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ABSTRACT

This work has been divided into two sections:
SECTION A (Chapters 1-5)
This section is concerned with the preparation and cationic

2

polymerization of various kefene aceéals cH :C(ORI)OR . Four

2
kéﬁéné acétals ﬁavé Béén syntﬁésizéd (éwo of whicﬁ aré néw com—
pounds) and their polymérizaBilify has been iﬁvéstigaféd under
ﬁomogénéous and Eééérogénéous condifions, in bulk and in
solufion, Eééwéén ca. +50° and -100°. Tﬁé monomérs sfudiéd
comprise (KAl) R'=R? = C2H40Mé; (a2) R'=R?= Et; (ka3) Rl=te,
R%-Et; (KA4) R'=Et, R%=i-Pr.

Mosé of éﬁé réécﬁion producés forméd in soluﬁion wéré
viscous palé yéllow fluids or séicky réd solids;'wﬁéréas Eﬁosé
forméd in bulk with solid, sparsély soluble initiators wéré
whifé waxés or powdérs.‘ For all sysééms for wﬁicﬁ soluﬁility
of product pérmiﬁééd DP déférminaéions,'iﬁé ﬁigﬁést DPs (ca. 20)
wéré found from bulk polymérizaﬁion wifh solid CdCIz. Wifﬁ a
wide rangé of soluBlé initiators in different solvents over a
widé rangé of concénérafions DPs gréaéér Eﬁan aBoué 8 wéré
éxcépfional.

It is suggésiéd‘fﬁaé there are at léasﬁ'four chain—ﬁréaking
réacfions involving the growing dialkoxycarﬁénium ion.»CHz.E(OR)2
and evidence is présénééd which accounts for the ﬁigﬁ rate of
chain—Bréaking comparéd with that of other olefinic monomé;s.'
SECTION B (Cﬁapférs 6-8)

This section is concérnéd)wiéh the prOpérfiés of poly—kéfené

acetals.



Acid hydrolysis of the polymérs yields the corrésponding
poly-1,3-diketones, (-CHZCO—)n and various derivatives of both

the keto and enol forms of thése havé been prepared.
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Symbols and

abbreviations used in this Thesis

Conversion

M
n

DP

I.P.

A
MtXn+1

iniﬁial concénération of monomér
final concénfraéion of monomer
concéntraéion of mbnomér
concénérafion of nominal inifiaﬁor
concentration of active spéciés
concénfraéion of frué inifiaﬁor
concénﬁrafion of solvéné

concentration of co~initiator

‘rate of propagation

rate of cﬁain—bréaking

raéé-consﬁané of propagafion

rate-constant of fransfér with monomér

rate-constant of cﬁain-bréaking By inifiator*
rate-constant of cﬁain—ﬁréaking By co-initiator

raﬁé of unidénéifiéd cﬁain-Bréaking réactions
firsé—ordér raéé-conséant

sécond-ordér raéé-constanf

activation énérgy for ﬁransfér wifﬁ monomér

activafion énérgy for propagaﬁion

pércénfagé Ey wéigﬁé of fﬁé producf wﬁicﬁ was insolublé
in péntané

100 (mo-tq,_)/m0

numBér-avéragé molecular wéigﬁf

numBér—avéragé dégréé of polymérizaéion. Excépt wﬁéré
indiéatéd in Lﬁé féx£ the DP values refer to the polymér
insoluble in pénﬁané

induction périod

anion

compléx anion dérivéd from metal halidé Man

* or by a species whose concentration is proportional to that of the
initiator.



SECTION A: THE POLYMERIZATION

OF KETENE ACETALS




CHAPTER 1: INTRODUCTION

1.1 Kéténé Acééals

Ketene acetals are l,l-dialkoxy—substituééd oléfins ﬁaving tﬁé

- general structure I:

(1)

The name "cetene acetal” is derived from the fact fﬁaﬁ'ﬁﬁéy
béar the samé structural rélafionship Eo éﬁé kéténés éhat acéfals
and kéfals Béar éo aldéﬁydés and kééonés.

The préparaéion, pfopérfiés and reactions of kéténé aééfals
were réviéwéd compréﬁénsivély in 1949.5y McElvain.1 More récénély,
this class of compounds ﬁas Béénvréviéwéd By Owén2 (1954),
by Oda and Taméi3 (1961) and By Swéfkin4 (1970)

1.2 Polymérizaéion

Tﬁé firsﬁ workérs fo réporé fﬁaé kéféné acééals could bé
polymérizéd were ﬁéyérsﬁédt and McElvain® in 1936. During
disfillaéion of kéﬁéné diééﬁyl acetal the polymér appéaréd as a
thin white déposif on the walls of the apparatus, and was also
obsérvéd as a sémi—solid gum ﬁhaé séparaééd from disfilléd samplés :
aféér a féw days. Tﬁésé auéﬁors fﬁougﬁt éﬁaf ﬁéaﬁ causéd fﬁé
polymérizaﬁion, but it was later sﬁbwﬁls that the monomer could be
heated at 190-240° for six hours in new Pyréx tubes without any
pércépﬁiblé polymérizaﬁion. It was concludéd,15 that the polymériz-
fion oﬁsérvéd Ey Béyérséédi and McElvain was causéd by fﬁé acidify
of the gI?ss surfaces of their apparaéus. Indééd, if the interior
of the apparaﬁus was washed with an gquéous alkali solution (aféér

. the use of a chromic acid-sulphuric acid cleaning mixture), the

formafion of polymer during the distillation of ké;éné acétal was



scarcély noticeable.

In addition to its inaﬁilify to polymérize éhérmally, ketene
diéfhyl acéﬁal was found to Bé sfablé fo sunligﬁf, and fo bénzoyl
péroxidé,ls.fﬁus sﬁowing its reluctance to be polymérizéd via a
free radical mechanism. Inifiaéors of the cationic éypé which were
found to polymérizé ketene diétﬁyl acetal were "in order of
incréasing effectiveness™” the chlorides of nickél, coﬁalt,
cadmium, zinc, iron and aluminium. Présumaﬁly this order was
dérivéd from éﬁé ﬁimé réquiréd éo producé an immoﬁilé gél. McElvain
et alls carriéd out additional éxpériménﬁs on the polymérization
of ketene diétﬁyl acetal by cadmium chloride. Tﬁéy found that the
addition of 6 mg of cadmium chloride to 10g of the monomer gavé a
55% convérsion of monomér Eo polymér. If was assuméd fhaf fﬁé
only cﬁain—Eréaking reaction was Ey réacéion with alcoﬁol, 1éading
exclusivély to (-OR)3 end groups. On this Basis numBér avéragé
molécular wéigﬁés wéré calculaféd By méasuréméné of fﬁe amoun£ of
carBon dioxidé evolved on éﬁét&drolyfic décarboxylaéion of fﬁé
polymér and the values réporééd vere in the rangé 2600-2700. The
assumpfion of complééé cﬁainvséopping By alcohol is érronéous,
sincé réacéion of a growing cﬁain wifﬁ a moléculé of alcoﬁol will
probaBly be a transfér, not a Eérmiﬁafion reaction. This should
éﬁéréforé Iimié éﬁé moléculat wéigﬁf Su£ noé éﬁé convérsion.
Furfﬁérmoré, Eﬁé compléfé conversion of kéténé diéfﬁyl acé£a1 Eo
polymérié material is possiﬁlé if sufficiénély puré materials are
used. It seems likély that the low conversions réporﬁéd By
McElvain were due to residual moisture in the systém killing the
acfivé cénfrés, since no précauéions were taken to exclude the
aémospﬁéré from ﬁﬁé polymérizing mixturés. .Tﬁé aBséncé of sidé

reactions was indicated15 by the presence of only two components.



in the syséém after polymérizaﬁion,viz. polymér and monomer.

Lal6 invéséigaééd the polymérizaéion of kéféne diéthyl acéfal
and kéééné di-n—Bufyl acetal wifﬁ cadmium cﬁloridé af room
témperafuré, in bulk and in ﬁéptané soluﬁion. Alfhough the
réacfions wéré carriéd oué in niérogén-flusﬁéd Boﬁflés and fﬁé
hépéané was distilled off pﬁosphorus pénﬁoxidé before usé, no
détails of fﬁé drying of ﬁﬁé monomérs or fﬁé initiaﬁor aré givén.
Thé polymerizations wéré allowéd to procééd to "Higﬁ" convérsions.
The bulk polymérizaﬁion of'kéféné diéfﬁyl acetal (0.17 w/w of
iniéiaéor éo monomér) yiéldéd a powdéry polymér whicﬁ was only
soluﬁlé in d-dicﬁlorobénzéné at 140°, Wﬁén fﬁé monomér was
polymérizéd in hépéané soluéion a éimilar polymér was producéd
plus a small amount of asoluble oil. When ketene di-n:bufyl
‘acetal was polymérizéd in bulk and in Hépfané it yiéldéd a powdéry
maﬁérial which was soluble in pénéané, chloroform and carﬁon.féfra-
cﬁloridé; the reduced inherent viscosify in hépfané was 5.2 d1 g._1

An inéérésting papér déscriﬁing fhé polymérizafion of kéééné
diéﬁﬁyl acetal with organic w-electron accépéors was puBlishéd By
Noguchi and KamBara.7 These authors used higﬁly purifiéd materials
undér vacuum and polymerizéd kéténé diéfhyl acétal wifh téfracyanoéthyléné
and wiﬁh 7,7,8,8%é£racyanoquinodiméfhané in foluéné soluﬁion af
-78°. ﬁo rates or conversions are ciééd, but the yiélds of polymér
insolﬁﬁlé in métﬁanol producéd By.réacfing ﬁﬁé monomér wifﬁ 0.5 molé A
of each initiator were 42.6% and 22.8% réspécéivély. These authors
dééérminéd what fﬁéy call "molecular wéigﬁts" of the polymérs By
éﬁé McElvain méfﬁod,ls wiéﬁ the assumpﬁion tﬁaf oné polymér moléculé
would producé one molecule of carBon dioxidé wﬁén ﬁydrolyzéd. In
viéw of &ﬁéir séémingly rigorous purificaéion ééchniqﬁés and tﬁé

advances which have been made in the underséanding of chain-bréaking



réacéions in ionic polymerizaﬁions during the ﬁwénty five‘years
sincé McElvain's work wés publisﬁéd, tﬁis facilé assumption cannot
be jusfifiéd. Nogucﬁi and Kambara also réportéd that ketene
diethyl acetal can be polymerized readily with CdCl

.2.5H,0,

2 2
SnCla, EtA1C12, and Et3A1/H20 giving puré white polymers; no
furfﬁér information is givén. Tﬁé above papér is of little valué

as a scientific document to the worker who is interested in the
détailéd cﬁémiséry and kinetics of ionic reactions. It may howévér,
be useful in the field of organic syntﬁésis. In this context it
should be noted that stérically hindered non-polymérizaﬁlé ketene
acetals sucﬁ as Eééraméfﬁoxyéﬁﬁylénés and diméfﬁyl ketene diméfﬁyl
acé£a14 givé only cycloﬁufané dérivaéivés wﬁén fréaﬁéd wifﬁ téffa—
cyanoééﬁyléné.

When Eulk kéééné diétﬁyl acééal was éréaféd wiﬁﬁ "largé"
amounts of CdC1215 (26 mg initiator to 10g of monomér) the reaction
was véry vigorous and ﬁigﬁly éxofﬁérmic. Tﬁé polymér so oﬁéaiﬁéd
was a sofé gél from Whicﬁ small amounﬁs of fﬁé 1inéar dimér (11)

and érimér (I11), plus ihé cyclic ﬁrimér (IV) could bé isolaféd.

CH3C(0Et)2CH:C(0Et)2 CH3C(0Et)2CH2C(OEt)ZCH:C(OEt)2
(1D (OEt)Z (111)
(EtO)z(::J(OEt)z
(1v)

The yiéld of the cyclic trimer fraction could be materially
increaséd by treating the monomer with Eydrogén fluoride in dilute
solution,9 the optimium conditions béing m = 8.45 x 10-2 M,

3

[HF] = 4,91 x 10 M, in diétﬁyl ééhér as solvéné.



The bulk polymérizafions of ketene di(2-métﬁoxyéthy1) acetal
~ and of ketene di(3,4—diﬁydro-2H—pyran—2-métﬁYl) acetal with cadmium
cﬁloridé aré réportéd in fhé paﬁénf lifératuré.11 No data on ﬁhé
kinetics or the cﬁémiséry of the polymérizaéion procéss are préséntéd.
Highly suﬁsiiéufed kéféné acéfals ﬁavé Béén,réportéd as Béing
unpolymérizablé,g’15 présumaﬁly for steric reasons. For éxamplé,
cﬁlorokéténé diéfﬁylacétal is récovéréd uncﬁangéd aftér béing
heated with CdCL, at 110° for 70 h. and dimethylketene diethylacetal
can Bé disfilléd from aluminium cﬁloridé.
The results of polymérizaéion studies are summarized in
TaBlé 1.
The polymérization of cyclic ketene acetals (2—mé£ﬁy1éné-1,
' 3-dioxolans) ﬁas Séén séudiéd ﬁy sévéral groups of workérsl3’30
and ﬁas Béén found to Bé complicaééd By concurréné vinyl addiéion

polymerization and ring opening.

1.3 Co-polymerization

Lal6 co—polymérizéd an équimolar mixfuré of kéféné diéfﬁyl
aceéal and kéféné di-n-Butyl acéfal in Hépﬁané witﬁ CdCl2 at
room éémpéfaturé. Tﬁé aufﬁor fénfaéivély suggésféd, on fﬁé
basis of soluBiliéy méasuréménfs and X-ray diffraction daéa,

: fhaﬁ éﬁéré was sufficién£ évidéncé éo poin£ fo.ﬁﬁé formaﬁion of
a co-polymér.

Tﬁé incorporafion of small amounés of kéﬁéné diéﬁﬁyl acéﬁal
inéo a récipé for éhé cafionic polymérizafion of isoﬁuﬁéné ﬁas
Béén,réporiéd By Brannén and Wuéllnér?8 Tﬁé oné éxamplé ciféd
in this patent comprisés the bulk polymerization of a 10:1 mole ’
ratio of isobuféné to ketene dié;ﬁyllacééal with ﬁF3 gas to aBouf
207 convérsion. By this procéduré a co—polymér of molecular
wéigﬁﬁ 8 x 104 is claimed to have been producéd wﬁicﬁ is uséful

as a viscosity index improver in lubricating oilsws:



The polymerization of ketene acetals

TABLE 1

Temp.

Ref.

Monomer Inifiators " Jdeg Polymérizabiliéy Naiuré of Producé
Keééne diéthyl acéfal Chlorlde of Ba,Hg,Ca,Ni,Co,Cd,Zn, "Room" Red, brown or white 6,15
. Fe,Al powder
Tefracyanoeéhyléné ~-78 White powdér 7
7,7,8,8,—Te£racyanoquinodimethane -78 ﬁrown powdér 7
HF "Room L19u1d dimer and 9
trimer
SnC14,EtA1C12,A1Et /5,0 White powder 7
Chlorokéfené acéﬁals : : Cﬁloride of Cd,Co,Fe. 110 5,14
 BF,/BF,.Et,0 "High" Mobile red oil 15
Kéfeng di-n—buéyl acetal cdct, "Room" FiBrous, brittle solid 6
Ketene diphenyl acetal HBr, benzoyl bromide ugsgo "Brown viscous polymér" 33
Ketene _dl'(z"meth°xyethy1) cacl "Room" White solid 11
acetal 2
Dimethylketene dimethyl AlCl 195 14
acetal 3
Ketene di-(3,4,-dihydro- - _
2H-pyran-2-methyl acetal) CdCl, "Room" Yellow wax 11



Kuryla11 claiméd ﬁo havé producéd a wafér—soluble co-polymer
from Lﬁé Bulk co-polymérizaﬁion of kéféné di(2-mé£ﬁ0xyéthy1) acétal
and ééﬁyl vinyl ether with CdClz.. It is ﬁowévér, difficult to
énvisagé fhé sfrucfuré as a co—polymér on ﬁﬁé basis of éhé values
quoféd for fﬁé élémental analysis of fhé réacﬁion product (Found:
C, 52.48; H, 8.68. Calc. for the ketene acetal: C, 54.5; H, 9.16.
Calec. for ééﬁyl vinyl ether: C, 66.7; H, il.l).

1.4 Scopé of this work

Oné of éﬁé major sﬁumﬁling 5locks for £hé sciénéist in ﬁis
inéxoraﬁlé éursuit of knowlédgé, is tﬁé.failuré of workers to
réporé (oféén éﬁrougﬁ no faulé of Eﬁéir own) tﬁé résulis of
éxpériménés which failed to yiéld the éxpécféd‘positivé results.
,Tﬁus,‘I feel sure that several groups of workers must have studied
£ﬁé polymérizafion of kéﬁéné acééals and.aBandonéd ;Hé fopic aféér
failing to obtain polymers of ﬁigﬁ molecular wéigﬁé.

When this projécé was inifiaééd, the oﬁjécf was "to préparé
sélécééd kéééné acééal monomérs, to séudy fhéir polymérizafion
undér confrolléd conditions, and to characterize the polymérs with
régard to their chémiéal, pﬁysical, mechanical and thermal propérfiés."

A£ firsé sighf kéféné acétals séém oBvious candidatés ﬁo
producé polymérs By a cationic mechanism. If a compound is to be
polymérizéd caéionicallylﬁy caéalyéic amounés of‘inifiafors fﬁé
réacﬁion site must be.the most basic poinﬁ in the molecule. Most
oxygén atoms are more basic than isolated double Eonds,rfor éxamplé,
.fﬁé carbonyl oxygén of a vinyl éséér is moré basic éﬁan fﬁé vinyl
group and it capéuré; cations to givé a resonance-stabilized ion
wﬁicﬁ doés noé involvé ﬁhé douﬁlé Bond. Howévér, kéééné acétals
aré undouﬁéédly higﬁly polar Bécausé éf fﬁé mésoméric éffécf of
the alkoxy groups and the Higﬁly nucléopﬁilic character of the

carBon 2 has Béén‘utilizéd.



in many organic synthésés.12 Kéténé acéfals ﬁavé obvious similaritiés
to 1,1 disubsﬁituféd monomers such as isobuféné, and to alkyl vinyl
éthérs, Bofh of wﬁiqﬁ can Bé polymérizéd fo high‘polymérs. Modéls of
1iﬁéar ﬁéad—ﬁo-tail éolymé;s of kéféﬁé acétals sﬁow tﬁaﬁ a con—
sidérablé amount of free rofaéion_of the polymér moléculé is possiblé
. {in confrasf Eo polyisoﬁuféné wﬁéréfii is impossiﬁlé to consfruct

a médél). Assuming Eﬁaﬁ fhé énﬁﬁalpy and énéropy of polymérizaﬁion
aré of the same order of magnifudé as those for the polymérizaéion

1 -1

of isoButéné, and iaking values of J&H:s'_- 54 kI~ mol T,

AS:s' = 125 JK._1 mol-l, fﬁé céiling fémpérafuré Tc is calculaféd
as 160° for a 1 M solution of the monomer and 103° for a 0.1 M soluéion,
so fﬁat éhéré‘appéar'fo ﬁé no tﬁérmodynamic réasons wﬁy kéféné
.acétals sﬁould noé Bé‘polymérizablé aE or bélow room fémpéraﬁuré. Iﬁ
must be émphasiséd éﬁapth is characteristic of‘tﬁé monomér—polymér
'rélationsﬁip only and is quifé indépéndénf of reaction.mééﬁanisms.

- In éﬁooéing monomérs for sfpdy I was not discouragéd By the
facf fﬁaé sévé:al kéféné acéfals haﬁé Béén réporééd fo bé unpolymérizaﬁlé,
Eécéﬁsé most of the results in!tﬁé literature have béén obtained By
organic chémists.wﬁo have tried to iﬁducé gomé kind of polymérization
By the action of ﬁéaé, wﬁéréas, we now know that the formation of ﬁigﬁ'
polymérs by a cationic méchapiém is favouréa By iow Eémpé;aturés.
Furtﬁérmoré, iﬁé-ﬁroﬁaBle caéions forméd from kéténé'acéfals, viz.
dialkoxycarﬁénium ions,'aré wéll known in the field of organic

chemistry and have been shown to be capable of reacting in two main

ways: : |
"RL.C(OR), N ()
oR /
gb.c¥ o+ W
N |
OR \
| RL.CO.R + RN A . (B)



Reaction (A) usually has a lover activation énergy fhan réaction‘(B)
Bécausé of iﬁé considéraﬁlé'Bond—Bréaking and réorganisaﬁion wﬁicﬁ
musé éaké placé in‘(B). 'Thé ésfér forméd Byvrouéé (ﬁ) is ﬁowévér,
staBilizéd By:résonancé.;nd is normally found fo havé a ﬁighér
éhérﬁodynamic sfabiliﬁy than the addi£ion producé.57 At low
températuré'éﬁé rate of reaction (4) increases®’ and this réacﬁion.
'is'also favoured when the nucléopﬁilé is sérong. The relative
rates of the two reactions will also be affected By the polariéy of
éhé solvénﬁ, but it is difficult to prédicﬁ the éfféct of solvent
poiariéy wiéhoué sbmé knowlédgé of éﬁé polariéiés of-fﬁé réspécéivé
'fransiéion séaﬁés.

