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THE CATAIYTIG ADDlTIQü RÉA.QT10MS OF 3'2YRmJûl.

A b s t r a c t  o f  th e  t h e s i s  p r e s e n t e d  f o r  th e  d e c r e e  o i  PhD 

o f  London U n i v e r s i t y .  J u l y  l% 4d

H y d ro g e n  c h l o r i d e  i n h i b i t s  th e  lo n ^  o n a in  p o l y m e r i s a t i o n  

o f  s t y r e n e  c a t a l y s e d  by s t a n n i c  c h l o r i d e .  U ty re n e  r e a c t s  

w ith  h y d r o en  c h l o r i d e  i n  t h e  p r e s e n c e  o f  s t a n n i c  c h l o r i d e  

and  i n  c^^rbon t e t r a c h l o r i d e  m edium  to  fo rm  ^ - p h e n ^ l e t h y l  

c h l o r i d e  and  l o  w m o le c u la r  w eij^h t p o ly m e r s .  To s u p p o i t  

t h e  m ain  k i n e t i c  i n v e s t i g a t i o n s  t h e  p r o d u c t s  o t  th e  

r e a c t i o n  h a v e  b e e n  exam ined#  The r e a c t i o n s  a r e  com pared  

w ith  t h e  s h o r t  c h a i n  p o l y m e r i s a t i o n  o f  s t y r e n e  i n  th e  

p r e s e n c e  o f  s t r o n g  a c i d s  an a  a r e  c o n s i s t e n t  w i th  th e  

m ech an ism  i n  w hich  a  p r o t o n ,d e r i v e d  f ro m  t h e  i n t e r a c t i o n  

o f  h y d ro g e n  c h l o r i d e  an d  s t a n n i c  c h l o r i d e « a t t a c h e s  i t s e l f  

to  t h e  s t y r e n e  m o le c u le  o r  may ^ ro w  by t h e  a c c r e t i o n  o f  

m onom eric  s t y r e n e  u n t i l  s t a b i l i s e d  to  fo rm  s h o r t  c h a in  

p o ly m e r s .

The r e a c t i o n  r a t e  i s  m e a su re d  by f o l lo w in g  th e  f a l l  

i n  s t y r e n e  o o n c e n ta ^ a t io n .  I t  i S  show n t h a t , p r o v i d e d  th e  

h y d ro g e n  c h l o r i d e  i s  i n i t i a l l y  i n  e x c e s s  o v e r  s t y r e n e  and  

s t a n n i c  c h lo r id e ,s o m e  s i m p l i e  k i n e t i c  r e l a t i o n s h i p s  a i e  

d i s c e r n i b l e .

The e f f e c t s  o f  v a r y in g  t h e  s t y r e n e  an d  c a t a l y s t  

CO no e n t r â t i o n s  % are i n v e s t i g a t e d  by ^flow *  e x p e r im e n ts .

I t  a p p e a r s  t h a t  t h e  a d d i t i o n  i s  f i r s t  o r d e r  w i th  r e s p e c t  

to  s t y r e n e  and  t h e r e  i s  good  e v id e n c e  to  show  th a u  o v e r  t h e  

r a n g e  o f  s t y r e n e  c o n c e n t r a t i o n  0#4^5^to  M t h e  r a t e  o f

c o n s u m p tio n  i s  p r o p o r t  io n a l  to  th e  c o n c e n t r a t i o n  o f  s t y r e n e .



A lso  up to  0 .0 1 5  M s t a n n i c  c h l o r i d e  th e  f i r s t  o r d e r  

r e a c t i o n  c o n s t a n t  k  | i s  d i r e c t l y  p r o p o r t i o n a l  to  th e  

c a t a l y s t  c o n c e n t r a t i o n .  H ow ever ab o v e  0 .0 1 5  M t h i s  s im p le  

r e l a t i o n s h i p d o e s  n o t  h o ld .

A t h ig h  s t y r e n e  c o n c e n t r a t i o n  th e  

e x p e r im e n ta l  e v id e n c e  i s  c o n f l i c t i n g .  T h ere  i s  some e v id e n c e  

t h a t  t h e r e  i s  a  lo w e r in g  o f  th e  r e a c t i o n  o r d e r ,b u u  o n  th e  

o c c a s io n s  Wien th e  r e a c t i o n  o b e y s  th e  u s u a l  f i r s t  o r d e r  

r e a c t i o n , k , i s  p r o p o r t i o n a l  to  th e  sy .u a re  o f  t h e  o a l a l y s t  

c o n c e n t r a t i o n .

E x p e r im e n ts  v a r y in g  th e  i n i t i a l  h y d ro g e n  e n l o r i d e  

c o n c e n t r a t i o n  show  t h a t  th e  r a t e  o f  c o n su m p tio n  o f  s t y r e n e  

i s  p r o p o r t i o n a l  to  th e  h y d ro g e n  c h lo r i d e  c o n c e n t r a t i o n  

p r o v id e d  th e  l a t t e r  i s  i n  e x c e s s  o v e r  s t y r e n e  and s t a n n i c  

c h l o r i d e .  H ow ever when th e  s t a n n i c  c h l o r i d e  c h l o r i d e  

becom es e i u a l  to  o r  f a l l s  be lo w  th e  a c id  c o n c e n t r a t i o n  

t h e r e  i s  a g a in  a  lo w e r in g  o f  th e  r e a c t i o n  o r d e r .

The S im p le  th o e r y  m e n tio n e d  

e a r l i e r  i s  d i s c u s s e d  i n  t h e  l i g h t  o f  k i n e t i c  e v id e n c e .  The 

c a t a l y s t  may fo rm  a com plex  w ith  <al h y d ro g e n  c h lo r i d e  

(b ) s j îy re n e  b u t  k i n e t i c  e v id e n c e  d o e s  n o t  c l e a r l y  b e tw een  

th e  a l t e r n a t i v e s ,  (a )  i s  f a v o u re d  when th e  h y d ro g e n  c h l o r i d e  

i s  i n  c o n s i d e r a b l e  e x c e s s  o v e r  s t y r e n e  and s t a n n i c  c h l o r i d e .  

H o w e v e r , i t s  a p p l i c a t i o n  i s  l i m i t e d  and a s  s t y r e n e  o r  s t a n n i c  

c h l o r i d e  i n c r e a s e  i n  c o n c e n t r a t i o n  i t  i s  p r o b a b le  t h a t  th e  

s t y r e n e  com plex  p l a y s  a p e t r t .  A lso  th e  r e a c t i o n  i s  

c o m p l ic a te d  by th e  f o r m a t io n  o f  lo w  p o ly m e rs .
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1 .

Sectjon IeeBaxc-i'iagaaaMgaaar
At the lowest sty m ie  om om tratlm # the main prodwst 

of tW reaotloB of stsBBle cMoside and tydr%en cM sride on 

styrene i s  carbon tetraoM oriie so lu tion  was -#m aylethyl 

chloride» so some account of %ie mechanisms that have h&m. 
discussed for addltlcms at tim <M< double bond is  relevant*

A -  Mature ef tW  Chemical Moaât
AooordlBg to the modem concept of a sisqde chemical

bmd, two electrcns of two atcms (e*g« %) are of opposite spin
aM w ill p d r  to  form a steAlo bmrni between two atoms. In 
the resu ltw t molecule» however» the electrmm eaimot be 

d efin ite ly  located nor can tWr be assi# ied  d efln lto  orbits* 
TWm i s  merely a certain probability of findl%  them in  my 

j^ ^ lcu la r  spot» a p r^ aM lity  w h i#  i s  rol& tiv^y Mgb in  tW  
rs#<m between the Wo m clei*  in  essonee these hypeWwaes 
could be considered elaborations o f M« Lewis's ^eotron  

hypothesis (J*Am.0hem.3oc« l^ lb  ^  7 és). The eleetm a  

distribution round these bimls w&ild W «ymmtrloal and there 
wwld therefore be no force in  %tm bmd to re str ic t fXee 

rotation*
(

2h the double bmd there i s  a d ifferen t s itu a tim  

Whidf i s  reflected  in  i t s  hd^  ctmmical reactiv ity  compares 
with sim ilar saturated molecules. In th is bond -  in  ad d ltlm  

to the primaxy bmd between the S-atcms (symmetrical) -  there 

i s  a supplemeatsry e le c tr o  pair bond for i#d.dh the bwnMng



2 .

&mtgy i s  le ss  (approx. JG0 of the f i r s t ) .  #3ls seomd pair* 

often o a llsd 'îT eleotrm s, is  asymmetrioally dlstrlW tW  sfemit 

the band axis aonoentratlng #>@ve and Wlow the plane ocsjtainii^  

the G-H Bwids, vdLth a oonsetjiient lo ss  o t  ^ lin o r io a l symmetry*
I t  i s  the tenâlï^  towards a libbcm -llk# band between the two 

atoms vhioh tends to prevent free rotatim * # iis  seomid 

pair of eleetroBS* le s s  firmly held between the two mn^ei* 

i s  more exposed to  external influences and i s  therefore 

respimsible for the high polariaab ility  aaad «hesaical rea etlv lty  
of unsaturated sompauods.

a -  Addition to  double baimâ» in  so lu tion *

(1) Introduetlen. It has lo j^  been Wa%%#t that 

#@mloal réactions were aeassaarily preoeded T%r some proeess 

of meHemlar astivation  (e .g . Arrhenius, Z , fh ys. ohm. 1889*^ 

226; 1899* # *  lawiy sum ested (J.G .s.lgg)* 822) that
iMîile a sin g le bond in  orgmsio chemistsy could be eith er m  

sMtrovalency or a eovelMuiy, a double bond 1» organic efemlstry 

usually reacted as I f  I t  contained one covalenw and <me 
electrovalenoy -  e .g . etîy^lene could be written as cl^ -  G%. 
Smds of th is <Bxaraeter were described as "mixed dw ble bonds.* 

5Rielr existence cmild be jus#fl@ d on the basis of Wie e leo trm le  

tWoqr o f v a le n t  by assl^alng a complete octet to each 
negatively charged atom md a sextet of electrm ^ to eadh 

p ositively  charged atom. (o f. 8. H. Lewis* J.m.@ em.Soo. I 916,  

M.» 775) • This view found support by many workers -  i t  was 
considered m cesaary as wn explanation o f tW high taaperatere



eoeffleionts W most reaetlom . Although there were
Mverse views m  to the mecA'mmlgm of th is aotivati«*j I t  seeaml 
generally agreed that the reaotion would involvW m  absorptim  
of en@i%y W the moleoule so that ttie activated fom was 
in  a more hJLghly energised state then the non-i»®estive rastli^  
foma. Many examples had been recoBHciea of inert mibstaaeaa 
beoooing aotive by the additio» of a trace of some polar 
substance. In other words* many clmaicai reactlam seemed 
io  be eatalytio in  natui'e. (florrish» J.O.S. 192>, 123. >006, , 
Tidis theory had been tested experimentally, e .g . by investigatiEm 
of the reaction of etl^lem  wd brmalae (Morriah loo. o i t .} 
i t  was shown that the dried gases praotloaHy ceased to 
vtfîon snelosed fey nem-p#ar walls of paraffin wax, Wt Wmt # ey  
reacted rapidly liien en close a p^ar surface of g lass, 
stearic add or oetyi aloetod. These ex|5sr^©nts agreed wl%i 
the hypothesis Mmt the aotivatlmri of the ethylene molecule 
■ms due to the polaidsatien induosd in ttie molecule by assoelatisn 
with soaepfl-ar o&talyst*

Later th is  and a mass e f other examples were correlated  

and explained by what ims become known as the electron ic theory 

of organic reactions, and before proceeding with a mare 

specialised  account of additisæus to  double basdg i t  seems of 
in terest to give a general pLeturc of Wm essen tia ls of th is  
now well-known theory. (Intfold, Shœi. E®v., 19>4, ^  225» 

Robinson, Eleotroïile theory of tiie course of organic reactions. '
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( i l )  B rief survey of oirrent ifceorlee ot mature of 

ertsanle reactions. Sonventicos (toesed m  the eleotrosie  

tJîSory of valency -  Q. M. Lovls, J.A.G.B. 3,913. 2S» 1448) have 
beœi adopted to represent tW straotures of organie moleaules* 

The ordinary li t e r a l syabdls represent the atomio k e r n e l s  

■without the electrons of the vaienee sh e lls . Bonds are 

reprosented, e ith er fu lly , shmdz^ a ll  the electrons of tw  

valency sh ell or in  the usual/iiîfereviated form* e .g . - c -C -  

represents a y*ir of altared electrons het^on  tlse two 0-atoms, 
Ionic centres are labelled  + ahd -  • fh® not&tlm 6 4- «uid<5 -  

i s  used to  denote tiïs partial w q u ititim  of polarity throu^  

electron displacement. Also s i^ io k 's  notatica (h— )) for  

mol@eu3.ar dipole Is  cftcn used,

M a- bond such as l^S -  -  a arrange
ment -  the sharing of ths electrons «®uld be equal. However, 
in a bond su#i as G  -  CO. equal shari*^ would not be lik e ly , 
Ixperhaenta m  dipole momenta have proved, in  taany cases, that 
ttisse displ»*s®ents occur (of. Lewis, J.A.G.S. 1916, 38, 762: 
Is^ald, Am. Icpts. 1^ 6, g2_, 129).

Any 8i#llcatlOB of the electrm lc Wieory as a basis 
for the developBient of an electrical conception of reactltms 
wcRd.d recpire the i^eservatioo of stable electron groupa,
Thera ara two ways in  lAiloh electron pairs Qtm3.d trodergo 
displacsmants without disturbii^ their octets or altering the 

originel arrmgament of the atmd.a n u doi. in f ir s t  
(0, H. Lewis, Valence and structure of nsdeeules, p. 139)

mailto:mol@eu3.ar
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the electrons remained in  tt%ir original ©otets and the 
eleotrioal disymaetiy oa«aed by the une#@l attractions #  the 
two linked ffroups was prop%^@d along tte mdlewle by & 
medhanlsm analogous to electrostatic induetlan. It was a perm
anent condition, aM was called the inductive effect (Ingold, 
AW. aepts. 1926,' 129).'

.  a  h  e  
01 ^   8  — 0

arro»%@ad atta#md. to the bond sign indicated tW direetlcm. 

towaWs whioli the electrons were em centratcd. ffiie e ffe c t  

could W transmitted along a WaMn but diminished in  cM^iitude 

as i t  receded from the source.

fhe secoM method, cnaraoterised fey the substitution  
ct &cm pair of clectrw s for another 3sx the seme atomic ofbit 
(e.g . T. M. Lowry, J .G .i,, 1923» 022) , showed hem the entrance 
into an octet of sbî unshared pair of electrons possessed b y  & 

Be%hb@uring atw  sai'id cause the ejoctim  of another pair 
which would then eltM r reaaia unshared or in itia te  a similar 
#wn%e further along the mdeenle. This %s not S icily  a 
|)cmanent cmxiition but merely an aativatdw medhanism and 
was teiwd e leo t:^ r lc  effect (Ingold, J.C.S, 1926, 1310). 
It Was represented fey curved ajReows polntl% from the pair 
in üje direction in  whi@ the dlsglaoemwt wm assumed to ccmar. 
A simple example, OM̂ implied that to some extent the

electrons «f tW double bond were breakii^i from the carbm atom 

and rw ainlng wholly attafgied to the oxygen atom.



xém  o f » pei’ü’œjat 8t#&e aasooiated with th is  

mode of electron ic dlsÿlao(ment was iDtroduoed % I% old 

and Ingold I926, 1310), I t  was auppoBOd to  be

Intermediate between the nmi^polar and tW fin a l polar sta tes  

of tW moleoule -  th is called the rnesmmric effect* The
mesjomeric e ffe c t of Ingold and Robinson was closely  related  

to what is  known as Resonmsce* fto s  postulates that when a 
molecule may be represented by two or more eleotroiilc arrw%e^ 

mcmtS) d iffer ii^  l i t t l e  in  energy and a tcric oonflgu^tlon# 

the molecule actually behayms lik e  a i#brld  of the two and 

Is more sW )le than cither* m  important phase In the
conR-'T̂ ' nTiONctevaiopaerii s f  tisB mibjeot tr# #!%& Um

o £  U rn  i W u o t l V G  a n d  a l e c t e o B ^ r i a  e X f a e t s  3 h u « l %  feow &W  

fomei' aigfet» a»uis% .mû gi-»e direet-ion to la tier , e .g .  
in.Ihe ©f.oleTliies in iiieii* laââitiaa î wWLtmg.
(e.g . Û'ftfâia.iiavs. 1V>4, 225) .

Iveîy «orkez- in  the f ie ld  of Ww ea.eo%ro@hm:loal 

thaoïy has fotW, I t  iaecssesa’y  W olasa lfy  z%@gm&8 aooordlmg
i

t o  t i j s i r  p o lw & ty  î^ a ia iü Ÿ s  W  sb h er r e a g e a L s  (R#ln@ O B; 'ia e o ta p o n ic :  

#80zy of eours® of o% mlo remokims*).

In eoiaseotion wlfe saodevn tM^orles af ocgaaie 

Toaottiimst tm a$w@œpt vm  made to  formulat<e an e%dana6i% af 
ptonomem su(Bi as ozlm A atl#! in  ^ e  benasne xlaqg and dirsoLlEHi 

of sMkU-m W dswfel© b«*(ds ts m  a d ifferen t based



adbly on a (üraot f ie ld  e ffe c t. (P rice, @«n. Bevs. 1941, 22. , 
>7). From X-ray and electron d iffraction  (W,a available in  

the litera tu re , bcmd dietances and bond angles Ar siaiide organic 

mdemiles «ere accurately estimated* Correlation of th is  

Inforamtlim with Dipole Mcraent data le a #  to tiic assignment of 
bond mwcnts to individual covalent bonds in  a molecule. %e 

separation for easdi boM is  simply related to bond 

mmient so Wmt i t  was Wius possible to asGid.be a defini.W  

{tfiarge to easdi atom in  the group. Then from an accurate scale  

model, i t  was pesslb l# to m lo ila te  the c o u la g e  e le c tr ic a l 
force Tshi^ the substlW ent would exert an electron located  
in  an aijacent dwble bmd.

Supporting evidence was found in the study o f the 

orientation influence o f various mibstiW ants in  the bensene 

ring -  there was good agreec^nt between predictions based on 

the oalculatlone and the actual orien tât!csis fo r  many grt«ipe,

"%e essen tia l contrast to the resoneaao© hypothesis 
as an explanation of the influence of nearly a ll  structural 
changes in  organic reacW.ms is  that, aithcu^l mescnuerism 

mad does play an important role in  many m olecules, the polarity  
of a molecule Is more ib?ofiteb-ly oonsidered as ©a e le c tr ic a l 
d is to r tiœ  of the bonds rather than as a rescrianoe J^brid 
between ion ic and imroly covalent foJKas.** (Price, “Addition 

to We double bontf).



( i #  s p é c i a l  r e f a r m o s  t e  a d d i t i o n  to double hmûa» 

ïn  We lig h t of th is  eleetronle theory of rsa stiem , I t  followed  

that aâoâtim s at double homis would be preoeclad fey same 

degree of polarisation  (îngold, J .S .G ., 1 9 ^ , f04i Eobineon, 

"Outline of m  sleotroW aaleal thoaiy o f the oourse o f orgsnie 

reactions" In S t.of Chera. 19>2). I t  was the e laetrcm rio  

effeo t which toecjaae important: the aleotroris from one of

the O-at{M0 would actually  d lssoela te  W awelvaa mid beowie 

attaW ed to the other. ^ste®  ^ 8  -  q'' should be pfelaris-

able ia  eith er o f two d irectia m , G « C or G *> C ( Ingold, 

Ghmi.#@vs. 1^, 225, 1934). In W® pvm enm  s f  a subs t i  Went 
with eleotroa rep ellin g  properties one of these d irections  

beeaae important, e .g . X-^C I f  3C were eleotrm  attracting
tee oj^wsit® e ffe c t  woold be true. Also electron r x ^ llte g  

groups would be expected to increase tee ts'erall am ilab llity  
©f electrw s and ttos increase the reactim  rate with an electro- 
philio reagent J.C.S. 1931, 2354; wmitakrlshman and _
Ingold, ib id , 1935». 1396). Theoretically, the known
effect of a particular substituent in  one reaction could be 
used to predict i t s  affect in  another case, iwwever, in  practice 
i t  was not so siiapls.

Ilumerous k in etic  in vestigations recorded in  ttjs 

litera tu re  emphasised that the meteaolsms involved in  add itim  

reaotim s were more complioated than m i^it be expect»^ i t  the 

reacticaa occurred fey the simple union of two radle<sules. For
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examifLe, in  the case of lialogen addition, teldh i s  very assenable
to treatment, i t  seemed wall established that addition took
plafié -sith impact of th© p ositive atom of the polarised halogen

(e .g . -  Br -  s?  ~ / OB the negative oaihon of the eteylen io,

system, teereupoiî tW rosultinjg p o sitiv e  charge can the sceond,

carbon was nentrallaed by- tîæ negative bromine (Burton am
ingold, J .C .s, 1928, 904; G. t l l l ia a s ,  ■Steam.rar.So0. i 94i ,

6" -4* I — I -j-
-X—b G — G — 4 — Br— 0r —

+  ' I •
JC— ' G — 0 “ “ "t — B r —

I I  '

 ^  X— — -

Br Br

The view held by sotae workerb0 ^ ,  J.A .C .S. 1935» 21» 

ib id , 1939» 1946) tliat tlj® in it ia l  attack was by negative
halogen m s osmsidered (HUjShes, Trans.Par.Sop. 1941, 763) to  

be based on a aisreprssentg!,tlm  of tfee^tereociieaical data 

(Roberts and Kimball, I 937, 2i» 94?).
46,

This type of reaoticn would be expected to be 

fa c ilita te d  by a polar envlrœxaent. The so lv m ts, even i f  

themselves only s lig h tly  ioai&sd, would eaiagete \^th the 

negatively chained halogen, e .g . in  bromine addition in  w ater, 

tee broeaoîîydroxy derivative m s formed almost exclusively

(Read and Read, J.G .S. 1928, 745 i * and I f  such am ion as nbtrate
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ware present» t e le  add in  prefarenoe to OH (Fraaaois,

J .À .G .S. 1925, ^ ,  2 40 ) .  a io îilarly» 1© te e  presence o f 

raeteyialeohol aotae bromomethoxy derlv&tlvo wm fomaW, (Jaoksm, 
J  * A .0# 0# 1 9 2 6 ,  40  * 2 X0 6 /♦

K lnstie resu lts i s  d lsso e ia tlî^  solvants were 

homogeneous» rwprWuoaable and in sen sitiv e  to o& talysls» e .g . 

Byteei and mmr%am  J .O .S . 1938, 179
m ite  and Kobertsm J«e.-S. 1939,  I509

walker and W sertson J.O .S. 1939,  I 9I 5

In the oaae of halogen additlcsfis, eviq.anoe pointed to an ian io  

meteanimm in  strongly d issoelatin g  solvents» and a two 

stage ©oleeular meohmilsm in  d issoo iatin g  solvents such a@ 
a cetia  acid. f ll l ia t s s , loo* oit.}

In non-dissooiating solvents sucb as oarbm tetra
chloride, the results were much leas x*epro#ieeahie and very 
sensitive to catalysts especially to lig h t (e .g . Sadhorou^ m:)d 
and Thomas, J .G .i, 1910, 915, 245ÛÎ D. M. Killlams aM
1928, 343>

G -  IWropzen halide addltltm*
ID Introduction.
In addition to symmetrical o lé in e s , i t  Is clear that 

there could only be am  product, e .g ,
a i ^  = C«2 +  » r — ^  GMj -  OKgBr.

