K




(R 4

Nabiona fabac ot g EUb b goe it e S0 o

ot e o lreec e e atalogaage
AT e Thee g e e Tt it e

NOTICH AVIS

T ety L R RS T TR R O TR TR o ahte e vt rotiche depend grandement de 1y
P uality St e e e G e ‘1(;eMowh'-‘A?hw'-,»\',(vu:vw.wqumurmf||r7m(]e’ Nouw avons
N S N e e L s s et tont Tt poa e Altte superieure e repro
Jood by i i (vt et

ey et - e L B T 1 SN SOl manig, feys fwwrrmmrww]um Ve
NERTRETIVERE Gy Inaver e te o [

T L et s, e bt e i ity ! Lo qQualite deortaime paqges Pt
LR AT ] S P TR TS P R N TR TI R Ty et VNSO e et o e, DAages crgrelos ont e
L N PR N T Chratoc oy Sdactvioaraphieea gy o b d ure rghan use o | Vet

et PR DAt eI e 5 o G e v ualite

[ L S T R PR TV R A 8 R E VN PPN Les documeente gu b a8 dena L otyet o oo dront o
L Lot T N R TR ariarticles o rey e IO NS D g ety NS ONt ol

ot

- _

o [T ST R R SN 21 K2 SRR S T PRI RPN Lareprnducior men. arte o ¢de oo Terohilm eat
Y Aet o (O ALY RS AT 0 sourTse Aty Lo canadhenne cgr e drot d auteur RC
Uy e g - ey SIS Ay AT O30 Veurile s prendre connaissance des for
. .

M autnnsation oL Accompagnent cette theoge

THIS DISSERT-~ ON LA THESE A ETE
HAS BEEN MICR0G:  MEL MICROFILMEE TELLE QUE
EXACTLY AS £ JEILED NOUS = AVONS RECUE



SUBMITTLCL

I'N

~ o

TO THL

PARTIAL

Al '
\ (J/ PAVES U LAVOMIE SEHDORT
R

A THESES

FACULTY CF GRAGUATE

F 0f

T [ G
TLHen

-

"0F DOCTOR QF PHILOSOPHY

CEPARTHL AT UF

EOMONTCN, ALELRTA

SFRING, 1877

THE REQUIREMINTS

CHEMISTRY

STULIES

Foe

Ao

THiE

[

RESEARCH

UEGRLE



THE UNCVERSTITY CGF ALBERTA

PACCH DY OF GRADUATE STUDTES AND RESEARCH

]

The undersicned certify that they have read,
and recar end to the Faculty of Graduate Studies and

Research, for acceptance, o thesis entitled

PYROLYSITS GI MO AND ODIMETHYLSILANE

+
~—+
[ge]

(%

ST

PAVEL SLAVOMIR NEUDORFL

in partial fulfilment of the requirements for the degree

of Doctor of Phi' <ophy. o

= AN

-----"/ -------- /’ .............
J. Gfay - Physics
R AT A e

F. W. Lampe - External
Examiner



ARSTRACT

The anitial ctaocs of i Pbyrolysis of

. 4
tonomethyd s lane have heet Investiqated between 340 and
IO 0 A0 the preasuore range 40 - A0 torr.  The major
vrodu o are hedrogs o g Pol-divethy Tdisilane it )

and the rines oy oty e dimethyleilane (DMS)  an
polynrer . fhe ate of decomposition is strongly
dependent on the nature of the reactor surface. In
the presence of ca. 10 ethylene the yields of H2 and

OME " are aveatly reduce. and DMS 1s not formed. Under

these conditiens the on 'y observable reaction 15

nomogencesus unimolec ar eliviination of H, to form
o

silylene, ‘HQSiH? ! CH?Si?: + H?,fol1owed by insertion

of silylene into the substrate to torm DMD§. The rate

parameters for reaction (1) sre 1. : r](s-]) =
(]4.9510.11) - (63,200133”?/:.3RT from which

fH?(LHfiH:) 3 ncal/mol and D(CH,SiH-H) - 69 kcal/mol.
The preexponential fac or ig consistent with a three

centered transition state. In parallel and in competition

“#ith the molecular reaction (1). heterogeneous Si-H

cleavage oo takes place, CH3SiH3 2 CHBSiHé + H

folloaed bty » Chain rechanisn propagated by H ' and.

CH3S‘HA anc tirminated by Ch3SiH2 radicals. The average
2 S M + ) Y 6
charn Jlenath 3s about 107,



- The pyrolysis of dimethylsilane was also
briefly investigated between 440 and 500°C and 41 - 395
torr. The yields of the major products, H2 and
1,1,2,2-tetramethyldisilane (TMDS), and particularly
those of the minor products, monomethyl- and
trimethylsilane (MMS,TMS) are surface-dependent.
tthytene has no apparen. effect on the rates of
formation of H2 and TMDS but suppresses those of MMS
and TMS. A reaction mechanism similar to that proposed

for the pyrolysis of monomethylsilane is assumed to take

. . . ., 01 e

place, involving molecular, (CH3)2S1H2 > (CH3)251: + H2
e 02 . .

and rddjpal, (CH3)ZS1H2 (CH3)251H + H primary steps.

The‘rate parameters for the mo]ecu]ar reaction are.
Tog kg (s™1) = (14.3+0.3) - (68,00041,000)/(2.3 KT) from
which D((CHy),Si-H)n 74 kcal/mol and AH?((CH3)25i:) ~ 44
kcal/mol. The detai]ed processes.occurring in the chain
pronagation and termination reactions could not be
fully e]Qcidated but it éppears that reaction (02) is
also heterogeneous.

The implications and ramifications of these
results with regard to the thermal decomposition of other

silicon-containing compounds are discussed.
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CHAPTER
CTRODUCT e

A S0 on Chempotry

Silicon is the secaond rost abundant element o
earth o and its great tochnical Tiportance (e.u. stlicone
011s, rubbers cemioonductors s oeto. ) has undoubtedly

4

contributed to the rapid growth of silicon chemistry
particularly in the “ast decade In particular,
significant proaress has been achieved with regard to
the kinetic-mechanistic aspects of gas phase *~actions
of silicon-containing cerpounds where silyl radicals,
R3Si', and silylenes, RZSit. are oftern importa:
intermediates . it has-also beco. e increasingly aenparent
that there are considerable differences in the chemical
properties and reactivities of silicon and‘carbon analogs.
In this chapter‘some salient characteristics of
the silicon atcm and the chemistry of silyl radicals and
silylenes will be b;ief1y reviewed. The mechanisms of
the thermal decomposi<ions of silicon hydrides and
methylated silanes wil, be Ciscussed 1h some detail ani

ar rzacticons wii, be outlined.

the theory of unir “ecyl
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Phe tructurs o ot albkyl and silyl radicals are
. . 0o
dirrerent o Whereas the methy b radical LH3 s planar’
e . } 29 . -
the S vadi o al  pyramidal The effects of
substituents n o the structure of s1lyl radicals have been
30
reviewed recentdy
Silyl vadicals underqo elementary reactions
similar in type to those encountered in the chemistry o
alhyl radicals such a-s dissociation, combination,
disproportionation, add:itioun to mul - - bonds, atom
abstraction, etc. . however, they often proceed with
11 fferent rates ard/on yield different kinds of products.
Informaticn on the thermal stabilities of silyl
radicals is still very Timited, but in general they appear
to be more stable than their carbon analogs: the
S, . 31
trimethylsilyl radical, for example, has been found~. to
be thermally more stahle than its hvdrocarbon analog the
t-butyl radicail, since decemposition was not observed up
. L S . 31 . 32
to 400 C. Similarly. dimethylsily] and disily]l
radicals are stable up to 200 and 220 C, respectively.

Relatively few elementary reactions.of Sily]

radicels have'been investigated xinetically, particular .y
B}

‘rofthe gas ohise, since not many "clean" radical sources

(SR



. 3R 4 o
Gammie et al. used the photolysis of bis-
trimethy syl mercury,
hv .
(Me351)2Hq . 2Me351 + oty
ds a source of trime aylsilyl radicals. The disproportion-

dtion-combination rate constant ratio,

"Me_SiT  » Me_SiSiMe. -

3 3" 3
, Me3S1H + CH2S1M92
kd/kC - 0.046 1s ruch smaller than that for t-butyl
radicals, 3.634, due to the instabil, , of the silicon-
. .
carbon pv~pj\gqnd. Gammie et a1.33 also.photolyzed the

mercurial in the presence of silanes having readify
abstractable hydrogen, and measured rate constants for H

abstraction by trimethvlsilyl radicals:

Me.Si" ¢+ H_SiR
3

2 2 Me3S1H + HS3R

2

I't was also pussible to estimite the rate constant ratio

of the cross-disproportionat: on

- ° + .D’ . . . .
Me351 HSL\2 Me3S1H + .S1R2

and combination reactions

We351' + HSiRé - Mé351-SiHR2

8.



between trimethylsilyl radicals and other sily) radicals,
and the values of kd/k( are summarized in Table [-2.
The mercury (3P]) photosensitized decomposition

2,35 31,36 .
1S another

of silicon hydrid953 and alkyl silanes
relatively clean éource of silyl radicals in the gas phase,
and has been used to measure the rate of recombination of
trimethylsily] radica]s36 and kd/kc,ratios for different
silyl radicals. The results are also given in Table 1-2.
The pressure dependence of the kd/kL ratio for disily]
radica1532 reflects the 1nstabi1ity of the chemically
activate& tetrasilane molecule. The chemically activated

product disilane formed by recombination of monosily)

radicals 1s unstable up to 1000 torr32’35:
C " . . . . * - -
JwH3 + 31H3 . (512H6) > S1Ha + .S1H2

This is in marked contrast to the recombination of methy]
radicals whe the product, ethane, is stab11iz§d above |
a few torr total pressure.

Phot91yt1c decomposition of di-t-butylperoxide
in the presence of silicon hydrides has been used for
some kinetic studies of silyl radicals in.the ligquid phase.
Silyl radicels are produced by H-abstraction by t-butoxy

radicals, e.qg.



TABLE I-?
Values of kd/kC for Various S11y1l and
Methylated S1lyl Radicals

Radicals kd/kC (25°C) Reference
Me3Si + Me35i 0.046 + 0.0 , 33
Me351 4 Me3Si 0.03 » 31
Me3Si ‘ MeZSiH 0.28 33
Me351 t MeSiH2 0.50 33

MeZSiH t MeZSiH- 0.14 : 3
MeSiH2 + MeSiHZ 0.1 31
MeSiDg + MeSiD2 10.04 31
SizH5 + SiZHS 0.12 (400 torr) : 32
SiH3 + SiH3 * (up to 1000 torr) 32,35

10,



Me3COOCMo3 - .M03CO

)

MegCO' bOHST Me,COH + SiR]

zj
and their concentration can be monitored by electron spin
resoendance spectroscopy.

Thus Gaspar, Haizlip and Choo37 used combined
flash photolysis and e]eétron Spin resonance Spe(‘koscopic
methods to study the reactiohs of SiHé and MeBSi' radicals
with the parent silanes between -150” to -120°C and -82°¢
to 20°C, respectivaly. Bimolecular self-reaction has been ;
established as the dominant path for diséppearance of the

radicals, and no evidence was found for the propagation of

the chain by reactions

S1'H3 + S1H4 . S12H6 + H

H o+ S1H4 - H2 + S1H3
o . . . . 38,39
vihich were postutated in the pyrolysis of S]H4 .

The same technique has also been used to Study

the rate of addition of S]’H3 and Me3Si. radicals to
ethy1ene40 which was concluded to be a very efficient
scavenger of silyl radicals. The rate constant for tne

addition reaction

p

"I/ S-. = > 1 :
rL3 ] + CH2 CH‘2 Me3S1CH2CH2
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1S k(M‘]s']) - 107'Oexp(—2,SOO/RT); the f ‘hat the
activation enerqgy is considerably lower tha for

methyl, ethyl and n-propyl radical addition .. ~thylene,
6.84], 5.542 and 7.4 kcal/mo]di, respectively, s explained

in terms of stabilization of the carbon-centered free
radical by a #-silicon substituent. Monosilyl radicals,
SiH;, react with ethy]ene even faster than Me3Si. 40.

Similarly, Pollock et a1.32 found that the rate
of addition of disilyl radicals, SigHc, to ethylene is
about'three orders of magnitude faster than the correspond-
ing rate fqr C2 é radicals; thjs was attributed to the
greater physical size of the silicon 3p orbitd]s; greater
polarizabi™ v and availability of the 3d orbitals on
silicon, and the tetrahedral configuration of the Silyl
radical.

Both ethylene and nitric oxide have been found
to bé very éfficient scavengers of silyl radicals and ‘this
faCtbhas been used to help elucidate the decomposition
mechanisms of a variety of silicon compounds3]’32’43—50.

Since D(Si-H) is lower than D(C-H), the rate of
hydrogen abstraction from saturated compounds by sily]
radicals is expected to be slower than that by the
corresponding alky]! radicals, thch abstratt H atoms from
Si-H bonds very efficiently. A large body of 1nfor@at10n

has become available on the hydrogen abstraction reactions



£ [ .
by albyl radicals froma variety of aildne%J]‘J‘. The A

factors are similar ta those for abstraction from alkanes
but the activation enerqgies are lower, in dgreement with
the trend in the bond dissociation~energies. The Arrhenius
parameters tor H abstraction by methy] radicals from Si-H
bonds of monosi]ane6o and methy]si]aneso] are listed in
Table 1-3, where it is .cen.that the actf&ution énergies
for abstraction frow al| the methylsilanes are practically
the same. This is also consistent with recent hond
étrengt“ measurements (Table 1-1). Silicon fo ‘ronger
bonds to halogens than does carbon, and abstrac.
halogen atoms by silyl radicals from alkyl halide.
exotnermic process.

The chemistry of silyl radicals and some
Arrhenius parameters associated with these reactions have

been recently ruviewed3o’5]—53.

4 Silylenes

Silylenes, tne divalent radical silicon analogs
of carberes, ; .y a very important role in silicon
chenistry.

In contrast to carbene, :CHZ, in which the

- : : 54, : .
triplet ground state is nearly linear (FCH angle = 1407 ).

Vo]

the :Sim2 grour. sState appears to be a bent sing]etS";j



TABLE 1-3
Arrhenius Parameters for Hydrogen Abstraction by

Methyl Radicals from Silanes

Reactant log A, M s ) £, kcal/mol Reference
SiH, 9.26+0.17 7.4740.29 60
CH,SiH 9.28+40.24 8.13+0.39 61
(CH4),SiH, 9.0440.18 8.30+0.31 61
(CH3)3SiH 8.69:0.27 8.31+0.47 61

1\//



(HSiH angle « 927 ) and therefore 1ittle diradicual
’Chardcter 15 eipctted.

Silylenes are formed in the decomposition of
many silicon ampounds brought about by the action of
heat, radiation, electron impact, silent electric
discharge, or by chemical activation; in most decomposi-
tions, however, silylene formation by the so-called

"molecular"” process v< accompanied by single bond homolyses

which lead to the formation of silyl radicals:

Although the form:tion of silylene requires 'the splitting
of two bonds, this is partly compensated for by the forma-
tion of a new bond and thus the endothermicity of the
molecular process might actu2lly be lower than that for
éing1e bond fission. AQ fine balance has been %ound to
exist between these two modes of decomposition56 and this
aspect will be considered later in more detail. It has

been shown that pyrolysis of some disilane-, e.g.57'59

H3S1S1H3 - >1H4 + S1H2:

Qs Mpa . M L SRR
MeH251S1H2‘e LQS1H3 + Meli1H:

(MeO)HeZS1S1MeZ(OMe) - Me251(OMe)2 + Me251:
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may be used as o clean and convenient source of silylenes.
Silylenes may either polymerire, redct with the
silane precursors or with o "trapping” reagent. Poly-

merisation, insertion into single bonds, and addition to
pultiple bonds are three types of rea-tions which
. . : L 59
characterize most of the known chemistry nf siiylenes v
' _ _ : 51,52.54,50 672
of which several review articles are avatlable T

: : 63
Very recently, evidence has been obtained for

dimerization of dimethylsilylene to tetramo@hyldisi]ane,

2(CH )251: - (CHg)ZSi»Si(CH3)2 ,

3
and a novel rearrangement to l-methylisilaethylene

(CHy),Si: = CH SiH=CH,

followed by dimerization to 1.3-dimethyl- ', 3-disila-

“cyclobutane

ZCH3SiH:ChZ . CH3HS1 - CH2

i
CHé** S1HCH3

has been Suggested63.

Silylenes are generally less reactive than

A .
carbenes6*; tney i1hsert rapidly into Si-H, $1-0 and
S‘-halogen bonds, but not into Si-C, C-H or C-C bonds;

insertion intc’ the S$i-S1 bond has aiso been suggestedGS.



N

vhe absolute rates and Avrhenitus pavareters for

insertion inte alane and dicitane,

STHL o SEH, e S

¢ b
51H2 s Sl/Hb %1}HJ
! 9.7 , B,
have been measured: ksw 10 exp(=1300vT7100)/RT nd
9.9 oo S ‘ 60
k%i HooC O " Texp {-400-1200)/RTIM "7 ). respectivel .
206

fhe high preexponential factors and low activation energies
indicate that insertion of CSIHL Into tne ST obond iy oan
/!
extremely rapid process.
Relative rates of insertion of :SiHZ into the

S1-H bond 0of silicen hydrides and methyvisilanes nave been

measured "y two groups who offered two alternative

explanations for the observed trehdg. Ring et a1.65‘67
found the “ollowing order of reactivity (per Si-H bond’,
¢
< . MR . <5 . TIH NS
Me3S‘H 5'2”6 ' MeZ.JH2 Me 1h3 J1h4

and rationalized the results in term: of the eiectronhilic
nature of :?iHZ and the hydrigic character cf Si-H bonds,

T.e. the greater the negati.e charge on the hycrogen,

. . , 583
the faster the rate of insertion. Cox and Purnel]>®
however ‘ound a different order of reactivity,

Me ,S1+ ~ MeSiH_ - Me_ SiK = ST, H. - SiH
"3 ‘ o7 276 4

Q
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clucidation o the types of bond cleavag. oo oeving in

e -
the decomposition of “any Silicon compound-. . [
h. Homouvnvuu; s s1taion ol Sone S1100n tompounds
/ S~
{

.. . L
Stagntfiiant advances have recently bern made

WIthoeagard to the bane o and pochaniot i daspects of the

homogeneous aas phecr deconpositions of come oilicon-

contatninag compounds ., norticularly oilicon hvdrides and
. . - . ‘ . . i .

methylsilanes ., the results, which will new be reviewed,

can be clas<ified accorcinag to the methods sed, namely,
mercury photesens ti--ti¢, direct dhotolysico, chemical

activation an! | srolysic.

\
, 3 ]
1) Mercury | ?1) "hotosensitized Decomposition

Since most silicon hydrides and metnyls lanes
ebsorb only 11 the vacuum UV region. mercurv

phaotosensitization can be used to advantage:

To - L3
Ho SH h. (254 nm) - Ho! ﬂ])
- . * ]
Hgl{™P.) + M - M 4 pHg{'S )
~ J - 0
ine encrgy transfervec tc tre substrate 4 s . 117
L
kcal‘mol, 2 quantit, more than sufficien- -~ irduce

rupture of S3-C, Si-¢ or $--S5% bonds.
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Phe occurrence ot radical and molecula nary

SLeps on the WWk\P]> photosensit o decomposition of

. ‘ 2040 00
mencsitlane ngo bheen Propos e
. R . . !
STH g V]) CoNTH L H e Hg ()
D J
Siil, b oH, gl )
D1 / y ¢! JO
bu ' the experinen: onducted in the presence of nitric
. Al , _ _ .
OX 1.t sugaested that formation of Silylene 19 not

JTTipor tart

Simidarly, Nay ot al.dl showed that the only

major procest of ipportance in the Lg(“P]) photosensitized

decorposition of methylsilanes i¢ S<-H bond cieavage.

A minar :un;;ibution from a molecular process leading to
H? and silylenes was postulated in the cases of MeSiH3
and Megﬁ;hz fnor.or o account for a significant mass

1moalance bhetween the Nalor products.

TS Vacuum gy Photolysis

The ges phase photolysis of monomethylsilane
: . .. 45,48 . . , .-
has been invest gated using the xsnon :nd krypian

rescnaence Cines at 147 .3 and L2306 nm respectively {the
absorptio: of Tethyls®lane is continuous in this region” 7).

~ ]

Me orimary quentum yiolds are summarized in Tabie i-4,

o



TABLL
Promary Ouantum Yields the 147. and
123.6 nm [ FPhotolvsis of Monomethylsilane ¢
‘ 147.0 nm 123.6 nm
e [ .
LH351D3 bohoo LHBSlD D? 0.32 0.16
g CH351D Fo20 0.05 0.09
¥ CHZSiDZ, HD 0.23 -0.37 (0.14)
Y ochsin, ¢+ oH 0.07 0.11
3 2 ’ )
2 CH,D + SiD 0.08 0.08
3 ) 2 ’ )
Y cHy ¢ Do+ osi0 0.26 0.25
Lch, + 0+ 0, + S 0.00 0.17
3 9 . 0.
P, o+ siD ~0.01 0.00
3 3 . .
i.03 1.23 (1.00)
* Photonic energy 195 kcal/mol.
b Photonic energy 231 *kcal/mol.
C

Re‘erences

45 and 46.
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where it scon‘that the primery quantum yield for the
elimination of molecular hydrogen and formation of
mothy]si]yjene, step (1), becomes more important as the
photopic energy is decreased. This seems to indicate that
molecular elimination is the lowest enefgy path for
decomposition of methylsilane and mightlassume more
significance as the gnergy content is decreased.

