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SUMMARY

The chemical reactivity of the halogenoalirylsilicon compounds
has been reviewed and the published quantitative work on tne
decomposition of 2-halogenoaluylsilicon comTOur.d-S outlined.

The gas phase themal decomposition of i- -ciiloroethyltrichloro-
silane has been investigatec in a static system between 356° and 417°C
at initial pressures of 12 - 138 mm lig. Use has been made of pressui-e
measurement, gas cliroiriatography arid mass spectrometiy to obtain kinetic
data and to establish the mechanism of tlie reaction. The over-all

reaction scheme is,

1. GIGHo di2SiCls  ————- » Q=G> A SiCM

2. GICHoCHsSiCls ~ —— » CUq-CU.SiCla +  Ma
3. CICMgCMqSiClg =~ —— > Ois=\1 + MSiClg
4. CSR=C:iCl1 + MSiClg ———- P C:lp=Cn. SiClg +  MA
5. GMoCIdg  + HSiCla ——» (Va.GH? .SiGlg

v/ne,re ethylene and silicon tetrachloride account for
72/~ of the reaction products.
A brief study of the subsidiary reactions, 4 and S, nas been maae
a«id approxi:nate kinetic data obtained. These reactions are suppressed
by nitric oxide and cyclohexene.
Reactions 1, 2 and 3 are shown to be simultaneous unimolecular
eliminations and the Arrhenius equation for the major reaction,

ethylene elimination, is:

K ésec_.l\} _ 11)11.26f0.lG e-4b,50Cf5u0/RT



The low pre-exponential term corresponds to Asi =-8.040.7 e.u.,
vmich suggests a cyclic transition state. In particular, a " quasi-
fieterolytic " transition state may be invoiveu, as in tiie thermal
decomposition of alkyl halides and carboxylic esters, and tnis
possibility is discussea, although accurate correlation cannot be made
until more results are available on other 2-iialogenoalkylsilicon
corn}X)unus.

An analogous study iias been carriea out on O-cliLoroetiiyl-
dimethylphenylsilane betv/een 236° and 390°C. It has been shown tliat

the reaction,
CIGHsCHaSiMec”Hi ———- p»  CHazCHg +  CiSiMe~Fh

accounts for more than 99.1 of the reaction products,
ilowever, the reaction is veiy sensitive to surface condition and it
was not found possible to isolate the homogeneous decomposition.

Suggestions for resolving this difficulty are made.
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CHAPTER OHE
(A) GENERAL REACTIVITY OF (%-, * - AND y -iiAIXXCEi*CAuKiLEILICuN CUiPdTnDC

U ) a -HALOGEINiOAiAiLSI WusES

Ghloromethyltrimethylsilane, GICHgSiMeg , the silicon equivalent
to neopentyl chloride, exhibits the normal properties common to organic
halides in nucleophilic substitution although the chlorine atom is more
readily displaced from the silicon compound. Neopentyl halides are
relatively inert to reactions with sodium ethoxide, potassium
acetate and sodium iodide. A decreasing electronegativity series has
been determined by the Kharasch method.

Ph Moes SiCHg GHs n—6o 3 MegG. GI*
The lower reactivity of the neopentyl system is attributed to the
shielding effect of the tertiary butyl group preventing rearward, attack
on the methylenic carbon opposite the halogen. This rearward attack is
easier when MegSi- replaces MegG- because of the greater covalent
radius of silicon [/ Si = 1.17, C= 0.77 ) and hence less interaction
between methyl groups”

With sodium ethoxide,' chlororaethyltrimethylsilane is however
2.5 times less reactive than n-hexyl chloride, 4 times less reactive
than n-butyl chloride and 16 times less reactive than ethyl chloride.2
Sodium ethoxide reacts with chloromethyldimethylphenylsilane giving
rise to three schemes: cleavage, substitution and rearrangement, the

latter being followed by cleavage.

MegHiSiCHsGl — » MesFhSiGIfeCl ¢ MegFhSiQEt + BGl
OEt
1 m"MegPhSiGHeOEt

EtOMeg SiC% Ih  —-—mmmev « (EtO)gSiMeg +  FhCHg



2 .

The rearrangement is facilitated by electron withdrawing chlorine on
the phenyl group and all the processes would involve the common penta-
covalent silicon intermediate or the mechanism may be concerted. Other
nucleophiles ( e.g. potassium acetate in glacial acetic acid, potassium
acetate in ethanol, and aqueous or ethanolic potassium hydroxide ) are
also less reactive towards the silicon compound but the difference in
reactivity is less. The trimethylsilyl group releases electrons
inductively and so would be expected to prevent nucleophilic attack.
Similarly the trimethylsilyl group could provide some steric hindrance
to reaction? Nucleophilic attack by base will cleave the UhgCl group
from silicon giving CHgCl as a product.

rrimary and secondary halogenoalkylsilanes exhibit a reactivity
ratio similar to primary and secondary alkyl halides towards iodide
ion in acetone” the primary being about 200 times more reactive than
the secondary. CL-ohloroalkylsilanes eure far more active tlian
neopentyl halides towards this reagent which attacks alkyl halides by
a bimolecular S*2 reaction, Walden inversion. Chloromethyltrimethyl-
silane is 16 times more reactive than n-butyl chloride and 8 times more
reactive than ethyl chloride. Possibly the iodide ion gives a stabilized
transition state utilizing the d-orbitals ol¢ silicon.6*‘7

6“ 6“
Meg .S i Gl

n -
Although alkyl halides, including neopentyl halides, react

readily with silver nitrate in ethanol by electrophilic attack of Ag"
on the halogen, the compounds MegSiCHgX do not give a precipitate
although one would expect the MegSi- group to stabilize a carbonium

ion intermediate by supplying electrons inductively. Similairly the
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X“Chloroethylsilaiies do not react with this reagent although sec-
butyl chloride does?’”

Rearrangement of Ghloromethyltrimethylsilane in the presence of
aluminium chloride is known to occur9 in a manner strictly analogous
to the Wagner-Meerwein rearrangement of carbon chemistry.

CICHgSiMeg + AICI3 - * Me.GHgSiMegCl
The .-chloroethylsilanes also rearrange in the presence of aluminium

chloride and some elimination, E.l , also occurs.

MegSiGHCLGha + AIGI3 ———— » MegSiOH.GHa  +  AIGLJ
MesSiOH.CHg --——--» MegEiCH.CHs — » Me3Si.CH.GH3

(0 5¢] Cl CHs
MeaSiOH.GHg -——--—-- * MeaSiGHg&L > MegSiGl + GHg=GHs

If one of the alkyl groups in RgSi- is replaced by chlorine then only
olefin elimination, or sometimes dehydrochlorination, occurs®” Similarly
methyl rearrangement of isopropenyltrimethylsilane to t-butyldimethyl-
silanol passes through an intermediate 01-carbonium ion in the

presence of concentrated sulphuric acid.

CHg AGHg GH3 .r-"GHg - G% AOH
r"G—Si—G@b  —- 4 AC— Si-GHa — — * GH”*C— Si-Grig
(03 "GH3 Gh “GHq Hq AGilg

With the compounds MegS i.SiMe"OH®G1 and ILlegCISi.SiMegCHg01 in the
presence of aluminium chloride the MegSi- and MegGISi- groups
respectively migrate from silicon to carbon11 because of their greater
electron release than methyl. These rearrangements probably pass through
siliconium or carbonium ion intermediates although discrete steps may

not occur and the process could be concerted.

Cl » Si-CHg-"Gl + AICI3 —» GI—Si-CHp—R + AIGH4
[ |
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(.-halogenoalkylsilanes react readily with amines to form
substitution products' with cleavage of the silicon - carbon bond
. . 12,13,14,15
occurring fo a var/ing extent.

RaSiCHgCl + r%R' -——-o » RgSiCli* .NHR’
The amines form stable hydrochlorides. Sodamide in liquid ammonia
rapidly cleaves chloromethyltrimethylsilane.13
With acetoacetic ester the (L-halogenoalkylsilanes generally
. 16,17 . . 1
give ketones ' but react normally with malonic ester.
Meg RiSiCHgCl # MM PhSiCHg CUOEt

Potassium cyanide in methandand silver cyaniderapidly

cleave the silicon - carbon bond in halogenomethyltrimethylsilanes. The

mechanisms are not known but the following reaction is known to occur.

MegSiCI-IsGl  + AgGN » MegSING +  AgGl
(.-chloroethyltriethylsilane is very resistant to cleavage by
nucleopliiles. It is unaffected by hot alcoholic sodium hydroxide and
only dehydrochlorinates,with alcoholic potash20 at 145°G. The stability
is brought about by the additional CL-Me group which supplies electrons
£uid hinders the separation of the GHgGl group with the electrons of the

silicon - carbon bond.

Other nucleophilic displacements of X in RgSiG%X are:

REAGIINT PRODUCT RE'"KRIilIGE
NaSGHgGOONa -SGHgGOOH 21
NagS -S.GHgSiRo 22
NaS.Me -S.Me 22
KOOG.G(Me )=G% -00G.G(Me =CHg 23
NaOP(0)(0Bu*)g -0P(0)(0Bu*)g 24

d.-halogenoalkylsilanes form Grignard reagents normally.



(ii) Y -iALiG]:2*iAU.YLSInAMES

These compounds in general undergo the normal reactions by
analogy with their equivalent carbon compounds. However, reaction of
Y -bromopropyltrimethylsilane with aluminium cfiloride or Y -chloro-
propyltrichlorosilane v/ith sodium ethoxide gives cyclopropane as a

cleavage product?'”

BrCHpGIlgOHgSiMes ~ +  'AIGI3  --—— > (CHg)g + MegSiBr
924
GIGHgGHgCHoSiGlg  +  NaOEt - » (CHg)g + diOg.LHgO

Reversing of the reagents did not produce the above reactions. The
mechanisms are not known but they appear similar to 1:3 eliminations
in organic chemistry when an activated hydrogen atom is Y to iialogenf*”
for example, BrGH2GHgCH(GOOE t . Y -chloropropylmethyldiethylsilane
decomposes on distillation to yield inethyldiethylchlorosilane and
cyclopropane?”

With aluminium chloride, Y -cliloropropyltrichlorosilane gives
a mixture of products. A rearrangement occurs in wLiich a Y -carbonium
ion is converted into the more stable B -carbonium ion.2

ClgSiCHgGHgCHaGl ~ --———-- > ClaSiCHgCHcGHg +  ClgSiGHsGH.GHg
1 :4

Y -halogenoalkylsilanes form Grignard reagents normally.

(iii) p -HAnOGEdiiAiAYLSIuAi.ES

P -halogenoalkyl groups are much more readily cleaved from
silicon than the Q- and Y ~ isomers and result in olefin elimination.
Gompounds like p-chloroethyltrimethylsilane decompose on distillation

although p-chloroethyltrichlorosilane can be distilled at atmospheric
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pressure with no apprec’iaﬂe jlecomposi‘tion.zs’zg’30

(a) Attack by nucleophiles

P-halogenoalkylsilanes are very much more reactive towards
alkali, aqueous or alcoholic, than the (X- and Y - isomers and exhibit
a much greater reactivity than the analogous carbon compounds. Even
sodium acetate in glacial acetic acid or water alone will decompose
these compounds when one or more electronegative halogen atoms are

- . . 29,30
attached to silicon. The reaction mechanism has been suggested ° to
be closely analogous to the E.2 elimination reactions of alkyl halides

with silicon behaving like a p-hydrogen.

OH > ASi-GI"—Grig—Cl  —— » HO—Si + CHg=CHg + ClI

OH -—»H-"GHg— @g—Cl - * HOH + GHgCHg + Gl

The p-silicon is attacked very much more readily than a p-hydrogen.
Therefore, although two p—hydrogens are present in the silane, the
attack is exclusively on silicon. Many other p-halogenoalkylsilanes
have been prepared and shown to undergo this reaction.28’31 32 The
P-brorao compound is more reactive than the p-chloro and this has
been neatly shov/n by bromine being removed in preference to chlorine
when both were present on the p - position.sz’33
ClgSiGCIBr.CHGIBr + OH"' » BrCIG=GHCI

P -chlorotetrafluoroethyltrichlorosilane reacts with aqueous
10* sodium hydroxide to give silica, tetrafluorochloroethane and no
olefin.34 Because of the electronegativity of fluorine the Si - (?( bond
would be strongly polarized S6i* - (g relative to hydrogen thus

increasing the incidence to nucleophilic attack on silicon. The fluorine

substituents also render the p-carbon atom more positive and electron
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release to chlorine becomes more difficult.

L |
HO » / S\i-C P,—CP?—C1 —» HO—/S\i + CpP?>—CP?—01
"CFg— GPg— Cl1 + ligO  —- » ICFg— CFgCl +  OH'

Whereas the Q, - and Y -chloroalkyltrichlorosilanes react with
the three equivalents of base required to solvolyse the Si - 01 bonds,
the P-chloroalkyltrichlorosilanes react rapidly with four equivalents;
the G-Gl bond reacting as comi”letely as the Si-Cl bonds. The presence
of two (C‘Ziethyl groups does not hinder this reaction and p-chloro-
OL,OL-dimethylethyltrichlorosilane produces isobutylene quantitatively.?’7
Electron supplying groups attached to silicon retard the reaction and
EtgSiCHgCHgCl reacts only slowly with dilute alkali. If excess alkali
is added then the reaction is completed in 20 minutes. The reaction is
therefore base catalysed. Illis issubstantiated by the fact that a
silicone resin has been produced by a neutral reaction with the
-GtigCI*Gl croup intact?” addition of base evolved ethylene. Likewise
making 50”0 aqueous methanol 1.2511 in sodium hydroxide increased the
yield of ethylene from GIGHsCHgSiRg, where Rg = Etg, EtgGl and EtgF,
from <C5 to ~ 50 per centf)*

Reaction of trichlorosilane with 1-chlorocyclohexene,using a
peroxide catalyst produces a mixture of cis- and trans-1-chloro-2-
trichlorosilylcyclohexane in low yield. Titration with base showed four
active chlorine a t o m s I t was suggested, in view of the
predominantly cis product and therapidity of the reaction, that tiiis
was a non-stereospecific P-elimination involving a pentacovalent
intermediate as has been postulated for nucleophilic substitutions

involving silicont”



OH
-SiC

< cl Si-OH + + Cl
It was found possible to only partially resolve the cis and trans
components on gas chromatographic analysis during which appreciable
decomposition occurred.

P-chlorovinyltrichlorosilane reacts with only three equivalents
of base leaving the chiorovinyl group intactf‘1 Conjugation between
silicon and carbon occurs using the available d-orbitals of silicon.e
This dy”-py” overlap causes the non-Markovnikov addition of HX to
vinylsilanes. It also accounts for the bathochromic shift in infra-red
absorption due to the vinyl double bond which is attributed to a lowering
of the stretching force constant by conjugation‘.'2 This conjugation
causes the inertness of the chiorovinyl group as compared with the
chloroalkyl group and makes silicon reluctant to function in its normal

electron releasing, inductive, capacityf”,44,45

(b) Attack by electrophiles

Electrophilic reagents like aluminium chloride and silver nitrate
in methanol also produce olefins on reaction with p-halogenoalkyl-
silanes29 and the reactions are similar to E.l eliminations of alkyl
halides although the silicon compounds react at a much faster rate. The
mechanisms would appear to be:-

(1) Si-GHsChgCl + AICI3 ASi—GHsGHs + AICI4

AIGI4 +  Si—QIs—GaJ G1-Si + GHgeGhg + AIGI3



! t I 1
(2)  Si-CffcCHsCl + Ag » Si-GHgGHg +  AgGl

I/ V o+ +
MOH  + Si—-GHg—GliJ  —— > MeO-Si  +  GHgeGiig
Me04—g'i » . WeOSi + H

The rate determining step may not be simple ionization of the GB’\~ Cl
bond as olefins are produced much less readily from alkyl halides. No
structural work has been done to find the effect of substituents but
electron releasing groups on silicon should facilitate these electro- ,
philic reactions. With aluminium chloride the compound CIGHgCHgSiClg
dehydrochlorinates rather than desilylatesf‘6 In this case it appears
that the electron withdrawing chlorine atoms prevent release of electrons
to the P-carbon atom emd removal of a proton becomes more energetically
feasible than removal of the -SiGlg group.

In a study of the aluminium chloride catalysed dehydrochlorination
of P - and Y“Ch10ropropyltrichlorosilane28 some silicon - carbon
bond cleavage took place at higher aluminium chloride concentrations or
higher temperature and propene was formed. At small aluminium chloride

concentrations dehydrochlorination occurred giving two isomeric products.

GlgSiCHgCHgOHp ~ ——-———---—- > GIsSiGHsAH.GHg =~ -—-----—-- > GlgSiGIkGH.GHg

[

GI3SiG%GH=GHe
A Y*P hydrogen shift is necessary to explain the formation of (1).
Also it appears that with P-chloropropyltrichlorosilane the p-methyl
group makes the secondary carbonium ion formed stable enough for some
desilylation to compete with dehydrochlorination.

P-chloroethyltriclilorosilane has been found to undergo Friedel-
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Grafts coupling in the presence of aluminium chloride‘.‘7
'FhChgCfigSiCla + CGHgCBsSiClg - » Gefi* (GHgCHgSiGlg )g

Grignard reagents of the P-halogenoalkylsilanes are very
difficult to prepare and the addition of RVEX usually leads to olefin
elimination. Slow addition of methyl-Grignard to GIGHgGHgSiClg
resulted in most of the ethylene being evolved on addition of the
fourth equivalent of reagent.50 After reaction of the Si-Cl bonds
normally it was suggested that a cyclic transition state was formed by

co-ordination of the p-chlorine atom to magnesium.

Mg "GHs
G I”

However the P-carbon substituted product has been formed in small
yields from P-bromo-n-propylsilanes by hydrolysing soon after the
reactants were mixedf”

BrGHgGHaGHgSiEta + EtHgBr --—-—-- » GHeg (GHq )4SiEt3 + EtsSiOH + Et4Si
It is therefore suggested as probable that intramolecular elimination
occurs with initial formation of RgSiX wiiich is then hydrolysed to
RgSiOH‘.‘9 Alternatively nucleophilic attack by OH could occur during the
hydrolysis step before intramolecular formation of RgSiX has commenced.

Simultaneous addition of P-broraoethyltriethylsilane and ethyl

bromide to magnesium gave only a small amount of n-butyltriethylsilane
and the main product was tetraethylsilane. However a similar experiment

using allyl bromide gave 4-pentenyltriethylsilane as the predominant

product?”? Under favourable conditions P-halogenoalkylsilanes will
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couple with (Iriguard, reagents arid these conditions are set out in
Table I, going down the table indicating an increasing tendency to

coupling and less P-elimination.

TAblub i
C - X R R’
in RgSi—€CX in RaSi-C-G-X in R’ MgX
Primary Ph Et
Secondary Me n-Pr
Tertiary Et Hi
n-Pr Allyl
n-Bu
Dehydrochlorination with quinoline””’ and isoquinoline””

is very effective with P-halogenoalkylsilanes and has been extensively
used when the more vigourous treatment with alkali gives rise to
cleavage of the silicon - carbon bond. For example, with Cl,P-dibromo-
ethyltrichlorosilane ¢»nly the P-bromine is removed

BrCHsCHBrSiCla +  GglhH --—-———» GHgzCBrSiCla
It is generally found that (%- and 'Y-halogenoalkylsilanes are more
resistant to dehydrochlorination using quinoline eilthough isoquinoline

is sometimes effective with '"Y-halogenoalkylsilanes.
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(B) REACTIONS RELATID TO ITffi p-RulMINATION OF 2 - HAljOOINOAuLYLSILAiul S

(i) SILYL ACETATES AND KETONES

Silicon compounds with oxygen functions p to the silicon atom
are readily cleaved by acids and bases and will be discussed briefly to
exemplify the general reactivity of p-substituted silicon compounds.

Trimethylsilyl acetic acid can be prepared from MegSiCHaMgCl and
02 if the precautions of neutral hydrolysis and crystallization
instead of fractionation are observed‘.‘4 Treatment with acid results in
silicon - carbon bond cleavage giving MegSi-O-SiMeg and acetic acid.54

Similarly sodium hydroxide reacts with ethyltrimethylsilyl
acetate cleaving the silicon - carbon bond and giving MegSi-O-SiMeg and
ethyl acetate.55 It is noteworthy that aqueous base cleaved this compound
at room temperature but acid did not. This seems to suggest a greater
susceptibility of these compounds to nucleophilic attack.

Silyl ketones may be isolated from the products of reaction
between MegSiCBgMgX and acetic anhydride at -70°G; but cleavage of the
silicon - carbon bond occurs on attempted preparation at a higher
temperature, presumably because of attack by hydroxyl ion in the
hydrolysis step, as (MegSi)gO and acetone were formed?” Gleavage is also.--
effected in refluxing ethanol giving acetone and the appropriate ethoxy-
silane.18 Reaction of MegSiGllzGOGHg with 2,4-dinitrophenylhydrazine
results in silicon - carbon bond cleavage and only the derivative of
acetone is obtained. However, trimethylsilylben zyl-methyl ketone does
give a hydrazone derivative of the silyl ketone.

In general therefore, cleavage of the silicon - carbon bond

occurs in p-carbonyl silicon compounds with acids ( including HGl gas ),
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bases, anhydrous bromine and refluxing ethanol. The following mechanisms

have been proposed”™”

X = alkyl, alkoxyl or hydroxyl
Acid catalysis
RgSi-CHg-C-X — ~ RgSi-CHg-G'-X % SiOH + H
OH
+ GHB=G-X ~ CHa-G-X
OH 0
Base catalysis
oH" *'Si-*i*-C-X — HO-Si +  GHa=GX A GHg-C-X + OH
(o 6 6

(ii) P-SILYL ALCOHOLS

Acid is required to cleave the Si-C bond in P -silyl alcohols.
P -hydroxypropyltrinethylsilane reacts with dilute aqueous sulphuric
acid to give hexamethyldisiloxane and propene. A kinetic investigation
of the acid cleavage of 2-silyl ethanols has been carried out9" A linear
rate dependence upon acidity was found using the Hammett acidity
function, HO. As would be expected for electrophilic attack, electron
withdrawing “groups on. silicon retarded the rate.The rate ofreaction
in acidic DaO was found to be more than 2 times that in Hg0 of the same
acid concentration. It was suggested that reaction of the protonated
alcohol, in which considerable positive charge was developed on silicon

in the transition state, was the rate determining step.

RaSiGHcGHgOH  +  HgO” RgSiCHg(HeOHg  + HgO

RgSiGHoGHgOHs  ~ ti~detT  ~Si*Hg + GHeCHa

RgSiOH + H?
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However, when the alcohol is a tertiary one then some dehydration

can occur at the expense of desilylhydroxy]ation.57

MegSiGHgM”" + Me.C.Et —_ MegSiG% .C-Me
0 CH.Me

327
In many cases the tertiary alcohol is not isolated but reacts
immediately on working up the, products of the appropriate Grignard
reaction, although MegSiCHg G(Me" )0H has been prepared in 500 yield by

this method**

(iii) SILYL ACETQIMITRILES
Cleavage of the silyl acetonitriles can be easily effected by
aqueous acid or base and by water alone. Reaction of MegSiG%GI*Br with
potassium cyanide in methanol yielded only MegSiOMe and GHgGN,
presumablyy8 The silylacetonitrile is probably formed but a finite
concentration of methoxide ion would arise from the equilibrium:
G\’ +  MeOH 51- HON +  MeO'

The methoxide ion would then attack the silylacetonitrile nucleophilic-

ally.
I A [ f--*;
MeO " Si-G% -C£N — D> MeO-Si -
/\ [\
CHs=G=N:
CHeGN + MeOH » GHgCN + MeO

Preparation of a silylacetonitrile has been achieved by reacting
RgSiCHgMgX with cyanogen19 and the mechanism for acid catalysed

decomposition is suggested to involve a ketimine.

RgSi-GHs-CsN ~ + H - »  ReSi-GHg-GSN'"H



_ 15 _

HBO ~ + —» RgSi0%  +CHg=C=I1&
U
CHo-GSN
However ifthecyano group is further removed fromsilicon, e.g.
trimethylsilylpropionitrile, then reaction withalcoholic basegives

trimethylsilylpropionic acid by normal hydrolysis of the cyano group

to a carboxy group.

(iv) B -Y TIINSATTTHATKD URGMQSInAiES

If a double bond is situated P -Y to the silicon atom then
both acid and alkali will catalyse the cleavage of the Si-G bond to give
an olefin by a mechanism analogous to that for the p-oxygenated

silicon compounds.

Acid catalysis
| I +
§'\-C-C=G +——A" - §i-\G-G -CA

+

SFG-C'-GA  + AB > A" + BSi + CGGA

In some cases addition across the double bond can occur. HBr and HI will
add to allyltrimethylsilane giving P-halogenopropyltrimethylsilane
which then undergoes .p-elimination as previously described. Bromine
and lodine give the cleavage products directly and similarly concentrated
sulphuric acid or dry hydrogen chloride give propene and trimethylsilyl-

sulphate or trimethylchlorosilane respectively.

Base catalysis ( methanolic KOH or aqueous NaOH )
I/-V /> I _
B —--- >§i‘G-G=G ------ > B-Si, + GGG

C=G-G~ + AB————n - GGGA + P

Gleavage of the Si-G bond in trisubstituted 1-silylindenes occurs
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with acid or base and partial reduction of the indene prevented this

reaction.

+ RoSiB

ACID OR $A&E * A0 REACTION

(v) SInYLMETHILSUioPHQIAS

These congx)unds are synthesized by oxidation of the sulphides
w'ith hydrogen peroxide in either acetic acid/diethyl ether or phthalic
acid/ethonol.22 The silicon - carbon bond is cleaved readily by bases
but is more resistant to acidic attack than the nitidies or p -oxygen-
ated compounds mentioned above. The stability to acid is attributed to
the sulphone group not participating in enol formation. In the cleavage

of p-oxygenated silicon oompounds this enol fonaation facilitates

the silicon - carbon bond cleavage. A possible mechanism is:
OH -——-P»Si-CIb-SOa-R HO-Si + GHo-SR CHa=E -R
/\ ' /\ 0
GHa-SOs-R

In desilylation of the methylsulphones the silicon behaves more like

hydrogen than carbon-

Hence if an atom is p to silicon then, utilizing the electron
releasing capacity of silicon, the Si-G bond can be cleaved with the
possibility of the silicon obtaining a fractional positive charge and

the carbon retaining the electron pair of the Si-G bond.



