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S U M M A R Y

The chem ical r e a c t iv i t y  o f  the h a lo g e n o a lir y ls ilic o n  compounds 

has been review ed and the p u b lish ed  q u a n tita t iv e  work on tne 

decom position  o f  2- h a lo g e n o a lu y ls ilic o n  comTOur.d-S o u t lin e d .

The gas phase the m a l decom position  o f  i -  -c iilo r o e th y l tr ic h lo r o -  

s i la n e  has been in v e s t ig a te c  in  a s t a t i c  system  between 356° and 417°C 

a t  i n i t i a l  p ressu res  o f  12 -  138 mm. lig. Use has been made o f  pressui-e 

measurement, gas cliroiriatography arid mass sp ectrom etiy  to  ob ta in  k in e t ic  

data and to  e s ta b l is h  the mechanism o f  tlie r e a c t io n . The o v e r -a l l  

r e a c tio n  scheme i s ,

1. GlGHo CÎÎ2 SiC ls -----------» Crio=C;>>  ̂ SiCM

2 . GlCHoCHsSiCls ------- ► CUq-CU.SiCla + MCI

3. ClCMgCMqSiClg ------- ► Oils = CMC 1 + MSiClg

4 . C5l2=C:iCl + MSiClg ------- ► C:lp=Cn. SiClg + MCI

5 .  GMorrCTdg + H SiC la -------- ► CMa . GH? .S iG lg

v/ne,re e th y len e  and s i l i c o n  te tr a c h lo r id e  account fo r

72/  ̂ o f  the r e a c t io n  p rod u cts.

A b r ie f  study o f  the su b sid ia ry  r e a c t io n s , 4 and 5, nas been maae 

a«id approxi:nate k in e t ic  data ob ta in ed . These r e a c t io n s  are suppressed  

by n i t r i c  ox id e and cycloh exen e.

R eaction s 1, 2 and 3 are shown to  be sim ultaneous unim olecular  

e lim in a tio n s  and the Arrhenius equation  fo r  the major r e a c t io n ,  

eth y len e e lim in a t io n , i s :

. / - 1 \  , _ 1 1 .2 6 f 0 . lG  - 4 b ,5 0 C f 5 ü 0 / R TKl ( s e c . } = 10 e



The low p re -ex p o n en tia l term corresponds to  A Si = - 8 . 0 ‘̂ 0 .7  e .u . ,  

vmich su g g e sts  a c y c l ic  t r a n s it io n  s t a t e .  In p a r t ic u la r , a  " q u a si-  

f ie te r o ly t ic  " t r a n s it io n  s ta t e  may be in v o iv e u , as in  tiie  thermal 

decom position  o f  a lk y l h a lid e s  and c a r b o x y lic  e s t e r s ,  and t n is  

p o s s i b i l i t y  i s  d isc u s se a , a lthough a ccu rate  c o r r e la t io n  cannot be made 

u n t i l  more r e s u lt s  are a v a ila b le  on o th er  2- i ia lo g e n o a lk y ls i l ic o n  

corn}X)unus.

An analogous study iias been c a r r ie a  out on O -cliL oroetiiyl- 

d im eth y lp h en y lsila n e  betv/een 236° and 390°C. I t  has been shown tlia t  

the r e a c t io n ,

ClGHsCHaSiMec^Hi ------- ► CHazCHg + CiSiMe^Fh

accounts fo r  more than 99.1 o f  the r e a c t io n  p ro d u cts, 

ilowever, the r e a c t io n  i s  v e iy  s e n s i t iv e  to  su r fa ce  c o n d it io n  and i t  

was not found p o ss ib le  to  i s o la t e  the homogeneous d ecom p osition . 

S u ggestion s fo r  r e so lv in g  t h is  d i f f i c u l t y  are made.
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C H A P T E R  O H E

(A) GENERAL REACTIVITY OF (%-, ^  -  AND y  -iiAlxXCEi^CAuKiLEILICuN CUiPdTnDC

U  ) a  -HALOGEiNiOAiAiLSI WusES

G h lo ro m eth y ltr im eth y lsila n e , GlCHg SiMeg , th e s i l i c o n  eq u iv a len t  

to  n eopentyl c h lo r id e , e x h ib it s  the normal p r o p e r t ie s  common to organic  

h a lid e s  in  n u c le o p h ilic  s u b s t itu t io n  although the c h lo r in e  atom i s  more 

r e a d ily  d isp la ced  from the s i l i c o n  compound. N eopentyl h a lid e s  are  

r e la t iv e ly  in e r t  to  r e a c t io n s  w ith  sodium e th o x id e , potassium  

a c e ta te  and sodium io d id e . A d ecrea sin g  e le c t r o n e g a t iv ity  s e r ie s  has 

been determ ined by th e Kharasch method.

Ph Mcs SiCHg GHs n—G@ 3 Meg G. GI^

The low er r e a c t iv i t y  o f  the n eop en ty l system  i s  a t tr ib u te d  to  the 

sh ie ld in g  e f f e c t  o f  th e t e r t ia r y  b u ty l group p reven tin g  rearward, a tta ck  

on the m ethylenic carbon o p p o s ite  the halogen . This rearward a tta c k  i s  

e a s ie r  when MegSi- r ep la ce s  MegG- because o f  th e  g rea ter  co v a len t  

rad iu s o f  s i l i c o n  [ S i  = 1 .1 7 , C = 0 .7 7  ) and hence l e s s  in te r a c t io n  

between methyl groups^

With sodium e th o x id e ,' ch lo ro ra eth y ltr im eth y ls ila n e  i s  however 

2 .5  tim es l e s s  r e a c t iv e  than n -h ex y l c h lo r id e , 4 tim es l e s s  r e a c t iv e
2

than n -b u ty l c h lo r id e  and 16 tim es l e s s  r e a c t iv e  than e th y l c h lo r id e .

Sodium eth ox id e r e a c ts  w ith  ch lorom eth y ld im eth y lp h en ylsilan e g iv in g

r is e  to  th ree schemes: c le a v a g e , s u b s t itu t io n  and rearrangem ent, the
2

la t t e r  b ein g  fo llo w ed  by c le a v a g e .

MegHiSiCHsGl — » MesFhSiGIfeCl
OEt

♦ MegFhSiQEt + GH3GI 

■^MegPhSiGHeOEt1
EtOMeg SiC% Ih ---------- • (EtO)gSiMeg + FhCHg
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The rearrangem ent i s  f a c i l i t a t e d  by e le c tr o n  withdrawing ch lo r in e  on 

the phenyl group and a l l  the p r o c e sse s  would in v o lv e  the common penta- 

co v a len t s i l i c o n  in term ed ia te  or the mechanism may be con certed . Other 

n u c le o p h ile s  ( e .g .  potassium  a c e ta te  in  g la c ia l  a c e t ic  a c id , potassium  

a c e ta te  in  e th a n o l, and aqueous or  e th a n o lic  potassium  hydroxide ) are  

a ls o  l e s s  r e a c t iv e  towards the s i l i c o n  compound but the d iffe r e n c e  in  

r e a c t iv i t y  i s  l e s s .  The t r im e t h y ls i ly l  group r e le a s e s  e le c tr o n s  

in d u c tiv e ly  and so would be exp ected  to  preven t n u c le o p h ilic  a tta c k .  

S im ila r ly  the t r im e t h y ls i ly l  group cou ld  provid e some s t e r i c  hindrance  

to  rea c tio n ?  N u c le o p h ilic  a tta c k  by b ase w i l l  c le a v e  the UhgCl group
4,

from s i l i c o n  g iv in g  CHgCl as a product.

rrim ary and secondary h a lo g e n o a lk y ls ila n e s  e x h ib it  a r e a c t iv i t y

r a t io  s im ila r  to  primary and secondary a lk y l h a lid e s  towards io d id e

ion  in  acetone^ th e primary b e in g  about 200 tim es more r e a c t iv e  than

the secondary. C L -o h lo ro a lk y ls ila n es  eure fa r  more a c t iv e  tlian

neopentyl h a lid e s  towards t h i s  reagen t which a tta c k s  a lk y l h a lid e s  by

a b im olecu lar S^2 r e a c t io n , Walden in v e r s io n . C hlorom ethyltrim ethyl-

s i la n e  i s  16 tim es more r e a c t iv e  than n -b u ty l c h lo r id e  and 8 tim es more

r e a c t iv e  than e th y l c h lo r id e . P o s s ib ly  the io d id e  ion  g iv e s  a s ta b i l iz e d

6 7tr a n s it io n  s ta t e  u t i l i z i n g  the d -o r b it a ls  o l‘ s i l i c o n .  *
6“ 6“

Meg . S i   G1

n -
Although a lk y l h a l id e s ,  in c lu d in g  neop en ty l h a lid e s ,  r ea c t  

r e a d ily  w ith  s i l v e r  n it r a t e  in  e th a n o l by e le c t r o p h i l ic  a tta ck  o f  Ag  ̂

on the h a logen , the compounds MegSiCHgX do not g iv e  a p r e c ip ita te  

although one would exp ect th e Meg S i -  group to  s t a b i l i z e  a carbonium  

ion  in term ed ia te  by sup p ly in g  e le c tr o n s  in d u c t iv e ly .  S im ila irly  the
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(X“C h lo r o e th y ls ila iie s  do not r e a c t  w ith  t h is  reagent although se c -  

b u ty l c h lo r id e  d o es? ’^

Rearrangement o f  G h lorom eth y ltr im eth y lsilan e in  the presence o f

9aluminium c h lo r id e  i s  known to  occur in  a manner s t r i c t l y  analogous 

to  th e Wagner-Meerwein rearrangem ent o f  carbon ch em istry .

ClCHgSiMeg + AICI3 ------------* Me.GHgSiMegCl

The CL - c h lo r o e th y ls ila n e s  a ls o  rearrange in  the p resen ce o f  aluminium  

c h lo r id e  and some e lim in a t io n , E . l  , a lso  occu rs.

MegSiGHCl.Gha + AIGI3 ---------- » MegSiÔH.GHa + AlGlJ

MesSiÔH.CHg --------- » MegÊiÇH.CHs ---------- — ----------» Me3Si.CH.GH3
ÔH3 Cl CHs

MeaSiÔH.GHg ---------- * MeaSiGHg&L --------- —---------> MegSiGl + GHg=GHs

I f  one o f  the a lk y l groups in  Rg S i -  i s  rep laced  by ch lo r in e  then only  

o l e f in  e lim in a t io n , or sometimes d eh yd roch lorin ation , occurs^^ S im ila r ly  

m ethyl rearrangem ent o f  iso p r o p e n y ltr im e th y ls ila n e  to  t-b u ty ld im eth y l-  

s i la n o l  p a sses  through an in term ed ia te  01 -carbonium  io n  in  the  

p resence o f  con cen tra ted  su lp h u ric  a c id .

CHg ^GHg GH3 . r - ^ G H g  -  G %  ^OH
^ G — S i —GHo -----4  ^ C — Si-G H a — — * GH^C— Si-G rig

CHa ^GH3 GHa ^GHq GHq ^Gilg

With the compounds Meg S i . SiMe^OH® G1 and I,legClSi. SiMegCHg01 in  the

presence o f  aluminium c h lo r id e  the Meg S i -  and MegGlSi- groups

11r e s p e c t iv e ly  m igrate from s i l i c o n  to  carbon because o f  th e ir  g rea ter  

e le c tr o n  r e le a s e  than m ethyl. These rearrangem ents probably pass through 

s ilic o n iu m  or carbonium ion  in term ed ia tes  although d is c r e te  s te p s  may 

not occur and the p rocess cou ld  be con certed .

C l » S i-C H g -^ G l + AICI3 — » Gl— S i-C H p — R + AIGI4
/  \  I
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CL -h a lo g e n o a lk y ls i la n e s  r e a c t  r e a d ily  w ith  amines to  form

s u b s t i t u t io n  products' w ith  c lea v a g e  o f  the s i l i c o n  -  carbon bond

. . . .1 2 ,1 3 ,1 4 ,1 5o ccu rr in g  to  a v a r /in g  e x te n t .

RaSiCHgCl + r% R' --------- ► Rg SiCli^ .NHR’

The amines form s ta b le  h y d ro ch lo r id es . Sodamide in  l iq u id  ammonia

13r a p id ly  c le a v e s  c h lo r o m e th y ltr im e th y ls ila n e .

With a c e to a c e t ic  e s t e r  th e  OL -h a lo g e n o a lk y ls ila n e s  g e n er a lly

16 17 17g iv e  k eton es ' but rea ct norm ally w ith  m alonic e s t e r .

Meg RiSiCHgCl  *■ Mê  PhSiCHg CÜOEt

Potassium  cyanide in  m e t h a n d a n d  s i l v e r  c y a n i d e r a p i d l y

c le a v e  th e s i l i c o n  -  carbon bond in  h a lo g en o m eth y ltr im eth y ls ila n es . The

mechanisms are not known but th e  fo llo w in g  r e a c t io n  i s  known to occur.

MegSiCI-IsGl + AgGN ------ » MegSiNG + AgGl

CL - c h lo r o e t h y l t r ie t h y ls i la n e  i s  very r e s is t a n t  to  c leavage by

n u c le o p li i le s . I t  i s  u n a ffe c te d  by hot a lc o h o lic  sodium hydroxide and

20on ly  dehyd roch lorin at e s ,w ith  a lc o h o l ic  potash  a t  145°G. The s t a b i l i t y  

i s  brought about by the a d d it io n a l CL-Me group which su p p lie s  e le c tr o n s  

£uid h in d ers th e  sep a ra tio n  o f  th e  GHgGl group w ith  the e le c tr o n s  o f  the  

s i l i c o n  -  carbon bond.

Other n u c le o p h ilic  d isp la cem en ts  o f  X in  RgSiG%X are:

REAGilNT PRODUCT REi'̂ KRilIGE

NaSGHgGOONa -SGHgGOOH 21

NagS -S.GHgSiRo 22

NaS.Me -S.M e 22

KOOG.G(Me )=G% -OOG.G(Me )=CHg 23

Na0P(0)(0Bu^)g -0P (0)(0B u^)g 24

CL -h a lo g e n o a lk y ls ila n e s  form Grignard rea g en ts norm ally.



— 5 —

( i i )  Y -iiALüG]:2^üAÜ.YL8InAl4E8

These compounds in  g en era l undergo the normal r e a c t io n s  by

analogy w ith  t h e ir  eq u iv a le n t carbon compounds. However, r e a c tio n  o f

Y -b ro m o p ro p y ltr im eth y lsila n e  w ith  aluminium cfilo r id e  or Y -c h lo r o -

p r o p y ltr ic h lo r o s i la n e  v /ith  sodium eth ox id e  g iv e s  cyclopropane as a

c lea v a g e  product?'^

BrCHpGIlgOHgSiMes + 'AIGI3 --------> (CHg )g + MegSiBr
92^

GlGHgGHgCHoSiGlg + NaOEt -------» (CHg )g + diOg.LHgO

R eversing o f  th e reagen ts d id  not produce the above r e a c t io n s . The 

mechanisms are not known but th ey  appear s im ila r  to  1:3  e lim in a tio n s  

in  organ ic ch em istry  when an a c t iv a te d  hydrogen atom i s  Y to  iialogenf*^ 

f o r  exam ple, BrGH2GHgCH(G00E t . Y -ch lo r o p r o p y lm e th y ld ie th y ls ila n e  

decomposes on d i s t i l l a t i o n  to  y ie ld  in e th y ld ie th y lch lo r o s ila n e  and 

cyclopropane?^

With aluminium c h lo r id e ,  Y -c lilo r o p r o p y ltr ic h lo r o s ila n e  g iv e s

a m ixture o f  p rod u cts. A rearrangem ent occurs in  wLiich a Y -carbonium

28io n  i s  con verted  in to  th e  more s ta b le  j3 -carbonium io n .

ClgSiCHgGHgCHaGl  ---------> ClaSiCHgCHcGHg + ClgSiGHsGH.GHg

1 : 4

Y -h a lo g e n o a lk y ls i la n e s  form Grignard reagen ts norm ally.

( i i i )  p  -HAnOGEdüAiAYLSIuAi.ES

P -h a lo g en o a lk y l groups are much more r e a d ily  c lea v ed  from 

s i l i c o n  than the Q, -  and Y  ~ isom ers and r e s u lt  in  o le f in  e lim in a tio n .  

Gompounds l ik e  p -c h lo r o e th y ltr im e th y ls i la n e  decompose on d i s t i l l a t i o n  

although p - c h lo r o e th y lt r ic h lo r o s i la n e  can be d i s t i l l e d  a t atm ospheric



— 6 —

. ., • -UT j . . 2 8 ,2 9 ,3 0p ressu re  w ith  no a p p rec ia b le  d ecom p osition .

(a )  A ttack by n u c le o p h ile s

P -h a lo g e n o a lk y ls ila n e s  are very much more r e a c t iv e  towards

a l k a l i ,  aqueous or a lc o h o l ic ,  than the (X - and Y -  isom ers and e x h ib it

a much g r ea te r  r e a c t iv i t y  than th e analogous carbon compounds. Even

sodium a c e ta te  in  g la c ia l  a c e t ic  a c id  or w ater a lon e w i l l  decompose

th ese  compounds when one or more e le c tr o n e g a t iv e  halogen atoms are

29 30a ttach ed  to s i l i c o n .  The r e a c t io n  mechanism has been su g g ested  ’ to  

be c lo s e ly  analogous to the E .2  e lim in a t io n  r e a c t io n s  o f  a lk y l  h a lid e s  

w ith  s i l i c o n  behaving l ik e  a  p -h y d ro g en .

O H  > ^ S i-G I^ — Grig — Cl ------» HO —S i + CHg=CHg + C l

OH -----» H-̂ GHg — GHg — Cl ----------- * HOH + GHg=CHg + G1

The p - s i l i c o n  i s  a ttack ed  very  much more r e a d ily  than a p -hydro gen.

T h erefore, a lthough  two p —hydrogens are p resen t in  the s i la n e ,  the

a tta c k  i s  e x c lu s iv e ly  on s i l i c o n .  Many o th er  p -h a lo g e n o a lk y ls ila n e s

28 31 32have been prepared and shown to  undergo t h is  r e a c t io n . ’ * The

P-brorao compound i s  more r e a c t iv e  than the p -c h lo r o  and t h is  has

been n e a t ly  shov/n by bromine b e in g  removed in  p referen ce  to  ch lo r in e

32 33when both were p resen t on th e  p -  p o s i t io n .  ’

ClgSiGClBr.CHGlBr + OH"  » BrClG=GHCl

P - c h lo r o te t r a f lu o r o e th y lt r ic h lo r o s i la n e  r e a c ts  w ith  aqueous

10^ sodium hydroxide to  g iv e  s i l i c a ,  t e tra flu o ro ch lo ro eth a n e  and no

34 (Xo le f in .  Because o f  the e le c t r o n e g a t iv i t y  o f  f lu o r in e  the S i -  G bond
6 *  6 “

would be s tr o n g ly  p o la r ize d  S i -  G r e la t iv e  to  hydrogen thus

in cr ea s in g  th e in c id en ce  to  n u c le o p h ilic  a tta c k  on s i l i c o n .  The f lu o r in e  

su b s t itu e n ts  a ls o  render th e  p -c a r b o n  atom more p o s i t iv e  and e le c tr o n
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r e le a s e  to ch lo r in e  becomes more d i f f i c u l t .

L I
HO  » S i-C P , — CP? — Cl ---- ► HO—S i + CP?—CP?— 01

/  \  /  \

"CFg— GPg— Cl + ligO ----- » IÇFg— CFgCl + OH"

Whereas the Q, -  and Y -c h lo r o a lk y ltr ic h lo r o s i la n e s  r ea c t  w ith  

th e  three e q u iv a le n ts  o f  base req u ired  to  s o lv o ly s e  the S i -  01 bonds, 

the P -c h lo r o a lk y ltr ic h lo r o s i la n e s  rea ct ra p id ly  w ith  fou r  e q u iv a le n ts ; 

th e G-Gl bond r e a c t in g  a s  com i^letely as the S i-C l bonds. The p resence  

o f  two CC“ 2ie th y l groups does not h inder t h is  r e a c t io n  and p -c h lo r o -
37

O L ,O L -d im eth y leth y ltr ich lorosilan e  produces iso b u ty len e  q u a n t ita t iv e ly .  

E lec tro n  sup p ly in g  groups a tta ch ed  to  s i l i c o n  reta rd  the r e a c t io n  and 

EtgSiCHgCHgCl r e a c ts  o n ly  s lo w ly  w ith  d i lu te  a l k a l i .  I f  ex ce ss  a lk a l i  

i s  added then the r e a c t io n  i s  com pleted in  20 m inutes. The r e a c t io n  i s  

th e r e fo r e  b ase c a ta ly se d . Ill i s  i s  su b sta n tia te d  by the fa c t  th a t  a

s i l i c o n e  r e s in  has been produced by a n eu tra l r e a c t io n  w ith  the

-GtigCI^Gl croup in ta c t? ^  a d d itio n  of base evo lved  e th y le n e . L ikew ise  

making 50̂ o aqueous m ethanol 1.2511 in  sodium hydroxide in crea sed  the  

y ie ld  o f  e th y le n e  from GlGHsCHgSiRg, where Rg = E tg , EtgGl and EtgF,
Q OQ

from <C 5 to  ^  50 per c e n t . *

R eaction  o f  t r ic h lo r o s i la n e  w ith  1 -c h lo r o cy c lo h ex en e ,u sin g  a 

peroxid e c a t a ly s t  produces a m ixture o f  c i s -  and tr a n s -1-c h lo r o - 2-  

tr ic h lo r o s i ly lc y c lo h e x a n e  in  low y i e ld .  T itr a t io n  w ith  base showed fou r  

a c t iv e  c h lo r in e  a t o m s I t  was su g g ested , in  view  o f  the

predom inantly c i s  product and the r a p id ity  o f  th e  r e a c t io n , th a t t i i i s

was a n o n -s te r e o s p e c if ic  P -e l im in a t io n  in v o lv in g  a p en ta co v a len t  

in term ed ia te  as has been  p o s tu la te d  fo r  n u c le o p h ilic  s u b s t itu t io n s  

in v o lv in g  s i l i c o n t ^
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<
OH

- S i C

Cl S i - O H  + 
/  \

+ Cl

I t  was found p o s s ib le  to  on ly  p a r t ia l ly  r e s o lv e  the c i s  and trans  

components on gas chrom atographic a n a ly s is  during which ap p reciab le  

d ecom p osition  occurred.

P -c h lo r o v in y ltr ic h lo r o s i la n e  r e a c ts  w ith  on ly  th ree eq u iv a len ts

41o f  b ase le a v in g  the c h io r o v in y l group in t a c t .  C onjugation between

s i l i c o n  and carbon occurs u s in g  the a v a ila b le  d -o r b ita ls  o f  s i l i c o n . •

T his dy^-py^ overlap  cau ses th e  non-Markovnikov a d d it io n  o f  HX to

v in y l s i la n e s .  I t  a lso  accou n ts fo r  the bathochrom ic s h i f t  in  in fr a -r e d

a b so rp tio n  due to the v in y l d oub le bond which i s  a t tr ib u te d  to  a low ering

42o f  the s tr e tc h in g  fo r c e  co n sta n t by co n ju g a tio n . T his con ju gation  

ca u ses  the in e r tn e ss  o f  the c h io r o v in y l group as compared w ith  the 

c h lo r o a lk y l group and makes s i l i c o n  r e lu c ta n t  to  fu n c tio n  in  i t s  normal 

e le c tr o n  r e le a s in g ,  in d u c t iv e ,  c a p a c ity f^ ,4 4 ,4 5

(b ) A ttack by e le c t r o p h ile s

E le c tr o p h il ic  rea g en ts  l ik e  aluminium c h lo r id e  and s i l v e r  n itr a te

in  methanol a ls o  produce o l e f in s  on r e a c t io n  w ith  p -h a lo g e n o a lk y l-  

29s i la n e s  and the r e a c t io n s  are  s im ila r  to  E . l  e lim in a tio n s  o f  a lk y l  

h a lid e s  although  th e s i l i c o n  compounds rea c t a t  a much f a s t e r  r a te . The

mechanisms would appear to  b e :-

( 1 ) Si-GHsChgCl + AICI3

AIGI4 + S i —GIIs — GhJ

^Si—GHsGHs + AICI4

G l-S i + GHgcGhg + AIGI3



-  9 -

I '  +  I +
(2 )  Si-CffcCHsCl + Ag  » Si-GHgGHg + AgGl

I /  V + + 1
MeOH + S i—GHg— GliJ ------------ ► M eO -Si + GHgcGiig

/  \  A /  \

.4- J. +MeO—S i  » . WeO-Si + H
A / \  ' / \

B
The r a te  d eterm in ing s tep  may not be sim ple io n iz a t io n  o f  the G'̂ ~ Cl

bond as o l e f in s  are produced much l e s s  r e a d ily  from a lk y l  h a lid e s . No

s tr u c tu r a l work has been done to  f in d  the e f f e c t  o f  su b s t itu e n ts  but

e le c tr o n  r e le a s in g  groups on s i l i c o n  should f a c i l i t a t e  th ese  e le c t r o -  ,

p h i l i c  r e a c t io n s . With aluminium c h lo r id e  the compound ClGHgCHgSiClg

46d eh y d ro ch lo r in a tes  ra th er  than d e s i ly la t e s .  In t h is  case  i t  appears 

th a t  the e le c tr o n  w ithdraw ing c h lo r in e  atoms p revent r e le a se  o f  e le c tr o n s  

to  the P -c a rb o n  atom emd removal o f  a proton  becomes more e n e r g e t ic a l ly  

f e a s ib le  than removal o f  th e  -S iG lg group.

In a study o f  the aluminium ch lo r id e  c a ta ly se d  d eh yd roch lorin ation

28o f  P -  and Y “C h lo ro p ro p y ltr ic h lo ro s ila n e  some s i l i c o n  -  carbon 

bond c lea v a g e  took p la ce  a t h igh er  aluminium c h lo r id e  co n cen tra tio n s  or  

h igh er  tem perature and propene was formed. At sm all aluminium ch lo r id e  

co n cen tra tio n s  d eh yd roch lorin a tion  occurred g iv in g  two isom eric  p rod u cts.

GlgSiCHgCHgÔHp -----------> GlsSiGHsâH.GHg ------------> GlgSiGlkGH.GHg

I
Gl3SiG%GH=GHe

A Y ^ P  hydrogen s h i f t  i s  n ecessary  to  ex p la in  the form ation o f  ( l ) .  

A lso i t  appears th a t w ith  P -c h lo r o p r o p y ltr ic h lo r o s ila n e  the p -m eth y l  

group makes the secondary carbonium io n  formed s ta b le  enough fo r  some 

d e s i ly la t io n  to  compete w ith  d eh y d ro ch lo r in a tio n .

P -c h lo r o e t h y ltr ic l i lo r o s i la n e  has been found to  undergo F r ie d e l-
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47G ra fts  co u p lin g  in  th e presence o f  aluminium c h lo r id e .

'FhChgCfigSiCla + ClGHg CHs SiClg --------► Gefi* (GHgCHgSiGlg )g

Grignard reagen ts o f  the P -h a lo g e n o a lk y ls i la n e s  are very

d i f f i c u l t  to  prepare and the a d d itio n  o f  RMgX u su a lly  le a d s  to  o le f in

e lim in a t io n . Slow a d d itio n  o f  m ethyl-G rignard to  GlGHgGHgSiClg

r e s u lt e d  in  most o f  th e e th y len e  b e in g  evolved  on a d d itio n  o f  the

50fo u r th  eq u iv a len t o f  rea g en t. A fter  r e a c t io n  o f  th e  S i-C l bonds 

norm ally i t  was su ggested  th a t a c y c l i c  t r a n s it io n  s t a t e  was formed by 

c o -o r d in a tio n  o f  th e p - c h lo r in e  atom to  magnesium.

Mg ^ G H s  
G l ^

However the P -carb on  su b s t itu te d  product has been formed in  sm all 

y ie ld s  from P -b ro m o -n -p ro p y lsila n es  by h yd ro lysin g  soon a f te r  the  

r e a c ta n ts  were mixedf^

BrGHgGHaGHgSiEta + EtHgBr ------► GHg (GHq )4S iE t3 + EtsSiOH + Et4S i

I t  i s  th e r e fo r e  su ggested  as probable th a t in tra m o lecu la r  e lim in a tio n

occu rs w ith  i n i t i a l  form ation  o f  RgSiX wiiich i s  then hydrolysed  to
49 -Rg SiOH. A lte r n a t iv e ly  n u c le o p h ilic  a tta ck  by OH cou ld  occur during the

h y d r o ly s is  s te p  b efo re  in tra m o lecu la r  form ation  o f  RgSiX has commenced.

Sim ultaneous a d d itio n  o f  P -b r o r a o e th y ltr ie th y ls ila n e  and e th y l

bromide to  magnesium gave o n ly  a sm all amount o f  n -b u ty lt r ie th y ls i la n e

and the main product was t e t r a e t h y ls i la n e .  However a s im ila r  experim ent

u sin g  a l l y l  bromide gave 4 -p e n te n y lt r ie th y ls i la n e  as the predominant

product?^ Under favou rab le c o n d it io n s  P -h a lo g e n o a lk y ls ila n e s  w i l l
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cou p le  w ith  (Ir iguard, reagen ts arid th ese  c o n d itio n s  are s e t  out in  

Table I ,  go ing down the ta b le  in d ic a t in g  an in cr ea s in g  tendency to  

co u p lin g  and l e s s  P -e l im in a t io n .

TAblub i

C -  X 

in  Rg S i—C“C—X
R

in  RaSi-C-G-X

R’

in  R’MgX

Primary Ph Et

Secondary Me n-Pr

T ertia ry Et Hi

n-Pr A lly l

n-Bu

D eh yd roch lorin ation  w ith  qui nol i ne ^^’ and isoq u in o lin e^ ^  

i s  very e f f e c t iv e  w ith  P -h a lo g e n o a lk y ls ila n e s  and has been e x te n s iv e ly  

used when th e more v igourous treatm ent w ith  a lk a l i  g iv e s  r i s e  to  

c lea v a g e  o f  th e  s i l i c o n  -  carbon bond. For exam ple, w ith  Cl , P -d ib rom o-  

e t h y lt r ic h lo r o s i la n e  ç»nly the P-brom ine i s  removed

BrCHsCHBrSiCla + GglhH ------------ » GHgzCBrSiCla

I t  i s  g e n e r a lly  found th a t (% -  and 'Y -h a lo g e n o a lk y ls ila n e s  are more 

r e s is t a n t  to  d eh y d ro ch lo rin a tio n  u sin g  q u in o lin e  eilthough iso q u in o lin e  

i s  sometimes e f f e c t iv e  w ith  " Y -h a lo g en o a lk y lsila n es .
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(B) REACTIONS RELATTD TO ITffi p-RuIMINATION OF 2 -HAljOOII\IOAû LYLSILAiuLS

( i )  SILYL ACETATES AND KETONES

S i l ic o n  compounds w ith  oxygen fu n c tio n s  p  to  the s i l i c o n  atom

are r e a d ily  c lea v ed  by a c id s  and b ases and w i l l  be d isc u ssed  b r i e f ly  to

ex em p lify  th e gen era l r e a c t iv i t y  o f  p - s u b s t i t u t e d  s i l i c o n  compounds.

T r im e th y ls i ly l  a c e t ic  a c id  can be prepared from MegSiCHaMgCl and

CO2 i f  the p reca u tio n s o f  n eu tra l h y d ro ly s is  and c r y s t a l l i z a t io n

44in s te a d  o f  f r a c t io n a t io n  are observed. Treatment w ith  a c id  r e s u lt s  in

54s i l i c o n  -  carbon bond c leavage  g iv in g  MegSi-O-SiMeg and a c e t ic  a c id .

S im ila r ly  sodium hydroxide r e a c ts  w ith  e t h y lt r im e th y ls i ly l

a c e ta te  c le a v in g  th e s i l i c o n  -  carbon bond and g iv in g  MegSi-O-SiMeg and 

55e th y l  a c e ta te .  I t  i s  noteworthy th a t aqueous b ase c lea v ed  t h is  compound

a t room tem perature but a c id  d id  n o t. This seems to  su g g est a g rea ter

s u s c e p t ib i l i t y  o f  th e se  compounds to  n u c le o p h ilic  a tta c k .

S i l y l  k eton es may be is o la te d  from th e products o f  r e a c t io n

betw een MegSiCBgMgX and a c e t ic  anhydride a t  -70°G; but c lea v a g e  o f  the

s i l i c o n  -  carbon bond occurs on attem pted p rep aration  a t  a h igh er

tem perature, presumably because o f  a tta ck  by hydroxyl ion  in  the

h y d r o ly s is  s te p , as (MegSi)gO and acetone were formed?^ Gleavage i s  also.--

e f f e c t e d  in  r e f lu x in g  eth an ol g iv in g  acetone and the appropriate ethoxy-  

18s i la n e .  R eaction  o f  MegSiGllzGOGHg w ith  2 ,4 - d in itrop h en y lh yd razin e  

r e s u l t s  in  s i l i c o n  -  carbon bond cleavage and o n ly  the d e r iv a t iv e  o f  

aceton e i s  o b ta in ed . However, t r i  me th y ls i ly lb e n  zy1 -me th y l ketone does 

g iv e  a hydrazone d e r iv a t iv e  o f  the s i l y l  k eton e.

In gen era l th e r e fo r e , c leavage o f  th e  s i l i c o n  -  carbon bond 

occu rs in  p -c a r b o n y l s i l i c o n  compounds w ith  a c id s  ( in c lu d in g  HGl gas ) ,
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b a se s , anhydrous bromine and r e f lu x in g  e th a n o l. The fo llo w in g  mechanisms 

have been proposed^^

X = a lk y l ,  a lk o x y l or  hydroxyl

Acid c a t a ly s i s

RgSi-CH g-C-X  — ^  R gSi-C H g-G '-X  %  SiOH + H"a ÔH

+ GHb=G-X ^  CHa-G-X
OH 0

Base c a t a ly s i s

oh"  •'S i-^ î^ -Ç -X  —  HO-Si + GHa=G-X ^  GHg-C-X + OH
(o  6 6

( i i )  P-SILYL ALCOHOLS

A cid i s  req u ired  to  c le a v e  th e Si-C  bond in  P - s i l y l  a lc o h o ls .

P -  hydro xyp rop yl t r in e  th y l  s i  la n e  r e a c ts  w ith  d i lu te  aqueous su lp h u ric  

a c id  to  g iv e  h ex a m eth y ld is ilo x a n e  and propene. A k in e t ic  in v e s t ig a t io n  

o f  the a c id  c le a v a g e  o f  2 - s i l y l  e th a n o ls  has been ca rr ied  out9^ A l in e a r  

ra te  dependence upon a c id i t y  was found u sin g  the Hammett a c id ity  

fu n c tio n , H© . As w ould be exp ected  fo r  e le c t r o p h i l ic  a tta c k , e le c tr o n  

withdrawing ^groups on. s i l i c o n  retarded  the r a te .  The ra te  o f r e a c t io n

in  a c id ic  DaO was found  to  be more than 2 tim es th a t in  Hg 0 o f  the same

a c id  c o n c e n tr a t io n . I t  was su g g ested  th a t r e a c t io n  o f  the protonated  

a lc o h o l, in  w hich  c o n s id e r a b le  p o s i t iv e  charge was developed on s i l i c o n  

in  the t r a n s i t io n  s t a t e ,  was th e ra te  determ ining s te p .

RaSiGHcGHgOH + HgO'̂  Rg SiCHg CHg ÔHg + HgO

RgSiGHoGHgÔHs ~ t i ~ de tT  ^Si^H g + GHg=CHa

RgSiOH + H'*’



-  14  -

However, when th e  a lc o h o l i s  a t e r t ia r y  one then  some dehydration

57can occur a t  th e  expense o f  d e s ily lh y d r o x y la t io n .

MegSiGHgM^ + Me.C.Et ------   MegSiG% .C-Me
0 CH.Me

32^

In many c a se s  the t e r t ia r y  a lc o h o l i s  not is o la t e d  but r e a c ts  

im m ediately  on working up the, products o f  th e  appropriate Grignard 

r e a c t io n , a lth ou gh  Meg SiCHg G( Mê  )0H has been prepared in  50̂ 'o y ie ld  by 

t h i s  method^^

( i i i )  SILYL ACETQIMITRILES

C leavage o f  th e  s i l y l  a c e t o n i t r i l e s  can be e a s i ly  e f fe c te d  by

aqueous a c id  or  b ase and by w ater a lo n e . R eaction  o f  MegSiG%GI^Br w ith

potassium  cyan id e in  m ethanol y ie ld e d  on ly  MegSiOMe and GHgGN,

1-8presum ably. The s i l y l a c e t o n i t r i l e  i s  probably formed but a f i n i t e  

c o n c en tra tio n  o f  m ethoxide io n  would a r is e  from the eq u ilib riu m :

GN” + MeOH 5=î- HCN + MeO"

The m ethoxide io n  would then  a tta c k  th e s i l y l a c e t o n i t r i l e  n u c le o p h ilic -  

a l l y .
I ^  I f - - * , .

MeO " Si-G% -C£N ----- ► MeO-Si
/ \  /  \

GHq-GSNIfCHs=G=N:

CHeGN + MeOH  ► GHgCN + MeO

P rep a ra tio n  o f  a s i l y l a c e t o n i t r i l e  has been ach ieved  by r e a c t in g

19RgSiCHgMgX w ith  cyanogen and th e  mechanism fo r  a c id  c a ta ly se d  

decom p osition  i s  su g g e ste d  to  in v o lv e  a k etim in e .

RgSi-GHs-CsN + Ĥ  --------» Rg Si-GHg-GSN'^H
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Hb O ^  + ---- ► R g S iO %  + CHg =C=I&
U

CHo-GSN

However i f  th e  cyano group i s  fu r th e r  removed from s i l i c o n ,  e .g .

t r im e t h y ls i ly lp r o p io n i t r i l e ,  then r e a c t io n  w ith  a lc o h o l ic  base g iv e s

t r im e th y ls i ly lp r o p io n ic  a c id  by normal h y d r o ly s is  o f  th e cyano group 

to  a carboxy group.

( iv )  B -  Y  ITNSATITHATKD URGMQSlnAijES

I f  a double bond i s  s itu a te d  P -Y  to  th e s i l i c o n  atom then  

both  a c id  and a l k a l i  w i l l  c a ta ly s e  the c lea v a g e  o f  th e  Si-G bond to  g iv e  

an o l e f in  by a  mechanism analogous to  th a t fo r  th e  p -o x y g en a ted  

s i l i c o n  compounds.

Acid c a t a ly s i s
I _ I +

Si-C-C=G +-----A --------- ► Si-G-G -CA/ \ / \
' + +  'Si-G-C -GA + AB --------► A + B -S i + C=G-GA

/ \  /  \

In some ca ses  a d d it io n  a cro ss  the double bond can occur. HBr and HI w i l l

add to  a l ly l t r im e t h y ls i la n e  g iv in g  P -h a lo g e n o p r o p y ltr im eth y ls ila n e

w hich then undergoes .p - e l im in a t io n  as p r e v io u s ly  d escr ib e d . Bromine

and Iod in e g iv e  th e  c lea v a g e  products d ir e c t ly  and s im ila r ly  con cen trated

su lp h u ric  a c id  or  dry hydrogen c h lo r id e  g iv e  propene and t r im e t h y ls i ly l -

su lp h a te  or tr im e th y lc h lo r o s ila n e  r e s p e c t iv e ly .

Base c a t a ly s i s  ( m ethanolic KOH or aqueous NaOH )
I /-V /> I _

B ------► Si-G-G=G ------► B -S i + G=G-G/ \  "

C=G-G~ + AB---------- -------► G=G-GA + B”

G leavage o f  th e  Si-G bond in  t r i s u b s t i t u t e d  1 - s i ly l in d e n e s  occurs
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w ith  a c id  or  base'^'^ and p a r t ia l  red u ctio n  o f  th e  indene prevented  t h is  

r e a c t io n .

♦ Ro S i B

A C I D  OR $ A & E  ̂ ^ 0  r e a c t i o n

.  '

(v )  SlnYLMETHïLSUioPHQIÆS

These conqx)unds are sy n th e s iz e d  by o x id a tio n  o f  th e  su lp h id es

w'ith hydrogen p erox id e  in  e i t h e r  a c e t ic  a c id /d ie th y l  e th e r  or p h th a lic  

22a c id /e th o n o l.  The s i l i c o n  -  carbon bond i s  c lea v ed  r e a d ily  by b ases  

but i s  more r e s i s t a n t  to  a c id ic  a tta c k  than the n i t id i e s  or p  -oxygen

a ted  compounds m entioned above. The s t a b i l i t y  to  a c id  i s  a t tr ib u te d  to  

th e sulphone group n o t p a r t ic ip a t in g  in  en o l form ation . In th e c leavage  

o f  p -o x y g en a ted  s i l i c o n  oompounds t h is  en o l fo n a a tio n  f a c i l i t a t e s  

the s i l i c o n  -  carbon bond c le a v a g e . A p o s s ib le  mechanism i s :

OH ------► Si-C Ib-SO a-R
/  \  '

HO-Si + 
/  \

GHo-S—R CHa=È —R
0 6

GHa-SOs-R

In d e s i ly la t io n  o f  th e  m ethylsu lphones the s i l i c o n  behaves more l ik e  

hydrogen than carbon-

Hence i f  an atom i s  p  to  s i l i c o n  th en , u t i l i z i n g  th e e le c tr o n  

r e le a s in g  c a p a c ity  o f  s i l i c o n ,  th e  Si-G  bond can be c lea v ed  w ith  the  

p o s s i b i l i t y  o f  the s i l i c o n  o b ta in in g  a f r a c t io n a l  p o s i t iv e  charge and 

th e  carbon r e ta in in g  th e  e le c t r o n  p a ir  o f  th e  Si-G  bond.



GOIÆPOUIiDS IN SOLLTi'ION^ '̂^^

n

( i )  NEUTRAL COI^ITIÜNS

K in e tic  in v e s t ig a t io n s  have been ca rr ied  out u s in g  t r ia lk y l -  

su b s t itu te d  s i la n e s  so  t lia t h y d r o ly s is  o f  S i-G l bonds d id  not com plicate  

th e  k in e t i c s .  The r a te  o f  r e a c t io n  was ob ta in ed  v o lu m e tr ic a lly  from the  

r a te  o f  p rod u ction  o f  o l e f in .  Under some co n d itio n s  the e lim in a tio n  

mechanism i s  more c l o s e ly  s im ila r  to  the E . l  mechanism than th e E .2  

mechanism?^ S in ce  th e  in term ed ia te  formed in  the r a te  determ ining s tep  

i s  the same in  both  E . l  and S ^  r e a c t io n s  then the same fa c to r s  w i l l  

in f lu e n c e  both  r e a c t io n  mechanisms.

(a )  S o lven t e f f e c t s

The u n im olecu lar  s u b s t itu t io n  mechanism has been shown to  be 

o p e ra tiv e  in  the s o lv o ly s i s  o f  t e r t ia r y  a lk y l h a lid e s  and the e f f e c t  o f

so lv e n t  com p osition  on th e r e la t iv e  r a te  lias been shown by W instein  and

62h is  co-w orkers u s in g  a param eter, Y, known as the " io n iz in g  power" o f  

th e  s o lv e n t .

lo g  k = mY + lo g  ko

wliere lo g  k = r a te  in  experim ental medium

lo g  ko = r a te  in  standard medium ( 80^ eth an o l-w ater  )

m = s u s c e p t ib i l i t y  o f  compound to  changes in  Y

Y = by d e f in it io n s ^  lo g  ( k/ko )t_BuGl

where k and ko are in  experim ental and 

standard medium r e s p e c t iv e ly .
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log k 

+  5

F igu re  1.32

p - B r

p-ci
2 4
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0 8

5090

7. EtOH

I t  was found th a t the decom position  o f  j3-Bromo and p -C hloro-  

e th y ltr im e th y ls i la n e  in  e th a n o l-w a ter  m ixtures had a l in e a r  dependence 

upon W instein*s so lv e n t  com p osition  param eter, see  F igure 1 . A lso th e  

so lv e n t  e f f e c t s ,  m^_^^ = 1 ,0 2 , ™ j^-Br ~ ^ .9 9 , in d ic a te d  th a t the  

e lim in a tio n  r e a c t io n  o f  j3 -h a lo g e n o a lk y ls ila n e s  was s im ila r  to  the S^l 

mechanism fo r  s o lv o ly s i s  o f  a lk y l  h a l id e s ^  where co n sid era b le  

sep a ra tio n  o f  charge had occurred  in  a t ta in in g  th e r a te  determ ining  

t r a n s i t io n  s t a t e .
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(b ) S tru c tu ra l e f f e c t s

The o r g a n o s il ic o n  compounds shown in  Table II  were stu d ied  in  

lOfo e th a n o l-w a ter  a t 50°G and th e  r e s u lt s  c o r r e la te d  v/ith  the T aft
e*

eq u ation  fo r  s u b s t itu e n t  p o la r  e f fe c ts ^ ^  lo g  k/kq = O’ p* .

TABLE II

Bo S i
-

RoSiGH^GHaCl k/kq lo g  k/kq l a

Meg S i 1 .0 0 0 .0 0 .0

EtgMeSi 0 .9 5 5 -0 .0 2 0 - 0 .2 0 0

iso-PrM e^Si 0 .6 5 2 -0 .1 8 6 -0 .1 9 0

HiMe  ̂S i 0 .0955 -1 .0 2 0 +0.600

m—GF3 G© Meg S i 0 .0123 -1 .9 1 2 +1.015

I o "  = ^GeHe m—C P3

The r e s u lt s  d id  not f i t  the T aft eq u ation  very  w e ll  but the v a lu es  fo r  

th e  phenyl and m -tr iflu orom eth y lp h en y l compounds e s ta b lish e d  p , the  

s u s c e p t ib i l i t y  to  changes in  p o la r  e f f e c t s ,  to  be n eg a tiv e  and in d ic a te d  

th a t  e le c tr o n  r e le a s in g  groups on s i l i c o n  should  cause ra te  a c c e le r a t io n .  

The ra te  r e ta r d a tio n  o f  the d ie th y lm eth y l-  and isop rop y ld im eth y l-  

compounds was a t tr ib u te d  to  s t e r i c  fa c to r s .  U sing th e  r e s u lt s  from the  

p h enyld im ethyl- and m -G Ps-phenyldim ethyl- compounds the v a lu e s  p = - 1 .8  

and p = -2 .1 5  were o b ta in ed . The va lu e P b ein g  eva lu ated  from the  

Hammett eq u a tio n , lo g  k/kq = pO  . These r e s u l t s  should  be a reason ab le  

in d ic a t io n  o f  the s u s c e p t i b i l i t y  to  p o la r  e f f e c t s  as the su b s t itu e n ts  are  

w e ll  removed from th e  r e a c t io n  s i t e  and in d ic a te  a d ecrease o f  e le c tr o n  

d e n s ity  on s i l i c o n  in  go in g  to  th e ra te  determ in ing t r a n s it io n  s t a t e .
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( g )  Temperature e f f e c t

The e f f e c t  o f  tem perature on th e r e a c t io n  ra te  has been  

in v e s t ig a t e d  fo r  -c h lo r o e th y ltr ir a e th y ls ila n e  in  e th an ol-w ater  

m ix tu res o f  v ary in g  co m p o sitio n  and th e mean v a lu es  are shown in  Table 

I I I .

TABLE I I I

Temperature lO^k sec -1

°G 50^ EtOH eOfo EtOH 70^ EtOH ■ .

1 5 .0 0 .575 - -

2 0 .0 1 .04 0 .289 -

2 5 .0 1 .7 1 - -

3 0 .0 2 .9 0 0 .825 0 .242

3 5 .0 4 .5 0 - -

4 0 .0 7 .1 9 - -

4 5 .0 1 0 .9 - -

5 0 .0 - - 1 .78

Prom th e r e s u l t s  vdiich have been summarized in  Table I I I ,  u sin g  the

A rrhenius eq u a tio n , th e param eters shown in  Table IV were c a lc u la te d

fo r  (3 - c h lo r o e th y lt r im e th y ls i la n e .

TABLE IV

% v o l .  EtOH E
k ca l/m o le

Ao"
k cal/m ole

AH* As*
kcfiLl/mole e .u .

50 17 .4 21 .2 1 6 .7  -1 4 .5

60 1 8 .5 2 2 .0 1 7 .9  -1 3 .5

70 1 9 .4 2 2 .7 1 8 .8  -1 2 .9
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The most s ig n i f i c a n t  v a lu e s  in  Table IV are the la rg e  n eg a tiv e  

e n tr o p ie s  o f  a c t iv a t io n .  These cou ld  be caused by a number o f  fa c to r s  

and a lth o u g h  some a s p e c ts  o f  t h i s  w i l l  be d isc u ssed  la t e r  in  r e la t io n  

to  th e  g a seo u s r e a c t io n s  b r ie f  mention here may be u s e fu l .  The la rg e  

n e g a t iv e  v a lu e s  o f  A s *  cou ld  a r is e  from r e s t r ic t io n  o f  in te r n a l  

m o lecu la r  m otions in  g o in g  to  th e t r a n s i t io n  s ta t e  by the form ation o f  

a  c y c l i c  in te r m e d ia te . A lte r n a t iv e ly  the a c t iv a te d  complex may be more 

s o lv a te d  than th e s t a r t in g  s t a t e  and in crea sed  so lv e n t  o r ie n ta t io n  would 

o c c u r . The l a t t e r  ca se  occurs in  the s o lv o ly s i s  o f  t -b u ty l  ch lo r id e  

a lth o u g h  A i s  o n ly  from -4  to  -8  e .u .  and th e so lv e n t  o r ie n ta t io n  i s

n u l l i f i e d  to  some e x te n t  because o f  a l e s s  crowded a c t iv a te d  complex.

67W in ste in , in  a study o f  the s o lv o ly s i s  o f  2 -m ethyl-2-phenylpronyl 

c h lo r id e  ( neophyl c h lo r id e  ) ,  found = -1 2  e .u .  in  60;j EtOH and has

p o s tu la te d  th a t  in  the r a te  determ ining r e a c t io n  a c y c l ic  phenonium ion  

i s  formed.

C — c

Both s o lv e n t  o r ie n t a t io n  and r e s t r ic t io n  o f  in te r n a l m otions co n tr ib u te  

to  th e  en trop y  d e c r e a se .

The mechanism proposed th ere fo re  by Baughman^^ fo r  the n eu tra l 

s o lv o l y s i s  o f  j3 - h a lo g e n o a lk y lt r ia lk y ls i la n e s  i s  the ra te  aeterm ining  

form ation  o f  a s i  la c y  c l  opropane system  fo llo w e d  by rap id  re a c tio n  %lth 

th e  s o lv e n t .

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

+ HGl
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T his mechanism i s  in d ic a te d  by th e  f a c t s  th a t:

(1 )  S tru c tu ra l e f f e c t s  in d ic a te  th a t s i l i c o n  has some p o s i t iv e  

chaxa.cter in  th e tr e u is it io n  s t a t e .

( 2 ) Analogy to  s o lv o ly s i s  o f  t e r t ia r y  a lk y l h a lid e s  w ith  r e sp ec t  to  

r e a c t iv i t y  and s o lv e n t  com p osition  in d ic a te  an io n iz a t io n  mechanism 

w ith  p o s s ib le  form ation  o f  a -carbonium io n  in  th e l im it in g  ca se .

RaSiCHgCHsGl ■* RaSiCffcC Hj + Cl

( 3 ) The la r g e  v a lu e  o f  -A s  in d ic a te d  th a t th e t r a n s i t io n  s ta t e  was more 

con gested  euid more s tr o n g ly  so lv a te d  than th e  s ta r t in g  s t a t e .

( i i )  BASE CATALYSED KhAGTIQN

flaking a 50^ e th a n o l-w a ter  s o lu t io n  Û.54M in  hydroxyl io n s  d id  

not a f f e c t  the r a te  o f  r e a c t io n  o f  |3 -c h lo r o e th y ltr im e th y ls i la n e .  

However, i f  the s o lv e n t  i s  IQF/q e th a n o l-w a ter  then th ere  i s  an approx-

CtCHgCH^SiMcg at 30°C

bas ic

neu tra l

Figure 2.

7 0 7 . EtOH

M. KOH
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- im a te ly  l in e a r  dependence upon hydroxyl io n  c o n cen tra tio n . The r e a c tio n  

i s  not a c le a n  second order p rocess as e x tr a p o la tio n  to  [oiT] = 0 

approxim ates to  fo r  th e n eu tra l r e a c t io n , see  F igure 2.

(a )  E ffe c t  o f  so lv e n t  com p osition

Contrary to  th e n e u tr a l r e a c tio n  the base c a ta ly se d  r e a c t io n  i s

log >5

F IG U R E  3

2

05 4  N KOH

NEUTRAL

90 5060
7, EtOH

n ot s tro n g ly  dependent upon so lv e n t  com position  and a t  90̂ o e th a n o l-  

w ater becomes alm ost independent o f  the io n iz in g  power o f  the medium, 

se e  Figure 3*

(b ) S tru ctu ra l e f f e c t s

Under b a s ic  c o n d it io n s  the r e a c tio n  r a te  i s  enhanced by the same 

e le c tr o n  w ithdrawing s u b s t itu e n ts  th a t re ta rd  the n eu tra l r a te  and some 

num erical v a lu es  are shown i n  Table V. The r e s u lt s  are not s t r i c t l y  

comparable as th ey  were conducted a t  d if f e r e n t  tem peratures but they  

do shew the gen era l trend o f  r e s u lt s .
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TABLE V

RflSi Base c a ta ly se d , 30°C N eutred, 50^0

in  RoSiCHaCHsCl lO^kr V k o k/ko

MegSi- 0 .575 1 .0 1 .0

PhMegSi- 2 .2 0 3.83 0 .095

m—CPg « Cg • Meg S i— 1 6 .7 0 2 9 .1 0 .012

= pseudo f i r s t  order ra te  con stan t

E va lu ation  o f  p  , th e  s u s c e p t ib i l i t y  to  p 6 la r  su b s titu e n t  

e f f e c t s ,  gave + 2 .1 2  in d ic a t in g  an in c r e a se  in  e le c tr o n  d e n s ity  on 

s i l i c o n  in  go ing to  th e  t r a n s i t io n  s t a t e .

