-.§i02 + 2CH; 0.08
4 s
—"= CH,SiD, + CH, 0.05
5 .
_6 . (CH3)pSi + D, 0.07
A CHSiDp + CHy + H,  0.04°
P CHCH3ST ¢ Dy ¢ H, 0,07
. Y e CH,CH,ST + HD + D 0.09
2-M3
10, CIiHaSiD + HD + H 0.05
11 :
12 .
= CH,CHSID + HD 0.12
1.0
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hydrogen rmolecule and a hydroqgen ator are postuiated. This perhaps
indicates that the carbon fraqments are more readily stabilized than

their silicon counterparts.

Disilane photolysic was carricd out With a low pressure
rercury lary since ite absorption spectrum extend. to 210 H;. The
pretolycic was aqain studied a<s a function of tire, presouro dnutcriu¥
Tat el ions, ard the addition of vadi al ccaverngers, from anich five
privary steps were poatuleted (Table 1-7), the two major ones heing thre
molerular clirination of rorosilane and h,drog . /

“ince silicon-silicon bond rupture ard a single hydrorn Tose
together aocnunted for Jens tran 17 of the primary yield thers rust
e ot dficiont orova pardorization because d!;ﬁrptt,r ;t 210 nm s
asor fatad otk the il cor o3 lican hond. Molecular h;f-&]ﬂv el iina -
i e s D adirad T mT O cort it gted to pulymer fort i il
 the subctrate.

Lratnowe oo thart cen Ty ode of disilare aius auite A Fforent

- . Al . . [ - . Lo T - - . ~ N oo Y R - . <
e LTty e e " hLla s ard ethane Gr that e YooY o e -
+ { il + A ~ Y e - 1.0
SRS ' reea PAAR AT (ST oA G SR of the pricar, c0ead, a
e . & . N P N e hl - N d4,- - . - T - \ -
rooe O S R O o oo e alar hpdranen for atior, ARV B AN ST SR SE
I s L it Lt e r e, Srrreag i o e e e Lo T e
yrot - [ . P . Lt 3 r‘]ii.r 4 roL ey v oot lear
*
R PR . ., AN . Ty . B 4 . +, Lot
. > R e - e
. ' - T . . $T L, o < Sy B + -
. : . ! . ¢
. . -
r I ‘. ' P I . . Mt v e,
» r v . . v . v + 4 LA oy, Lov N v o N oy [

pA
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TABLE 1-7

™

Primary Step %ﬂ_irn‘ the Photo! Xs'_ﬁrswof__[)_i;s‘ ilane

Relative
Yield
) 1 v
'12H6 +oh S TR SiZHS 3
? - iH, + SiH £
3 ’ : '
L P '51++3sm 3
4
— - HZ + SiH251H2 47 -

— - 51H4 + SiH2 41
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decorposition:

b .
Y SiH, + H

SiH4 ? 2

This w:. inferred part), from the fact that photolysis of mixtures of
SiH4/2i04 produced no S1H45i05. Since it has been shawn, however, that
; . _ . . 1m, .
monesilyl redicels disproporticonate rather than conhbine thic concluse
Ton runt Lo ocortidered tentative.

A point that has to be taren into accourt in the photolysis
of ¢iliren coranrurds ds that the nhbatolycis of the polyrer formed can

1"

ait e oo dy te o Syegel and Ctevart shove s the tre vacuurm ultra-

viotet pintol i of polydiret®ylsile ane gave gaseous hydrogen,

methyre and cthane g products with g total quantur yield of 0.06.

-

&>
By

Frat oo Ttirer on o f 99 lanes

It has Leen obown thet vhen aliryisilares containing at iéast

LTI B SR A ﬁyhieptﬂd to Hg photoucensitizotion there is selective )
bort clesvene aivira Hoators and iyl rudi;n1slg:. Tre rmain products

arc tror Mo and the “11y7 radicai @ivcr. A oninor step is thke formation

Y

of olecular hydronen ard a silylernc.  Thus Hg photosensitization of

albylondere i o qgood cnurce of oyhntituted <i1,1 radicals.

10
The Booorcto et zntaor of rancoilane is more cerplex in
Thet fonc Deitary Ster rave to be protaletod grd the reaction appears
1

- . 4 . .

LA I S P A RO BRI Nonever Lot aves rore 1ike
troeero T b, S0 et e G v oy ey sten pmd&nq Hoator,

it L orat ] The b quent reecticng are vore corplex and

trel b A e e oo s ey ged A s tacerent reactions . If

tre D, Tl reite sh e s e (et Tl y antiyated totrasilane



which can decompose or he pressure stabilized. The decomposition proceeds
exclusively by 1,2-diradical elimination which leads to polymer formation.
5. Photolysis of Bis(trimethy]si]yl)mercury

There are few clean sourcés of silyl radicals but one that has
been investiqgated in solution Chemictry is the photolysis and thernolysis
of 41531yl mercury cnmobun52.

These compo@nds are prepared relatively simply by shaking the
halogen derivative of‘the desired silyl radicals with Na avalgam.in
cyclohe. e so1utfonlo7. The ‘partially methylated silyl mercury compounds
could rot bLe isolated because of their instebility but bis(trimethyl-
silyl)mercury "‘!mre stable than the corresponding carbon compound
and will sublire und comuoer 4 ot 60°C.  The mercurial is a yellow solid
at roor Letperature and relts with decoriposition at 102°C where its
vapour pressure is 1 torr. Fabcorp ard Co-workers hzve shown that
protnlysis of bls(triwnthy]silyl)mercury dteers to produce trimethyl-
silyl raa: ale which car he trapped by olcfins or will add to benzene

or tolurne to give the pope g0 nroducte of horolytic ardgmatic substitu-
15 17" *

tien

Photo " ysis nas fourd to be a better source than ther-

. A N , . . .
ey TGt A A L 171 SR S ST VIR PP ratnrly hitolecular
recstior L ent e i e G Tar norolysis being unimportant .
‘1‘0 \/411‘\4‘5 Lot t.}l,‘ ’\‘1‘ . L’;‘V“’f r‘r:rr';u, i(‘ ’\_P\rrr)p h\;)rcu’y Co‘;pcunds
b . . . [ + - + - - A [§] ]]]
Boawe Lo e e cctivatey have Leon mado of 47 9 bcals/mole
11
ardd 130000 a1 ety - dnany cone Gt 1% apprio i1y less than the
.
fovenr Sa-t v ey i fhoor tion sooCtra byve been recorded and
1
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easily accomplished by use of a medium pressure mercury lamp and

.appropriate filters can vary the input energy.

D. Tetrameth, lsilane Decomposition
1. Radiolysis

Decomposition of tetrarcthylsilanc ha; been accomplished by
fadio1ysis with 50-pkeV X-rays]]a. In this case the major pfoducts were
hydrogen, methaneg éth;ne and ethyltrimethylsilane. Réactionﬂmecthisms
were deduced froh deuterium labelling experiments,. and addition of
nitric oxide and efhy]ene as ;adica1 scavengers. fhe hydrogen and
methane were produced by molécular eliminations, atoric réactions and
to a lesser extent by "hot" intermediates. The ethane was formed”
almost exclusively by methyl radical conbination. The principaT carbo-
silane produéts all seered to arise from reactions of CH3, (CH3)3Si |
and (CH3)301CH, radicels. » _

The Futhors estinate that 'léiiof the H2-and 40 . ofvthe
methane are forrmed by molecular elimination and in addition that 25¢
of the rmethane is formed from.unscavenge$h1e "hot" methy1 radical
atstraction reactions. |

Although to a 1arge extent the reactions in this fype of
radiation cyster can be explained by free radical mechanisms the pos-
sitility of aotner reactive species such as ionsr excited and super-
excited oY ec o and ators, currat be ignored -;. USua11y rolezules
close to be particle tracks will te denized while others further away
vii 1l o0 e vaiced to o an excited state.

It ser o nocensary ty Carry out the GQCO“;Qsitioh wfth a

def1r fneray ainput.
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2. Pyrolysis
“The pyro]ysfs of tetramethylsilane has been investigated

recently in a flow sys.'cem”6

at 810-980°K and the decomposition was
found to be first order in a seasoned reaction, vessel.

The_major pfoduﬁtg wefe methane, ethane,.trimethylgilane.
1,1,3,3-tetramethy]-1,3-disi1acyclobuta@e, hexamethyldisilane, and

©2,2,8,4-t ramethyl-2,4-disilapentane.

The decomposition could be represented by the expression:
Tog ¥ = (14.30 + 0.23) - (67600 + 800)/(2.303RT)

~ The activation energy (67.6 kca]s/me1e ) is smaller than
thef?eported D((CH3)3Si—CH3) of 76 kcals/mole so the presence of a
chain mééhanism could.not be ruled out. -
| A m-stabilized diradical, (CH3)281CH2, was postulated as
an inter rdiate because of the corposition of the polymer formed, the
existence of the. disilacyclobutane dimerization product and the
‘*possibi1ity of radical decomposition ]dwering the.experivental activation
enerqy : '

(CH3)351CH, —— (CH3),Si=CH, + CH,

Disproporticnaticn of trimethylsilyl radicals and ¢ross-
disproportionation of trirmethylsilyl and methyl radicals were also

postulated as <ourceq of the intermediate.
Decorpositicr of sore of the radical irtermediates and the
doubtful otahility of scro of the products make definitiun of a mechanism

very difficult.,
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E. Silicon-Carbon Double Bonds

No stable compound has been isolated which contains a Si=C
or Si=Si double bond but a lot of evidence”7 118 points to ‘the pro-
bability that the Si-C diradical has a certain degree of stability which
.m1ght be termed a quasi double bond.

It is not clear why a stab]e double bond to silicon does not
exist. It has been suggested that pTI - pn overlap igazoorer for higher
row e]éments119 but quantum mechanico] calculations do not support
this postu1atg..

Most of the recent work has been concentrated on determining

the character of a reaction intermediate of the type R25i=CH2 which

could also be written as -
. + -
R,Si-CHy or ?281—CH2

Experimental data from the thermolysis of ‘silacyclobutanes
have sHown that some intermediate, which will add to olefins and is
trapped oy alcohols, ketones and aldehydes,.exists.

Gusel'nikov and co-workers120 postulated dimerization of

the intermediate:

) >400°C ' -

RZD — [RySi=CH,]  + CoHy
‘ : R,Si

- 2 |
2[RySi=CH,]  — l

SiR
2 -
while at lower pressures the intermediate seems to polymerize to give

(—RZS1CH2_)n
The rate constant for decomposition of the silacyclobutane

compared very closely with the value for the decomposition of the carbon



analogue and the similarity of the Arrhenius parameters suggestss,that
the same mcchanism is occurring, i.e. breaking of one bond to form a

biradical as the rate-determining step followed by spontanéous decom-

position to the intermediate and ethy]ene]Z].

122-126

Sommer and co-workers have used alcohols, ketones,

aldehydes and olefins to trap the intermcdiate. Alcohols add across

the "double bond" .
0OMe

[MezSi:CHzf t MeGY  —=  Me. S

Me

With aldehydes and ketones the intermediate is probably
(‘j + ({A -
best described as (MezSi:CH?) which behaves as an electrophile

RpSi=CH, —= P51+ CH —»(92510)3,(R2510)

+ d C

4

: + polymer
0=CR_R R R

172 1 2
Poark and Peddle '’/ have also postulated [VeZSi=SiHe2] as a
stabilized interiediate which could be captured by arthracene and
naphthalene .
A few theorc®ical calculations have been carried out on this
probler with differing recults,

.1z . , . .
Curtis < has studicd silatthylene (Hzﬁwlez) and disila-

ettt e fwz"i rfuz) using B0 and CNDG caloulations and has postulated
that erern, rosmatching of carbo.. and silicon p-orbitals was responsible
tor a weal - -tond in silaethylere (10 ¢ 's/role) btut ohtained a strong
“-bond for digiluethyl v o ard ocredicted it should be quité stable. He

found the diradical H?'i—LH? to be only ~3% bcals/irole less stable than



the olefin analoque.
. . So 129
Silaethylene was also studied by Damrauer and Williams
usi-v‘ CNDD calculations and they obtained a strong w-bond, suggesting
that there was theoretical justification for the existence of a stable
s$ilicon-carbon double bonded species.
Both sets of calculations found that the C=Si bond was very
+ - ’ .
polar (S1-0) which could rmab e it very reactive and perhaps explain its

apparent regctivity.

Walsh]30

used kinetic and thermodynariic data to set limits on

the ~-tond eneray in methylenedimethylsilane (((H3)2§17CH2) of 30-42

kcala/Ziole thus making it abo -t half as strong as the olefin -bond.
Dewar and co-worhers®3 u_ed MINCO calculations to calculate

heats of formation, ro1e¢u1ar 5~ «2tries and fonization potentials for

nu%erou: silapes.  Then, on the assumption that the ability of an

unsatl rated corpound to urdergo addition at a double bond would depend

on the strenqth of that bond, they used the celculated heats of formation

to obtain he.ts of hydrogena*ion from which ~-bond strengths could be

estirated.. They estirated the - Lond encrotes in C=Si to be 42 kcal/mole

~

and in 4 ito

3 o

e 00 vy o le, ' .
Most of the renul. ) would seer te lead tn the conclusion

that the “double-Londedn TpeCing Mave a certain dedree of stability

but that the tenig . very poler and in cerLequence very reqctive,

Photclyse, of Toncrathylsdlene, dimet Jlgilane and disilane
b bon undertab e FrOVIOLL T N thig Taborater, Fhotnlyoig of

tetre tv gl i lane o trovofore o dertas e te Calert tho raren of the
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rescarch and examine any rechanistic differences caused by the lack

of Si-H bonds. It was hoped that this would help establish any trends -
in reactivity in thv.d1kylsi]anc seriecs and that these COQ]d then bé ‘
compared and contrasted with the results from the photolysis of simple

alkane .

During this study it was found that the trimetﬁylsi1y1 radical
Was a rujor prirgry product and so the photolysic of bis(trimethylsilyl)-
Merciry s umf:rtalen in a search for a sirple gas-phasc source of this
radical. It then app red desirable to evamine the reactivity of this
radical with other silaneé to- see if absolute rate constants for abstrac-

tion could be derived so thut Arrhenius parameters could be obtained

and cc rared with the values for alkyl radicals.



CHAPTER 11

[XPERIMLNT@L

1. Vacuum Systems

fwo vacuum systems were utilized, one for photolysis and
distillation, and tbc other, a mercury-free system, for manufacturing
the xenon vesergnes 1apps.

i) The phrotolysis syster was a conventional vacuum asxombljlsl

(Fiqurﬁ H-1) equipped with Delmar rmercury flodat valves, Hoke TY440
or Hoke 425106Y-316-5S valves, or stopcocks lubricated with high-
vacuum grease.  The system was pumped by a two-stage mercury diffus{on
pump, backed by a Welch Duo-Seal o0il rotary pump. This was capable of
achisvirt; pressures of 10_6,torr nf foreign gas a1though_the vapour
pressure of mercury in the syste~ was approximéte1y 10_3 torr. Pres-
SUres were wJaxur@d Witk a hercury manoeter o} a Mcleod gauge.

A dictillatinn line consinting of u-trapss.a spiral trap,
a solid nitrogen trap, and a Toeépler pump, was used for'purification of
react - ts and separation of produr*s.

Gas transférs and distillations were rmonitored on a Pirani
VaCuQW “auee (Consolidated Vacuu Cgrporation type GP-140) using
Firant tubes (type GF-0P1) as the sersing heads.

Sarples could te introduced ta a aas chromatograph via
the Toerler punroand qus burette asserbly.

A low-pressure line was usoﬁ to operate the ~ercury float

valuro, the ~are wter apd the Toerler purp.

11)  The second v un oter was mercury free and purped by a

31
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‘re

three-stage oil dfffusion pump (bctoil s 011). backed by a weith
Duo-Seal oil rotary pump. ?; .

Greased stopcocks (Apiezén N grease) and Hoke 425106Y-816-55
valves were used. * ’ . -

A Pirani vacuum gaug~ and tubes along with an oil manometer
(silicon 0il DC 200) were used to monitor pressure. |

The lamp filler gases (xenon and neon) were stored in pyrex

bulbs fitted with Hoke valves.

2. Ultraviolet Techniques
a) tight sources - xenon, mercury lamps
i) The lamp used for the vacuum ultraviolet photolyses was
a xenon resonance lamp.  These lamps have been shd‘n]32‘]33 to be the
best sources of liaght in this wavelenqgth reqion because of their high

intensity (10'° - 1010

quanta/sec) and ﬁheir monochromatic purity
(Table II-1), which makes it possible to define how much eénergy is
being absorbed, to select quenchers or scavengers which will not
photolyze and to eliminate ionization interference if desired. Their
re1atjvc ease of manufacture and Speration also commends their use.

The main emission line of the xenon Tamp is at 147 nm, with
the Tine at 129.5 nm contributing about 2°. The lamps can be used at
roorm terperature if a getter raterial (Ba-Al-Ni alloy) is used, or, in
the ahrence of 3 actte - liquid oxygen can te used as a refricerant
to remove the irnurities which weuld destroy the spectral purity of the

Tarp.
4

Al

11) Uthor scurces of radiation were g low-pressure mercury Tarp

cHanc iy ARTIASY ard g rediu-oressure mercury arc (Hanovia 42569 type

33



TABLE I1-1

~

I , a
Emission Lines of Rare Gas Resonance Lamps

Gas

Xenon

Krypton

Argon

Neon

Helium

a9, 6. Calvert and J. N.

. “y
(, Relative
Lines (nm) \Qbundance
147.0 100
;?9.5 2
123.6 ~ 100
116.5 28
106.7
104 .8
74 .4
73.6
58.4

John Wiley and Sons, Ifc., New York, 1967.

Pitts,”Photochémistry",

34
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Emission Lines of Mercury Lamps

Low-pressure rercury®
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TABLE 1I1-2

-

Wavelength {nm)

15

184.9

222
232-248

254

365-26¢
404-408

436

S 2w oz=m - oz

Relative Intensity

20
100

100
42
77
93
76

Aley and
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adsorb impurities generated during the lamp's use. The getter was
heated by a current controlled by a rhedstat, firstly to degas (1-2
volts), then the current was increased until the getter was a bright red
(4-5 volts) and a black mirror formed on the walls of the getter tube.
When more than one getter was incorporated in the lamp they could be
used in turn to prolong the life of the lamp when it was seen to deter-
iorate. One grtter was usually discharged just befofe or just after
filling the lamp with xenon. The operating larmp was filled with 0.2 -
0.3 torr of xenon and 1.5 - 2.0 torr of neon. as caﬂ?ksr gas. The lamp
was tested with the microwave generator at thﬂgypo!hz aad then sealed
off with a hand torch if it performed satisfactorily.

The lamps tended to deteriorate with usage and several
larps were used in this study. A1l the lamps required the use of a

Tecla coil (Clectro-Technic Products) to initiate the discharge.

) used in the condensed phase studies were similar
3

Blamps except that they incorporated a male 40/50

to the gas‘ii’d
ngt and the lithiu~ fluoride window was attached with
epory rcgjl firmstrong Products Co., Inc.). Black wax (Apiezon W)

could not be used in this case since the lack of coo]ing\inside the

photclysic cell allowed the black wax to heat up to such an extent that

the windc. could te detached from the larp

c) Windows
The.rost corinonly o od window raterials in the ultraviolet and
vaCua ultraviolet reqgiorns are <hown on Table []-3.
1) In tre vacuur ultruvinlet qQuartz is the rost suitable

material for wavielergtry doar to 170 nr, fallcwed by suprasil down to



TABLE I11-3

Window Materials®

Thickness Wavelength (nm)
Material (mm) for 10% Transmission
LiF : 1 105
Caf, (synthetic) . 3 - 122
Sapphire (synthetic) 0.5 142
Suprasil - 1 155
Quartz, clear fused 14 172
Quartz, c¢rystal 10 186 .
Vycor 791 1 212
Vycor 790 2 : ‘ 254
Cores D 1 250
Pyres (Corning 774) 1 280
Wind .« glacs (stanéard) 1 ‘ 307
@ J. G. Calvert and J. N. Pitts, Jr., Photocheristry, John Wiley and

Son<, Inc., New York, 1866, p. 748.
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155 nm. These are éonvenient in that they can be joined directly to
a quartz reaction vessé]. or through~a graded seal to a pyrex vessel,
and they can be heated quite strongly.

Sapphire is good to 142 nm which means that it can tran;mit
the 147 nm xenon line while selectively screening out thg 129.5 nm
line.

Synthetic calcium fluoridefis transparent to 122 nm and
lithium fluoride has the shortest wavelength cut-off of feadi1y avail-
able materials at 105 nm. These windows are more fragile and the m 5t
convenien% way of affixing the windows to the cell is by using black
wax (Apiezon W).

The low wavelength transmittance cut-offs shift to the red

134

with increasing temperature This does, however, restrict their

use to room tc perature studies.

ii) lear U]trav{b1et Region - At wavelengths greater than 300 nm
there are a large nurter of glass and chemical fi]ters<for the isola-
tion of desired wavebands but between 200 and 300 nm the range is more
Timited. The simplest solution to eliminating higher energy radiation
is provided by the range of qglass filters from>Vycor to window glaas
shown on Table 11-3.