Thus it seemed likély that ketene acééals, wﬁicﬁ'havé sﬁrong
nucléopﬁilic propér&iés,'would react with the dialkoxyéarﬁénium

ion Ey réacéion (A),.i.é; a propagaéion réagiion,‘at sufficiénily

" low Eémpéra&urés and in a suitable solvent. Aﬁ arguméné similar to
fﬁe“ oné aBové may Bé pué forward for fﬁé reactions of monoalkéxy-
, carBénium ions (dérivéd from vinyl éfﬁérs)'with nuciéépﬁilés.'

In this casé'it is wéll'knowh that in the polymérizaéion of vinyl
ééﬁérs,'éﬁé prédominané reaction is ﬁrogaéion By a reaction
analogous to4fééc£ion a).

A proposéd flow—cﬁarf for fﬁé'réséarcﬁ programmé is sﬁown in
Figuré 1.. Howévér, as usual, acfual dévélopménés wéré différéné
Eécausé‘aléﬁougﬁ propégaéion doés'occur fo somé éxééné, wé
found that cﬁain-ﬁréaking réacfions are S0 imporfanf. in the cationic
polymérizaﬁion of ketene acetals that we were unable to producé
higﬁ polymérs By a Homogénéous mécﬁanism.

Wé wéré,aﬁlé, howévér, to sﬁow £Ha£ Eransfér féacfions
involving the monomer are the dominant chain—ﬁréaking reactions
in the polymérizaéion of ketene acééals,'and a quanéitaéivé éséimaéé

of the rates of these reactions has been obtained.
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FIGURE 1

Flow chart for the polymerization of ketene.acééals.
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CHAPTER 2: TECHNIQUES AND APPARATUS

General techniques are described here; a more detailed
explanation of some techniques can be found in other sections
of this thesis.

2.1 Introduction

For any serious séudy of cationic polymérizaﬁion fhé exclusion
of tﬁé afmospﬁéré from tﬁé‘réacﬁion mixturé is éssénﬁial. This
réquisité demands tﬁé usé of inérﬁ atmospﬁéré‘féchniqués or of a
high vacuum systém, It is sometimes found that the level of
impuriﬁiés in an inérf-afmospﬁéré syséém does not affect the
réaction. Once fhis fact is éstaﬁlisﬁéd, (nof assuméd!) thé
obvious advantagé of the inért-atmospﬁéré syséém over the vacuum
liné,viz. incréaséd fléxiﬁility, can be éxploitéd to its full
poténtial.

In tﬁis work, I bégan by manipulating réagénﬁs undér a dry
nitrogén aEmOSpﬁéré and attémptéd polymérizatioqpin nitrogén—
flusﬁéd, stoppéréd test tubes. When ﬁﬁe use of more sophisticatéd
inert-afmospﬁéré ﬁécﬁniqués did noﬁ assist mé in producing
_ polymérs of Higﬁ molécular wéigﬁt, I résortéd to a higﬁ vacuum
systém in ordér to éliminaté, or at least mifigaté, tﬁe éffect of
cﬁain-stopping impuri;iés.

2.2 Dry Nitrogen techniques

Solids were handled in a conventional dry box under a positivé
préssuré of nifrogén. For the dosing of liquids, glass syringés
fittéd with sﬁainléss~stéé1.nééd1es were uséd. Nitrogén was dried
by passing it fﬁrough'a Pyréx glass coil inmersed in liquid
nitrogén and then straight into the apparatus via an all-glass
délivéfy tube (a gas bubbler was introduced Béfwéén the coil and
thé apparatus whén réquiréd for somé éxpériménts, in ordér to

saturate the nitrogen with solvent vapour).
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2.3 Dosing of solvents and reagents under high vacuum

Volatile compounds were measured by distillation into
precision burettes. Non-volatile liquids were dosed by a
gravity feed via precision burettes.

2.4 Dilatometry

Dilatometers of standard design were prepared from Pyrex

~glass., |

For sampling experiments the dilatometer in Figure 2 was
used. This arrangement allowed the apparatus to be filled under
vacuum and samples to be taken with a syringe against a flow of
dry nitrogen.

The change of meniscus level in the dilatometer capillary
was followed by a cathetometer. In several of the polymerizations
a reference dilatometer, containing monomer and solvent only, was
placed in the thermostat bath alongside the reaction dilatometer
and thé reference meniscus level was noted after each catheto-
meter reading. This methpd,eliminated any errors resulting from
slight temperature variations during a run.

2.5 Calorimetry

Reactions which were too fast to be studied by dilatometry
or by sampling tecbniques were carried out in an adiabatic
caloriﬁeter (Figure 3) similar to that described by Plesch.25
The flanged reaction vessel R is a pseudo-Dewar vessel with a
side arm connecting R to the vacuum line. The flanged head H
carried a mercury-seal stirrer S and four Bl4 sockets, for
admission of solvent, monomer and initiator solution; and

serving as inlets and outlets for dry nitrogen, the fourth
socket carrying a copper-constantan thermocouple. The flange and

taps were lubricated with Apiezon L grease.



—

13

FIGURE 2

Sampling dilatometer

/\ |

/



14

FIGURE 3
al
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Tﬁé‘réacéion vessel was purgéd with dry niérogén for
approximafély 1} hrs.  Then the solvent and monomer wéréfsyringéd
in ﬁhrougﬁ éﬁé sélf-séaling ruﬁﬁér sépéum A. A Déwar of liquid
nitrogén was placéd around the reaction véssél and when a
éémpéraﬁuré was.réacﬁéd which was about 5° above the Eémpéraéuré
-ai wﬁicﬁ if was désiréd Eo carry ouf Eﬁé réacéion éﬁé Déwar spacé
of fﬁé.réacfion vessel was évacuaééd. ‘When the désiréd réacéion
éémpéraéuré was reached the initiator solution was syringéd in
and iﬁévfémpératuré rise was followed by means-of the thermocouple.
Wﬁén fﬁé‘réacéion had suBsidéd, as indicaééd Sy a conséanf cooling
raté, the initiator was de-activated (for killing'agénés see
.sécéibn 2.7 of fhis Eﬁésis); and éﬁé conéénés of Eﬁé.réacéion
.véssél wéré.allowéd fo comé éo room éémpéraéuré Béforé opéning
the vessél and working up the producés.‘

2.6 'Calibraéion and operation of the éhérmocouplé

Tﬁé coppér-conséanéan éﬁérmocouplé; consérucééd as déscribéd by
Longworﬁﬁ,26 ﬂad 4 pairs of juncéions.' Oné énd was képé in‘méléing
‘icé and fﬁé oéhér was placéd in‘éﬁé fﬁérmocouplé pockéé of tﬁé
réacéion véssél. Tﬁé ;ﬁérmocouplé was calibraééd By méasuring Ehé
freézing poinfs of diséilléd waiér, CCIA, CHCI3 and CH2C12. A
25° éﬁérmos£a£>$a£ﬁ was uséd as a référéncé for caliﬁrafion aBové
room Eémpéraéuré.

2.7 Product isolation

When Eﬁé.réacfions were deemed to be complééé, the initiator was
dé—acfivaféd, générally By the addition of friééﬁylaminé or of
méﬁhanol.

In iﬁé éarly ~par£ of éﬁé work fﬁévréacfion producés wéré
pouréd slowly into an excess of stirred pénfané. After sfanding
for a sﬁoré Eimé éﬁé so lids wéré filééréd off wifﬁ a sinféréd
glass cruciﬁlé, followéd By wasﬁing wiéﬁ cold pénéané and wéré

fﬁén dried to constant weight on the vacuum line. The filtrates
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wéré évaporatéd down fo récovér fﬁé péntané-soluﬁlé, low
molécular wéigﬁt products. It soon Bécamé apparénf that fﬁé
fraction of oligomérs obtained in the form of viscous liquids
was often comparaBlé to the amount of précipitafablé polymér,
ﬁhus réndéring thé précipitation procéduré Both inéfficiént
and timé consuming.

Conséquénfly, éﬁé products from mosf of thé~réactions wéré
isolatéd by fréézé—drying undér vacuum, altﬁougﬁ précipitation
in péntané of a samplé of tﬁé réaction mixﬁuré was often used
as a rougﬁ measure of the success of a polyﬁérizafion run,

2.8 Molecular weight measurements

Thé numbér—avéragé molecular wéigﬁtsof the producﬁs were
détérminéd by méans of a Mécﬁrolab Vapour Préssuré Osmométér
model 3014, fitféd with a non—aquéous probé and thermostatted
at 37°. Tﬁé solvént uséd for all fﬁé méasuréménts was cﬁloroform.

All dégréés of polymérizaﬁion quoféd in tﬁis ﬁﬁésis are
théréforé numBér avéragé valués.

2.9 Differential scanning calorimetry

Experiments on the thermal behaviour of the polymérs were
carriéd out with a Perkin Elmer DSC 1B instrument which was
calibratéd with a standard sample of Indium metal.

2.10 X-ray diffraction

To obtain an estimate of the degree of crystallinity of the

polymérs,x-ray powder diffraction patterns were obtained with a

Phillips machine type pw 1009/25.

2.11 Infra-red spécfroscopx

The I.R. spectra of the reactants and products were taken

with a Perkin Elmer 257 grating spectrophoéometer.
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2.12 VisiBlé-U.% spéctroscopy

The spécfra éakén‘in this work were recorded either on a
Beckmann DB récording spéctrométér or on a Unicam S.P.800, with
a vacuum spéctroscopic dévic§7or with standard silica célls.

2.13 Proton magnetic resonance spectroscopy

A Perkin Elmer Model R10, 60 mc spectrometer equipped with
a probé thermostatted at 35° was used throughout this work.
Spéctra were run in CCl, or CDCI3 using teﬁramethyl silane as

an internal standard.

2.14 Gas-Liquid Cﬁromatography
All chromafograms were run on a Perkin Elmer F-11, fitted
with a dual column analysér, a flame-ionization détéctor, and
two 3m. silicone oil SE-30/Chromasorb P 100-120 mesh columns.
Tﬁe instrumenﬁ opération and samplé préparaﬁion wéré as déscriﬁéd

in tﬁe Perkin Elmer manual.
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CHAPTER 3: REAGENTS AND RECIPES

31 Monomers
Ketene acetals are not available commercially, but several

1,10 For

procéduréS'ﬁavé been described for their préparaﬁion.
this work a rapid and efficient method was réquiréd. The
déhydroBromination of arBromoacétalsls sééméd atéracﬁivé Bécausé
sévéral of éhé précursors aré availaﬁlé commércially, and tﬁél
réacfion is reportéd fo givé ﬁigh yiélds. Tﬁis préparativé
procéduré was used whenever it was applicablé.

The préparaﬁion of ketene acetals By the one-stép addition
of vinylidéné chloride to a sodium alcoholate© seemed promising,
but unfortunatély, tﬁis réaction only proceéds whén thé
alcoﬁolate posséssés an éléctron-donating atom in the position
béta or gamma to fﬁé algoholaté oxygén aéom., Tﬁis précludés thé
formaiion of ketene dialkyl acetals by this route.

3.1.1. Kéténé diphényl acéfal (CHZ:C(0C6H5)2)

Tﬁé préparation of ketene diphényl acetal was attémptéd By
a single-stép synthesis involving nucléophilic suBsfiiution of
ﬁﬁé chlorine atoms in vinylidene chloride by phenyl groups from
sodium phenoxide:- o
_ inert
: . ~ —_— :
:CCl, + 2C(H .0 Na CH, :C(0CgH,), +2NaCl

CH
673 solvent

2
.Sévérai'aétémpﬁs were made to préparé this monomer with
. éitﬁér.dimétﬁoxyééﬁané,or diglymé as fﬁé solvén&s."A fypical
récipé is as follows!- To a solution of pﬁénol (94 g, 1 mol)
in dimétﬁoxyétﬁané (500 g) was addéd, with séirring, potassium
meﬁal (39.1 ¢, 1 g—atdm) at a iémpérature of 70‘£o 80°. Thé

potassium was dissolved over a period of five hours under nitrogen,
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fhé disappéarancé of fhé pﬁénol béipg followéd 5y g.l.c. analysis
of éﬁé reaction mixture. Vinylidéné chloride (96 g, 1 mol) was
éhén addéd slowly, witﬁ stirring, undér nifrogén. Potassium
chloridé was précipiéatéd, and fﬁé colour of fﬁé réacfion mixturé
changéd from colourléss fo dark Brown.

Thé raté of disappéarancé of thé pﬁénoxidé was followéd by
adding a samplé of the reaction mixture to an excess of iodomethane
and analysing for anisole by g.l.c. After the reaction was com-
pleté the reaction mixture was filtered and gavé a dark brown
filtraté and tan potassium chloride. G.l.c. analysis of fhé
filﬁraté sﬁowéd tﬁat sévéral producﬁs ﬁad béen forméd. It was
difficult fo obéain singlé products puré énougﬁ éo analysé By
pn.r. Spécfroscopy. Aftér fufile atfempfs fo séparaté thé com-
ponénﬁs By derivativé formation (é.g picraﬁés for aromaéics),
and by prépafativé g.l.c., a puré main product (b.p. 73-75°/0. 1mm)
was isolaféd by (a) rémoving fracés of pﬁénol witﬁ 15Z sodium
hydroxidé solufion in a continuous éxfracfion apparafus, followed
By (b) caréful ré-fracﬁionaﬁion of fﬁé products from four préfara—
tions. This product was identified as thé mono—pﬁénoxy substituted
vinylidéné chloridé, CH,:CC1.0C H . Mo other products could be
obtainéd in sufficient purity to bé analyséd. This préparativé
procéduré was théréforé abandonéd.

3.1.2 Kéﬁené di (2-métﬁoxygtﬁy1) acétal, CHZ:C_(OCHZCHzoMé)2

Ketene di (2-methoxyethyl) acetal (KAl) was préparéd
ésséntially according to the procedure described by Kuryla}o
which comprises the slow addition of vinylidene chloride to the

sodium alcoholate of 2-methoxyethanol in an inert solvent:
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) -+
2 MeOCHZCHZ.O Na + CH2

:CCI2 > CHé:C(OCHZCH OMe)2 + 2NaCl

2

(KAL)

Three solvents were tried forlfﬁé réaction, viz. diétﬁyléné
glycol diméﬁﬁyl éfﬁér, foluéné, and xyléné. Xylené was found to bé
the most suitable solvent with régard to minimising the yield of by-
producfs, and ease of purification of the ketene acetal. The
syntﬁésis was carried out as follows: "To a solution of 2-methoxyéthanoi
(608 g, 8.00 mol) in xylené (300 g) was addéd, with sfifring, sodium
métal (184 g, 8 g—afom) at a témpératuré of 100-120°, Tﬁé sodium
was dissolvéd ovér a period‘of:bur Hours undér nitrogén. Much of
fhé sodium alcoﬁolaté crysﬁalliséd out if fﬁé soluﬁion was allowéd
to coolj failuré to maintain an oxygén—frée aémosphéré led to a
progréssivé'darkéning of ﬁhé iniéially colourléss solution. Thé
disappéarancé of the 2~méthoxye£hanol was followed By g.l.c. analysis
of the reaction mixture. When all the sodium had dissolvéd, 450 g
(4.6 mol) of vinylidéné chloride was added slowly with stirring,
undér niérogén. Tﬁé fémpérafuré of thé réacéion mixture rose from
100° fo 1509, sodium cﬁloridé was précipitaﬁéd, and tﬁé colour of
thé réacfion mixéuré cﬁangéd from colonrléss fo dark brown. Aftér
Eﬁé réaction was compiété (signalléd By éﬁé términation of fhé
éxbﬁﬁérm) Eﬁé réaction mixfuré wés filtéréd and gavé a dark-brown
filtraié and fan sodium cﬁloridé.‘ Tﬁé filﬁraté was fracfionatéd
tﬁrougﬁ a 35 cm Vigréux column at a réflux ratio of 15:1 and
yiéldéd (KAL) as the ﬁigﬁ boiling fraction; B.p. 78-80°/1 m
1 25 25 1

0 (o} -
78-80"/2 mm), n,” = 1.4417, d4 = 1.013 gml

Gle. analysis showed the monomer to Be more fhan 95% puré.

(1lit.
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1

Thé monomer shows a very strong sharp absorption af 1640 cm ,

charactérisﬁ:of fﬁé :CH2 group, and tﬁé p.m.T spécfrum confirms

the ketene acetal structure. The ultraviolet spéctrum in méthylénédi-
chloridé sﬁows a strong aBsorption maximum at 238 nm.

Drying and dosing:

It was found fhat KAl is Véry sénsiﬁivé to tracés of acid.
Insolublé whité polymér is forméd quité ;apidly wﬁén KAl is
colléctéd in acid—washéd Pyréx vésséls. Howéver, thé raté of
polymérizaﬁion can be minimized by collécting the monomer over
anhydrous poéassium carbonate in alkali washed containers.
Conséquéntly all the apparatus in this work which came into con-
tact with kéténé acetals was washéd witﬁ diluté aquéous sodium
ﬁydroxidé solution before rinsing it with water and drying.

The drying of monomers for cationic polymérization présénts
spécial proﬁléms since most of the common drying agénts either
are active polymérizaﬁion initiators or form initiators by
réaction witﬁ wafér, Thé attémpﬁéd drying of KAl with acfivaféd
molécular siévés léd to a véfy rapid polymérizétion.

Métal hydridés aré popular drying agénts in cationic poly-
merization and have been used éxténsivély in this laboragory for
the drying of sfyrénézs and cyclic ethers.>’ KAl remains fairly
clear and mobile when stored over calcium hydridé, so the drying
and dosing of KAl om ﬁﬁé vacuum line was aftémpféd in fhé apparatus
shown in Figuré 4, Tﬁé fréshly-distilléd monomér was run into
thé storagé flask A of tﬁe évacuatéd apparatus, which was thén
séaléd off at the constriction. After sﬁanding ovéf fréshly-ground
Cal

2

métk cyclés. ‘The cold finger of condenser C was then filléd wiﬁh

for 2 days the monomer was degassed by several freeze-pump-
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- liquid niirogén and the moromer was distilled into the précision
Euréiéé B. After the monomer had warmed up to room.éémpéraéuré
: fﬁé.réquiréd amount was run into the polymérizaéion vessel via
Roéaflo Eap Tl. Thélmonomér,rémaining in Eﬁé Buréééé‘was run
back into A via RoéafIO'fap T2, to prévéné any polymérizaéion
on the walls of the Euréééé during‘séoragé. "Because of the low
volafiliéy of KAllié‘was.nécéssary to heat vessel A during the
diséillaéion. This procéduté led to a rapid polymérizaﬁion of
 the monomér;-manifésiéd Ey the déposiéion of a white solid in
flask A and along the wﬁolé'diséillaéion'paéﬁ."Afééf 3 such
diséillaéions thé contents of flask'A became ﬁigﬁly viscous and
furéﬁér diséillaéion Eécamé'impossiﬁlé. Tﬁis éécﬁniqué givés :
yiélds of dry monomers which are unéconomically low. The use of
LiA1H4, sodium diﬁydro-ﬁis[2-mé£ﬁoxyéfﬁoxy]aluminaéé or
barium oxide in this procéduré led to similar results. A Erap-
‘ éo-érap diséillaéion of Eﬁé monomér on éﬁé'vacuum liné a1s0'1éd
, fo.polymérizaéion. 'These results seem to indicate that dry KAl
is véry éasily polymérizéd. It is inEéréséing io noéé fﬁaé '
~ eyelic kéééné'acééaIS'(Z-mééﬁyléné-I,3-dioxolanés)'aré found
. to polymérizé sponéanéously during their préparaéioﬁ,so iﬁé
raéé and convérsion Béing,rélaééd synﬁaéically éo Eﬁé.dégréé of
puriéy of the MONOWRTS .