The gas phese photolysis of dimethylsilane at
147.0 nm has been investigatea by A]exander47 and the
primary mechaniém s shown in Table [-5. In viewvof the
large amount of ener jy absorhed by fhe molecule, it is
not surprising to find a very complex fragmentation
pattern; molecular elimination of hydrogen from the
silicon atom and formation of dimethylsilylene, step (6),

s apparently unimportant.

{i11i) Chemical Activation

A chemically activated molecule is formed ejther
by radical recombinatﬁon, insertion or addition o,
divalent species. The e€nergy content of a newly formed
vibraticnally excited molecule can be calculated from
thermochemical data.

The,kine£ics of decompasition of chemica]]y‘

activated dire*hs15ilane have been studied by Hase,
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TABLL I-5

Primary Mechanism for the 147.0 nm ° Photolysis of

Dimethy]si]ane~d2 b

¢
. ] .
(CH3),510, + ho > CHISTD + CHoD 0.15
£ CHSID + CH. + D 0.20
3 3 :
3 SiD, + 2CH, 0.08
4 CH.SiD. + CH 0.05
2°10, 4 :
§ .
CHySTD,H + CH, ~0.04
9‘ .
(CHy),ST + D, 0.07
1 CHSiD. + CH. + H 0.04
2 3 2 | :
§ .
CHCHST + D, + H, 0.07
E CH,CH ST + 1D + D 0.09
10 . E
- CHCH381D + HD + H 0.05
11 . ‘
=1 CH,CH,STD, + i | 0.05
12 . '
=5 CH,CHSTD + HD 0.12
1.01

Photonic energy 195 kcal/mol.
From reference 47.
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Mazac and Simons74. Vibrationally excited dimethylsilane,
having an‘avérage energy content of*+ 130 kcal/mol, was
produced by insertion of singlet methylene into the Si-}H
bond of methylsilane. THe decomposition paths and the
rate constants are shown in Table I1-6. Comparison of
Tables I-5 and 1-6 substantiates the previous suggestion
that molecular elimination of hydrogen from simple silicon
hydrides becomeé more important as the energy available is
lowered. This process might therefore be ecxpected to be
of major significance in thermal decompositions. .

On the otheér hand, Cowfer et a].75 studied the
reactions of hydrogen atoms with SiH4, CH3SiH3, (CH3)281H2
and (CH3)331H, where chemically activated molecules are
formed by radical combination reactions such as

. . ‘ . *
R3S1 + H - R3S1H

(the minimum excitation energy 1s approximately

E* = D(Si-H) = 90 kcal/mol), and concluded tht
decomposition via molecular elimination channels is
negligible since they require rigid transitioA states:
this would markedly decrease the sum of states available
to phe transition state complex and therefore substan-

tially lower the rate of molecular elimination compared to

single bond cleavage. The authors also pointed out that



25.

TABLE I-6

Reaction Paths and Rate Constants for the

Decomposition of Chemically Activated @

Dimethylsilane P
T ) 9,
Reaction 107k,s
, *
(CH3)?SiH2 »  products 4.0
1 :
CH3 + CH3S1H2 ~0.90
o g )
CH4 + CH3S1H 0.85
3 . '
(CH3)231. + H2 , 1.90
(CH3)251H + H 0. 30

Average excitation energy 129+4 kcal/mol.

[y

From reference 74.



since the bond dissociation enerqgy D(Si—CH3) is lower
than D(Si-H), the main mode of decomposition of

methylsilanes should be via $S1-C bond cleavage.

6. Pyrolysis

“In thermal activation the heat abgorbed by the
molecu:. is converted into vibrational energy which js
gssumed to be equipartitioned among the various internal
decrees of freedonm. Because of this energy equiparti-
tionfng the weakest bond in the molecule is the one which
s eventually homoiyzed. Although there are excéptionsj
~most molecules decompose from the highest vibrational
level of the ground, singlet state, and hence much of the
Finetic and thermochemical data available today have been
der oved from pyrolysis experiments%

Quite frequently, however, the system may be
corplicated by the OCcurrehce of heterogeneous processes,
radical chaiﬁ reactions and secondary thermal decomposition
ot the oroducts. In many cases these difficulties can
be overcome by studyiné the effects of curface, addition
of radical scévengers, and by keeping the. reaction

conversion very low. Flow systems have been used to

sdvaitage in cases of high product instability.

26.
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Pyrolyses of simple alkanes proceed by the well-
known Rice-Herzfeld mechanism76 in which‘the initial slow
dissociation of the parent molecule into radicals via
homogeneous C-C bond cleavage is followed by fast radical
chain reactions. fI[xcept for the case of methane, primary
molecular elimination of hydrogen does not appear to be
significant. In contrast, silicon-containing analogs
apparently decompose by parallel and independent radicual
and molecular processes; the reactions are often partly
heterogeneous. and radical chain mechanisms are allegedly

involved.

(i) Disilanes
The pyrolysis of disilanes has attracted a t
deal of attention in recent years and the mechanism
the deccmpositions of 512H6 and af all the methylated
d silanes are now well underctood.
Aith the exception of hexamethy]dvsilane]é’]/

where ¢ scociation of the Si-5%i bond and formation 3?
Me3Si' radicals &

Me35151Me3 ' 2Me35i’

occurs simuitaneously with HeZSir elimination,



>

M035181M03 . MeaSl 4 MeZS1:

-]
. . o) ri by
all the other mothy]disllanes[7’5(‘]/ were/found to

R . . S,
decompose exclusively by unimoleculdar, homogeneous gas

phase elimination of sil - lenes. The pyrolyses of
51'?H657‘79’8O and Si3H865’77‘79 also proceed via
elimination of silylene.

Some Arrhenius parameters for the e]iHiﬁatiun Vv f
silvlenes from.disilanes are shown iq Table 1-7. [t is

significant th:yt all the éativation energies., except‘that
for Me6512, reaction (3), lie within a narrow range,
43.0+2.0 kcal/mol; these values correspond approximately
to the reaction enthalpies since tﬁe activation energies
for the reverse reactions. insertion of silylenes into
Si-H bonds, are very small and close <o zero66. A1l the
reactions (except (3)) ihvé]ve a 1,2-hydrogen shift and
since the bond dissociation energies J(Si-H) in the
silane products, i.e.‘51H4, MeSiH3, MeZSiH2 and Me3SiH,
are independent of the number of methyl groups attached
.to the silicon atom, {(cf. Table I-])Ait might therefore
appear that D(Si~$ij anc D(Si1-H) in disilanes are also
unaffected. by increased methvlation on the silicon at4m5]3.
The relatively high activation enerqy 7or reaction (3),

and the fact that <o date there is no evidence of siiylene

insertion into Si-C bonds suggest that the 2. ivation
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enerqy for the reverse reaction {(-3) must be high.  Thig s

in agreement with Davidson's carlier qualitative predic-
. 56 . . X . D

tion that «ilylene el mination i only 1mportant 1% the

precursor silane molecule containg Si-H bonds into which

insertion is possible.

(ii) Monosilane and Methyloilanes

In comparison with disilanes, the pyrolyses of
ronosilane and‘methy1ﬁiianes appear to procecd by more
complex reaction mechanisms which have not yet been fully

clarified.

(a) Tetrarethyisilane
The pyrolysis of tetramethylsilane nas been
extensively used for the preparation of carbosilanes™ |,
comrounds with alternate silicon and carbon atoms in the
molecular skeleton. The kinetics of the pyrolysis of
Ne4¢w have een investigated in a flow system
Methane was one of the meior reaction products, presumabily
Tormed by He3Si-He bond cleavage,
Me .S - Me. ST+ Me
“+ 3

M C 9 . - EE oot
Me + L€4J1 C‘d He3519h2

[

-



and the fullowinag Tirat order rate conatant wa- repoartoed:
eg okls ) (Ta . 3+0. 00y - (67%@’{900)/(7.3RT)

fhe act vation eneray however is iceoo than D(Me,Si-HMe)

N

[SN 1/ ]qv‘q:’ : ; N .

Eh koal mol coand this seers to indicate the presence
5

of free radical “hair reac!ione the system, <uch as’

e Me ST CHy 0 Me Sie

i

Me\ fCHZ - 10251TCH2 b Me

some heterogencous -reactions must also particinate in the

decorpositicor of tetranethylsitane, since the rate of
decomposition and the reiasive protuct vields were both
o

8

ol
. , . ’
affected bty the rnature of the reaction vessel surface

—

Moreover, tre Tow therpal ctebiliti . 0f some of the
producte and radical intermedistes preclucde the asciarment

of a ccmplete mecharior.

(b Pty TsT, ane
Complications of a4 s<rilar nature have also ~ecen
encountercd an tne pyrolysis of tri~stnylcilane. this
reaction was origirally prc:u;ccgz {0 be & radice. non-
Chatn process, fn Which a,de men apd "eThane ©oformed o,
Si-tarne Si-0 cleaveie resnac ively ine foliowir
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Mot Me v s
B

Labes place o0 well,

«
—

The noture of the primary stepsoan the porolys

mono Lot probably one of the most contravers il

e dn the chemictry ot silicon conpeunds and din ospa

‘ »
o nurerous ctudies carvied out over the laat 10 yedrs

there a5 St no aagreement on tne mecharinm ¢ thie

reaction. Fecause the e)

perinentael results on this
ceactior were of prime imdortance in the elucic:tion of
Our own work. the pyrclysic of SiH4 Wil be discussed in
more o detail.

The first extensive analytical and kinet<c

Tnvesticaetion of the pyvrolysis of Sin Was carried out by

: 0N
crurneil and Walasn”' At Tow conversions the two major

products we e ﬁz and Si2H6 in 2 ~atio of 1.2€6: the

minor products were 813“6 and a poiymeric soiid. The
nrders of favrrmation of HZ and 512H6 were 1.5 with rgspgct
‘0 the postrate. und the rate of formation of the major
Frocucts cownd be descy hed by the rejation

Rk, ,;3 L RIS - 1012 2axp '545}%7?;132”‘{5&;14]3'/:1 wo g



Purnell and Walsh
rates were fast oand crratiy
veosol, but o owere dlower and
Surtace bhecame cocted by o

Saed the reaction roates
to volume ratiq Toh suage

dlvo observed that

in oa fresn, nitric
Hore reprocacible once
Itcony in such

were independent of
cts, but however does

the

redction

detd-washed

the

stlicon-coated

tnhe ~urface

not prove,

the abhaence ot heterogencous reaction.. The addition of
\
. . T .
inert ganes caused an o accelerathrop-wf/ thy tion rates
_ ) \
but the reaciion orders were unaffected. ™~
Purre11 and Walsh suggested two mechanisms which
would be isistent with their resu s: mechanism A,
molecuicr hyvdroagen elimination followed bv insertion of
STav'ene into the substrate:
Mechanism A:
SiH SiH, + H !
4 2 2 (1)
S1t, + STH - Si,H 2
R, 4 2 6 (2)
“Sit, + SiLH - ST H 3
. 2 2 6 - 38 (. )
and mec i nis 5, homolvtic silicun-hycdrogen bond rupture

Ly & ‘ree

radical

chain proregated

by

H

atoms arnd



N

Mechanism B

ﬂ]Ha %ng b (1)
Heo4oSin, [P f&iH: (9)
SIHG S ‘ SioH (6)
AL AP (7)

Thevrochericel considerations 1o Purnell and Walsh to
favour mechanism A, Moreover, the decomposition was
carried out at relatively low pressures (35 - 230 torr)
where the wnimolecular first order rate con=tant for a
.Tight molectle such as Siﬂd may well be greSSurn—dependent;
this would cxplain the experimental reacti: on orcger of 1.5
and the accelerating effect of inert yases on the rate of
decomposition,

Further support in favour of mechanism A came
from the work of John and Purne?187 who oltained the data
required to calculate the equilibrium constant between the

products of the two possible modec o< decempenition of SiH,,
s

SiH3 + H - :SiH2 + H2 (8)
. . B 15.90 . : .
A 600°H, K, = 10 and thus 51h4 sho-1d preferentially
decorpose via silulione elimination. John and Purne]187

also caiculated the anclogous equilitrium constant for the



MH3 t SiH‘ 'HiHS t %1H4 ()
A . , — 1.3 . o ,
Stmylarly . at 600 v, }\Q 10 > dgain predicting that
Silylene fmrﬁ»tion Predominates 16 was observed
~—
Oxporimenta]]ygj.
o : 66 S
Other experimental data on the insertion

reactions of CSIH, into M., . reaction (-1), support the
I [
0Ccurrence of Mecnanism A.
Mechanism B, however, is favoured by Ring and

39,89 . Lo : .
coworkers™ """ who considercd the kir dics of the radical

~

mechanism and showed that the experimental activation

enerqgy 1s consistent with mechariism B: however, the
: . \ . 15.2 -
experimentally observed A faciov. 10 S , cannot be

reconciled with mechanisy B unless the rate of SiH3 + SiH3

recombination reaction is unusually slow. having cn A

6 -1 -1
S .

factor of approximately 10° M Recent meacurements of

the rates of self-reactions of silyl radica1533’j6’37’89’90
indicate, however, that the A factor for the combination of

) . . . 10 ,,-1 -1
s1lyl radicale is approximately 10 Mos

The types of products formed in pyrolysis

experiments conducted in the presence of other reagents
provides rore direct and compelling evi 2, r the
cccurrence of radical mechanism B. Thu ' - D2 Were

) ‘ 339
formed in tn ;

D

p/roiysis of 510, in the presence of Hy

. ' . O
. . ) o
and the products formed In the presence of acetylene 8 are
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consistent with Sl rather than :Sil, precursors.
] C

. . . .. . 39
Similarly , in the co-pyroiysis of S1H4 and S1D43 , HD was

formed 1n quantities comparable with those of H2 and DZ'

It hay also been ghpwn88 that orbital symmetry
correlations apparently favour single bond dissociation
over molecular cleavage.

[t appears therefore that the thermal decomposi-
tion of SiH4 can proceed by two initial steps, in parallel
and in competition, one yié]ding :SiH2 + H2 and the other,
~51H3 + M. At this point, it should be recalled that
Purnell and Ha]sh38 noted that heterogeneous processes
might participate in the decomposition and if this is S0,
one would oxpect the radical processes to be the most
sffected. This agpect of the mechanism has been completely
neqglected in recent discussions and in the kinetic schemes

a ac
nf Ring et a].3”8d

B. Unimolecular Reactions

The understanding of most thermal decompositions
s closely tied to the theory of unimolecular reactions,
which w11 now be briefly outlined.

A gas phase unimolecular reactﬁbn is the simple.t
kind of elementary reaction since it 1nvo1ves the

isomerization or decomposition of a single isolated



reactant molecule:

K :
A gy Products

and Runi ) kuni[A]

However, detailed studies of several unimolecular reactions
have shown that the first order rate coo. ficient kuni is
constant bn]y at high pressures and declines at low
pressures.

The original theory of unimolecular reactions,
developed by,Lindemanng],was based on the following
concepts. A fraction of the reactant molecules becomes
energized -in bimolecular collisions and eventually the
energy content becomes greater than the critical
guantity [O required for decomposition. The energizéd
molecules can either be de-energized by further collisions

or undergo unimolecular reaction. The mechanism s

expressed by the following reaction::

*
A+ M -~ A =M (1)
*
A+ M - A+ M (2)
*
A" - Products (3)

*
where A is a substrate molecule sufficiently energized

that it can‘react, and M is any bath molecule. By



39.

applying the steady state approximation to the concentration
*
of A, the rate expression far the Lindemann schene is
R kIR SRERE [A] (4)
ani D e A

Equation (4) qualitatively predicts the decline or "fall-off"

in thé first order rate constant at lower pressures;
frowever, quantitative agreement between the experimental
and calculated "'fal’ f" curves nas been generally rather
poor.

In the simple Lindemann theory all the rate
constants were taken to be energy independent. Hinshe]wood92
1 proposed that K is energy dependent and included
contributions fror the vibrationel degrees of freedum in
statisticel calculations on the probability that the
energy content ¢f A is greater than EO. Shortly after
Hinshelwsod's proposal, Rice and Rafnspéf*gerg3 and,
independentlg, Kasse194, suggested that the .ginal
Lindemann mechanism of collisional energization and
de-energization is probably correct but that the rate of
cenversion og‘an enérgized molecule to the product,
reaction (3), is a fuhgtion of i1ts energy content. The
main achieveme: . of the RRK theory was the derivation df
an expression for the energy'dependénce of k3.

g
Kasse]'4 treated the reactant molecule as a

system o7 loosely ceupled osciliators having identical
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froequencies | allowing a free flow of enerqgy between the
norial modes . Assuming that the rate constant k3(Y) 15
related tn th.probabi1ity that the critical enerqy EO s
concentrated 1n g Certain part of the molecule (in one
oscillator). he derived the relationship
- s-1

K (E) = v (2 9) : (5)
where [O 1s the critical energy, £ is the total energy of
thtlmo1ecuie, 5 1S the number of oscillators, and . g
identificd with the exporimental high pressure A-factor 97.

Reasonable agreement has been found between
experimental and fheoretical fall-off curves with the
proper choice of the parameters; however, the fact that s,
the number‘of osci]Tators, cannot be predicted by theory,
makes this method somewhat empirical. It has been found,
however, for a large number of reactions, that the
requircd value of 5 ig about half the total number of
oscillators in the mo]ecuje.

»MarcusgS-further refined the RR¥K treatment and
the resulting RRKM method 15 the most widely used and
successful model to dat. -he evaluation of the rate
constants s based 0n the methods of quantum Statistical
mechanics and transition state theory is incorporated
into the cé?cu]atiohA ihe following reaction scheme 1is

dused:



A -7 AT« Products

* *
where A ds an enerqgized molecule of energy content [ o [

but the energy distribution is unfavourable for reaction.
A% is the transition state complex, which correspounds to
the top of an erergy barrier between the reactant and
products.

In the evaluation of the energy dependence of
the rate constant k3, tpe vibrational energy of the
molecule is assumed to undergo rapid statistical redistAi-
bution. The contributions from external and internal
rotations are less significant. g

The energy dependence of the rate constant kq is

given by the following exprecsion,

* QT LP(E+
ky(E) = » 9, =PI J*— (6)
Q h N(E )
vhere - is the degeneracy of the reaction path (i.e. the
) ’ *

number of ways a certain reaction can occur), Q is the

rotational partiticn function, LP(E?) is the total number

of vibrational-rotational quantum states of A’ with energy
- i * *

E-=f -E . and N(C ) is the density of quantum states of the

’ *
substrate at an energy £ . The RRKM expression for the

0"



overall first order rate constant is

b * *

T ,\‘ by PO Yexpfe Tkl -

1 Q QA i 1+L3(F )/kg[u]
The de-energization rate constant kz 1s usually considered
to be independent of energy content and can b approximated
by the collision number.

The RREM model can in principle be applied to

any unimolecular reaction taking place in a4 ground state
molecule and its widespread use in pyrolytic, nhotolytic and
chemically activated systems has been very Sugéessfu] for
the elucidaticon of many elenentary reacticns. Moreover,

the experimental fall-off regions of ki can be correc®ly

predicted on the basis of this model.

C. The Present Investigation

Although the rate constant parameters for a
variety of elementary reactions of organosilicon radical-
are rapidly becoming available, the range of studies is
st11T severely limited by the unavailability of sui<able
sources of silyl radicals.

| Thermal decomposition of silicon compounds is
one potential source of silicon radicals but surprisingly

+

very few substrates have been investigated. FKinetic data



on the relative dmportance of molecular and radical
pProvesses are very sparase indeed and therefore the
OUCUTIeNnce Oy non-o0ccu rence of theoe procescpen cannot be

Al

elucidatet oy structural or thermoo emicel grounds . Thus
. -

some diﬁi]unc;\hﬁrv found to pyroivsze via molecular

voes and others predominantly vig
J

elimination of sily

SiTvl radicatls

the simplest wenber of the series,
monosilang
[mﬂﬂ¥>@fﬁﬁdh
X decided te initiate o Systematic
¥ o nurber of silicon compournds .
£

CobonethyTailane won Chosen for tre firsgt investigetion

since 1t Felver sinple ne’ecule and the Kinetics of
deccor;os i mere o eep®oted to e relatively traight-

torviarad.
We were also coqgnizant of the possibility that

Jlsitane . Tike monosilane, mav decuripose via

ot

WO e
cervetineg radical and molecular processes, and therefore

Ggecided ta examine the reaction in the prescnce of 3

Since etnviene scavenges sily]

i
[V
al
(a8}
[as]
=

)
(]

«

Ticiently but is reiatively unreactive

~
ol
[
Za.
(@]
[o%}
—
v
(g%
—
Y
-
i
H

towerds silylercs. Tts effoc* cap be used tr advantage in
tne elucidation 7 (.¢ radical nd moiecular processes
gccurring. inocpite 0F e high therrmal stepility of

ethylene, s potential as a racica] scavenger in the

to feature both radi al and olecular



thermal decomposition of oilicon compoundn had not yet
Peen explored.

At the time thioc wort oo Tnitiated P linnary
resulte of the Pyrolysis of reromethylsilane woere

39 .24 .
Tneir recults are

published by Rine et ab.
qualitatively in aarcemnent with ours, but de notr o allow
mechanistic or binetic interpretation.

We aleo decide to mve tigate the pyrolysis of
Psilane in order to assess the possible effecty, of

increasing methyl sut s titstion On o the si1licon ator an the

neture and rates of tne clementary | rocesses .