GOIAPOULDS IN SOLLTI'TONANAA

(i) NEUTRAL COI*TIUNS

Kinetic investigations have been carried out using trialkyl-
substituted silanes so tliat hydrolysis of Si-G1 bonds did not complicate
the kinetics. The rate of reaction was obtained volumetrically from the
rate of production of olefin. Under some conditions the elimination
mechanism is more closely similar to the E.l mechanism than the E.2
mechanism?” Since the intermediate formed in the rate determining step
is the same in both E.l and S”* reactions then the same factors will

influence both reaction mechanisms.
(a) Solvent effects

The unimolecular substitution mechanism has been shown to be
operative in the solvolysis of tertiary alkyl halides and the effect of
solvent composition on the relative rate lias been shown by Winstein and
his co-workers62 using a parameter, Y, known as the "ionizing power" of

the solvent.

log k = my + log ko
wliere log k =rate in experimental medium
log ko =rate in standard medium ( 80* ethanol-water
m =susceptibility of compound to changesinY
Y =by definitions”* log ( k/’ko )t BuGl

where k and ko are in experimental and

standard medium respectively.
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It was found that the decomposition of j3-Bromo and p-Chloro-
ethyltrimethylsilane in ethanol-water mixtures had a linear dependence
upon Winstein*s solvent composition parameter, see Figure 1. Also the
solvent effects, m~ *"* = 1,02, ™j*-Br ~ *.99, indicated that the
elimination reaction of j3-halogenoalkylsilanes was similar to the S*I
mechanism for solvolysis of alkyl halides” where considerable
separation of charge had occurred in attaining the rate determining

transition state.
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(b) Structural effects

The organosilicon compounds shown in Table II were studied in

lO0fo ethanol-water at 50°G and the rgsults correlated v/ith the Taft

equation for substituent polar effects*” log k/ikq = O p*.
TABLE 11
BoSi )
RoSiGHAGHaCl k/kq log kikq I'a
MegSi 1.00 0.0 0.0
EtgMeSi 0.955 -0.020 -0.200
iso-PrMe”Si 0.652 -0.186 -0.190
HiMe”" Si 0.0955 -1.020 +0.600
m-GF3G0 MegSi 0.0123 -1.912 +1.015
To™ = AGeHe m—CP3

The results did not fit the Taft equation very well but the values for
the phenyl and m-trifluoromethylphenyl compounds established p , the
susceptibility to changes in polar effects, to be negative and indicated
that electron releasing groups on silicon should cause rate acceleration.
The rate retardation of the diethylmethyl- and isopropyldimethyl-
compounds was attributed to steric factors. Using the results from the
phenyldimethyl- and m-GPs-phenyldimethyl- compounds the values p = -1.8
and p = -2.15 were obtained. The value P being evaluated from the
Hammett equation, log k/kq = pO . These results should be a reasonable
indication of the susceptibility to polar effects as the substituents are
well removed from the reaction site and indicate a decrease of electron

density on silicon in going to the rate determining transition state.
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(¢) Temperature effect

The effect of temperature on the reaction rate has been
investigated for -chloroethyltriraethylsilane in ethanol-water

mixtures of varying composition and the mean values are shown in Table

I11.
TABLE 111
Temperature 10k sec !
°G 50~ EtOH eOfo EtOH 70~ EtOH m.
15.0 0.575 - -
20.0 1.04 0.289
25.0 1.71 -
30.0 2.90 0.825 0.242
35.0 4.50 - -
40.0 7.19 . -
45.0 10.9 - -
50.0 - - 1.78

Prom the results vdiich have been summarized in Table III, using the
Arrhenius equation, the parameters shown in Table IV were calculated

for (3-ch10r0ethyltrim ethylsilane.

TABLE IV
% vol. EtOH E Ao" AH* As*
kcal/mole kcal/mole kefiLl/mole e.u.
50 17.4 21.2 16.7 -14.5
60 18.5 22.0 17.9 -13.5

70 19.4 22.7 18.8 -12.9
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The most significant values in Table IV are the large negative
entropies of activation. These could be caused by a number of factors
and although some aspects of this will be discussed later in relation
to the gaseous reactions brief mention here may be useful. The large
negative values of As* could arise from restriction of internal
molecular motions in going to the transition state by the formation of
a cyclic intermediate. Alternatively the activated complex may be more
solvated than the starting state and increased solvent orientation would
occur. The latter case occurs in the solvolysis of t-butyl chloride
although A is only from -4 to -8 e.u. and the solvent orientation is
nullified to some extent because of a less crowded activated complex.
Winstein,67 in a study of the solvolysis of 2-methyl-2-phenylpronyl
chloride ( neophyl chloride ), found = -12 e.u. in 60;j EtOH and has
postulated that in the rate determining reaction a cyclic phenonium ion

is formed.

Both solvent orientation and restriction of internal motions contribute
to the entropy decrease.

The mechanism proposed therefore by Baughman*” for the neutral
solvolysis of j3-halogenoalkyltrialkylsilanes is the rate aetermining
formation of a silacyclopropane system followed by rapid reaction %Ilth

the solvent.

..'CHs
RoSiCHeCHaCl 5==*  RaSii: + Cl BoSiOS + % =%

+ HGI
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This mechanism is indicated by the facts that:

(1) Structural effects indicate that silicon has some positive
chaxa.cter in the treuisition state.

(2) Analogy to solvolysis of tertiary alkyl halides with respect to
reactivity and solvent composition indicate an ionization mechanism
with possible formation of a -carbonium ion in the limiting case.

RaSiCHgCHsGl ¥ RaSiCffcC Hj + Cl
(3) The large value of -As indicated that the transition state was more

congested euid more strongly solvated than the starting state.

(ii) BASE CATALYSED KhAGTIQN
flaking a 50~ ethanol-water solution U.54M in hydroxyl ions did
not affect the rate of reaction of |3-chloroethyltrimethylsilane.

However, if the solvent is IOW0 ethanol-water then there is an approx-

CtCHgCH”SiMcg  at 30°C

Figure 2.
707. EtOH

basic

neutral

M. KOH
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-imately linear dependence upon hydroxyl ion concentration. The reaction
is not a clean second order process as extrapolation to [oiT] =0

approximates to for the neutral reaction, see Figure 2.

(a) Effect of solvent composition

Contrary to the neutral reaction the base catalysed reaction is

FIGURE 3

054 N KOH

log >5

NEUTRAL

90 60 50
7, EtOH

not strongly dependent upon solvent composition and at 9" ethanol-
water becomes almost independent of the ionizing power of the medium,

see Figure 3*

(b) Structural effects

Under basic conditions the reaction rate is enhanced by the same
electron withdrawing substituents that retard the neutral rate and some
numerical values are shown in Table V. The results are not strictly
comparable as they were conducted at different temperatures but they

do shew the general trend of results.
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TABLE V
RfISi Base catalysed, 30°C Neutred, 5070
in RoSiCHaCHsCl lO’\kr Vko k/ko
MegSi- 0.575 1.0 1.0
PhMegSi- 2.20 3.83 0.095
mE€Pg «Cg  *MegSi— 16.70 29.1 0.012

= pseudo first order rate constant

Evaluation of p , the susceptibility to pé6lar substituent
effects, gave + 2.12 indicating an increase in electron density on
silicon in going to the transition state.

Also with the compound MeaSi-0-Si (Meg )GHaCI*"Gl , * -chloroethyl-
dimethyl(trimethyl)siloxysilane, the electron withdrawing ability of the
siloxy substituent facilitated nucleophilic attack by hydroxide ion and

the rate was ca. 100 times faster in the presence of base than under

neutral conditions.

(¢) Effect of leaving group on rate ( Table VI )

TABLE VI

Reaction of MesSiCI* GHsX at 30°G in 80” ethanol-water

Conditions Rate constant
X = Cl X = Br
0.54N KOH 0.836 14.7
Neutral 0.0613 1.36

The observed rate under basic conditions was found to obey the law:

k, + ka [oH"]
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The assumption was made that in neutral solution = k* and hence the
value of kg could be calculated. Utilizing the above results the value
kgBr/kgCl = 17 was obtained which indicated that considerable cleavage
of the G-X bond may occur in the rate determining step.
The mechanism of the base catedysed reaction could be concerted,

A

B - >/Sli\-CHa-GHs-Gl — > B-/Sli\ +  GH2=Glle + Cl
which could account for the positive value of p if there was increased
electron density on silicon. Alternatively the mechanism could involve
bond formation exceeding bond breaking and this too would account for
the appearance of [oH ]| in the rate law. f

B + SliGHgGHaX —L>>B-Si-GheC}lIgX »B-Si + GHaGhg + X

The point in favour of this mechanism is the fact that [3-Br
reacts 17 times faster than *-01. The difference in their polar effects
is small and steric effects siiould effectively cancel out in a comparison,
Therefore the rate of attack on silicon by base should be about the same
for P-Br and |3-G1. This seems to indicate that reaction 2 above is
rate determining and the faster rate of reaction of |3“Br is caused by
stretching of the G-X bond. Sommer and Baughman”9,60 this
second mechanism because of the magnitude of p = +2.12 whereas in a

concerted mechanism such an appreciable electron density on silicon

would not be expected.

(iii) FRIEDEL - GRAFTS REACTIONA”

The reactivity of 0C-, [3- and Y-chloroalkylsilanes has been
assessed kinetically utilizing the Priedel-Grai'ts reaction with benzene,
chlorobenzene aoid toluene. The reactions were carried out at 30®G in the

presence of O.OIM AIGI3 and the rate at which hydrogen chloride was
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evolved was determined by titration with standard alkali. Some values

obtained from reaction between chloroalkylsilanes and benzene are shown

in Table VTI and the reactivity of |3-chloroethyltrichlorosilane with

benzene, chlorobenzene and toluene are compared in Table VIII.

It

is

TABLE YII

Priedel - Crafts reaction with benzene at 30°C

Silicon compound 10"k mole/min.
ClaSiCHcCl 2.36
MeClsSiCHaCl 3.67
GlgSiCHCL.GHa 2.39
EtGlaSiGHGIL.GHa 2.96
GlgSiGHsGHaCl 42.8
MeGlgSiGHsGHsGl 447.0
EtGlgSiGHgGHaGl 417.Q
GlaSiGHgGHgGHgGl 54.8
MeClg SiGHa GHgGHgGl '67.2

TABLE VIII

Priedel - Crafts reaction with p-chloroethyltrichlorosilane

Aromatic compound 10k mole/min.
PhCl ' 16.7
FhH 42.8
HiMe 59.5

to be noted that decrease in the electron withdrawal from silicon
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by replacement of a silicon bound chlorine atom by an alkyl group
increases the rate noticably with the (X*“ and Y” compounds.
However, with the p- compound the effect is substantial and some
form of conjugation ( 1,4 ) is suggested to be superimposed in this

case.
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CHAPTER TWO

GAS PHASE ELIMINATION REACTIuNS

The wealth of data on these reactions has increased markedly in
the last 15 years and the available information has been collected
together for certain classes of chemical compounds. The decomposition
of carboxylic esters has been reviewed by dePuy and King69 and the
decomposition of amine oxides by CopezO The pyrolysis of alkyl halides
has been studied extensively by Maccoll and his co-workers and the
information has been formulated into a detailed mechanism showing

71,72

correlation between solution and gas phase studies. More recently

a monograph has been devoted to the elimination reactions in general?3
A common product in all these elimination reactions consists of

an olefin, or a mixture of olefins. The hydrogen removed is combined

with the particular leaving group for the class of compound.

e.g. carboxylic esters -——% olefin + acid
alkyl halides »olefin +  halogen acid
xanthates Poolkeffimn + mmeecepptan +  COS
amine oxides P»olefin + (Me )gNOH
alcohols »odkdfim + wwateer etc.

Of these reactions many studies have not been truly in the gas
phase. For example, until recently many of the determinations on esters
involved conditions of the reaction vessel surface which did not enable
accurate determination of the mechanism.

The mechanism proposed with certainty is the intramolecular, E.l,

reaction involving a cyclic transition state or intermediate consisting
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of either a 4-, 5-, or 6-membered ring structure. The reaction is
facilitated by the electronegativity of the group bonded to the OC-
carbon atom and removal of the hydrogen on the - position occurs.
It is perhaps useful to mention now that in the case of halogenoalkyl-
silanes the nomenclature is relative to the position of the silicon

atom so that the QL- and P - positions appear interchanged.

a : a B
viz. RgCH - GHoX RgSi - (Hg - GHgX

Until recent years the mechanism has usually been taken to
involve the synchronous shift of electrons to indicate the mode of
attainment of the transition state. Evidence has been presented for the
possibility of a process with some heterolytic character, involving
bond breaking exceeding bond formation or bond formation exceeding bond

breaking, but these topics will be discussed later.

(A) TYPES OP REACTION OCCURRING AlLD CRITERIA FOR A MOLECULAR REACTION

By far the most predominant process by which organic compounds
decompose involves the production of radicals. These radicals can react
either by a chain process or, if the radiceil formed is stable, by a
radical non-chain process. In radicail reactions it is generally far
more difficult to interpret the substituent, or structural, effects on
the mechanism and velocity constant of the reaction involved. However,
for a radical non-chain process the rate determining step is the homolysis
of the C-X bond and hence the observed' activation energy is equivalent
to the C-X bond energy.

One of the most commonly met difficulties in conducting gas phase
reactions is the removal of heterogeneous behaviour. The difficulty is

further enhanced by the fact that in many cases the reaction products
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axe identical with those obtained under homogeneous conditions. It is
not possible to indicate structural effects from these heterogeneous
processes and it is fortunate that in many cases the heterogeneous
component can be removed from the mechanism by studying the reaction
at a higher temperature, see discussion on p-chloroethyldimethyl-
phenylsilane. In addition the hetei“geneous process can often be removed
by coating the reaction vessel walls with a carbonaceous deposit, by
conducting a number of pyrolyses before kinetic determinations, and by
complete exclusion of oxygen?4

To obtain an accurate correlation between the substituent effects
in organic pyrolyses following the same mechanism, and SLLsO to detect
possible changes in the mechanism, the supposedly molecular process is
usually isolated for detailed study. A molecular process is often taken
to be the one that occurs under maximum inhibition. It has been found in
many cases that, for a reaction which proceeds by both molecular and
radical mechanisms, any inhibitor reduces the rate to the same lim iting
value. However the amount of different inhibitors needed to suppress the
radical component in a particular pyrolysis may be different. For example,
more cyclohexene than nitric oxide is usually needed to effect the same
inhibition. "Inhibitors" do not of necessity suppress the rate of all
chain reactions but can establish new radical chain mechanisms which may =
proceed at a faster, slower or at the same rate as the "uninhibited"
decomposition. Hence it has been stated75 that lack of inhibition is not
complete nor certain evidence for a moleculex process. For an alkyl
halide with and without nitric oxide present the initiation and
termination steps could be:

Initiation RX —PR + X , RX + NO --—-- >R + XNO
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Dependence of the rate of pyrolysis of 100 mm n-pentane

upon nitric oxide concentration at 540°C

100k

(sec."

50 75 100
p.NO (mm.)
Termination R + X —» RX ,R + XiO —PRX + NO

and the rate of reaction could be the same in both cases. Frequently

high "inhibitor" pressures cause acceleration of the reaction rate and

for various isomeric pentanes and octanes it has been shown76 that the

inhibitor, nitric oxide, concentration comes intothe rate equation. It

is possible that the inhibition curve, see Figure 4, can be splitinto

two, or possibly three, separate curves.

Curve D is the experimental curve

Curve A would represent the initial removal of a methyl radical from
n-propane by RH —» Me + R

Curve B ( possibly ) would indicate the maximally inhibited process where
R + NO—» and M + NO— ‘i occur; the propagation

reactions are removed by competition and the chain length shortens.
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Curve C would represent the stimulated reaction of RH + NO—bp
which should in principle go through the origin when extrapolated.
These curves are not additive if different initiation and
termination processes are operative for the inhibited, low NO

concentration, and stimulated, high NO concentration, reactions.

The maximally inhibited reactions are often found to depend
little upon the surface area to volume ratio in seasoned vessels although
it has been suggested77 that initiation and termination may occur at the
surface with reaction to yield the products occurring in the gas phase.
It is usually assumed that when the surface requires a carbonaceous
deposit before reproducibility is obtained that the heterogeneous
radical component is virtually removed. However Wojciechowski and
Laidler’75 suggest that seasoning of the vessel surface increases the
number of active sites and hence acts as a partial inhibitor. It should
therefore be possible to show in suitably chosen cases whether this
argu”“ment is correct by the observation that smaller pressures of nitric
oxide should now accelerate the reaction.

Pbssibly one of the best criteria for a non-surface-catalysed
reaction would be to commence with a scrupulously clean surface and
observe no diminution in rate on successive runs. However, in the
majority of cases consistency is not obtained until seasoning of the
surface has occurred.

If a reaction occurs in which the rate is neither accelerated nor
retarded by the presence of small or large amounts of inhibitor then
this constitutes extremely strong evidence for the reaction being

molecular.
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The change from first to second order kinetics, Lindemann fall-
off, on reduction of the pressure until the Maxv/ell-Boltzmann energy
distribution is no longer maintained, is in principle a good method
for diagnosis of the E.l reaction. This has been observed for some
alkyl halides and interpreted78 in terms of the theories of Rice,
Ramsperger, Hinshelwood and Slater. In many cases the number of degrees
of freedom is large and it becomes impracticable to measure the reaction

order at the low pressures at which the fall-off occurs.

(B) THERMAL DECOMPOSITION OF CARBOXYLIC ESTERS

The decomposition has up until recently been taJcen to involve
a concerted mechanism with a cyclic intermediate and rather similar to
the E.2 mechanism in solution ( e.g. base catalysed reaction of

sulphonium salts ) although in this case it is more strictly E.l.

More recently evidence has accumulated to suggest that the transition
state or intermediate possesses some carbonium ion character by the
relationship observed between eliminations carried out in solution and
in the gas phase. More credence can be placed on this more recent work
in view of the fact that many previous determinations might possibly
have involved the surface. Radical decompositions only occur when * -
hydrogen atoms are absent79 although in many cases mixed mechanisms

almost certainly intrude.
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Kinetically controlled pyrolyses of a large number of esters
have been carried out and for the (X-substituted series the relative

rates and Arrhenius parameters are given in Table IX. The reference

TABLE IX
4 -1
Compound E log A 10 k sec. krel Reference
kcal. 400°G
JStOAc 47.8 12.49 9.78 1 *,81,82
iso-ProAc 45.0 13.0 251 25.6 80
t-BuOAc 39.2 12.8 12600 1290 83
CH3 CO.0AC 34.5 '12.0 63100 6450 85

see also references 69 and 84

underlined in this and subsequent tables is the source of the parameters
given.

In general the mechanism of pyrolysis could involve the possible
schemes :

(1) Completely.concerted

(2) OH bond formation exceeding GH or CO bond breaking

(3) (H or QD bond breaking exceeding OH bond formation
If formation of a cyclic transition state should be indicated by a
reduction of entropy over the reactant molecule then the concerted
mechanism and the mechanism involving incipient bond formation exceeding
bond breaking could be eliminated on the grounds of the normal A-factors
observed. This, however, may not be the complete case as the formation
of a six-membered ring structure might not involve a particularly large
amount of strain.

Deuterium isotope effects on the p - position of between 2 and
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3 indicate that the (3c-H stretching vibration has been almost

86,87 .88 . . .
removed, *7 and this would be expected in all three modes of reaction
above.

Although small amounts of elimination occur obeying the Saytzeff
rule, the predominant reaction occurs according to the Hofmann rule
giving the olefin carrying the least number of alkyl substituents. This

is believed to be due mainly to the fact that more primary than second-

ary hydrogens are available. Hence in certain cases one can obtain

relatively large proportions of Saytzeff products?9 0
e.g. sec-rBuOAc Hofmann : Saytzeff = 3:2
t-pentylOAc Hofmann : Saytzeff = 3:1

The position is not, however, quite so clear cut as the evidence
that increase of temperature from 350 - 500°G in the pyrolysis of
t-pentyl acetate has no effect on product composition90 has been
dispu?ecll\.89'91

Replacement of the ethyl group in ethyl acetate by an acetyl
group ( acetic auihydride ) increases the rate at 400®G by 6450 times?”"
The A-factor is reasonably close to the '"normal" value and hence the
major effect is a decrease in activation energy required to attain the
rate determining transition state or intermediate. This example clearly

shows that if the mechanism is concerted then flow of electrons can be

in either direction round the molecule as both '"halves" are identical.

Gl — QO
H ~ 'p O
0 =C ~
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The gas phase pyrolysis of arylethylacetates has been used to

92 .,93,94 .95 and some results

assess electrophilic substituent effects
obtained are shown in Table X. Indication that these compounds
decompose by a carbonium ion type mechanism, as do the solvolysis

+ 90
reactions, has been given by observance of a pCI correlation. The

results do not agree too well with the Hammett (T constants.

TABLE

Relative rates of pyrolysis of 1-arylethyl acetates at 600°K92

when X = H ; log k/ko = k** =0

Substituent see reference 96
p-MeO 0.50 -0.778
0-MeU 0.26
p-t-Bu 0.22 -0.256
0-Me 0.215
pyMe 0.190 -0,311
0.14 -0.179
H 0.0 0.0
m-Ph 0.0 0.05 see reference 98
p-Gl -0.07 0.114
p-Br - 0.11 0.150
m-Cl -0.245 0.399
mANOg -0.42 0.674

The correlation between relative rates of pyrolysis and O factors,
shown in Figure S, indicates that resonance stabilization of tlie
carbonium ion is approximately the same as in (L, (L -dimethylbenzyl
chlorides. For a more accurate picture in many cases the Yukawa and
97 . .
Tsuno treatment, or extensions of it have to be used.
log k/kb = P rctT+r(O - O) where r is the resonance inter-

action between substituent and carbonium ion.
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PYROLYSrS OF 1-ARYLETHYt ACETATES AT 600 K

06
FIGURE 5
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m.NO
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For 1-arylethyl acetates the p factor was found to be
-0.66 at 600°K and the size of this was considered to indicate that a
small amount of enlarge separation occurs in the transition state. This
rate determining transition state being situated early on the reaction
co-ordinate. In the case of 2-aryletHyl acetates, ca. 12 times less
reactive, the p factor was only -0.3 and this is taken as evidence
that the carbon-oxysren bond strength controls the ester stability and
not the carbon-hydrogen bond strength.

The reaction of 1-arylethyl acetates is therefore indicated to
follow a similar mechanism to that in solution studies and proceed via
an electron deficient centre. It is suggested that the carbonium ion
initially resides on the CX-carbon atom, to which the acyl group is
attached and stabilization ( or the opposite ) can then occur by

electron supply from the aromatic group.

5" 5*
A t.CH.rrrr Ctfe Ar vpH.Tn: cifc
.br.¢”"Clio m> — m 0" 6 :/"
0
R R

Ar.GH?=Glio + RGOOH
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(G) THER.IAL DECUMPUSITION oF ALKYL HALIDES

The adkyl chlorides have been investigated by Barton and more
recently Maccoll has studied a large number of alkyl bromides with a
view to formulation of a detailed mechanism for their decomposition, and
a correlation between reactions in the gas and condensed phases.

In general the molecular, maximally inhibited, reactions are
first order and unimolecular and possess A-factors quite close to the
“normal" value of 1013'5. Hence any change in the structure of the alkyl
halide has only an effect upon the activation energy. This does not
always hold and it can be seen from the results in Table XI that the
A-factor is successively reduced by a factor of 10 in the series:

EtCl, iso-PrCl, t-BuCl, ABGH(0Me)Cl
The over-all effect of changes of structure is found to follow the saune
pattern as in solvolysis reactions of these compounds.

Substitution in the X-position has the greatest effect whereas

substitution has a very small effect by comparison. Some results
obtained for alkyl chlorides and bromides are shown in Tables XI and XII.

TABLE XI

Arrhenius parameters for alkyl chlorides

Gompound log A E kcal. Referen
EtCl 14.6 60.8 99,100
n-PrCl 13.45 55.0 101
n-BuGl 14.0 57.0 101
iso-BuCl 14.02 56.8 78b
iso-PrCl 13.5 50.5 102
t-BuCl 12.4 41.2 103

CHgCH(OMe)Cl 11.46 33.3 104
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TABLE XII

Arrhenius parameters for alkyl bromides

Compound

EtBr

n-PrBr

n-Bu3r

iso-BuBr
iso-PrBr

t-BuBr
4-Br-pent-l-ene

sec-BuBr

log A E kcal. Reference
13.45 53.9 105,81,106
12.9 50.7 107,106
13.18 50.9 107

13.05 50.4 108

13.62 47.8 109,106,110
14.0 42.0 99

12.94 44.7 105

13.53 46.47 111

rirom the results outlined in Tables XI and XII the following rate

constants and relative rates can be calculated.

TABLE XIII

I"te constants and relative rates for alkyl clilorides and bromides

R

Et
n-Pr
n-Bu

iso-Bu

Et

iso-Pr

t-Bu
GHg(MeO)GH
4-X-pent-l-ene

sec-Bu

at 400°G
X = Cl X = Br
103k sec._1 k - 10”k sec.” k
rel. rel.
1.26 1 8.9 1
3.98 3.15 28 3.15
3.16 2.52 48 5.4
4.17 3.31 50.2 5.65
1.26 1 8.9 1
126.0 100 1320.0 148
11200. 8900 240000. 27000
457000. 371000

- 2760. 310
- - 2690 302
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The very large increase in relative reactivity on substituting
a methoxy group in the (X- position of ethyl chloride is noteworthy
as it has its counterpart in solution kinetics. When phenyl groups are
substituted in the - position the alkyl bromides decompose at a rate
approximating to that of t-butyl bromide whereas phenyl, or vinyl groups
in the p - position react at a similar rate to ethyl bromide. This is
taken to indicate, as in solution kinetics, that no significant multiple
bonding occurs in the transition state.

A similar effect of OX- substitution is observed when a hydrogen
is replaced by another halogen atom. Some results are shown in Table XIV
and these results indicate that the rate increases in the order:

GHaCJHsCl < CHaCHCla <  CHaCGlg

TABLE XIV
Com-Dound log A E kcal. 1 rel. Reference
400°G '
CHsGliaCl 14.6 60.8 1.26 1 99,100
GHaCHClg 12.08 49.5 9.55 7.6 100
B GGI3 14.0 54.0 31.6 25.1 112

The case of 4-bromopent-l-ene, GliasCH.GH3CHBr.GH3, is interesting
as decomposition can occur in two ways giving 1:5 or 1:4 pentadiene. The
formation of the 1:5 isomer involves elimination of a hydrogen atom in
the allylic position and gives a conjugated diene. These factors might
be expected to increase the rate of elimination if the process were
concerted. However the relative rates at 400°C, k4-Br/ksec-B-uBr =1.05,

indicate that replacement of methyl by vinyl has no effect. Hence it was

proposed by Thomas105 that heterolysis of the G-Br bond was rate deter-
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-mining and formation of the double bond occurred later and was non-
rate determining.