In ordér éo.réducé éﬁé'amouné of polymér forméd during éﬁé
dosing of KAl,.ié.sééméd useful to avoid distillation during
: Ehé dosing procéduré. Two,iécﬁniqués wéré dévélopéd éo‘ovércomé
fﬁis proBlém. In éﬁé firsé'of éﬁésé; Eﬁé frésﬁly diséilléd
‘ monomér was collécééd over a finély-ground mixéuré of CaHZ‘and
: anhydrous K2003, éﬁén!ii was.dégasséd undér vacuum, and-ié was -
finally disériﬁuééd inéo Bréak-séal'ampoulés via éﬁé vacuum

disiriﬁution device shown in Figure 5. The contents of the
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FIGURE 4

Apparatus for the dosing of KAl by distillation.
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FIGURE 5

Distribution device for filling monomer ampoules.

To vacuum

¢ Ampoules —>
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ampoulés wéré déférminéd Ey.éﬁé mid—poiné mé£ﬁ0d34 and wéré fﬁén
frozen in liquid nifrogén and stored in the fréézing comparfmént
of a réfrigéraﬁor. Ampoulés préparéd in tﬁis way wéré fuséd
onto a polymérizaéion apparaéus which was fﬁén évacuaféd and
filléd with solvent and an iniiiaéor phial, Figuré 6. The con-
ténfs of fhé ampoulé Wéré iﬁén éﬁawéd and ﬁhé Bréak-séal was
brokén By pulling a glass éncloséd magnéé upwards Ey means of
a solenoid coil, which was activated for an insfanﬁ-only By a
push-ﬁufton contact. When dosing monomer in this way into a
volafilé solvént, it is récomméndéd that éﬁé solvent be frozen
before the break-seal is Brokén, oéhérwisé, there is a higﬁ
proBaEilify that the breaker will shatter the ampoulé (and
pérﬁaps,’tﬁé Opérafor!). Tﬁé main p;oﬁlém associatéd wiéﬁ
ihis ééchniqué was éﬁé,cﬁarring and<£composifion of tﬁé monomér
during Eﬁé séaling off of the pﬁials from the distribution dévicé.
A small amounf of éharring was found Eo Bé unavoidaﬁié‘Bécausé
of fhé low volaéilify of Eﬁé monomér.

Tﬁé second éécﬁniqué for dosing KAl involvéd tﬁé usé of tﬁé
fipping dévicé sﬁown in Figuré 7. A finély ground mixturé of
CaH2 and K2CO3 was placéd in Qéssél B and tﬁé dévicé was tﬁén
assémbléd and évacua&éd. .Thé frésﬁly—disfilléd monomér in flask
A was éﬁén run info B Ey opéning’tap T; flask A was fﬁén séaléd off
at ihé consiricfion. Aféér Béing stirred over the drying mixture
for 2 days,'iﬁé monomer was dégasséd and was then dosed ﬁy pivofing
véssé}_B aﬁouf Eﬁé gréaséd coné-and~socké£ joinﬁ J. A small plug
of dégréaséd glass wool at the entrance to.the drip tube prévénééd
any solid paréiclés of polymér or drying agént from énééring Eﬁé
buréﬁfé P. Aléﬁougﬁ éracés of polymér did form on fﬁé walls of
. fﬁé burétéé aféér sévéral wééké,'éﬁis provéd fo Bé tﬁé mosﬁ

convenient and economical method of handling KAl under vacuum.
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FIGURE 6

Polymerization apparatus fitted with monomer ampoule.
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FIGURE 7

Tipping device for the drying and dosing of KAL.
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In tﬁe.laéér sfagés of fﬁis work an-aiéémpﬁ was madé fo
producé ulfra-dry KAl By drip fééding éﬁé monomér from ﬁﬁé
fipping dévicé on fo frésﬁly diséilléd sodium pofassium alloy.
This was doné By mounéing éﬁé apparaéus sﬁown in Figuré 8
vértically below the tipping dévicé. Frésﬁly-cué piécés of a
mixturé of Na and K (707 w/w K) were placéd in‘fﬁé sidé arm
S which was then sealed off at P. The apparatus was opénéd
to tﬁé vacuum 1iné and pumpéd confinuously wﬁilsé fﬁé sidé-arm
was ﬁéaféd génfly witﬁ a luminous flamé fo disEiII iﬁé alloy
into flask F; thé pumping musé Bé conéinuéd fhrougﬁout this
opération to dé-gas the Na and K which always contain a 1argé
volumé of énfrainéd air. Afﬁér éﬁé diséillation was complété
thé sidé arm waS’séaléd off at éﬁé consiricéion. Roéaflo
tap Tl was iﬁén closéd. Tﬁé wﬁolé apparaéus was éhén flaméd
cautiously for sévéral ﬁours to condénsé any résidual watér on
to tﬁé alloy, wﬁicﬁ was sfirréd magnéfically By fﬁé "démon" D.
Monomér was ﬁﬁén admiéééd tﬁrougﬁ Eap T1and ﬁﬁé apparatus could
. Bé rémovéd from fﬁé vacuum liné io allow ié fo Bé uséd as a
tipping device By the procéduré described above.

Howévér KAl reacted véry rapidly with the Na/K alloy, with
considéraﬁlé évoluéion of a gas, Eo léavé finally a dark—Erown
viscous oil., Tﬁé préséncé of a carBon—alkali méfal Bond in fﬁis
mixturé was confirméd By‘&éafing it with CO2 and aquéous HCL:

HC1
R.C-Na + CO, ——> R.CO0 Na* —————— R.COOH + NaCl

The préséncé of a carboxylic acid was indicated by the p.m.r,

spectrum.
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FIGURE 8

Apparatus for drying KAl with Na/K alloy.
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3.1.3 Ketene diethyl acetal cmzs(OEt)2

Kéténé diééﬁyl acéﬁal (KA2) was préparéd By tﬁe déhydroﬁromina—
tion16 of Bromoacétaldéﬁydé diééﬁylacééal (Kocﬁ-Ligﬁt) with
potassium t-butoxide in t-butanol to givé (in 707 yiéld) a
colourléss liquid; B.p 94-96° /300 mm. Tﬁis matérial was réfluxéd
over calcium Hydridé for one hour and Ehén fractionaﬁéd tﬁrough a
36 cm Vigréux colum at a reflux ratio of 10:1, réjécting generous
héad and éail fracfions, and was collécféd and storéd undér
réducéd préssuré ovér fréshly-ground‘calcium Hydridé.

The puré compound is a liquid; B.p 75-760/135mm, (a vapour-
préssuré curvé conséruc&éd from literature values and values
from this work is shown in Figuré ), di? = 0.8780 (lit.6 0.8777)

G.l.c. analysis of Ehé product sﬁowéd only oné péak, and the
KAZvSfrucéuré was confirméd By i.r. and p.m.r. analysés; (spécfrum 1)
Drying and dosing:

It was possiﬁlé to distil KA2 on the higﬁ vacuum line without
any appréciaﬁlé polymérization of the monomer. Frésﬁly distilled
KAZ.(collécééd undér réducéd préssuré ovér calcium hydridé) was
diséilléd inéo a sioragé flask confaining frésﬁly ground calcium
hydridé, on the vacuum line. After the usual dé-gassing procéduré
tﬁé monomér was doséd By disﬁilling it into a précision burétté.
Only a fracé of polymér was forméd in fhé sforagé flask ovér a
périod of a yéar, and on cléaning out the flask after this time a
éhin, coherent film of translucent polymér was found to have
forméd on fﬁé wall of fhé flask. Sucﬁ a surfacé film was not found
in Ehé casé of KAl. Thus, ié sééms likély tﬁa& tﬁé largé amounﬁ of
polymér forméd during fﬁé aﬁtémpféd higﬁ vacuum distillation of KAl

is dué (at least partly) to a surface reaction between the monomer
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FIGURE 9

Vapour pressure curve for KA2,
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SPECTRUM 1

The p.m.r. spectrum of KA2'

|
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and some initiating species present on the walls -of fﬁé‘glass,and
. to the inability of KAl to form a protective polymeric film.

S 3.1.4 Kéééné.ééhyl methyliacetal‘CHZ:C(OME)OEE,(éxpérimén;al work

l carriéd oué 5y Dr. G. R. Cliff)
The préparaéion of ketene acetals by Ehe.déﬁydroﬁrominaéion
oftx-ﬁromoacéfals has 5één éxploiééd Sy‘ﬁaldwin and'WalkérBl Eo

producé mixed pﬁenyl.ketene dialkyllaceéals."Tﬁé.following route

was énvisagéd for éhé‘préparaéion of kéééné‘ééﬁyl mééﬁyliacééal (KA3):

:CH.OEt + Br -——> . Br.CH,.CHBr.OEt

cH, X ”
(n
(1) + Na+ OTMé —_— Er.CHz(OMé)OEE + Naﬁr
) (1I) |
an + &t 0Bt ——— CHZ:C_(OMé)OEé + KBr + Bu‘OH
| (ka3)

Bromoacééaldéhydérééhyl_mééﬁylfacééal waS’préparéd‘according io
31

, éﬁé procéduré,déscribed by Baldwin and Walker for the preparaéion

of a-Bromopﬁénylacéﬁaldéﬁydé mixédlacééals."Tﬁé:déﬁydroﬁrominaéion
.réacéion'waS'carriéd ouiiaccording to iﬁé'proééduré déscriﬁéd16 for
~ éﬁé préparaéion of KA2 from Bromoacéial.
Procéduré:.

To préparé the bromoacetal (11) a solution of»ééﬁyl vinyl-ééﬁér
(564 g, 7.84 mol) in 2 liérés of dry diééﬁyllééﬁér was cooléd Eo
'-30° in a DrikoId/acéEoné Baéﬁ. To éﬁis solu&ion 404 ml (7.84 mol)
of'Brominé'was addéd, wiéﬁ.séirring,vaé Sucﬁ a raéé éﬁa& éﬁé
-.iémpéraéuré.rémainéd.ﬁélow -25%; éﬁisvréquirédeQ hrs. The addition
of Erominé wasvséoppéd whén'a‘fainé pérmanéné yéllow colour Bécamé
: apparéné. Tﬁé colour was éﬁén déséroyéd By Eack-éi;raiing witﬁ

,ééﬁyl vinyl ether.
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To fhé résulfing solufion ofréfﬁyl 1,2-diBromoéﬁﬁyl ééhér (D),

maintainéd af'-30°, was addéd, with sfirring, a solution of oné

: équivalént of sodium methoxide in 2 litres of methanol. The rate
of addition was,régulaféd to kéép the ﬁémpéraﬁuré Bélow'-30°, but
wﬁén thé addifion was complééé fﬁé réacfion mixfuré was allowéd fo
warm to room.témpérafuré and was -stirred ovérnigﬁﬁ.

Tﬁé.réacfion mixfuré was fhén pouréd info 1 litre of 207 w/v
aquéous potassium carbonate soluéion, contained in a 5 litre
séparaﬁing funnél. Thé organic 1ayér was séparatéd, thé aquéous
layér was extracted once with 400 ml. of diéfﬁyl éfﬁér, and

: ihé combinéd organic layérs were dried over anﬁydrous poﬁassium

carBonafe. The organic layér was then concentrated By disfilling
-if through a 50 cm column packéd wifh glass ﬁélices. Héaﬁing,was
suppliéd By a.steam bath and all material which boiled below 80°

was collécféd and discarded. The residue was found By g.l.c.

and p.m.r. to be puré (II) in 847 yiéld.

Thé déhydroﬁrominafion of (II) to KA3 was accomplishéd, following
the procéduré,déscribéd By McElvain and Kundingér16 for the
déhydrobrominaﬁion of bromoacetal KA3 (55% yiéld) was collected
undér.réducéd préssuré ovér anﬁydrous poéassium carBonafé
(B.p. 58-60°/195 mm). The i.r. and pP.m.T. (spécfrmm2.) spécfra
confirm the KA3-sfruc£uré.

It was apparénf that fﬁis préparafivé procéduré suffered
from two major disadvanﬁagés, viz.. the tedious removal of a large
volume of t-butanol during the final distillaiion, and, since
: tﬁé.kétené acétal was tﬁé ﬁigﬁésﬁ Boiling maférial in ﬁhé sysfém,

a significant amount- of the acetal was lost in the residual -
potassium bromide .and in Eﬁé distillaﬁion column, Modifications to

the procedure were therefore considered and these were direcfed
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SPECTRUM 2

The p.m.r. spectrum of KA3

,OCH
~OCHCH,




36

towards finding an alternative strong base derived from a non-
volatile’conjugate acid, and finding a suitable, inert high
boiling solvent to act as a 'chaser' to the ketene acetal.

The most promising base appeared to be potassium 2,6~di-t-butyl
phenolate. This has been reported32 to be similar in basic strength
to t-butoxide, and has the advantage that 2,6-di-t-butylphenol has
a very high boiling point. However, no ketene acetal could be
isolated from the reaction between potassium 2,6-di-t-butylphenolate
and bromoacetaldehyde ethyl methyl acetal. This reaction was not
investigated further.

A consideration of the properties of several other bases revealed
that none were as suitable as potassium t-butoxide, and further
modificatims were directed towards improving the reaction procedure
using this base. |

The most satisfactory procedure proved to be the reaction
between a suspension - of solid potassium t-butoxide in xylene and
the bromoacetaldehyde acetal. In this way the amount of t-butanol to
be removed was limited to two equivalents (KOBut unless baked at
high temperature, contains one mdlecule ButOH of crystallization).
Xylene was chosen as a 'chaser' solvent solely on the grounds that
it is cheap, high boiling, solvent, traces of which, if present in
the ketene acetal, would not be detrimental. The reaction with
the solid butoxlde proved unsuitable for large-scale preparations
because of the d1ff1cu1ty in controlllng the exothermic dehydro-
bromination reaction.

Dosing under vacuum:

The KA3 was re-distilled over calcium hydride, under nitrogen,
at a reflux ratio of 20:1. Large head and tail fractions were
rejected and the material boiling at 108 to 108.5°/755 mm. was

collected over CaHZ. The monomer was then distilled into a flask
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on the high vacuum line containing well-baked barium oxide. After
being stirred overnight, the KA3 was degassed and distilled into
a flask containing Na/K alloy (prepared as described in the
dosing procedure for KAl). The monomer and alloy were allowed to
sgand for a short time only, as considerable reaction was observed
to occur and a pale-yellow colour was produced. After the usual
degassing procedure the KA3 was quickly distilled into a storage
flask containing freshly prepared barium oxide. The monomer was
dosed by distilling it ipto a burette.

KA3 seems to be similar to KA2 in its behaviour towards drying
agents, only traces of polymer being Hrmed over long storage periods.

3.1.5 Ketene ethyl isopropyl acetal CHZ:C(OPrl)OEt (experimental

work by Dr G. R. Cliff)

Ketene ethyl isopropyl acetal was prepared and dosed in an
analogous way to KA3, the only difference being the substitution
of isopropanol for methanol in the preparation of the bromoacetal.
The KA4 after purification had b.p. 74=-79°/125 mm. The structure
of KA4 was confirmed by its p.m.r. spectrum (spectrum3 ).

3.1.6 Ketene ethyl 2-methoxyethyl acetal CHZ:C(OCH CH,OMe)OEL

272

(experimental work by Dr. G. R. Cliff)

A procedure for the preparation of ketene ethyl 2-methoxyethyl
acetal (KA5) has been described in the patent literature}1 This
procedure involves the simultaneous bromination and dehydrobromination
of ethyl Qinyl ether and reaction of the 1-bromo-2-ethoxyéthy1éne
so produced with sodium 2-methoxy-ethoxide:

Br2
CH,:CH.OEt —_— Br.CH:CH.OEt

2 -HBr
Br.CH:CH.OEt + Na+OEH2CH20Me —_— CH2=C(OCHZCH20Me)OEt + NaBr

(KA5)
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SPECTRUM 3

The p.m.r. spectrum of KA4 :
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SPECTRUM 4

The p.m.r. spectrum of the product from the attempted

preparation of KAS.
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This reaction procedure yielded a mixture of products
(b.p. 95-105°/2.5 mm) which could not bevseparafed completely by
distillation. The p.m.r. spectrum {spectrum4) of the mixture
was complex and difficult to interpret but showed the presence
of KA5. This preparative procedure was abandoned.

3.1.7 Ketene ethyl phenyl acetal CHZ:C(OPh)OEt (experimental work

by Dr. G. R. Cliff)
Two preparative routes to this monomer were considered:

A) CH,:CH.OEt + Br -————> Br.CH,CHBr.OEt

2 2 2 \
Br.CHZCH(OPh)OEt
B) CHz:CH.OPh + Br, —_— Br.CHZCHBrOPh
l =HBr
CHZ:C(OPh)OEt

A synthesis of ketene diphenyl acetal by a procedure analogous
to route B has been reported by McElvain and Fajardo-Pinzon,33
but because it was impossible to obtain large quantities of phenyl
vinyl ether, synthesis by route A was invéstigated. Bromoacetaldehyde
ethyl phenyl acetal prepared by route A was a yellow liquid which,
on being concentrated and left sfanding in the air for a few minutes,
polymerized very violently and exothermically to leave what is best

described as an "expanded carbon foam'". This preparative procedure
was abandoned.

3.2 Solvents

3.2.1 Methylene dichloride CH2C12

The Honeywill & Stein Ltd., "pure" product was pprified as
described by Maryott et al.18 Preliminary drying was carried out
over calcium chloride. The solvent was then refluxed over
phosphorus pentoxide for several hours and then fractionated through

a 160 cm column fitted with nickel gauze rings at a reflux ratio



41

of 10:1. The main fraction of constant refractive index was
collected under dry nitrogen in dark Winchester bottles b.p.40°/

17 39.95/760 mm).

760 mm (lit.

The solvent was then transferred into a 5 litre reservoir
on the vacuum line. Freshly-ground calcium hydride was then
added, the reservoir was then closed with a mercury seal and the
solvent degassed and refluxed for several days; The dosing of
19

methylene dichloride under high vacuum has been described.

3.2.2 Toluene C6H5.CH3

This solvent was available in the laboratory in a flask on
the high vacuum line (stored over calcium hydride).

3.2.3 Chloroform CHCl3 and carbon tetrachloride CC14

These solvents (Hopkins & Williams Ltd.) were purified as
'described for methylene dichloride. They were refluxed over
calcium hydride for several hours and then distilled through a
36 cm Vigreux column.

3.2.4 Petroleum ether (100-12005

The commercial product (Hopkin and Williams Ltd.) was shaken
Qith concentrated sulphuric acid, separated, washed with aqueous
sodium carbonate solution and then with water. After.preliminary
drying over calcium chloride, the solvent was refluxed over
sodium and then distilled through a 36 cm. Vigreux column. The
fraction boiling above 100° was collected and transferred into a
flask on the high vacuum line. It was found that material purified
in this way still contained sufficient aromatic material to produce
a visible reaction with stannic chloride. Aromatic-free material
was obtained by stirring the acid—washed‘solvent over aqueous
acid potassium permanganate for several hours, followed by distilla-

tion from aluminium chloride. After washing this material with
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aqueous sodium carbonate solution and then with water, it was
dried with, and distilled from, sodium as described above.

3.2.5 Other solvents

Solvents for preliminary polymerization experiments,
precipitation of polymers etc. were used without further
purification.

" 3.3 Iniéiators

3.3.1 Anhydrous cadmium chloridé CdC12

Anhydrous cadmium chloride (Hopkin and Williams Ltd) was finély
ground and was fhén héa&éd»a& 100° in a vacuum ovén for.sévéral
. ﬁours.‘ Tﬁé matérial was ﬁandléd and doséd By standard éécﬁniqués :
undér dry niérogén or under ﬁigﬁ vacuum,

3.3.2 Cadmium chloride-ééhér compléxés

Thé possiﬁiliéy of préparing soluble addition compléxés of

. cadmium chloride was invésfigaféd By.réacfingzo the halide with
1,3—dioxané and with ééﬁraﬁydrofuran, under reflux. The products
fﬁus forméd wéré found éo Bé insoluﬁlé in Botﬁ kéféné acéfals and
in méthyléné dicﬁloridé.

©3.3.3 Anﬁydrous mercuric cﬁloridé_HgCl2

The May and Baker'bure" material was used without further
purificafion. It was dried and dosed like cadmium chloride.

A saturated solution of mercuric chloride in méthyléné
dichloridé was préparéd undér vacuum and was found fo Bé
1.52 x 10_2 molar by a graviméfric analysis. This solution was
diluféd and dosed into pﬁials;‘ﬁy standard ﬁécﬁniqués.ZI

3.3.4 Boron trifluoridé ethéraéé BF3.E£ZO

The commercial product (B.D.H. Ltd) wasuséd~witﬁou£.fﬁrthér
purification.