Vacuum

Two

Gne

vacuul, Stati

Glass and vva

mercury diffuy

rot

o)

011

P405

te*ion-seq

redactor was a
{ .
(nurt

gas hane

—

CHAPTER 1T

EXPERTMENTAL

Fax
IR

.
Systens

Vooedmosy ctems owere utiliced, the main one

at teparastion of products, and the duxilianry
Tcetion and ph oiyses of the Sabstrates.

Tne main apparatus was a cunventiounal hiah
Syster \fighru IT-1), constructed of Pyrex

~-b

cudted to 10 torr by weans of ¢ two-stage
Stun purp, backed by a Welch Due-5e04a) Hodé]
CYopurp. Deimar rercury float valves ., b.ipe

vaives (numbers TY440 and S25106Y-316-S) or
ks tubricated with "igh vacuum Apiezon W and L
sed throudhout.  Tne valve leading to the
Stoniess steel high tewpefature Faoke wvalve
0cy-21¢-95° in addition to a vacuurm lire for
the appiratus incorporated a pyrclytic furrace
¢ gas chromatogronnic unit Pressures were
&.TercoT, manometsr or oa Mcleod cauce s
cistilictl us Lure monitored cn oo Pieand
Consclicates Vicuum Lorsorati, tyce GRP-TL0
Lure” wtyne 302000 'S tné sonting heads o
1in2 wii used “o operate re rmercury floot
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valves and Tocpler pumo., . [he Moty wurtface o th
handTing wysten was treated with trimethylchlorosi
betors use . and cvery time after being exposed to
order to deactive s frw; -0l growps on various sur

the system which could ooy Jecomposition of sila

/

(&) The aueiliary systen (Figure 11-0) w

convent onal hioh vacuum assenbly pumbed by a4 two-
mercury drftucron pumnp backed by o Cenco Hyvec 70
The apparatus was keet grea o free by using Jeloar
float valves, Hole 4251007- "0-5" valves, or teflo
v

[

cocks hce tlas In . onumber =194) equipped witn

rings. The vacuun sy ten consisted of o dis:il]

lane
d i 1
faces an

e

Stage

1Topunp .
oreury

n stop-
Tton-A "nv

»
ron trea N

siordgc_bulbﬂ and ¢ s%ecial line cdowith 4 Porapak
column. The column coultd be vy a stream of helium,
evacuated and used for purifs P f substratg, &s o odes-
cribed in section 11-0-3. The claers o stem gds also

sed for mercury-photosensitized decomposition of

Voorder Lo prepave authentic samples of disilanes
desceribed 1n Se-tion 11-L. A cvlindrical juartz ¢
in lengtn and 5 cw in diameter containirg a small

mercur, was attached to tne vacuum syster vie a ko

Sure rmercury resonance lamp {danovia =68

o

AoTow pre
used as the scurce uf radiation.

Before use, the vacuui. systen wa: treate

Vo
o

rseous trimetnylohlorosilane.

substrates

. as
etl, 10 cm
drop of

ke valve.

7A45) was

d wWitn

Lﬁ»"é’b\\
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B. Pyrolytic furnace Assembly
The pyrolytic assembly consisted of a4 quartz vesse|

surrounded by an aluminium block furnace as depicted in

FMigure 11—390 . The reac YoWas connected to the vacuum
Tine with a high t SR Hoie valve which in turn we
fastened to the t vlock in order to minimizehd@adﬁv
spdace. » SO

The cylindrically-shaped furnace consisted of two
halves connected by hﬁnges allowing easy removal from the
reaction vessel. The aluminium block was surrounded by a
tayer of glass wool.and transite and, in order to minimize.
temperature fluctuation and heat Joss, the entire unit was
wrapped in aluminium foil and placed into a Lox made of
asbestos bourd. The furnace was heated by means of eignht
300-watt pencil heaters arranged in parallel to ensure uniforn®
neating. - The pencil heaters were powered and regg]ated by
an Avl 2-Mode proportional elec:vonic cont 'er. The Jjunc-
tion of an 1ronjconstantan thermocqup]e from the controllenr

s located in a smal] gap betweern” the reaction vessel and
~ne aluminium block in the middle of the furhace. The temp-
erature of the furnace was maint-ined to within + 0.2°C and
the gfadient ver oo length ¢ * 2 reaction vessel was
less than + 0.3°C.

Two iron-constantan thermocouples were used to

monitcr the temperature in the reaction vessel. One was
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positioned on the outside wall of the vessel and the other
in the center of the cell by means of a special thermocouple
well. The electromotive force was measured by a Wheelco

Instruments potentiometer (Model 310-P), with the reference

Junctions of the thermocouples at 0°C. A <mall temperature
drop in the cell (v 1.0 - 1.57C) was observea immed stely
after a fresh reaction mixture was admitted. The temperatu:

rose.to the original preset value within 20-40 sec and

thereafter remained constant {to within + 0.2°C). In short

ey g

experiments, the reaction témperature was corrected for the
wnitial drop.

Before use, the reaction vessel was treated wifh
¢ 2:9 mixture of concentrated hydrofluoric and nitric acids,
then rinsed with disti1led\water, acetone and methanol ard
dried in a vacuum oven at 190°C. After the vessel was
attached to the vacuum system and evacuated, it was treated
with gasecus trimethylchlorosilane and then thorougnly
evacuated to 10°° torr.

Most of the experiments were carried out In a
quartz cell of volume 206.6 cc with a surface/ 2lume ratio
of about 1.0 cm™'. The inner surface of the cell was coated
by a polymer from previous experiments. For inQestigation
~of surfacs effects, a packed cell -f volume 153:5 CC »ith
SUfface/vo1Qme ratio of about 21 cm_] was prepared by filling
a quertz wessel with cuartz tubiqgs the ends of which were

fireg po]ished_



C. ﬁﬁgjytjpal_ﬂgthodﬁ
. Gas Chromatography

The main analytical method employed was gas
chrouatography with detection by flame ionization or thefma]
conductivity.

(1) The theoial conductivity gag”chromat0qraph

Was a cumponent type and was counled directly to the high
vacuum system. The Gow-Mac TR-11-B detecto, Was ?quipped
with W2 filaments and operated at 63°C. The filament current
was kept constant at 250 ma by means of a Gow-Mac 9999C power
supply, and the results were road out on a Sargent recorder
model RS. The carrier gas was helium; it was dried bx
passage through a column of molecular sieve at -196°C and .
its flow was requlated by a Hew]ett—Paékard flow controller
(No. 5080-6710).

The thermal conductjyity g.c. was used mainly for
analyses of the product gases%%oncondensabTe at solid ﬁitrogen
temperature (—210°C), namely h&drogen and methane. Hydrogen
was determined by difference. The thermal conductivity g.c.
was also used for separation and identification of condensable
products. After pPassage through the column and detector, the
separated components in thé effluent could be condensed in a
trapping train, from which they could be transferred directly
to the high vacuum system and used for mass spectra’ analysis
or preparation of calibration mixtures.

The columns used and the opefating conditions are

summarized in Tabie I11-1.
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(11) The flame ionization chromatograph was a
Hewlett-Packard model 5750 and was used for analysis of the
reaction products condensdbie at liquid nitrogen temperature
(-196°C). It was operated in a dual co;umn—dua] detector
arrangement with temperature programming, as follows: 6 min
post-injection intr val at 60°C, temperature rise 20°C/min

(60 » 165°C), 20 - 40 min upper limit interval at 165°C. The

dual flame detectors were operated at 230°C with hydrogen

and oxygen i + rates of 20 cc/min and 200 cc/min, respective-
Ty. Helium was the carrier gas; its flow rate was 25 cc/min
and it was dried as described previously. Two identical

6' x 1/4" stainless steel columns packed with Porapak (
(50-80 mesh) were used in a dual operation, one for product
separation and the other as reference, in order to reduce
a ba,eline drift during temperature programming due to
column bleeding. The drift was further reduced by using
teflon-coated minimum bleed septums (Unimetrics, catalrr
No. 2016) in the injection port. The sample was injected
with a gas syringe and the results were disp'u,ed on a
Minneapolis-Honeywell chart recorder mode) 15307856-01-05-0-
000-790-07 009.

Linearity of the detector response for the sub-
Strate was determinad, and the relative response factors for
the préducts (with respect %o the substrate) were obtained by

calibration using authe~tic samples. In g.c. analyses of the

(



AP

reaction mixtures, the <ubstrate could be used as internal
Standard, since s concentration was practically unchanyed
| .
(within experimental error ) at conversions below | When
silicon compounds were Lurned in the flame of the detector
during dnalysis, a4 whit-~ powauer of SiOZ Was formed which
deposited on both the Jjet and collector of the detector.
The powder was periodically Wiped off and the jet was
cleaned by means of a fine wire. It was con“irmed, by
frequentiy repeatd Calibrations, that neither the white
deposit nor the ¢leaning operations affected the rela*ive
Pesponse factors of the detector.

The compounds which Wwere analyzed by means of the
flame ionization g.c; are listed below in the order of their
retention tises: ethylene, ethane, monomethyls e,
Propylerne propane, dimetwy]siTane5 trimethy]si]ane,
methylethy]silane, diﬁethylethy]si]ane, 1,2-dimethy]disi]ahe,
1,7,2,2—tetramethy]disi]ane. Product Tdentifications we:
accomplished by comparisbn of their g.c. retention times and
Mass spectra with those of authentic samples. Since authen-
tic “arples of methyletnylsilane and dfmethy]ethy]siiéﬁe were
not available, the tdentification of th >se compounds was based
on enalysis of treir Tass spectra, listed in

AUperdices o oar < 11



O Mass Spectral Analyaie
Maso spoctra were  tained on nscociated Clectro-
nics Iondus traee, Tnetrunentas s mode s MO0 an My 17, Un both

of these 1thruwwﬂhu, Itowas possible to Carry out Gas
Chromatoaraphic analysis with simultancous mass spectrometry
of cach peak as it eluted frorvtho celumn,

Hydrogen disotope ratios were deterrmined on

As clated tlectronicn Industries Models B9 10 and NS domass

spectrometers .

0. pxggfimcn}al Wropcguyc

1. Pyrolysis

.Befwre the experi~.n*. the reaction vessel was

thoroughly evacuated to 10_6 torr and 1ts tempeiature was
preset to the desired valuc. Pure substrate from the
storage tank was condensed in bulb A (see Ficure I1-1) by
Tiquid nitrogen. Bulb A was then warmed to room temperature
and the pressure of the substrate was measured with a mercury
manoneter, The volume of bulb A and that ot the adjacent
manifold leadin: 2 the manometer were calibrated. Tre
manometer pres;ure.was read by means of a cat-etcometer with.
a precision bette, :n + 0.05 torr and the ;ubstrate Was
admitted to the reaction vesse] by & momentary open‘ngof the
valve attachec to the reactor. Ahile the reaction w~as in
progress, the remainirg substrate in the manifold wes trans-

ferred to bulb A. Thne actual pressure in the reaction vessel



~ . é »

N ) o
was calculated from the diftorence. STnoe the conpversions
were generally low, 0.1 - 0.5 | Poomaximum), any pressure
changes in the reaction vessel werpe negligible and there

was no special need tor any pressure Fonitoring device in
the reaction vessel., Un the contrary . it could be a source

of an additional error by increasing dead space oi the

reactor.

Im the experiments w fures % geces, the
reactant pressures were indivic o]0 deasured and then the
cemponents condensed together in bulb A, With the valve .o

the manifold closed, the bulb was sudden!ly submerged it

bl

hot water bath and aliowed Lo stand for several hours ‘o

assure goecd mixinyg. {m\

2

n Product Analysis

Axterxpyro?ysis, the reaction mixture vas passed
throcugh two traps at -149d ° 4rg -210 C respectively.
(i} The gases rnoncondencable at -210°C were
pumped off with 2 one-stage mercury diffusion pump and a
Toepler pump and measured r a r3s burette. The PUNEsS were
operated continuously for about 30 minutes after -he end of
each experirent anc during this period readings}@f the gas

burette were taken in % minute Tntervals, in order to get
some iaforyation soout gas evolution from the polymer in the
reaction vessel. From the gas burettc, the noncondensab le

‘gasvs were transferrez quantitatively by meanz of a second



Toepler pump 1nto th  evacuated sample Toop ot the thermal
fductivity goc. and introduced to the column for analysis.
(1] The reaction products condensable gt -210%0 wore
Gonti s bresent o onay Inomingte quoentitices (0,00 moles ),
very often too small to be measured ‘n a gas burette.
Meast able quantit.es of this fraction were obtained in the
pyrolysis of monomethyloilane at high conversions (- 1.) anc
mass spectroretric analysis indicated the prosence of

monosilane.

Cii0) The enti-w condensable (=166 ()

mixture, cons..ting of substrate ¢ R S R
measured In a gas Lurette a . d the: St iy trans-
ferred into a Pyrex ampoule it +1th a mercury cover

B ol Silicone rubber seal. Ti ixtare was dllowed tc

warm up and the internal pressure was raised to 760 torr by
irntreducing helium with a gas syringe. The amdoule contents
were mixed by pumping with the gas syringe and a suitably
sized sample (5 - 10C 7' was then withdrawn for irnjection

N \

intc the flame Jonizaticn g.c. des.rised ir Sectinn 11-C-.

The inie

(@]

tion was usua lv repec.od severa] *times -~r the

same mixture to insure "igher precision. Kncwing the total

h L4 - % +
i

amount ¢f <carple and rolative restonse ‘actors the detec-

the malor components, tne composition of the mixture

errined from the relazive peak areas meisured- -with

-t

co.ld to de

o
o
-
o
.
©
¢t
D
~



N
3. Sabstrate Purification

Specral methods ot purityin s conomethy L ilane and
dimetnyl~ 1 Tane were developed. The auxiTiary v un Syntem
shown 0 figure 10-0 wa- 1n¢wf.u;r this procedurs,
(V) Monameth. [ bane

Acmajor dmpurity in nonose ) e CMMSY was
dimethylsilane DM whoch, a " thoo resent o in o quantic e

tess than 1, .., nevertheless one of the reaction Droducts in
the pyrol iﬁ;“f MMS o tﬁv:ufmru 1L wds nv(vﬁvﬂfy Loreroye
T rom tne substrate complee’y. A simple low temperature
diztillation did ot give sati<tactory results since tne

vapor prescures of MMS and DMS are quite similar. An

exco - tunt separation, nowever, was obtainec by distill ng the

mixture vorcugh a2 Porapak O column and coliecting only tne
first fraction.

The purity of MMS from this fraction was chechad
o} Tare 1oniza?ion G.Z., which was capable - detecting
impurity levols Tess than 0.0uil, eand r . traces of [OMS were
found. A nhigh erficiency of purifica*ion was the main
advaritage of the method since in a single peration, Tasting
lTess than 10 minutes, i was pcssible to optain pure sub-
strate “u quantities sufficient fer "0-30 wxperiments
‘about 27 -oes).

Tne cclumn was 3 Pyrex spiral trap (6 .t “ong,

+

3 mm 1.4.) packed wit- Porapai  (30-100 mesn . © cre use



v
PEhowan tiret Durged heoa s trear ot drae e lan at Tead tin
several hour o, ol iowed ta coodl o oy oo temperatare . and toey
. , { ¢ 1 . N '—" N s [
thorouably oy ated to dess then G0 vy s un e
Methyloilane (previous)y diat - lley 40 - g
degessed at - 1607°C) was transferred into o -t adyioent
to the column and ity presan mantyined ar abagt )

by means oi o low temperat 1o bath ot dimethy Iria o nate < 1oy,
The Porap & column wae opera‘ed ot 3 ° The dmpure MMO W

admitted into the column an. - ra o tion o which [ ossed throuon

within 4 minutes was colle tes S0 tne second strap gt =10y
After a purity check, this “raction wes transferroc nto o«
storage bulb. The remaining impure MMS wa: then reroved
from the distillation line «nc neliur was , «n.ed througn tne

Featec coiumn in order t- wrepare it for the next purificat’

Cyc:n.

Moromet' 1.1 une-4. was also purified in the same
manner.
(i1} Dimetavls®  ane

The maior i -purities ir thylsiiane {2MS) were
ment o cinylsilane {MMIL D trimeth.is:lane TMST, anz troaces
0f “roncce STroe MME et TMI were hitt reaction proowucis
0f “he pyrolysis 9f DMS . trey ~yst be weiovec‘ ‘row the
Subsivit o Persyval of MMS s rreg5ane was accorpiisnec by o a
repeated deceraing of CMS at -0 fr—pentgne siusn n
ordger o rivcve UMD 0 [MS wit first distilied at -1757°¢C




bl.

(ethanol _iusi ) and Lﬁvn paosed through the Porapak § column,
as In the - ase of MMS. The columny was eperated at 2570,

the pre o sure of Tupure DMS was maintained at about 1Hy torr
by means of a chlovrotorm slish (-64°C), and the fractior of

pure DMS elutea in 6 minutes was retained.

£. Mjltfqr“i}llrs
The materials used, their source and their

5]

purificition are ' listed in Table I1]-2.
Authentic samples of 1,2-dimethyldisilane and
T,1.2,2-tetramethyldisilane were prepared by the mercury

photosensitized decomposition of monomethylsiiane (MM5)

and dimethylsilane (DMS), resbectively, s described by Nay

et d].3]. The photolysis cell in the tary vacuum system
(Section 11-A) was filled with about r of substrate
silane and irradiated at room temperat. for 2 hre; the

disilane product was.teparaﬁed from the suhéf te by a low e

N9

temperature distillition at -1307°C and -115°C for MMS and

DMS , respecti%ﬁlyh\and purified by preparatiwve g.c. 't meang
T TNIH ST : ”
of the thermal conductivity gas Chromatograph. The columns

and conditions usegh are " isted i Tavie T1-1.
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CHAFTOR T11

PYROLYSTS OF MOTOME THYLSTL AL

AL sulte -
ST - ;v;\ g

The pyrolvsis gfg' “omethy]si]éne Qgs szudied
static system over tﬁe fange of conditions 340 - 440°C
4 100 torr dinitial Substrdfo pressurce. The
investigation was focussed on the initial Stages of the
resction (conversions below 1<) where secondary
decompositions are minimal. The effects of time,
reaction vessel surface, and additidn of a free radical
. ) ’ o
>tavenger were investigated in order to determine tne

nature of *he processes responmiﬁke Jr tie observed,

products.,

1. The Praction Procucts and Their Distribution
) T - r

The followin products were observed ‘in the
g

37y stages o‘”pyro]y;is of monumethylsilane (MMS ) :
rvirogen, 1,2-dimethyldisilane (DMDS) , dimethylsilane
(DMS ), monosilane, methane, and a dark brown polymer
dépositcd °n the inner surface of the reaction vesse . .
tiydrogen and DMDS were the major'reéction
m_proncfE anc DMS wés a minor product; monosilane and
nethane wore formed occa§iona]]y in {race aﬁgunts dnd

»

G ten coulc not be detected at all (the detection limits

64
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Y
.

A
for LJIH,1 and (3H1 were approximately 0.015% and 0.005 o moles .,
respective y .

Polyn v was another minor reaction product, and

Sth.e 1t could not be dirvectly measured and analyzed, its

»

formation created certain complications. Some of the

prob’ associated with polymer formation are reported

Tater: it s, a.1d be pointed out here, however, that

reproe .cible reactiok rates were aobtained only 11 a
»gﬁse1 which was well coated by a polymer from previous
runc.
(i) Gaseou. Products

The oniv significant reaction products formed
in the initial stages of, MMS decomposition (- 1% conver-

7.
sion: were nydrogen, OMDS and minor amounts of DMS. The
Y gen,

ra.tio HZ/DMDs WS app‘f#xirﬁate]y 1.15 +.0.10, and both & %"ﬂ ‘
. : - & v ®

products showed a linear de;ehdence on time. The atoufF®
of DMS formed was about 5% of that of the major products.

At conversions above 1%, the product distributior
Was a1:ered”considerap1y. The rates Qf formation of H2 .
and DMS were enianced whereas thatrof DMDS declined;
also, some m osiiane &bu]d be detected‘among the

reaction products.

-

Product Yyields*tas a. function of time at 422°C

L4 P
and ~ 1274 tdrr are lTisted in Table III-1, and illustrated

in Figure III-1. The experiments were performed in a

[
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TABLE T11-1
Variation of the Product Yields with Time in the
Pyrolysis of MeSiH g at 420°C d
P e e S
Time , __¥ields, i moles Conversion U
min H DMDS DMS STH ¥
2 4
T
3.0 2.18  1.83 0.09 ¢ | 0.37 ;
4.0 2.99 d d e 0.49
6.0 C4.37 .76 0.20 c 0.69 HE
12.0 9.30 7.57,.0.84 0.27 1.51
12.0 ™ 8.06 7.29 0.56, 5.02 1.32
18.0 13.87 10.5] 1.5]1 .13 1.77
24.0 19.54 1755 2.91 0 10 3.32 »
%
— B Q_g",'gﬂk._:_‘*__m —
d Pre‘ssure 124 - 130 torr; cell volume 206.6 cc;
S/V=1.0 cn”!
b Based on the yield of HZ'
" Too small to measure (< 0.02 . mole).
d Not measured. . < ﬁ
‘.‘}‘ ."J\'.'



Yield (umoles)
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Figure I1I1-7. Product Yields as a Function of Time
in the Pyrolvsis of MeSiH, at 422°C.
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reaction vessel of volume 206.6 cc (surface/volume ratio

]

oo a0 ) whjch was already coated by a polymer.
Up™n carrying out the pyrolysis to conversions
of 10 - 20/ or higher, the reaction system became quite

complex and a large variety of_mgw products were formed,
not a 1 of which were identifiedgkhowever, DMS was one
of the dominant condensdable produtts and 1t was present
n quantities higher than those of DMDS, indic. .ive of
the high thermal stability of DMS. An example of the
product yields a% conversion of 20.5% is given in
Table I1.-2.