Until recently it has always been assumed that the transition

state was a cyclic four-centre structure, I, like that which almost

113

certainly is involved in the dimerization of tetrafluoroethylene, I1,
| I
— C C— ' CPs GPs CPs.......... GPa
i i , H + H : i
H X CPs GPs GPa........... GPg
I 11

However in an intermediate of this structure, I, appreciable bending of
the bonds will occur and one would expect to obted-n lower A-factors than
the '"normal" ones experimentally observed. In view of the close
correlation between solution work on alkyl lialides, known to proceed

via a carbonium ion type structure, and the work in the gas phase it has
been suggested by Maccoll71 tliat some separation of charge might occur
in the gas phase giving rise to an intermediate of carbonium ion
character. This he termed a "quasi-heterolytic" transition state where

the "~G-X bond breaks prior to bond fonoation.

I |

Apart from the kinetic evidence outlined above, further evidence
is provided by a consideration of the relation between activation energy
and the energy required to dissociate the "G-X bond either
homolytically or heterolytically. Some values of the dissociation
energies obtained by mass spectral means72 are given along with

activation energies in Table XV',72
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TABLE XV
impound E kcal. DR + X) DR® +
EtBr 54 67 180
iso-PrBr 48 68 158
t-BuBr 42 64 138
EtCl1 60 81 194
iso-PrCl1 51 82 168
t-BuGl 41 78 149

If the ~G-X bond is considered to break homolytically then the
observed values of change in activation energy on substitution are too
high to permit correlation. However, if the bond breaks heterolytically
then the difference in activation energy more than accounts for the
observed decrease on (- substitution. The activation energies are
obviously much less than the true dissociation into ions; this would not
be likely to occur and most probably the bond is simply polarized in the

: : - . : : .

direction G - with possibly a slight increase in the G-X bond
length. There is also the possibility of the formation of an "intimate"
type ion pair in the gas phase

If different isomeric halides are taken then a mixture of isomeric
olefins is produced, e.g. but-l-ene and but-2-ene from sec-butyl
halides***’~*" and this substantiates the above results in indicating
that complete dissociation ( heterolytic ) is absent. In E.l, or 81
solution mechanisms the ion pair is often solvent separated and therefore
the reaction can be independent of the leaving group.

The mechanism of gas phase pyrolysis of alkyl iodides is generally

complex involving heterogeneous117 ( t-Bul ) or chain118 ( primary iodides



reactions. However, iso-Prl,

. 119,71
mechanism.
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and sec-Bul follow an E.l

Some results obtained for isopropyl chloride, bromide

and iodide are shown in Table XVI which gives some indication of the

relative reactivity of these compounds and the variation of relative

rates with temperature.

Compound log A
iso-PrCl1 13.5
iso-PrBr 13.62 $
iso-Thrl 14.5

E kcal.

TABIE XVI

Arel. krel. Reference
350°C 400
1 1 102
14 10.5 109
94 56.5 119

An interesting case of Wagner-Meerwein rearrangement in the gas

phase has been isolated amongst the reactions of neopentyl chloride

Similar results are obtained with becmyl chloride122

cis elimination to bomylene and rearrangement to camphene and

tricyclene. These reactions,

strongly suggest charge separation.

via carbonium ions in solution, would

(D) OTHEI< REACTIOHS IX"LnuWIHG THE E .1 wWEOIANEH IH THE GAS HIiAEE

(i) OHEUROI'ORVIATES

With these compounds one obtains two types of product:

120,121

which undergoes

(1) an alkyl halide by elimination of O® ( substitution of Cl )

(2) an olefin by elimination of HCl and (Og

As the substitution reaction sometimes occurs without olefin production

it appears that the transition state

is akin to I below rather than
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II, the latter being more similar to that for esters
: ?
Cl- 0=0 H :

1T

The comparison between relative rates of decarboxylation ,

substitution of chlorine, of different chloroformates indicates a rate
dependence on structure similar to that of the alkyl halides although

(C- methyl substitution does not increase the relative rate so markedly.

This comparison72 is shown in Table XVII and the results indicate that

TABLE XVI1
01 Br 0.CUC1 J.COCila
R 361° 320- 240° 400°
Clio 1
Et 1 2.2 1
iso-Pr 223 280 222 25
sec-bu 690 980 640

0 - CIl bond cleavage is quite important in the intramolecular substit-
ution reactions of chloroformites so that the transition state is
possibly more akin to tliat of the alkyl halides than the esters. Also

the relative rate of alkyl nalide formation from both ethyl and neo-

pentyl chloroformates is close to unity.125

(ii) VIhYL snm <s

In the decomposition of certain alkyl vinyl ethers in static 124

125 ,126

and in flow systems analogous olefin elimination occurs although
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the A-factors are noticeably reduced. The decomposition is believed to
go via an intermediate of type I, below, which is either concerted or
may involve some degree of polarization. It is found that the relative
S C=-6G-

5,$3Hg= H B -GHO

rates iso-Pr/Et are 17/1 which compares with the corresponding values of
iso-Pr/Et of 25/1 for the acetates.

Vvhen both the groups attached to oxygen are unsaturated then a
Glaisen type rearrangement occurs analogous to that of aryl-allyl ethers.

127 \128 is illustrated below for

A possible mode of rearrangement
isopropenylallyl ether. 'iTie A-factor for the rearrangement reaction is

the same as for the elimination reactions of these compounds but the

GIL G — AL

Cta Clio

activation energies are much reduced. This is illustrated in the
follov/ing table. Table XVIII, where the relative rates of reaction

are also compared.

TABnE XVIII
Compound log A E kcal. io\ k Reference
400° rel.
ethylvinyl ether (Ej 11.43 43.8 1.7 1 125
isopropylvinyl (E) 12.58 43.56 27.5 16.2 126
allylvinyl (R) 11.70 30.6 56300 33100 128
allylisopropenyl (R) 11.73 29.3 170000 100000 127

& in sec.—1 (E) = elimination ; (R) = rearrangement
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The fact that these rearrangements occur adds weight to the idea
of a concerted mechanism although carbon - carbon bond formation may

exceed carbon - oxygen bond breaking in this case.

(iii) XahiKATEB I CHUGaEV REACTIUH )

200°C
R.CH.CHa > RCH=CHp + COS + GHgSH

|
0.GSg.GHg

SR

The thermal decomposition has been shown to follow the E .l
mechanism although it is difficult to obtain really reliable rate data
because of the difficulty in preparing pure xanthate derivatives.129
The elimination is predominantly cis as has been shown using 3-phenyl-
2-butyl and 1,2-diphenylpropyl xanthates.130

Some kinetic data for the thermal, decomposition of xantliates and

alkyl carbonates derived from sterols has been provided by Nace}31

The
kinetics were followed by the loss in weight of tared samples due to the
formation of volatile products, COS and sometimes volatile mercaptans.
The A-factors were found to be near the '"normal" values for a
unimolecular reaction, log A= ca. 1 2 . Since the pyrolyses of these
compounds are about 15 kcal./mole more exothermic than the alkyl halides

then the mechanism is most probably concerted involving little charge

separation in the transition state.

(iv) ALIRE OXIDES

The mechanism of this reaction is, like that of the xanthates
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most probably concerted as the reaction is even more exothermic than

, +  R(Me)UOH

the xanthate pyrolyses. Elimination appears to depend u%)on the number

of hydrogens available.152

Tilere are many other examples of reactions giving olefins which
could or do follow an E.l type mechanism in the gas phase. Various
phosphorus containing compounds**” including the Wittig reaction*”*

probably involve intramolecular transition states.

+ RnCO ——» RgP—%  — » R3PO + RgC=CR2
0—CRg
phosphorane carbonyl betaine phosphine olefin
compound oxide

Alcohols 135 also follow this mechanism and indeed an example of
homogeneous acid catalysis has been obseived for the dehydration of
t-butanol*'** The rate of dehydration is proportional to the acid
concentration, in this case IIBr, auid is believed to be caused by strong
hydrogen bonding between the t-butanol and the iiBr, where the bromine
attacks the jB-C nucleophilically and the hydrogen ( of HBr ) protonates

the oxygen.
la 1 I
— G Cp_
/ \ slow
HO + HO-H
H Br + Br-H
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If, as ap-oears likely, the protonation occurs preferentially then ein

"intimate" ion pair structure may have a transient existence.

I o* 5
—cl;—OHg Br

Sufficient data have not been accumulated to show whether the

. ‘s . 157 . 158
mechanism of decomposition of certain sulphur and nitrogen

containing compounds, of -keto acids**” and of borates*”" is

unequivocally an E.l process although it is possible that a multi-

centre type intermediate is involved‘.73
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CHAPTER THREE

REACTIONS OF 2-CHLORUALKZLSIU”ES IN THE GAS PHASE

There have been very few gas phase reactions of these compounds
studied kinetically although much information has been provided,
particularly by Russian workers, on the general mode of reaction without
detailed analysis of the mechanise or measurement of the velocity. Uany
of the reactions studied have been under heterogeneous conditions either
involving a particular catalyst or utilizing the parent silane at high
temperature and pressure in an autoclave.

Passage of the chloroalkylsilanes through a heated tube containing
a small percentage of PeSi has been used to study the decomposition
products, p-cl'iloroethyltrichlorosilane decomposes at about 400°C to
yield SiCl*, GgH* and also, rather surprisingly, some MeSiCla. The
isomeric OC-chloro compound does not yield ethylene until the
temperature is raised to 500°G and it is assumed in this case that
reeirrangement of OC—»p occursHowever, the main reaction at 400-
450°G is dehydrochlorination where shortening of the chloroalkyl chain
from chloropropyl to chloroethyl reduced the extent of dehydrociilor-
ination.142 The rate of removal of HCl depends upon the length of the
alkyl chain and, in short chains, on the position of the chlorine atom.
Under these conditions, possibly rather drastic, the position of the
double bond in the resulting unsaturated compound does not appear to
depend upon the position of the chlorine in the side chain. However, if

chlorine on silicon is substituted by methyl then the dehydrochlorination

is more difficult. Some results obtained are outlined schematically



below,

GIGHsGHgCHaSiCla SiCl. (@135 3

GHg=GH.GHgSiGlo + Me. GH=GHSiGlo

+ ®i
Me.GHsGHGLSiClo , GHg=GH.GHg .SiGlo + Me.Cli=GH.SiGlo
6 : 1
. 5U% . .
Me.GHGI.GHgSiG lo -+ GHg=GH.GHg .SiGlo + Me.GH=GH.SiGlo
3.4 : 1

In the case of GIGHgGligSiGlg Me the reactant is apparently
unchanged apart from the production of MeSiClg and GICHgCHg SiMegCl
gives no dehydrochlorination. No mention is made of the p - elimination
of these compounds which seems surprising as the inductive release from
silicon would be enhanced by the presence of methyl substituents and
the chance of olefin elimination occurring even in the presence of FeSi
would be expected to be high and to outweigh the dehydrochlorination.

vVhen the chlorine atom on the alkyl ciiain is well removed from
silicon as in monochloroisopropylphenyltrichlorosilane tnen pyrolysis
yields the corresponding dehydrochlorination product, trichlorosilyl-

143 as would be expected from a normal

d-methylstyrene, in high yield
adkyl halide.

Me /GHg Cl Ve GHg

SiGlg SiGlg + HCl

Passage of d - and p-chloroalkylsilanes over 80:20 Si:Cu at

370 - 400°G gives a great many products by analogous reactions to those

already discussed and by disproportionation. A second ciilorosilyl group
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was often substituted for the aillo/l ciilorine atom, the yield of products

decreasing in the orderl”

CIGHgCIL SiGlg >  GHgGHGLSiGlg > CIGHgSiClgMe > CICHgSiClg.

The complexity of the product mixtures obtained under these conditions

can be illustrated by consideration of G- and P -chloroethyldichloro-

ethylsilane***

GIGHgCHgSIEtClg GHgGHGILSIEtGlg
GHg=GH.SiGlg
174 GHgcGH.SIiEtClg 10)4
SiGL, ¥
5% EtSiGlg 4
6/0 Etg SiGlg 15"4
0% Gig EtSiGHg GHgSiHClg 7,5% GIgEtSiGH(GHg)SiHClg
13% Gig EtSiGHg GHg SiG Ig 11)4  Gig EtSiGH IGHg )SiG Ig
5% (Gig EtSiGHg GHg )g SiG lg 7.5 (Gig EtSiGH(GHg ) )g SiG lg

LOSSES 3574

The pyrolysis of p-chlorotetrafluoroethyltrichlorosilane,
CICFgGFgSiGlg, at 220°C is suggested to occur by a bimolecular cyclic

.34 . . . -
mechanism in which fluorine is transferred to silicon.

CFCl SiGIr
A 2 GFGl = GFg

SiGlg GFGl + 2 FSiClg

No CgF* was found in the products showing that fluorine and not chlorine

was eliminated with the trichlorosilyl group. However, some disproportion-
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-ation of the PSiClg occurred. It seems surprising tliat in view of the
reactions of P -halogenoethylsilan.es proceeding via a unimolecular
mechanism that this particular compound reacts bimolecularly.

It has been suggested by Batuev*”°® that decomposition of
P-chloroethyltriethylsilane may involve a bimolecular intermediate
rather than a unimolecular one. Hence it does not seem imperitive that
all analogous compounds react via an intermediate of the same structure.

Tetrafluoroethyltrichlorosj-lane, HOF3CFgSiGlg , although stable

at 1dO° decomposes at 220°G by the following scheme:34
2 HGFgGFgSiGlg  —— —» GHP=GFg + GIGH=GFg + 2 FSiGlg

The formation of trifluoroethylene, GHP=GFg, was expected by analogy with
the above reaction and the formation of the unexpected GIGH=GFg is

attributed to a reaction between the normal products.
CFg=CHF + FSiClg = — ~"  CFg=GHGI + FgSiGlg

Although CICHgGHgSiGlg and GIGHg GHGL SiGlg are relatively stable
to heat the alkyl substituted compounds, CICHgGHgSiEtg and
CICHg.GHIL.CHjSiMeg, decompose on attempted distillation.oo’(n’

The reaction of ethylene with trichlorosilane in a flow system
at 600°G gives the expected addition product, EtSiClg, r*atively large
quantities of polymer and surprisingly some vinyltrichlorosilane is

formed?47 This would occur either by the prior formation of trichloro-

silyl radicals:

e.g. HSiGlg — H- + -SiGlg
SiGlg + Gglil —_— *GgH4 SiGlg
‘GglU SiG g - GHg=GH.SiGlg + H-

s A ¢ 1] (6] [ S—— % + -SiGlg
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or, rather less likely, by the dehydrogenation of the ethyltrichloro-
silane formed.

The pyrolysis of * -chloroethyltrichlorosilane has also been
carried out in a flow system at 610, the main concern in the work
being from a synthetic point of View.14-8 The main products were ethylene
and silicon tetrachloride, pyrolysis was also carried out in the
presence of quinoline and high yields of vinyltrichlorosilane were
obtained.

The only gas phase work on these compounds from the kinetic point
of view has been carried out by Davidson®* on p-chloroethyltrichloro-
silane at 394°C. It was found in this preliminary study, continuation
of which forms the major part of this thesis, tliat equimolar quantities
of ethylene and silicon tetrachloride were formed. Also some hydrogen
chloride was produced indicating that dehydrochlorination also
occurred. The reaction appeared to be homogeneous and unimolecular as
the half-life remained constant for changes in the initial pressure and

the surface area to volume ratio.



CHAPTER FOUR

KINIETIOE OF THE OaS PHiEm THUVLAii uEOOLAPUUITIuH OF 2-CnijORUETiilj

THIGIIEOROEIUAIN\E

Following on from the preliminary study149 it was decided to try
to obtain accurate kinetic and mechanistic information on the
decomposition of 2-chloroethyltrichlorosilane. No previous work in the
gas phase had been reported from this point of view although much
general information on the chemical behaviour in the gas phase, see pages
50 - 54, and on similar compounds in solution, see Chapters One and Two,
had been accumulated. This suggested that, as well as its intrinsic
interest, the pyrolysis reaction might provide a useful o%ierator for
the investigation of substituent effects in organosilicon chemistry and

enable comparison with similar results obtained in the condensed phase.

LA) THE OVER - ALL REACTION

(i ) AATEE OF REACTION AND ETTECT OF CONCENITRATION OHAxCmE

2-chloroethyltrichlorosilane was pyrolysed in a static system
between 356 and 417°C. At constant temperature and volume all increase -
in pressure occurred with the final pressure being just less than twice
the initial pressure. There was no induction period observable and a
plot of log( po -Ap) against time, where po and Ap are the initial
pressure of GIGHgGHgSiGlg and the increase in pressure at time, t,
respectively, was linear to at least 60% decomposition. After this the
rate of reaction decreased. This decrease in rate at later stages in the

reaction has been shown to be because of secondary reactions. ( see page

88 )
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The initial pressure, po, was evaluated by extrapolation of the total
pressure - time curve to zero time. From numerous experiments it was
shown that, on average, the pressure at infinite time, poo >was 1.93
times Po. However, the values of p»/po varied between 1.88 and 2.02
and no great difference nor serious error in rate constants was
introduced by equating log( po -Ap) — log( 2po - P ) , where P is
the total pressure at time t, against time instead of log( p%9 - P )
against time. The reaction is therefore predominantly first order eind
some typical rate plots are shown in Figure 6.

The initial concentration of 2-chloroethyltrichlorosilane was
varied from 12 mm to 138 mm, and the first order rate constant was
independent of this variation. The results obtained for the over-all
rate constants at different temperatures and initial pressures are shown
in Table XXX. Also included are the values of the pressure aliter more

than 10 half-lives ( px ) and the ratio of pcp /pb.

TABLE XIX

T°C Po Poo Poo /Po i\(/)\4k sec._i Run
356 45.70 92.00 1.93 0.384 121
356 37.50 72.70 1.94 0.371 125
369.2 69.75 135.6 1.94 0.783 5
376.4 32.50 62.00 1.91 1.15 48
377.6 37.50 - - 1.22 110
377.6 47.40 - - 1.14 111
378.5 32.10 63.00 1.96 1.29 47
379.3 40.85 - - 1.37 107

379.3 29.25 - - 1.31 108



TG

379.7

380.6

380.6

380.6

381.6

382.8

382.8

382.8

382.8

382.8

382.8

382.8

382.8

382.8

382.8

382.8

382.8

383.3

383.3

383.3

383.3

383.3

383.3

383.3

383.3

Po

32.25

34.80

36.50

37.70

80.10

43.50

63.10

41.40

43.80

32.40

28.10

21.45

26.20

41.20

41.10

33.10

99.00

35.50

12.40

50.50

49.10

29.90

22.40

50.50

36.80
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TABLE XIX ( continued

POO P» wPo 104k
61.10 1.90 1
67.90 1.95 1
71.90 1.97 1
72.40 1.92 1
157.9 ° 1.95 1
85.65 1.97 1
122.5 1.94 1
81.50 1.97 1
84.50 1.93 1

- 1

54.50 1.94 1
42.60 1.99 1
51.60 1.97 1
7: .90 1.94 1

1

- 1
185.6 1.88 1
66.10 1.87 1
- - 1

- 1

93.70 1.91 1

58.30 1.95 1
- 1
- 1
70.60 1.92 1

)

Sec.

38

42

43

49

.50

.62

.62

.63

.59

.60

49

57

.60

56

58

52

595

.76

.67

.60

57

.68

.62

.68

57

-1
Run

41

53

54

71

13

49

50

52

72

73

74

75

76

77

112

113

35

36

37

63

64

65

66

67



T°C

383.3

383.3

383.3

384

385

385

385

385

385

385

385

385

385

385

385

385

385

385

385

387.1

389.8

389.8

389.8

389.8

Po

27.00

45.80

46.60

33.40

138.3

29.85

39.80

31.30

29.50

27.40

18.70

51.65

56.40

37.80

12.15

26.00

31.00

29.55

55.00

61.25

51.90

55.00

21.00

31.30
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TABLE XIX Vcontinued
4

Poo P» 'Po 107k sec.
1.71
- . 1.65
91.80 1.97 1.69
65.90 1.97 1.73
279.4 2.02 1.84
58.70 1.96 1.86
81.65 2.05 1.88
62,40 1.99 1.79
- 1.82
52.60 1.92 1.77
37.30 1.99 2.31
99.00 1.91 1.76
106.0 1.88 1.76
73.15 1.93 1.88
23.55 1.'94 1.79
51. 20 1.97 1.63
59.00 2. 90 1.75
u8. 20 1.97 1.88
1G6 .4 1. u4 2.00
120.9 1.9J 2.02
- 2.32
- - 2.24
2.20

- 1

)

94

-1

Run

68

118

119

12

10

14

15

59

60

61

62

69

70

114

11D

116

16

11

29

32



TABLE XIX ( continued )

T°G Po pbo PCD/po 10"k sec.” Run
389.8 45.00 86.40 1.92 2.52 33
391.5 52.40 1.09.0 2.08 2.64 21
391.5 29.00 - - 2.55 22
391.5 50.00 - - 2.62 23
393.7 21.25 40)°85 1.92 2.94 17
395.7 29.80 57.7CL 1.93 2.84 18
393.7 42.30 85,.50 2.02 2.94 19
393.7 38.20 74 .75 1.96 2.76 20
398 30.20 *60.00 1.98 3.56 24
398 43.00 87.15 2.02 3.65 25
398 24.80 48 .00 1.94 3.35 26
398 31.25 63.40 2.02 3.71 27
398 27.20 51.6.0 1.92 . 3.72 28
399.3 100.6 190.4 1.89 3.73 2
399.3 45.00 - - 3.84 85
401.2 42.50 82.90 1.95 4.23 55
402.6 16.40 32.25 1.96 4.38 78
402.6 34.30 66.50 1.94 4.36 79
402.6 26.00 - - 4.52 80
402.6 28.20 - - 4.40 81
402.6 28.25 - - 4.20 82
402.6 33.20 -, - 4.45 83
402.6 17.50 - - 4.45 84

402.6 23.00 - - 4.36 86



402.6

406.4

407.3

407.3

407.3

407.3

407.3

407.3

407.3

407.3

408.1

409.5

410.9

417

P)

29.95
82.10
27.00
20.40
52.00
56.20
27.15
40.70
40.00
11.50
35.85
37.40
12.90

49.40

— 60 —

TABLE

Poo

163.4

40.05

99.40

52.90

66.25

72.70

95.00

XIX (continued;

Poo /Po

1.98

1.96

1.91

1.95

1.85

1.94

1.92

li'*k sec.”

4.36

5.18

5.75

5.65

5.80

5.65

6.08

6.10

6.75

9.22

Run

94

97

98

99

100

101

104

105

106

95

96

120
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(ii) MmmrJS RNUATIUN

The effect of temperature on the over-all reaction rate was
evaluated using the Arrhenius equation;
k 1 seecT" ) = Ae -

from the linear plot of log k
against 10°/T*"K. The Arrhenius plot is shown in Figure 7 although this
figure is much condensed from the graph that was drawn to evaluate the
over-all activation energy ( E ) and the pre-exponential factor ( A )
and does not contain all the experimental results. The over-all
reaction was represented by the equation,

k ( sec?l } _ 101l.4U:|: 0.16 o 4b,boot bUO/RT

over the temperature range
356 - 417°C. Further discussion of the Arrhenius parameters will be
defered until later, when the individual steps contributing to the over-

all kinetics will be considered.

(iii) EFFECT OF INHIBITORS

A number of runs were carried out in the presence of nitric
oxide or cyclohexene to test whether radical chains played a part in
the mechanism. The effect on the over-all rate of reaction was small but
a slight acceleration of the reaction rate did occur. However, reduction
of the relative amount of "inhibitor” did not reduce the rate below
that of the "uninhibited" reaction. Results obtained in the presence of
inhibitors are shown in Table XIC together with some results without
inhibitors present to enable comparison to be made. Graphs of the rate

constants against relative concentrations of inhibitor and 2-chloroethyl
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-trichlorosilane are shown in Fic;nre 8 for nitric oxide at 379.7° and

in Figure 9 for cyclohexene at 407.3°G.

T°G

356

356

356

356

375.5

375.5

379.7

379.7

379.7

379.7

379.7

379.7

382.8

382.8

383.3

383.3

407.3

407.3

407.3

subsidiary reactions,

Po

43.00

39.20

36.20

13.85

39.50

35.60

12.15

41.70

24.60

21.95

41.70

20.60

20.90

23.40

Poln.

20.40

18.80

4.40

10.35

9.80

10.10

30.30

37.80

46.10

55.30

31.20

12.00

9.70

21.20

TABLE AA

Inhibitor

NO

NO

NO

OeHi 0

GeHi0

OeHi 0

& & & &

GeHi 0

GeHi0

GeHi 0

PoWpo
0.475
0.48

0.121

0.75
0.25
0.28
2.50
0.91
1.88

2.52

0.75

0.58

0.465

0.90

107k

0.416

0.397

0.371

0.377

1.09

1.11

1.56

1.09

2.47

1.95

2.10

1.38

1.46

1.58

1.74

1.65

6.00

6.30

5.79

Run

122

123

124

Mean

38

39

40

42

43

44

40

41

51

Mean

117

Mesui

102

103

Meaui

The significance of these results will be discussed with the

see pages 88-96
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(iv) Eb'fBJT OF SURFACE

To investip;ate the possibility of some surface reaction(s) taking
place, the ratio of surface area to volume of the reaction vessel was
changed. This was achieved both by the employment of reaction vessels of
different capacities and also by packing the 1510 ml. reaction vessel
with glass tubes. There was no observable difference in the rate of the

over-all reaction. Results outlining this are shown in Table XXI.