There are some chemjca] filters in this region. The 254 nm
mercury Tine can be isolated hy using aqueous solutions of NiSO4 or
CoS04 with a 5 cm path length. However in general the bercentage trans-
mission is less with the chemical filters and their use is associated with
fairly stringont operating ccnditions (e.g. the NiSO4, CoS04 solutions
should te pre-irradiated for ca. 4 hours to obtain a constant trans-

mittance which le<ts for several days.)
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3. Photolysis Systems
Four different cells were used in various experiments, all of

which were carried out under static conditions. . ‘ '

i) A cylindrical Pyrex cell 25 mm in diameter and 175 mm in
length with a volume of 132 ml including cold finger and valve attach-
ment was used in the vacuum ultraviolet photolysis of tetramethy]sila#e.
fhe cél] had a single lithium fluoride window, 28 mm in diameter and
2 mm thick, which was attached to the ground glass surface at one end
of the cell body with Black Wax (Apiezon W). The window was removed
and polished after each photolysis with Cerium Oxide (Optiéal Equipment
Company) to remove polymer formed on the inside surface. The cell win-
dow was placed against the lamp window, and both were surrounded by a
glass cylinder through which nitrogen flowed auring photolysis to

remove oxyaen which would strongly absorb the emitted radiation.

ii) Photoulysis of bis(trimethylsi]y])mercuri was carried out in
a cylindrical quartz cell 48 mm in diameter and 150 mm in length with
a volume of 177 ml including cold finger and valve attachment. This

cell had 2-Hmlthipk quartz windows. -

i11) The third cell wis used in the search for fluorescence from
tetramethylsilane. This was a quartz cell 38 mm in diameter and 148 mm
in lenath with a voluw o of 170 ml inciuding cold finger and valve
attachment. It has a 2 mm thick quartz window, and at nifety degrecs

to it, a 2 mm thick lithium fluoride window.

iv) In the condcnsod phase studies a pyrex cell we ~d with
a ferale ¥5/57 qrour glass joint so that the Tamp could ue ~ated
7

L]
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.
within the cell, which was 120 nm in length and 45 mm in diameter. The

lamp was sealed into the ce‘ with black wax (Apiezon W) (Figure II-3).‘\

4. Analytical System:
The main analytical method employed was gas chromatography
with detcection by flame ionization or thermal conductivity.

i) The thermal conductivity ga< chromatograph (Gow-Mac TR-11-B)
was coupled directly to the high vacuum system. THe power supply was
a Gow-lMac 9999C and the results were read out on a Sargent recorder.
Tﬁis system was used for gases which are non-condensable at liquid

nitrogen temperatures (HZ’ CHy s 02,.C0). The power supply unit was
operated at 150 ma when helium was the carrier gas (for CO, O2 ;Halysis)
and 110 ma when argon was the carrier (HZ’ CHy analysis). The chromato-
graph was operated at 142°C and the 9as flow was ccntrolled by an
tdwards needle valve. The pressure of the product gases was measured

in a gas burctte in the hijh vaecuum system and the gases were then
introduced tg an evacuated loop through which the carrier gas flow of
the gas chroratograph could be diverted by means of three switch-type
Hobe valves. The stream then flowed to a 13X molecular sievgs column

and thence to the datector. Response factors were reasured and used to

calculated relative arounts of products.

11)  The flame ionization gas chroratograghs used were a Perkin-
Elmer 997 and a Hewlett-Packard 5750, the forrer being used in the initial
stages for the condunsed phaae studies and the latter for the remainder
of thc work sirce it was ten tines more sen ‘tive. Both used helium as
carrier gas through a cdual column arrange~2nt, with the Perkin-Elmer

using spiral glass colu ms and the Hewlett-Pach ard aluminum or stain]essE
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steel columns . Sannle introduc tion was by qa; syringe injection and
the results were displayed on a Sarqgent RS recorder. Response factors
were determined for a, many of the products as possible and used to
calculate relative product yielﬂs. Ab&ofutv yields could be found by
including a calitrated internal standard.

.

* The coluimns used, their construction, and their operating

condition, are cunrarized in Tables 11-4 and 11-5.

5. Procedure
1) Photolysic of Tetramethylsilane
Reactan's were introduced into the photolysis cell and the
xenon resonan e lamp was initiated with a Tesla coil. All studies
were done at oo 'nt terperature and the lamp was operated at 15, -
90 power fron the ' icrowave qencrator.  The space between the cell
and Tarp wandows was flushed with nitrogen during photolysis to
revoae Coyoen which strenagly atsorl, the 147 ne radiation. Forration
of a puly ey ' the inside of the cell window during photolysis
necsitated actirovetry runs befere and after each photulysis. Carbon
diox1de vas used as the actinometer taking :(CO) = 1.00. Pressures
of TC2 terr ard photolysis times of 6 minutes were yenerally employed.
The polymer foreed war revioved after each determination by rermoving
the o0t wind ooand coliskinng it with a paste of ceriu~ oxide and 9
e
After plot-dy i+ the resction misture was frozen down (-196°C)
ard the non-condernsable qagen rutoed 0€f with g one-stage rercury
divffusior tump At a Toe; ler purp to the 1as burette where their

abvolute el g rea Lerd, The non cordernoable gasen were then

44
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introduced to the thermal conductivity gas chromatograph'for analysis.
The condensable products were then transferred along with the

substrate to an ampoule fitted with a Bumrell Silicone vubber <eal. The

mixture was allowed to warm up and was raised to atmospheric pressure by

-
introducing helium with a qas syringe.  The ampoule contents were mixed

[
- by purping with the qac syrinae and a suitably sized sample (1 - 2 ml)
was then withdrawn for isjoction onto the appropriate column of the flame

tonization qas chromatograph.

11) Photolysis of Bis(trimethylsilyl)mércury.

The mercury lamps used in these studies were warmed up for
fiftecn minutes before usc and were placed 10 50 mm from the cell
window with the selected filter in place. The mercurial was degassed
before cach run and then a known aro: t was frozen into the photolysis
cell cold finger which was covered with*aluminum foil to prevent
protolysis of the solid mercurial. Any other reactant was then
meacured out in an adjacent volume ord frozen into the cell. T;e
mixture wa- a]hm;wﬁtf warm up and then photolyzed. The whole reac-
tion rixture was then transferred to the ampoule fitted with the sili-

"Q&one rubter seal and the procedure continued as for thé iftﬁ:methyl—
1., ‘S'ﬂé’n‘e :gh;)tolysis. \
vz ",

PR
. ’ 4

st 1) Fluorescerce from Tetramethyl<ilane

The 170 »1 cell was enclosed in a black box with two

u:&3f aperturps m1igned w.ith the cell windows. A xenon redonance lamp was

used to p+ ¢ ?54( th. ¢y, through the 1itkium fluoride window and an
[P 8 photemultiplier was placed afainst! the other aperture. Nitrogeﬁ

was used to flysh-the air from in front of the xenon lamp and a 210 nm

48
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interference filter was fitted beotween the cell and the photomultiplier
to eliminate visitle and unwar* 1 radiation (Figufe 11-4). Photo-
multiplier readings were recor -1 with the cell erpty and with 10 - 100
torr of gas present. P11 measurerents wore taben in a darkened room.
The Tight intensity from a Tovwi-pressure lamp was calibrated by using
nitrous oxide (:(HZ) = 1.44) as an actincmeter and this wvas then used

te nive ¢ reference <iangl on th.. photorultinlier.

v, Fnotulysio o otre ondonsed frasoe
Reactants were introduced into the cell in the gas phase and
then solidaified or Tigueficd onto the flat surface at the botto~ of
the cell by uo nis an apuropriate Tow-terperature Hath on the cutcide
of the cell. tnotolvie vere done in sequence by irradiating for a
certain poriod of tite, then purnping off any nor-condensable products,

frecring doun arntiee Tayer of reactent and ther repcating the process

Up Lo ten tioec s Tart o odicside 0 the ¢as phase vwas used as the
attin =t ro After pnotalysis ot roducts were treated in the sare

Wdeo L dr the ga gl photolyie,

. N oo L ST ot

SN oL R U i o 3. ;

Vi Mall et e detertined on Ancuciated [lectronics
M . N N - . r .y
N I L A TS N A R SOV BELS Bl

1 . - Tratd o anth e th e st e e e were deterr ined
V4 .
e . B A SV A SR POR B FT R FALS SnEeTtroreter
/‘ [ IR 4 v
" + > +
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CHAPTER 111

THE XENON RESONANCE LAMP PHOTOLYSIS
OF TETRAMETHYLSILANE

A. RESULTS P

. Sy

A The direct gas-phase tolysis of tetramethylsilane (TMS)
in a statij syster by a yenon resonance 1émp was studied as a function
of'substrate prestur . exposure time, concentrat:'zn of added free *
radical scavenger, and mole fraction of tetramethylsilane in mixtures
of tetramethylsilane and per-deuterated tetramethylsilane. Al

experiments were done at room temperature.

1. Products

The products of photolysis are given in Table III-1 and are
listed here in decreacing order of importance: ethane (C2H6),
methare (LHQ), trimethylsilane (Tri-MS), hydrogen (HZ), hexamethyl -
disiltane (HMDS), ethyldﬁmethy1siiane (EDMS) , ethyltrim@thy]si]ane
(ETHS), and three other disilanes tentatively identified by retention
time and mass spectrometric analysis as 2,2,4—£rimethy1—2,4-disila~
pentane (Tri-"psp), 2,2,4,4-tetrarethyl-2,4-disilapentane (Tet-MDS%),
and 1,4-di~ethy1-2,5-disilaherane (DMDSH).  In addition traces of
éthylcre, rrocare, prppylene, dimethylsilane and two dther unidentified
disilanes weré also found (all comprising - 1. of total product yield).
A solid polyreric substance also forred as a deposit on the inside

of the reaction cell window. L}
-
55 .
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TABLE T11-1

Rp]atjye¥fijds of_Prpdupﬁs

Product

C2H6

CH4
Tri-Mg
Ho

HMDS
EDMS
ETMS
Tri-MDSP
Tet-MDSP

DM SHK

(Pressure Stabilized)

Relative Yield (%)

30
31

12.
9.
6.
3.

3

0

.0

0
0
0
0

.5

. .
[7 SOWSPNE]
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2. [Effect of Substrate Pressure

The effect of substrate pressure from 5 to 400 torr on
product yields was examined in 15 minute photolyses.  The relative .
yields are listed in Table [11-2 and shown grapgﬂtdlly in Figures
ITI-1, 111-2 and I11-3 where it can be seen that the yields of methane,
trimcthylsilane and hexamethyldisilane incredse slightly with
pressure Indicating pressure stabilization of "hot™ products. In a .
complir rtary fashion the yields of ethane, hydrogen‘:nd ethyldimethy!l-
silane dn(rwécp wWith increasing pre%sure'indicatinq that at Tower
pressurcs thetr yields are increased by fragmentation of “"hot" products
to prod.u e wore hydragen, methane and methyl raQica]s. Other products
art not roticeahly dependent dn pressure. Since yields are essentially
cor tart atov 100 torr, all subsequent experiments were carried.out
at prescures of 100 torr or higher to avoid interference from prec<sure-
denendent frawmentytions.  The average relative yields of the pressure
stabiliced cyster are surmarized in Table ITI-1.
3. tffect of Ex;osure Time

An exrosure time study was carried out to deterrine the
product quanty ields since b, polymeric deposit on the cell window
Caused g decreate in the 1ight intensity throughout the photolysis,
ek g the atoortad Tiant intensit, a function of photolysis time.
Carbor Atos e L0 oo g the actinieter toth before and after each
photoiysre i 70 0 1.7 "Chantor, I, section =250 The air was to
Plot tre postoactiroretric Tight intensities ve. time and integrate
to cLtain the actyal a#:értod Tight.  However it was found that the

PO At e ety O runy, v re rot dopendd?1w>nince the ratio of 02 to CG



TABLE 111-2(a)

Relative Yield [¥) As A»Fun;;ipp_pf Subsprﬁpe Prfssurc

.

Pressure
(tokr) CHy C,Hq Tri-Ms H, HMDS
5 21.3 38.1 8.6 6.9 3.6
5.5 24.3 28.0 5.4 14.8 5.4
9 29.3 29.7 7.8 11.5 3.4
9.5 21.5 31.2 6.9 12.2 5.8
10 27.4 31.0 8.6 8.6 4.1
16.5 26.2  35.0 7.8 8.4 4.7
19 25.6 32.9 8.1 6.9 6.2
20 245 31.2 10,1 10.4 4.7
23 285 35 .6 8.3 7.1 5.6
30 25 .3 295 10.8 7.6 5.0
34 31.0 27 .0 12.3 8.1 5.1
50 23.0 36.3 8.9 5.8 7.1
53 23.9 29.0 8.5 11.6 8.6
56 29.6 26.4 6.8 15.5 4.6
100 28 .4 32.0 12.2 6.8 5.5
13% 27 .6 29.9 10.3 8.3 9.7
177 31.2 208 9.5 9.0 9.1
200 347 317 13.4 7.5 2.2 -
27 33.2 33.0 11.3 10.8 4.1




TABLE 111-2(b)

Relative Yield (+) As A function of Substrate Pressure

Pressure
(torr) ETMS IUEN Tri-MpsSP Tet-MDSP DMDSH
5 4.2 7.6 2.7 1.4 0.8
5.5 3.5 6.2 3.8 2.6 1.5
9 3.8 6.3 2.3 1.3 0.7
9.5 4.8 8.3 3.5 2.1 1.3
10 4.5 7.9 2.6 1.3 0.7
16.5 3.4 5.7 2.6 1.4 0.8
19 3.8 6.1 3.6 1.8 1.3
20 T4k 7.7 24 1.2 0.8
23 3.3 5.3 2.7 1.1 0.9
30 5.1 8.2 2.5 1.5 0.9
34 3.8 5.9 2.5 1.3 0.7
50 2.8 3.7 3.0 1.8 1.1
53 3.7 4.9 3.6 2.3 2.0
pla 7.2 1.8 1.2 0.7 2.0
100 3.4 3.8 1.5 0.8 0.5
13¢ 4.6 2.6 2.8 1.8 1.2
1759 3.0 1.8 2.3 1.4 1.2
200 4.3 2.1 0.C 0.8 0.6
275 2.5 1.6 1.2 0.2 0.4

4cy 2.3 1.4 n.4 0.9 0.8
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yaried‘&ith the exposure time of the preceding silane photolysis
(Figure Ifl—d). The‘pre—actinometric runs had an essentially constant
02/C0 ratio of 0.50 whereas in the post-actinometric runs this fatio
decreased to as little as 0.06. This was interpreted as arisiqg from a
reaction between oxyqen and the deposited silicon polymer d&?ing acti-
nometer phctclysis and leads to the possibility of comp]icatipg reactions.
This was not investigated further and quantum yie1és were défermined by
usfng the pre-actinometry light intensities to obtqain product quantum
yields which were plotted vs. exposure time: Exposure times varied f}QQL‘
30 seconds to 15 minutes and the results are shown in Table II1-3 and :
graphically on Fiqures 11[-5, I11-6 aﬁd I11-7. Extrapo1ation of these
plots to zero time should give correct product quantum yields since this
i1s equivalent to extrapo]ati%m to zero polymer formation. Since,these
plots are exponential in nature the error in the extrapolated values
was minimized by using semi-loa plots of * vs. time. The product
quantur vieids so obtained are summarized in Table 11]1-4.

The exposure time study was also used to decide if any of the -
products were of secondary origin. As shown in Table I11-5 and graphi-
cally on Figures I11-8 and I11-9 all the product yields are essentially

constant with time, consequently they are of primary orfgin.

4. tffect ot Nitric Oxide as Scavenger

It has been shown previously that nitric oxide is an efficient

93,105,1 .
05,135 while car-

scavenger of monovalent alkyl and silyl radicals
benes and silylenes are umaffected. Thus photolysis in the presence of

a few torr of nitric nx1de should enable us tc differentiate between

o
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TABLE 111-3(a)

Quantum Yield As A Function of Time

Time

(mins) CH4
172 .215
175 - ai.zzs
1 0.186
2 0.135
3. 0.128
4 0.106
5 0.097
7 0. 080
10 0.06¢
12 0.067

Tri-Ms H, HMDS
0.098 0.078 0.069
0.096 0.096 0.074
0.072 0.053 0.042
0.056 0.048 0.038
0.048 0.044 0.029
0.042 0.037 0.026
0.035 0.032 0.019

.029 0.030 0.020
8.025 0.023 0.018
0.023 0.028 0.015
0.018 0.020 - 0.013



TABLE 1I1-3(b)

Quantun Yield As A Function of Time

E = . L - - - U iz o= L -z o=z - T T oL - e

Time .
(mins) ETMS EDMS Tri-MDSP  Tet-MDSP DMDSH
1/2 0.031 0.033 0.032 0.014 0.01
1/2 0.034 0.03? 0.034 0.016 0.009 .
] 0.020  0.025 0.018 0.007 0.006
2 0.018 0.021 0.017 0.007 0.005
3 0.015 0.016 0,01 0.005 0.004
4 0.013  "0.015 0.011 0.005 0.003
5 0.003 . 0.011 0.007 0.004 0.003
7 0.009  0.013 0. 0.004 0.003
10 0.002  0.009 0. ;:003 .0.002
12 C.007 0.009 0. s 0.003 0.002
0007 . 0.005 ¢ 0.003 0.002

~e
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FIGURE I11-7: Quantum Yields of ETMS, Tri-MDSP, DMDSH, HMOS, EDMS
\4 and Tet-MDSP as a Function of Time from the Xenon

Lamp Photolysis of Tetramethylsilane.
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TABLE 111-4

Quantum Yield of Products at Zero Time e

Product : Quantum Yield :°
. C2H6 0.35

CH, 0.33

Tri-MS 0.13

H2 0.12

HMDS 0.09

EMS | e 0.05

ETMS: “ 0.04

Tri-MDSP 0.04

Tet-MDSP 0.02

DMDSH 0.01 &



TABLE TI1-5(a)

Relative Yield (%) As A Function Of Time

Time . H

(mins) CHy, CoHe Tri-Ms H, HMD S
172 252 291 1.5 9.1 8.
/2 256 270 10.8 10.9 %3.4_
1 3.7 24.3 12.3 9.0 7.
2 26.7 29,2, 11.0- 9.6 7.4
3 30.7 256 - 11.% 10.7 6.9
4 28.5 28.2° 1.3 10.0- 6.9
5 335 235720 1.1 6.6
7 T3 260 1037 104 7
10 28.5  28.4%+_10.7 9.9 7.7
12 30.5 25.f‘ 10.2 12.7 6.6
15 N, 21'.3‘:',' 109 12.4 8.4

[} °



TABLE T11-5(b)

Relative Yield (7) As A Function 0Of Time

¢

Time -

(mins) ETMS £ DIMS Tri-MUsp Tet-MDSP DMOSH
/2 3.6 3.9 3.7 1.6 1.3
1/2 3.9 3.6 3.8 1.9 1.0
] V 4.2 3.0 T3 1.0
2 3.6 4.3 3.3 1.3 1.1
3 3.7 3.7 2.7 1.3 0.9
4 3.4 4.0 2.9 1.4 0.9
5 3.0 3.6 2.5 1.3 0.9
7 3.2 4.4 2.8 1.5 1.0
10 3.6 3.7 2.8 1.4 1.0
12 3.1 4.2 2.6° 1.4 0.9

-, N
(N
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v
pro?uct§,forﬁwd y monoradical processes, and those formed by diradical
or nblocaidrxﬂrogzsses. since nitric oxide will suppress formation of
radica‘ co;bindtion and abstraction products.
Experiments were carried out with up to 10” added nitric
oxide and the results are shown in Table 111-6 and Figure 111-10.
Ethane, ethyldimethylsilane, hexamethyldisilane and the three
other disilanes ceen to be formed wholly by monoradical reactions since
their yields are drastically suppressed by nitric oxide.
' Trimethylsilane and ethyltrimethylsilane are both partially
reduced from their original yields indicating that there are at least
two modes of forrmation for each product, only one of which is scavenge-
able.
Similar mechanistic conclusions canpot be deduced from the
changec in the yields of hydrogen and methane owing to the chain nature

of the nitric oxide scavenging reaction. Similarly the yields of
! v

siloxanes produced indicate the mresence of short chains in addition to

s

demonstrating the presence of the radical (CH3)3Si.

5. Isotopic Labellipg Stddies

The non-deuterated and per-deuterated tetramethylsilanes
were photofyzed in separate experiments at 100 "torr to determine the
relative yields of each prodict, since these could well be different.
‘The total p?iwary Quantum yields should both be unity. Results are

shown on-Table I11-7. ' T
To determine the rodes of formation of hydrogen and methane

1N the system photolyscs were carried gut using various mixtures of

(.('H'a?&\‘,i ang .(FDS) Si.

.
~, : I ‘4. " ) : ‘ ’
\ e K : . :
ye #‘ "'J ’ - ’
. .
'y:ﬁt } ) ’ ‘ g .



TABLL I11-6 - '
o« Effect of Nitric Oxide on Photglysis of ‘
Tetrancthylsilane .

..... . R ] LR e ow LY -
k)

umoles product ,'.;

/= % added Mitric Oxide .; .

Product 0.0 2.5 5.0 10.0
C,Hg 0.795 0.210 0.011 0.004
CHy 1.136 . SRR -
Tri-Ms 0.405 0.100 0.091 0.138
Ho 0.375 P S
HMDS 0.222 0.001 0.000 0.000
EDMS  0.123 0.017 0.011 0.000
ETHS 0.10) 0.059 0.050 0.032
Tri-MDSP 0.086 . 0.000 0.002 0.003
Tet-MDSP  0.044 0.000 0.000 0.000
DMDSH 0.031 0.003 0.009 0.004
A - - [0.817]  [0.145]
B - [0.322°  [0.371]  [0.428'
HMD SO 0.022 0.288 0.328 0.985
c i (0.004]  10.010"  [0.042]
D - [0.028!  [0.028!  0.087]
N, - 0.450 1.780 2.200
N0 - e

a: not deterrined.