The investigation$vas therefore 1imited on]y to
the initiel stagws.qf pyrolysis of MMS, i.e. to such

conversion whe! éwndary decomposition of the primary

R Ayt
W OR
products was negligible. Most experiments were carried

v

out to 0.1 - 0.57 conversions, and occasionally as high

as 17 i+ order to obtain sufficient amounts of reaction
;

products for analvses.

o~

(ii) Polymer
. s " s
Preliminary experiments in a new reactiofh vessel
revealec that the reaction rates were botn high and
?rrq;i;‘and that only after carrying out several
runs to high conversions, after which the inner surface
of the vessel became .oated by a polymer, did the rates

become lower and quite reproducible.
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Tay,

Thie onemical compos *ion of the polymer was not
analyzed. 7 nouah a ma.s bailmce between gaseous cronducts
o

and monomethylsilane reacted Was attempted, no definite
conclusions . ould be reached since most experiments were

Carried out at very low conversions where the yield of
polymer is extremely small and wel | within experisental
error of the amount of MMS reactoed.

The polymer was found to be thermally unstable .«
since a slow evolution of gases from tune coated vesse]
could be observed upon heating, nevertheless it could not
be completely removed from the cell eve: by a prolonged
heating. in & vacuum. The rate of degassing, however, was
extremely slow whervthe experiments were carried out  to
conversions below ,),‘ and th&moant of products wmch
could be collected fapr the decomposing polymer was rot
sufficient for ana]ys1s.

At high conversions I . =ver a large quantity of
the polymér accumulated in the reaction vessel and it
waé possible to follow the polymer decomposition for a
long period of time (about & hes) aqd“to monitor its rate.
In a typical %xberiment, Tisted in Table II1-2% 8 torr
MMS was pvro]yzed for about 79 hrs at 360°C (~ 20.5
vonvers1on) The rggzt1on vessel was opened to the main
vacuum line for 30 min and then the rate of evolution of

the light ga;es was measured.



Ty

The Tighd baves evolved fram the polvmer
i’ ",

\

ey

\

consiyted Hmirv]y\‘ur hiydrmwn and methane; some condenseh e
products were also formed in trace quantities. and the
presence of lower hydrocarbons (L:, 03) and a1l methylated
monosilanes was contirmed.

The data obtained for the liqht Jases are shown
in Table T11-3 and plocted in Froure 111-2, from which it
1s seen that the rate of deqas.ira wiy very steady e¢.ven
after several hours and there- - (ould be treated
quontitetively.

Since hydrogen was alsc one of the major
reacticn products of the pyrolys . oﬁWMB, TL was necessary

to deternine the rel‘%tive importan. o f hydrog(’ formation

- N
W

from the thermolysis of the polymer. = e

After proionged heating and evacuation of the

reaction vesscl, the r.te of gas evolution declined and

s

then fina'ly became unmeas irably slow or cogsie d comp1ete1y}g§w Z
, R Ay

(The time needed to réach this stage could Va”y from -
several hours to a few days, depend{hg on tne température
used and the amddnt of polymer deposited previously.)

When such a vessel wes used %;r g‘,o1ysis pf MMS af
tonversions below 1 , no significant degassing from tne
vessel w.:. observed, indicating that the polymer was only

a very minc~ product and its decomposition was not

important compared to the pyro1ysis»of1MMS.

-

P
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TABLE 1113
The vield ot Gases trom Polyvmer
Decompositior ot 360°C as a Function
vf Time
Time, Yield, Time,  Yicld, g
mi, molve min Uomole ‘lﬂlﬁ%
16.0 L.04 225.0 0.67
26.0 0.08 254.0  0.74
76 .0 SRl 265.0 0.79
G600 0.13 290.0  0.8%
56 . ) 0.16 300.06  0.89
66.0  o.10 T 325.0  0.95
76.0 0.2) | 335.0  0.99
86.5 0.74 T 350, 1.03
96 .6 0.27 361.0  1.06
" 1040 n.2s8 377:0  1%cs i
121.9 )34 400.0 1.]}‘.»’”\\
131.0 0.38 411.0  1.21 L
160.0 0.46 42020  1.24 ’
170.0 0.49 430.0 1.26 ’
180.0 0.53 440.0 1.29
1971.0 0.55 450.0 1.31 ,
200.0 0.59 463.0 1.34 o
213.1 0.63 470.0 1.36 P -
a Hy CH, . :
Cortains ~ 0.06 1 mole CH, and ~ 1.30
u mole H
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Poosummarize oo producible rates could be
obtarned 1 0 o aconed rection vessel nrovided the
conversions we e hept eiow 1. In those (ases wiere
extensive decompe L rcion of MY had cocurred, or when a
Targe number of experines ~< 90 1ern performed in shoort 3
consecutive ‘rtervals and the —olvmer deposit was

relatively heovy, o imnle o »rection tould be made te

pendent®

the obs- v Ho yields woouminag that the rates o! decom-
position-of tre poalyeer and of the substrate -re “ode
T D ‘ o
1

he precedure iy iliustrated in Aypendis 111
Alternatively, the reaction vessel could be heated ard

evacucted until no gas evol.“icn could be detected.

2. Reacticn Order of Hy:rogen Formation
pEALLILR Jrdey OF Hyovogen Formatiog

& In order to obtzin Sbmé insight into the
kinetic features of the decormposition of monomeﬂhy1si]ane, i
experiments werc carried out to determine the initial

order bf formation a- nyd-ogen. The polymer coated

vessel was heated at the reaction temperature and evacuated
before eacn run for at leas- several nours, usually
overnight, in order to miﬁimize iny possible contribution
from cecompositior of the polymer.

The reaction order 5- hydrogen formation can be

calculated using the relationship

5) =_kH2 [MMs]"

g



where g Lw SRl g o ae the Tl gl ot
oy droaos \'\‘Y’Iﬂlf‘l‘)“. et o rate constant L ot
substy ste oot n L an e e e b o e ]y fro
] et the Toaarathe s 0t 0y, . ubostratoe
Presoare e td s the o b Gt pea tren

The vear tion ordeyy wero ¢ et uvery the
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The kinetics of cas phase Lnermal reacticns are

ontabutions from netercaerecus

@)

citen corniisoted by

reactions.  Surface reactions Lre generaily very complea
rheno »dntiuc ced by turface activity and cifficult
Contrc. and reproduce. and their e<iurrence snould be

“inimized in the studies of momoceneous reactions.  Surface

reatiions are particularly nrevalent in new. unused
rezttior sesse’s, and the walls cf the vessel ofter
reculre @ ospaciai treatrtient in order ‘¢ suppress surface
effectsy tha2 most usuel way T to Syroiyze the substrate

ceated sy ountt o the exner I restits cecome
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, , . - . 2
Moncie th,l Lo e e Mrtferens Temperatures
MR BERRIT H o Yield, Lonversian,
Y1 . coomo e
IA1
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) h o 2.67 0..:467
T a0 57 0.2a7
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PABLE 111-%
Vari o o ot the Hydrogen
Monone oy b i bane e e
PiMMS) Fime H, Yield
tory min me e
14, 260 .34
177 0 50 .87
147 ] 2.50 1.53
1257 3.20 1.66
120.°2 3.00 1.48
100.3 3.05 1.21
81 .4 150 1.44
69.7 4.50 1.18
55.7 6.0C 1.26
47 .1 6.5° 1.13
31.6 .00 1.05
° Cell velume 206.6 cc.

nverasyon .




TARLE 101y
vl Tetron od the L roges Yield witn
Monorie oy Pane Peeare at o duot e '
Pisesy s Time, Ho Yield, Conversion,
tory min A mole pe
i 6.0t 0.176
03,0 6. 00 M) T 146
S 10.0¢ 2.75 0.276
i 4 lu. 00 .85 0.25
14 100 .73 ).24
125 ;o 19 0.17¢
P36.¢€ .00 L8l 0.2606
93.9 1C.° .09 0.236
91 10.70 J.99 0.219
: 15.00 .22 0.557
62.19 15.30 .03 0.333
61.% 13.00 0.84 0.27¢6
48 .5 15.00 0.80 0.335
42.: 20.C¢C .87 C.418
237 2400 J3.80 0.483

Cell volure 206.6

ccC.

VAT



TABLE T11-7

Variation ot the Hydrogjen Yield with

- . - .
Monomethy Taalane Preqcoure at Uifferent Tempreyature .

POMMS ), Time, M Yield, Conversion,
torr min omole
3 C
21208 16.50 1.58 ). 147
21002 11.00 .09 U.102
145,20 - 21.50 1.15 0.156
141 .5 26.00 tLoa 0.187
ag .5 30.00 0.94 0.192
€602 21.00 0.40 J.182
Le.9 37.00 0.57 0.263
28 .4 80.0C 0.73 0.50¢8
360 °C
92.6 148.0 [ 0.260
62 210.¢ 1,03 0.318
47,5 280.0 0.85 0.402
341°C
195.8 275.0 2.32 0.220
128. ¢ R 1.34 C.194
84.5 "53.0 1.19 0.261
a
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to be Generally oo ber thar those in the unpached veoge ]
The rirner product . DN wae atfected the moct v 0 Channe

tnothe 0V ratiye.

The results, howe , not very conclusive in

T

view of Colarae coatter of the data: Prqures 11,0 5 to
FIT- 7 show that <ome results in the packed vessel were
low and essentialiy not difterent from those in the
unpachked vescel, wnile on the other hand, gome experiments
in o the unpeched vessel worpe unusually fast.,

. tven thouuh the observed scatter was partly due
Lo experimental errors, it was nevertheless possible to
ectablish a certain ¢ rrelation between the large

deviation from the ‘expected” ratwe, and the mode of

the experiment :

9]

treatment of ‘he reaction vessel befor
when the polymer was freshly deposited on the surface of
the vessel, *he reaction rates te- -d to decrease and the
effect of S/V ratio on the reaction rat:> became less
apparent; prolonged neating and evacuation of the
reaction vessels, on the other hand, caused an increase
in the reaction rates. The effect of the nature of the
surface ¢ the reaction rates 1s examnined in tne next
section in rmore detq11. .
(17) Effect ¢ 93 Nature o0f the Surface

ire insersitivity of a reaction rate on tne

surface/volume ratio does not necessarily imply a



complete absence of surface reactions, since . heterogeneous

reaction could escape detection 1f a radical-chain
mechanism which s both surface-initiated and surface-

A 4 97 .
terminated were involved™ . A change in the nature of the
surface, however, could indicate the presence of such
radical-chain processes since as a rule the nature of the
Walls affects the rotes of wall-initiation and wall-
termination of the chain differently

A Qery limited choice of reaction vessel surfaces

wWas availabie for this investigation, mainly because

polymor deposition on the surface of the 1 occurred

with every run, and after several experiments,Yregardless

S\

of the in“tial treatment, the surfaces eventu y became

identical.
The effects of changing the nature of "he
surface were studied in twﬁ way.: (a) starting with a new
cell., the effect of gr;dua \ly increasing polvmer deposition
on the reaction rate was invesiigated and (b) the thermal
stability of the polymer was eramined since it was not
knowrn to what extent bo]ymer decomposition affected tn-
nature -f the surface.
(a) The investigation of the effect of increased
polyrmer deposit was carried out in a packed quartz vessel
-1

{(volume 153.5 cc, S/V¥ = 21 cm '), which was first washed

anc treated as described in Section I1-B, and then a



aq

SUTTCon mirror was deposited by repeatedly Pyrolysing

monesilane g completion (hydrogen and asilicon miyrory

were the on'y pooducts observed wihen P00 tory SiH4 wWas
pyrolyzed at 490 for about 48 hre . The vessoel was

then thoroughly evacuated to 10_6 torr ana o degassing
could be obse ved. the silicon mirror surface was chosen
since it was assumed to be inert, both in the pyrolysis of
. 38 . 5

monosilane and disilane

In order to determine How the thermal decomposi-
tion of MMS was affected by Tncreasing polymer deposition
in the cell, a repetitive series o cxperiments was carried
Oul under “dentical reaction conditions in the silicon-
coated reaction vessal]. \\)/

The results, listed in Table [TI-13, are

T vstrated in Figure [TI-8, where the product yields are

‘iited vs the serial number of the run (i.e. the aggregate

ion time in the vessel) to show how the rates of

PO tic 2 all the products are suppressed as the
exter -t denosition increases. For comparison,
proa. ‘ " tained in 3 "seasoned"” pPacked, vesse]
under - - T 1S, ars included.

o -i3 and Figure I[II-2 it can be
seen that ¢ - UMS 2-d menosilane were
affected tro - Towebooitics and that of DMDS,

the least.



Etfoot of Polyn,

TABL

[

Depocatron on the Product

Successive Pyrolvaes

Fxperiment

Number torr
] 68,3
2 67.4
5 b /3.3
5 26 .
6 65.6
7 69.0
d 68.0

a

Time, 10.0

silicon-mirr

b
accidentally lost.
c -, .
Hot determined.

"Seasoned” vessel.

Ding cell

P(Mesit )

r surface.

ot

Moo atoa s e

3

H;, CHDe
9.90 H 4
5.82  3.70
3.94 2. 80
C 2.67
61 2. 3]
2.82  2.47
1.86 1.76

volume 153.5 ccy; S/V

Y oo bde an

motes

DM Sl
3.30 1.66
2.06 0.5
.81 C

0.50 C

0.36 0.20
0.423 0.15
0.C¢ .02

= 2] cm_];

The reaction/mixture from experiment number 3 was
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LU oappear o that wome heterojencous Proces e
and orvobalog vadioal charn o veactiona, are involved in the
DVvrooya o MM i that the nolymer 1. able to

decctivate the wuarface o g hian oxtent .
(b) With regard to the thermai stability of
the polveer . it whouid be recalled at thie point tnat it

decompoced Slowly when heated in vacuum, berating “ight

Jdases., Inis may andicate that the character of the polyner

and consequently that of the surface may have been chanqged
. ¥ Q

by prolonged heating.

Indeed, 1t was observed that the rate of MMS
pyrolysis obtained in a "seasoned" vessel which had been
continuously h- ted at the reaction temperature and
evacuated for a period of several days {or even at

shorter periods if the temperature was raised) was always

faster than that in subsequent runs.

Typicel results are illustrated in Table 111-14.

4. Effect of Acded Ethyiene

In order to determine the molecular or free
radicel nature of the prirary steps in the reaction, the
pyrolysis of monomethylsilane was carried out in the
preserce of ethylene.

Ethylene ic olecule well known “or its .

behaviour as a radice -avenger, an- 1s thermally stable
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rorcation ot P ang OMO o tne Feve b ot rogion were naot
dedendaent G the nata ot ot Surtace Pothe reaction
Ve, e S Seen thet i the preseny ot oo hrah
concentration of L HLL the rates in g ve ool fronhily
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coated with polvier were the wame ay theae obtained in
the vearnel evacuated tor o hres ot 500 (.
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OIS yaieTds formed ot hygher preassures of othylene were
of molecular origin, nd that about 10 cthylene in the
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r cal reactions viinin the temperatuyre range exdamined
Th this study.
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1Y Urder o Tormation ot fedvogen and DMD
From the data in Table TIT=-T60the Togarithms ot

fhevetes ot 0 and DHDY formation were plotted dagainst the

L

Fogerothr . o anitial My Dressure, and the corresponding
crder s hats gt aitterent temperatures are shown in Figure
PIT- 0,

The reaction orders, derived from the slopes of
the order plots by least mean squares analyses, are listed
Tno Table T11-17. ithe formation of both products was found
to be firat order with respect to monomethnylsilane at al]
temperatures: tne sole e.ception was hydrogen at 340°C,
and the observed deviation from unity was pruvably an
expcriJé\ta] 2rror since the value s based on two points

only.
(71) Rate (onstante and Arrheniuc Farameters :or Hydrogen
and DMDS Formation
In tne presence of 10 etnylene, the formation

of M, and DIMDS was first order with respe-t to HMS, thus

-
s
“[}{’/]
1 — e —- i, 1 rr
Rate(hg) Rt Y [ras ], and
4
S Mmeenc
Dt el eney o L OMDS] | ey
natle [ ]\,,' = T, — L\ - l'lle—]
LT St pros L -
wnere J[F2], CLOMUST are the pr.ocuct yields in concentra-
tion units, "t is the reaction time, ' and N arz tne

-Jdrder rate constants a

=

ind idual firs
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TABLE I111-17

Monomethylsi1&ne—[thy]ene System: Orders
of Formation of ftydrogen and DMDS

Temperature Order

%E:_h;_DMDS
130 1.02 1.004
420 | 1.03 0.96
415 _ 1.00 1.03
400 ' 1.01 0.97
380 , 0.95 1.03
360C 0.99 1.02

340 1.25 0.92

107.



reaction temperature (with the prime indicating the
presence of ethylene), and ([MMS] i+ the substrate
concentration.

Since the conversions were well below 10, it is
reasonable to assume that the concentration of the sub-

strate was wnchanged, i.¢o.

[ms] [MMS]1n1t1a1

The calculated rate constants kH , kDMDS are listed in

2
Table I11-16.

The activation energies and pre-exponential
factors associated with H2 and DMDS formation were
calculated from the slopes and intercepts of the Arrhenius

plots, using the lTogarithmic form of the Arrnenius

equation, F
log k = log A - 2v3q§7

where k is the rate constant, A is the pre-
exponential factor, Ea’ the activation energy, T,
absolute temperature, and R the gas constant (1.987 cal/
deg mole).

The Arrhenius plots for H2 and DMDS formation
in the presence of ethylene are shown in Figure I11-1]
and the corresponding Arrhenius parameters obtained by

least mean squares analyses are presented in Table I111-18.
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109 .
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Figure II1I-11. Arrhenius Plots for HZ and DMDS

from the Fyrolysis of
the Presence of ~ 100
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Formation
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Arrheniu-«

Formation in

Product

DMLCs

the

TABLE TT11-18

Parameters for H2 and DMDS

Mononethylsilane-Lthylene Systen
10?]/\ [a’
(s ) kcal/mole
15.02 + 0.10 63.27 + 0.3]1
14.87 + 0.12 63.15 + 0.35



b Footoprc Labe b ing Dxperiments

In order 1o ootablish whether the Si-i or (-h
bonds were dnvolved in the production of hydrogen,
Psotopically labeled monomcthy]si]ane—d3 (CH3éiDj) wds
dyrolyeoed both on the P nce and absence of 10 cthylene,
and the dsatopic composition of hydrogen was analyzed.
The cequlty are presented in Table 111-19.

It was found that about 97 of the hydrogen
fraction was Dg. Since the isotopic purity of mono-
merhy1si13ne—d3 used was reportedz]’JG'Gl to be about
97.0 + 0.5 , the results indicated .hat hydrogen was
formed solely by splitting of Si-H bonds.

B Discussion

In the initial stages of the pyrolysis of
monomethyisilane (MMS) hydrogen and 1,2-dimethyldisilane
(DMDS) were formed as major products and dimethylsilane
(DMS  as a minor product. When a free radical scavenger,
ethylene, was added to the reaction system, the formation
of %2 and JMDS was partially suppressed and that of DMS
was totally suppressed.

The results suadest that at least two different
processes leacing to HZ and DMDS forration must pafticipate
nothe pyrolvsis of o Cne, a radical proceés, is

suppressed pny the additir of @thylene, and the other, a
Y >
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melecular process, Teads to the formation of noenscavengabie
H., and DM

In pite of the apparent Stmplicity i the
overrll reaction, the khinetics of the pyroly< s were found
te be complex. The main complications arose from the
occurrence of heterogeneous reactions, as indicatd by
the dependence of the resaction rates on the mode o f
treatment of the reaction vessel. fFlthoudh o great deal
of effort was expended in order to eliminate surface
reactions, only partial success was achieved and therefore
this aspect of the pyrolysis will only be briefly
discussed. In the presence of ethylene howevgr, the
.ites were not surface -dependent, and the resulting

Kinetic ¢ a on the molecular process can pe treated

quantitatively.

1. Iﬁg pﬁiﬂﬁﬁ! Reggtion Stqgi

The hydrogen fraction from the pyrolvsis of

monomethy1si]ane—d3 (CH351D3) consisted almost entirejy

of 32, Table III-19. Thus C-H bond cleavage is not

important and can be neglected as . primary reacticn step.
C'eavage of the Si-C tond can also be

eliminat 4 as a primarv ‘step in the pyrolysis of MMS.
fince no <ignificant Yields of methane were observed. The

rate of d-abstraction by CHB redicals from Si-H t onds is



61

bnewn o be o extre ely prand .Uin
armount oot omethane . wihion were oo as
Can e oexplatned by S low thermagl deoy

polyrer,)

eotormation of gl
Sronally deteoted,

amposition ot the

The present experimental dato oo not aqgree witn

Hb

the o ulte of Daviioon ot al. .oWwho o atmed anaiyvtigal

and Finetic evidence for the ovedrrence ot Si-( Cleawiage,

CH, ST . CHy ¢

The results of this study
in the primary steps of the pyrolysi
silicon-hydrogen bonds are broken.
either by eliminat on cf motecular H
lene, reaction i), or by dissociati
silicon-hydrocen bond forming an H a

methyisilyl radical. reaction (2.

~ oy N He Qe
uh351n3 CH357}.

v

L,r1351h3 u‘.357h2

Tne -esults indicate that both prime:

ccciL” anl that these steps can be dis

4

adding ethylene g tre Sy~ tert.

reaction mechan

,
o
@]
%]
w

o

U
1]

of MMS will now be pro-osed in Srder

51H3

conclusively ahow Lhat

S cf MMS, only the

MMS may decompose

o oyieiding metnylsily-
“

or o7 a single

tom and -a

+oHL (1)
IS

+ (7]

ryocteps (1) ans )
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reaction (7). or by diffusion to the walls., reaction (8).