Stewever, in the case of an unsymaetrical dleflne, there would
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be two a ltem a tiv a s, e .g .

^  CH,.üHÏGH„
CH,..8Hî CĤ  t  HI _  3 3

i  2  Gii OK„GH,^î

The w ell-taete  e n e a ts tlo »  rule of Mark©wîü.koff {smu 1870» 153 ,

256) stated  that in  the addltim  o f a Wl%eaa aoid to  an o lefln e
linkage tee halogœ  Woeme attaolxed to the G-atw carrying

the m aallest naitfl&er ef K-atQBs.

Michaad (B&r. l$o6, 2138) so u # t to gcmaralise m

tee basis of the piAnoipl® o f - mmximm à siîtra lisa tlte ,, seeordlng 

to  # ) lt e  the eleotrone^^ative group of the addendum beosae 

attached to the more jBctropositiva o f the unsaturated atoms.

lîawever, i t  has beooae evident Wmt tM  oxdentatlon 

as well S8 the v e lo e ity  o f reaotiGn (see B) would be affected  

fey the neigteourlng p?oup by reason of te e lr  influenoe upon 

tee electron of the dw ble borkd (U ieas, J.A.C.S* 1934, 4b, 2475; 

1925, 4%, 1459/ and (Ehsfasch' jCbom. iievs. 1298, 5  ̂ 571)» e .g . 
in  a ooKspwnd sute as CîE ® SIF.* either tee polarisation

® C!HE or CHE * CHE would be favoured by tee  groups 

E and S*, e .g . in  aozyllae and vinyl aeetio  acids tee brcaain® 

of # r  added a t tee jî and  ̂ positions resp ectively , owing to 

the e ffe c t of the COD# grw p (teioh  was knote to ijave eleotron  

attracting properties) altecu#t t e l s .would be contrary to  the 

Markmnikoff ru le .

G% « CîiCOOH i- m r—̂  CH^rC%mm 
0%= cm%coom + m r—> cî rcm%GCK)M
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Sxtem al factors su te as mmtim temperature and illum ination  

were a lso  omialdered to plijy a part,

A great many con flictin g  resu lts  ta*o recorded in  tt*e 

litera tu re ooneeming the prosMsts of additioBS to some o ie fin o s.

I n v e s t i g a t i o n s  b y  K h a r a s o K  {J.A.G,ü. 24o8 ( 1 9 3 3 )»

6g.» >097 (1933)) s)id h is oollaborutors uld tsuch to explain th is  
lack of consistency. In & serisa  o f studies o f l^drogan 

halides to d e fin e  ootapounds tîiey H aesvsred the peroxide e ffe c t . 

I t  was discovered during an in vestigation  of tlie additiesi of 

Iffip to  a lly l brtmide. MLs could tcf<e eith er o f two eourses*

^ Q t t , C I B r O a 3 r  (1 )
0% » OHGÜJr + Wr > ^

d 2“ ^aÉ ^rC IlgC î^r (2 )

I f  tee reagents were îxire and fresh ly  prepared, and i f  oi^gen 

was adluded frs»s the reaotite  v e sse l, then (1) took, idaee 

exoluslvcly (Abraham and smith, J .S .S . 1936»l&>5). I f  the 

reaction ooiXirred in  the pi'esenee ef small {y œ tit io s  o f oxygen 

or a peroxide were introduced delib erately  or by using old a lly l  

bromide, tee secm d reactlm  took place almost ^anfeitativeîy»  

This reversal was called  tarn peroxide e ffe c t , and was teservod  

in  additions e f  hydrage» brWida to eteylene d erivatives, 

(^ yo  and « a ilin g , Shea.lsvs. 1940, 2%, 3^)* The effect.^ of 

these peroxides was supposed to arise  out of tee ir  a b ility  to  

in it ia te  teain reaotlm s in  t e l  eh a&oms or free  r a d i# ls  acted 

as chain oarrlers. The so-oalled  solvent e ffe c ts  ted
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inhlM tozy af fo o ts of traoas o f various material a ware feast 

interpreted as a resu lt of th e ir  e ffe c ts  on chain I'eactions. 

(Mayo mid Walling lo o . o it.).

( i l l )  H«e normal addltiw .
ThSf normal additlwi was defined fey Mayo (Chem. 

liavs. 1940, 27» 354) as that t e l  eh took plaoe in  tee #.ae of 
fefdr%8n chlorldo or iodide» slnoe these always gave a single  
prockxot -  teat predioted by Markownikoff's rule. a laage 
nuniier of additions ea n ied  out using hydrogen chloride» 
and in  many oases peroxides were employed with the ofejeet of 
altering the reaction products. Wite very few exceptions 
teey yielded only one product thus su% lyli^ eonvlnolng 
evidence teat t tw  alwegrs added in  the same way.

In a ser ie s  of somat<S}&a Maas and id s associa tes  

studied the a d d itiw  of ifefdro^n dhloridu to d e fin e s  in  the 

absence of solvents (co ffin  and Maas» Gen. J . Bescarch, % ^ 6 , 

(I 930) -  they found that those w hite (as indicated fey tlw  

m elting point curves of tee mixtures) formed 1:1 coaplexcs with 

Imlogon aadds a t low t@#eraWrcs gave asMltien products mare 

ea sily  (around roea tci^icratar®) than te  ose teioh did not form 

ocmplexes» a lso  that Wm additions were costplioatod W  

dim erisatioh reaotions so tea t rate e(ÿm.%lms could not fee 

ostafelisW d, a lso  that excess halogen aMd wte more e ffe c tiv e  

than exoesa elkoae in  aooeleratlng the a d d itite .
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For example» they studied the freezing point 
carves of propylene and ethylene with hydrogen bromide: these
indicated that propylene molecules had a greater attraction for 
l^drogan bromide than had ethylene. They related th is to  

ttis fact t l i a t  propylene ted hydrogen broiaide reacted, chemically 

in  the absence of a catalyst glvi%  Isopropyl bromide. They 

also showed that a side reaction in vo lv ii^  tee formation of 
Imxylbromlde took place. la  k in etic  studies w ite Iwdrogen 
chloride they found that slcd lar reactions oocsirred, giving  

isopropyl «tilorlde (main reaction) and a telorcW xtee (side  
reaction .)

In excess the hydrogen halide acted as a ca ta lyst. 
Best oonfiffflatioa of th is lay in  axperiîâents in  which mixtures 

of hydrogen b rw id e, hydrogen teloride and pn%yl@ne in  equi- 

molejBoiar proportions were allowed to readt at At that
temperature hydrc^en ehlojd.da did act react at ary measurable ex
tent in an eguimolecular mixture; . therefore %-ur%an shlorj.de 

could be looked upon as a dilumat. Nevertheless the reaction  
rate was far greater tea» for tee hydrogen bromide peoiylene 

SHistujpss in  e^jimoleelLar proportions and nearly equal to that 
when hydrogen braside was in  excess * In oteer Ysjrds, lydrc^en 

teiorid s acted as a catalyst in  %tm reaction, (Maas, J .A .C .S .,
47 CI925) aS83; 46 (1924) 2664) .

Kinetic investigations in  in ert solvmats indicated  
teat tec reaction was la% ely of an order Mgher than eccmd
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(Mayo, J*A*OeS* > 6 1 , ( 1 9 ) 9 ) ) ,  Aooordlng to Mayo,
meohmxm in  wfiloh the proton of the halogen, ad d  cooame 

attached to one of the double bond C-atoms leaving the other 
as a positive earbonlum ion hW to he regarded m  mt over- 
sim p lifloatl on,

A amohanlem aoiisidered hy Maas md làa sssaolstes 
(Can, J, Research, _2 , 267, 1930) tliat the réaction occurred 
W t m m  h a lo g e n  a o i d  'a n d  i ia l s ^ e n  a o ld -a lk m n e  e m p le m m  (Mayo 

wd Waning# Ghem# Hotsv, 1'940$ 27# 35^)* Sudb a amdmnlem 
would escplaln why the rate depended more on the halogen acid 
than on the alkene c<m0mt:mtloim (Coffin and #&a$# Can# J# 
Research# ^  $26, 1930; Hdl#ir and Mms# Gan, J, msearoh#

1%, 453 (1930); MafeS and m o sly , J . A. G, S. g ,  2883 (1925))•

Beoaas© tbs oerigâ.0xes would b© expected t® tee 

le ss  stable at higher tes^eratures, the negative tsmpemture 
eoeffioiaata a ©me times observed ea-’ld  be aeeoantsd fa s,

The effects of m ta l catalysts were oomidered 

consistent -wite te ls  meteanlw; (May© and fa llin g  lo c .o it .)  e .g , 
anivdîfous fe r t lc  and alœainluæ telorid©» were the most powerftol 
known accelerators for the addition of ttfdrogte halla.es, they 
affsoied  only the rate and not tee produets of tte  reaotion. 
% elr reaction could be la  replacdng one molemle of tiic halc^an 

aeid-alkene complex or, combining s i t e  tee halogen *^4»  

t)«yœight activate tw  proton so that tec la tte r  coiad more 

easily  form complexes with alkCYtes.
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K.B. Halogen ad d s and metal h&lides are a ll adds in  the 

liSwis sense -  see seotlon J.Ï.B.

S B O fl:»  I I .

Th» Hole of tee Catalyst

A -  file . FAedel-Grafta iceaotlon.
In the catalysed addition of lQrdr%#n chloride 

to styrsns, soae i l# ] t  m l#it W Wwown on Wm role of tfc© 

eatalyst by ineltidxng In tins pKJiiminary diecussicn sime accoimt 
of the Friedel-Crafts réaction -  a term telcto Im used, in  i t s  

TKldeat sense, to. oover a variety of diffw%nt reactions developed 

ïy  0. Friodel and J . Grafts In 1877 in  the alkylation mid 
a b la tio n  of benzene.

Since then a great dead of work has hmn done in  
attempts to interpret the role of the metal halide in  tîis&e 

reactions,

The view that sm e kind of double impound was f  onaed 

between the metal halide eatalyst -and one or ether of the 
reactants as a f ir s t  step in  tîje reaction has Lean M id for a 
long time.

fcrrier (Gcmp. Bend, 1893, life, 12# j  and Boesekin 
(iiao, f»av. Cfciis. l^Xit 1̂ » 19) isolated caystallim  compounds 
of aliminlcm ddoride with a wide variety of acid ^ilorides



frail soluticHia of oarlion dlsulpixLae. Hewêver» tee fsot* that 
sow Friodel-Cr&t'ts réactions e#.M bo earrieci owt with le ss  
tl#a  ajcleeulaï* pi'oportlow  of elimlnlum chloride le a  Baos©.kln 
(iee . îx'av. Chita. 1904» ĝ » to modify te ls v iw . Fa** from 
toeing essentiel in the reaetio», In eases #iere the om#lex 
between tee alkyl imllde and metal eatalyst was ocsiparatively 
stable, ttere was no réaction* le  su^ested teat i t  should 
toe ra|Af«sed % a oatalytlo lypothesis in  #iich  the aiolecules 
■were activated W  the oatalyst and reactim, took place between 
these activated taoleoolas. Later, he suggested that the action 
of aluminium chloride ©n tM sioleoulee was exerted where tee 
BiolecsAlo was weakest (Heo. Trav. Chlas. 1910, 29. 15).

fham is  now good evidence to show tliàt, in  tia» 
case of alkylations and acylations using met&I halides and 

organic lialM es, an in it ia l step in  the reaction ie  tee trans
itio n  of tea mainly covalent eaftion-haloge© bond of the alkyl 

halide to an ion ic  bond (^aâïbrotM r, Trans. Far* Soo. 1941,

2i2» 7 6 3 ) .

A. new aspect of tee Intcrmadlata eofüpcwnd tWory 

was given by Maervoin (ten . XWÎ» 455» SS?7) . teo regarded the 

complexes which wer® formed as coofdiristion ocmtKxmds oontainir^ 
the oœnplex anion j^lGl^ ~ , thus

< ^ e O G l 4- A lc a ^  ------> (GHjCO)" +
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voulû, in  oonveralcn frvm & ooval juL ow.rüUîr

chloriae bone In to  an Ionia boW*

BodendorT and Bobm (#m# 19)$# 516» 1 ) auppoaed sam 
ioxm of complex between phegylethyl ohloride and metal dhlozddes
G.g* âlCl^f sbClj, &oCl  ̂ and SnCl ,̂ î hieh oaimed a
loosening of the oarbon-h&lQgen bond in tlie chloride and event
ually ionisation, to aooount for the raomdsatlon of optically  
active o<rphenyl ethyl ohiorida in the presence of these 
catalysts. Their a^qplanatlon could bo summarlaad:

B-oi + m l  ineGi ^

;^ = ± ; H'*' 4- [ mqG I^  ,

vfihOT̂ti B was an alkyl group and Me was the metal.

FurWwr axparimcntel support of the breaking of the 

0'~halogen bond made use of altKiinium chloride in  wM.dh part of 

the chlorine atoms were unstable laotopea, 1*8, rad loaetive . 

(F^&lrbrother, 19)7# î^))* If  m  in it ia l  step  in  the reaction  
involved t t e  formation of a coordination compound between 

the cz^ganlo chloride and aluminium chloride in  mbleh the organic 

crdorlne atoms le f t  # e  G- t̂oms em pleW ly to  enter & complex 

aalon j  then a l l  the chlorine atmm concerned in  the
reaction  would have un equal ch&moe of escaping as hydrogen 

ch loride, and a complete InterWaunge between the active and 
in ac tiv e  chlorine atoms wo?iid take p lace, m  interchange of 
th is kind was found experimentally (Falrbrother lo o , a it .)



H« aleo s’iOTived that «1 imtsrohange of cliloriria atoms took 
p la c e  toetvseeri acetyl cî-doriclo arid alusaiïîlAim 
CĤ COCl 4- AlCl^— )■ In the absence ©f mw
third reactant or the evc.ioit.ion of hyâr%sn cffilorlde. Further 
expeslmmhs m th pairs of Q-rgam:e and inorfanie bromides proved, 
that the ease of excliaĵ ŝ of redlaactlye brssatiie was eloeely 
parallel to the reactivity In Friedel-Crafte s^ithesis 
1941, 293).

i t  was not necessary toat the equilibria® oonoentratSao 
af %ha oartooffliuffl ioiM aetai complex ion pair should be large for  

a eoaplete radioactive ^xotrji^e to take place. In fa c t, i f  

a large oonc^tratlon of oaTboaiu® ion %re fonaed, tW re wcsild 

be decomposition with tee lib eratlo»  o f Use hydrogen halide 

and formation of the o le fim . This was observed in  oei'tain oases, 
notably with t^ t-b u ty l broKtde and aliaainlais» bromide aai i t  
has long been immm teat the aatd.cn of aluminlmo chloride on 

aliphatlo telorld es ^ave n sa  to d e f in e s , e .g . (Kereg, Ann.

188$, 231 « 306) . From a consideration of the vafious energy 
ex®hû!S3®0» involved in  a reaction sute as

2MT + AlgBr^^=^ 2E*" 4 ajAlBr^** i t  apiseared that the ionisation  
of Wie organio bromide ly  tlie inorganic bromide tatp-ht often  

be an endothermie prooess (Pairbrother, J.G .8. 1941, 293).
This Was bome out by tee low oonduotivitics of such solutions 

(e .g . Wohl̂ 'wertypsrocto, Ber. 1931, 64 , I 357, 13&9) wMoh 

indicated a siaall equilibrium concentration of free i« is .
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However, i t  wwa possible that a 
ouncsntraoion of unoissooiutod iaa pairs was present, as 
indicated by the low aleleotrie constants of seme of the 
fiolutisM. Fairbrother performed preiirainary experiments m  the 
dielectric polarisatoiilty of sucli solutions ani the results 
indicated that, for e%w%ile, sluminlta brmlde in qyclohexane 
solution forŝ ad a highly polar complex with ethyl bromide 
(Fairbrotiier, d.G.S. 1941, 293).

Tlis question then srose of tl»  role at' tee i^dro- 
eaxuon in these alkylations.

Early investigatoi», tima Fm&del and
Grafts (Goapt. R%nd. 100, 692 (188$) supposed tW existence 
of an addition compound between Ijydro^ t̂fbm and tee metal 
halide as intermediate

0 6 %  +  s i e i ^ —>  o ^ i y i c a g  4  H d

O^MgAlGlg 4  m i  — 4  M G l^

Gustavs cm (d. Prakt.Ghaa. 2 209, 190$; cl aimed to have
isolated attiitioa ccaapounda of aluminium chloride with arom%tio 
%drocarbons, However, detailed study of the free&ing point 
diagrams of a»ixtui*es of aluminium teraaide with benzene, toluene 
and p-xylene showed that addition eomrjounels of tee comimsitlcm 
which Gustavsen ascribed to teem were not formed (Mensteutkln,
Ohm. Abstracts 25I 6 , 1 9 ^ } . However, i t  sem s gerjerally 

believed that arm atie ly^drooazbons do form ootsplcxes with

alrroiniuB h s lld e s , e,g» îfo ffi»  md BabinstMn ÆftlfflSé hâve
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iso lated  an o ily  complex em p ositlm  of tttîieh approximated 

to Al^S‘£O0^CSy ftodr fosmd that those osx^exes ware net 
found in  tee absence of l^rdrogen brond.de Cd.A»G*S. 1939# &# Hb?) 

{ îîi^ tisg a lé  ChemJ^vs. 1939# 21# 347).

In an attempt to answer amy of tee questions wixish 

arose «ertyporoeh (Bar* 1337 (1931 ,̂ Am;#300# 3S? (1933)»
2. Pblslk Che®. A.lfc2, 39S (1932/) and liis  assooiatss used 
conductivity measurements In m  extensive study of tee system 

hydrocarbon-metal h a lid e-a lly l halide and conal'uded tlm t the 

Friadel-Crafts reaotl* . was dependent an tee foseiatim  of an 

ionised terimry oasplex betwem tee alkyl halide, metal halide 

and hydrocarbon.

AGcsrdtng to Price (J .a.C .S. 1938» Éâ» 2499/ tee
ïE*̂  released thus -  

RmiOl E* 4 (XAlQlj)" ^

could oooi’M m ts with a pair of eleotrons in  the bensens ring -

R' -  n  — > ' ^ -  H'
HX/ 'X /

H 4 XCAlCa ) -  >HX 4 AlCl,
3

There I s , however, no one theory aùe#Latcly to explain a ll the 

different aspects of the alkylsldons.
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B -  Oleflnes aad Aoid CataXysts.

I t  saeas established that ostalyets of the fr ie d sl 
crafts type form complexes tvlth unsaturatod hydrooaibons*

Confimatlon of tM s was fouM In i t s  use as basis 

for an exglanatlm  o f tte  observed cis~tram  la m er lsa tim  of 
tmsysafjtrioal ol@ flnes.in the presence of these ca ta ly sts, 
e .g . in  the action of boron triflu orid e or eds-stilbena (price 

and M eistsr, d .A .C .S .^ , $93 (1939) and for other fr ied e l. Crafts 

catalysts acting <m dimethyl tsaluate (G ilbert, iirkevieh  and 

W allis, ë.Qsg. Chem. 3, %6 (1939))

B - e - H  B - C - H  R ~C ~ H
4  à  ^  1 = ±  I I  +  A

B - O - H  1 - C  A H- G - m

Soati reactions of the olefljaas themselves could be 

accounted for on tfc® basis of te ls  eoratdex foras^tien. I t  was 

assumed by Hunter and Yohe {J.A.G.S. 52? 1S48» 1933) te  
account for the polymezls&tion o f aoetylem , etî/ylene ami 
ieteutylcne in  tee presmce of aluminium chlsride. I t  could 

also explain i t s  use in  alkylations, e .g . of ben&mc uoirg 
alisalalua telorlde (B ull. so®. Ghim. 2 .939. (I879t
Price and Giskowski, d,A.C.S, 2499,(1938)).

Rvldance has td t̂ed (huaer^',Ohara, Bev. 2%, $47, 
1940} to show that fr ied el Grafts cata lysts wore adds (asocrdirg 

to Lewises theory white defines an acid as a substance oai%M,e

mailto:ol@flnes.in
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o f  accepting a pair of electrons frtm a base (L8Wie4 R%»kwv 

liUderi and Zufi'aati! ” iso tron ie theory of a d d  md base®*) 
also tho deable boW is  oharaeterised by i t s  sb ility  to imdargo 

simple a«Mltion (section  l)» th©i«fox*e i t  wœild be exgiooted that 
i’eagsnts of an 'aci<üc* tyi/e would readily attack the double 
h<mà giving aa active Intem ediate. This , ia  'the case of 

alkylations (e .g . o f beaaene) would associate with m  electron  

pair from the aromatic nucleus. The fin a l step w uld be tee  

elim ination of the cata lyst by ario -̂'(' s h ift  of a proton ( ir ie s ,  

<te@a. aevB. 1941 (g ji 37i*

ïîince the a ctiv ity  of the ooiaiae® Friedel-Grafts 
oa t^ y sts was eoRSidered to toe da® to  th e ir  acid ic te®r»eter, 

then i t  ffll^it be K:%ected that hydrogen a#da could also catalyse  
sute reactions. .

hydrogen flu oride, jdiosphorlc ; add. aœi @ul#mrl0 
adds have in  fa c t been established as Catalysts in  sim ilar 
reactions (Simtms aid Archer, J.A.C.S. ^  2953,  193e ) . Also 

stannic chloride and sulphuric add have c®»parable action as 
dimérisation cata lysts (S ectiœ  III) (o f. a lso  the researcW s 
of Maas and his associates ~ Seeticm I ) .
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SKCfîOM III

fr -  Polymer i sa tion  and F rM el-ü rafts  OataXysts.

In til© pres ©nee of catalysts of the Friedel-crafts
type styrene was found to polymerise to form polymers of h i# i
ffloleoular weight of the oi'der lOCs-i-̂ OGO. {Staudlnger j^ l©

>)
Hotemoleteilaren 3%anisoWn Verblndungsn, B erlin, 1932, p .l$ 9 ). 

Williams studied the WLnetioa of the polyansrisatioa of styr-m© in  

the {«"©sence of such eatalysts isœî foaiîd the rate approxiiaateiy 

proportional to  the te ta ly st oœaeïitî‘atiôn(dd.4l938, 24&;

•rm^Ao, 775)*

Polymerisation ur«Ier tiisse oondltdons ;ai#it involve 

a pdar teal» meohanima in lldated  by the m m iA m  'of tW cata lyst 
with the monomer s c le o iie  (Williams lee* e i t ,  ) fhe ixitalysta  

•were, in  general, a lso  effectiv e  ca ta ly sts for the fs te d e l-  

Grafts type of amactlon which depended m the W.eotrm-acc©ptl3%
• V -

nature of the cata lyst (P riw , Oiem. Seve. 25 , >7 , 1941)
(see sectlm  I I ) .