I: response factors not known, taken sarme as for

-",' ,""_w s

HMDS .
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TABLE I11-7 .

Comparison Qﬁrﬂﬂlﬁﬁﬁ)ﬁlmphOtO]i§i§_1j£ﬂiti}t91,ISﬁI?PKlJI!]ﬁiJQBF

and Btrénp}hﬂsﬂ@ne-dl 2

—— e e o

e e e :....T,,..._.,..,.--..-._-...,.. e .
R o s
o Relative Yield (%) & ° ¢_ . "
Product . ™S . TMS-dy5 - T ™Sy,
. - o - v_.,__,i.«,._..,-_.,..._._._._.__-._\:;.____- . :
Ethane | ©30.0 3.7
Methane N0  wes . 0.95
Tri-Ms " 12,0 9.9 -
Hydrogen ' 9.0 10.2 0.88
HMD'S | 6.0 6.8
EDMS 3.0 3.9
ETMS L 3.5 R
Tri-MDSP | 2.0 1.0
Tet-MDSP s 0.4
pMosH S 1.0 0.7

o
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Analys1s of the isetgpic yleIdS of the hydrogen, methaﬁe and
ethane produced ‘should indicate- the relative contributions of molecular
elimination and abstraction to the product ywelds The 1sotopic composi-

tion of t‘o products is Ilsred in TabIe III 8 and shown qraph1caIIy oR

L4

Figures 111-11, 1112 and 1Q-13. o L. .

B. Auxiliary Studies.

. o - .
1. Fluorescence Yield . N

-
0

A search was hade-for,a fluorescence signal from-tetramethyl-

‘silane and neo-pentane to determine if thg quantum yield of decomposition

-

was dnity within experimental error.
No fluorescence was observéd and a maximum value could be

assigned to the fluorescence quantum yield .from the error in the

recorder basedine.
) - . . : : : -

From nitrous oxide actinometry the output of the low-pressure

Hg lamp in the'region studied was 2 «x IO]? duanta[sec. and this gave

. . . . 3 .. , ‘
an output siunal which was 107 times greater than the error in the
4

baseline. Since the tight inténsity of ¢he xenon tamp used tqlphotonze T
the tetrarmethylsilane was 2 x 10]6 quénta/sec the maximum vaqu‘for
the ‘quantum yield of quorescence 15 10-6 for hoth tetramethy]s11ane
and neo- pentane
\ . .

2. Condcnsod Phasc Fhotolysis of DimethylsiIane .
"An auxiliary study was carr1ed out on tgg'éondensed phase .
phOtOIVSIS with a xenon Iar“ to, 1nvestwgato any d1f€erehces in product
distribution caused by the 1nh1b1t1on of secondar) decowpos1t10n of

-

internally excited fragments by the change in density as has been

.

79
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N : TABLE 11-8 .

* : . © . . »

. j_sg_tép‘ip__(‘p@p_o_g_t_{qn‘ of Hydrogen, Methane and tthane from the N

»  Photolysis of Mixtures of Tetramethylsilane and__‘l’_e.t'r"ameth_ylsﬂane-dl'z .-

S MYe T e e | q

Fraggio?.-. __rT**;.Jfﬂler’tFi93~9f Tetramethylsilane
_Product 0.0 0.303 0.250 0.5 0.5 . 0.75 . 1.00

H;-.‘_W  0.000 0.69 0.739 - 0.890 °o:aoz' 0.908  1.6Q0

HD - 0.000 .0.238 0.221 0.102 0.191 0.084 p.ooo.

D, 1.000 0.066 .0.040 g.dbau.‘o.ooi ujd.oog‘ 0.000

e o e Lo R e e e e e W s

CHy 0.000 0.132 0.318 0.671 0.555 0.802 1.000
CH3D .0.000 0.018 0.021" 0.033 0.032 ©0.027 0.000
CD4H 0.000 0.162 0,141 0.079 0.086° 0.082 0.000
cD, 1.000 0.683 0.520 0.217 0.327 ©.129 0.000 .
CiHg ~~ 0.000 0.137 0145 . & 0.475 0.601 31 -000.
CH3CD, 0.000 0.200 0.364 . a 0,342  0.278  0.000
C,0¢ 1000 " 0.663 - 0.402 a 0.182 0.031 0.000
o e 7

¥: net detetmined.
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';‘. ' '
! ' . ' ' 136-138 '
}, demonstrated for<a number of saturated hydrodarbons ..
- " » . .
I\ This was carried out on dimethylsilane since the gas phase

¥
decomposition had been studied and the primary fragmentation processes.

3 A - Y M
e’luc1dated] 9 . : . _ ' [

The product y1e]ds were drast1ca11y reduced with hydrogen ) N

~ ° .

and methane being measurable, and other products were obtained in such
'va ~ low yields that they were not readily identifiable oh the gas chromato-

gr“'ﬁ even with exposure times of two hours.

Differeﬁt designs of cell and ies were tried to
’ . *
optimize the yields and it is not clear at nt if the 1

. . Py . [ ’u . o
are due to geminate combination and dfsproportionation cage effect

simple deactivation in the condensed phase or to differences in the

e %
absorptiofh characteristics of the gas and cohdensed phcses. . o
Results are shown in Tatle I111-9 and Figure I111-14 and _
' Al
extrapolated values qgive ¢CH = 0.045 and CH = 0.033 compared to gas
4 2 ’ .
phase values of ¢6H4 = 0.20 and CHZ = 0.90.

. The\projéct wés disconttnued at this point due to the experi-
mental difficulties associated with measurement of products, percentége
conversion and posgéb]e photolysis of products, and variation in lamp

intensity over long periods of time.

C. vDerivatfon of Mechanism

The photolysis of tetramethylsilane can proceed via a
number of primary steps but with the preceding experimental evidence
it is possible to deduce the most probable primary steps and calculate

values for the prinary quantum yields.

»



- " TABLE 111-9

* Quantum Yield as a Punction of éxposure Time "in

the Condensed Phale Photolysis of Diméthylsilane
| P . _ |
(;:?2)- °H2 'Oc"4 : - Phase
15 ~0.027 . 0.035 Solid .
15 0.020 . 0.032 Solid
50 0.0 - 0.017 Liquid
60  0.008 0.015 Solid
0  0.007  0.001° Solid
120 0.007 0.013 Solid
.
. Solid at  -196°C '

Liquid at --139°C
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‘The mechanism'proppsed should-account for all ‘the observed . +
products as reli as all the ?ragmentslfrqm the nrimery photolysis,
S steps.: . - ' . ‘

The nitric oxide scavenginq experiments showed that
ethane ethyldinethylrilane hexamethy]dtsilene and the three other di- '
silanes were formed by Madical combination or abstraction and the
radical yield required to bring about the observed products cenlbe
.ca1cu1ated from the product quantum yields' (Table III-4). An extra

significant fjgure 1s carried throughout the calculations_to preVent.

N
.round-up error and”fina]'resplts are reported with two significant ‘
figures. . RN
EtHane .can be obtained by the combination of methyl radicals,
or by abstraction by an ethyl radical from the substrate,
'CZHS +-(CH3)4Si — CZHG + CHZ,Si(CH3)3 . {2}
. The presence of ethy1 radicals in the system would 1ead to
the following reactions . . - 3
. . - ‘ - ’\
. 2CoHg —= CoHy + C2H6 . . {4?
CoHg +'CH3 —= CHg | . {5}
C2H5 + CH3-T. CH4 + C2H4 : ' - {6}
. d . : N - ’

The observed traces of propane and ethylene and the absence of
n-butane indicate that ethyl radicals are probably present in the system

but in very small amounts thusireactidn {1} is the major source of ethane.



¢

. .trimethylsi]yl radicels required is 0.190.

Since o11) = Q. asb. then from this :tep 0( ) -0, 700,
uexenethyldjsilene is forued by coqhiuatien of tue trimethyl.

silyl redicels. , <
2(_CH3)351 — (cu,),mm (m,), L o)

sibfl!ty of diuethy!si\ylen! 1nsertion nto. substeate to.

- . - " e e - .~
.« - .

PS L - -

. (cu,)‘s' — (oug)ysusicenyly - " R

(CHy )

- 1s ruleq out. because the yleld of hexeqethyldisi!ane is coupletely sup-
‘predsed 1n the presence of nitric oxide . 0{7} = 0.695-30 the yield. of

o

t

Ethyldimethylsi1ene is also uhol]y scavengeable end here we
have more than one possibTe route of formation. )

Simple radicat cross- c0mb1nation reactions such as

CHy + CHpSTH(CH), ——= CoHgSTH(CHg)p ()

cznr,\+ SHH(CHy), —— CoHgSTH(CHy),: - . ooy

can be ruled out since there are ho dimethylsily1methyl or dimethylsilyl

-
‘t a
.

raditals in the system

-

One possible route- is via combinafion between, a monoredical !

and’ a diradical followed by abstraction from the sbbstrete or enother

radical: ' . ' f, . !

CH +’cH251(c'H3)'2'—- CHyCH,S1(CH,), o an

C2H551(CH3)2 + (CH3)4Si — CZ 5SiH(CH3)2 + CH251(CH3)3 (12}

Th1s reaction would be quite favourable if the diradical had 2 certain

degree of nistabilization. (Chapter I, section E) since radica1 addition

.to a double bond is a very efficient reaction

’

Another possub1]1ty is via rearrengement of a ponoradical

- [P . -

-

‘a
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-t $1d peegs W R S P s o3
“ TE TR alnc g ¥ o e ol
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. &

’ cu,sucug, — cu,cu fﬂcp,)z SR T

follouod by ahstroction (12). or dlsprooortioaotioa with anothor n."co‘ '

CH cu,-st(cn,;z ¢ sa(cu'.,‘)3 — cu,cuzﬂu(cu,), ¢ w,ﬂ (cry)g
' v , PUR ).

-

Yhis postibility s more un!ikoly sfnco rudicll roorrungtnnnts soqn_go, " ‘P»;

—vod'”‘

-requ+n hm ceﬂnt*on energies. Therd 1s no good Mdom for atky?

grovp . ﬂmﬁm mm redtcal’ 1:0.91:“1* and qven Npdregen m P
1s difficu\t cxeopt from “the carbon oton o8 the 4th, 5th or 8th position

,from the radical contrel’o.

We cannot diffcronticto bejween these choicos
experimentally lf ethy\d(;nthyls1lane is fornnd oxc\usivoly via'reace
tions (M} and {12}. then since 0{12) = 0. OSD the yiold of methy! redt-

¢als required from ;his step .is’ also 0. 050

The three other disi}anes are forned fron rccctions of fhe

's11yd radicals prosent 1n _the svstem It will de shoun-later that the

major sily} monoradicals 1n the system are (CH3)§Si and CH151(CH )3
) The d1$11ane identified as trimethyldisilapentane could be .
formed by monaradical and diradical combination followed by abstraction
Y . .

from the s_ubst’rate o e | ¢ . ..

(th3)3ST + CHySidCHy), — {CH3)3S1CH ST (CHy )z - t{1s)
(CH3)3S1CH25‘I(CH3)2 + (CH3)4S‘I"" (CH3).3SiCHZSIH(CH3)2 + C%Si (CH3)3
' . {16}
On;:( agam, this could be ‘interpreted as trmethylsﬂyl
radical additidwm to a quatiadouble bond. . _ .

e - . A

Tetramethyldisilapentane is formed by .c,ross;-conb_'ination .

between the two major silyl redicals:




(CH3)3Si + CHZSi(CH3)3 — (CH3)351§H25i(CH {17}

L] h

The combination of two trimethylsilylmethyl radicals would

3)3

e

form tetramethyldisilahexane, )
2(CH3)3S1'CH2 — »(CH3)351CH2CHZSi(CH3)3 . 4 {18}

which was tentatively identified as one of the trace products.
Dimethyldisilahexane formation would seem to require combina-

tion of two diradicals followed by abstraction

2(CH SICH — (C 3)281CH2CH Sl(CH3)2 {19}

2
Si — (CH3)25iHCH CH SlH(CH3)2

2772
+ 2CH251(CH

3)2

(CH3)2S1CH2CH251(CH3)2 + Z(CH3)4

3)3 {20}
Formation of the disilanes requires a trimethylsilyl radical
yield of {16} + {17} = 0.055.
About 307 of the yield of trimethylsilane is unscavengeable in
%

the presence of nitric oxide and this can be formed in a primary step:

i

v

Elimination of cartene has been found to occur in other

(CH3)4S1' — CHZ + (CH3)3S1'H {21}

silyl and alkyl systers. H{Tri-MS) = 0.135 so {21} = 0.040.

- It will be shown later that disproportionation of trimethyl-
silyl radicals is a minor process with kd/k = O 04 (Chapter IV). Thus
%he yield of trimethylsilane from dlsproport1onat1on would be 0.04 x

0.095 = 0.004. 4

2(043)331 — (CH,J)Ji"H + CHZSi(CH3)2 {22}



The rest of the tr1methy1s11ane is p0551b1y formed by abstrac— .

tion by trimethylsilyl radica]s from the substrate:

(CH ) S+ (CHy) i —= (CH3)3S1'H + CH,Si(CH3)3 {23)

€123} = 0.135 - 0.040 - .004 = 0.091.

The non-scavenceable yield of fthy]tr1methyls11ane

)
could be obtained gy insertion of carbene into a substrate molecule,

o

+ (CH3) Si —= C_ H_Si(CH,)

451 2"s 3’3 (24}

CH2

¢{24} = 0.042 x 0.5 = 0.021.

The remainder of the carbene may also insert into the .

. "
substrate but the product may decompose’ folYowing the highly exothermic
141,142 A
insertion process . This decomposition could lead to the traces

of ethylene found in the system:

CH, + (CH3)4S1’ — 2H551(CH3)3*
. +M

._,csz + (CH3)3S1'H (\

The remainder of the ethyltrimethylsilane must form by monoradical
reactions. The major source is most ?\kely methyl radical and trimethyl-
silylrethyl radical combination,

—= C.H.Si(CH {25}

CH, + CHZSi(CH3)3 oHe

3 3)3

although ¢ small amount may be formed from ethyl radicals

CHe + Si(CH3)3  ———= C,HgSi(CHy), (26}

91



Since the amount of ethyl radicals present in the system has been shown
to be small (reactiens {3} - {6}) we will discount {26}'thus ¢{25} =
0.042 - 0.021 = 0.021. ‘

‘The modes of formation of hydrogen and hethane were determined
from the results of the isqtopic labelling study. Ethane has already
been shown to be formed entirely. by radical combination but it was
" also measured in the isotopic labelling study since the yield of methyl

i
‘radicals is related to the yield of methane and of ethane. °

Both hydrogen and methane could be- produced in primary molecular

elimination steps,

hv

(CH3)4S1 H2 + (CH)Si(CH3)3 {27}

— CH4 + CHZSi(CH3)2 {28}

~

as well as bv radical producing steps followed by abstract1on from the

substrate
. hv .
(CH3)451 — CH3 + S1(CH3)3 {29}
——=  2CHy + Si(CHy), ) {30}
—_— H + CHZSi(CH3)3 {31}

Kinetic schemes for the formation of the d1fferent&sotop1c
y1e1ds of hydrogen, methane ind ethane were drawn up omitting the sili-
con fragment for clarity.

The primary production of hydrogen is,@iven by

a l Fope . .
TP.S—d12 + h, ——— LTMS-d.IZ]* {33}

[TMS-d. _]* —& = p {34)
12 2 \

-3+ {35}

92



»

™S + hy —&—~ [TMS]* o T {36)
[TMs)*  —2— H, (37)
- SR ‘ {38}

The resulting hydrogen atoms can then abstract from substrate

molecules in the following maﬁner:

He s T— W, o (39)
H + TMS-d]'2 8 . W © {40}
D+ TMs 2 -~ W : ) -
: 10 '
D+ s-q;, &~ o, | o {(42)

139

It has been shown in the photolysis of dimethylsilane that.

exchange reactions "of the type

H + TMS-d —— D ‘ (43}

12
D+ TN —— H {44)
} )
H+ TMS-d, = co, {45)
D+ TMS  —— CHy 40

were unimportant so these have been ignored. -

A similar kinctic scheme can be drawn up for the production
of methane and ethane.

»

INS + by e [TMS]* {47}
[TMS)]* & o CH, : (48}
. CH, . {49}

TMS-di, + v A [TMS-d,,)* {50}
[THS-d, ]* =2 co, | {51}

R 6 . €D, {52}

93



ASteps {49} and {52} are meant to summarize the production of
methyl radicals as shown in steps (29}, {30} and {32)}.

The radicals so produced can react fn the fol]owfng ways:

CH, + TMS L. CH . - S - {53}

3

CHy + THsedj, —B+ CH:D R - (58)
CDg + s 2w con | . - {55)
Coy + Ts-g;, 0o cp, - . -, | (561
CHy + cHy Lo ¢, o o {57)

" CHy s ooy 12o cugen, _ | . {58k
€Dy + CD3 —ll» €, _ S 59

Tho best method of treatment of this kinetic scheme was.founo
to be- computer simulation of the experimental data using 1terat1ve
numerical 1ntegrat1an, varying the relative rate constants for each
step until.a good f1t was obtained. Many of the re!ative rate constants
are not known but fortunately the simulated fit was sensitive to some
of the rate constants and re]at1ve1} insensitive to others The forma-
tton of ethane was used as an internal check in that the total yields 3
of methane and ethane had to give the observed product ratio. Reactipns
of methyl radicals with other radicals in the system were regarded as
minor processes and were omittad to simplify the treatment. -

Relative rate constant values used in the calculations are
given in Table II1-10 and the solid line computer fit to the experimental
points is shown or Figures III-1Y, III-12 and IT1-13. The values used
in the computer ana]ysis were obtaineduoartly from experimental data,

.partly by comparative assumptions of the most reasonable values and parf-

ly dictated by the values required to obtain computer matching to the



TABLE I11-10

- ?

Relative. Rate Con§tantAVa1ues tUsed In lterativf{::)-

. ﬁumerical in;ggra;ion

e

a

2 - . - -

Rate . A. Hydrogag B. Methane/Ethane
Constant ’ Analysis - Analysfts
i A _ <
K 1.9 2.0
Ky rox103 s x0T
ks 1.0 x 107! 8.5 x 107!
'S ‘W
kg 1 2.1
- 3.0 x 1072 - 9.0 x 1072
K 3.0 x 107" 4.5 x 107
Ky . 3.0 x 1072 1.0 x 107! "
kg 3.0x 107" 1.0x1072
k 2.2 x 1072 © 1.0 x 107
’ R S 2
K10 2.0 x 10 1.0 x 10
3
kg - 9.0 x 10
- 3
3
ki3 - 9.0 x 10

e
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" experimental cases. . .

A

For the hydrogen scheme k]/k was tuken as 1.13 from the
experimenta1 yields of hydrogen produced by pﬁptoly§is of tetramnthyl-
silane and per-deuterated tetramethylsilane in\;eparate experiments
The values of kZ/k3 and kS/k must be extrlcted from the s1mu1¢tion We
set k7/k = k9/k 10° assuming that the isotope effect for abstraction
is independent of the attacking species. It was found .that the ‘isotope
effect k7/k8 could be varied slightly in canjunction with the ratio of
molecular to radiqg} elimination, kslkst'thus we have a range of valuey
which are usgble, f;;m 10-20% for the yield of molecular Hz'and an
isotope effect of 3-10. A reasonable average from thése results would
give a'yield of 15% for molecular Hz using an isdtope effect of '5.

For the methane/ethane scheme k /k was set from experimental
results at 0.95. Again, 2/k3 and k5/k6 are the unknown values. To
a first approx1mati6n we set é7/k = k9/k10°and k]] = k]2 = k13 Again
it was found that the isotope e??ect k7/k8 could be varied sl1ght1y
along with kz/k to obtain the desiréd result, thus giving us a range
of values of 15—20” for the molecular CH4 yield with a kinetic isotope
effect for abstractfon of 3-10. Choosing a value of 5 gives us the
molecular CHy yield at 15%. One of the results of this simulation is
that tpeirate constants for abstraction by methyl radicals ;re only four -
orders of magnitude less than the value for tﬁe combination of methy)
radicals. This is five ordefs of magnitude faster than expected since
the room temperature rate constant for methyl attack on tetramethy1—_

s1t§ﬁe has been measured and found to be nine orders of magn1tude less

than that for methyl radical combination. The implication is that hydro-.

gen abstraction-is a lot easier than expected either because the methyl
»
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radicals contain' a considerable amount of excess energy or possibly that
* hydrogen s abstractsd from other radicals 1n’the system. '
Cross-combination and disproportiqnation of methyl and tri-

methylsjlyl radicals in the system

CHy + SH(CH),  —> (CHy),st ‘ {60}
: (CH3) + Si(CH') T CHy + CHZSi(CH )2 {61}
.
may we]l éz;ount for an apprec1ab1e amount of the methane and reaction
{61} could be facilitated by the apparent stability of the silicon
dirad1$al .
From the resu]ts it was foynd}Fhat about 15% of the bydrogen

yield ar1ses from mo]ecular elimination,

\ hv

(CH3)4Si — H2 + CHSi(CH3)3 {62}
and the rest by hydrogen atom formation followed by abstraction
. - ,
(CH,),Si _hv " H + CH sei(CH ). {63}
1734 h 2 3’3
. \% :
e H + CH3 + CH251(CH3)2 {64}
H + . . ’
(CH3)4S1 R H2 + CHZS)(CH3)3 {65}

It has been shown {n thelphot01ysis of simple a]kanes]43 and
a]ky]silane593‘139 that single hydrogen atom loss is always a very minor
'process so reaction {63} has been omitted in favour of reaction {64}
Thus ¢{62} = 0.122 x 0.15 = .018 and ¢{64} = 0.122 - .018 = 0.104.