" 3.3.5 Sfannic cﬁloride SnCl4

Stannic chloride was purified on the Higﬁ vacuum 1iné in thé
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apparafus sﬁown in Figuré 9(a). Tﬁé apparatus was évacuaééd ovér—
nighé with périodic flaming. Pﬁospﬁorus péntoxidé was sublimed
info flasks A and C 5y génilé ﬁéaﬁing of tﬁé maﬁerial in tﬁé sidé-
arms Wﬁich were éhén séa;éd off at the constricfions. Flasks A

and C wéré‘tﬁén isolaééd By closing fﬁéir réspéctivé Rotaflo taps.
The vacuum in Flask A was then ;éé down‘wiéh dry nitrogén, and
sfannicvchloridé (B.D.H. Lfd) was syringéd in through tﬁé gréaséd
fap G. Flask A was re-evacuated and éap G sealed off at the con-
sfricfion. The séannic cﬁloridé was dégasséd sévéral fimés and

twas séifréd ovér-nigﬁé. 'If was Eﬁén distilléd info Flask C affér
séaling off a générous head fraction in Flask B. After sfirring
ovér—nigﬁf and affér furfﬁér dégassing, fﬁé Bréak-séal BS was Srokén
and the dry stannic chloride was distilled into break-seal ampoulés,
wﬁicﬁ wéré séaléd off and sforéd in fﬁé dark. Stannic.cﬁloridé
purifiéd By this éécﬁniqué has remained compléfély colourless and
fransparént for ovér a yéar._ Pﬁials wéré filléd wifﬁ soluﬁions of
stannic cﬁloridé in méfﬁyléné dichloride and in 100-120° péfroléum
éfﬁérﬁﬁy using a éipping dévicé as déscriﬁéd.21

" 3.3.6 Tifanium Eéfracﬁloridé TiCl4

Pﬁials-of fhis maﬁérial in méﬁﬁyléné dicﬁloridé wéré availablé
in Ehé 1aBora£ory, ﬁaving been préparéd 5y Panﬁon. |

Only,pﬁiaIS'whosé conﬁénés were compléfély colourléss and
transparénf wéré uséd for polymérizaéion éxpériménés.

'3.3.7 Ethyl aluminium dichloride EtAlCL,

A solution of EEAlCl2 in octane obtained from Sﬁéll and stored
in Sréak-séal ampoulés was frééd from océané By vacuum disfillafion.
Thé solid compound was fracéionaﬁéd in vacuo thréé fimés and gavé
finally a snowy-wﬁifé cryséalliné pfoduct. Tﬁis maﬁérial was

distilléd into a break-seal ampoule and was diluted with cycloﬁéxané
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and doséd into phials via a tipping devicé.21

3.3.8 Diéﬁhyl aluminium chloride EEZAICI

Diethyl aluminium chloride was supplied by Texas Alkyls Lﬁd.,
and was used without further purification. Solutions in héxané
weré prepared by conventional inert-atmosphere techniques.

- 3.3.9 Anﬁydrous pércﬁloric acid HClO4

Phials of this material as a solution in methyléné dichloride -
wéré préﬁaréd By éxtracéing the pércﬁloric acid with méfﬁyléné
dichloridé ouﬁ of-a mixéuré of oléum and pércﬁloric acid. Tﬁé
method of extraction has been described By Plesch and Matﬁias.z4

3.3.10 Tifanium fricﬁloridé TiCl3

Tﬁé Séauffér material produced by the reducfion of ﬁiéanium
fééracﬁloridé with hydrogen was handled under an aﬁmospﬁéré of
dry nitrogen.

- 3.3.11 Tiééﬁyloxonium tetrafluorcborate (CZH5)30+3FZ and

ériéfﬁyloxonium hexafluoroantimonate (C2H5)30+S$F;

These were available in phials in the laboratory, ﬁaving
been frésﬁly prépared and purified by Dr. A. Polton by standard

procedures.zz’23
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CHAPTER 4: RESULTS AND DISCUSSION

4,1 The polymérizafion of KAl

The aim of this work was to polymérizé ketene acetals to ﬁigh
molecular wéigﬁﬁ producfs under controlled conditions, and to
study tﬁé cﬁémiséry and kinéfics of tﬁé polymérization procéss.

For éﬁé kinétic méasuréménfs fﬁé proBlém was to find a
combination of initiator and solvent which would givé a fast
and ﬁomogénéous polymérization, and wifﬁ tﬁat aim sévéral iniﬁiators
and solvénés wéré invésﬁigatéd. Tﬁé polymérizafions wéré carriéd
out at room fémpéraﬁuré in niérogén-flusﬁéd, séoppéréd, tésé-éuﬁés.
Tﬁé résulés aré summarizéd in Taﬁlé 2. Most of the reaction
mixéurés sﬁowéd signs of a,réaction, sucﬁ as an incréasé in
éémpératuré and/or tﬁévdévélopméné of colour, wiﬁhin a féw minutés
of adding the initiator. On the basis of these éxpériménfs
méfﬁyléné dicﬁloridé was cﬁosén as a solvéné. Tﬁé choicé of
iniiiaéor was moré difficulé, sincé mosé of tﬁé initiafors gavé
af léasf somé polymér. Conséquénﬁly, sévéral initiators wéré uséd
in ordér fo invésfigaﬁé théir influéncé on ﬁﬁé réacfion kinééics
and on the molecular wéigﬁﬁ of the polymér.

4.1.1 Polymérizafion of KAl in mééﬁyléné dichloride

4.,1.1.1 3oron érifluoride efheraﬁé

Expériménts wéré carriéd ouf, undér nifrogén, to séé wﬁethér
: EF3.E£20 could be used to polymérizé KAl in CH2C]2 to ﬁigﬁ molecular
wéigﬁi polymér. ‘The results are shown in Table 3.

The higﬁésé'DP achieved was 12.2 in the experiment in which

2 M at -1000. It was not

m = 1.89Mandec = 1.33x 10
- :
possible to use higher monomer concentrations at low temperatures

bécausé of £ﬁé high freezing point of thé monomér. Tﬁé résults
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indicate that the molecular weight is limited by one or more
transfer or termination.reactions.

4,1.1,2 Triethyloxonium tetrafluoroborafé

In order to reduce the possiBilify of chain—bréaking by.
impurifiés, éxpériménﬁs were carried out in vacuum dilaﬁométers
with highly purifiéd maférials. Thé résults aré shown in Tablé 4,
No conéracéion was oBsérvaBlé, But in fact a small dilation was
obsérvéd. Howévér, on adding Ehé iniéiaéor in éxpériménfs 22
and 26 fﬁé apparaéus bécamé quiéé warm. Tﬁis suggésééd éﬁaﬁ Eﬁé
réacfions were véry fast and that fﬁéy vere probably complété
béforé fﬁé dilaéoméfér Had réacﬁéd éémpérafuré équiliﬁrium.

Tﬁé réacﬁion mixéurés wéré‘higﬁly colouréd. A yéllow colour
was forméd iniﬁially which changéd fo dark réd as Eﬁé réaction
procéédéd. Tﬁé raﬁé of darkéning of £ﬁé colour incréaséd wiéﬁ
incréasing conéénirations of monomér and inifiaéor. Thé_réd
soluéion éxhiﬁiééd.absorpﬁion maxima aé 227, 266 and 348 nm and
ﬁad a long aBsorpéion 'fail' éxﬁénding info fﬁé visiBlé région.
Tﬁé i.r spécfra of Ehé products sﬁowéd a sfrong absorpéion at
1740 cm-l, charactérisfic of thé caﬂ&nyl group.

The results show that the reactions are proﬂably véry fast
and théy indicafé éhaﬁ Eﬁé cﬁain-ﬁréaking réacﬁionwmay Bé an
inﬁérént propéréy of éﬁé syséém.

4.1.1.3 Anﬁydrous pércﬁloric'acid

Tﬁé iniéracfion Bééwéén KAl and anﬁydrous pércﬁloric acid
was studied in vacuum dilatometers. Table 5 shows the results.
The mixtures turnéd cﬁérry red immédiaéély on bréaking the
inifiaéor pﬁial and a dilation was observed. The U.V.-visible

spécéra of the mixtures were identical to those of the Et3O+BF4
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TABLE 2

dichloride

2.0M, ¢, = 107 to 1072y
. . Soluﬁilify* , v L
Initiator Solvent of . Polymerizability* Solubility*
: initiator of polymer
CdClz' | - - 4 _
Methylene. _
dichloride + +
Toluene - + +
Héxané - + -
ng‘CIZ ' = - + -
Methylene. _
dichloride + +
Chlorobenzene + + +
Sn.Br4 B "' . - + -
Methylene. +
dichloride + +
, _ . )
Methylene.
dichloride + + +
Hexané L+ + _
Diééhyl ether + + -
i - -+ + -
T1C14 T
Methylene.
dichloride + + +
Toluene + + R
‘E£2A1C1 Hexane + -
EtAlCl, Methylene. .
2 dichloride -
Héxané> - + -
MgCl2 xane
Methylene.
- + +
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Table 2 contd.

. Solubility* o e
Initiator Solvent of Polymerizability* olubility
initiator of polymer
H2804 - + + -
Methylene +
dichloride =
HC10, - - _
Methylene +
dichloride -
Hexane + -
+ -
Methylene
} dichloride + + +
+ -
Et,0 SbFg - - + _
Methylene +
dichloride + +
BF3Et20 - hd + -
Methylene +
dichloride + +
Chlorobenzene + -
Nitrobenzene + -
Hexane ? + -
 Pentane ? + -
Petroleum ether ? + -
Ethyl acetate + -
1,3 dioxane + -
+ -
C,H, BF, +
Methylene +
dichloride + +
Hexane - + -
Methylene .
dichloride + -
Hexane + + _

A(+) sign indicates that the initiator was soluble in the solvent;
a precipitate was formed on pouring the reaction mixture into pentane;
the polymer was soluble in the solvent.
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TABLE 3

The polymerization of KAl with BF,.Et,0 in CH,C1,.

37772 2772

Expt. - % co Temp. Conversion  PPY DP
No. /M /102 M /dgg- /% 1%

C2(a)  1.42 1.0 20 95 0 -
2(b) 1.42 1.0 0 95 0 -
2(c) 1.42 1.0 ~78 95 28 4.25

95(a) 1.89  1.33  -100 100 26.5 12.2

95(b) 1.14 0.8 =100 100 37.5 8.9

96(a) 0.19  1.33 0 100 0 -

96(b) 0.19  1.33 -78 100 0 -

96 (c) 0.19 1.33 =100 100 0 -

96(d) 0.19 0.01 ~100 100 .0 -
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TABLE 4

The polymerization of KAL by Et,0'BF, at 25° in methylene dichloride

% co Conversion
"Expt. No. DP*
M ' /102 M /%
21 | 0.61 1.02 100 2
26 1.92 0.27 100 -

* The.reaction products which were viscous liquids were freeze-dried
under vacuum.

TABLE 5

Tﬁé inﬁéracfion Eééwéén KAl and anﬁydrous HClO4 in CH2012

. m . c ' o,
Expt. No. o , ° ) : | TemP- Cogver51on Dp*

/M /10° M /deg. /%
23 1.74 7.8 25 100 3.1
sot 5.68 0.65 25 not
determined

t Bulk‘monomer

% DP of fréézé-dried products
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iniéiaééd reaction mixtures. The producﬁs vere red liquids
wﬁicﬁ absorﬁéd sérongly af 1740cm71, and aé 3460cm71.

The interaction between acids and ketene acetals has been
réviéwéd Ey McElvain.1 When a kéféné acetal is added to a
solufion of an acid it is quanfitafivély.dé—alkylaféd to the

normal ésfér and éhé alkyl éséér of.fﬁé acid:

CHZ:C(OR)2 + HX ——m CH3.COOR + RX

If, however, the acid is added to the ketene acetal (as
it was in this work) there is a secondary reaction, which
involves the addition of the acid across two molecules of fﬁé

ketene acetal:

2 CHy:C(OR), + HX ——>  CHy.C(0R),.CH).€(0R),.X —

—_— CHBC(OR):CH.COOR + ROH + RX

G.l.c. analysis of éﬁé.réacéion producés indicatéd fﬁé préséncé
of (af.léasf) four componéngs. Tﬁé‘résulﬁs can fﬁéréforé Bé
éxplainéd.éénfafivély By.régardingvfﬁé interaction béﬁwéén KAl
and HCIO4 as consisﬁing of two concurrénf compéfitivé réactionsg
polymérizaéion and addition.

4,1.1.4 Séannic ﬁalidés

-Séannic ﬁalidés aré uséd éxéénsivély as inifiators for

. caéionic polymérizaéions.' In Eﬁis work éxpériménts wéré carriéd
oué undér niérogén and undér vacuum aﬁ différéné ;émpéraﬁurés.
Thé résulés aré summarizéd in TaBlé 6. Tﬁé convérsion curvés

in Figuré 10 wéré consfrucééd By monitoring fhe amount of

‘résidual monomer in the reacting mixtures by means of g.l.c.
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TABLE 6

The polymerization of KAl under nitrogen by stannic halides

in CH2012.

Expé. Nagzrf’ T % ~Temp. Conversion PPY DP
No  nieiator /M /100w [des- /% /%

63t snc1, 0.29 13.6 -60 87 21 *
67 sncl, 0.79 26.2 55 95 8 %
68 snCl, 0.30 7.5 -80 96 30 *
64 SnBr, 1.57 3.4 20 90 5 1.9
65  smbr, 2.68 7.1 =50 94 10 1.9
66 SnBr, 3,79 1.5 0 90 16 3.7

Experiment carried out under vacuum.

Tﬁé DPs in.expts. 63, 67, 68 could not be détérmined bécause i:hé
products were insoluble in all common organic solvents.
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FIGURE 10

Conversion curves for the polymerization of KAl by

SnCl4 in CH2C12.
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Tﬁésé plots show that the reactions are too fast to be folloved
By dilaéoméﬁry. The réacéing mixtures showed some inﬁérésting
colour affécés. At Toom Eémpératuré and aé 0° a déép-réd colour
was dévélopéd on adding the initiator to the monomer soluéion;
éﬁis colour gradually fadéd and finally a palé-yéllow solution
was léfﬁ. 'AE low éémpéraiurés Eﬁé réacfion mixturés wéré
colourléss,'5u£ a pérmanéné colourafion could bé inducéd By
‘warming them up to.about -20°.

4,1.1.5 Otﬁér iniéiaﬁors and solvénfs

.Tﬁé,résulﬁs oﬁtainéd from tﬁé intéraction of KAl wifﬁ
sévéral pofénfial iniﬁiaéors in various solvénts aré sﬁown in
Table 7.

Sincé Bigﬁ conversions were always acﬁiévéd, it seemed
ﬁigﬁly improBaEIé that the observed low molecular wéigﬁts
wéré causéd By the destruction of the active spééiés.

The results indicate that polymér of"ﬁigﬁ'molécular wéigﬁﬁ
can Eé oﬁéainéd By means of a précipiéafion polymérizafioq,i.é
in solvénés from wﬁicﬁ éﬁé polymér précipiéafés in the course
of éﬁé réacéion.

Eénzoyl péroxidé or azo-bis isoEutyronitriié did not
polymérizé KAl éi;ﬁér in Bﬁlk or in solufion at room témpératuré.
(18 to 20°%).

4.1.2 Polymérization of KAl in 100-120° péﬁroléum éthér By sﬁannic

chloride.

Thé polymérizations wéré carriéd ouf in nitrogén—flushéd
ﬁésf tubés. Taﬁlé 8 sﬁows Eﬁé résulés. Tﬁé réacfions wéré véry
fasf and always wénﬁ fo complééion, buﬁ no aéfempf was madé io
follow the kinetics.' The colour of the réacfing mixtures varied
from yéllcw fo.réd dépénding on fﬁé concénﬁrations of monomér and

initiator.



TABLE 7

The polymerization of KAl under vacuum - the effect of initiator and solvent

Cc

Nature of o o Solvent Temp. Conversion PPY DP
initiator /M /103 M /deg. /7% /7%
EtAlCl, 0.7 to 1.2 0.1 to 8 Methylene 25 80 to 85 "5
dichloride . «
c.H,'BF, 0.5 to 1.9 1 to 10 Methylene -100 to 25 100 trace
777 74 . .
dichloride
Cc(NO,) 0.5 to 4.5 9 to 100 Methylene 20 100 trace
274 . .
dichloride
C(NOZ)4 0.63 28 Hexane 25 100 83
TiCl4 1.0 to 2.5 1.6 to 2.2 Hexane -70 to O 90 to 95 trace
TiCl4 1.57 0.69 Toluene =40 90 10
HgCl2 2.0 to 3.5 0.07 to 30 Chlorobenzene 0 to 25 90 10 to 20 2 to 3
SnC1, 1.14 8.6 100-120° pet. 25 100 60 6.4
ether
SnC1 1.14 8.6 Toluene 25 95 10

4

9¢
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TABLE 8

Thé polymérization of KAl in 100-120° petroléum ethér by stannic

chloride.
" m c '

Expt. No. ‘ /; . /123 . ?:22: 3§Y Dp*
104(a) 1.14 8.6 20-22 60 4.4
104 (b) 0.28 8.6 20-22 39 3.0
104 (c) 0.11 8.6 20-22 19 2.3
105 (a) 1.14 8.6 0 73 4.7
105 (B) 0.28 8.6 o] 58 4.0
105(c) 0.11 8.6 0 28 2.5
105 (d) 5.68 8.6 0 89 17.3
108(a) 1.67 8.6 20 73 4,8
108(b) 1.67 0.86 20 51 4.5
108(c) 1.67 0.086 20 59 10.2
108(d) ' 1.67 86 20 0 4.6
108 (e) 1.67 0.30 20 50 6.1

* DP of fréézé-dried products
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Tﬁé DPs of fﬁé polymérs wéré High enough to enable quantitativé
méasuréménﬁs on the effect of m and c, on the molecular wéights to
be carriéd out. One ijec£ of molecular wéigﬁt studies is to
idénﬁify all the chain—Bréaking reactions and to measure their
rafé-constanfs. The relevant measurements yiéld the ratios of the
cﬁain—bréaking rate-constants to kp‘ The method of oBtaining
thésé ratios is by thé use of fﬁé Mayo équafion.

Figuré 11 sﬁows ﬁﬁé firsé Mayo plots (1/DP againsﬁ 1/m°).

From these plofs the values of km/kp and X/kp were calculated

By means of the equation:3§

o G+ ke + kAT k(14 )

X is fﬁé coéfficiénf ofl/kpmo and the symBols in ( ) have the
following significancé:

kt is the réfe-conséanf for unimolecular termination

¢, (A} and (S] are the concentrations of inifiator, co—initiafor,

and solvéné,réspécﬁivély.