TAbil;  XXI
T% 10%K sec’! S/V emT Run
i80.6 1.42 0.42 53
380.6 1.43 0.42 54
380.6 1.45 2.39 56
380.6 1.49 2.39 57
382.8 1.52 0.38 112
382.8 1.595 0.78 113
385 1.84 0.28 6
385 1.86 0.28 7
335 1.88 0.28 9
385 1.79 0.42 10
385 1.77 0.42 15

New vessel cleaned with warm concentrated NNOs
385 2.31 0.38 59
385 1.76 0.38 60

385 1.76 0.38 61
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This investigation of surface effects vvas interesting in tliat
virtually no conditioning of the surface was needed at all. In fact
before Run 59 a new reaction vessel was treated with warm concentrated
nitric acid before insertion into the furnace and reproducible runs
were obtained almost immediately, see Table XXI. It does seem that here
is a rare example of the absence of heterogeneous behaviour at any
stage in the investigation. As has been already mentioned, pages 29 - jj,
the usual requirement for reproducibility of kinetics ol° decomposition
of organic compounds is a "seasoned" surface. The behaviour of 2-chloro-
ethyltrichlorosilane becomes even more interesting when it is observed
t'nat the decomposition of 2-chloroethyldimethylphenylsilane possesses
substantial heterogeneous character, see Chapter Six. It may be that
CIGHsCHsSiGla is more "Inorganic" than GICHoCKgSiMe-,Ph and the organic

compounds usually studied pyrolytically and that this iias some bearing

on the behaviour.

{B) Tlid IL:i;1VIdUaL RAAGTIUNd

(i) GiNmRAL

By gas chromatofpraphic analysis supplemented by infra-red and
mass spectra it was found that the reaction products were mainly
ethylene and silicon tetrachloride with smaller quantities of hydrogen
chloride, vinyltrichlorosilane, vinyl chloride, tricl'ilorosilane and
ethyltrichlorosilane. The vinyl chloride and trichlorosilane
concentrations rose to a maximum during a run and then declined; the
former to a small veilue and the latter to zero. No other products of

the decomposition of GIGHgGH”SiGla were detected. In some runs with
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large initial pressures a smeLll peak appeared on the chromatogram after
more than 10 half-lives. This unidentified peak had a retention time of
18 min. The same pealc appeared on heating vinyltrichlorosilane alone,
the vinyltrichlorosilane lias a retention time of 9 min., and was
presumably due to some polymerization, see following section. Ethyl
chloride, 1,2-dichloroethane, acetylene and hydrogen were shown to be
absent by gas chromatography and the latter also by the complete
condensation of the products at -196°C. Later the absence of any other
substances of molecular weight less than 100 was substantiated by mass
spectrometry.

The main objects of this investigation were firstly, to find out
if ethylene and silicon tetracliloride were formed by a unimolecular
elimination and if so to use this reaction to investigate substituent
effects on the silicon atom. Secondly, to elucidate the mechanism of the
other reactions and then to find the effect of replacing the Si-Cl bonds
by Si-alkyl or Si-aryl groups. It v/as not realized at first that the
product mixture was as complex as stated above and the presence of
vinyl chloride, trichlorosilane and ethyltrichlorosilane was not proved
until after Run 39. For the first runs the products were thought to be
ethylene, silicon tetrachloride, vinyltrichlorosilane and hydrogen
chloride. At that time it was not possible to take many samples during
a run and analyses at infinite time were concentrated upon. The results
obtained are shown in Table XX.II where S, S and V are ethylene, silicon
tetrachloride and vinyltrichlorosilane respectively and the percentages
are calculated with respect to the initial pressure, po, so that

comparison may be made with the more recent, more accurate, work.



TG

369.2

381.6

382.8

384

305

385

385

385

385

387.1

389.8

391.5

391.5

398

398

398

398

399.3

406.4

408.1

dnal product analysis for early runs

Po

69.75

80.10

43.50

33.40

29.85

39.80

31.30

29.50

27.40

61.25

51.90

52.40

50.00

30.20

43.00

24.80

31.25

100.6

82.10

35.85

69 .

TABLE XXII

9%E

79

80

87

75

79

62

65

72

83

80

70

70

65

82

76

89

87

85

89

87

86

91

68

88

81

93

84

79

91

85

67

72

18

19

13

16

15

12

17

13

23

14

16

20

16

12

12

16

29

13

18

Run

13

12

10

14

15

16

21

23

24

25

26

27
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It was obvious from these results that the kinetic scheme did
not merely involve ethylene elimination and dehydrochlorination and
that efficient separation of the constituents on the column probably
was not occurring especially with respect to the "silicon tetrachloride”
peak. The analytical system was therefore improved to incorporate a

sampling valve150 and a more efficient gas chromatography column and

detection system.

(ii) LTADILITY OF PRODUCTS Ai',0 DxHIbITUIL LwiVIDlj*dljY

HCl, GglLi, NO, GII5=GHGI, SiG1l., HSiClg, C%=CH.SiGl3,

G"HeSiGlg, GeHio and GIGHa Q¥ SiGI3.

At the temperature these experiments were carried out it was
shown, by gas chromatographic analysis, that with one exception, possibly
two, these compounds were stable. The exception was cyclohexene which
at the higher pyrolysis temperatures used did decom]X)se slightly. Also
there was an indication of a minute amount of decomwsition, polymer-
ization, with vinyltrichlorosilane.

Smith and Gordor'l have investigated the thermal decomposition

of cyclohexene and found that the reaction followed the following scheme

between 425 - 535°G.

G H + CH2=CH-Gh=Cfie
0 .
Ai*, Glie, GH, Butenes, 5 compounds

Reactions (1) and (2) are homogeneous and unimolecular with approximately
the same activation energy. Reaction (3) is free radical and comprises

less than 10% of the total reaction. The over-all reaction rate is



governed by the .Arrhenius equation:

k ( seel ) = 7.7 X 1015 '"*""GOO/RT
To show the extent of the above reactions at the temperatures used in
the pyrolysis of 2-chloroethyltrichlorosilane, some cyclohexene was
left in the reaction vessel at 400°G for 12 hrs. The pressure increased
from 48.8 to 49.4 mm and chromatographic analysis showed that ca.
0.3 mm of ethylene had been produced. Hence the rate acceleration
obsei'ved manometrically in the presence of cyclohexene may be partly due
to the occurrence of the above reactions in addition to the action of
trichlorosilane on cyclohexene producing hydrogen chloride.

Despite the experimental evidence tliat none of the other products
underwent any decomposition a few points need to be made.

With vinyltrichlorosilane a ver/ small amount of noljrmerization
has been found to occur in the vapour phase at the temperatures used for
this work. At moderate pressures extensive polymerization of vinyl-
trichlorosilane has been shown to occur152 between 280 and 400G and
the results are shown in Table XXIII. These reactions do not seem to take

place, except to a negligible extent, at low pressures in the vapour

piUAse.
ITIbIE  XXIII
Bclymerization of vinyltrichlorosilane at moderate pressures
T°G chlorosilanes (GloSiCHs js dimer polymer
-[GHa-GHvSiGlo)J-
260 35? 2 47 59~
300 3 8 10 79

400 17 26 24 33
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Vinyl chloride is said to decompose by a mechanism varying from
three-halves to second order as the reaction proceedsl.D3 Decomposition
occurs between 051 - 618°C with an activation energy of 53 kcal./mole.
The main products are hydrogen chloride and pol“cner with small amounts
of ethylene, acetylene and methane. P/rolysis of 21 mm vinyl chloride
at 380°C for 15 hrs. did not show any decomposition.

Since dehydrosilylation can occur on pyrolysis of 2-chloroethyl-
trichlorosilane it seems possible that a similar process could occur
with ethyltrichlorosilane making the reaction below reversible.

G HeS ills GI» +  HSIClg
A very small quantity of ethylene was produced on heating ethyltrichloro-
silane at 40070 for 10 hrs. Hence it appears tliat the reaction goes
effectively right - left as shown above and any small aihount of
decomposition of ethyltrichloix>silarie would be well within the
experimental error in its determination.

Trichlorosilane is known to disproportionate under certain
circumstances. At temperatures over 55070 mainly hydrogen and silicon
tetrachloride are formed whereas at lower temperatures some dicriloro-
silane is produced.154 It was extremely difficult to obtain
chromatoprraphically pure trichlorosilane and if a large quantity, ca.
100 mm., of trichlorosilane was left in the reaction vessel I'or some
time then some silicon tetrachloride was formed. There seems little

reason to doubt that the reaction:
2 HSiCla -——— | 2 % SiCl2 + SiOl,

would occur in the study of the
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pyrolysis of 2-chloroethyltrichlorosilane were it not for the
preferential reaction of the trichlorosilane fonn.ed with the vinyl
chloride and ethylene as outlined below.

Freshly distilled 2-chloroethyltrichlorosilane often contained
a small quantity of ethylene impurity. However, this was easily removed
by degassing and no further decomposition occurred in the heated, 200,
injection bulb. This also indicated that decomposition of the pai-ent

molecule v/as not o:curring on the chromatography column.

(iii) HUTIAL KkAI'nS OF 10PJ.1AT10H OF liiOPUOTS

(a) V/ithout inhibitor

The concentrations of ethylene (E), silicon tetrachloride ',S},
vinyl chloride (VC), and vinyltrichlorosilane (V) in the reaction
mixture were determined at intervals during the Kkinetic ruris. Tiie
silicon tetrachlori.de was determined using the thermistor detector
whereas the organic components were determined by hydrogen flame
ionization. It was not found possible to accurately determine the
trichlorosilane and hydrogen chloride in this way. The quantity of
hydrogen chloride was found to be equal to that of vinyltrichlorosilane
by mass spectrometry. Ethyltrichlorosilane did not appear in the
products until more than 600 reaction arid the quantity was so small
tliat to measure the rate of its formation was impossible. The most
convenient and illustrative method of showing the results was by
plotting the experimentally determined pressure of the particular
product against 1 - e . The value of k was determined from the

log ( po - Ap ) versus time plots as previously described.
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As showi. in Figures 10 and 11 and also in Figure 42 on page 187
in the experimental section; the partial pressures of ethylene (pE)
and silicon tetrachloride (pS) shov; good linear behaviour indicative
of a first order reaction.

Similarly the initial rates of formation of vinyltrichlorosilane,
Figure 12, and vinyl chloride, Figure 13, are linear. As the reaction
proceeded the amount of vinyltrichlorosilane produced increased to
greater than the initial rate would predict, whereas the opposite occurs
with vinyl chloride. Tlie trichlorosilane concentration also reached a
maximum, like vinyl chloride, and then declined to zero at the end of
a run. SDire vinyl chloride remained at infinity.

The gradient of the linear portion of the jnraphs shov/n in

Fi(Tures 10 - 13 is, taxinr ethylene as example, given by:-

A : =
(“radient kE'RO/kover-a’ll'

nence for each curve the ratio of the rate of formation of the
particular component, in this case ethylene, and the over-all reaction
rate can be calculated. The values of the initial rates obtained by

this procedure are given in Table XXITV.
TiUiLE vXiV

liates of formation of uroaucts in the absence of inhibitors

T“C Po 10 N k kE/k kS/k kVC/k kV/k Run
356 37.50 0.371 0.67 - 0.15 - 125
376.4 32.50 1.15 0.75 - 0.11 - 48
377.6 37.50 1.22 0.74 . - 0.20 110

377.6 47.40 1.14 0.70 111



T“G

380.6

380.6

382.8

382.8

382.8

382.8

382.8

382.8

382.8

382.8

383.3

383.3

383.3

383.3

385

385

385

385

385

385

399.3

401.2

402.6

402.6

34.80

36.50

41.40

43.80

32.40

28.10

26.20

41.20

41.10

99.00

49.10

29.90

36.80

27.00

18.70

51.65

56.40

37.80

12.15

26.00

45.00

42.50

16.40

34.30

4
10 k

1.42

1.59
1.60
1.49
1.60
1.56
1.58
1.59
1.57
1.68
1.57
1.71
2.31
1.76

1.76

1.63
3.84
4.23
4.38

4.36

TiDUE  XXIV

kE/k

0

0

0

0.

.69

.67

.68

69

70

T2

70

.65

.74

.70

75

.70

.75

.78

.69

.74

71

.70

.78

.74

70

72

74

75 -

kS/k

0.72

0.71

0.71

0.75

0.76

0.72

0.69

0.73

0.67

i continued )

kVG/k

0.18

0.16

0.16

0.14

0.20

0.16

0.21

0.16

0.16

0.13

0.15

0.16

0.12

0.12

kV/k

Run

53

54

50

52

72

73

75

76

77

113

63

64

67

68

59

60

61

62

69

70

85

55

78

79
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TAiiiiE XiVxV y continued )

T“G Po 10 4k kE/k kS/k kVG/k kV/k Run
402.6 26.00 4.52 - 0.69 - - 80
4U2.6 28.20 4.40 0.73 0.71 - - 81
402.6 28.25 4.20 0.73 0.71 - 0.12 82
402.6 33.%) 4.45 0.77 - - 0. 12 83
402.6 17.50 4.45 0.76 0.72 - o 11 84
402.6 23.00 4.36 0.75 0.70 - 0.14 86
402.6 29.95 4.36 0.72 - - - 94
407.3 27.00 5.75 - - - 0. 11 97
407.3 20.40 5.65 0.83 - - 0.13 98
407.3 52.00 5.24 0.70 - - 0.09 99
407.3 36.20 6.03 0.74 - - 0.1 100
407.3 27.15 5.80 0.8 s - - 0.14 1ot
409.5 37.40 6.20 0.74 - - 0.1 95
410.9 12.90 6.75 0.77 - - 0.13 96
417 49.40 9.22 0.69 - - - 120

Also one run with increased surface to volume ratio

380.6 36.20 1.49 0.73 0.17 57
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(b) In the presence of inhibitors

When nitric oxide or cyclohexene were present the initial rates
of formation of the products remained the same within experimental
error, although the experimental error was rather high for slight
changes to be observed. However, the plots of pV and pVC versus
I - e remained linear until the reaction had proceeded to a greater
extent. The results are illustrated by Figures 14 and 15 and fire
tabulated in Table XXV. The rate of formation of vinyltrichlorosilane
could not be measured in the presence of cyclohexene because they had

approximately the same retention times.

TAbLd XXV

Rates of formation of products in the presence of inhibitors

™y, Poln. 10*k KE/k kVG'k  kV/K  Run
356 43.00 20.40 NO 0.416 0.75 0.12 0.15 122
356 39.20 18.80 NO 0.397 0.73 - - 123
356 36.20 4.40 NO 0.371 0.72 0.16 - 124
379.7 12.15 30.30 NO 1.09 0.74 0.16 - 42
379.7 21.95 55.30 NO 2.10 0.68 - 0.10 45
382.8 41.70 31.20 CsHio 1.46 0.75 0.14 - 51
407.3 20.90 9.70 Geiiio 6.00 0.74 - - 102
407.3 23.40 21.20 GeHio 6.30 0.72 - - 103
Also one run in the presence of ethylene
379.3 30.45 11.60 QH 1.35 0.74 0.18 109
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(iv) UOMCJaiTRATIONS i\T
Gas cliromatographic analysis v/as also carried out after more

than 10 half-lives to substantiate the evidence obtained during the runs,
(a) Without inhibitor

In the absence of nitric oxide and cyclohexene the results at
infinity for ethylene and silicon tetrachloride agreed with the initial
i-ates obtained during a run to within 1 104L In the cases of vinyl
chloride and vinyltrichlorosilane the quantities remaining were
substantially different from what the initial rates would predict
although the sum of the pressures, pVoo + pVGoo , was approximately the
same as predicted from the sura of the initial rates. It will be shown,
section (vi), that the larger amount of vinyltrichlorosilane and the
correspondingly smaller amount of vinyl chloride ai'e due to the
subsidiary reaction between vinyl chloride and trichlorosilane to
produce vinyltrichlorosilane and hydrogen chloride. The results
obtained ai'e shov/m iri Table XXVI, tne percentages being with respect to
the initial pressure, po, of 2-chioroethyllriciilorosilane so that

comparison with Tables XXIV and XXV may be made.
TjIbLE XXVI

Final product analysis in the absence of inhibitors

T°C Po itun
3bo 37.50 71 , 3 26 125
37G.4 32.50 69 - 7 - 48
379.b 32.10 - 70 7 : 47
380.6 34.80 - - 6 20 53

380.6 36.50 68 5 25 54
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TABLF >JCYI ( continued )

T°J Po Idn
380.6 37.70 73 - - 21 71
382.8 63.10 74 - 5 22 49
382.8 41.40 70 - 8 19 50
382.8 43.80 65 - 7 - 52
382.8 28.10 72 76 - 22 73
382.8 -1 .47 75 75 - 23 74
382.8 26.20 - 76 - 26 75
382.8 41.20 - - - 25 76
383.3 49.10 69 80 - - 63
383.3 29.90 67 67 - 23 64
383.3 36.00 70 67 - 20 67
383.3 46.60 71 - 4 25 119
395 18.70 69 - - - 59
385 51.65 77 - 6 19 60
385 56.40 68 - 7 16 61
385 37.80 75 - 9 16 62
385 12.15 68 73 - 27 69
385 26 .00 67 72 - 24 70
401.2 42.50 78 - 5 20 55
402.6 16.40 76 72 - 25 78
402.6 34.30 - 70 - 18 79
417 49.40 69 3 26 120

Also one run with increased surface to volume ratio

380.6 36.20 69 6 22 57



(b) In the presence of inhibitors

The effects of nitric oxide, and cyclohexene, on the reactions
producing vinyl chloride and vinyltrichlorosilane compared with the
"uninliibited" reaction were to reduce the quantity of vinyltrichloro-
silane and increase the amount of vinyl chloride in the analyses after
more than 10 half-lives. The experimental results were reasonably close
to those for the initial rates of reaction. The ethylene elimination
reaction was unaffected. The results obtained are shown in Table XXVII
where the percentages are again calculated vrith respect to the initial

pressure, , of 2-chloroethyltrichlorosilane.
IVIiLid XXVIX

Final product aimlysis in the presence of inhibitors

T°C Po poln. JoE 2% liun
356 43.00 2040 NO 72 12 14 122
356 39.20 18.80 NO 71 15 16 123
356 36.20 4.40 NO 72 11 20 124
379.7 24.60 46.10 NO - 18 - 44
379.7 21.95 55.30 NO 11 9 45
382.8 41.70 31.20 GeHio - 13 : 51

No ethyltrichlorosilane was observed in the products when an
inhibitor was present. It is noteworthy that when a small amount of nitric
oxide is present, 4.4-0 ram., then complete inhibition of the reaction:

CHn=CHCI + HSiClo -—- » GHg=CH.SiCI3 + HA
does not take place and this is reflected in the final proauct analysis,

see Idm 124.
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(v) STUICHIQWIETRY OF THE RKAUTION

Although no decomposition of 2-chloroothyltrichlorosilane
occurred on the chromatography column the retention time for this
compound was about. 55 min, and the peak broad under the conditions
necessary for separation of the products. The measurement of the rates
of appearance of products and the concentrations of products at
infinity were concentrated upon. The results obtained by final product
analysis are shown in Table XXVIII where the percentages are calculated
with reference to poe Tlie column 9% is the sum of the percentages of
the (¢ fragments, viz.ethylene (E), vinyl chloride (VC),
vinyltrichlorosilEine (V) and ethyltrichlorosilane (Et). If the
experimental results shov/m in Table A(XVIII are utilized with the
additional information that pV = pHCl , this identity is assumed to be
correct in the presence of nitric oxide, any additional hydrogen chloride
being formed solely from the reaction betv/een trichlorosilane and
nitric oxide, then the ratio of final to initial pressure can be
calculated to be approximately equal to 1.93 and in agreement with
experiment. Also the condition:- pS - pE = pEt = pVC should hold for
the uninhibited reaction; this may in fact be the case as the values
given for pEt are subject to large experimental error and oust only be
considered as an estimate. However, it was of course possible to tell

when no ethyltrichlorosilane was present.
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TAdiU AXVU 1
Final product analyses used for stoichiometry of the reaction

TC Po PoNO  pSoo pver PVo PEt nt Run
356 43.00 20.40 309 5.0 6.0 0 72 12 14 0 98 122
356 39.20 18.80 27.6 6.0 6.4 0 71 15 16 0 102 123

356 36.20 4.40 259 4.0 7.2 0 72 11 20 0 103 124

356 37.50 - 26.7 1.2 9.7 0.7 71 3 26 2 102 125
380.6 36.50 - 24.7 2.0 9.3 - 68 5 25 - 98 54
380.6 36.20 - 25.1 2.0 8.0 - 69 6 22 - 97 57
382.8 65.10 - 46.5 3.0 14.0 - 74 S 22 - 101 49
382.8 41.40 - 29.0 3.2 8.0 - 70 8 19 - 97 50
383.3 46.60 - 33.2 2.0 11.5 0.5 71 4 20 1 101 119
385 51.65 - 40.0 3.3 10.0 - 77 6 19 - 102 60
385 56.40 - 38.0 3.8 9.2 - 68 7 16 - 91 61
335 37.80 - 28.3 3.5 6.0 - 75 9 16 - 100 62
417 49.40 - 34.0 1.5 13.0 0.5 69 3 26 1 99 120

(vi) SdhUIUTARY REAGITUNU

before considering the subsidiary reactions individually it will
perliaps be useful here to briefly summarize the evidence in the
preceeding pages. Ethylene and silicon tetrachloride are formed at
equal rates by a first order reaction v/hich is unaffected by inhibitors.
Also the Iinal product analysis for these compounds agrees with their
rate of formation. This reaction is therefore kinetically simple and

in all probability involves a cyclic transition state. The initial rate
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of formation of vinyl chloride ana of vinyltrichlorosilane was
independent of the presence of inhibitors. Also, when large amounts of
nitric oxide were present then the final product analysis agreed with
the appropriate rate ratios. Hence these reactions arc initially first
orner eliminations. Therefore it seemed likely that the 2-chloroethyl-
trichlorosilane decomposed initially by tliree simultaneous unimolecular
éliminations.
G H + SiCl4
CICHsCHgSiCla ~  ———-o- »GHosGH.SiCla +  Hd

A"MGHo=GHGI + 1iSiGla

From the inl'inity results without inhibitor present the total reaction
scheme was not as simple as this and the following subsidiary reactions

are Known to occur.

CH2=GHC1 + riSiCla » GHo=Gli.SiCls + HGI

GH + JiSiCln » GsHeSiCls

Reactions of this type are wellknown and have been extensively studied,
the addition of siliconiiyurides across adouble bond beine: a common
synthetic route in organosilicon chemistry.]"’/55 In the absence of catalysts
the reactions are usually carried out in a flow system at 55G-G5U%;
addition to chloro-olefins giving high yields of vinyl - silicon
produc'ts.l56’157’158’159’160'161 Alternatively the reactions are carried
out between 300-300°G in an autoclave at high pressures.162 Catalytic
addition of silicon hydrides to olefins is achieved at low temperature

using chlorplatinic acid, platinum-SiOo or platinum-carbon*”” or more

commonly with peroxides*'**”’ reaction with chloro-olefins giving some
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addition compounds but mainly vinyl compounds**’*** The vinyl compounds
nay arise from normal addition followed by elimination. The mecheciisms
have been suggested to be free radical in character where the addition
of Si - His similar to radical additions of GHGI3 and HX in that a
secondary/ or a tertiary rather than a primary radical is foraed.
Therefore terminal addition of the SiGlo radical occurs. The SiCls
radicals are efficient chain transfer agents aid, with simple olefins,
little télomérisation occurs. 1:1 addition products are usually
obtained in high yield. Reaction of trichlorosilane with ethylene at
270 - 3'90°G under pressure gives rise to télomérisation products
of the formula OlaSi (GHQG@EB )*H where n =1 - b but this reaction would

not be very likely to occur at low pressures.
(a) HSIGla + @'=GHGI

Tills reaction was studied at 402.6°G in the same system as was
used for the pyrolysis of 2-chloroethyltrichlorosilane. There was found
to be no pressure change in the reaction and the only products were
vinyltrichlorosilane and hydrogen chloride, except when the products
were left in the reaction vessel for a long time, more than 24 hrs.,
when a very small quantity of ethylene was detectable. The results
obtained ai'e outlined in Table XXIX where k is the average second order
rate constant.

It will be noted that provided the concentration of trichlorosilane
is less than that of the vinyl chloride that the reaction is reasonably
accurately described by a second order rate law, the reaction being

approximately first order with respect to each reactant. However, if the
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amount of trichlorosilane was greater than that of vinyl chloride then

the reaction could not be described by a simple rate law.

TABLE XXIX

Reaction between trichlorosilane and vinyl chloride

at 402.6°G

Run 1:6VC PoHSiOls 10*k
mm | sec.)

87 11.3 5.1 1.70

88 G.9 3.3 0.95

.89 7.0 4.05 1.73

91 11.0 18.9 0.39 - 0.97

92 11.6 16.7 0.53 - 1.76

93 24.6 4.5 1.50

It seems likely that in the decomposition of 2-chloroethyltrichloro-
silane the conditions will be such as to make the trichlorosilane
concentration less thian or equal to that of vinyl chloride and so the
reaction will be approximately second order.

It might be expected that addition should precede elimination
in this reaction. However, if this did occur under these experimental
conditions then the addition product had a transient existence and was
not the expected 2-chloroethyltrichlorosilane because no ethylene or
silicon tetrachloride was formed in the reaction. Reaction of vinyl
chloride and trichlorosilane at high pressures in the presence of a
platinum catalyst does produce 2-chloroethyltrichlorosilane®”*”

Alternatively the addition product could be 1-chloroethyltrichlorosilane
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which dges not however decompose until hiajher temperatures.141

CIGHsGHasSIiCl:

HSiCla + GKs=GHGI

In the presence of nitric oxide this reaction does not occur to
any measurable extent. Only a minute trace of vinyltrichlorosilane
being formed after more than 24 tirs. It would seem therefore that the

reaction is a radical one, see, however. Section ic) belo%'.

(b) 1USiGIg +  GHe=(la

At 402.670 tills reaction occurs at a slov/er rate than the
corresponding reaction with vinyl chloride. Only one kinetic run was
carried out in the absence of inhibitor and the results are given in
Table XXX

TAbIH 4XX

Reaction between trichlorosilane and ethylene at 402.6
Run ' poE poliSiCls lo\

mn secC.

90 8.60 8.60 0.09

The reaction is at least 10 times slower than with vinyl chloride and
again appears to be second order. The reaction is completely inhibited
by nitric oxide. The occurrence of this reaction accounts for the

decline of the manometrically measured over-all rate constant and for

the observation that the final pressure of ethylene is slightly less
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than that of silicon tetrachloride in runs without added inhibitor,

(¢) rISiCla + NO

This reaction has been studied by Mr. C. J. Woodl’70 in this

laboratory on the mass spectrometer. It was found that at 420°G the
rate constant was about 10_3 mﬁl sec. A large amount of hydrogen
chloride was formed in the reaction. It does seem probable that the
inhibitory action of nitric oxide on the reactions between trichloro-
silane and vinyl chloride or ethylene is merely to remove the
trichlorosilane by some prefeiential reaction rather tlian to inhibit
the formation of free radical chains. In other words, the reactions

discussed in Sections (a) and (b) above may not in fact be radical in

character under the conditions operative in this study.