The methane/ethane results show that molecular méthaﬁe formation
8ccounts for ca. 15§‘of.the total methane and methyl radical ‘pro-
duction. From the preceed1ng-steps we requwre a methy] radical yield

ofe2d{1} +4{12} + Qf25} 0.700. + 0.05Q + 0.021 = 0.771 and we Ehow
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that ®{CH4} =0.330. Therefore

,

15 ¢[CH, total] - ®[CH, abstraction]
8% " 3[CH, total] + ¢[CH, abstraction]

. - ¢
15 0.330 *‘[cna ab&]{
8% 0777 + ¢[CH4 abs]
e’}:
Therefore, ! [CH4 b]= 0.165, @nd

*[CHy motecutar] = 0330 - 0.165
= 0.165

Approximately 50% of the methane is formed in a molecular

elimination reaction ’ ‘ (ff

(CHy)pSi —— CHy + CHaSi(CH3), . {66}

while the rest forms by methyl radical abstraction.
. The sum of methyl radicals in the system is now 0.771 + 0.165

= 0.936 and there are three major processes which can produce prlmary

methy1l rad1ca]s

(CHy)gSi + hv  ——= CHy + S1(CHy )4 (67)
T 2CHy + Si(CHy), (68)

It was not possible to 81scriminate between the first
two steps since the silylene and possibly some of the trimethylsilyl
radical w$11 pﬁ]ymerize and be removed from the system. However, a
probable scheme can be drawn up to account for all of the secondary

products and most of the primary products and fragments. Since the



auxiliary study showed that the quantum yield of f]uqreécence was less

o

+ )
than 0.01, we adsumed that the primary quantum yield in our system

was 1.00 and apportioned the -methyl radical producing stéps accordingly.

This Tow fluorescence quantum yield is in line with the values obtained
for simpie a]kanes]M and for both types of satdrated system it seems
reasonable that the lower excited states are either unbound or strongly
coupled with a dissociative su;facef '
. So far welhave a?primary quantum'yiefdif ¢{21} + {62} +
©{64) + 1{66} = 0.040 + 0.018 + 0.104 + 0:165 <y

ing primary steps should account forﬁ%th' v

while at the same time they must giv

0.164 = 0.832.

i.e. ¢{67} + ¢{68) = 0.673
¢167} + 26(68) = 0.832

Thys the remain-

ary quantum yield,

‘Solving these equations gives ¢{68) = 0.159 and ¢{67} = 0.514.

However it is possible to g!!ain somewhat ¢ifferent values
for ¢{67} and {63} if we assume that cross-combination and dispropor-
tianation .does take plac Between methyl and trimethylsilyl radicals
(reactions { 60}, {61}). This postulate might give mo?e likely
primary quantum yields for production of methyl radicals wh1fgﬂ\‘
simultaneously accounting for the trimethylsilyl radical yield. We
first have to make‘b\(s?sonab{é estimate of the kd/kc ratio for c}osg-
reaction of methyl and trimethylsilyl radicals and we have chosen a

value of 0.1.

Then from the yields of products

. ‘
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o((CH3)351) = 20{7} + ¢{15) + ¢{17} + 26{(22) + ¢{23) + ¢( 60) + ¢{61)
= 2(0.095) « (0.038) + (0.017) + (0.008) + (0.
. ‘ . . | o+ l."ll‘f}
= 0.382 + 1.1¢{ 6p ).
#(CH) = 2001 + 012) + 6(25) + 0.165.+ of 60 '
= 0.700 + 0.050 + 0.021 + 0.165 + ¢{ 60 )
= 0.936 + ¢{ 60}. |

Pri%ary siep 4 accounts for some of the méthy] radicals so
from primary steps 1 and 2 we require a methyl radical yleld of
0.936 + ¢ 60} - 0.104 = 0.832 + ¢{ 60}.

Since the sum of primary quantum yields {67) and {68} amounts
to 0.673 and the y1e1d of (CH3) S1 radicals will come from {67} while

the y1e1d’of methy] radicals is given by ¢{67} + 2¢{68} we .-have

o{(CH3)3ST) + ¢(CHy) =8(67) + 6(67) + 20(68)

2(¢{67) + ¢168))

= 2(0.673) -
= 1.346. )
e, 0.388 4 1.1¢(60) + 0.832 & ¢{60) = 1.346
) ¢{ 60} = 0.081
Then ¢ {67} = 0.384 + 1.1¢{ 60} _ o .
- 0.344 + D.089
= 0.433. )
and  ¢{68} = 0.673 - 0.433

0.240
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So we can obtain a slightly different set of brimary quantom
ylelds (@ ) if we assume methyl and trimethylsily\ cross-reaction.
The primary quantum yields so obtained are summarized in

Table II1I-11.

D.{ DISCUSSION
' From thé data presented it can be seen that the primary

decomposition is a ﬁu1t1-step process resulting in a variety of possible
final products. Carbon-silicon bond clgééage accounts for ~77% of the
decompos.ition, the rest being carbon-hydrogen cleavage. 9e¢omposit$n
involves both molecular elimination (14%) of methane and hydrogen and
radical formation (82%) of methy! radicals and hydrogen atoms, yith the
silane fragments left behind being monoradicals or diradfca]s. A minor
process is the production of methylene. Combination of radicais and
abstraction by radica]s:from substrate or other radicals result gn the
observed products. Most of the diradicals and silylene go to form the
silicon polymer. ’
‘ The primary steps éhosen are only a few of the many that are
allowable on thermochemical gréunds; Steps which involved:the bregking

of three bonds were discounted on statistical grounds since such a e
simultaneous accumﬁ]ation of energy in three bonds is not very probablé.
Also, the loss of a single hydrogen atom has been shown to be very un-
Tikely in the photolysis of hydrocarbons at ]470ﬁ. The excess energy
which would be left in the parent molecule .and the exothermi;ity associat-

d with the formation of the hydrooen molecule presumably are'enough to

liminate this possihility.

-



u.
TABLE I11-11
Susmary o; Primnry Qu;ntgg Yields in ihe Photolysis of '
- = Tctramath;1s11ane ' |
’ '§
(CHy)gst + by —Lw ch + s1('cu3)3. s 0.43
—2 . 2CHy + S1(CHy), '“o.w 0.24
—3 . CHy + CHpST(CHy), T 0.17
4 CHy + U + CH,ST(CH,),”  0.10 0.10
5. Hy + CHSi(tH3)3' i 0.02 0.62
-6 CH, +.'(cu3)3sm 0.04 0.04

1.00

8

¢p: assuming cross-disproportjonatioﬁ does not occur.
OB:igassuming a kd/kC ratio of 0.1 for methyl and trimethylsilyl

radical cross-reaction.
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However, 1t is impossible to‘digcrfhinata between paralle)
primary steps and secondary do,comoﬂud'm of excited frawﬁ:s. '
For'oxanplq. steps (29} and {30 could be occurrlbq in sequence,
| 3 ¢ SHCH) e (0}
Si(CH3 3 ——— C_H + Si(CH3)2 Lo ~ ()
since the silicon fragment in (70} co.ld be carrying as mqfh as 120 kcal
-1

mole” ' of excess energy. This excited fragment could also be stabilized .
. by losing hydrogeq \

O EMg)gstt = e CHSH(CHy), (2
so that the_combination of steps {70) and {72) could account for primery-
step (64). - | : ' 5

From the chosen'mgéhan;sm it can be calculated that approxi-
mately 52% of the silicdn frégments will form polymer. We can check
the validity of the scheme by trying to account for the fate of alI .the
primary products and the modes of formatiOn of final products. The'ma-
Jor primary products of photolysis were ¢(CH3) = 0.936, o(SijCH3)3) =
0.514,.¢(ty25i(cn3)2) = 0.269, o(CH,) = o.ﬁss..¢(51(cn3)2) =°o.159,
¢(H) = 0.1D4. The methyl radic#ls combine to form ethane and also can
combine with other radicals in the system. A secondary'radical likely
to be present in the photolysis is the\trimethylsilylmethyl raqicali
CHZSi(CH3)3, obtained by hydrogen atom attack on the substrate, thus.
¢(CH231(CH3)3) = 0.104 and this can react with othsf radicals in the
system, e.q.

L4

CH3 + CHZSi(CH3)3 — C2H581(CH3)3 .{73}

The formation of methane from methyl radicals has been shown to be much
faster than expected, indicating that either the ac.ivation energy for

this process is lowered in some way, or that a disproportionation

2 ]
-
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® rs
reaction of methyl radicals with other larger radicals in the system is

occurring.
CH3 + S1(CH3)3
Note also that in this case simple combinatign would give back substrate
LY
I

CH3 + Si(C

_— CH4 + CH2$1'(CH3)3 {74}

H3)3 (CH3)4Si o {75}
The occurrence of reaction*{75} would require changes in primary steps
{1} and {2! to produce more methyl radicals as in ‘g

The raté of cross-disproportionation of methyl and t-buty]
radicgls has been shown to be comparable with that of comhination
(kd/kC = 0.85)59.

CH3 + C(CH3)3 — CHq + CH2=C(CH3) {76}

2

However, the driving force in this reaction to form a stable
olefin is not as streng, or at least is only partially presen: in the
si11coﬁ radical case. Ths extent of the double bond in the dimethyl-
silylmethyl diradical has been discussed in many reports (Chapter_I,
section £) and there does appear to te some ole%inic behaviour, giving
appreciable statbility to the diradical.

Very'few values are available for kd/kC ratios for silyl radi-

cals s0 no accuraterestiwation can be %mde of the extent of paFticipation
of this type of reaction in the system. The trimethylsilyl radicals can
direrize or cortine with other radicals  in the syster. This accovnts, ’
hovever, for 6n1y 48  of the yield of this radical. Formation of tri-
methvlsilane is 70. scavengeatle. by nitric oxide and its mode of forma-

tion would appear to be via hydroqgen abstraction by the trimethylsilyl

radical fren the substrate, accounting for another 18° of these radicals.

- Y ;.

3
This is an unfavoural g process with a high activation energy (probably
¢ kcals/role) and wonld cpee tg be unlikely unless it is possible that
” Ke
“r
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| enough of the excess enerqy-could be 1ocated\(Q\Fhe approﬂrfote‘vibra_
tional modes to effectively lower the activation gnergy for abstraction.

A‘more probab]ebroute is from disproportionation of sflyl
rgdica1s, a process reqﬁfring Tittle, if any, activation energy.
| As will be shown later, the room temperature kd/kc ratio for‘
trimethylsilyl radicals was found tgrbe 0.04 but perhaps in this system,
with more excess energy béing available, disproportionation is more
favourable. If all of the bimolecularly formed trimethylsilane came
from disproportionation this would give a kd/kC ratio of 0.5. i

* In addition, if the bimolecularly formed methane comes from
cross-disproportionatic »f methyl and trimethylsilyv] radica]g this
woﬁ]d account for some 987 of the trimethylsi® "y als in the system
and give-a diradica1 CHZSi(CH3)2 yield of 0.2€6 © A5 + 0.095 = 0.529.
About 0.114 of this yield ends up as retrievable products and hence the
remainder, 0.415, polymerizes.

This together with the amounts of dimethylsilylene and tri-
methyisi]y1methy] radicals produced gives a polymer yield of some 58%,
in close agreement with the experimentally obtained value of 53%.

) It is also possible as demonstrated on Table [}I-11 to obtain

a slightly different set of primary quantum yi®ld values if we accept
cross-reaction of methy? and trimethylsilyl radicals (@B). In this
scheme all of the trimethylsilyl radicals are accounted for and about

10 of the methyl radicals are supposed lost in reformation of substrate.

If the trimethylsilyl radical were to take part in other
reactions.such as more self-disproportionation or cross~-disproportiona-

tion with tr--cthylsilylmethyl radicals then +(1) would be somewhat

higher so perhaps a value somewhcre between A and ‘B would be most



apprqpriate.

The fate of the trimethylsilyimethyl radical, produced by
hydrogen atom abstractjon. is only accounted for in part (36%) by com-
bination with methyl or trimethylsilyl radicals. This radical, too,

could cross-disproportionate with trimethydsilyl radicals.

(CH3)3S1'CH2 + (CH3)3Si — (CH3)451 + CH2$1(CH3)2 {77}

Thus, disproportionation appears to be an important feature
of the ove;a]] mechanism.

70,145-148 ‘
The silylene formed, as was expected 0 , does not

insert into either C-H or Si-C bonds and so with no.other~route of
reaction it would polymerize.

The carbene formed in step {62} does not appear to insert
intp the substrate, however, its yield is very small and possible
proqucts may not have been measura?]e.

Comparing the results from the 147 nm photolysis of the three
methylated silanes, mbnomethy1—93, dime hy]-94 and tetramethylsilane,
we can see various similarities and diffbrences as a consequen;e of the
varying relative amounts of carbon-hyd}ogen, silicon-hydrogen "and
silicon-carbon bonds in these molecules.

The window in the absorption spectrum of tetramethylsilane
in the vicinity of 15Q'nm, which is absent in the other silanes,
indicates that the main absorber in this region is the Si-H bond77. -
This is3upported by the results from the photolysis of.monomethyl-
silane where 66% of the bond breakage is from the Si-H bonds although

. ,

they are some 5 - 10 kcals/mole stronger than the Si-C bond. Similarly

in dimethylsilane Si-H cleavage accounts for 43% with the remainder
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divided between C-H (29%) and Si-C (28%). In the tetramethylsilane
case, 5{-C cleavage accounts for 77% of the bonds broken but whether i
this is due to :Bsorption in the Si-C bond or decomposition of the
weakest bond is not clear. It is also not evident at this point how
“much secondary decompositions contribute to each type of cleavage but )
in the tetramethylsilane case about half of the C-H cleavage occursA
in the méjecu]ar formation of methane. )
The yiel& of molecular products decreases from 71% in mono-
methylsilane to 22% in tetramethyisi]ane.
It is vé;y difficult to correlate the primary processes
involved with specific optical transitions, even if ;hese were known,
because the amount of excess energy availaple is much larger than the
critical energy requirements of some of the primary processes. This
comp]icatés the elucidation of two-fragment and three-fragment processes &
~since it is impossible to unambiguously define whether a three-fragment
process is a parallel primary reaction or whether it arises from the
secondary decomposition of éneréy rich fragments formed in a two-fragment
primary step. . ‘ - '
In both monomethy]si]ane and tetramethy]éi]ane two fragment pro-
cesses account for some 70-75% of the decomposition (this drop; to 65% for
¢B) whereas this decreases to 50% in dimethylsilane, perhaps indicating
that in the 1a§ter case morgggf the mu]tifragmentation processes should be
redefined as two-fragment gteps followed by secondary decompqsition.
The mechanism of nitric oxide scavenging Ys very complex and
not completely understood but it appears that the products retain the
integrity of the monoradicals present in the system. Insertion reactions

and molecular products are not affected by nitric oxide.
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As has been shown previously ~ nitric oxide and silyl radicals

react by forming a Si-0 bond,

(CHy)3S1 + N0 —— [(cna)ésion] . E 4 {78).

: -

and this intermediate can undergo further reactions ‘
(CH3)3SiON + NO ——= (CH;),S1ONNO , ' 79}
(CH3)3STONNO —  (CH3)3S10 + N,© ' 180}
2(CHy) ;STON ——=  (CH;),STONNOSI (CH, ), ” (81}
(CH3)3STONNOSH (CHy) 4 — (CH3);S10 + N, : © {82}

The sifyloxy radicals formed can react with the substrate in a
displacement reaction facilitated by the strong affinity of silicon for
oxygen and made possible by the ability of silicon to expand its valence

shell by utilization of its vacant 3d orbitals.

2
(CH3)3SiO + (CH3)4Si — (CH3)3SiOSi(CH5)3 + CHg (83}
Hexamethyldisiloxane is the main product o *Me nitric oxide
scavenging experiments.
The fates of the H atoms and methyl radicals in ihevsystem are

less obvious and a large variety of reactions can occur.

Nitric oxide will scavenge H atoms
H + NO — HNO - {84}

and the product can undergo fufther reactionslag.

HNO can dimerize and then decompose,

ZHNO — (HNO)2 ' {85}

(HNO), — H 0 + N0 . _{86}
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and can react further with more H atoms or NO mo‘ﬁfules

HNO + H  ——= H, + NO | | (87}

HNO + 2NO ~— H+ Ny + NO, ‘ {88}
—_— HNO3 + N2 . 5 {89}

The mechanism of methyl. radical scavenging by nftric oxide is
15Q ‘
not fully understood . The primary product, nitrosomethane, is not

very stable and undergoes numerous further reactions. R

/ : .
CHy + NO CH3NO N {90)

It was found to dimerize

2(CH3N0) ' ¢ (CH3NO)2 .- {91}
and then to decompose on the cell walls:
. - e
(CHyNO), ——= 2HCN + 2H,0 - {92}

The nitrosomethane could also react further with CH; radicals or NO

molecules to give trimethy]hydroxy]amine-or methoxy radicals:

CH.NO + NO — CH,0 + N0 | ' {94}

3 3

Other reactions possible in the present system are,

CHy + HNO  —= CH, + NO {95)
CH30 + S1(CH3)y——= CH;051 (CH,)_ | {96)

These complications make it impossible to make any worthwhile

deductions from alterations in.the yields of hydrogen and methane in
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1o
the scavenging studies, whereas decreases in the yields of other alkanes
0 - :

amd silanes were interpreted as quantitétive measgres of the extent of

‘époradica] reactions.

The products resu]ting from the nitric oxide scavenging were:
not all fdentified (Table I11-6) but estimates could be made of the

unknown structures. From the retention times aﬁéuteactions prevalent .

_in the system, prqducts C-and D were thought to be trisiloxanes while

A and B were possib]y methoxytrimethylsilane and tr1methy1hydroxy1—
amine The absolute micromole yields Are somewhat uncertain since the
response factors were not determined for the oxyéenateq species. The
matn products appear to be accounted for by the reaction of methyl and
trimethylsilyl radicals with nitric oxide (reactions {78} - (83},
{90} - {96}) but the yield of N, is high: Thjs cbuld be due to the’
presence of small chains, e.g. reactions {84}, {87} and {88}.

- One point complicating the derivation of a mechanism is the
question of the primary éuantum yield in the photolysis of carbon dioxide.
We have assumed ¢.. = 1.0 on the grounds that thefmajority of papers

co
in the literature agree on this value and since it gave close to the

accepted value of ¢(N2) = 1.4 when used for chlibratfon in the )
photo]ys1s of nitrous oxide carried out with the same xenon resonance
1amp

However, there is some doubt as to whether ¢CO is exactly
unity sh two additional sets of primary quantum yields were derived,
using Sco = 0-90 and 0.85 (Table 111-12).

It can be seen that this successively increases the amount of
two-fragment decompositions at the expense of three-fragment decomposi-
tions, from 75% (at

=1.0) to 90% (at ¢__ = 0.85). The biggest

®co o
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changes are the large increase in the trimethylsilyl radical yield and
the disappearance of dimethylsilylene as a primary product. The increas-
ing yields of trimethylsilyl rad1£a1s cannot be cowrelated with the
product.distr{bution even assuming cross-disproportionation; for
¢(CH3)3Si = 0.700 only about 60% of the radicals can be accounted for.

‘ The ‘'same‘calculation carried out for the ¢B results shows

the same trends with the added praviso that an actinometric yield of

¢co ° 0.7 implies that 33% of the methy] radicals produced end up
reforming the substrate. ’

From these results itgis seen that the decomposition of tetra-
methy]s{lane is véry similar to the decomposition of neo-pentane in that
similar types of primary processes occur and free radical steps are more
important than molecular modes of elimimation.

It is not clear at this point whether hydrogen abstraction by
methyl or silyl radicals from the substrate takes place or whether this
comes from disproportionation reactions, and how the secondary reactions
are affected by the amount of excess enérgy in the fragments.

It does appear, however, that the results can bést be explained
by assuming extensive disproportionation and this leads to the conclu-
sion thut the diradical CHZSi(CHs)2 formed in disproportionation of
trimethy1si1y{_radica1s has a 1ar§e degree of staBi]ity.

The main fate of the diradical appears to be polymerization
and there is no evidence for the dimer postulated in other studies.

It will bg shov : later (Chapter V) that the recombination rate
constant for trimethylsilyl radicals is about five orders of magnitude
less than that for methyl radicals, which explains the relatively low

hexamethyldisilane yield which one would expect to be fairly large,



13

given the large primary yield of trimethylsilyl radicals.

-



The direct photo]}sis of bis(trimethylsi 1)mercury in a
static system in the gas phase by a medium pressure me cury arc at
wavelengths grebter thén 390 nm was studied as a function of exposure
time, total pressure, and concentration of radical scavengers nitric

oxide, ethylene and oxygen.

1. Products
The products of photolysis are shqyn in Table IV-1 and

listed here in decreasing order of importance: hexamethyldisilane
(HMDS),'hexamethyldisilo;ane (HMDSO), and trimethylsilane (Tri-MS).
In addition to these, traces of tetramethylsi]éne and another silane
were also found amd mercury deposited on the walis of the reaction cell.
Undecomposed mercurial (((CH 3)351) Hg) was found to react with the -
analytical system to produce mostly hexamethyldisiloxane (80-95%) along
with some hexamethy1d1s11ane and trimethylsilane so all photolyses were
«carried out to 100% reaction to minimize hexamethyldisiloxane formation.
Simi]arfy,photo1ysis of the solid mercurial gave rise to Aarge amounts
of siloxane indicatina that the trimethylsilyl qroups probahly react
with'tho cell valls.