A lso w ith  th e compound Mea S i - 0 - S i (Meg )GHaCI^Gl , ^ -c h lo r o e th y l-

d im e th y l(tr im e th y l ) s i lo x y s i la n e ,  th e e le c tr o n  withdraw ing a b i l i t y  o f  the  

s i lo x y  s u b s t itu e n t  f a c i l i t a t e d  n u c le o p h ilic  a tta ck  by hydroxide io n  and 

th e  r a te  was c a . 100 tim es f a s t e r  in  th e p resen ce o f  b ase than under 

n e u tr a l c o n d it io n s .

( c )  E ffe c t  o f  le a v in g  group on r a te  ( Table VI )

TABLE VI

R eaction  o f  Mes SiCI^ GHsX a t  30°G in  80^ eth an o l-w ater

C on d ition s Rate co n sta n t

X = Cl X = Br

0.54N KOH 0 .836  1 4 .7

N eutral 0 .0613  1 .3 6

The observed r a te  under b a s ic  c o n d itio n s  was found to  obey the law:

=  k ,  +  k a  [ o h ' ]
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The assum ption was made th a t in  n eu tra l s o lu t io n  = k̂  and hence the  

v a lu e  o f  kg could  be c a lc u la te d .  U t i l iz in g  the above r e s u lt s  the va lu e  

kgBr/kgCl = 17 was ob ta in ed  w hich in d ic a te d  th a t co n sid era b le  c leavage  

o f  th e G-X bond may occur in  the r a te  determ ining s te p .

The mechanism o f  the b a se  cated ysed  r e a c t io n  cou ld  be co n certed ,
I ^  I

B -------► Si-CHa-GHs-Gl --------- ► B -S i + GH2=GIIe + Cl
/  \  . /  \

w hich  cou ld  account fo r  the p o s i t iv e  v a lu e  o f  p  i f  th ere  was in crea sed  

e le c t r o n  d e n s ity  on s i l i c o n .  A lte r n a t iv e ly  the mechanism could  in v o lv e  

bond form ation  exceed in g  bond breaking and t h is  too  would account fo r

th e  appearance o f  [oH ]  in  th e  r a te  law . f
I I I

B + SiGHgGHaX — — »► B-Si-GheCHgX »B -Si + GH@=Ghg + X

The p o in t  in  favour o f  t h i s  mechanism i s  th e f a c t  th a t [3-Br

r e a c t s  17 tim es f a s t e r  than ^ - 0 1 .  The d iffe r e n c e  in  th e ir  p o la r  e f f e c t s  

i s  sm all and s t e r ic  e f f e c t s  siiou ld  e f f e c t i v e l y  ca n ce l out in  a comparison, 

T herefore the r a te  o f  a tta c k  on s i l i c o n  by b ase should be about the same 

f o r  P -Br and |3-G 1. This seems to  in d ic a te  th a t r e a c t io n  2 above i s  

r a te  determ ining and the f a s t e r  r a te  o f  r e a c t io n  o f  |3 “Br i s  caused by 

s tr e tc h in g  o f  th e G-X bond. Sommer and Baughman^9 ,6 0  t h is

second  mechanism because o f  th e  magnitude o f  p  = +2.12 whereas in  a 

co n certed  mechanism such an a p p rec ia b le  e le c tr o n  d e n s ity  on s i l i c o n  

would not be ex p ected .

( i i i )  FRIEDEL -  GRAFTS REACTION^^

The r e a c t iv i t y  o f  0C -, [3- and Y -c h lo r o a lk y ls i la n e s  has been  

a s se s se d  k in e t i c a l ly  u t i l i z i n g  th e  P r ied e l-G ra i'ts  r e a c t io n  w ith  benzene, 

ch lorobenzene aoid to lu e n e . The r e a c t io n s  were ca rr ie d  out a t  30®G in  the  

p resen ce  o f  O.OIM A IG I3  and th e  r a te  a t  which hydrogen ch lo r id e  was
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e v o lv ed  was determ ined by t i t r a t i o n  w ith  standard a l k a l i .  Some v a lu es  

o b ta in ed  from r e a c t io n  betw een c h lo r o a lk y ls i la n e s  and benzene are shown 

in  Table VTI and the r e a c t iv i t y  o f  |3 -c h lo r o e th y ltr ic h lo r o s i la n e  w ith  

b en zen e, ch lorobenzene and to lu e n e  are compared in  Table V III.

TABLE ŸII

P r ie d e l -  C r a fts  r e a c t io n  w ith  benzene a t  30°C 

S i l ic o n  compound lO^k m ole/m in.

ClaSiCHcCl 2 .36

MeClsSiCHaCl 3 .67

GlgSiCHCl.GHa 2 .39

EtGlaSiGHGl.GHa 2 .96

GlgSiGHsGHaCl 4 2 .8

MeGlgSiGHsGHsGl 4 4 7 .0

EtGlgSiGHgGHaGl 417. Q

GlaSiGHgGHgGHgGl 5 4 .8

MeClg SiGHa GHgGHgGl '6 7 .2

TABLE V III

P r ie d e l -  C ra fts  r e a c t io n  w ith  p -c h lo r o e th y lt r ic h lo r o s i la n e  

Aromatic compound lO^k m ole/m in.

PhCl ' 16 .7

FhH 4 2 .8

HiMe 59 .5

I t  i s  to  be noted th a t d ecrea se  in  the e le c tr o n  w ithdraw al from s i l i c o n
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by replacem ent o f  a s i l i c o n  bound c h lo r in e  atom by an a lk y l  group 

in c r e a s e s  the r a te  n o t ic a b ly  w ith  the (X“ and Y ” compounds. 

However, w ith  th e p -  compound t h e  e f f e c t  i s  s u b s ta n t ia l  and some 

form o f  co n ju g a tio n  ( 1 ,4  ) i s  su ggested  to  be superim posed in  t h is  

c a s e .



—  28  —

C H A P T E R  T WO

GAS PHASE ELIMINATION REACTIuNS

The w ea lth  o f  data on th ese  r e a c t io n s  has in crea sed  markedly in

th e  l a s t  15 y ea rs  and th e  a v a ila b le  in form ation  has been c o l le c t e d

to g e th e r  fo r  c e r ta in  c la s s e s  o f  chem ical compounds. The decom position

6 9o f  c a r b o x y lic  e s t e r s  has been review ed  by dePuy and King and the

7 0d ecom p osition  o f  amine o x id es  by Cope, The p y r o ly s is  o f  a lk y l h a lid e s

has been s tu d ied  e x te n s iv e ly  by M accoll and h is  co-w orkers and the

in fo rm a tio n  has been form ulated  in to  a  d e ta ile d  mechanism showing

71 72c o r r e la t io n  between s o lu t io n  and gas phase s tu d ie s .  ’ More r e c e n t ly

73a monograph has been devoted to  the e lim in a t io n  r e a c t io n s  in  g e n er a l.

A common product in  a l l  th ese  e l im in a t io n  r e a c t io n s  c o n s is t s  o f  

an o l e f in ,  or a m ixture o f  o l e f in s .  The hydrogen removed i s  combined 

w ith  the p a r t ic u la r  le a v in g  group fo r  the c la s s  o f  compound.

e .g .  ca rb o x y lic  e s te r s  ------- *-

a lk y l  h a lid e s   ►

o l e f i n + a c id

o l e f i n + halogen ac id

o l e f i n + mercaptan +

o l e f i n + (Me )gNOH

o l e f i n + w ater

x a n th a tes  ► o l e f i n  + mercaptan + COS

amine o x id es   ►

a lc o h o ls   ► o l e f i n  + w ater e t c .

Of th e se  r e a c t io n s  many s tu d ie s  have not been t r u ly  in  the gas 

p h ase . For exam ple, u n t i l  r e c e n t ly  many o f  th e  d eterm in ation s on e s te r s  

in v o lv e d  c o n d itio n s  o f  the r e a c t io n  v e s s e l  su r fa ce  which d id  not en ab le  

a ccu ra te  d eterm in ation  o f  the mechanism.

The mechanism proposed w ith  c e r t a in ty  i s  the in tra m o lecu la r , E . l ,  

r e a c t io n  in v o lv in g  a c y c l ic  t r a n s i t io n  s t a t e  or  in term ed ia te  c o n s is t in g
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o f  e i th e r  a 4 - ,  5 - ,  or 6-membered r in g  s tr u c tu r e . The r e a c t io n  i s  

f a c i l i t a t e d  by th e  e le c t r o n e g a t iv i ty  o f  the group bonded to  the OC -  

carbon atom and removal o f  the hydrogen on the ^ -  p o s it io n  o ccu rs.

I t  i s  perhaps u s e fu l  to  mention now th a t in  th e case  o f  h a lo g en o a lk y l-  

s i la n e s  th e nom enclature i s  r e la t iv e  to  th e  p o s it io n  o f  the s i l i c o n  

atom so th a t the QL-  and P -  p o s it io n s  appear in terch anged .

a  . a  B
V I Z .  RgCH -  GHoX RgSi -  CHg -  GHgX

U n til r e ce n t yea rs  th e mechanism has u su a lly  been taken to  

in v o lv e  th e synchronous s h i f t  o f  e le c tr o n s  to  in d ic a te  th e mode o f  

a tta in m en t o f  th e  t r a n s it io n  s t a t e .  Evidence has been p resen ted  fo r  the  

p o s s i b i l i t y  o f  a p ro cess w ith  some h e t e r o ly t ic  c h a ra c ter , in v o lv in g  

bond breaking exceed in g  bond form ation  or bond form ation  exceed in g  bond 

b rea k in g , but th ese  to p ic s  w i l l  be d iscu ssed  la t e r .

(A) TYPES OP REACTION OCCURRING Al.D CRITERIA FOR A MOLECULAR REACTION

By fa r  th e most predominant p rocess by which organ ic compounds 

decompose in v o lv e s  the production  o f  r a d ic a ls .  These r a d ic a ls  can r e a c t  

e i t h e r  by a ch a in  p ro cess o r , i f  the rad iceil formed i s  s ta b le ,  by a 

r a d ic a l non-chain  p r o c e ss . In radicail r e a c t io n s  i t  i s  g en e r a lly  fa r  

more d i f f i c u l t  to  in te r p r e t  th e s u b s t itu e n t , or s tr u c tu r a l ,  e f f e c t s  on 

th e  mechanism and v e lo c i t y  co n sta n t o f  th e  r e a c t io n  in v o lv ed . However, 

fo r  a r a d ic a l non-chain  p rocess the r a te  determ in ing s te p  i s  th e  hom olysis  

o f  th e  C-X bond and hence the observed' a c t iv a t io n  energy i s  eq u iv a len t  

to  the C-X bond energy.

One o f  th e most commonly met d i f f i c u l t i e s  in  conducting gas phase 

r e a c t io n s  i s  the removal o f  heterogeneous behaviour. The d i f f i c u l t y  i s  

fu r th e r  enhançed by the fa c t  th a t in  many c a se s  th e r e a c t io n  products
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a x e  id e n t ic a l  w ith  th o se  ob ta in ed  under homogeneous c o n d it io n s . I t  i s

n o t  p o s s ib le  to  in d ic a te  s tr u c tu r a l e f f e c t s  from th e se  heterogeneous

p r o c e s se s  and i t  i s  fo r tu n a te  th a t in  many ca se s  the heterogeneous

component can be removed from the mechanism by stu d y in g  th e r e a c t io n

a t  a h igh er tem perature, see  d is c u s s io n  on p -c h lo r o e th y ld im e th y l-

p h e n y ls i la n e . In a d d itio n  the h etei^ gen eou s p ro cess can o fte n  be removed

by c o a tin g  th e r e a c t io n  v e s s e l  w a lls  w ith  a carbonaceous d e p o s it ,  by

co n d u ctin g  a number o f  p y ro ly ses  b e fo re  k in e t ic  d eterm in a tio n s, and by

74com plete e x c lu s io n  o f  oxygen.

To o b ta in  an accu rate c o r r e la t io n  between the su b s t itu e n t  e f f e c t s

i n  o r g a n i c  p y r o l y s e s  f o l l o w i n g  t h e  s a m e  m e c h a n i s m ,  a n d  slLs o  t o  d e t e c t

p o s s ib le  changes in  the mechanism, th e  supposedly m olecular p ro cess i s

u s u a l ly  i s o la t e d  fo r  d e ta i le d  stu d y . A m olecular p ro cess i s  o f te n  taken

to  be the one th a t occurs under maximum in h ib it io n .  I t  has been found in

many ca se s  th a t ,  fo r  a r e a c t io n  which proceeds by both  m olecular and

r a d i c a l  m e c h a n i s m s ,  a n y  i n h i b i t o r  r e d u c e s  t h e  r a t e  t o  t h e  s a m e  l i m i t i n g

v a lu e . However th e amount o f  d i f f e r e n t  in h ib ito r s  needed to  suppress the

r a d ic a l  component in  a p a r t ic u la r  p y r o ly s is  may be d i f f e r e n t .  For exam ple,

more cycloh exen e than n i t r i c  ox id e i s  u su a lly  needed to  e f f e c t  the same

in h ib it io n .  " In h ib itors"  do not o f  n e c e s s i t y  suppress the r a te  o f  a l l

ch a in  r e a c t io n s  but can e s ta b l is h  new r a d ic a l ch ain  mechanisms which may ■

proceed  a t  a f a s t e r ,  slow er or  a t  the same r a te  as th e "uninhibited"

75d ecom p osition . Hence i t  has been s ta te d  th a t la ck  o f  in h ib it io n  i s  not 

com plete nor c e r ta in  ev id en ce fo r  a m olecu lex p r o c e ss . For an a lk y l  

h a lid e  w ith  and w ith ou t n i t r i c  ox id e p resen t the i n i t i a t i o n  and 

term in a tio n  s te p s  cou ld  be :

I n i t ia t io n  RX ----► R + X , RX + NO -----► R + XNO
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Dependence o f  the r a te  o f  p y r o ly s is  o f  100 mm. n-pentane  

upon n i t r i c  oxide co n cen tra tio n  a t  540°C

1007550

p.NO (mm.)

Term ination R + X —» RX , R + XiiO — ► RX + NO

and the r a te  o f  r e a c t io n  cou ld  be the same in  both c a s e s .  Frequently

h igh  " in h ib itor"  p ressu res cause a c c e le r a t io n  o f  the r e a c t io n  ra te  and

76fo r  variou s iso m eric  pentanes and octan es i t  has been shown th a t the  

in h ib ito r ,  n i t r i c  o x id e , co n cen tra tio n  comes in to  th e  r a te  eq u a tio n . I t

i s  p o s s ib le  th a t  the in h ib it io n  curve, see  Figure 4 , can be s p l i t  in to

two, or p o s s ib ly  th re e , sep a ra te  cu rves.

Curve D i s  th e experim ental curve

Curve A would rep resen t the i n i t i a l  removal o f  a methyl r a d ic a l from

n-propane by RH ----► Me + R

Curve B ( p o s s ib ly  ) would in d ic a te  the maximally in h ib ite d  p ro cess where 

R + NO —» and M + NO — *■ occur; the propagation

r e a c t io n s  are removed by co m p etitio n  and th e  ch a in  len g th  sh o r ten s .
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Curve C would rep resen t th e s tim u la ted  r e a c t io n  o f  RH + NO — ►

which should in  p r in c ip le  go through th e o r ig in  when ex tra p o la ted . 

These curves are not a d d it iv e  i f  d if f e r e n t  i n i t i a t i o n  and 

term in a tio n  p r o c esse s  are o p era tiv e  fo r  th e in h ib ite d , low NO 

c o n c e n tr a tio n , and s tim u la ted , h igh  NO co n cen tra tio n , r e a c t io n s .

The maximally in h ib ite d  r e a c t io n s  are o f te n  found to  depend

l i t t l e  upon the su rfa ce  area to  volume r a t io  in  seasoned v e s s e ls  a lthough

77i t  has been su ggested  th a t i n i t i a t i o n  and term in ation  may occur a t  the

su r fa ce  w ith  r e a c t io n  to  y ie ld  th e  products occu rrin g  in  the gas phase.

I t  i s  u su a lly  assumed th a t when th e  surface req u ires  a carbonaceous

d e p o s it  b e fo re  r e p r o d u c ib il i ty  i s  ob tained  th a t the heterogeneous

r a d ic a l component i s  v i r t u a l ly  removed. However W ojciechowski and 

75L a id ler  su g g e st th a t sea so n in g  o f  the v e s s e l  su rfa ce  in c r e a se s  the  

number o f  a c t iv e  s i t e s  and hence a c t s  as a p a r t ia l  in h ib ito r .  I t  should  

th e r e fo r e  be p o s s ib le  to  show in  s u ita b ly  chosen ca se s  whether t h is  

argu^ment i s  c o r r e c t  by th e  o b serv a tio n  th a t sm a ller  p ressu res  o f  n i t r i c  

o x id e  should now a c c e le r a te  th e  r e a c t io n .

P b ss ib ly  one o f  th e  b e s t  c r i t e r i a  fo r  a n o n -su r fa c e -c a ta ly sed  

r e a c t io n  would be to  commence w ith  a scru p u lou sly  c lea n  su r fa ce  and 

observe no d im inution  in  r a te  on su c c e s s iv e  runs. However, in  the  

m ajority  o f  c a se s  c o n s is te n c y  i s  not obtained  u n t i l  season in g  o f  the  

su r fa ce  has occurred .

I f  a r e a c t io n  occu rs in  w hich the ra te  i s  n e ith e r  a c c e le r a te d  nor 

retard ed  by th e  presence o f  sm all or la rg e  amounts o f  in h ib ito r  then  

t h i s  c o n s t i t u te s  extrem ely  stron g  ev id en ce fo r  the r e a c t io n  b ein g  

m olecu lar .
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The change from f i r s t  to  second order k in e t ic s ,  Lindemann f a l l -

o f f ,  on red u ctio n  o f  th e  p ressu re  u n t i l  the Maxv/ell-Boltzmann energy

d is t r ib u t io n  i s  no lo n g er  m ain tained , i s  in  p r in c ip le  a good method

fo r  d ia g n o s is  o f  the E . l  r e a c t io n . This has been observed fo r  some

78a lk y l  h a lid e s  and in te r p r e te d  in  term s o f th e  th e o r ie s  o f R ice , 

Ramsperger, Hinshelwood and S la te r .  In many c a se s  the number o f  d egrees  

o f  freedom i s  la r g e  and i t  becomes im p ra ctica b le  to  measure the r e a c t io n  

order a t  th e  low p ressu res  a t which th e f a l l - o f f  o ccu rs .

(B) THERMAL DECOMPOSITION OF CARBOXYLIC ESTERS

The decom position  has up u n t i l  r e c e n t ly  been taJcen to  in v o lv e  

a con certed  mechanism w ith  a c y c l i c  in term ed ia te  and ra th er  s im ila r  to  

th e E.2 mechanism in  s o lu t io n  ( e .g .  b ase c a ta ly se d  r e a c t io n  o f  

sulphonium s a l t s  ) a lthough  in  t h i s  ca se  i t  i s  more s t r i c t l y  E . l .

— c = =  c  —

— ■ X  / "G =  0  0
R R ^

More r e c e n t ly  ev id en ce has accum ulated to  su g g est th a t th e t r a n s it io n

s t a t e  or in term ed ia te  p o s s e s se s  some carbonium io n  ch a ra cter  by the

r e la t io n s h ip  observed between e lim in a t io n s  c a r r ie d  out in  s o lu t io n  and

in  the gas ph ase. More credence can be p la ced  on t h is  more recen t work

in  view  o f  th e  f a c t  th a t  many p rev io u s d eterm in ation s might p o s s ib ly

have in v o lv ed  th e  su r fa c e . R adical decom p osition s on ly  occur when ^ -

79hydrogen atoms are absent a lthough  in  many c a se s  mixed mechanisms 

alm ost c e r t a in ly  in tru d e .
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K in e t ic a l ly  c o n tr o lle d  p y ro ly se s  o f  a la r g e  number o f  e s te r s  

have been c a r r ie d  out and fo r  th e (X - s u b s t i t u t e d  s e r ie s  th e  r e la t iv e  

r a te s  and A rrhenius param eters are g iv en  in  Table IX. The re feren ce

TABLE IX

Compound E

k c a l.

lo g  A 4 -1  10 k s e c .

4 0 0 °G

kr e l . R eference

JStOAc 4 7 .8 12 .49 9 .7 8 1 æ ,8 1 ,8 2

iso-ProA c 4 5 .0 1 3 .0 251 2 5 .6 80

t-BuOAc 3 9 .2 1 2 .8 12600 1290 83

CH3CO.OAC 34.5 '1 2 .0 63100 6450 85

see a ls o  r e fe r e n c e s 69 and 84

u n d erlin ed  in  t h is  and subsequent ta b le s  i s  th e  source o f  the param eters 

g iv e n .

In g en era l the mechanism o f  p y r o ly s is  cou ld  in v o lv e  the p o s s ib le  

schemes :

(1 )  C o m p letely .con certed

( 2 ) OH bond form ation  exceed in g  GH or CO bond breaking

(3 )  GH or GO bond breaking ex ceed in g  OH bond form ation

I f  form ation  o f  a c y c l ic  t r a n s it io n  s t a t e  shou ld  be in d ic a te d  by a 

red u ctio n  o f  entropy over the rea cta n t m olecu le then th e con certed  

mechanism and th e mechanism in v o lv in g  in c ip ie n t  bond form ation  exceed in g  

bond breaking cou ld  be e lim in a ted  on th e  grounds o f  th e  normal A -fa c to rs  

ob served . T h is , however, may not be th e com plete ca se  as the form ation  

o f  a six-membered r in g  s tr u c tu r e  might not in v o lv e  a p a r t ic u la r ly  la r g e  

amount o f  s t r a in .

Deuterium iso to p e  e f f e c t s  on th e p -  p o s i t io n  o f  between 2 and
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3 in d ic a te  th a t  th e  (3c-H s tr e tc h in g  v ib r a t io n  has been alm ost 

86 87 88removed, ’ * and t h is  would be exp ected  in  a l l  th ree  modes o f  r e a c t io n

ab ove.

A lthough sm all amounts o f  e lim in a t io n  occur obeying the S a y tz e ff

r u le ,  the predominant r e a c t io n  occurs accord in g  to  the Hofmann ru le

g iv in g  th e o l e f in  carry in g  the l e a s t  number o f  a lk y l  s u b s t itu e n ts . This  

i s  b e lie v e d  to  be due m ainly to  th e  f a c t  th a t  more primary than second

ary hydrogens are a v a i la b le .  Hence in  c e r ta in  c a se s  one can ob ta in

89 90r e la t i v e l y  la r g e  p rop ortion s o f  S a y tz e ff  p ro d u cts . *

e .g .  sec-rBuOAc Hofmann : S a y tz e ff  = 3 : 2

t-pentylO A c Hofmann : S a y tz e ff  = 3 : 1

The p o s i t io n  i s  n o t, however, q u ite  so  c le a r  cu t as the ev id en ce

th a t in c r e a se  o f  tem perature from 350 -  500°G in  the p y r o ly s is  o f

90t -p e n ty l  a c e ta te  has no e f f e c t  on product com p osition  has been
 ̂ ^ 89,91  d isp u ted . '

Replacement o f  the e th y l group in  e th y l  a c e ta te  by an a c e ty l  

group ( a c e t ic  auihydride ) in c r e a se s  th e  r a te  a t  400®G by 6450 tim es?^

The A -fa c to r  i s  reason ab ly  c lo s e  to  th e "normal" v a lu e  and hence the  

major e f f e c t  i s  a d ecrease  in  a c t iv a t io n  energy req u ired  to  a t ta in  th e  

r a te  determ in ing t r a n s it io n  s ta t e  or in te r m ed ia te . T his example c le a r ly  

shows th a t i f  th e  mechanism i s  con certed  then  flo w  o f  e le c tr o n s  can be 

in  e i t h e r  d ir e c t io n  round the m olecule as b oth  "halves" are id e n t ic a l .

GHs —— CO

H ^  ' p O
0 = C ^

Me
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The gas phase p y r o ly s is  o f  a r y le th y la c e ta te s  has been used to

92 93 94 95a s s e s s  e l e c t r o p h i l i c  s u b s t itu e n t  e f f e c t s  * ’ * and some r e s u lt s

ob ta in ed  are shown in  Table X. In d ic a tio n  th a t th ese  compounds 

decompose by a carbonium ion  type mechanism, as do the s o lv o ly s is
+ 90

r e a c t io n s ,  has been g iv en  by observance o f  a pCT c o r r e la t io n . The 

r e s u l t s  do not agree too  w e ll  w ith  th e  Hammett CT c o n sta n ts .

TABLE

R e la t iv e  r a te s  o f  p y r o ly s is  o f  1 -a r y le th y l  a c e ta te s  a t  600°K 92

when X = H ; lo g  k/ko = k ^ ^  = 0

S u b stitu e n t

p-MeO

o-MeÜ

p -t-B u

o-Me

pyMe

H
m-Ph

p-G l
p-Br

m-Cl

m—NOg

0 .5 0

0 .2 6

0 . 2 2

0 .2 1 5

0 .190

0 .1 4

0.0

0.0

-0 .0 7

- 0.11
-0 .2 4 5

-0 .4 2

-0 .7 7 8

-0 .2 5 6

-0 ,3 1 1
-0 .1 7 9

0.0

0 .0 5

0 .114

0 .150

0 .3 9 9

0 .6 7 4

see  re feren ce  96

see  re feren ce  98

The c o r r e la t io n  between r e la t iv e  r a te s  o f  p y r o ly s is  and O’ fa c to r s ,

shown in  F igure 5 , in d ic a te s  th a t  resonance s t a b i l i z a t io n  o f  tlie

carbonium io n  i s  approxim ately the same as in  CL ,  CL -d im ethyIbenzyl

c h lo r id e s .  For a more accu rate  p ic tu r e  in  many c a se s  th e  Yukawa and 

97Tsuno treatm en t, or e x ten s io n s  o f  i t  have to  be used.

lo g  k/kb = P Î CT + r ( O -  O )J  where r  i s  th e  resonance in t e r 

a c t io n  between s u b s t itu e n t  and carbonium io n .



-  37 -

PYROLYSrS OF 1-ARYLETHYt ACETATES AT 600 K

0 6
FIGURE 5

p .t-  Bu

H

^ O p.ci 
n.Br G \

m.NO

-  0 6
1 0 0 + 1 0

a
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For 1 -a r y le th y l  a c e ta te s  th e  p  fa c to r  was found to  be 

- 0 .6 6  a t  600°K and the s iz e  o f  t h is  was con sid ered  to  in d ic a te  th a t a 

sm all amount o f  enlarge sep a ra tio n  occu rs in  th e t r a n s it io n  s t a t e .  This 

r a te  d eterm in ing t r a n s it io n  s ta t e  b ein g  s itu a te d  e a r ly  on the r e a c t io n  

c o -o r d in a te . In th e ca se  o f  2-a r y le tH y l a c e t a te s ,  ca . 12 tim es l e s s  

r e a c t iv e ,  th e  p fa c to r  was on ly  - 0 .3  and t h is  i s  taken as ev id en ce  

th a t  the carbon-oxysren bond s tren g th  c o n tr o ls  the e s t e r  s t a b i l i t y  and 

not the carbon-hydrogen bond s tr en g th .

The r e a c t io n  o f  1 -a r y le th y l a c e ta te s  i s  th e r e fo r e  in d ic a te d  to  

fo llo w  a s im ila r  mechanism to  th a t in  s o lu t io n  s tu d ie s  and proceed v ia  

an e le c tr o n  d e f ic ie n t  c e n tr e . I t  i s  su g g ested  th a t th e carbonium io n  

i n i t i a l l y  r e s id e s  on the CX-carbon atom, to  which th e  a c y l group i s  

a tta ch ed  and s t a b i l i z a t io n  ( or  the o p p o site  ) can then occur by 

e le c tr o n  supply from the arom atic group.

5" 5*
A t . CH .rrrr Ctfc Ar vpH .Tn: cifc

.b r .ç ^ C lio  ■ >  —  ■ 0 ^  6 : / "

0 '

R R

Ar.GH?=Glio + R.GOOH
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(g ) THER}.1AL DECÜîIPÜSÏTIÛN of ALKYL HALIDES

The adkyl c h lo r id e s  have been in v e s t ig a te d  by Barton and more

r e c e n t ly  M accoll has s tu d ied  a la r g e  number o f  a lk y l bromides w ith  a

view  to  form u la tion  o f  a d e ta i le d  mechanism fo r  t h e ir  decom position , and

a c o r r e la t io n  between r e a c t io n s  in  the gas and condensed p h ases.

In gen era l the m olecu lar , maximally in h ib ite d , r e a c t io n s  are

f i r s t  order and un im olecu lar and p o sse ss  A -fa c to rs  q u ite  c lo s e  to  the

1 3 .5”normal" v a lu e  o f  10 . Hence any change in  the s tru c tu r e  o f  the a lk y l

h a lid e  has o n ly  an e f f e c t  upon the a c t iv a t io n  energy. This does not 

alw ays h old  and i t  can be seen  from the r e s u lt s  in  Table XI th a t th e  

A -fa c to r  i s  s u c c e s s iv e ly  reduced by a fa c to r  o f  10 in  th e s e r ie s :

E tC l, iso -P r C l, t-B uC l, GH3GH(0Me)Cl 

The o v e r - a l l  e f f e c t  o f  changes o f  s tru c tu re  i s  found to  fo llo w  the saune 

p a ttern  as in  s o lv o ly s i s  r e a c t io n s  o f  th ese  compounds.

S u b s t itu t io n  in  the CX - p o s i t io n  has the g r e a te s t  e f f e c t  whereas 

s u b s t i tu t io n  has a very  sm all e f f e c t  by com parison. Some r e s u lt s  

ob ta in ed  fo r  a lk y l  c h lo r id e s  and bromides are shown in  Tables XI and X II.

TABLE XI

Arrhenius param eters fo r  a lk y l c h lo r id e s

Gompound lo g  A E k c a l. R eferen
EtCl 1 4 .6 6 0 .8 99,100
n-PrCl 13 .45 5 5 .0 101
n-BuGl 1 4 .0 5 7 .0 101
iso-B uC l 14 .02 5 6 .8 78b
iso -P rC l 1 3 .5 5 0 .5 102
t-BuCl 1 2 .4 4 1 .2 103
CHgCH(OMe)Cl 11 .46 33.3 104
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TABLE XII

Arrhenius param eters f o r  a lk y l  ‘bromides

Compound lo g  A E k c a l. R eference

EtBr 1 3 .45 5 3 .9 105 ,81 ,106

n-PrBr 1 2 .9 5 0 .7 107,106

n-Bu3r 13 .18 5 0 .9 107

iso-BuBr 1 3 .05 5 0 .4 108

iso -P rB r 13 .6 2 4 7 .8 1 09 ,106 ,110

t-BuBr 1 4 .0 4 2 .0 99

4 -B r -p e n t- l-e n e 1 2 .9 4 4 4 .7 105

sec-BuBr 1 3 .5 3 4 6 .4 7 111

rirom the r e s u lt s o u t lin e d  in T ables XI and XII th e fo llo w in g  ra te

c o n sta n ts  and r e la t iv e  r a te s can be c a lc u la te d .

TABLE XIII

I^ te  co n sta n ts and r e la t iv e  r a te s  fo r  a lk y l c lilo r id e s and bromides

a t  4 00°G

R X = Cl X = Br
3 —1 10 k s e c . k -, r e l . lO^k s e c .  ̂ kr e l .

Et 1 .2 6 1 8 .9 1
n-Pr 3 .9 8 3.15 28 3 .15
n-Bu 3 .1 6 2 .52 48 5 .4
iso -B u 4 .1 7 3 .31 5 0 .2 5 .6 5

Et 1 .2 6 1 8 .9 1
iso -P r 126 .0 100 1320.0 148
t-Bu 11200. 8900 240000. 27000
GHg(MeO)GH 457000. 371000 - -

4 -X -p e n t-l-e n e - - 2760. 310
sec-B u - — 2690 302
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The very  la r g e  in c re a se  in  r e la t iv e  r e a c t iv i t y  on s u b s t itu t in g  

a methoxy group in  the (X -  p o s it io n  o f  e th y l ch lo r id e  i s  noteworthy 

as i t  has i t s  cou n terp art in  s o lu t io n  k in e t i c s .  When phenyl groups are  

su b s t itu te d  in  th e  CX -  p o s it io n  th e  a lk y l  bromides decompose a t  a r a te  

approxim ating to  th a t o f  t -b u ty l  bromide whereas p h en yl, or v in y l groups 

in  the p -  p o s i t io n  r e a c t  a t a s im ila r  r a te  to  e th y l bromide. T his i s  

taken to  in d ic a te ,  as in  s o lu t io n  k in e t i c s ,  th a t no s ig n i f ic a n t  m u ltip le  

bonding occu rs in  the t r a n s it io n  s t a t e .

A s im ila r  e f f e c t  o f  CX -  s u b s t i t u t io n  i s  observed when a hydrogen 

i s  rep laced  by another halogen  atom. Some r e s u lt s  are shown in  Table XIV 

and th e se  r e s u l t s  in d ic a te  th a t the r a te  in c r e a se s  in  the order:

GHaCJHsCl <  CHaCHCla <  CHaCGlg

Com-Dound lo g  A

TABLE XIV

E k c a l. -1 Ref erence
40 0 °G ' r e l .

CHsGliaCl 1 4 .6 6 0 .8 1 .2 6 1 99,100

GHaCHClg 12 .08 4 9 .5 9 .55 7 .6 100

GH3GGI3 1 4 .0 5 4 .0 3 1 .6 2 5 .1 112

The ca se  o f  4 -b rom op en t-l-en e , GIiasCH.GH3CHBr.GH3 , i s  in te r e s t in g

as decom p osition  can occur in  two ways g iv in g  1 :5  or 1 :4  p en tad ien e. The

form ation  o f  th e  1 :5  isom er in v o lv e s  e l im in a t io n  o f  a hydrogen atom in

th e  a l l y l i c  p o s i t io n  and g iv e s  a conjugated  d ie n e . These fa c to r s  might

be exp ected  to  in c re a se  the r a te  o f  e l im in a t io n  i f  the p rocess were

co n certed . However the r e la t iv e  r a te s  a t  400°C, k. /k  _ = 1 . 0 5 ,' 4 -B r sec-BuBr '

in d ic a te  th a t replacem ent o f  methyl by v in y l  has no e f f e c t .  Hence i t  was

105proposed by Thomas th a t h e t e r o ly s is  o f  th e  G-Br bond was r a te  d e te r -
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-m in ing and form ation  o f  the double bond occurred la t e r  and was non

r a te  d eterm in in g .

U n til r e c e n t ly  i t  has always been assumed th a t th e t r a n s it io n

s t a t e  was a  c y c l i c  fo u r -c e n tr e  s tr u c tu r e , I ,  l ik e  th a t which alm ost

113c e r t a in ly  i s  in v o lv ed  in  the d im e r iz a tio n  o f  te tr a f lu o r o e th y le n e , I I ,

I I
—  C C —  ' CPs GPs CPs..........GPa

i i , H + H : i
H  X CPs GPs GPa........... GPg

I I I

However in  an in term ed ia te  o f  t h is  s tr u c tu r e , I ,  a p p rec ia b le  bending o f

th e bonds w i l l  occur and one would ex p ect to  obted-n low er A -fa c to rs  than

th e  "normal" ones ex p er im en ta lly  observed . In  view  o f  th e  c lo s e

c o r r e la t io n  betw een s o lu t io n  work on a lk y l  l ia l id e s ,  known to  proceed

v ia  a carbonium io n  type s tr u c tu r e , and th e work in  th e gas phase i t  has
71

been su ggested  by M accoll t lia t  some sep a r a tio n  o f  charge might occur  

in  the gas phase g iv in g  r i s e  to  an in term ed ia te  o f  carbonium io n  

ch a r a c te r . T his he termed a " q u a s i-h e te r o ly t ic "  t r a n s i t io n  s ta t e  where 

th e  ^G-X bond breaks p r io r  to  bond fo n o a tio n .

I I

Apart from th e k in e t ic  ev id en ce o u t lin e d  above, fu r th e r  ev id en ce

i s  provided by a c o n s id er a tio n  o f  the r e la t io n  betw een a c t iv a t io n  energy

and the energy req u ired  to  d is s o c ia te  th e  ^G-X bond e ith e r

h o m o ly t ic a lly  or h e t e r o ly t i c a l ly .  Some v a lu e s  o f  th e  d is s o c ia t io n

72e n e r g ie s  ob ta in ed  by mass s p e c tr a l means are g iv en  a lon g  w ith

72a c t iv a t io n  e n e r g ie s  in  Table XV,
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TABLE XV

impound E k c a l. D(R + X) D(R‘*’ +

EtBr 54 67 180

iso -P rB r 48 68 158

t-BuBr 42 64 138

EtCl 60 81 194

iso -P rC l 51 82 168

t-BuGl 41 78 149

I f  th e  ^G-X bond i s  con sid ered  to  break h o m o ly t ic a lly  then the  

observed  v a lu e s  o f  change in  a c t iv a t io n  energy on s u b s t itu t io n  are too  

high  to  perm it c o r r e la t io n . However, i f  the bond breaks h e t e r o ly t ic a l ly  

then  th e d if fe r e n c e  in  a c t iv a t io n  energy more than accou n ts fo r  the  

observed d ecrease  on CL -  s u b s t itu t io n . The a c t iv a t io n  e n e r g ie s  are 

o b v io u sly  much l e s s  than the tru e d is s o c ia t io n  in to  io n s; t h is  would not 

be l i k e l y  to  occur and most probably the bond i s  sim ply p o la r iz e d  in  the
6+ 5"d ir e c t io n  G -  X w ith  p o s s ib ly  a s l i g h t  in crea se  in  the G-X bond 

le n g th . There i s  a ls o  the p o s s i b i l i t y  o f  th e  form ation  o f  an "intim ate"  

type ion  p a ir  in  th e gas phase

I f  d i f f e r e n t  isom eric  h a lid e s  are taken then a m ixture o f  isom eric  

o le f in s  i s  produced, e .g .  b u t- l-e n e  and b u t-2 -e n e  from s e c -b u ty l  

h a lid es^ ^ ^ ’ ^^^ and t h is  su b s ta n t ia te s  the above r e s u lt s  in  in d ic a t in g  

th a t com plete d is s o c ia t io n  ( h e te r o ly t ic  ) i s  a b sen t. In E . l ,  or 8^1 

s o lu t io n  mechanisms the ion  p a ir  i s  o f te n  so lv e n t  sep arated  and th e re fo re  

th e  r e a c t io n  can be independent o f the le a v in g  group.

The mechanism o f  gas phase p y r o ly s is  o f  a lk y l io d id e s  i s  g en e r a lly

117 118complex in v o lv in g  heterogeneous ( t-B uI ) or  ch ain  ( primary io d id e s  )
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r e a c t io n s . However, i s o -P r I ,  iso -B u i and sec-B uI fo llo w  an E . l  

119 71mechanism. ’ Some r e s u lt s  o b ta in ed  fo r  iso p ro p y l c h lo r id e , bromide 

and io d id e  are shown in  Table XVI which g iv e s  some in d ic a t io n  o f  the

r e la t iv e  r e a c t iv i t y  o f  th e se  compounds and the  

r a te s  w ith  tem perature.

TABiE XVI

v a r ia t io n o f  r e la t iv e

Compound lo g  A E k c a l.
/

^ r e l.

350°C

kr e l . 

400

R eference

iso -P rC l 1 3 .5 5 0 .5 1 1 102

iso -P rB r 1 3 .62 4 7 .8$ 14 1 0 .5 109

iso-Ihrl 14 .5 4 8 .2 94 5 6 .5 119

An in t e r e s t in g  case  o f  Wagner-Meerwein rearrangement in  th e gas

120  121phase has been i s o la t e d  amongst th e  r e a c t io n s  o f  n eopentyl c h lo r id e . ’

122S im ila r  r e s u lt s  are ob ta in ed  w ith  b c m y l ch lo r id e  which undergoes 

c i s  e lim in a t io n  to  b o m y len e  and rearrangem ent to  camphene and 

t r ic y c le n e .  These r e a c t io n s , v ia  carbonium io n s  in  s o lu t io n ,  would 

s tr o n g ly  su g g est charge se p a r a tio n .

(D) 0THE1< REACTlOHS IX̂ LnuWIHG THE E . l  wlEOliANlEH IH THE GAS HiAEE

( i )  OHEUROl'ORMATES

With th e se  compounds one o b ta in s  two typ es o f  product :

(1 ) an a lk y l  h a lid e  by e lim in a t io n  o f  CO2 ( s u b s t itu t io n  o f  Cl )

( 2 ) an o l e f in  by e lim in a tio n  o f  HCl and COg

As the s u b s t i tu t io n  r e a c t io n  som etim es occurs w ith ou t o l e f in  production  

i t  appears th a t  the t r a n s it io n  s t a t e  i s  ak in  to  I  below ra th er  than



-  45 -

I I ,  the l a t t e r  b e in g  more s im ila r  to  th a t  fo r  e s te r s

Cl-

•0
I
0=0 H

0
I

. 0-01

II

The com parison between r e la t iv e  r a te s  o f  d ecarb oxy la tion  , 

s u b s t i tu t io n  o f  c h lo r in e , o f  d i f f e r e n t  ch loroform âtes in d ic a te s  a r a te

dependence on s tr u c tu re  s im ila r  to  th a t o f  th e  a lk y l h a lid e s  a lth ou gh
/

OC -  methyl s u b s t itu t io n  does not in c r e a se  the r e la t iv e  ra te  so markedly. 

72This com parison i s  shown in  Table XVII and the r e s u lt s  in d ic a te  th a t

TABLE XVI1

R

Clio

E t

is o -P r

sec-b u

01

361°

223

690

Br

320°

1

280

980

0.CÜC1

240°

1

2 . 2

222

640

J.COCila

400°

1

25

0 -  Cl bond c lea v a g e  i s  q u ite  im portant in  th e in tra m o lecu la r  s u b s t i t 

u tio n  r e a c t io n s  o f  ch loroform âtes so th a t the t r a n s it io n  s ta te  i s  

p o ss ib ly  more ak in  to  t lia t o f th e  a lk y l  h a lid e s  than the e s t e r s .  A lso

the r e la t iv e  r a te  o f  a lk y l n a lid e  form ation  from both e th y l  and neo-

125p en ty l ch loroform âtes i s  c lo s e  to  u n ity .

( i i )  VIhYL sn m < s

124In th e decom position  o f  c e r ta in  a lk y l  v in y l e th e rs  in  s t a t i c  

125 126and in  flow  system s * analogous o l e f in  e lim in a tio n  occurs a lth ou gh
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th e  A -fa c to r s  are n o tic e a b ly  reduced. The decom position  i s  b e lie v e d  to  

go v ia  an in term ed ia te  o f  type I ,  b elow , which i s  e i th e r  con certed  or  

may in v o lv e  some degree o f  p o la r iz a t io n . I t  i s  found th a t the r e la t iv e

5"
G H g= CH

I 1
-  C = G -

CH3-GHO

r a te s  is o -P r /E t  are 17 /1  which compares w ith  th e corresponding v a lu es  o f

iso -P r /E t  o f  2 5 /1  fo r  th e a c e ta te s .

Vvhen both th e groups a tta ch ed  to  oxygen are unsaturated  then a

G la isen  type rearrangem ent occurs analogous to  th a t o f  a r y l - a l l y l  e th e r s .

127 128A p o s s ib le  mode o f  rearrangem ent  ̂ i s  i l lu s t r a t e d  below fo r  

i s o p r o p e n y la lly l  e th e r . 'iTie A -fa c to r  fo r  the rearrangem ent r e a c t io n  i s  

th e  same as fo r  the e lim in a t io n  r e a c t io n s  o f  th ese  compounds but the

GIL

=  c:
Ctla

GH —  Cl L

Clio

a c t iv a t io n  e n e r g ie s  are much reduced. T his i s  i l lu s t r a t e d  in  the  

fo llo v /in g  t a b le .  Table XVIII, where th e r e la t iv e  r a te s  o f  r e a c tio n  

are a ls o  compared.

TABnE XVIII

Compound lo g  A E k c a l. i o \
400°

kr e l . R eference

e th y lv in y l  e th e r  (Ej 11 .43 4 3 . 8 1 .7 1 125

iso p r o p y lv in y l (E) 12 .58 4 3 .5 6 27 .5 1 6 .2 126

a l ly lv in y l  (R) 11 .70 3 0 .6 56300 33100 128

a lly l is o p r o p e n y l (R) 11 .73 29 .3 170000 100000 127

1 —1k in  s e c . (E) = e lim in a t io n  ; (R) = rearrangement
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The f a c t  th a t th ese  rearrangem ents occur adds w eigh t to  the id ea  

o f  a con certed  mechanism although  carbon -  carbon bond form ation  may 

exceed  carbon -  oxygen bond breaking in  th is  c a se .

( i i i )  XahïKATEB I CHUGaEV REACTIUH )

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

I
O.GSg.GHg

I
c:

SR

The thermal decom position  has been shown to  fo llo w  the E . l

mechanism a lthough  i t  i s  d i f f i c u l t  to  o b ta in  r e a l ly  r e l ia b le  ra te  data

129because o f  th e  d i f f i c u l t y  in  preparing pure xanthate d e r iv a t iv e s .

The e lim in a t io n  i s  predom inantly c i s  as has been shown u sin g  3 -phenyl-

1302 -b u ty l and 1 , 2-d ip h en ylp rop yl x a n th a tes .

Some k in e t ic  data fo r  the thermal, decom position  o f  xan tlia tes and

131a lk y l carbonates d erived  from s t e r o ls  has been provided by Nace, The 

k in e t ic s  were fo llo w ed  by the lo s s  in  w eight o f  tared  samples due to  the  

form ation  o f  v o l a t i l e  p rod u cts, COS and sometimes v o l a t i l e  mercaptans. 

The A -fa c to r s  were found to  be near the "normal" v a lu es  fo r  a 

unim olecu lar r e a c t io n , lo g  A = ca . 1 2 . Si nce the p y ro ly ses  o f  th ese  

compounds are about 15 k c a l./m o le  more exotherm ic than th e  a lk y l h a lid e s  

then the mechanism i s  most probably con certed  in v o lv in g  l i t t l e  charge 

sep a ra tio n  in  th e  t r a n s it io n  s t a t e .

( i v )  A1.IIRE OXIDES

The mechanism o f  t h i s  r e a c t io n  i s ,  l ik e  th a t o f  th e  xan th ates
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most probably con certed  as the r e a c t io n  i s  even more exotherm ic than

" - ; , d
\  r>, + R(Me)UOH

th e xan thate p y r o ly se s . E lim in a tio n  appears to  depend u%.)on the number

152o f  hydrogens a v a i la b le .

Til ere  are many o th er  examples o f  r e a c t io n s  g iv in g  o le f in s  which 

cou ld  or do fo llo w  an E . l  type mechanism in  the gas phase. Various 

phosphorus co n ta in in g  compounds^^^ in c lu d in g  the W ittig  r e a c t io n ^ ^  

probably in v o lv e  in tra m o lecu la r  t r a n s it io n  s t a t e s .

+ RnCO ------ ► R gP—%  -------► R3PO + RgC=CR2

0 — CRg

phosphorane carbonyl b e ta in e  phosphine o le f in

compound oxid e

135A lco h o ls  a ls o  fo llo w  t h is  mechanism and indeed an example o f  

homogeneous a c id  c a t a ly s i s  has been o b se iv ed  fo r  the dehydration o f  

t-butanol^'^^ The r a te  o f  dehydration  i s  p ro p o rtio n a l to  the a c id  

c o n c e n tr a tio n , in  t h i s  ca se  IIBr, auid i s  b e lie v e d  to  be caused by stron g  

hydrogen bonding between the t-b u ta n o l and the iiBr, where the bromine 

a tta ck s  th e jB -C  n u c le o p h il ic a l ly  and the hydrogen ( o f  HBr ) p ro ton ates  

the oxygen.
la ip I

—  G  C —  —  C = C —
/  \  slow

HO. + HO-H

H  Br + Br-H
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I f ,  as ap-oears l i k e l y ,  th e  p ro to n a tio n  occurs p r e f e r e n t ia l ly  then ein 

"intim ate" io n  p a ir  s tru c tu r e  may have a tr a n s ie n t  e x is te n c e .

I 6* 5 '
—  G —  OHg Br

I
S u f f ic ie n t  data have not been accum ulated to  show whether the

157 158mechanism o f decom position  o f  c e r ta in  sulphur and n itro g en

co n ta in in g  compounds, o f  -k e to  acids^^^ and o f  borates^^^ i s

u n eq u iv o ca lly  an E . l  p ro cess  although i t  i s  p o ss ib le  th a t a m u lti-

73c en tre  type in term ed ia te  i s  in v o lv ed .
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C H A P T E R  T H R E E  

REACTIONS OF 2-CHLORÜALKZLSIU^ES IN THE GAS PHASE

There have been very few gas phase r e a c t io n s  o f  th ese  compounds 

s tu d ie d  k in e t i c a l ly  although much in form ation  has been provided, 

p a r t ic u la r ly  by R ussian w orkers, on the gen eral mode o f  r ea c tio n  w ithout 

d e t a i le d  a n a ly s is  o f  the mechanise or  measurement o f  th e  v e lo c i t y .  Uany 

o f  the r e a c t io n s  s tu d ied  have been under heterogeneous co n d itio n s  e i t h e r  

in v o lv in g  a p a r t ic u la r  c a t a ly s t  or u t i l i z i n g  the parent s ila n e  a t  h igh  

tem perature and p ressu re  in  an a u to c la v e .

Passage o f  th e  c h lo r o a lk y ls i la n e s  through a h eated  tube co n ta in in g  

a sm all p ercen tage o f  PeSi has been used to  study the decom position  

p rod u cts, p -c l' i lo r o e th y ltr ic h lo r o s i la n e  decomposes a t about 400°C to  

y i e l d  SiCl* , GgH* and a l s o ,  ra th er  s u r p r is in g ly , some MeSiCla. The 

iso m eric  OC-chloro compound does not y ie ld  e th y len e  u n t i l  the 

tem perature i s  r a ise d  to  500°G and i t  i s  assumed in  t h i s  case th a t  

reeirrangement o f  OC—» p o c c u r s H o w e v e r ,  th e  main r e a c t io n  a t  400- 

450°G i s  d eh yd roch lorin a tion  where sh orten in g  o f  th e  ch loro  a lk y l chain

from ch lorop rop yl to  c h lo r o e th y l reduced the e x ten t o f  dehydrociilor-

142in a t io n . The r a te  o f  removal o f  HCl depends upon the len g th  o f  the  

a lk y l chain  and, in  sh ort c h a in s , on the p o s it io n  o f  the ch lo r in e  atom. 

Under th ese  c o n d it io n s , p o s s ib ly  ra th er  d r a s t ic ,  the p o s it io n  o f the  

double bond in  th e  r e s u lt in g  u n satu rated  compound does not appear to  

depend upon the p o s it io n  o f  th e c h lo r in e  in  th e s id e  ch a in . However, i f  

c h lo r in e  on s i l i c o n  i s  su b s t itu te d  by methyl then the d eh yd roch lorin ation  

i s  more d i f f i c u l t .  Some r e s u lt s  obta ined  are o u tlin e d  sch em a tica lly
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below ,

GlGHsGHgCHaSiCla S iC l. Co He

Me.GHsGHGl.SiClo „

GHg =GH. GHg S iG lo  + Me. GH=GHSiGlo

+ æ i

GHg =GH. GHg . S iG lo  + Me. Cli=GH. S iG lo  

6 : 1

Me.GHGl.GHgS iG lo
5U%

-♦ GHg =GH.GHg .S iG lo  + Me.GH=GH.SiGlo

3 .4  : 1

In the ca se  o f  GlGHg Glig S iG lg  Me the rea c ta n t i s  apparently

unchanged apart from the p ro d u ctio n  o f MeSiClg and GlCHgCHg SiMegCl

g iv e s  no d eh y d ro ch lo r in a tio n . No mention i s  made o f  th e  p -  e lim in a tio n

o f  th e se  compounds which seems su r p r is in g  as the in d u c tiv e  r e le a se  from

s i l i c o n  would be enhanced by th e presence o f  methyl su b s t itu e n ts  and

the chance o f  o l e f in  e lim in a t io n  occurring even in  the presence o f  FeSi

would be exp ected  to  be h igh  and to  outweigh the d eh yd roch lorin ation .

vVhen the c h lo r in e  atom on the a lk y l c iia in  i s  w e ll  removed from

s i l i c o n  as in  m o n o ch lo ro iso p ro p y lp h en y ltr ich lo ro sila n e  tnen p y r o ly s is

y ie ld s  the corresponding d eh yd roch lorin a tion  product, t r i c h lo r o s i ly l -

143d -m e th y ls ty r e n e , in  high y i e l d  as would be expected  from a normal 

adkyl h a lid e .

Me /GHg C l Me GHg

S iG lg S iG lg  + HCl

Passage o f  d  -  and p - c h lo r o a lk y ls i la n e s  over 80:20 Si:Cu a t  

370 -  400°G g iv e s  a g rea t many products by analogous r e a c t io n s  to  th ose  

alread y  d isc u sse d  and by d isp r o p o r tio n a tio n . A second c i i lo r o s i ly l  group
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was o f te n  s u b s t itu te d  fo r  the aillo/l c iilo r in e  atom, the y ie ld  o f  products  

d ecrea s in g  in  th e  o r d e r l^

ClGHgCIL S iG lg  >  GHg GHGl. S iG lg  >  ClGHgSiClgMe >  ClCHgSiClg.

The com p lex ity  o f  the product m ixtures obtained  under th e se  c o n d itio n s  

can be i l lu s t r a t e d  by c o n s id e r a tio n  o f CC -  and P -c h lo r o e th y ld ic h lo r o -  

e th y ls ila n e^ ^ ^

GlGHgCHgSiEtClg

17^

5%

6/0

Q% Gig EtSiGHg GHg SiH C lg  

1 3% Gig EtSiGHg GHg S iG lg  

5̂ 0 (G ig EtSiGHg GHg )g S iG lg

GHg=GH.SiGlg 

G H gcG H .SiEtClg  

SiG L, 

E tS iG lg  

Etg S iG lg

G HgG HG l.SiEtG lg

LOSSES

10)4

¥

5)4

15̂ 4

7,5% G lgE tSiG H (G H g)SiH C lg  

11)4 Gig EtSiGH  I GHg )S iG lg  

7 .  5 4̂ (G ig EtSiGH(GHg ) )g S iG lg

35̂ 4

The p y r o ly s is  o f  p - c h lo r o te t r a f lu o r o e th y lt r ic h lo r o s i la n e ,

ClCFgGFgSiGlg, a t  220°C i s  suggested  to  occur by a b im olecu lar c y c l ic  

34mechanism in  which f lu o r in e  i s  tr a n sferred  to  s i l i c o n .