(d) hSiCla + GHO

This reaction was also studied in this laboratory by
Mr. G. J. Woodlﬂ“J and he found that the reaction rate was about one
third of t'mat between trichlorosilane and nitric oxide. Hydrogen
chloride was also formed in this reaction. No further results are at
present available but the production of hydrogen chloride was not
expected as the addition of trichlorosilane to cyclohexene at 280°G1’71

and at 50°G in the presence of benzoyl peroxide172 gives high yields

of cyclohex”'-Itrichlorosilane.
(e) GHpcCH.SiGlg + HAG

The addition of HX across a vinyl double bond in organosilicon
chemistr;/ is a common synthetic method. Anti - Markovnikov addition

to unsubstituted vinyl groups attached to silicon normally occurs to
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give the |3-halogenated compound. In the presence of aluminium,
chloride, hydrogen chloride adds to vinyltrichiorosilane to give
2-chloroethyltrichlorosilane? ~ It might he expected therefore that
the reaction:-
AaR=CH.SiClI3 + HG ——— " GIGHgCHeSiCls

would be reversible and would thus form ethylene and
silicon tetrachloride, the major products of decomposition of 2-cinloro-
ethyltrichlorosilane. The ec”uilibrium does however seem to be very much
over to the left hand side as the results shown in Table XXXI below

indicate.

Reaction between vinyltrichlorosilane and hydrogen chloride

at 380.6°G
Time (mill. ) pHCI pvV pE pYG
0 38.8 39.7
40 39.7 0 0
920 - 39.7 0.015 0.015
125 - 39.7 0.02 0.015

(f) GIGHoCiUSiCla + CgH., GICHsCHgSiGlg +  Gllo=CnCl

The above reactions were carried out during the course of this
work to find out whether any inhibition occurred due to the formation
of olefinic products. With added ethylene or vinyl chloride no
detectablejin the rate of the over-all reaction was observed. The

results obtained, together with comparative data on GIGHgGHgSiGla alone.



are shewn in Table XXXIT.

TABLE JUUII

lyrolysis. of ClGhaCH2SiCI3 in the presence of added olefinic products

T°C Po PoB PoVC 104k kE/k kVO/'’k Run
379.3 30.45 11.60 . 1.35 0.74 0.18 109
379.3 29.25 - - 1.31 - - 108
380.6 23.45 - 7.25 1.42 - - 58
380.6 36.20 - . 1.49 0.73 0.17 57

It appears therefore that the presence of these substances does

not inl-iibit nor accelerate the reaction,

(g) CIGIsGIIoSiCla + IISiCla

This reaction was carried out to substantiate the other evidence
for the behaviour of trichlorosilane in the reaction scheme. Wrien
2-chloroetnyltrichlorosilane was decomposed in the presence of trichloro-
silane the plot of log ( O -Ap ) was not linear, see Figure 16, and
the reaction obviously was complicated. The relevant data shown in
Table XjtXIIl indicates tliat all the vinyl chloride has been used up and
a substantial amount of ethylene converted into ethyltriclilorosilane.
There seems little doubt that the action of trichlorosilane accounts for
the decline of the experimentally determined over-all rate constant.

TABLE /jam

Pyrolysis of IICH2ARSiCla in the presence of trichlorosilane
pii poHSIiOlg Poo /po A S<Et Run

380.6 27.50 27.60 1.57 40 0 23 v. large 58A
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(G) MECHANISM OF THE REACTION

The evidence provided in the preceeding pages gives a strong
indication of the mechanism of decomposition of 2-chloroethyltrichloro-
silane being molecular in nature. The slight rate acceleration in the
presence of nitric oxide or cyclohexene is satisfactorily and
adequfitely explained by the reactions of these substances with
trichlorosilane. Hov/ever, the other evidence against a radicaJ. mechanism
w ill be discussed briefly followed by a discussion of possible ionic
processes and a fina.l discussion of what is considered to be the [Qost

probable course of reaction from the evidence obtained.
(i) RADICAL REACTIONS
(a) Initial dissociation of 2-ciiloroethyltrichlorosilajie

In the gas phase the 2-cliloroethyltrichlorosilane molecule breaks
at C-J1 and SI-C as expected from solvolysis experiments. The -SiClg
and On structures are found intact in the products and there is no
evidence for -SiClg or G structures, liost recent dissociation energy
studies show that Si-X bonds, where X is any group, are of about the
same strength as G-X bonds.173 Therefore the Si-G bond is probably
stronger than the C-Gl bond, the latter fliaving a dissociation energy

of about 80 kcal./mole. The Si-G bond in G"H~"-SiGla has a dissociation

energy of 95 kcal./mole and for the Si-Gl bond in SiCl* the value is

106 kcal./mole.174 Hence the reaction:-
GIGHa 3k SiCla CICHgCHa' + 'SiClg

seems unlikely to occur and this

is borne out by the small effect of nitric oxide on the reaction rate
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whereas trichlorosilane reacts rapidly with nitric oxide, probably by
a chain process with SiClg radicals as chain carriers. Although
ClCaHj radicals normally react bimolecularly175 if they were formed in
the pyrolysis of 2-chloroethyltrichlorosilane then they would be
expected to react further with the original compound, this being more
likely on concentration considerations at the beginning of a run.
e.g. -GsIUGI + GIGHaGHaSiClg — P GalleGl + GICg HgSiGla
*G2H4GI + GICHaGHgSiCla -—-—» GIC2ZH4GI + -CaH”SiGla
Neither ethyl chloride nor 1,2-dichloroethane are found in the products.
Ghloroethyl radicals do not take part in the cliain decomposition of
1,2-dichlor0ethane?76
On dissociation energy considerations and since there is no
chemical evidence for the homolysis of the Si-G bond then the only
possible homolytic dissociation process for 2-chloroethyltrichlorosilane
is :-

1. GICH2 CH@SIGI3 -—m——» GI* + -GHaGHaSiGlg
(b) Formation of products

If the initiation step was 1. above then propagation of the
reaction could reasonably be expected to follow the following scheme.
Formation of hydrogen chloride and vinyltriclilorosilane;

2. GIGHR2@@hSiGla + GI- ——» HGI + GIlGaHaSiGlg

3. GlGaliaSiGlg p&; Ha=CH.SiGI3 +  GI-

Formation of ethylene and silicon tetrachloride:
either 4. GIGH2 G SiGla + G- —» SiGl. + GIG2H-

5. GI'GaH*' » GaH4 + Gl
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or 6. -CHsCHaSiCls » CMU + -SiCla

7. CICHgCHaSiCla  + -SiClg — PSiCI* + «ClisGhSiClg

Formation of vinyl chlorideand trichlorosilane:
8. GlGaHgSiGla ~  —— » GHa=GHGl + -SiGlo

9. GIGHaGHsSiGla + -SiGlg — — HSIGIlg + ClGaHsSiGlg

Formation of ethyltrichlorosilane :

10. GIGHaGHaSiGla + -GalUSiGla —e GalieSiGlg + GIlGaHgSiGla

Termination steps:
The pyrolysis of 2-chloroethyltrichlorosilane is kinetically
first order, therefore the termination steps will involve the reaction

between two unlike radicals and the following appear the most probable.

11. GICaHaSiGls + GIF GlaGaHaSiGlg

12. GIG2H* + Gl* > GIC2 HGI

13. -Ga”LSiGls + -SiGlg = —- A GI3SiGa HSiClg

14. GlGahoSiGla + -SiCla " GlaSiCGIl)GaHaSiCl3

Gonsidering these reactions then it would be expected that the
rate of the reaction, kg, would be greater than ke and ke because of the
G-Gl bond being the weakest bond. Also, since there are more hydrogen
atoms available than chlorine atoms in the parent molecule, hydrogen
abstraction would be a preferred reaction. Hence I would be greater
than k4 and k? and also kg would be greater them k?.

In this case therefore one would expect that the predominant
products would be hydrogen chloride and vinyltrichlorosilane, and that
more dehydrosilylation products would be formed than ethylene and

silicon tetrachloride. The most obvious objection to this scheme is that
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vinyltrichlorosilane and hydrogen chloride are not the major reaction
products but in fact ethylene and silicon tetrachloride account for more
than 70" in the product analysis. Large quantities of dehydrochlorination
products are produced in catalysed, benzoyl peroxide or chlorplatinic
acid, reactions of 2-chloroalkylsilanes presumably by production of Cl
radicals by the catalyst.

There are also some other points with respect to this reaction
scheme which have to be considered.

<l) Mthough the limit of detection by the gas cliromatography
apparatus was about O.0l mm., no indication was obtained for the presence
of any of the products of the termination reactions.

(2) If the dissociation energy of the G-Cl bond in 2-chloroethyl-
trichlorosilane is about 80 kcal./mole then at the highest temperature
used in this study, 417°C, kj would be approximately 10 sec.” This
might be expected to give rise to very long chains and be indicated by
an induction period. No induction period was observed exi“erimentally.

(3) Cyclohexene is known to inhibit reactions involving CIl radicals.
Also nitric oxide would probably inhibit reactions involving SiClg
radicals. Nevertheless only the rate of formation of hydrogen chloride
was increased by nitric oxide and this is explained by the reaction
between trichlorosilane and nitric oxide.

(4) Will an G or a j3 radical be formed in reactions 2., 9. and
10.? For the formation of vinyltrichlorosilane the odd electron would
iiave to reside on the (C-position whereas to produce vinyl chloride it
would reside on the |3-position. It is not known whether an (%- or a

P - radical would be formed in this case although in addition of
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trichlorosilane across vinylsilanes the odd electron is suggested to
reside on the [3-position.

In view of the foregoing discussion it is apparent that the
three simultaneous decomposition reactions of 2-chloroethyltrichloro-
silane are molecular. The parent molecule possesses no bonds which are
weak enough to be easily broken homolytically and therefore an intra-
molecular reaction becomes favourable energetically. Because of the
large amount of energy required for homolysis of the G-Gl bond and the
tendency for the silicon atom to attain a fractional positive charge
leads to the strong possibility of '"quasiheterolytic" processes and

these will now be discussed.

(ii) IONIC FROCESBKb

From the evidence presentee in the preceding pages the reaction
would conventionally be considered as molecular in nature. However, in
view of the present-day ideas on similar reactions of alkyl halides and
esters ( see Chapter Two ) and of the mechanism of solvolysis of
2-chloroethylsilanes ( see Ghapter One ) some brief discussion of
possible ionic or '"quasiheterolytic" processes is necessary. Insufficient
evidence is available from present investigations to make any definite
conclusions in this respect but it does seem likely that further
information on these compounds could indicate some heterolytic character
considering the electron releasing capacity of silicon.

The possible processes, considering the main, ethylene

elimination, reaction only, would be:-
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1. Intramolecular

ClgSi (05
ClaSiCilsGHsCl - » GI3SiGl + GHgziGHs
Gl dn

2. Breaking of the G-Gl bond exceeding Si-G1 bond formation

GlgSi GHg
GlgSiGHgCHnGl
o .. Qn
Gl 6

3. Breaking of the Si-G bond exceeding Si-G1 bond formation

6+
638
GlaSiGHsGHgGl

4. Formation of the Si-G1 bond exceeds Si-G bond breaking

"

cligSi QR
GI3SiGHgCHSsGlI / | o+
Cl CH:

A 5. Formation of the Si-Glbond exceeds both G-Gl and Si-G bond breaking
"
GI3S i Gils
f. cm

Although they cannot be rejected until further evidence is
available it would seem that mechanisms 4. and 5. would be less likely
to occur. Tlie pyrolysis reaction of 2-chloroethylsilanes bears some
resemblence to the neutral, solvolysis of these compounds, however, when
a pentacovalent intermediate does occur, in the solvolysis of silicon
hydrides, then the function p is positive177 and indicates tiiat the
electron density on silicon is opposite to that in the 2-chloroethyl-
silane pyrolysis. It would seem that a fractional positive charge would

tend to reside on the silicon atom.
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Mechanism 3* would he most unlikely because the weakest bond
is the G-Gl bond.

hence the most probable process involves either a concerted
intramolecular reaction, 1., or a quasiheterolytic intermediate, 2.,
of similar structure to that proposed in the dehydrohalogenation of
alkyl halides. Both mechanisms 1. and 2. would give rise to a negative
entropy of activation as, apart from the degree of electrostatic
character in the bonding, the transition states will be similar and more
crowded tlian the parent molecule. Gonsiderations of bond dissociation
energies ( see page 97 ) indicate that the G-Gl bond is the weakest
linkage. Biirther evidence for this has been provided by Raman spectra.
The G-Gl bonds possess a very high Raman frequency and intermolecular
interaction between the Si and Gl atoms is indicated.”s"‘179 Similar
results showing intramolecular behaviour are obtained with Y-chloro-
propyltrichlorosilane. In the liquid state the interaction appears to
be bimolecular:

GigSi — OB Glis — Gl

either
Cl— (g — Qb — SiCla

GL:Si — Gk — Gk — Gl
or .
CI. Si— Ghs — QGig— Gl

However a cis configuration of the single molecule in
the vapour phase would be expected to give rise to the same interaction.
If the mechanism were as in 2. above then at some position on

the reaction co-ordinate a structure of the type:
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might occur in view of the tendency of silicon to obtain a fractional

positive charge, by a type of hyperconjugation.

1 6" 16+ 6"
/S\i B GHa Gl /S{ ........ GIV-*"' GHg.......... Gl

The large silicon sp” hybrid orbital would permit overlap with the
developing p-orbitals of the carbon atoms and some contribution to the

hybrid orbital may arise from the available d-orbitals of silicon.

(iii) mGHAI'ISM OF THE PYROLYSIS OF 2-GHIDROETHYLTmGHLUROSILAI\[E

From the results and discussion in this chapter it is apparent

that the over-all process in the absence of nitric oxide or cyclohexene

is
1. GIGHcGHaSIClg > =Gz + SiCl4
2. G1G% GHeSiCla » GHe=GH.SiGI3 + HGI
3. GIGHgGHaSiGla ~  ———-- * GHg=GHGI +  HSiCla
4. GB=GHGl + HSiGla -——-- " GHasGH.SiGla + HG
5. Gljs=G% + HSiGla  ———- » GHgGHaSiGla

Using the following abbreviations for the concentrations of the various
components, 2-chloroethyltrichlorosilane ((3); ethylene (E); silicon
tetrachloride (S); vinyl chloride (VC); trichlorosilane (HSiGla);
vinyltrichlorosilane (V); hydrogen chloride (HGl) and ethyltrichloro-

silane (Et), then the rate equations can be written:
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- d( p)/dt = (ki +kg + ka )(p)
d(E)/dt = ki(p) - ke(E)(HSiGla)
d(S)/dt = ki(p)

Adt = d(HCI)/dt = ka(p) + ki (VG)(HSiGla)
d(VG)/dt = ka(p) - Kk,(VG)(HSiGIa)

d(HSiGla)/dt = ka(p) - k«(VG)(HSiGla)

= 0 at infinity

d(Et)/dt -

At infinity this requires that;

($) - (®) =

to permit accurate indication of
that it is not improbable.

In the presence of nitric

scheme sim plifies to:

1. GIGHaGHaSiClg

2. GIGHaCHaSiGlo

3. GIGHaGHoSiCla

6a. HSiGla + NO

6b. HSiGla + CeHio
and reactions 4. and 5, above do

ke(E)(HSiGla)

(VC) (Bt)

but the analysis was not precise enough

this equality other than to suggest

oxide and cyclohexene the reaction

CHa=GHa + SiCI*
> GHa=GH.SiGI3 +  HGI
> GHa=GHGlI +  HSIiGlg

HUI + products

—» HGI + products

not occur. Therefore the rate equations.
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using the additional abbreviation (in) for the concentration

oxide or cyclohexene. become:

- d(p)/dt = (k, +ks +ka ) (3
d(E)/dt = d(S)/dt = Kki(p)
d(Vv)/dt = ka( (3)

d(HCl)/dt = kj(p) + kg(HSiCla)(In)
d(VC)/dt = ko( (3)

d(HSiCI3 )/dt = ka(|3) - ke(HSiCla)(In)

The- over-all reaction has a rate constant approximately
equal to 10-4secj1 whereas reactions 4. and 5. have rates of approx-
imately 10 ~ and 10 “mm.”"sec. respectively. Also reaction 6., which
effectively removes any trichlorosilane, has a rate of approximately
10 “mm.”sec.” Therefore the linear portion of the log( pO - Ap ) versus
time plot corresponds with the dissappearance of 2-chloroethyltri-
chlorosilane by the simultaneous reactions 1., 2. and 3* and hence lend
themselves to the kinetic treatment adopted in this work. Reaction 4.
may not of necessity be a radical chain process and its inhibition by
nitric oxide may be merely because of preferential reaction between
trichlorosilane and nitric oxide, which may of course be radical or
non-radical.

Cyclic transition states can be written for reaction 1., 2. and

3. and, in fact, 2. and 3* have as their origin the sajne configuration
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of the 2-chloroethyltrichlorosilane molecule.

1. Gha GHs (@5
/ \ GHa=GHs + SiGI1
GlgSi Gl GInSi Gl
& Cl
2. GHg=GH.SiGla + HGI
CH..ooooueeen. GHg
GlgSi
Gl 8
,GH2 GHr
GlgSi / Gl
GH, *GH
3. GHe=GHCI + HSIiGlg
GlaSi- sH

No variation in the rate of ethylene elimination was detected
with temperature and therefore Ei can be equated with the over-all

activation energy. For the over-all reaction the Arrhenius equation is:-

/ 1 AN11.40 £0.16 ~-45,500 £500/RT
k sec. )

Hence if KE/k is taken as the average value of 0.72, and Ei = 45,500 kcal/

mole then:

Ki /(sec._l ) ~q11.26 45,500/RT

The value of the A-factor is rather lower than the "normal" value for
a unimolecular reaction and is indicative of a more crowded transition
complex. This can arise with a four-centre transition state or inter-
mediate. If the energy of activation, Ei, is taken to be equal to the

heat of activation, AHJ, then the entropy of activation, A sf, can be
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calculated.

k = e
therefore A = RT/Nh errAA = 2.1 x 10" T. secT”
This gives a value of As® = - 8.0 1 0.7 cal./leg./mole because of the

low A-factor. This is a reasonable value for a cyclic transition
sfkafe.180

The results are not of sufficient accuracy to evaluate Fg and
but they will probably be 40 - 50 kcal./''mole.

Under uniniiibited conditions reactions 4 and 5 account for the
experimental evidence that;

(1) the concentrations of vinyl chloride and trichlorosilane
pass tiirough a maximum;

(2) some vinyl chloride remains at infinity whereas no trichloro-
silane remains;

(3) the over-all rate of reaction decreases after ca. 6U" reaction
and the ratio of the final pressure, > to the initial pressure, poO,
is less than 2.0.

In the presence of inhibitors reactions 4 and 5 do not occur and
no ethyltrichlorosilane is observable in the products. The amounts of
vinyltrichlorosilane and hydrogen chloride at infinity are reduced; the
quantity of vinyltrichlorosilane removed being about 10 times the amount
of ethyltrichlorosilane removed. This is in approximate agreement with
the rate ratio found. Increase in the over-all rate of reaction

may be explainea by reaction 6 occurring with the formation of hydrogen

chloride.
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CHAPTER FIVE

STRUCTURAL CHANGES IN 2-JHIOROEfHTLSILAMES AI"D THEIR EI'FECT

{4) THEWIAL DECOMPOSITION' OF 2-CH®eROETiaWI6:ILOROETIIiijSIDA4EAN

Concurrent with the latter part of the work on 2-chloroethyl-
trichlorosilane the gas phase pyrolysis of 2-chloroethyldichloroethyl-
silane was studied in an identical manner by Mr. G. J. L. Metcalfe in
this laboratory.

One of the difficulties which occurred and which was not apparent
in the study of GIGHgGHgSiGlg was that on preparing to start a kinetic
run, by heating up GIGHgGHgSIiGIgEt to 120®G in a bulb, some decomposition
took place giving ethylene and an unidentified product ( retention time
57 min. ) of relatively low volatility. This substance was not ethyl-
triciilorosilane ( retention time 15.5 min. ) nor the parent molecule
( retention time 92 rain. ). This decomposition at the lower temperatures
was not investigated because it did not occur at the higher temperatures,
356 - 397°G, used for pyrolysis and could be kept down to approximately
5% by the storage of the material under propene. Hence the majority of
the work was carried out in the presence of this inhibitor although
some results were obtained in its absence to establish that rate

retardation or acceleration did not occur.

(i) THE OVERr-ALD HE*yJTIQN
Increase in pressure occurred on pyrolysis and the ratio of final
to initial pressure was approximately 2.0 and varied rather less than in

the study of GICHaGHgSiClg; the variation for CIGHgGHgSiClaEt being
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1.98 - 2.02. A plot of log( poo - p ) against time, where p is the
experimentally measured total pressure at time t, was linear until about
80/U decomposition and then declined. That is, linearity was maintained
until a greater extent of reaction in the study of GIGHaGHaSiClg Et. No
change in rate consteint was observed on changing the initial
concentration at constant temperature and hence the over-all reaction
was first order. Results obtained in the presence of propene are

outlined in Table XXXIV.

TABLE XXXIV

Pyrolysis of GIGIIaGHaSiGlaEt in the presence of propene

™G Po PO G142 107k (s( 1
35G 41.40 32.65 1.05
350 53.60 28.1 1.10
366 32.65 63.2 2.29
366 11.65 27.25 2.06
367.5 35.80 34.1 2.02
376 38.40 43.5 3.83
376 23.80 48.0 3.76
376 24.00 48.7 3.75
376 49.00 50.0 3.66
386 27.90 50.1 6.85
386 28.80 47.8 6.80
386 18.25 38.75 6.80
386 44.55 89.75 6.60

386 7.55 34.05 7.10
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TABLE XXXIV ( continued )

T°G Po POC3 K 104k ésec:IS)
391 36.75 47.5 8.81
391 9.10 35.8 8.45
391 34.40 54.0 8.96
391 19.55 35.85 9.01
396.5 26.50 40.85 12.05
396.5 24.85 35.55 12.59
396.5 8.40 24.7 12.92
396.5 61.75 86.0 11.62

As stated above some runs were carried out in the absence of

propene and these are shown in Table XXXV,

TNBLE XXXV

Pyrolysis of CICHaGHaSiCIgEt alone

T°G Po 107k (sec:p
366 33.05 2.48
366 19.80 2.32
366 23.85 2.37
367.5 39.10 1.95
367.5 38.90 1.94
392 18.15 6.41 X
392 18.75 7.11 X
393 20.20 8.60

For the two runs marked with a X in Table XXXV the surface area to
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volume ratio was increased substantially by the insertion of glass
beads into the reaction vessel. Within experimental error, v/hich
unfortunately was rather large, no change in reaction rate was observed.
These results were utilized in an Arrhenius plot of log k against
107/T°K and this is shovm in Figure 17. Because of the difficulties
arising from the introduction of the parent substance in company with
propene the gradient of the graph was not quite so certain as with
CIGHsGHaSiCls ( Figure 7, page 63 ) and it is quite possible that the
activation energies for the two decompositions are identical. However,

the best line givesan virrhenius equation for GIGI*"G%SiGIgEt of:

- A -
K { sec.l \,7 _ 1012.26 10.50 o 46,0001 1,500/RT

(i1) THE INDIYiDUILL REaGTIONbD
The products obtained in the pyrolysis of GIGI-*GHgSiGlof£t were

mainly ethylene and ethyltrichlorosilane with some hydrogen chloride and
vinyldichloroethylsilane. In some runs an extremely small quantity of
vinyl chloride was detected. Analysis by gas chromatography showed t?iat
no otherproducts were produced. After correction for the smell quantity
of ethylene present oninjection into the reaction vessel, the final
product analysis showed that reaction 1 accounted for 90" of the products

1. GIGHaGHaSiClaEt  ——-—- » GH2=GHa +  EtSiGlg

2. GICHsGHaSiClaEt = --———-- » CHa"GH.SiGlaEt + HGI
and that vinyldichloroethylsilane, from reaction 2, accounted for half
the remainder. The hydrogen chloride, although not analysed for, was
shown to be present by thermal conductivity detection.

For the ethylene elimination and dehyorochlorination reactions
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possible four-centre transition states or intermediates can be
suggested as for the same reactions in the pyrolysis of GICHsGHgSIiGla,

see page 107.

1. GHs — GHg Ghg........ -dls
/ \ > : : —» GH2=GHs + EtGiCla
EtGlgSi [ € IR StClaSi......... Gl
2 Gl
/ H............ Gl HGI
CHa dlo »
/ GH (Hg + GH2=GH.SiCI2Kt
BtGls Si /
EtGlo Si

(iii) GOLTARISOH OF GIGHoGHcSiGl. AIID GICH, GlbSiGl, £t

For the over-all decompositions the Arrhenius equations are:

-SiGla k ( secT™) 107A*9A " 'HOO/RT

-SiGIsEt k ( sec."?) = 10AM'AN e~ 40,000/RT

By equating the over-all activation energy with that of the ethylene
elimination reactions, and taking these reactions to be 72 of over-all
for the -SiGla compound and 904 for the -SiGlaFt compound, the arrheniuf

equations become;-

_Siq13 kK (secll ) = 10°1.26 ANSGRT 8 e.u,

-SiCljSt ki ( seecT* ) = e" MiLiOO/RT A =-4 e.y,

As stated previously, page 108, one cannot accurately evaluate the

Arrhenius parameters for the dehydrochlorination reaction.
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%e relation between the rate constants for ethylene elimination,

kj, and dehydrochlorination, kg, can be obtained for the two

decom positions.
-SiGlg ki = ca. Skg
-SiGlg Ft ki 9 kg

From these rate ratios and the Arrhenius equations it is foundthat;

ki ( -SiGlaEt ) 4.5ki ( -SiClg)

ka ( -SiGlaEt )

2.5Kk@ ( -SiGlg)

so thatreplacement of a Si - Gl linkage bySi - Et has theeffect of
increasing the rate of both reactions. Also, this substitution virtually
eliminates the dehydrosilylation reaction. It would be expected that an
ethyl group would increase the inductive electron releasing property of
silicon and hence render the G-G1 bond weaker. Normally in
substitutions of this kind the effect is shami by a decrease in the
activation energy with the A-factor remaining effectively constant.
However, in this case the rate acceleration on substitution may be
steric because of the changes in entropy of activation and the approx-
imately constant activation energy. For the -SiGlaEt compound less
entropy is lost in going to the treuisition state. Vvhether this is a
general state of affairs in 2-cMoroethylsilones or peculiar to this
particular comparison can only be decided when more results are
available.