I ; . *  ̂ ;  ,

In carbon tetr& telcrlda sd u tio a , in  Wm presence 
of stannic chloride, s^ r œ e  polymerises to form polpi^rs of 

molecular «eight 1300-3000 (tillia m s, lo c . d t*  / However, in  

tee presence of a trace of hydrogen te lo r id e , te ls  Im g chain 
polymerisation wm temporarily but ecsspletely inh ib ited , hydri^n  

QidorMe being consumed t e lle  i t  acted as an inh ib itor. ihen 

a oontlnuoug »u®fpiy af hydrogm eiilorlde was led  in to a carbon 

tetrachloride solution  a f styrene and stamido teloride teere
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•ms m  Img etesin polysaerisatioai imteed 
te len d e, dlstyr@B@ and abert @W.n polymers were fom #d . The 

l& tw r were fwawdin Inc^melmg #@ portiom m  tee 

stym ie em oenW atlm  was Inom&eed ( N ll l l* # , J.G .o, lf38# I04â)* 

the oomblimd om W ytia aoldon a f hyarogon teierld e # A  stamnie 

ohleadLde in  oa^ m  W W atelerid# rmamMed tee % W ym o &@ti% 

o f aqueous su lp W zle or Jhraroet'ddrie aoid s In  £orte.i^. æ l l  

polymere anior (M « l and asmviri, G®»* d . B»i4,-255,2'67,lt5bJ

X» eonaeetdm  wdte Wm and nowwrnlsm

of f-mste of tee Im  styrms polymm It i$ of interest to give 
& brief mmm% of pfovlais work m  wwtenew #  tes smw type- 
«iS,eSi fom low poajwens % similmr mitewa.

A t e s t a »  o f te e  leom etee foBW #f^ d l#w #rl c tey lm e  f i r s t

p re^ red  I f  Lsbedev (S er . 2M9* l9 3 ) i  ly  d lpW n fl

ethylene m te  eœ em tea ted  8 t e # a r ie  meld or l\* ller*s s s f t e .

'a»© a n s e t w & t t e  d im e r  (m*p# 113®} f i r s t  ^ e g s r W  

by m id te r w d , vma sisows bebedte ( lo o . te .U ) t© fee 1 ,1 ,3 3  

te te * # im y l - t e t - l - » * ,  fh is  wa® mmÆismû by # # lm #  end 

Beilpaas, (Ann* 4 é3 , 233 (1308 ) } .
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Hi Ph
I . 1

Hi '—  2 , ' ‘ • Î4» —  Q —  GH«
I I  I >
C H —  G =  c —m
% I2 m

fo im tio fi of tM s oouM be explained by assutei^ tea t two 

molecules of diphenyl eteyiene ostaMued under the Influences 

of sute oatelyste as su lp terlo  acid , iW ime, stannic te lorid e  

to give an unstsble inteitaedlate 1 , 1 ,4 4 , tetraphenyl cydcW tmne. 

T his, however, could not b® sines i t  appeared from tes work 

of S teitek  anù Bergm&nn (Ann. 40$» 7,1926} te» t tliis  eoapouad,
f-

(«aie by tee action of weroiiy on 1;4  dlsadiua 1 ,1 ,44  te tra -  

phenylWtene} rwvertau to iiiiJseriyletby'iono.

A saturated dimer was found Sîseœg the reaetis®  

pro&iots in  liSbedev’s or%lmal p rép arât!» , le  ocnaluded teat 

tM s compouM was tetseaphenÿloyeXobutaï», since i t  did not 

add brcciine nor react with ozone, and I’s&ve only Wnaagbenmw 

(m ox id atite .

+̂>e soWO^dcimtf pro#qb ve%f sttelfe to oxidatian (Bergaann
j

and fe is s , Am. 480,49) but by carefu lly  r ^ ila t ia g  tee ooadltiona
I

of oxidation {gohoepfle ate Byan, J .a.C .S. 1930, 4021) a 40^ |
' I

y ie ld  of omds oxidaticsi products could be obtained. Amoeg the I 

many oxidation products o-dibenaoyl benzene mid benaoiphenone
I

were iso la ted . Only the structure 1 ,1 ,3 , trl#ienyl-3-m etliyl j 
hydzdndene could g ive these products on oxidation and could 

be forufôd ïay asarrarneramt of 1 ,1 ,33  tctraphanyl~but-l~®ae white I
I.

haA been effeeteâ  by LeWdev#
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Bergaann anâ s..‘Isa (lo c . a it .)  sp ithssiasû  th is  

fcyclrlriucB©. They treated l ; l  d lp h er% 'Ih y ir l(p rsp ta red . 

by inbrs*aoloul;ti‘ Friodel cr&its r sactiCR ÎT'jæ trlphe#"! 

px':>t'>ioMc aoM , ïfitth (te'Wsium braaiie «i viijg

1 ,1 ,3  tilpiioni; l-p-'hydscr^y l^?ir3,j:.dsne, the S/ructwo of t e l  oh 

hfj,i liecfi ©stuh.iahod. ‘ïriiS vms oonvcrted to the mo'tliylether 

witli -•.stliyl mad m et^ iio  potÈASiao. -a i I’:.® laoteyl other
î>;ï*æi|:* r-opl-voe-il by soilu-n with eodiiia i'yad soiliats unethylat® 

which '.'£.85 th'»î.: oôn'v'orted ta the roqulred oo»i;oarid with aetîsyl 
io ild e .

— -c(Sh)g m i  s (H i ) 2
 — ^

U A  ^ C C ' oA /  ''**2
GÜ

/  ÜWg

îîi Oh

2

h OĤ

Qhoepfle m d  # m  synthesised i t  independently (loe.eiW  by

sddh% anhydrous stannic telorid® to a bmagcne solution  methyl- 

dipfasï^lteiiorœaethane (obtained by the action o f dfy hydrogen 

chloride m  tee earbinol) and a llce in g  the mixture to üimiû 

at room temperature for one week.,

f i l t h  roiersnoe to tee fa c t that tetrajiionyl butane 

could be rearranged to tee hydrindena by coacestrated aulpîsirî



aoiâ at room temperature* i t  waa Wmtntbe former

Was an Intam ocüate step  in  the la tter»  îWargmann asM Weiss 

suggested that the rearrm^emunt of the uhsatorated ilm er would 

ocaslst in  the addition of aolpm ria mold to the dmble bond 

and the subsequent reimvai e f the aoid to toma a stab le f iv e -  

membered ring* The unsatarated dimer oould also be rearranged 

by means of stannic eWoride provided that hydrodhlorlo a d d  w%@ 

present# ■ Hkphenyl ethylene in  Wnsene solution  under the 

infiuenoe of st&nnlo aMcrlde polymerised almost exclu sively  

to the saturated dimer* while In tW presence of hydrodhilorlc 

a d d , the om aturatod Isomer was formed® these resu lts  

apparently favour m  InWrmWlaW oompouM formed % W%e addition  

of hydrogen eh lodde to the wisaturated dimer, but there i s  

SOTO evidence # ilc h  points- to  a d ifferen t when stw m lc
chloride Is ua#d*

i u x s i ^ m L m s m .  (c4«5C(3%) * 2%)
Tiffeneau (,um* Shim. Hiys. 10, 1$8 , 1906)- obtained: a satuj?afe«i 
dliaeT (a.gi. $2%) toy tee action of heat on tee mmmer In tee 
presencs of eoneenteated sulpîEii’io acid or stennic chloride.

th is «as eu #c$^  toy ffeuidiî ei* and Breute
(B.to4, 442, 19&to) to toe a eyolto*-to«tene derivative 

— Otk
Pto - f

0% •* c (m )
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A liq u id  unsstemteid dimer ■«as attained polyaerisxK® Im tee 

preaenee of phosphoric ad d  {*laga«» B-19Ci2 » 51# 2639} or 
Fuller*$ earth (tebedev, B .^ ,6 6 , 192$). F inally in  t w  

presence of stannic chloride or boron td te lo r ld e  unsaterated 

together v ite  sos» saturated dimer and small amxmta o f trimar 

were formmd. sta u d is^ r  and Breach diaauesed tee jiossible  

fortBulae (B. 64, 442, 1929/ and favoured (2 ).

(1) (Gi'k) « on -  m  -  CH

^ ‘Ifx
(£j  G^OH(CSij) -  GH »

HoKOver, i t  was le .ter oon elw lv^ y proved (Berg»cjri, Twbadel 

end ;etss,^4.931 , c4, 1493) tea t the structure of tea unmaturated 

dimer prepared by Tiffeneau had the structux’c

06% ^^ 0  « GH— G
/  %  . J

0«g J

(o f. dimers of d lteer^ l «thf/lenea).

ACstophenono and

GElj—0 — QW were foiarkl amend tee products of oaonlsation. îhoy
oil/

also effected  a sy a th esis.

The f ir s t  step  In the ateerlBatic® , as In the came 

of diphenyl eteylene was the formation of tW unsaturated dimer.
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fîH
^ C = a  cdOvvE ^ #6 .y' <!**»»« W...|HH-.-^

0Ĥ
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jg-pimiyl isovaiaï.*io aoM

f —
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m

" '" d À  / X — p(OH^)j
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(Iv ) ülaWrëme. Liquid, cüstyraiî© was f ir s t  

prepared W  Brlsamay^r (jjmi.lBég, IJp» 122} by tW aotiaa of 

heat and ooaeentratsct sulpiati'ic acdd on styrem  at l%o2$ fo r  

several heurs. F ittdg and Fjrdtsann (Ann. IIMO* 2 l6 , 179 } pres»a:red 

a si« jiiar eompoond by b o illi^  cinnaüslo s.si.d w i#  ^3# stilpburie 

aold .

Both these eompounus gave dibroaldes ta.p.lOS®

(Stebb® aatï fosm jak, jam. 271, 287)» a lso  t^iey iso la ted  bensoio  

aoid ssaoï^ «Md-oation prom ots, and tw s  assrioed stroeture (1) 

to i t .

-  CH « Cd! ' (1)

Q̂ M̂ ~ m  -  üü^

Tiysÿ alae elucidated  # ie stm oture o f a qyrsta llih e übrcfâide 

o r ig in a lly  prepared W  & # .e r  m d W is t  (Ann. 2gb, 4* 1@7^)

Ĝ Ĥ CH «  GH -

In some oases, djring the prejsiration of dibrsmM es, 

tl® unexpected eliaiinatlon  o f hydrogen bromide was observed»

This sîi^jested the presence of a distyrene of d i.ff8rm t etruoture 

(steomer and geota, Bar. 1926, 2, 2331)* Oxidation, however, 

s t i l l  yielded bensoio a d d .

fisey suggested an a ltern ative

mcMg -  GH = G -  (By (a )

m
This trfiey ^ynWiesised f r «  b en ^ l acetone aodma<3nesî n>-br<̂ <̂̂ -̂  j



B lsty r e m  {2j ooald  be prepared Sum (1 j %  the  

prolergetl a c tio n  o f heat and d ilu W  su lp b u rle a c id , so i t s  

prooanee in  th e o r l^ m l  speelEmiB o f d iety ren e wti» a ttr lW te d  

to  the p ras#!ce o f âuliàiux'io u eld  in  the rocw jon ts.

îure (2) gave no dlbroaides W t atroï^ ly  ©volved 

hydrogen bromide on broalnation. steomer and hoote (lo c» c it* )  

claimed to  have Iso la ted  aoetphenm® and gWaüiyl aoetaldehyde 

ssaong the pro#.wts of osonisaticn  tW s # o lr  stra eto re ,

Stm dlngor and SteAhheffer ,y^) iso la te d

another distyrejse saorïg the deeom posltim  prom ets of pdlystyr^ie  

in  vacuum. Again th is wae eontaaiiaatsd with a saturated isom er, 

ani indicated by titr a tio n  with brosaii®. Tii&ÿ could not W 

sepâï'ated by d istiil& td o a , but '^mu the mixture «as iiOlymerised, 

the unaatfurated only went to  oi-sai» ijolymors, #<d the 

Saturated could be iso la ted  by d is tilla tio n *  Shay auggeated 

the atiucture 1 ; )»di#ienyiprG^wm ana ©m raoterised i t  by a 

haxanitro d eriva tive .

o x id a tio n  o f th e ir  ««saturated  d istyrsn a  y ie ld e d  

*-pliS£^l pi’optiophenone Ph J

PhCKg -  CÎÎ2 ~ GO 
fime provli'jg the stru ctu res o f the hydroeai’bon.

f

The p ro p erties and e® .stitu ticra  o f these d ia tyren es  

V%r@ la ^ er stu d ied  by B ia i and ûaavin ( Gem,J, m sea r i^  1934,

B .1 4 , 255) • The d isty ren e  o f F lt t t g  and. Exùeamsi contained
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yÿf. o f a saturated fons. iS'ie stuBo coapound resu lted  from th®

aotdon of M at and sulpburio acid oîi the unsatuK.tad dimer.

'(Steomar and Koota |o&.oi) 'i?o t'nis they asorl'bod the fa' ^aula

j-i^h&ïwX hydi'indene, Py miaiogy wltn tl:; i-æosn st-rueture» o f t*lm

Buturatod dimars of aethyi atyrsns.

CH CH /
3

( Iv  ) fx à a ty ro a e. “t a d ü ^ e r  m̂ d ctci..r iio ffsr

(Æ î-!>I.7»35> iso la te d  triatyrone frea  the products of the 

csaposition  of j/oiystyrone in  yaaautaj the yioXds depended oa 

the tamperaturoB aa& pressures m p io /ea . The prodacfe was 

partly s&W.%W4, a£id t iw  tuggewtoo. id s fo im la s  below fo r  the

v% Ü -  C% -  GH -  C% “ OÎ2 ( i  i 
fb  Pb ih

-  ca_ -  ÜH -  GH_ -  v!L 12;I < d j  ̂ I c
ph, m

umaturated. and saturated products % spastlvely . ' They found i t  

Impossihie to g et pure unaaturated tr:lstyi*ciiQ thoi#x i t  was 

formed in  iarg-;e cÿJ&ntlties as a ocmotant b o ilin g  .mixture with 

the saturated form. I t s  struotor® was, however, proved by 

iso la tin g  m il  d e flw d  oxidatim  produots.
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satum ted part was» however, jwre

since the issmaturated could be r«aoirad by polyaeriaatdc©.

StruoWre (2) was not p erfectly  eonflm ed but I ts  
sKdecular and b o lll%  point ^ r e e d  with the sy n d e tic

1»3»3 trl#mEylp@ntane.
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A Tkt& reaetloB ip'oduots 
B -  Kine îd  es

'Ï.

-■ri



m w tlom  Fgoâaafes -

Î ure comacroial styrene mWWliaed with c|aim4 

mm  r@ #stlU@ 4 W fera  m@. # »  s t s m ia  mm  obtained

from o&rly fm o tlm #  to te»  o f f  during th e  (In  vwauo)

o f  aW m do «hlosEls» pmpmæmû from tha m d  atiloriîMJ (so® Wmsft> II,B  

In la te r  exporlm ants pur® oo% ;wr##l styn m » ( 4 r iM  w ith  

#w  used. #1® ro sa tlm  was #aaiw# mrWm Wtraghlorld®*

ulstyrmw s w  miM  im # m # t y  fo r  d#tofW .ia;#lm o f oondiMons 

o f Isom orls& tlm  % #®  method -aseii W  a i s l  a es  dsmdm (G*m, 

d . toaearofe# 1 9 :^ , l .M ,  22% 2 # %

#  s^yrwm wore rofluxod fo r  # bm m  #!#& 

ofmomtrmted #ui#Kud.@ acdd (3# @#*j s#m mt@r(4@ gm*) la  tW  

psmm-mim o f perotiS' pot. '&# pJodaots w m  eatrasted

m l#  (Wbm wtr&ehlorlde* mahM w llh sod lm  earbm&t® m d  

fla sd ly  m l#  «atar# drlM  over Whydrow sodlua suipW t# @g)d 

d is t il le d  in  vamnm. # e  pmpBd^a&lws gave @2# y ie ld s o f 

tU styrene, 6?-79# ua@&Wr«d#@d, from #i<sh ttee dlbrm W e was 

p r a ise d  (in  an etio  a^d.)# a mix tare o f l ê  g* o f %# dlbrmxide 

wkHi 6 g* of zinc dust la  aW dW e aledbol was refluxW  for  

I f  hours. # s  pro#*ot was f llto r sd  sad # »  WLk af the ^WWL 

d is t il le d  o f f  £Tm  Ww f i l t r a te . 'i’h® r®sidae «as pmwewd Into  

Water sad W# dimtf rone eatmwtW  -witli ettear* flsie .gar® to  

7 ^  y ie ld  o f d istyrén e, -  IGK  ̂ «asafeirated*
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Apr-aratus, The r-saotiion was otsrriacl out in  a roonu bottaaed  

fla sk  f it te d  with In le t and e x it tubes fo r  î^drochlorio aoid  

and raaintalned at 20- 23®• Several experiîaents carried

out a t tlj® tftape ratal's of boilii%  oi&rboii te tradhloride. The 

apparatus than Included a reflux condenser.

ProoetàirNÿ, fhe reactions wai*e carried w t  by ieadiîig' a stream 

of dry hydrogen chloride thrcu^  so lu tion s of styrene (10 -  30 g .. 

and stnnnio chloride in  carbon tetraclilorld e. alttsi the styrene 

concentration had been reduced almos t  to  zero the reaotlma 

products were washed ttes® tiaea w ith water, dried over anhydrous 

soditim s u lf a t e  overnight and fin a lly  f ilte r e d  in to  a dlstllli% %  

fla sk . %e bulk of # e  solvent was d is t il le d  o ff under reduced 

pressure mû  the residue transferred to a small Olalsen fla sk  

and separated in to  fraction s by d is t il la t io n  under reduced 

pressure. a sim ilar a e# o d  was employed to  determine any further 

Interaction of the reaction p ro ^ o ts. la  th is  case tl® reaction  

was allmmd to run fo r  1 - 2  hours, {see tab les 2 , 3» 4 , p ir t III)

Structure and Physical p row rtics o f the Pro&tct#.

1 st graotioat a lleged  (/-phenylethylchiciide -  was & colourless  

mobile liq u id  -  b .p . # - 8 # l 6  m ;., ?3-7# /21  m * , 8 8 ^ 2 3  mg.
(o f. #111 im ® , d .C .S . 193@, 1046), I t  was p ir lfleci W

with potassiiaa oarboKiate and ^d .stilled  freo  a small quantity o f

anhyptoeiis potassium carbonate. (Founds C» 68*2; H* 64;

Gig, 23. 3. Theoreticals 0, 68.3; H, 64; Gig* 25. 3}
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I f  the fôrsî. fcpaeticjïi wore, in  fact» (X paaw l 

eth yloh lon d c, Uien treatment witK sœ üua woiid y ie ld  2 i3  

diÿhenyl butane, (d tt . Bar. 6 l ,  ;̂142,-

-  Qih ■ e A C S  -  OR,
 ̂ + “ ^1  ̂ + a w i

c^f^esoi -  üîi^

7 g . o f fresh ly  d is t il le d  o^-pWnyl eth yl (Ailorlde, 25 g« sodiuza 

wire and go ad. soaium dried ether were amintainod at shout 

20® for 5 days. iktrtrig th is  tjwm the sodium wire gradually 

ilia in tegrated , givii%  place to a b lu ish  black deposit. A&er 

the f if t h  day the ethereal seluldsm «as f ilte r e d  and # e  

solvent removed under vacuum, leavii%  a  # i i t e  so lid : y ie ld  

73#. A m a ll quantity of liq u id  was mixed « 1 #  # e  product; 

tiiis  proved to be a liq u id  isœær» (S o r .fii, 2142) so lid

was reorysta iised  frm  alodhoi (m.p, 125-124'^; theorefeioal 

124^125®) (A nalysis: found -  G,91.40j H,S.55i th eoretica l -
Ü

C, 91 #59; H» e . b l) The ll<jaid isoapr was d is t il le d  ai»i analayse 

(fm nd -  G, 91. T9; H .s.d 2).

The distyrene had Greedy been id en tified  {Qm-fn 
WilliM®, J.G .S. 1938, 104Ô) as tiie one prepaxed by zirlensseyer 

(Am. I865, 12^, 122), by m tt ig  anti Brdmmn (ib id , 1883, 316. 

179)» by atoomsr and Roots (Ber. 1928, (1 , 2330) a%«l by Rial 

and Gwvin (Gan. J# Res. 1936, B.14, 253) . Stebbe and 

Posnjsh (Am. I 909, 371. 287) proved i t  to be l ; 3:dlpitenyl- 

but-l-ene.



I t was a eo lcu iie ss  mobile liq u id  (b .p .l73-174^0/ 

i è  iaa., 135- 137®^/ 1 mm.; oiyosoopio moloculio' weight 2v7«0 -  

tfeeoreiSeal ZW.O. Found G» 92.1; M.7. 9; ealouiated for

^16^ 0^* 92. 3» H,7»7#)* %e d istyrene generally contained 
a detsota&le traea a£ halogen, d if f ic u lt  to remove by d i s t i l l 

ation , or by washing w i#  water or s ilv e r  n itra te  so lu tion .

The dlbromlde (px’epared in  a cetic  acid  so la tio n )  

was i’ecy ra ts llised  from alcohol -  m.p, i02®S* i^ c iy s ta llls ln g  

fr«Ka ether -  petrol sum ether m ixture, p la tes  f ir s t  separated 

Tîfel# af ter tw ice o r y s ta llis ii^  gave m.p. 129- 1^ % .

(Found -  Br, 43 .I » , W .culatW  for ^ i# i# %  Br, 43. 4# ) .

In the second fra c tio n , both i la t e  and needle-shaped o ry ste ls  

m ra v is ib le , the needles were m echanically separated -  

m.p.ll9-120®C. # ;ese  resu lts  oorrespoi'jtlM clo se ly  ■Sfd# those 

a£ Steomer and Roots (lo o . c i t .  ) , Ificy a lso  isolated . & 

third. tsoBtæiîîe -  m.p. 79®G ~ the ordqglnel m o#er liq u or, ■ 

A successipa of fïu c tio n s was iso la te d  a l l  o f in d efin ite  

la&lttïîg point* Tile f i f t h  fraction  -  m.p# JO -  72®0 «as 

probably an impure specimen o f the £*equii*ed iscBaeride, but # e  ’ 

y ie ld  was too sm all to  aLlom reery sta llisa ticm . Oxidation
1

o f d lstyrem  with neutral permanganate gave the umglstaWble 

odwr of bensaldehyde, while oxidation with chrmalc a d d  

yielded benaoic a d d  which i s  « ^ s ls te n t  d t h  the structure.

Saturated histyreixc.

Vary unsatlefactoxy y ie ld s  in  the preparation 

o f dibromldes led  to  a preliminary In vestigation  of tha
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degree o f unsaturotion af the dlstyrene s*d tW factors in flu en c

ing i t s  varia tion . then iso la ted  fr w  the reaction mixture 

dlstyrune was usually found heavily contaminated with saturated  

Isomer. fab le  4 (Part III) shows thef extent o f unsaturation  

of the cd styrene in  a number of expea&monts, as determlr®d 

by addition o f iod ine ohlorlde or hsmàivs to  the double bond*

The iodir® dt'd.oîd.de was prepared by fix ^ t nWElng m. 

iodine ssiu tlcsi o f known strength in  ace t ic  a d d , awi passing  

ih  dcy #ilorin@ u n til Uie colour disaiged from dark, red to  ormags. 