CFCl

S iG lg

S iG lr

GFGl

^  2 GFGl = GFg

+ 2 F S iC lg

No CgF  ̂ was found in  the products showing th a t f lu o r in e  and not ch lo r in e  

was e lim in a ted  w ith  the t r i c h lo r o s i ly l  group. However, some d isp rop ortion -
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- a t io n  o f  th e  PSiClg o ccu rred . I t  seems su r p r is in g  t lia t  in  view  o f the

r e a c t io n s  o f  P -h a lo g e n o e th y ls ila n .e s  proceed ing v ia  a unim olecular

mechanism th a t t h i s  p a r t ic u la r  compound r e a c ts  b im o lecu la r ly .

I t  has been su g g e sted  by Batuev^^° th a t decom position o f

P - c h lo r o e t h y l t r ie t h y ls i la n e  may in v o lv e  a b im olecu lar  in term ed iate

ra th er  than a u n im olecu lar one. Hence i t  does not seem im p er itiv e  th a t

a l l  analogous compounds r ea c t v ia  an in term ed iate  o f  the same s tr u c tu r e .

T e tr a f lu o r o e th y ltr ic h lo r o s j- la n e , HOF3 CFg S iG lg  , although s ta b le

34a t 1dO°, decomposes a t  220°G by the fo llo w in g  scheme:

2 HGFg GFg S iG lg  -------- ► GHP=GFg + GlGH=GFg + 2 F S iG lg

The form ation  o f  t r i f lu o r o e th y le n e ,  GHP=GFg , was expected  by analogy w ith  

the above r e a c t io n  and th e  form ation  o f  the unexpected GlGH=GFg i s  

a ttr ib u te d  to  a r e a c t io n  between the normal products.

CFg=CHF + F S iC lg  -------- " CFg=GHGl + F gS iG lg

Although ClCHg GHg S iG lg  and GlGHg GHGl. S iG lg  are r e la t iv e ly  s ta b le  

to  heat th e a lk y l s u b s t itu te d  compounds, ClCHgGHgSiEtg and
00 OQ

ClCHg.GHIl.CHjSiMeg, decompose on attem pted d i s t i l l a t i o n .  ’ ’

The r e a c t io n  o f  e th y le n e  w ith  t r ic h lo r o s i la n e  in  a flow  system

a t 600°G g iv e s  th e exp ected  a d d itio n  product, E tS iC lg , r ^ a tiv e ly  la rg e

q u a n tit ie s  o f  polymer and su r p r is in g ly  some v in y ltr ic h lo r o s i la n e  i s  

147formed. T his would occu r e ith e r  by the p r io r  form ation  o f tr ic h lo r o 

s i l y l  r a d ic a ls :

e .g .  H SiG lg ------*• H- + -S iG lg

S iG lg  + Gglil ------- ► *GgH4 S iG lg

‘GglU S iG lg --------------- ------- - GHg =GH. S iG lg  + H-

H- + H SiG lg----------- -------% + -S iG lg
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o r , ra th er  l e s s  l i k e l y ,  by th e dehydrogenation o f  the e th y l tr ic h lo r o 

s i la n e  formed.

The p y r o ly s is  o f  ^ - c h lo r o e th y ltr ic h lo r o s i la n e  has a ls o  been

c a r r ie d  out in  a flow  system  a t 6 1 0 ,  the main concern in  the work

14-8b e in g  from a s y n th e t ic  p o in t  o f  v iew . The main products were e th y len e  

and s i l i c o n  t e tr a c h lo r id e ,  p y r o ly s is  was a lso  ca rr ied  out in  the  

p resen ce  o f  q u in o lin e  and high y ie ld s  o f  v in y ltr ic h lo r o s i la n e  were 

ob ta in ed .

The o n ly  gas phase work on th ese  compounds from the k in e t ic  p o in t  

o f  view  has been c a r r ie d  out by Davidson^^ on p -c h lo r o e th y ltr ic h lo r o 

s i la n e  a t 394°C. I t  was found in  t h i s  p relim in ary  stu d y , co n tin u a tio n  

o f  which forms the major part o f  t h is  t h e s i s ,  t lia t equim olar q u a n tit ie s  

o f e th y len e  and s i l i c o n  te tr a c h lo r id e  were formed. A lso some hydrogen 

c h lo r id e  was produced in d ic a t in g  th a t d eh yd roch lorin ation  a lso  

occu rred . The r e a c t io n  appeared to  be homogeneous and unim olecular as  

the h a l f - l i f e  remained co n sta n t fo r  changes in  the i n i t i a l  p ressu re and 

th e  su r fa ce  area to  volume r a t io .
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C H A P T E R  F O U R  

KllNiETIOE OF THE OaS PHi\Èm TH’UvLAü uEOOIÆPUÜITluH OF 2-CnijORÜETiiÏj

THlGilEOROElUAl\E

149F ollow in g  on from th e  p relim in ary  study i t  was decided to  try  

to  o b ta in  accu rate  k in e t ic  and m ech an istic  in form ation  on the  

d ecom position  o f  2 -ch loro  e th y l  t r ic h lo r o s i la n e .  No p rev iou s work in  the  

gas phase had been rep o rted  from t h is  p o in t o f  view  although much 

gen era l in form ation  on th e  chem ical behaviour in  the gas phase, see  pages 

50 -  54 , and on s im ila r  compounds in  s o lu t io n , see  Chapters One and Two, 

had been accum ulated. T h is su ggested  th a t , as w e ll  as i t s  in t r in s ic  

in t e r e s t ,  th e p y r o ly s is  r e a c t io n  might provide a u se fu l o%ierator fo r  

th e in v e s t ig a t io n  o f  s u b s t itu e n t  e f f e c t s  in  o r g a n o s ilic o n  chem istry and 

enable com parison w ith  s im ila r  r e s u lt s  obtained  in  the condensed phase.

LA) THE OVER -  ALL REACTION

( i  ) aATEE of reaction AmD EtTECT OF CONCENTRATION OHAxCmE

2 -c h lo r o e th y ltr ic h lo r o s i la n e  was p yro lysed  in  a s t a t i c  system

between 356 and 417°C. At co n sta n t tem perature and volume an in crea se  -

in  p ressu re occurred w ith  th e  f in a l  p ressu re b ein g  ju s t  l e s s  than tw ice

the i n i t i a l  p ressu re . There was no in d u ctio n  p eriod  ob servab le and a

p lo t o f lo g ( po - A p )  a g a in s t  tim e, where po and Ap are the i n i t i a l
p ressu re o f  GlGHg GHg S iG lg  and th e in crea se  in  p ressu re a t tim e, t ,

r e s p e c t iv e ly ,  was l in e a r  to  a t  l e a s t  60% decom position . A fter  t h is  the

r a te  o f  r e a c t io n  d ecreased . T his decrease in  ra te  a t la t e r  s ta g e s  in  the

r e a c t io n  has been shown to  be because o f  secondary r e a c t io n s . ( se e  page

88 )
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The i n i t i a l  p re ssu re , po , was eva lu ated  by e x tr a p o la tio n  o f th e  t o t a l  

p ressu re  -  tim e curve to  zero  tim e. From numerous experim ents i t  was 

shown th a t ,  on average, th e  p ressu re  a t  i n f i n i t e  tim e, poo > was 1 .9 3  

tim es Po . However, the v a lu e s  o f  p » /p o  v a r ied  between 1 .8 8  and 2 .02  

and no g rea t d if fe r e n c e  nor s e r io u s  error  in  r a te  co n sta n ts  was 

in trod u ced  by eq u atin g  lo g (  po - A p )  — lo g (  2po -  P ) , where P i s  

th e  t o t a l  p ressu re  a t tim e t , a g a in st  time in ste a d  o f  lo g (  p%) -  P ) 

a g a in s t  tim e. The r e a c t io n  i s  th ere fo re  predom inantly f i r s t  order eind 

some ty p ic a l  r a te  p lo t s  are shown in  Figure 6.

The i n i t i a l  c o n c e n tr a tio n  o f  2 -c h lo r o e th y ltr ic h lo r o s ila n e  was 

v a r ied  from 12 mm. to  138 mm, and the f i r s t  order r a te  con stan t was 

independent o f  t h is  v a r ia t io n .  The r e s u lt s  ob ta in ed  fo r  the o v e r -a l l  

r a te  co n sta n ts  a t  d i f f e r e n t  tem peratures and i n i t i a l  p ressu res are shown 

in  Table XXX. A lso  in c lu d ed  a re  the v a lu es  o f  th e  p ressu re a liter  more 

than 10 h a l f - l i v e s  ( p x  ) and the r a t io  o f  pcp /pb .

TABLE XIX

T°C Po Poo Poo /Po
^^4, — i  10 k s e c . Run

356 4 5 .7 0 9 2 .0 0 1 .9 3 0 .384 121

356 37 .50 72. 70 1 .94 0 .3 7 1 125

369 .2 6 9 .7 5 1 3 5 .6 1 .9 4 0 .7 8 3 5

376.4 32 .50 6 2 .0 0 1 .9 1 1 .1 5 48

377.6 37 .50 - - 1 .2 2 110

377.6 4 7 .4 0 - - 1 .14 111

378.5 32 .10 6 3 .0 0 1 .9 6 1 .2 9 47

379 .3 4 0 .8 5 - - 1 .3 7 107

379 .3 2 9 .25 — — 1 .3 1 108
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TABLE XIX ( continued  )

T°G Po P'OO P » ■ Po
4 -1  10 k se c . Run

379.7 32 .25 6 1 .1 0 1 .9 0 1 .3 8 41

3 80 .6 3 4 .80 6 7 .9 0 1 .95 1 .4 2 53

380 .6 36 .50 7 1 .9 0 1 .9 7 1 .4 3 54

380 .6 37 .70 7 2 .4 0 1 .9 2 1 .4 9 71

381.6 80 .10 1 5 7 .9  ’ 1 .95 1 .50 1

382 .8 4 3 .5 0 8 5 .6 5 1 .9 7 1 .6 2 13

382 .8 63 .1 0 1 2 2 .5 1 .94 1 .6 2 49

382 .8 4 1 .4 0 8 1 .5 0 1 .9 7 1 .63 50

382 .8 4 3 .8 0 8 4 .5 0 1 .9 3 1 .5 9 52

382 .8 32 .40 - - 1 .6 0 72

382 .8 28 .10 5 4 .5 0 1 .9 4 1 .4 9 73

382 .8 21 .45 4 2 .6 0 1 .9 9 1 .5 7 74

382.8 26 .20 5 1 .6 0 1 .9 7 1 .6 0 75

382 .8 4 1 .2 0 7: .9 0 1 .9 4 1 .56 76

382 .8 4 1 .1 0 - - 1 .5 8 77

3 82 .8 33 .10 - - 1 .5 2 112

3 82 .8 9 9 .0 0 1 8 5 .6 1 .8 8 1.595 113

383 .3 35 .50 6 6 .1 0 1 .8 7 1 .7 6 35

383 .3 1 2 .40 - - 1 .67 36

3 83 .3 5 0 .5 0 - - 1 .6 0 37

383.3 4 9 .1 0 9 3 .7 0 1 .9 1 1 .5 7 63

383 .3 2 9 .90 5 8 .3 0 1 .9 5 1 .6 8 64

383 .3 2 2 .4 0 - - 1 .6 2 65

383 .3 5 0 .5 0 - - 1 .6 8 66

383 .3 3 6 .80 7 0 .6 0 1 .92 1 .57 67
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TABLE XIX V continued  )

T°C Po Poo P» 'Po
, -.4. -1  10 k s e c . Run

383.3 27 .00 - - 1 .7 1 68

383.3 4 5 .8 0 - - 1 .6 5 118

383 .3 4 6 .6 0 9 1 .8 0 1 .97 1 .6 9 119

384 33.40 6 5 .9 0 1 .97 1 .73 12

385 138 .3 2 7 9 .4 2 .02 1 .8 4 6

385 29 .85 5 8 .7 0 1 .96 1 .8 6 7

385 39.80 8 1 .6 5 2.05 1 .8 8 9

385 31.30 6 2 ,4 0 1 .99 1 .7 9 10

385 29 .50 - - 1 .8 2 14

385 27.40 5 2 .6 0 1 .92 1 .7 7 15

385 1 8 .7 0 3 7 .3 0 1 .9 9 2 .31 59

385 51 .65 9 9 .0 0 1 .91 1 .7 6 60

385 5 6 .40 106 . 0 1 .88 1 .76 61

385 37.80 7 3 .1 5 1 .93 1 .8 8 62

385 12 .15  ' 23. 55 1.'94 1 .7 9 69

385 2 6 .00 51. 20 1 .9 7 1.63 70

385 31.00 5 9 .0 0 : .  90 1 .7 5 114

385 29.55 u 8 . 20 1 .9 7 1 .88 11D

385 55 .00 1g6 .4 1 . u4 2 .00 116

387 .1 61 .25 120. 9 1 .9J 2 .02 16

3 89 .8 5 1 .90 - - 2 .32 8

389.8 55.00 - - 2 .2 4 11

389 .8 21.00 - - 2 .20 29

389 .8 31.30 _ 1 .94 32
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TABLE XIX ( continued  )

T°G Po pbo PCD/po lO'^k se c .^  Run

389.8  4 5 .0 0  8 6 .4 0  1 .9 2  2 .5 2  33

391.5 52 .40  1 .0 9 .0  2 .0 8  2 .64  21

391.5 29 .00  -  -  2 .55  22

391.5 5 0 .0 0  -  -  2 .62  23

393.7 21 .25  4 0 )’85 1 .9 2  2 .94  17

395.7 29 .80  57.7CL 1 .9 3  2 .8 4  18

393.7 4 2 .3 0  85,. 50  2 .02  2 .9 4  19

393.7 38 .20  74 . 75 1 .9 6  2 .76  20

398 30.20 *60 . 00  1 .9 8  3 .56  24

398 4 3 .0 0  8 7 .1 5  2 .02  3 .65  25

398 24 .80  4 8  . 00  1 .94  3 .35  26

398 31 .25  6 3 .4 0  2 .0 2  3 .71  27

398 27 .20  5 1 .6 .0  1 .9 2  . 3 .72  28

399.3 100 .6  1 9 0 .4  1 .8 9  3.73 2

399.3 4 5 .0 0  -  -  3 .84  85

40 1 .2  4 2 .5 0  8 2 .9 0  1 .9 5  4 .2 3  55

40 2 .6  16 .40  32 . 25 1 .9 6  4 .3 8  78

402 .6  34.30 6 6 .5 0  1 .9 4  4 .3 6  79

402 .6  26 .00  -  -  4 .5 2  80

40 2 .6  28 .20  -  -  4 .4 0  81

40 2 .6  28 .25 -  -  4 .2 0  82

40 2 .6  33 .20  -  , -  4 .4 5  83

402 .6  17 .50  -  -  4 .4 5  84

40 2 .6  23 .00  -  -  4 .3 6  86
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TABLE XIX (c o n tin u e d ;

P) Poo Poo /Po lü'^k s e c .  ̂ Run

4 0 2 .6  29 .95  -  -  4 .3 6  94

4 0 6 .4  8 2 .10  1 6 3 .4  1 .9 8  5 .1 8  4

4 0 7 .3  2 7 .0 0  -  -  5 .7 5  97

4 0 7 .3  20 .40  4 0 .0 5  . 1 .9 6  5 .6 5  98

4 0 7 .3  5 2 .0 0  9 9 .4 0  1 .9 1  5 .2 4  99

4 0 7 .3  56 .20  -  -  6 .0 3  100

4 0 7 .3  27 .15  5 2 .9 0  1 .9 5  5 .8 0  101

4 0 7 .3  4 0 .7 0  -  -  5 .6 5  104

4 0 7 .3  4 0 .0 0  -  -  6 .0 8  105

4 0 7 .3  1 1 .5 0  -  -  6 .1 0  106

4 0 8 .1  35 .85  6 6 .2 5  1 .8 5  5 .9 8  3

4 0 9 .5  37 .40  7 2 .7 0  1 .9 4  6 .2 0  95

4 1 0 .9  12 .9 0  -  -  6 .7 5  96

417 4 9 .4 0  9 5 .0 0  1 .9 2  9 .2 2  120
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( i i )  M m m r J S  R^UATIUN

The e f f e c t  o f  tem perature on the o v e r - a l l  r e a c t io n  rate was 

ev a lu a ted  u s in g  th e A rrhenius eq u ation ;

k I secT^ ) = A e -

f’rom the l in e a r  p lo t  o f  lo g  k 

a g a in s t  10^/T^K. The A rrhenius p lo t  i s  shown in  Figure 7 although t h is  

f ig u r e  i s  much condensed from th e  graph th a t was drawn to  eva lu ate  the  

o v e r - a l l  a c t iv a t io n  energy ( E ) and the p re -ex p o n en tia l fa c to r  ( A ) 

and does not co n ta in  a l l  th e  exp erim en ta l r e s u l t s .  The o v e r -a l l

r e a c t io n  was rep resen ted  by th e  eq u ation ,

, -1  \ , i l .4 U ±  0 .1 6  -  4 b ,b o o t bUO/RTk ( s e c .  ; = 10 e

over the tem perature range 

356 -  417°C. Further d is c u s s io n  o f  the Arrhenius param eters w i l l  be 

d efered  u n t i l  l a t e r ,  when th e  in d iv id u a l s te p s  co n tr ib u tin g  to  the over

a l l  k in e t ic s  w i l l  be co n s id er e d .

( i i i )  EFFECT OF INHIBITORS

A number o f  runs were c a r r ie d  out in  the presence o f  n i t r ic  

oxid e or cycloh exen e to  t e s t  w hether r a d ic a l ch ain s p layed  a part in  

the mechanism. The e f f e c t  on th e  o v e r -a l l  r a te  o f  r e a c t io n  was sm all but 

a s l i g h t  a c c e le r a t io n  o f  the r e a c t io n  ra te  d id  occur. However, red u ction  

o f  the r e la t iv e  amount o f  " in h ib ito r ” d id  not reduce the ra te  below  

th a t o f  th e  "uninhibited" r e a c t io n .  R esu lts  ob ta in ed  in  the presence o f  

in h ib ito r s  are shown in  Table XJC to g eth er  w ith  some r e s u lt s  w ithout 

in h ib ito r s  p resen t to  enable com parison to  be made. Graphs o f the r a te  

co n sta n ts  a g a in s t  r e la t iv e  c o n ce n tra tio n s  o f  in h ib ito r  and 2 -ch lo r o e th y l
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- t r i c h lo r o s i la n e  a re  shown in  Fic;nre 8 fo r  n i t r i c  oxide a t 379 .7° and 

in  F igure 9 fo r  cycloh exen e a t  4 0 7 .3°G.

TABLE AA

T°G Po P o l n . I n h ib ito r PoW po lO^k Run

356 4 3 .0 0 20 .40 NO 0 .475 0.416 122

356 39 .20 18 .8 0 NO 0 .4 8 0.397 123

356 36 .20 4 .4 0 NO 0.1 2 1 0.371 124

356 - - - - 0 .377 Mean

375 .5 13 .85 10 .35 Oe Hi 0 0 .7 5 1.09 38

375 .5 3 9 .50 9 .8 0 Ge Hi 0 0 .2 5 1 .11 39

379 .7 3 5 .60 10 .10 Oe Hi 0 0 .2 8 1.56 40

3 7 9 .7 1 2 .15 30.30 NO 2 .5 0 1 .09 42

379 .7 4 1 .7 0 37 .80 NO 0 .9 1 2.47 43

379 .7 2 4 .60 4 6 .1 0 NO 1 .8 8 1.95 44

379 .7 21 .95 55 .3 0 NO 2.52 2.10 4o

379 .7 - - - - 1 .38 41

3 82 .8 4 1 .7 0 31.20 Ge Hi 0 0 .7 5 1.46 51

382 .8 - - - - 1 .58 Mean

383.3 2 0 .60 12 .00 NO 0 .5 8 1.74 117

383 .3 - - - - 1.65 Mesui

4 0 7 .3 2 0 .9 0 9 .7 0 Ge Hi 0 0 .465 6 .00 102

4 0 7 .3 23 .40 21 .20 Ge Hi 0 0 .9 0 6 .30 103

4 0 7 .3 — — 5 .79 Meaui

The s ig n if ic a n c e  o f  th e se  r e s u lt s  w i l l  be d isc u sse d  w ith  the 

su b sid ia ry  r e a c t io n s ,  see  pages 8 8 -96
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( iv )  Eb'f'BJT OF SURFACE

To i n v e s t i p;ate the p o s s i b i l i t y  of some su rface  r e a c t io n (s )  tak in g  

p la c e , th e  r a t io  o f  su r fa ce  a rea  to  volume o f  the r e a c tio n  v e s s e l  was 

changed. T h is was ach ieved  b o th  by the employment o f  r e a c tio n  v e s s e ls  o f  

d if f e r e n t  c a p a c it ie s  and a l s o  by packing the 1510 ml. rea c tio n  v e s s e l  

w ith  g la s s  tu b es . There was no observab le d iffe r e n c e  in  th e ra te  o f  the  

o v e r - a l l  r e a c t io n . R esu lts  o u t l in in g  t h is  are shown in  Table XXI.

TAbiî; XXI

T% 4 - 1  10 k s e c . S/V cmT^ Run

i8 0 .6 1 .4 2 0 .4 2 53

380.6 1 .4 3 0 .4 2 54

380.6 1 .45 2 .3 9 56

380.6 1 .4 9 2 .3 9 57

382.8 1 .5 2 0 .3 8 112

382 .8 1 .595 0 .7 8 113

385 1 .84 0 .2 8 6

385 1 .86 0 .2 8 7

335 1 .8 8 0 .2 8 9

385 1 .7 9 0 .4 2 10

385 1 .7 7 0 .4 2 15

New v e s s e l  c lea n ed  w ith  warm con cen trated  NNOs

385 2.31 0 .3 8 59

385 1 .7 6 0 .3 8 60

385 1.76 0 .3 8 61
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T his in v e s t ig a t io n  o f  su r fa ce  e f f e c t s  vvas in te r e s t in g  in  tliat  

v ir t u a l ly  no c o n d it io n in g  o f  th e  su rface  was needed a t  a l l .  In fa c t  

b e fo r e  Run 59 a new r e a c t io n  v e s s e l  was tre a te d  w ith  warm concentrated  

n i t r i c  a c id  b efo re  in s e r t io n  in to  the furnace and reproducib le runs 

were ob ta in ed  alm ost im m ed iately , see  Table XXI. I t  does seem th a t here  

i s  a rare example o f  th e  absence o f  heterogeneous behaviour at any 

s ta g e  in  th e  in v e s t ig a t io n .  As has been a lread y  mentioned, pages 29 -  j j ,  

th e u su a l requirem ent f o r  r e p r o d u c ib il ity  o f  k in e t ic s  ol‘ decom position  

o f  organ ic compounds i s  a  "seasoned" su r fa c e . The behaviour o f 2 -c h lo r o -  

e t h y lt r ic h lo r o s i la n e  becomes even more in te r e s t in g  when i t  i s  observed  

t'nat the decom position  o f  2 -ch lo r o eth y ld im eth y lp h en y ls ila n e  p o sse sse s  

s u b s ta n t ia l  heterogeneous ch a ra c ter , see  Chapter S ix . I t  may be th a t  

ClGHsCHsSiGla i s  more "Inorganic" than GlCHoCKgSiMe-,Ph and the organic  

compounds u su a lly  s tu d ied  p y r o ly t ic a l ly  and th a t t h is  iias some b earin g  

on the b eh aviou r.

{B) Tlid II:i;IVIdUaL RdAGTIUNd

( i )  Cül\lmRAL

By gas chromatofpraphic a n a ly s is  supplemented by in fr a -r e d  and 

mass sp ectra  i t  was found th a t the r e a c t io n  products were mainly 

e th y len e  and s i l i c o n  te tr a c h lo r id e  w ith  sm a ller  q u a n t it ie s  o f hydrogen 

c h lo r id e , v in y l t r ic h lo r o s i la n e ,  v in y l c h lo r id e , tr ic l'ilo r o s ila n e  and 

e t h y lt r ic h lo r o s i la n e .  The v in y l ch lo r id e  and t r ic h lo r o s i la n e  

c o n cen tra tio n s  ro se  to  a maximum during a run and then d eclin ed ; the  

former to  a sm all veilue and the l a t t e r  to  zero . No o th er products o f  

the decom position  o f  GlGHgGH^SiGla were d e te c te d . In some runs w ith
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la r g e  i n i t i a l  p ressu res  a  smeLLl peak appeared on the chromatogram a f t e r  

more than 10 h a l f - l i v e s .  T h is u n id e n t if ie d  peak had a r e te n tio n  tim e o f  

18 min. The same peaJc appeared on h ea tin g  v in y ltr ic h lo r o s i la n e  a lo n e , 

the v in y l t r ic h lo r o s i la n e  lias a r e te n tio n  tim e o f  9 m in ., and was 

presumably due to  some p o ly m e r iz a tio n , see  fo llo w in g  s e c t io n . E thyl 

c h lo r id e , 1 , 2 -d ic h lo r o e th a n e , a ce ty le n e  and hydrogen were shown to  be 

ab sent by gas chromatography and th e la t t e r  a ls o  by the com plete 

con d en sation  o f  the p rod u cts a t  -1 9 6 °C. L ater the absence of any oth er  

su b stan ces o f  m olecu lar w e ig h t l e s s  than 1ÜÜ was su b sta n tia ted  by mass 

sp ectrom etry .

The main o b je c ts  o f  t h i s  in v e s t ig a t io n  were f i r s t l y ,  to  f in d  out 

i f  e th y le n e  and s i l i c o n  t e tr a c li lo r id e  were formed by a unim olecular  

e lim in a tio n  and i f  so to  u se  t h i s  r e a c t io n  to  in v e s t ig a te  su b stitu e n t  

e f f e c t s  on the s i l i c o n  atom. Second ly , to  e lu c id a te  the mechanism o f  the  

oth er  r e a c t io n s  and then to  f in d  the e f f e c t  o f  rep la c in g  the S i-C l bonds 

by S i-a lk y l  or S i-a r y l  groups. I t  v/as not r e a liz e d  a t f i r s t  th a t the 

product m ixture was as complex as s ta te d  above and the presence o f  

v in y l c h lo r id e , t r ic h lo r o s i la n e  and e th y lt r ic h lo r o s i la n e  was not proved 

u n t i l  a f t e r  Run 39. For th e f i r s t  runs the products were thought to be 

e th y le n e , s i l i c o n  te tr a c h lo r id e ,  v in y ltr ic h lo r o s i la n e  and hydrogen 

c h lo r id e . At th a t time i t  was not p o s s ib le  to  take many samples during  

a run and a n a ly se s  a t  i n f i n i t e  tim e were con cen trated  upon. The r e s u lt s  

obtained  are shown in  Table XX.II where S, S and V are e th y len e , s i l i c o n  

te tr a c h lo r id e  and v in y lt r ic h lo r o s i la n e  r e s p e c t iv e ly  and the p ercen tages  

are c a lc u la te d  w ith  r e sp e c t  to  the i n i t i a l  p ressu re , po , so th a t  

comparison may be made w ith  the more r e c e n t , more a ccu ra te , work.
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T°G

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

4 06 .4

4 0 8 .1

TABLE XXII

d n a l product a n a ly s is  fo r  e a r ly  runs

Po 96E Run

69 .7 5 - 89 18 5

80 .10 87 19 1

4 3 .5 0 79 85 13 13

33.40 80 89 16 12

29 .85 87 87 15 7

3 9 .80 75 86 12 9

31 .30 79 91 17 10

29.50 62 68 13 14

27 .40 65 88 23 15

61 .25 72 81 14 16

51 .90 83 93 16 8

52 .4 0 80 - 20 21

50 .00  ' 70 84 16 23

30 .20 70 79 12 24

4 3 .0 0 65 91 8 25

24 .80 82 - 12 26

31.25 76 85 16 27

1 00 .6 - - 29 2

82 .10 - 67 13 4

35.85 72 18 3
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I t  was obvious from th e se  r e s u lt s  th a t the k in e t ic  scheme d id

not m erely in v o lv e  e th y le n e  e lim in a t io n  and d eh ydroch lorination  and

th a t  e f f i c i e n t  sep a ra tio n  o f  th e  c o n s t itu e n ts  on the column probably

was not o ccu rrin g  e s p e c ia l ly  w ith  re sp e c t  to  the " s i l ic o n  te tra ch lo r id e"

peak. The a n a ly t ic a l  system  was th e re fo re  improved to  incorporate a 

150sam pling v a lv e  and a more e f f i c i e n t  gas chromatography column and 

d e te c t io n  system .

( i i )  LTAblLITY OF PRODUCTS Ai',0 DxHlblTUltL LwiVlDlj^dljY

HCl, GglLi, NO, Gll5=GHGl, S iG l . , HSiClg, C%=CH.SiGl3,

G^HeSiGlg, GeHio and GlGHa GĤ  SiGI3 .

At th e  tem perature th e se  experim ents were ca rr ied  out i t  was 

shown, by gas chrom atographic a n a ly s is ,  th a t w ith  one ex cep tio n , p o s s ib ly  

two, th ese  compounds were s t a b le .  The ex cep tio n  was cyclohexene which 

a t the h igh er p y r o ly s is  tem peratures used d id  decom]X)se s l i g h t ly .  A lso  

th ere was an in d ic a t io n  o f  a minute amount o f  d eco m w sitio n , polymer

iz a t io n ,  w ith  v in y l t r ic h lo r o s i la n e .
' 151

Smith and Gordon have in v e s t ig a te d  the thermal decom position  

o f cycloh exen e and found th a t the r e a c t io n  fo llo w ed  the fo llo w in g  scheme 

between 425 -  535°G.

G3 H4 + CH2=CH-Gh=Cfie 

+ He,

Cli* , Gg lie , G3H6 , B utenes, G5 compounds

R eactions ( l )  and ( 2 ) are homogeneous and uni m olecular w ith  approxim ately  

the same a c t iv a t io n  energy. R eaction  (3 ) i s  fr e e  r a d ic a l and com prises 

l e s s  than 10% o f  the t o t a l  r e a c t io n . The o v e r - a l l  r e a c tio n  ra te  i s

O
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governed by the .Arrhenius eq u a tio n :

k ( seel ) = 7 .7  X 1 0 l5  e'^^'GOO/RT

To show the e x te n t  o f  the above r e a c t io n s  a t  the tem peratures used in  

the p y r o ly s is  o f  2 - c h lo r o e th y lt r ic h lo r o s i la n e , some cycloh exen e was 

l e f t  in  the r e a c t io n  v e s s e l  a t  400°G fo r  12 h r s . The p ressu re  in crea sed  

from 4 8 .8  to  4 9 .4  mm. and chrom atographic a n a ly s is  showed t ’nat c a .

0 .3  mm. o f  e th y le n e  had been produced. Hence the ra te  a c c e le r a t io n  

obsei'ved m anom etrically  in  th e  presence o f  cyclohexene may be p a r t ly  due 

to  the occurrence o f  the above r e a c t io n s  in  a d d itio n  to  the a c t io n  o f  

t r ic h lo r o s i la n e  on cycloh exen e producing hydrogen c h lo r id e .

D esp ite  the exp erim en ta l ev id en ce t lia t  none o f  the o th er  products 

underwent any decom position  a few p o in ts  need to  be made.

With v in y l t r ic h lo r o s i la n e  a v e r /  sm all amount o f  noljrm erization  

has been found to  occur in  the vapour phase a t  the tem peratures used fo r

t h is  work. At moderate p r essu re s  e x te n s iv e  p o lym eriza tion  o f  v in y l-

152t r ic h lo r o s i la n e  has been shown to  occur between 280 and 400^G and 

the r e s u lt s  are shown in  Table XXIII. These r e a c t io n s  do not seem to  take 

p la c e , excep t to  a n e g l ig ib le  e x te n t , a t  low p ressu res in  the vapour 

piUAse.

ITlblE XXIII

B clym erization  o f  v in y lt r ic h lo r o s i la n e  a t moderate p ressu res

T°G c h lo r o s ila n e s  (GloSiCHs js dimer polymer

-[GHa-GHvSiGlo)J-

260 35?b 2^ 4^ 59^

300 3 8 10 79

400 17 26 24 33
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V inyl c h lo r id e  i s  sa id  to  decompose by a mechanism varying from
I d 3th r e e -h a lv e s  to  second order as th e  r e a c t io n  p roceed s. Decom position  

occurs between 051 -  618°C w ith  an a c t iv a t io n  energy o f  53 k c a l./m o le .  

The main products are hydrogen ch lo r id e  and pol^cner w ith  sm all amounts 

o f  e th y le n e , a ce ty le n e  and methane. P /r o ly s is  o f 21 mm. v in y l ch lo r id e  

a t 380°C fo r  15 h rs . d id  not show any decom position .

S in ce d e h y d r o s ily la t io n  can occur on p y r o ly s is  o f  2 -c h lo r o e th y l

t r ic h lo r o s i la n e  i t  seems p o s s ib le  th a t  a s im ila r  p ro cess  could occur  

w ith  e th y lt r ic h lo r o s i la n e  making the r e a c t io n  below r e v e r s ib le .

Cs He S i l l s  Cs IL» + HSiClg

A v e r y  sm all q u a n tity  o f  e th y len e  was produced on h ea tin g  e th y ltr ic h lo r o 

s i la n e  a t  400^0 fo r  10 h rs. Hence i t  appears t lia t the r e a c tio n  goes 

e f f e c t iv e ly  r ig h t  -  l e f t  as shown above and any sm all ai’aount o f  

decom position  o f  e th y ltr ich lo ix > sila r ie  would be w e ll  w ith in  the 

experim ental error  in  i t s  d eterm in ation .

T r ic h lo r o s ila n e  i s  known to  d isp ro p o rtio n a te  under c e r ta in  

circu m stan ces. At tem peratures over 550^0 m ainly hydrogen and s i l i c o n

te tr a c h lo r id e  are formed whereas a t  low er tem peratures some d icriloro-

154s i la n e  i s  produced. I t  was extrem ely d i f f i c u l t  to  o b ta in  

chrom atoprraphically pure t r ic h lo r o s i la n e  and i f  a la rg e  q u a n tity , c a .

100 mm., o f  t r ic h lo r o s i la n e  was l e f t  in  the re a c tio n  v e s s e l  I'or some 

tim e then some s i l i c o n  te tr a c h lo r id e  was formed. There seems l i t t l e  

reason to  doubt th a t the re a c t io n :

2 HSiCla -------- ► % SiCl2 + S iO l,

would occur in  the study o f  the
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p y r o ly s is  o f  2-c h lo r o e th y lt r ic h lo r o s i la n e  were i t  not fo r  the 

p r e fe r e n t ia l  r e a c t io n  o f  th e  t r ic h lo r o s i la n e  fonn.ed w ith  the v in y l  

c h lo r id e  and e th y len e  as o u t lin e d  below.

F resh ly  d i s t i l l e d  2 -c h lo r o e th y ltr ic h lo r o s i la n e  o fte n  contained  

a sm all q u a n tity  o f  e th y len e  im p u rity . However, t h is  was e a s i ly  removed 

by d egassin g  and no fu r th er  decom position  occurred in  the heated , 200“ , 

in j e c t io n  bulb . This a lso  in d ic a te d  that decom position o f  the pai-ent 

m olecule v/as not o :cu rr in g  on th e  chromatography column.

( i i i )  HUTIaL kAl'nS OF 10PJ.1AT10H OF liiOPUOTS 

(a ) V/ithout in h ib ito r

The co n cen tra tio n s  o f e th y le n e  (E ), s i l i c o n  te tr a c h lo r id e  ',S}, 

v in y l  ch lo r id e  (VC), and v in y lt r ic h lo r o s i la n e  (V) in  the rea c tio n  

m ixture were determ ined a t in te r v a ls  during the k in e t ic  ruris. Tiie 

s i l i c o n  te tra ch lo r i.d e  was determ ined u sin g  th e  th erm istor  d e tec to r  

whereas the organ ic components were determ ined by hydrogen flame 

io n iz a t io n .  I t  was not found p o s s ib le  to  a c cu ra te ly  determ ine the 

t r ic h lo r o s i la n e  and hydrogen c h lo r id e  in  t h is  way. The q u a n tity  o f  

hydrogen c h lo r id e  was found to  be equal to  th a t o f v in y ltr ic h lo r o s i la n e  

b y mass spectrom etry. E th y ltr ic h lo r o s ila n e  d id  not appear in  the 

products u n t i l  more than 6O/0 r e a c t io n  arid the q u a n tity  was so sm all 

t lia t  to  measure th e r a te  o f i t s  form ation was im p o ssib le . The most 

con ven ien t and i l l u s t r a t i v e  method o f showing the r e s u lt s  was by 

p lo t t in g  the ex p er im en ta lly  determ ined p ressu re o f  the p a r tic u la r  

product a g a in st  1 -  e . The v a lu e  o f  k was determ ined from the 

lo g  ( po -  Ap ) v ersu s  tim e p lo t s  as p r e v io u s ly  d escr ib ed .
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As showi. in  F igures 10 and 11 and a lso  in  Figure 42 on page 187 

in  the experim ental s e c t io n ;  the p a r t ia l  p ressu res o f  e th y len e  (pE) 

and s i l i c o n  te tr a c h lo r id e  (pS) shov; good l in e a r  behaviour in d ic a t iv e  

o f a f i r s t  order r e a c t io n .

S im ila r ly  the i n i t i a l  r a te s  o f  form ation o f  v in y lt r ic h lo r o s i la n e ,  

Figure 12, and v in y l  c h lo r id e , F igure 13, are l in e a r .  As the r e a c t io n  

proceeded the amount o f v in y lt r ic h lo r o s i la n e  produced in creased  to  

g rea ter  than the i n i t i a l  r a te  would p r e d ic t ,  whereas the op p o site  occurs  

w ith  v in y l c h lo r id e . Tlie t r ic h lo r o s i la n e  co n cen tra tio n  a ls o  reached a 

maximum, l ik e  v in y l c h lo r id e , and then d e c lin ed  to  zero a t  the end o f  

a run. Ŝ Dine v in y l ch lo r id e  remained a t in f i n i t y .

The grad ien t o f  the l in e a r  p o rtio n  o f  the jnraphs shov/n in  

Fi(Tures 10 -  13 i s ,  ta x in r  e th y len e  as example, g iven  b y :-

(^radient = kE.po/k , _^ o v e r -a l l

nence fo r  each curve the r a t io  o f  the ra te  o f  form ation o f  the 

p a r t ic u la r  component, in  t h i s  case  e th y le n e , and the o v e r -a l l  r e a c t io n  

ra te  can be c a lc u la te d . The v a lu es  o f  the i n i t i a l  r a te s  obtained  by 

t h is  procedure are g iven  in  Table XXTV.

TiUiLE vXiV

liâ tes o f form ation o f  u roau cts in  the absence o f in h ib ito r s

T“C Po
4

10 k kE/k kS/k kVC/k kV/k Run

356 3 7 .5Û 0 .3 7 1 0 .6 7 - 0 .1 5 - 125

376 .4 32 .50 1 .15 0 .7 5 - 0 .1 1 - 48

377.6 37 .50 1 .2 2 0 .7 4 - - 0 .2 0 110

377.6 4 7 .4 0 1 .14 0 .7 0 111



-  75 -

TiiDUiE XXIV i c o n tin u e d  )

T“G Po
4

10 k kE/k kS/k kVG/k kV/k Run

380 .6 34 .80 1 .4 2 0 .6 9 - 0 .1 8 - 53

380 .6 36 .50 1 .4 3 0 .6 7 - 0 .1 6 - 54

38 2 .8 4 1 .4 0 1 .6 3 0 .6 8 - 0 .1 6 - 50

382 .8 4 3 .8 0 1 .5 9 0 .6 9 - 0 .1 4 - 52

382 .8 32 .40 1 .6 0 0 .7 0 - 0 .2 0 - 72

382 .8 28 .10 1 .4 9 0 .7 2 - 0 .1 6 - 73

382 .8 26 .20 1 .6 0 0 .7 0 - 0 .2 1 - 75

382 .8 4 1 .2 0 1 .5 6 0 .6 5 - 0 .1 6 - 76

382.8 4 1 .1 0 1 .5 8 0 .7 4 - 0 .1 6 - 77

382 .8 9 9 .00 1 .5 9 0 .7 0 - - - 113

383.3 4 9 .1 0 1 .5 7 0 .7 5 0 .7 2 - - 63

383 .3 2 9 .9 0 1 .6 8 0 .7 0 0 .7 1 - - 64

383 .3 3 6 .80 1 .5 7 0 .7 5 0 .7 1 - - 67

383 .3 2 7 .0 0 1 .7 1 0 .7 8 0 .7 5 - - 68

385 1 8 .70 2 .31 0 .6 9 - - - 59

385 5 1 .6 5 1 .76 0 .7 4 - 0 .1 3 - 60

385 5 6 .4 0 1 .76 0 .7 1 - 0 .1 5 - 61

385 37 .80 1 .8 8 0 .7 0 - 0 .1 6 - 62

385 1 2 .15 1 .7 9 0 .7 8 0 .7 6 - - 69

385 2 6 .0 0 1 .63 0 .7 4 0 .7 2 0 .1 2 - 70

399.3 4 5 .0 0 3.84 0 .7 0 0 .6 9 - 0 .1 0 85

4 0 1 .2 4 2 .5 0 4 .2 3 0 .7 2 - 0 .1 2 - 55

4 0 2 .6 1 6 .4 0 4 .3 8 0 .7 4 0 .7 3 - - 78

4 0 2 .6 3 4 .3 0 4 .3 6 0 .6 7 — 79
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TAiiiiE XiVxV y co n tin u ed  )

T“G Po
4

1 0  k kE/k k S / k kVG/k kV/k Run

4 0 2 . 6 26 .00 4 .5 2 - 0 .6 9 - - 80

4U2.6 28 .20 4 .4 0 0 .7 3 0 . 7 1 - - 81

4 0 2 . 6 2 8 . 2 5 4 . 2 0 0 . 7 3 0 .7 1 - 0 .12 82

4 0 2 .6 3 3 .%0 4 .4 5 0 . 7 7 - - 0 . 1 2 83

4 0 2 .6 1 7 . 5 0 4 .4 5 0 .7 6 0 .7 2 - 0 . 1 1 84

4 0 2 .6 23 .00 4 .3 6 0 . 7 5 0 . 7 0 - 0 .14 86

4 0 2 .6 2 9 . 9 5 4 .3 6 0 .7 2 - - - 94

4 0 7 .3 27 .00 5 .7 5 - - - 0 . 1 1 97

4 0 7 .3 20 .40 5 . 6 5 0 . 8 3 - - 0 .1 3 98

4 0 7 . 3 52 .0 0 5 .2 4 0 .7 0 - - 0 . 0 9 99

4 0 7 .3 36.20 6 .0 3 0 . 7 4 - - 0 . 1 1 100

4 0 7 .3 27 .15 5 .8 0 0 . 8 8 - - 0 . 1 4 1 0 1

4 0 9 .5 3 7 . 4 0 6 .2 0 0 .7 4 - - 0 . 1 1 95

4 1 0 . 9 1 2 . 9 0 6 .7 5 0 .7 7 - - 0 . 1 3 96

4 1 7 4 9 . 4 0 9 .22 0 .6 9 - - - 120

A lso one run w ith in crea sed su r fa ce  to volume r a t io

380.6 36 .20 1 .4 9 0 .7 3 0 .1 7 57
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(b ) In the presence o f  in h ib ito r s

When n i t r i c  ox id e or cyclohexene were p resen t th e i n i t i a l  r a te s  

o f  form ation  o f  th e  products remained the same w ith in  experim ental 

e rr o r , a lthough th e experim ental erro r  was ra th er  h igh  fo r  s l ig h t  

changes to  be observed . However, th e  p lo ts  o f  pV and pVC versu s  

I -  e remained l in e a r  u n t i l  the r e a c t io n  had proceeded to  a g rea ter  

e x te n t . The r e s u lt s  are i l lu s t r a t e d  by F igu res 14 and 15 and fire 

ta b u la ted  in  Table XXV. The ra te  o f  form ation o f  v in y ltr ic h lo r o s i la n e  

cou ld  not be measured in  the presen ce o f cyclohexene because they had 

approxim ately th e same r e te n tio n  tim es.

TAbLd XXV

R ates o f  form ation o f  products in  th e p resen ce o f  in h ib ito r s

TOQ Vo Poln .
4 

10 k kE/k kVG/'k kV/k Run

356 4 3 .0 0 20.40  NO 0.416 0 .7 5 0 .1 2 0 .1 5 122

356 39.20 18 .80  NO 0.397 0 .7 3 - - 123

356 36 .20 4 .4 0  NO 0.371 0 .7 2 0 .1 6 - 124

379.7 12 .15 30.30  NO 1 .0 9 0 .7 4 0 .1 6 - 42

379.7 21 .95 5 5 .30  NO 2 .1 0 0 .6 8 - 0 .1 0 45

382.8 4 1 .7 0 31.20  CsHio 1 .4 6 0 .7 5 0 .1 4 - 51

407 .3 20 .90 9 .7 0  Geîîio 6 .0 0 0 .7 4 - - 102

40 7 .3 23 .4 0 21 .20  GeHio 6 .3 0 0 .7 2 - - 103

A lso one run in  the p resence o f  e th y le n e

379.3 30 .45 1 1 .60  G2 H4 1 .3 5 0 .7 4 0 .1 8 109
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( iv )  UOMCJaiTRATIONS i\T

Gas clirom atographic a n a ly s is  v/as a ls o  c a r r ie d  out a f t e r  more 

than 10 h a l f - l i v e s  to  su b s ta n t ia te  th e ev id en ce o b ta in ed  during the runs,

(a ) W ithout in h ib ito r

In th e absence o f  n i t r i c  oxide and cycloh exen e the r e s u lt s  a t  

i n f i n i t y  fo r  e th y len e  and s i l i c o n  te tr a c h lo r id e  agreed w ith  the i n i t i a l

i-ates ob ta in ed  during a run to  w ith in  Î 104L In th e ca ses  o f v in y l  

ch lo r id e  and v in y lt r ic h lo r o s i la n e  the q u a n t it ie s  rem aining were 

s u b s ta n t ia l ly  d if f e r e n t  from what the i n i t i a l  r a te s  would p red ic t  

although th e sum o f  the p r e ssu r es , pVoo + pVGoo , was approxim ately the  

same as p red ic ted  from the sura o f  the i n i t i a l  r a t e s .  I t  w i l l  be shown, 

s e c t io n  ( v i ) ,  th a t th e  la r g e r  amount o f  v in y lt r ic h lo r o s i la n e  and the  

corresp on d in g ly  sm aller  amount o f  v in y l c h lo r id e  ai'e due to  the  

su b sid ia ry  r e a c t io n  between v in y l ch lo r id e  and t r ic h lo r o s i la n e  to  

produce v in y ltr ic h lo r o s i la n e  and hydrogen c h lo r id e . The r e s u lt s  

obtained  ai'e shov/n iri Table XXVI, tne p ercen tages b ein g  w ith  resp ec t to  

the i n i t i a l  p re ssu r e , p o , o f  2- ch io ro eth y 11r ic i i lo r o s i la n e  so th at  

comparison w ith  Tables XXIV and XXV may be made.

TjlbLE XXVI

F in a l produc t a n a ly s is  in the absence o f in h ib ito r s
T°C Po itun

3bo 3 7 .5 0 71 - 3 26 125

37G.4 3 2 .5 0 69 - 7 - 48

3 7 9 .b 3 2 .1 0 - 70 7 - 47

380.6 3 4 .8 0 - - 6 20 53
380 .6 3 6 .5 0 68 5 25 54
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TaBLF >JCYI ( c o n tin u e d  )

T°J Po Idn

380.6 37 .70 73 - - 21 71

382.8 63 .10 74 - 5 22 49

382.8 4 1 .4 0 70 - 8 19 50

382.8 4 3 .8 0 65 - 7 - 52

382.8 28 .10 72 76 - 22 73

382.8 2 1 . 4 J 75 75 - 23 74

382.8 26.20 - 76 - 26 75

382.8 4 1 .20 - - - 25 76

383.3 4 9 .10 69 80 - - 63

383.3 29.90 67 67 - 23 64

383.3 36.00 70 67 - 20 67

383.3 4 6 .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 1 2 . 1 5 68 73 - 27 69

385 2 6 . 0 0 67 72 - 24 70

4 0 1 .2 4 2 .50 78 - 5 20 55

4 0 2 . 6 1 6 . 4 0 76 72 - 25 78

4 0 2 . 6 34.30 - 70 - 18 79

41 7 4 9 . 4 0 69 3 26 120

Also one run w ith in crea sed su rfa ce to  volume r a t io

380.6 36.20 69 6 22 57
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(b) In the p resen ce o f  in h ib ito r s

The e f f e c t s  o f  n i t r i c  o x id e , and cyc lo h ex en e , on the r e a c t io n s  

producing v in y l c h lo r id e  and v in y ltr ic h lo r o s i la n e  compared w ith  the  

"uninliibited" r e a c t io n  were to  reduce the q u a n tity  o f  v in y lt r ic h lo r o 

s i la n e  and in c re a se  the amount o f  v in y l c h lo r id e  in  the a n a ly ses  a f t e r  

more than 10 h a l f - l i v e s .  The experim ental r e s u lt s  were reason ab ly  c lo s e  

to  those fo r  the i n i t i a l  r a te s  o f  r e a c t io n . The e th y len e  e lim in a t io n  

rea c tio n  was u n a ffe c te d . The r e s u lt s  ob ta in ed  are shown in  Table XXVII 

where the p ercen tages are a g a in  c a lc u la te d  vrith r e sp ec t  to  the i n i t i a l  

p ressu re , , o f 2- c h lo r o e th y lt r ic h lo r o s i la n e .

IVliLid XXVIX

Final product aim lys i s  in the presence o f in h ib ito r s

T°C Po poln • foE :%v lîun

356 4 3 .0 0 20.40 NO 72 12 14 122

356 39.20 18 .80 NO 71 15 16 123

356 36.20 4 .4 0 NO 72 11 20 124

379.7 24 .60 4 6 .1 0 NO - 18 - 44

379.7 21.95 55 .30 NO - 11 9 45

382.8 4 1 .7 0 31.20  GeHio — 13 - 51

No e t h y lt r ic h lo r o s i la n e  was observed in  the products when an 

in h ib ito r  was p r e se n t. I t  i s  notew orthy th a t when a sm all amount o f  n i t r i c  

oxid e i s  p r e se n t, 4.4-0 ram., th en  com plete in h ib it io n  o f  the r e a c t io n :

CHn=CHCl + HSiClo ------- ► G H g = C H .S iC l3  + HCl

does not take p la ce  and t h is  i s  r e f le c t e d  in  the f in a l  proauct a n a ly s is ,  

see  Idm 124.
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(v )  STüICHlQtvIETRY OF THE RKAÜTION

Although no decom position  o f  2 -c h lo r o o th y ltr ic h lo r o s i la n e  

occurred on th e chromatography column the r e te n t io n  tim e fo r  t h is  

compound was about. 55 min, and th e  peak broad under the c o n d itio n s  

n ecessary  fo r  sep a ra tio n  o f  th e  p rod u cts. The measurement o f the r a te s  

o f  appearance o f  products and th e c o n cen tra tio n s  o f  products a t  

i n f i n i t y  were con cen tra ted  upon. The r e s u lt s  ob ta in ed  by f in a l  product 

a n a ly s is  are shown in  Table XXVIII where th e p ercen tages are c a lc u la te d  

w ith  re feren ce  to  po • Tlie column 9 ^  i s  the sum o f  the p ercen tages o f  

th e  Cg fragm ents, v i z . e t h y l e n e  (E ), v in y l  c h lo r id e  (VC), 

v in y ltr ic h lo r o s ilE in e  (V) and e t h y lt r ic h lo r o s i la n e  (E t) . I f  the  

experim ental r e s u lt s  shov/n in  Table ^(XVIII are u t i l i z e d  w ith  the  

a d d it io n a l in form ation  th a t pV = pHCl , t h is  id e n t i t y  i s  assumed to  be 

c o r r e c t  in  the presence o f  n i t r i c  o x id e , any a d d it io n a l hydrogen c h lo r id e  

b ein g  formed s o le ly  from th e r e a c t io n  betv/een t r ic h lo r o s i la n e  and 

n i t r i c  o x id e , then the r a t io  o f  f in a l  to  i n i t i a l  p ressu re  can be 

c a lc u la te d  to  be approxim ately  equal to  1 .9 3  and in  agreement w ith  

experim ent. A lso the c o n d it io n : -  pS -  pE = pEt = pVC should  hold  fo r  

th e  u n in h ib ited  re a c tio n ; t h is  may in  f a c t  be th e  ca se  as the v a lu es  

g iv en  fo r  pEt are su b jec t to  la r g e  experim ental error  and ou st on ly  be 

con sid ered  as an e s t im a te . However, i t  was o f  cou rse p o s s ib le  to  t e l l  

when no e th y lt r ic h lo r o s i la n e  was p r e se n t.

m'lyi'
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TAdiU àXVü I

F in al product a n a ly ses  used fo r  s to ich io m etry  o f the r e a c tio n

T°C Po PoNO PSoo pvc^ PVo PEt^ ^ t Run

356 4 3 .0 0 20 .40 3 0 .9 5 .0 6 .0 0 72 12 14 0 98 122

356 39.20 18 .8 0 2 7 .6 6 .0 6 .4 0 71 15 16 0 102 123

356 36.20 4 .4 0 2 5 .9 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 - 2 4 .7 2 .0 9 .3 - 68 5 25 - 98 54

380.6 36.20 - 2 5 .1 2 .0 8 .0 - 69 6 22 - 97 57

382.8 65 .10 - 4 6 .5 3 .0 1 4 .0 - 74 5 22 - 101 49

382.8 41 .4 0 - 29 .0 3 .2 8 .0 - 70 8 19 - 97 50

383.3 4 6 .6 0 - 33 .2 2 .0 1 1 .5 0 .5 71 4 2o 1 101 119

385 51.65 - 4 0 .0 3 .3 1 0 .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 1 3 .0 0 .5 69 3 26 1 99 120

( v i )  SdhÜlUIARY REAGTIÜNÜ

b efore co n s id er in g  th e  su b sid ia ry  r e a c t io n s  in d iv id u a lly  i t  w i l l  

perliaps be u s e fu l  here to  b r i e f ly  summarize the ev idence in  the 

p receed ing p ages. E thylene and s i l i c o n  te tr a c h lo r id e  are formed a t  

equal r a te s  by a f i r s t  order r e a c t io n  v/hich i s  u n a ffec ted  by in h ib ito r s .  