In the presence of ethylene, hydrogen atoms and
methylsilyl radicals from the primary step (2) are
scavenced In reactions (10 and (11), where ethy! and
omethyicethyls o y1 radicals, respectively, are formed.
Although these Fud%Ld]S may underqgo further addition,
abstroction, recombination or disproportionation reactions
to form stable pnroducts, reaction (12), it is assumed
that no sigai{icant amounts of H2 or DMDS w211 be formed
in these processes.

Thus, if steps (5)-(9) could be effectively
eliminated by high concentrations of ethylere, the radical
Process will no longer contribute to th> “ields of H2 and
OMOS, ana tnese products will then be fourmed solely by
the molecular process.

The effect of ethylene on ti_ pyrolysis of MMS

now be discussed in detaijl.

—

Wil

3. bﬁffeca of Added Etnhylene on the Molecular and Radical

Processes

According to the reaction scheme in Tab.e 111-20,

yielids H, and DMDS in the presence of ethylene wil]

o+
S
(L

2

correspond to the molecular process, if the following

conziticns are fulfilled:



\.r

(a) the molecular process, i.e. reactions (1), (3) and
(4), is unafrected by the addition of ethylene; and
(b) reasctions (5)-(9) are suppressed by ethylene, and
the subsequent reactions of ethyl and pm-methylethylsilyl

radicals, (12), do not form any additional H2 or DMDS.
Each of these possibilities will now be
discussed.

(i) Molecular Process, Reactions (1), -(3) and (4)

(a) Reaction (1)

The primary reaction sten (1),

CH351H? . CH351H: + H2 (1)

represents a unimolecular decomposition of the thermaily
activated substrate molecule, the rate -onstant of which
is pressure dependent in the fall-off region (see
Se-tion 1.B).

The experimentally measured first order rate
constants for H2 and DMDS formation in the presence of
ethyicie. listed in Table II11-16, were détermined in a
broad pressure range of approximately 40 - 400 torr. They
were, within experimental error, independent of total

pressure and therefore répresent the 1°~iting high

pressure values.
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Moreover, an RRKM calculation of the tall-off
curve for the rate constant of reaction (1) confirmed
that - present invesfigation'@as carried out in tne
high pressure region

Thus 1t can be concluded that at pressures
above 40 torr, the rate of reaction (1) is unaffected by
the addition of ethylene.

(b) Reaction (3)

Reaction (3),

CH3S1H: + CH3S1H3 -+ (CH3S1H2)2 (3)

represents inserticn of methylsilylene inte tihne Si-H bond
of the substrate. In order that spin be conserved in the
primary reaction step (1), MeSiH: must be produced in the
singlet state which is very likely the ground electronic
state by analogy with :SiHZ55

Althougnh the rate of reaction (3) nas not been
reported, one can deduce from'the'following considerations

that it must be very fast. The Arrhenius parameters for

_insertion of :SiH. into 51H4,

2
:SiH2 + 51H4 - Si2H6
i . I 66
are Ea = 1.3 # 1.1 kcal/mol and log A(M 's ) = 9.7+0.4°°7,

and the preexponential factor for insertion of methyWsiTy—

lene into monosilane,
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CH3SlH: t 51H4 . CH3812H5
, , -1 -1y 77
wdas calculated to bpe Tog A(M 's™ ') = 10 . Tne latter
reaction is also very rapid and its activation energy is
likely to be very small. The rate of insertion of

MeSiH: into MeSiH3, reaction (3), should therefore be fast
and feature g3 similar A-factor and Tow [a68
In the presence of ethylene, addition of

methylsilylene across the double bond, reaction (3a),

CH3STH: + C2H4 -+ adduct (3a)

might be expected to occur in parallel and in competition

witn reaction (3)62’86

5 however, the Timiting yields of
DMDS wvere unaffected by increasing éoncentrations of CZH4
(see Table I[11-15), indicating that methylsilylene is

not very reactive toﬁard ethylene.

Moreover, ffom the available information on the
reactivity of various Silylenes, it can be deduced that
the rate of reaction (3a) should be very slow 1in
comparison with reaction (3). For example, Attwell and

59
Weyenberg reported that the relative reactivity of

MeZSi: towards a series of substrates follows the trend

benzene < ethylene <« dimeth0xytetramethy1disi1ane <

< ],3—dienes,



and that ethylene cannot compete with 1,3-butadiene for
MeZSiz . Jenkins, Ring et a1.69 have shown that for
MeSiH: the rate of addition to 1,3-butadiene is comparable
with the rate of insertion into Si-1l bonds, :and also
reported that for the most reactive silylene, :SiHZ, the
rate of insertion into Si-1f bonds is about four times
fastér than the rate of additioﬁ to 1,3-butadiene.

On the basis of these results it can be deduced
that addition reaction (3a) cannot compete with insertion
reaction (3), and therefore reaction (3) will not be
affected by the addition of ca 107 of ethylene to the
reactioﬁ system.

(c) Reaction (4§)

Reaction (4),
CH3SiH: wijPolymer (4)

is one of several reactions which might lead to the
formation of polymer. Polymer was formed mainly in the
later stages of the pyrolysis of MMS; in the initial
stages, however, (at conversions below 1%) it was only a
very minor product.

| The rate of reaction (4) wi]T depend on the
concentration of MeS<iH: which can be estimated from the

following considerations. DMDS is less chermally stable

122.

than the substrate, “MS, and the main mode of decomposition
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of DMDS is via elimination of methy15i1ylon058, 1.0,

reaction (-3),

(CH3SIH2)2» - CH3S1H: + CH3S1H3 (-3)

the Arrhenius parameters of which can be estimated f;.m

~1

recently published data27’77 to be log A_3(s ) = 14.0 and

E_3 = 70.0 kcal/mol . Together with the previously
estimated Arrvienius parameters for reaction (3),
Tog A3(M-]s_]) =10, E3 = ] kca]/mo166’68 » the equilibrium
ﬁonstanp K_3 at 400°C is:
k-3 MeSiH: T[MMS -12
K3 - Sl T DB © 1.5x107'¢ ¢

Thus at « 9.2° conver-ion the equilibrium concentration of
MeSiti: is very small, of the order of + 3x1071° M, and
since the rate of reaction (4) is eéxpected to be diffusion
;ontro1led, small quantities of ethylene™shpuld have no
effect.

ThQs 1t can be concluded that the rates of the
molecular reactions- (1), (3) and (4), are unaffected by

‘the addition of ethylene. Ye shall now turn our attention

to the effect o~ ethylene on radical processes .

(ii) Racical Reactions
"a) Scavenging of 4 ators

‘Hydrogen atoms, formed in the Srimary reaction

step 12) or by reaction (6, (see Table IT1-20), can reac:
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eliner with the substrate, reaction (7).,
T (H351h3 M, o+ tHgﬁiHﬁ ()
and propagate the (hain Or can bhe Scavenged by added

ethylene, reaction (10
O o T (10)

Several values for the voom temperature rate constant k.
5

have been reported, 2.1 + 0.5 x 108 y-lg-! 100

+
9 - - o] _ _ c
6.9 + 1.2 x 107w ls] R 0.5 x 109 w7l 79 and
E -1 -1 10 o, . . ,
3.7 x 107 M 'g » where the last two refer to the

analogous D + CH SiH3 system. 0Obi et a].]U]have also

3
.

estimated the activation energy E5 to be 2.3 - 3.7

‘kcal/mol assuming an A-factor in the range

C x1g10 M_Ts—] per Si-H bond.

o

5x10

The addition of H atoms to ethylene, (10), has
been thoroughiy investigates and the reported hign
102,103

pressure rate constants at room temparacure are

ir good dgreerent, vielding an a ercle vailue of

8 ,.-1 -1 ' . - 103,104
6.3 = 1.1 w 10% mlg . E{O Vs .5 - 2.0 kcal/-wol
! 1-] -1 ¢ ]OS
anac ing 19 s R U O
Thus *he reor terperature race constar - ratio
kwoﬂi 15 DC 2 N Ge0T aurecment wit tre Q/xpe!‘irf‘:»’_,lta}]}/
| o
. 101
determined valye ~¢ L 1.72 0 whe re L]O refars to
the D7+ C2D4vre&ction Since S0 7 1.75 wzal/no) ,
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AL 10000 o (. 3.0 kcal/mol , then

10

) 10.6 -1 -1 . , .
A5 10 Mos , and at 400°C k]o/k5 » 0.64

-]
Thus, within the temperature range used i1\ this

work. the rate constants for reactions (5) and (10) ane.
not very different, and ethylene therefore cannot compete
very efficiently with MMS for H atoms.

This relative inefficiency of ethylene in
scavenging H atoms is further increased in the present
study by the relatively low concentrations of C2H4 used
(see Table 111-16). Thus, at 400°C and for a mixture
containing + 10° ethvlene, the relative rates RlO/RS will

be approximately

. r
Rig  KyolCyfty] 10¢

i.e. only - 75 of H atoms present in the sysiem will be
-sca«enged by ethvlene and the remaining 93 will react
with the substrate by (5) yielding HZ'

This simple calculation however is not
compatible with experimental observations. Figure II1I-~
snows that in the presence of =~ 1% ethylene tne rate of
' H, formation hes alreedy dropped to about 507 of its
oriéina1 value, and at 6 added CQH“ iz was almost 707

lower; further increac>s in the ethyle-e concentration did

not have anv apparent effect.



Since this high officiency of ethslene cannot he
Y bl

explained simply in tevms of scavenging of H atoms, it

must be related to a suppression of the rate of H atom

Formation in the chain propagation step (6

5iH, ), + HC (6)

CH,SIH {3 2 )y

3 o CH3S1H3 - (Ct

I'f the chain length is large, then the majority of H atoms
formed in the system will come from ‘he chain propagation
step (6) and the ch.i: bropagation reactions (5) and (6)
will be the major <our.e of H2 formed in the radical
process; the other contribution from the chain initiation
step (2) will te only minor. In otner word-, since the

chain length, - | is defined as

- Rate(Propagationl
“Rate(Initiation)

\

the individual contributions from the initiation and

propagation steps Hz*égét and Hg’gggp respectively can be
Cxpressed as: .

"pRas 1

oy
Thus, °f s very .arge the relative ntribution from
the initiation step will he very small. That this is

‘ndeed the casz is evident from the large decrease in
H2 yields in the presence of small concentrations of
ethylene; direct evidence for the presence of a long

chain will be presented later (Section I11.8.3.v 7).



In the next section Tt will be shown that

ethylene is highly efficient scavenger of methylsily]

radicals, and that even sma. | concentrations of C°”4‘
e.g. 5 - 1N, can effectively suppress reaction (6) and thus
Prop

eliminate the contribution HZ'Rad
Furthermore, it will be shown (Section TIT.B .3 )
that the rate of e chain initiation reaction (2) is
very sumall in comparison with that of the mb]egu]ar
reaction (1), and therefore thg H2 yields measured in the
piresence of ethylene can be assumed to be furmed by the
molecular process only, i.e. by reaction (1).
(b) Scavenging of Metnylsilyl Radicals
Methylsilyl radicals €~-me in the primary
reaction step (2) or by reaction (5), can either react

with the substrate, reaction (€). or be scavenged by

added ethylene. reaction (11):

. i . B LJ . / . _L .
CH3S1h2 + FH381_3 \CH3S1H2)2 H (6)
CH3S:h2 f CZH4 = CH351H2‘2HJ (11)

Neltner reaction has been investigated kineticaliy.

From the moct recent data on bond cissociation

enercies in siiicon comoounds13’]3‘]/ however, one may
estimate DiMel: H.-H) 97 ang O(%eSihz
¢0 cal/mol . anc tis reacticn {2, wilil be approximately

10 kcal,zel  endothermic, E6 Wi1ll probably pe nigher



than 10 b \‘.]/‘IHL)]Q*‘ Sl e

where ‘H( s e enthalphy chanage s thi FPJtYNH],AHHJ['(
3 ~ 0

15 the activation cnerqgy of the poyey.. reaction, A
vaiue of L6 P - 1% keal/mod 1500 te s lausible since

in the analoqous Sy 4 STH, systom, the activation

eneraies for the forwerd and reverse reactions have heoen
inated 39 . 30 o
estimated o be 16 and 3 Keslimol vorespectivel,,

The ma-«imum value of the A factor for *he Si.’»i3 + SiH1

-1 Z5 3¢
O]O " TS P3¢

reactior heos beon estimated to be = ]
The rate of addition of methyl-ilyl radicals
to ethylene, reaction (11), can also be estimated, thoo

10

and Gaspar found that the rate of addition of tri-

methylsilyl radicals to 2thylene,

‘..\‘ Ini \}> i Q‘ H
M9351 62 ‘ We3w.C2 3
1S much faster > that o sinmple alky? -~acical ¢acdition
to ethylene. Ty surec the activation enaragy anag N

factor, .2 owcal/mole and 1

~
o
| +
(&)

respective

SiH, t2 ethylene yas SvVen more rapid tnen trat of the
~
. ‘ 3
Me o Si radic; similarly, Palizce et g0 °F fourd e

orders of macnitude “aster tnan that o- “erresponding
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Whoen e thy b ot A AU with eth Tene,
{H B 0 OO, e (11
: . ) . . 1 !
,’
ooty bty o] el are oy, These undergo
o ther e action o, the ot dmportant o of which i
oty ot gt o conothe Subostrate
HXN'W ((WH‘\ : 1:}\" (Hvﬁiﬂ,f(,ds) t Lw§n1H) (io
~ i N 4 . N s

to torsorethybethyloiTane . Ot or possibie reactions ane

+

ecombination and disproportionaetio

jov)
[
fo-

(S (((n;v N CH3S1H2(C4HQ;
T / “ 5 ~ L / 1 ISR
G }: (2}1, f LHBSIHZ\Czha )

these ar. mincr processes, however, and the nature of

the products could not be established. 1t is reascnabie.

however, to assume tnat none of these processes will

leed to the forrmaticn of DMDS.

s
=
g8}

inus 't cz21 be concluded that in presance

—5%

2thylene, the observed DMDS yields will corresnond
y

_xtuleiv te the contributiorn from the molecular SYCTeS5 .
T
k\\« ——— - - -
{ Frrhentus 7orzmotersg ‘- HZ anc DMDS Formaticon
irotne freserco oF ftroTaps
[t has tcen shown wnat the DMDS yields formed
‘notne oyroTysis of MMS in the presence of ethylene



arise exclusively fror the molecular provess., 1.0,
reactions (Bhoand £33V (1) 14 the rate-determining step.

r

Since same decompoasition ot DMDS might have occurred even

o ,
a¥SY 00 converad o o . (see Table Ti.-16) should
LR : I”’JU‘»,!"{()]N(,.

be - k.
|
The Avrhenius parameters for H, formation in
the presence of ethyles  Table TII-18). are the ame,

within experimentel error, as those for DMDS and would

therefore appear that kHZ,Molcc. kDMDS,MUIec. : L]

The errors in the rate constant parameters are

commensurate with the crrors in the H,/DMDS ratios,
(Table 111-16): ch were consistently higuer thdn
unity - 1.27+0.10° and i* would appear that the hydrogen
ylelds in the presence of CZHd may contain a very small
contribution from the radical primary step (2). Therefore
M, Molec KT

The radical contribution to the H2 yields 1in
‘he presence of ethylene are very small however and we
concluce: tnat the measured Arrhenius parameters for H2
ana OMDS formation in the presance of C2H4 relate solely
to the rate constant k] of the molecular primary step

“1): these resu®ts will now be used to elucidate the

racdical processes ~ccurrins in the absence of ethylene.

()



Pyvolyoia in the Absence ot Cthylene: the F\Tddigdl
Process

In o the pvrolysis of neat MMS . the molecular and
radical proces ces bhoth cortribute to the formation of HZ
and DHOS To a good approximation theoe processe. ay be
consitered to be independent of cach other, and thus in the
absence of cthylene the e lds o H? and DMDS may be
expressed a0 the sum of the individual contributions from
the molecular and radica) processes.

The radical yields of Ho and DBMDS may thus be
Calculated trom the total yields given in Tables I17-4 to
ITI-7 and Tables 11:-11 and ITI-12 by subtracting the
molecuiar yields Obte.ned from tne Arrhenius parcrmeters
for the solecular process, listed in Table 111-18.

The results for hydrogen at differert tempera-
tures ar. listed in Tables I[11-2] to 111-25, and the
radical yielcs of all products at 415°C in the unricked
and packed vessels‘u 2 given in Tables I1i-26 and I11-27,
respectively.

: ihe Feaction Orders fc- the Products of the Radical

Frocess
The reaz-ticn order for products formation by

the radical process was deter ined from the slope of

%)

cernventional Tcog {rate) versus leg (substrate concontra-

ast-square 273’ s5is. The grders for HZ o
k4

1

or' oslots by
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T11-26

Product Yields by the Moiecular and Radical Processes ¢n the Pyrolysis of

TASLE
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TABLE

Yields of Procucts by the Molec
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determined at different temperatures are given in Table [1]-

S8 oand for oy, » DMDS o and DMS at 4150¢ in the pachked
2, Rad Rad
and unpacked reaction vessels in Table J17-20
o~ I't s evident that the reaction Jrder for H? Rad
oy TV
1% hetwedQ 1.5 and 2.0 depending on the crperimental

conditions . Similar data for DMDSRdd anc DMS are

available for one temperature only and exhibit considerable

N T

scatter; at 475 "oy

1.5, similar 5 o .
2, nila ato “6 Rad
Ge s found for H., ,» 1.5-2.0
. dhe . ou ¢! 2. Rad )
are in the experted raggb for ¢ radical chain process.
N s -

i

onsider ng ot the order for i KIRN : -
Lonside: 1y that the orde or {2,M01ec S 1.0 (Table 111

HZ,Tota] 1 sTightly greater than

unity, Tahie PIT-00 0t would appear tuat a substantic®

17) and that the | fer of

sortion of tota) HZ yield is formed in the radical chain.
The sequence of radical reactions which are

assumed L2 takc place in the PYroiysis of MMS,

CHySiH, - Ch35jHé o (2)

Ho o+ CHySTng - Hy = CH3SiHé (5)
CH3SiHé ToCHgSER, (CH351H2)2 + H (6)
ZChﬂofhﬁ . (caangZ;Z (7

CH3STH, w;1? Gu. @ (8)

cp3wa%' + X(wg1z?;/CH3JQS1i2 (9)



TABLE TI1-2¢8

React on Orders for HZ,Rad']n the Pyrolysic of

Mem’.‘i2 at Different Temperat res

Temperature, “C Order
441 1.7440.13
129 1.4740.04
421 1.65+40.07
400 ].?9j0.07
381 1.65+0.0¢
261 1.5515.1?
347 ‘ 1.88+0.04

In an unpacked reaction vessel of

volure 206.6 cc, S/V = 1.0 cm_1

147,
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TABLE T11-27

/
Reaction ¢rders tor H, . oy DMDS ang
Oy Rad “Rad
OMS i the Pyrolysiy of MobiH; at Alhg

o Ordvr .

Product --

ifacked vessel Unpacked Vessel b
r TR, ()
2, Rac 1.5140.06 6540, 10
oMb .02 40 .06 1.32+0. 77
DMS 1.32+0.12 1.59+0 .00

Volure 206.6 cc, S/V = 1.0 cnm



mvolyves a free v dioad oo who b Teot it
unt o odecalarly by o reas om0 and propagated
bimolecularly 0 ri o tron: Y oand (o). The «bharn can he
terminated erther quadrati o all, by ceaction (/7 or Ihne iy
oo the walls o the roactor by roactaior 00

Tt A b shows that te reaction arae vt he
products ot such o chedin resction will depend nainl, or the
tvpe of terminaticon of the chain. Thus, 17 0 T a.ouned

t‘ ‘V/ t“\ ( '] Lﬁi”

—
~

Co
ans

“that the produc

enagti

—

propagetion ceact ons fle. 4 L uming g ong

then the usual steady-state arproximations predict that

the reacticn crder for - o and OMDL .00 will be 3 0 9
JL R LA

the “hain s tormineted guadratic 1 oo (7, o the

chain termination is Tiwear. . The expecinpntal

reaction ~riders “or h;,ﬁaj ang TJ‘*“[)S,_“j NCowvery o batyeon

o

1.5 and 2 9, ard therefore i wouLid seer oy o

quedrairce and Tinear termiratiogn o0f the cha st
pazrt-cinate In tne reactior rmecnanisrs
We wii retyrs to the roter TrlTon roacs
artcr discuscing tno 1317 ooreraget Tt ’
Tha'n Sy ~.on .
TTre carut ireltor oo T radtlz, L '
Tecniniom Sroceo pooetsts of - SN s real,
Suggested by Rinc e af.z . fwred L. the presen:



J . (ot s ooy, : i i [ '
Jopk [T R O S A T

Fropagation of a free vadical chain LY oreadctions
UL () and (e _
/
. re .
Hoo& CHLSTH T CH S ie (5)
3 3 ‘ o] (
CHoSTH. + CHLSHH, = (CHoS ) o 0
3 , AL (LH, o) (o)
cannot be facile owina to the hi h activation cnergy ot
reaction (o' and can he oporative only at clevate

temperature .
decomposition of MeSiH. ard Me.S

5 2
the corresponding silyl radicals
dantum yields irndicated

product

operative at room temperature .

lane, the Hy quantum yields increas.