A teiswn voluae o f approximately o . l  solutlfisj o f d istyrene in  

carbon tetrasâfloride «as added to an excess of the iodine 

chloride in  a«®tio a d d . The residue was destroyed by potassiim  

Iodide sad -the iod ir#  lib erated  titr a te d  against tMosulptoats*

Some typ ica l resu lts with iod ine # io r i< ^  and 

bromine are quoted:

Gonc.Ci6%6W)* O.Géof 0 . 09#  ♦ 0*0923 0*0^2

5 fflin. 0 . 96# 0*0803 0*0803 0*0232
10 tain. 0*o6lO ■ 0.0801 0 .# 0 1 Q.oagi

lüO 9 5 .6 87*0 27*9

foimdCil3

' of  unsg^t* la m e r

('Urns are tWse for sjqjosip'e of the solutim to the halogm)

M  ace tie said solution the amwat of substltutlm 
is known to be small* la  mt case did  estimatives give a
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value apparently more than 100# uimaturated, % le Indioated. 

that the iod ine chloride and brmalne determ lnatim s did in  fa e t  

give a measux-e o f the unsaturaticai of the s p e c ie s ,

isom érisation of distyrene W hydrogen ehloride a*M stanaie  
m iorid el ' "  ......................

To deteiîalne the e ffe e t  o f tlie grolm^ed a o tlm  of 

hydr%mi ohioritie ox sta m io  dHoride on d istyrem , a sample o f 

ICO# unsaturatod m aterial was neoeasary. I t  was p2®psred on 

a large sea ls  by tiie method used by M isl and Gauvin (deserlhed  

e a r lie r ); th is  gave a product 'idiioh was about umïÆurateâ.* 

130# unsaturated m aterial was by regmieratlaig # a

o le fin s  f r ®3 the übrsB lds by m am  &t z±m  (hist and aleehol*

30 ml# of a 0 .5 3  M distyren® s o la t ia  in  earbcm 

tetrachloride was subjeeted to a ourrent o f hydrogen daloride 

in  the preseaoe o f stamuio # lo r ld s  (0.047 M). The unaaturaticm  

was dstermlmQl a fte r  a imtmi %lm by the usual method. (T # le  3 , 

Part i l l ) .

Trlatyrens.ewnwaffTiri 1,

T ristyrene was a fa in tly  yellow  v iso w s o i l ,  showi%  

pal© blue fluoreseenoe -  b .p . 214 -  213®G/ 1 mm.

Physical constants fo r  d ifferen t s a b le s  were 

tabulated (% hle 1 ) .  The m olem lar w ei^ ta  were oetermimd 

erysaeopioally in  bens®»©. The time allowed for ti® addltiraa 

of bromine or iod ine chloride was sp ec ified  with # e  degree 

of unsaturatlm  because h a lc f^  addition was slow end not a



39.

veïy oerteiï) w thod for ihe î^iantàtatlve estimation of # «  

unsaturaiion in  polystyronoa (ef, sWMlz%@r aM Stolahoffer, 

Ann. 1 9 3 5 » 35)» In oxpez'l:mz%t,@ 22, 34, md 33, the
uns&toratlon «as iseasurad by wMiticm of iodine «Alorid©.

fimpl© 
from sxpt 

Ko.

b«p»/
. prôsa(B*ô)

MOl.Wt.
(tiseo retiea l

312)
u n saa iration /

Time. coin. #3
92.3 7 .71

3 2 4 .> 4 y i4 324 *• 7 .89

5 240-45/14 290 79/60

17 225- 30/2 291 92*10 7 .55
eoXleeted 215-1?/<1 306 59/60

22 227-2 8 /5 311 68/75 91.7 7 . #

34 214-15/21 3ce 91.98 8 .01

33 ** 74/120

Attempts te prspare Ui© dlbromiie gavs only a santl-SGllcl mass, 
which i s  not surprising in  view of the numbor of possib le  

stereoisomers,

TKLstyrene Isolated ffo» expoi'imonts with high in it ia l  
stym ie <xaaeentratl«is gave bsnsaldohyde on osonisation.

OaonlBaticaa. 3 8» tA styraie in  g la c ia l aostie ad d  weî® 

sutaaitted to a streas of ozonised oigrgm (2 -  cv ern i^ t,
The product was warmed with zinc duet and. water to deoot^oec
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the 020ïûâô. The vero  then o istillo d . o ff in

steam and. extracted with ether.' The aldehjxie residue (whioli 

smelt .strongly of benzaldehycse) wîoî dlvMod Into two p arts.

One past wâ . used to pi-egare the sœaicaxbajïOne. iîepeateâ ' 

r e o ïy sta llisa tiô ïi, however, fa ile a  to pcoaice a |}ure sfseeimen. 

(m.p. 21>-215‘̂ C-raixs<i with authentio speduaen (a .p . a l> “214^') 
231 -. 205®).

Sim ilarly the crude 2s4 dlnitrophenjrlhydregsne could
not be purified  by reo ry sta lllsa tlo u  (m.p. 226-2>0®3i

,  ̂ ^

^ fe e n tio  234 .5  -  235^0

The aEpei’isiant was repeated: the crude aldehyde'

was converted tu a 2:4 dlnltropi#nyl%di'a8aim and jjurified by 

dtirçæatcgrajtjy on a column of alumina (2 f t .  lo% , 1 ineb  

d lw b ter ). - , „ . . . .

The ben3aldehy(W 2*4 dlnltropW nyi ^urasen®  

serrated * th is  Md the fc lle r in g  cbaractertstics (Founds 

G,54. 8 ; H, 3 . 8 ; oaleùl.ated for : G, 54.5) B»3.5)
tn.p. 23Ê"237®'3» Bized m.p, %ïiih ths authostic speciuiem , 

233-234®G. „

fatrastyrone.KWIWe »WI i«M I II nwatiwftwinwtwsK

à very viscous o il . a sample pr^aieâ from 4 M 

styrsaae and o.CH M stannic chloride had b .p , 255“25Sea/ lœa, 

(founds 0 ,92 .2 ) H, 7*8) MCl. wt. 412s G alwlated fo r  . 

^32*32' 0 , 92 . 3; H, 7.7 »̂ mol. wt. 4 lê ) .

1-
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A r.£ii.utioa of betrastyrer# in  aoetio acid was 

oaonised in  exactly  %im some way as in  the o&se of tristyrene*  

The benzaldehyae 2}4 diriitrophsnyihydragone separated by 

chramtograpfiy on a celuaai of sjlujjiiim had the follow ing  

eharactesdstics -  {faunds C, 54*6; H, 3*a^j a .p . 254-235*^01
’

mixed, m.p. with aathmritlo spe^^men, 233«5 ~ 234»5®C. m,p* o f 

authentie spesj.raen, 254-235%,

B.p, 280-300%/ 1 ma., mol. 'St, 513 iOislo»520) sas 

isolated , by d ie t il la t io n  o f the ooBtoiiied iiol^jer» fra» several 

reaotion m lxw res. I t  «as sxeeedtngly visocais*

P # #  II

B -  ^ anetlss

C alibration  o f apparatus

The volumes of erade A n ijje ttes  were # e e k e d  and

ÜJO r e su lts  tab u la ted  (Table 1 ) .

Table a C er t,v o l. Obs. ¥&i. Teiap*tl ■ ■

25ml. 24. 20
20.03 19*989 21
10.00 10.001 20

1*995 1*985 20

Observed volumes of graduated f la s k s  were as given in  Table



■Gert.vol.
ml.

Ohs.vol.
tOl.

Temp,
GÇ.

loOO ‘999-*.4 21

'iOGO '9 9 9 . 0 9 1 9

100 9 9 . 9 7 1 6

2 5 0 2 4 9 . 8 1 9

Frc'paJfatiaa and lu r ifio a tlo n  of m àteiàals

The stys’eas usea was prspared, frsn  frealiiy d is t il le d  

' |5 -pteayletiîjrl alcohol (b .p . 119% /£0 tssi. ) «id powdered 

potass.i«a ! hydroxide.

A mixture of 6â g . ( l  mol,) of aloohol and 
4% (1- 1,5  mol, ) of potassluia liyoroxiue was gently 
heated Xn a eo%)#r flash . , Styrmie d ia tilled  over ,.
be Ween 14C—1^%  mad wôb ooliooted  la  a iliisk

'  '

oontaiuing a small of h^droqulnoï» to

pi^vent poiy'iaoA-isatiæ, fhe ori,ids prouuot was washed 

twieo w ith water aW dried over oaust ie  potash*

. ’ ■ f ie ld  b*p. 4fi% '21 wm*
Âjrialaî; ot.rhon tetracfclox'lde was msiwd twice with w ^er and 

and dried over eaustio  potash «« . d is t il le d  th rw #i a fra etlo n - 

atiïsg eoliœaa. „hen MioX&r oarberi tetra siiisr ia e  was, for sami 

reason, unobtalnahle, eoiaaeroisi reagent was shaken with 100 co. 

of aloohoiio potash, than washed with 5 6 portions o f  water,

f in a lly  dried and d is t il le d  as before.



Potassium îo d a te

For t w  preparation of stm tdard so lu tle n s  MialaM 

ï-otassiam icdate vm  reorysta ilisod  fra#  m tcr  aïJd dried (a,t 

i^O^C) t o  e o n s t a r i t  w eight, TW  str© j% ’t h  w as c ^ c & e d  * ^ a i n s t  

stacîlsî’d a c i d  a n d  a srjo th e r iedate s o l u t i o n .

G a l m l a t s d  B trw ig tih  0 *0981^

%@@r?@d 1 ,  stuïidarâ said 0 , 0976%

2. Btrnmard lodate 0,09772®
%moaul#iat@ so lu tio n s  were taade up to  an apîMyoximte 

«kd stàsdarcïisoa w ith  iociato.

Styrene was estiatated in  oafhon tetraehlorido so lu tion

hy addition of brtmdne to tij® darole bond. addition was

Ofindad out iïi n oetic  acid so lu tion ,

5 tal, of a so lu tla i of styrene (in  oarban 

tetraoîïlQrid®) c£ ksowt strm gth  were run in to  lo  ml, 

of a so lu tion  of hraaXne in  g la c ia l aceti® a d d .

The excess was <tostroyed by potassium ioulde and the 

iodine liberated  titra ted  against sodiita thiosuljA ate 

so lu tio n ,

Strength o f s o lu tiw  1» Galmlated O l̂C-JW

a . Pound 0 . 107%

D u r in g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t s p - p h e n y l e t h y l  a l c o h o l  

becam e u n o b t a i n a b l e .  H ow ever, ocaaercial styrene tiid not 

roguirc the rigorous purifloatlon  tlm t wm f ir s t  thought 

necessary. I t  was washed w i t h  a lk a li, the®  water, dried over
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anhycirous sodium sulphate anti fin a lly  d is t il le d  before use -
b .p , 42®C/14 mm.

Strength of so lu tion  1 . Caieulated 0 . I 9IIM

2. Pound 0.1920M
It a lso  gave sa tisfa cto ry  resu lts when used Xujinâepemien  ̂

expeiim œts ors the © ataiytio polym erisatlaa o f st̂ ntrene by 

stannic <dilo3?ide, a reaction known to be very sen sitiv e  to  

traces o f li»ixirity.

FreparatlQB and purifioatioja of # tan n ie  chloride.

In the ea r lier  flow experiments the ca ta ly st, 

prepared by tl#  action  of ory chlomne m  t in , was p u rified  by 

fractional u is t iila t is a i uauer vacuum.

Preparatio n , In the mmaratus f ig .  1 , a l l  rubber ceaineetiass 

were elim inated bcysajd a. Bars o f tim were granulated by 

m elting ami drop.>ing in to  water from 1 foot above the sw fa e e . 

Chlorine, dried by f ir s t  bubbling through eulpW rlo a d d  and W%en 

passing I t  over pbos#3oru@ pentoxM e, entered the fla sk  contain 

ing tW tin  and a vigorous reaction f o i l  wed* flash es o f lig h t  

m m  seen. After the in it ia l  burst, the reaction subsided 

considerably. # ie  s ta m ie  ddorioe d is t il le d  o ff as i t  fo j^ d  

and ^ îlorine passée throi#i u n til a l l  the tin  was used.

P urification . F ig .2 represents the apparaUiS diagramwatically.

I t  had to be b u ilt  en tirely  of g la ss and erantaln no greased taps

or jo in ts beyond yae liq u id  a ir  trap Tl owli^ to the extremely 

ooï'rosive nature of stannic «âiiorlde. 1 , 2 , and 3 were
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flasks joined to  the sa in  lin e  by th it^ w a ü ed  c ^ p illa île s ,

O. ivas a tube com eoted in  the same way. A ll email 

perpendioii&r lin e s  aubh as x repeesminted tliiek-w allstl eapSllarass 

fo r  the pirpoee o f sea lin g  o ff . The l»ulb8 had fa ir ly  tM ek 

wisdls. The diagram shows only two se r ie s , but t^e mmber of 

series varied , o f oo irse, wrWi the sca le  o f Wm ©J^rlmont.

®io apï®»atu8 was connected to a mercury difTttsion backed 

by 'iîsrvac* pu%), a lso  ta a Moheod gw%e.

■5V« was f ir s t  tîacr-eugbly dried t m J m  vaom a. fla sk  1

wad sw rw M W  by liq u id  a ir , and stannic eh3.ea?iûe poured in .

®ie whole apparatus mm then sealed and re-ev&mated, ’BiC 

liq u id  a ir  was then transf@«ped from 1 to  2 , and the stannic |

ehloriae d isu llie d  over in to  Wm la t te r . 1 ,  oen tstn ii^  a la s t  

fraction , was sealed  sfg # e  whole was then scaled off frass 

the pumps a t A, By a s iid la r  procedure, a f ir s t  fraction  ii
was taken o ff a t T2 (th is  cm tained any hydrogen ch lc^ de and 

the more v o la tile  hydmtc) , the bulk trsnsferrod to % mû 2 

removed. By gen tly  warming 3, stannic chloride d is t il le d  j
i

in to  the W lbs. these were rmoved ma they f i l lM ,

Attempts were made to purify stannic «diloride on a  

smaller and le s s  elaborate scale at a pressure of about dm*.

%e apparatus ( f lg .3 ) contained ^eund jo in ts whldh were smeared 

with a d d  r e s is tin g  s ilic o n  grease. The W lbs were sim ilar to  

those used in  the -prevlwa |» r if ie a t ic n , # ic  a^jaratus was 

ti)orou{ÿdy dried  a it  urs^r vaomm and t l»  a ir  replaced by dry
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hydrogen olilorlde. 'Ih® stamdo atloride (In tid s msa  pure 

oomuierolal m aterial) mas introduced in to  the fla sk  through W» 
syphon arrangement by applyias^ a p artia l vaouiBi. The ayphon 

was replaced by a stopper and the fla sk  surrounded by llquidAi^' 

The apparatus was then re-evacuated; f l  m s elosed, t>hm 

the liqu id  a ir  replaced gradually by warm water.- Ti» stannie 

chloride, wijiOi slowly d istilled ., was partly eondensM by the 

cold water and fin a lly  collected  in  the bulbs toy aj^lying 

cotton wool soaked in  an i^ -sa lt-w a te r  mixture to the p a it 

of the tubs above t i»  Wltod W be fiVJLsdl. The la tte r  were 

qiiokly sealed o ff as they f i l l e d , .
T

Hydrogiac d iloride supply.

In the first instance, lydrogm chloride was supplied 
by simply drop#i% ecmoantmted sulphtiric acid from a fumel 
into aoaoentrated î droohlcrio add and dryi% the gas 
Wbtoliî  tkmugh concentrated sul#mrlo add. This stood t^  
test of preiij.tLnai*y experiments, tut as the rcacticn ai#o%tus 
inereasoi in complexity a gr@#@r pressure mû a wore easily 
regulated, supply of gas booasss mcossazy. Also the ooourrmee 
at intervals of unexpectedly low values for velocity constants 
could only be attriwted to m  ^insufficient supply of hydrogw 
chloride.

Bus apparatus (fig.4) proved a satisfacto%r answer 
to Wiese deaands. The hydrogen chloride container was well
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above ttie level of tJbs flask A» giving Inopeased pressure. 
Goïioentrated sulphuric aoid. was sullied  throu  ̂B. î̂ ârô aa 
chloride flowed into the flask throigh a osplliary below the 
surf am of Ui@ sulphuric acid. The used acdds were mm out 
throu î C. The gas generatsxl was dried by bcajbliug %irough 
concentrated sulpWrio add# and a steacÿ flow maintained by 
furUier passing It through the trap B, #&i#i containM carbon 
tetr&dhloiide. S vm  a flow mete# csntaiïing li(|ald Wt̂ l 
phthalatc. The bâ sa x and % regulated %hn supply of gas-Y 
giving the fine adjustments. With this arraÊ ement a steady 
flow was maintalmd over a period of two hours.

gautrol ËKperimoms.

Experiments in  which l^rdrogon Chloride was one of 

the variables i>roved unsatisfactory owing to the ocaitinuai lo ss  

of hyur<%^ chloride durli^ the réaction .

The "Flow** method. A constant atres© of l^ûsto^ÿm iâiloride 
had to flew throu^ W* solutim during the course of the 
#%)@riments Wms 'maintaimj# U» hydrogen ahloiddc eonmnti'ation 
at its saturated value. An arrangeant such as that illustrated 
proved a suitable reactdon vessel. T1» gas entered throu#t B 
aiKl escaped at C, titres were withdram at A* the stoppers and 
joints were of ground glass. (fig.fePasK n)

In all BuWegaont work# unless other̂ vise stated# 
^dragen dbloïdd® was ««tlo t̂ed with iodate md tMcsulïii&te and
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as before, by axMiilon of W wdne,

1# îiyiirogeB oblorldo babbled M%rou#% oarbon Wtz%-

oâiloride 111 the f la sk  and the oonm ntrm tlw  of a d d  determined 

a t  In te rv a ls ; i t  reaohed a  oonmtant value in  between 1$ and 

40 miimtea. (Table 4 ) .
Table 4 (idnej oono.

15 0 . 1128N 25^C

40 0.1420M

50 0.l420if
110 0.142W

120 0.1420K

2 » omrbtm tatradïlcilüa was rciiaeed toy a dilute
sdutlcm of styreris and the eouoenW&tlan measured, at intervals 
durlïiij the passage of a eurrent of hydrogen Wilerios. it  rose 
gmsitoaily from 0 * 0 6 5 8  to I.ô m in 50 mlimtos (Table 5 ).
Table 5 Time (alas*) Btyrene (M) f^ p *

10 0 . 065a 2^C

30 0 .0 8 7 4

35 0.0882

75  0 .0900

90 1 .0 3

Tide indicated tW&t oafbon tetrachloride vapwr was being swept 
away in a atre®a of hydr̂ an Wflorlde gas. % ©ountaraot this

lo ss  the hydrogen dhioride entering the flask was first bubbled 
throw# a #ard tube oantalnl%% carbon tetra#loride.



2 «as repeated with th is  précaution.

3* . The concentration remained eonstcmt a t 0«0%3 for

5 minutes. Then after 5 aiim teB, i t  f o i l  to 0.0693

and r<Mained at th is value for 120 «dnutes (fable 6 ). 

fab le 6 . fliae, (m ins.) S*

0 , 0,0903

5 0.0903

13  0.0895

0,0892
32 0.0891
42 . Q

m  0,0893

loo  Q,m94

135 0 ,0 8 9 5

4 * 3 repeated, .using two ( f lg ,$ )  fla sk s connected

in  series} the flï® t contained carbon tati-achlcrlde and the 

second styrene soluticm , Again the concmatratlm rm alned 

constant at 0*0923 fo r  10 mlmites and an between 10 and I 5 

m im tes f e l l  to  o .C ^ ^  and remained constant for ̂  minutes 

(fab le 7 }*

fab le 7 _ fime (fUnaw styrene (M)

5 0.0919

10 Ô.Q923
15  0.0915
30 0.0915

45 0.0913
65 0.0915
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Thus the styrene eonoentration appeared %q remain constant 

after approximately the time taken fo r  tto  so lu tim s to beome 

saturated with hydrogen # ilo r ld e .

5.  In the next experirasnt the styrene solution  was

made up in  carbon tetradhlorid® that had been presaturated w ith  

hydr%en d& crlde. The concentration remained constant fo r  

65 minutes, {fable

t (m ln s.) styrene

4 0 .0 9 7 1

9 0 .0 9 6 8

15 0 . 09#

30 0 .0 9 '^

60 0.0972
65 0.0975

Hate of supply of hydrc^en ^ d erid e

S isp le experiments were attenuated to obtain a rough 

estim ate o f the rate o f . supply of hydrogen chloride*

The estim ation was effected  by p a s s i f  hydrogen 

chloride at a Known pressure (measured in  cimtlisetreB of butyl 

phWialate, through a sodium oasbcaaato so lu tion  Mama strei^ th  

(Cq -\ki } for a d e lln ite  time end titr a tin g  the rssistoal a lk a li 

against normal hydrochloric asEld. Values for the pressure ^

were m  nearly an average as could be attained with tW  meniscus 

in  a continuous s ta te  o f fluctuation  within the aeat̂ © o f 0 .5  ee
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a ise  the readings «®re taken while the t«o-«@y tap Ï  (fig*4}

■Was oiJen to the atmosphere. The a ltern ative mmld e learly  depend 

on the volufije of sodioa carbonate used. I t  was oalmlatmd 

even at the h l# A st styrene concentrations the #iem tity o f 

ï^dTügen (h lorlde oonsutoed did not exceed 40 Rd./mln, So the 

resu lts at le a s t  su fficed  to shew ttiat tiw supply o f hydrogen 

diloride was adequate to  meet the needs of the enmiir^ reactions. 

(Table 

Table 9
am*

Thaa{aeos. i ml.%1 Rate
m l , /» .

42 10 27 i6a

48 Ô0 350 35a
48 90 640 426

40 30 115 230
3 .4 6o m i m i

9 .5 30 154 307

9 .5 6o 0*6 :#6

Variation in  the ooneantratien o f hydrogen chloride in  styrene 
so lu tim s üIÏTirôHt strengths.

Though n eg lig ib le  at lew oonossntratiom th is  e ffe c t  

becmae api>reeiable as tiic concentration increased. In the 

f ir s t  experiments # hyurj^en ehlorido ■was estimated in  the usual 

way, tout tiie influence of styrene on the end point in  iodine 

titra tio n s proved d lsa stro is . iodine was absorbed by styrene, 

presuK^ly fonaing some loose addition eoc^cœsi lAltAi subseqpen^Ly 

deoon3i)08ed, om sing tW end point to be In d istin ct. Therefore,



as in  tiie preceding section , the sti'cngtii of the acid was 

déterminai with standard a lk a li (SaMe 10) .  resu lts

were plotted  on a g r a #  ( f i g . l ) .