Also the 1‘in a l  product a n a ly s is  fo r  th ese  compounds a g rees  w ith  t h e ir  

r a te  o f form ation . This r e a c t io n  i s  th ere fo re  k in e t ic a l ly  sim ple and 

in  a l l  p r o b a b ility  in v o lv e s  a c y c l ic  t r a n s it io n  s t a t e .  The i n i t i a l  ra te
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o f  form ation  o f  v in y l  c h lo r id e  ana o f  v in y ltr ic h lo r o s i la n e  was 

independent o f  the p resence o f  in h ib ito r s .  A lso , when la rg e  amounts o f  

n i t r i c  ox id e  were p resen t then the f in a l  product a n a ly s is  agreed w ith  

the appropriate ra te  r a t io s .  Hence th ese  r e a c t io n s  arc i n i t i a l l y  f i r s t  

orner e lim in a t io n s . Therefore i t  seemed l ik e ly  th a t the 2-c h lo r o e th y l

t r ic h lo r o s i la n e  decomposed i n i t i a l l y  by tliree  sim ultaneous un im olecu lar  

é lim in a t io n s .

Ca H4 + SiCl4

ClCHsCHgSiCla ----------- ► GHosGH.SiCla + HCl

^ ^ G H o = G H G l + lîSiGla

F r o m  t h e  i n l ' i n i t y  r e s u l t s  w i t h o u t  i n h i b i t o r  p r e s e n t  t h e  t o t a l  r e a c t i o n  

s c h e m e  w a s  n o t  a s  s i m p l e  a s  t h i s  a n d  t h e  f o l l o w i n g  s u b s i d i a r y  r e a c t i o n s  

a r e  K now n t o  o c c u r .

CH2=GHC1 + riSiCla -------------------------- ► GHo=Gli .SiCl 3  + HGl

C3H4 + JiSiCln -----------------------► GsHeSiCls

R eactions o f  t h is  type are w e ll  known and have been e x te n s iv e ly  s tu d ie d ,

the a d d itio n  o f  s i l i c o n  iiyurides acro ss  a double bond beine: a common

155s y n th e t ic  rou te in  o r g a n o s ilic o n  chem istry.* In the absence o f  c a t a ly s t s  

the r e a c t io n s  are u su a lly  c a r r ie d  out in  a flow  system  a t  55G-G5U%;

a d d itio n  to  c h lo r o -o le f in s  g iv in g  high y ie ld s  o f  v in y l -  s i l i c o n

. 1 5 6 ,1 5 7 ,1 5 8 ,1 5 9 ,1 6 0 .1 6 1products. A lte r n a t iv e ly  the re a c t io n s  are ca rr ie d

162out between 300-3o0°G in  an a u to c la v e  a t high p re ssu re s . C a ta ly tic  

a d d itio n  o f  s i l i c o n  hydrides to  o le f in s  i s  ach ieved  a t  low tem perature 

u sin g  c h lo r p la t in ic  a c id , platinum -SiOo or platinum-carbon^^^ or more 

commonly w ith  peroxides^'^^ ’ r e ac t i on w ith  c h lo r o -o le f  in s  g iv in g  some
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a d d itio n  compounds but m ainly v in y l compounds^^’^^^ The v in y l compounds 

nay a r is e  from normal a d d it io n  fo llo w ed  by e lim in a tio n . The mecheciisms 

have been suggested  to  be fr e e  r a d ic a l in  ch a ra cter  where the a d d itio n  

of S i -  H i s  s im ila r  to  r a d ic a l a d d itio n s  o f GHGI3 and HX in  th a t a 

secondary/ or a t e r t ia r y  ra th er  than a primary r a d ic a l i s  foraed . 

Therefore term inal a d d itio n  o f the SiGlo r a d ic a l o ccu rs. The SiCls 

r a d ic a ls  are e f f i c i e n t  ch a in  tr a n s fe r  agen ts a id , w ith  sim ple o l e f in s ,  

l i t t l e  té lo m é r isa tio n  o ccu rs . 1:1 a d d itio n  products are u su a lly  

obtained  in  high y ie ld .  R eaction  o f  t r ic h lo r o s i la n e  w ith  e th y len e  a t  

270 -  3'90°G under pres sure g iv e s  r i s e  to  té lo m é r isa tio n  products

o f  the formula Ola S i (GHqGHs )^H where n = 1 -  b but t h is  r e a c tio n  would 

not be very l i k e l y  to  occur a t low p ressu res .

(a ) HSiGla + GĤ  =GHG1

Tills r e a c t io n  was s tu d ied  a t  4 0 2 .6°G in  the same system  as was 

used fo r  the p y r o ly s is  o f  2 - c h lo r o e th y ltr ic h lo r o s ila n e . There was found 

to  be no p ressure change in  the r e a c t io n  and th e on ly  products were 

v in y ltr ic h lo r o s i la n e  and hydrogen c h lo r id e , excep t when the products  

were l e f t  in  the r e a c t io n  v e s s e l  fo r  a long tim e, more than 24 h r s . ,  

when a very sm all q u a n tity  o f  e th y le n e  was d e te c ta b le . The r e s u lt s  

obtained ai'e o u tlin e d  in  Table XXIX where k i s  the average second order  

ra te  co n sta n t.

I t  w i l l  be noted th a t provided the co n cen tra tio n  o f  t r ic h lo r o s i la n e  

i s  l e s s  than th a t o f  the v in y l  c h lo r id e  th a t the r e a c tio n  i s  reasonab ly  

a ccu ra te ly  d escrib ed  by a second order r a te  law , the r e a c t io n  b ein g  

approxim ately f i r s t  order w ith  re sp ec t to  each r e a c ta n t. However, i f  the
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amount o f  t r ic h lo r o s i la n e  was g r e a ter  than th a t o f v in y l c h lo r id e  then  

the r e a c t io n  cou ld  not be d escr ib ed  by a sim ple ra te  law.

TABLE XXIX

R eaction  between t r ic h lo r o s i la n e  and v in y l c h lo r id e

a t 4 0 2 .6°G

Run

87

88 

.89

91

92

93

1:6 VC

11.3
G.9

7 .0

11.0
11.6

24 .6

PoHSiOls

5 .1

3.3
4 .0 5  

1 8 .9  

16 .7

4 .5

lO^k

-1 -1mm. s e c .

1 .7 0  

0 .9 5  

1 .7 3  

0 .3 9  -  0 .9 7  

0 .5 3  -  1 .7 6  

1 .5 0

I t  seems l i k e l y  th a t in  th e decom position  o f  2 -c h lo r o e th y ltr ic h lo r o 

s i la n e  the c o n d itio n s  w i l l  be such as to  make the t r ic h lo r o s i la n e  

co n cen tra tio n  l e s s  thian or equal to  th a t o f  v in y l  ch lo r id e  and so the  

r e a c t io n  w i l l  be approxim ately second order.

I t  might be expected  th a t a d d itio n  should precede e lim in a tio n  

in  t h i s  r e a c t io n . However, i f  t h is  d id  occur under th ese  experim ental 

c o n d itio n s  then the a d d itio n  product had a tr a n s ie n t  e x is te n c e  and was 

not the expected  2-c h lo r o e th y lt r ic h lo r o s i la n e  because no e th y le n e  or 

s i l i c o n  te tr a c h lo r id e  was formed in  th e r e a c t io n . R eaction  o f  v in y l  

ch lo r id e  and t r ic h lo r o s i la n e  a t  h igh  p ressu res  in  the presen ce o f  a 

platinum  c a ta ly s t  does produce 2-c h lo r o e th y ltr ic h lo r o s ila n e ^ ^ ^  

A lte r n a t iv e ly  the a d d itio n  product cou ld  be 1 -c h lo r o e th y ltr ic h lo r o s i la n e
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141which dges not however decompose u n t i l  hia;her tem peratures.

ClGHsGHaSiCl:

HSiCla + GKs =GHG1

In the presence o f  n i t r i c  oxide t h is  r e a c t io n  does not occur to  

any measurable e x te n t . Only a minute tra ce  o f  v in y ltr ic h lo r o s i la n e  

b ein g  formed a f t e r  more than 24 tirs. I t  would seem th er e fo r e  th a t the  

r e a c tio n  i s  a r a d ic a l one, s e e ,  however. S e c tio n  ic )  belo%'.

(b ) lISiGlg + GHc,=CIIa

At 402.6^0 t i l l s  r e a c t io n  occurs a t  a slov/er ra te  than the 

corresponding r e a c t io n  w ith  v in y l  c h lo r id e . Only one k in e t ic  run was 

ca rr ied  out in  the absence o f  in h ib ito r  and the r e s u lt s  are g iven  in  

Table XXX.

TAbiH aXX

R eaction  between t r ic h lo r o s i la n e  and e th y len e  a t 402 .6

Run ' poE poliSiCls l o \

—  1 —1mm. se c .

90 8 .60  8 .6 0  0 .0 9

The r e a c t io n  i s  a t  l e a s t  10 tim es slow er than w ith  v in y l c h lo r id e  and 

again  appears to  be second ord er . The r e a c t io n  i s  com p letely  in h ib ite d  

by n i t r i c  o x id e . The occurrence o f  t h is  r e a c t io n  accounts fo r  the  

d e c lin e  o f  the m anom etrically  measured o v e r - a l l  r a te  co n sta n t and fo r  

the o b serv a tio n  th a t the f in a l  p ressu re o f  e th y len e  i s  s l i g h t ly  l e s s
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than th a t o f  s i l i c o n  te tr a c h lo r id e  in  runs w ith out added in h ib ito r ,

( c )  rlSiCla + NO

170This r e a c t io n  has been s tu d ied  by Mr. C. J . Wood in  t h is

lab oratory  on the mass sp ectrom eter. I t  was found th at a t  420°G the

-3 -1 -1r a te  co n sta n t was about 10 mm. s e c . A la rg e  amount o f hydrogen 

c h lo r id e  was formed in  the r e a c t io n . I t  does seem probable th a t the  

in h ib ito r y  a c t io n  o f  n i t r i c  ox id e on the r e a c t io n s  between tr ic h lo r o 

s ila n e  and v in y l ch lo r id e  or e th y len e  i s  m erely to  remove the  

t r ic h lo r o s i la n e  by some p r e f e ie n t ia l  r e a c t io n  ra th er  tlian to  in h ib it  

the form ation o f fr e e  r a d ic a l ch a in s. In o th er words, the re a c tio n s  

d iscu ssed  in  S e c tio n s  (a )  and (b ) above may not in  fa c t  be r a d ic a l in  

ch aracter  under the c o n d itio n s  o p era tiv e  in  t h is  stu d y .

(d) hSiCla + Gb Hto

This r e a c t io n  was a ls o  stu d ied  in  t h is  lab oratory  by 

17ÜMr. G. J . Wood and he found th a t the r e a c t io n  r a te  was about one 

th ir d  o f t'nat between t r ic h lo r o s i la n e  and n i t r i c  o x id e . Hydrogen 

c h lo r id e  was a ls o  formed in  t h is  r e a c t io n . No fu rth er  r e s u lt s  are a t  

p resen t a v a ila b le  but the prod u ction  o f  hydrogen c h lo r id e  was not

171expected  as the a d d itio n  o f  t r ic h lo r o s i la n e  to  cyclohexene a t  280°G

172and a t 50°G in  the presence o f  benzoyl peroxide g iv e s  h igh  y ie ld s  

o f cy c lo h ex ^ '-ltr ich lo ro sila n e .

( e )  GHpcCH.SiGlg + HGl

The a d d itio n  o f  HX a cro ss  a v in y l double bond in  o r g a n o s ilic o n  

chem istr;/ i s  a common s y n th e t ic  method. A nti -  Markovnikov a d d itio n  

to  u n su b stitu ted  v in y l groups a tta ch ed  to  s i l i c o n  norm ally occurs to
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g iv e  the |3 -h a logen ated  compound. In the presence o f  aluminium, 

c h lo r id e , hydrogen ch lo r id e  adds to  v in y l t r ic h io r o s i1ane to  g iv e  

2 -c h l o r o e t h y l t r i c h l o r o s i l a n e ? ^ I t  might he expected  th e r e fo r e  th a t  

th e r e a c t io n :-

CIl2=CH.SiCl3 + HGl ---------- " GlGHgCHeSiCls

would be r e v e r s ib le  and would thus form e th y le n e  and 

s i l i c o n  t e tr a c h lo r id e , the major products o f  decom position  o f  2-cin loro-  

e th y lt r ic h lo r o s i la n e .  The ec^uilibrium does however seem to  be very  much 

over to  the l e f t  hand s id e  as th e  r e s u lt s  shown in  Table XXX.I below  

in d ic a te .

R eaction  between v in y lt r ic h lo r o s i la n e  and hydrogen c h lo r id e

a t 3 8 0 .6 °G

Time (mill. ) pHCl pV pE pYG

0 3 8 .8  39 .7

40 39 .7  0 0

90 -  39 .7  0 .015  0 .015

125 -  39 .7  0 .0 2  0 .0 1 5

( f )  GlGHoCÎUSiCla + CgH. , GlCHsCHgSiGlg + Gllo=CnCl

The above r e a c t io n s  were c a r r ied  out during the course o f  t h is  

work to  f in d  out whether any in h ib it io n  occurred due to  the form ation  

o f o le f in ic  p rod u cts. With added e th y len e  or v in y l ch lo r id e  no 

d e te c ta b le j  in  the ra te  o f th e  o v e r - a l l  r e a c t io n  was observed . The 

r e s u lt s  ob ta in ed , to g e th er  w ith  com parative data on GlGHgGHgSiGla a lo n e .
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are shewn in  Table XXXIT.

TABLE JÜU1I

l y r o ly s i s . o f  ClGha CH2SiCl3 in  th e p resen ce o f added o l e f in i c  products

T°C Po PoB PoVC
4 

10 k kE/k kVO/'k Run

379 .3 30.45 11.60 - 1 .35 0 .7 4 0 .1 8 109

379 .3 29.25 - - 1 .3 1 - - 108

380 .6 23.45 - 7 .2 5 1 .4 2 - - 58

380.6 36.20 - - 1 .4 9 0 .7 3 0 .1 7 57

I t appears th e r e fo r e th a t the p resen ce o f  th ese sub stan ces does

not in l-iib it nor a c c e le r a te  the r e a c t io n ,

(g )  ClGIIsGIIoSiCla + IlSiCla

This r e a c t io n  was c a r r ie d  out to  s u b s ta n t ia te  the o th er ev id en ce  

fo r  the behaviour o f t r ic h lo r o s i la n e  in  th e  r e a c t io n  scheme. Wrien 

2-c h lo r o e tn y lt r ic h lo r o s i la n e  was decomposed in  the presence o f  t r ic h lo r o 

s i la n e  the p lo t  o f  lo g  ( po - A p  ) was not l in e a r ,  see  F igure 16, and 

the re a c tio n  o b v io u sly  was com p lica ted . The r e le v a n t data shown in  

Table XjtXIII in d ic a te s  t lia t  a l l  the v in y l  c h lo r id e  has been used up and 

a s u b s ta n t ia l  amount o f  e th y le n e  converted  in to  e t h y lt r ic l i lo r o s i la n e . 

There seems l i t t l e  doubt th a t  th e a c t io n  o f  t r ic h lo r o s i la n e  accounts fo r  

the d e c lin e  o f  the ex p er im en ta lly  determ ined o v e r - a l l  r a te  co n sta n t.

TABLE / j a m

P y r o ly s is  o f IICH2GÎI2 SiCla in  the p resen ce o f t r ic h lo r o s i la n e  

pü poHSiOlg Poo /po ^  f<Et Run

380 .6  27 .50  27 .60  1 .5 7  40 0 23 v . la rg e  58À
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(G) MECHANISM OF THE REACTION

The ev id en ce  provided in  th e p receed in g  pages g iv e s  a stron g  

in d ic a t io n  o f  the mechanism o f  decom position  o f  2-c h lo r o e th y ltr ic h lo r o 

s i la n e  b ein g  m olecu lar in  n a tu re . The s l ig h t  r a te  a c c e le r a t io n  in  the  

presence o f  n i t r i c  ox id e or cycloh exen e i s  s a t i s f a c t o r i l y  and 

adequfitely ex p la in ed  by the r e a c t io n s  o f  th e se  su b stan ces w ith  

t r ic h lo r o s i la n e .  Hov/ever, th e  o th er  ev id en ce a g a in st  a radicaJ. mechanism 

w i l l  be d iscu sse d  b r i e f ly  fo llo w e d  by a d isc u s s io n  o f  p o s s ib le  io n ic  

p ro cesses  and a f in a .1 d is c u s s io n  o f  what i s  co n sid ered  to  be the [Qost 

probable course o f  r e a c t io n  from the ev id en ce  ob ta in ed .

( i )  RADICAL REACTIONS

(a ) I n i t i a l  d is s o c ia t io n  o f  2-c i i lo r o e th y lt r ic h lo r o s i la j ie

In the gas phase the 2 -c l i lo r o e th y ltr ic h lo r o s i la n e  m olecule breaks

a t C -J l and Sl-C as exp ected  from s o lv o ly s i s  experim ents. The -S iC lg

and On s tr u c tu r e s  are found in ta c t  in  the products and there i s  no

ev id en ce fo r  -S iC lg  or G s tr u c tu r e s ,  l.îost r e cen t d is s o c ia t io n  energy

s tu d ie s  show th a t S i-X  bonds, where X i s  any group, are o f  about the

173same stren g th  as G-X bonds. T herefore th e Si-G  bond i s  probably

stro n g er  than the C-Gl bond, the l a t t e r  îiaving a d is s o c ia t io n  energy

o f  about 80 k c a l . /m o le . The Si-G  bond in  G^H^-SiGla has a d is s o c ia t io n

energy o f  95 k c a l./m o le  and fo r  th e S i-G l bond in  SiCl^ the va lu e i s  

174106 k c a l./m o le . Hence th e  r e a c t io n :-

GlGHa GHs SiCla  ClCHgCHa' + 'SiClg

seems u n lik e ly  to  occur and t h is  

i s  borne out by th e  sm all e f f e c t  o f  n i t r i c  ox id e on the r e a c t io n  ra te
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whereas t r ic h lo r o s i la n e  r e a c ts  r a p id ly  w ith  n i t r i c  o x id e , probably by

a chain  p rocess w ith  SiClg r a d ic a ls  as chain  c a r r ie r s .  Although

175ClCaHj r a d ic a ls  norm ally r e a c t  b im o lecu la r ly  i f  they were formed in  

the p y r o ly s is  o f  2- c h lo r o e th y lt r ic h lo r o s i la n e  then  they would be 

expected to  re a c t  fu r th e r  w ith  th e  o r ig in a l  compound, t h is  b ein g  more 

l i k e ly  on co n cen tra tio n  c o n s id e r a tio n s  a t the b eg in n in g  o f  a run. 

e .g .  -GsIUGl + GlGHaGHaSiClg ---- ► GallcGl + GlCg HgSiGla

•G2H4GI + GlCHaGHgSiCla ----» GIC2H4GI + -CaH^SiGla

N eith er  e th y l c h lo r id e  nor 1 ,2 -d ich lo ro e th a n e  are found in  the p rod u cts.

G hloroethyl r a d ic a ls  do not take part in  th e clia in  decom position  o f
1761 , 2-d ic h lo r o e th a n e .

On d is s o c ia t io n  energy co n s id e r a tio n s  and s in c e  th ere  i s  no 

chem ical ev idence fo r  the hom olysis o f  the Si-G bond then the only  

p o s s ib le  hom olytic d is s o c ia t io n  p ro cess fo r  2- c h lo r o e th y ltr ic h lo r o s i la n e  

i s  :-

1 . GlCH2CH@SiGl3 ----------» Gl* + -GHaGHaSiGlg

(b) Formation o f  products

I f  the i n i t i a t i o n  s te p  was 1 . above then propagation  o f  the 

r e a c t io n  could  reason ab ly  be expected  to  fo llo w  the fo llo w in g  scheme. 

Formation o f  hydrogen c h lo r id e  and v in y lt r ic l i lo r o s i la n e ;

2. GIGH2 GHa SiGla + Gl- ------» HGl + GlGaHaSiGlg

3 . GlGaliaSiGlg  ► GHa=CH.SiGl3 + Gl-

Formation o f  e th y len e  and s i l i c o n  te tr a c h lo r id e :  

e i th e r  4 . GIGH2 GHa SiGla + Gl- — » S iG l. + GIG2H4-

5. Gl'GaH*'  » GaH4 + Gl-
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or 6 . -CHsCHaSiCls----------- --------► C^IU + -SiCla

7. ClCHgCHaSiCla + -SiClg — ► SiCl^ + • Clis GHa SiClg

Formation o f  v in y l ch lo r id e  and t r i c h lo r o s i la n e :

8 . GlGaHgSiGla -------- ► GHa=GHGl + -SiGlo

9. GlGHaGHsSiGla + -SiGlg ----- ---  HSiGlg + ClGaHsSiGlg

Formation o f  e t h y lt r ic h lo r o s i la n e  :

10. GlGHaGHaSiGla + -GalUSiGla —♦ GalieSiGlg + GlGaHgSiGla

Term ination s te p s :

The p y r o ly s is  o f  2 -c h lo r o e th y ltr ic h lo r o s i la n e  i s  k in e t ic a l ly  

f i r s t  ord er, th ere fo re  the term in a tio n  s te p s  w i l l  in v o lv e  the r e a c t io n  

between two u n lik e  r a d ic a ls  and the fo llo w in g  appear the most p robab le.

11. GlCaHaSiGls + Gl*  GlaGaHaSiGlg

12. GIG2H4* + Gl*--------------- ------ .> GIC2 H4GI

1 3 . -Ga^LSiGls + -SiGlg -----  ̂ GI3 SiGa H* SiClg

14. GlGahoSiGla + -SiCla  " GlaSiCGl )GaHaSiCl3

G onsidering th ese  r e a c t io n s  then i t  would be exp ected  th a t the  

ra te  o f  the r e a c t io n , kg, would be g rea ter  than ke and ke because o f  the  

G-Gl bond b ein g  the w eakest bond. A lso , s in c e  th ere  are more hydrogen 

atoms a v a ila b le  than c h lo r in e  atoms in  th e parent m olecu le , hydrogen 

a b str a c t io n  would be a p re ferred  r e a c t io n . Hence Izq would be g rea ter  

than k4 and k? and a lso  kg would be g re a te r  them k? .

In t h is  ca se  th e re fo re  one would exp ect th a t th e  predominant 

products would be hydrogen c h lo r id e  and v in y l t r ic h lo r o s i la n e ,  and th a t  

more d e h y d r o s ily la t io n  products would be formed than e th y le n e  and 

s i l i c o n  te tr a c h lo r id e . The most obvious o b je c t io n  to  t h i s  scheme i s  th a t
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v in y l t r ic h lo r o s i la n e  and hydrogen ch lo r id e  are not the major r e a c tio n  

products but in  fa c t  e th y le n e  and s i l i c o n  te tr a c h lo r id e  account fo r  more 

than 70̂  ̂ in  the product a n a ly s is .  Large q u a n t it ie s  o f  d eh yd roch lorin a tion  

products are produced in  c a ta ly s e d , benzoyl p erox id e or c h lo r p la t in ic  

a c id , r e a c t io n s  o f  2 -c h lo r o a lk y ls i la n e s  presumably by prod u ction  o f  Cl 

r a d ic a ls  by the c a t a ly s t .

There are a lso  some o th er  p o in ts  w ith  r e sp e c t  to  t h i s  r e a c t io n  

scheme which have to  be co n sid ered .

< l) M though the l im it  o f  d e te c t io n  by the gas cliromatography 

apparatus was about O.Ol mm., no in d ic a t io n  was ob ta in ed  fo r  the p resen ce  

o f  any o f  the products o f  th e  term in ation  r e a c t io n s .

( 2 ) I f  the d is s o c ia t io n  energy o f  the G-Cl bond in  2 -c h lo r o e th y l-  

t r ic h lo r o s i la n e  i s  about 80 k c a l./m o le  then a t the h ig h e s t  tem perature 

used in  t h is  stu d y , 417°C, kj would be approxim ately 10 s e c .^  This 

might be expected  to  g iv e  r i s e  to  very  long ch a in s  and be in d ic a te d  by 

an in d u ctio n  p er io d . No in d u ctio n  p eriod  was observed  exi^erim entally .

( 3 ) Cyclohexene i s  known to  in h ib it  r e a c t io n s  in v o lv in g  Cl r a d ic a ls .  

A lso n i t r i c  oxide would probably in h ib it  r e a c t io n s  in v o lv in g  SiClg 

r a d ic a ls .  N ev erth e less  on ly  the ra te  o f  form ation o f  hydrogen c h lo r id e  

was in crea sed  by n i t r i c  ox id e and t h is  i s  ex p la in ed  by the r e a c t io n  

between t r ic h lo r o s i la n e  and n i t r i c  o x id e .

(4 ) W ill an OC or a j3 r a d ic a l be formed in  r e a c t io n s  2 . ,  9. and

1 0 .?  For the form ation o f  v in y lt r ic h lo r o s i la n e  the odd e le c tr o n  would 

iiave to  r e s id e  on the CC - p o s i t io n  whereas to  produce v in y l  c h lo r id e  i t  

would r e s id e  on the |3 -p o s i t io n .  I t  i s  not known whether an (% -  or a

P -  r a d ic a l would be formed in  t h i s  case  although  in  a d d it io n  o f
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t r ic h lo r o s i la n e  a cro ss v in y ls i la n e s  the odd e le c tr o n  i s  suggested  to  

r e s id e  on the [3 - p o s i t io n .

In view o f  the fo reg o in g  d is c u s s io n  i t  i s  apparent th a t th e  

th ree  sim ultaneous decom position re a c t io n s  o f  2 -c h lo r o e th y ltr ic h lo r o -  

s i la n e  are m olecu lar. The parent m olecule p o sse s se s  no bonds which are  

weak enough to  be e a s i ly  broken h o m o ly t ic a lly  and th e r e fo r e  an in tr a 

m olecular r e a c t io n  becomes favou rab le e n e r g e t ic a l ly .  Because o f  the  

la rg e  amount o f  energy required  fo r  hom olysis o f  the G-Gl bond and the  

tendency fo r  th e s i l i c o n  atom to  a t ta in  a fr a c t io n a l  p o s i t iv e  charge 

le a d s  to  th e stron g  p o s s i b i l i t y  o f  " q u a sih e tero ly tic"  p ro cesses  and 

th ese  w i l l  now be d isc u sse d .

( i i )  IONIC FROCESBKb

From the ev id en ce p resen tee  in  the p reced ing pages the r e a c t io n  

would c o n v e n tio n a lly  be con sid ered  as m olecu lar in  n a tu re . However, in  

view  o f the p resen t-d a y  id ea s  on s im ila r  r e a c t io n s  o f  a lk y l h a lid e s  and 

e s te r s  ( see  Chapter Two ) and o f  the mechanism o f  s o lv o ly s i s  o f

2 - c h lo r o e th y ls i la n e s  ( see  Ghapter One ) some b r ie f  d isc u s s io n  o f  

p o s s ib le  io n ic  or " q u a sih etero ly tic"  p ro ce sse s  i s  n ecessa ry . I n s u f f ic ie n t  

ev id en ce i s  a v a ila b le  from p resen t in v e s t ig a t io n s  to  make any d e f in i t e  

co n c lu sio n s  in  t h is  r e sp e c t  but i t  does seem l i k e l y  th a t fu r th er  

in form ation  on th ese  compounds cou ld  in d ic a te  some h e te r o ly t ic  ch a ra cter  

co n sid er in g  the e le c tr o n  r e le a s in g  c a p a c ity  o f  s i l i c o n .

The p o s s ib le  p r o c e s se s , co n sid er in g  the main, e th y len e  

e lim in a t io n , r e a c t io n  o n ly , would b e : -
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1. In tram olecu lar

C lgS i   CHg
C la S iC ils G H s C l -----  ► G I3 S iG l  + GHgziGHs

G l GII2

2 . Breaking o f  the G-Gl bond exceed in g  S i-G l bond form ation

G lgSi  G H g
GlgSiGHgCHnGl _

0"
Gl . . GI'̂

6+

3 . Breaking o f  the Si-G bond exceed in g  S i-G l bond form ation

G laSi'
6+

GI3S

GlaSiGHsGHgGl
G l------Gl Is

4 . Formation o f  the S i-G l bond exceeds Si-G bond breaking
5"

C lg S i GH2
Gl3SiGHgCHsGl /  | c+

C l  CH:

 ̂ 5 . Formation o f  the Si-Gl bond exceeds both  G-Gl and Si-G bond breaking
5"

GI3 S i  Gils

f .  cm

Although th ey  cannot be r e je c te d  u n t i l  fu r th e r  ev id en ce i s

a v a ila b le  i t  would seem th a t mechanisms 4 . and 5 . would be l e s s  l i k e l y

to  occur. Tlie p y r o ly s is  r e a c t io n  o f  2 -c h lo r o e th y ls i la n e s  bears some

resem blence to  th e neutral, s o lv o ly s i s  o f  th ese  compounds, however, when

a p en tacova len t in term ed ia te  does occu r, in  th e s o lv o ly s i s  o f  s i l i c o n

177h y d rid es, then th e fu n c tio n  p i s  p o s i t iv e  and in d ic a te s  t iia t  the  

e le c tr o n  d e n s ity  on s i l i c o n  i s  o p p o site  to  th a t in  the 2- c h lo r o e th y l-  

s i la n e  p y r o ly s is .  I t  would seem th a t a f r a c t io n a l  p o s i t iv e  charge would 

tend to  r e s id e  on the s i l i c o n  atom.
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Mechanism 3* would he most u n lik e ly  because the w eakest bond

i s  the G-Gl bond.

hence the most probable p ro cess  in v o lv e s  e i th e r  a con certed

in tra m o lecu la r  r e a c t io n , 1 . ,  or a q u a s ih e te r o ly t ic  in ter m ed ia te , 2 . ,

o f  s im ila r  s tru c tu r e  to  th a t  proposed in  the dehydrohalogenation  o f

a lk y l h a lid e s .  Both mechanisms 1. and 2. would g iv e  r i s e  to  a n eg a tiv e

entropy o f  a c t iv a t io n  a s , apart from the degree o f  e l e c t r o s t a t ic

ch a ra cter  in  the bonding, th e t r a n s it io n  s t a t e s  w i l l  be s im ila r  and more

crowded tlian the parent m olecu le . G on sid eration s o f  bond d is s o c ia t io n

e n e r g ie s  ( see  page 97 ) in d ic a te  th a t the G-Gl bond i s  the w eakest

lin k a g e . Biirther ev idence f o r  t h is  has been provided  by Raman sp e c tr a .

The G-Gl bonds p o sse ss  a very  high Raman frequency and in term o lecu la r

178 179in te r a c t io n  between the S i and Gl atoms i s  in d ic a te d . * S im ilar  

r e s u lt s  showing in tra m o lecu la r  behaviour are ob ta in ed  w ith  Y -c h lo r o -  

p r o p y ltr ic h lo r o s i la n e . In th e l iq u id  s t a t e  the in te r a c t io n  appears to  

be b im olecu lar:

Gig S i —  GHb  Glis —  Gl

C l—  GHg —  GHo —  SiCla
e ith e r

GI3 S Ï  —  GHg —  GHs —  Gl 
or :

CI3  S i —  Ghs —  GHq —  Gl

However a c i s  co n fig u r a tio n  o f  the s in g le  m olecule in  

th e  vapour phase would be exp ected  to  g iv e  r i s e  to  the same in te r a c t io n .

I f  the mechanism were as in  2. above then a t  some p o s it io n  on 

th e r e a c tio n  co -o rd in a te  a s tru c tu r e  o f  th e  type :



ü o
might occur in  v iew  o f  th e  tendency o f  s i l i c o n  to  o b ta in  a  f r a c t io n a l  

p o s i t iv e  charge, by a type o f  h yp ercon ju gation .

I 6"̂  6" 16+ 6"
S i  GHb  GHa Gl S i ........GIV-^^' GHg..........Gl
/  \  /  \

The la rg e  s i l i c o n  sp^ hybrid  o r b ita l  would perm it overlap  w ith  the  

d evelop in g  p -o r b ita ls  o f  th e  carbon atoms and some c o n tr ib u tio n  to  th e  

hybrid  o r b ita l  may a r is e  from th e a v a ila b le  d -o r b ita ls  o f  s i l i c o n .

( i i i )  mGHAl ÎSM OF THE PYROLYSIS OF 2-GHIDR0ETHYLTmGHLÜR0SlLAI\[E

From th e r e s u lt s  and d is c u s s io n  in  t h is  chapter i t  i s  apparent 

th a t the o v e r -a l l  p rocess in  th e absence o f  n i t r i c  ox id e or cycloh exen e  

i s

1. GlGHcGHaSiClg  ► GHq=GH2 + SiCl4

2. G1G% GHeSiCla  » GHe=GH.SiGl3 + HGl

3. GlGHgGHaSiGla -----------** GHg=GHGl + HSiCla

4 . GHb=GHG1 + HSiGla --------" GHasGH.SiGla + HGl

5 . GIjs=G% + HSiGla -------- ► GHgGHaSiGla

Using the fo llo w in g  a b b r e v ia tio n s  fo r  the co n cen tra tio n s  o f  the v a r io u s  

components, 2 - c h lo r o e th y ltr ic h lo r o s i la n e  ( (3 ) ;  e th y len e  (E); s i l i c o n  

te tr a c h lo r id e  (S );  v in y l c h lo r id e  (VC); t r ic h lo r o s i la n e  (HSiGla); 

v in y l  t r ic h lo r o s i la n e  (V); hydrogen c h lo r id e  (HGl ) and e th y lt r ic h lo r o -  

s i la n e  (E t) , then  the ra te  eq u a tio n s can be w r itte n :
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-  d (  p ) / d t = ( k i  + kg + ka ) ( p  )

d ( E ) / d t = k i ( p )  - k e ( E ) (  H S iG la )

d ( S ) / d t = ki ( p  )

^dt = d ( H C l ) / d t = ka ( p  ) + k4 (VG) (H S iG la )

d ( V G ) / d t = ka ( p  ) - k , ( V G ) (  H S iG la )

d ( H S i G l a ) / d t = ka ( p  ) - k4  (VG) (H SiG la )

= 0 a t  i n f i n i t y

d ( E t ) / d t = k e (E ) ( H S iG la )

At i n f i n i t y  t h i s  req u ires  th a t;

( S )  -  ( E )  = (V C ) (Bt)

but th e a n a ly s is  was not p r e c is e  enough 

to  perm it a ccu ra te  in d ic a t io n  o f  t h i s  e q u a lity  o th er  than to  su g g est  

th a t i t  i s  n ot im probable.

In th e p resen ce o f  n i t r i c  oxide and cyclohexene th e  r e a c t io n  

scheme s im p l i f i e s  to :

 CHa=GHa + SiCl^

 ► G H a = G H .S iG l3  + HGl

1 . G lG H aG H aS iC lg

2 . GlGHaCHaSiGlo

3.  G lG H a G H o S iC la

6a . H S iG la  + NO

6b. H S iG la  + C eH io

-► GHa=GHGl + H S iG lg  

HUl + products

— ► H G l + products

and r e a c t io n s  4 . and 5 , above do not occu r. Therefore th e r a te  e q u a tio n s .
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u sin g  the a d d it io n a l a b b rev ia tio n  ( in )  fo r  th e co n cen tra tio n

o x id e  or cycloh exen e. become :

-  d( p ) / d t = ( k, + ks + ka )(  (3)

d (E )/d t  = d (S ) /d t = k i ( p )

d (V )/d t = ka( (3)

d (H C l)/d t = k j ( p )  + k g (H S iC la )(ln )

d(VC )/dt = ko( (3)

d(HSiCl3 ) /d t = k a ( |3 )  -  k e (H S iC la )(ln )

The- o v e r -a l l  r e a c t io n  has a r a te  co n sta n t approxim ately  

-4  -1equal to  10 s e c .  whereas r e a c t io n s  4 . and 5 . have r a te s  o f  approx

im a te ly  10  ̂ and 10 ^mm.^sec.^ r e s p e c t iv e ly .  A lso r e a c t io n  6 . ,  which  

e f f e c t i v e l y  removes any t r ic h lo r o s i la n e ,  has a r a te  o f  approxim ately  

10 ^mm.^sec.^ T herefore th e l in e a r  p o r tio n  o f  th e  lo g (  p© - A p ) v ersu s  

tim e p lo t  corresponds w ith  th e  d issappearance o f  2 - c h lo r o e th y lt r i

c h lo r o s ila n e  by the sim ultaneous r e a c t io n s  1 . ,  2 . and 3* and hence len d  

them selves to  the k in e t ic  treatm ent adopted in  t h i s  work. R eaction  4 . 

may not o f n e c e s s ity  be a r a d ic a l ch a in  p ro cess  and i t s  in h ib it io n  by 

n i t r i c  oxide may be m erely because o f  p r e fe r e n t ia l  r e a c t io n  between  

t r ic h lo r o s i la n e  and n i t r i c  o x id e , which may o f  course be r a d ic a l or  

n o n -r a d ic a l.

C yclic  t r a n s it io n  s t a t e s  can be w r it te n  fo r  r e a c t io n  1 . ,  2 . and

3. and, in  f a c t ,  2 . and 3* have as t h e ir  o r ig in  th e  sajne c o n fig u ra tio n
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o f  th e  2 -c h lo r o e th y ltr ic h lo r o s i la n e  m olecule.

1.
/

G l g S i

GHa
\

G l

GHs

G l n S i

GH:

•G l
GHa=GHs + S iG l^

2 .

G l g S i

3.

G l

,GH2 GHr

G l g S i

H ...............C l

C H .............GHg

GH,

G l a S i -

/
•GH

■H

G l

G H g = G H .S iG la  + HGl

GHe=GHCl + H S iG lg

No v a r ia t io n  in  th e r a te  o f  e th y len e  e lim in a t io n  was d e tec ted  

w ith  tem perature and th e r e fo r e  Ei can be equated w ith  the o v e r -a l l  

a c t iv a t io n  energy . For the o v e r - a l l  r e a c t io n  the Arrhenius eq u ation  i s : -

, /  — I sk s e c . ) ^^11.40 ± 0 .1 6  ^ -45 ,500  ±500/RT

Hence i f  kE/k i s  taken as th e  average v a lu e  o f 0 .7 2 , and Ei = 45 ,500  k c a l /  

mole then :

/  -1  \  ki ( s e c . ) ^ q 11.26 45 , 500/R T

The va lu e o f  the A -fa c to r  i s  ra th er  low er than the "normal" va lu e  fo r  

a unim olecu lar r e a c t io n  and i s  in d ic a t iv e  o f  a more crowded t r a n s it io n  

com plex. This can a r is e  w ith  a fo u r -c e n tr e  t r a n s it io n  s ta t e  or in te r 

m ediate. I f  the energy o f  a c t iv a t io n ,  E i , i s  taken to  be equal to  the  

h eat o f  a c t iv a t io n ,  A hJ ,  then  the entropy o f a c t iv a t io n ,  A s f , can be
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c a lc u la te d .

k = e

th e r e fo r e  A = RT/Nh e^ ^ ^ ^  = 2 .1  x 10^^ T. secT^

This g iv e s  a va lu e  o f A s^ = -  8 .0  1 0 .7  c a l . / l e g . /m o le  because o f  the

low A -fa c to r . This i s  a reason ab le  va lu e  fo r  a c y c l ic  t r a n s i t io n

+ . 180 s t a t e .

The r e s u lt s  are not o f  s u f f i c ie n t  accuracy to  ev a lu a te  Eg and Eq 

but they w i l l  probably be 40 -  50 kcal./''m ole.

Under u n in iiib ited  c o n d it io n s  r e a c t io n s  4 and 5 account fo r  the  

experim ental ev idence th a t;

(1 )  th e  co n cen tra tio n s  o f  v in y l  c h lo r id e  and t r ic h lo r o s i la n e  

pass tiirough a maximum;

( 2 ) some v in y l  ch lo r id e  rem ains a t  i n f i n i t y  whereas no t r ic h lo r o 

s i la n e  rem ains;

( 3 ) th e  o v e r - a l l  ra te  o f  r e a c t io n  d ecrea ses  a f t e r  c a . 6Û o r e a c t io n  

and the r a t io  o f the f in a l  p r e ssu re , > to  the i n i t i a l  p r e ssu r e , p© ,

i s  l e s s  than 2 .0 .

In th e presence o f  in h ib ito r s  r e a c t io n s  4 and 5 do n ot occur and 

no e th y lt r ic h lo r o s i la n e  i s  ob servab le  in  the p rod u cts. The amounts o f  

v in y l t r ic h lo r o s i la n e  and hydrogen ch lo r id e  a t  in f i n i t y  are reduced; th e  

q u a n tity  o f  v in y lt r ic h lo r o s i la n e  removed b e in g  about 10 tim es the amount 

o f  e th y lt r ic h lo r o s i la n e  removed. This i s  in  approximate agreem ent w ith  

th e ra te  r a t io  found. In crea se  in  the o v e r - a l l  r a te  o f  r e a c t io n

may be ex p la in ea  by r e a c t io n  6 occu rrin g  w ith  the form ation  o f  hydrogen  

c h lo r id e .
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C H A P T E R  F I V E

STRUCTURAL CHANGES IN 2-JHlOROEfHTLSILA^ES Al̂ D THEIR EI’FECT

{A) THEiUviAL DECOMPOSITION' OF 2-CHœR0ETiaWIô:lL0R0ETlIïijSlDA4E^^^

Concurrent w ith  th e l a t t e r  part o f  th e  work on 2 -c h lo r o e th y l-  

t r ic h lo r o s i la n e  th e  gas phase p y r o ly s is  o f  2 -c h lo r o e th y ld ic h lo r o e th y l-  

s i la n e  was s tu d ied  in  an id e n t ic a l  manner by Mr. G. J . L. M etcalfe in  

t h is  la b o ra to ry .

One o f  the d i f f i c u l t i e s  which occurred and which was not apparent 

in  the study o f  GlGHg GHg SiGlg was th a t on preparing to  s t a r t  a k in e t ic  

run, by h ea tin g  up GlGHgGHgSiGlgEt to  120®G in  a b u lb , some decom position  

took p la ce  g iv in g  e th y len e  and an u n id e n t if ie d  product ( r e te n tio n  tim e 

57 min. ) o f  r e la t iv e ly  low v o l a t i l i t y .  This substance was not e th y l-  

t r ic i i lo r o s i la n e  ( r e te n t io n  tim e 1 5 .5  min. ) nor the parent m olecule 

( r e te n tio n  tim e 92 rain. ) . This decom position  a t  the low er tem peratures 

was not in v e s t ig a te d  because i t  d id  not occur a t  the h ig h er  tem peratures, 

356 -  397°G, used fo r  p y r o ly s is  and cou ld  be kept down to  approxim ately  

5% by the s to ra g e  o f th e  m a ter ia l under propene. Hence the m ajority  o f  

the work was c a r r ie d  out in  th e p resen ce o f  t h i s  in h ib ito r  although  

some r e s u lt s  were ob ta in ed  in  i t s  absence to  e s t a b l i s h  th a t ra te  

r e ta r d a tio n  or a c c e le r a t io n  d id  not occur.

( i )  THE OVERr-ALD HE^yJTIQN

In crease  in  p ressu re  occurred  on p y r o ly s is  and th e r a t io  o f  f in a l  

to  i n i t i a l  p ressu re  was approxim ately  2 .0  and v a r ie d  ra th er  l e s s  than in  

th e study o f  GlCHaGHgSiClg; the v a r ia t io n  fo r  ClGHgGHgSiClaEt b ein g



-  110 -

1 .9 8  -  2 .0 2 . A p lo t  o f  lo g (  poo -  p ) a g a in s t  tim e, where p i s  the 

ex p er im en ta lly  measured t o t a l  p ressu re  a t  tim e t ,  was l in e a r  u n t i l  about 

80/Ù decom position  and then d e c lin e d . That i s ,  l in e a r i t y  was m aintained  

u n t i l  a g re a te r  e x te n t  o f  r e a c t io n  in  the study o f  GlGHaGHa SiClg E t. No 

change in  r a te  consteint was observed  on changing the i n i t i a l  

co n cen tra tio n  a t  co n sta n t tem perature and hence the o v e r - a l l  r e a c t io n  

was f i r s t  ord er. R e su lts  ob ta in ed  in  the p resen ce o f  propene are  

o u tlin e d  in  Table XXXIV.

TABLE XXXIV

P y r o ly s is o f  GlGIIaGHaSiGlaEt in  th e p resen ce o f propene

T°G Po P0G31-jg lO^k (s(

35G 4 1 .4 0 32 .65 1 .0 5

35Ô 53 .6 0 2 8 .1 1 .1 0

366 32.65 6 3 .2 2 .29

366 11 .65 27 .25 2 .06

367.5 35 .80 34 .1 2 .02

376 38 .40 4 3 .5 3 .83

376 23 .8 0 4 8 .0 3 .76

376 24 .0 0 4 8 .7 3 .75

376 4 9 .0 0 5 0 .0 3 .66

386 27 .90 5 0 .1 6 .8 5

386 28 .80 4 7 .8 6 .8 0

386 1 8 .25 38 .75 6 .8 0

386 4 4 .5 5 89 .7 5 6 .6 0

386 7 .55 34 .05 7 .1 0

-1
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TABLE XXXIV ( c o n tin u e d  )

T°G Po P0C3H& 4 / - I s  10 k ( s e c .  )

391 36.75 4 7 .5 8 .8 1

391 9 .1 0 3 5 .8 8 .45

391 34 .40 5 4 .0 8 .9 6

391 19 .5 5 35 .85 9 .0 1

396.5 26 .5 0 4 0 .8 5 12 .05

396.5 24 .85 35.55 12 .59

396.5 8 .4 0 24 .7 12 .92

396.5 6 1 .7 5 8 6 .0 11 .62

As s ta te d  above some runs were ca rr ie d  out in  the absence o f

propene and th ese  are shown in  Table XXXV,

• T̂ iBLE XXXV

P y r o ly s is  o f  ClCHaGHaSiClgEt a lon e

T°G Po lO^k ( sec : b

366 33.05 2 .4 8

366 1 9 .80 2 .3 2

366 23.85 2 .3 7

367.5 39.10 1 .9 5

367.5 38.90 1 .9 4

392 18.15 6 .4 1 X

392 18 .75 7 .1 1 X

393 2 0 .20 8 .6 0

For th e two runs marked w ith a X in  Table XXXV the su rfa ce area to
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volume r a t io  was in crea sed  s u b s ta n t ia l ly  by the in s e r t io n  o f  g la s s  

beads in to  the r e a c t io n  v e s s e l .  W ithin experim ental e r r o r , v/hich 

u n fo r tu n a te ly  was ra th er  la r g e , no change in  r e a c t io n  r a te  was observed . 

These r e s u lt s  were u t i l i z e d  in  an Arrhenius p lo t  o f  lo g  k a g a in st  

10^/T°K and t h i s  i s  shovm in  F igure 17 . Because o f  the d i f f i c u l t i e s  

a r is in g  from th e in tr o d u c tio n  o f  th e  parent substance in  company w ith  

propene the g ra d ien t o f  the graph was not q u ite  so  c e r ta in  as w ith  

ClGHsGHaSiCls ( F igure 7 , page 63 ) and i t  i s  q u ite  p o s s ib le  th a t the  

a c t iv a t io n  e n e r g ie s  fo r  the two d ecom positions are id e n t ic a l .  However, 

the b e s t  l in e  g iv e s  an vlrrhenius equation  fo r  GIGI^G%SiGlgEt o f:

. / -1  V ,^ 1 2 .2 6  1 0 .5 0  -  4 6 ,0 0 0 1  1 , 500/RTk ( s e c .  ; = 10 e '

( i i )  THE INDlYiDUiLL REaGTlONb

The products ob ta in ed  in  th e p y r o ly s is  o f  GIGI-̂ GHg SiG lo£t were 

m ainly e th y len e  and e t h y lt r ic h lo r o s i la n e  w ith  some hydrogen ch lo r id e  and 

v in y ld ic h lo r o e th y ls i la n e . In some runs an extrem ely  sm all q u a n tity  o f  

v in y l ch lo r id e  was d e te c te d . A n a ly sis  by gas chromatography showed t?iat 

no o th er  products were produced. A fter  c o r r e c t io n  fo r  the sm ell q u a n tity

o f  e th y len e  p resen t on in je c t io n  in to  the r e a c t io n  v e s s e l ,  the f in a l

product a n a ly s is  showed th at r e a c t io n  1 accounted fo r  90^ o f the products

1. GlGHaGHaSiClaEt -------- ► GH2=GHa + EtSiGlg

2. GlCHsGHaSiClaEt ---------► CHa^GH.SiGlaEt + HGl

and th a t v in y ld ic h lo r o e th y ls i la n e ,  from r e a c t io n  2, accounted fo r  h a lf  

the rem ainder. The hydrogen c h lo r id e , a lthough  not an a lysed  fo r ,  was 

shown to  be p resen t by therm al c o n d u c t iv ity  d e te c t io n .

For the e th y le n e  e lim in a t io n  and d eh y o ro ch lo rin a tio n  r e a c t io n s
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p o ss ib le  fo u r -c en tre  t r a n s i t io n  s t a t e s  or in term ed ia tes  can be 

su ggested  as fo r  the same r e a c t io n s  in  the p y r o ly s is  o f GlCHsGHgSiGla, 

see  page 107.

1 . GHs —  GHg Ghg........ -CÎIs
/  \   ► : : — ► GH2=GHs + EtG iC la

EtGlgSi Gl..................S tC la S i...........Gl

2. Gl
/  H .............Gl HGl

CHa CIIq
/  GH CHg + GH2=GH.SiCl2Kt

BtGls S i /
EtGlo S i

-»

( i i i )  GOÎ.TARISOH OF GlGHoGHcSiGl .  AI ID GICH,  GHo S iG l, £ t

For the o v e r - a l l  decom p osition s the Arrhenius eq u ation s are :

-SiG la k ( secT^) = 10^^*“̂  ̂ e" ' bOO/RT

-S iG lsE t k ( s e c ." ^ )  = 10^^'^^ e~ 4o,oOO/RT

By equating th e o v e r - a l l  a c t iv a t io n  energy w ith  th a t o f  th e  e th y len e  

e lim in a tio n  r e a c t io n s ,  and ta k in g  th ese  r e a c t io n s  to  be 72̂ }o o f  o v e r -a l l  

fo r  the -SiG la compound and 90̂ 4 fo r  the -S iG laF t compound, the arrheniuf 

eq u ation s become;-

8 e .u ,

u,

-SiCl3 k, ( secTl ) = 10̂ 1.26 4 .̂5C«/RT _ _

-S iC ljS t  ki ( secT^ ) = e" ^-ü.üOO/RT  ̂ = -  4 e .

As s ta te d  p r e v io u s ly , page 108 , one cannot a cc u r a te ly  ev a lu a te  the 

Arrhenius param eters fo r  the d eh yd roch lorin a tion  r e a c t io n .



-  115 -

% e r e la t io n  between the ra te  co n sta n ts  fo r  e th y len e  e lim in a t io n ,  

k j , and d eh y d ro ch lo r in a tio n , kg, can be ob ta in ed  fo r  the two 

d ecom p osition s.

-S iG lg ki = ca . 5 kg

-SiG lg Ft ki 9 kg

From th ese  r a te  r a t io s  and the Arrhenius eq u ation s i t  i s  found th a t;

ki ( -S iG la Et ) = 4 .5  ki ( -S iC lg )

ka ( -S iG la Et ) = 2 .5  k@ ( -SiG lg )

so  th a t replacem ent o f  a S i -  Gl lin k a g e  by S i -  Et has th e e f f e c t  o f

in c re a s in g  the ra te  o f both r e a c t io n s . A lso , t h i s  s u b s t itu t io n  v ir t u a l ly  

e lim in a te s  the d e h y d r o s ily la t io n  r e a c t io n . I t  would be expected  th a t an 

e th y l group would in crea se  the in d u c tiv e  e le c tr o n  r e le a s in g  property o f  

s i l i c o n  and hence render the G - G l  bond weaker. Normally in  

s u b s t itu t io n s  o f  th is  kind the e f f e c t  i s  sham i by a decrease in  the  

a c t iv a t io n  energy w ith  the A -fa c to r  rem aining e f f e c t iv e ly  co n sta n t. 

However, in  t h is  case  the r a te  a c c e le r a t io n  on s u b s t itu t io n  may be 

s t e r ic  because o f  the changes in  entropy o f  a c t iv a t io n  and the approx

im ate ly  con stan t a c t iv a t io n  energy. For the -S iG la Et compound l e s s  

entropy i s  l o s t  in  going to  the tr e u is it io n  s t a t e .  Vvhether t h is  i s  a 

gen eral s ta te  o f  a f f a ir s  in  2 -c M o r o e th y ls ilo n e s  or p e c u lia r  to  t h is  

p a r t ic u la r  comparison can o n ly  be decided when more r e s u lt s  are 

a v a ila b le .

The e th y len e  e lim in a tio n  may be s im ila r  to  f la n k  s u b s t itu t io n

182in  the s tru c tu re  o f  the in term ed ia te  in  which case  the e th y l group 

w i l l  be fr e e  to  r o ta te  whereas in  the i n i t i a l  s ta t e  th ere w i l l  be an
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in te r a c t io n  between the ClCHaCtls- and ChgCHg-  groups,

//

In t h is  case on going to  the t r a n s it io n  s t a t e  one would have an entropy  

d ecrease  w ith  r e sp ec t  to  the c tilo r o e th y l group and an in cr ea se  in  

entropy w ith  re sp ec t to  th e e th y l group. This could  account fo r  the  

sm a ller  n eg a tiv e  entropy o f  a c t iv a t io n  fo r  the -S iC lgE t compound.