The ethylene elimination may be similar to flank substitution
in the structure of the intermediatelg2 in which case the ethyl group

w ill be free to rotate whereas in the initial state there will be an
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interaction between the CICHaCtls- and ChgCHg- groups,

In this case on going to the transition state one would have an entropy
decrease with respect to the ctiloroethyl group and an increase in
entropy with respect to the ethyl group. This could account for the

smaller negative entropy of activation for the -SiClgEt compound.

(B) COMPARISON OF CIOHg% SiClg , (H@% SiClaEt, 01 % OHgSiMe”" Ph

AND CICHgCHsSiMeo

The thermal decomposition of 2-chloroethyldimethylphenylsilane
is discussed in the following chapter but because of the heterogeneous
natiure of the reaction no accurate kinetic results are available for
comparison. A stuay of the pyrolysis of 2-chloroethyltrimethylsilane
has been commenced**" although in this case also some difficulty is
being experienced with heterogeneous behaviour. The rates of the over-

all reactions of these compounds would appear to be in the order;
-SiMea > -SiMeaRi > -SiCIgEt > -SiClg

as would be expected from the increasing electron supplying power of the
substituents. The only definite conclusions at present available are the
relative proportions of products, and hence the relative rates of the
individual reactions occurring in each case. These are outlined in

Table XXXVI.
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TiibUS AAAVI

Iroduct composition from the pyrolysis of various ii-chloroethylsiianes

Compound -SiCls -SiClgEt -SiMeoPh -SiMeg
% ethylene elimination 72 90 99 99
yo dehydrochlorination 12 10 0 0
% dehydrosilylation 16 0.1 0.5

It was uni'ortunate that the homogeneous decomposition of the
-SiMeoHi compound could not be isolated. Improvements in tlie design of
the apparatus may enable this to be done in which case the effect of

substituents on the phenyl group and well removed from the reaction

site will be most interestinp".
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CHAPTER STA

THE CAS PHASE THERMAL DECOMPOSITION OP 2-CLil/)ROETHIYUIVIE T?[YLA nilIf YLSILAIIE

The pyrolysis apparatus had to be altered to enable study of this
rather more involatile compound, the details of which are outlined in
the experimental section following. Utilizing the heated metal injection
valve, Figure 27, and 0-ring seals it was found that substantial
decomposition occurred prior to introduction into the reaction vessel.
Also on removing the heating tape immediately beneath the valve and
above the tap to the reaction vessel, see Figure 28 , it was apparent that
some decomposition was taking place there although experiments showed
that it was not a "hot" or '"cold" spot.

Ijater the method of introduction ol* the sample, in company with
a small pressure of oxygen-I'ree nitrogen, was achieved via a rubber serum
cap and gas-tight syringe through the hole in the key of a heated
vacuum tap. Using this method kinetic determinations could be carried
out although at the temperatures used, 25u - 390°C, the reaction rate
was generally very fast. The most effective way of plotting the data
was by the Swinboume method134 as outlined on page 191 ¢ Although
reasonably good first order rate plots were obtained, see Figure 18, the
results at one particular temperature were inconsistent.

Anal”/sis of the products of this reaction indicated that the
reaction was almost completely ethylene elimination. This was found
whether the parent molecule was substantially decomposed on introduction
into the reaction vessel or not. Further analysis on the mass

spectrometer did however indicate an extremely small quantity of
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vinyl chloride. No hydrogen chloride was detectable in the products.

The reaction scheme therefore was, under all the experimental conditions:

1. CICHaCNgSiMegRi » CHssGHg + Gl1SiMer>Ph
2. GIGHaGKsSiMeaHi » CHg=GHGl + HSiMegPh

where reaction 1 accounts for more than 99%i of the over-all reaction. The
presence of trace quantities of dimethylphenylsilane were inferred, not
proved, as the quantity was too small to enable detection by gas
chromatography and the molecular weight too high for it to be seen on

the mass spectrometer.

(A) THE OVER-ALL REACTION

No determination of the rates of the individual reactions was
necessary in this case, the quantity of ethylene being very close to
the pressure increase in runs using the injection valve ( where tne
parent substance was degassed before injection into the reaction vessel )
and close to half the total pressure in runs using the syringe injection
technique.

All the p“rrolyses were carried out in a 428 ml. cylindrical
reaction vessel with a surface to volume ratio of 0.78 cmj1 For runs
24 - 37 inclusive sample injection was using the injection valve smd
for runs 38 - lol tne sample was introduced via a rubber serum cap. The
results obtained are outlined in Tables XAXVII - XXXX and have been put
in numerical order in this case because it appears to be important to
indicate at what stage greasing of the taps was carried out. This

infoimiation is included in the tables.
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DECOMPOSITION OF CICH2CH2SiMe2Ph

TYPICAL RATE PLOTS

FIGURE 18

RIN 76

RUN 53

RUN 64

35 40 45 50 55 60 65
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TABLE XXXVII

lyrolysis of CICHg@gLiMegPh uainf; valve injection

T°C po pfx) /1O 10 sec. * Run
)u2 ~6.70 - 4.07 24
502 26.60 - 5.65 25
502 55.Q0 2.00 5.55 26
502 28.10 - 5.07 27
521 51.00 1.99 6.69 28

Tap to the reaction vessel regreased

521 52.80 - 5.07 29
521 51.00 - 5.84 50
521 11.2- 1.96 5.07 51

Tap to the reaction vessel regreased

521 55.50 - 27.5 52
521 52.60 - 27.5 55
290 25.50 - 7.50 54

Tap to the reaction vessel regreased

290 18.50 - 4.26 55
290 24.50 2.06 12.05(g) 56
290 55.50 - 12.80 5?

jTie values of po in Table XXXVII were obtained by extrapolation
to zero time. For the remainder of the kinetic results the values of
pY) were obtained by subtraction of the value of po obtained by a
Swinbourne plot from p® obtained by the same procedure. All runs were

carried out in the presence of some dig/’ nitrogen and an approximate
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allov/ance for this was made to obtain the pressure readings. The values
of piDand Po quoted in the results section, together with the values of
Pm- PO, hence give some estimation of the extent of decomposition on

introduction of the sample.

TABLE XAXVIil

FjTolysis of CliiHs (HgSiMegPh using serium cap injection

All runs contain ca. 14 ram of oxygen-free nitrogen

T°C px>—¥o 10"k sec.” Line temp.°G Run
290 50.9 5.55 190 39

Tap to the reaction vessel regreased

290 28.0 8.0 190 40
290 33.5 10.2 190 41
290 314 9.15 1dO 42
290 27.1 7.6 190 43
290 25.0 6.65 190 44

Tap greased

270 37.3 15.0 190 45
270 32.8 8.35 190 46
270 42.5 10.0 175 47
270 33.6 7.6 175 48
270 27.2 6.2 165 49
270 37.5 9.8 205 50
253.5 38.0 9.7 205 51

Tap greased

289.5 22.2 6.08 190 52
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TABLE XXXVIII ( continued )

poo—Po 104k sec.-1 Line temp. °C Run
33.5 10.6 190 53
31.2 11.3 190 54
34.2 9.05 190 55
39.4 9.75 205 56
28.3 9.45 205 58
29.6 7.65 205 59
17.0 11.7 205 60

Tap greased, furnace let down to atmos. with nitrogen

22.4 29.2 205 61
23.75 20.5 205 62
22.75 40.0 205 63
15.95 294 205 64

The following run done in presence of 16.0 mm Ceilio

20.0 22.3 205 65
24.3 27.7 205 66
18.65 28.0 205 67
23.0 21.4 205 68
20.05 18.1 175 69
19.6 48.0 205 70
14.35 29.0 205 71
15.55 25.2 205 72
28.0 11.5 205 73

Tap greased, furnace let down to atmos. with nitrogen
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TABLE XXJC/TII ( continued )

T°C RAD—Po 10 k sec. Line temp.°C Run
350 16.5 15.6 205 74
350 19.0 16.9 205 75
330 24.2 7.9 205 76
330 21.0 12.5 205 77
330 23.2 14.0 205 78
310 ca.16.5 5.5 205 80
310 21.75 6.8 205 81
390 25.3 57.0 205 82
390 25.0 64.5 205 83
360 21.3 24.0 205 84
360 22.2 21.3 205 85
236.5 19.5 2.58 205 86
236.5 19.2 2.92 205 87

Tap greased, vessel let down to atmos. with nitrogen
228.5 21.05 3.19 205 88

266.5 20.5 9.0 205 89

It will be noticed that there is no consistency in these results
although each partic'-ilar decomposition gave a reasonably good first
order rate plot. However there is often an increase in the rate constant
after regreasing the tap; the possible complications introduced by this
are discussed on page 127*

Increase of the temperature of pyrolysis to the point where the
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reaction velocity was high and only just measur”ahle did not seem to
remove what was undoubtedly a heterogeneous component. In accordance with
this, if the results were plotted in the normal manner according to
the Arrhenius equation then the spread of values was very large and any
probable gradient gave rise to a smaller activation energy than would
be expected at these temperatures and also a smaller value for the pre-
exponential factor.

In view of these results a few rate determinations were made in
the presence of a Istrge amount of nitrogen and in one case. Run 94-, air.
If the reaction was indeed heterogeneous in the reaction vessel then
this might have been expected to reduce the over-all reaction rate
somewhat. The results are shown in Table XXXIX @id, within a large

experimental error, indicate that this did not seem to occur.

TABLE XXXIX

A=yrolysis of CICIi"CHgSiMejHi with added nitrogen or air, line temp. 205®C

T°C IPoo- Vo Pt sec:! P) adaed gas Run
267 7.1 16.0 500 Ns 91
267 18.9 6.25 160 Na 92
267 10.26 11.9 190 Na 93
267 12.0 14.0 135 Air 94

Increase of tne surface area to volume ratio from 0.78 to 2.74
and addition of cyclohexene inhibitor had very little effect on the
over-all reaction rate. The results are shown in Table XXXX. An

unsatisfactory complication was the necessity to open the reaction
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vessel to air to insert the glass tubes for increasing the surface

area to volume ratio.

TABLE XXXX

pyrolysis of CICHg(h@SiMeg Fh with added cyclohexene and increased S/V

T°G poo - Vo lo'*k sec,” po added gas Run
268 7.30 11.3 - 95
268.5 9.35 17.8 - 96
268.5 13.3 19.4 32.0 Gghio 97
268.5 14.2 19.6 39.0 CgHio 98

The final experiments carried out on the thermal decomposition

of 2-ciiloroethyldimethylphenylsilane involved sealing off the reaction
vessel and carrying out tPiree runs in the lines alone. These results are

shown in Table XXXXI.
TABLE XXXXI

pyrolysis of CICHgGHgSiMe"Fh in the heated lines

Inne temp. °G Fbo - po 10"k secT'” Run
190 - 205 8.7 25.2 99
190 - 205 23.0 27.3 100
165 - 176 47.5 12.5 101

It can be seen by these results that the reaction is very fast,
and incidentally still gives a good linear first order plot, at tPie
relatively low temperatures of the lines. Also reduction of the line

temperature reduces the rate of the reaction.
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(B) POSSIBLE EXPLAIATJON OF HETEROGErEOUS BEHAVIOUR AID MEAI'S OF

STUDYLHO THE HOMOGEHEuUS REAJTIUN

From the results obtained it does seem as though the hetero-
geneous reaction occurs substantially, or possibly completely, in the
heated lines connected to the reaction vessel. Also it is apparent that
the products are identical from both homo- and hetero-geneous reactions.
In view of the results obtained with increase in the surface area to
volume ratio, added cyclohexene and added nitrogen it does not seem
likely that radical reactions take place or tiiat the reaction is to
any appreciable extent heterogeneous in the reaction vessel itself.
These tests would not prevent the heterogeneous reaction taxing place
uninhibited in the heated lines.

Various possibilities can be put forward in explanation of triis
behaviour. Oxygen may have some effect on the surface condition in this
reaction since it involves an appreciably more "organic" substance.
Ijetting down the system to atmospheric pressure with nitrogen is not
entirely satisfactory as on removing the one stopcock for greasing
there would be no restriction to oxygen entering tiie lines and the
reaction vessel even though the time required for greasing the stopcock
could be as short as one minute.

A more attractive explanation of the behaviour v/ould involve the
silicone liigh vacuum grease used for lubrication of the stopcock. Small
quantities of silicone grease do find their way into the heated lines
and this may provide an active surface for a heterogeneous reaction.

The silicone grease is a methyl silicone polymer originating from the
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three methylchlorosilanes. It also contains a small quantity of a
silica aerogel. It would be most probable tliat 2-chloroethyldimethyl-
phenylsilane would tend to dissolve in the grease and this may give
rise to a heterogeneous component in the reaction.

Therefore to study the homogeneous thermal decomposition of this
and similar compounds involves changes in the experimental apparatus.
The most probable method would seem to be the complete exclusion of ajiy
grease, particularly silicone-based ones. Also all the apparatus would
need to be maintained at the same temperature, including the section
of the injection system in contact with the reaction vessel. One may in
fact be able to achieve this using a metal valve. However, it lias very
recently been found"®” that the homogeneous thermal decomposition of
2-chloroethyltrimethylsilane can be studied if the reaction vessel is
seasoned imniediately after regreasing the taps.

Although anal”/sis of the product mixture during a run would not
be required in the study of 2-chloroethyldimethylphenylsilane as tne
reaction is essentially l0OYo ethylene elimination, difficulties in
maintaining a sampling system at a higli enough temperature could make
the study of similar compounds where the product composition is not

so straightforward a troublesome procedure.
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CHAPTER SEVEN

EXHIIRIMENTAL: REPORT

(A) HIEPAATION AND/OR PURIFICATION OF COMPOUNDS

(i) 2-CHLOROETHYLTRICKLOROSILANE

This compound was prepared essentially by the method of Sommer
and ViTiitmore"*" In a 3 1* round bottomed flask equipped with an efficient
condenser and cone, sulphuric acid bubblers 620 g. ( 3-8 mole ) of ethyl-
trichlorosilane were reacted with 685 g. ( 5.0 mole ) of sulphuryl
chloride and 2.7 g. of benzoyl peroxide. The peroxide was added in
portions over 30 hrs. and the mixtui’e refluxed for a further 36 lirs.
until evolution of MO and SOg had virtually ceased. The sulphuryl
chloride was distilled off on a steam bath using a Dufton column and the
residue of ethyltrichlorosilane, 1- and 2-chloroethyltrichlorosilane and
possibly some more highly chlorinated products was fractionated at
761 mm Hg pressure. Fractionation of the required product was rex”“eated
at 40 - 41 mm Hg. This gave 104 g. 1-chloroethyltiu.chlorosilane ( 0.525
mole ), I4fé yield, lyei 136-9°C. literature: 6734 138°C.
and 194 g. ( 0.98 mole ) 26" yield of 2-chloroethyltrichlorosilane,
6761 150-3°C, b4o_4i 66-7°C, Literature: b734 152°C.

The fractionated 2-chloroethyltrichlorosilane was transferred to
an evacuated flask with a "tree" of break-seals attached and the
degassed material was stored here before transfer to a container

associated with the vacuum system.
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(ii) QILOROVEL.IYLDIMETIYLCHLOROSILANE

651 g.( 6.0 mole ) of trimethylchlorosilane and 405 g. ( 3»0 mole )
of sulphuryl chloride were placed in a 3 1* round "bottomed flask fitted
with two condensers in series and the top of the condensers connected
to a GaSC* drying tower and cone. HzSO4 bu'"bblers. 2 g. of benzoyl
peroxide were then added and the mixture gently refluxed, i:\irther 2 g.
additions of benzoyl peroxide were made after successive inteir/als of
15 hrs. The mixture was refluxed for a total of 70 hrs. until {01 and
SOz were only being slowly evolved. The liquid was roughly distilled off
leaving behind a dark brown fuming residue. lYactionation of the liquid
gave unreacted trimethylchlorosilane, a large quantity of wiiat was
probably an azeotrope of trimethylchlorosilane and sulphuryl chloride,
ly60 59 - 62®C, and 2X) g. ( 1.41 mole ,, 24% yield of diloromethyl-

di.methylchlorosilane. bygo 112 - 6®G Ilterature””” bvgo 113 ~ 6°C.

(iii) GgXROIS'rhilJ)T!CTHYLr;ig'uTLSILA: IE

In a 1 1. round bottomed three-necked flask equipped with stirer,
dropping funnel and condenser, the tops of the dropping funnel and
condenser being taken to cone. Hg204 bubblers, phenyl magnesium bromide
was made by addition of 73.5 g. ( 0.5 mole ) brornobenzene to 15 g.
( 0.625 mole ) magnesium in dry ether. The reaction was initiated 'with
1 ml. of 1,2-dibromoetiiane. After addition of all the brornobenzene the
mixture was refluxed for 45 min. and allowed to stand overnight.

71.6 g. (0.5 mole ) chloronethyllimethylchlorosilane in dry ethe
was coupled slowly with the above Grignard reagent, refluxed for 1 !lir.
and then hydrolysed with 5% Nil*Cl at 0-5°C. After extraction with ether,

drying the ether over NagS04 and fractionation at reduced pressure
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82.6 g, ( 0.45 mole ), 9% yield of ciiloromethyldiraethylpherr>dsilane

) R ) 187 25
was obtained, bg 97-9°C, n* 1.5190. Literature bg" 121®, ry 1.0186.

(iv) 2-IYDKOXYETHYIDim"HYIJTONYI*IM.5S

In a 3 1* round-bottomed three-necked flask equipped with stirer,
oroppin? funnel, condenser and conc. II3S04 bubblers, 82.6 g. ( 0.45 mole )
chloromethyldimethylphenylsilane was reacted with 15 g. ( 0.62 mole )
magnesium in dry ether, the reaction being initiated v/ith 1 ml
1,2-dibromoethane. The temperature was maintained at about 30®G to
ensure continuous reaction. After addition the mixture was refluxed for
2 hrs. and allcjwed to stand overnight.

The dropping funnel was replaced by a heated tube from a heated
250 ml. round-bottomed flask containing 30 g. paraformaldehyde ( 1.0
mole as formaldehyde ;. The formaldehyde was passed into the above
Grisnard reagent slowly over 1.5 nrs. with cooling of the reaction
vessel in ice to control the vigorous reaction. After addition of the
formaldehyde the heated tube was replaced by a stopper, the mixture
refluxed for 4.5 hrs. and allowed to stand ovemi.;ht.

The mixture was hydrolysed with 5% IIH4Cl and extracted with ether.
The ethereal layer was washed with 10% KOH until free from formaldehyde
( shown by Tollen’s reagent ), dried over KgGOg and after removal of the
ether the residue fractionated at reduced pressure. This gave 49.8 g.
( 0.28 mole ), 62" yield of 2-hydroxyethyldimethylphenylsilane,

bii 126-8®C, n** 1.5195.
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(v) :d-agx)i»ETaTiji:fcT:iiL FHE :ifi.siiA a:

In a 250 ml. round-bottomed flask equipped with condenser and
dropping fujinel, 48.8 g. ( 0.41 mole ) sulphuiyA chloride was added
dropwise to a mixture of 49.0 g. ( 0.272 mole ) 2-hydroxyethyldimethyl-
phenylsiiane and 35.1 g. ( 0.272 mole ) quinoline containing 0.5 g.
quinoline hydrochloride. The mixture was cooled in ice during addition.
Viftorous reaction gave a yellow solid which after addition of 50 ml.
40-60 pet.-ether and warming changed to a dark brown oil. The resulting
oily liquid was transferred into Soxhlet thimbles and extracted with
40-60 pet.-ether. After removal of the ether and sulphuryl chloride the
residue was fractionated at reduced pressure. This gave some dimethyl-
phenylchlorosilane, b*o 72-6°G, 10 g. ( 0.06 mole ). Literature188 bit 79¢
and 33.9 g. ( 0.17 mole ), 62% yield of 2-chloroethyldimethylphenyl-
sileuie, bg 107-9®C, n?‘5 1.5182. Literature60 bg 85-90®C, n%5 1.5186.

The purity of this substance was determined by titration of the
active 7~ -chlorine atom with alkali. In agreement with the structure of
the comjxDjnd, the reaction was very slow and titration was better
achieved by addition of excess alkali and back-titrating. This gave:

%Gl = 17.50. Calculated for GIGHgGHgSiMegPh, %Gl = 17.83.

(vi) gPulZ&AnS

1,2-dibromoethane in dry ether was added to Magnesium in ether
using the normal Grignard procedure involving conc. 2S04 bubblers and
slow flushing of the system with oxygen-free nitrogen. The evolved gas
was passed through an efficient condenser and traps at - 127®G ,
n-propanel, to remove ether and possibly vinyl bromide, and the ethylene

condensed in a liquid nitrogen trap. Pumping and trap to trap distill-
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-ation gave chromato”Pprapliically pure ethylene which also gave the
correct infra-red. and mass spectrum.
liater a small cylinder of pure ethylene was obtained from
Grangemouth. The pure ethylene was stored ready for use in a S 1. bulb

connected to the vacuum line.

(vii) PROPYLETSS

Propylene was prepared from 1,2-dibromopropane and Magnesium by
the same method as was used for ethylene. Less volatile materials were
trapped out in ice-salt traps and the propylene condensed, with a small
amount of ether, in a - 78°G, solid OX/ etlianol trap. It was pui'ified
by trap to trap distillation and the purity established by gas cxirom-

atot-'raphy and mass spectrum. The pure material was stored in a 2 1. bulb.

(viii) ViriYL CHLORIDE

12 g. of 1,2-dichloroethane were added to a solution of 30 g.
potassium hydroxide in 200 ml. methanol at bO-70"G. Piigh boiling
fractions passing the condenser, MeOH and GIGH?GhsCl, were collected in
ice traps and the vinyl chloride in a - 78°C, solid GO?/ethanol trap.
The more volatile products, G?and GH?, were allowed to escape. lifter
trap to trap distillation of the milky-white liquid on the vacuum system
the colourless vinyl chloride gave one peak only on chromatographic
analysis and possessed the correct infra-red and mass spectrum. The
m aterial was stored ready for use in a 2 1. bulb attached to the vacuum

line.
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(ix) SILICON TETRACHLORIDE

The commercial material was purified by trap to trap distillation
on the vacuum system using '"slush" baths at - 63°C ( ciiloroform ) for
the high boiling impurities, - 12720 ( n-propanol ) to collect the
silicon tetrachloride and liquid nitrogen to collect the HCl and other
lower boiling compounds. Chromatographic analysis showed one peak only
and the correct infra-red spectrum was obtained, liie pure compound was
stored in break-seal containers and a small quantity was transferred as

required into a "cairrot-shaped" flask attached to the vacuum apparatus.

(x) VILTLTHICIHLOROSHIUIE

The commercial material was purified by trap to trap distillation
using traps at 0°C ( ice ), - 78°C ( solid CO?/ethanol ) and - 196°G
( liquid nitrogen ). One peak only obseiwed on chromatographic analysis
end cori'ect infra-red spectrum obtained. Pure material was stored in
break-seal containers and a small quantity transferred as required into

a "carrot-shaped" flask attached to the vacuum apparatus.

(xi) :{YDROOSN CHLORIDE
Pure hydrogen chloride was obtained from Dr. J. D. Smith and it

possessed the correct mass spectrum.

(xii) BTHXTRIGILOROSILATIE
A small quantity of commercially supplied material, purified by
trap to trap distillation and giving a single chromatographic peak was

provided by Mr. G. J. L. Metcalfe.
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(xiii) mCHLOROSILATIE

The commercial material was fractionated by trap to trap
distillation using a variety of "slush" baths. The usual temperatures
were -63°C ( chloroform ), -127°G ( n-propanol ) and -196®C ( liquid N? )
The purified material was found to give a broad peak, sometimes two
peaks, on gas chromatographic analysis. It may possibly be that some
disproportionation of the trichlorosilane occurs on the column packing.
No kinetic determinations were hence possible on the rate of formation

of trichiorosilane although its presence was indicated.

(xiv) NITRIC OXIDE

Attempted preparation by treatment of a mixture of potassium
nitrite and potassium iodide solutions, after flushing out the system
with oxygen-free nitrogen, with 50" sulphuric acid**” was not successful.
The evolved gas was bubbled through conc. BS(4 and 50/ KOK, passed over
FoOs and then frozen and pumped from liquid nitrogen. It was found ttiat
a blue solid condensed but gave rise to a brown vapour. It appeared from
the fact that the blue solid volatilized at about 0°G teat it was essen-
tially N2Q8.

Nitric oxide prepared as above was passed into a cold concentrated
solution of ferrous sulphate and the normal brown complex was obtained.
On warming a gas was given off but it >vas impossible to obtain pure
nitric oxide in any quantity.

Using the same preparative method as above with the inclusion of
sodium h)q)osulphite solution in the bubblers at the beginning and end

of the system gave a small quantity of nitric oxide but again the product

was mainly NgO? .
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Nitric oxide was successfully prepared by the method of
Blanchard190 involving the reaction of acidified ferrous sulphate
solution v/ith sodium nitrite solution. To enable storage of the pure
compound in an evacuated bulb a slight modification was made to the
collection end of the apparatus, see Figure 19. The P*Oe was included

to dry the nitric cxide. The bulb could be evacuated iri situ. /Ifter

NO
FIGURE 19

NaOH

VACUUM

OR VENT

flushing out the apparatus with freshly generated nitric oxide small
quantities could be removed into the bulb by control of the tap and
observation of the manometer. The prepared nitric oxide was frozen v/ith
liquid nitrogen and pumped for a short time. Only one peak was obsein/ed
on chromatographic analysis although the response was small. Later tests
using the mass spectrometer showed that the only impurity was a ver}"

small quantity of nitrogen.
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(xv) EIKYL GillDRIDE
ihe commercial material supplied for use as an anaesthetic by
Medley and Go., London was found, alterdegassing, to be pure chrom-

atographically.