Table 10 b ÿram  (Mj SÇ1 . Pü.
0 .00 0 .1 4 2 3

0.1113 . 0 .1 4 0 0

Ù,4187 0.1516

0.9785 0.1623

1.197 0 .1 0 1

1 .3 0 4 . 0 .1693

1.622 0.1759

Reaction V elo c ities
jOiowledge o f Use possib le aeohsîîioal errors gained 

in  the prelüainary ex^/erliaents m s made use of in  apparatus 

# i l #  f in a lly  took the form (in  f ig .  6 ^, described iselow.

A, B» C» D and 1  irara sim ilar flask s f it te d  with 

ground g lass s to k e r s  and havlz^ a capaolty o f about lOO m l. 

fla sk s a , D and S are not shown in  the diagrasu Bcoaus® rubber 

oam eotlons wars attaoksd by hydrogen chloride they were avoided 

■where p ossib le, m&, i f  used, an at R and § , were frequently 

renewed.

0 was the reaction vessel asid the tr^ps X md Y 

prevented any actual sh iftin g  of the liq u id  in to  G from B arki B. 

The idiole m s clamped in  & thermostat a t 25®Ci the water le v e l 

i s  indicated by the dotted lin e .
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aetihod of T?rcc<gotare«

I n it ia lly  A and E çontalned eay'ooa tsti'aiSilorlde 

and B tbs sfcoek stsri’sne so lu tion . “ïhese #@re satuf&Wd. with 

hydrogen ohloride. a wei^ied stanrilo ohloritie laslb, contained 

in  a reagent b o ttle , was smashed under 50 ml. of eafhcm te tra -  

chi o n  de from S. Again a known voluim of styr%@ solu tion  

frœa B was transferred to the reaction vessel Q, and the reaction
I

in itia te d  hy the addition of a known voltaae of ca ta ly st. %@ 
rate of reocttoirji was follc»«ed by deto»ainir^ tl^  styrene 

concentration a t in tervals over a period of 1 to 2 h a irs, in  

some experiments when susplcKm had been cast m the gas supply, 

a l i t t l e  cartoon tetrachloride was poured into D a t W» s ta r t  

of the ^reaction and the acdd ocmcentr&ticsi determined a fter  

about the time required to reach saturation.

"flow” ex;^ritaents a t , .0%.
?elooity  measurements were parried out a t 0®G in  

a sim ilar mai-mer to those at 25®0 * Die apparatus had to toe ' 
considerably sim plified  to  f i t  Into a Dcmar fla sk  of ic e  watæ. 

However, the same principles a l l i e d  in  i t s  oonstruetim .

•Traps sim ilar to  X (fig .b ) reÿlaoed a and Bj seren e  solu tions 

were made up independentLy with cjrboa totradhlorlde that 

had been presaturatsd with tydrogen ahloride. Control exrjsriment 
5 wets carried out with tAis ammgaaent (Table 11).
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Table 11. Time (tains.) im g r n _
4 .  0 .07)1

27.0 0.0365

39.0 o .o :^5

45 . p 0.0385

75.0
O'?

0-0384
ft f\̂ Â0 /«s>

69.0  • 0.0384

120.0 0.0364

c m o m t r a U o o  o f  M d i ' o g m ...
tsirafigL ori^  at 0%.

Constant values were eventually attained bgr satur&tlng 
the solutions a t ateiosphoid.e pressure for between 40 and $0 

minu tes. Commue Wie saturaoim  concentration at Ô C 

considerably greater than a t rooü temperature scx^ d iffim ilty  

was exporienoed in  p ipetting Uie soiutxm is. Djis wus largely  

overooae by ooolij'^ the pdpette several tbaea with the so lu tiœ i

(table 12 ).
* ^

Table 12. Time (adna). Cone, (m) .

21 0 . 2&L2

42 0 .2 ’̂ 5

% 0 . 274a
58 Ü .270

66 0.2755

' J l i



55

Variation in  in it ia l  «tilorloo aonoentraticm*

owing to the v o la t ility  of hydrageti chloride in  

oartom tetra<ôilorid9 aolutiors, r%aotlon rates could not be 

f o i l  w ed by the usual method of rmnoving the etoptier of the 

reaotiw  vsesel ana withdrawing titr a s  a t in tervals during 

the course o£ the réaction.

®je ci>|}aratas ( f ig ,) )  was used in  an attempt to 

overcome th is d iff ic u lty . I t  eorisisted. of two bulbs o f 

about ?5 ml. ospaolty Joined by an internal groîWKi Jo in t,
A oap illsry in le t  for lydrogen chloride ?ms lad Into the top

4o>v> tV), WwAlo
bulb îMîd t itr e s  were withdrmm^by sutddng into a graduated 

|@L|3atte of 2 ml. c a ^ e ity  with a two-way t%> attattied,

ITooedure. The lower bulb oeotained a volua® o f styrene 

solution of known strer^th In o&rbon tetrachloride, and the 

upper a voliaue of carbon tatïw,<hloride, prasaturated with 

hydrogen chloride. a stream of l^drogm ttHovXm was aaalnt&lned 

throu^i the la tte r  wlfLle a known volume of starinlo chloride 

solution  (in  carbon tetraohloid.de) was added* #ia internal 

s to i^ r  was removed to sta rt Wse reaction , tWn rapidly replaced. 

In some experiments tlm stopper was hollow and coimccted during 

the reaction to another fla sk  oont&inxng hydrog<m ohloritie 

ever a solution  of about the same strengWi as in  reaction  

mixture.
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c cm t  roi emierlm ont s *

The ©oïîo©nt»ratiion o f hjrurogen e&loï*ide «as deteraiined  

Tajr an iod în e titrâ t» !«s a® bet’are»

1 . the stopper was so lid  (Table 15}*

Td&le 15 Time (W-ns.) pono.(M)

5 O.lOv)

, 5 0.1076

10 0 .0 # 4

io  ̂ o .# # 9

» 0.08)2
0*0615

2 . ïlie  stoppor vsa» owezW by a  la y er  o f  m^oury to

prevent p o ssib le  lo s s  o f gas through the grmmd jo in t . th e  

©onoentration f e l l  from 0 .1 )18  to  0 .1057 Ih  )0  issimtes* (ta b le  14) 

ta b le  14 t im  (m n s. )  Ow e.(M i

4  0 .i:^ 8

6 0.1245

11 • 0.1145

14 0.11W

27 0.1075

>0

5# ïiie  stopper was replaoed by a hollow  one wteloii was

eonneeted to  w  akuos#w re oi’ hydrogen câxLoriOe above a  saturated  

so lu tio n . % e ow oen tration  rose frets 0 .1 )5 5  to  0.1400 H 

in  54 taim tes (Table 1 5 ).
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gttble 15. fiwv tÆms. , Qgno. (a)

4  0 .1 )5 5

5 0 . 1)56

18 0 ..

'm

22 U.14
)4  0.1460

4 . Kie stopper was oomected to an afetaosphore of

l0 ''lregsn d ilorloe above a seluWLm of the, a mao «WKJsati’ation  

as in  the lower bulb. There was s t i l l  a a l i ^ t  f a ll  frcm 

0.0726  to 0.0673  M in  59 minutes, (fab le I 6) . 
fable 16 .  Time (mine. )

5 0.0726

8 0.0721

18 0.0707

21 0 . 068)
30 0.0678

33 0.0637

45 0 . 0%

0 . 0 6 9 7  

> 1  0 . 0 6 7 3

59 0 . 0 6 7 a

However, the sta te  o f a ffa irs «Siioh wotild e x is t  when there was 

a oontinual f a l l  o f hydrogw chloride in  Ws© reaetion mixture 

could not be prediotad in  these preliminary exijorxtiienta.

The ohly tea t eould be in  tee oOMsistwey of velocity
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experrlaents.

p lots üi* log  4 ( usihg to® equation fox

ssew it oxuox xoaotiim , soe Faxt III) la  saam partioulax oases 

gave appxoximiVe sfcxsighs lim es, Out xaa"#i*m vam atiw s betweeï» 

differen t oxpexluionta w«ï=e ûsquwt mai v io len t an o x tw t that 

rendered tw  method almost va lu eless. ‘ fiiose were more than 

eould be aacounted for by toe re^Uar r ise  or f a l l  toat would 

be ex^woted from a gradual «Æ&Kge in aoid, oaooentration in  Hie 

reaction mixture too ts  the @hm%e in  veltxae above the solu tion  

and the re la tive  vapour prmaures o f 1%-ùrogen ciilorito  above toe 

reaction mixture end guiu*d so lu tion . i t  had been assumed 

in  toe preli®t«ary experimants that carbon tetratoiorid e would 

reato i t s  saturation value with hy&6^m. oxide in  toe 

required ttee  irrespective of too vesse l containing toe so lu tlw  

and of the method of leading the gas in to  th is  v esse l, This 

however proved a fa lla c y . fluruerous experiments led  to toe  

conclusion that toe most convenimat a»thod of attaining constant 

8aturafci<m was tost used in toe *flow** experiments.

However, the above errangæjent did y ie ld  em piraly  

qualitative contribution towards knowledge of tow oourso of toie 

reaction toon liyirogen chloride oono^fttrat-ion was equal to or ' 

la s s  than tow origi4u»l styxena concentration (sse l%rt
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"ClcaeèL 'luba*’ ea.o®rxiaaot.a.

An a tia a p t waa then mmia to foils'* rsaeticai xfm%&s 
by using separate tubas for eaoii reading in  one p artiou lar  

velool^y expsrimanu.

.Eaĉ t tube ■was of a  l i t t l e  sors tîian 10 ml* ôapaffilty 

and. olosed with a w e ll~ fittin g  Bl4 stsaidard joint* Knmn valmsse 

of styrsns mm atannlo dWLorlde «ers k|PLLh Zoto each cÆ the bulbs* 

A further known voluae of oarbw totramlora.de saturated eiWi 

hydrogen «hloriàs was from a vessel such as carie o f

those In f ig . 6,  and run in to  tns tube under the surface of the 

liquid* îM s redused lo ss of îQ^drogen chloride. The stopper 

■was rapidly replaced, the tube invortsu three times to  mmupo 

good miking, tïssa replaced ia  the thermostâé'lfor in  ie e  water)* 

Ihe volumes were adjusted in  su-di a way as to make the to ta l 

volume 10 ml. styrene concentration ia  each teJ.be was

deteraaimd a fter  d ifferen t tim es. Lose o f liydrogea chloride 

ia  tM s fin a l p ipetting did not m atter, since i t  was the st^rsae 
concentration that was alw%fs measured.

Wdr%mn chloride concentration in  the ttdjee .

Oïiipg 00 the extreme v o la t iiity  of the gas, i t  was 
im possible to deter,nine i t s  concentration by withdrawing the 

stepper and witiïurawiï%;j a kneim rolmm, A?i estiuatren was 
effected  timst
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A tube ü£ Iv ml. eapaoity was attaciiâd to a sXigt'itly wjuW tube 
by fflaaus of an Internal ground jo in t. Tl*e uppor tube %&& 
fitted  witii a B24 standard cap stopper (fig .S ).

I'ho tub© contained 5 ml. o f oarbon totracMorM©} 

the» 5 ml. of saturated ehloride solution  (in  oarboa
tatm ^ ilorid e) were aimed under the le v e l af t l#  iitntid  ms 

desoribed above. 'Am tube was stoppered. (A). # m it

10 ml. o f d is t il le d  water were plaow  in  tîsa ui^jer Wbe ahove A* 

A was then removed, and 8 q u li^ y  Inserted , %i© * io l$  was 

w ell shaHm so tiiat the hydisjgffla ahloride a il dissolved ia  the 

aguems layer. me moAure ma- poured in to  exeess of standard 

soctius oamonate and titra ted  against stendaM hyaroehlerlne 

a # d . (Tame 17 ; .

liable 17.
Smteoration aoneeatration of hjrarow'on «hloride -  oarbon tè tra -

    — - — --------------
Testig&tad by aeid.alK&Ii titra tio n ;

■ Time for smturmtis a -  4t;-45 mins.
Goneantration (M) -  0.1427, 0*1427, 0.142)
Goneentratid» of WdrogoB # lo r id o  in  tube» -  

Calottiatad -  0.0712 M
PcRiîja -  0*07db M

0.0714  s  

0.0712  M

i—



lu , ia'i order to got % wider variation to the
I n t l a i  hgrdrogm ohlorido aon^m tr& tlm # sim ilar hu t la rg e r  

kibcjs w ro uaW (I 5 ) Whom Uw reaction #w  o f long
duration, loea of hydro^n chloride through $ topper "Wa# 

auapeotoâ, the l a t t e r  ww tlwn amoared with ac id  rc # la tl%  0  

sillaomgws^ise* Owing to  the mmbec of involved

to every reading,'^addit̂ )r<to the risk  of lo ss  of liydrogan ddlorldo 

to  tra n sfe rrin g  tho aatiiraW d so lu tion  to the tube, tW  êegre# 

of aoodraey a tta in e d  #tm not vary high* (See Part 211)♦
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mmT III  

aaaa aisoussioti o t  Eesulia

À -  The Bsaot.lon WToùxots
{Ij ResiAlt.s. To au^ ort tha k in etic study o f 

the catalysed add ltlm  of hydrogm chloride to styrene 

double bond, the reaction pro<&iota have beœ  eaaudnad.

Table 1 sussaarises Uie varyiï:^ proportions o f the 

d ifferen t products with increasing in it ia l  styrene concentration 

(For id en tifica tio n  of the reaction products, see experimental 

section . Part IIa)«

At the lowest styrene concentrations, a maximim of 

75̂ ' of styrene i s  recovered as phenyl-ethyl-^iloride.  The

proportlao of the la tte r  fa lls  with the in it ia l  concentration 

of styrene, and the y ie ld  o f distyrer® appears to reach a 

maxioRim of 40# a t about 2»5M{Bxpts. 13,20,24, T ^ le  1 ). The 

y ie ld s of products c la ss ifie d  in  Table 1 as ”short chain 

polystyrènes* increase at s t i l l  higher styrene concentrations 

(e .g , esp ts. 37» ahid 38, Table IJ , Hie short cliain polystyrene 

consists of tr lte tr a  and pentsstyrene, a ll  of which could be 

d is t ille d  at pressures of 1 mm. i i t  also contains a certain  

pror>ortion of polymer of h i^ e r  molecular s e l^ t  ishic î could 

not be d is t ille d  umer the conditions employed. Sxi>eriment 38 

('[Rablc 1 ) , carried out with 30 graimaes of styr<a5e a t 5»3*1 

concentration shows that Uis amount of n on -d lstillah le polymer 

does not exceed 8# of the in it ia l styrene; presumably non-



(ü std ilab le polymer mùhLû be formed 1# w a lle r  gragortiw a  

lawer styiMie.oongantraticsns* in expeslments performed with 

«mailer in it ia l  quanti W.e$ of styrene, ttss &ttm#ted quantitative 

sepafaticn of d lstx lla h le  £ tm  n o n -d istilla h le  polytesr tended 

to exa^er&te the la tte r  (e*g> in  « (p t. 37)• Only at the 

M i^est in it ia l  styrene eaoeentm ti does non-die t i l l  able
polymer residue oentain polystyrene o f h l^  enou0 & moles&Har 

w ei^it to be Capable of j^ od p ita tion  by aethyl alcohol.

3)0  mean (oryosoopic; moieoolar m l# it  (see m rt lîà )  o f n«m- 
d ie tilla b le  residue fm a #  in it ia l styreae m s  633. 

iK m -distillehle residue fras 3* ^  in i t ia l  styrene ©jntaljned 

3*8#  as pdymar, w iti) mean î2ole®jl&r « e i^ t  # 1 ,  was

l^ eoip itatsd  by methyl a lc i^ o l. in  experiments of long 

durastios { e .f . axpts« 24 and % in  tab le 1 ) ,  t** y ie ld s o f 

individual products m y have been affected  by intem ctism  

between <<.-phai^ l-âtiyl-sâsiorlde and distyrene ( s f .  tab le 2 ) 
a fter  the in it ia l  styrene had been used up*



fable 1
I n t e r a c t i o n  o f  s t y r e n e  i t d t h  h r d r o g e a  e fa X o y ld e  a a d  a t a n u i e  
«^aloride"

S o l v e n t  -  C a T b o n  t e t r a d b l o r i d e  

T s i U p e r a t u r e  -  2 0  -  23*^0

p r y  h y d r c % e n  c h l o r i d e  l e d  t h r o u ; *  t h e  s o l a t i o n s .

-  “ I mF (M )^ ( r a i n s . / C g H ^ C l s h o r t
ï S m i n
p o ly m e r ;

y l e l S

i

1 0 0 . 0 8 0 . 0 4 4 1 8 0 7 3 . 9 1 1 . 0 8 4 . 9

1 1 ' ' o . m 0 . 0 4 4 1 8 7 7 4 . 0 2 0 ,,1 9 4 . 1

9 0 . 1 7 0 . 0 2 6 1 7 2 7 5 . 0 1 5 . 0 3 . 9 9 3 . 9

6 0 . 1 7 0 . 0 3 5 2 1 0 6 4 . 0 7 . 3 9 . 9 8 1 . 2

7 0 . 1 7 0 . 0 4 4 1 8 6 6 9 . 0 7 . 1 5 . 5 8 1 . 6

1 1 . 1 1 0 . 0 2 2 1 8 3  • 5 8 . 0 7 . 9 1 4 . 0 7 9 . 9

4 1 . 7 3 0 . 0 4 4 ( 1 3 0 ) 3 8 . 0 5 4 . 0 9 2 . 0

1 4 1 . 7 3 0 . 0 8 8 ( 1 8 2 ) 5 0 . 5 3 1 . 7 1 6 . 1 9 8 . 3

1 3 . 2 . 5 0 . 0 6 8 ( 1 8 0 ) 2 2 * 1 4 0 . 2 3 3 . 9 9 6 . 2

5 3 . 4 0 . 0 6 8 ( 1 7 5 ) 8 . 5 1 2 . 0 6 6 , 0 8 6 . 5

1 2 3 . 4 0 . 0 8 8 (1 8 0 ) 2 . 4 2 9 . 1 3 7 . 2

3 7 4 . 0 o . m a 1 0 1 1 . 1 3 1 . 3 5 4 , 5 ** 9 6 . 9

3 8 5 . 3 0 . 0 8 8 1 2 7 . 4 2 7 . 4 3 9 . 2 "̂ 9 4 . 0

3 5 . 3 0 . 0 8 8 (1 8 0 ) 2 . 0 9 . 0 5 9 . 0 ^ 7 0 . 0

t  3 % 1 . 7 3 0 . 0 4 4 ( 9 0 ) 2 1 . 1 3 7 * 4 2 3 . 0 8 1 .  5

^ 3 0 2 . 5 0 . 0 6 8 ( 1 0 3 ) 6 . 2 9 . 0 5 0 , 4 6 5 . 6

^  C o ï i t a l i à n g  a t  l e a s t  2 3 * 3 #  o f  t h e  i n i t i a l  s t y r e n e  a s  t r i  b s û . 
t e t r a  s t y r e n e s .

( c o n t i n u e d  o v e r )
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i  Short c -̂jaia polystyrene ooujpoeed o f 24 .0#  of i n i t i a l  styrene  
as fra c tio n  b .p . i a 5~300°/12 ram. (mainly tr ia ty ren e ) ,
27. 3#  as fraotissa  m tii b .p . ÿ)ü-3oqo/12 mu (mainly 
te tr a  and pentastyrenea) ; and 7*9# as the d i s t i l l a t io n  
resid u e.

^ 3. 8#  o f the i n i t i a l  styrene recovered as polymer in so lu b le  
in  œethÿl a lco h o l.

^ e t  76%.

gurUiar JtotergctloH o f the Products

S lstyren e so lu tion  was not appreciably a ffe c te d  under 

the coQjbined a c tio n  of hyurogen dhloride wtd stannic (diloride, 

except fo r  toe slow qimversism to i t s  saturated  isomer 

(expta. 15 , 35 and 36» fa b le  3)- ' ^  -p h en y l-etoy l-ch lor ld e  

reacted wlWi styrene (expt. 32, ta b le  2 ) , and more s lo w ly , with 

distyrene (ex p t. 33* tab le 2) to form polymers, %he nutaber 

of fflols* of s ta r t in g  m aterials arid end products was g iven  in  

parentïissis for  the relevant eaqseriaients in  table 2 .
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Table 2
Fartter Intreraotlen of pgociuots
gurrenb of Wrdrô en dùlûride passed w ly  Xn E3mW*15# 35 and 36 

t. Stfa3?t>lnî  SnOlvi Tliae jC et«yyme reoovered Yield

polder
#

15 18 18 0.068
la 0 <3&2

35
t

®16^16'®*5^ 0.047 75 -
t

0 91.0
#

0 90.01)6 0.047 75
32 : 1.81M

® ®{0.079)
o.m o 92 2.1 4I#6

0 4 96.2

% .0
90.0

>0.7  17.3  91.7
CoHqCIî 0.92® (0.0026) (O.OJO) (0.037) (O.m»)

(0.040

00.0/0; 0.080 36.5 lo .4  53.0 19.8 2.5 9I .7
r H m . Ù im  (0. 017) (0. 055) (0 .020) (0 . 0026,

Partly eaturawd
t lOOjg Uiaeatumted 
t  9 5 *  5̂  u n a a t u r a t e d  
4# unaaWraLed

In nos# 32 and 33» %̂he moles of starW.ng material #era correoied
for bhe amounts of solution extraoWd for mmlysls. The
Yield iwas aaleulated on the Votai styrene in  the starting
materials# Moles of polystyrene are alviays giv«m as moles
of styrene in  a given weight of polymer.

aturated dis ty rene
When Isolated from the reaction mixture $ distyrene
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was usually heavily oœWala&bed. with a Isomce.
fable 3 shows the extent of mmaWPatlon of the ga.stymm la  
a mcdser e f experiments, as deteaslaed by toe aaa itlw  of iodine 
ehloride or bromine to Wie styrem d%ibla bond.

yomatioï) of dlstyrene dlbromld^ from toe partia lly  
saturated material followed by r^gm&saAlm of toe o le fiae  

(aeaerlbed ea r lier ) gave distyreae 99»5 “ 100# unseturatad, as
V /

estimated by toe sm*> preasdure (always assuming case / C - ^ k  

per molecule) . toe foisaatKm of the satumted distyrane i s  

not surprising because stm nlo toloidde i s  im&m to  m talyse  

thé owiversion of the unsatorated dimer into & aaturated isomer 

(a is i  and SauvlB, Sen. J . aaoewrto 1936, s . 14. 255,. fh@ 

struoturs of tw  saturated iasxasr has not Wm proved. By 
a n a li^  with toe too?® structures of the satarutsd dimors of 
ot“ïsethyl“Stjrreïi8 and 1*1 dlgdmiyl etWl#*» (Stooepfla mâ  

iJyan, J.A.&.S. 19>0# ^  4021; aM fesiss* Am.lf>L-,
460. 49s .B#i®aann, faaabadnl mà  Weiss, Bar, 1931» &£, 1493) 
toe saturated dimer has been mipposed (B isi and $auvln ,(loo ,cit):  

Stanley, ühaæ» and liaU 19!^» IWO) to be l-ghmyl-3-metWrl 
hydrtndene eontrary to the o^dnim of stec®er and Roots 

(Bar* 1928, 61  ̂ 2330) who toaugfet the i s a » r  was tmsaturated.
(of. m rt I ,  Section l U j .
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Tabic 4

Expt.Mo. Styrene Time
# Btyrene 
Kwvei'ed as: # un-

■ (M) i i r (i&iS. } OgH^ saturation

æ 1.73 0.085 26 31 30 27.7

25 1.89 0.048 45 45.1 12 47

27 1.89 0.>348 33 30.5 26.4 38
■ 29 2.02 0.021 71 29.0 19.1 36

26 2.31 0.044 40 39*5 28 31

23 2 .5 0.04 23 24 31 m
24 2 .5 0.04 13 33 37 20

20 2 .5 0.04 120 13 37 76

• 22 ■ 2 .5 0.04 120 14 3 6 23

XSCTcrlsStd-on of
aGloHEET^ 

of# Part l i é

The an»at»uratclon f a l l  to 93̂  5  ̂ In l i  hours* Ual%% the d is terrene 
reooverod from th is  experiment (93* 3#}nnsaturatW.; a more 
aonoentratad dlstyrono soXutian w&s subjeotod to the same 

treatment for  75 mimtesi the unsaturatlm f e l l  to (ta b le  5 )*
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Tame 5
Tîî  effect of byorocm dhloriue and stannlo (Alorlde on distyrem

EHk*l2‘
(M)

#91 .
(M)

Time
(rains.)