(B ) COMPARISON OF ClOHg %  SiClg , C1CH@ %  SiCla E t , 0 1 % OHg SiMe^ Ph

AND ClCHgCHsSiMeo

The thermal decom position  o f  2 -ch lo r o e th y ld im e th y lp h en y ls ila n e  

i s  d iscu ssed  in  the fo llo w in g  chapter but b ecau se o f  the heterogeneous  

natiure o f  the r e a c t io n  no accu rate  k in e t ic  r e s u lt s  are a v a ila b le  fo r  

com parison. A stu ay  o f  the p y r o ly s is  o f  2 -c h lo r o e th y ltr im e th y ls ila n e  

has been commenced^^^ although  in  t h is  ca se  a ls o  some d i f f i c u l t y  i s  

b ein g  exp erien ced  w ith  h eterogeneous b eh av iou r. The r a te s  o f  the over

a l l  r e a c t io n s  o f  th ese  compounds would appear to  be in  the order;

-SiMea >  -SiM eaRi >  -S iC lg E t >  -S iC lg

as would be expected  from th e  in c r e a s in g  e le c tr o n  sup p ly in g  power o f  the  

s u b s t itu e n ts .  The on ly  d e f in i t e  c o n c lu s io n s  a t  p resen t a v a ila b le  are the  

r e la t iv e  p rop ortion s o f  p ro d u cts , and hence th e r e la t iv e  r a te s  o f  the  

in d iv id u a l r e a c t io n s  occu rrin g  in  each c a s e .  These are o u tlin e d  in  

Table XXXVI.
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T iib U S  a a a V I

Iroduct com p osition  from the p y r o ly s is  o f  v a r io u s ii-c h lo r o e th y ls iia n e s

Compound -S iC ls  -S iC lg E t -SiMeoPh -SiMeg

% e th y le n e  e lim in a tio n  72 90 99 99

yo d eh yd roch lorin a tion  12 10 0 0

% d e h y d r o s ily la t io n  16 0 .1  0 .5

I t  was uni'ortunate th a t the homogeneous decom position  o f  the  

-SiMeoHi compound cou ld  not be i s o la t e d .  Improvements in  tlie d esig n  o f  

the apparatus may enable t h is  to  be done in  which case  th e e f f e c t  o f  

su b s t itu e n ts  on the phenyl group and w e ll removed from the r e a c t io n  

s i t e  w i l l  be most in terestin p" .
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C H A P T E R  S I A

THE CAS PHASE THERMAL DECOMPOSITION OP 2-CIiI/)R0ETIIYIJ]IIvIE'T?[YIÆ']niIIfYLSILAIIE

The p y r o ly s is  apparatus had to  be a lte r e d  to  enable study o f  t h i s  

ra th er  more in v o la t i l e  compound, the d e t a i l s  o f  which are o u t lin e d  in  

the experim ental s e c t io n  fo llo w in g . U t i l i z in g  the heated  m etal in je c t io n  

v a lv e , Figure 27 , and 0 -r in g  s e a ls  i t  was found th a t su b s ta n t ia l  

decom position  occurred p r io r  to  in tr o d u c tio n  in to  th e r e a c t io n  v e s s e l .  

A lso on removing the h ea tin g  tape im m ediately beneath  the v a lv e  and 

above the tap to  the r e a c t io n  v e s s e l ,  se e  Figure 28 , i t  was apparent th a t  

some decom position  was ta k in g  p la c e  th ere  a lthough  experim ents showed 

th a t  i t  was not a "hot" or "cold" sp o t.

Ijater the method o f  in tr o d u c tio n  ol* th e sam ple, in  company w ith

a sm all p ressu re o f  oxygen-I'ree n itr o g e n , was ach ieved  v ia  a rubber serum

cap and g a s - t ig h t  sy r in g e  through the h o le  in  the key o f  a heated

vacuum tap . U sing t h is  method k in e t ic  d eterm in a tio n s cou ld  be ca rr ied

out although  a t  the tem peratures used , 25u -  390°C, the r e a c t io n  r a te

was g e n e r a lly  very  f a s t .  The most e f f e c t iv e  way o f  p lo t t in g  the data

134was by the Swinboume method as o u t lin e d  on page 191 • Although  

reasonably good f i r s t  order r a te  p lo t s  were o b ta in ed , see  Figure 18, the  

r e s u lt s  a t one p a r t ic u la r  tem perature were in c o n s is t e n t .

Anal^/sis o f  the products o f  t h is  r e a c t io n  in d ica ted  th a t the  

r e a c t io n  was alm ost com p lete ly  e th y len e  e lim in a t io n . This was found 

whether the parent m olecule was s u b s ta n t ia l ly  decomposed on in tro d u c tio n  

in to  the r e a c t io n  v e s s e l  or n o t . Further a n a ly s is  on th e mass 

spectrom eter d id  however in d ic a te  an ex trem ely  sm all q u a n tity  o f
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v in y l c h lo r id e . No hydrogen ch lo r id e  was d e te c ta b le  in  th e p roducts.

The r e a c t io n  scheme th er e fo r e  was, under a l l  th e experim ental c o n d itio n s:

1 .  C lC H a C N g S iM eg R i  ► CHssGHg + G lS iM er>P h

2 .  G lG H aG K sS iM eaH i  ► CHg=GHGl + H SiM eg Ph

where r e a c t io n  1 accounts fo r  more than 99̂ ,i o f  the o v e r - a l l  r e a c t io n . The 

presence o f  tr a c e  q u a n tit ie s  o f  d im eth y lp h en y lsila n e  were in fe r r e d , not 

proved, as the q u a n tity  was too sm all to  enable d e te c t io n  by gas 

chromatography and the m olecu lar w eight too  h igh  fo r  i t  to  be seen  on 

the mass sp ectrom eter.

( a ) THE OVER-ALL REACTION

No d eterm in ation  o f  th e  r a te s  o f  the in d iv id u a l r e a c t io n s  was 

n ecessary  in  t h i s  c a se , the q u a n tity  o f  e th y le n e  b ein g  v e r y  c lo s e  to  

th e  p ressu re  in c r e a se  in  runs u sin g  th e in j e c t io n  v a lv e  ( where tne  

parent su b stan ce was d egassed  b efo re  in j e c t io n  in to  the r e a c t io n  v e s s e l  ) 

and c lo s e  to  h a lf  the t o t a l  p ressu re  in  runs u sin g  the sy r in g e  in je c t io n  

techn ique.

A ll th e  p^rrolyses were ca rr ied  out in  a 428 ml. c y l in d r ic a l
-1

r e a c t io n  v e s s e l  w ith  a su r fa ce  to  volume r a t io  o f  0 .7 8  cm. For runs 

24 -  37 in c lu s iv e  sample in je c t io n  was u sin g  th e in je c t io n  v a lv e  smd 

fo r  runs 38 -  l o l  tne sample was in troduced  v ia  a rubber serum cap. The 

r e s u lt s  ob ta in ed  are o u tlin e d  in  Tables XAXVII -  XXXX and have been put 

in  num erical order in  th is  ca se  because i t  appears to  be im portant to  

in d ic a te  a t  what s ta g e  g rea sin g  o f  the tap s was c a r r ied  o u t. This 

in foim iation  i s  in clu d ed  in  th e  ta b le s .



-  120 -

DECOMPOSITION OF ClCH2CH2SiMe2Ph

TYPICAL RATE PLOTS

FIGURE 18

60

RUN 76

(mm.)

RUN 53

RUN 64

30
4 0 45 6535 6050 55
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TABLE XXXVII

l y r o ly s i s  o f  ClCHg GHg Li Meg Ph uainf; v a lv e  in je c t io n

T°C po pfx) / tjo 10 s e c . * Run

)U2 ^6.70 -  4 .0 7  24

502 26 .6 0  -  5 .65  25

502 5 5 .GO 2 .0 0  5 .5 5  26

502 2 8 .1 0  -  5 .0 7  27

521 51 .00  1 .9 9  6 .6 9  28

Tap to th e r e a c t io n  v e s s e l  regreased  

521 5 2 .80  -  5 .07  29

521 5 1 .00  -  5 .84  50

521 1 1 .2 -  1 .9 6  5 .07  51

Tap to  the r e a c t io n  v e s s e l  regreased  

521 5 5 .5 0  -  2 7 .5  52

521 5 2 .60  -  2 7 .5  55

290 25 .50  -  7 .5 0  54

Tap to  the r e a c t io n  v e s s e l  regreased  

290 1 8 .5 0  -  4 .2 6  55

290 2 4 .5 0  2 .0 6  1 2 .0 5 (g )  56

290 5 5 .5 0  -  1 2 .80  5?

jTie v a lu es  o f  po in  Table XXXVII were ob ta in ed  by ex tr a p o la tio n  

to  zero tim e. For the remainder o f  the k in e t ic  r e s u lt s  th e  v a lu es  o f  

pt) were ob ta in ed  by su b tra c tio n  o f  the v a lu e  o f  po obta ined  by a 

Swinbourne p lo t  from p® ob ta in ed  by the same procedure. A ll runs were 

c a r r ied  out in  th e  presence o f  some dig/’ n itro g en  and an approximate
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allov/ance fo r  t h is  was made to  o b ta in  the p ressu re  rea d in g s. The v a lu es  

o f pbD and Po quoted in  the r e s u lt s  s e c t io n ,  to g e th er  w ith  the v a lu es  o f  

Pod -  Po , hence g iv e  some e s tim a tio n  o f  the ex ten t o f  decom position  on 

in tro d u ctio n  o f  the sample.

TABLE XAXVlil

F jT o ly s is  o f ClüHs CHg SiMeg Ph u sin g  serium cap in je c t io n  

A ll runs co n ta in  ca . 14 ram. o f  o x y g en -free  n itro g en

T°C px>—Fo lO^k s e c .  ̂ Line temp. °G Run

290 5 0 .9  5 .5 5  190 39

Tap to  the r e a c t io n  v e s s e l  regreased  

290 2 8 .0  8 .0  190 40

290 33 .5  1 0 .2  190 41

290 31 .4  9 .15  IdO 42

290 27 .1  7 .6  190 43

290 25 .0  6 .6 5  190 44

Tap greased

270 37 .3  1 5 .0  190 45

270 32 .8  8 .3 5  190 46

270 4 2 .5  1 0 .0  175 47

270 33 .6  7 .6  175 48

270 2 7 .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 .0 8  190 52
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TABLE XXXVIII ( continued  )

T°C poo—Po
4 -1  10 k s e c . Line temp. °C Run

289.5 33 .5 1 0 .6 190 53

289.5 31 .2 1 1 .3 190 54

289 .5 34 .2 9 .05 190 55

266.5 39.4 9 .75 205 56

266 .5 28 .3 9 .45 205 58

266.5 29 .6 7 .65 205 59

25U 1 7 .0 11 .7 205 60

Tap grea sed , furnace l e t  down to atmos. w ith  n itro g en

250 22 .4 29 .2 205 61

250 23.75 20 .5 205 62

320 22.75 4 0 .0 205 63

320 15 .95 29 .4 205 64

The fo llo w in g  run done in  presen ce o f  1 6 .0  mm. Ceilio

320 2 0 .0 22 .3 205 65

320 24 .3 27 .7 205 66

330 18.65 28 .0 205 67

330 2 3 .0 21 .4 205 68

330 20.05 1 8 .1 175 69

370 19 .6 4 8 .0 205 70

1 370 14 .35 2 9 .0 205 71

370 15 .55 25 .2 205 72

350 28 .0 11 .5 205 73

Tap greased , furnace l e t  down to atm os. w ith  n itro g en
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TABLE XXJC/TII ( c o n tin u e d  )

T°C PCD—Po 10 k se c . Line temp.°C Run

350 1 6 .5 15 .6 205 74

350 1 9 .0 1 6 .9 205 75

330 24 .2 7 .9 205 76

330 2 1 .0 1 2 .5 205 77

330 23 .2 1 4 .0 205 78

310 c a .16 .5 5 .5 205 80

310 21.75 6 .8 205 81

390 25 .3 5 7 .0 205 82

390 25 .0 6 4 .5 205 83

360 2 1 .3 2 4 .0 205 84

360 22 .2 21 .3 205 85

236.5 19 .5 2 .5 8 205 86

236.5 1 9 .2 2 .92 205 87

Tap greased , v e s s e l  l e t  down to atm os. w ith  n itro g en

228.5 21.05 3 .1 9 205 88

266.5 20 .5 9 .0 205 89

I t  w i l l  be n o tice d  th a t th ere i s  no c o n s is te n c y  in  th ese  r e s u lt s  

although each p artic '-ilar  decom position  gave a reason ab ly  good f i r s t  

order ra te  p lo t .  However th ere  i s  o f te n  an in c r e a se  in  th e r a te  co n sta n t  

a f t e r  reg rea sin g  the tap; th e  p o s s ib le  co m p lica tio n s in trod u ced  by t h i s  

are d iscu ssed  on page 127*

Increase o f  the tem perature o f  p y r o ly s is  to  the p o in t where the
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r e a c t io n  v e lo c i t y  was h igh  and on ly  ju s t  measur^ahle d id  not seem to  

remove what was undoubtedly a heterogeneous component. In accordance w ith  

t h i s ,  i f  the r e s u lt s  were p lo t te d  in  the normal manner accord ing to  

th e Arrhenius equation  then the spread o f  v a lu es  was very  la rg e  and any 

probable g rad ien t gave r i s e  to  a sm aller  a c t iv a t io n  energy than would 

be expected a t  th ese  tem peratures and a ls o  a sm aller  va lu e fo r  the p re

ex p o n en tia l fa c to r .

In view  o f  th ese  r e s u lt s  a few r a te  d eterm in ation s were made in  

the presence o f  a Istrge amount o f  n itro g e n  and in  one c a se . Run 94-, a i r .  

I f  the r e a c t io n  was indeed heterogeneous in  the r e a c t io n  v e s s e l  then  

t h is  might have been expected  to  reduce the o v e r - a l l  r e a c t io n  ra te  

somewhat. The r e s u lt s  are shown in  Table XXXIX æid, w ith in  a la rg e  

experim ental e r ro r , in d ic a te  th at t h i s  d id  not seem to  occur.

TABLE XXXIX

^=yrolysis o f  ClCIi^CHgSiMejHi w ith  added n itro g en  or a i r ,  l in e  temp. 205®C

T°C IPoo- Vo ■1 r>4i -1  10 k s e c . P) adaed gas Run

267 7 .1 16 .0 500 Ns 91

267 18 .9 6 .2 5 160 Na 92

267 1Ü.26 1 1 .9 190 Na 93

267 12 .0 14 .0 135 A ir 94

Increase o f tne su r fa ce area to  volume r a t io  from 0 .7 8 to  2 .74

and a d d itio n  o f  cyclohexene in h ib ito r  had very  l i t t l e  e f f e c t  on the  

o v e r -a l l  r e a c t io n  r a te .  The r e s u lt s  are shown in  Table XXXX. An 

u n sa t is fa c to r y  co m p lica tio n  was the n e c e s s ity  to  open the r e a c t io n
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v e s s e l  to  a ir  to  in s e r t  th e  g la s s  tubes fo r  in c r e a s in g  the su rface  

area to  volume r a t io .

TABLE XXXX

p y r o ly s is  o f  ClCHg Ch@ SiMeg Fh w ith  added cyclohexene and in crea sed  S/V 

T°G poo -  Vo lo'^k se c ,^  po added gas Run

268 7 .3 0  1 1 .3  -  95

268.5  9 .35  1 7 .8  -  96

268 .5  1 3 .3  1 9 .4  3 2 .0  Gghio 97

268.5  1 4 .2  1 9 .6  3 9 .0  CgHio 98

The f in a l  experim ents ca rr ied  out on the thermal decom position  

o f  2 -c iilo ro e th y ld im eth y lp h en y ls ila n e  in v o lv ed  s e a lin g  o f f  the re a c t io n  

v e s s e l  and ca rry in g  out tPiree runs in  the l in e s  a lo n e . These r e s u lt s  are 

shown in  Table XXXXI.

TABLE XXXXI

p y r o ly s is  o f  ClCHgGHgSiMe^Fh in  the heated  l in e s

In ne temp. °G Fbo -  po lÔ k̂ secT'^ Run

190 -  205 8 .7  2 5 .2  99

190 -  205 2 3 .0  2 7 .3  100

165 -  176 4 7 .5  1 2 .5  101

I t  can be seen by th e se  r e s u lt s  th a t the r e a c t io n  i s  very f a s t ,  

and in c id e n ta l ly  s t i l l  g iv e s  a good l in e a r  f i r s t  order p lo t ,  a t tPie 

r e la t iv e ly  low tem peratures o f  the l i n e s .  A lso red u ctio n  o f the l in e  

tem perature reduces the ra te  o f  the r e a c t io n .



-  127 -

(B) POSSIBLE EXPLAIATJON OF HETEROGEriEOUS BEHAVIOUR AID MEAl'IS OF

STUDYLHO THE HOMOGEHEuUS REAJTIUN

From th e r e s u lt s  ob ta in ed  i t  does seem as though the h etero 

geneous r e a c t io n  occurs s u b s ta n t ia l ly ,  or p o s s ib ly  co m p le te ly , in  the  

heated l in e s  connected  to  the r e a c t io n  v e s s e l .  A lso i t  i s  apparent th a t  

the products are id e n t ic a l  from both homo- and h etero-gen eou s r e a c t io n s .  

In view o f the r e s u lt s  obta ined  w ith  in c re a se  in  the su r fa ce  area to  

volume r a t io ,  added cycloh exen e and added n itro g en  i t  does not seem 

l i k e l y  th a t r a d ic a l r e a c t io n s  take p la ce  or t iia t  the r e a c t io n  i s  to  

any a p p rec ia b le  e x ten t heterogeneous in  th e r e a c t io n  v e s s e l  i t s e l f .

These t e s t s  would not prevent the heterogeneous r e a c t io n  ta x in g  p la ce  

u n in h ib ited  in  th e heated l i n e s .

Various p o s s i b i l i t i e s  can be put forward in  ex p la n a tio n  o f  tr iis  

behaviour. Oxygen may have some e f f e c t  on the su rface  c o n d itio n  in  t h i s  

r e a c t io n  s in c e  i t  in v o lv e s  an a p p reciab ly  more "organic" sub stan ce. 

Ije ttin g  down the system  to  atm ospheric p ressu re  w ith  n itro g e n  i s  not 

e n t ir e ly  s a t is fa c t o r y  as on removing the one stopcock  fo r  g rea sin g  

th ere would be no r e s t r i c t io n  to  oxygen en te r in g  tiie  l in e s  and the  

r e a c t io n  v e s s e l  even though the tim e req u ired  fo r  g rea sin g  the stopcock  

cou ld  be as sh ort as  one m inute.

A more a t t r a c t iv e  ex p la n a tio n  o f  the behaviour v/ould in v o lv e  the  

s i l i c o n e  liigh vacuum grease used fo r  lu b r ic a t io n  o f  the stop cock . Small 

q u a n tit ie s  o f  s i l i c o n e  grease  do f in d  t h e ir  way in to  th e heated  l in e s  

and t h is  may p rovide an a c t iv e  su rfa ce  fo r  a heterogeneous r e a c t io n .

The s i l i c o n e  grease i s  a m ethyl s i l i c o n e  polymer o r ig in a t in g  from the
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th ree  m e th y lch lo r o s ila n e s . I t  a ls o  co n ta in s  a sm all q u a n tity  o f  a 

s i l i c a  a e r o g e l. I t  would be most probable t lia t  2 -ch lo ro eth y ld im e th y l-  

p h e n y ls ila n e  would tend to  d is s o lv e  in  th e  grease and t h is  may g iv e  

r i s e  to  a heterogeneous component in  the r e a c t io n .

T herefore to  study th e homogeneous thermal decom position  o f  t h is  

and s im ila r  compounds in v o lv e s  changes in  the experim ental apparatus. 

The most probable method would seem to  be the com plete e x c lu s io n  o f  ajiy 

g r ea se , p a r t ic u la r ly  s i l ic o n e -b a s e d  o n es. A lso a l l  the apparatus would 

need to  be m aintained a t  the same tem perature, in c lu d in g  the s e c t io n  

o f the in je c t io n  system  in  co n ta c t w ith  the r e a c t io n  v e s s e l .  One may in  

fa c t  be a b le  to  a ch ieve  t h is  u sin g  a m etal v a lv e . However, i t  lias very  

r e c e n t ly  been found^®^ th a t the homogeneous thermal decom position  o f  

2 -c h lo r o e th y ltr im e th y ls ila n e  can be s tu d ied  i f  the r e a c t io n  v e s s e l  i s  

seasoned  im niediately a f t e r  reg rea s in g  the ta p s .

Although anal^ /sis o f  the product m ixture during a run would not 

be required  in  th e study o f  2 -ch lo r o e th y ld im eth y lp h en y ls ila n e  as tne  

r e a c t io n  i s  e s s e n t ia l ly  lOÔ 'o e th y len e  e lim in a t io n , d i f f i c u l t i e s  in  

m aintain ing a sam pling system  a t  a higli enough tem perature could  make 

the study o f  s im ila r  compounds where the product com position  i s  not 

so stra igh tforw ard  a troublesom e procedure.
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C H A P T E R  S E V E N

EXHîIRI MENTAL REPORT 

( a ) HlEPAATION AND/OR PURIFICATION OF COMPOUNDS

( i )  2-CHLOROETHYLTRICKLOROSILANE

This compound was prepared e s s e n t ia l ly  by the method o f  Sommer 

and VïTiitmore"^  ̂ In a 3 1* round bottomed f la s k  equipped w ith  an e f f i c i e n t  

condenser and cone, su lp h u ric  a c id  bubblers 620 g . ( 3-8  mole ) o f  e th y l- 

tr ic h lo r o s i la n e  were rea cted  w ith  685 g . ( 5 .0  mole ) o f  sulphury1 

c h lo r id e  and 2 .7  g. o f  b en zoy l p ero x id e . The peroxid e was added in  

p o rtio n s  over 30 h rs . and the m ixtui’e r e flu x e d  fo r  a fu r th er  36 lirs. 

u n t i l  e v o lu tio n  o f  MCI and SOg had v ir t u a l ly  cea sed . The sulphury1 

c h lo r id e  was d i s t i l l e d  o f f  on a steam bath u sin g  a Dufton column and the  

r es id u e  o f  e t h y lt r ic h lo r o s i la n e ,  1-  and 2- c h lo r o e th y lt r ic h lo r o s i la n e  and 

p o ss ib ly  some more h ig h ly  c h lo r in a te d  products was fr a c t io n a te d  a t  

761 mm. Hg p ressu r e . F r a c tio n a tio n  o f  the requ ired  product was rex^eated 

a t  40 -  41 mm. Hg. This gave 104 g . 1-c h lo r o e th y lt iu .c h lo r o s ila n e  ( 0 .525  

mole ) ,  14rfé y i e l d ,  ly e i  1 3 6 -9°C. l i t e r a tu r e :  6734 138°C. 

and 194 g. ( 0 .9 8  mole ) 26̂  ̂ y ie ld  o f  2 - c h lo r o e th y lt r ic h lo r o s i la n e ,

676 1 1 5 0 -3°C, b4o_4i 66-7°C , L itera tu re : b7 34 152°C.

The fr a c t io n a te d  2 -c h lo r o e th y ltr ic h lo r o s i la n e  was tra n sferred  to  

an evacuated f la s k  w ith  a "tree" o f  b r e a k -se a ls  a tta ch ed  and the 

degassed  m ater ia l was s to red  here b efore  tr a n s fe r  to  a co n ta in er  

a s so c ia te d  w ith  the vacuum system .
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( i i )  G! ILOROMET:. lYLDIMETliYLCHLOROSILANE

651 g . (  6 .0  mole ) o f  tr im e th y lc h lo r o s ila n e  and 405 g. ( 3»0 mole ) 

o f  su lp h u ry l c h lo r id e  were p laced  in  a 3 1 * round "bottomed f la s k  f i t t e d  

w ith  two condensers in  s e r ie s  and th e top o f  th e  condensers connected  

to  a GaSĈ  drying tower and co n e . Hg SO4 bu"bblers. 2 g . o f  benzoyl 

p eroxid e were then added and the m ixture g e n t ly  re f lu x e d , i:\irther 2 g . 

a d d itio n s  o f  b enzoyl p erox id e were made a f t e r  su c c e ss iv e  in te ir /a ls  o f  

15 h rs. The m ixture was r e flu x ed  fo r  a t o t a l  o f  70 h rs . u n t i l  ÎI01 and 

SOg were on ly  b ein g  s lo w ly  ev o lv ed . The l iq u id  was roughly d i s t i l l e d  o f f  

le a v in g  behind a dark brown fuming r e s id u e . lY a c tio n a tio n  o f the l iq u id  

gave unreacted tr im e th y lc h lo r o s ila n e , a la rg e  q u a n tity  o f  wiiat was 

probably an azeotrop e o f  tr im e th y lc h lo r o s ila n e  and su lp h u ry l c h lo r id e ,  

l y 6 0 59 -  62®C, and 2CK) g. ( 1 .4 1  mole , ,  24% y ie ld  o f  d ilo ro m eth y l-  

d i.m eth y lch lo ro sila n e . bygo 112 -  6 ®G. I ltera tu re^ ^ ^  bvgo 113 ~ 6 °C.

( i i i )  G- gX>RO!iS'rhiIJ)T!CTHYLr;ig'uTLSILA: IE

In a 1 1 . round bottomed three-necked  f la s k  equipped ’with s t i r e r ,  

dropping funnel and condenser, the tops o f  the dropping fu n n el and 

condenser b ein g  taken to  co n e . Hg204 b u b b lers, phenyl magnesium bromide 

was made by a d d itio n  o f  7 3 .5  g . ( 0 .5  mole ) brornobenzene to  15 g .

( 0 .625  mole ) magnesium in  dry e th e r . The r e a c t io n  was i n i t i a t e d  'with 

1 ml. o f 1 , 2-dibrom oetiiane. A fter  a d d itio n  o f  a l l  the brornobenzene the  

m ixture was re flu x e d  fo r  45 min. and a llow ed  to  stand o v ern ig h t.

7 1 .6  g . ( 0 .5  mole ) c h lo r o n e th y llim e th y lc h lo r o s ila n e  in  dry e th er  

was coupled s lo w ly  w ith  the above Grignard rea g en t, r e f lu x e d  fo r  1 !ir. 

and then hydrolysed w ith  5% Nil*Cl a t  0-5°C . A fter  e x tr a c t io n  w ith  e th e r ,  

drying the e th er  over NagS04 and fr a c t io n a t io n  a t  reduced p ressu re
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8 2 .6  g , ( 0 .4 5  mole ) ,  90% y ie ld  o f  ciilorom ethyldiraethylpherr>dsilane
OR 187 25

was ob ta in ed , bg 97-9°C , n^ 1 .5 1 9 0 . L ite r a tu r e  bg  ̂ 121®, ry I . 0I 86 .

( iv )  2-iIYDKOXYETHYl4Dim^HYIJTONYI^IM.5S

In a 3 1* round-bottomed th ree-n eck ed  f la s k  equipped w ith  s t i r e r ,  

oroppin? fu n n e l, condenser and conc. II3SO4 b u b b lers, 8 2 .6  g . ( 0 .4 5  mole ) 

ch lorom eth y ld im eth y lp h en ylsilan e was r e a c te d  w ith  15 g. ( 0 .6 2  mole ) 

magnesium in  dry e th e r , the r e a c t io n  b e in g  i n i t i a t e d  v /ith  1 ml.

1 , 2-dibrom oethane. The tem perature was m aintained a t about 30®G to  

ensure continuous r e a c t io n . A fter  a d d it io n  the m ixture was re flu x ed  fo r  

2 h rs . and allcjwed to  stand o v ern ig h t.

The dropping funnel was rep laced  by a heated tube from a heated  

250 ml. round-bottomed f la s k  co n ta in in g  30 g . paraformaldehyde ( 1 .0  

mole as formaldehyde ;. The formaldehyde was passed  in to  the above 

Gri;nard reagen t s lo w ly  over 1 .5  n rs. w ith  c o o lin g  o f the r e a c t io n  

v e s s e l  in  ic e  to  c o n tro l th e v igorou s r e a c t io n . A fter  a d d itio n  o f  the  

formaldehyde the heated tube was rep laced  by a stop p er , the mixture 

reflu x ed  fo r  4 .5  h rs . and a llow ed  to  stand  o v em i.;h t.

The m ixture was hydrolysed  w ith  5% IIH4Cl and e x tr a c te d  w ith  e th e r .  

The e th e r e a l la y e r  was washed w ith  10% KOH u n t i l  f r e e  from formaldehyde 

( shown by T o l le n ’s reagen t ) , dried  over KgGOg and a f t e r  removal o f the  

eth er  the res id u e  fr a c t io n a te d  a t  reduced p r essu re . T his gave 4 9 .8  g.

( 0 .2 8  mole ) , 62̂  ̂ y ie ld  o f  2- h yd ro x y eth y ld im eth y Ip h en y lsila n e , 

b ii  126-8®C, n^^ 1 .5195 .
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( v )  ; d - a g x ) i » E T a T i j i : f c T : i ï L F H E : i ï i . s i i A ’a :

In a 250 ml. round-bottomed f la s k  equipped w ith  condenser and

dropping fu jin e l, 4 8 .8  g . ( 0 .4 1  mole ) sulphuiyA ch lo r id e  was added

dropwise to  a m ixture o f  4 9 .0  g . ( 0 .2 7 2  mole ) 2 -h ydroxyeth yld im eth yl-

p h e n y ls iia n e  and 35 .1  g. ( 0 .2 7 2  mole ) q u in o lin e  co n ta in in g  0 .5  g.

q u in o lin e  h yd ro ch lo r id e . The m ixture was co o led  in  ic e  during a d d it io n .

Vif’-orous r e a c t io n  gave a y e llo w  s o l id  which a f t e r  a d d itio n  o f  50 ml.

40 -60  p e t .- e th e r  and warming changed to  a dark brown o i l .  The r e s u lt in g

o i l y  l iq u id  was tra n sferred  in to  S o x h let th im bles and ex tra c te d  w ith

40-60  p e t .- e t h e r .  A fter  removal o f  the e th e r  and su lp h u ryl c h lo r id e  the

res id u e  was fr a c t io n a te d  a t  reduced p ressu re . This gave some d im eth yl-

188p h e n y lc h lo r o s ila n e , b^o 72-6°G, 10 g. ( 0 .0 6  mole ) . L itera tu re  b it  79‘

and 3 3 .9  g. ( 0 .1 7  mole ) , 62% y ie ld  o f  2-ch lo ro eth y ld im eth y lp h en y l-
95 60 25

s ile u ie , bg 1 0 7 -9®C, n^ 1 .5 1 8 2 . L itera tu re  bg 85-90®C, n^ 1 .5 1 8 6 .

The p u r ity  o f  t h is  substance was determ ined by t i t r a t io n  o f  the

a c t iv e  ^ -c h lo r in e  atom w ith  a lk a l i .  In agreement w ith  the s tru c tu re  o f

t h e  comjxD’j n d ,  t h e  r e a c t i o n  w a s  v e r y  s l o w  a n d  t i t r a t i o n  w a s  b e t t e r

ach ieved  by a d d itio n  o f  ex cess  a lk a l i  and b a ck -t i t r a t in g . T his gave:

%G1 = 1 7 .5 0 . C a lcu la ted  fo r  GlGHgGHgSiMegPh, %G1 = 1 7 .8 3 .

( v i )  gPuIÆnS

1 , 2-dibrom oethane in  dry e th er  was added to  Magnesium in  e th er  

u sin g  the normal Grignard procedure in v o lv in g  conc. ÎI2 SO4 b ubblers and 

slow  f lu sh in g  o f  the system  w ith  o x y g en -free  n itr o g e n . The evo lved  gas 

was passed  through an e f f i c i e n t  condenser and tra p s a t -  127®G , 

n-pro p a n el, to  remove e th er  and p o s s ib ly  v in y l  bromide, and th e e th y le n e  

condensed in  a l iq u id  n itro g en  trap . Pumping and trap  to  trap d i s t i l l -
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- a t io n  gave chromato^’prapliically pure e th y len e  which a ls o  gave the  

c o r r e c t  in fra-red . and mass spectrum .

lia ter  a sm all c y lin d e r  o f  pure e th y len e  was ob ta in ed  from 

Grangemouth. The pure e th y len e  was sto red  ready fo r  use in  a 5 1 . bulb  

connected  to  the vacuum l in e .

( v i i )  PROPYLETfS

Propylene was prepared from 1 , 2-dibromopropane and Magnesium by 

the same method as was used fo r  e th y le n e . Less v o l a t i l e  m a ter ia ls  were 

trapped out in  i c e - s a l t  trap s and the propylene condensed, w ith  a sm all 

amount o f  e th e r , in  a -  78°G, s o l id  CO? /  e tlian o l trap . I t  was p u i'ified  

by trap  to  trap d i s t i l l a t i o n  and the p u r ity  e s ta b lish e d  by gas cxirom- 

atot-'raphy and mass spectrum . The pure m a ter ia l was s to red  in  a 2 1. bulb.

( v i i i )  ViriYL CHLORIDE

12 g . o f  1 , 2-d ich lo ro e th a n e  were added to  a s o lu t io n  o f  30 g. 

potassium  hydroxide in  200 ml. methanol a t  bO-70"G. Piigh b o il in g  

f r a c t io n s  p a ss in g  the condenser, MeOH and GIGH?GhsCl, were c o l le c t e d  in  

ic e  trap s and the v in y l  ch lo r id e  in  a -  78°C, s o l id  GO?/ethanol tra p .

The more v o l a t i l e  p rod u cts, G ? a n d  G?H? , were allow ed  to  esca p e. l i f t e r  

trap  to  trap d i s t i l l a t i o n  o f the m ilky-w hite l iq u id  on the vacuum system  

the c o lo u r le s s  v in y l  c h lo r id e  gave one peak o n ly  on chrom atographic 

a n a ly s is  and p o ssessed  th e c o r r e c t  in fr a -r e d  and mass spectrum . The 

m ateria l was s to red  ready fo r  u se  in  a 2 1 . bulb a ttach ed  to  the vacuum 

l i n e .
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( ix )  SILICON TETRACHLORIDE

The commercial m a ter ia l was p u r if ie d  by trap to  trap  d i s t i l l a t i o n  

on the vacuum system  u sin g  "slush" baths a t -  63°C ( ciiloroform  ) fo r  

the high b o i l in g  im p u r it ie s , -  127^0 ( n-propanol ) to  c o l l e c t  the  

s i l i c o n  te tr a c h lo r id e  and l iq u id  n itro g en  to  c o l l e c t  th e HCl and o th er  

low er b o i l in g  compounds. Chromatographic a n a ly s is  showed one peak only  

and the c o r r e c t  in fr a -r e d  spectrum was o b ta in ed , liie  pure compound was 

s to red  in  b re a k -se a l c o n ta in er s  and a sm all q u a n tity  was tra n sferred  as  

requ ired  in to  a "cairrot-shaped" f la s k  a ttach ed  to  the vacuum apparatus.

(x ) VILTLTHICIILOROSIIIUIE

The commercial m a ter ia l was p u r if ie d  by trap to  trap  d i s t i l l a t i o n  

u sin g  trap s a t  0°C ( ic e  ) , -  78°C ( s o l id  CO?/ethanol ) and -  196°G 

( l iq u id  n itro g en  ) . One peak on ly  obseiwed on chrom atographic a n a ly s is  

end cori'ect in fr a -r e d  spectrum o b ta in ed . Pure m ateria l was s to red  in  

b rea k -sea l co n ta in ers  and a sm all q u a n tity  tra n sferred  a s  required  in to  

a "carrot-shaped" f la s k  a tta ch ed  to  the vacuum apparatus.

( x i )  :{YDROOSN CHLORIDE

Pure hydrogen c h lo r id e  was obtained  from Dr. J . D. Smith and i t  

p o ssessed  the c o r re c t  mass spectrum .

( x i i )  BTrliXTRIGIiLOROSILATIE

A sm all q u a n tity  o f  com m ercially su p p lied  m a te r ia l, p u r if ie d  by 

trap  to  trap  d i s t i l l a t i o n  and g iv in g  a s in g le  chrom atographic peak was 

provided by Mr. G. J . L. M etca lfe .
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( x i i i )  mCHLOROSILATIE

The commercial m ater ia l was fr a c t io n a te d  by trap  to  trap  

d i s t i l l a t i o n  u sin g  a v a r ie ty  o f  "slush" b a th s . The usual tem peratures  

were -63°C ( chloroform  ), -127°G ( n-propanol ) and -196®C ( l iq u id  N? ) 

The p u r if ie d  m ateria l was found to  g iv e  a broad peak, sometimes two 

peaks, on gas chrom atographic a n a ly s is .  I t  may p o s s ib ly  be th a t some 

d isp ro p o r tio n a tio n  o f  the t r ic h lo r o s i la n e  occurs on the column packing.

No k in e t ic  d eterm in ation s were hence p o s s ib le  on the r a te  o f  form ation  

o f t r ic h io r o s i la n e  although i t s  presence was in d ic a te d .

(x iv )  NITRIC OXIDE

Attempted p rep aration  by treatm ent o f  a m ixture o f  potassium  

n i t r i t e  and potassium  io d id e  s o lu t io n s ,  a f te r  f lu s h in g  out th e system  

w ith  o xygen -free  n itro g e n , w ith  50̂ o su lp h u ric  acid^^^ was not s u c c e s s fu l .  

The evolved  gas was bubbled through conc. H2 SÜ4 and 5 0 /  KOK, passed  over  

FoOs and then fro zen  and pumped from l iq u id  n itr o g e n . I t  was found ttia t  

a b lu e s o l id  condensed but gave r i s e  to  a brown vapour. I t  appeared from 

the fa c t  th a t th e  b lu e  s o l id  v o la t i l i z e d  a t  about 0°G te a t  i t  was e ssen 

t i a l l y  N? O3 .

N itr ic  ox id e prepared as above was p assed  in to  a co ld  con cen trated  

s o lu t io n  o f ferro u s  su lp h ate and the normal brown complex was ob ta in ed .

On warming a gas was g iven  o f f  but i t  >vas im p o ssib le  to  o b ta in  pure 

n i t r i c  oxide in  any q u a n tity .

Using th e same p rep a ra tiv e  method as above w ith  the in c lu s io n  o f  

sodium h)q)osulphite s o lu t io n  in  the bubblers a t  th e  b eg in n in g  and end 

o f  the system  gave a sm all q u a n tity  o f  n i t r i c  o x id e  but aga in  the product 

was m ainly NgO? .
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N itr ic  ox id e was s u c c e s s fu l ly  prepared by the method o f  

190Blanchard in v o lv in g  the r e a c t io n  o f  a c id i f i e d  ferro u s  su lp h ate  

s o lu t io n  v /ith  sodium n i t r i t e  s o lu t io n .  To enab le sto ra g e  o f the pure 

compound in  an evacuated bulb a s l i g h t  m o d ifica tio n  was made to  the  

c o l l e c t io n  end o f  the apparatus, see  F igure 19. The P^Oe was in clu d ed  

to  dry the n i t r i c  c x id e . The bulb cou ld  be evacuated iri s i t u . /Ifter

NO

F IG U R E  19

NaOH

VACUUM

OR VENT

f lu sh in g  out th e apparatus w ith  f r e s h ly  generated  n i t r i c  oxide sm all 

q u a n tit ie s  cou ld  be removed in to  the bulb  by co n tr o l o f  the tap and 

o b serv a tio n  o f  the manometer. The prepared n i t r i c  ox id e was frozen  v /ith  

l iq u id  n itro g en  and pumped fo r  a sh ort tim e. Only one peak was obsein/ed 

on chrom atographic a n a ly s is  a lth ou gh  th e response was sm a ll. Later t e s t s  

u sin g  the mass spectrom eter showed th a t  the o n ly  im purity was a ver}" 

sm all q u a n tity  o f  n itro g e n .



-  137 -

(xv ) ÈTKYL GillDRIDE

ïh e  commercial m a ter ia l su p p lied  fo r  use as an a n a e s th e t ic  by

Medley and G o ., London was found, a l t e r  d e g a ss in g , to  be pure chrom

â t  o g r a p h ic a lly .

(x v i)  CYGIiOlDiDCENE

The commercial m a ter ia l was fr a c tio n a te d  u sin g  a 4 f t .  Vigreux

column and a f t e r  d egassin g  was found to  be pure chrom atograp h ica liy .
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(B) APPARATUS

( i )  FURNACE

T his furnace was used fo r  a l l  but a very  few runs and was a la r g e  

one capable o f  ta k in g  up to  a 5 1 . sp h e r ic a l r e a c t io n  v e s s e l . The 

r e a c t io n  v e s s e l  r e s te d  on an a sb e sto s  r in g  over an a sb e s to s  p la te  r a ise d  

some 2 in .  from the furnace f lo o r .  Surrounding the r e a c t io n  v e s s e l  was 

an open-ended m etal can w ith  a s l o t  cut in  the s id e  to  a llo w  the l in e  

from the v e s s e l ,  the r e s is ta n c e  thermometer and the therm ocouple to  p ass  

through. Surrounding the can were p laced  8 h ea tin g  s t r ip s  each w ith  a 

r e s is ta n c e  o f  120 ohm. and another 2 id e n t ic a l  h ea tin g  s t r ip s  were 

p laced  underneath the a sb e s to s  p la te  supporting the r e a c t io n  v e s s e l .  The 

h ea ters  were connected in  s e r ie s  p a ir s  and the r e s u lta n t  f iv e  p a ir s  

connected in  p a r a l le l  to  g iv e  a combined r e s is ta n c e  o f  48 oi'im. The 

co n n ectio n s were made w ith  s to u t  n ic k e l w ire and in su la te d  v/ith  "1‘is ii  

spine" in s u la to r s .  Surrounding the h ea ters  was a 2 in .  th ic k  in s u la t io n  

o f KIP 20-26 b r ic k s , su p p lied  by K in g s c l if fe  In su la tin g  Iro d u cts  L td ., 

S h e f f ie ld ,  the d esig n  b e in r  such th a t tv/o b r ic x s  occupied  each fa ce  o f  

th e cube. The s id e  and bottom b r ic k s  were cemented to g e th er  but the top  

b.vo b r ick s  were l e f t  uncemented to  enable a c c e ss  to  the r e a c t io n  v e s s e l .  

The whole was then covered w ith  a la y e r  o f a sb e s to s  board, th e  top  

p ie c e  b ein g  again  e a s i ly  rem ovable. The f in a l  o v e r -a l l  d im ensions o f  the 

furnace were ca . 18 in . square. The co n str u c tio n  i s  shovm diagram raatically  

in  Figure 20. For use w ith  th e  5 1. r e a c t io n  v e s s e l  in  some o f  the e a r ly  

runs the m etal can had to  be removed.
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H eating o f  the furnace was v ia  a heavy duty V ariac transform er  

and c o n tro l was ach ieved  by sw itch in g  in  and out a 26 ohm., C amp. 

r e s is ta n c e  u sin g  a Sunvic R .T.2 o n -o ff  p ro p ortion a l c o n tr o l le r  

in co rp o ra tin g  a platinum  r e s is ta n c e  thenriometer. The c i r c u i t  diai'ram 

i s  shown in  Pi):Ture 21.

Using r e a c t io n  v e s s e l s  up to  a volume o f  2 1 . the tem perature 

cou ld  be c o n tr o lle d  to  approxim ately 0.2°G and v /ith  the la r g e r  v e s s e l  

c o n tr o l was to  1 .0 ° i'.

A few runs v;ere c a r r ie d  out in  a 5ÜÜ ml. c y l in d r ic a l  v e s s e l  

in se r te d  in  an e l e c t r i c a l l y  heated tu bu lar aluminium fu rn ace . This 

furnace was in s iü a te d  v /ith  f ir e b r ic k  and the tem perature c o n tr o lle d  to  

0 . 2°1 by an id e n t ic a l  c o n tr o l le r  to  the above.

( i i )  j\TlTIE

The tem perature o f  th e  r ea c tio n  v e s s e l  was determ ined u sin g  

chrome1 -  a lu n e l thermiocouples, T1 and T2 as su p p liea  by h r it isn -D r iv e r -  

l ia r r is ,  M anchester, and th e se  were s itu a te d  e i th e r  in  tne pocket 

provided in  tne r e a c t io n  v e s s e l  or e l s e  on the r e a c t io n  v e s s e l  su r fa c e . 

For re a c tio n  v e s s e l  volumes up to  h 1 . the tempierature in  the r e a c t io n  

zone was co n sta n t to  about U.2^G v/hereas fo r  the la r g e r  v e s s e l ,  v/hen 

the metal can had to be removed, the tem perature v a r ia t io n  in  the  

r e a c tio n  zone was about 1°G. Each thermocouple used was c a lib r a te d  

p e r io d ic a lly  a g a in st  a N .P .L . c e r t i f i c a t e d  p latinum / l3 ‘''o rhodiun- 

platinum  thermocouple su p p lied  by Johnson-M atthey Ltd. The tem perature 

was th ere fo re  kimnwn a c c u r a te ly  to  about ±1°C .
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( i i i )  REACTTON VSSSSLS

A number o f  "P/rex" r e a c t io n  v e s s e l s  were used o f  nominal volumes

500 ml. ,  1500 m l. ,  2000 m l. and 5000 ml. The 500 ml. and 1500 m l.

v e s s e l s  were o f  desirpi ( l ) ,  as i l lu s t r a t e d  in  Pir^ure 22, the 2000 ml. 

and 5000 ml. v e s s e ls  were o f  d esig n  (2 )  and the 500 ml. v e s s e l  was la t e r

m odified  to  desifp i (3)* For d es ig n s  ( l )  and (3 )  the thermocouple v/as

stu ck  to  the upper su rface  o f  th e  r e a c t io n  v e s s e l  w ith  a sb e sto s  paper 

vm ile  fo r  d es ig n  (2 ) the thermocouple was in se r te d  in  the p ock et. No 

d iffe r e n c e  in  tem perature was d e tec ted  fo r  therm ocouples p laced  e ith e r  

in  the pocket or on the upper su rfa ce  fo r  the 2000 ml. v e s s e l .

The a c tu a l dim ensions o f  the r e a c t io n  v e s s e l s  u sed , the volume 

b ein g  determ ined by f i l l i n g  w ith  w ater and w eigh ing and the su r fa ce  area  

by c a lc u la t io n ,  are g iven  in  Table NXXXIT.

TAbiuE a a a a I I

Dimensions o f  the r e a c t io n  v e s s e ls

Nominal volume A ctual volume Surface area S//V

c c . - c c . 2cm. cm.

5000 5400 1497 0 .2 8

2000 1944- 744 0 .3 8

1500 1510 634 0 .4 2

500 428 332 0 .7 8

In the study o f  2 -c h lo r o e th y ltr ic h lo r o s i la n e  the su r fa ce  area to  

volume r a t io  o f  the 1510 ml. v e s s e l  was in crea sed  af'ter Run o5 by the 

a d d it io n  o f 144 "Fyrex" g la s s  tubes o f  len g th  10 cm ., in s id e  diam eter  

2 mm. and o u ts id e  diam eter 4 mm. The su rfa ce  area per 10 cm. tube was
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obtained  by c a lc u la t io n  n e g le c t in g  the ends and the volume by 

d isp lacem en t. S im ila r ly  the su r fa ce  area to  volume r a t io  o f  the 428 ml, 

f la s k  was in crea sed  a f te r  1dm 94 in  the study o f  2 -c h lo r o e th y ld io e th y l-  

p h en y ls ila n e  by the a d d itio n  o f  40 tubes id e n t ic a l  to  the above. The 

f ig u r e s  are shown in  Table XXXJCIII.

TAbLE XaXX.111

In crease  o f  su rface  area to  volume r a t io  by a d d itio n  o f  g la s s  tubes

Surface area Volume
2cm. c c .

1 tube 1 8 .8  0 .8

Flask  634 1510

144 tubes 2705 115

Flask 332 428

40 tubes 752 3%

Hence the new su r fa ce  area to  volume r a t io  o f  the 1510 ml. f la s k  

i s  2 . 39  cm.^ and th a t o f  th e  428 ml. f la s k  i s  2 .7 4  cm.^

( i i i )  THE VAGUUV SYSTEM

(a ) The pumping system

The pumping s e c t io n  was o f  the co n v en tio n a l type in c lu d in g  a 

b y-pass fo r  the mercury d if f u s io n  pump to  enable rough evacu ation  u sin g  

the r o ta r /  pump on ly . A back in g  volume o f  2 1 . was in clu d ed  so th a t the  

rotar}" pump cou ld  be turned o f f  e i th e r  i f  i t  was g iv in g  r i s e  to  

e x c e s s iv e  v ib r a tio n  or i f  th e  system  was to  be l e f t  unattended fo r  some 

tim e. The ro ta ry  pump was a s in g le  s ta g e  Genevac, Type G .R .S .2 .
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The mercury d if fu s io n  pump was made by Jencons, a l l  g la s s ,  and heated  

by a bowl type e l e c t r i c  f i r e  elem ent a t  110 v o l t .  Water fo r  c o o lin g  the  

d if f u s io n  pump was made to  flow  through a p olyth en e bucket which operated  

a m icrosw itch to  turn o f f  the h ea tin g  i f  the w ater p ressu re  dropped 

below a c e r ta in  l e v e l .  The s e c t io n  was co n stru cted  out o f  lo  mm. 

diam eter tubing and 15 mm. pum%)-type vacuum taps were used fo r  the main 

l i n e .  A ll tap s in  t h is  s e c t io n  were lu b r ic a te d  w ith  "Soft" grade 

lîktwards High Vacuum Ltd. g rea se . A lso in clu d ed  in  t h is  s e c t io n  were a 

main tra p , a su b s id ia ry  trap fo r  the lea d  to  the P ira n i gauge head and 

a lea d  to  a Mcljeod gauge. The pumping s e c t io n  i s  i l lu s t r a t e d  in  Fi.gure 23-

(b ) In d ic a tio n  o f  vacû ura

The apparatus and the a n c i l la r y  equipm ent, see  l a t e r ,  cou ld

norm ally be evacuated  to  lU  ̂ mm. Hg. K in etic  s tu d ie s  were on ly  made

-4when the p ressu re was le s s  than 10 mm. Hg. In d ic a tio n  o f  vacuum was 

by means o f  a P ira n i gauge, Edwards High Vacuum L td ., fo r  a continuous  

record  and p a r t ic u la r ly  u se fu l when removing hydrogen c a r r ie r  gas from 

the sample loop  a f t e r  chromato^rraphic a n a ly s is .  A McLeod gauge was a ls o  

used in te r m it te n t ly .  Both th e se  p ressu re  gauges were used fo r  d a ily  

lea k  t e s t in g .  The co n v en tio n a l T es la  c o i l  was used fo r  lo c a t in g  major 

lea k s  in  the g la ssw a re .

( c )  R eaction  s e c t io n

(1 ) For the study o f  2 -ch io ro eth y 11 r ic h io r o s ila n e

The r e a c t io n  s e c t io n  underwent a number o f  m o d ifica tio n s  during  

th e course o f  t h is  work. Only the most im portant changes w ith  r e sp ec t  

to  the s e c t io n  from which k in e t ic  d eterm in ation s were made -w ill be
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d iscusB ed .

F igure 24 o u t lin e s  sch e m a tic a lly  the o r ig in a l  system . A ll the  

taps shown, w ith  the ex cep tio n s  o f  T1 and T6, were Springham diapliragm 

tap s but i t  was found th a t the neoprene rubber ( la t e r  V iton  A ) o f  the  

diaphragm became liardened by co n ta c t w ith  c h io r o s ila n e  vapours a id  

e v e n tu a lly  lea k ed . The tap s were th ere fo re  rep la ced  by ordinary vacuum 

tap s and taps T2, T5, T4 and T5 by sp r in g -lo a d ed  vacuum ta p s . Tap T1 was 

a two-way vacuum tap which was la t e r  removed, because o f  the marked 

tendency o f  t h i s  type o f tap to  leak  a f t e r  a sh o r t tim e, and the s p ir a l  

gauge connected s o le ly  to  th e r e a c t io n  v e s s e l .  Taps T6 and T7 were 

s tr a ig h t-th r o u g h  vacuum tap s o f  1 mm. and 2 mm. bore r e s p e c t iv e ly .

In trod u ction  o f  the sample to  s t a r t  a k in e t ic  run was from the  

tube A in to  which a sm all q u a n tity  o f  degassed  m a ter ia l had been fro zen , 

'ilie l iq u id  was heated up in  A w ith  a co o l flam e and the tap T6 opened 

fo r  a sh ort tim e, ca . 10 s e c .  The method o f  removal o f  a sample was 

u t i l i z i n g  tap s T2, T j, T4, T5 and T7 and i s  d isc u sse d  w ith  the clnrom- 

atography apparatus. This method was used fo r  some p relim in ary  work and 

fo r  runs 1 - 2 7 .

150A fter  Run 27 a m ild s t e e l  sam pling v a lv e  was in corp orated ; some 

c o rro s io n  occurred w ith  t h i s  v a lv e  and a f t e r  Run 43 a s im ila r  one made 

from s t a in le s s  s t e e l  was in trod u ced . A lso a t  t h i s  tim e th e  method o f  

in j e c t io n  o f  the 2 -c h lo r o e th y ltr ic l i lo r o s i la n e  was changed. Vapour was 

now in troduced  from a heated in je c t io n  b u lb , see  F igure 25.

For the -S iC la compound the f in a l  m o d if ic a tio n  was to  sample the  

r e a c t io n  m ixture y i^  a sep a ra te  l in e  from the r e a c t io n  v e s s e l ,  see  

Figure 26.
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iiuns 118 -  125 were ca rr ie d  out on another ap]>stratus ver;/ 

s im ila r  to  F igure 25 excep t th a t the r e a c t io n  v e s s e l  was a 5u0 ml. 

c y lin d e r . Use o t  another apparatus was necessary/ because o f  changes 

made to  the system  to  d ea l w ith  the l e s s  v o l a t i l e  -UiUesH i compound, 

see  below .

A ll vacuum taps in  the r e a c t io n  s e c t io n s  were lu b r ic a te d  w ith  

s i l i c o n e  high vacuum g rea se .

(2 )  For the stu d y  o f 2 -c liIoroe t h y ld im eth y lp h en ylsilan e

The system  was o r ig in a l ly  as shown in  Picture 26. However, 

decom position  o f  the s ta r t in g  m a ter ia l occurred b efore in je c t io n  in to  

the r e a c t io n  v e s s e l  from the heated  b u lb , llie  system  was th ere fo re  

m odified  to  in c lu d e  a metal v a lv e , Firnire 27, by mea].s o f which the  

sample cou ld  be in je c te d  as the l iq u id .  The m odified  r e a c t io n  s e c t io n  

i s  shown in  F igure 28. The l iq u id  2 -c iilo ro e th y ld im eth y lp h en y ls ila n e  was 

in trod u ced  trirough the sto p p er , A, fro zen  in to  the sm a ll' tu b e , B, w ith  

l iq u id  n itro g en  and degassed  from th e r e . R otation  o f the va lve  tiirough 

allov/ed the l iq u id  to p ass in to  the r e a c t io n  v e s s e l .