(xvi) CYGODIDCENE

The commercial material was fractionated using a 4 ft. Vigreux

column and after degassing wasfound to be pure chromatographicaliy.
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(B) APPARATUS

(i) FURNACE
This furnace was used for all but a very few runs and was a large
one capable of taking up to a 5 1. spherical reaction vessel. The
reaction vessel rested on an asbestos ring over an asbestos plate raised
some 2 in. from the furnace floor. Surrounding the reaction vessel was
an open-ended metal can with a slot cut in the side to allow the line
from the vessel, the resistance thermometer and the thermocouple to pass
through. Surrounding the can were placed 8 heating strips each with a
resistance of 120 ohm. and another 2 identical heating strips were
placed underneath the asbestos plate supporting the reaction vessel. The
heaters were connected in series pairs and the resultant five pairs
connected in parallel to give a combined resistance of 48 oi'im The
connections were made with stout nickel wire and insulated v/ith "lfsii
spine" insulators. Surrounding the heaters was a 2 in. thick insulation
of KIP 20-26 bricks, supplied by Kingscliffe Insulating Iroducts Ltd.,
Sheffield, the design beinr such that tv/o bricxs occupied each face of
the cube. The side and bottom bricks were cemented together but the top
b.vo bricks were left uncemented to enable access to the reaction vessel.
The whole was then covered with a layer of asbestos board, the top
piece being again easily removable. The final over-all dimensions of the
furnace were ca. 18 in. square. The construction is shovm diagramraatically
in Figure 20. For use with the 5 1. reaction vessel in some of the early

runs the metal can had to be removed.
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Heating of the furnace was via a heavy duty Variac transformer
and control was achieved by switching in and out a 26 ohm., C amp.
resistance using a Sunvic R.T.2 on-off proportional controller
incorporating a platinum resistance thenriometer. The circuit diai'ram
is shown in Pi):Ture 21.

Using reaction vessels up to a volume of 2 1. the temperature
could be controlled to approximately 0.2°G and v/ith the larger vessel
control was to 1.0°i'.

A few runs viere carried out in a 500 ml. cylindrical vessel
inserted in an electrically heated tubular aluminium furnace. This
furnace was insiiiated v/ith firebrick and the temperature controlled to

0.2°1 by an identical controller to the above.

(ii) J\TITIE

The temperature of the reaction vessel was determined using
chromel - alunel thermiocouples, Tl and T2 as suppliea by hritisn-Driver-
liarris, Manchester, and these were situated either in tne pocket
provided in tne reaction vessel or else on the reaction vessel surface.
For reaction vessel volumes up to h 1. the tempierature in the reaction
zone was constant to about U.2"G v/hereas for the larger vessel, v/hen
the metal can had to be removed, the temperature variation in the
reaction zone was about 1°G. Each thermocouple used was calibrated
periodically against a N.P.L. certificated platinum/ 13“o rhodiun-
platinum thermocouple supplied by Johnson-Matthey Ltd. The temperature

was therefore kimmwn accurately to about =1°C.
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(iii) REACTTON VSSSSLS

A number of "P/rex" reaction vesselswere used of nominal volumes
500 ml., 1500 ml.,2000 ml. and 5000 ml. The 500 ml. and 1500 ml.
vessels were of desirpi (1), as illustrated in Pir*ure 22, the 2000 ml.
and 5000 ml. vessels were of design (2) andthe 500 ml. vessel was later
modified to desifpi (3)* For designs (1) and(3) the thermocouple v/as
stuck to the upper surface of the reaction vessel with asbestos paper
vmile for design (2) the thermocouple was inserted in the pocket. No
difference in temperature was detected for thermocouples placed either
in the pocket or on the upper surface for the 2000 ml. vessel.

The actual dimensions of the reaction vessels used, the volume
being determined by filling with water and weighing and the surface area

by calculation, are given in Table NXXXIT.

TAbiuE AAAATIL

Dimensions of the reaction vessels

Nominal volume Actual volume Surface area SIIvV
cc. -cc. cm.2 cm.

5000 5400 1497 0.28
2000 1944- 744 0.38
1500 1510 634 0.42

500 428 332 0.78

In the study of 2-chloroethyltrichlorosilane the surface area to
volume ratio of the 1510 ml. vessel was increased af'ter Run o5 by the
addition of 144 "Fyrex" glass tubes of length 10 cm., inside diameter

2 mm and outside diameter 4 mm The surface area per 10 cm. tube was
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obtained by calculation neglecting the ends and the volume by
displacement. Similarly the surface area to volume ratio of the 428 ml
flask was increased after 1dm 94 in the study of 2-chloroethyldioethyl-
phenylsilane by the addition of 40 tubes identical to the above. The

figures are shown in Table XXXJCIIIL

TAbBLE XAXX.111

Increase of surface area to volume ratio by addition of glass tubes

Surface area Volume

cm? cc.

1 tube 18.8 0.8
Flask 634 1510
144 tubes 2705 115
Flask 332 428
40 tubes 752 3%

Hence the new surface area to volume ratio of the 1510 ml. flask

is 2.39 cm.” and that of the 428 ml. flask is 2.74 cm.”

(iii) THE VAGUUV SYSTEM
(a) The pumping system

The pumping section was of the conventional type including a
by-pass for the mercury diffusion pump to enable rough evacuation using
the rotar/ pump only. A backing volume of 2 1. was included so that the
rotar}" pump could be turned off either if it was giving rise to
excessive vibration or if the system was to be left unattended for some

time. The rotary pump was a single stage Genevac, Type G.R.S.2.
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The mercury diffusion pump was made by Jencons, all glass, and heated
by a bowl type electric fire element at 110 volt. Water for cooling the
diffusion pump was made to flow through a polythene bucket which operated
a microswitch to turn off the heating if the water pressure dropped
below a certain level. The section was constructed out of lo mm
diameter tubing and 15 mm pum%)-type vacuum taps were used for the main
line. All taps in this section were lubricated with "Soft" grade
liktwards High Vacuum Ltd. grease. Also included in this section were a
main trap, a subsidiary trap for the lead to the Pirani gauge head and

a lead to a Mcljeod gauge. The pumping section is illustrated in Fi.gure 23-

(b) Indication of vacu“ura

The apparatus and the ancillary equipment, see later, could
normally be evacuated to IU ~ mm Hg. Kinetic studies were only made
when the pressure was less than 1()'4 mm Hg. Indication of vacuum was
by means of a Pirani gauge, Edwards High Vacuum Ltd., for a continuous
record and particularly useful when removing hydrogen carrier gas from
the sample loop after chromato”rraphic analysis. A McLeod gauge was also
used intermittently. Both these pressure gauges were used for daily
leak testing. The conventional Tesla coil was used for locating major

leaks in the glassware.

(c) Reaction section

(1) For the study of 2-chioroethyllrichiorosilane
The reaction section underwent a number of modifications during
the course of this work. Only the most important changes with respect

to the section from which kinetic determinations were made -will be
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discusBed.

Figure 24 outlines schematically the original system. All the
taps shown, with the exceptions of Tl and T6, were Springham diapliragm
taps but it was found that the neoprene rubber ( later Viton A ) of the
diaphragm became liardened by contact with chiorosilane vapours aid
eventually leaked. The taps were therefore replaced by ordinary vacuum
taps and taps T2, TS, T4 and T5 by spring-loaded vacuum taps. Tap T1 was
a two-way vacuum tap which was later removed, because of the marked
tendency of this type of tap to leak after a short time, and the spiral
gauge connected solely to the reaction vessel. Taps T6 and T7 were
straight-through vacuum taps of 1 mm and 2 mm bore respectively.

Introduction of the sample to start a kinetic run was from the
tube A into which a small quantity of degassed material had been frozen,
'ilie liquid was heated up in A with a cool flame and the tap T6 opened
for a short time, ca. 10 sec. The method of removal of a sample was
utilizing taps T2, Tj, T4, TS and T7 and is discussed with the clnrom-
atography apparatus. This method was used for some preliminary work and
for runs 1-27.

After Run 27 a mild steel sampling valve150 was incorporated; some
corrosion occurred with this valve and after Run 43 a similar one made
from stainless steel was introduced. Also at this time the method of
injection of the 2-chloroethyltriclilorosilane was changed. Vapour was
now introduced from a heated injection bulb, see Figure 25.

For the -SiCla compound the final modification was to sample the
reaction mixture yi®* a separate line from the reaction vessel, see

Figure 26.
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iiuns 118 - 125 were carried out on another ap]>stratus ver;/
similar to Figure 25 except that the reaction vessel was a 5u0 ml
cylinder. Use ot another apparatus was necessary/ because of changes
made to the system to deal with the less volatile -UiUesHi compound,
see below.
All vacuum taps in the reaction sections were lubricated with

silicone high vacuum grease.

(2) For the study of 2-cliloroethyldimethylphenylsilane

The system was originally as shown in Picture 26. However,
decomposition of the starting material occurred before injection into
the reaction vessel from the heated bulb, llie system was therefore
modified to include a metal valve, Firnire 27, by meal.s of which the
sample could be injected as the liquid. The modified reaction section
is shown in Figure 28. The liquid 2-ciiloroethyldimethylphenylsilane was
introduced trirough the stopper, A, frozen into the small'tube, B, with
liquid nitrogen and degassed from there. Rotation of the valve tiirough

allov/ed the liquid to pass into the reaction vessel.

Inconsistent kinetic results were obtained using this method of
injection and, on removal of the heating tape, it appeared that some
decomposition was occurring just below the injection valve and before
the tap to the reaction vessel. The system was therefore modified so tliat
the pure degassed material could be injected, in company with a small
quantity of dry, oxygen-free nitrogen, via a serum cap using a riamilton
gas-tight hypodenr.ic s*"Tinge. From the results obtained up to this
stage it liad been shown t'mat decomposition of this compound yielded more

than 99b conversion to ethylene ar.d dimethylphenylchlorosilarie and so



k8 -



149

REACTION SECTION FOR SiMe2Ph COMPOUND

FIGURE 28
COLD
TRAP
SAMPLE INJECTION
VALVE VALVE
SPIRAL
GAUGE
VACUUM
SERUM
CAP
VACUUM
BLOW-OFF

FIGURE 29



- Ibii -
the sampling; valve for f2af chromatotrraphy and its associated line from
the reaction vessel were removed. Fijaire 29 shows the final arrangement
of the glassware v/hich was used from Run 39 onwards in the study of the
-SiUe”Hi compound.
/iS with the reaction section for study of the -SiCls compound

all taps were lubricated with silicone high vacuum grease.

(d) Heating

In all the reaction sections outlined above the lines outside the
furrace were electrically heated. For certain sections "Electrothermal"
glass-fibre insulated '"Heat-by-the-Yard" was used, it being extremely
easy to remove in order to make modifications or repairs to the glass-
ware. Hiiwever the "Heat-by-the-Yard" tended to overheat if wound round
stopcocks because of overlapping and so "Vacrom'" resistance wire was
used wound over asbestos paper and insulated afterwards with a fiortner
layer of asbestos paper. The temperature of the lines connected to the
reaction vessel and the spiral gauge v/as maintained at ca. 175°G in the
study of the -SiClg compound whereas the gas chromatography sampling
valve was maintained at' ca. 115°C, this being about the maximum
temperature consistent with reasonable life of the butyl rubber 0-rings
used in the valve. For the study of the -SiMeaHi compound the lines and
spiral gauge were usually maintained at ca. 205°G.

Heating of the sampling valve and reaction section was achieved
from Variac transformers whereas any other heated sections were supplied

from a multi-tap transformer supplied by the London Transformer Co.
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(iv) TMKSSURS "TEASU{HLZIENT

A glass spiral inauometer to which a small plane mirror had been
attached ( G. Springharn Ltd. ) and onto which the beam from a
galvanometer lamp was shone was used for all this work. The spot
reflected from the plane minor was utilized in three ways to measure
the pressure.
(a) The reflected light spot was aligned between two matched photo-
cells connected to a spot galvanometer. Increase in pressure caused the
glass spiral to twist and tne spot was brought back to zero by admission
of air into the vacuum jacket of the spiral gauge. The evacuated side of
the spiral gauge accomodated a 2 1. bulb so that the null point could be
obtained accurately and one arm of a n-butyl phthalate manometer. The
pressure was determined by visual reading of the manometer ana correction
for the density difference betv/een the ester and mercury'". This method
was changed after tne preliminary runs
(b) The reflected light spot was adjusted visually to a hair-line on
a waxed glass slide by controllea admission of air. The press re was
measured on a mercury manometer using a cathetometer. This method was
changed after Run 28.
(¢) The reflected light spot was shone onto a calibrated curved
screen of radius 1 metre situated 1 metre from the mirror. The
calibration of the scale was found to be linear. For the spiral gauge
used in the majority of runs the calibrations were 1 cm. = 1.63 mm and
later, when inserted in a rebuilt apparatus, 1 cm. = 1.59 mm.; the
difference being due to the gauge not being exactly vertical. For some

runs Mr. G.J.L.Metcalfe*s apparatus was used where 1 cm. = 3*41 mm
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(v) ATICILTAY VAGHIG* EQUIBEMNT
(a) Vacuum fractionation unit

The unit is illustrated in Figure 30 and was used for the

purification of materials for gas chromatography.

(b) Liquid containers

Large stocks of pure liquids were kept in break-seal containers
either with one break-seal or with a "tree" of break-seals, breakage
was achieved by removing a magnet and hence allowing a glass covered
iron rod to fall on tne seal. On the vacuum apparatus small quantities
of pure liquids were kept in "carrot-shaped" flasks of approximately
50 ml. or 100 ml. capacity. When containing liquids they were
surrounded by a vacuum jar containing solid COg/etlianol to prevent
removal of the grease from the stopcock.

Storage of pure 2-chloroethyldimethylphenylsilane under oxygen-
free nitrogen for later runs was in a vessel of design A in Figure 31
from which samples could be withdrawn with a gas-tight hypodermic

syringe.

(¢) Gas containers

Stocks of the pure gases prepared or obtained and the mixtures of
pure gases were kept in 2 1. flasks, ethylene was kept in a 5 1. flask,
fixed to the vacuum apparatus, see Figure 31, (B), or else in
transportable vacuum flasks, see Figure 31, (C), which were attached

to the apparatus when required using ball and socket joints.
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(vi) GmOMATOGRARILY AFPi\RATUS

(a) Initial apparatus

Tlie method of sampling was using the apparatus as described in
Figure via the short length of heated glass tubing between taps 72,
T3, T4 and T7. The volume was varied from about 1 - 5 ml. either by
using wider bore tubing or, for the smaller sample volume, by insertion
of glass rod into the tubes. The sample volume could be filled from tne
reaction vessel using tap T7 and the sample passed from there into the
column by opening tap T2, closing tap TS5, and then opening tap T3* This
sequence of manipulations was found to give least inteiference to tlie
base line and more accurate analyses. Tl'.e oolumn was a "1™n'ex" glass
U-tube of internal diameter 3 mm and length 20C cm. housed in a vapour
jacket which was maintained at either 56°J ( acetone vapour ) or 110°C
( toluene vapour ). Nitrogen cai'ri.er gas was used at an inlet pressure
of 12.8 cm. above atmospheric giving a flow rate of 20 ml./mia.
Detection was by a thermistor detector as one rum of a Wlieatstone bridge

191 as sho’'wn in Figure yz. The bridge was operated at 2.67 volt.,

circuit
10 mA. these conditions being on the flat portion of the characteristic
current - voltage curve of the Stantel Type P23 thermistor used. The
column was packed with 100 silicone oil on 44-60 mesh "Ernbacel" xiesel-
guiir. Fthylene gave a small negative peak under these conditions and the
carrier gas was therefore changed to hydrogen at 20 ml./min. The out of
balance signal from the thermistor was fed to a Honeywell Brown
potentiometric recorder into vmich was incorporated a range change

switch. The retention times for ethylene, silicon tetrachloride and

vinyltrichlorosilane were 4, 7 and 13 min. respectively.



- 156 -
(b) Changes in column length, packing, detector and sampling

As the study of this problem progressed it became obvious that
the kinetic scheme for the decomposition of 2-cliloroethyltriciiloro-
silane was not a simple one and it seemed likely that the crude method

of analysis used might inadequately separate the reaction products.

(1) Column length

The 200 cm. U-tube column was changed for a more compact multiple
IJ-tube glass column from Gas Chromatography Ltd. of length 280 cm. and
internal diameter 3 mm The column was later lengthened to 656 cm. In
ne;irly evel'y kinetic run the column was kept at 56°C by means of

refluxing acetone.

(2) Stationary phase

It v/as thought that better separation of the components might be
aciiieved by using a different stationary phase or support. The following
packings were tried. (1) 1 cm. of 4A moleculeir sieve was inserted at the
beginning of the column. There appeared to be no improvement on doing
this. (*) 30-40 and 40-60 mesh activated alumina. The coarser alumina
gave a reasonable ethylene peak with some tailing but only broad and
indistinct peaks were obtained with SiCl* and Ch@=CH.SiClg even after
treatment of the packing with a large quantity of chlorosilane to
remove surface held OH groups. Change of the packing to silicone oil
on 30-40 mesh activated alumina only improved the ethylene peak.
(2) byt silicone oil on 30-40 mesh firebrick gave no improvement on the
results. (4) 10" tricresyl phosphate on '"Sinbacel" kieselguhr and 10%

liquid paraffin on "Etabacel” gave reasonable separations but the peaks
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were not as sliarp as with the silicone oil packing even at different
temperatures and carrier gas flow rates. (jj) Separation has been
achieved192 using a mixed stationary phase. However, using 60:20:100,
diethylphthalate:silicone oil:kieselguhr; 20:20:100, dinonylphtlialate:
silicone oil :kieselguhr and 60:20:100, diethylsebacate:silicone oil:
kieselguhr packings good separation could not be obtained and
appreciable tailing occurred. (6 Similarly a 10" saturated solution of
AgNOa in triethylene glycol on "Embacel" and 102 of a 10" solution of
sodium caproate in silicone oil on "Embacel" did not improve on the
analysis. (J7) It appeared that the stationary phase originally chosen
was the most efficient for quantitative analysis of the reaction mixture.
A paclcing of 0.25" silicone stopcock grease on G.11 glass beads was veiy
resistant to gas flow. 5f* silicone oil and 20)b silicone oil on "Embacel"
were very little different from the original packing.

Hence it was decided to retain the packing for quantitative

analysis as 10/ silicone oil on *14-60 mesh "Einbacel" kieselguhr.

(3) Detector

Detection was changed to a hydrogen flame ionization detector it
being less sensitive to slight changes in flov/ rate and column
temperature than the thermistor. A commercial detector involving a
normal hypodermic needle and a gauze "collector" was first used but was
found most unsatisfactory because of the deposition of silica on the
gauze. After a number of tests it was found that platinum wire bent into
a loop and situated above the flame and surrounding it was a satisfactory
arrangement. The detector was made quite easily and at low cost, the only

critical dimension being the distance of the loop from the needle for
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maximum sensitivity with stability. The detector is shown in Figure 33-
Hydrogen carrier gas was used. The flame ionization detector was very
useful in tliat it did not give a signal for nitric oxide and hydrogen
chloride, rarely gave a signal for trichlorosilane and only gave a weak
inconsistent signal with silicon tetrachloride ( an interesting
phenomenon ) and hence the chromatogram was clarified appreciably. Later
when it was desired to follow these inorganic materials the thermistor
detector was icxnserted in series with the flame ionization detector.
The signal from the thermistor was relayed to a spot galvanometer.
Am plification of the signal from the flame ionization detector was using
a Gas Chromatography Ltd. am plifier and recorded on a 0-1 mV. Honeywell
Brown jxDtentiometric recorder. Later an am plifier giving greater
stability and constructed by Mr. J. A. Brivati ol° tliis department was
substituted.

Because of the high sensitivity of the thermal conductivity
detector to silicon tetrachloride ana the low sensitivity to ethylene
and the opposite effect observed on flame ionization detection it was
possible to measure' the rates of formation of these two compounds quite

accurately, probably to better tlian =10".

(4) Sampling of the reaction mixture

The method of sampling was changed to include a gas sampling
valve modified in only minor details from that of I"att and IhuTiell.150
The valves used, three in all, were constructed by Mr. C. Masters of
this department. The first valve was constructed out of mild steel but

some corrosion occurred. This was replaced by one of stainless steel

construction. Quite a lot of trouble was incurred with this valve because
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of the notorious property of stainless steel to "pick up" when tv/o
surfaces are in contact. This property led to scratching on replacing
the rubber 0-rings and caused lealcing. Finally a third valve in stainless
steel was constructed as shown in Figure 35 with facility for inter-
changeable sampling loops.

Before deciding which rubber 0-rings to use in the sampling valve
samples of butyl rubber, resin-cured butyl rubber, Viton A and fluoro-
silicone rubber were obtained from Dowty Seals Ltd. and subjected to a
number of simple tests to indicate any change in properties on tension
and compression at 120°C and also on treatment in an evacuated flask
with ca. 560 mm of the reaction products at 120°G for 10 days. Also
tested in the same ?/ay were two samples of medium and high acrylonitrile
base perbunan rubber. The perbunan rubbers became very brittle on
contact with the hot vapours and were discounted. Of the remainder the
fluorosilicone rubber became even weaker mechanically. All the rubbers
gained weight, 3 - 6", on treatment with the product mixture but this
gain in weight could not be removed by evacuation. The resin cured butyl
rubber became brittle. There was little to choose between the Viton A
and butyl rubber and the latter were therefore used on the grounds of
cost. They were of t2"pe VOR 118.

The sample volume used was normally of 2 ml. capacity although
for some runs sample volumes of 2.5 ml. and 8 ml. were used. Heating of
the valve was by external windings and the temperature was recorded by
thermometers placed in the key and on the extermal surface.

To facilitate insertion and withdrawal of the key it was very
lightly lubricated on the end 0O-rings with a trace of silicone high

vacuum grease and to restrict "picking up" of the stainless steel the
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ends of the '"barrel vrere covered with a thin film of graphite grease.
I"ater models from the ones used in this work liad a copper insert fitted
into the ends of the barrel.
By observation of the Pirani gauge after jDumping out of the
sample loop it was found t>iat ca, 1 min. was required to ensure a

pressure of less than 10 * mm Hg in the sample loop.

(¢) Final apparatus

The arrangement of the gas chromatography appai'ntus and its
ancillary equipment is shown in Pi.gure 56. The normal experimental
working conditions were:- 10% silicone oil on -li-60 mesii "Embacel"
kieselguhr in a "lyrex" glass column of dimensions 656 cm. x 3 mm at
a temperature of 56°J. Hydrogen carrier gas at an inlet pressure of
30 cm. above atimospheric giving a flov/ rate of 40 ml./min. Tne flow
rate of air was 250 ml./min. and the rates of flow of both gases were
determined by capillary and or soap bubble flowmeters. The working;
voltage of the ionisation detector was 400 volt, with the needle positive
and the platinum loop negative.

Under these conditions the retention times for the various
components were: ethylene 2 min., vinyl chloride 3 min., silicon tetra-
chloride ( irreproducible ) 5 min., vinyltrichlorosilajie 9 min.,
cyclohexene 9 min., ethyltrichlorosilane 11 min., and 2-chloroethyl-
trichlorosilane ca, 55 rain. With the thermal conductivity detector
nitric oxide and hydrogen chloride gave small responses at 1.5 min. and
1.75 rain, respectively whereas trichlorosilane gave a rather broad peak
with the apex at about 4 rain. A typical chromatogram obtained with the

flame ionization detector is shown in Figure 37 and may be compared with
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the earlier chromatogram using the thermistor detector shovm in the

same figure.
(d) Calibration of the chromatography apparatus

Calibration for each of the products was achieved in tv/o ways.
(1) Tlie pure component was placed in the reaction vessel and sampled
in the same manner as during a run. This was repeated for different
pressures of component and a calibration curve plotted.

(2) A mixture was made up in a 2 1. bulb of known pressures of the
various products and approximating to that of the probable composition.
Analysis was achieved either by injection from the reaction vessel or
sometimes via the line normally used for evacuation of the sampling
valve. Because of its laiown reactivity with some of the products
trichlorosilane was not included.

It was found on comparing these two methods tiiat some non-
representative sampling occurred being indicated by a slightly larger
pressure of ethylene and vinyl chloride and a correspondingly smaller
pressure of vinyltrichlorosilane during a run. The main reasons for this
behaviour appeared to be due to the use of rather wide bore capillary
tubing, 2.5 mm., from the reaction vessel to the sampling valve. Mon-
representative sampling may also have been partly due to the line on
earlier forms of the apparatus not being solely for sampling of the
reaction mixture. Tliat is, some of the products earlier on the reaction
path from the state in the reaction vessel at the time of sampling may
have resided in the leads to the spiral gauge or the vacuum tap and been
drav/n out on sampling. The effect was substantially reduced by the
employment of 1 ram capillary tubing and by raaking the sampling line

discrete. Another contributory factor may liave been that the distance
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of the valve from the reaction vessel was rather longer thsm the ideal
arrangement. It was thought that some condensation might iiave occurred
on increasing the pressure from ca. 0.1 atmos. to 1.5 atmos. on
injection of a sample into the column but, although this might have
been a contributory cause of the broad CICHgCKsSiCls peale, calibrations
in the presence of nitrogen showed no change. Finally, it v/as impossible
to use the sampling valve at a higher temperature, which would be
desirable, because of the effect of the product mixture on silicone
rubber 0-rings.

It was found possible to make allowance for the discrepancy in
the chromatographic results. During a run, and certainly up to about
60°% reaction, the amount of ethylene was too high ( for many runs about
15~ ). Too large a pressure was also indicated for vinyl chloride
although the discrepancy was within the experimental error in its
determination. The pressure of silicon tetrachloride agreed witii the
calibrations whereas vinyltrichlorosilane was indicated in too small
a pressure althouj'b this again was v/itiiin the experimental error in its
determination. With ciii'oraatography at infinity the % discrepancy was
much less, being less tlian 590 for ethylene.

It ought perhaps to be mentioned here that the calibrations for
the individual components had to be checked each day that xinetic runs
were being carried out. The silicon compounds seemed to have some effect
on the detector needle in that the sensitivity dropped slightly from
day to day aid could be restored by cleaning the needle with a fine
wire.

The results obtained from chromatographic analysis are not of the
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highest accuracy but sufficient data liave been accumulated to suggest
that the results for ethylene and silicon tetrachloride aie accurate
to better than whereas for vinyl chloride and vinyltriclilorosilane

the results are within 7 20/b.

(e) Examples of chromatographic analysis

The following are the results of two runs giving the peak heights,
pressures of components as given from calibration of the pure components
and calculated pressures of these components using the correction
factor for the apparatus at tliat time and found from a synthetic product
mixture.