# apyrens 
reoovdï-ea
m ( 5ô%72

In itia l Final 
UBSaSrSÇ- unsaÆûrat- 

TSti ^ ïSfi

35 0.53 0.047 75 91 loo 9f .5
36 2.06 0.047 75 90 95.5 87

(11) Dl8cu8@lom* Hydrogen ohioride Inhibits 

the long chain polymerisation of styrene, eatalysod by stannic 
chloride. styrene reacts with hydrogen ohloriao, in th0 

prosenca of stannic chloride, in  carbon tetraohioride medium, 
to form 01 -pW nyl-ethyl-chlorlde, and ô i- ,  t r i - ,  tetra- am  
pentastyrenes, a ll  of %Mch haye been iaolatod* The polymm s 

are formü In Increasing proportion as the in it ia l  concentration 
of styrene is  raised (Table 1 ). o&onlsatlon shma them to have 
the structure GHPb*CH.

Some of these products can react farther among 
themselves (Table 2 ) . Prevlms experlmwts (^.Williams, J.O.S, 
1938, 1046) have already proved;

1# that styrene and hydrogen chloride do not react
together in the absence- of a catalyst. '

2, that raeemic (^-p^senyl-ethyl-chloride does not

undergo any substantial change under the influence 

of sttmnio chloride, $0^ of the original material 
being recovered unchanged after contact for 140 

mlmtos in carbon tetradHoride medium#
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Tho r e s u l t s  i n  T a b le  2  show :

3* t h a t  d l s t y r e n e  d o es  a o t  c h an g e  a p p r e o la h iy  u n d e r  

t h e  com bined a o ti< m  o f  h y d r% c n  c h l o r i d e  a n d  

8t a n n i c  c h l o r i d e ,  e x c e p t  f o r  a  s lo w  c o n v e r s io n  

to  i t s  s a t u r a t e d  Iso m e r (e x p ts #  1 9 , ) $ , ) 6 )

4. but tii&t rk -pt:enyl-etl3yl-ohlorlde reacts with

styrene (expt#3S), and more slowly, with distyrene 
to form polymers. This la  partioukirly evident 
frorfi the nuWber of moles of starting m aterials 
and end predicts, given In parenthesis for Urn 
relevant exporiaenta In Table 2. In the Imig 
experiment quoted below (VIII) teloen from the 

work of G. Wlllla:6S (J.G.S.I938 , 1046), the 
(S' -phm%ri^ethyl-ehlorlde is  c a # le te ly  aonsw«t» 

ho.
TérxklB ahioriae (mina. ;  ̂ actuo

VIII Cg% : 1.7M 0 .m 6  1)00 0 20 66 86
(0 .14) (0 .050) (0 . 16)

Cf̂ HoGl ; 0 . 79^
 ̂  ̂ (O.ObO

The folloidng aujggested interpretsticai of the 
reaction is  based upon evidence which exists that an alkyl halide 
and metal halide catalyst forts a complex whl# is  ionised fcougjli 
not necessarily much dissociated into free ions in a solvent of 
low dieleotrio constant (see fart I ) . 

polymerisation
CHei » GHg + SnCl4 ^  &m.GHg.&tCl4  .........  (1)

GHHbuCSHg + ÛHPh.GMg.âiGl  ̂ — . . . . . . . . p )
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Ik  th e  p ra s e n o e  a f  hydayofe'en e h lo g id e

im  + SnClj, 
i- i f

C'lWiGHg.SnCâ  + H+

H 5nCl)̂ ~ (3)

.OH. + KOI
+ , 0  OHMi.Gly + jnOl^

n/

— ÔHPh.ülk ............   . . . . . { 4 )
—— Qlï̂  **- SnÇX̂  # **(5)

=  G H H i G l . G H . _ j  +  î f  . . . . . . . . . . . .   . ( 6 )

ciattci.Giij + OKOI4   ................ (7 )

GH.Khi GH

GHHi.CĤ  .ÜiÜîl.CR., + S3QGlJ'=CHmiCîi.0HHi.CIU + HGl +SKG1. ..(8]
'  I   J ’  U ; ^

-T- GH.GK3

\ /

C Ü P h î ü î . ,
n — '
''/''-/O H  + HOI + SnGl, . . .  

CH 4 (9)

Pti (II)

ÜHIfc.(0î^.GiS»ii2 Gtt̂  + SnClj == GRH^CH.CÏSÎîCK^.CliHî.CEj

+ HCi ■i SnGl,

CEPhjGH,, (III)

GHPhCCl̂ .CilPh)̂  GEj + SKGl^= CKîtiîCHCCHRi.Cîl̂ lgCamiCïî

+ HCI + ->̂ 1̂-4,

In the abseaioe of hjrarog®» dhu-orikie, stannlo chloride oatalyses 
the Bolyaarisat/ion of ethrone to rela tively  loEg-ohaia products,

e .g . with 1 .7  M in i t ia l  styrene,to aoleo iles o f tW order

I f  catalysts of the *i?rle«tol~.jrafts'* tyiio 4  in it ia te  

polyiaerisation by polarising the o lefin io  double bond ’{see 

part I ,  Section n )  the "noaaal' polymci'iaatim be pro%mgatcd
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by prooesBes of type shown Ixi equations (X) ma (2). The 

ppeaonoo of hydrogen ohlorloe prevents the n̂ommX'̂  poiymerXs- 
ation: wlWi X*7 M atyreno in proaanoe of etmmlo c îXoride
and 0*147 hydrogen oMaride, none of the material formed con 
be precipitated in methyl aloohol, and the largest polymer 

Isolated la in about l6^ y ie ld  (Table 1 , axpt#l4)*
The reaction in  the presenoe of hydrogen chloride i s  also faster  
than the normal polymerisation in  i t s  aba@noe« This i s  shown 

In table 6 which compares results on normal polymerlsat 1 on 
(a* Williams, J.a.S* 1940, 775) with figures from Tables 1 and 4.

Table 6

Stannic chloride: 0*04 -  0*05 M#

Gone. O.l? 0 . ) )  0.86 X#7 I .9  2 .5  4#0
"Wormal* polymerisation In absence of HlI.
 ̂ oonsumntlon -  4u 50 6l -  04 -
i t  ^

Time (mlna . } -  $400 X600 190 -  -  102
Beaetlon with 0.14 II B O X :  ocmbXete em suwtlon of styrem in  
Time (mlns. ) 186 -  -  -  3> 1$ -  ID

It follows that Uio foxiaatlan of the products oarmot 
be due to the interruption of n̂ormal*̂  polymerisation chains, 
since the la tter  arc in itiated  too slowly to account for the 

formation of those products within the times observed. Hydrogen 
chloride and stannic chloride in combination must act in  two ways; 

(a) in  stopping ihe**nomal** polymerisatlm chains, and (b) in  

propagatlr^ much shorter chains by a different mechanism. The
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polymerisation oomplex of equation (1) must either he deeoaposed 

into styzrene by hydrogen ohioi’io e , or i t  must be diverted by 
hydrogen toloride into an alternative path (equation 5).

■

The combined catalytic action of Ijyir'cgen chloride 
in carbon tetmohloride resenbles the catalytic action of 

aqueous sulphuric or hydrochloric acid upcvi styrene (Bisi and 

êa^avin, Gan. J* 7Wa., 195^» B.I4» 22%) In produolng small 
polymers only# In tte présence of stannic oblorlde, them fore, 
Uio catalytic bcimviour of hydrogen oiuorioe i s  similar to that 
of a strong acid* By analogy with the influence exerted by 
Friedel-Crafts catalysts upon alkyl halides, i t  seems probable 
tlriat hydrogen chloride ar!d stannlo chi oxide w ill react, in

I-
C arbon tetrachloride, as aiiowi in equation {} ) .  (Alternatively 
SnCl  ̂ may be formed}* Evidence for some such interaction  
may be seen in  Maerwein’s conservation (Aim. 1927, 433, l6 )  
that d ilute etiiereai solutions of hydrogen diloride and o f  
stani'iio chloride are, separately, yellow after the addition 
of tte  indicator p-dimetoylcminoagobensene; but that an 
immediate red col air i s  foiraed as socm as the two yellow soluticms 

are mixed. The virtually  free peotcn froa (3) may react with 

styrene, as in (4 ), or may decompose the "normal** polyaeristtlan  
complex, as in (5 ) , forming in  either event a carboniuta ion , 
which can be converted into o( ph®nyl-ethyl~toloride by (7 ), and 

perhaps also by (6 /. The reaction (7) laust be supposed reversible

to account for Bodendorf anti Bote's discovery (Ann. 1935, 5l6. 1) 
that optically active o( -pkienyl-ethyl chloride i s  racw lsed by
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tha action of atannlo ohloridc (interpreted by these mithore 

by equations equivalent to ?); and also to aecmint for the 

reactions of ^-pheriyl ethylohloride with styrene md dlatyrene 
(fable 2). (o l\ a lso , the eltolnation equilbrlom discussed 

by Bagiies, Ingold and Seott, J.G.S. 1937» 1271)* The foim&tion 
of polystyrenes, ( I ) ,  (III) aoci (I?) i s  represe nted by the 
addition of monomeric styrene to a oarbonluam ion of increasing 
ohain Imigth, coupled with the stab ilisa tion  process, typified  
by (8), which evidently more e ff ic ie n t  timn the chain 
termination processes oocuaing In tiie nomml polymerisation In 
the absence of iiydrogen (Ailorlds. The stab ilisation  reactions 
are not reversible, because distyrene does not polymerise farther 
in tW presence of hydrogen chloride m d  stannic chloride 
(Table 2 ) , though I t  does undergo slow isomerlsatlcn into Its  

saturated isomer (I I ) . M view of tim slowness of th is isomér
isation (Table 5, expts. and^o), I t  seems doiâstful whether 
substantial aoaounts of saturated dlstyrenc in the reaction 

products om be formed by direct isomérisation within the times 

observed (Table 4 , expts. 23 -  29)* It i s  more probable that the 
saturated d istyrone (II) is  produced by oycl# ieatlon  of the 

carbonium ion, through attack by tiie positive end of the Ion 
upon the barmone ring with elimination of a proton (equation 9 ).

Whether styrene ly s t  be in  the fomi of a complex In 
order to take up a proton, as in  (5 ), Ciumct be certain; but 

equation (4) seems to  represent a lik e ly  reaction.
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The gen era l question  -  whether the hydrocarbon 

cODponent in  a  Frleàei-G r& fts a lk y la t io n  needs to  be a c t iv a te d  

by a s so c ia t io n  w ith  the c a t a ly s t , -  has been r a ise d  by In gold  

(Trans# Far# B o o ., 1941, 3%, 769) .  See Fart I ,  S ection  I I .

B&
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B -  ^anet»l38«
(1) HssuXt.s«

"Flo^** Expari!aeBi.a.  I '

"Flow" @xp@rlm@nw were oarriaci out by the meth(^ 
outlined in  part IIB.

H y i i f o g e n  o h l o ^ M e  m m  n o t  a d d  t o  t h e  a t j r ^ n a  d o u M #  

b o n d  I n  c a r b o n  t e t r a c h l o r i d e  s o l u t i o n  In t h e  a b s e n c e  o f  a  .%  

c a t a l / a t .  f a b l e s  } a n d  0  s h m  t l d l a  f o r  I n i t i a l  s t y r e n e  

o o n o c n t r a t i c m s  0 * 0 3 9  ^  0 * 1  M*

Table 7

In itia l styrene 0*0971 M* 
l!ydroi:^n Ghlorlôe -  0*143 II*

Tomerature -  25 '̂G*

T irâ c  ( t s l n s e )

4

to 
65

0.0971
0.0968
0.0968
0.0972
0.0972
0.0975

Table 8

In itia l Btyrene -  
Hsfdrofysn Chlor-tde 
Temperature -

0.0591 M.

4

o v

styrene (a

39

87
69

lao

0.0591
0.0585
0.0385
0.0585
0.0384
0.0304
0.0304
0.0384
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fhera îs  a slow addition in  chloroform solution (Table 9 ).

Table 9#
In itia l s tyrene ~ 1.251 M*
hy(iroRGn chloride -  0.205  M.
Temperature -  25%.

Time (rain#.) Styrene (M)

0 1.251
6 1.251

12 1.222
19.5  1.191
26.75  • 1.158
4 4 . 2 5  l #099
62.25  1.045
91*5 . # 5 4

However* no k inetic  measurements have been made in  diloroform 
solution.

Course of the Réaction
%e rate of the reaetiw  i s  measured by following 

the fa l l  of styrene concentration with thae. This has to be 
Oona because of the d ifficu lty  of estimating feydro^n chloride 
in the presence of stannic cÊdorlde; but I t  has drawback: 
that styrene i s  toown to be oonmmmd in  polymerisation as well 
as in the formation of the addition product. However* with 
0.14 M in it ia l  hydrogen chloride concentration and with in it ia l  
styrene caricentration up to 0.0$ U ^phenyl-^thyl-cblcride 
forms 75# of the final reaction products (Table 2* I art IIIAj* 
and so long as hydrogen chloride is  iïâtia lly  present In excess 
over styrene# the kinetic cvidœoe Is  in  favour of the view 

that the rate of consumption of styrene is  approximately the

same as the hydrogen ohlorlde addition reaction* On the other
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hand, when the in it ia l  styrene oonoentraticai i s  greater than 

the in it ia l  hydrogen chloride oonoentration, the amount of 
styrene consumed becomes greater than ohat calculated for the 
addition reaction alone, even at re la tively  low styrene 

concentrations. 'Qualitative confirmation of this i s  found 
using the apparatus desorlhed In Part IIB in  attsaapts to 

determine reaction rates at different In itia l tiydrogea chloride 
concentrations, (Tables lo  and 11). 
fable 10

Experiment ho.13b feumerature 25®C
Stannic ohlori.de ~ 0.0263 M 
In itia l styrene -  0.1002 M
In itia l hydrogen chloride -  0.059*

Time (lains. ) styrene (M)

6 - 0.0901
15 0.0810
23 . 0.0)27
39 0.0398
48 0.0331
59 0 . 05:®
75 0.0428
91 0.0374

0.0321

For pure additl(m reaotlm] the tlieorabioal final styrene 
oorKsentraticn i s  0.0412 M. 
fable 11

Experiment 10 .135 fesiper&ture 2580
Stannic tâûorldc -  0.03)3 M.
InlblELl stym ie  -  0.182 M 

Inlt&ial chloride
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f a b l e  I I . ,  ( c o n t d . l

Tliw Imins. ) >. Mi

4 C.I70
14 0*152
% 0*1)6
45 0*12^
o4 0*
76 O.*̂ ^
92 0*0':

122 0*079
149 0*071
2)0 0*052
) ) l  0*0)9

For putre ai<21tion theoretical final styrone concentration is
0.052  M.

the actual hydrogen diloride oonc^tratlon might be 

lower than th is , (see Part I IB).

Kinetics of the Heaotion
TM kinetic experiwents were nearly a ll made with 

hydrogen chloride in it ia l ly  in excess over styrene. Under these 
conditions some simple kinetic relations are discernible* The 

effects of varying the styrene and stannic chloride cmoentratlom  
were Investigated by " flew ' experiments in  whloh hydrogen 

chloride was kept at a constant concentration (Its  saturation 
value in carbon tetrachloride) throughout each experiment..
This procedure avoids the very ccmsideruble experimental 
d iffic u ltie s  caused by Wie v o la tility  of hydrogen ohloride from 
i t s  solutions In carbm tetr&dblorlde*

It  appears that under the conditions described the 

addition was f ir s t  order with respect to styrene. Experiment 
numbers 4 and 5 are quoted in fu ll to show tto repro#iccablilty 
of Individual velocity  Emasurements* %e average value of
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W# vâlesitar eoa@&m& Wês éeWmîned gra#»l8mlïy us3,j^ tteè 
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The i nflutrnce ot s tyran© uonoentratlcm.

the liyxixogea ohlorlde a t i t s  saturated  

Value ana keeping the stanrdc câilorido constant vlttiln a series^ 

v e lo c ity  measurements weiy carried out at d ifferen t I n i t ia l  

styrene conoentrat1 one.

There is  good evluence to show Uiat over the rarif̂ e 

of styrene oonoentratlon 0 ,0 ) 0*2 M the rate of oonsu^ption

of styrene i s  proportional to the concentration of styrene,
(fhe term series i s  used to inclina those velocity  me as urgents  
carried out with stannic (b orid e  solution prepared from the 

swae iKilb. )

lixperlamnt numbers IB, iy^ 20 and 21 are a typical 

series showing the ounstancy of K over a range of styrene 

concentration from 0*04 to 0*1# M and are quoted in  f u l l .
(Tables 14 ,1),16 ,17 , flg*4;*

%ble IB suimarlses the evidence which led to the 

above conclusion. Individual velocity  experiments not 
described In fu ll  but each value of %aa determined graphicallyj 
using equation (1 ), as In the typical saxias.

Table 14

Expenmmt Ho* 18 Temperature 2)%.
In it ia l styrene -  0 ,lo6  m*
In itia l hyûromn dblorldç -  0,14$ M,

8tannic cixloride -  ' 0*0157 M#i r i ^ - n • m -Tirn------------  ■» ^  *
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Table 14 jamUi* )

Time (iülns. )
2 .5
9 .0

18.0
20.75
42.0

& 7 5
77.25  101.0

S t y x « e r i e  ( M )

0,102
0.0935
o . c s l o
0.0678
0.0559

0,0599
0.0330
0.0211

% i£sm

% (leooa3poslt.lon

11.8 
23.6  
36.0  
47.2  
55‘1
^ . 3
08.8
8 o a

0 . 0151
laweawwesim

Table 15
Experlmant, Ho. 19 

In itia l Styrene -  O.0519 M 

In it ia l Hydrogen QhlocLda -  0.143 

gtanaie dxLodds -  0. 015 M

'f«Bt)0rature 23®0

j i f  ' 2.0
7 .0

17 .0
24.75
35 .0
51 .0
71.0  
8 7 .5

103.0

0.0481
0.0451
0.0397
0,©3b2
0.0304
0.0249
0.0187
0.01380.0100

^ daottBpoaitian

, 7 .3
12.9
23.5
30.2
41.4
52.0
84.0
73.4

Î.5
«m gea#i) » 0.0146
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'Table 16

racperluient Ho. 20 

InltlW. styrene -  0.139 M 
In itia l bydrogen ohloribe -  0.145 M 

Stannic ohlorlde -  0.0157 M
Time (aalns.) Styrene ill)

2 .0
8.0

18.0
29.0
50.0
71.0
8 8 .0  

114 .5

Temperature 25%

^ ûeeoîaposltlon

0.135 3.2
0.125 10.5
0.109 22.3
0.0939 32.7
0.0733 4? .4
0.0473 6b.l
0.0307
0.0263 m

(from gragb) » 0,0151
W'p i,'i Ti-mwma

Table 17

Rxueilment SQ« 21 

In itia l styrene -  0.137 M.
In itia l fayOrogen chloride -0JL45 M 

Stannic «boride -  0.0157 2̂ »

Tgaaperatupe 25®0

y f '3 7
(■/z?
I . i3 S ' /

0-jtù

(J.Tllf
<y syy- 
4.J|S-r

Lti Styrene (M) ^ décomposition

# : P
97.0

0. 134 ,
0.114
0.0843
0.0704
O.O5I8
0.0384
0.0285

1 .9
I 0.8
38.4
43.0
62.1 
2.0
9.1

k. (from gregb) » O.OI56

®jaibsrs 20 and 21 are oupllcatee. Tiiey were designed to teat 

tlic s ta b ility  of & stannic chloride solution in  carbon tetra

chloride saturated with hydrogaa chloride. Ebqpt.Zl was carried, 

out three days a fter Sxpt, 20.
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Table 18 Variation with styrene ("flow" sxierlisants; 

ÎÊSBâïâttisg. 25®C

stannic ohlojide -  0.012b M

22 0.145 0.133 û.ca.5724 0.145 0.152 0 .cab2
25 0.144 0.0336 0.0154

Stannic (ad-orlde “ 0,0156  M -
18 0.145 0.102 0 .01^
19 0.144 O.G48b 0*0146
20 0.145 0.136 0.0151
21 0.145 0.137 0.0156

/  yExpt.No. ^drogmi st^'ane ^  'k.fCA

Stannic chloride — 0.0109 M -
45  0.143  0.0363  0.0095
40 0.143  0.0335 0.00%
47 0.140 0.185 0.0097 6 /
48 ' 0.140 0.185 0.0096  4 0

SU^ini o ol:iXQgida -  0*0123 M ™
28 0.143 -0.0324 .0,0130
2 9  0 .1 4 3  0 . 1 !̂ ' o.ca.a5  & 1
3 2  0 - 1 4 3  0 . 1 4 6  0 . 0 1 2 5  ( a t

38 0.146  0.178  0.0133  7 1
42 0.151 0.395  0.014b 7 7

7 7
7 ■‘-h
7 .0

b ?
6 -b~ 

%

Table 18 alao Wi# r e p r o d k io e a b l lo f  serloa*

exaerfejgatfi..iit.,.sgo.
Siîailar v c lcc lty  metteurcmcnts wei*© curried £wt at 

0®C using a s lig h tly  sim plified apparatus (ssa Part IIB).
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The InfluenQs of Styrene Goneento’&ttion
AS at 25®0 the rate of oonauitpticn of styrene i s  

proportional to the styrene oonoeatration. Table 19 shows 
the oîtîstaney of over the range of In it ia l styrene, 
Coneenti'stion 0*03 -  ,1 M,

Table 19.
Temperature -  0°G
Stataaia ghloriae -  0.0224 id,
iWr(%@n ohlox'iile -  0.275 M.