In c o n s is te n t  k in e t ic  r e s u lt s  were obta ined  u sin g  t h is  method o f  

in je c t io n  and, on removal o f  the h ea tin g  ta p e , i t  appeared th at some 

decom position  was occu rrin g  ju s t  below the in je c t io n  v a lv e  and b efore  

the tap to  the r e a c t io n  v e s s e l .  The system  was th ere fo re  m odified  so tlia t  

the pure degassed m ateria l co u ld  be in je c te d ,  in  company w ith  a sm all 

q u a n tity  o f dry, oxygen -free  n itr o g e n , v ia  a serum cap u sin g  a riamilton 

g a s - t ig h t  hypodenr.ic s^T inge. From the r e s u lt s  obtained up to  t h is  

s ta g e  i t  liad been shown t'nat decom position  o f  t h is  compound y ie ld e d  more 

than 99b con version  to  e th y len e  ar.d d im eth y lp h en ylch lorosilarie  and so
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the sampling; v a lv e  fo r  f?,a£ chromatotrraphy and i t s  a s so c ia te d  l i n e  from 

the r e a c t io n  v e s s e l  were removed. Fi;aire 29 shows the f in a l  arrangement 

o f  the g lassw are v/hich was used from Run 39 onwards in  the study o f  the  

-SiUe^Hi compound.

/iS w ith  the r e a c t io n  s e c t io n  fo r  study o f  the -S iC ls  compound 

a l l  taps were lu b r ic a te d  w ith  s i l i c o n e  high vacuum g rea se .

(d ) H eating

In a l l  the re a c tio n  s e c t io n s  o u t lin e d  above the l in e s  o u ts id e  the  

fu rrace  were e l e c t r i c a l l y  h eated . For c e r ta in  s e c t io n s  "Electrotherm al"  

g la s s - f ib r e  in su la te d  "Heat-by-the-Yard" was used , i t  b e in g  extrem ely  

easy  to  remove in  order to  make m o d ifica tio n s  or r e p a ir s  to  the g la s s 

ware. Hiiwever the "Heat-by-the-Yard" tended to  overheat i f  wound round 

stop cock s because o f  overlap p in g  and so "Vacrom" r e s is ta n c e  w ire was 

used wound over a sb e sto s  paper and in su la te d  afterw ards w ith  a fiortner  

la y e r  o f  a sb e sto s  paper. The tem perature o f  the l in e s  connected to  the  

r e a c t io n  v e s s e l  and the s p ir a l  gauge v/as m aintained a t  ca . 175°G in  the  

study o f  the -S iC lg  compound whereas the gas chromatography sampling 

v a lv e  was m aintained at' ca . 115°C, t h is  b ein g  about the maximum 

tem perature c o n s is te n t  w ith  reason ab le l i f e  o f  the b u ty l rubber 0 - r in g s  

used in  the v a lv e . For the study o f the -SiMeaHi compound the l in e s  and 

s p ir a l  gauge were u su a lly  m aintained a t  ca . 205°G.

H eating o f  the sam pling v a lv e  and r e a c t io n  s e c t io n  was ach ieved  

from Variac transform ers whereas any o th er h eated  s e c t io n s  were su p p lied  

from a m u lti-ta p  transform er su p p lied  by the London Transformer Co.
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( iv )  T̂ .̂KSSURS T̂EASUi{H2.IENT

A g la s s  s p ir a l  inauometer to  which a sm all p lane m irror had been  

atta ch ed  ( G. Springharn Ltd. ) and onto which the beam from a 

galvanom eter lamp was shone was used fo r  a l l  t h is  work. The spot  

r e f le c t e d  from th e plane m in o r  was u t i l i z e d  in  th ree ways to  measure 

th e p ressu re .

(a ) The r e f le c te d  l ig h t  spot was a lig n e d  between two matched photo

c e l l s  connected to  a sp ot galvanom eter. In crease in  p ressu re  caused the  

g la s s  s p ir a l  to  tw is t  and tne sp ot was brought back to zero by adm ission  

o f  a ir  in to  the vacuum ja ck et o f  the s p ir a l  gauge. The evacuated s id e  o f  

the s p ir a l  gauge accomodated a 2 1. bulb so th a t the n u ll  p o in t cou ld  be 

obta ined  a c cu ra te ly  and one arm o f a n -b u ty l p h th a la te  manometer. The 

p ressu re was determ ined by v is u a l  read ing o f  the manometer ana c o r r e c t io n  

fo r  the d e n s ity  d iffe r e n c e  betv/een the e s te r  and mercury''. This method 

was changed a f t e r  tne p relim in ary  runs .

(b ) The r e f le c t e d  l ig h t  sp ot was ad ju sted  v is u a l ly  to  a h a ir - l in e  on

a waxed g la s s  s l id e  by c o n tr o lle a  adm ission  o f  a ir .  The p ress  r e  was 

measured on a mercury manometer u sin g  a ca th etom eter . This method was 

changed a f t e r  Run 28.

(c )  The r e f le c te d  l ig h t  sp o t was shone onto a c a lib r a te d  curved

screen  o f  rad iu s 1 metre s itu a te d  1 metre from the m irror. The

c a l ib r a t io n  o f  th e  s c a le  was found to  be l in e a r .  For the s p ir a l  gauge 

used in  the m ajority  o f  runs the c a lib r a t io n s  were 1 cm. = 1 .6 3  mm. and 

la t e r ,  when in se r te d  in  a r e b u i l t  apparatus, 1 cm. = 1 .5 9  mm.; the  

d iffe r e n c e  b e in g  due to  the gauge not b ein g  e x a c t ly  v e r t i c a l .  For some 

runs Mr. G .J .L .M etca lfe*s apparatus was used where 1 cm. = 3*41 mm.
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(v )  ATICILT^Y VAGTÏÏĜ  EQUIBŒ ĴT

(a ) Vacuum fr a c t io n a t io n  u n it

The u n it  i s  i l lu s t r a t e d  in  Figure 30 and was used fo r  the  

p u r if ic a t io n  o f  m a ter ia ls  fo r  gas chromatography.

(b ) Liquid co n ta in er s

Large s to c k s  o f  pure l iq u id s  were kept in  b r e a k -sea l co n ta in er s  

e ith e r  w ith  one b r e a k -se a l or w ith  a "tree" o f  b r e a k -s e a ls ,  breakage 

was ach ieved  by removing a magnet and hence a llo w in g  a g la s s  covered  

iro n  rod to  f a l l  on tne s e a l .  On the vacuum apparatus sm all q u a n tit ie s  

o f  pure l iq u id s  were kept in  "carrot-shaped" f la s k s  o f  approxim ately  

50 ml. or 100 ml. c a p a c ity . When co n ta in in g  l iq u id s  th ey  were 

surrounded by a vacuum ja r  c o n ta in in g  s o l id  COg/etlianol to  prevent 

removal o f  the grease from the stop cock .

S torage o f  pure 2 -ch lo r o e th y ld im e th y lp h en y ls ila n e  under oxygen- 

fr e e  n itro g e n  fo r  la t e r  runs was in  a v e s s e l  o f  d esign  A in  Figure 31 

from which samples cou ld  be withdrawn w ith  a g a s - t ig h t  hypodermic 

s y r in g e .

(c )  Gas co n ta in er s

Stocks o f  the pure ga ses  prepared or obta ined  and the m ixtures o f  

pure gases were kept in  2 1. f la s k s ,  e th y len e  was kept in  a 5 1. f la s k ,  

f ix e d  to  the vacuum apparatus, see  Figure 31, (B ), or e l s e  in  

tra n sp o rta b le  vacuum f la s k s ,  see  Figure 31, (C ), which were a ttach ed  

to  the apparatus when req u ired  u sin g  b a l l  and sock et j o in t s .
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( v i )  CimOMATOGRARIY AFPi\RATUS

(a ) I n i t i a l  apparatus

Tlie method o f sam pling was u sin g  th e apparatus as d escr ib ed  in

F igure v ia  the short len g th  o f  heated g la s s  tubing between taps T2,

T3, T4 and T7. The volume was v a r ied  from about 1 -  5 ml. e i th e r  by

u sin g  w ider bore tubing o r , fo r  the sm aller  sample volum e, by in s e r t io n

o f g la s s  rod in to  the tu b es . The sample volume could  be f i l l e d  from tne

r e a c t io n  v e s s e l  u sin g  tap T7 and the sample passed  from th ere  in to  the

column by opening tap T2, c lo s in g  tap T5, and then opening tap T3* This

sequence o f  m anipulations was found to  g iv e  l e a s t  in te if e r e n c e  to  tlie

base l in e  and more accu rate a n a ly se s . Tl'.e oolumn was a "l’̂ n'ex" g la s s

U-tube o f  in te r n a l diam eter 3 mm. and len g th  20C cm. housed in  a vapour

ja ck e t which was m aintained a t  e ith e r  56°J ( aceton e vapour ) or 110°C

( to lu en e vapour ) . N itrogen  cai'ri.er gas was used a t  an i n l e t  p ressu re

o f 1 2 .8  cm. above atm ospheric g iv in g  a flow  r a te  o f  20 m l./m ia .

D etec tio n  was by a th erm istor  d e te c to r  as one rum o f a Wlieatstone b rid ge  

191c ir c u i t  " as sho’wn in  F igure yz .  The b rid ge was operated  a t  2 .67  v o l t . ,  

10 mA. th ese  c o n d itio n s  b e in g  on the f l a t  p o r tio n  o f the c h a r a c te r is t ic  

cu rren t -  v o lta g e  curve o f  th e S ta n te l Type P23 th erm isto r  used. The 

column was packed w ith  lO'o s i l i c o n e  o i l  on 44-60  mesh "Ernbacel" x i e s e l -  

guiir. Fthylene gave a sm all n eg a tiv e  peak under th ese  c o n d itio n s  and the  

c a r r ie r  gas was th ere fo re  changed to  hydrogen a t  20 m l./m in . The out o f  

b alance s ig n a l from the th erm isto r  was fed  to  a Honeywell Brown 

p o ten tio m etr ic  recorder in to  vmich was in corp orated  a range change 

sw itch . The r e te n tio n  tim es fo r  e th y le n e , s i l i c o n  te tr a c h lo r id e  and 

v in y ltr ic h lo r o s i la n e  were 4 ,  7 and 13 min. r e s p e c t iv e ly .
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(b ) Changes in  column le n g th , pack ing, d e te c to r  and sam pling

As the study o f  t h i s  problem p rogressed  i t  became obvious th a t  

the k in e t ic  scheme fo r  the decom position  o f  2 -c lilo r o e th y ltr ic iilo r o -  

s i la n e  was not a sim ple one and i t  seemed l i k e l y  th a t the crude method 

o f  a n a ly s is  used might in a d eq u a te ly  sep arate  the r e a c t io n  p rod u cts.

(1 )  Column le n g th

The 200 cm. U-tube column was changed fo r  a more compact m u ltip le  

IJ-tube g la s s  column from Gas Chromatography Ltd. o f  len g th  280 cm. and 

in te r n a l d iam eter 3 mm. The column was la t e r  len gth en ed  to  656 cm. In  

ne;irly  eve l'y k in e t ic  run the column was kept a t  56 °C by means o f  

r e f lu x in g  a ce to n e .

(2 ) S ta tio n a ry  phase

I t  v/as thought th a t  b e t t e r  sep a ra tio n  o f  the components might be 

aciiieved  by u sin g  a d i f f e r e n t  s ta t io n a r y  phase or support. The fo llo w in g  

packings were t r ie d .  (_l) 1 cm. o f  4A moleculeir s ie v e  was in se r te d  a t  the 

b egin n in g  o f  the column. There appeared to  be no improvement on doing  

t h i s .  (^) 30-40 and 40-60  mesh a c t iv a te d  alum ina. The co a rser  alumina 

gave a reason ab le  e th y len e  peak w ith  some t a i l i n g  but on ly  broad and 

in d is t in c t  peaks were ob ta in ed  w ith  SiCl^ and Ch@=CH. SiClg even a f t e r  

treatm ent o f  the packing w ith  a la rg e  q u a n tity  o f  c h lo r o s ila n e  to  

remove su r fa ce  h e ld  OH groups. Change o f  the packing to  s i l i c o n e  o i l  

on 30-40 mesh a c t iv a te d  alum ina on ly  improved the e th y le n e  peak.

(_2) bÿt s i l i c o n e  o i l  on 30-40 mesh f ir e b r ic k  gave no improvement on the  

r e s u l t s .  (4 ) 10^ t r i c r e s y l  phosphate on "Sinbacel" k ie se lg u h r  and lÔ o 

l iq u id  p a r a f f in  on "Etabacel” gave reason ab le sep a ra tio n s  but the peaks
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were not as sliarp as w ith  the s i l i c o n e  o i l  packing even a t  d if f e r e n t

tem peratures and c a r r ie r  gas flow  r a t e s . (jj) S ep aration  has been  

192ach ieved  u sin g  a mixed s ta t io n a r y  phase. However, u sin g  60:20 :100 , 

d ie th y lp h th a la te : s i l i c o n e  o i l :k ie s e lg u h r ;  20 :2 0 :1 0 0 , d in o n y lp h tlia la te : 

s i l i c o n e  o i l  :k ie se lg u h r  and 60 :2 0 :1 0 0 , d ie th y ls e b a c a te : s i l i c o n e  o i l :  

k ie se lg u h r  packings good sep a ra tio n  cou ld  not be ob ta in ed  and 

a p p reciab le  t a i l i n g  occurred . (6 )̂ S im ila r ly  a 10^ sa tu ra ted  s o lu t io n  o f  

AgNOa in  t r ie th y le n e  g ly c o l on "Embacel" and 10?̂  o f  a lÔ o s o lu t io n  o f  

sodium caproate in  s i l i c o n e  o i l  on "Embacel" d id  not improve on the 

a n a ly s is .  (J7) I t  appeared th a t the s ta t io n a r y  phase o r ig in a l ly  chosen  

was the most e f f i c i e n t  fo r  q u a n tita t iv e  a n a ly s is  o f the r e a c t io n  m ixtu re. 

A paclcing o f  0 .25^  s i l i c o n e  stopcock  grease on G.11 g la s s  beads was v e iy  

r e s is t a n t  to  gas flo w . 5f̂  s i l i c o n e  o i l  and 20)b s i l ic o n e  o i l  on "Embacel" 

were very l i t t l e  d if f e r e n t  from the o r ig in a l  packing.

Hence i t  was decided to  r e ta in  the packing fo r  q u a n tita t iv e  

a n a ly s is  as 1 0 /  s i l ic o n e  o i l  on *14-60 mesh "Einbacel" k ie se lg u h r .

(3)  D etector

D etec tio n  was changed to  a hydrogen flam e io n iz a t io n  d e te c to r  i t  

b ein g  le s s  s e n s i t iv e  to  s l i g h t  changes in  flov/ ra te  and column 

tem perature than the th erm isto r . A commercial d e te c to r  in v o lv in g  a 

normal hypodermic n eed le and a gauze " c o lle c to r "  was f i r s t  used but was 

found most u n sa t is fa c to r y  because o f  the d e p o s it io n  o f  s i l i c a  on the  

gauze. A fter  a number o f  t e s t s  i t  was found th a t platinum  w ire bent in to  

a loop  and s itu a te d  above the flam e and surrounding i t  was a s a t is fa c t o r y  

arrangement. The d e te c to r  was made q u ite  e a s i l y  and a t  low c o s t ,  the on ly  

c r i t i c a l  dim ension b ein g  th e  d is ta n ce  o f the lo o p  from th e n eed le  fo r
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maximum s e n s i t i v i t y  w ith  s t a b i l i t y .  The d e te c to r  i s  shown in  Figure 33- 
Hydrogen c a r r ie r  gas was used . The flam e io n iz a t io n  d e te c to r  was very  

u se fu l in  tlia t i t  d id  not g iv e  a s ig n a l fo r  n i t r i c  oxide and hydrogen 

c h lo r id e , r a r e ly  gave a s ig n a l  fo r  t r ic h lo r o s i la n e  and on ly  gave a weak 

in c o n s is te n t  s ig n a l w ith  s i l i c o n  te tr a c h lo r id e  ( an in te r e s t in g  

phenomenon ) and hence the chromatogram was c l a r i f i e d  a p p rec ia b ly . Later  

when i t  was d e s ir e d  to  fo llo w  th ese  in organ ic  m a ter ia ls  the th erm isto r  

d e te c to r  was ic x n se r te d  in  s e r ie s  w ith  the flam e io n iz a t io n  d e te c to r .

The s ig n a l from the th erm isto r  was re la y ed  to  a spot galvanom eter. 

A m p lifica tio n  o f the s ig n a l from the flam e io n iz a t io n  d e te c to r  was u sin g  

a Gas Chromatography Ltd. a m p lif ie r  and recorded on a 0 -1  mV. Honeywell 

Brown jxD tentiom etric reco rd er . Later an a m p lif ie r  g iv in g  g rea ter  

s t a b i l i t y  and co n stru cted  by Mr. J . A. B r iv a t i o l‘ t l i i s  department was 

su b s t itu te d .

Because o f  the h igh  s e n s i t i v i t y  o f the thermal c o n d u c tiv ity  

d e te c to r  to s i l i c o n  te tr a c h lo r id e  ana the low s e n s i t i v i t y  to  e th y len e  

and the o p p o site  e f f e c t  observed  on flame io n iz a t io n  d e te c t io n  i t  was 

p o s s ib le  to  measure' the r a te s  o f  form ation  o f  th ese  two compounds q u ite  

a c c u r a te ly , probably to  b e t te r  tlian ± 10^.

(4 ) Sampling o f  the r e a c t io n  m ixture

The method o f sam pling was changed to  in c lu d e  a gas sam pling

150va lve  m odified  in  only  minor d e t a i l s  from th a t o f  I ^ a tt  and IhuT iell.

The v a lv es  used , th ree in  a l l ,  were co n stru cted  by Mr. C. M asters o f  

t h i s  departm ent. The f i r s t  v a lv e  was co n stru cted  out o f  m ild s t e e l  but 

some co rro sio n  occu rred . T his was rep laced  by one o f  s t a in le s s  s t e e l  

c o n str u c tio n . Q uite a l o t  o f  trou b le  was incurred  w ith  t h is  v a lv e  because
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o f  the n o to r io u s  property o f  s t a in le s s  s t e e l  to  "pick up" when tv/o 

su r fa c e s  are in  c o n ta c t . This property  le d  to  scra tch in g  on rep la c in g  

the rubber 0 -r in g s  and caused lea lcin g . F in a lly  a th ir d  v a lv e  in  s t a in le s s  

s t e e l  was co n stru cted  as shown in  Figure 35 w ith  f a c i l i t y  fo r  in te r 

changeable sam pling lo o p s .

B efore d ec id in g  which rubber 0 - r in g s  to  use in  the sam pling v a lv e  

sam ples o f  b u ty l rubber, r e s in -cu r e d  b u ty l rubber, V iton A and f lu o r o -  

s i l i c o n e  rubber were ob ta in ed  from Dowty S ea ls  Ltd. and su b jected  to  a 

number o f  sim ple t e s t s  to  in d ic a te  any change in  p r o p e r tie s  on te n sio n  

and com pression a t  120°C and a ls o  on treatm ent in  an evacuated  f la s k  

w ith  ca . 560 mm. o f  the r e a c t io n  products a t  120°G fo r  10 days. Also  

t e s t e d  in  the same ?/ay were two samples o f  medium and h igh  a c r y lo n i t r i le  

base perbunan rubber. The perbunan rubbers became very b r i t t l e  on 

c o n ta c t w ith  the hot vapours and were d isco u n ted . Of the remainder the  

f lu o r o s i l ic o n e  rubber became even weaker m ech an ica lly . A ll the rubbers 

gained w e ig h t, 3 -  6^, on treatm ent w ith  the product m ixture but t h is  

gain  in  w eight could  not be removed by ev a cu a tio n . The r e s in  cured b u ty l 

rubber became b r i t t l e .  There was l i t t l e  to  choose between the V iton  A 

and b u ty l rubber and the l a t t e r  were th ere fo re  used on the grounds o f  

c o s t .  They were o f t 2,"pe VOR 118.

The sample volume used was norm ally o f 2 ml. ca p a c ity  although  

fo r  some runs sample volumes o f  2 .5  ml. and 8 ml. were u sed . H eating o f  

the v a lv e  was by ex ter n a l w indings and the tem perature was recorded by 

thermometers p laced  in  the key and on the ex te rn a l su r fa ce .

To f a c i l i t a t e  in s e r t io n  and withdrawal o f  the key i t  was very  

l i g h t l y  lu b r ic a ted  on the end 0 -r in g s  w ith  a tr a ce  o f  s i l i c o n e  high  

vacuum grease and to  r e s t r i c t  "picking up" o f  th e  s t a in le s s  s t e e l  the
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ends o f  the "barrel vrere covered  w ith  a th in  f ilm  o f g rap h ite  g rea se . 

I^ater models from the ones used in  t h is  work liad a copper in s e r t  f i t t e d  

in to  the ends o f the b a r r e l.

By o b serv a tio n  o f the P ira n i gauge a f t e r  jDumping out o f  the  

sample loop  i t  was found t>iat ca , 1 min. was req u ired  to  ensure a 

p ressu re  o f  l e s s  than 10  ̂ mm. Hg in  th e sample lo o p .

(c )  F in a l apparatus

The arrangement o f  th e  gas chromatography appai'ntus and i t s  

a n c i l la r y  equipment i s  shown in  Pi.gure 56. The normal experim ental 

working c o n d it io n s  w ere:- 10% s i l i c o n e  o i l  on - li-6 0  mesii "Embacel" 

k ie se lg u h r  in  a "lyrex" g la s s  column o f  dim ensions 656 cm. x 3 mm. a t  

a tem perature o f 56°J . Hydrogen c a r r ie r  gas a t  an i n l e t  p ressu re o f  

30 cm. above atimospheric g iv in g  a flov/ ra te  o f  40 m l./m in . Tne flow  

r a te  o f  a ir  was 250 m l./m in . and the r a te s  o f  flow  o f  both gases were 

determ ined by c a p il la r y  and or soap bubble flow m eters. The working; 

v o lta g e  o f the io n is a t io n  d e te c to r  was 400 v o l t ,  w ith  the n eed le  p o s i t iv e  

and th e platinum  loop  n e g a tiv e .

Under th ese  co n d itio n s  the r e te n t io n  tim es fo r  th e v a r io u s  

components were : e th y len e  2 m in ., v in y l  c h lo r id e  3 m in ., s i l i c o n  t e t r a 

c h lo r id e  ( ir rep ro d u c ib le  ) 5 m in ., v in y ltr ic h lo r o s i la j ie  9 m in ., 

cycloh exen e 9 m in ., e th y lt r ic h lo r o s i la n e  11 m in ., and 2 -c h lo r o e th y l-  

t r ic h lo r o s i la n e  ca , 55 rain. With the thermal c o n d u c tiv ity  d e te c to r  

n i t r i c  ox id e and hydrogen c h lo r id e  gave sm all resp on ses a t  1 .5  min. and 

1 .7 5  rain, r e s p e c t iv e ly  whereas t r ic h lo r o s i la n e  gave a ra th er  broad peak 

w ith  the apex a t  about 4 rain. A ty p ic a l  chromatogram ob ta in ed  w ith  the  

flam e io n iz a t io n  d e te c to r  i s  shown in  F igure 37 and may be compared w ith
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th e e a r l i e r  chromatogram u sin g  the th erm istor  d e te c to r  shovm in  the 

same f ig u r e .

(d ) C a lib r a tio n  o f  the chromatography apparatus

C a lib r a tio n  fo r  each o f  th e  products was ach ieved  in  tv/o ways.

(1 )  Tlie pure component was p la ced  in  the r e a c t io n  v e s s e l  and sampled 

in  th e same manner as during a run. This was repeated  fo r  d if f e r e n t  

p ressu res  o f  component and a c a l ib r a t io n  curve p lo tte d .

( 2 ) A m ixture was made up in  a 2 1 . bulb o f  known p ressu res  o f  the  

v a r io u s  products and approxim ating to  that o f  the probable com p osition . 

A n a ly sis  was ach ieved  e ith e r  by in je c t io n  from the r e a c t io n  v e s s e l  or  

sometimes v ia  the l in e  norm ally used fo r  evacu ation  o f  th e  sam pling  

v a lv e . Because o f  i t s  laiown r e a c t iv i t y  w ith  some o f  the products  

t r ic h lo r o s i la n e  was not in c lu d ed .

I t  was found on comparing th ese  two methods tiia t some non

r e p r e se n ta t iv e  sam pling occurred b e in g  in d ic a te d  by a s l i g h t l y  la r g e r  

p ressu re o f  e th y len e  and v in y l  c h lo r id e  and a corresp on d in g ly  sm aller  

pressu re o f  v in y ltr ic h lo r o s i la n e  during a run. The main reasons fo r  t h is  

behaviour appeared to  be due to  the use o f ra th er  wide bore c a p il la r y  

tu b in g , 2 .5  mm., from the r e a c t io n  v e s s e l  to  the sam pling v a lv e . Mon- 

r e p r e se n ta t iv e  sam pling may a ls o  have been p a r t ly  due to  the l in e  on 

e a r l i e r  forms o f  the apparatus not b ein g  s o le ly  fo r  sam pling o f  the  

r e a c t io n  m ixture. Tliat i s ,  some o f  the products e a r l ie r  on th e r e a c t io n  

path from th e  s ta te  in  the r e a c t io n  v e s s e l  a t the time o f  sam pling may 

have resid ed  in  the lea d s  to  the s p ir a l  gauge or the vacuum tap and been  

drav/n out on sam pling. The e f f e c t  was s u b s ta n t ia l ly  reduced by the  

employment o f  1 ram. c a p i l la r y  tu b in g  and by raaking the sam pling l in e  

d is c r e te .  Another co n tr ib u to ry  fa c to r  may liave been th a t the d is ta n ce
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o f  the v a lv e  from the r e a c t io n  v e s s e l  was ra th er  lo n g er  thsm the id e a l  

arrangem ent. I t  was thought th a t some cond en sation  might iiave occurred  

on in c r e a s in g  the p ressu re from ca . 0 .1  atmos. to  1 .5  atmos. on 

in j e c t io n  o f a sample in to  the column b u t, a lthough t h is  might have 

been a co n tr ib u to ry  cause o f  the broad ClCHgCKs SiC ls pealc, c a l ib r a t io n s  

in  the p resen ce o f  n itro g en  showed no change. F in a lly ,  i t  v/as im p o ssib le  

to  use the sam pling v a lv e  a t  a h igh er tem perature, which would be 

d e s ir a b le ,  because o f  the e f f e c t  o f  the product m ixture on s i l i c o n e  

rubber 0 - r in g s .

I t  was found p o s s ib le  to  make a llow ance fo r  the d iscrepan cy  in  

th e chrom atographic r e s u l t s .  During a run, and c e r ta in ly  up to  about 

60°o r e a c t io n , the amount o f  e th y len e  was too  high ( fo r  many runs about 

15^ ) . Too la r g e  a p ressu re was a lso  in d ic a te d  fo r  v in y l  ch lo r id e  

alth ou gh  the d iscrepancy  was w ith in  the experim ental erro r  in  i t s  

d eterm in ation . The p ressu re o f  s i l i c o n  te tr a c h lo r id e  agreed w itii the  

c a l ib r a t io n s  whereas v in y lt r ic h lo r o s i la n e  was in d ic a te d  in  too  sm all 

a p ressu re althouj'b t h is  aga in  was v /itiiin  the experim ental error  in  i t s  

d eterm in ation . With ciii'oraatography a t  i n f i n i t y  the % d iscrepan cy  was 

much l e s s ,  b e in g  l e s s  tlian 59o fo r  e th y le n e .

I t  ought perhaps to  be mentioned here th a t the c a lib r a t io n s  fo r  

the in d iv id u a l components had to  be checked each day th a t  x in e t ic  runs 

were b ein g  ca rr ie d  ou t. The s i l i c o n  compounds seemed to  have some e f f e c t  

on the d e te c to r  n eed le  in  th a t  the s e n s i t i v i t y  dropped s l i g h t l y  from 

day to  day a id  cou ld  be re s to r e d  by c lea n in g  the n eed le  w ith  a f in e  

w ir e .

The r e s u lt s  obtained  from chrom atographic a n a ly s is  are not o f  the
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h ig h e s t  accuracy but s u f f i c ie n t  data Iiave been accum ulated to  su ggest  

th a t the r e s u lt s  fo r  e th y le n e  and s i l i c o n  te tr a c h lo r id e  a ie  accurate  

to  b e t te r  than whereas fo r  v in y l ch lo r id e  and v in y lt r ic l i lo r o s i la n e

th e  r e s u lt s  are w ith in  t  20/b.

( e )  Examples o f  chrom atographic a n a ly s is

The fo llo w in g  are the r e s u lt s  o f  two runs g iv in g  the peak h e ig h ts ,  

p ressu res  o f  components as g iv en  from c a lib r a t io n  o f  the pure components 

and c a lc u la te d  p ressu res o f  th ese  components u sin g  the c o r r e c t io n  

fa c to r  fo r  the apparatus a t  t lia t time and found from a sy n th e t ic  product 

m ixtu re.

The a m p lif ie r  used cou ld  be in crea sed  in  s e n s i t i v i t y  by knobs 

reading 1 , 3, 10, 25, 50 and 100 although the 100 p o s it io n  was r a r e ly  

u sed . The a c tu a l fa c to r s  fo r  in terch ange between th ese  p o s it io n s  were:

3 /1  = 2 .9 7 , 10 /3  = 3 .4 7 , 25 /10  = 2 .4 2 , 50/25  = 2 .0 8 . Hence c a lib r a t io n s  

cou ld  be ca rr ied  out w ith  low er s e n s i t i v i t y  and la r g e r  p ressu res  o f  

components and the con version  fa c to r s  above gave the c a l ib r a t io n  fo r  

sm a ller  amounts.

( l )  Run 62

Ethylene c a lib r a t io n .

p mm. 5 .5  7 .5  13 19 28 .5

peaJc }ieight 1 4 .3  2 0 .3  30 . 2 5 6 .0  84 .0

s e n s i t i v i t y  3 3 3 3 3

V inyl c h lo r id e  c a l ib r a t io n

p mm. 4 .5  10 16 21 .5

peak h e ig h t 1 0 .6  2 4 .1  4 0 .3  5 6 .3

s e n s i t i v i t y  3 3 3 3
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The c a l ib r a t io n  curves are shown in  F igure 38 and the run r e s u lt s  ore 

g iv en  in  Table ]C<XXTV.

TiUiioE XXa.v1V

dhroniatography r e s u lt s  fo r  Hun 62 on GlGIIa GHa biCla

Time (niin. ) 0 10 16 23 35 50

P (mm.) 37.80 42 .10 4 4 .3 5 4 6 .55 50.45 5 4 .3 0

A p (mm. ) 4 .3 0 6 .5 5 8 .75 1 2 .65 16 .50

pk. h t . E 8 .2 14 .5 2 0 .0 2 7 .7 4 0 .8

s e n s i t iv i t y 3 3 3 3 3
pE (mm. ) 3.3 5 .3 7 .2 9 .6 5 1 3 .9

O.B5pE (ram.) 2 .8 4 .5 6 .1 8 .2 1 1 .8

pk. h t . VG 5 .0 8 .2 1 1 .7 1 5 .6 4 .6

s e n s i t i v i t y 10 10 10 10 3
pVC (mm.) 0 .6 6 1 .01 1 .41 1 .8 0 2 .2 0

(2 ) Hun 84

Ethylene c a lib r a t io n

p mm. 8 .5 13 .5 18 25

pe;ak h eig h t 23.0 38 .7 5 0 .5 7 2 .1

s e n s i t i v i t y  3 3 3 3
V in y ltr ic M o r o s ila n e  c a l ib r a t io n

p mm. 5 8 16 21 34

peak h e ig h t 9 .7 1 6 .3 3 3 .7 3 8 .2 20. 1

s e n s i t i v i t y  10 10 10 10 3



-  169  -

CHROMATOGRAPHY CALIBRATIONS

FOR RUN 6290

FIGURE
70 ■

p k .  h t .  

( s e n s  3)

50 ■

30

p (mm.)
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CHROMATOGRAPHY CALIBRATIONS  

f o r  r u n  84

80

FIGURE

(SENS 3)60

( SENS. 3)CH-, = CH.5iClp k .  h t .

SiCl^ (SENS X O  GALVO )

40

40

p (mm.)
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S il ic o n  te tr a c h lo r id e  c a lib r a t io n  ( th erm istor  d e te c to r , recorded

on a sp ot r,alvariometer )

p mm. 4 .5  8 15 20

peak h e ig h t 13 22 42 56

s e n s i t i v i t y l / lO  l / lO 1 /10 1 /10

Ihe c a lib r a t io n  curves a ie  i l lu s t r a t e d  in F igure 39 and the run r e s u lt s

are g iven  in  Table XXJŒV.

TABLE XXIXV

Chromatography r e s u lt s on Run 84

Time (min. ) 0 16 27 38 49

P (mm.) 1 7 .50  24 .00 26 .80 28 .95 30.45

Ap (mm. ) 0 6 .5 0 9 .3 0 1 1 .45 12.95

pk. h t . E 1 2 .9 21 .5 2 7 .1 30 .2

s e n s i t i v i t y 3 3 3 3

pE (mm.) 5 .0 7 .9 9 .8 1 1 .0

0 .8 5  pE (mm.) 4 .2 5 6 .8 8 .3 5 9 .4

pk. l i t . V — — 4 .7 5 .5 7 .0

s e n s i t iv i t y — — 25 25 25

pV (mm.) — — 0 .9 5 1 .1 5 1 .4 3

pk. h t . S 10 .5 1 7 .5 2 0 .0 25 .0

s e n s i t iv i t y 1 /10 l/'lO l/'lO l/ lO

pS (ram.) 4 .0 6 .4 7 .4 9 .0
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( v i i )  PROOF OF PRODUCTS

For gas chroma to  graphic conf inriation  the r e te n t io n  o f  the pure 

m a ter ia l was compared w ith  th a t o f  the product and a ls o  by ob serv a tio n  

o f  a s in g le  enhanced peak on a d d itio n  o f some o f  the pure m ater ia l to  

th e run prod u cts. In fra -red  a n a ly ses  were ca rr ied  on a Perkin-Elm er 

Infracord  in  gas c e l l s  a i'ter  vacuum fr a c t io n a t io n  o f  the p rod u cts. Llass 

sp e c tr a  were ca rr ied  out on an A .E .I . M.S. 10 spectrom eter . Spectra a t  

70 v o l t ,  were compared w ith  data sh e e ts  and the ionizationj^w as a lso  

reduced to  observe the m olecular io n s .

(a )  Ethylene

Presence o f  e th y len e  in  the r e a c t io n  products was confirm ed by 

gas chrom atographic a n a ly s is ,  in fr a -r e d  spectrum and la t e r  by mass 

spectrum .

(b ) V inyl c h lo r id e

The presence o f  v in y l  c h lo r id e  was in d ic a te d  by gas c:iromatography 

r e te n t io n  t im e . C onfirm ation was ach ieved  by carry in g  out 6 runs to  

ca . 20^ r e a c t io n , fr e e z in g  out the products to g eth er  and fr a c t io n a t in g .

In t h is  way v in y l c h lo r id e  co n ta in in g  a sm all q u a n tity  o f  e th y len e  was 

ob ta in ed  and in fr a -r e d  a n a ly s is  proved v in y l ch lo r id e  p r e se n t. This was 

la t e r  confirm ed on the mass spectrom eter.

(c )  V in y ltr ic h lo r o s ila n e

Gonl'irmation o f  v in y l  t r ic h lo r o s i la n e  was obtained  by gas 

chroma tography.

(d ) S i l ic o n  te tr a c h lo r id e

S i l ic o n  te tr a c h lo r id e  was confirm ed by gas chromatography, thermal
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c o n d u c t iv ity , and by in fr a -r e d  a n a ly s is ,  

(e ) hydrogen c h lo r id e

I^drogen c h lo r id e  iiad been shown to  be among the products by 

vapour d e n s ity  measurements and fu r th er  in d ic a t io n  was o b ta in ed , a lthough  

the response was poor, by gas chromatography u sin g  the th erm istor  

d e te c to r . C onfirm ation was ob ta in ed  by the mass spectimim.

( f )  T r ic h lo r o s ila n e

1 Presence o f  t h is  compound in  th e k in e t ic  scheme was in d ic a te d  by 

gas chromatography u sin g  th e th erm istor  d e te c to r . C onfirm ation by i t s  

in fr a -r e d  spectrum was not p o s s ib le  because the sm all q u a n tity  o f  

t r ic h lo r o s i la n e  in  the products a t 20/o r e a c t io n  cou ld  not be i s o la t e d  

by fr a c t io n a t io n . I b s s ib ly  the t r ic h lo r o s i la n e  underv/ent fu r tlier  r e a c t io n  

on fr a c t io n a t io n . A fragment a t  98 and a sm a ller  one a t 100 was observed  

both frr^m tr ic h lo r o s i la n e  and the product m ixture a t  70 v o l t . on the  

mass sp ectrom eter. This i s  probable conl'irm ation o f  t r ic h lo r o s i la n e  due 

to the form ation o f  tiie SiClg fragment although not c e r ta in  evid en ce  

because o f  the com plexity  o f  the product m ixture.

(g ) E th y ltr ic h lo r o s ila n e

This compound was shown to  occur in  the products a f t e r  more than 

10 h a l f - l i v e s  by gas chrom atographic a n a ly s is .

(h ) D im eth y lp h en ylch lorosilan e

That e th y le n e  and d im eth y lp h en y lch lo ro sila n e  com prised v ir t u a l ly  

a l l  the products in  the decom position  o f  ClCHaCHg SiMe^ Fh was in d ic a te d  by 

gas chromatography. With the column a t  110°C and a hydrogen flow  ra te  o f  

60 m l./m in . the r e te n tio n  tim es fo r  e th y len e  and d im eth ylp h en ylch loro-
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- s i la n e  were approxim ately 1 .5  rain, and 16 rain. Ai'ter f r a c t io n a t io n  to  

remove the e th y len e  the rem aining l iq u id  from 4 runs was an alysed  on 

an A 60 Varian N.M.R. spectrom eter . This shewed th a t the protons o f  the  

c h io r o e th y l group had been e f f e c t iv e ly  removed and the spectrum ;vas 

c o n s is t e n t  w ith  ClSiMegFh.

( v i i i )  Ai'lALYSlS USING THE MASS SPBCTR0Î3TER

To fin d  out fo r  c e r ta in  w hether the q u a n tity  o f  hydrogen c lilo r id e  

produced in  the thermal decom position  o f  GlGIIsCIIsSiGla was in  f a c t  equal 

to  t lia t  o f v in y lt r ic h lo r o s i la n e ,  a n a ly s is  o f  th e end products o f  a 

number o f  runs a f t e r  more tiian 10 h a l f - l i v e s  was c a r r ie d  out on an A .E .I . 

M.S. 10 mass spectrom eter which was not a v a ila b le  fo r  e a r l ie r  work. The 

spectrom eter was on ly  capable o f  a i a l y s i s  up to  a m olecular w eight o f  

100 w ith  a r e s o lu t io n  o f  1 in  50 so th a t a n a ly s is  o f  h igh er m olecular  

w eigh t m a te r ia ls , e s p e c ia l ly  t r ic h lo r o s i la n e ,  was preclu d ed .

The mass spectrom eter had i t s  own in te g r a l  d if fu s io n  pump backed  

by a Genevac ro ta ry  pump to  evacuate tne io n iz a t io n  cliamber. To the 

io n iz a t io n  chamber were a tta ch ed  two le a d s  in co rp o ra tin g  "m etrosil"  

carborundum lea ics. One o f  th ese  leaics went to  a 500 ml. c y lin d i'ic a l  

r e a c t io n  v e s s e l  con ta in ed  in  a tu bu lar furnace v /ith  the usu al attachm ents  

fo r  ev a cu a tio n , p ressu re measurement and h e a tin g . The o th er  leak  was 

attach ed  to  a vacuum l in e  c o n ta in in g  a mercury'' manometer, a 2 1 . bulb  

to  take la rg er  q u a n tit ie s  o f  gases  and a s im ila r  bulb co n ta in in g  pure 

;\rgon fo r  c a lib r a t io n  p u rp o ses . A sm all "carrot shaped" f la s k  o f 50 ml. 

ca p a c ity  was included  fo r  sm all q u a n t it ie s  o f  g a se s . A ll taps in  th is  

s e c t io n  were Springham g r e a s e le s s  taps w ith  neoprene diapiiragms.

In order to  observe th e  m olecular io n s  o n ly  o f  the variou s
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r e a c t io n  products i t  was necessary'' to  reduce the io n iz a t io n  v o lta g e  

to  15 v o l t .  T his v o lta g e  i s  below the io n iz a t io n  p o te n t ia l  o f  /rgon  and 

h ence, a lth ou gh  u se l’u l when carry in g  out fragment a n a ly s is ,  Ai'gon was 

inadequate a t  15 v o l t .  Use was made o f  the pure propene a v a ila b le  in  the  

lab oratory  fo r  c a lib r a t io n  purposes; t h is  was not e n t ir e ly  s a t is fa c t o r y  

a s  some fragm entation  d id  occur a t  15 v o l t .  The most s a t is fa c t o r y  method 

o f  a n a ly s is  was to  in trod u ce the propene v ia  the r e a c t io n  v e s s e l  and i t s  

a s s o c ia te d  lea k  and the product m ixture v ia  the o th er le a k . During any 

one p a r t ic u la r  a t ia ly s is  the s e n s i t i v i t y  o f  the instrum ent va r ied  on ly  

s l i r h t l y . Uo allow ance was th ere fo re  made fo r  t h is .

For a l l  th ese  aucxlyses the run products v/ere com p letely  frozen  

down in to  a sm all "carrot shaped" f la s k  w ith  l iq u id  n itro g e n . The 

produces v o l a t i l e  a t -  7 8 were tnen tra n sferred  in to  another s im ila r  

f la s k  fo r  con n ection  to  the ;nass sp ectrom eter. In t h is  way i t  was 

co n sid ered  tlia t a l l  the e th y le n e , hydrogen c h lo r id e , v in y l  c h lo r id e  and, 

in  one d eterm in ation , the n i t r i c  ox id e would be c o l le c t e d .  Also some 

sm all quanti t]/ o f  s i l i c ô n  tetrac>Lloride alm ost c e rd a in ly  was tra n sferred  

and i s  r e f le c t e d  in  the fa c t  tr.at the t o t a l  p ressu re  an alysed  exceeded  

the q u a n tity  which cou ld  be accounted fo r  by a n a ly s is  o f  the more 

v o l a t i l e  components although  the d iscrepan cy  was not la r g e .

F i'a ctio n a tio n  o f  the sample occurred on f i r s t  carry in g  out the  

a n a ly s is  but i f  l e f t  fo r  a tim e varyin g  from 2Ü -  50 min. the com p osition , 

a s  viev/ed on the ch a r t, was co n sta n t and agreed w ith  tiia t  of a m ixture 

o f  knov/n com position . Hie amount taken was l e s s  than the t o t a l  p ressu re  

o f  the product mixture and o n ly  the r e la t iv e  p ercen tages were c a lc u la te d  

to  enable com parison w ith  chrom atographic d ata .
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(a )  R e su lts  fo r  2 -c l i lo r o e th y ltr ic h lo r o s i la n e

M .S .l End products from p y r o ly s is  overn igh t a t  3 8 2 .8°G

Compound p mm. m/e = 28 m/e = 36 m/e = 62

2 0 .0 78 .5 - -

I ICI 9 .0 - 3 2 .0 -

CIi2=CiICl 7 .5 - - 3 3 .5

M ixture 2 2 .0 5 6 .7 1 5 .8 8 .9

S e n s i t iv i t y - (250) ( 1 0 0 ) (100)

Hence pF = 14.4;5 mm. , plICl = 4 . 55 mm. , pVC := 2 .0  mm.

T ota l p ressu re accounted fo r  = 2 0 .8  mm.

^  = 69 , ('oHCl = 21, "bVG = 10

I t  may be noted th a t in  t h is  case  the s e n s i t i v i t y  to v in y l

c h lo r id e  i s  lower  ̂n fa'ià,cr-"j tlian in  subsequent a n a ly se s . The v in y l

c h lo r id e  used f o r  c a lib r a te on liad probably not been p rop erly  p u r if ie d

M .S.2 i rod u cts from Run 115 a t 385%

Compound p mm. 28 36 62

CalL 23 .0 1 5 .0 - -

IICl 1 5 .5 - 5 5 .0 -

CIi2=CIICl 5 .5 - - 4 7 .5

M ixture 73 .0 33.7 5 1 .2 1 8 .5

S e n s i t iv i t y - ( 1000) ( 1 0 0 ) (1 0 0 )

pE = 5 1 .7 mm., pIICl := 1 4 .4  mm., pVG - 2 .1 4  mm.

= 76 , TaiGl := 21 , fbVc = 3

The mass spectrum fo r  t h is  m ixture i s  i l lu s t r a t e d  in  F igure 4Ü.
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M.S. j  Products o f  Run 116 a t  385%

Compound p mm. 28 36 62

GalU 7 .5  53 .4

S e n s i t iv i t y  -  (lOO)

HGl 7 .0  -  6 9 .3

GHs=GHGl 2 .5  -  -  76 .5

Mixture 38 .0  7 9 .0  84 .4  39 .0

S e n s i t iv i t y  -  (250) (25) (25)

pS = 2 7 .7  mm., pIIGl = 8 .5  mm., pVG = 1 .3  mm.

^  = 74 , °&C1 = 2 3  , 9bVG = 3

M. S .4 Products o f Run 117 in  presence o f  n i t r i c  oxide a t  383*3%

Compound p mm. 23 36 62

C2ÎÎ4 7 .5  57 .0

S e n s i t iv i t y  -  (lOO)

HGl 16 .0  -  6 1 .0

GHa=GHGl 6 .0  -  -  6 6 .3

Mixture 38 .0  5 3 .0  37 .5  14 .5

S e n s i t iv i t y  -  (250) (lOO) (lOO)

pE = 1 7 .4  :nra. , pHCl = 9 .8  mm. , pVG = 1 .3  mm.

^  = 61 , ^IGl = 3 4  , ^VG = 5

H itr ie  oxide was shov/n to  be the on ly  o th er product w ith  a mass o f  l e s s  

tlian 100 but was not an a lysed  fo r .  I t  gave a peak h e ig h t o f 4 6 .5  (lOO) 

fo r  m/e = 30. This probably accou n ts fo r  the m ajority  o f the 9 .5  mm. not 

es tim a ted . In any case r e s u lt s  would be very in a ccu ra te  fo r  n i t r i c  ox id e
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because some ?fas undoubtedly l o s t  on d eg a ssin g  the product mixture 

b efo re  a n a ly s is .

The above r e s u lt  i s  inqnortant in  showing th a t e x c e ss  hydrogen 

c h lo r id e  above tlia t ob ta in ed  by d eh yd roch lorin ation  o f  2 -ch io r o e th y l-  

t r ic h lo r o s i la n e  a r is e s  in  th e presence o f n i t r i c  ox id e .

(b ) R esu lts  fo r  2 -ch lo ro e th y ld im e th y lp h en y ls ila n e

M. S . 5 Products o f  Run 36 a t  290%

Compound p mm. 28 36 62

Cad* 1 2 .0  32 .0

M ixture 8 .5  22 .7

S e n s i t iv i t y  -  (lOO)

p2 = 8 .5  mm., = 100

An extrem ely  sm all movement o f  the ch art recorder pen was 

observed a t  m/e = 62 when th e io n iz a t io n  v o lta g e  was in crea sed  to  55 

v o l t . ,  1 .2  on s e n s i t i v i t y  (lOO), and th ere fo re  a very minor amount o f  

v in y l  c h lo r id e  may be produced in  the decom position . No hydrogen 

c h lo r id e  was d e te c te d .
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(C) CALCULATION OF KIUETICS

( i )  IN THE STUDY OF 2 -CULOROETliYLTRICIiLOROSILAIIE

(a ) The o v e r - a l l  ra te  co n sta n t

A f i r s t  order r e a c t io n  fo llo w s  the equation:  

d x /d t = k ( a -  X ) 

where k i s  the r a te  co n sta n t o f  the r e a c t io n , a i s  the i n i t i a l  concen

tr a t io n  and X i s  the amount rea cted  a f t e r  tim e t .  In te g r a tio n  o f  t h is  

eq u ation  between the l im i t s ,  x = 0 , t  = 0; x = x , t  = t , g iv e s:

In a /a  -  X = kt 

For a gaseous r e a c t io n  in v o lv in g  an in cr ea se  in  the t o t a l  

pressu re then we can put : a = po , x = Ap.  I f  po , p^ and pô  are the

p ressu res  a t  zero tim e, tim e t  ami i n f i n i t e  tim e r e s p e c t iv e ly  and i f  

A p i s  the in crea se  in  p ressu re  a t time t  then we have, i f  th ere  i s  a 

tw o -fo ld  in crea se  o f  p ressu re ,

a = Po = -  Po

a - x  = p b o - p ^  = 2 p o - p ^  = Po -  Ap  
In t h is  study p» was approxim ately 1.93po but because o f the  

v a r ia t io n  o f itod > p a r t ly  because o f the removal o f  sa n p les  fo r  a n a ly s is ,  

and the good e x tr a p o la tio n  to  zero time to  ev a lu a te  p o , the p r a c t is e  o f  

u sin g  pt) -  Ap was adopted fo r  c a lc u la t io n  o f  the amount o f  2 -ch lo ro eth y l-  

t r ic h io r o s i la n e  rem aining a t  tim e t .  Employment o f  the ejcperimental poo 

had l i t t l e  e f f e c t  on the o v e r - a l l  ra te  co n sta n t although  i t  d id  improve 

the l in e a r i t y  o f  the r a te  p lo t  a t  la t e r  tim es .

Hence we have:

In  Po /(p o  -  Ap) = k t
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or k t = 2.303 lo g  -  2 .303 lo g  (pb -  Ap)

T herefore a p lo t  o f  lo g  (po - A p) a g a in st  t  g iv e s  a s tr a ig h t  

l in e  o f  gra d ien t = -  k /  2 .303 and in te r c e p t  = lo g  p o .

For a l l  th e  runs on GlGIIsGHaSiCla the o v e r -a l l  r e a c t io n  r a te  was 

obta in ed  from the grad ien t o f the graph o f lo g  (po - A p) a g a in st  tim e 

and one run i s  shown com p letely  worked out below . Table kXXXVI. The r a te  

p lo t  i s  shown in  Figure 41 . In the ta b le  o f  k in e t ic  r e s u lt s  fo llo w in g ,  

Chapter Seven, S ec tio n  (d ) ,  a s e le c t io n  o f the e:-rperimental r e s u lt s  o f  

p ressu re measurements are g iven  from the t o t a l  number, u su a lly  more 

than 30, o f  read in gs taken. The accuracy o f  th ese  ra te  d a ta , in  view  

o f  the r e p r o d u c ib il i ty ,  i s  c e r ta in ly  w ith in  llO^L

I t  w i l l  be n o ticed  in  the run r e s u lt s  o u tlin e d  in  the fo llo w in g  

ta b le  th a t the pressu re f e l l  s l i g h t ly  on removing a sample fo r  a n a ly s is .  

iHl'iwance was made fo r  t h is  in  order to  ob ta in  a smooth curve.

TAdnE jCUulVI

Run 64 on GlCHs Clis SiC ls a lone a t  383*3%

Time 

(ra in .)
S ca le S ca le

-Zero
P A p (po-Ap) lo g

(po-Ap)

pE pS

Zero 1 .7 0 - - - - - - -

0 ( e x t ) 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 .6 0 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 — -
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T/iBLE XXXIVI ( c o n tin u e d  )

Time 

(m in .)

S ca le Scale

-Zero
P Ap (Po-Ap) lo g

(pb-Ap)

pE pS

4 21 .55 19.85 31.55 1 .6 5 28 .25 1 .451 - -

S5 21.80

21.75

20.10 31.85 1 .9 5 27.95 1.446 0 .7 5 1 .5 0

6 21 .90 20.25 32.20 2 .3 0 27 .60 1 .441 - -

7 22 .10 20.45 32 .50 2 .6 0 27 .30 1.436 - -

8 22.25 20.60 32.75 2 .85 27.05 1.432 -

SIO 22.65

2 2 .60

21.00 33 .40 3.50 26 .40 1.422 2 .0 2.25

12 2 2 .90 21.30 33.85 3 .95 25 .95 1.414 - -

14 23 .20 21.60 34.35 4 .4 5 25.45 1 .406 - -

SIG 23.55

23 .50

21.95 34 .85 4 .9 5 24 .95 1.396 3 .0 3 .2

18 23.75 22.20 35 .30 5 .4 0 24 .50 1 .389 - -

20 2^1.10 22.55 .3 5 .8 0 5 .9 0 24.00 1 .380 - -

S23 24.55

24.50

23.00 36 .55 6 .6 5 23.25 1 .367 4 .2 4 .0

26 24.95 23.45 37 .30 7 .4 0 22 .50 1 .352 - -

29 25.35 23.85 37 .9 0 8 .0 0 21.90 1.340 - -

S32 25.75

25.70

24.25 38.55 8 .6 5 21 .25 1.327 6 .5 6 .0

35 26.10 24.65 39.20 9 .3 0 20 .60 1.314 - -

40 26.70 25.25 4 0 .1 0 10 .20 19 .70 1 .294 - -

S45 27.35

27.30

25.90 4 1 .1 0 11 .20 1 8 .7 0 1 .272 7 .5 7 .5
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TABLE XXXXVT ( continued  )

Time S ca le S cale p Ap (po-Ap) lo g pE pS
(m in .) -Zero (iP-A p)

5 0 27.85 26.45 4 2 .0 5 1 2 . 1 5 1 7 . 7 5 1 . 2 4 9 - -

55 2 8 . 4 5 27.05 4 3 .0 0 1 3 . 1 0 1 6 . 8 0 1 .225 - -

60 2 8 .90 27 .50 4 3 .7 0 13 .8 0 16 .1 0 1 . 2 0 7 - -

65 29.40 28 .00 4 4 . 5 0 14 .60 15 .30 1 .185 - -
7 0 29 .85 28.45 4 5 . 1 5 15 .25 14 .65 1.165 - -

90 3 1 . 4 0 30.00 4 7 .7 0 17 .80 12 .10 1.082 - -

105 32.35 30.95 4 9 .2 0 19 .30 1 0 . 6 0 1.025 - -
120 33.15 31.75 50 .45 20.55 9 .35 0 . 9 7 1 - -
CD 38.05 36.65 59 .3 0 28 .40 - - 20 .0 2 0 .0

/viso pt^ = 7 . 0

6 7 , = 6 7 , = 23

(b ) C a lcu la tio n  o f  the r a te s  o f  form ation o f  products

I t  was con sid ered  th a t the r e a c t io n s  1, z and 3 below were in  

the i n i t i a l  s ta g e s  sim ultaneous f i r s t  order p r o c e sse s .