J is a term which accounts for all other possiﬁlé, as yeﬁ

unidénﬁifiéd, chain-Bréaking reactions.
Aléhougﬁ the above équaﬁion is strictly only valid for the
"instanﬁanéous" DP, approximafé valués for tﬁé cﬁain—Bréaking
coéfficiénés may Eé calcuiaééd from‘ié. The calculaiéd valués
from Figure 11 are ky/k, = 0.19 and X/k = 2.9 x 1072 M at

3 M at 0°. Since at the largest

90-22%, and 1.7 x 1072 and 2.7 x 10~
value of m  (1.69 M)'X/kpmo ~ 0.0145, the rate of chain-breaking
5y reactions with monomer is 0.19/0.0145 = 13 ﬁimes gréaﬁér than

fhaf dué to all other chain-breaking reactions together. This is
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FIGURE 11

The first Mayo plot for the degree of polymerization measured

at complete conversion. System: KAI/SnC14/pet. ether,

c =8.,6 x 10—3 M
o)
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FIGURE 12

The second Mayo plot for the degree of polymerization measured
at complete conversion. System: KAI/SnCl4/

pet. ether at 200, m o= 1.67 M
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not unéxpécééd, since monomer transfer reactions have been shown
éo Bé éﬁé prinéipal cﬁain—ﬂréaking réacfions in many cationic
polymérizaiioné."Tﬁé“iﬁflﬁéncé'bf Eémpéraéﬁré on the transfer
réacéioné involving the monomer is reflected in the inéércépfs of
éﬁé firéé'Mayo ploés."Sincé these are the same (wifhin éxpériméntal
érrdr) we conclgdé éﬁaé Emep=s 0. Tﬁé apparéné linéarity of the
first Mayo plots at least for m°'> 0.517 indicates that propagafion
is a second ordér.réacéioﬁ:3§

_ +
Vp- = kp m[Pn]

The second Mayo ploé in Figuré 12 shows that chain-Bréaking
réacéions wiéﬁ éﬁé iniéia&or aré imporfané in ﬁﬁis syséém. YI£
also shows the éxpécééd result that.the formation of high polymér
is favouréd By a comﬁinaéion of ﬁigﬁ m and low e If ﬁas Séén
found éﬁaé in many syséémsao éﬁé DP goés tﬁrougﬁ a minimum or
falls Eo a conséané lévéi'ias fﬁé concénéraéion of oné of ﬁﬁé
réagénés is incréaséd."fﬁé ploé in Figuré 12 may Bé éxplainéd by
éﬁéré 5éing préséni in the syséém a réagénﬁ, which ifsélf may or
may noé Eé a cﬁain—ﬁréakér, But forms a (moré éffécéivé) chain—
Bréaking,réagénf wiiﬁ anoéﬁér réagéné, wﬁicﬁ»iﬁsélf is noﬁ a
cﬁain—ﬁréakér.4o

4.1.3. The heterogeneous polymerizaéion of KAl

Tﬁé inféracéion of KAl wiiﬁ sparingly-soluﬁlé iniﬁiators
CIaBIéf9) was found Eo producé polymér witﬁ a molécular wéighf
ﬁigﬁér éﬁan éﬁaé oﬁéainéd from ﬁomogénéous systéms. Tﬁé poly-
mérizaéions wéré carriéd oué in niffogén—flusﬁed scréw-capped
Boéflés wiéﬁ sfirring. 'Tﬁé opéimum condiéions for fﬁé formaﬁion
of ﬁigﬁ polymér wéré ﬁigﬁ m and low Eémpéraéuré. In an unsfirréd
bulk polymérizaéion the polymér around the initiator was yéllow

io.réd. "The colour could be desﬁroyéd 5y fﬁé addiﬁion of



The heterogeneous polyﬁerizaﬁion of KAl

TABLE 9

_Iniéiator . Monomér Solvénf Témp. Convérsion PPY DP
Nature Quantity/g Quantity/g Nature Quantity/ml /deg. /% 1%
CdCl2 0.001 5.0 - - 20 73 59 22.7
0.001 2.39 - - 20 - 32 18.5
0.01 10.0 - - 20 100 20 3.5
0.001 6.0 Methylene 5.05 25 67 10 2.2
dichloride
0.001 5.1 Methylene 5.0 -80 10 5 -
dichloride
0.001 2.0 Methylene 2.0 -35 20 5 -
dichloride
0.001 5.0 Toluene 5.0 -80 20 10 16.0
HgCl2 0.001 5.0 - - 20 76 36 11.8
0.1 3.5 Methylene 6.5 25 40 23 2.0
dichloride
-
C7H7 BF4 0.001 2.0 20 100 100
0.001 2.0 Hexane 16 70 30 -

29
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triééhylamine and éﬁé polymérs were wﬁité waxés or powdérs.
Tﬁé éssénfially ﬁééérogénéous naturé of tﬁésé polymérizations '
was confirméd By filééring a réacfing mixture througﬁ a No.3
glass*sinéér, Wﬁéréupon tﬁe rafé of polymérizaﬁion was réducéd
drasﬁically, Buf not fo zéro. It was suspéctéd that many
of the polymérizaéions of bulk monomer with other initiators,
é.g. Snﬁr . BF3.E£20, wéré in facé hétérogénéous, buf ﬁhis
idea was difficult to test because of the rapidity of the
polymérizaﬁion and the insoluﬁiliﬁy of the polymér in the
monomér.

A Ziegler-Natta catalyst, viz. TiCl, and Et,AlCl, did

3 2

not polymerize KAl in hexane.

4,2 Tﬁé polymérizafion of KA2

Kéféné diéﬁﬁyl acétal was not a véry promising monomér for
a sérious académic study bécausé of Ehé insoluBility of ifs
polymér in all common organic solvents. Howévér, it is véry
éasy éo préparé and purify, and a comparison of ifs polymériz-
aBilify witﬁ tﬁaf of KAl was éxpécééd to givé somé insigﬁt inéo
the polymérizaéion mechanism.

4.2.1 The polymerization of KA2 in meﬁhyléné dicﬁloridé

4,2.1.1 Séannic chloridé

Most of the work on KA2 was carried out with SnCl, as the
iniéiaﬁor in ordér éo Bé aﬁlé fo comparé Eﬁé résulés diréctly
with those obtained with KAl, All the éxpériménfs were carried
ouE in vacuum dilaéomééérs wiéﬁ ﬁigﬁly purifiéd matérials.
Figuré'i3 sﬁows the dilatoméfric conéracéions. The initial
dilaéoméfér réading could not be determined because oEsérvaéions
of the référéncé dilatoméﬁér showed that about 10 minutés was

required for the contents to come to temperature equilibrium.
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FIGURE 13
The conversion curves for the polymerization of KA2 by SnCl4 in

)
CH2C12 at -60 effect of c s m = 0.33 M.

O ¢, =5.72x10 M

® c ,=1.97x10 2y
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Tﬁé.réaction mixiurés wéré colourléSS‘fﬁrougﬁoué ﬁhé polymériza-
Eions,'alfﬁougﬁ fracés of yéllow polymér wéré forméd on Eﬁé walls
of tﬁé parﬁ of fﬁé apparaﬁus wﬁicﬁ proirudéd from éhé low—fémpératuré
5a£ﬁ. Towards tﬁé énd of ﬁﬁé polymérizaﬁions somé turBidiéy

was dévélopéd and finally éhé conéénts of tﬁé dilaéomééér wéré
ﬁransforméd info a wﬁiéé solid. As a conséqﬁéncé of fﬁis iﬁé
final.réading of Eﬁé dilaéomégér could noé 5é déférminéd Bécausé
of disforéion of éﬁé méniscus. I£ was nécéssary éo éransfér

,éﬁé conéénis of the dilaéomééér to the side-arm of the apparafus
for killing. Tﬁis réquiréd iﬁé apparaéus éo Bé warméd fo room
Eémpéraéuré Eo lowér fﬁé viscosiﬁy of fhé producés and fo incréasé
the vapour préssuré of the solvent. The producés turned red
,aBové about -20° and the colour could not be déséroyéd compléﬁély
By éiéﬁér of £ﬁé killing agénés. All Eﬁé réacﬁions,wénﬁ Eo
complééion and fﬁé producis wéré palé,yéllow sficky solids.-

Oné réacéion was carried out in the dilafomééér sﬁown in
Figuré l.wﬁicﬁ allowéd samplés of the réacéing mixéuré to Bé
-fakén aé régular inéérvals. Tﬁé samplés wéré précipitaﬁéd in
pénéané and fhé pércénéagé of tﬁé producé wﬁicﬁ was insoluBlé
was noééd, fogétﬁér vith the conversion (TaBlé 10). Figuré 14
sﬁows a simuléanéous ploﬁ of dilaédméfér réading and convérsicn
againsf'éimé. 'Tﬁé résulfs sﬁow éﬁai fﬁé réacéions aré Eoo fasf
io Bé followéd 5y dilaéoméﬁry. Tﬁé convérsion curvé is similar
to that oBéainéd with KAl under similar conditions (Figuré 10)
and suggésfs Eﬁaf Eﬁé nafuré of fﬁé réacéion changés at a
convérsion of aBouﬁ 6OZ,alfHOugﬁ Ehé PPY rémainS'almosf conséanf.

4.2.1.2 Oﬁﬁér inifiators and solvenfs

A few exploratory experiments were carried out to compare

ﬁﬁé polymérizafion characteristics of KA2 with those of KAlL,
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TABLE 10

Tﬁé'polymérization of KA2 by SnCl4 in CH2C12 at -80° sampling
éxpériménfs;'mo = 0.33 M, e, = 1.25 x 1072 M.

(séé Figuré 14)

Dilatometer

Time Conversion PPY

" /min -rjiging 1% %
0.5 - 26.9 52
3 - 29.2 57
"8 . 20.253 46.9
9 19.610
11 - 19.412
13 19.384
18 19.285 . 60.3
27 19.218
44 19.089
59 19.031 62.0 54
93 18.960
117 18.890
133 18.834
148 18.750
169 18.742 69.0

co - 100.0 55
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FIGURE 14

The polymerization of KA2 in CH2012 by SnCl4 at -800,
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in methylene dichloride at room temperature
2

With EtA1c12

(c, = -05 to 1.0 x 10 ° M, m_ = 1.05 M) the yield of solid polymer

3

amounted to 10%. Tetranitromethane in hexane (co = 1.57 x 10 °,

m = 0.76 M) gavé a yield of 267%. With insoluble initiators like

CdCl. the addition of 0.002g of the initiator to 1.3g’of the

2
monomér gavé 80% of solid polymer, but the PPY was halved if
thé monomér was dilutéd wiéh 3 mls of mefﬁylené dichloridé.

4.3 The polymérization of KA3

The polymérization of ketene étﬁyl méfhyl acetal has not
been réporﬁéd. This monomer seemed véry suitable for a quantifa—
éivé séudy of ifs polymérizabilify Bécausé it doés noﬁ suffér
from éiéhér of fhé disadvantagés of KAl or KA2; KA3 is quité
volatilé and iﬁs polymér is soluﬁlé in organic solvénts. A
sériés of éxpériménts was carried out with ﬁigﬁly purifiéd
maﬁérials in fhé adiabatic caloriméfér according to the procéduré
déscriﬁéd in section 2.5, and Table 11 shows tﬁé results.

Figuré 15 shows the éémpéraﬁuféléimé ploﬁs. The polymériza—
tions were cﬁaractérizéd By an inhiﬁifion périod, an accélération
and a first-ordér phasé (Figurés 16-18). Thé fact that tﬁé
réacfions did noﬁ go to complétion during this first-ordér phasé,
Bué evéntually did réach it by a véry slow réaction, is consistént
wiﬁh tﬁé obsérvations fhat fhé polymérizaﬁion of KAl and KA2 also
fook placé in fwo quifé disfincé séagés. If a polymérization
of KA3 was allowed to continue after the end of the éxoﬁﬁérm, a
convérsion of 1007 was attained événfually. Figuré 19 shows that
tﬁé firsf-ordér raté—consfanf k1 increases linéarily with mbz.
Tﬁé 'induction périod' (I.P.) was déférminéd by drawing a tangént

to éﬁé inflexion point on the temperature/time plots and
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TABLE 11

4

in 100-120° pet. ether -

Expt. "o o Temp. Conversion pp I-P- ky
No. /M . /102 M [deg. /% /s /102 &
121 1.69 1.06 0 72.5 3.8 17.5 9.72
124 0.845 1.06 0 73.8 4.7 32 2.62
126 0.28 1.06 0 73.0 4,1 200 0.119
122 1.69  1.06 ~70 0% - - -
123 1.69 1.06 =40 O* - - -
128t o0.28  1.06 0 o% - - _

No temperature rise observable in 20 mins

1 Conducted in the presence of t-butanol, [t-BuOH] = 4.5 x 10“3 M.
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FIGURE 15

Typical temperature/time plots for the polymerization of

KA3 by SnCl, in pet. ether, ¢, = 1.06 x 102 M
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FIGURES 16-18

First-order plots for the polymerization of KA3 by

SnCI4 in pet. ether.
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FIGURE 19

Thé influencé of m on kl'

2
m O/ M

FIGURE 20

The influence of m0 on I.P,
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éxirapolating it to intersect the abscissa. Figuré 20 shows
Eﬁaé Eﬁé réciprocal of thé'inducfion périod plofféd against
m, givés a sfraigﬁf liné passing iﬁrougﬁ tﬁé origin.

The dépéndéncé of kl on mo2 and induction périods have
Béén oﬁsérvéd fréquénély in cafionic polymérizations
(é;g. refs. 3537). From the présénf results it follows that
Bééwéén iﬁé infléxion poinﬁ and tﬁé asympfofé of tﬁé first-
order pﬁasé éﬁé‘rafé-équaiion is:

-dan/dt = K m

and k) = k,m

Tﬁéré aré sévéral possiﬁlé éxplanaéions for éhé,aﬁové féaturés.
Since the values of kl'wéré determined over a véry wide
rangé of m , éﬁé concurréné cﬁangé in polariﬁy of fﬁe réacﬁion
medium may have affééééd the rate. Also the préséncé of a
co-initia&or in fﬁé monomér would accouné for Eoéﬁ ﬁﬁé incréasé
in k1 and Eﬁé.décréasé in I.P. wiiﬁ incréasing m . Aparé
from waéér, the most‘proﬁaﬁlé co-iniéiaéor 1iké1y to be présénﬁ
in the monomér was t-butanol in trace amounts. Howévér, the
addifion of a small amount of t-butanol to the monomer (éxpé. 128)
réndéréd Eﬁé iniéiaﬁor complééély inacéivé. In addition fo
sﬁowing éﬁaﬁ f-ﬁuéanol’was noé an acéivé co-inifiafor wﬁén présént
in Eﬁésé'quanfifiés, tﬁis fésulf indicaééd thaﬁ wasfagé of
iniéiaéor occurs Ey SOﬁé oéﬁér procéss.

Furéﬁér invésfigaéions in the calorimééér, sucﬁ as a variaéion
of éﬁé inifiator concénfration, wéré not carriéd out Bécausé tﬁé

reaction products, which were either sticky orange solids or red
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oils,'ﬁad véry low molecular wéigﬁﬁs (TaBlé 11 and Figuré 21).
The adiabatic Eécﬁniqué is not véry useful for the study of
such sysééms because the heat of reaction for each of the
firsf ca. 5 oligomérisaﬁion‘stéps proﬁaﬁly décréasés Eowardé
an asympéoéic valué, as for d—mééﬁyl sfyréné.

The inducéion périod in the calorimétér éxpériménts was
'found Eo Bé incréaséd draséically By lowéring tﬁé inifial
Eémpéraéuré. Tﬁis was proﬁaﬁly parély causéd By fﬁé insoluﬁilify
of fﬁé monomér aé low Eémpéraéurés. Sévéral éxpériménfs wéré
carriéd oué aé,éémpéraéurés down éo -100° in Boéﬁ 100-120°
,pééroléum éﬁﬁér and in méfﬁyléné dicﬁloridé, Buf, altﬁougﬁ fﬁé
polymérizaéions Bééamé slow énougﬁ éo Eé followéd dilafoméfrically,
ihé maximum DP acﬁiévéd was only 5.5.

‘The polymérizaﬁion of 1.78g of KA3 Ey 0.0lg of CdCl2 in
- 7.0g of réfluxing Sénzéné gavé éﬁé convérsion curvé sﬁown in
| Figuré 22, Buf iﬁé DP of éﬁé pblymér was only 4.3.

4.4 Copolymerization

Copolymérizafion studies are often véry useful in élucidaéing
proﬁléms in réacéion méchanism. In paréicular, for wéll-Béﬁavéd
sysféms,‘iﬁ sﬁould ﬁé possiﬁlé éo méasuré ﬁﬁé aBsolufé rafé—
conséanés for é monomer By copolymérizing it with another monomer
for wﬁicﬁ éhé corrésponding raté-constanfs aré known., Unforfunafély,
the full‘poéén&ial of this Eécﬁniqué has nof.yéf been realised
Bécausé of fﬁé difficuléiés inﬁérénf in éﬁé séudy of Cafionic
polymérizaéions.

Copolymérizaéion is also oféén uséful in improving fﬁé propértiés
of ﬁomopolymérs. For example, the incorporaéion of isobutyl vinyl
éfhér in a copolymér sysfém is likély to confér fﬁé following

improvéments in major properties: higher flexibility, better tack,
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FIGURE 21

The influence of m  on DP for expts. 121, 124 and 126.
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The conversion curve for the polymerization of KAl
by CdCl2 in boiling bénzéne.
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and gréaéér adhesion. The classic case of cationic copolymérizafion
is of coursé, fﬁé incorporaiion of a small number of isopréné units
into polyisoﬁu&éné; the résuléing poinés of unsaéurafion are gﬁén
pofén&ial sites for vulcanization.

In éﬁé casé of kéééné acééals,'éﬁé incorporafion of fﬁésé
monomérs in a copolymér, followéd By fﬁé ﬁydrolysis of Eﬁé
acééal groups,'sﬁould producé a maéérial having péndénﬁ 0XO0
- groups éxéénding from Eﬁé Backﬁoné of éﬁé copolymér. Tﬁésé
cﬁémically réacfivé groups pérmié.iﬁé addiéion of funcéional
groups éo producé copolymérs ﬁaving muléifuncéional propérﬁiés
and aré of coursé'a1s0'pofén£ia1 siéés for vulcanizaéion.

4.4.1 Tﬁé cgpolymérizaéion of KAl and KA2

KA2 could Bé copolymérizéd. If éﬁé oEsérvéd insoluﬁiliéy of
poly-KA2 was in facf causéd Sy-iés ﬁigﬁ dégréé of crysfalliniéy

_ then the préséncé of KAl units would be éxpécféd to remove the
régular sfrucéuré of poly-KA2 and thus reduce its téndéncy

4 éo cryséallizé. 'Tﬁé résulés aré sﬁown in Taﬁlé 12. I£ was

found that solid polymér could only be obtained Sy copolymérizing
the monomers with the insoluble initiator €dcl,. The infra-red
spécéra of iﬁé producés from éxpériménés 84 and 88 aré sﬁown

in Figuré 23 fogéfhér with the spécﬁra of the ﬁomopolymérs.

Tﬁé 3,000 cmfl.région of iﬁé spécﬁrum can Bé uséd éo obéain a
qualiéaéivé méasuré of fhé copolyméf composiéion. Making tﬁé
following assignménfs:39 2970 cﬁfl and 2880 cm_1 (CH3 viBraﬁions),
2925 cm..1 (Cfl2 viBrafions) and 2820 cm_l (OCH3 vibraéions) éﬁé
spécéra show ihaf Eﬁévproducf from éxpérimént 88 conéains fﬁé
higﬁér fraciion of ;OCHB groups. Tﬁé p.m.T. spécfrum of éﬁé
polymér from éxpériméné 88 indicaééd éﬁé préséncé of fwo éypés

of methyl groups.
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TABLE 12

The copolymérization of KAl and KA2

KA1 KA2
- , m m . - 3
Expt. Initiator ° ° Solvent . 7Z:p' Natuze :f 10
No. MM e produc
69  1.42 x 10 2 M SnCl, 0.28 0.37 Methylene. O  Yellow -
dichloride viscous
liquid
8 3 x 10 ° M saCl 0.28 0.28 Methylene. =60  Yellow -
dichloride sticky
- solid
g8  .0lg cdcl, 3.23° 3.23 - 0 Pale 3.32
- yellow
wax
89  .0lg CdCl, 3,23 3.23 - ~20  Pale 2.61
yellow

wax
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FIGURE 23

The i.r. spectra of the homopolymers and the

copolymers of KAl and KA2,

poly KAL poly -KA2

3000 2800 3000 200
Copel. Copol.
Expt. 84 ixpt .88

3000 22800 cm® 3000 = 2800
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Aléﬁougﬁ éﬁé polymérs were not fracfionaﬁéd, further
évidéncé of fﬁé formation of a copolymér, ratﬁér tﬁan a mixéuré
of the two ﬁomopolymérs, was providéd Ey the fact that the
producés were found to be complétély soluble in méﬁﬁyléné
dicﬁloridé and in chloroform even at -60°.

4.4.2 Copolymérization of KAl with vinyl étﬁérs

Tﬁé aﬁéémpééd copolymérization in Bulk of an equimolar
mixéuré of KAl and ééﬁyl vinyl ééﬁér Ey CdCl2 aé room fémpératuré
gavé a wﬁifé.solid wﬁicﬁ ﬁad an i.r. spéctrum idéntical ﬁo fﬁat
of poly-KAl. A similar result was obtained with isoBuﬁyI vinyl
. éfﬁér. Tﬁésé résulfsflénd crédéncé ﬁo tﬁé idéa éhat fﬁé poly~
mérizafion of KAl By CdCl2 is a ﬁétérogénéous procéss;‘vinyl éthérs
'cannoé‘ﬁé polymérizéd By cadmium chloride.

The inféraciion 6f mixtures of KAl and éﬁﬁyl vinyl ether
wiéﬁvséannic“chloridé‘af‘témpéraéurés down ﬁo -60° gavé producfs
wﬁicﬁ were low molécular wéigﬁf viscous liquids.