Exot.No. In it ia l ^(C-ce -»
s^ rS n i ™  ‘ '

149 0.030 . 0.0102
152 0 . 1m . 0.0098  1-̂ 7

Increase in  styrene oanoaatratlma

At hither styrene cmcentratlcms the reaeticai rates 
are increased more than could be aoaounted for by the increase 

in  the saturatlcai oonoantratitai of hydrogen chloride in  eai'bon 

tetrsujhloricie (of .  esqpts, 67- 70, Tables 21 and 18), also  

directly  isi Table 20^ Since the addition i s  followed by 

styrene consumption an a i^ i’ent increase in r%te would be 

reasonable i f  aîçreciable amounts of polymer were formed during 

a reaction. However, svm  at I7 M in it ia l  styrsrje (see Part III  

A, Table 1 , sxpt. 14} there was up to fom&tion of ^-pJienyl- 
ethyl chloride. In the series 67 -  70 (fable 21) individual 

velocity  measur&ijents w e f ir s t  order witli rea^jeot to Styrene 

and is  proportional to U»s square of the catalyst concentration 

(f ig . 5a) In the series 71 ~ 75 immediately following, for
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no easily  app&rimt reason, the rate seeraed imepeiKient of 

catalyst oonoentration though indiviaal measurements remained 

f ir s t  order. (A typical example from each series i s  quoted
in  fu l l .  Tables 22, 23, f ig .^ i) .

In la ter  exijerimtants, and, as far as could be judged 
with no change in  the in i t ia l  conditions, two successive ser ie s , 

(espts- 8 1 - 8 4  and #  -  101, Table 21; the rate was further 
ineitiased and the react!<m beos*ae Zero order with respect

to styrene up to botween ~J0 ar»i SÔ  consumptioji o f styrene*

again, a typical example from each series Is  quoted in  fu l l  
(fables 24 and 25 , f ig * 6).

Also, kg i s  ^proxiaately proportional to stmmlc 

(Éilorlde { f i g . 7)* 'Ühe signifioance o f tiiese wiomloua results
i s  discussed in  the next seotim *

fcEsmrature -  25 Ĝ i s  the f ir s t  order velocity  constant

Sxot.KOé MSI (a) In it ia l fc,
{from grarh) ^  ^

St&naio dileride » 0*0046 M —
36 0*145 0*1

y  34 0*157 0*663 A/ 0.0064
35 0*170 ÿl*"""'  ̂  ̂ '

Stanuio chloride = 0*010
85 0*144 0 *0672'
8b 0*143 0,0440
87 0.161 0*862

0 . 170 , 1.399

0;0044
0.W64
o;oio9

CO. , 
6 ' 6 
g- i 
'3 1

0*007? f  3
0*0079 S' ‘5"
o;oi77 ] \ - o
0*02^ fL L
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Table 21
Temperature -  25 Q̂

HSi SnOl
1 1 7

I
71

1
2I

82
84
81
83
101

lo o
57

id)

0.166 0.0184 
Q.I65 0.0412
0.165  evogos- 
0.183  0.0826

0.1950 .165 
0.165  
0.162  
0.162

0.163
0.167
0 .183
0.167

0 . 16;
O.lb'
0.1b,
0.163

0.0249
0.0249
0.0'J 
0 . 0-

0.0424
0.0%8

0.1017
0.0300
0.0551
0.082b
0.1102

Styrme 
æT ~

1.141

i !o22
0.957

1.070
1.070
1.C47
0.933
0.933
1.016  
1.116
1.016  
1.116

1.042
0-973
0 . 97-

0.162 0.0363

0.91

0-923

0.0269
0.0374
O.lO#
0.116

0.0348
0.442
0 .0 ^ 5
0.0677

'A 

1 I I

12 19^

(froa'

0.0246  
0.0524 
0.0714 
0.164

0.0241 
Ô.0508
0.0248ft

1 '5

0.0354

k -  Xoto order vaiooitsy'
0

k, f ir s t  order velooit^ co n sta t
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Table 22 

S?cxifc. No. 67 Temperature -  25®G
1.096In itia l styrene (m) -

iarârop:en otiloride (21) -  0.165  

Stsginlo olilorlcie (M) -  0.0412

Time (a ln s .) Styrene

16.25
22.0

M
42.5

0.9614
0.610Q
0.4396
0.3197
o .a )^
0.1196
0.1034
O.O78I

^ deoomposltltaa

12.3
44.5
ÿ"7  
70.9  
81. 3 
89.1
90.2
93.0

% (from grapli) » 0.0524

Table 23

I^Pt.Ho* 72 • Temoeraturo -  25®G
In itia l styrene (M) -  0.933 

Hyctroaea chloride (M) -  O.I62 

Stannlo ohloride (m) -  O.C'599
Time (alna)

.M,  ̂
0.8936  
0.8003  
0.7330
gM t>
0.5295
0.4710
0.3835
0 .^ 7 5

kj|_ (frm  gra#i) » 0.0239

Qne % deoomposltlQn

x l : F21.2
34.0
43 .2
4 9 .5
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Table 24 

Sxpt. Ho. 82 

In itia l styrene (M) -  l.Olu  
llyiicoga» chloride (lî) -  0.163  

Stam lc chloride (M) -  0-0424 ,

Taanerature ~ 23o<J

(mine.) styrene % deeomaosltloa
2 .0
4 .3

i!;f
0.9442
0.8714
0.7496
0.6499
0.4964
0.2410

k (from graÿtoj = 0.0

7.1
12.3
26.2
36.1

?0.1
iWKWWçsswjBBmîe^^ im«Bts!55?sssRaf

TablQ 25
Exnt. No. 98
In itia l styrene (m) -  I .070

HyÆfogen ohlorlde (m) -  O.I63

Stwmle dhlorlde (m) -  0 .05^

Time sWrene
—

1 .3  1.004
5»£5 0.6505
f .75  0.7136

11.0 0.5890
1 4 .5  0,4375
1 9 .5  0.2860
27 .6  0.1173

(frm  g r a # ) *» 0.0442

aperature -  25%
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The I n f l u a a - 3 e  o f  ijyd i'oaert g h l o r l d e  Qeaesnfegatilon

In order to vary the ir s ilt ia l oonoentration of 
hydrogen chloride, the use of saturated hydrogen Æloride 

solutions must naeessaad-ly be abaïidomd. I t  has proved to 

be very d lff lo u lt  to prepare reliab le hydr%en chloric^ solutions 

in  carbon tetrachloride at other concentrations, owing to tïie 

extreme v o la t i l ity  of the hydrt^^n chloride. TMs difA-culty  

has already been Illu strated  in  the @xperlm«mtad section  

(Part I I ) . I t  has not been possible to vary the in i t ia l  

oonoeatratim In the sme& systeuiatio way as the styrene o<aicen- 

tration , but some d irect variation experiments have been made 

at 0%. A t  th is  t®jpîrature, the saturation ccnoentration 

of hydrogen chloride i s  O.275 M, campwcd with 0.143 M at 23®G.

The following evidence indicates that the rate of 

consumption of styrene i s  proportional to  the oonotaitration 
of l^drogen clfloride.

1 . "Slosed fube" Experiments at 25^0.
In the follow ii^  experhsants, carried out by the 

"closed tube® method (described in  Part I I ) ,  the individual 

readings were each obtained froia as independent I'e&ction 

mixtures (fables 26 , 27 , 28, 29) .
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% #onve3*8lm &>
1 0 * 0 0.04?
1 1 . 2 0 . 0 ) 2
1 0 * 0 0 #0 ) 6
1 9 . 0 0 .0 %
2 0 . 0 0 *0 %
2 7 . 4 0.00)

a *0 ) 0

Table g6

Bxpt» No. 138 f^pegature -  23®C*
In itia l styrene -  O.OjOl M 

In itia l hydrogen oljlegide -  o,o?i2 M 

Stannic chloride -  O.Qll'/ M
Time

33*5
50.25

51-25

Average kg 

Table 2?

Expt. Bo. 139 Temperature -

In it ia l Styrene -  O.030I M
In it ia l hylroj?sn chlorid^ -  0.0712 m 

Stathiio chloride -  0*0117 M.

Time (mina. )  ̂ oonveraim ^

59 2 1 .3  0.060
03 2 6 .9  0.074
6 0 .2 5  29.3 O.O65
60.5 29.3 0.060

Average ko ** 0 ^ 5

Tables 26 and 27 also show that ser ies sire reproduoeable.
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Table 28

Kxpt» Ho. 140 Température -  25^0

Ini t i a l  styrerfs -  0.0301 M 

In it ia l tardrogen «Florida ~ O.07I 2 M 

Stwaile ehiorida -  o»omù M.

Tiaiie imlns. ) , ^ conversion ^

; 4 9 .5  1 2 .3  0 .0 :^
8 6 . 2 5  2 3 . 2  0 * 0 4 5

129.75  39 0.037
158.0  42 0.049
109.0  37,5  0.039
181.25  . 4 1 .5  0.053
222.5  42.8 0.039

Average “ 0.043

Table 29

IBe& U& l-M S -  25%
In itia l Styrene -  o.G^(4 M

In itia l Bylrogen ohloride -  0.072  

Stamlo dbloride -  0.0111 M

Tiase irairas.} qonvia’sicai Jsl,

23  ■ 9 .2  0*062
42*25 ' 19*0 0 .0 7 2
8 9 .2 5  3 1 .0  0.062

1 4 5 .7 5  5 5 .3

Av^age kg, «

In tlsese experiments, %be oonstants are oaleulatw  
from the ecpation : f

^ ... k  SuLZ ■ ib; a D -  ^  I
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wiïere a = In it ia l hydr%wn dhlorlOs emcentration

b ** in i t ia l  styren® coneantmtion 
X = oonoentration oi styrcne ooneimod in  time t .

within rather v,lâs lim ita of errer, tiie velocity ooeffieeat kg 
renains constant up to about OG*iveralon for given in i t ia l  

oonftitiens.
If i t  xs peiaaissitol® to write

~ d /d t = k^Gl^I"HGl] jatyrene] . . . . ( 2 )

together with -  djCgj^j/dt = [[styrene] . . . . . . . . . . . . . ( 3 )

for  constant [yncl^ w d |[mgÎ[ 

and ® kg ^tyren^^HGl] . . . . . . . , . . . . . . . ( 4 /
for  constant

Then « kg -     . . . ( 5 )

and kg,''^nGl  ̂ » k . . . . . . . . . . . . . . . . . . . . . . . . . . ( 6 )

From experiments 138 to I45  (Tables 26 -  29), equation (4 / holds 

for  given in i t ia l  condltlans. %e va lid ity  of (à) i s  exaaired in 

a la ter section by p lotting vrluaa of k /̂[BOÎ)\ (= against 

^aiCl^ for a ser ies of " flo#' experlikents, a l l  at approximately 

0.14 M hym'ogen cliloride mmamtratlon, i t  i s  also tested at 
qOq where the hydrogen oiiioride oonoentration is  0.275  M. (the 

hydrogen ohloriiie being L eli constant durx% a veloolty measure— t 
ment by saturation.;

%0 iisean values o f fc; from @xi%rlmGnt8 138-140, a ll  

with in it ia l  hydrogen chloride O.07IS M f a l l  very nearly on 

the same curve (see f i g .9 » red p oin ts), wMoh indicates that
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(4) i s  valid  for changes of in it ia l  lytireg^ chloride 

oonoemtratiOT froa 0*14 M to 0.©7 M.

2. In exixartosnts 138 -  145, quoted above, the hydrogen

cshloîlde (C.0712  M) is  in it ia l ly  in  excess over stannic chloride 

(0.0086 -  0.0117 M). ïihsn hydrogen chlcilcW i s  in tmly small 

excess over st&mio chloride (Bxpt. I4 3 » Table 30) ,  the valoeity  

coeffic ien t kg r ise s  with increaaing consumption kst of styrene 

«mu the rise besaaes marked ishan stannic chloride la  in  excess 

over the in i t ia l  hydrogen <Alorid@ (axpts, 142 aid 146, Tables 

31 ana 32) ,  indicating that the reaction order i s  nos le s s  than 2. 
Table 30

gxpt. No. 143 Temperature -  2$®C
In itia l styrene -  0 .0 ^ 4  M 

In it ia l ky-drozen ohlcride -  0 .0 ^ 4  M 
Stannic chloride -  0.

Time (mins. ]  ̂ eonvarsiim ^
14.75  3 .1  0.0746
29.25  4 .9  0.0635
56*5 1 1 . 4  o .csoa
89.75  18.8 0.0%36

12Ç S3»8 0.0910
176 :%.4 0.0955

Table  31

axBt..|f0». 142 Temperature -  25^0

In itia l styrene -  o .o # 5  M
In itia l hydrogen pride -  0.0284 M 

stannic chloride -  0.0414 U
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Table 31 (oontci.)

T im e  { m i n e » } ^  g o n v e r s l o a  ÎL ,

53* 
82. 

108. ô
137.5

3 16.9
75 25.0

34.8
58.7

0*
0.10.1
0.3

to.X4.it a ,

m it ia l  styrene -  0.0285 K
In it ia l tydrOfeOn ohlorlde -  0.0712 M 
Staimio efcloride -  0.0414 M

Time {nri-na. ) € oopversitgi ^
40.2y  25.7  0.11
89 .23  03.4  0.18

ïn d ü en ta lly , Exparimesat aas. 142 and 142(a) ^ v e  soïb® d irect
Indioatiôn of the v a lid ity  of ©ipatima (4 ). k„ i s  at le a std
of the same order ovæ? tW range of In it ia l hydrogen chloride 

frcsa 0.0285 M to 0.0712  M.
Table ;32
Sgpt. Î̂ÎÇ. 7.46__ T«®parature -  2
In itia l styrene -  0.0284 M -

In itia l hydrofTen chloride - 0.0284 M .
Stannic chloride -  0.044 ■

Time # conversion

' 16.25
44.23
60.0
83*75

124 .5

4 .6  0.106
17 .9  0.174
26.3 0.003 
34.2  0.23.1 

, 50.3  0.287
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TSi© aignlfieanoe of t  i s  behavlwr Is  dlsoissed. l&t-ar, 
but i t  îaay be noted that the réaction i s  appœoxiîBately f i r s t  

order with raspeot to styrene. The slope of tîj® iilot of 
log(a — x) e^jaiiist tchae for Mo.146 gives

\  *• 0.00523

whence = k^/0.0284 ® 0.184

TMe value f a l l s  on the general plot o f  kĵ /HCl a t  
0.14 Ji hydrogen dhlorlde against stannic dHoidde. Tliis isspliss 

that, «ritti stsaaiia flor id ©  oonoentration 0.0444 M, ecpatian {4) 
i s  valid  for ^ange of in i t ia l  l^ydrogen <^onde oonoentration 

frcas 0.0284 M 60 0.14 if. This r®laticr*ship however, be 
coincidental.

“Glosed tuba" expariaien»s wei*© wade at o®© for  

différent hydrogen chloride ocsioentratlans (Tables 33 and 34) ,

0.02')4 M

In itia l hyuroiten clilorlde -  0.0918 W 
Stannic chloride -  0.0179 M

Time (mina.j % cm verelon

78 1 7 .0  0.0209
98 27.0  1.0263

148.5 26.0 0.0245
227 30.9 3.0188

Average * 0.0259  (0*Gfâ4l)

(The figure in  parenthesis inolude® the value of K2 at 2 2 7  aaimtee
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the la tter  vïus omitted bôoause a leakage of iy'drs^en ohloride 

was suspeotecl. )
Table 34
Sxpt. ho. 193 Temperature -  0®G.
In it ia l s tyrene -  0.0294 M 
In itia l hyuroHen cdilogitte -  0.1837 M 

Stannio # lo r id e  -  0.0179 M
Ttee .(aû-as . !  % ocaaveraioo  ^

6 8 . 7 5  3 1 . 9  0 . 0 3 1 2
9 4  3 6 . 1  0 . 0 2 6 2

173 %.? 0.0240
215 56.8  0.0243

Average « O.0269

Within Urn errors of experiment, equation (4) i s  justified , for  

etioh of Uiose experiments, and the mean velocity  ooeffiolent 
i s  the same for the two esp©rls»nts. The values of kg are also  
consistent with the results of other "flow® experiments designed 
to te st  the influence of stsumio dtiiorids at 0 C. (fable  

Press Pig.lO i t  i s  seen that equation (2) i s  valid  from a ^lange 

in  stannio chloride concentration fsxxa O.s^ to 0.04 M.

Consequently the relation Isg/^SxiCl^® k holds, within 
a lim ited rm go,

35
sxp t. J lo .

In itia l hydroigen olsloride 

^2
k.y§aCl4l

192 193 148-151

0.0918 0.0184 0.275
0.026 0.027 w>

(0. 024)
1.45 1.52 1 .63
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was. 148 to 151 wars "flow experiments."

Froia th is table i t  sp ears that the rate o f oonsut^tion 

of styrene i s  proportional to tyurogen c^iloride ooaoentratlon 

for a ^%migp in in i t ia l  hydrogen chloride frm  0.0918 to u.275  M.

Another pair of “closed tube" expsriments (156 t© 157) 
(fables 36 and 37) oonfiras Uie ooaelusion that equation (4) 
i s  valid for ohanp;© of in i t ia l  hydrogen chlorlda frc® 0.0612  N

to 0.153  M, but the oorrospcaadir^ values of kg /  [SnOl^ are, for
some reatson, inoonsist««it with the resu lts of T # le  35»
Table 36
Expt. Ko. 156 Tomperatiire -  0®G.
In it ia l styrene -  O.0306 #

In itia l hydi'oimn elilsrloe -  0.153 M 
Stannio ohlorlde -  0.0141 a

Time (iains.) jg conversion ^

21.73  10.1 0.0348
05.0  30.9  0.CK16
95.25  41.9 0 .04^

i% .75 4 6 .5  0.0394
141.5 48,0 0.0355
183.25 57.8  0.0381

Average feg “ 0*0367

-  2.74

fable  37
S b t .  Mo. 157 Température -  Q°C

In itia l styrene -  o o'Sofc H
0-0

O.OfM.' M
iaiysjU m tihsm -stijxaflite -  ‘''1
stannio chloride ~
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Table 37 (oontd.)

Tlae latins. j '/> oonveralm ^
32.5  6.9  0.0406

1 .1 -?  m  §:SS?
1 9 8 .0  27 .4  0.0437

Average kg -  0.388
eatoftesyse»

kg/[anai[^ -  2.66

VariatdL% wlfcft 3t annic (AilorMe

In "flow" axxjeriajants at sg^c with the in i t ia l  

styrene oonoentratlcn kept below 0 . I 5 M the catalyst ocnoentraMm 
mm varied. The resu lts are suoearised. in  Table 38.  Tlie 

experiments between the horiaontal lin es  in  Tabla % are 

velocity  measurements in  a ser ie s . I . e .  making use of the same 

stannio <âiiorlde bulb. k^, the f i r s t  order réaction oonstsnt, 
was obteined graj^ioally as described ea r lier . The A fferen t  

Values of kg are plotted against catalyst eonoentratioa in 

f ig .9 .  Doubly ringed points indicate wWre v e lo d tie s  within 

a series have been averaged (of. Table 38 ; and treble rings 

were series have been averaged. Red points were average values 
of kg from "dosed tube" experiments described earlier (Tables
26 , 27 , m ,  29).

to 0.015  M stannio ohlo3?id®.equation (6) was valid ,
i . e .  kg i s  d ireotly  proportlonal to catalyst concentration.

However, above 0.015 M, ttois simple relationship does not hold. 
( f ig .9 ) .  i  y.;;|
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f a b l e  38 y io v r  ex g eriro en ttS  a t  2 5 %

r t

'

Ibîpt. bo. m l 
W

Sti,yreri€
"t&S/

?>«ei
Cm)

k
1 m i

y) Û.144
0.144 0.0964

0.0-:>46 
V ,0046

j.OObg
0.0043

0.043)
0.0300

■ «5So
0.144
;>.145

0.0672
0.0442

0.0998 0.0771
0.0737

0.0535
0.0550 0.0543

45
4?

0.145
Ü.145

0.0365
0.0335

0.0109 0.00950
0.00957

0.06e4
0*0609 0,0666

8 0.145 0.0455 W.Ollb 0.0124 0.0867

m
29'u..

0.143
0.14b

0.0324
0 . 13b

0.0125 U-CI53
O.CI25

0.167
O.OB74

' 12 0.144 0.127 0 .C132 0.0133 0.0924

■ 22 
- 24 

25

u . 14o 
U.14b 
0.144

0.133
0.152
0.0366

Ü.0152 Û.CI57
C'. ulw2
0.0154

0.106
v . l l l
0.105

0.108

'■ Ifc
-  17

0.143
0.143

0.0323
0.0574

0.0154 0*0139
0.0132

0.0972
O.lOb 0.102

16
) 19 
1 20 
i- 21

0.145
Ü.143
Ü.145
0.145

0.102
0.04Ü6
0.130
0.137

0.0156 0.0151
0.0146
0.0151
0 . 015b

0.103
a .lo i
0.105
0.168

0*105

-  11 üél44 0.0994 0.0226 0*0134 0.126
2
3

0 *144 
0.144

u.0004 
0 .vb04

0 .0312 ■ 0.0225
0.0230

0.156
0.16Û 0 .1 ^

6o 0.144 0*0328 0.0363 0.0255 0,177
1 0.144 0.0b(>4 0.0402 0.0201 0 . 13b

10 0.144 0.058 0.0539 0.0271 0.1B8
~ 4

5
0.144
0.144

0,0038
0 . 063s

0.0887 0.0317
0 .030b

0.220
Q.212

Oospare squatd-cn (5)
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Similar e^-jerisasaba w re  oarried oub at» 0“C M&mm t»W aaWrablon 
oonoent»î‘at.i«»n e f hydrog#i d%lorlde in  carbon t»st»s^ilorlde Is  

0*275 M. (Table 39, f l g . l l ) .  mod pointe (nos. 181 and382) 
were “closed tube" ei^erisienba at 0.0918 M In it ia l bydrogen 

cblorlde (Table 40) and nos, 192-193 «ere average values of 

tlie ooRSbanb in  "alesed Wbe" experiments described earlier  

(Table 35)* Here i t  i s  d if f ic u lt  to judge # e r e  tlis simple 
kg/stannic cdiLoride relationship breaks ao«n, but i t  tends to 
hold over a wider range of catalyst coacentratitan ( f l g . l l ) .
Table 59 "glow experimwts*

Tîmoerature -  o'̂ S 
3iyarogea cfaloxdde (m) -  0*275

fityrene &  . ,(M) Cm) IICI .  
(fflin, '

0.0306 o .e io 0 . 0 0 4 3  
_ 0.005?

0.0156
o.o;^o 0.0122 0.0207
a .s ^ o 0 . 0 2 2 4 '  0.(HQ5 0 . 0 ^ -
0.0302 0 . 0 3 8 4 0*Clo5 O.OoCXJ

2
)

150
o 148 

-

Table 40 "Closed tube” expégliaents ■ .

‘feaæerature -  0®G
Hydrogen chloride (M) -  0*0918

f%)t. HO. «iMSgm SnOl. 7?»
Cm) (mT W n .-^ )

181 0.D%'3 0.0251 0,048 141..
0.0302 0.03^7 0.055 '
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pert m a  (11)
ïh«s meehmlaœ for the «mt&lytie addition of 

Ijydrogen diloride to styrem Suggested in  Part II A&11) 

is  now üiscMsaod in  the lig ^ t of k inetio  evidsnoa.
St&niilo ciiloride m,y form a otsBpLex wito a i^érog&a 

oMoride b etyrene. Gimglax fomiatlon betwesn stannic t^ o n d a  

and hydrogen chloride has b e^  assuimd In the sohaae of 

l’SfiOticüns pfoposad to aecount for Wie products of the reaction. 