1 . GlCHs %  S i C l g  -----------► Cad* + SiCl^

2. G lC H s G H a S iC la   ► G d a = G d .S i G l 3  + l iC l

3. C lG I ia C d a S iC la   ► Gda=GHGl + H S iG la

S in ce the o v e r - a l l  r e a c t io n  i s  f i r s t  order then :

k  ~  k j  +  j'Cg 4- k g

I f  Pq and p are the co n cen tra tio n s  o f  2 -c h lo r o e th y ltr ic h lo r o s i la n e  

a t  zero time and a t  tim e t  then the co n cen tra tio n  o f  P a t time t  can 

be expressed  in  the form:
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(3 = P o  ■ e - ' "

S im ila r ly  i f  kE, the ra te  o f  production  o f  e th y le n e  (E ), i s  equal to  ki 

then:
dij/dt = k, p = k, Pg e"

which on in te g r a t io n  g iv e s :

E = lib + kE 'k . (1 -

S u b s t itu t in g  pE fo r  E, po fo r  P  ̂ , and ta ilin g  ib = ijqE = Ü a t  zero tim e,

tlien :
pE = klii/k . ib • ( l  -  e }

Hence a graph o f  pE a g a in st  ( l  -  e ) g iv e s  a s tr a ig h t  l in e  o f

grad ien t = k s/k  . po

S im ila r ly  the r a te s  o f  form ation o f  s i l i c o n  te tr a c h lo r id e , v in y l  

chloid-de and v in y ltr ic h lo r o s i la n e  can be ev a lu a te d .

Aliere reason ab le data were a v a ila b le  the above procedure was 

u t i l i z e d  fo r  d eterm in ation  o f  the r e la t iv e  r e a c t io n  r a t e s .  The va lu e o f  

tne o v e r -a l l  r a te  con stan t was determ ined 'iianom etrically as d escr ib ed  on 

the proceed ing pages and the i n i t i a l  p ressu re , po , was ob ta in ea  from 

e x tr a p o la tio n  o f  the t o t a l  p ressu re -  time cu iv e  to  zero tim e.

Taking th e f ig u r e s  a lrea d y  g iven  fo r  Hun in  Table kkXkVi, the 

v a lu es  o f  ( i  -  e ) can be c a lc u la te d  as shown in  Table .tXicX.VII, and 

the r a te s  o f  form ation o f  e t ’nylene and s i l i c o n  te tr a c h lo r id e  obtained  

as i l lu s t r a t e d  in  Eiigure 42 .
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T.iBuE Â j j ^ \ V l i

Data used to c a lc u la te  kE/k and KS/k fo r  Run 64

ib = :20.00  mm. k = 1 .68  X 10 ^ —1s e c . = 1 .CXj X xO man

'ime (min. ) 5 10 16 2 5 32 45

kt C.Û50 0 .1 0 0 0 .160 0 .2 3 0 0 .3 2 0 0 .4 5 0
kte 1.0515 1 .105 1 .174 1.126 1 .377 1 .569
-k te 0 .9 5 0 0 .905 0 .851 0 .795 0 .727 0 .6 3 8

-k t-  e 0 .050 0 .0 9 5 0 .1 4 9 0 .2 0 5 0 .273 0 .362

pE (mm.) 0 .7 5 2 .0 3 .0 4 .2 6 .5 7 .5

p3 (mm. ) 1 . 5 2. 25 3.2 4 . 0 6 . 0 7 .5

kïï/k = 0.7Ü,  kS/k = C.71

.\s mentioned p r e v io u s ly , page 167, the r e s u lt s  o b ta in ea  by t h is  

method ai'e on ly  accu rate to  w ith in  tlO>0 fo r  e th y len e  and s i l i c o n  t e t r a 

c h lo r id e  a.nd probably on ly  to w ith in  tkCfo foi" V inyl c lilo r id e  ana v in y l-  

t r ic h lo r o s i la j ie  because o f  the d i f f i c u l t i e s  in  clirom atographic a n a ly s is .

( c )  -(ate o f  r e a c t io n ’between HhiCla and Cth=GHGl or CHs=Gh2

hecond order ra te  c o n sta n ts  were c a lc u la te d  a t the time o f  

a n a ly s is  u sin g  the ap p rop riate  equation  depending upon w hether the  

i n i t i a l  p ressu res  were equal or n o t.

For A + B = products : k = 2 . 3 0 j / t ( a  -  b ; . log  b( a  -  x ) /a (b  -  x)

/'or 2A = products : k = 1 /1 . x / a ( a  -  x)

A ll th e  re lev a n t la ta  ai'e g iv en  in  the k in e t ic  r e s u lt s  fo r  th ese

r e a c t io n s .
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( i i )  3  TIIE STTDY OF 2 -CliLOROa'iffIDI:.[ETifYLRIZI.Y. 151LAIXE

Because of the speed o f  the th em a l  decom position r ea c t io n  and

a l s o  because sone decom position o f te n  occurred on in tro d u ctio n  o f  tne

substance in to  the r e a c t io n  v e s s e l ,  the determ ination  o f  tne r e a c t io n

r a te  vras by means which did not require  tne i n i t i a l  press'are, po , nor

the  f in a l  p ressu re , pco , to  be exp erim en ta lly  detcrrnined. For a few inms
193

tiie Buggenheim method v/as u t i l i z e d  but fo r  the m ajority  of

184c a lc u la t io n s  the Sv/inboume method was found to  be sim pler and more 

s a t i s f a c t o r y  because i t  d id  not depend so much upon accurate in t e r 

p o la t io n  o f  small changes in  pressure a t  tim es when the r e a c t io n  had 

proceeded to a co n s id era b le  e x te n t .  The Swinboume method pave q u ite  

pood agreement between experim ental and c a lc u la te d  v a lu es  o f  poc where 

experim ental v a lu es  v/ere ob ta in a b le .

Both th ese  methods o r ig in a te  from the f i r s t  order rate  law in

the  form: , - - k tV a -  X j = a , e

which fo r  a gaseous r e a c t io n  in v o lv in g  an in crea se  in  pressure becomes :

'Pco -  p )  = (p ho- P d )-  e

For both methods a s e t  o f  p ressure read in gs,  pi , p̂   p^ are talcen

a t  t im es, tj , tg .........  t^  and iV > P2  P^ a t  t% + T, tg + T  __

. t^ + T v/here T i s  a co n stæ it  time increment. For the Swinboume

method T i s  u s u a l ly  sm aller  tiian fo r  the 8upgcnheim procedure because

o f  the d i f f e r e n c e s  in  graph ica l method. Hence v/e have the tv/o b a s ic

equations: , \ - -k t
(Poo -  P^j = VPno -  Po;- e n (1 )

( ) \ ( \  —k ( t  +  T )
(Poo -  p ^ y  =  ( Poo -  P o ) .  e   ̂ n  ( 2 )
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(a )  Ckjgperüieira method

S u b tractin g  equation  i 2) from equation  ( l )  and rearranging we

o b ta in :  , ^
kt^ + In (p^ -  p^) = In (I'ioo- P o ) ( l  -

In t i l l s  work tne va lu es  o f  tiie pressure in c r e a s e ,  Ap, were obtained  

1‘roiu the pressure -  time curve to  enable c o r r e la t io n  v/ith chromatography 

data . This maizes no d if f e r e n c e  to  the c a lc u la t io n  as a con stant  

q u a n tity  i s  removed from each pressure reading.

Therefore:
kt^ + In (A p ^  -  Ap^) = In àx>oo ( l  -

The r ig i i t  hand s id e  o f  t h i s  equation  i s  a con stan t and so a graph of  

l o g  ( Ap^ -  AP^ ) a g a in st  t̂  ̂ g iv e s  a s t r a ig h t  l i n e  with  a grad ient  

o f  -  k/L.jOd.

llie  f ig u r e s  obtained fo r  one run u s in g  t h i s  procedure are shown 

in  Table a XXX V ITI and i l l u s t r a t e d  g r a p h ic a l ly  in  Figure 43*

TAI-il£ XJCaVJIl

Fun .26 on GlCHgClIgSiMeaPh a t  302°C 

Time (m in .)  A Pi AP? A p= " A pi lo g
t min. ( t  + 60) min. APn - A p i

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 .2 5 17.90 13 .65 1.135

8 5 .50 18.10 12 .8 0 1.107

10 6 .3 0 18.30 12 .00 1.079
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(b ) Svvinboume net hod

D iv id in g  equation <, 1) by equation  (%), c o l l e c t i n g  terras and 

rearrsulying v/e obtain:
, kT „  k i \

Pn -  = Pro -  e )

'line term on the r ig h t  hand s id e  i s  constant and hence a graph oî‘

a g a in s t  p̂  ̂ , where and a ie  separated by the co n sta n t  time

i n te r v a l  T, should g ive  a s t r a ig h t  l i n e  fo r  a f i r s t  order r e a c t io n  w ith

lo g  ( grad ient ) = kT,/2. 303 •

A-lso the va lu es  o f  p%, and po can be c a lc u la te d  from the graph

in  the fo l lo w in g  way

Vlien t  = 00 ; p^ = p^ = %jno Therefore poo i s  the p o in t

where the v a lu es  o f  p and p ’ are i d e n t i c a l .^n  ̂n

The i n i t i a l  p r essu re ,  p o , can be obtained  by e x tr a p o la t in g  back 

to  zero time from a pressure reading T min. from zero tim e.

The r e s u l t s  obtained  f o r  one run are shown bel'ow in  Table TKXX LX 

and the graph i s  sho-vn in  Figure 45. K in etic  de terminait Ions were ca r r ie d  

out in  the presence of a sm all q u a n t i ty , u su a l ly  about 14 mm., o f  dry 

o x ygen -free  n itrogen . To try  to  e s t a b l i s h  t iiat the p ressure  in creased  

to  double the i n i t i a l  p ressu re  on p y r o ly s is  t h i s  q u a n tity  ol* n itro g en ,  

or o f  o ther added su b sta n ce , v/as subtracted  from the p ressure  readings  

in  each c a se .  Also fo r  some runs the value o f  v/as obtained  experiment

a l l y  and compared w ith  obtained  by the owinboume method, ibie v a lu es  

were u s i ia l ly  q u ite  c lo se  but a graph o f  lo g  ( fno " p ) a g a in s t  t im e,  

i l l u s t r a t e d  in  Figure 44, remained l in e a r  fo r  a longer  time u sin g  2bo 

from the 3winbourmie method.
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T/ibuÜ  : O a a I a

Time 

(m il .  )

S ca le

Zero + N2 9 .2

Run 40 on ClORsGHsSiMe^Pl. a t  290°C 

P•Scale

-Zero
(pcD -  P; lo g  (poo -  V) 

(poo- p)

lo g

experim ental

(Poo -  p)  

Svvinboume

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 .4 3 9

1 4 1 .70 32.50 51.65 27.55 1.440 26.35 1 .420

2 4 2 .70 33.50 53 .30 25.90 1.413 24.70 1 .392

5 4 3 .5 0 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 .3 5 1

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 4 7 . }0 38.10 6 0 .6 0 18 .60 1.269 17.40 1 .240

15 48 .75 39.55 6 2 .80 16.40 1.215 15.20 1 .182

1Ô 50.00 40 .8 0 6 4 .90 14 .30 1.155 13.10 1 .117

20 51 .55 42 .35 67 .30 11.90 1.076 10.70 1 .0 2 9

25 53.15 43 .95 6 9 .9 0 9.30 0.968 8 .10 0 .9 0 8

30 54.15 44 .95 71.45 7.75 0 .889 6 .55 0 .8 1 6

35 55.00 4 5 .8 0 72 .80 6 .4 0 0.806 5 .20 0 .716

40 5 5 .GO 46 .4 0 73 .75 5.45 0.736 4 .2 5 0 .6 2 8

45 56.15 46 .95 74 .65 4 .5 5 0.658 3.35 0 .525

50 56.65 47 .4 5 75 .40 3.30 0.580 2.60 0 .415

55 56.90 4 7 .7 0 75 .85 3.35 0.525 2.15 0 .3 3 2

GO 57.25 48 .0 5 76.40 2 .80 0.447 1 .60 0 .2 0 4

65 57.55 48 .3 5 76 .90 2.40 - 1 .20 -

70 57 .70 4 3 .5 0 77 .00 2 .20 - 1 .0 0 -

75 57 .80 4 6 .6 0 77 .20 2 .00 - 0 .8 0 -

59 .00 4 9 .8 0 79 .20 - - Poo = 78 .00
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Kron the pressure time curve the va lu es  o f  tne p ressure a t  5 min. 

in t e r v a l s  were obtained  a id  are shown in  Table IIXXXJC. Tne rate  p lo t  i s  

shown in  Figure 45 w ith  a co n sta n t  time in te r v a l  o f  10 min.

Data fo r  Swinboume o l o t  on Run 40

Time I,uin. ;

p ( :;im. )

Time (m in .) 

p (mm.)

5 10 15 20 25 30 35

5G.5 Gu.6 0 4 .3  0 7 .2  0 9 .9  71 .4  7 ,..9

40 45 50 55 60 05 70

7^.8 74c5 7 5 .3  7 5 .8  70 .3  7 0 .3  77 .0
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SWINBOURNE METHOD

RUN 40
80

FIGURE 45

70-

8*0 sec.

60

50

40
8060 70

5 0
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(D) KU.ŒrrTG RESULTS

( i )  TIISRV.AL DEGOLæOSTTIOL OF 2 - JlI!jORQETinrLTRlGHLQRQSIIJuTE

The folloY/in,î^, a b b r e v i a t i o n s  are  made in  t a b u l a t i n g  tiie r e s u l t s :

Po = I n i t i a l  pressu re  of GIGK2GH2 SiGls , in  nun., obtained, 

by e x tr a p o la t io n

Po = P inal p ressu re  o f  products, in  mm., a f t e r  more than 

10 h a l f - l i v e s

A p  = T'ncrcase in  pressure  o f  r e a c t io n  a t  time in d ic a te d ,  in  mm. 

j o i n . ,  poLO, poGeUio -  lY essure o f  in h ib i t o r ,  in  ram., used  

E = Ethylene

S = S i l i c o n  te tr a c h lo r id e

V = V in y l tr ic h lo r o s i la n e

VG = Vinyl c h lo r id e

Et = E t h y l tr ic h lo r o s i la n e

pE, p3, e t c .  = Pressure o f  component a t  time in d ic a te d

pi<»> pSoD, e t c .  = Pressure o f  component a f t e r  more than 10 h a l f - l i v e s

faE, ''is, e t c .  = Amount o f  component a t  poo c a lc u la te u  as a /o o f

Pn so as to  c o r r e l a t e  w i t h  kE/k, kS/k, e t c .

— 2.
k = O v er-a l l  r a te  con stan t measured m anom etrically , in  s e c .  

kE/'k, kS/k, e t c .  = R e la t iv e  ra te  o f  form ation o f  component

S/V = Surface area to  Volume r a t io
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1 T = 381.6^*0 S/V = Ü.EO cr.T^

Po = 80.10 Poo = l o 7 .9  Poû/po = 1.9Ô polnliib. = N il

Time (min. ) 6 11 20 30 40 70 95

Ap (ram.) 0 .2 0  10 .16  15 .10  20 .90  20 .15  38.40 4 6 .7 0

4 -110 k = l.oO  se c .

)8oo = 70, pVoo = 1 5  ; = 87, = 19

RUN 2 T = 3 9 9 .3°C S/V = 0 .2 8  cmT^

Po = 100.6 Poo = 190.4  poo/po = 1 .8 9  In. = N il

Time (rain.) 4 7 10 15 21 31 45

Ap ( mm.) 9 .25  15 .40  21 .00  30.10 38.05 50.55 62 .10

P r̂o = 31 ; ^  = 29

RUT' 3 T = 4 0 8 .1°0 S/V = 0 .2 8  cra.^

= 35.85 poo = 66 .25  îk » /po = l .B ü  pplu. = N il

Time (rain.) 3 .5  - 6  9 12 20 28 37

Ap ( ram.) 4 .6 0  7 .2 0  10 .15  12 .70  17.25 20 .20  22.65

10^k = 5 .9 3  s e c .  ̂

pSoo = kc, pYoo= 6 .5  ; °;S= 72, bV = 18

NUT: 4 T = 4 0 6 .4°G S/V = U.28 craT̂

Po = 82.10 po© = 163 .4  Poo/Po = 1 .98  po In. = N il

Time Im in .) 3 .5  6 .5  10 14 20 26 32

Ap ( mm.) 8 .0 0  16 .70  2 3 .8 0 .  50.15 38 .20  43 .45  47 .15

lO^k = 5 .1 3  secT^ 

pSoo = 55, pV-o = 1 1  ; ^  = 67, = 13
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RUT: 5 T = 3 6 9 .2°G S/V = U.28 cmT"

Pn = 69.75 loo = 135.Ü poo/po = 1 - 94 p<>In. = N il

Time (min. ) 6 1Ü 16 23 36 54 80

Ap ( mm.) 3 85 5 .3 0  7 .05  9.05 12 .70  16 .80  23.30

lo'^k = 0 .7 8 3  secT^

pSno = 62, pVno = 12 .5  ; fis = 3 9 ,  ^  = 18

Rr: 6 T = 385°c S/V = 0 . 2 8  cmT^

!>; = 138.3  Poo -  279.4  too /îki = 2 .02  p o ln . = N il

Time ('min.) 5.5 7 11 17 25 35 60

Ap ( mm. ) 7 .55  12 .85  18 .30  26 .00  35.45 4 5 .80  67 .35

l o \  = 1 . 8 4  secT^

RUN 7 T = 3 8 5 S/ V = 0 .2 8  craT̂

Po = 29.85  pno = o 8 .7 0  ! > » /po = 1 . 96 po In. = N il

Time (m in .) 4 9 15 26 35 45 80

A p  (m m .)  1 .1 0  2 .85  4 . 00  7 .35  9 .45  11.45 16.70

lO^k = 1 .855  secT  ̂

pEoo = 26, pSco = 26, pVoo = 4 . 5

= 8 7 ,  ^  = 87, ?3V = 10

8 T = 3 8 9 .8®0 S/V = 0 .2 8  craT̂

Po = 51 .90  Ft) "n. = N il

Time (m in .)  4 8 14 20 29 43 60

Ap ( mm.) 2 .75  6 .2 0  9 .40  12 .60  17 .00  22.55 27.45

lO^k = 2•32 sec.

p>«)= 4 3 .1 ,  pS% = 4 8 .1 ,  i)Voe = 8 .4  ; /cSE = 83, ^  = 93, ?4V = 16
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RUN 9 T = 585°C S A  = 0 . 2 8  cin.“ ^

Fb = 35.80 Poo = 81 .65  Poo / Po = 2 .05  pb In. = I.i l  

Time (rain. ) 4 10 16 26 40 60 80

A p ( mm. ) 1 .75 4 .1 0  6 .6 0  
4

10 k =

10.15 14 .25  

1.875 s e c . ^

18.80 22 .45

pE» = 30. 0 , pSoe = 34. 3 . pVoo = 4 .9 ; = 75, foS = 86 , A  = 12

RUIV 10 T = 385°G s A  = 0 .42  cm.^

Po = 31. X' Po) = 62 .40 Poo /po = 1. 99 poIn. = N il

Time (rain .) 5 9 15 21 30 45 60

A p ( ram.) 2 .10 3 .3 5  5 .10  
4

10 k =

6 .7 5  9 .1 0  

1 .7 9  s e c . ^

1 2 .3 0  15 .10

pEoo = 2 4 .6 , toSqo = 28. 5, pVoo = 5 .2 ; "is = 79, / Is = 91, iV = 17

RUT\T 11 T = 38 9 .8°C S/V = 0 .4 2  cra.^

Po = 55.00 PoIn. = N il

Time (min. ) 4 8 14 20 29 45 60

A p ( mm. ) 2 .70  ' 5 .3 5  9 .20  
4

10 k =

12.80  17 .45  
-1

2 .24 se c .

24.30 29.15

rut: 12 T = 384 °0 S/'V = 0 .4 2  cmT^

Po = 33.40 l̂ oo = 65. 90 Poo Po — 1. 97 PoIn. = N il

Time (rain .) 4 10 16 23 35 50 70

Ap ( ram. ) 1 .20 3 .25  5 . 3c 
4

10 k =

7 .10  10 .05  

1 .73  s e c . ^

1 3 .55 16 .70

pL» = 2 6 .8 , p:ioo = 29. 7, pVno = 5 .4 ; = 80, A  = 89, A  = 16



200 -

RUN 13 T = 382.8% S/V =
-1

0 .4 2  cm.

Pn = 43 .60 Poo = 85.65 Pro .. Po — 1. 97 PoIn. = N il

Time (m in -) 4 10 16 23 32 45 60

A p ( mm.) 1 .5 0 5.35 6 .1 0 8 .75 11 .70 15 .30  19.95
4

10 k = 1.62  s e c . ^

pEoo = 34. 3, pS» = 37. 0 , pV% = 5 .7 r*oE = 79, "'uS = 85, A  = 13

Rir: 14 T = 385% S/V = 0 .4 2  cm.^

Po = 29.50 PoIn. = N il

Time (m in .) 4 10 16 23 32 45 60

A p ( mm.) 1 .05 2 .90  4 .5 0 6 .5 0 8 .7 0 11 .10  13.75
4

10 k = 1.82  s e c .^

pEoo = 18.4 , pciQo — 20. 0 , pVoo= 3 .9 C&E = 62, /oS = 68, A  = 13

RUN 15 T = 385% s / v  = 0 .4 2  cm.

Po = 27.40 IJoo = 52 .60 Poo /  Po — 1 • 92 Po in .  = N il

Time (m in .) 4 10 16 23 32 45 61

Ap ( mm. ) 1 .05 2 .60  4 .3 0 5 .85 7 .65 10.05 12.40

410 k = 1 .77  s e c . ^

p%« = 1 7 .9 , pSoo = 24 . 2 , pVoo = 6 .4 j IE = 65, 3^ = 88, A  = 23

RUN 16 T = 387.1% s / v  = 0 .4 2  cm.^

Po = 61 .25 tJoo = 120. 9 I >oo / Po = *j5 Po In. = N il

Time (m in .) 4 10 16 23 32 45 60

A p  ( mm. ) 2 .7 0 7 .15  11 .10 15.15 19.35 L'I-.ôO 29.60
4

10 k = 2.02 sec

pEco = 4 4 .7 , pSoo = 49. 6 , pVoo = 8 .8 A  = 72, /dS = 81, A  = 14
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RlJI'l 17 T = 393.7% S/'V =
-1

0 .4 2  cm.

Po = 21.25 Poc= 40 .05 poo /  Po — 1 92 î^ in .  = î l i i

Time (m in .) 4 10 16 23 32 45 60

A p ( mm. ) 1 .2 0 3.15 4 .9 5  

410 k =

6 .9 0  8 .9 5  
-1

2 .94  se c .

11 .10  13.05

pî oo — 14 . , pSoo = 10 . 4 ,  pVoo = 4 .6 ; ÇŒ= 67, mS = 86, A  = 22

RI RI 10. T = 393. 7 % S A  = 0 .4 2  cmT^

Pd = 29.80 Poo = 57 .70 /po = 1 93 poln . = N il

Time (m in .) 6 12 18 23 32 45 60

Ap ( mm. ) 3 .10 5 .7 0  7 .95
4

10 k =

9 .75  12.25  
-1

2 .84  s e c .

15 .20  17.90

P Eoo = 2*1-. 2, pGoo = 26 4 , p7ro = 5 .5 ; , & =  82, A  = 89, A  = 18

RUIÎ 19 T = 393. 7% S/'V = 0 .4 2  cm.^

Po = 4 2 .3 0 = 85 .50 1^  /po = 2. 02 Po I n . = N il

Time (min. ) 4 10 16 23 32 45 60

Ap ( mm. ) 2 .55 7 .00  10 .00  
4

10 k =

14.20  17 .85  
-1

2 .94  s e c .

22 .00  25.90

pi<» = 35 .6 , pOoo = 41 5, pVoa = 7 .9 ; A  = 84, faS = 98, A  = 19

RTI 20 T = 393. 7% s A  = 0 .4 2  cmT"

Po = 38.20 Î80 = 74 .75 Pto / Po = 1 •96 Poln. = N il

Time (min. ) 4 10 16 23 32 45 60

A p  ( mm. ) 2 .25 5 .55  8 .65  
4

10 k =

11.85 15 .15  

2.76 secT"

19 .00  22.40

pE» = 3 2 .1 , pSco -  35. 6 , pV̂ o = 6 .3 ; A  = 84, A  = 93 , A = 17
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RIHn 21 T = 391.5% S/V

Po = 5 2 .4 0 , Poo = 109 .0 Poo / =

Time (m in .) 4 6  8 10 16

A p ( inn. ) 2 . 8 0 4 . 5 0  6 . 3 5

4
10 k =

7 .85  1 2 . (

. - 1  2.64- se c .

pi'flo = 4 2 .1 , pV-ao = 10. 6 ; 3oE = 1

RUN 22 T = 391.5% s/v

po = 29.00

Time (min. ) 4 6 8 10 18

Ap ( mm. ) 1 .65 2 .40  3.25  

410 k =

4 .1 0  6. 

2 .55  se c .

RUN 23 T = 391.5% S/V

po = 5 0 . 0 0

Time (m in .) 4 6 12 16 20

Ap ( mm. ) 3 . 4 5 5 .40  9 .20
4

10 k =

12.10  14. 

2.62 s e c .

pi<x> = 3 5 .0 0 , pSco = 42 .1 ,  pVcD = 7 .8 ; A  =

RUN 24 T = 398% S/V

Po = 30.20 Poo = 60 .00 Poo /po =

Time (m in .) 4 7 12 18 26

A p ( mm.) 2 . 4 0 4 .0 0  6 .5 5  

410 k =

9 .5 5  12.' 
-1

3.56 s e c .

pEoo = 2 1 .3 , pSoo = 24. 0 , pVoQ = 3 .5 ; =

23 29

r2 cm,

P o l n .  = N il  

24 29

S/V = 0 .4 2  cciT^

Pb In. = N il

23 29

-1

35 45
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RIRÎ 25 T = 358% S/V = 0 .4 2  cmT^

Pd = 43 .0 0 Pdo = 87.15 Pro /po = 2. 02 PoIn. = N il

Time (m in .) 4 12 18 24 35 45 60

A p ( mm. ) 4 .0 0 10 .45  14.45
4

10 k =

17 .60  22 .40  

3.65 sec

25.75 29.55

pEoo = 2 8 .1 , pSoo = 39 .0 ,  pVco = 3 .4 A  = 65, A  = 91, A  = 8

RID: 26 T = 398% S/V = 0 .4 2  cmT^

Po = 24 .80 pro = 4 8 .0 0 px> /po = 1. 94 Pn In. = N il

Time (min. ) 4 8 .5  14 20 26 35 45

A p ( mm. ) 1 .85 3 .65  5 .85
4

10 k =

7 .7 0  9 .55

7r ~1j). 35 s e c .

11 .60  13.65

piToD = 2 0 .4 , pYoo = 2. 9 ; ;& =  82, A  = 12

RUN 27 T = 398% S,'V =
-1  

0 .4 2  cm.

Po = 31.25 Pto = 63 .40 p]o , ' Po — 8. 02 Po I n . = Mil

Time {min. ) 4 8 .5  14 ■ 20 29 40 55

Ap ( mm. ) 2 .7 0 5 .5 0  8 .35
4

10 k =

11 .30  14.35

3.71 s e c . ^

17 .50  20.70

pEoo = 2 3 .7 , pSoo = 26 . 6 , pVoo = 4 .9 ; À  = 76, = 85, A  = 16

RU1\ 28 T = 398% S/V = 0 .4 2  cm.^

Po = 27.20 pno = 51 .60 p»  /po = 1- 92 Pn In . = Mil

Time (m in .) 4 8 12 18 23 40 60

Ap ( l'̂ m. / 2 .80 4 .8 0  6 .8 0  

410 k =

9 .20  11 .05  

3 .72  s e c .^

15.30  18 .40
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RTTP 29 T = 3 8 / .  8% S'V = 0 .42  cm.^

Po = 21.00 P o l n .  =

Time: ( m i n . ) 5 10 14 18 24 30 40

Ap ( mm. ) 1 .65 2.05  3.'90
4

10 k =

4 .6 5  5 .95  
-1

2 .20  s e c .

7 .05  8 .8 0

Ru: 32 T = 389.8% S/V = L.42 cm.^
✓

lb = 31.30 Po ln .  =

Time ( m i n . ) 4 8 14 20 35 50 70

Ap ( mn . ) 1 .30 2 .80  4 .7 0
4

10 k =

6 .45  10 .35  

1.94 s e e . ^

13.30 16.40

33 T = 389.8 S/V = 0 .4 2  cmT^

Po = 45.00' = 86 .40 Ibû . ' = 1 •92 Po In. =

Time (m in .) 2 5 9 14 18 24 35

Ap ( mm. ) 1 .10 3.35 5 .70  
4

10 k =

8.40  10.40  

2.52  s e c . ^

13 . 4c  17 .80

'

RUli 35 T = 383.3% S/V =
- 1

0 .42  cm.

Po = 35.50 Pco = 66 .10 Poo ; 1̂ 0 — 1 . 87 P o In.  =

Time (m in .) 3 6 10 22 28 36 47

Ap ( mm. ) 1 .30 2.50 3.95
410 k =

7.50  9 .15  

1 .76  s e c . ^

10.90  12 .90
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RU:: 36 T = 3 8 3 .3 ° :  s/v = ^.42

Pn = 12.4-0 Poln . = N il

Time (m in .) 4 9 19 27 35 5C 61

A p (m m .) 0 .65  1 .2 0  2 .25  3 .00 3.65 4 .6 5  D.2C

lo'^k = 1 .67  secT^

RUN 37 T = 385.5%  S/V = 0 .4 2  cmT^

Po = 50. oO ik)In. = Nil

Time (m in .) 2 .5  5 8 14 20 28 38

Ap ( mm.) 1 .75  2 .7 0  4 .%  7 .10  9 .5 0  12 .70  16 .00

lO^k = 1 .60  s e c .

HUN 38 T = 3 7 5 .5 %  3 V = 0 .42  cmT'^

Po — 1 3 .85  Po wg 11% 0 — mO. 3n

Time (m in . )  5 7 11 15 19 37 47

A p i. mm.) 0 .4 0  0 . 7 5  1 .05  1 .40  1 .6 5  3 .0 0  3 .75

■V - 110 k = 1 .0 9  s e c .

RUN 39 T = 375. 5% S.-V = 0 .4 2  c:.T^

Po = 39.50 Poû = 74 .50  Poo / Po = 1 . 8 9  PoOeNio = 9 .80

Time (m in .) 5 11 17 23 31 4 00

Ap (m m .) 1 .25  2 .8 0  4 .2 5  5 .60  7 .40  10 .35  11 .70

LÛ̂ k = 1 .11  s e c . ^
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RUJ 40 T = 579.7% S/V = u.4k era.

Pi = 35.60 j >TO = / U. 60 ]>t) 'Po = 1 . 98 Po 'Oe Hi 0 = 10.;

Time (rain.) 3 6 10 14 20 29 40 60

A p ( ran. ) 0 .8 0 1 .8 0  2.1.0 4 .1 0  5 .9 0 8 .4 0  1 1 .5u 16.00

4
10 k =

—4
1.5 6  se c .

-1
RUN 41 T = 379.7% S/V = 0 .4 2  era.

po = 32.25 i'tc -  6 1 . lu pro /Po = 1 . 90 Pb In. = i d l

Time (rain.) 3 6 9 14 20 50 65

A p  ( rara. ) 1 .15 1 .9 0  2 .80 3 .95  5 .25 10 .65  12 .90

i c ‘̂ k = 1 .3 8  s e c .

RUM 42 T = 379.7% s / v  = 0 .4 2  cm.'"

Pn = 12.15 PbNO = 30.30

Time (rain.) 7 .5 1 0 .5  14 19 20 42

A p ( ran.) 0 .6 0 0 .8 5  1 .15 1 .5 0  2 .10 2 .90

pE ( nrn) 0 .5 0 .8 — —

pVC ( rara.) 0 .1 — 0 .2 0 .2 5 0 .5
4 -1

10 k = 1,.09 s e c . kE/k = 0 .74 kVG/iC = 0 . 1 6

-1
RU: 43 T = 379.7% S/V = 0 .4 2  era.

Po = 4 1 .7 0 PoMO = 37.80

Time (rain.) 3 6 10 16 24 32 40 60

A p  ( rnrn.) 1 .80  j .7 0  5 .8 5  8 .80  12 .40  15 .60  18 .60  24.80

4 -110 k = 2 .47 s e c .
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Rin: 44 T = 37.'. 7% S/V = 0 .4 2  cm.

Po = 2 4 .GO Pto = 47. 70 T J(ya / po = A-. 94 Pb NO = 46.10

Time (r.dn. ) 5 10 15 20 26 33 50 70

A p  ( :;im. ) 1 .4 0 2 .8 5  4 10
4

10 k =

5.4u  6 .5 5  
-1

1 .05  s e c .

7 .7 0  10 .80 13.90

pV' >(30 — . 5 ; -dVG = 18

RUM 45 T = 379.7% s/v =
— 1 

1 .42  cm.

Pn = 21.95 IP NO = .,5. 30

Time (min. ) 5 10 14 18 24 30 38 74

A p  ( mm. ) 1 .7 0 3 .10  4 .0 0 4 .8 5  6 .2 0 7 .45  8 .95 14.55

pE V mm.) - 2 .0  2 .5 3 .2  4 .0 5 .0 9 .35

pV ( mm. ) - — — 0 .5 3 0 .6 5  0 .83 1 .40

lO^k = 2 -1 ■ —1 . lu  se c . kE/k = 0 .6 8 kV/'k = 0 .1 0

pVoe = ^ .0 , pVOco = 2. 5 ; V =  9, AC = 12

RUN 47 T = 3 7 8 .5 ° : s / v  =
_n

0 .4 2  cm.""

Pn = 32.10 tbo = 63 .00 Ibe /P'-i = 1. 96 Pb In. = N il

Time (min. ) 4 ' 8 12 16 23 29 35

A p ( mm.) 1 .7 0 2 .7 0  3.70
4

10 k =

4 .5 0  5 .9 0  

1 .2 9  s e c .

7 .1 0  8 .10

pSoo = 2 2 .6 , pV' '00- 2 .4 ; 'Is = 70, = 7

RUII 48 T = 376.4% s . 'v  = 0.42  cm.^

Pn = 32.55 poo ■-= 6 2 .00 Poo / Ik) “ 1 ■91 p ,I n .  = N il

Time (min. ) 6 10 14 20 26 46 66 90

Ap (mm. ) 0.G5 1 .7 0  2 .4 0 3 .7 0  4 .7 5 7 .90  10 .50 13.05

pE ( mm.) - 2 .75 4 .0 7 .05 11 .5

pVG ( mm.) 0 .4 0 .5 0 .9  — 1.15
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RIJN 4-8 ( c o n tin u e d  )

410 k = 1 -1 - "1 . li) s e c . kiv k = 0 .7 5 kVC/'k = 0 . 1 1

l̂ Eoo = 2 2 .4 , pVOoo = 2 .3 'E = 69, A c  = 7

RUN 49 T = 382.8% S/V = 0 .4 2  cm.'"

Po = 63 .10 pcx) = 122 .5 p o  /po = 1. 94 pn I n . = N il

Time (m in .) 6 10 15 21 28 35 45 60

A p ( nm. ) 3 .45 6 .0 0  8 .75 11 .90 15.10 18 .30  22 .50 28.00

lÔ k̂ = 1 .62  s e c . ^

pI'Joo = 4 6 .5 , VVr̂  = 14 .0 ,  pVGoo = 5.10 ; = 74, V = 22, A c  = 5

RIN 50 T = 3 8 2 .8 °: s  V =
-1  

0 .4 2  cm.

Po = 4 1 .4 0 Iko = 81 .50 iko ' po = 1. 97 Pb-n. = N il

Time (m in .) 5 10 16 22 31 -K) 50 80

Ap ( mm. ) 1 .7 0 4 .1 0  6 .4 0 8 .40 i :  .05 13 .50  16 .00 21.85

pS ( mm. ) - 2 .5  4 .0 5 .6 7 .5 9 .2  11 .0 14 .0

pVC ( mra. ) - 0 .6 5  0 .9 5 1 .3 1 .5 1 .6  1 .5 -

lO'^k = 1  ̂z ~1.cij) s e c . kE/k = 0 .6 8 kVG k = 0 .16

p-’i» = 2 9 .0 , pVoo = B.( pVGoo = 3 .2 . C■E = 70, dV = I c ,  A c  := 8

RUN 51 T = 3 8 2 .8°C s / 'v  =
-1  

0 .4 2  cm.

Po = 4 1 .7 0 Poo = 85 .00 poo / po — 2. 04 Pn Gg J Ij 0 = 31.20

Time (m in .) 12 20 35 GO 91 120 160 240

Ap ( mm. ) : .3 5 6 .8 0  11 .05 17.10 23.20 27.35 32.05 37.80

pE ( rnm. ) 2 .3 4 .9  7 .5 12 .2 17 .5 22 .0  26 .5 29.4

pVC ( mm.) 0 .6 1 .0  1 .5 2 .0 - — — -

lO'^k = 1..46 s e c . kE. k = 0 .7 5 kVG/k = 0 . 1 4

pV Goo = 5 .5 ) iVG = 13
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RUl: 52 T = 382.8%  S/V = 0 .4 2  cmT'

%k) = 4 .  8u

Time (min. ) 5 12 25 40 70 111 201 270

Ap ( :2m. )

\pm ( )

pVC ( rara. )

p' oo = 2 8 .4 ,

RUN 53

Po =

Time (min. ;

Ap ^ mm. ;

p2 ; rn;;). )

pV ( mm. j

pVG ( rain. J

0 .3  0 .7  1 .3  1 .7  1 .5  1 .4

kVGy k = 0 .14

.A.

pVoo = 6 . 8 ,  pVGoo = 2 . 1

Poo = 84.50 Iko //po = 1

12 25 40 70

4 .7 5 9.15 13 .90 21.00

3 .5 6 .3 9 .8 14 .7

0 .7 1 .3 1 .7 1 .5

i9 s e c . ^ kE/k = 0 .6 9

y 3E = 65

T = 380.6% S/V =

Ibo = 67 .90 Ibo /po  = :

13 23 35 50

3 .45 6 .0 5 8.6u 11.80

2 .5 4 .2 6 .3 7 .5

- - - 2. :

0 .5 5 1 .1 1 .45 1 .8 0

■2 ,^-1 kc/k = 0 .6 9  

= 20

T = 380.6% s / v  =

Poo = 71.30 Poo .Ab = 1

10 14 25 40

2 .60 3.90 G.90 10 .30

2 .3 4 .2 7 .0

70 110 171

3 .2  4 .0

X. 0

kVC/k = 0 .1 8

]3o = 36.50 Poo = 71 .90  Tbo /}b = 1 .97  pn In. = N il  

Time (min. ) 5 10 14 25 40 GO 100 120

Ap ( mm.) l . æ  2 .6 0  3 .90  G.90 10 .30  14 .40  20 .20  22.81

pE (m m .) -  -  2 .3  4 .2  7 .0  9 .5  l j . 6  1. .o

pVG ( mm. ) -  -  - . 6  1 .2  1 .7  1 .9  1 .4

ipVc = 1 . 43 sucT"  ̂ kE/k = 0 .67 KVC/k = 0 .16  

pEoo = 2.1.7, pVo» = 9 .3 ,  ?VCoo= 2 .0  ; A  = 68, /oV = 25, 'oVC = 5
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RU. 55 T = 401 .2% S/V = , -1  o . 4 l  cm.

Po — 42..^: Poo = 8 1 . 90 poo Po = !• 95 Po In. = N il

Time (m in .) 3 7 14 19 2.1 40 65 95

Ap ( mra. ) 3. JO 7.20 13 .00 16.60  19 .70 26.70 33.35 36.70

pK ( mm. ) r> ^ 4 .9 9 .0 14 .0 20 .4  2.1.5

pVC ( mm. ) 0 .35 0 .8 1 .5 1 .95 1 .75  1 .4

lÔ k̂ = 4 .23 s e c .^ kE,'k = 0 .72 kVJ/'k = 0 .1 2

V’A» = 3 3 .0 , pVoo = 8. 4 , pVOoo = 2 .5 ; ,'E = 78, A  = 20, ,dVC = 5

FJJl-I 56

Po = 29.50

T = 380.6% S/V = 2. 39 cm.

Pb In. = N il

Time (m in .) 5 8 13 20 27 50 30

Ap ( mra. ) 1 .90 2 .55 3 .70
4

10 k =

5 . 2P 6 .6 0  

1 .45  sec .

10 .80  16.40

RUN 57 T = 380.6% s/v = 2.59  cm. ^

Po = 30.20 Poo = 70. œ P» /po = 1. 93 Poln . = N il

Time ( min. ) 12 22 30 36 55 80 130

Ap ( mm. ) 3 .40 6 .5 0 8 .45 10.00  14.00 18 .00  23.60

pS ( ram. ) 3 .0 4 .9 - 7 .2  10 .2 13 .6  17 .5

pYC ( mra. ) O.G 1.1 - 1 .6  1 .9 1 .6  1 .55
'!■

10 k = 1 .49 s e c . ^ IcE/k = 0 .7 3 kVC/k = 0 .17

P/î«0 := 2 5 .1 , pVio = 8.<D, pV3oo= 2 .0 ; A  = 69, A  = Ac = 6
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RU'i 53

Po = 24 .45

Time (rain.) 10

T = 381 . 6 ° :

]')oD = 46 .00  

17 26

S/V = 2-39 CM.

i>o '̂ po = 1 .38  poVG = 7.25  

35 45 55 71

Ap ( rara.) 2 .35  3 .75 5 .55  6 .7 5  8 .55  5 .80  11.85
4

10 k = 1.4t. s e c .-1

RU: 58A

Po = 27. ou 

Tine (rain.) 5

Ap ( rara.) 3 .35

T = 380.6%

Poo = 43. 20

S/V = 2.3Ô cin.^

10 16

r w / Po = 1 .67  

22 30 45

Po NSiOlo = 2 7 .6u 

60 90

5 .30  7 .2 0  8 .7 0  10 .40  12 .60  14 .00  15.35
410 k not determined

pSoo = 1 0 .9 ,  pVoo = 6 .2 ,  pV'Ioo = 0 Ora = 4 0 ,  'oV = 27, A c  = 0 , A t  = high

RU: 59 T = 385% 

Poo = 37 . 30 

10 20

S/V = 0 .3 8  craT̂

pto/po = 1 . 9 9  Poln . = N il  

30 40 50 70

Po = 18 .70  

Tiras (rain.) 5

Ap ( rara.) 1 .10  2 .30  4 .5 0  6 .35  7 .95  9 .25 11.65

pE ( L i r a .  ) 3 .2

10 "̂k = 2 .31 s e c .

p.'bo = I 2 . 8 ,

RUM 60

5 .4  

kE/k = 0 .6 9  

'E = 69

8 . 2

= 305' s / v  = 0. 38 era.
- 1

Po = 51 .65  

Time (rain.) 5

Ap ( mra. ) 3 .75

pE ( mra. ) 

pVC ( ram.)

Poo = 99 .00  Poo /po = 1 .9 1  Poln. = Mil 

14 25 35 45 55 115

3 .0 5  12 .95  16 .75  20 .50  23.65 35.75

5 .2  9 .0  1 2 .0  1 4 .2  17 .0  27.25

0 .9  1 .6  2 .1  2 .5  2 .7  3 .3
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RUli 60 ( c o n tin u e d  )

4
10 k = 1 .76 s e c . ^ 0 .7 4 kVG/k = 0 .13

pEr® := 4 0 .0 , pVco = 10 .0 ,  pVCoo = 5.3 ; = 77 , A  = 19 , A c = 6

RUN 61 T = 385% S/V = 0 .3 8  cm. ^

Po = 56 .40 pto = 106 .0 rpo /po = 1. 88 PoIn. = rail

Time (min. ) 5 10 16 26 40 60 80

Ap ( mm.) 4.t'0 6 .8 5  10 .00 14.60 20.45 27 .00  31.90

pE ( mm. ) 2 .0 4 .0  6 .0 9 .5 12 .4 20 .5  22 .5

pVC ( stm. ) 0 .4 0 .8  1 .4 2 .0 2 .6 3 .5  4 .0

4
10 k = 1 rj-'.7 d s e c . kE/'k = 0 .7 1 kVG.-'k = 0 .15

pEoo = 3 6 .0 , pVoo = 9. 2, pV-.Joo = ^.6 (J A  = 68, A  = 16, A c  =: 7

RUN 62 T = 385% S / ' v  = X ) ~1U.36 era.

Po = 37 .80 P'o — 7 3 * 15 Pto /' Po — 1. 93 PoIn. = r il

Time (m in .) 5 10 16 23 35 50 70

Ap ( mm.) 2 .30 4 .3 0  6 .5 5 8 .75 12.65 16 .50  20.70

pE ( mm. ) - 2 .8  4 .5 6 .1 8 .2 11 .8

pVC ( mm.) - 0 .6 5  1 .0 l . i 1 .8 2 .2  —

lO^k = 1
-1

.88 s e c . IcE/k = 0 .7 0 kVG'k = 0 .16

pibo = 2 8 .3 , pV-x> = 6. 0 , pVOoo = 3 .5 } A  = 75, A  = 16, A c  =: 9

RUT: 63 T = 383.3% S/'v = 0 . 38 cm. ^

P- = 4 9 .1 0 Pno = 93 .70 poo ,' Po — 1. 91 PoIn. = N il

Time (m in .) 5 11 18 26 35 55 85

Ap ( ram. ) 2 .10 4 .9 0  7 .7 0 10 .75 13 .80 19 .8 0  26 .50

pE ( ram. ) 2 .0 3 .5  5 .5 7 .5 10 .2 — 20 .2

pS ( mm. ) — 3 .2  5 .2 7 .5 10 .0 19 .5
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Rir: 63 ( c o n tin u e d  )

lu'^k = 1 .57  sec.~" kE/k = 0 .7 5  raS/k = 0 .7 :5  

puoo = -A . 0 ,  pSoo — 3*9. o

RUN 64 T =

Pb = 2 9 .90  Poo =

Time (rain.) 5 10 16 23 32 45 60

A p ( ram. )  1 .95  3 .50

pE ( mra.) 0 .7 5  2 .0  3-0 4 .2  6 .5  7 .5

9 A = 69

;.3% S/'V =

(.30 Po /po = X

16 23 32

4 .9 5 6.65 8.65

3.0 4.2 6 .5

3 .2 4.0 6 .0

kE k = 0.70

: 7 .0 ; A := G7, !

;.3% s/v =

20 29 40

pS ( rara. ) 1 .5  2 .25  3 .2  4 .0  6 .0  7..)

lo'^k = 1 . 6 3  secT" kE k = 0 .7 0  kS/k = 0 .7 1

RUN 65

Po = 22 .40  • Poln . = N il

Time (rain. ) 4 10 20 29 40 56 70

ram.) 1 .5 0  2 .85  4 .5 5  6 .0 5  7 .65  9 .8 0  1 1 .4u

lO*̂ k = 1 .6 2  s e c .

RUN 66 T = 303 . 3% S/V = 0 . 3 3  c.aT^

Po = 50 .50  PoIn. = N il

Time ( m i n . ) 4 8 16 23 35 50 70

Ap ( ram.) 3.45 5 .4 0  8 .9 0  11 .70  16 .05  20 .90  26.10

lO^k = 1 .68  s e c . ^
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RUN 67 T = 383 .3 ° c S/V = 0 .3 8  cm.^

Po = 36. 80 Pod = 70 .60 Poo / Pd = i* 92 Poln . = N il

Time ain. ) 4 91 16 23 32 45 85

Ap ( mm. ) 1 .2 0 O 95 5 .10 7 .1 0 9 .55 12.60 20.00

pE ( nm, ) 0 .5 7 1. 87 3.95 5 .5 7 .0 - 1 3 .9

pS ( mm. ) - 2. 2 3 .7 5 .0 - - -

lO'̂ k = 1. 57 — 1s e c . kE/k = 0 .7 5 kS/'k = 0 .71

pKoo = 25. fn pSoo = 24. 5, pVco = 7 .4 ; 7oE = 70, A  = «37, >V = 20

RUi'J 68 T = 383 .3°C S/V = 0 .3 9  cra.^

Pn = 27. 00 Pb In. = N il

Tine ( mill. , ) 5 10 18 26 36 50 80 100

Ap ( mm..) 1 .2 0 2. 50 4 .4 0 6 .2 0 8 .3 0 10.80 14.90 17.05

pE ( ram.■ ) 0 .5 5 2 7̂ 3 .5 4 .7 5 6 .5 - 1 3 .4 13.5

pS ( mra.0 1 .0 1. 0 3 .5 5 .0 6 .0 - 11 .0 13.5

lO"̂ 'k = 1. 71 se -1 kE/k = 0 .7 8 kS/k = 0 .75

RUN 69 T 385 °G s / v  = 0 .3 8  cra.^

Vo = 12. 15 Pro = 23 . 55 poo / l^  — 1 • 94 Po In. = N il

Time ()min. ) 6 14 18 24 35 55 65 135

Ap ( mm. ) 1 .4 5 2. 25 2 .7 0 3.25 4 .2 0 5 .8 0 6 .3 5 9 .95

pE ( ram. ) 0 .4 8 1. 42 - 2 .5 5 3 .0 4 .3 5 - 7 .3

pS ( aim. ) 0 .5 1. 75 - 2 .5 3 .0 4 .0 - 7 .0

lo'^ k = 1. 79 -1s e c . kE/'k = 0 .7 8 kS/k = 0 .7 6

p i^ 7 .9 , ' pSoo = 8 .5 , PVoQ = 3 .1 /'& = 68, A  = '73, A  = 27
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RUi: '70 T = 385% S/'v = 0. 38 cm. ■*■

po = 26.00 Pod = 51.20 Poo ,/'IJO = 1. 97 Po I n . = N il

Time (m in .) 5 10 16 23 32 45 65

A p ( mm. ) 1 .8 0 2 .85 4 .3 5 5 .6 0 7 .40 9 .5 0  12 .30

pE ( mm. ) 1 .0 1 .6 3 3 .1 3 .9 5 .5 — —

p3 ( ram. ) - 1 .4 2 .6 3 .5 5 .05 — —

pVC ( ram. ) 0 .1 5 0 .3 5 0 .5 0 .6 0 .7 5 — —

10 k = 1,  ̂z ~1,u3 s e c . kE/'k = 0 .  

7, pVno= 6 .2

74 kS/'k = 0 .7 2  kVC/'k = 0 .1 2

pl'bO := 1 7 .3 , p^bo = 18. cf i s  = 67, A  = 72, A  = 24

rut: 71 T = 38Cn6% S/V = 0 .3 8  cm. ^

Ib = 37.70 Poo = 72 .40 Poo //po = 1. 92 PoIn. = N il

Time (rain. ) 5 10 16 23 32 45 65 97

Ap ( mm. ) 1 .5 5 3.15 4 .9 0 6 .8 0 9 .30 12.30  16 .70 19.80

pE ( rara. ) 0 .7 5 2 .05 3 .90 5 .0 7 .1 — — -

pVC ( mra. ) 0 .2 0 .45 0 .7 1 .0 1 .15 - - -

410 k = 1. 49 sec.'*’ kV k  = 0 .7 1 kVC/k = 0 .14

pS-io = 2 7 .6 , pVoo = 8 .0 ? /i s  = 73, A  = 21

RU: 72 T = 382.8% S/'V = 0 . 38 cm.'*'

po — 32.40 Po I n . = N il

Time (m in .) 5 10 16 23 32 45 65 85

Ap ( ram. ) 1 .5 0 3 .00 4 .6 0 6 .4 0 8 .55 11 .10  14 .70 17.45

pE ( mra. ) 1 .0 2 .0 3 .14 5 .1 6 .5 — — -

pVC ( mm.) 0 . 5̂ 0 .6 5 1 .0 1 .2 1 .0 — — -
4

1C k = 1. 60  s e c . ^ kE/k = 0 .7 0 kVC'K = 0 .2 0
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Rini 73 T = 38 2 .8°C S/V =

Po = 28 .10 Poo = 54 . 50 . = 1

Time (illIn. ) 6 10 16 23 32

Ap ( mm.) 1.5u 2 .45  3 .95 5 .2 5 7 .1 0

pE ( mm. ) 1 .0 1 .4 5  2 .8 3 .9 5 .7

pVC ( mm. ) 0 .2  

i o \  = 1.

0 .4 5  0 .55

49 s e c . ^

0 .5 5

VJi/k =

0 .5 0

0 .7 2

pEoo = 2 0 .3 , pSoo = 22. 1 , pViio = 6 .2 = 7 2

RTOl 74 T =  382.8*0 s / v  =

Po = 21 .45 ■pro = 42 .6 0 Vno /po = 1

Time (min. ) 6 10 . 16 22 32

Ap ( mm. ) 1 .7 5 2 .55  3 .60 4 .5 5 6 .1 0

[ poIn. = n i l  

45 65 105

kVG/k = 0 . 1 6

22

-1

48 65 85

lO^k = 1 .5 7  s e c .^

pEoo= 1 6 .1 ,  pGoo = 1 6 .1 ,  pVoo = 5 .0  ; f'S = 75, = 75, °/oV = 23

RIP’ 75 T = 382.8*0 3/V = 0 .3 8  cm."̂

1)0 = 2t:>.20 R» = 51 .60 I>TO 'Po = 1. 97 Pi I n . = N il

Time (m in .) 5 10 16 23 32 45 65 95

Ap ( :n:n. ) 1 .2 0 2 .45 3 .70 5 .1 5  G.9u 9.2u 12.15 15 .50

pE ( mm. ) 0 .4 5 1 .63 2 .45 3 .9  5 .6 -

pVC ( mm. ) 0 .2 0 .6 0 .7 7 —  —  — —

lO^k = 1 .60  secT" IcKA = 0 .7 0  kVC/'k = 0 . 2 1  

p 5 )o o  =  2 0 . 0 ,  pVao = 6 .8  ; = 76, % V = 26
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p jjt : 76 T = 382.8*0 s/v = C. ';8 cm. ^

Po = 41 .2 0 P oo = 79 .90 Voo Po = 1. 94 pn In . = N il

Time (m in .) 5 10 17 23 32 45 65 105

A p ( mr. ) 1 .9 0 3 .75 6 .1 0 8.Û0 10 .60 1 4 .20  18 .50 24.90

pE ( mm.) 1 .0 1 .78 3 .88 5 .2 7 .7 — — -

pVC ( mm.) 0 .2 0 .7 1 .0 1 .0 0 . 95 — - -

4-10 k = 1. 56 sec -1 IcÊ 'k = 0 .6 5 kVG k = 0 .1 6

p7cc = 10.. > ;

RITJ 77 T = 382.8*0 S V = 0 .3 8  cm.