¢70°C, indicating the onset of a
cadical chain reactions are 1.
bl : S 4 ' a < 39
yyrols s oof Sm4 at cu 400°C
37
ter - res .
The values of the rate
been estimated to be (Section 11
AVEE . 10.6
kSLM S ) % 10 e
" Ve .
6(h 5000 10 Texp

Thus, in the Fercur,

AP]) photosensitized

3
TH. , both M atoms and

[

were present, but the

that o chains were
inothe ¢ of dimethylsi-
apidi above

cha Co on. Similariy,
- "

nmed . ceseni n thé

.88 . .

» but not at iow

constants k. and k6 have

[.3.3.1-

xp{-3C00/RT}

(-13000,77)



o
The chain 1s propagated by H oatoms and meth., isiiyl

vadical - the relative concentrations of which _an be
o5t cdotronm tne rate constants ks and Lb by

RS ] k5[H JIMMS ] W’kb [“.J

Rk, [Mesin: ST kL eSin:]

R k6[1e\1r12][MM ] he [MeSi 1]
By “ulving the kinetics of the radical process pplying

the steady stute pproaximat on,., it can be shown that 1f

a long chain > onar, iy erativy iLe. M, - and DMDS

a § ‘ T o tive ( 2 Rad DS p oy
are formed mainl. by, the chain propagation reactions), the

ates of “oth rropagation steps (5) and (6) are approxi-

mately tne <ame, i.e. L_/R_ 1. Henco,
5 b
(MeSiH T K
——L 2 o7 k10 at aooc
[H] 6

Since tne concentration of methylsilyl radicals i° auch
higher than that of H atoms (c?. Saction IIT.B.4.v) the
chain will be termina®sd «lmost exclusively by wethylsilyl

radicals.

i1 Crain Termination

The retatnetic. reactior /S)of hydrosen atoms

101

i< hic.ly efficiert, & 1019 8axpi-3.000/87 nd

therefore under the experimenta) conditions employed in

th™ . study «i11 go t= completion. This leaves the



146 .

LHRSiHW radical as the chain torminating species via the
. I's .

brmolecular combination and diopropdrtionation reactions,

~ (~-,’ - ~ - . (;- —-1 ~
CHySTH O S, CH SiH, S i, Ch (7)
‘l -~ . . ~ S * N - - . .
LJ351H2 + LH3S1H7 C H3 t CH351H. (7a)
or heterogeneous wall n
CH351H2 . products (8)
wall

Tre value of kh/k7 has been estimated to be 0.1
at 2:57¢( 3 but at elevated temperatures it may be higher
and may also be pressure ‘dependent “n the 40-400 torr
range. Both reactions (7) and (7a) will be represented by
a quadratic tern in the overall rate equation and reaction
(), ¢ linear tesfm.

No information is available on the nature of
the nroducts of reaction (8). In any case, since the

chain length is large, the products of tnis terminacion

step are very minor and can be neglected.

(1v) Formation of Dimethylsilane

Dimethylsi’ ne, 2 rinor prc et 5f the pyrolysis
of MMS  wmust be formed ir the radical process since
(a’ - ~:n be completely scavenged by ethylene (cf.

Table I11-1%), and



(b) there iq a excellent correlation between the rates of

formation ¢+ MY and those of H, ad and UMDSPad' The
g \ A\ C

I
oy

plote of Rate(n)) Ve Rate(DMS) nd

Rad
Ru‘e(UHUS)PJd vs . Rate(DMS), shown in Figure T11-172 are
Pinear and ae Chrough the origin.

Since DMS s definitely « 't formed by the
moleculaer process, its presence could serve as a criterion
for the orcurrence of radical reactions, ang may afso be

used ' estimate thei, Tmportance .

At precont . however. the mechaiism of DMS
feormation is not very  lear. In the reaction scheme
proposed. Tabl I111-20 . reaction (9) describes the

formation of DMS
CH3S1H2 X (CH3)251H2 (9)

but the exact nature of the species ”X” cannot be iefined
sincé'DHS might be formed in a partly or fully XY 2
heterogeneous process. Although "X" is very Tikely the
substrate. other species such as DMDS, tr methylsilyl
radical, methylsilylene or even polymer must also be
considered.

[f "X" 95 the substrate, reaction (9a) would

Y
;

form ¢ silyl radical which would uijzbgofurther reactions,

such as (9a-1) an- (9a-2), form};g~M nosilane and

147 .
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methyldisilane: -

CHBSiHé CHSTH, - (CHy) SN, smé | (9a)
mné +OCHISTH, - SiH, mﬁsmé (9a-1)
Cit ST H HE (9a-2)
Mienostlane Sibq‘ was detected among the reaction products,

and its yields were found to correlate to a certain degree
with those of DMS (cf. Figure I111-8 and Table T111-1).
Negligible traces of methyldisilane were also detected.

[t reaction (9%a) is responsible for the formation
of DMS, then methylsilyl radicals must be able to abstract
a mgthy] group from the substrate. This type of
metathetical reaction has been proposed by others. Thus,
in 2arlv work on the pyrolysis of Me6512, Davidson and

106

Stephens. . detected Me,Si and suggested that it was

4 -
% ;
formed by abstracticn ,f a methyl gréﬁh;rv a Me3Si radical,

Me3S1 + Me6S12 > Me4S1 + M85312

Frangopol and Ingo]d90 , however, expressed skepticism

about this type of reaction, and recently Davidson e* a].]7
offered an alternative reacticn for the formation of
Me4S1:

Me35151Me3 - Me4S1 + Me2>1:
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Further work is obviously needed in order to

elucidate the modes of formation of DMS and ﬁiHa in the
Pyrolysis of MM, At present, we feel that reactions
(%a) and (9a-1) are the mos. psrobable sources of DMS and

Sin, and are of the opinion that reaction (9a) is

obably heterogeneous, (cf. Chapter 1V).

(v) Rate Constants and Arrhenius Farameters for the

Radical Process
I't has been showh that the nature and the
kinetics of formation of the products formed in the
Fyrolysis of MMS can be rationalized by postulating
radical and molecular processes which occur simultaneously

and independently. The proposed reactions are:

CH3STH, ~ CH SiH: + H, (1)

CHySiH, - CH3S1'H2' + H' (2)

CHySiH: + CHoSing - (CHiSiH,), (3)(-3)
CH3SiH: ~ polymer (4)

K o+ CHySiHy = H, + CH3S1'H2° (5)
CH3SiHé #OCH SR, (CH STH, ), + HT (6)
2CH,STH) = (CHisid,), (")

CH35iHé ~  product (8)

wall



CHLSTHL v CH.SiH , (CA),STH, o+ SiHT (9a)
371D 3703 (Wall?) 3/t 3
SiH, 4 CHy St : Sit, o+ CHySiH (9a-1)

The rate expressions derivad from this mechanism
using steady-state assump “ons, however. are too complex
to be solved analytically. The main complication arises
froi the presence of two chain'termindting steps, (7) and
(8).

Were.the radical chain terminated by only one
process, 1.e. quadratic or lineat, the rate expressions .
would be more simple and amenable to Kinetic interpretation.
We shall now examine these two Cases separately bearing
n mind that the actyal situation may involve the
simultaneay occurrence of both steps.

In the case that the chain is terminated

quadratically, the rate expressions are:

, sad k2 5 quad %

2 10101 (k]+k2)q [MMS] + {k6(§;) } [MMS 1€
(14)

4 > % qua %
ROOMDS )1y = (k]+k2)7“a TMMST + o o =), [MMS ]
¢ "7
- R{polymer) (15)
K, % quad %

R(IMS) = kg, (72) [ MMS ] (16)



and for the case of linear termination,

Tin 2k, lin o
(H Cobk MM ‘ “y k \
RO DS p (ko vk [Mrs ] kg L [MMS ] (17)
. 7 1in ,
T1in - 2 : i
-k oLk v
R(DPHJS)T0t411 L\] [MMS] ‘kb ) [ MMS ]
R{polymer: (18)
2k, Tin 5
R(DMS) = ik <y [(MMS T° (1y)

(In the following discussion, the superscripts quad and 1lin
will refer to ti> quadratic and linear termination

mecha Tsms, respectively.)

The rate expressions for hydrogen, (14) and ("),
contain two terms, one of which is first order a-d the
Otner, of higher -order, both with respect to MMS; 1t is
significant that the coefficients of the first order terms
.are identical 1n both cases. The rate expressions for

DMDS, (15, and (18), are very similar to those for HZ’

except they ¢~ntai: an additional term corresponding *o

polymer formation. (The rate constant k2 does not appear
in the first order term ¢f €q (18) since the products of
Wl
o/
the cheain terzina “7n reaction (8) have been neglectecd;

P
Qﬁgd that, for each two methylsilyl radicals

1f it %Stéiﬁ
Y ftf.j. d
cerminated on the wall, gne DMDS molecule is formed, then

“he Tirst orcer terms of (18) and (17) will be the same.

52,



ihe kinetic expressions for L)L ()Y and (17,

s

are math-matically the mo,t simple and since the experimen-
ta:r data on H, (in Tables 111-"1 o LTT-27) are extensive

e
and accurate, a4 more detailed analysis of the kinetics of

H, formation will now be attempted.

2
Rearranging (i4) and (1/) qives

R(H.,) Ko &% quad

L T a1 - ) ] quad N 727 e L ,

CTMMS T (kytky) \k6(k7> z LS T (20)
and

R(M.,). . 2k, 17

2°7otal _ (k Jrk/)71n + 1k

6K MMS | (21

Equations (20) ancd (21) predict a Tinear
relationship between R(H,) /[N ] and [MMS]" and [KMS].
respectively, and identic:i intercepts yielding k]+k2
directly.

The data in Tables [11-21 to I11-26 wore tsed
for the «inetic plots, representative cxampies of whion
cre “llustrated n Ficure "11-13.

A\

“ne predicted linear relaticnships (20) and (21) hold. and

each 1imiting case appears ‘e a reasonable ap,roximation.

The first order rate coefficierts correspording
to the fntercepts of eqs 120) and (27, were determined by
least mean - guar s cnalyses, ard tne results at different

temperatures ire listed in Table i11-39, the values of

N
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TABL Y

.. a
Mo STt
eSli.;

Hy, tormation as

lenmperatur.,
"L

Unrzucked
b,

n tro

Intercept

Intercept of

vessel;

sresence <

£

£
1

(D‘

[1i-30

First-Oruer

R ate

4

Lart o,

mo e t A
K
4.20x10 "
1.16x107°
8.67.1., °
2.95x197°
;.00x10”7
1.5447107
2.85.1 7% (.

206.6 cc

O 0
P
T~
— Q
-~

function of Temperature
Rate ‘onstar | .
, - yquad ¢ Coovp y1in d
(L\1*L\")) \]+L\2)
12640 17x1077 44740, 90x167 "
161401851077 21450 9951077
SR 5
L 11:0.02x10 1.25 0 Ny
s 2441 cox1et 0 e .
. - -h
2.61+0 19:1¢ o o7e
1.38+0. 1€ 7.83+0.z840 7/
1.30#0.34x10 " 2.03.0.21.007
2.7651.00x10°°) 3.68+0.12x107 ¢
S/ = 1.0 er”
ylene (Table 1.71-1¢)
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T A i3

ABLE 1T 4
Avrhentus Poyvameters for Hydrogen Foimation ir

the Tyrolysrs of Monomethylsilane

Rate Constant, loy A (s ) La,
S—] keal/mol
(kyok )0 15,4040 .44 61.7541.37
’ Jhin [ g S
(k]*kw/ 14.&¢10.13 6].$uj0.41
mole. 4 ,
: 15.0240.10 61.27+0 1

From experiments with added ethylenc
Table 111-18.
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<1
~ry

—

-

o " S IRV and L 63,06 bcal/mol

which are 0 vxcelTent agrecnent with these o1 the

molecuiar process (¢t Jable FTT-18).

The rate constint o, must therefore be small
N “

comoared to kru awd mi t thus be neqlected in the
caleulations ﬁhg&y inqg \]‘Pq) without iniraduc ng any
siyn ‘rlant error, (Thic (TsH amplies that the chain

fength must be considerably long (cf. Sections JI11E.3.7i

A
and T11.8 . dueii) ). i
The Arrhenic~ parame‘ers of_..the radical chain
' .?
rection for the two extreme cases of chatn termination
_v .
.

can now be caltculated. .Since k]--kz, only ‘the higher ~rder

QD

terms in (14) and (17) cbrruspond tanZ formation by the

.
‘radical chain process. o - .
¥ ] . k2 L quad
The rate cocfficients {k6(pw) YT and
2k2 lin _ o w7
6 T , obtained from least squarcs ana]yses of L e
O

#stcves of the kinetic plots of equafﬁdns (20) and (2])

resgectwvely, are 71sted in Tab]e IIIw32 as a function of

~

temperature. -

Wi

If the data in Table I11-32 ar= normalized *o

the same concentration units, tihen the rate constant
ratios for tne 11near|« and quadrat1Cﬁ11y terminated

chains are found to be of a comparab]e order of magnitude.

[H9 .



% Cell volume 206.6 cc. S/ =

PABLE TT1-

Apparens ate Const onts for H

of the Choin

NN

V4 N Rad
fempes ctooo for Linear and Quadratic

Y

o

&

3!

no

[Gg]

1

3.

Jv

L4640
L7440
- 540
.07+1
64+

. 34+0

34+
88+0

. . quad
Twmperwrurw, Lb(Pz/k7) o
TR
. e -4
447 T.19%.40x:0
4294 L 2.05540.39x10° "
421 5.85+C Y4x18
i ot _
B T o rWE
415 | 8.37+1.47 ¥ addee -
400 67+40.37x107°
381 ¢ 1.3140.%8x70°°
6T 3.29+7 . 235107 °
34 . ?.24i0.17x10’6

Function o:

Tevymination

37v107 0

.35x1o‘3

.4Ox10_4

axiod
364107 ¢

ixin78
-5

.1gx10

03x107"

,

160 .
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The Arrhenius plots ot the data in Tob,. ITT-

are shown in [ volil-00 0 tne values of La and ioa A
for the two 11 Coa case s 0of chain terminaiaon were
determined b rastosqudres analyses .and 2re qgiven in

AN

Tahtle Iii- (,

! -
pite of the relatively large errors
associate Ttr e calceculated Arrhenius paremeters . the
vverall activation enerqy for H2 formaticn by the radical.
pocess is evertheless clase to o 4] Kcal/mol and the A
: 9 - - 10 1=
factor is probably betwecin 107 (M <s ) and 10 (M s ).
Frem tnese results it is now possible to decide
whether the chain initiation step, reaction (2), is a

homogeneous gas pha‘e reactior, or Wree%g$!1 IS a

heterogeneously catalvsc1 urocecs . )

(vi) Chein Initiation Step: Homogeneous or Heteroageneous?
It i1l be re A1'ed that the rate of pyrolysis
6f IMMS"is strongly dependent on the‘nature of the surface
Lv£ not on the S/V ratio. 1% has also been shown that the
he .yeneity of the decomposition is associatec with the
ragica J;rocesg which is characterized by a long radical
chain. . These 8lserv=tions indicate that both initiatic.

and termination o7 the chain are at Jeast pari]y‘hétéro—

geneous.
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PALCE T
Apbparent Arvheniue | ooametor, 4op H o the

d L Rad
Pyroly«is of MeSiho for Twe D atreme Canes

of Chain dermination

Rate Constant

log A tLa,
Keo " /mol
K, , quad
i o) g.841 5 @ _ 40,944 4
7
2k2 iin b A
k6 r-‘ 10.3+1.3 42.4+4.0
%] h;?”') .
,.'.:'A.'




164 .

More compelling evidence for the heterogeneous
nature of the <hain »itiation rraction (2)
. ST
CH3S.H3 i {2 H (2)
can be ot tained frem the ~ and estimated Arrhenius

parameters for this reaction.

If (2) is a homogeqeous gas phase reaction, then
E2 should be a{proximateTy equal to.the bond dissociation
energy-D(Me51H2—H) © 90 kcal/mol 13, since E_2 will be
ciose to zero. With regard tb Al Benson107 has est¥imated

1541 -1
-5

values ofvca.10 for this type of homogeneous gas

®,

phase decomposition.
1

R I'f, on the other hand, reaction (2) is a
erbgeneousvpro;ess; E24is expected: to be considerably
lower than D(MeSiHZ—H).
The vé?uesof EZ and A? can be estimated from the
Arrhenius parameters for the radical process, Table II1-33.
First, if it is_assumed that the chain is
terminated qQadraticaT]y, the rate const?nt for HZ

formatior by the radical process 1is

and the}efore

quad ._ 1 . /
ERad E6 + 2(E2 E7) " 41$kca1/m01 , (24)



i

et

loq AqUJﬁ (M_Hﬁ~]\ log A+ J(]og A,-log A,) 9
Rad ‘" ", 6 2 2 7

The Arrhenius paramet-ys for reaction (6)
c.

MeSiMé toMelity (MeSit, ), + i (6)

have been estimated (Cf. Section "T1.B.3.b.71i) to be

Ee 13 kcal/mol and log A (M_]s"]) w10, and those for
reactian (7)), .
2 MeS1H2 > (MeSL’hz)2 (7)
, , ) 1 -7
to be E7 1 kcal,/mol ang. log A7(M s ) ~ 10, (cf.

Section II1.B.4.v). Thm o uad is caiculated to be

i g S
57 kcal/mol, which is\cdﬁ;ideratly lower than
D(MeSiH,-H) ~ 90 kcal/mol; similarly Ag“ad v 10% T,

which is seven crders of magnitude smaller than the

preexpontial factor assuciated with a gas phase homocgerzous
decomposition.
. . > .
Now let us corsider the second case, é&ssuming
that the free radical chain is terminated linearly: the

rate cc -tant is
~kh’n - 2
Rad 6ok

and thus

166,



C e a1 keal ol (26)

Rad 6 2 I

i ‘”7Iv"]) cdog Arlog Aj-log Ajtlog 2 4 10

and Ton dpag e H gt Tua iy 8 -
(2

Although no information is available on reaction (4),

( >
MeSiH., -  product (4)
2
wall

it is very likely that “he activation energy for su.h a

process is very sma!l, and thus E8 may be neglected in

6 13 kcai/mol, tren E2 v 28 kcal/mol.

Tin . . .
A? cannot be estimated since AB 1S unknown; however, for

€q.(26). Since E

a rate of initiation comparable with a Guadrat® -~ mechanism,
A;‘n should be several orders of magnitude smaller than
5 - N

Thus the kinetic treatment of each éése of chain
termination leads to the same conclusion, namely, that the
activation ener EZ for the\chain initiation reaction is
between 28 and 5/ kca]/ra] which is considerably lower
than O(MeSiH,_ -H) + 90 kcal/mol, and the preexponential

2
factor in each case is incompatible with that normaliy

Tob.

£
e

associated with a homogeneous Gas phase reaction. Therefore

. C . A
the chain initiation reactiom (2, must be a heterogeneous
process.
“ther and more detailed studies of the

hete -r>- . reactions involved in the pyrolysis of
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MMS are necessars ir oraer to elucida’s the wechdnism 0 f

o adical process vdparticularly “trme formation of the

<t

+

uweinor products .

vii. Length of the Radical Chain

The Tength of the radical chain \ can be

est:mated from

Y = ,Fimymo_n

termination

where Rpropagation can be aporoximated by RHZ,de provided
the chain is sufficientiy lona:only the Guadratic termination
rate will be considered since we have,no data on the rote

of Tinear terminatior.

The steady state'évnientration of methylsilyl

radicals is given by

R k X quad SIS 5 o
[Mesmzj‘*“ad = {(k—g } Linis]

7
: i 2k, 1in
and [MeSiHZJ = {—=; [MMS ]

8
Using the data in Table I11-32 and since a
kg = 1010 exp(-13000/RT) M‘]s_], one can calculate
[MeSiH 19929 = 3 ;10713 4 4ng [MeSiHé]]m =2 x 1071y

at 400°C and [MMS] =5 x 107° M. The average value of

3 x 10718y will be used in the following calculations.



](M‘»
v’“””r G S now b cstimated forom the
m 14t (ERN
Avrhenius povameteor, o reaction (/)
SoMe s (MeSin, v (7)
o 10 -1 33,30 £49.,90
£ Fobteal 'mol and 10 Moy P o L
/
Thus at 400 ¢
-2 Q > -1 1

. N ’ . < e
R . : Ko MeSiH S5x10 [2awn ! <10 Mo
termination 7l Ry '
and since, from Jable [11-23, R vk
and : ‘ o propacition v HZ,Rad

a -

-8 Lo . . . 6
8x1C ~, the chain lenath + is approximately 10°.

»
v & ‘
5 SOWE-TQQhWQE%@lLQ@lvUﬂﬁtlzﬁﬁfm_‘QlwiiL_Sf*ﬁﬁﬁibi
Parameters for the Molecular Process o .

It has been SHown that the rate da*ta for H2 and

DMDS cobtained in the pyrolysis of MMS in the presence ¢of

Gesasty
ethylene refer to the molecyular step Jg
CHoSiH, < CH.SiH: & H o (1,-1)

3 3 3 2

having the following aver: e rate Daraﬁi?$k5
U
(cf. Tatle I11-18):

l1og K](s‘7) = [14.95+0.71) - (632004330)/2. 38T

Let us now consider the t-ermochemical

implications of these results.



i)

1) The Activation tneray

the enthalpy change for reactio: (1), .\H?,
velated Co the aotivation energice: (E],{_I) of the
forwerd and reverve roac ions by
« 1, 0 . . ;. . . . .
LH] = 2Lt AnRT - I“E ]) i CaRT E]—[—I (.28)

where the term “nRT allows for the chang2 in the number of

.

moles, bu*t it is approximately compensated for by the
tempercture orrection which should be applizd to El‘

Unfortunate v the activation enerqy E_] for

insertion of methylsi“ylone into hydrogen, reaciion (-1,
4

ol -

ha: not been measured: i+ can be estimated however on the

basis of the analoqou:- reaction,

@ :STH, + H - SiH4

Thus, if it is assumed that E_] “ L kcal/mel. then

GHy = Ey-E_) = 63-6 = 57 kcal/mol

A]ternative]y, the enthalpy change LH? is

related to the entha]pigs of formationlby

0
f

0]

£ - LH

0 _ 0 . ) .
Ah] = AHf(MeS1H:) + LH (HZ) (MeS1H3)

(29)

“\~..



i . 0 .
- kcal, mol, used AHf(MOSwH

R

: : 0, . . S
Using the reported volue . of 1Hf(HwSIH})‘ - A4 hcal/mod

IR A
and :H?(Mw.m;). 53 1 keal/ror O

AH? S53+4 = A7 boal/mol,

whi-h 1+ consistent with the above calculation.