- . : 14

2. Exposure Time Study
An exposure time study was carried out to determine the time
required to photd]yze approximately 0.25 ;.moles of mercurié]. The

relative yields of products reached essentially constant values after

114
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TABLE Iv-1

; Relative Yields of Products from the Photolysis
ég “of Bis(trimethylsily])mercury

R I R Al e LR o o e .

ieas wox @ o

Product - Pelative Yield (%)

Hexamethyldisilane ' i ~ 83.0

Hexameth_yldisi]oxéne 11.5

_Trimethylsilane ‘ 4.0




l_

‘ 41) so all subsequent photolyses.were carried out on
this timebséale. ‘Although the trimethylsilane yield seems invariant

with bh;:;;ys1s time, at the shorter times it is probable that some br
a1l of the trimethylsilane is forqsg‘guring analysis of the undecomposed
mercurial. A blank run of 1 hour gave as products Tri-MS (4%), unknows A
(20%), HMDSO (60%) and HM“DS (16%); with the fotal amount of products less
than in the photolyses, indicating the probability of loss due to poly-
merization on the cell wall. To ensure that the éﬁange in the relative
yie]ds'with time was not:due to secondary phqtolyses of the products the

.

following wavelength study was used.

3. Wavelength Study .

Trimethylsilane is known to absorb 6n1y at wavelengths sho;ter
_ than 180 nm’7 but the available spectra of hexamethyldisilane show absorp-
tion tailing up to 250 nm78'15‘. Use of appropriate glass filters with
the médium-pressure mercury lamp showed that at wavelengths above 300 nm
there was no measurable yield of products with 0-20 torr of hexamethyl -
disilane in the reaction cell, while at shorter wavelengths appreciable
quantities of trimethylsilane were formed along with minor amounts of
unidentified disilanes.

Accordingly all further studies were done at wavelengths greater

than 300 nm.

4. Pressure Study
The effect of pressure on the product yields was examined in -
90-minute photolyses using from zero to 200 torr of nitrogen as the added
gas. Relative yields were found to remain constant (Figure IV-2) indica-
ting that there was no fragmentation of "hot" products aﬁ low pressures.

Variation in substrate pressure was not studied since the vapour pressure
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®f the mercurial at room temperature was so low (cé. 20 microns) and

any increase in temperature to increase the: vapour pressure resulted in
4

tge accelerated decomposition of the mercurial with an increase in the

yield of siloxane presumably from reaction of the mercurial with the

Q

hot walls of the reaction vessel.
LS

5. Effect of Added Nitric Oxide

The effect of the addition of up to 20 torr of nitric oxide
as a radical scavenger is shown in Flgure IV-3. Photolysis the
mercurial in the presence of nitric oxide essentially e]imir&e

s all of

the HMDS and Tri-MS, indicating that both of these products must be
formed éain]y by monoradical reactions. About 2% of the HMDS remains
unscavengeable indicating the presence of a minor molecular route to
product fgrmation. Hexamethyldisiloxane is a product of the reaction
between nitric oxide and the radicals produced in the photolysis and

increases accordingly. It +s the major product (~95%) and is accom-

panied by a minor unidentified product (-4%).

6. Effect of Added Ethylene
Ethylene has been shown.to be an efficient sgavenger of tri-
methylsilyl radica]s67 and was used to dete}mine whether, in éddition’
to suppression of the ‘- xamethyldisilane and trimethylsilane yields,
the yield of siloxar -1d be affected. The yield of hexamethyldisilane
decreased to 5% and the trirethylsilane was gorpletely scavenged but
the siloxane yield remained essentially constant even with photolysis in

the presence of 100 torr of ethylene (Figure IV-4¥.

7. Effect of Added Oxygen

Oxygen was added in a series of photolyses to deterrine its

119
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scavenging efficiency under the conditions prevalent in the sysgem. As
shown in Figure‘lv-s less ‘than 40 microns of oxygen suppresses the
formatién of HMDS and Tri-MS. The products were hexamethyldisiloxane
(~80%) and two others, one tentative]y identified as the corresponding
trisiloxane (~15%) and the other (~4%) unidentified.

The mercurial and oxygen were found to react even in the
L 4

absence of light 1ndicat1nq the strong affinity of silicon for oxygen.
B. DISCUSSION '
1. The Decomposition of Bis(trimethylsilyl)mercury
The mercurial has previously been photolyzed in so1utioﬁ by
several workers (Chapter 1, Section C-5) and has been found to be a good
source of triméthylsi]yl radicals. From the results obtained it appears
that photolysis in the gas phase is also a fairly clean source of tri-

methylsilyl radicals. There are only three products, hexamethyldisilane,

hexamethyldisiloxane and trimeth;}sikane, and thle the silo;ane éppears
to be formed in a wall reaction the other two seem to be products of
tr%methy]si]y1'rad1cal reactions.

' The nitric oxide scavenging experiment; shoh_that hexamethy]-

disilane is formed either by combination of two radibals,

2(CH3)357 —— (CH3),5i5i (CH,) ’ 1 {1}

or via a radical reaction with the substrate:

(CH3)3Si + (CH3)3Si-Hg-Si(CHy) 3 ——n (CH3)3Si-Si(CHy) 3 + Hg-SH(CH,),
{2}

Reaction {1} 1is favoured since the concentration of substrate

~1s Tow and the activation energy of reaction {2} is probably quite
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substantial. Moreover it will be shown in the following chapter that
the kinetic behaviour of the h}drogen-abstraction reactions of the tri- -
methylsilyl radicals can‘be explained only if formation of HMDS is second
order in trimethylsilyl radicals.® ~ .

i Triﬁethy1311ane is also shown to be formed by radical reaction
and the possibilities are the dishrobortionation of two %imethylsﬂy‘l

radicals

2(CH3)3S.1' —=  (CH3)3SiH + CHpSi(CH3); {3}
or abstraction from the substrate:
('CH3)3S1' + (CH3)3Si.-P_lg_—Sj‘(CH3)3 — (CH3)3S1‘H +
. CHZ(CH3)251'-Hg-Si(c»3)3 {4}

Once again reaction {4} is not considered likely since the
activation energy)for H—abstract%on is likely to be in the order of 10
kcal/mole and the concentration of substrate is low. There are two
values available for the Si-Hg bond energy in bis(trimethy]sily])mércury.
One is a very low value of 13.6-kca1/mo1e]]3: However, this was medsurea
in a system which also gives a very low value for the Si-Si bond energy
in hexamethyldisilane, 49-58 kcal/mole, compared to the latest values
of ca. 80 kcal/mole,so it may have to be revised upwards.

The other value is a minimum of 48 kca]/mo]e]]] based on the
activation energy for the thermal decomposition of bis(trimethyfsi]yl)-
mercury but the authors admit there is a large error associated with this

figure.

Values for alkyl-mercury bond energies],52 indicate that the mean

energy is 25-30 kcal/mole and that the first carbon-mercury bond

124




dissociation energy is much larger than the second. E.g.

he -
CH3-Hg-CH, —— CH3-Hg + CR,

CHy-Hg ——e tH3 + Hg

FON

{6}

Reaction {5} is the rate-determing step and the bond enefgy

is ca. 50 kcals/mole; the subsequent decomposition {6} is fast, the
dissociation energy being only ca. 70 kcals/mole. 1In higher alkyl

substituted mercury compounds, decomposition occurs via simul taneous

rupture of both bonds:

2(i-Pr)Hg ——= 2(i-Pr) + Hg

Assignment of bond energies is hazardous since it is very

{7}

difficult to determine whether the decomposition is a one-step or two-

step process and whether s%mple chain processes such as {8}, {9} and

{10} take place:

. hv .
((CH3)3S1),Hg ——= Hg + 2(CHy)4Si

(CH3)3S1' + (CH3)3Si-Hg-Si(CHy); — (CH3)3SiSi(CHy)5 + Hg +

S1(CH3)3

Z(CH3)3Si — (CH3)3SiSi(CH3)3

{8}

{9}

{10}

The maximum energy photons entering the cell have ~95 kcals/-

mole which is probably enough to make a two-step process of decomposi-

tion so fast that it is essentially simultaneous. A very minor process

(<1%) which is energetically feasible is the concurrent rupture of a
Si-C bond to produce a methyl radical. Combination of this with the

trimethylsilyl radicals present in the system is the probable cause

25
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g
of the trace of tetramethylsilané found in the pro&ucts. Just how much
exce“ energy i$ left in the fragments is difficult to say but it cannot
be enough to induce fragmentation of the trimethylsilyl radicals.
The mechanism of decomposition and product'formation thus
involves the initial formatign of two trimethylsilyl radicals and

mercury, followed by either combination or disproportionation of the

radicals: .
. h\) ' . - ‘
2(CH3)3Si —_— (CH3)3S1’S1'(CH3)3 {12}
.Z(CH3)3Si —_— (CH3)3SiH + CHZSi(CH3)2 {13}

The fate of the diradical, CHZSi(CH3)2, in reaction {13} is
most likely diffusion to the walls. This scheme then gives a kdispro—
portionation '© Kcombination ratio of 0.046 which is a much lower value
than that for the corresponding carbon radical, t-Bu., where kd/kC =
2.3 - 3.159. a]fhough disproportionation in the carbon case leads to
two stéble products, an alkane and‘an alkene. The lack of such a
stable olefin-type structure was thought to preclude silyl radical dis-

proportionation but recent results have shown that the $i-C (p~p) =-

bonded intermediates have more stability than was originally thought

(Chapter I, section E). It has been suggested]]6’153, on various

grounds, that silicon radicals may disproportionate, but this is the
first quantitative measurement reported.

It thus appears likely that disproportionation can occdr to a
larger extent in those silyl radicals containing Si-H bonds, since these

hydrogens should be more readily abstracted than the hydrogen from a
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C-H dbond. .
Photol}sis'of the mercury compound in the gas phase thus

appfars to be a good clean source of tr1m§thy1311yl radicals contaiﬁing

1ittle excess energy and is well suited to be used to study ihe reac-

tions of trimethylsilyl radicals with other species.

2. Stability of Silaethylene ,

The q.monstrat1on that trimethylsilyl radicals disproportionate
indicates some degree of stability for the silicon diradical formed in
reaction {13}, since the value of 0.046 for kd/kc requires an estimated
rate increase in the order of 10° (cf. Chapter V) for the dispropor-

tionation hydrogen transfer reaction over the abstraction reaction

3 (14)

(CH3)3Si + (CH3)451 — (CH3)351H + CHZSi(CH
This large difference in rate must be associated with the formation of
either a singlet olefinic-type © bond or a strongly interacting triplet
1,2-diradfcal.

An ab initio molecular orbital calculation was carried out by
Drs. I. G. Csizmadia and G. Theodorakopoulos at the University of

Toronto on the silaethylene molecule, HZSi=CH2. aimed at determining the

relative stability of the singlet versus the triplet state.
~ Calculations were carried but with s,p Gaussian type functions -
contracted to a minimal ST0-4G) basis set]54 usfng a_versfon of the
Gaussian 70 program!>>.
Four different structures of silaethylene were optimized
starting from the published ab initio results on the i.r. spectrum of
si]aethylene156. ‘

The absolute minimum occurs at the skew position in the



pyramidaTl T] statgzrzf tﬁis is only ;bout 2 kca1/m01q‘below the minimum
in the plana? S° swrface. _The other two structures, the So and the T,
planar, appear as transition %tateg on the siégiet and triplet hyper-
surfaces but all four represent minima in the rotational cross-sections
associated with the cis-trans isomerization of silaethylene. The
results are shown on Figure rY-B and the calculated state energies‘and
optimum geometrical paraméz;:; are listed in Tables IV-2 and IV-3.
These calculations thus lead to the conclusion that the
ground state of silaethylene is a triplet but that the lowest singlet
state lies only 2 kcal/mole above i1t. Even if in rea]ity the Erder of
stability of triplet and singlet states is reversed, it is still lTikely
that the energy splitting between the two is very small. The almost
equal stability of the two states is in line with the observations

that silaethylene has a fair degrée of stability, but is also very

reactive, suggesting a diradical character.

128
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CHAPTER v

REACTIONS OF TRIMETHYLSILYL RADICALS

RESULTS ;
1. Abstraction from Silanes . ' .
It has been demonstrated that the photolysis of bis(trimethyl-

silyl)mercury proceeds by the following mechanism:

hv

((CH3)3S1),Hg — " 2(CH3)3Si + Hg {1}
2(CH3)3Si- — (CH3)3S‘1’S1'(CH3‘3 | 2}
2(CH3)4Si —  (CH3)4SiH * Cpoi(CH), 3}

However, when the radicals are produced ir the presence of ar
excess of added silane with a readily abstractable hycrogen the follow-

ing abstraction reaction might be expected to occur:

SiH + SiR {4}

(CH;);Si + HSiR, — (CHy) 5 3

3 3

I'f we make allowance for the formation of trimethy]si]ane by
disproportionation of the trimethylsilyl radiccls (reaction {3}) and for
the unscavengeable yield of hexamethyldisilane, the rates of formation
of trimethylsilane and hexamethyldisilane can be related by the expres-

sion

»e
.

derived from the steady state treatment of the competing reactions {2},
>

{37 and 4}, }f’

132
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, | -
SiH/R(cH against added sitane concentsa -

A plot of R .
- 36512 . )

(CH3) 4

tion gives a slope of k4/k2v% the rate constant for abstraction,relative

to the rate constant for dimerization of trimethylsilyl radicals. : —_—
So the mercurial was photolyzed in the presence of a number |

of silanes over a range of cencentrations which would produce from 10% to

90% of the abstraétion product, in the expectation that this would

provide information on the behaviour of the trimethylsilyl radical. v

2. Reaction with Disilane and Disﬂane-d6

Rate constants for the abstraction by trimethylsilyl radicals

from disilane were determined relative to combination.

3)3S1H + S12H5 {5}

(CH3)3Si + 31206 - (CH3)3SiD + Si205 , -~ {6}

(CH3)3Si + 512 € (CH

'Thé/mercurial was.photo]yzed in the presence of up to 6 torr
of disilane and it was found that ~70 microns were sufficient to give ) &8
95% abstracfion product. The results are shown in Table V-1 and Figure
V-1. The rates of ‘formation were calculated as shown in Table V-2 and
» the data are plotted on Figure v-2, usina least mean squares treatment

to obtain the best straight line fit to the points. From the graph,

.y

5 . 3 112 -2 -1/
1 = 1.01 £ 0.35 x 10 moles cc sec
ko
2 Photolysis of the mercurial in the presence of up to 500

microns of disi]ane-d6 gave the results shown in Table V-3 which were

plotted as shown on Figure V-2 to give the result

k [ =142 -1/72

i c 2.70 + 0.50 x 102 mo]esx cc sec

£ - /TI*\;""‘ s
C4

=




TABLE V-1

Relative Yields of Products from the Photolysis of [(CH31_Si Hg

in the Presence of 51256

= ® T e rwe romcams oz T = *

Si,Hg
Pressure Product Yields
(Torr) % Hexamethyldisilane ’ % Trimethylsilane
. 4
0.030 - 13.9 86.1
0.060 8.0 92.0
1.56 2.5 97.5
3.12 2.5 97.5
5.50 2.5 97.5
11.50 2.5 97.5
0.038 9.4 90.6
0.018 17.6 ) '82.4
+0.010 22.8 77.2
5.50 . 1.9 98.1
20.50 5.4 94.6
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[([CHy)SiH)/((CH,),Si,) 2] 10

e

1 | | 1 !

FIGURE v-2.

2 4 6 8 10
[DISILANE] moles cc-' x 109

Relative Rate Plots for the Abstraction/Combination
Reactions of Trimethylsilyl Radicals with Added

Disilane and Disi]ane—d6 at Constant Pressure.
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Since the rate of abstraction Ifb-tﬁemaisilanOOﬂwas so fast
that very low concentrations‘ad ybﬁ;ed to monitor the variation
in the amount of abstraction, the possibility that the disilane concen-
trations were changing apprecia%ly, and consequently affecting the
reaction rates, had to be investiggted.‘

Different amounts of mercurial were photoiyzed in thé
presence of 100 microns of disﬂane-d6 and the relative yields of
products were measured. It can be seen (Table V-4, Figure V-3) that
above 1.5 times the usual amount of mercuriaf the relative yields start
to change, so-at the contentrations of mercurial used in these rate
determinations, some error due fo disilane dep]etjon should be expected
below 50 microns of disilane. This leads to an uncertainty of about

35% in the value of k5/k2lﬁ for the reaction with disilane.

3. Reaction with Monosilane and Monosi’lane-d4

Rate constants for abstraction by trimethylsilyl radicals were -

determined relative to trimethylsilyl radical recombination

-~ 4 . ‘ ‘
(CHg)qS1 + SiH, — (CHy)3SiH + SiHg {7}

(CH3)3S1 + S1D4 — (CH3)3SiD + SiD3 {8}
The mercury compound was photolyzed in the presence of up to
3.0 torr of SiH4 and 25.0 torr of 5104 with }itrogen added to keép the

total pressure constant at 40 torr.

The results are shown in Tables V-5 and V-6 and Figure V-4 from

which

2 -2 -2
sec

= 1.31 + 0.12 x 10] mo]es" 3
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TABLE V-4

Effect of the Amount of Mercurial on

_ Relative Product Yields

. S snemmw-Ere x L R Ty

ke e ® viee
(torr) ((CH3)3Si)2Hg (CH3)6Si2 (CH3)3SiH .
0.10 0.25 18.5 81.5
0.10 ) 0.50 ¢ 17.8 82.2
0.19 1.00 19.2 80.8
0.10 1.50 20.3 79.7
0.10 2.00 10.6 89.4

* Nitrogen added to bring total pressure to 40 torr.
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k ' '
—s-m = 1.24 £ 0.17 molesmcc'"’sec'"’
K

2

w

4. Reaction with MethyJated Silanes
Rate constants for abstraction by trimethylsilyl ra&ca]s from

the methylated silanes were determined relative to trimethylsilyl radi-

cal recombination i *
(CH3)351 + CH3SiH3 — {CH3)3Siﬂ +-CH351H2 { 9)
(CH3)351 f CH351D§, -—c—(CH3)351D +.¢H35102 \ {10}
(CH3)3Si + (CH3)25iH2 -—c-(CH3)351H + (CH3)251H {lr{
(CH3)351 + (CH3)251D2 t——-(CH32351D + (CH3)251D {12)

The mergurial was photolyzed in the presence of up to 20 torr

2
with nitrogen added to keep the pressure constant. The results are

CH3SiH3. 50 torr CH351D3. 75 torr (CH3)251H2 and 50 torer (CH3)231D

shown in Tables v-7, V-8, V-9, v-10 and Figures v-5, v-6.

Least squares treatment of the plots gave the results

k ‘ ~
—2”2 = 2.21% 0.8 moles!”? cc Msec-1'?
\ k2 ‘ )
k10
7. = 5.77 ¢ 0.74 x 107 molés ec Mg
K, i
| k11 . \
. = 6.99 +0.99 x 107} moles'’%cc~Vigec -2
kz ’
k
12 -1 172 v2 172
T2 T 3.21 £0.29 x 107! ‘moles2cc-Yigec-
k
2

-

N
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[((CH.3)3SiH)/((CH3)65i2)1/2] <10%

N
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0 CH:‘)SiH3
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' » - 7
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)

,
“

-

FIGURE V-5. Relative Rate Plots for the Abstraction/Cdmbination

Reactions of Trimethylsilyl Radicals with Added
Monomethylsilane and Monomethy1§i1ane—d3 at Constant

Pressure.
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FIGURE V-6.
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“ Relative Rate Plots for the Abstraction/Combination
Reactions of Trimethylsilyl Radicals with Added
Dimethylsilane and Dimethy]si]ane-dzbat Cgugkant

Pressure.