4.,4.3 Copolymérization of KAl with N-vinyl carbazole

Mercuric chloride is known to polymérizé N-vinyl carbazole
(NVC) . Ho&évér, éﬁé addifion of 0,001g of HgCl2 ﬁo a solufion of
5g of NVC in 5g of KAl aﬁ 18° gavé an off-wﬁiﬁé powdéry solid
wﬁich was shown to be poly-KAl By iﬁé i.r. spéctrum.

An équimolar mix&uré of KAl and NVC (mo = 0.56 M) was
polymérizéd By BFB'EEZO‘(CO =1x 10-'3 M) in 100-120° pétroléum
ether under niﬁrogén at 20°. After the reaction was complété,

, ;ﬁé producf, wﬁicﬁ was a palé yéllow wax, was pouréd into penﬁané
: and.ﬁﬁé solids wéré filféréd off. The solid producf had a

M = 794 and was shown to contain 19.2%Zw/w of NVC By its U.V.

39

spectrum in.chloroform.
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4.4.4 The attempfed cgpolymerizafion of KA2 and isobutene

Thé addition of SnCl4 to a mixture of isobutene and KA2 in
metﬁyléné dicﬁloridé, undér vacuum at‘-78°, transforméd ﬁhé
réactants, ovér a périod of sévéral Hours info a translucént
whiﬁé solid from wﬁicﬁ a sticky réd solid (yield 52) was
isolatéd Ey fréézé drying. Tﬁé rangé of reactant concentrations
tried was[isobutene] = 0.4 to 3.9 M,[KA2] = 0.04 to 0.623 M,

2 M. The products wére noﬁ

¢, = 1.3bx 1073 to 2.98 x 107
invésfigaféd furﬁhér.

4.4.5 Tﬁé aﬁéempted copolymerization of KAl and methyl métﬁacrylafé

Monomérs whicﬁ cannot Be ﬁomopolymérizéd ﬁy fréé-radical
iniéiators will oftén add to.fﬁé radicals dérivéd from ofﬁér monomérs
ﬁo form copolymérs.

To 1.7g of an équimolar mixture of KAl and métﬁyl methacrylaté
(MMA) was addéd 1.5 x 10-2g of Bénzoyl péroxidé. Tﬁé mixﬁuré was
mainéainéd at 60° for éwo days and Ehé résulfing yéllow viscous
solution was pouréd inéo pénfané fo givé 0.6g of a wﬁiﬁé granular
précipiiaﬁé, which was sﬁown éo Bé poly-MMA By iﬁs i.r. spéctrum.
This résulﬁ sﬁows thaﬁ MMA is mucﬁ moré réacfivé than KAl Eowards
thé MMA radical or ﬁhat KAl is complétély unréactive towards fhis

radical.

4.5 End-group analysis and reaction characteristics

Sincé only maéérials wiéﬁ low molécular wéigﬁés wéré producéd
By solublé iniéiaéors, éxpériménés wéré dirécééd towards an
invéstigaéion of the cﬁémiséry of éﬁé polymérizaéion and,tﬁé
naéuré of éhé producés.

4.5.1 Infra—réd spectroscopy

There are some difficulties associated with the search for

énd-groups in poly-ketene acetals. The spectra of ketene acefals



81

have not been studied in any detail alfﬁougﬁ tﬁé éfféct of thére
being two oxygen atoms in conjugation with the olefinic double
bond has been shown to be very important in lowéring the frequency

of the :CH, wagging mode.38 The main différéncés bétwéén thé

2
i.r. spectrum of KAl and its polymer (DP = 20) are shown in

Table 13. The disappearance of the absorpéions associaﬁéd wifﬁ
, tﬁe ‘CHZ group was as expected. The incréasé in intensity of

tﬁé péaks at 2880 and 1376 cm-1 sﬁows ﬁﬁaf thé production of
meéhyl end-groups by proton transfer from the growing.cﬁain to

the monomer is important:

JOR OR OR OR
__CcH-CC A 4+ CH=C —3 ~CH=C + CH~C A
2\ 2\ \ 3N

OR OR OR OR

The infénsify of absorpéions associated with the términal
frisubsfifuféd douBlé bond whicﬁ is producéd By this mechanism
aré‘véry low and ﬁéncé fﬁéir abséncé in fﬁé spéctrum'of a
polymér with DP = 20 is not unéxpécféd.

,Tﬁé spécﬁra of several samplés of poly-KAl were comparéd.

In parficular fhé Spéctra of high (DP = 14 fo 20) and low

(DP =2 to 4) polymérs were analyséd caréfully. There are
sévéral addifional péaks préséné in ﬁﬁé spécfra of ﬁﬁé low polymérs
wﬁicﬁ can Bé ascriﬁéd éo énd—groups. Sfrong aBsofptions at

1600 cmfl‘and 790 cm.-1 indicaﬁé éﬁé préséncé of a trisuﬁstifuted
douBlé Bond. Thé low fréquéncy of fﬁé_C=C aBsorpfion (1600 cm_l)
may Bé causéd Ey if Béing conjugaﬁéd. Tﬁéfé was also an OH péak
at 3560 cm_¥ and a véry wéak aBsorpfion aé 890 cm_l. Tﬁé péak

at 890 cm.-1 seemed to be associated with the OH group as its
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TABLE 13

The i.r. spectra of KAl and the polymer formed from the CdCl2 initiated

polymerization of KAl at room temperature (the polymer was

the fraction insoluble in pentane, DP = 20)
§§2§?§Zion EffecF Off Assi
Jem polymerization gnment
3110w D Vinyl CH stretch
3925 } Jacrease in Alkane C-H stretch,=CH, and -CH,
2880
2820 -OCH3 stretch
1650 vs D Vinyl C=C stretch
~ 1450s U asymmetric CH3 def. and -CHz-def.
1376m I symmetric CH3 def.
1287s D :c=c,/0 stretch
}igg Peaks at 1200
1098 iégg, 1130 vs, C-0-C-0-C asymmetric stretch
1055
980m U
946
870m D :CH, twist
850m
716m D :CH2 wag.

very strong
strong
medium
weak

D, peak disappears; R3 intensity of peak is reduced; U, peak
unaffected; I, intensity of peak is enhanced.
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inténsify variéd ﬁith that of thé Band at 3500 cm—1 and it
disappéared in samples with no OH groups. A similar phénoménon
ﬁas béén reported by Jones.22 A strong absorption at 1740 cm.—1

indicates the C=0 stretching vibration of an ester.

OR
1 +/ -
R".CH,.C(OR),.CH,.C MEX + CH,:C(O0R), —>
, \ ,
OR
0 . OR
1 +/ o
——  R'.CH,.C(OR):CH.C + ROH + R.CH..C MtX
2 : 2 n+l
\ \
OR OR

In addition to acting as a chain-transfer agent, the alcohol formed
in fﬁis reaction may .react with the monomer to produce the

corresponding orthoester:

CHZ:C_(OR)2 + ROH —_ CHZ.C(OR)3

This reaction may be one of the féasons wﬁy the polymérizations
néarly always wénf to complétion, as measured bj the compléfé

| disappétancé of ﬁhé monomer. It is,impossiﬁlé to éstimaté the
changés in the i.r. aBsorpfion of the ether groups with their

. changing énvironménf Bécausé of fhé compléxity of thé spéctra
in the 1000-1300 émfl région. A corollary of the fact that
additional péaks in>£ﬁ§.5pécéra.of low polymers are due to end
groupé is that fhésé pééks should disappéar or ﬁﬁéir,inéénsiﬁiés
_should be réducéd in the spécfra of polymérs of ﬁigﬁér DP. This

was found to be the case except that a strong abéorption appeared
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at 950 cm.-1 in the spectra of the high polymers. There is no
informaﬁion on absorptions at this frequency for this type of
c ompound and the origin of this peak is not known. There was
no evidence in any of the i.r. spectra for the existence of

¢ arbon~halogen bonds in the polymers.

The i.r. spectra of various samples of poly-KA2 showed
essentially the same characteristic features as those ﬁf poly-KAl,
but fhé resolution of the spectra was poor (because of the
insolubility of the polymer) and this precluded a detailed
analysis of these spectra. However, one interesting piece of
jnformation did emerge from studies on the i.r. spectrum of a
polymerizing solution of KA2. In the sampling experiment described
in section 4.2.1.1 the optical density of the carbonyl peak
at 1740 cm.-1 was measured as a function of conversion; the C-H
s tretching absorption at 2990 cm-1 was used as an internal
t hickness standard. Figure 24 shows plpts of optical density D
against conversion and time. Although the accuracy of the
d eterminations leaves much to be desired, because of the difficulty
in obtaining a good spectrum, it is interesting to note that the
concentration of C=0 groups increases during the course of the

reaction.

4,5.2 P.m.r. spéctréscogz

Tﬁé spécﬁra of samplés of poly-KAl wéré éakén witﬁ 10Z solutions
in CDC13, wiéﬁ TMS as ﬁﬁé inﬁérnal sfandard, and wéré comparéd wifﬁ
tﬁé spéééfum of the monomer. Tﬁé monomer gavé fﬁréé péaks at
6.34, 6.74 and 7.0T in a ratio of 4:3:1 (spectrum 5). These are
ascriﬁéd to the 2 profons in the vinyl group, the 6 profons in the
méthoxyl groups, and the 8 méfﬁyléné protons réspéctivély. Tﬁé

péak at 6.347% was a quadruplet and the other two péaks wéré singléts.
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FIGURE 24
I.r. determination of concentration of C=0 groups. System:

KA2/SnCl, /CH,Cl1, at -80°,
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Tﬁis is in compléfévagréémént wiﬁh fhé sfructuré of KAl.lo A
polymér of DP=20 which had been précipiéaféd in pénfané gavé three
péaks, which were not résolvéd, at 6.4 and 6.74 and 7.3« in a ratio
of 4:3:1 (spécfrum 6). ,Thé péak at 7.37T can bé ascribéd fo thé
profons of a méfﬁyléné group béﬁwéén éwo acé£a1 groups. Tﬁis
spéctrum suggésts that the product is a linear héad—ﬁo-tail addition
polymér of KAl. A low polymér (DP=3.1) gavé a véry compléx spéctrum.
In addiéion fo éhé péaks déscriﬁéd aBové fhéré wéré compléx péaks
cénfréd at 5.2, 6.0 and 7.85v, and a singléf at 6.77 . (Spécfrum 7)
The péaks at 5.2 may be ascribed to the xproéon of an «,8

unsaturated ester:

~ CR:CH.COZR

The muliiplet at 6.0ris in agreement with the éxpécﬁéd chemi cal
sﬁift for the adjacent methylene protons when Ehé acééal group of
KAl (or poly-KAl) is converted into its normal ester:

0

/J
\

OCHZCHZOCH3

R-C(OCH, CH,0CH,) , —_— R-C

2

The dé-shiélding effect of the carBonyl group shifts the resonance
downfiéld. Tﬁé singléfs at 6.70v and 6.74 T show that there are
proBaSly 2 non-équivalént mééhoxyl groups in the samplé. The
préséncé of the mééhoxyééﬁyl ester of 4-méﬁﬁoxy5u£anoic acid will
éxplain fﬁis.oﬁsérvaéion:

0

V4

CH3O .CHZCH2 .C\

OCH2CH2.OCH3

Tﬁé éwo methoxyl groups in this structure are in different chémical
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SPECTRUM 5

The p.m.r. spectrum of KAl

A , SPECTRUM 6
The p.m.r. spectrum of a

"high" polymer of KAl

Sl

SPECTRUM 7
The p.m.r. spectrum of a low

polymer of KA1 (DP=3.1)
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énvironménés from each other and from the acetal métﬁoxyl groups
in the polymér, Bécausé of the dé-shiélding effect of the carBonyl
~ group. The péak at 7.857 may be caused either By the préséncé
of a métﬁyléné group adjacéné Eo tﬁé carbonyl group of an éstér
as in fhé sfrucfurélpostﬁ}aféd.abové; or by a‘férminal éstér méfﬁyl
group producéd by proéonaﬁion of the monomer and a subséquénﬁ
dé-alkylaﬁion, i.é. an éffécﬁivé,acid ﬁydrolysis of fhé monomer
to givé 2-méfhoxyé£hv1 acetate:

0

/

CH3.C

O.CHZC'HZ.OCH3

Thé spécﬁrum of 2-mééﬁoxyétﬁyl'acéfa£é éuoporég somé of Eﬁé
aﬁové érguménts."in paréiﬁular, ﬁﬁéré is a multipléé cénfréd
| around 6.0'? and singléts aé 6.7 and 7.97 . fﬁéré aré'ﬁowévér,
sfill somé péaks wﬁicﬁ ﬁavé noé ﬁéén accounééd for. For inséancé,
I ﬁavé no£ accounééd fully for fﬁé compléxify of éﬁé spécfrum in
fhé 6-7 T région. Sincé'éﬁé samplé undouﬁfédiy ponsisés of a mixfuré
of p;oducésv(g.l.c. shows at least four) it is not pqssiﬁlé to
obtain a sénsiblé éétimatéwof the concéﬁfrations of certain groups.
The p.m.T. spécfrum of a polyméfizéd solutidp:of KAZ in CH2C12
iniéiaféd By SnCl4 was comparéd Qiiﬁ that of the monomer. The
monomér Ispécérum 1) gavé a quarééf centred at 6.287 , a singlét
at 7.047T and a Eripléf centred at 8.747 in a';aﬁio of 2:1:3. Thésé
' aré ascriBéd éo éhé-4 mééﬁyléné proéons in éﬂé{é£ﬁ6xy1 groups, thé
2 profons in Eﬁé vinyl group and the 6 meéﬁyl proéons in the éfﬁoxyl
v groups‘réspéctiQély. The spécfrum of the polymérizéd solution
(spécérum 8) showed the disappéarancé of the :CH, gfpup and in addifion,
sévéral néw péaks appéaréd. Tﬁé muléipléé cénﬁréd around 6 v fﬁé

singléf at 8.0 and the (triplet?) peaks near 8.7 may all Sé
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SPECTRUM 8

The p.m.r. spectrum of a polymerized solution of KA2.

O\

~
0]
O
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accounted for by the presence of ethyl acetate in the product;

)

V4
.C
>N\
]‘ 0CH2CH3

7

* K %*
7.97 5.88 8.75

CH

*# Literature values.

.Attack of an ethyl cation on KA2, followed hy a dealkylation, would
giVé ééﬁyl propionate. Aléﬁougﬁ there is no definite evidence for
this compound in the spectrum, its presence is suggested by the
small peaks at 7.8 and 8.1 7v .

0

4

CH3CH2CH2 .C

AN

% * *
9.02 8.35 7.78

*Literature values for methyl propionate.42

Since the intensity of a peak in a p.m,T. spectrum depends on
the ntnnher of protons present, it is very di fficult to detect
small numhers of protons in a particular chemical environment when
the sample is a mixture of products each containing many non-equivalent
protOns.' For example, there is 1itt1e evidence in the ahove spectra
for the presence of an «,A unsaturated ester group which was one
of the end-groups suggested hy the i.r. spectra of low polymers of KAl,
It must'he rememhered, however, that the proton which distinguishes
this structure from the other possihle products,‘viz.'the CH proton,‘
is only one of fifteen protons in this end-group. In a polymer of
DP = 3-.4 with methyl and o, A8 unsaturated ester end-groups the CH

proton is only 1 in 60.



91

4.5.3 U.V,- visible specfroscopy

Thé U.V.- visiﬁiéi spécﬁra of a polymérizing mixﬁuré and of tﬁe
polymérs was éxpécféd fo givé somé information on thé strucfuré of
Ehé réacﬁion producfs. Thé spéctra aré not complicaééd by tﬁe
préséncé of éhé propagaéing spéciés, sincé tﬁe probablé ions, viz.
dialkoxy carﬁéqium ions, do not absorB abové 200 nm.41 Tﬁé spéctrum
of a polymérizing solution of KAl in méfhyléné dichloride initiated
Ey E£3O+BFZ is shown in spécérum 9. The monomer has an aEsorption
maximum at 238 nm in métﬁyléné dichloridé. The maxima in the
polyﬁérizing solution are difficult to éxplain. The m—sw
fransiéion of ﬁﬁé carEonyl cﬁromopﬁoré of an ésfér is usually,oﬁsérvéd
in ﬁﬁé 200-220 nm région, wﬁilé fﬁaé of an:i,ﬁ-unsaﬁuraééd éstér
is af 200-270 nm dépénding on the naﬁuré of éﬁéﬁ-sul;stifuénﬁs. In
addition, unsaﬁuraééd ésﬁérs havé a wéak n- n* absorpﬁion in tﬁé
275-330 nm région. The spécéra in this work may be influenced 5y
compléx inféracéions Béfwéén éﬁé iniéiaﬁor and tﬁé monomér and/or tﬁé
producés. Aléﬁougﬁ there is no puﬁlisﬁéd information on complex
formaéion wiéﬁ kéééné acééals, compléxés Bétwéén oléfins and Léwis

45,46 Also, the formation of compléxés of

acids are well known.
ésﬁérs wiéh Léwis acids ﬁas béén sfudiéd in.deéail. For éxamplé,
séannic cﬁloridé forms 1:1 compléxés wifﬁ ésférs sucﬁ as étﬁyl
acééafé and ééhyl propionafé.47 Compléx formaﬁion in,tﬁé préséné
work was suggésééd By.éﬁé cﬁaraciériséic colours of the réacfing
mixfurés at or sligﬁfly below rooﬁ ﬁémpéraéuré, which were absent
'raé low éémpéraéurés.

Tﬁé spécérum of a low polyméf of KAl in CHZCI2 (DP=2.0) showed
a véry 5road.a$sorpfion, wiéh a maximum at 235 nm, and a long fail
wiéﬁ sévéral sﬁouldérs éxéénding fo 400 nm, (Spécfrum 10) A ﬁigh
po1ymér (DP=20) gavé a similar spécérum Bué fﬁé maximum was shifééd
to around 253 nm. (Spectrum 11) This bathochromic shift is difficult

to explain but it may be caused by differing extents of conjugation
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2.0 SPECTRUM 9
The u.v.- visible spectrum of
1.5 a polymerizing solution,System:
. + - 0
KAL/Et,0 BF4/CH2C12 at 20 .
[J] )
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The u.v.- visible spectrum in
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of the double bonds which are présénf in the polymérs.
Tﬁus,'in the absence of detailéd informafion on fhé cﬁémistry
of ketene acetals, U.V. and visible spectra are not very uséful in
ﬁélping to elucidate the chemistry of the polymérizafion.

4.5.4 €as-liquid cﬁromafographg

G.l.c. of the monomers and their reaction products was complicatéd
by tﬁéir féndéncy to decomposé on héating. Tﬁe cﬁromatography of
KAl was parﬁicularly difficulﬁ, bécausé tﬁe ﬁigﬁ colum témpératuré
wﬁich was nécéssary fo obfain good résolution led to tﬁé appéarance
of 2 néw péaks,'wifh sﬁorfér réténfion fimés.tﬁan tﬁé monomér. Tﬁé
producfs wéré noé idénfifiéd ﬁué iﬁéy wéré possiBly métﬁyl vinyl
étﬁér and 2-mé£hoxyé£hy1 acétaéé, forméd By thé intramolécular
tﬁérmal réarrangéménf of ihé monomér:

OCH,CH OMé

)
CHZ:C(OCH§CH20Me)1 —_ CH2 =\’C\ —_
@{ /o
weoscr —£ CH,
OCH, CH, OMe

/

—  CH..C + CH.:CH.OMe

3 §\ 2
(0]

This réacfion méchanism.will also éxplain fhé formaéion of étﬁyl
acééaéé and éfﬁyléné from ﬁﬁé pyrolysis of KA2.1

Thé,cﬁromatogram of a low polymér (DP=2.0) indicaféd tﬁe
préséncé of a£ 1éas£ fivé‘major componénﬁs (Figuré 25) wiéh
rééénfion fimés of 45, 65, 107, 140, and 180 ¢ réspécéivély. Tﬂéré

were also two broad minor peaks with retention times of 5 and 8

minuéés respectively. This shows that, during the polymerization
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FIGURE 25

G.l.c. of a low polymer of KA1 (DP = 2.0)

Column temperature = 130°

4

Time/min
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of kéﬁéné acéfals,'sévéral producfs aré forméd in addiéion fo ﬁigﬁ
polymér.
A méthyléné dichloridé soluﬁion of ﬁigh polymer (DP=20)
wﬁicﬁ Had ﬁéén précipifatéd in pénfané gavé only tﬁé solvent peak,
4.6 Discussion
4.6.1 Initiation
The addiﬁion of a cation at tﬁé carbon 2 o0of a ketené acetal producés

a dialkoxycarbenium ion:

(D
If.is wéll'known éﬁaé initiaéors of éﬁé caﬁionic ﬁypé do intéract witﬁ
kéténé acetals to givé a dialkoxycarﬁénium ion as the primary product.
For éxamplé, HC1 and iodiné react with kéééné acetals via a dialkoxy-

57,63 In the presént work a wide rangé of

carBénium ion inéérmédiafé.
iniéiators has Béén uséd; éacﬁ oné of ﬁhésé'présénfs us wifﬁ éﬁé
problém whether that paréicular initiator can react by some form of
'diréct' iniéiation or wﬁéﬁhér it neéds a co—inifiator ﬁo producé tﬁé '
ions. (I do not intend to discuss the sysﬁéms in wﬁicﬁ polymérization
is Béliévéd to occur without the parficipaéion of ioné,viz. pséudo-
cationic polymérizaﬁioné.ss) Ié is well ésfaﬁlisﬁéd that carboxonium
or carﬁénium salés 1iké P53C+SBCIE and Ef30+EFZ aré capaBlé of
initiating a polymérizaéion directly without the intervention of

a co—inifiaiof.as Howévér, with some other cationic iniéiaﬁors,
parficularly metal ﬁalidés, no généralizafions can be made .about the
inifiation procéss éxcépf fo say Eﬁéé in somé syséénska co—initiator

is necessary whereas in others, apparently similar, it is not.
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Alfﬁougﬁ réasonablé éfforts wéré madé in Eﬁé préséné work, to
rémové impuriéiés, ﬁﬁeré is no information on tﬁe rolé of a co-initiaéor (if
any) in the sysféms under considéraﬁion. Furfhérmoré, common co~initiators
such as wafér can also hydrolyzé kéﬁéné acééals and thé faté of thé
waﬁér will Be dééérminéd By Ehé rélativé basicities of tﬁé initiator
and of éhé monomér.