The enthalpies of fraation uced above
may not be very accurat- H'Wu/er.since Vanrderwiele, , Ring
L]
S

77 ) . : . , , .
and O'Neal © , in their cdiMculation of LH?\MeS1H:) = 53,1

[

3) = 1.0 kcal/mol, suggested by

.
+Potzinger and ijpe'l. fer the bond additivity scheme.
. :;‘:),’: . % : .
Using this value for AHi(VﬂSiH3}. . .
., 0 . - . -~ T
AH] = 53-1 = 52 kcai/mel .

11‘Eca1/mo}Q a” consider.bly -#igher value than the une
. ) ’ - .
, LY

assumed before.
Since the present thermochemical data are

obviously inaccurate, the mean vaiue

AH? (57+52° = 55 xcal/mol

N —

Y
~

wil® be used in the following discussion.

Reaczion (1) involves splitting of two 3i-H
bonds in monomethylsilane and formaticn of a hydrogen
molecule, and thus t%e_enthq]py changs= AH? is related to

the bond dissociation energies by



he value ot D= 104,

and D(Me b -HY Can he COTRG cod T e et 1y cublis . od

date oo tollowe .
. , ) . i3
From eiecctron impact stud. .. Dot tnger et gl
coricluded that the :ipct i-H) bord dissocietion Clergies

' n Sin. MeSit Me Lot and M0351F are approximately the

I8

same and eaua’ to - 89+4 wcal mol. these results are ip
. Dy . o RS “
excolleat agraemént with those of Barkley et al. who )

reported rhafﬁthe activaf}on energfes for H atcer

abs*ractior by methyl radicals fr-a the S{—H bend in ri]ane,_
mono-, di-, and trimetnylsi’ ine are the same but that "for

Ts 1 kcal/mol lower. Waish andywe11s]9 have
investiggfed the gqgas paase reaction between iodine and
trimethylsilane and measured D(Me3Si~i; - 90.0+2.6 kC;J/mol;
a similar vé]ue,\D(Mean-H} = 88 kcal/mol, has Seen
determined by Dafidson and~Howard]7 from the pyrolysis

of Me6512.
kcal/mol can be used with a high degree of confidence.

Thud an average value of D(MeSiHZ—H) of n+3

Using eq (30) we can therefore calculate the

second bond dissociation energy D(MeSiH-H):

AH? = D(MeSiH,-H) + D(MeSiH-h) - D(H-H'  (30)
55 = 90 + D(MeSiH-H) - 104

D(MeSiH-H) = 69 kcal/mol




Although the ooy

probably ieo0)
Farge drop trom
monomethylailane

This 1
noLibicon chemi

compound Thi
)

MOaSi o differ

keal/mol, respe

Some 5

+

v ght be as high o as b kcal/mol (but
thic ve ue nevertheless indicate,
the torst to tie second BDE in
Doapproximately 2O kcal/mol .
arqge decrease o v to be a general trend
“try, and has not been oboerved for carbon
. ' . co. 19
'nothe cases of SiH, . “1(C0, and
. 4 A
ences of approximately 350 55 and 64

tively, have been calculated.

pecific stabilizing effect must therefore

be Ppresend in divalent silicon species, a qualitative
explanation »f which has been suggested by Walsh and
14
Wells
vi1 . The Preoxponential Tactor

The preevponential factor of reaction (1.

log Als - 14,
nature f tne tr

The mo

85, may yield some information about the

ansition state.

st probabie cenfiguration of the transition
-centered cyclic intermediate which -
LT ows
H
.o T =5 ) - HaCSiH: + 1y
<
\\H
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A wami Toirancation State hao been sugoge o by
L . . . .
Purnel ! and Walop 0 for the pyrolyaia of STH L, which g«
1
N {
dosunmed to decomp e moleculavly, and the preexponent gl

factor, log nr Y IH. T8en In, g practically the same

doothat obtarned for the meleculgr process of MMS | Some

boables 0 however, ot 1] persist with o« l he
TNt ot pyrolyaio of SiH, {cf. Se¢ Pod)
; B
A three-centerod Cy o Pio trans B

alan been sugqgested for tahe therma) decompesitions o
<"

o o He ook ooy L
disilane and rothyldisilanes 2005, which producns
STl Tenes T L and fer the veverse reacticn, iacertion of

. . . o :

Sily ne dnto Siol obonds L

It i« interesting to note that tne A act

for the molecy  r process in the nvrolvsis MMS,
Toa Ale "7 = 15 g gof the same order of mac ltude as
. - . . . ) i 10¢%
those foo o .o ot omald ring comprounds .
e t e 4le theor . oredicts fne
“ollowing v stic i betyeer the entropy f activation
LSyoand e A Taceop oo inthcieculdar cec tians gt high
.
Dressy o
= 5oy
= S,
’ﬂ . = ,‘i,k_ Y e ‘ 2 ]
h

wher
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95 ]
A] 10]4' 0 ' - Pree bHonential factor o
reaction (1) ’
I 20718 - Base of naturat booar o thme
Ne -6 -] )
k 1.358x10 crqg deg - Boltzmann connt
, -27
h 6.626x10 erg s - Tlanck cons tant
1 6707k - Mean reaction *emperatyre
- I
RO 1.987 cal deq ] mad | ~ ga. constant
from which ASf T 6.3 oLy,
_ - v
Since the activation entropy is rather large ani nositive,

0

the transition state may be classified as "loose .
3 ) .
The activation entropy, ASi, 1S the difference
between the molar entropy of the transition state . SS,
|

+ ’ + O v 3
and that of the erCLdnt, SMMS‘ 1.e.

+ 0 0
R _ )
HS] S+ SMMS (32

The mclar entropies can be calculated directly
i |
from The known molecular parameters by the methods of !
statistical mechanics. The absc.ute value of S;MS ar
~be therefore determined "exactly", but the same 1s not

possible for SS since the required molecular data (e.qg.

structural parareters. fundementa] vizrational frequencies,

-~

< . . .
symmetry ., etc.) are not aveliable for the transition state.
One may nevertheless estimate these transition state
parameters and calculate the corresponding activation

entropy in order to verify the Correctness of the assumed

mode .
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On the hanae ot the suqgqested contiquration of
the transityon ctate, let ys firot cAamine whj(h deqgrees
of freedor wil? cantribile the most to the activation
ertropy .

From statistice! mechanics., we know that the
melar o entropy 0 can be expressed i terms of the molar

pertition function Q as

S - kInl - & (,‘?'TQ) (33)
ataT
v
ang o - tran ) MU (34)
T Yot dvin detec ;
where k50 the Lo ‘rmann constant, N is Avogadaro's number.

O zer int enerqy .
ta 1S the zer. point eneray and Tipan: @

tot“qvib’ qelec

are the molecula: artition functions for translation,
rotation, vibraticen and erectronic excita*ion. ihe

stantard molar entropy will therefore be the sum of the

contri! ons from the different degrees of freedom,
0 0 0 o 0
= + L+ .
S Stran Srot vab elec

and similar.y from eq (32) we cbtain

: : : ° ;
S tSe + oS

k4
tran rat ’ “Svib v “%67@(

[
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Since both monomethylsilane and the transition
state compfex are expected to remain in thsir singlet
ground electronic states, there will be no contribution
from electronic excitation to AST

The transTational contribution to AST will also
be zero since n- change in the molecular weight has axken

place in the formation o¢ the transition state:

, M
1 .3 ot .3 _ 7
ASEran SR 1In Mnﬁg = SR In 1 -0 (37)

External rotation of a nonlinear molecule will

contribute to the entr py of activation by

(1,1,1.) o
ASiot = Rin [ ABC i ey (38)
(T pTgTe) ps 1

where IAIBIC 1s the product of the principal moments of
inertia and o is the tota’ symmelry number. Since the

mass of a hydrogen 2tom is extremely small, the moments

of inertia of the transition state complex (IA,IB,IC)+

will not e very different from those of the reactant
(IA’IB’IC)MMS’ and thus rotation will not contr1bq£€ -

+ -

significantl: *o ;Si except if some change in the symmetry
numbers 7?, SMMg occurs. Thg CH3S1H3 molecule has’one

threefold symmetry axis and hence OMMS = 3; since this

symmetry 1is. cestrcyec when the transition state is formed,
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\\/‘
| .
ik
a = 1. .
1
~H P H UL
H—C —%1 — H H— C — S -
~ e
H H H H
OMMS_? . o*=1
From eq (38) we therefore obtain
. oo OMMS, 3
“Srot voRin( 5 2) = Rln T - +2.2 e.u.

Finally, we will examine the contribution from
the vibrational modes (including hindered rotation) to

AS?. From statisticai mechanics the following expression

can be derived for the vibrational entropy of a harmQpic

)

oscillator of frequency . (cm-]):
0 _ X X
SO - R[ex-] - In(1-e5)] (39)

where x = hc./kT. To calculate the total vibrational
entropy o% the molecule, the contribution from each
fundamental vibrational fredquency must be considered, and
the summation must be taken over all vibraticnal modes.
To estimate the vibrational contribﬁlion Astib
to the activation entropy, however, we may consider only

those vibrational frequencies of the reactant which will



Y
e cogt Tk e atfected by formation of the troansaition state
y
(roe the stretching and bhending freqgquencie, ab the o p
bonda +\ and Teave the uLth/frwquvn«lvn Ut hariged

Cince the transition ctate 16 "loone ™ . we o oo

N

A Tawerang of theoe vibrationa *reguen. ies and oot imate o
5,
5 P IS5 H MM
Accor . - ootransitiran state theory., one vibrational mode

tnothe activated compie- covresponds to the “react:an

and must be omitted o the cal:rulstion of

hordinate

o g *
“Twvib
The data used “cr the calculation of ;S;iw are

showr in Table I11-3% the fundarental frequer.ies of

, . 110 131
were talben foom o the Titerature . Benson
has tabuiated the absoclute entropies ¢ & harmonic

0sci’ator using evq (39, and these data have bheen used

'

to estimate how the frequency shi< . will contrinute <o

the vibrational entropy of activaetion.

9%

From Table I11-24 1%t 95 seen’that the mair
contritution to the vibrational entrony of activation

cormens fremo o the weakened pending modes ¢
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seen that the major a0 re recponsihle ftor the large
Increase an entrapy are Che shanaes an the oy metry
nunbery and vibrat-onal frequencies .
The caleuiated entropy of activatrop s ' n
y \
OO agreement with the exper¥mental viiuye and\%herefmw

"he cuncested structure of the transitivon state appears
N [}
] v N9

to be reasanable mod,
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BO ¢ | ] 1 i I
7.0

60

W
c

Yield ‘umoles;
D
=)

30
TMS
20+ B
‘MMS
10 N
O 1 l P l —
Time (min)
Fiaure 1v-1 Auct Yielcds as a functicr ¢f Tire
e “yrolysis of 125 torr REER

St C.



Thun ot wes obhserved that tie rate of pyrolysis
in o reaction veossel whioh hdleWW]}HHH(WI4Hw1de(deﬂd for

s /1

several day CUpto o week) wan alway hoaghs after 2 o or 3
cxperioents pertformed i':n rapid o uccess oo, hawever, the
reaction rates decreased to reasonably reproducible values .
The offect of polymer deposition on the produdt
yielde o cvident trom the data tn Table Ty-2. The yields
of TH. nnd.FHﬁ were protoundly influenced by the mode of
pretrectment of the vessel. which suggests that these two

nroducts might be of heterogeneous origin. In contrast,

those of H., 1nd TMDS were vfrfuu]]y unaffected.

' )

A Dcterminatjpnrmfrtﬁp Reaction Orders, anfi 110 Lffect of

Ethy. ne on the Reaction Rate “
The rates o0f product formation as a- nction of
DMS pPxgessure’ (in the range 41 - 395 torr) have been measured

between 440 erd 500°C, and the results arec listed in TxRlegs
IV-3 - 1V-5:. the conversions did not exceed 0.6 and were |
generally in the range nf 0.] - 0.3, The effect of added
ethylene s also shown in these Tables where it is seen
that *he .jelds of u2 and TMDS arc unaffected by the pre.
;ence<c? + radical scavenger but those of TMS and
oa%ticu?ar}y MML are ceatly reduced. Some rew products
were formed, the most predominant of which was tentatively

ident fied as dimethylethyisilane from its mass pectrum
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(cf. Appendix 11).  Since ethylene begins to decompose

' apround S5007C 70, experiments performed in the presence of
ethylenc were carried out at lower temperatures (440 and
460°C), ind at relatively low concentrations of ethylene.

’ ‘The rate data for Ho and TMDS from Tables [V-3
to IV-5H 1 the presence and absence. of ethylene are plotted
in Figure I1V-2 in logarithmic torm. The plots were linear
al all temperatures and the oraers of H2 and TMDS formation,
determined by standqrd lTeast medn square analyses of the
slopes, are listed 1andb1e Iv-o6. ”

The rate data for TMS and MMS formation in the
absence of ethylene, Tables [V-3 to IV-5, are plotted
lTogarithmically in Figures 1V-3 and waﬁﬁ and the brders,
dﬁtermined by standard least square analyses, and listed

in Table 1V-6, ire approximately 2.0

B. Jiscussion

-+rison of the Pyrolysis of DMS_and_MMS:

a c1es and Differences

""Daring the overall thermal behavior of di-

“ith that of monomethylsilane (MMS) one

methy g
can 0t . 1 4 similarities are apparent.
In both (.- “noang substitited disilane (TMDS,

DMDS) we - - ‘ o ¢ minor products were -~
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-80

460 C

-8 4

&6

-8.8

-9 4 -

-9.6

I Lo

-3.1 -2.9 -2.7 -2.5 -2.3 -2.1

log [MeZSin] (M)

Figure IV-4. Order Plots for TMS and MiS Formation in
the Pyrolysis of MeZSiH2 ir the Absence

of Ethylene at 460 and 49Q°C.
O -TMS, O -MS.
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two salanes whion Gt fered ty one moth. oaroug rov the
cubstrate melecules . o p Moo S and Mesy o Mol S
3 ! . .
and Me  STH o G ‘le fromn .V.w‘.i}zy Methane won 0 nealiagible
s ¢ - -

reaction produc t o bhoth Caces . whidch THGicated that the

Spiitting of tne “9i-0 hond wae not an TEportant primary
7
‘.t(‘p_‘
In the pyvoalysen of MMO 4p DS ~the reaction
rates. partioularly thoase of the minor Produste L owe e

affected by the nature cf the surface, ewpecially L the

ex'trt ot poiymer deposition. Finally., in both _aces. the

e
minor products were s&ring

ly a<feited by the af'it on of
cthylene ind this suggests that silyl radica’s are -resont
‘n othe DMT system =g vell, and participate in the forma-
tion of the minor rroducts [t weuld appear therefore
that the thermal decompositibns of MMS and DMS proceed by
similar reaction mechanisnc.

Some important di“ferences in the ryrolvsis of

DMS rowever, shiuid be note !:

(1) T"“ferent Thermal Stability

At 440°C, the rate of decomposition was siower
by more than two orders of Trqnitude than in the pyrolvysis
of ¥ Thus, assuming that the reaciion mechanism is
similar to that of MMS, one or rore of the rate

determinin: steps in the pyrsiysis of DMS must have either



dobraghey Lo tivation POy o Tawer X g tay Vo b th

than the Orveapondin Terotiang o thy Paedy i MM

(1) E¥fect ot Auded Fthylene

Wherea-« t?Ha dffected the yate o> formati o of
all Lh»-prvdu<fb foorme nothe pvrolyaio af Mu ot
Faqure (714 snd Table TIT-15 )0 it does T loseem Ly
have any siagnificant effect on the rateq of }4‘,(,, and TMDA
for-a*ian in the nyrolysis of DMS | f. Fiaure Jyv-20,

N

Assuming that the r totion mecnanisms for e
prrolyses of DMS and MMC are formylly Similar, tnesge
results coem ta indicate that:
fa' in the Prralysis of DMS the contribution of the radical
pro-er . 1o the yields of the Mmajor products is Jess
Trportant than it was in the case of MMS, T.e., the length
of tre radical chain 5y which these Products right he
formed mus* be much shorter.

et the highest ethylerne conce ciens used, 5%, sgme
TVS and ¥MS are gtil:? formed whereas in *he case of MMS,
wnder tne same conditions, the mincr sroduct DMS is
cermpletely suppressed. . Assuming that TMS ang MMS are
also ‘ormed By siiyl radica) pPrecursors, ethylene ruyst
sctavenge dirmethylsily] radicals myuch Jess efficiently

than methy?si?yl‘radicals. In fact, 'ne rate ¢r addition

©
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Reaction Scheme tor the Pyrolyeia of

Molecular:

M(‘,,(>i}1‘) . Me S0 b (0]
Me Lo v Mol (Mf’,)ﬁiH), f03
Me., 5 o opolymer (04
‘ wadl
Radical:
Moo Sit, v Me, St (02
: 2 2
wall

>}
~——

st chain

Mnfs"w S N (Me,Sin), + i (06)
Mo, SiH © product (0v ]
- wall
Me, it + Mo ik, o Me S Ncni-lé 2 (09-1"
7 V Awedn ¢ ’nd chas
MeSii, + Mo tiv Me STt + Mo SiN | (09-2)
\

redctian s o heme s form: 5

Lhat only Tinear heterogenecus

¢ iwo types of pronagataon chains are

umed to tdLEJGTHCC. The fi-< is propaga;ed by

ticns (02 g (06) snd leacds to tho forration of H
PMOS L and t;e gecond Chéiﬂ‘ prcpacgated by iOS—?) anda
z s rescons e for ;hevformati@n.bf the minor
ucts, TMS.and 3 Although there is scme evidence

Mmethyloilane
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foat the metathetioal reaction tep,
Moo, Wi 0 Moy sid, o Me oS MefliH; (09-1)

i
1 hwtvruqvnxéux\ further studies would be required to

define the nature of this reaction.

3. Determination ot the hkate Constanﬁs fpr the Molecular

and Padical Processes in tho Pyrpjy§iswpf DMS
Steady-state treatment of the reaction
sequence (01Y-(07) yi-ds the followiny rate expressions

2k

02 2
[ 1. X + 19 oo T
R(H,)  Chgy i) [OHST = kge (DS ] (10)
08
2k . -
RETHDS = b (DMS] ¢ Koe o [oMS]° - R(Polymer) « (11)
2k
_ 02
ROTMS) = gg y v [oms]? (12)
Foe
2k
L ~ 02 .
RUMMS) ™ Rgaot i, [oMs]° (13)

yrmally., these rate expressions resemble those for H2

and DMDS in the pyrolysis of MMS for the case-of linear

termination of the chain. The rate expression for
e. (11), is similer to that for HZ; eq. (10). but
contains one additional term, R(Polymer). However, sinc

the rat s of formation of H2 ard of TMDS were essentially

the same (cf. Tables IV-3 to IV-5 and Figure Iv-2), the

200.
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formation of polymer in the pyvrolysis of DMS at low
conversions must be very minor and this term can therefore
be neglected. The coefficient of the first order term in
eq. (11) contains only the rate constant kOl' This is a
consequence of the fact that the chain termination Qtep,
reaction (08)

Mezsm' +~  product (08)
wall

~

was assumed not to produce any signifi: TMDS .

The reaction orders for H2 and TMDS formation
were very close to unity (cf. Table IV-6), and thus the
relative contribution of the first order terms in rate
expressions (10) and (11) must be considerabiy more
important than that of the“éécond'order terms.

The reaction scbeme predicts that th@ rates of
TMS and MMS formation should be the same, and be second
order with respect to the substrate. Experimentally,
the reaction orders-for both products were + 2.0 but
the yields of MMS were always somewhat lower than those
of TMS. However, thermal decomposition of MMS is certain
to take place at the temperatures used in this study and_
‘this could explain the smaller yiéTds. Hence the data
on TMS will be used for the following kinetic treatments.

Since R{polymer) in eq. (11) can be neglected,

equations (10)-(12) can be rearranged to give:



A

le}
R(H,) 2k
2 oy 02 ¢ ywc
Toms] ~ (ko thoo) t o Kge Ko [OMS ] (14)
2k
R{MDS) o2 ‘
’éomsij For ' Ros o [OMs] J (15)
2k
R{(TMS) 02
DMS] 091 Koa l ] (16)

The kinetic plots of equations (14) and (15), using the

rate data for H? and TMDS both in the presence and absence
—~ \\

of ethylene given in Tables IV-3 to Y¥5 (excluding those

denoted by asterisks) are shown in Figure [V-5.