151

CIRE



» v
<-' b ‘ ’

The mercurial was also phot&lyzed‘in the presence of up to
75 torr of dimethylsilane with no nitrogen added to maintain a constant
pressure. '

The results are shown in Table V-11 and Figure V-7 from which

172 =12

—l%}z = 5.42 x 10°! moles'?cc™2sec

2

5. Reaction with Isobutane
To obtain a comparable rate with a carbon system the mercurial

was photolyzed in the presence of up to 200 torr of isobutane-
(CH3)3Si + (CH3)3CH — (CH3)351H + (CH3)3C {13}

The results are shown in Table V-12 and Figure V-8 and least

mean squares treatment of the results gave

k
13 - - -
37, = 4.78 £ 1.26 x 1072 molescc Yiec 2

2

B. KINETICS AND CALCULATIONS
1. Relative Rate Constants and Nec@&sary Corrections

n

The relative rate constants for abstraction by trimethylsilyl
radicals, which are summarized in Table V-13, were obtained on the ’
assumption that abstraction was the sole source of trimethylsilane,
but we must take into account the possibility of other sources of tri-

n%thy]si]ane. The most likely additional source is from Cross-

d1sproport1onatx%’uPetween a trimethylsilyl radical and the other si]yl

radical formed jn the abstraction step. It is unlikely that

’
LS
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TABLE V-13

Relative Rate Co?stants for Reaction of Trimethylsilyl

Radicals with Nondeuterated and Deuterated‘511anes

Reaction kabstraction
1/2
k combination
. 3
(CH3)351 + S12H6 ) 1.01 £ 0.35 x 10
2
$1,D¢ 2.70 + 0.50 x 10
SiH, 1.3 £ 0.12 x 10"
51D, 1.28 + 0.17
CH,SiH, 2.21 ¢ 0.36
CH,S1D, 5.77 ¢+ 0.74 x 107!
-
(CHy),SiH, 6.99 + 0.99 x 10
. -1
(CH3)251D2 3.21 £+ 0.29 x 10
4.78 + 1.26 x 102

(CH3)3CH

.78

187
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C e vﬁ e .
trimethylsilane would result from abstractien byﬁp tr1m0t5y1£§ﬁ§x hk]w - ; ”"'
et
radical from any product of the system since t‘w add.d »si'lan&‘tls pr!sent - ?3

in much greater concentration. In addition, as Tab1e V- ’3 sho s the .
rate of abstraction decreases with 1ncreasing methylation on the dhgﬁ.r:,
so that abstraction from products would be less faupured sinee the 1!f

\

would be more substituted than the original silane, Y

2. Corrections for Cross-Disproportionation Yields

The extent of Cross-disproportionation can be estimated by
us-ing the following scheme for the total reaction mechanism for photoly-
sis of the mercury compound in the presence of added silane, H51R3.

where R = H, CH3 or SiH

3
[(CH3)3Si]2Hg + hy — 2(cn3)351 + Hg {14}
(CHy) 581 + (CHy),4Si — (CH3)35151(CH3)3 {15}
—=  (CH3),S1H + CH,S1(CH,), {16}

(cn3)351 + HSiR3 — (cn3)3sm + SiRy {17}
(cn3)351 + iR, — (CH3)3SiSiR3" {18}
— (cu3)3sm + SiR, {19}

SiRy + SiR, —  R3SiSiR, {20}

—=  HSiRy + SiR, {21}

The fate of the diradicals formed in steps {16}, {19} and {21)
is probably termination on the walls of the cell but it is possible
that if they are formed as the silylene, as is Tikely in steps {19} and
{21}, they could insert into the substrate silane.

For example, the silylene or the diradical can be formed in

the monomethylsilane system .



L (Tri-Ms)
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(CH3)3$1 + CH3STHy —= (CH3)451S1H CH, (22)
— (cnagm + CHySTH {23}
?%. ‘——~ (CHy) 3S1H + CH,STH, {24)
and the sily]eﬁe can then insert into the substrate silane, .
#  CHiSiH + CHySiHg —= (CH3)H,S1S1H, (CHy) . {25)'

This produces the same product as that formed by combination of two
monomethylsilyl radicals and therefore cannot be distinguished.as a
separate process.

' The modes of formatien of trimethylsilame can be derived,
however, since only steps {16}, {17} and {19} are involved. We account-

ed for self-disproportionation of the trimethylsilyl radicals (reaction

2{16}) by using the experimental ratio of trimethylsilane to hexame‘hy]- o
dfstline obtained in Chaptew IV. < -
‘ . The amount of trimethylsilane formed by cross- disproport1onat;on

cou]d be calculated by measuring the cross-combination product (reaction
{18}) and using the fact that the amount of S1R3 radicals formed is
equal to the trimethy]sii}ne formed by abstraction:

= (CH3)3SiSiR3 + Tri-MS

+
abstraction disproportionation

2R3SiSiR3 + ZHSiR {26}

H\
3 disproportionation

where (Tri-MS) = (CH3)351H. , .

Self-combination and disproportionation of SiRy radicais to
give R3SiSiR3 and HSiR3 seems to be relatively unimportant since the
yields of the combination product was very small. In any case, since “’u

’

disproportionation yields the original.ilane substrate, k2] could not

ol
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‘\t;) be measured. If we ignore reactions {20} and {21} we will obtain a
maximum value for the yield of trimethylsilane formed by cross-

disproportionation. Thus we can approximate equation {26} to

-

\

(Tri-MS)abstrhction = (CH3)3SiS1'R3 + (Tri-Ms) {27}

n disproportionation
where (CH3)3S1'S1'R3 is the cross-combination product.

<
Then since (Tri-Ms), ... = (Tri-MS) pe * (Tri-MS)disb_ k

. - ) - . . . : 2
whiEh‘reduces to

(Tri-Ms) . = - (CHy),SiSiR,] {29}

1 .
sp '2‘ [(Tl"]-MS)

total

Since (Tri-MS) gﬁnd the cross-combination product are
¢ total
measurable quantities, the amount of trimethylsilane formed by cross-
disproportionation can be calculated for each silane over the pressure
range studied and the cross-disproportionation/combinatiqp rate constant

ratios for the various silyl radicals can be obtained from equations

{18} and {19}.

Eg ) (Tr1-Ms)disproportionition _ © (30
k. " Cross-combination Product

The results are shown in Tables v-14, Vv-15, V-16, V-17 ,and

on Figures V-9 and V-10.

| While absolute yields were not measured in all of these )
experiments, it can be shown that the relative yields of: products cin
be used on an absolute basis since the total yield of the trimethyl-

®  silyl moiety was consfant throughout. When the®peak areas of each
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product were measured, correct&d for response factor, and then multiplied

by the correct number ofjtrimethylsilyI groups, they were found to be N
e

constant, as is shown in Figure V-11, over thevfu11 pressure range of

the added monomethylsilane.

3. Silyl Radical k,/k Ratios -
d ¢ NN, :

, The calculated k,/k. ratios for cross-reactions of trimethyl- :
silyl radicals with disiljl, monosilyl, monomethylsilyl and dimethy! -
silyl radicals are maximum values since ng allowance was made for self-
reaction of the secondary silyl radfcals in the system. '

The values obtained for kd/kc-ratios were:

(CH3)351 + Sisz 43(1 + 10 (31}
(cn3)351 + SiHy . <0.8 + 0,) R & -3
(CHy) 55 + cn351'.H.2 <0.5 ¢ 0.2 {33}
(CHy);Si + (!l3)251n <0.3 0.2 {34}

v The value for disilyl radicals is obtained if we neglect
the first two kq/k. values (Table V-14). These are obviously unreliable
owing io the very small yields of the combination product at lower
pressures.

f%e kd/kq ratios vary somewhat over the pressure ranges
employed but it is not certain whether this is real or results fkbm
experimenéél error. The values reported are the averageq;ver the range.

These results can be compared with values calculated from
earlier work in this laboratory on the Hg photosensitizedbdecomposition

103,105

of silanes and the results are summarized in Table V-18.

It can be seen that the present value of 0.046 for the kd/kc
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v
Values of kdlhc for vVarious Silyl and‘Methxjated Silyl

TABLE v-18

fFree Radicgli

Radicals kd/kc(zs'c) Ref.
.(cn3)351 + (CHy) 45t 0.05 ¢ 0.1 2
(CHy)3S4 + (CH) ST 0.03 b
(CH3)351 + (CH3)251H £ 0.3 . a
(CHq) 351 + (CHy)SiH, € 0.5 : a
'ﬂCH3)351 + SiH, € 0.8 a
(tH3)251H + (CH3)251H 0.1 b
CHySiH, + CH, SiH, 0.1 b
CH3S1D, + CH4S1D, 0.04 b
Si,Hy + SigH. 0.1 (400 torr) ¢
SiHy + SiH} o (up to 1000 torr) [

.

‘Present work .
b

M. A. Nay, G. N. C. Woodall, O.
Chem. Soc., 87, 179 (1965).
€Y. L. Pollock, H. S. Sandhu, A.
soc., 95, 1017 (1973). '

*

P. Strausz, H. E. Gunning, J. Amer.

Jodhan, 0. P. Strausz, J. Amer. Chem.,

4
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ratio for frimethylsilyl radicals agrees well with the earlier estimate
of 0.03, while the values for the self-reactions of other methylated
silanes are roughly of the same order of magnitude as those of cross-
reactions of trimethylsilyl and secondary r-adicals,'° The value for
disilyl radicals is quite pressu"‘bbpendent. reflecting the instability

4
of the excited tetrasilane molecule:

SI M. + SipHy —= 514Hw‘ (35)
- —= St Hg 4 SiH, (s

514Hw‘ +Ho—e ST H - {37
s14nw‘ —~ SL M+ STK, {38)

Monoswlyl radicals apparently do not recombine up to 1000 torr
pressure, in marked contrast to methyl radicals, again due to the

instability of the excited S12H6 molecule.

4. Absolute Rate Constant Values

From the series o# Felative rate constants (Table V-13)Uwe s
can calculate absolute rate constants for the abstractibn reactiohs e ’
with the aid of equation I and a value for ko, the trimethylsilyl radi-
cal recombination r;Ee constant.

The major problem at this point is the uncertainty in the
absolute value for k2' Trotman-Dickenson and (:o-workers]57 measured a
value of 10]4'25 cc mole 'sec~! in a rotating sector experiment using
Hg photosensitization of trimethylsilane as a source of tr1methy1siiy1
radicals. This value seems very high, exceeding the value acéepted

for methyl radical combination by almost an order of magnitude. In -

addition, when applied to the relative rate constants, it yields absolute
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rate constants for abstraction by trimethylsilyl radicals which are
orders of magnitude greater than the experimental rate constants for
.
abstraction by methyl radicals from the same silanes. Therefare
/,/\\dlternative values for k2 must be used. -
Thynnelsa calculated a value of 10°° ¢c mole~'sec”! by a

thermodynamic method. For the relatton

&
k )
2(CH,) .51 -—22®ard ey Sisi(CH,) {39)
3’3 3’3 3’3
backward
we can write
E
--a forward/RT
4
kforward * Aforward {40}
Using the thermodynamic relatfonship
AS/R
{41}

Aforward/Ahpckward "¢

and assuming that there is no activation eﬁergy for the forward combina-

tion step, equation {40} can be written as

AS
log kforward = log Abackward + 2.3R 2},

This is the correct expression in standard a&posphere units and to
converf to the more useful concentration units, correction factors must \\
be included. The entrqpy'change at constanfypressure can be related to

the entropy change in concentration terms by -

8
AS = AS + AnR + AnRINRT
c p
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ASc . ASp + 8.3

Thus we have a factor of 283: for entropy and another factor of 3.to

convert from M-1sec™! to cc.mole 'sec™! "to give ' : .

. \
- L3

log k = log A, + 0% 8.3 + 3 N 4
9 % IR T TR & 4 g
= logA, + 23+ a8 {a4)
2.3R
The two varijables thus required to calculate kcombinatio he A- )
factor for decomposition of hexamethyldisilane » two’ ylsilyl .
g T .

radicals and the entropy change for equation {3§i;

* . ,/_/
The A- factor is obtained from pyrolysis expériments on hexa-

13.5

methyldisilane and thnne used a value of 10 sec”! in his calcula-

159 28,160
tion. This value was later retracted and a more detailed study

:3 ~q_ yielded 1017 S ec']. showing that the pyrolysis was more complex than

origina]ly believed, with short chains being postulated in the decom-
position mechanism. This latter result is-in better agreement with

- . 12,72 -
the usually accepted range . 10‘5 - 10]7 sec ]. for decomposition

~ e R .- \
. of organic molecules into two polyatomic radicals. (W

The other variable, the entropy change, is given by
*

aS = S°(Hexamethyldisilane) - 25°(Trimethylsilyl radical) {45}

' The entropy of the trimethylsily! radical is calculated from
the well-accepted experimental va1ue]_61 for the entropy of trimethyl-
silane (79.03 e.u.), by applying a correction for the loss of one

hydrogen atom and adding R™2 for the electronic contribution to give

' S‘((EHj)SSi?-a 80;4_ca1.deg*1m01e‘].

‘e
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There 15.1ess agreement on the entropy of’hexamethyldisilnne.
This has not been determined experimentally and,the values available are
derived.from a variety of.clﬂculations. comparisons and Approximations
"‘and give a range from 100 to 120 cal.deg” Tmote-!.

Thynne used the on and Buss Atomic Additivity Rules‘sz and
obtained S°({HMDS) = 105 e.u. ge then applied an arbitrary correction of
2.5 e.u. for steric strain to this walue to obtain 102.5 e.u.

Trotman-Dickenson used the bond additivity values from R1n;
and O'Nea1]53 along with a calculated value of -10.7 e.u. fof‘the S1-54
bond ent;opy to calculate a Gglue of 120 £+ 10 e.u.

Using these two values for S°(HMDS) gives AS = -58.3 or -40.8
e.u. and insertion of these data into equation {44} along wigh the A-

factor of 10]7 > ec'] produces kf values of 109'6 or 1013'4 cc.mole']
sec"]. '
13.4 -1 -1
1 Use of the higher value, 10 cc.mole sec ', derived from

S'(HMDS) = 120 €.u., gave unacceptably high absolute rate constants for
abstraction hy trimethylsilyl radicals and since the other value was so o
much Tower, by some four orders of magnitude, be'tter values of k2 must
be used

The entropy of hexamethyldisilane can be estimated in a numﬁer\
of ways, one of which is to compare the entropies of 1sobutané]64 (70. 4
e.u.) and trimethylsilane (79.0 e.u. ), which shodlq‘feflect any entropy
differences between the C(CH )3 and Si(CH ) systems, and then compare

164

hexamethylethane (93.1 e.u.) and hexamethyldisilane where the sd&é

differences should exist.

S®(Isobutane ~ S°(Hexamethylethane {46}
§'§Tr1ne siYane) S'%Hexamethy ane -

]
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This gives S°(HMDS) =>104.5"e.u. and a correction Q6r the SiTSi‘
bond in hexamethyldisilane instead of fﬁe €—C-bond in‘hexamefhyletﬁanef
should not add‘more than ~5 e.ut, to giyé S°(AMDS) = 110 e.u. Jt
becomes»clear that this type of estimation é;E\provide any value between

100 and 120 e.u.

’

Another ébproach is. to calculate the cross-combination rate

‘constant for methyl and‘trimethylsi]y] radicals from\;he'equation

’ A
'

k .
. L : :

In a similar thermodynamic calculation

= AS :
log kf = Jog Ab *33r ¢ 4.8 ) . {44}

The‘Aﬁfactor for tetramethylsilane pyro]ysi§”6 is given as

1014.3 s_ec'1 and . "
. . _ |
AS =2 S ((CH3)4SI) - S (CH3) - S ((CH3)3S1) {48}
= 85.6 - 46.1 - 80.4
= —49,9 e.u.

. o ’
- Insertian of these values into equation {44} gives log kf =
10.2. - |
t If we take this as the geometric mean of the two self-

combinations

A= ) 1/2
k - .

2(k :
cross ( methy]l ktrimethylsi]yl) {49}

13.34

- 1
and since kmethyl = 10 cc.mole ]sec , we obtain
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\ | s
. i06o§8 .o :] p
ktrimethy1$i1y] * cc.mole” 'sec .
The fact that this value 1s very .low and is not consistent L
— ‘ .

with the value obtained from hexamethyldis11ane pyrolysis {is evidence

of discrepanc1es in the calcu]atlonsd ‘gn this case it is proS;bly the

-

experimental A-factor which is too low.
The method we have chosen is'baséd on the ;ssumption that v
abstraction by trimetky]si]y] radica{s from si]isgs will be no faster

than abgtraction by a corresbondingly‘large é]ky]'radica]. We used the

experimental rate constant for abstraction by iso-propyl radicals from

~

~

monosilane reported by Berk]gy and éo-workers75‘and equated this with

the rate constant for abstraction,by trimethylsilyl radicals from the

same silane to obtain k ‘ = 108'0 cc. nn]e'] ec"].
. combination

If we assume that the 10°- 6 value obtained by mod1fy1ng

Thynne S calcu]at1on is the A factor for the recomb1nat1on, s1nce he

> 1

assumed zero activation energy, then from the calculated rate constant

of 108'0 cé.mo]e-]sec’] we obtain an activation energy of ~2.2 kcal.

-1

mole”™' for the recombinétion:
H

k2 = 109'6 exp(-2200/RT) = 108'0 cc.mo1e-]sec-] : {50}

Determination&,of rate constants for radical dimerization have

been made in solution and were found to be very similar to the high

165 has used electron

va]ues-reporteg for gas phase measurementﬁ. Ingold
paramagnet' ‘resqnance to measure the rate constants of recombination

for a var1ety of alkyl and other Group IV radicals such as CHj (l 1 x 1013
cc.mole -1 sec ) (CH3)3C (8.1 x 1012 cc.mole™ s ) and (CH3)3Si (5.5 X

1012 cc.mole”! seg 1). _Gaspar and co-workers]ss, using a_flash photolysis- _

¥
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epr technique measured values for SiH (4 x 1012 cc. mo]e'1sec ) and
(CH3)351 (3 x 1012 ce.more”! ec)).
These rtates are near the diffusion controlled limits for

solution and it is somewhat surprising that the gross structural changes
between gas and 1iquid‘phases should have such minor effects In any - :
case meaningful comparisons of gas and solution rates aRe complicated
by solution effects such as the frequency of encounters qnd primary/—
'secondary recqmbinat1on]67 ‘ _ N

| In addition the 1nterpretat1on of the resu]ts is perhaps too
simple in that no account is taken of possible react1ons of the silicon
radicals sugh as cross-combination or reaction with the initiator, . )
t-butylperoxide. The high affinity of s{]icon for oxygen, forming a ° J

strong bond of about 106 kcal mo]e'] a1 indicates that such reactions are

quite 1ike1y.~ The oversimplification is borne oyt by the fact fnat
recalculation of the supposed second-order results of Gaspar can give a
more reasonable straight line when plotted as a first order reaction.
There are also unexplained anomalies concerning product formation which

leave these results open to'question. >

Application of the values 1010 2> and 10%°° cc.mole_]sec-? )

PP S PU-

for the recombination rate constant to the experimental relative rates ‘ %

gives the absolute values shown in Table V-19. The first and second

coiumns show the ranges using 1014’25 and 108'0 respecfive]y. The

third column shows the change in values from column 2 when the maximum .
correction for cross-disproportionation #s applie®™ It can be seen chat |
columns 2 and 3 differ at most by a foctor of 2 and while the best value

will lie between the two, .the ®rror is minimal compared to that between

—N\

-

columns 1 and 2.

-



TABLE V-19 ’

*®

Absolute Rate Constants for Abstraction from Silanes

r

~ . by Trimuthy1sfly1 Radicals
?
T . . Rate Constant
(cc.mole”! sec1)
Reaction ' a . b _
. ‘ ~ i . ‘
) : ) . uncorrected corrected
. A 10 ; 7 6
(CH,).Si + Si_H £ 1.35% 10 1,02 x 10 5.15 x 10
3’3 2'6 o<
1,0 3.60 x 10 | 2.72x105  1.39 x 10°
StHy 1.75 x 10° 1.32 x 105 9.22 x 10
siD, - 1,65 x 10% 1.25 x 10 9.63 x 10°
CHiSTH, 2,95 x 107 1.73 x 10* 1.68 x 10°
CH,SiD, 7.70.x 105 483 x 10° 4.7 3 103,
(CHy), Sy 9.32 x 10° 6.56 x 103 5.86 % 10°
‘ . T
 (cHy),sin, .28 x 105, 3.25 x 10° 2.62 x 103
' (CHg) CH 6.38 x 10° 4.83 x 102 2.42 x 102
é: using kcombinatwon 10425 mo1e'!seq‘]. 3
. - 108.0 S I
b: wusing kcomb1natuon 10 cc mole 'sec” .

m
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- Shown for comparison in Table V-20 are the experimental
: . : - 11,39,75,76,168-

absolute rate constants reported by a number of workers
1”7 for the hydrogen abstraction reactions by methyl radicals from the
same silanes and corresponding alkanes. -
It can be seen that the rate constanis obtained using the

1014'25 cc.mole‘]sec'l

value for fhe recombination rate constant are

between 10 and 200 times larger than the values for methyl radica]

abstraction which suggests\that they are too high. Onh the other hand

the smaller values derived from ky = lO -0 cc. mq]e 1sec 1 are'betweéh 4"

10 and 150 times smaller than the rates for methy1 raﬂica1s ’

S 'x;other point of difference is that the methyl abstraction

values range over a. factor of 70-fold from disilane to dimethylsilqne

while ip the trimethylsilyl case this factor is approximateTy 1500. 4
Abstraction by tr1methy1sw]y1 radicals from 1sobutang was

found to be slower, by a factor.of 15 chan abstraction from dimethy!-

silane compared to a factor of 2 when the abstraction was by methyl

radicals. The absolute va]ue for abstraction by methyl radi 1s from

isobutane lies between the absolute values on qo]uMns 1 an' 2 of Table

V-T9 and closer to fhe high value.

o~
A

5. BEBO Calcuiations :
x

method to calculate activation energies for these reactions and sub-
sequent]y'to derive A-factors.
This empirical method developed by Johnston and co-workers]72

31,173 . :
has been shown to be able to predict activation_ energies for

bl
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TABLE V-20

Apsolute Rate Constants for Abstraction from Silanes

and Alkanes by Methyl Radicals

Rate'Constant'(ZSfc) - !