Ié is nof possiblé fo apply tﬁérmochémical arguménfs to thé
intéraction Béfwéén cations and kéténé acétals Bécausé tﬁé rélévant
fhérmodynamic parametérs aré néf availablé.

Concérning the rate of initiaéion, one possiBle éxplanation
for éﬁé accélérafing paré of fﬁé sigmoidal convérsion curvés
oBéainéd in.éﬁé caloriméfric work wiéh KA3 and‘SnCl4 (Chapfér'4)
is tﬁaé iniéiaéion is slow. Tﬁé incréasé in tﬁé induction périod
as fﬁé Eémpérafuré is lowéréd and as m, is décréaséd, supports
fﬁis idéa, aléﬁougﬁ an aléérnafivé éxplanaéion is fhaf fﬁé nominal
inifiaéor is in équiliﬁrium with the true iniéiator, and its reaction
wiéﬁ fﬁé monomér shifts ﬁﬁé équiliBrium towards the formation of
moré of éﬁé frué inifiaéor. Oné éxamplé of tﬁis could Bé initiaéion

By cations formed by self-ionisation of a metal' halide:

: + . -
2MeX == Mex T o+ mex
Py
) +
MeX 1Py

Thus the concentration of growing species increases during the
polymérizaéion. The first-order plots obtained from the KA3/Snc14/
péf. éﬁﬁér system (Chapter 4) suggest that after the infléxion

point the concentration of active species becomes constant.
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4,6,2. Propagation and chain—ﬂréaking

Iﬁ is générally accépééd fﬁaf many oléfin polymerizations procééd
éﬁrough carbenium ion chain—carriérs, and in these reactions the
propagaéion consisés simply of éﬁé succéssivé addiﬁions of a carﬁenium
ion to the douBlé-Bond'of the monomer.

Sincé tﬁé condition for éﬁé formaéion of ﬁigh polymérs is fhat the
propagaéion reaction must be faster than all other reactions of the
growing spéciés, it is evident that spécial conditions are réquiréd
for ihé formaéion of ﬁigﬁ polymérs By caﬁionic polymérizafion. Thé
général conditions which must be satisfied are:

(a) Exfrémé puriéy to réducé fﬁé fofal raéé of advénfifious chain-
Eréaking réacéions.

(b) Low fémpérafuréffo.réducé the rate of inherent chain-ﬁréaking
réacéions.'

In Eﬁé«préséni work we have been unable éo producé higﬁ polymérs
undér ..ﬁémogénanu;condiﬁions.' From fﬁé molécular wéigﬁt méasuré-
ments and the spécfroscopic éxpériménés in Chapéér 4, the following
conciusions concérning éﬁé propagafion and cﬁain—Bréaking réacfions
in ﬁomogénéous sysééms ﬁavé Béén réacﬁéd:

1) The iniéiafor, or a spéciés whose concentration is proporiional
to that of the initiator, is involved in the chain-bréaking reactions
(Figure 12).

2) Transfér réacfions involving fﬁé monomér aré fﬁé dominant chain—
Bréaking réacéions (Figuré 11).

3) Tﬁé molécular wéigﬁﬁs of fﬁé polymérs aré only afféciéd sligﬁtly
By changing the nature of the solvent.

4) Thé rélaﬁivé‘raﬁés of propagafion and cﬁain-Bréaking aré almosﬁ

unaffécééd By.temperature, and Em-Ep:s'o.



5) At least two types of unsaturated groups are present in the low

polymers.

6) The systems under consideration are very complex and the above

proBléms have been found to be inextricably interrelated.

Once: one realises that the number of possiblé cﬁain—bréaking

reactions is at least four, (not counting reactions with solvent and

impurities) one can understand why the total rate of chain-breaking

is so much greater than with other olefinic monomers. I propose
to discuss the propagation and chain-breaking reactions in the
polymerization of ketene acetals by reference to the following

reactions:

OR 0
RL.CH c'/'+ MEX~ — RY.CH..C.  + MtX + RX
. 2"‘ n+l 2° n
OR OR
OR 0
1 H c'/'.+ Mex_ . —>  RY /
R OCHZOC(OR)Z’C 2' o.‘ n+1 ‘CHZOC(OR)OCH.C
OR OR
+ ROH + MtXn + RX
OR

1 Ot wex ,

R
0 OR
7 Mex”

1 ‘

2
OR OR

(1

(2)

3)
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OR
rl.ch c"'+ MtX_ +  CH,:C(OR) —_— RL.cH:c(OR)
* 2. '.‘ n+1 2 . 2 . . 2
OR
OR
+ CH c/"“ MEX_ (4)
3° \ n+l
OR
OR 0
1 b e +  CH,:C(OR) g /
OR OR
OR
¢ RCH,.CF MK (5)
T2t n+l
OR
OR
1 ‘.'+ .. — .-
rl.om,.c " MEX,  +  CHiCOR), —
OR
OR
! cH,.c(OR),.CH & wx
R0, Oy G T e, (6)
OR

Réactions (1)-(5) are cﬁain—B:éaking réactions, (6) is propagation.

Réacéions'(S), (4) and (5) aré éransfér réacéionswhilé (1) and (2)

may be either Eransfér or termination reactions dépénding on the

naéuré and iﬁé réacéiviéy of éﬁé méfal ﬁalidé MtXn whicﬁ is génératéd.
.Réactions (1) and (2) aré in agréémént with fhé sécond Mayo

ploé in Figuré 12 which shows that the DP decreases to a constant value

as ¢ is incréaséd, tﬁus suggésting tﬁat the initiafor is involvéd

in the chain-breaking reactions. Chapter 4 contains evidence that
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déalkylaﬁion of fhé growing ion togétﬁér witﬁ an intramolécular loss
of alcoﬁol givés an o« ,B - unsaturated ester group, (réactions(Z)
and (3)) and ﬁhé alcohol résulting from fhis réaction can add to
éﬁé monomér to givé an orfﬁoésﬁér.

It is well known that the cﬁémisﬁry of dialkoxycarbénium
ions is complicaﬁéd By the fact that théy décomposé in solution
By réacfion . Cations are more séablé, i.e. are lower in
énérgy, the more ﬁigﬁly the posiﬁivé chargé is delocalized (tﬁis
of coursé is Ehé driving forcé for ihé isomérization of carBénium
ions). Alkoxycarﬁénium ions ﬁavé a diffusé chargé Bécausé fﬁé
cﬁargé is disfriﬁuféd ovér aﬁ léasf éwo céntrés. If ﬁas Béén sﬁown
By mass spécéroméfry43,fﬁaf in fﬁé gaséous sﬁafé fﬁé sﬁaﬁility of

tertiary alkoxycarbenium ions decreases in the sequence:

/pR /OR R

’1‘ f 7 / “

RoC.Y > R-c,t > r-c’
\' \.‘ \'«

Tﬁé férm stabilify musf, ﬁowevér, Bé uséd with caution! An ion
may indeed have considerable stabilization énérgy and be
intrinsically sfablé with réspéct to its décomposition. It may
ﬁowévér, bé véry unstablé from fﬁé cﬁémical point of viéw Bécausé
of a low.acfivafion énérgy for the various reactions in which it
can parficipaéé.

Cations in solution are alwajs accompaniéd By an équal number
of anions and the interaction between them to form inactive spéciés

is one of the termination reactions in cationic polymerization. In
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practice it has been found that the hexafluoroantimonate and the
tetrafluoroborate anions produce the most stable dialkoxycarbenium
salts. Temperature is also important with regard to stability

as is shown by the fact that dimethoxyeﬁﬁyl bromide CH .C+(OCH3)2 Br

3
is stable in S0, below -=30°, but at higher temperatures it decomposes
By reaction (1) to give methyl acetate and méfﬁyl Bromidé.44 A

similar décomposition has been reported By McElvain and Aldridgé49

in the alkylafion of ketene. acetals by alkyl halides:

R OCH
. | ¥ 3
(CH,),C:C(0CH;), ~+ RX + HgX, — cn3—/c-c..'. HgX,
CH, OCH,

R O
|/

> CH3-C-C\ + HgX, + CHX
|
CH, OCH,

More récénély this reaction has been ré—invéstigatéd with trityl
bromide as the alkyl halide.’® An éxamplé which is more closély
rélaféd Eo Ehé présénf Work is providéd By ﬁhé mécﬁanism wﬁicﬁ
ﬁas ﬁéén pr0poséd63 for éﬁé oxidaﬁion of féframéﬁhoxyéﬁﬁyléné

By iodine:

(H,00) ,C:C(OCH,), — T “c-c¢

(TME)
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H,CO  OCH, OCH, OCH 0 OCH, OCH, 0
3% 373,003
i IR B N
TME I 'c-¢c-¢C-C 1 — c-C-¢-¢C + 2 CH,I
/ o (gCH c|>cn A /o ) 3
H,C 4 OCH;  OCH, H,C0 OCH, OCH, OCH,
0 OCH
c-C + 2 CH,I
N\
H,C0 0

Tﬁis mecﬁanism shows ﬁﬁaﬁ théré is concurrént dimérization (reaction
()) and décomposiéion.

An inférésting nexus ﬁééwéén tﬁé présént problém and otﬁér poly-
mérizafion sysééms is providéd By a sﬁudy of tﬁé cﬁemistry of cyclic
dialkoxycarbénium fons which are ﬁéll known as reaction intermediates
in the polymérizaéion of cyclie acetals such as 1,3-dioxolan, Kubisa

. 51 o R - .. . .
and Penczek5 have shown that dioxolenium hexachloroantimonate

décomposés in solufion, forming A -cﬁloroétﬁylformaié and SBCIS:
M - _ :
00 sbCl, — CICHZCHZOCHO +  SbCl, N
(1D)

Tﬁus, iE sééms plausiBIé tﬁaﬁ a similar décomposifion of fhé
growing ion RI.E(OR)Z, which is cléarly closely related to ion (11),
may be oné of éﬁé cﬁain-Bréaking réaciions during’tﬁé polymérizafion
of kéféné acééals.

Howévér, 5écausé‘higﬁ yiélds were always obtained in the présén£
work, and no carBon—Halogén bonds could be detected in the products"
 the décomposiéion réacéions (1) and (2) are coﬁsidéréd to be of
minor importancé cpmparéd with other cﬁain-breaking reactions to be

discusséd.Bélow.
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Thé firsf Mayo-plofs in Figure 11 show tﬁaﬁ iransfér.réacﬁions
involving the monomer are the dominant cﬁain—Bréaking reactions in the
polymérizaéion of ketene acetals.

Spécfroscopic évidéncé has ﬁéén présénféd (Chapéér 4) for éhé
producéion of an unsaturated énd-group. It is reasonable to supposé
iﬁaé fhis occurs by ﬁﬁé transfér of a proéon from fﬁé growing ion Eo
fﬁé monomér (réacfion 4). This éypé of éransfér réacfion is
widély assumed to be the dominant cﬁain-ﬁréaking stép in the poly-
mérizaéion of alkyl vinyl éfﬁérs. 1 havé suggésééd Eénéaéivély
in Cﬁapéér 4 that one of the mosf'imporfané transfer reactions
involving fﬁe monomér is oné in wﬁich éﬁé dialkoxycarﬁénium ion is
dealkylated and the monomer alkylated (reactions (3) and (5)). In
;hé éxfrémé casé, i.é. wﬁéré no propaga&ion or oiﬁér sidé-réacfions
occur, réaction (5) would Eé équivaléntfo éﬁé convérsion of a kéféné
acéfal fo a saéuraééd éstér. Tﬁésé réacéions will éxplain éﬁé
incréasé in concénfraéion of ésfér carﬁonyl groups wﬁicﬁ was oﬁsérvéd
during ﬁﬁé sampling éxpériménf (Figuré 24). Furﬁhér évidéncé in
supporé of réacéions (3) and (5) is providéd By éﬁé facf éﬁaf
dialkoxycarﬁénium ions aré among fﬁé sérongésé alkylaﬁing agénfs
known,56 Béing évén sﬁrongér fﬁan frialkyloxonium salés. For éxmnplé,
éﬁéy can alkylafé éfﬁérs smoofﬁly fo frialkyloxonium salfs, whilé
tﬁé révérsé réacfion (alkylafion of carﬁoxylic éséérs wifﬁ
frialkyloxonium salﬁs) is impossilsle‘!.s6 A réviéw of éﬁé moré imporéané
alkylaéions has been publisﬁéd.57 The réacéion between dialkoxycarbénium
ions and nuciéophilés (N ) can Bé généralizéd to consisf of two
compéiifivé réacéions, viz. déalkylaéion of the ion By a reaction

analogous to reaction (1):
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OR o
R-¢.¥ + N1 — | RI-C\ + RN (8)
\. .

OR OR
N A ,
R-C, + N — R*-C - N (9)
OR OR

The chain propagation reaction in the polymerization of ketene
acetals is equivalent to reaction (9) when the nucleophile is a
monomer molecule (reaction (6)). The positive charge in
dialkoxycarbenium ions is delocalized considerably, compared with
for example, simple alkyl cations and oxonium ions, (from primitive
electrostatic considerations one can conclude that diffuseness of
charge is in some respects equivalent to an increase in ion size). The
low charge density on the carbenium ion centre of the ions is
manifested by the fact that, in general, only very strong nucleo-
philes are added at this point. Thus, the fact that some polymer
was produced in this work is further evidence of the highly polar
nature of ketene acetals.

The most unexpected feature of this work was that we failed to
produce high polymer even-at very low temperatures (down to -1000)
where the transfer reactions might be expected to become less
important because of their expected high activation energies., This was
partly caused by the insolubility of the monomer at low temperatures
which precluded the use of concentrated solutions. However, the

first Mayo plots in Figure 11 show that Em‘Eﬁ=0-, It was expected
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thaé the propagafion reaction (réacfion (6)) would have a lower
.activafion énérgy than the déalkylaéion réacfions (réactions (3)
and (5)) and would fﬁus Bécomé progréssivély moré importanf as
the fémpéraéuré was lowered. The reasons wﬁy the DP is found to
be almosf indépéndénﬁ of £émpéra£uré are obviously.rélaﬁéd to
the gréaf chemical compléxiéy of the sysééms under considération and
aré nof fully undérséood.

The sligﬁély ﬁigﬁér molecular wéighﬁs obiainéd in the précipiéa-
tion polymérizafion of KAl in alipﬁafic ﬁydrocarﬁons is conérary
to the usual trend in cationic polymérizaéions wﬂéré molécular
wéigﬁis aré usually found Eo incréasé in solvénts of ﬁigﬁér polarity.
Tﬁéré is liﬁélé informaéion in éﬁé liféraéuré régarding éﬁé éffécé
of solvénf on £hé disiriﬁuéion of primary producés during éhé
réacfions of dialkoxycarBénium ions,‘ﬁué éhis work sﬁows Ehat fﬁé
propaga&ion,réacéion is favouréd Sy a médium of low polariéy and
workérs in Ehé fufuré will no douﬁé éséaﬁlisﬁ wﬁéfﬁér éﬁis is a
_,général pﬁénoménon for this éypé of réacfion;

IE was réporééd in Cﬁapﬁér 4 ﬁﬁaé ﬁﬁé Higﬁésé molécular
wéigﬁts wéré found in Bulk polymérizaﬁions wiﬁﬁ sparsély solublé
inifiafors. Bécausé the rates of reactions in hétérogémxus sysféms
aré oftén.dééérminéd By éﬁé raéés of diffusion, aEsorpéion, and
désorpéion, rather than By chemical facéors, we camnot givé a
sénsiﬁlé cﬁémical éxpianaéion for iﬁis éffécé. Howévér, I suggésé
Eénfafivély Ehaf éhé anion in Eﬁésé iniéiators (présuming Eﬁéy aré
idnic!) may,ﬁé séaﬁilizéd in the crys%al lattice and its parﬁicipation

in any transfer or .termination processes is therefore much less rapid.
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CHAPTER 5: CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

Thé work déscribéd abové has proved to Bé insufficient for a
definitive solution of all the problems encountered. However, a
more sysfémaﬁic study on these ﬁrobléms would have réquired a
much largér amount of work and it has been my intention tﬁroughouf
to adhere closély to the original aims of the research.

: As far as wé can‘gatﬁér, this work ﬁas béén tﬁe firsﬁ serious
atfempé to sfudy éhé polymérization of kéténé acétals. It ﬁas béén
shown fﬁa& low polymérs of kéféné acétals aré producéd in Homogéneous
sysféms Bécausé‘of inﬁéréni cﬁain—ﬁréaking réactions, and it seems
unlikély that ketene acetals can be polymérizéd to givé polymérs
wiéh molécular wéigﬁfé comparablé éo fﬁosé from othér oléfinic
monomérs.

Tﬁé chémisfry of tﬁé sysféms undér considération is, ﬁowevér,
véry inééréséing and on Eﬁé Basis of fhé présént résulés ﬁﬁé follow-
ing suggéséions can ﬁé madé:'

1) The dialkoxycarﬁénium ion derived from a monomer such as ketene
dipﬁényl acééal is éxpéciéd éo Bé moré sfaﬁlé éowards déalkylafion
bécausé of éﬁé incréaséd séréngﬁﬁ of fﬁé O-Ph Eond comparéd wifh
simplé 0-R Bonds. Tﬁus, aléhougﬁ fhé monomér is itsélf léss polar
fﬁan oéﬁér kéééné acéﬁéls (Bécausé of tﬁé.éléciron-accéptor
propéréiés of the aromatic groups) the increased stability of the
growing ion may favour propagaéion.

2) A sfudy of éﬁé conducéiviéy of éﬁé réacﬁing solutions Boﬁh
during and affér polymérizaﬁion may providé insigﬁ& intoltﬁé naéuré
and concénfraﬁion of ﬁﬁé acéivé spéciés.

- 3) The compléfé cﬁaracférizaﬁion of éhé many by—producﬁs and a study
of fﬁé kinéfics of their formation should ﬁélp one to deduce and
fo séparaéé fhé facéors wﬁicﬁ aré importanf in détérmining fhé

molécular wéight of the polymers.
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4) Somé Bfavé cﬁémisf may bé temptéd fo study tﬁe polymérizafion of
ketene acetals with sparsély soluble initiators. Altﬁougﬁ this typé
of syséém is likély to be infrinsically more difficult than the
corrésponding homogénéous sysééms-it is at least made attractive

by fhé fact that "ﬁigh" polymérs are produced.
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SECTION B: PROPERTIES OF

THE POLYMERS
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CHAPTER 6: INTRODUCTION

The first systematic invéstigation of the properties of poly-
ketené acétals was'carriéd out by‘McElvain ét al.15 These workérs
reported that poly-KA2 was a white solid which was, insoluble in
all common organic solvents, although thé monomér and aromatic
" hydrocarbons produééd a noticéablé swelling.