The plots are ar and the first ar ' second order

coefficients at diYferent temperatures, determined from
the 1npgpegAts and jslopes, respectively, are listed in
Tables 1V-7 and IV_8._ From Table IV-7, k +L02 =~ kO1 and
therefore the radi%a] contribution to the H2 nd TMDS
yields must be very small. k02 will henceforth be
neglected in the first order coefficisnt term.
Th 2 is an alternative ard probably more

accurate method for evaluatirg these rate constant ratios.

| It will be recalled (cf. Section III.B.4.iv)
that in the pyrolysis of MMS, there is a good correlation
between the rates of formation of the products formed in
the radical process, i.e. DMS, HZ,Rad and DMDSRad and that

this chrélation is actually predicted by the reaction

mechanism. A similar correlation between the minor

202.
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14.5 T T T T T T T
-
=
O —
~
w —
O 1
= T
— .
~
I
— —
2
O
m —
P
— 35k 1
st | — G 1
"
1.0 _——_——é\“ 460° - 4
05} | -
N , I— 2,
440°
0.0 1 e 1 1 1 1 [
0.0 1.0 2.0 3.0 40 50 6.0 7.0 " 8.0

103 [DMST{M)

Figure 1V-5. Plots of Equations (14) and (15) at Different
Temperatures.
O, @ -Rate (HZ)/[DMS] verswus [DMS];

A, A -Rate (TMDS)/[DMS] verczus [DMS].
The Closed Symbols (@ ,A ) Refer to
Experiments in the Presence of Ethylene.
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TABLE V-7
First Order Rate Constants d for H2 and TMDS Formation
in the Pyrolysis of DMS
First Order Rate Coefficients, 571
~Temp., S
-oc (kgytkgp) ’ (kgy) © (k) ‘ (kgy) ’
H TMDS H TMDS
2 2
500 1.3x107° 1.3x10°° 1.3x107°  1.3x10°°
490 7.Ox10_6# 7.0><1o'6 7.2x10°° 7.0x10°¢
480 3.7x10°° 3.7x10°° 3.8x10°°  ®.8x10°°
460 1.1x107° | 1x10°° v ax1078 k078
440 3.1x1077 s1x1077 3.1x1077 3.1x1?-7
R

Since few points were available,
quoted.

From equation (14), Figure JVy-5.
From equation (15), Figure IV-5.

From equation (17), Figure IV-6.

From equation (18), Figure 1V-6.

error limits are not
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TABLE IV-8

- s 9 ;
Rate Constant Ratios kO6Lk02/kO8, for H2 and TMDS
Formation by the Radical Process 1in the Pyrolysis

of DMS at Different Temperatures @
ko
ko, —2¢ M7 lg
06 kg
Temperature, Ty T
°C H, TMDS ©
500.0. C2.9x107% 3049074
490 .0 2.7x10°% 1 6x1078
480.0
460 0
440.0

® Error limits.are not Yuoted since few
points were available.

b Slope of the plot of eq (14).

C

Slope of the plot of eq (15).



z ar S | S
products TMS and MMS and ‘Z,Rad and TMDSRad 1 0
predicted by the proposed mechanism for the py 515
af DMS  Thus substitution of eq. .16) into (14) -1 (15)
yields

R(H., ) k
2 06 R(TMS)
oms] o1 kg, TOMST ()

R(TMDS) _ . 06 R{TMS) ¢
oMsT~ ~ ko1 f Ko 1 [DMS] (18)

>

The plots of equations (17) and (18), using
the data in Tables IV-3 to IV-5 (in the absence of
nthylene) are 1lustrated in Figure 1IV-6;

5

significaﬁtjya even the abnormally high rate data denoted

oy an astefﬁsk in Tables IV-3 and IV-5 could be included

in these plots. The rate data derived from the slopes
and intercepts are listed in Table IV-7 and 1V-9,
respectively. The results are in good agreement with
those derived from the slopes and intercepts of

> \
equations (14) and (15) and thus support the proposed

mechanism.

rf"
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50+ 480°
F_ ' |
40 .
L %
20+ 460° 7
1.0 :G/M’ 440 —
o -
0.0 : 1 1 : ‘ ‘

00 10 20 30 40 50 60 70
10 Rate (TMS)/ [DMS] ()

Figure IV-6. "lots of Equations (17) and (18) at
Uifferent Temperatures. ,
\. © -Rate (H,)/[DMS] versus Rate(TMS)/[DMS]

A - Rate (TMDS)/[DMS] vercus Rate(TMs)/[DMsj
* -Experiments in the “"surfac--active®"
cell (cf. Tables I1V-4 and iv-5).
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TABLE 1V-9

d
FOG/kUQ—] for H2 and TMDS formation

Rate Constant Ratios
by the Radical Process in the Pyrolysis of DMS

at Different Temperatures

D
/W>TemperaL;;e, - »gggiacfﬁsfalétﬁ]t’z k06”09-1
°C H TMDS ©

| ?

500 | 0.42  0.34

490 0727 0.27

480 : | 0.26 0.22

460 0.17 0.18

440 0.16 0.14

a

Error Timits are not quoted since few points were
available.

Slope of the plot of eq. (17).

Slope of the plot of eq. (18).
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4. Arrheniu. Parameters for the Molecular ar | VFuadical

Processes in the Pyrolysis of Dimethylsilane

(i) Molecula~ Process
/: The first order rate constan: kOI has been
" derived from four kinetic plots using two slightly
different methods of treating the experimental data. All

four values, listed i Table IV-7, are in excellent

agreement at all temperatures and are plotted in the

"Arrhenius form in Figure IV-7. From the.intercept and
slope, - ‘
-1y 0\ , . s
log kOl (s ) x~+4.3 - (66,000)/2.3 RT ,
'\\) //, 1 \* o

;0 >

with estimated errors of
alog kyy (s7') = #0.3 + (1,000)/2.3 RT

The activation enerjy and the A-factor for
reaction (01) are high~r and lower, respectively, than
the corngsponding values in the pyrolysis of MMS, 63.2
kcal/mol and TO]S‘O s—], which 1s 1n agreement with the

higher thermal stability of DMS (vide supra. .

o

(ii) Radical Process
The rate constart ratios k06/k09-1 and k06

(2k02/k08) obtained by different kineLLgN}reatments are
. N v
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given i Tables V- and V-9, and the covresponding
Arrhenius plot . are Shown in Figures TV-o and Tv- O
he plots are reasonably ‘Tingar Lut there oo considérab e

Scatter wio n. however, i nob surprising in view of the

ot trat o the vadical procony g largely hetoroagoneny:,
and relatively fow experinental pointe Ccould be uned.

\\

“ v - N
The appar-nt Arrheniys narareters for the
!

Ty

“adical process are Jiven in ovable 1%-10.
i o ”
).
)
)
Thus Eoé—hoq . o+ Koo l/mols which indicites
G v )

that the reaction

de STE T + Me,SiH, » (Me,.Tiu). 4 M- (06 )
2 4 [ v o
requires a considerably high .2ctivation energy in
comparisonr.with -that of reaction {09-1)
Me S‘L‘ + A SF‘H . SiHL + M S.'H: a. \’
5 Me,SiH, Me3 IHd MeSiH, (09-1
lt‘may be no-ed that :a Fo;f;he anasmgous reastion
involving methyls iyl radicals .
R Iy
Me SiH MeliH, o« S, L 4 6
esit, _ elit, (MeSlﬂz,Z H 6)
\ L
f
Fac peen estirmated to be 13-15 kcaj/mel Ycf. Section

N

ITL.8.2.73i.b;. 77 abstraction o¥ = methy: Group by
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10°/7  (°K)
V=9, Arraenius Piots for tine Rate Constant Ret
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TABLE TV 10
Avirheniusg farameters for the
Ratios of the Radical
Pyrolysis of DMS
Rate Tonstant Ratio log A A
\, e
e \/ d
o6 CCEREN AERAEEY
?
(Kog/t e ) b 3.9+0 %
i TMDS
ym\mﬂz/*m)’}, ‘ 12.0471.7
i
fk (20 o) 12.4+0.8
Ct 02" "pe TMDS
STone of the plot of . (?7):
b ,
Si0p: of the plot of eqg. (18)
¢ SToce of the plot of eq. (14)
i
¢ S ope of the piot ‘of eg. (15)
e 1 -1

A 7s dn units of Mg

Process

Constant

in the

Lo, kcal/mol

15.6+41 ~

214.
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a dimethylsilyl radical is heterogeneous then [09{] might
indeed be very small. In any case EO6 wildb be at 1east:
6-20 kcal/mol, and could in fact be much higher.

Since [06 is re1alive1y,high and since reaction
(06) is a chain propagating step, it follows that the chain

o

[ongth must be shorter than thaf in the case of MMS and

Rad

very much to the overall rates. This may explain, at

consequently R(HZ)Rad and R(TMDS) will not contribute

least partly, why ethylene has no observable effect on the

i, and TMDS yields.

2
From the data wn Table 1V-1C,
EO6 + [02 - E08 v 55 kcal/mol
since E > 16 kcal/mot and t ctivation energqy EO8 for

06 -
the heterogeneous chain termination reaction

MezsiH. »]] products (08)
wa

is probably very small and can be neglected in comparison
with EOZ and EO6’ the activation energy E02 for the chain

initiation step

Me251H2 -~ MezSiH + H (02)

can Be estimated to be

£ < 39 kcal/mol

02



Since the first bond dissociation energy in
dimethylisilane, D(MQZSiH—H), is very close or equal to
that of D(MCS%HE-H> © 90 kcé]/mo] (cf.Section TI1.B.5.7)
1t must be concluded that the primary reaction step (02)

1s heterogencous, just as in the pyrolysis of MMS.

It 1. significant that the data from experiments
performed in a highly surface active vessel could be
incerporated in the linear plots of eqs (17) and (18),
Figure 1V-t. It would appear- therefore that
wall effects are compensated for in this particular
kinetic treatment. Further, more detajiled experiments
should be very instructive in the elucidation of the

nature of these radical processes

5. Some thermochemical Implications of the Arrhenius

Parameters for the Molecular Process

It has been shown thaﬁ k01 >> ko2 and therefore

4he Arrhenius coefficients Ea = 68.0 kcal/mol and

log A(s_l) = 14.3, refer to the primary molecular step,

(CH3)281H2 - (CH3)?51: + H, (01)

216.



(i) Activation Enerqy

Assuming that the activation. energy for the
reverse veaction (-01) is approximately & kcal/mol (i.e.
the same as that estimated for the analogous reaction

CH3SiH: + HZ’ see Section IIT.B.5.4), the enthalphy

change for reaction (O]),‘LHS], will be:
“Hop = Co17E g7 = 68-8 = 60 kcal/mol
Since
Mgy = A‘AH(;,(Mezﬁ:)—;\H?(Me?SMZ) 4 f.H?(HZ)
and LH?(HeZSiHQ? s approximately ~16+1 kcal/mo] ]3’]4,
AH?(MeZSi:) © 44 kcal/mol .

tris value is considerably higher than earlier estimates,

17 112

e.g. 33 ', 20'7% and 16 kéal/mol 27

Even though the
estimated activation energy E_O]used ' the calculation
of the reaction enthalphy LHg] may be somewhat higher
than> 8 kcal/mol, it is unlikely to be as high as 36
kcal/mol, implied 1n‘the low value of 16 kcal/mol for
LH?(MegSf:‘.

‘HS] 1S related to the bond dissociation

energies by

217.
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SIH-H) + D(Me,Si-H) - D(H-H)

O = R
AHO] = D(ML2 2
and since D(H-H) = 104 kcal/mo] ]Ogand
D(MeZSiH"H) 90 kcal/mol, the second bond dissociation
enerqy D(MeZSi—H) is D(MeZSi—H) = 104+60-90 = 74 kcal/mol.

This is Tower by approximately 16 kcal/mol than the first
BDE. and is about 5 kcal/mol higher than the corresponding
second BDE in MMS (D(MéSiH—H) v 69 kcal/mol, cf. Section
ITT.B.5.1). |

Since the first BDES in MMS and DMS are
identical, it would therefore appear that the differences
in the activation energies of the molecular processes
occurring in the pyrolyses of DMS and MMS, 68 and 63
kcal/mol, respectively, reflect the differences in the
second (Si-H)BDEs. |

It should be noted, however, that the activation
energies for insertion of Me251: and MeSiH: into H2 were
assumed to be the same and this might not be the case.
Thus if it is assumed, for example, that E-O] ~v 13 kcal/mol,
which is quite plausib1é, then the second BDEs (Si-H)
in both compounds become identical and the observed
differences in the activation energies EO] and Ey would

/

simply reflect the differences in E-O] and/ﬁ_] . .

-
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7 »

(ii) The Preexponential Tactor

The A factor for reaction (01), AO]:]O]4'35_],
can be used to calculate the entropy of activation, ngl
from ghe relation

_ t
A (ekT), 201/ R (1)
O" 3 ﬁ . |

Thus, at the mean reaction temperature, 460°C,

ast

01 = 3.15 -e . u.

indicating a soméwhat more rigid transition state thén in
the case of MMS.

By analogy with the primary molecular
reaction (1) in the pyro1ysis of MMS, reaction (01) is
assumed to proceed via a Ehree—centered cyé]ic

transition state,

CH3\\ //H N ‘CH3\\ M +
Si — SiZ0 > (CH,),Si:+H
PN e RN 372 2
CH H CH
3 3
(01)
. . & .
and the activation entropy ;SO] can be calculated in

the éame manner as before for MMS (cf. Section ITI.B.5.14).
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Again, since Astran and “Selec are zero and
AS* = 0 (no change in symmetry numbers), the only

rot
significant contribution to ASS] is expected to arise
from Asjib’ in particular from the changed stretc ing
and bending frequencies of the Si-H bonds.
v The ca]cu]étion of Asiibs is shown in Table V-
115 the Si-H bond frequencies in DMS were taken from the
Iiterature]]3. The new frequencies for the transition

state were estimated as
“Si-H,+ ~ 2/3 “gi_y pus

a#a the corresponding absolute vibrational entropies,

@]

(0]
SpMs® O3
1171

, were calculated from Benson's tabulated

data

ber

From Table IV-11 is seen that the calculated

activation entropy,

+ +
‘ AST . = 3.1 e.u.

2 S U
01,calc ~ VD

. Py
s in excellent agreement with the experimental value of

2 3.15 e.u.
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It seems therefore very likely that the
transition state leading to elimination of molecular
hydrogen in the pyrolysis of DMS and MMS is a three-

centered cyclic complex. This may also apply to the

unimolecular decompositior of other silicon hydrides.

222.



v

CHAPTER Vv
SUMMARY AND CONCLUSTONS

Between 340 and 440 ¢ monomethylsilane pyrolyzes
to form hydrogen and dimethyldisilane as major products
ahd dimethylsilane and nolymer as minor products. The
orders of formation of H2 and SMDS vary between 1.1 at
441°C and 1.6 3t 340°C.  The rate of decomposition is
strongly affected by the nature of the Syrfdcg but

-

re}ative]y jitt]e by the surface to volume ratio of the

[N

reaction vessel.
In the pr sence of . 1C added ethylene the
formation of hydrogen and dimethvidisilane is strongly

Jimethylsilane is completely
+

)

suppressed and that of

inhibited. vThe orders of. formation.of Ii2 and DMDS were
both 1.0 at 217 temperatures. It 1s proposed that the

H2 and DMDS yields formed under these conditions arice

solely from a molecular process:

N . " I . ) ] \
_ CH351H3 C oot H2 (1/
‘ . ) -

CH351d N CH3J1h3 (C S 'hZ)Z (3)
{ CH351H:  polymer o (4)

N .

\ .
Tne kiretic cata fos\&§«¢nd DS yielded identical 7

Arrhenius parameters, within experimental error:

."223/

;
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log kq‘““ (1) - (14.95+0.11) - (63200+330)/(2.3RT)

The second bond disso. tion enrrqgy in monomethylsilane
is calculated to be 69 Kcal/mol and LH?(CH331H ) 53
kcat nol., The entropy of activation is AST = 6.3 e.u.
Assuming a three-centered activated complex,
" H 0 Hoy T
\
H~C- Si H
- \
H H
. 4 . -
the individuai contributions to AS{ were'estimated using

established procedures anc -the close agreement between the

catcuhated value, 6.1 e.u , and the experimental ogne
s

supports tne suggested sty ire.
<
‘The mo]ecuTar product yields calculdted from

kTO]eC were then subtracted from the totan yields (in the

I‘
absence of ethy1Fne to obtain the fo110w1ng react1on orders

for the products formed in the radical process at 4]5 C:

l.6  (H g (DMDS) and 1.5 (DMSY. These values arew

o)
'ndicative of.z radical chain mechqpism which is proposed

to consist of
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initiation

CH,SiH N (I 1 P T (2)
e L A3
propagat on
H +‘(;H3S1‘H3 CHL .HRSiH,; (5)
CHoSiH, + (,H3sm3_ S LR L PSP (6)
CH,SiH, + CH.SiH., - VCHL) L SAH L, + SiHL iga-1)
3 7 3 Q3(Wall?) 17 ¢ 3
S1H3 1 Cm3S1H3 . J1H4 + CH3S1M2 (9a-2)
termination
2CH DM, (Li35-~”"2)2 (7)
CH,SiH, ~ oproduct : (8)
37172
wall
~

The reaction sequence (1)-(S) cannot be solved since two

>
i

types of chain termination steps are possible. Kinetic
treatments performed for the two exZ;eme cases of
quadratic termination, i.e. reaction (7) and linear

terminatior (8) led to the following relations for R(HZ):

R(H,, : k quad - Lo
27 .. a . ycuad 21\ 5, L .
- : - (ki) + k(=)D [MMST® (1)
[MMST] 1 72 6 7

R(H,) . 2k. lin | e
¢'Total _ Vin - "2, : ] Y.
‘*’Tfm— = (k1+k2) + kk6k—é“‘ [MMS] (lI) ( -

The experimental data obey the predi- .d Tinearity
of these nlots, from which it is concluded tnat (ki+k2)]7n

(k]+k2)quad g kTO1et. Thus Ky oo k? and the .second
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format:on by the radical proceca
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2) for the two cases of quadratic and lTineer ternpineta o
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Since the activation energy for cach of these cases 1.5
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much Jess than D{(CH SiHZ-H\ anc tne preexponential ‘actors

are several orders o maanitude less tharn the va. ..

) 1541 -1 ) C , .
10 - 5 normall associated with a unimoieculay

homogeneous deconroasitian, it is concluded thnat tne

.raciio1 initiation step (2, is netercuyenecus .

The cha“r length - f the radici. process 15
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estirmates to be - 107 4a:d the cnain termination sten '8
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¥s probebly hetercceneovus. Moo o . thy produLcts arising

from radica® precursors are formed “n the chein prop. ,at’
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Cae Aoy ety T e Pnce oty bine nr tereinat o
of the chain is aooumed to take place. Kineti, treatnent

Poosdmp i fied and leads to the relations

ROH,) Qk”,,)
fors] hay o) g NP VT
2k
DS ) 02+ e
I&[I)Mél kot [DMS ] (1V)
08
e . 2K ..
R(TMS)  R[MMS] o2
[oMsT [oMs]™ = hog-y o cLbms] (v)
where ko fers to the radical initiation step
i ( J LS HT T
(CtH p ST, \CH3;281M : (02)

and the higher order rate constant terms refer to the
chain propagation and termination steps. From the

temperature dependence of these ratios it 7g gonclu-ed
>

thatE © 3% rcal/rol and there‘ore reaction {(02) is
h@terogeneous. Similarly  to the case of monomethy?siTane,/

01 02
' The radical cha n lengtn is severa1‘orders of
magnitude less than that in the pyrolysis »f monomethylsi-
lane because one ¢of he chein Propagating steps featon
¢ relatively nigh activation energy.
Thete vesults are in excellent adreemeﬁt with

Coder nroAY siapn that molecular decomposition of



stiicon compounds becomes increasingly important as the
energy available decreases. The use of ethylene as a
1)yl radico) scavenqger in thermal System has
demenstrated how the radical and molecular p C$SSeS can
-~ elucidated and how the notorious éurface effects can
be minimized. Caution must be exercised however since
Lthe yields of the major products from the pyrolysis of
dimethylsilane were not suppressed by ethylene. Either
ethylene cannot scavenge dimethylsily| radicals, or,
tocause of the shorter chain length, the radical yields

of H2 and TMLS are very small. Further work s obviously

necessary .
By analogy, it is*high]y probable therefore that
menosiiane, Sin, 4lso decomposes by two independent
molecular and radical processes and the present controversy
in fact revoTves.around their relative importan;e; [ the
"adical chain 'ength is long, then the results often
Quoted (cf. Section [.A.6.11) in support of radical
initiation may be misleading since they tend to point o
a highly sverestimated importance for this reaction. The
use of ethylene as a radical scavenger in this system should
unam.iguously resolve this problem.
Finally, i~ has been shown that heterpgeneous
rcactions play a very important role in the pyrolysis of

moroietnyi-~ and dimethylsilane. In both cases the initial

229.
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Si-H cleavaage 1s definitely heterogeneous and there is
strong evidence that one or more of the chain terminating
steps are heterogencous as weil. These reactions are
responsible for the formafion of the minor products which,
in future work, might be suitable as monitors for

heterogeneous processes.
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APPENDIX 111
CORRECTION PROCLDURL FOR DECOMPOSITION OF POLYM R

The polymer fzrme‘ in the=uyrolysis of
monomethyl<ilane is thermally unstable and decomposes
slowly to vield hydrogen and methane as major producis
The ratc of decomposition increases with the extent of
polymer depositicn and the sbserved hydrogen yields
from the pyrolysis of monon - thylsilane must thercfore be
corrected for degassing of tino pcolymer. The correction

procedure is jliustrated in Fiaure AIII-1.
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Figure AIII—].'torre:ticn of tne Observed HZ'

‘ields for Decompositinn of the
Polymer,

A-degassing before the experiment,
B-after the experiment.

The difference between A and B

at the midpoint of the reaction
time corresponds to the actual
yield. E