. Reaction cc.mole”! sec!
| _ :
CHy + ST H. ] ! 6.9x10 .
. 7 1
- s1,0¢ 1.2 x 10
SiH, " 5.0 x 10
sty , 95 x10°
: . 6 .
CHySTHy 2.1 x 10
CH, sS40, o 3.1-x10°
: 6
(CHy),S1H, 1.0 x,lo5
(CH3),S10, 2.8 x 105‘§
(CH, ) STH —4.0 x 10 )
(CHy),S1D o 1axaw® e '
. - 4
(CHy),S1 : ~ 1.9 x 10
~ L)
CHy + CH, 1.2 x 10!
- 3
CHaCHy . 3.8x 104‘ ,. .
' . T . o I3
CH,CH,CH, \ 2.5 x 10
5
(cn3)3c3 ) 5.1 x 103
(€Hy),C 3.2 x 10
y A . . - .
[ 4 ‘ \
K’?“”;_..‘- .
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some hydrogen transfer reactjens to within a few kcal;mole']. ‘Details . e
of the method aqd types of parameters-used are given in Appendix I1.
- ‘The calculations Qere carried out using the “input paraﬁeters
'shown‘in %AS]e'v-zf and‘the potential "energies of activation along with
bond lengths and orders +® the activated complex are given in Table V—22.
| The corrected activation energies derived from the above
potential energies of activation are shown in Table V-23 along with A-
factors calcu]ated from'the lower set of absolute rate constants obtain-
ed previdusly (Column 3, Table V-19). It became clear that if the higher
setr of rate constants were used abnorma11y high A-factors for a hydrogen ’
ab%traction reaction (;10‘5 cc.mole g sec 1) would be obtained, '. h
reinforcing,the rejection of the rate constant ?f lolf'zs,cc.mole-1sec'l
Comparison of these values ‘with expefimenta1 Arrhenius para-
meters for abstraction by méthyl radicals from silanes (Table v-23)
shows that similar trends exist in activation.energieé. with‘Ea(Sizﬂs) '
being the lowest and the values for the methylated silanes being a few
kilocalories higher and essentially the same, within the error of the
calculation., The 'A-factors obtained. in the calculation seem to 1nd1cate
a decreasing trend with lncreased methylation but whether this is real
-or Just an artifact of the method is not clear. The value for
dimethylsilane does seem very low, however the average of the four
values is°]011.5, just 51ight]y lowef than the average value of 10]2‘1
obtained by ohe group of workers76 Jor abstraction by ﬁethyl radicals
- from the same silanes. However, the results from a number of different

workers’® show A- factors “for abstraction methyl radicals ranging from ' )

YIO]]‘O to ]0]2 6 cc.mole -1 ec'].

It must be kept in mind that the BEBO method is an empirical

,
.
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TABLE v-21

Input Parameters for BEBO Calculations
. 0

.Bond Dissociation Energies® ‘ ‘9 -
(kcal mote') , / ~— Reference .
, D(SiH, - H) 98 3
.9(5?2"5" H) s Est
- (cn351q2 - H) .96 ' TEst
D((CH,),SiH - H) 94 .
D((CH3)3Si - H) 92
D(SiH3 -‘SiH3) 81 . ‘ 19
Bond Distances - A .
Si-H SN 1.a8 174177
Si-Si 2.32 178,179
L 4
Stretching Frequencies cm"I
StHy ~ H 2182 ' 180
STéHS - H. 2159 ) )80,]82
CH351H2 - H 2167 180,183
(CH3)ZS§H - H . 2143 -~ 180,184
(CH3)3Si-H ) 2125 ]60,]84
51H3 - SiH3 . 434 ¢ - 181
Morse Parameter 8 cm”!
(CH3)3S1 + SiH, 1.601 b
S1,H, 1.979 b
CH351H3 1.659 b
(CH3)251H2 1.796 b

( .
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TABLE v-21 (cont'd)

mpu; Parameters er_BEBO Calculations

e

Bond Energy Index B A
Si-H ' 1.004
~ .

® Includes zero poinf;. energy.
b cotculated from 8 = 1.2177 x 107 o /*E‘—
. ' ey tgs

.26 ce, /)]
Ry - .n's

€ Calculated from p =

L

&
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‘-rAnLE v-23

Cncul!ud gng 'gxgcrim?gn Arrhgnjug Pgramtgrg‘ é

for Abstns tion from 51 ane

Reaction

{

I

Log

cc ‘mole”!

A .

soc")

(kcal mlo")

v

Calcu'lated Arrhcnius Parameters

(CH3)351 + Si"‘ 12.3 10.0
szﬂ‘ 11.3 6.2

CH3$1H3 . " 11.4 9.8

(CH) ST, 0.9 9.6

E)iperin.iental Arrhenius Parameters

CH3 + §1H‘ 12.2 7.5
S1,H 12.0, 5.6

CH351H3 12.3 8.1

(CH3)251HZ 12.1 8.3




ce\culeeipn'and that the output can be he more accurate than e values’

. used for input parameters. | .

Jbe_bond Tengths and vibrational frequencies are msmb\y.

wall known but there is a wide range n s111con bond energies (mu“

I-1).  Earlfer results favoured 81 keal mole”! for D((CHy)4S1-H) wA113-

more recent measurements give 88-90 lz‘cei.s aqle". There s good

lgrelhent'on DGSiN’qN) as %4 kcal lole‘I.hut the values for the other

partially substituted silanes are usually interpolated. We have chosen °

the set of higher values sirice the-relative ease of abstraction by tri-
methylsilyl radicals would indicate that a reasonably strong Si-H bond

. is being formed. In addition, abstraction becomes more difficult with

" increasing methylatfon, pointing to the possibility that S1-H bond

energies do not decrease as much with methylation as was’' fornerly

sugges téd. .

Th*§ point of view is reinforced by cflculation of the-Si-H
bond energtes: by the method of Benson and Luria135 ]87 This model
prqposes ::}t the difference in cal\bond entha]pies in hydrocarbons is
due to the e]ectrostatic energy ariSing frgm the 1nteractfqn of formal
negative (carbon) and positive (hydrogen) cherges on each etom -The
model satisfactorily explains the devfations from the law of'bond
additivitx wn/;h—are observed for alkanes and predicts the decrease 1n
carbon- hydrogen bond $trength from methane to isobutane. o
) . The same ca1culation can be' applied to silenes (see Appendix
I1r) and a]thougn absolute bond energies cannot‘pe.derived becausé of
the lack of data on additional parameters, the differences between
the silicon-hydrogen bond energies can be calculated. These are

4

found to be relatively insensitive to small changes in the absolute



value of the formal electrostatic chavrge uu. when. q-wu wigh h
fnm'tun velee for o(u-sm,). they give the smm bond
mios sm clm with the co;mulmu alianes oa Teble v-24.
ltcunbosmmtm-nm Wumcamm-m
bond energies to within one kca).nh" ond that the volm for the *

silanes mry over a mchn unnor range with the distlane bond mm '
being the lonst. TM: lqmt my balp to axplata w mm:tun ﬁ-

’

_d1s1ane was the Pastest Gf the sﬂam studted. . o
C. DISCUSSION e ' ) .' :

- The resu1ts obt/md allow us to propou : doscription of the
abstraction combination and. dfqupport1onation reactions of various
silyl radicals and in particutar those of the- trinthylsilxl radical.

On the basis .of the exparimental data and knbwn A-factors for
abstnction reactions it appears that the reco-bimtion- rate constant ®
for trimthylsﬂyl radicals 1s some orders of mgnitude sTower than the
collision frequency. Assuming an effective collision diameter of 7. 22‘ .
for,‘trimthﬂsi"lane"‘ the room temperature collidfon frequency 1: . _

9 ? .

found to be 2 X 103 cc. mole” Teec™ ‘. : .

The results seem to 1ndicate a value for "2 of 10‘ cc.mlc -

sec" and it is somewhat ¢1ff1cult to explain such a low rate constant.

The same sfituation exists for large alky1 radicals (Tablq I-3)

where work of the last few years points to a value of 108 cc.mole” "

sec -1 for the ( ~-butyl reconbination rate coust:ant57 These Tower

4
values agree more- x@adily with the thermochemistry 1n the alkyl radfca'l
systems but ‘it is not clear if the same holds true for sily) s_ystens

since in this case the thermochemical parameters @are Tess ‘wel.'l defir'ied..

L 3
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- TABLE V-24

Carbon-Hydrogéh and Silicon-Hydrogen Bond Energies

Calculated by the Electrostatit Interaction Method

Bond Energies (kcal mole™!)

Molecule Obsd.? Calcd.
H-CH, 104 104

H-C Mg 98 98.3
H-1-CH, 94.5 93.7
H-t-C4Hg 91 b90.3

b

H-SiH, 94 94

H-STH,CHy - 93.8
H-STH(CH,), - 93.3
H-51(CHy) 5 80-90 92%0
H'SizHS - 90.8

a.

b:

Reference 12.

Table 1-1.
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The existence of rotational barrfers which could contribute
to activation energies in the combination of larger radicals might be

expected to decrease the recombination rate but there no real

\J

evidence for any activation energy for recombination since no

temperature dependence has yet been established.

One might expect this activation energy to be present since

(hhe combination of two t-butyl radicals involﬁfs the re -orientation of
the methyl groups of the planar radicals info the tetrahedral arrange-
meot of the molecule which should ‘ecrease the methyl group rotational

barriers.

47,66,188,189
Since silyl radicals are pyramidal 7.6 rather than

planar this explanation is not valid but the recombination rate should
B . rd
be lowered due to repulsions in improperly otiented collisions (i.e.

back-to-back) since only head—op silicon-silicon collisions would be

expected to be effective. The larger covalent radius of the silicon

atom]3 and the availability of empty d-orbitals could partially negate

this effect.

Most of the recombination rate constants for alkyl radicals

are similar, with values around 10'3 cc.mole']sec'], but thgse dd not

agree with known thermodynamic data on alkanes and alkyl radica]s58 ]90.

Some values of the last few years, in contr&t are orders of magmtude

lower 53,53, 57. The latest determination of the t-butyl recombination

rate constant191 does, howéver, point to a high value, 1.2 x ?0]2
cc.mole 'sec !,

It appears that current thermochemical data are reliable and

errors in }he heats of formation and entropies are much smaller than

the discrepancies in the values for'tﬁe recombination rate constants.

e s



W

‘It 1s not surprising that the rate consténts de silyl radical
recombinations are open to question since even the values for alkyl
radicals, which have been studied for far longer, are still not settled.

However, our experimental results would seem to indicate
that the rate of trimethylsilyl radical recombfnation must be some four
or fivénoraers of magnitude less than that of methyl radical combina-
tion, if it is assumed that the rate of abstraction by tfimethylsi]yl
radicals is less than or equal to the rate of abstraction by methy1
radicals from the same silane.

The situation on abstraction from alkanes or silanes is also
open to different 1nterpretat1ons A lot of data are available on the
rates of hydrogen abstract1on by hydrogen atoms or methy] radicals

from alkanes or silanes, but the spread in the reported values makes

.detailed analysis very speculative. . ad

For abstraction by hydrogen atoms]92 from alkanes the reported
A-fattors range from 1010 to 1014-8 cc.mo]eflsec'] and the activation
energies from 4 to 15 kca].mo]e'] and it is generally aacepted that the
A-factors should be 1013 - 1014 and be essentially constant for all the
simple alkanes. The activation energies seem to show a decrease from

~12 kca].mo]e'] for methane to ~8 kcal.mole~! for isobutane.

For abstraction by hydrogen atoms from silanes the resu’s‘ _
are more sparse]g3 195 but.the A-factors seem to be within the same
range as for the alkanes while the activation energies appear to be in
the order of 2-3 kca] mole” ]. The BEBO computat1ons on these systems
persistently gave values which were too high, from 4 - ; kcal.mole~ ],
indicating that the BEBO method may not be applicable to abstraction

by hydrogen from silanes.
BN

\
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For methyl radical abstraction from alkanes ! the A-factors

1 . - - .
range from 10] - 1012 5 cc.mole ]sec ! and the activation energiés

decrease from 14.6 kca1.mol’e"l for methane to 8.0 kcal.mo]e']

for
isobutane. Thus the activation energies seem to follow the trend in
the C-H bond strengths which decrease from 104 kca1.m01ei] (CH3-H)
1 .
((CH3)3C-HX.

. 7
For-abstraction by methy! radicals from silanes

“to 91 kcal.mole”

this
same trend js not apparent since the activation energies are‘quite
similar: Ea(SiH4) =7.1; Ea(CH3SiH3) = 8.1, Ea((CH3)251H2)f 8.3;
Ea((CH3)3STH) = 7.7; E,(Si,Hc) = 5.6. ~ f s

This does not bear any simple relationship to the accepted
trend in Si-H bond energies. .

Our results also indicate that the activation energfies for

abstraction by trimethylsilyl radicals from SiHg, CH3SiHy and (CH3)25iH
1

2
are almost the same with the value for Si H6 being a few kcals.mole”

2
less. -

. The values of the activation energies for trimethylsilyl
radical abstraction calculated by the BEBO method are 0.6 - 2.5 kcal.
mo]e'1 higher than the activation energies for abstraction by methyl S
radicals. This difference, small as it is, may be related to the large
difference in the energy of the bond formed in the ab;traction:

1

D(CH;-H) = 104 kcal.gole™' and D((CH,).Si-H) = 90 kcal.mole™).

3)3 )
However, as the BEBO calculations show, the largest contributor
to the activ&tiqg/;nergy is the triplet repulsion between the tgb atoms
.which are-exchanging the hydrogen. " Thus the effect of the bond dissocia-
tion energies might be small compared to the differences in the triplet

repulsion energy.

ST A ST S
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Zavitsas®and .co-workers'96+197

. » in predicting activation

energies, also postulate high triplet repulsion. Thus in the reaction

-

x + H_Y . LR Heeveoo Y "‘_’X'H + Y

g

the properties of the X-Y molecule are of great importance even though
it is never formed in the reaction. A strong_fo bond increases the
activation energy and vice-versa. In addition, such factors as 1owef
stretching frequencies and greater bond lengths, which broaden the X-Y
Morse curve, will result in g;eater repulsion at- a given distance and
50 give a higher activation energy \

Thus it might be expected that abs raction by trimethylsilyl
radicals would require inghtly higher activa‘1on_energies but the -
observation that the activation energieg fpn ;bstraction by. methyl or
trimethylsilyl iadica]a from silanes seem to be re1at1v§!y 1n‘ipendén; '
of the silane (except for Sisz) would indicate that either the Si-H
bond energies are a lot closer than p;esently accepted values or that
the silicon somehow affects the abstraction in £ﬁch'a way that the
overall exothermicity beéome; less 1mp6rtant than triplet repulsion.
However, if this were the case, one might expect to see a bigger
difference between the triplet interaction of C afd Si in abstraction
by methyl radicals and the trip]et interaction of two Si atoms in
~abstraction by trimethylsilyl radicals.

Arrhenius parameters have been determined by‘Trotman-Dickenson
and co-workerslg8fbr the gas phase abstraction of chlorine atoms by
trimethylsilyl radicals in a series of exper%ments with alkyl chlorides.
_Using their "aforementioned value for the recombination rate constant of

trimethylsilyl radicals (1014’25 cc.mole-]sec'I) they obtained from their

1
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relative rates a range of A-factors from 10"'0 10" 3 and activation
-1 for methy! chlorido to 2.96 kcal.mle -1

for t-butyl chloride. These compare with activation energies of 12.9
-1

energies from 4.06 kcal.mole
kcals.mole™' and 10.1 kcals mole” -1 for abstraction by nethyl radicals
from carbon tetrachloride and hexachioroethane rekpec:tivel,yr‘99
~There is at present a’ con'Loversy over the strength of the’
S1-C1 bond dissociation energy tn chlorotrimthylsi'lane dalues
obtained range from 8837 to 125‘5

of 78.5 keals.mote™" for. D((CH

kcal.mole /. This compares to a value
3)36-C1) 2. The $1-C1 bond 1s obviously.
the stronger but by how mch is open to qnestion. TM activation N
energies for abstraction by trimethy1siiy1 radica]s are seen to be much
lower than the values’ for abstraction by methyl radicals, and it is
not known whether this is in fact due to the higher S1-C1 bond energy
or to experimgntal error. . 4

The experimental fsotope effects for the systems. §tudied are
shown in Table V-25. It can be seen that the values decrease with methy-
lation and are all smaller than the kH/k ratio for abstraction by methyl
radicals except for the monosi]ane value which f{s exceptionally high
They do hot bear any simple relation to the values for methyl radical
abstraction but are closer to the values for iso-propyl and n-propyl
radical abstraction from monosilane and disi]ane75. The extremely high
value for mono§11ane would imply that hyd;ogen quantum tunnelling mays .
be important in this reaction. Quantitative ingg;pretation of the
measured isotope effects is not possib]e..

Primary kinetic hydrogen'i§dtope efi’ectszoo-z02 are caused

primarily by the difference in zero-point energifes of the isotopic

molecules. being compared, but other factors which influence the ratio .

\
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‘ . . TAMEV-2S . - *
v \\ K
{ Isotope Effects for Abstraction QlTrimiCylsiLﬂ Radicals -
Reaction . \ k (25°C)
N )
(CH3)351 + monos{lane
distlane
monomethylsilane !
dimethylsilane
Isotope Effects for Abstraction by Methyl Radicals
Reaction ‘ kylikp (25°c)
CH3 + monosilane v 5.0
disilane | . 5.4
monomethylsilane v 6.8
d‘lmet&y'lsi'lane 3.4_
:.
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include the effect of tsotopic substitution on translational motion
and on vibrational and rotational levels.

Comparison of experimentalzoa and ‘theoretical values for
kinetics isotope effect§ show that present theories are inadequate.
Other factors which have to be taken into account include the trans-
mission coefficient and dhantum—mechanical tunnelling. The transmission

coefficient is -the relative probability of decomposition of the
activated complex in the forward direction. The value cannot be com-
puted on theoretical grounds and is usually assumed to be unity. The
concept of tuknelling admits that there is a finite probability of a
particle crossing an energy barrier even if it has less energy than
the highest point in t!\e barrier. It depend’.f;m mass and so is most
hoticeably different between H and D isotopes. Because of the lack
of data it is impossible to make a quantitiative estimate of the
contribution of tunnelling 12 this case.

Experimental isotope effects can be reproduced in some cases
by assuming a model of the activated complex and inserting likely‘
velues for geometrical parametere, force constants and frequencies
but agreement is often not good204, reflecting the inadequacies of
present theories.

’ Disproportionation seems to requiretlittle or no activation
energy and if a small barrier does exist it apPpears to have the same

205. Under these circumstances the

magnitude as that for combination
kd/kC ratios do not vary with temperature, thus ope determination pro-
duces the specific ratio for any pair of radicals.

Values of autog¢ and cross-disproportionation/combination

rJ!iossg for a variety of alkyl radicals are given in Table V-26 to 0

1
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P " TABLE Vv-26 l
/'
Disproportionation-Combination Ratios for Alkyl Radicals
Radical kgq/ke
Auto-Disproportionation
,’Cﬂa -
CH3CH2 G 0.13
CH3CH2CH2 0.15
CH3CHCH3 0.66
(CH3)3C 2.3,3.1,2.7
Cross-Disproportionation
CH3CI-!CM3 + CH:‘)CH2 0.16
CH3CHCH3 + CH3CH2CH2 0.41
(CH3)3C + CH3CH2 - 0.32
(cu3)3c + CH4CHCH 0.67

195



contrast with the silyl radical values. It can be seen that combina-

tion 1s usually the favoured progess (except for t-butyl radicals) but
that the disprdbortiohat1on rat& constant is usuall} within an order of
magnitude of the combinttion value except for methy! radicals where no

disproportionation is. observed. In cross reactions, either radical

can abstract a hydrogen from the other, in most cases.land the fg{kc

ratios are usually similar. .
#& shown in Table v-18 the trend for S£T1

the opposite direction te the trend for alkyl radica]‘ -n that mono-

silyl radicals wholly disproportionate and the kd k. rakf decreases to
0.046 for trimethylsilyl radicals. ‘2N
It is only possible to compare the re ative ky ?t’"" ios with

those of alkanes for a few cases since the thermodynamic data are not
available for most silicon mono- and di-radicals and the range of
values is lgrge even for stable molecules.

A talculation can be made for the monosilyl radical reaction:

1 .
2$1H3 —_—— 512‘ {51}
2
—£ . 51H4 + §1H2 {52}

If we utilize the thermodynamic values in Table V-27

aSg, = 65.6 - 2(51.4)
1.

= -37.2 cal.deg 'mole

ASs, = 48.9 + 49.6 - 2(51.4)
= -4.3 ca].deg']mole'1

AHS1 = 17.0 - 2(51.0)

= -85 kcal.mole}

196"
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TABLE v-27

Thermodynamic Properties of Some Silicon C

unds

.

Np——

—&

® )
: S AHg ;L
Species cal mole 'deg™'  kcal mole™! Reference
" StH, 5.4 '51.0 206,207
SiH, 49.6 59.3 206,206
STH, 48.9 8.2 12,12
S1,Hs 65.6 17.0 12,12
(Ciy)4 S 80.4 9.0, -25.6 158,45,37
(CHy)4S1S1(CH,), 105 - 120 -50, -118  158,157,45,37
(CH,) ;STH 79.0 -18.1, -55 161,45,37
a [
(CH3),S1=CH, [79.0)° -19.9 43

a: estimated
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\. ’
Hg, = 8.2 +59.3 - 2(61.0) ' ~7
= -34.5 kcal.mole”! i .
). -

) Then from AG = TAS (S;)’
86g, = -85 - 298 (-0.372)
= -73.9 kcal.mole”! -
L‘sz = -34.5. - 298 (-.0043)
= -33.2 kcal.mole"!

Thus 1t would appear from the thermodynamic calculation that
cambination s much preferred over disproportionation. Nmmnr} ol ..
formation of disilane is so exothermic that {€may readily .decompose
again through a low energy path. It has been shown208 that disilane

pyrolysis gives SiH, and SiH, as products

4
600°K

512H6 SiH4.+ 51H2 ‘ {54?