Po = •11.10 poIn. = Mil

Time (m in .) 5 10 16 23 32 45 65 85

A p ( mm. ) 1 .80 3 .70 5 .7 0 8 .0 0 10 .60 14 .10  18 .50 21. 'O

pS ( mm.) 1 .4 2 .8 4 .6 5 .9 5 8 .25 — — -

pVC ( mm.) 0 .2 5 0 .6 5 0 .9 0 .9 0 .8 5 — — -

4
10 k = 1. 58 sec -1 kJn/'k = C.74 kVG/k = 0 .1 6

RU!j 78 T = 402 .6*0 s/v = 0 .3 8  cm.^

Po = 16 .40 — 32 . L5 Po = 1. 96 PnIn. = Mil

Time (m in .) 5 10 16 23 32 45 60 80

Ap ( mm. ) 2 .20 4 .0 0 5 .8 0 7 .5 0 9 .40 11 .20  12 .70 13.80

pE ( min. ) 0 .9 5 2 .8 3 .8 5 .5 7 .0 — — -

pS ( min. ) 1 .0 2 .2 5 4 .0 6 .0 7 .0 — — -

lO^k = 4 . 38 sec -1 kE/k = 0 .7 4 kS/k = 0 . 7 3

p7rx) := 1 2 .5 , P̂ oqo — 1 .  . 0 j p7co — 4 .1 c
J /ÛE = 76, ^  = 72, 7bV = 25
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Rin 79 T = 4 0 2 .6*C S/V = 0 .5 8  cmT*̂

Po = 34 .50  poo = 66 .5 0  pco / l̂ o = 1 .9 4  po In.  = N il  

Time (min. ) 5 10 16 23 34 45 65

A p  ( mm.) 4 .1 5  7 .9 5  1 1 .90  15 .70  20 .10  23-20 26.80

pS ( mm.) 3-0  5 .5  7 .0  1 0 .0  1 3 .5

lO^k = 4 .3 6  secT^ kS/k = 0 .6 7  

pSoo = 2 3 .8 ,  pV.TO = 6 .1  ; = 70, SoV = 18

. A .  ,  -1RIPJ 80 T = 402 .6*0 S/V = 0 .3 8  cm.

po — 26.00 Po In. = N il

Time (m in .) 5 10 16 23 35 50 70

A p ( mm.) 3.3(; 6 .3 0  9 .25 12 .10 16 .0 0 19.05 G l. 60

pS ( nra. ) - 4 .3  G.O 8 .0 1 1 .0 - -

lo"̂
-1

k = 4 .5 2  s e c . kS/k = 0. 69

RUN 81 T = 4o2.6*G S/V = 0 .3 8  c a .^

Po = 28.20 Po In. = N il

Time (m in .) 5 10 16 23 35 45 55

A p ( mr.) 3 .40 6 .6 0  9 .7 0 12.80 16 .90 19.40 21.15

pE ( mm. ) 2 .15 5 .0  6 .7 5 9 .0 12 .5 - -

pS ( mm. ) 2 .5 7 .0 10 .0 1 2 .0 - -

lO^k = 4 .40 s e c .^ ÎÆ'-'k = 0.V3 kS/'k = 0 .7 1
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RIHÎ 82 T = 4 0 2 .G*C S/V = 0 . 3 8  cmT^

Po = 2 8 . 2 5 poIn. =

T i m e  ( m i n . ) 5 10 16 2 8 4 0 5 0 70

A p ( mm. ) 2 . 8 0 6 . 0 5  9 . 3 0 1 4 . 4 5 17.95 2 0 . 1 5 2 3 . 0 5

pïï ( mm. ) - 6 .7 9 .7 1 3 . 1 1 6 . 1 -

pS ( mm. ) - — — 1 0 . 0 1 2 . 5 14.5 -

pV V, mm. ) - 1 .1 1 .7 2 . 0 2 . 5 -

1 0 \  = 4 . 2 0  s e c . ^ kE/k = 0. 725 kS/k = 0 .71 kV/k

Rini 83 T = 402.6*0 s/v = 0 .3 8  cra.^

Pn = 33.20 In. = Mil

Time (m in .) 5 10 16 27 38 49 75

A p 1 mm. ) 5 .1 5 8 .6 0  12 .2 0 17 .30 21 .20 25-80 27.30

pE ( mm. ) - 7 .6 14 .3 1 6 .0 18.5 2 2 .0

pV ( mm. ) - 1 .4 2 2 .15 2 .4 5 3 .05 3-7

lO^k = 4 , j- -1.45 s e c . kE/k = 0 .7 7 kV/k = 0 .1 2

Rinj 84 T = 402.6*0 s / v  = 0 .3 8  cm.^

Po = 17 .50 Po I n . = N il

Time (m in .) 5 10 16 27 38 49 70

Ap ( mm. ) 2 .8 0 4 .6 0  6 .5 0 9 .3 0 11.45 12.95 14.50

pE ( mm. ) - 4 .2 5 6 .8 8 .3 5 9 .4 -

pS ( mm. ) - 4 .0 6 .4 7 .4 9 .0 -

pV ( mm. ) - — — 0 .9 5 1 .1 5 1 .43 -
4 -1

10 k = 4. 45 s e c . kE/k = 0.,76 kS/ k = 0 .72 kV/k = 0 .1 1
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- 1

Po = 4 ü .J 0

Time (m in .) 5

Ap ( mm. ) 4 .7 0

pE ( mm. ) -

pS ( ram. ) -

pV ( ram. ) -

lû^k = 3. 84 s e c .^

RUN 86
Po = 23 .0 0

Time (m in .) 10

Ap ( mm. y 5 .5 5

pE ( mm. ) -

pS ( ram. ) -

pV ( mm. ) -

lO^k = 4 . "1 j)6 s e c .

RUN 94

Po = 29 .95

Time (m in .) 3

Ap ( mm. ) 2 .15

pE ( mm. ) 0 .7

— 220  —

T = 399.3%  s/v = 0 .3 8  cm.

Po I n . = N il

10 16 27 38 49 65 100

9 .6 0  1 4 .7 0  21 .80  27 .00  30 .60  >1.00 37.90

9 .6  14 .3  1 8 .0  20 .5

9 .0  14 .7  17 .5  21 .0

1 . 3  2 .0  2 .5  3 .8

kE/k = 0 .7 0 kS/k = 0 .6 9  k V k = L.IO

T = 402 .6*0 s / v  = 0 .3 8  cinT"

PoIn. = N il  

16 27 38 49 65 90

7 .9 0  11 .8 5  14 .60  1 6 .5 0  1 8 .5 0  20.15

6 .0  8 .5  11 .0  12 .0

f .0  8 .5  IL.O 11 .5

1 .1  1 .6  2 .1  2 .7  — —

kE/k = 0 .7 5  kS/k = 0 . 70 kV/k = 0 . 1 4

T = 402 .6*0  S/V = 0 .3 8  cmT*

poIn. = N il

9 23 3% 45 80

6 .5 5  1 0 .5 0  1 3 .7 0  17 .05  20 .35  22.95 25.05

4 .1  6 .7  9 .5  1 2 .3  -  -  17 .5

10 k = 4 .3 6  s e c . kE/k = 0 .7 2
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RUN 95 T = 4-09.5%  S/V = 0 .3 8  cmT^

Pn = 3 7 . 4 0 P o o =  72.70 VCA /po — 1 »94 PoI n .  =

Time (min. ) 6 10 17 29 4 0 55 70

Ap ( mm. ) 7 .6 11 .75  17 .50 23.901 27 .50 3v . 4 0 32.00

pE ( mm. ) 3 . 3 1 3 . 5 18 .8 22.9 - -

pV (  mm. ) 0 .9 1 .9 5 2.9 3.55 - -

4
10 k = 6 .20 s e c . ^ kE/k = 0 .74 kV/k = 0 .1 1

RITÎ. 96 T = 410 .9% S/V = 0 .3 8  cm.^

Po = 12 .90 ijoln. =

Time (m in .) 6 10 17 29 40 50 70

Ap ( mm. ) 2 .90 4 .4 0  6 .4 0 8 .65 9 .35 10 .70  11 .60

pE ( mm. ) 1 .8 4 .9 7 .2 8 .25 — “

pV ( rnm. ) 0 .3 0 .8 1 .2 1 .4o — —

lO^k = 6. 75 s e c .^ kJV'k = 0 .7 7 kV/k = 0 .1 3

h it : 97 T = 407. 5% S/V = 0 .3 8  cm.^

1)0 = 27 .00 Po In. =

Time (m in .) 6 10 17 29 40 50 70

Ap ( mm. ) 5 .4 0 8 .4 0  12 .45 17.30 20.10 21.70 23.50

pV ( mm. ) 0 .2 5 1 .2 5 1 .8 2 .25 — —

l o \  = 5 . 7 5 — 1s e c . kV/'k: = 0 .1 1
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Rui; 98 T = 407. 3% S/V = 0 .3 8  cm.^

Po = 2 0 .4Ü I'Jno = 4:0.05 1>T0 //po = 1. 96 Pb In . = N il

Time (mill. ) 6 10 17 29 40 50 60

A p ( mm. ) 3 .65 5 .9 5  9 .10 12 .80 14 .90 16 .10 17 .00

pE ( mm.) 2 .0 8 .0 11 .6 13 .35 - -

pV ( mm.) - — 0 .9 1 .7 2 .1 - -

lo'^k = 5 r r  " i.65 s e c . kE/k = 0 .8 3 kV/k = 0 .1 3

RUT4 99 T = 407. 3% S/V = 0 .3 8  cm.^

Po = 52 .0 0 T)oo = 90.40 Poo ' Po — 1.,91 PoIn. = N il

Tine (m in .) 3 6 10 17 29 40 50 60

Ap ( mm.) 4 .2 0 9 .0 0  14 .60 22.40 31.10 36.10 38.70 4 0 .6 0

pE ( ran. ) - 5 .7 5 14 .4 22.05 26.4 - -

pV ( mm. ) - — — iU • 2 .65 ' .2 - -

lO'^k = 5 -1. s e c . kE/k = _C_.70 kV/k = 0 .0 9

RUT, lUC T = 407 .3% S/V = 0 .3 8  craT̂

Po = 36 .20 ' Po In. = N il

Time (rain .) 5 10 14 20 26 36 45 60

Ap ( mm. ) 6 .1 0 11 .20  14 .70 18 .70 21 .80 25.50 27.70 30.00
pE ( mm. ) - 10.6 - 1 6 .0 19 .5 - -

pV ( mm.) - 1 .5 5 - 2 .2 3 .0 - -

lO^k = 6 .03 s e c .^ 0 .7 4 kV/'k = 0.11
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Rim 101 T = 407.3% S/V = 0 .3 8  cm.^

Po = 27 .15 Poo = 52. 90 Poo .'Po = 1. 95 Po I n . = N il

Time (rain .) 3 6 10 16 26 36 50 65

Ap ( mm. ) 2 .8 0 5 .3 5  8 .45 12 .10 16 .50 19.35  21.55 23.15

pE ( ram. ) 1 .7 - 9 .7 14 .5 17.6 -

pV ( min. ) - — — 1 .6 2 .2 2 .6

lO^k = 5
-1  

.30 s e c . icE/k = 0 .8 8 kVV = 0 .1 4

RITN 102 T = 407 .3% S/V = 0 .3 8  cra.^

Po = Po 'le 0 = 9. 7U

Time (rain .) 6 10 16 23 32 44 60

Ap ( ram. ) 4 .1 5 6 .4 5  9 .10 11.55 13 .85 !.. . 75 17 .25

pS ( mm. ) - 6 .6 - 10 .8 13 .6

4 -1
10 k = 6 .0 0 s e c .

Rir: 103 T = 407 .3% S V  = C.38 cm. ^

Po = 23 .40 lo  Oe 8% 0 = 21.20

Time (min. ) 3 10 16 20 29 42 55

A p ( ram. ) 2 .90 7 .6 0  10 .60 12 .30 l j . 2 0 17 .90  19 .40

pE ( ram.) 1 .45 7 .45 - 10 .4 1 4 .0  17 .3

l o \  = 6 . 3 0 —1s e c . i s m = 0 .7 2

RTM 104 T = 4 0 7 .3% s/v = 0 .3 8  cm.^

Po = 4 0 .7 0 PoIn. = N il

Time (m in .) 3 5 7 10 14 13

Ap ( mm. ) 4 .3 0 6 .9 0  9.'00 11.95 15 .60 18.60

4 -1
10 k = 5.65  s e c .
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- 1RUN 105 T = 407 .3%  S/V = 0 .5 8  cm.

Pb = 4 0 .0 0  P o l n .  = N il

Time (min .  ) 3 5 7 10 14 19

Ap ( mm.) 4 .6 0  7 .2 0  9 .50  12 .60  16.30 20.10

lO^k = 6 .0 8  s e c .^

RITN 106 T = 407 .5%  S/V = 0 . 3 8  cmT^

lOo = 11 .50  P o l n .  = N il

Time (min. ) 3 5 8 10 14 18

A p ( mm. ) 1 .1 5  2 ,1 0  5*00 5*65 4 .7 0  5 .60

4 -110 k = b.lO  se c .

RUN 107 T = 579.5%  S/V = 0 .3 8  cmT^

Pn = 4 0 .3 5  1)0 In. = N il

Time (m in .)  4 10 15 21 30 45 60

Ap ( mm.) 1 .6 5  3 .5 0  5 .05  6 .6 5  9 .05  12 .80  16 .00

lO^k = 1.37  s ec .

RU: 108 T = 379. 3% s / v  = 0 . 3 8  cmT^

Po = 29 .25  P o l n .  = N il

Time (min. ) 4 8 14 20 32 45 60

A p  ( mm.) 1 .35  2 .2 5  3*50 4 .7 5  7 .0 0  9 .25  11.35

lO^k = 1 .31  s e c .^



• 225 -

RUN 109 T = 379.3% S/V =

Po = 30.45 Pco = 59 .70 Poo /po = 1

Time (m in .) 3 8 14 20 28

Ap ( mm. ) 1 .25 2 .45  3 .75 5 ,10 6 .6 5

pE (_ mra. ) 0 .1 5 2 .60 3 .60 5 .0

pVC ( mm. ) - 0 .3  0 .6 5 0 .8 5 0 .9

lO^k = 1. 1- "1 3o se c . kE/k = _0._74

RUN 110 T = 377.6% S/V =

P o — 37.50

Time (rain .) 10 14 23 35 47

Ap ( mm. ) 2 .40 3 .4 0  5 .5 0 8 .3 0 10 .55

pE ( ram.) 2 .6 4 .9 6 .6 8 .1

pV ( mm.) 0 .5 1 .15 1 .85 2 .2

410 k = 1. 22 s e c . ^ l-cE/k = 0 .7 5

- 1

55 80

11.35 14 .70

8 .4  1C.9

0 .9

kVG/k = 0 .18

) .58 cmT^

P o l n .  = N il  

60 100

13.05  18. W9

1 0 .0  13 .4

kV/k = 0 .2 0

RUv 111 T = 377.6*0 s / v  = 0 .3 8  cm.

Po = 4 7 .4 0  _ 1)0 In . = N il

Time (rain. ) o 10 15 27 40 60 80

Ap ( mm.) 1 .8 0  3 .40 5 .0 0  8 .1 0  11 .60  16 .10  19 .85

pE ( ran.) 1 .2  -  3 .2  5 .8  8 .0  -  14 .0

l o \  = 1 .1 4  secT^ kE/k = 0 .7 0
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Rin 112 T = 302.8^3 S/V = C. 33 cin. ^

Po = 33.10 Po In. = N il

Time (m in .) 5 10 18 28 37 45 57

A p ( mm. ) 1 .4 5 3 .0 5  5 .0 0  

410 k =

7 .5 0  9 .4 0  

1 .5 2  s e c .^

11 .20  13 .40

RIIT'I 113 T =  382.8*0 s / v  = 0 .7 8  era.*"

Pn — 9 9 .0 Px» = 185 .6 Poo / Po = 1 . 88 |)o I n . = Mil

Time f • \(m in .) 4 12 17 23 35 50

Ap ( rnrn. ) 3 .0 1 1 .4 0  1 4 .3 0 19 .50  28 .40 37 .60

pS ( mm. ) 2 .5 7 .5 13 .5  2 6 .0 26 .5

lo"̂ k = 1 .5 9 5  s e c . kE/k = 0 .7 0

RUN 114 T = 385*0 S/V = 0 .7 8  era.

Po - 31 .00 P30 = 59 .00 Pao /Po = 1 .90  PoIn. = Mil

Time (m in .) 3 5 7 11 15 18

Ap ( nra. ) 1 .6 0 2.%) 2 .85

410 k =

4 .0 0  5 .1 5  

1 .75  s e c .^

5 .8 5

RUN 115 T = 385*0 S/V = 0 .7 8  cra.^

po ~ 29 .55 px) = 58 .20 Î oo / =  1 .97 Poln , = N il

Time (m in .) 3 4 5 6 7 8 9

Ap ( mm. ) 0 .9 5 1 .3 5  1 .65
4

10 k =

2.Ck) 2 .3 0  

1 .3 8  s e c .^

2 .6 0  2 .95
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RU: 116 T = 385% s /v  = 0 .7 8  cmT^

Po = 55 .00  px> = 106 .4  P n o /po = 1.94 p o ln . = N il  

Time ( min. )  6 10 14 20 26 30 130

A p  ( mm.) 3 .90  6 .3 0  8 .5 0  12 .50  1 5 .1 0  16 .80  4 0 .1 0

lO^k = 2 .00  s e c .^

RUN 117 T = 383.5%  S/V = 0 .78  cmT^

Po = 20 .60  Poo = 4 1 .5 0  I)do /I ô ~ tj.02 PoNO — l̂ .̂ -.vJO 

Time (min. ) 3 6 10 19 26 35 45

A p (m m .)  I .'j O 1 .6 5  2 .5 0  4 .0 0  0 .2 0  6 .6 0  7 .85

4 -110 k = j.. 74 s e c .

RUN 118 T = 38 - .  3%  S /V  = 0 .7 8  cm.

Po = 4 5 .8 0  PoIn. = N il

Time (m in .) 5 10 16 25 35 45 60

A p  ( mm.) 2 .05  4 .1 0  6 .7 0  9 .7 0  12 .95  ln .7 0  19 .40

lO^k = 1 .65  s e c .^

R m  119 T = 383.3%  S/V = 0 .78  cmT^

Po = 4 6 .6 0  = 91 .80  Poû / 1̂ 0 = 1 .9 7  po I n .  — N il

Time (min.  ) 4 10 14 2 l  28 40 55 70

Ap ( mm.) 2 .0 0  4 .5 0  6 .2 5  9 .0 0  11 .50  15 .30  19 .40  22.80

IQ^k = 1 .6 9  s e c .^

P-ïï® = 3 3 . 9 ,  pVco = 1 1 .5 ,  pVGoo = 2 .0 ,  pEtoo = 0 .5  

= 71 , loV = 25 , %Vg = 4  , /E t  = 1
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RU'J 120

Vo = 4 9 .4 0

Time (m in .) 3

Ap ( mra. ) 9 .10

pE ( mm. ) 5 .8
4

10

pl'<» = 3-* .0 , pVco = 1

= 69 , yV = 26

RUN 121

Po = 4Ü.70

Time (rain .) 10

Ap ( mra. ) 0 .7 0

RUN 192

Po = 4 3 .0 0

Time (rain .) 20

Ap ( ram. ) 2 .00

pE ( rran. ) 2 .0

pV ( mm. ) 0 .4

pVC ( mra. ) 0 .2

lO^k = 0 .416 se c .

pEoo = 3 0 .9 , pVoo = 6 .

T = 417%

Pno = 9.' . 00  

6 10

S/V = 0 .7 8  era.- 1

Poo / po = 1 .99  

14 20 26

1 9 .0 25 .2

P o l n .  = N il  

38 60

39.60 41 .(

2 0 . 0

-1 kE/k = 0 .6 9

T = 356% S/V = 0 .7 8  cm.

p%) = 92 .00  Poo / Vo = 1 .9 3  Poln . = N il

20 30 40 60 90 120 160

2 .0 5  2 .9 0  4 .1 0  6 .0 0  8 .8 0  10 .90  14.00

lO^k = 0 .384  s e c .^

T = 356% 

Poo = 81 .70  

30 40

3 .2 0  4 .1 0

3 .0  

0 .6

— 0 .5

S/V = 0 .7 8  cinT*

Poo/'Po = 1 .9 0  Po NO = 20.40  

50 70

-1 kE/k = 0 .75 I2JLL

90 120

8 .9 0 11.60

6 .6 8 .0

1 .3 1 .75

1 .0 1 .3

i.15 kVG,kVG/k = 0 .1 2

"4E = 72 , %V = 14 , ôVc = 12 , = 0
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RUN 123 T = 356*0 s/v = 0 .7 8  C!i.^

Po ~ 39.20 Poo = 7 5 . 50 Poo /:Po = 1- 93 poTIO = 18 .80

Time (m in . ) 20 30 40 60 80 100 120

A p  ( mm. ) 2 .0 0 3 .0 0  3 .30 5 .2 0 6 .6 0 7 .9 5  9 .0 0

pE ( mm.) 1 .3
4

10 k

2 .3

= 0 .3 9 7  s e c .

5 .0  

kE/k = L

7 .8

- 7 3

pEoo = 2 7 .6 , pVoo = 6 .4 , pVCoo = 6 .0 , pMt® = 0

"(E = 71 , %V = 16 , %VC = 15 , = 0

RU- 124 T = 356*0 s/v = 0 .7 8  cm.

Po = 36.20 Pos = 71 . 00 Poo / Po — •96 poMO = 4 .4 0

Tine (rain.) B 16 20 30 40 GO 80

A p  ( ram. ) 0 .8 0 1 .6 0  1 .95 2 .65 3.35 4 .7 0  6 .0 5

pE ( ran.) 0 .5 1 .3 - 2. 3 4 .5

pVC ( ram.)

lO^k = C.

0 .3

371 s e c . ^ kE/k =

0.5

0 .7 2

0 .8

kVG/k = 0. 16

p.'ljo = 2 5 .9 , pVco= 7 .2 , pV Goo = 4.0, pEtoo = 0

= 72 , >V = 20 , :, bVc = 11 , /aEt = 0

RUl 125 T = 356*0 s/'v = 0 .7 8  cm.'*'

Po = 37.50 Px) = 72 .70 Ik© /po = 1 ■.94 Pb In. = N i l

Tine (rain .) 8 16 20 30 40 60 80 110

A p  ( ran. ) 0 .8 0 1 .5 0  1 .8 0 2 .5 0 3 .20 4 .7 0  5 .75 6 .90

pE ( ran.) - 1 .0 - 2 .0 4 .0 -

pVC ( nun. )

lO^k = 0.

0 .3  

371 s e c .^ kE/k =

0 .5

0 .6 7

0 .7  

kVG/k = 0.:15

pr<K) = 2 6 .7 , pVoo = 9 .7 , p V Gqo = 1 .2 , pEtqQ = 0 .7

^  = 71 , ,'ür = 26 , 8Vc = 3 , = 2
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( i i )  REACTION BETvlll L TOTTL TRICHimOSIIAîŒ

RUM 87 T = 402.6% S/V = 0 .3 8  cmT^

PoVC =: 11 .30 PbllSiGlo = 5 .1 0

Time (m in .) 0 10 20 30 45 60

pVC ( mm.) 11 .3 1 0 .9 I 0 .4 9 .9  9 .35  8 .7 5

pHSiGla ( mm. ) 5 .1 0 4 .7 0 4 .2 0 3.7U 3 .15  2 .55

-,^5. —1 —1 10 K mm. se c . - 1 .67 1 .46 1 .6 9  1 .7 4  1 .95

RUT-' 88 T = 402.6% s / v  = 0 .3 8  cmT^

PoVC = 6 .9 0 porlSiClo = 3.30

Time (min. ) 0 5 15 30 75

pVC ( mm.) 6 .9 0 6 .85 6 .7 0 6 .5 5  6 .0 0

pHSiGI3 ( ram.) 3 .30 3.25 3.10 2 .95  2 .40

.^5. “1 -1  10 k mm. s e c . C.85 1 .0 0 0 .8 9  1 .0 8

RUM 89

Time (rnin. )

pVG ( ram. )

pMSiGla ( mm.)

.^5, —1 — 110 K mm. sec  .

T = 4L: .t:*G 

poVG = 7 .00  

0 10 
7 .0 0  G.81

4 .0 5  3 .86

2 .73

S/Y = 0 .3 8  cm.' 

pnllSiGla = 4 .0 5  

21 32 4-1 55

6 .6 2  6 .3 0  6 .0 2  5 .8 1

3 .67  3 .35  3 .07  2 .86

1 .1 2  1 .47  1 .6 3  1 .68

The v a lu e s  g iven  in  the columns fo r  the amounts o f  v in y l  c h lo r id e  

and t r i c h lo r o s i la n e  remaining are the average v a lu es  obta ined  from 

chromatographic a n a ly s i s  o f  v in y l  c h lo r id e  and v in y l t r i c h l o r o s i l a n e .
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RIJi-I 91

Tine (min. ) 

pVG ( mn.. )

pIiSiGla ( mm. )

. , 5. -1  — 110 k ram. s e c .

RU. 92

Time (m in .) 

pVC ( mn.) 

piîSiCla ( rnm.) 

10 k m;n. s e c .

RIM 93

Time (rain.) 

pVC ( ram.. ) 

piiSiCls ( ram. )

„5. -1  -110 K ran. s e c .

T = 4 0 2 . 6 %  

PoVG = I J . O  

0 10
1 1 . 0  1 0 . 5

21

9 . 8

T = 4 0 2 . 6 %

PoVG = 1 1 . 6 0  

0 10 21

1 1 . 6 0  11 .10  9 .9

1 6 . 7  16 .2  1 5 . 0

0 .5 3  0 .8 2

s / v  = 0 .  38 era. 

PbNSiCla = 1 8 . 9

32 45 60

8 .5 5 7 .3 6 .2 4

16.45 15 .2 14.14

0 .7 5 0 .9 0 0 .9 7

S/V = (j . 38 cm-1

XioIISiCla = 16 .70

32 45 60

8 .45 6 .6 5 5 .15

13 .55 11.75 10 .25

1 .0 8 1.47 1 .76

s / v  = 0 . 3 8  cra.^

Poi lS iG la  = 4 . 5 0  

32 45

T = 4 0 2 . 6 %

PoVG = 2 4 . 6 0  

.0 11 21 

2^i .6 2 3 . 6  23.2  22 .4  2 1 . 7

4 .5  3 .5  3 .1  2 . 3  1 . 6

1 . 5 8  1 . 2 4  1 . 5 0  1 . 6 7
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( i i i )  PEACTTOÎl BETWEET': ETIIYLEIE AND TRIŒILOROSTiiÆrE

RLM 90 T = 402 .6%  S/V = 0 .3 8  crcT^

poE = 8 .6 0  poHSiClg = 8 .6 0

Time (m in .) 0 50 105 150

pE ( mm.) 8 .6 0  8 .4 0  8 .2 0  6 .1 0

pRSiClo ( nm.) 8 .6 0  8 .40  8 .2 0  8 .1 0

lO^k rara.'̂  s e c .  ̂ -  0 .092  0 .0 9  0 .0 8
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( iv  ) TIIPT̂ MAL DÎCCCI,{POSITION OF 2-01 DjOROETiITLDILIET:limiU:YLSlULIE

The r e s u l t s  g iven  f o r  Ihms 2 4 - 3 7  in c lu s iv e  were obtained  u sin g  

the in j e c t io n  v a lv e  and the  ra te  co n sta n ts  eva luated  u s in g  the  

Gug^,enheim pi'ocedure. The r e a c t io n  v e s s e l  had a surface  area to  volume 

r a t io  o f  0 .7 8  cm.^ No a d d it io n a l  gas was p resen t  in  th e se  p y r o ly se s .

Runs 30 -  101 were, u n le s s  o t iie iw ise  s ta t e d ,  ca r r ie d  out in  the  

presence o f  ca . 14 mm. o f  dry, oxygen-free  n itro g e n . The sample was 

in je c te d  tiirough a serum cap using  a hypodermic sy r in g e .  Except fo r  the  

few runs s p e c i f i c a l l y  noted the r e a c t io n  v e s s e l  had a surface  area to  

volume r a t io  o f  0 .7 8  cm. Tlie ra te  co n sta n ts  were eva lu ated  using  the  

Swinboume procedure and the v a lu es  of pb and pcc are th ose  estim ated  

by t h i s  method.

RUN 24 T = 302*0 Line temp. = 170%

Pb = 36 .70

Time (m in .) 0 2 4 6 8 10

Ap ( t )  i, mm. y '0  0 .8 0  1 .4 5  2 .00  2 .5 5  3 .20

Ap ( t  + GO) ( mra.) 11 .10  11 .30  11 .40  11 .50  11 .65  11 .80

lO^k = 4 .07  s e c . ^

RUN 25 T = 302% Line temp. = 170%

Pb = 26 .60

Time (min. ) 0 2 4 6 8 10

Ap ( t )  ( mm. )  0 1 .1 5  1 .8 0  2 .35  2 .9 5  3.65

Ap  ( t  + 60) ( mm.) 13 .20  13 .40  13.60 13-80 14 .10  14 .30

lO^k = 3 .65 s e c .^
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RUN 26 T = 302%  Line temp. = 1 7 0 %

Po = 33. GO Px> = 67. 20 p-o / Ik) = 2,.00

Time (m in .) 0 2 4 6 8 10

Ap ( t ) ( mm.) 0 1 .80 3.10 4 .2 5 5 .3 0 6 .3 0

Ap ( t  + GO) ( mm. ) 17 .25  17.45 17.65  17 .90 18.10 18 .30

4 -1
10 k = 5 .5 3  se c .

pEoo = 33.0 ; = 98

RUM 27 T = 302% Line 'temp. = 170%

Po = 28.,10

Time (m in .) 0 2 4 6 8 10

Ap ( t  ) ( mm. ) 0 1 .65 2 .7 0  3 .55 4 .3 5 5 .10

Ap ( t  + 60) ( ram. ) 14 .70  14 .85 14 .95  15 .10 15.25 15 .40

4
10 k = 5 .07  sec.'"

RUN 28 T = 321% Line 'temp. = 170%

Po = 31.,00 .PoD = 6 1 .70 Poo / Po = 1 .99

Time (min. ) 0 2 4 6 8 10

Ap ( t  ) ( mm.) 0 1 .75 3.20 4 .4 5 5 .65 6 .65

Ap ( t  + 60) ( mm. ) 1 7 .90  18 .00 18.15  18 .30 18.45 18 .60

4
10 k = 6 .6 9  sec.'*'

pE%) = 31 .5 ; = 102
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RUN 29 T = 321%  L ine temp. = 170%

Po = 32 .30

Time (min. ) 0 2 4 6 8 10

Ap ( t )  (mra.) 0 0 .7 5  1 .4 0  1 ,8 5  2 .35  2 .80

Ap ( t  + GO) ( mn.) 11 .00  11 .25  11 .45  11 .65  11 .85  12 .05

10"^k = 3»07 s e c .^

RUN 30 T = 321% Line temp. = 170*9

Po = 31 .00

Time (min. ) 0 2 4 6 8 10

Ap ( t )  ( mm. ) 0 1 .1 0  1 .9 0  2 .6 0  3 .25  3 .80

Ap ( t  + 60) ( mm.) 13 .65  1 3 .8 0  13 .95  14 .10  14 .25  14 .35

lO^k = 3 .84 s e c .^

RUM 31 T = 321*0 Line temp. = 170*0

po = 1 1 .2 0  Pro =

Time (rain.) 0

Ap ( t )  ( mm.) 0

Ap ( t  + 60) ( mra. ) 5 .0 0

RUN 32 T

Po = 35 .50  

Time (m in .) 0

Ap ( t )  ( mm. ) 0

21 .90 Pbo /po = 1 .96

2 4 6 8 10

0 .5 0 0 .8 0 1 .0 5 1 .3 0 1 .50

5 .1 0 5 .20 5 .3 0 5 .4 0 5 .50
4

10 k = 3 .07  sec -1

= 1 0 .9 ; ; = 97

321*0 liine ■temp. = 170*0

2 4 6 8 10

8 .0 1 0 .20 13 .05 14 .30 15.15

1 8 .2 0 1 8 .20 18 .20 18 .20 18.20
4

10 k = 27 .3  sec -1



236 -

RUN 53 T = 321*0 I/ine temj). = 170*0

Po = 52. 60

Time (m in .) 0 2 4 6 8 10

Ap ( t )  ( mm.) 0 6 .0 1C .65 13 .65  15.55 16 .90

Ap ( t  + 60) ( mm. ) 21 .00  21 .0 0 21.00 21 .00  21 .00 21-00

4 -1
10 k = 27 .3  s e c .

RUN 34 T = 290*0 lAne temp. = 170*0

Po = 2 : . 50

Time (m in .) 0 2 4 6 8 10

Ap ( t  ) ( mm. ) 0 1 .35 2 .5 0 3 .50  4 .7 0 5 .65

Ap ( t  + 60) ( mm. ) 14 .30  14 .4 0 14 .50 14 .55  14 .60 14.75
4

10 k =
-1

7 .50  s e c .

RUN 35 T = 290*0 Line temp. = 170*0

Po = 18. 30

Time (rain .) 0 2 4 6 8 10

Ap ( t ) ( mra. ) 0 0 .5 5 1 .0 0 1 .5 0  1 .85 2 .2 0

Ap ( t  + 60) ( mm. ) 6 .7 0  6 .8 5 7 .0 0 7 .15  7 .25 7 .40

4 -1
10 k = 4 .2 6  s e c .

RU: 36 T = 290*0 Line temp. = 170*0

Po = 24. 50 Pro = 50 .50 Ptd Po = 2.06

Time (min. ) 0 2 4 6 8 10

Ap Vt) ( mm.) 0 2 .1 0 3.95 5 .1 5  6 .15 7 .0 0

Ap ( t  + 60) ( mm. ) 12 .00  12 .05 12.10 12 .15  12 .20 12.25

-1  This r e s u l t10 k = 1.2.05 s e c .  4----- error  s in c e

pEoo = 24 .50  ; fcE = 100 a n a ly s i
1c o n ' e c t .
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RUN 37 T = 290% Line temp. = 170%

po — 53.50

Tine (rain .) 0 2 4 6 8 10

A p  ( t ) ( mm. ) 0 3 .50 7 .1 0  10 .001 12.20 14 .00

A p  ( t  + 60) ( mm.) 25 .00  25 .15 25 .30  25.401 25 .50 25 .60

lo^^k = 12 .80  sec.'*'

RUN 39 T = 200% Line temi). = 190%

Po — 49 .6 Vo = 100 .5

Time (rain .) 10 20 30 40 50 60 70 80

p ( mm. ) 6 3 .9 7 8 .8  8 6 .0 90 .1  93 .0 95 .0 96 .9 98 .1

4 -1
10 k = 5 .55  s e c .

40 T = 290% Line temp. = 190%

Vo = 5 0 .0 r<p = 7 8 .0

Time (m in .) 10 20 30 40 50 60 70

p ( mm. ) 60 .6 6 7 .2  7 1 .4 7 3 .8  75 .3 76 .3 77 .0

A _ _ -1
10 k = 8 .0  s e c .

RUN 41 T = 291''% Line temp. = 190*0

Po — 33.5 I>o = 6 7 .0

Time (m in .) 10 20 30 40 50 60 70 80

p ( mn.) 4 8 .5 5 6 .7  6 1 .1 6 3 .3  6.1.8 6 5 .6 66 .2 66 .6
A — 1

1 0 'k = 10 .2  se c .
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RUÎI 42 T = 290% Ijine temp. = 190*0

P? = 31.0 Toa =; 62 .4

Time (min. ) 10 20 30 40 50 60 70 80

p ( nrn. ) 4-1.1 52 .0 56 .3
410

58 .7  6 0 .2  
-1

9 .15 s e c .

61 .2 6 1 .7 62 .1

RU' 43 T = 2W% j jine temp. = 190*0

P o  = 24.4 ibo = 51 .5

Time (rnin.) 10 20 30 40 50 60 70 80

p ( mm. ) 34 .3 4 1 .0 ‘4 4 . 9 

410 k =

4 7 .3  4 8 .8

7 . 6  s e c . ^

4 9 .8 5 0 .5 50.85

RU : 44 T = 290% Line temp. = 1'90*0

P o  = 23 .2 Pno = 4 8 .2

Time (m in . ) 10 20 30 40 50 60 70 80

p ( mm.) 31 .3 38.2 4 1 .5
4

10 k =

4 5 . 9  4 5 .1  

6 . 6 5  s e c . ^

4 6 .0 4 6 .7 4 7 .2

RUI 45 T = 270*0 liine temp. = 190*0

P o = 4 0 .7 Poo = 78 .0

Time (m in .) 10 20 30 40 50 60

p ( mm.) 6 2 .8 71 .9 7 5 . 4

4
10 k =

76 .7  77 .6  
-1

l5 .Ü  se c .

7 8 .0
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Rir : 46 T = 270*0 Line temp. = 190*0

Po = 30.5 Poo = 6 3 .3

Time (min. ) 10 20 30 40 50 60 70

p ( mm.) 4 4 .0 5 1 .8 56 .6
4

10 k =

59 .4

8 .35  sec

6 0 .9

-1  ' •

61 .85 62 .4

RIM 47 T = 270% Line temp. = 175*0

Po = 4 1 .5 Poo = 84 .0

Time (m in .) 10 20 30 40 50 60 70

p ( mm.) 60 .6 71 .0 76 .9
4

10 k =

8 0 .0  

1 0 .0  sec

81 .7

-1  :.

82.65 83 .3

RIM 48 T = 270% Line temp. = 175*0

Po = 33 .4 Poo = 6 7 .0

Time (m in .) 10 20 30 40 50

p ( mm. ) 4 5 .7 5 3 .5 58 .4
4

10 k =

61 .65  

7 .6  s e c .

63 .8

1

RUN 49 T = 270*0 Ijine temp. = 165*0

Po = 27 .3 poo — 55.0

Time (m in .) 10 20 30 40 50 60

p ( mm.) 36.2 4 2 .0 4 5 .7
4

10 k =

4 8 .5  

6 .2  s e c .

50 .5

1

5 2 .0
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RUN 50

pb — 4-4 « 5 

Time ( n i n . ) 10

p ( mra.) 5 9 .0

RUM 51

Pb = 4 1 .0  

Time (rnin. ) 10

p ( mra.) 5 7 .3

RUN 52

Pb = 5 0 .8  

Time (rnin. ) 10

p ( mrn. ) 6 5 .6

RUM 53

Po = 33 .5  

Time (m in .) 10

p ( mra. ) 4 9 .2

20

6 7 .5

20

20

20

270% Line temp. =

: 80 .0

30 40 50

7 3 .0 76 .0 77 .8
4

10 k = 9 .8  se c . 1

253.6% Line temp. =

: 79 .0

30 40 50 60

7 2 .2 75 .1 7 7 .0 78 .0
4

10 k = 9 .7  s e c . 1

289.5% Line temp. =

: 81 .0

30 40 50 60

7 4 .7 76 .7 78 .35 79.35
410 k = 6 .0 8  sec -1  ' •

289 .5% Line temp. =

6 7 .0

30 40 50 60

6 1 .9 6 4 .2 6 5 .45 6 6 .1
4

10 k = 1 0 .6  sec - 1  
' *

= 205%
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RUT̂  54

Po = 27 .4  

Time (inin. ) 10

p ( mm.) 4 2 .8

rit: 55

Po = 31 .5  

Time (m in .) 10

p ( mm.) 4 5 .8

RUîi 56

Po = 4 0 .0  

Time (rain .) 10

p ( ram. )  57 .6

RÛ  58

pn = 58.7  

Time (min. ) 10

p ( ran.) 5 0 .9

T = 289.5<’C 

= 56 .6  

20 30 40

Line temp. = 190*

50

50 .5  5 4 .5  56 .5  57 .5

lO^k = 1 1 .3  s e c .^

60

58 .0

T = 2 8 9 .5°G 

Vno = 65 .7  

20 30

iJ.ne teran. = 190°G

40 50 60

5 4 .2  58 .95  6 2 .0  6 3 .5  64.

lO^k = 9 .05  s e c .^

Ijine temp. = 205°GT = 2 6 6 .5 °C

= 79 .4

20 j#  50 60

6 6 .9  72 .5  7 5 .8  77 .5  78 .3

lO^k = 9 .75  s e c .^

T = 2 6 6 .5°G 

pro = 6 7 .0  

20 j#  40

Jjine temp. = 205°G

50 60

57 .7  6 1 .5  6 3 .7  6 4 .9  65 .9

lO^k = 9 .45 s e c .^



Rur: 59

pt) = 4 0 . 8  

Time (rain .) 10

p ( mm.) 5 1 . 6
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T = 2 6 6 . 5°G 

prg» = 7 0 . 4  

20 #  40

L ine temp. = 205°C

5 0 60

58 .4  6 3 .1  65 .85  6 7 .5  68 .5

lO^k = 7 .65  s e c .^

RIJ! ; 60

po = 28 .0

Time (rain.) 5

T = 250*0 

Po — 45 « 0 

10 15 20

Ljine temp. = 205 * 0

25 30

1 0  k = 1 1 . 7  s e c .

35

( mm.) 32 .6  36 .6  39 .3  4 1 .2  4 2 .3  4 3 .0  4 i . 6

40

'44.0

RT I  I 61

Po = 31 .0  

Time (m in .)  i

T = 250*0

ppo ~ 5 3 .4  

10 15

Line temp. = 205*

20 25 30

p ( mm.) 4 3 .1  4 9 . 5  5 1 . 6  5 2 . 6 5  5 3 . 0  53.2

lO ^k = 2 9 . 2  se c .^

RIW 62

Po = 26 .0  

Time (rain.) 5

T = 250*0 

Px> = 49 .75  

10 15

Line temp. = 205*0

20 25 30 35

( ram.) 37.1  4 2 . 7  4 6 . 1  4 7 .6  4 8 .5  4 9 . 0  4 9 . 3

1 0 \  = 20 .5  secT^

40

49 .45
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RUR 63 T = 320*0 Line temp. = 205*0

Po = 33.25 Tto = 5 6 .0

T i m e  (ra in .) 2 4 6 8 10 12 14

p ( ram. ) 41 .85 4 3 .1 5  5 0 .9
4

10 k =

5 3 .0  5 4 .1  

4 0 .0  s e c . ^

54.85 55.35

Ru:-: 64 T = 320*0 Line temp. = 205*0

Po = 28.25 Poo — 44 « 2

Tine (rain .) 2 4 6 3 10 12 14

p ( ran.) 3 2 . 9 36.35 33 .6
4

10 k =

4 1 .1  41.2  

29.4  s e c .^

4 2 .1 4 2 .7

RUTJ 65 T = 320*0 Line temp. = 205*0

Po = 45 .70 ]Too = 6 5 .7 PdOôUio = lo .0

Time (rain.) 2 4 6 8 10 12 14 16

p ( ram. ) 50 .25 53 .75  56 .5  

IC^k =

58 .5  6 0 .0  

22.3  s e c .^

61 .2 62 .15 6 2 .9

RUÎ; 66 T = 320*0 Line temp. = 205*0

Po = 38 .7 Pro = 6 3 .0

Tine (m in .) 2 4 6 8 10 12 14 16

p ( ran. ) 4 5 .5 5 1 .0  54 .5
4

10 k =

5 6 .9  5 8 .6  

27 .7  s e c .^

5 9 .8 60 .55 61.25
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RUT-: 67 T = 530*0 L ine temp. = 205*0

po = 38.65 Poo = 57 .3  

Time (rain.) 2 4 6 8 10 12 14 16

p (m m .)  4 3 .9  4 8 .3 5  5 0 .9  52 .6  5 3 .9  54 .7  55 .4  55 .9

lO^k = 28 .0  se c .^

rut: 68 T = 330*0 Line temp. = 205*0

Po = 4 2 .5  Poo = 6 5 .5

Time (min. ) 2 4 6 8 10 12 14 16

p ( a m . )  4 7 .7  5 2 .1  5 5 .1  5 7 .4  5 9 .1  6 0 .4  61 .5  62.45

lO^k = 21.4 secT^

RUT: 69 T = 330*0 Line temp. = 175*0

Po = 31.45 Pco = 51 .5

Time (rain.) 2 4 6 8 10 12 14 16

p ( mm.) 35 .5  38.4  4 0 .9  42 .85  4 4 .4  45 .6 5  4 6 .9  47 .85
4 -1

10 k = 18 .1  se c .

RUI'I 70 T = 370*0 Line temp. = 205*0

Po = 36 .9  Poo = 5 6 .5

Time (min. ) 2 4 6 8 10 12 14 16

p (m m .) 4 5 .5  50 .4  5 3 .1  5 4 .7  55 .35  55 .8  56 .05  56 .3

l o \  = 4 8 .0  secT^
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RUN 71 T = 370*0 L ine tem p. = 205*0

Po = 34. 35 i>co = 4 8 .7 0

Time (min. ) 2 4 6 8 10 12 14 16

p (m m .) 38 .6  4 1 .85  4 3 .8  45 .2 5  4 6 .3  4 7 .0  4 7 .5  4 8 .0

lO^k = 29 .0  s e c .^

RTP'I 72 T = 370*0 Line temp. = 205*0

po = 31 .20  Poo = 4 6 .7 5  

Time (min. ) 2 4 6 8 10 12 14 16

p ( mm.) 35 .7  39 .1  4 1 .35  42 .85  4 4 .0  44 .75  4 5 .3  45.85

lO^k = 25 .2  s e c . ^

RUi: 73 T = 350*0 Line temp. = 205*0

Po = 4 2 .5  poo = 70 .5

Time (min. ) 2 4 6 8 10 12 14 16

p ( ran.) 4 5 .9  48 .75  5 1 .1  53 .35  55 .45  57 .25  58 .75  60 .25

lO^k = 11 .5  secT^

Rin* 74 T = 350*0 Line temp. = 205*0

Po = 32 .0  Poo= 4 8 .5

Time (rain. ) 2 4 6 8 10 12 14 16

p ( mm.) 34 .8  37 .5  39 .4  4 0 .8  4 1 .9  4 2 .9  4 3 .7  4 4 .4

lO^k = 15 .6  s e c .^
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rit: 75

Po = 30 .0  

Time (m in .) 2

RTTi: 76

Po = 39 .8  

Time ( m i n . ) 2

P ( m m . )  4 1 .8

Rlfi 77

1̂ 0 =  3 8 .0  

Time (m in .) 2

P ( mm.) 4 0 .85

RUR 7 8

Po = 38 .0  

Time (m in .) 2

350*0 Line temp. = 205*0

; 4 9 .0

6 8 10 12 14 10

, 39 .0
4

10 k =

4 1 .0  4 2 .5  

1 6 .9  s e c .^

43 .65 4 4 .6 4 5 .4

330*0 Line temp. = 205*0

6 4 .0

6 8 10 12 14 16

4 6 .2
4

10 k =

4 7 .8  4 9 .1  

7 .9  s e c .^

50 .25 51 .4 52.4

330*0 i i n e temp. = 205*0

5 9 .0

6 8 10 12 14 16

45 .95
A

10 k =

47 .6  4 9 .15

12 .5  s e c .

50 .4 51 .6 52.55

330*0 Line temp. = 205*0

6 1 .2

6 8 10 12 14 16

4 7 .9
4

10 k =

4 9 .8 5  51.45  

14 .0  s e c .^

5 2 .9 54 .0 54.95
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RUR 80 T = 310*0 Line temp. = 205*0

Po = ? 2̂ 00 = 4 8 .5

Time (m in .) 4 10 16 22 28 40

p ( mm. ) 35 .4 38.25 4 0 .0 41 .4 5  4 2 .7 43 .85 4 4 .6

4 —1
10 k = 5 .5  s e c .

RUR 81 T = 310*0 Line temp. = 205*0

Po = 41 .2 5 Poo = 6 3 .0

Time (rain .) 6 12 18 24 30 36 42

p ( mm.) 45 .95 4 9 .7  52 .5 5 54 .8  56 .6 58 .0 59.15

4  ̂ _ -1
10 k = 6 .8  se c .

RUR 82 T = 390*0 l i n e temp. = 205*0

Vo = 36.7 Poo = 6 2 .0

Time (min. ) 2 4 6 8 10 12 14

p ( mm.) 4 9 .1 55.45  5 8 .7 60 .35  61.15 1 61 .5 6 1 .8

4, r-r,  ̂ -110 k = 5 7 .0  s e c .

RUU 83 T = 390*0 l in e temp. = 205*0

Po = 35.5 Poo = 6 0 .5

Time (rain .) 2 4 6 8 10 12

p ( ram.) 4 9 .0 55.35  5 8 .1 5 59 .5  5 9 .9 60.15

4  ̂ _ -1
10 k = 64 .5  s e c .

46
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RTJi: 84 T = 360*0 L ine temp. = 205*0

p  ̂ = 3 c .c  pco “ o c .8

Time (min. ) 2 4 6 8 10 12 14 16

T) ( mm.) 4 0 .7  45 .35  4 8 .4  50 .5  5 2 .0  5 3 .2  54 .05  54.85

l o \  = 24 .0  secT^

RUIx 85 T = 360*0 Line temp. = 205*0

pb = 3 6 .8  pto = 5 9 .0

Tine (min. ) 2 4 6 8 10 12 14 16

p ( mm.) 4 1 .7 5  4 6 .0  4 8 .9  5 1 .1  5 2 .9  5 4 .3  c5 .4  56 .1

10 = 21 .3  s e c .

rut: 86 T = 236.5*0 Line temp. = 2o5*C

Po = 30 .5  Poo = 5 0 .0

Time (m in .)  10 20 30 40 50 60 130 140

p ( mn.) 33.3 35.55 37.6 39.6 4 1 .2  42.65 46.9 47.3

lO^k = 2 .5 8  s e c . ^

RUI: 87 T = 236.5*0 Line temp. = 205*0

Po = 3 2 .B poo = 52 .0

Time (m in .)  10 20 30 40 50 60 126 136

p ( mm.) 35 .85  37.95 4 0 .1 5  4 2 .1  43 .85  45 .25  4 9 .6  4 9 .9

lo'^k = 2 .92  s e c . ^
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RUÎ I 88

Po = 30.25  

Time (m in .) 10

T = 228.5*0  

Poo “ 5± . 3 
20 30 40

Line temp.

50

= 205*0

( mm.) 33 .85  36 .8  39.4  4 1 .6  43 .2 5

lo '^ k  = 3 . 1 9  sec.*^

RUU 89

P o  = 33.3
Time (m in .) 6

P ( mm. ) 38 .9

RUN 91

Po = 11 .6  

Time (min. ) 3
p ( mm.) 1 2 .8

RUN 92

p-) = 22. 9 

Tine (m in .) 4

p ( mm.) 27 .6

T = 266.5*0

Poo “ 5 3 .3

Line temp. = 205*0

12 18 24 30 36

4 3 .4  4 0 .35  48 .45  50 .0  51 .1

lÔ k̂ = 9 .0  s e c . ^

T = 267*0 l i n e  temp. = 205*0

1 8 .7  P0U2 = 500

6 9 12 15 18 21

14.65  1 5 .8  16 .4  16 .95  17.35 17.75

lÔ k̂ = 16 .0  s e c . ^

T = 267*0 

p o o  — 4 1 . 8  

8 12 16

Line temp. = 205*0 

P0 ÎÎ3 = 160 

20 24 28

30.85 33 .55  35.65 37 .3  38.35 39 .1

1 0 "̂k = 6 .25  s e c . ^



RUN 93

Po = 17 .25  

Time ( n i n . ) 4

RUN 94

Po = 3 2 .Ü

Tine (rain.) 4

p ( min. ) 35.4

RUN 95

Po = 18 .2  

Time (rain .) 4

p ( ram.) 1 9 .9

RUN 9G

IJo = 21.85  

Time (rain.) 4

p ( ram.) 25 .1
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267*0 Line temp. =

: 27 .5 = 190

12 16 20 24

. 23 .4 24 .4 25.15 25.75
4

10 k = 11 .9 -1s e c .

267*0 Line temp. =

4 4 .0 Po Air = 135

12 16 20 24

39.6 4 0 .9 4 1 .8 42 .4

10‘̂ k = 14 .0 —1s e c .

T = 268*G 

"Oqo “ 2n. 5 

8 12

21.6  22 .5

Line temp. = 205*0

S/V = 2 .74  ^cm.

16 20 

23.3 23.8

lÔ k̂ = 11. 3 s e c . ^

Line temp. = 205*0

3/V = 2 .7 4  cm.^

T = 208.5*0  

Poo = 31. 20

6 8 10 12 14 16 18

26.65 27.65 28.45 28 .95  29.35 29.65 30.0

lO^k = 17 .8  sec
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Rin; 97 T = 268.5*0 L ine temp. = 205*0

Po = 2 8 .0  Poo = 4 1 .3  PbOeHio = 32 .0  S/V = 2 .74 cm.^

Time (min. ) 4 8 12 16 20

p (m m .)  33 .0  36 .6  38.6  39 .6  40 .2 5

lO^k = 19 .4  s e c .^

RUN 98 T = 268.5*0 Line temp. = 205*C

Po = 4 5 .0  pro = 5 7 .2  poOeHio = 39.0  S/V = 2.74 cm.^

Time (m in .)  4 8 12 16 2U 24

p ( mm.) 4 8 .5  5 2 .0  5 4 .1  55 .2  5 0 .0  56 .6

lO^k = 19 .6  s e c . ^

RUN 99 In the l i n e s  on ly  a t  190 -  205*0

Po = 1 7 .0  pbo = 25 ,7

Time (min. ) 2 4 G 8 10 12 14 16

p ( mm.) 1 9 .3  21.95 2 3 .2  23-95 24.55 2 : .9  25.15 25 .3

lo'^k = 25 .2  s e c . ^

RUN 100 In the l i n e s  on ly  a t  190 -  205*0

Po = 25 .5  Pco = 4 8 .5

Time (m in .) 2' 4 6 8 10 12 14 16

p ( mm.) 51.85 37.5  4 1 .5  4 4 .2  4 . . .7  4 6 .5  4 7 .1  47 .5

l o \  = 27 .3  s e c y
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RUÎ! 101 In the l i n e s  on ly  a t  165 -  176°G

p« = 5 9 .5  P(p = 107 .0

Time (min. ) 2 4 6 8 10 12 14 16

p (ram.) 66 .05  71 .6  76'. 45 30.75 8-1.35 87 .5  90.25 92.6

1 0 ‘'k = 12 .5  s e c . ^
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