But since styrsne polyaserisas in  î»he presence of stsasiio 

ciiloride (in the absence of hycirc^a chloride) styrene must

be capable of some in t e r a c t i f  with stannic ch lw ldc. Klnetdo 

evidence does not decide clearly between the a lta^ jatives.

However» a seems probable for U>e reasons gives  

di®ou88iE(5 the reaction products. a further indication  

in  favour of a i s  provided tfie ‘flow* resu lts at 0% 

(fig*10). l i t h  hydrogen chloride cmoentraticn ccmsttmt at 

0.275  M and in i t ia l  styrene the constant, k^, i s
^oportijanal to the stannic j^ilorid® ever the ra%e G.Ol to 

above 0.050. I f  a complex between styrene and stannic {âilorid© 

were involved in  the rate detsnaiaii^ step i t  would, perhaps, 

be odd that th is proportionality should persist throughout the 

range in whlcb the ratio  of catalyst to in i t ia l  styrene dhm%es 

frtsa 0,53 to I . ) .
I f  in the f ir s t  instance the assumption is  made, 

that provided ttie hydrogen (Alorlde i s  in  excess over the



in it ia l  styrene * rate deWmilnlng ate# involves only 

the owiplux (a) and atyrane»than the oechanlsm would W 

repreaanted by
m i  + ^

ÜMfh « + M*8nGl% » G"̂ *eh-ÜĤ  + Snelj“ Z

and 2 i s  the rate determining step»

Let a » in i t ia l  hgdrogm chloride goneontratlon 

b = in it ia l  styrene eaneentratlon 

o a stannic ctsloride 

and dmote ĵ Ĥ 'SnGl̂  by #ompl<ar^

Let the frm otlon^of etaatxio eisioride be praemt at oœoplex. 
Th^n ie r  the equilibrium 1̂

K ®
(a -X8)(o Ae) 

and for the reaction

-  d # ty ro r^  » k ^tyran^ [eaaplex]]

*» k Çstyeaii^Xe 

k » the theoretical v e lo c ity  constant* Êsperiiae»- 
ta l ly ,  for a given value of S i-

-  d ^tyren^^^ ** kg ^tyrene^^œÜ

(P&rt III B(i) equation 4) 
Equating the theoretical ani experimental rates

kg [ s t y r e n e ] k  [styrem ] Ac 

and kg « k A ® ',» ,.............».................... » '}
WÏS . ^

# 1® experimental order of the reaetian with respect to styxena 

follows uireotly fx m  the above discussion.
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fhe variation of ko vdth bytjrog^ (âilorlée»
ÏW  axperiraontiai Observations a re i-

a} hydrogen ohlorida eoneentratioB ia greater than the

stannic ehiorlde, i s  iadopeiviant of l3yit?%^ olAorid* over 

the a » 0 ,07  to 0.14M.
b) When hydrogen chloride fa ils  b e lw  the oatalyst oonecntr®- 

tion or i s  equal to i t ,  then the reaction order fa l ls  frmo 2 to
wards tâivt value 1.

Considering f ir s t  the situation  a

Let e » y , and le t  a^.sud be ©orresperi^rig values for  

in it ia l  hydrc^en chloride and for the ooneentratlœ of oomplex 

respectively.at a fixed  value o f stannic chloride.

Now i f  is  to be independent of a , then frmt -  3

kg * ^  “ ^ 2  
a i "W

so yi. *
^  82

= ^1 ^  
»1

JÙ.&& from 1 Î-*

(aj. -  0 -  ÿ #  1% -   ̂ -

(ag -  % y%#tc -  8g F #  
% *^1

Let a  ̂ * pa>l
then p(ai -  y i ) ( c  -  yj.) « (ag -  W i)iQ  -  W ii



DM-

2  x _    2

pa^o -  paĵ y -  poy  ̂ + Wi^  " ago -  pagy^ ~ PW3. *
pai « &3
2 « „     _    J l .  2-  agy -  poyi + W\^ ** ago -  pagFj, -  poyj. •*-

-  W i^  “ p%yi -  t i^ i
y ,^ ( p “i )  “ yjag(p-i)

yj^ « SQ̂ X
P

yi^ » a iy i 
(1 ) y? = 0 yg « 0 >

and yg » Piy, , 5.or yj » ax yg "
For ag/' &x A® ®nly the aolutian yx “ 0 i s  actolssahle,

®tus, ivhen hydr{; «̂aj chloride i s  japessait in excess  ̂

over stmmlo chloride, the experimental observati^s described 

W  2 can only W true i f  X i s  sm ell, Uiat i s ,  i f  very 

l i t t l e  <£ the stannic dilapide i s  converted in to  complex with
■■■X

byorogen ohlorlw# On the other hwxl# I f  atm olo dhlorlda 

1$ ia  0X0088 ever hyaro^a # lo r l4 e$  the Bmm result i s  

obtained i f  Igdroge# ohloriuo i s  almost oomplotely oonvertod 

to oomplox. Hcmover# imdor thwo oomoltlws egimtlim 2 la  

ob&ervoü oxperimemtally not to hold.

#wse eondusiam  are confirmed by arâtàaotio testa  
using arbitrary values of the ec^lllbrlim  eons tant» K$ from 

equation 1 . Two extreme values» i .e .*  K « 1 m l K ■«* 100* 

are taken In an attempt to t e s t  # * tb er  the e^mrmomWL 

resu lts ow) W reprodmoW taking very small or large values 
of K. A i s  oàloolateâ from equation 1 for different values



of hydrogen chloride dixi is  subsil&ubGd i»  J giving 

theoretloal kg in  tsras of k. This i s  dm® a i siannie 

chloride omoentratiions that sa tis fy  conditions a tmd b 

rsspectively . The roaults are sunamarissd in  table 1.

a c S Ac kg Eatio

K » 1
0.143
0.0715

0.0100
0.0100

0.125
0.07

0,00125
0,0007

0 .0091k )
0 , 009Sk ;

l .W

0.0284
0.0142

0.0444
0.0444

0,125
0.035

0-0056
0.0024

0 . 195k
0 .172k i 0.88

K « 1

0.143
0.0715

0.0100
O.OlOO

0.92
Q.&J

0.0092
o.oc^7

0.0643
0.122 i 1.90

0.0204
Q.fflL42

0.0444
0.0444

0.452
0.240

0.0199
0.0109

0.796
0.7G9 i 1 .09

It i s  evident that the ssomd <a?der reaction for a^ o  mû  

a ** 0*07 “ 0*1#: i s  reproduoed only by using a m a ll value 
of K.

Neither & mmll nor a large value of K w ill reproduce 

the réduction of order Observed for the eosd ltim  a < 0 , W t 
i t  i s  to he noted that styrene and hydr%m chicaid® were 

present in  equal oonemtrations in  these experiments: and

i t  has already been pointed out that rssetions other than 
simple addition of hydr%en Chloride to the styrsw  may be&xn®
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if  1» mt i» mam#
ever

i(S^j®ri»a^Iy, #w varim&iem W ^  w&h 
®as5ei»t».ti®a is eWym is figpe* f  mA ii>* Fig*# 
ef ft» inl tici limmy per&ic# t<m #m xm0 t
e » # *» w  # fcriiiS» Jus. #&# % %i#w 1 #@@
Wm # ib  it-s® M  ©•
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1 mai 3 W@m@
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affli ^X® ****•*,»•*•••■»••*»*•» 8

is  #Adh # » « 0*M'̂  s i #  #» 4  #
# -  % Is %# ®* '#i#
rrâ-ait m z  W r®e0î*eiî.®é #  &*: Ifc® #am#e iw#w is  msw 
mm * »  *

resi»ii &%.##%» ^ A %# 1 #$, Is#
arnimlysi e«æed»tra%à«s*.

&g iw âa te  4

aS-s# tp sliteM vsi^  i t  wikilû ê0m  # * *  Ww e^rt*
aW,W aepsrt fraa üî^swily m  Um mWyst wmmtwiim 
gmxm»»û» ##. #r#mwt &ü@* »te® ;«#& alsw fer



laj%0 valuta of K*

put A c » k^a into 7 
k

K(a ) to •“ k^a j ** k^a
k k

=w K̂ cfe? -  Kak^ka -  Ka%ko -f KaPkg  ̂ -  a%k » 

Dlff<*rentiating with reapeot to e and 

that

g,. i t  follows

2 s .
ÛO

#  *  *  -*  #

:, p it kg -  k Xe 
&

m a — Xe)d k g _________________________ __________

d@ aek(i-AX ) + a îc + oIc
K!

I f  E i s  v«ry large th is appreximtes to t-
dkg _ {a -  Aq)
5e~ aak(i— ) +• a^k 

This sim plifias to

dk- k
T '-  X ¥"' r

u r = TÔ

X - 7 1

dk2  ̂ k as h&tom
do a

as sW mlo chloride Increases, eonaidar tbo e ffec t on

1  ̂ 4* 1

Hem decreases %d,th Increasing ataimic chloride

than 1*Also a always 
o'

10

11

12

13
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AS /\ decreases both (1 ) m# (a -X  } increase but the
o

effect on (1 -X ) i s  greater Uimx on (a -X' ) with the resu lt
Q

that there i s  an overall increase in  (I -X  1
ia'^X'7
0

It follows that di% deorewes with xnor^ming catalyst
33T

concentration# Clearly» from 10 and 1) i t  should be 

possible to obtain valuta of k and K from the slope of Urn 

gra%A. AO teal oaleulat&on# showed tliat K was noWiif% lik e
constant over the range of the eacperWental curve#

Moreover* i t  ims already w # i  ghown that a small 

V(ilue of K i s  required to account for the influence of 

hydrogen chXaride on the reaction rate , and the discussion  

follow iî^  supports th is idea also approxW&te iwmcrlcal 
c^dmlations firmly indicate that the tens ak cannot be

r
neglected te  ccmparison l i t h  the other terms in  the danœinator 
of e la t io n  11 #

The assumption tlmt K i s  largo may be emwdned by 

a rough numerical te s t ,  thus

Suppose that X » idmn o # 0#00$, #im  from 

7 K * 6}
Uslmg this value of K we cm calculate A for otter values ef 

o
aiso ^  k >

8

fake % a 00> for a « 0.005  (frm  graiAi)



le-cj

'fhen k » = 0.14 î x 0,03
AO ü.#x 0.005

» 0 .95

fhen applying t>hls value of k to the non lim a?  part of 

ths cuive k^flhouM be predict#!.
Thus for 0» 0,0%  and A » 0,82

k , » 0.49
The oxparimental value fqr kj_is 0.22 

It i s  evident therefore that tî fô aasuapti® that X -v 1 
for low uatalyst oonoentrati<ms gives too small a 

curviUuro to tW relation between k j_and o. m  
approximate proportiom lity should be preserved over a 
wider range than is  observed experimentally.

iiCfrfcrvor,since a » 0, •45,& i s  at least ten 
times the catalyst oonoentratlon throUgtiout the linear  

portion so either a small o f a la*%@ valu® of K would 
reproduce the axperlmenttl resu lts .
This follows clearly  below;-
?or very small vsluos of c relative to a 7 reduces to s-

K » Xa------
a(o -  No)

so Xg œ Rao
1 V Ka

but k=kXo
 ̂a

so k, « k K a »
aCW Kaj

Therefore since k.K and a are ocnstsiiits, k jis  proportional 

to o for any value of K.

'ixpsriments with varyii% hydrogen ohlondo 

eonoontratioa favour a small value of K, But tlû s again



//o

is  not oonsistant with the dep%rt$ire from linearity In 
the region Wiere o is  greater tha 0»01$ M* In fact i t  is  
found by tria l that the oomblnatlon of equations t rsnl 7 cannot 
be fitted  to to© whole range of the r i m e n t eartr© for 
;ii%y iraluea; ojT k  ewmlfC, IlhdLai jus TbewLeg; tsar 1kBLkiLrw% %&

arbitrary values of K# It has @1.ready been shown that a 
large W dees not do#
Tidce %C =« i
’̂ hm for a » 0*143 ami c -  0.01

X« 0 . 1 2 3

Put&lag k 0. 065 tar e = 0.01
tim  following raaults ay® de?iv»d from aquations 1 and 8

= The t.h8orstlC(il

e A Xc k r  k]_
e c

0.01  0.128  0.00128 0.063  0,00065 0.065  0,00065
0.02 0.124 0,00248 0.129 O.mo-4 0.122 ■'• .00061
0 .05  0.120 O.OOfoO 0.312  O.OOQte 0.187 0.0003*7
0.0# 0.107 O.OO856 0.445  0.'"' '̂056 0,212 0,00026

Then t&ke an In&ezmedlaW value of K = 16

Tor a « 0,143  c * O.so5

X*. 0 . 6 9 4

k 0,274 fof c =: 0.005 
k « 1,24

The following remtltiS are then <terlved es before.
e A Xc_ kv Jcj Isj/e

c
0.005  0.694  0.00327 0 . 02*74 0.00034  0.0274  O.0QO55
0,04 0,651 0.^260 0.218 0.00054 0.172 0.00043
0 .0 6  0 .6 2 7  0 ,0 3 7 6  0 ,3 1 2  0 .00052  0 .1 %  0,Ç»
0.09 0.591 0.0532  0.446  0.>0049 0,216



in both eases thore la a elo# departure îvm% linearity  

above c « 0#CK2 M »but th is Is  Vbry aucb le ss  timn the 

experimental etirvtoure# i t  is  p ossib le ,o f eourae,to f i t  the 

theoretical curve more closely to t#e experimental curve 

at higher values of e by taking d ifferent values of k, 
but then there are marked deviations at low catalyst 

coneentratioas #

If the simple mechanism considered h ltterto  appll̂ -̂ s 

at a ll i t  ia more natural for I t  to apply at the 
stannic clilaride eonoentrations mâ  to seek for causes of 

divei^ence at the higher conoentri t l  one #

Many attempts nave been made to determine absolute 

values of the constants k mtd %#
How,from 7 and8,lt roilows timt

K - ^  ^

Here k t̂md c sjid kjsmd e‘ represent pairs of values taken 

from different parts of the experimental ourvs. If the

variation of k with stannic chloride can he represented 
bf the simple oomtoinetioa of equations 7 îarjdS i t  shcssld be p

possible to derive velues for the constants from the experimental

curve* 'fMs was tested  using B*my d ifferent pairs of values of
and substituting In jn a ll eases this gave' imaginary

solutions for k.-another indioktlon that tha siaplo theory
does not hold over the «ïœle raj%@ of catalyst concentra.tlon .



gven i f  xti i s  narrow liudbô tlio simple
theory i s  applicable It  leaves m&ny of the exparlmantal 
features anexpl&ined.
1 The substantial departure frog lin ea r ity  of the curve 

plottlnx^ abmlnst ca&alyst oonowitratlon In the^flow^ 
experlmonts-fable 38» figs#9 andlO#

2 low ering o f  the reaction  order in  the * d o sed  tube’ 

experiments when starm lo ch lorid e beeomee equal to or 

r is e s  above the hydrogen ch loride * I t  i s  to be noted  

that sim ultaneously the hydrc^en ehXorld^ls wcpai to  Wze 

styrene# Tables 3O-32, pag:. 9>"95*
3 The in crease in  tli© rate o f the rea ctio n  ana anomalous 

dependence o f the ra te upon c a ta ly st concentration a t imoh 

higher styrene concentrations# pp 64-86»figs#3- 7*

However i t  i s  rcaswablc that i t  Is only î âien the 

hydrogen chloride i s  in  oonsider&WLe cxecss over the other 
reagents Ui&t the other possible reactions suggested in  

part III .4 may be neglected# /JLso under the conditions 

Involved In features I-3  complloaticn$ are known to occmr*

For exaispl.o,the observatimCtalues 10 amd 11#pp 7^79/ that 
for stannic chloride  ̂ wm styrene In excess over
hydr<̂ #% chloride the consumption of styrene is  greater 

m m  would correspond to the simple addition of hydrogen 

chloride to the double bm%d suggests that short chain 

polymerisation i s  coming into prominenoe rniûew these conditions#
It is  shown also (part III A) that the proportion of polymer formed 

during the reaction increases with in i t ia l  styrene-concentration#

A likely  sWmas i s  drawn out below;-



M'S

m%. + ïfîinCi^ ( l)
Fiï3îlsC% <*• SnCl4^ Pt^H-üirsnGl .̂ (11)

?feCHîG% T iSsO lj—k3-T£'iÆM.eiîj| 3nCl5 ( ü i )  
pb3%-a%'*BnGi4+ SsBcâ "—k4i?HitH.eH- |̂snfia,j + @«014 (iv) 
PÏ̂ M -  GîLjj Snclj HxCKCX.QÎÎ̂  T 8lkîl4 (v)

PkaM.GĤ  SnSi^ m & il « Oiî̂ —fefr^Hsé%ei .̂CÎI?i«ï^[ Sî&’l j  (vl)
aÂl.Gî%.GH.MiG&/ Snar.  (v il)

^ 1 \ . 2 / + Hol +‘̂ aCl4 ^

âXao possibly
-  Cî InCX4 + m i (v iü )

Ph&i.Cîi^ | 3n e lJ +  œ i  :-^ k  aûMCl.CI^ + #8nGli^ (ix )

In a non polar solvent aucb m  carbon. Wtraohlorld# tte  
tree Icms are parimps more properly visualised as Ion imlrm* 
‘fte  large iaW)or of possible Involved In the above
sobeme ma&bs even the lolloping quel IWtlve dlaouselm of 
the abeexTOii feaWres of the reaction l i t t le  more than 
apeoulation# A more detailed kina tie  etu<% of the reaotlmi 
is  needed In the regions where the styrene am aoM oèncîm- 
tratlon are nearly e # a l for I t is  knw that here the 
reaotlm Is oo^ilic^ted by polymerlsatlm# . It Is probable 
(Uso that the rate of oonsw)tlon. of styrmo does not e#%l 
Mie rate of oonsm#ti<m of hydrogen olilorida* so follov&ng 
the fa ll In styrene ccaaoentratlon may not five a trd# 
measure or the raW of the wciitlon reaction. It î nuld 
be aaeûil to evolve a method for measuring the rate by the 
fa ll in acid concentration. If the entity PhËB-CK̂ j SnGl̂
Is denoted by %-
the total ra te  of oon$u%>tl(m of etyrœ e will be given



Illf

the aim of the rates e£ reaotioas ( i l l ) ,  ( iv ) , ( v l i l )  and 
(v i) ai»l further terms I f  pilawra higher than the Ulmer are 
taken into aoeoant.

-d[styrene]/^^ »
+ k4 r%6K. CHg.nnül^]   A

4- & û[phC K iS K ^ |^x]

I t  tmy be supposed that the styratie and. hydrogen oliloride ï

oom̂ iet© for stannic iSilsride in  ( i)  land ( i i ) .  It is  also 
supîiossà that reaction S (111) proceeds more readily tlian (Iv). 
asoess of hydîtxgïîn ^iloriue over styrm e « i l l  favour ( i )  fuad 
( i l l ) .  (I t w ill »0,so fcvour (Ix), i f  tails is  s  possible reaction, 
over (v i) . & any event toe foraati<ai of dimer by (vt) aW.
(v ll)  w ill be disoour«ged at la s  styrene eoneentratiœîa, m * 
these oireufflst^oas the rate of reaction id ll be dœdnatM by,:, 
the f ir s t  term in  (a) #ii«±i reduces te the simple t ilery  des— * 
oribed earlier*

She Ihfluenm; :% gtamnlo ehloriue la  *ylew* “

AS the stannib chloride oonosatrutien iaereases roiatdLV© 
to hydr%en «ailcrlde i t  se^ a  lik e ly  tm t  ( i i )  imd consciÿiently : 
(iv ) and  (v i l i )  w ill intrude but again (v i) « i l l  not be aa- 
$toslsed. I f  k4  md % are less  tfian a risli% proportion 
of stannic chloride would l e a d  to a le ss  than proportional j
rise in the observed rate: although (v) laay be in tr in sica lly  :
easier tom reaction (v i l i )  the relative owoentrations of |
acl snd ifsnGLg favour (v il i)  a ^ in st  ( iv ) .

The reasoning may be fa lse  unless (v i i l )  predominates 

over (iv) because the rate of (lv)w#a.d be propwtioaal to the ' 
square of the catalyst concentration. '
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2 ~ Raëuotlon in  erâer In ’closed* Wbu experiment 
Either excels of o&talyet over hyorogen (Alorlae or excess 
of styrene o?or hyor%m iâilorxde w ill favour (11) snâ 
consequently (iv ) and (v ili)#  Excess of sttmnlc clilorltie 
Villi favour the back reaction (v)* In equation A the third ., 
second md even the fooorth tcrw may come Into play umcr these 

condltlom# If the scccmd mtk third teims %)Tlnclpally déterminé 
the rate, a reduction of reaction order bclo# 2 vdll resu lt i f  

the proportion of # - .  BnGl̂  Is net nsgliglhly small in  com
parison with the concentration of styrene and. sW mlc chloride
in the equilibrium (11) l#e# i f  Ph6B~C%.EWll  ̂ ia not proiHsrtional 
to styrene#

3 At hlRh styrene oonoentr^tim
tfnder these conditions a ll the tCCTs in  cc^ation a are probably 
significant.

From a eomlderatlon the stationary concentr&tlm of Ph&WHg
SnClj » X i t  follows that

«S G%][H+SnGlg j + k  ̂ [ph&H . G%&m^ j
k«rH iSiLcaJnG ijri»il + fmGHoi D%omi 4
— Kÿ" '+ % ' gmom'Oïg] " T  --------

A fu ll  ttXpi’ssslGn of til® roaobion voAq i s  toon given hy subsbitr- 
u tli^  this value of X in  A. No® i f  ib  is  asstased bhai x' ghonyl- 
@toy!to ioride i s  always prssenb in  i t s  egiillbrium oonaaibrablon 
bhe fu ll egjablon i s  scmawmb sim plified. S’urthea?, i f  a series 
of approaimablons awre made lb is  possible bo deslve a simple 
exijressito to lto  would pmdieb bhe iirab order velooiby meaaure- 
faenbs and, bhe properbl onsli by of kg bo bbe Btÿiare of the oabtilysb

ooneenbr&bion ( fxparimenbs 67- 70, p*B4), %e aero oisier 

reacblcsjs (Sx|»rtoenbs # -8 4 , p. 83) may also be predlobed J



iHiti the afgmnanb is  based on different and conbracilotory 
assucipfcions oonoaraing the relative magnitudes of the 
equilibrium and. veloakty constants. In general, however, 
mixed, behaviour migjit be expected. »<-phenylethylchloride 
i s  not assumed to be present in equilibilum concentration 

there are further p o ss ib ilit ie s . Further ooaislesitles 
laist iiiao arise from tiis formation of W.0i@r polymers and 
of saturated dlstyrene.

It i s  d iff ic u lt  to account for the series (Sxpts. 
72- 73, p.84) in to lto  % i s  Independent of cat^ayst con
centration except by experimental error. Possibly there 
was an insufflo ient supply of hydrogen chloride.

AS has been a tte s te d  earlier further detailed  
kinetic studies are needed before a more oc^pr'^icnsive dis
cussion is  possib le.