14.3 1

with kg, = 10 exp(-48600/RT) sec”'. -Combination of monosilyl

. )
radicals thus seems to be an efficient path for disproportionation to
monosilane and silene. This low energy decomposition path is als

available to methyldisilane and trisilaneZ®>. . '

The same calculation’ for tethyl radicals P

- o, - | o
| \ ZCH3 —_— C%H6 .ISS}
[ —— CHy + CH, . : {56}

gives AG55 = -77.1 kcal.mole™! and

- o1
) A656 +3.4 kcal.mole

using values from Bensonlz. Again, combination is much preferred over



g i

«disproportionation which s even endothermic, and in this case there is
no low energy path for decomposition. The energy rich ethane can efther
be pressure.stabilized or it will fal) dpart ,9i1n to give two methyl
radicals.

For trimethylsilyl radicals the calculation {s complicated by
the appearance o? the silicon-carbon diradical, or “doudble-bonded”
species: and the unreliability of thi available thQrmbdynamic data for_

silicon molecules.

2(CHyl st — (cu3’)3s1s1(ck3)3 ‘ (57)
——= (CHy)4S1H + ChymSH(CHy), (s8)

E]

It has been shown earlier that the entropy of hexamethyl-
disilane 1es between 100 and 120 cal.deq 'mole~! and that the
entropies of tr1methy1§j1ane aﬁd the radical are reliable.’ The
entrbbj bf the dimethylkilaetherne can be estimated from the observa- '
tion that !h; correspondi;b alkene, isobutene, has an entropy?va1ue .
(70.2°e.u.)} which is 61mo§t the same as 'its saturated parent, isobutane
(70.4 e.q.). The loss of the‘free1y rotating methyl group, bf the mass
‘of two hydEogens, of the two C-H stretching frequencies and the change ”
in the C-C frequency from 1000 cm-1 to 1650 cm™ ! in the d;uble bond
appear to be compensated for by the formation of the double bond. So
if we assume that the same changes take place in the silicon radical
case we can approximately equate the dimethylsilaethylene entropy with
that of trimethylsilane (79.0 e.u.). So from the data jn Table V-27

8Sg; = 105 - 2(80.4) to'120 - 2(80.4)
. = -55.8 to -40.8 cal.deg 'mole” .’



Assa = 79.0 +79.0 - 2(80.4)

-2.8 co!.dog"lolo".

-

™ heats of formetion vary to quite a large extent but if

we chose a self-consistent set of values, we obtaip

Then

gives

Thus

4Hg,

58

~ Using

AHS7

AH

-50° - 2(9)
-68 kcal.mole”!

-18.1 - 19.9 - 2(9)

-56 kcaI.-ﬁlﬁf‘.

-68 - 2981—.05583 or -68 - 298(-.0408)

-51.4 or -55.8 kcal.mole-! .

-56 - 298(-.0028)

. -55 kcal.mole™!.

+

. [+]
N
different self-consistent set of heats of formation

~

118 - 2(-25.6) = -66.8 kcal.mole"!

-55 - 19.9 - 2(-25.6) = -23.7 kca1q!?le°]

¢

-50.2 kecal.mote!

-22.9 kca].r.nole"1
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The first results suggest that combination and dispropor-

tionation have almost equal probability while the second favours

W

combination over disproportionation.
}

Data for the; partially methylatedgradicals is more sparse so
R

Q
&iaﬂe correlations cannot really be ‘made. 7
X 4
Data “for t-butyl r'adica)f]6 »210

S

2(cn3)3c‘ —~  (CH.).CC(CH {59} .

{60} .

3)3 3)3
o ' —_— (CH3)3CH + CH2=C(CH3)2
gave the following results:

.' R
AGS9 = P51.6 kcal.mole

AGGO

i

-47.1 kcal.mole !

showing that combination and disproportionation are almost equivalent

although the slightly more favoured combination reaction is not

tr
4

reflected by the kd/kc ratio of 2 to 3.
The calculation of heats of formation may be aided by exten-

‘sion gf the new electrostatic model of Benson and Luriaws-].a7 which

-

Can account for the observed values fgr saturatg‘ and unsaturated
ﬁydrocarbons and alkyl free radicals.

Correlation of the experimental results with thermodynamic .~
data will reﬁain difficult until the mechanism of disproportionation

\
is fully understood.

The present consensus59 is that combination is a head-to-head
process
7 ) -
CH3CD2 + DZCCH3 —_— CHSCDZCDZCH3 {61}



while disproportionation is S head-to-tail pro S,

CH3CD2 + CH3CD2~ ——“i’ CH3CDZH + CH2=CDZ, . {62)

&

The activated com?1exes are thought to be different for the
two pathways, but both require a very loose transition state and the
abnormally high A-factors are difficult to &xplain on the basis of
simple covalent bondinQZIT

The values obtained in Table V-18 for gross-disproportiona-
tion areaupper limits and may have to be revised downward in the light
of more information. .

Disproportionation does seem to increase with d« reasing
methylation on the silyl radicals in both auto- and ¢- .s-« _propor-
tionation reactions, and this suggests increasing stabi. <y of the
silicon diradical.

Devar et a1.43 have calculated heats of formation and n-bond
energies for a variety of silicon compounds and from their calculated
bond lengths the Si=C bond in silaethylene appears to be stronger than

.that in dimethylsilaethylene.
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CHAPTER VI

SUMMARY AND CONCLUSIONS

The present investigation gives a reasonably self-consistent
picture of the photochemical decomposition of°tetramethylsilane and
the reactions of the free radicals produced. The direct .photolysis of
tetramethylsilane was accomplished with a xenon resonance lamp and the
photolysis bf bis(trimethylsilyl)mercury with a medium pressure mercury
Tamp. The hyqrogen transfer reactions of trimethylsilyl radicals with
a number of silanes were examined separately. The resulting product
distributions were accounted for in both photolyses and detailed
mechanisms were proposed.

The photo-decomposition of tetramethylsilane gave ten
measurable products and a polymer deposit. The mechanism was deduced
from the interpretation of pressure studies, time studies, radical
'scavenging and deuterium labelling and was found to be initiateﬁ\by\
at least six primary stebs. A few of these could be further subdjvided
since they involve the loss of two fragments, but these could not be
differentiated quantitatively because man; of the :\licon residues were
lost to the polymer. Although the 147 nm line falls in the silicon-
hydrogen absorption region, and carbon-hydrpgen bonds outnumber
silicon-carbon bonds by twelve to four, the predominant mode of decom-
position is silicon-carbon cleavage. Radical formation (78%) is
favoured over m01;2u1ar elimination and the product distribution
suggests the occurrence of radical cross-disproportionations. The

accuracy of the primary quantum yield of the actinometer, carbon
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dioxide, and the subsequent tetramethylsilane \decomposition quantum
yield were verified by auxiliary experiments using nitrous oxide as-
the actinometer. In addition, fluorescence was found to be negligib]e
and a tetramethylsilane decomposition primary quantum yield of unity
cou]d only be obtained when the primary quantum yield of carbon monoxide
was assumed to be greater than 0.87.

= The trimethylsilyl radical Qas one of the major primary
products in this system and this led to the photo]ysis of bis(trimethyl.-
silyl)mercury as a low energy source of the radicai. The mechanismn
was determined from the effect of pressure, exposure time, and radical
scavenging with nitric oxide, ethy]ehe and oxygen. The photolysis was
a clean source of tr1methyls11y1 radicals which reacted to give dimeri-
zation and disproportionation products

The kd/kc ratio of 0.046 obtained for the trimethylsiTyl ,
radicals is much lower than that for the corresponding t-butyl rédical \
but even this Tow value implies formation of a quasi double-bonded
silaethylene in tBe disproportionation step. Ab initio molecular
orbital calculations show that the planar singlet and skew triplet
silaethylene are 6f equivalent stabi1jty.

The relative rates of hydrogen abstraction by trimethylsilyl
radicals were found to be fastest with disilane and to decrease with
methylation by more than three orders of magnitude in dimethylsilane.

Combination of these resu#ig’w1th literature data led to
the estimation of a tr1methyls11y] radical recombination rate constant
of 108 0 cc mole ]sec']. Arrhen1us parameters for the hydrogen transfer
reactions were calculated by the BEBO method and compared with the

experimental results for abstraction by methyl radicals. The



| o
calculated activatioQ energfes were similar to, but 1 - 2 kcals mole”!
higher thah. the methyl values, indicative of the lower reactivity of

vthe trimethylsilyl radical.

While the calculated A-factors showed a decrease with .
methylation they could also be considered to be constant wikhin the
error 1imits and the average value was within the error range_for the
methyl abstraction A-factors.

Estimates could also be made of the kd/kc ratios for cross-

reactions of trimethylsilyl and other silyl radicals and it could be

shown that thepl{d/kc ratios exhibit a treﬁd oppbsite to that for alkyl
radicals since kd/kC decreased with'substitution. Th1§ is due partly
to the existence of low energy decomposition paths for the excited
combination product of two silyl radicals. ) -

The results ‘of this study highlight some of the d1ff1cu1t1es
1nherent in present attempts to exp1a1n the photochem1stry of silicon
compounds and the ;ubsequent abstraction, combination and dispropor-
tionation reactions.

The electronic spectra of alkanes are complex and not fully
resolved as yet and for silanes only- crude approxim&tions, simple
_correlations between spectra and experiment, are availabui,

Lack of an agreed self-consistent set of thermodynamic

data makes predittions difficult and even where this exists, as for ”,’

the alkanes, values derived from equilibrium calculations do not
always agree well with kinetic results.

It is still not evident if combination reactions have an
activation energy or whether there is any activation energy difference

between combination and disproportionation. More systematic and
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ektensive‘temperaturu studies should eliminate these doubts;
Notwithstanding the number of detailed and usefh‘lhﬂterpre-
tations in the 1{terature, explanations of absgraction rates and
combination-disproportionation ratios have to be semi-empirical since
the full mechanisms of these events are not well undergzbod.
Further work needs to be carried out'in the determination
of absolute rate constants for radical dimerization by diffoé;nt "
‘methods and in the.c011ection and systemization of thermodynamic

2

properties. . G
¢ln addition more total product measurements and elucidation
of detailed mechanisms should be attempted in radical syste;s td
ensure that the reaction studied is not complicate& by unknown con-
current processes. In particular the occurrence of disproportionation
reactions in silane systems could account foraappreciable quantities
of abstraction products or reformation of substratf.
Although present results indicate thaf silaethylene is very
reactive, being very polar and with a n-bond energy only half that
of a carbon system, it is possible that proper correlation of calculated
predictions with experimental results may yet result in the production

of a stabler silicon-carbon or si}icon-silicon double bond with a

measurable lifetime.
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APPENDIX 1

AB INITIO MOLECULAR ORBITAL CALCULATION ON SINGLET AND
TRIPLET SILAETHYLENE ,

This calculation was done by Drs. 1I. G.,Csizmadia and;

" 6. Theodorakopoulos at the University of Toronto on four different
structures of the silaethylene molecule using s and p Gaussian type
functions contracted to a minimal STO-4G basis set.

" This method developed by Pople and co-workers154 replaces the

full Slater type atomic orbitals of.th% form

005 = (53" expl-gyr)

¢, (Tys7) (c25/3n)“’r exp(-g,r) | ‘

5 172
¢2p(c2,r) (c2 /m) e exp(—czr) coso

" by a linear combination of a small number of Gaussian type orbitals.. ’

since integrals involving Gaussian functions can be evaluated
212,213

e adan -

analyticallp

This method is much less time consuming than the full 1inear

combination of atomic orbitals self-consistent field (LCAO SCF) method,
which utilizes the full Slater type orbitals as a minimal basis set and

for which calculations have been published for a few small mo]ecu1e314.

Pople's method approximates the Slater orbitals as atomic -
orhitals, ®;, which are sums of K Gaussian type orbitals (K = 2 - ), ¢
’ K v
¢]S(],r) = E d]s’k g]s(a]k,r) .



, K
OZS(l.r) = Id 9. (

k 2s.,k s )

a r
Zk'. 4

K
‘- .
¢zp(1,r) : dzp.k gzp(uZK.r)

where g]; and 92p are the Gaussfan type orbitals

,le(a,rj = (20/ﬂ)’"exp(-ar2)

gzp(a.r) = (12805/w3)““r exp(—arz) coso

The results approach the full S[ater type calculation as the
Gaussian Set increases and the ST0-4G level was chosen for our calcula-
tion since the rate of convé}gence tapers off mirkéd]y at this point.

Calculations were carried out using a version of the Gaussian
70 program155 and the starting point for the variation in energy with
the angle of‘rotation round the Si-C bond was the optimized geometry
obtained in the recent ab initio molecular orbital calculation which
produced the theoretical infrared spectrum of si]aethy]ene]ss.
In this study the scale factors for H and C were taken as

those optimized for ethylene215 and standard scale factors were used

for the si]icon\core shells while the values for the valence.she11$
were optimized.
| 'In our relative stability comparison, the singlet closed
shell SCF problem was solved with Roothaan's restricted Hartree-Fock
method2]3, while for the lowest triplet state problem we used Pople's
unrestricted Hartree-Fock methodZ]G.
Absolute minima on the conformational hypersurfaces for the So

closed shell singlet and the T] orbitally excited lowest triplet were
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obtained as well as for two other structures appearing on the S and T]
hypersurfaces A1l four structures represent minima fn the rotationaI )

cross-sections associated with cis-trans isomerization of silaethyléne. A



APPENDIX I1

¢

THE BOND ENERGY-BOND ORDER (BEBO) METHOD OF CALCULATING
POTENTIAL ENERGIES OF ACTIVATION

N

This empirical method for determining the actfvation energy

of bimolecular hydrogen transfer reactions developed by Johnson and

172,217 X

co-workers has been shown to be able to predict values to within

1

2 kcal.mole”'. The method is based on the concept that the energy

necessary to break a bond is supplied to a large extent by the formation

- of the new bond. This strong correlation is approximated for hydrogen
atom transfer by the assumption that the path of lowest energy on the

. potential energy surface exists where the sum of bond orders is unity

~
n+n, = 1

The bond order n is related to the bond length by the Pauling

equapion2]8

R = Rs - 0.26 Inn

where the subscript s stands for "single" and RS is the equilibrium
bond length.
An empirical log-log plot of dissociation energies against

-bond order also gives a linear relationship

where E is bond energy and p is a coefficient vhich can be calculated

from the assumed linear relationship of bond energy against bond length
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L
for single-order bonds and the corresponding Lennard-Jones Zero-order
bond"h the "molecule" of two noble gas atomsZIQ:

0.26 In (E /E )
$ X

Rx - Rs

where Ex and Rx are the Lennard-Jones parameters for the noble gases.

For q.p hydrogen transfer reaction
X + H - ¥ ——= X:---> Hewooe Y — X - H + Y
the total energy can be expressed as

vV = E_ -E
S

P -n)Q
s n Es (1-n)

1 2

q
= £ (1-n®) - E (1-n)
51 52

However a term has to be introduced to account for the repulsion
between atoms X and Y since the electrons on the end atoms must have
opposite spins and repel each other with a triplet interaction.

The spins must be oriented either

" LR B ..... a or 8.:...0 ..... B
thus the fractional bonds X----- Hand H----- Y are bonding while the
X-ooo- Y bond is anti-bonding. —

This triplet repulsion may be estimated by a modified anti- -

Mqrse'functionzzo

|

v = 0.25 De (e

-284AR + 2 -BAR
triplet €

)

where 0.25 is an arbitrary factor used by Johnston to approach more
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closely the theoretical potential energy eurve for the triblet hydrogen
molecule. De is the X¢ “'nd dissociation énergy.'AR is the change in

the X-Y bond length . . Ce

AR = R - RS

Xy

and B is an empirical factor given by

. v U
g8 =1.2177 x 10 we De

where W is the X-Y stretching frequency in cm", u is the reduced mass

of X-Y in atamic mass units and De is the X-Y bond dissoi?ation energy.

Thus the total energy is given by

v = E
3

-

-nP - -n)q
](1 nP) Esz(l n)d + Vtr

The function V can bé'eva1uated from n=o to 1 and the maximum

value of V gives directly the activation energy of the transfer reaction.
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APPENDIX 111 &

®  CALCULATION OF SILICON-HYDROGEN BOND ENERGIES
BY THE ELECTROSTATIC INTERACTION METHOQ.

185-1
Th1; approach by Benson and Lw"la 8s-187 to resolving the cguse

of the differences in carbon-hydrogen bond energies in hydroca?bons
begins with the assumption that each hydrogen atom bears a formal posi-
tive charge (+y) and each carbon atom a neutralizing negative charge.

Thus the ethane molecule would have the following charge distribution:

(+y) H \ H (+y)
() 3
(oy) W X 2 )
(+y) H H (+y) )

. ‘ ,
The electrostatic energy, Egy» arises from the interaction of
all the formal charges, thus

~ N

®
Q9.9
Egy = £ —d
i<J 1,5 o~
where ri.j is the distance between the charges ;:\;;3\33»\\\\\\
For the alkanes this reduces to- \\\\\\\\
\
nsn.
R N
"<j 1,J

where n is the number of H atoms bonded on C atoms. The term in brackets
is then dependent only on the geometry of the molecule. Thé electro-

static energy can be calculated in terms of y?. using standard tetra-
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[}
hedral geometry with coplanar C atoms a;h\staggcrod configurationg. It
1s found that Eq 18 r-lativoiy insensitive to small changes fn gedmetry.
‘ An absolute yalue of yZ can be obtained by examining the

enthalpies of formation of different isomers where the number of C-C
and C-H bonds 1s constant. The heats of isomerization c{r be equated
with the difference in electrostatic energies to give an 3b§olute value
for y. An @yerage value from three different sets of fsbmers\qives
lyl = 0.278 x 10710 ey, |

A similar type of calculation can be carried out for alkyl
free radicals but here the atoms around the radicai site have a different

formal charge:

(4y)H_ K ()
-3y-§

(+y) H é YSy) C. (-2y,+6,)

(+y) H : H (+y,)

The radical centre is assumed to have sp2 ;ohfiguration. The
parameters Y, and 6r were then obtfinéd by using different pairs of
values to ca]cqlate the observed heats of formation of the alkyl radi-
cals. The best values obtained were lyrl = 0.12 x 10710 esy and |6r| =
0.04 x 1070 esu.

For §1licon radicals and molecules we can attempt similar
calculations but in this case the situation is a little more complex
since we must introduce different parameters which cannot be calculated

from known bond enthalpies. For a silicon ;‘ical the charge distribu-

tion would be
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- (+y) M . : H(-x)
(-3y-a-6.) . e
(+y) M c St (021»’_*0#6',) .
(+y) H | W (-x g,
‘
The electrostdtic energies of the silanes were calculated 0 S
assuming tetrahedral geometry with |1]| = 0.24 x lO"o esu and |a|= 7

0.40 x 10710 egy, uhilc for the sf¥yl radical [1.| = 0.12 x 10710 o5y
and I“rl = |a] with the radicals retaining pyramidal configuration.

The charges on the methyl groups on the silanes were taken to be the
same as in the alkanes: jxl was estimatéd to be.sligitly lower than
the |y| value of 0.28 x 10710 since the electronegativity difference
between silicon and hydrogen is somewhat less than that between carbon

and hydrogen. The charge ation between Si and C, |a], was

estfmated at 0.40 x 10’1_ ain from the electronegativity differ-
ence. 6. was neglected s nges in this Pirameter made little
difference to the final resuft. L |

The electrostatic energies in terms of the parameters are
Shown in Table AIII-1. | .

Since bond dissociation energi®s are given by
D(RH) = 8H_(RH) - BHC(R) - oM (F)

the difference between two silicon-hydrogen bond energies cancels out

the'AHf(ﬁ) term

®
D(R]H) - D(RZH) = AHf(R]H) - AHf(R) - AHf(RzH) + AHf(Rz)
This reduces to differences in electrostatie energy

\]



TABLE AIII-1
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Flectrostatic Enerqy of Silicon Free Radicals and Parent Molecules

R in Termsiof the Formal Charge Parameters
fa oy v T T -*‘“.; % ‘:\-. - ——
Compound Electrostat¥c Engrgy (Egq) esu?f~! .
SiH, -8.33x2
2
SiM, -4.84x_ .
512H6 -9.17x
SiHg -4.84x% - 2.29x,% + 0.34xx,
CHySTHy -6.55y2 - 4.84x2 - 0.69xy - 3.12ay - 2.Sax
-0.5342
CH4SiH, -6.55y2 - 2.29x 2 - 0.46x,y - 3.12uy - 1.690x_
-0.53q2
(CHy),SiH, -13.0y2 - 2.29x2 - 0.93xy - 6.80ay - 3.38ax
-1.81a2
) 2 '
(CHy),SiH -13.0y2 - 0.68x.° - 0.46x,y - 6.80ay - 1.69ax_
-1.8142
(CH3) 3SiH -19.54y2 - 0.68x2 - 0.69xy - 11.0ay - 2.54ax
-3.83q2
(CH3) 45 -19.54y% - 11.00ay - 3.83q2
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D(RIH) - D(RZH) = AEe1(R1H—R1) - AEe](RZH-RZ) ‘

The electrostatic energies of-the molecules and radicals were
calculated, the differences measured and then the increments between
these differences show how the bond energies decrease. Results are

ihown in Table AIII-2.



TABLE AIII-2

Derivation of Silicon-Hydrogen Bond‘Strengths from the Difference

in Elggtrostatic Energy of Radical and Parent Molecule !
AEg, A(AEe] ) D(Si-H)

Molecule Radical kcal.mole”! kcal.mole™! kcal.mole™!

. . a
SIH4 S1H3 -5.9 0.2 94
(CH3)251’H2 (CH3)2$iH -5.2 13 93.3
(CH3)3SiH (CH3)351 -3.9 12 92.0
Si He ST He -2.7 90.8

8 assuming D(H-SiH3) = 94 kcal.mole™).
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