The am plifier used could be increased in sensitivity by knobs
reading 1, 3, 10, 25, 50 and 100 although the 100 position was rarely
used. The actual factors for interchange between these positions were:
3/1 = 2.97, 10/3 = 3.47, 25/10 = 2.42, 50/25 = 2.08. Hence calibrations
could be carried out with lower sensitivity and larger pressures of
components and the conversion factors above gave the calibration for

smaller amounts.

(1) Run 62

Ethylene calibration.

p mm 5.5 7.5 13 19 28.5
peaJc }ieight 14.3 20.3 30.2 56.0 84.0
sensitivity 3 3 3 3 3

Vinyl chloride calibration
p mm 4.5 10 16 21.5
peak height 10.6 24.1 40.3 56.3

sensitivity 3 3 3 3
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The calibration curves are shown in Figure 38 and the run results

given in Table JCXXIV.

TiliioE XXA.V1V

dhroniatography results for Hun 62 on GIGIIla@GhbiCla

Time (niin. ) 0 10 16

P (mm.) 37.80 42.10 44.35
Ap (mm.) 4.30 6.55
pk. ht. E 8.2 14.5
sensitivity 3 3

PE (mm) 3.3 5.3
O.BSpE (ram.) 2.8 4.5
pk. ht. VG 5.0 8.2
sensitivity 10 10

pVC (mm.) 0.66 1.01
(2) Hun 84

Ethylene calibration

p mm 8.5 13.5
pe;ak height 23.0 38.7
sensitivity 3 3

VinyltricM orosilane calibration
p nmm 5 8
peak height 9.7 16.3

sensitivity 10 10

23 35
46.55 50.45
8.75 12.65
20.0 27.7
3 3
7.2 9.65
6.1 8.2
11.7 15.6
10 10
1.41 1.80
18 25
50.5 72.1
3 3
21
33.7 38.2
10

ore

50

54.30

16.50

40.8

13.9

11.8

4.6

2.20

.1
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Silicon tetrachloride calibration ( thermistor detector, recorded

on a spot r,alvariometer )

p nm 4.5 8 15 20
peak height 13 22 42 56
sensitivity 1/10 1/10 1/10 1/10

Ihe calibration curves aie illustrated in Figure 39 and the run results

are given in Table XXJ(EV.

TABLE XXIXV

Chromatography results on Run 84

Time (min. ) 0 16 27 38 49
P (mm.) 17.50 24.00 26.80 28.95 30.45
Ap (mm.) 0 6.50 9.30 11.45 12.95
pk. ht. E 12.9 21.5 27.1 30.2
sensitivity 3 3 3 3
pE (mm.) 5.0 7.9 9.8 11.0
0.85 pE (mm.) 4.25 6.8 8.35 9.4
pk. lit. V — — 4.7 5.5 7.0
sensitivity — — 25 25 25
pv (mm.) — — 0.95 1.15 1.43
pk. ht. S 10.5 17.5 20.0 25.0
sensitivity 1/10 1/'10 1/'10 1/10

pS (ram.) 4.0 6.4 7.4 9.0
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(vii) PROOF OF PRODUCTS

For gas chromatographic confinriation the retention of the pure
material was compared with that of the product and also by observation
of a single enhanced peak on addition of some of the pure material to
the run products. Infra-red analyses were carried on a Perkin-Elmer
Infracord in gas cells ai'ter vacuum fractionation of the products. Llass
spectra were carried out on an A.E.I. M.S. 10 spectrometer. Spectra at
70 volt, were compared with data sheets and the ionizationj*was also

reduced to observe the molecular ions.

(a) Ethylene

Presence of ethylene in the reaction products was confirmed by
gas chromatographic analysis, infra-red spectrum and later by mass
spectrum.

(b) Vinyl chloride

The presence of vinyl chloride was indicated by gas c:iromatography
retention time. Confirmation was achieved by carrying out 6 runs to
ca. 20" reaction, freezing out the products together and fractionating.
In this way vinyl chloride containing a small quantity of ethylene was
obtained and infra-red analysis proved vinyl chloride present. This was
later confirmed on the mass spectrometer.

(¢) Vinyltrichlorosilane

Gonl'irmation of vinyltrichlorosilane was obtained by gas
chromatography.

(d) Silicon tetrachloride

Silicon tetrachloride was confirmed by gas chromatography, thermal
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conductivity, and by infra-red analysis,

(e ) hydrogen chloride

I“drogen chloride iiad been shown to be among the products by
vapour density measurements and further indication was obtained, although
the response was poor, by gas chromatography using the thermistor
detector. Confirmation was obtained by the mass spectimim.

(f) Trichlorosilane

1Presence of this compound in the kinetic scheme was indicated by
gas chromatography using the thermistor detector. Confirmation by its
infra-red spectrum was not possible because the small quantity of
trichlorosilane in the products at 20/0 reaction could not be isolated
by fractionation. Ibssibly the trichlorosilane underv/ent furtlier reaction
on fractionation. A fragment at 98 and a smaller one at 100 was observed
both fir"m trichlorosilane and the product mixture at 70 volt. on the
mass spectrometer. This is probable conl'irmation of trichlorosilane due
to the formation of tiie SiClg fragment although not certain evidence
because of the complexity of the product mixture.

(g) Ethyltrichlorosilane

This compound was shown to occur in the products after more than
10 half-lives by gas chromatographic analysis.

(h) Dimethylphenylchlorosilane

That ethylene and dimethylphenylchlorosilane comprised virtually
all the products in the decomposition of CICHaCHgSiMe” Fh was indicated by
gas chromatography. With the column at 110°C and a hydrogen flow rate of

60 ml./min. the retention times for ethylene and dimethylphenylchloro-
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-silane were approximately 1.5 rain, and 16 rain. Ai'ter fractionation to
remove the ethylene the remaining liquid from 4 runs was analysed on
an A 60 Varian N.M.R. spectrometer. This shewed that the protons of the
chioroethyl group had been effectively removed and the spectrum ;vas

consistent with CISiMegFh.

(viii) AIALYSIS USING THE MASS SPBCTROi3TER

To find out for certain whether the quantity of hydrogen cliloride
produced in the thermal decomposition of GIGIIsCIIsSiGla was in fact equal
to tliat of vinyltrichlorosilane, analysis of the end products of a
number of runs after more tiian 10 half-lives was carried out on an A.E.IL.
M.S. 10 mass spectrometer which was not available for earlier work. The
spectrometer was only capable of aialysis up to a molecular weight of
100 with a resolution of 1 in 50 so that analysis of higher molecular
weight materials, especially trichlorosilane, was precluded.

The mass spectrometer had its own integral diffusion pump backed
by a Genevac rotary pump to evacuate tne ionization cliamber. To the
ionization chamber were attached two leads incorporating '"metrosil"
carborundum leaics. One of these leaics went to a 500 ml. cylindi'ical
reaction vessel contained in a tubular furnace v/ith the usual attachments
for evacuation, pressure measurement and heating. The other leak was
attached to a vacuum line containing a mercury" manometer, a 2 1. bulb
to take larger quantities of gases and a similar bulb containing pure
;\srgon for calibration purposes. A small "carrot shaped" flask of 50 ml
capacity was included for small quantities of gases. All taps in this
section were Springham greaseless taps with neoprene diapiiragms.

In order to observe the molecular ions only of the various
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reaction products it was necessary' to reduce the ionization voltage
to 15 volt. This voltage is below the ionization potential of /rgon and
hence, although uselul when carrying out fragment analysis, Ai'gon was
inadequate at 15 volt. Use was made of the pure propene available in the
laboratory for calibration purposes; this was not entirely satisfactory
as some fragmentation did occur at 15 volt. The most satisfactory method
of analysis was to introduce the propene via the reaction vessel and its
associated leak and the product mixture via the other leak. During any
one particular atialysis the sensitivity of the instrument varied only
slirhtly. Uo allowance was therefore made for this.

For all these aucxlyses the run products v/ere completely frozen
down into a small "carrot shaped" flask with liquid nitrogen. The
produces volatile at - 7 8 were tnen transferred into another similar
flask for connection to the ;nass spectrometer. In this way it was
considered tliat all the ethylene, hydrogen chloride, vinyl chloride and,
in one determination, the nitric oxide would be collected. Also some
small quantit]/ of silicon tetrac>Lloride almost cerdainly was transferred
and is reflected in the fact tr.at the total pressure analysed exceeded
the quantity which could be accounted for by analysis of the more
volatile components although the discrepancy was not large.

Fi'actionation of the sample occurred on first carrying out the
analysis but if left for a time varying from 20U - 50 min. the composition,
as viev/ed on the chart, was constant and agreed with tiiat of a mixture
of knov/n composition. Hie amount taken was less than the total pressure
of the product mixture and only the relative percentages were calculated

to enable comparison with chromatographic data.
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(a) Results for 2-cliloroethyltrichlorosilane

M.S.1 End products from pyrolysis overnight at 382.8°G

Compound p mm m/e = 28 m/e = 36 m/e = 62
20.0 78.5 - -
ICI 9.0 - 32.0 -
Cli2=CiICl 7.5 - - 33.5
Mixture 22.0 56.7 15.8 8.9
Sensitivity - (250) (100) (100)

Hence pF = 14.4;5 mm, plICl = 4. 55 mm, pVC = 2.0 mm

Total pressure accounted for = 20.8 mm

A =69, (oHAO = 21, '"PVG = 10

It may be noted that in this case the sensitivity to vinyl
chloride is lower "n faiacer-"} tlian in subsequent analyses. The vinyl

chloride used for calibrateon liad probably not been properly purified

M.S.2 iroducts from Run 115 at 385%

Compound p mm 28 36 62
CalL 23.0 15.0 - -
1Cl 15.5 - 55.0 -
Cli2=CIICl1 5.5 - - 47.5
Mixture 73.0 33.7 51.2 18.5
Sensitivity - (1000) (100) (100)

pE = 51.7 mm., plICl = 14.4 mm., pVG - 2.14 mm

76 , TaiGl = 21 , Ve = 3

The mass spectrum for this mixture is illustrated in Figure 4U.
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M.S.j Products of Run 116 at 385%

Compound pmm 28 36 62
GalU 7.5 53.4
Sensitivity - (100)
HGI 7.0 - 69.3
GHs=GHGI 2.5 - - 76.5
Mixture 38.0 79.0 84.4 39.0
Sensitivity - (250) (25) (25)

pS = 27.7 mm., plIGl= 8.5 mm.,, pVG =1.3 mm

A= T74 , °&C1=23 , VG =3

MS 4 Products of Run 117 in presence of nitric oxide at 383*3%

Compound pmm 23 36 62
Qii4 7.5 57.0
Sensitivity - (100)
HGI 16.0 - 61.0
GHa=GHGI 6.0 - - 66.3
Mixture 38.0 53.0 37.5 14.5
Sensitivity - (250) (100) (100)

pE = 17.4 awa, pHCl= 9.8 mm ,pVG =1.3 mm

A= 61 , MGl=34 , VG =5

Hitrie oxide was shov/n to be the only other product with a mass of less
tlian 100 but was not analysed for. It gave a peak height of 46.5 (100)
for m/e = 30. This probably accounts for the majority of the 9.5 mm not

estimated. In any case results would be very inaccurate for nitric oxide
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because some ?fas undoubtedly lost on degassing the product mixture
before analysis.
The above result is inqnortant in showing that excess hydrogen
chloride above tliat obtained by dehydrochlorination of 2-chioroethyl-

trichlorosilane arises in the presence of nitric oxide.

(b) Results for 2-chloroethyldimethylphenylsilane

MS.5 Products of Run 36 at 290%

Compound p mm 28 36 62
Cad* 12.0 32.0
Mixture 8.5 22.7
Sensitivity - (100)
p2 = 8.5 mm., = 100

An extremely small movement of the chart recorder pen was
observed at m/e = 62 when the ionization voltage was increased to 55
volt., 1.2 on sensitivity (100), and therefore a very minor amount of
vinyl chloride may be produced in the decomposition. No hydrogen

chloride was detected.
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(C) CALCULATION OF KIUETICS

(i) IN THE STUDY OF 2-CULOROETHYLTRICIHLOROSILAIIE
(a) The over-all rate constant

A first order reaction follows the equation:
dx/dt = k (a- X)
where k is the rate constant of the reaction, a is the initial concen-
tration and X is the amount reacted after time t. Integration of this
equation between the limits, x =0, t =0; x =x, t = t, gives:
In a/a - X = kt

For a gaseous reaction involving an increase in the total
pressure then we can put: a =0, x = Ap. If po, p* and po* are the
pressures at zero time, time t ami infinite time respectively and if
Ap is the increase in pressure at time t then we have, if there is a
two-fold increase of pressure,

a = Po = - Po
a-x = pbo-p*® = 2po-p* = P - Ap

In this study p» was approximately 1.93po but because of the
variation of itod > partly because of the removal of sanples for analysis,
and the good extrapolation to zero time to evaluate po, the practise of
using pb -Ap was adopted for calculation of the amount of 2-chloroethyl-
trichiorosilane remaining at time t. Employment of the ejcperimental poo
had little effect on the over-all rate constant although it did improve
the linearity of the rate plot at later times.

Hence we have:

In Po /(po - Ap) = kt



- 181 -
or kt = 2.303 log - 2.303 log (pb - Ap)

Therefore a plot of log (po - Ap) against t gives a straight
line of gradient = - k/ 2.303 and intercept = 1log po.

For all the runs on GIGIIsGHaSiCla the over-all reaction rate was
obtained from the gradient of the graph of log (po - Ap) against time
and one run is shown completely worked out below. Table kXXXVI. The rate
plot is shown in Figure 41. In the table of kinetic results following,
Chapter Seven, Section (d), a selection of the e:-rperimental results of
pressure measurements are given from the total number, usually more
than 30, of readings taken. The accuracy of these rate data, in view
of the reproducibility, is certainly within 11O*L

It will be noticed in the run results outlined in the following
table that the pressure fell slightly on removing a sample for analysis.

iHl'iwance was made for this in order to obtain a smooth curve.

TAdnE jCUulVI

Run 64 on GICHs Clis SiCls alone at 383%3%

Time Scale Scale P Ap (po-Ap) log pE pS
(rain.) -Zero (po-Ap)

Zero 1.70 - - - - - - -
0(ext) 20.50 18.80 29.90 0.0 29.90 1.475 — -
0.5 20.65 18.95 30.15 0.25 29.65 1.472 - -
1 20.90 19.20 30.50 0.60 29.30 1.467 - -
1.5 21.10 19.40 30.85 0.95 28.95 1.462 - -
2 21.20 19.50 31.00 1.10 28.80 1.459 - -

3 21.40 19.70 31.30 1.40 28.50 1.455 -



Time

(min.)

SS

SIO

12
14

SIG

18
20

S23

26
29

S32

35
40

S45

Scale

21.55

21.80
21.75

21.90

22.10

22.25

22.65
22.60

22.90

23.20

23.55
23.50

23.75

271.10

24.55
24.50

24.95

25.35

25.75
25.70

26.10

26.70

27.35
27.30

Scale

-Zero

19.85

20.10

20.25

20.45

20.60

21.00

21.30

21.60

21.95

22.20

22.55

23.00

23.45

23.85

24.25

24.65

25.25

25.90

31.55

31.85

32.20

32.50

32.75

33.40

33.85

34.35

34.85

35.30

.35.80

36.55

37.30

37.90

38.55

39.20

40.10

41.10
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TABLE XXXIVI
Ap  (Po-Ap)
1.65 28.25
1.95  27.95
2.30 27.60
2.60 27.30
2.85  27.05
3.50 26.40
3.95  25.95
4.45  25.45
4.95 24.95
5.40  24.50
5.90  24.00
6.65  23.25
7.40  22.50
8.00 21.90
8.65 21.25
9.30  20.60

10.20  19.70
11.20  18.70

( continued )

log pE
(pb-Ap)
1.451 -

1.446 0.75

1.441 -
1.436 -
1.432 -

1.422 2.0

1.414 -
1.406 -

1.396 3.0

1.389 -
1.380 -

1.367 4.2

1.352 -
1.340 -

1.327 6.5

1.314 -
1.294 -

1.272 7.5

1.50

2.25

4.0

6.0

7.5
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TABLE XXXXVI ( continued )

Time  Scale Scale p Ap (po-Ap) log pE pS
(min.) -Zero (iP-Ap)
50 27.85 26.45 42.05 12.15 17.75 1.249 - -
55 28.45 27.05 43.00 13.10 16.80 1.225 - -
60 28.90 27.50 43.70 13.80 16.10 1.207 - -
65 29.40 28.00 44.50 14.60 15.30 1.185 - -
70 29.85 28.45 45.15 15.25 14.65 1.165 - -
90 31.40 30.00 47.70 17.80 12.10 1.082 - -
105 32.35 30.95 49.20 19.30 10.60 1.025 - -
120 33.15 31.75 50.45 20.55 9.35 0.971 - -
a> 38.05 36.65 59.30 28.40 - - 20.0 20.0

IViso ptr= 7.0

67, =67, 23

(b) Calculation of the rates of formation of products

It was considered that the reactions 1, z and 3 below were in

the initial stages simultaneous first order processes.

1. GICHs % SiClg = === » Cad* + SiCI»
2. GICHsGHaSiCla » Gda=Gd.SiG13 + 1iCl
3. C1GIiaCdaSiCla » Gda=GHGI + HSiGla

Since the over-all reaction is first order then:
K . ki + g 4 kg
If PQ and p are the concentrations of 2-chloroethyltrichlorosilane
at zero time and at time t then the concentration of P at time t can

be expressed in the form:
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A3 = Po me-""

Similarly if KE, the rate of production of ethylene (E), is equal to ki

then:
dij/dt = k, p = k, Pge"

which on integration gives:

E = b + kKE 'k. (1-

Substituting pE for E, po for P~ ,and tailing ib =wQE = Uat zero time,

tlien :
pE = klivk. ib ¢ (1- e }

Hence agraph of pEagainst (1 - e ) gives astraight line of
gradient = ks/k . po

Similarly the rates of formation of silicon tetrachloride, vinyl
chloid-de and vinyltrichlorosilane can be evaluated.

Aliere reasonable data were available the above procedure was
utilized for determination of the relative reaction rates. The value of
tne over-all rate constant was determined 'iianometrically as described on
the proceeding pages and the initial pressure, po, was obtainea from
extrapolation of the total pressure - time cuive to zero time.

Taking the figures already given for Hun in Table kkXkVi, the
values of (i - e ) can be calculated as shown in Table .tXicX.VII, and
the rates of formation of ethylene and silicon tetrachloride obtained

as illustrated in Eiigure 42.
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T.iBuE A jjr\v i

Data used to calculate KE/k and KS/k for Run 64

-1

ib = 20.00 mm k =1.68 X10 » sec. = 1.Xj X xO man
'ime (min. ) 5 10 16 25 32 45
Kkt C.050 0.100 0.160 0.230 0.320 0.450
Kkt
e 1.0515 1.105 1.174 1.126 1.377 1.569
-k
e Kt 0.950 0.905 0.851 0.795 0.727 0.638
-kt
- e 0.050 0.095 0.149 0.205 0.273 0.362
pE (mm.) 0.75 2.0 3.0 4.2 6.5 7.5
p3 (mm.) 1.5 2.25 3.2 4.0 6.0 7.5
kiilk = 0.70, kS/k = C.71

.Is mentioned previously, page 167, the results obtainea by this

method ai'e only accurate to within tlO>0 for ethylene and silicon tetra-

chloride a.nd probably only to within tkCfo foi" Vinyl cliloride ana vinyl-

trichlorosilajie because of the difficulties in cliromatographic analysis.

-(ate of reaction’between HhiCla and Cth=GHGI or CHs=Gh2

hecond order rate constants were calculated at the time of

analysis using the appropriate equation depending upon whether the

initial pressures were equal ornot.

For A + B = products : k =2.30j/t(a - bj;.loghla - x)/a(b - x)

/'or 24

products : k=1/1 . x/a(a- x)

All the relevant lata ai'egiven in the Kkinetic results forthese

reactions.
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(ii) 3 TIE STIDY OF 2-ClLOROa'iffIDI:.[ETifYLRIZLY.1S1LAIXE

Because of the speed of the themal decomposition reaction and
also because sone decomposition often occurred on introduction of tne
substance into the reaction vessel, the determination of tne reaction
rate vras by means which did not require tne initial press'are, po, nor
the final pressure, pco, to be experimentally detcrrnined. For a few inms
tiie Buggenheim method193 v/as utilized but for the majority of
calculations the Sv/inboume method184 was found to be simpler and more
satisfactory because it did not depend so much upon accurate inter-
polation of small changes in pressure at times when the reaction had
proceeded to a considerable extent. The Swinboume method pave quite
pood agreement between experimental and calculated values of poc where
experimental values v/ere obtainable.

Both these methods originate from the first order rate law in

the form: i - Xj _ a,e-kt

which for a gaseous reaction involving an increase in pressure becomes :

'Pco - p) = (PHO-PD)- e
For both methods a set of pressure readings, pi, p* p”* are talcen
at times, tj, tg ... t* and iV> P2 P at t% + T, tg + T

t* + T v/here T is a constait time increment. For the Swinboume
method T is usually smaller tiian for the S8upgcnheim procedure because
of the differences in graphical method. Hence v/e have the tv/o basic

-kt

tions: ) .
equations {(Poo - PAj = Vo - Po;- e n (1)

\ —k T
{Poo- pA)y = EPoo- Po)\. e A(tn 1) (2)
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(a) CKkjgperiiiecira method

Subtracting equation i2) from equation (1) and rearranging we

obtain: , N

kt” + In (p* - pM) = In (I'ioo- Po)(l -

In tills work tne values of tiie pressure increase, Ap, were obtained
1roiu the pressure - time curve to enable correlation v/ith chromatography
data. This maizes no difference to the calculation as a constant
quantity is removed from each pressure reading.

Therefore:
kt* + In (Ap”" - Ap?h) = In ax>o0 (1 -

The rigiit hand side of this equation is a constant and so a graph of
log (Ap” - AP") against t"* gives a straight line with a gradient

of - k/L.jod.

llie figures obtained for one run using this procedure are shown

in Table aAXXXVITI and illustrated graphically in Figure 43*

TAI-l€ XJCaVJIl

Fun .26 on GICHgClIgSiMeaPh at 302°C

Time (min.) A Pi AP? AP= "API log
t min. (t + 60) min. APn -Api

0 0 17.25 17.25 1.237

2 1.80 17.45 15.65 1.194

4 3.10 17.65 14.55 1.163

6 4.25 17.90 13.65 1.135

8 5.50 18.10 12.80 1.107

10 6.30 18.30 12.00 1.079
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(b) Svvinboume nethod

Dividing equation 1) by equation (%), collecting terras and

rearrsulying v/e obtain:

Pn - = Pro - e
'line term on the right hand side is constant and hence a graph oi¢
against p“ , where and aie separated by the constant time
interval T, should give a straight line for a first order reaction with
log (gradient) = KkT,/2.303¢°

A-lso the values of p% and po can be calculated from the graph
in the following way

Vlien t =00 ; pr = pr = %w Therefore poo is the point
where the values of R, and RI; are identical.

The initial pressure, po, can be obtained by extrapolating back
to zero time from a pressure reading T min. from zero time.

The results obtained for ome run are shown bel'ow in Table TKXXIX
and the graph is sho-vn in Figure 45. Kinetic determinait lons were carried
out in the presence of a small quantity, usually about 14 mm., of dry
oxygen-free nitrogen. To try to establish tiiat the pressure increased
to double the initial pressure on pyrolysis this quantity ol* nitrogen,
or of other added substance, v/as subtracted from the pressure readings
in each case. Also for some runs the value of v/as obtained experiment-
ally and compared with obtained by the owinboume method, ibie values
were usiially quite close but a graph of log ( fno" p ) against time,
illustrated in Figure 44, remained linear for a longer time using 2bo

from the 3winbourmie method.
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T/ibuU :0aala

Run 40 on CIORsGHsSiMe”Pl. at 290°C

Time Scale *Scale P (pcD - P; log (poo - V) log
(mil. ) -Zero (poo- p) (Poo - p)
experimental Svvinboume

Zero + N2 9.2

0 (extr.) - - 50.00 29.20 1.465 28.00 1. 14/
0.5 40.95 31.75 50.50 28.70 1.458 27.50 1.439
1 41.70 32.50 51.65 27.55 1.440 26.35 1.420
2 42.70 33.50 53.30 25.90 1.413 24.70 1.392
5 43.50 34.30 54.50 24.70 1.392 23.50 1.371
4 14.15 34.95 55.55 23.65 1.374 22.45 1.351
6 45.45 36.25 57.60 21.60 1.334 20.40 1.310
8 46.45 37.25 59.20 20.00 1.301 18.90 1.274
10 47.30 38.10 60.60 18.60 1.269 17.40 1.240
15 48.75 39.55 62.80 16.40 1.215 15.20 1.182
10 50.00 40.80 64.90 14.30 1.155 13.10 1.117
20 51.55 42.35 67.30 11.90 1.076 10.70 1.029
25 53.15 43.95 69.90 9.30 0.968 8.10 0.908
30 54.15 44.95 71.45 7.75 0.889 6.55 0.816
35 55.00 45.80 72.80 6.40 0.806 5.20 0.716
40 55.00 46.40 73.75 5.45 0.736 4.25 0.628
45 56.15 46.95 74.65 4.55 0.658 3.35 0.525
50 56.65 47.45 75.40 3.30 0.580 2.60 0.415
55 56.90 47.70 75.85 3.35 0.525 2.15 0.332
@ 57.25 48.05 76.40 2.80 0.447 1.60 0.204
65 57.55 48.35 76.90 2.40 - 1.20 -
70 57.70 43.50 77.00 2.20 - 1.00 -
75 57.80 46.60 77.20 2.00 - 0.80 -

59.00 49.80 79.20 — , Poo = 78.00
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Kron the pressure time curve the values of tne pressure at 5 min.
intervals were obtained aid are shown in Table IIXXXJC Tne rate plot is

shown in Figure 45 with a constant time interval of 10 min.

Data for Swinboume olot on Run 40

Time IL,uin. ; 5 10 15 20 25 30 35
p (uim) 5G.5 Gu.6 04.3 07.2 09.9 71.4 7,..9
Time (min.) 40 45 50 55 60 05 70

p (mm.) 71.8 74c5 75.3 75.8 70.3 70.3 77.0
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SWINBOURNE  METHOD

RUN 40
80
FIGURE 45
70-
8*0 sec.
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(D) KUGTTG RESULTS

(i) TMISRV.AL DEGOLz2OSTTIOL OF 2 - JII!'jORQETinrLTRIGHLQRQSIIJUTE

The folloY/