McElvain postulatéd that the observed insdlubility was
caused by the cross-linking of the linear polymér chains by an
intermolecular loss of alcoho}. The insolubility was disputed
by Lal6 who réported that the polymer was soluble in o-dichlorobenzene
at 140°. He publiéhed X-ray diffraction data to show that the
insolubility in common organic solvents was in fact due to its
high degree of crystallinity. Hﬁwevér, Noguchi‘and Kambara7 found
that their poly-KA2 was insoluble even in.o~dichlorobenézene at
140°. There are no data on the influence of molecular weight on
the solubility of any poly—kéténé acetal. The molecular weight,
and hencé the'tendéncy towards insolubility, is éxpectéd to be
relatéd symbatically to thé dégrée of purity of thé polymérization
systém. The rigour of . the purification and handling técﬁniques
is in thé ordér McElvain ¢ Lal < Noguchi and Katpbara.‘ Howévér,
McElvain stated that "the polymér is insoluble in all organic
solvents" without référring to témpératuré and it is quité possible
that his poly-KA2 would have béén soluble in e-dichlorobenzene at
140°. It would thén abpear that thé insoluble polymér madé by
Noguchi and Kambara had a highérAmolécular wéight than the other
two polymers because of the high degrée of purity of their poly-
merization systém.

Poly-KA2 was shown to bé fairly stablé to héatls, no

decomposition being observed when it was héatéd at 200° (0.5 mm)
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for 1} hrs. When the polymer was heated at 250?, a rapid decomposition
took place and ethyl alcohol amounting to 277 of the weight of the
original polymer was obtainéd. The remaining material was an
acetone-soluble, viscous, red tar. Lal6 found that poly-KA2 decomposed
to a red oil at 226° in air and at 275° under vacuum or in silicone
oil; presumably Lal failed to observe a crystalline melting point.

The polymer of KAl, prepared with CdCl2 as thé initiator, was found

to melt at 200-210°.'

Poly-ketene acetals are stable to alkali but are extremely
sensitive to acids.15 When allowéd to stand in the air for 24 hrs
poly-KA2 slowly turns to a brownish-red powdér.15 Dilufe aqueous
acids hydrolyse thé polymér to a reddish-black oil. Thé colour and
alkali-solubility of this product indicate a poly-1,3-diketone in

an enolic, and hence highly conjugated; tautomeric form:

o : H-0 H-O
1
[-cx, -C-CH & ] [-CH=C~CH=C] _

An unsuccéssful attempt to obtain such a poly-1,3-diketone from
poly-vinylidéne chloride has been reporféd.58 Poly-1,3-diketones
have previously beén producéd by thé oxidation of poly-vinyl alcoh01,59
and by thé action of boron trifluoride on kéténé and dikéténé.ﬁo
Although the sénsitivity of poly-keténe acetals to acids restricts
sevérély their poténtial as polyméric materials,it does howevér
offer exciting synthetic possibilitiés because a distinctly novel
feature of thé poly-1,3—dikétoné is thé possibility of reacting the
péndent oxo or hydroxyl groups, or the enolic double bonds, with
suitablé reagents to producé new polymers. A reagént which is
reactive towards any one of these functional groups will shift the

keto#enol equilibrium so as to permit complete reaction of one

form or the other.
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CHAPTER 7: CHEMICAL REACTIONS ON THE POLYMERS

On standing in éhé 1aboratory air, poly-KAl turns slowly
into a.reddish-brown tacky solid, and tﬁis cﬁangelis accompanied
by the appearance of a strong snarp absorption peak»at 1740 cm-l.

Most of the reactions deecriBed here were carried out.on
poly-KAl, But the only difference Between polymers of different
ketene acetals should be in their ease of‘ﬁydrolysis, oecause
steric factors are known to Bé important in determining Ehé
position of tﬁe cﬁemical equilioria in the acid—catalysed hydrolysis *
of”acetals.

7.1 Hydrolysis of poly-KAl

The preparation of a poly-l,B-diketone comprises tﬁé addition
of dilute aqueous acid_to a solution or a_suspension ofla poly-
ketene acetal. The choice of solvent for the reaction is severely
restricted py the insoluoility of many poly-ketene acetals.‘ It
has Béén found tﬁar cﬁiorinated ﬁydrocaroons,'such as cﬁloroform or
carbontetracnloride, areitne most suitable solvents for poly-KAl.
The temperature at,wnich the reaction is carried out is not very
cr1t1ca1 but it is desirable to avoid hlgh temperatures (say, more
than 100°) in order to reduce thermal scission of the polymers_

The process of producing poly-1, 3-d1ketones is advantageously
conducted by dissolving the poly-ketene acetal in a chlorinated
ﬁydrocaroon solvent, adding excess of dilute'aqueouslacid, and stirring
tﬁe resulting two-pnase mixture vigorously. ‘Tﬁe nydrolysis is
accompanied oy a cnange in colour of Lhé reaction mixture from
. colourleSS‘to red. A typical recipe is as follows: To a 25 ml
screw-capped Bottle'was added.lg of poly-KAl Gﬁn = 1900), dissoived
in 8 mls of carbon tetracﬁloride, and 6 mls of N sulpnuric acid.

Thé mixture was stirred vigorously for 17 hours-at room temperature
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and under a nifrogén-afmospﬁéré. There was formed a darkrorangé
swollen gél in the carbon tetrachloride layér. This gél and the
carbon fétrachloridé solution were pouréd into diéthyl ether and
tﬁus yiéldéd a réd facky solid.(Mn = 400) wﬁicﬁ gavé tﬁe following
analysis:

Analysis: Found: C, 60.7; H, 5.71. Calculated for (CZHZO)ﬁ

c, 57.14; H, 4.76.

Thé ﬁigﬁ ﬁydrogén contént of the polymér indicated that fhé con-
vérsion of poly-kéééné acééal to polykééoné was incompléfé. Tﬁé
high carBon conﬁéné suggéstéd éﬁé.possiﬁilify of infér-molécular
loss of water to producé a cross—lin#éd.sfrucéuré; On éxposuré
fo tﬁé air fﬁé polykééoné éurnéd slowly EO'a Black tar wﬁicﬁ was
analyséd as follows: C, 57.7; H,. 8.02. This analysis suggéstéd
, ﬁﬁat éhé polymér was Béing par&ially oxidizéd.

Tﬁé infra—réd spécérum shoﬁéd sfrong Eands af 1720, 1670 and
1610 cm“1 indicaﬁing_c=0, and a veak broad band centred at 3400 cm
'characiériséic of ~OH. The visible and u.v. spécfrum of an aquéous ‘
alkali soiufion showed an iﬁcréasing aBsoprion with décréasing
wavéléngéﬁ, with only a.few indistinct shoulders. The producé was
parély soluble in alcohols and exhibited an aBsorpéion maximum at
280 mm in mééﬁanol, and 310 nm in-ééﬁyléné glycol.

Thé propértiés of tﬁé polykééoné (PKl).wéré comparéd wifh tﬁosé
quoééd for the allégéd poly-1,3-diké£oné (PK2) préparéd By
Japanésé WOrkérs from fﬁé polymérizaiion of ketene and dikéféné.6o
Tﬁésé auéhors réporééd a'ligﬁéfﬁrown powdér wﬁicﬁ was soluﬁlé in
aquéous alkali, acetone and m—crésol, but insoluble in étﬁér,
.éﬁﬁanol and carbon iéfracﬁloridé; Tﬁé infra;réd spécﬁra of fﬁé
Ewo producfs aré véry similar, 5u£ lack of déﬁail in fﬁé Japanésé-
papér prévénfs a crifical comparison. An ééhyléné glycol solufion

of PK2 sﬁoﬁéd maximum absorption at 250 nm with € ca. 60,000. 1In
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contrast PKl was sparingly soluble in thé above solvent and had
an absorption maximum at 310 nm. This bathochromic shift

shows that ﬁhe average number of conjugatéd énd groups . is
probably gréatér in PK1 than in PK2.

7.2 Derivatives of thegpoly—1,3—dikeﬁoné

7.2.1 2,4 dinifrophégyl ﬁydrazoné

Préparaﬁion" of the 2,4 dinitrophenylhydrazone (DNP) of
thé polykéfoné, by carrying out tﬁé acid hydrolysis of the
poly-KAl in fﬁé préséncé of Brady's réagént, gave an orangeQ
brown producé (m.p. 135-140°) which in alkali solution had
an aBsorpﬁion maximum at 430 nm, vhich is characteristic of
fﬁé DNP's of alipﬁatic kéfonés. |

7.2.2 Pﬁénylﬁydrazoné

Thé préparation of the phénylhydrazoné of the polyketone
was aﬁtémpféd by néutralizing a hydrolyzed solution of poly-KAl
(Mn = 2400) and then adding an excess of phenylhydrazine. The
mixfuré was stirred at room témpératuéé for 24 hrs and gave a
dark-brown ﬁacky solid (Mh = 1720). The product of the reaction
béﬁwéén PK2 and pﬁénylhydraziné sﬁowéd strong absorptions in the
1600-1500 cm-1 région, vwhich were attributed to the ~C=C-C=N-
systém in a pyrazolé ring:-6o

Ph

NHPh N
A
N OH N C-CH7
: 2
N [ I ]
[—CHZ—C-CH=C-CH23[1 . -cnz-c-cn ot 0 H0

The product from PK1 also absorbed at 1600-1500 cm - but the
compléxiﬁy of the spectrum did not allow a distinction to bé madé

bétwéén phénylhydrazone and pyrazole.
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7.2.3 Réaction between the polyketone and hydroxylamine

The condensation réaction between hydroxylamine and the
carbonyl group of a ketone is used fréquéntly to prepare oximés;
it has also been used to convert polyketonés into polyamides via
the oxime and a Beckmann réarrangemént.61 Howevér, the reaction
of a 1,3-dikétoné with hydroxylamine is thé méthod most widély
used for the synthesis of isoxazolés - the monoxime of the
diketone 1osés a moléculé of watér and réarranges to form the

isoxazolé. Thus our poly-1,3-diketone should yield a polyisoxazole!

' 0 N-oH O

( |

[-CH,-C-CH,~C-CH)=]  + NH)0H —— [-cu,-C-cu,-C-CHy=]  + n O

0
I\
N C-CH, -
— [-cu &dy : ]
: 2 n * 0 HZO

This reaétioh was attempféd by adding slowiy a :hot solution
(6o°) of poly-KAl in diméthoxyéthané to a hot solution (60°) of
hydrbxylamine hydrochloridé in a sodium acetate-acetic acid buffer
_solution (pH = 5). The stirréd réaction mixturé was képt at 60-70°
for 16 hrs and was then pouréd into cold-water to precipitate the
product. After filtration and'washing of the résidue with cold-water
a dark-yellow solid was isolated.

Analysis found: C, 48.20; H, 3.95; N, 13.40. Calculated for oxime
(CZH3NO): C, 42.10; H, 5.26; N, 24.56. Calculated for isoxazole
(C4H3NO): C, 59.20; H, 3.70; N, 17.28.

The carbon and nitrogen analyses indicated that approximately
507 of the carbonyl groups had been converted into oximes. Howéver,
the infra-red spectrum showed almost compléte disappearancé of the
Cc=0 absorption'at 1720 cm_l. Thus it appearéd that this material

consisted of a mixture of isoxazole and ketene oxime units.
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Héafing éhé yéllow solid with aquéous alkali or with pyridiné
for sévéral ﬁOurs failéd fo aléér fﬁé élémén£51 analyéis (monoximés
of B-dicarbonyl compounds can oféén Bé convértéd info isoxozolés By
£réa£mén£ with a BaSé) It should be noted that in a reaction between
neigﬁﬁouring groups in a polymér cﬁain, the stoichiometric limit of
fhé réaction cannoé be reached. Random coupling of pairs of néigﬁbouring
groups will occasionally léavé singlé groups isolatéd bétwéén
néigﬁbours which havé réactéd. Tﬁus, éhé maximum conversion of our
poly—1,3-dikéfoné fo a poly190xazolé can Eé éstimatéd Ey fﬁé
séaéistidal {réafméné of Flory,67 wﬁo dérivéd an éxpréssion for tﬁé
avéragé number of isolated substituents pér moléculé, for any chain
1éngfﬁ. Howévér, éﬁé molécular wéigﬁt of éﬁé produc£ was noé
‘détérminéd bécausé it was only soluBlé in solvénfs such as pyridiné
and diméﬁﬁyl formamidé, which are not suitable for osmométry.

Différéntial scanning caloriméﬁry of the product (Figuréi‘)
showéd a m.p. 155-190° followéd By vapourization aﬁ Higﬁér fémpéraﬁurés.
7.2.4 Réduciion

A véry uséful réaction for characférising Eﬁé poly-1,3—diké£oné is
its réducfion Eo poly-vinyl alcoﬁol. Réduction may Bé accomplished
by réacfing the polykétoné with sodium boroﬁydridé or other spécific
réducing agénfs.
Procéduré:

A solution of poly-1,3-diké£oné in chloroforn was préparéd.
This solution was neutralised with dilute aquéous sodium hydroxidé,
and an éxcéss of aquéous sodium Soroﬁydridé solution was addéd. Tﬁé
mixturé wassiirréd vigorously at room fémpéraéuré for 30 hours and
yiéldéd a véry palé‘yéllow chloroform layér. When this solution was

pouréd into pentane, it yielded a white fibrous solid, wﬁicﬁ was soluﬁlé
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FIGURE 26
Differential scanning thermogram of polyisoxazole.
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in hot water and was identified as poly-vinyl alc6h01 by its
infra;red spectrum.
7.2.5 Bromination

By repeating the hydrolysis at room temperature with a
polymer of Mn = 2000, in the presence of excess of bromine a
yellow powder was isolated (Mn = 1900). The i.r. spectrum
of this material indicated that it contained an o« -=bromoketone

and also some unsubstituted units:

H-0 Br2 0

[-ca=c-] ~ — [-(in-g-]n + n HBr
Br
Analysis: Found: C, 25.5; H, 1.77. Calculated for a~bromoketone
(CZHOBr): C, 19.83; H, 0.083. Calculated for poly-1,3-diketone
(C2H20): C, 57.14; H, 4.76. The incomplete conversion is also
indicated by the aerobic degradation of the yellow powder to

produce a black tar, similar to that from the poly-1l,3-diketone.

7.2.6 Silylation

The following reaction was envisaged for the interaction between

the poly-1,3-diketone and bis-trimethylsilyl acetamide (BSA):

OH 0 Si(Me)
3
[-CH-(!,— + CH /
=c-) 3.0\\ —_
N Si(Me)3
OSi(Me)3 0
[ 4
—_— [-e=c- ]+ CH3.C\

NH Si(Me)3

However, the addition of BSA to a solution of the poly-1,3-diketone
(Mn = 191) in chloroform gave a sticky black tar (Mn- 246) which was

soluble in acetone. It was evident from the molecular weight that

some chain-scission had occurred and the product was not investigated

further.
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7.3 The hydrolysis of poly-KA2 and poly-KA3

Poly-KA2 décomposed much moré slowly in air than poly-KAl. The
acid hydrolysis was difficult because of the insolubility of the
polymer. However, thé polymér suspénded in chloroform, was
hydrolyzéd by dilute acid at room témpérature, as described for
poly-KAl. The red solid obtained had a similar u.v. and visible
absorption spectrum to that of hydrolyzed poly-KAl, but the broad
absorption centred at about 3400 cm-l, (charactéristic of hydrogen
bondéd -OH stretching) which was observed for hydrolyzed poly-KAl,
was significantly réducéd. Thé “hydrolysis of poly-KA3 dissolved
in benzené gavé a polykétone identical to that producéd from

poly-KAL.

It is obvious that many more reactions could have been carried
ouf on fhé poly—1,3—dike£oné in ordér to find a product which is
suitablé for commercial application. The industrial supervisor
has suggésfed two poésiblé applications of the products to date:

a) The poly—1,37dikétoné may be useful as a chelaiing agént for
fhé rémoval of metallic ions-from solutions; b) the pOlyisoxazolé
is a poténtiﬁl réagenf for the insolubilization of enzymes - spééial

polymérs for this purpose are very expensive.
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CHAPTER 8: OTHER PROPERTIES OF THE POLYMERS

The "high" polymer of KAl is soluble in chlorinated hydrocarbons,
in aromatic solvénts, and in hot diméthoxyethane, but it is
insoluble in most other common organic solvents. The polymer
isolated by cooling a solution in dimethoxyethané slowly from 60°
to room temperaturé, had a low dégreé of crystallinity, as determined
from an X-ray diffraction powder diagram. In contrast to poly-KAl,
poly-KA2 was found to be insoluble in all common organic solvents.
It is difficult to éxplain why poly-keténe acetals are difficult to
dissolve; crystallinity can only be partly résponsible because the
published X-ray diffraction patterns6 and.those taken in this work
show that the polymers have a low degtée of crystallinity., If
intermolecular cross-linking of the polymer chains is responsible
for the insolubility, it is not necessary to postulate a méchanism
that involves the intermolécular loss of alcohol,15 because fhe
following explanation seems plausible: The growing ion may abstract
an alkoxy group from thé polymer chain to givé an orthoéster

end-group and a polymeric tertiary carbenium ion:

,OR
+ -
.CH™~ + .
.,,,CHZ.C(OR)2 CH CH, c\ MEX Y
OR
OR
}
———)~CH2.Q.CI;12 + ~CH2.C(0R)3
MEX o

If this ion can take part in propagation a 3-dimensional network
will be formed eventually which could account for the obsérved
insolubility.

All "high" polymers of the ketene acetals are white powdery solids.
Poly-KAl had a m.p. 200-210° and when the white polymer was heated to
100° for eight hours undér vacuum, it bécame brown, but no volatile

products could be isolated.



120

APPENDIX 1: THE EFFECT OF THE ANION ON

THE DP IN CATIONIC

POLYMERIZATION
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THE EFFECT OF THE ANION ON THE DP IN CATIONIC POLYMERIZATION

There are many papers which purport to record the effect of
the anion on the DP of the polymer formed in catiomic polymerization,

35 : ) o :
3 has shown that in solvents of€ greater than ca. 10, .

Plésch
ion-pairs aré largely irrelévant as far as propagation is concérned.
Tﬁéré is howévér, evidéncé that in systémsvdére propagation is
predominantly byifree ions, fhé naturé of the initiator, which
determines essenﬁially the naturé of the anion, can influénce the
DP of tﬁe polymer.

The most imporﬁant way in wﬁich a change of anion could influence

the DP is probably through the effect of ion size on the ion-pair

dissociation constant KD:-
12 — poe AT

KD is related to ion size by the Bjerrum-Fuoss equation:=-

-log K, = A-B/aeT

where a is the distance of closest approach of the ions, ¢ is the
diélectgic constant of the solvént, T is the temperaturé, and A
and B aré calculable consténﬁé.

Suppose that thé probabilify of chain-breaking is greater when
tﬁe cation is paired than when it is free; this is not unlikély
sincé theré is one type of chain-breaking reaction which is.peculiar
to the paired cation,viz. unimolecular decomposition of the ion-pair.
Fﬁrthermo:e, it is not unreasonable to assume that participation of
the anion may be a necessary condition in the transition state of
the proton transfer to monomer. Tﬁen from the point of view of
tﬁé DP thé time during which an ion is pairéd is mucﬁ more important

than the free time, and thus a change in that time dué to a change
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has a much greater effect upon the DP tﬁan on the

déveloping an equation wﬁich describes the dependénce

on the reaction'vériable;it has been the usual practice
tﬁaﬁ thére is only one propagaﬁing species in thé systém.
need té be worked out which take into account the

of two or more propagating species, the relative con~

centrations of which are governed by equilibria, and which havé

different propagation, transfer, and termination rate constants.

Consider the following typical set of reactions, consisting

of propagation, monomer transfer, and termination:

+ - + - +
+ —_
H:PnA Pl n+1A kp
mpt o+ P E— HP Kt
n 1 n+l P
+ -
wt A o+ P — P+ HP, A Kkt
n 1 n 1 m
;T o+ P —_— P_+ HP, K
n 1 n 1 m
HP' A~ — k
n tl
HP A or P + HA
n n
+ -
. + A ——
'HPn kt2
Using the following notation:
m = monomer concentration
k! = free-ion propagation rate-constant
P
K = ion-pair propagation rate-constant
P ,
k+ = free-ion monomer transfer rate-constant
m
kt = jon—pair monomer transfer rate-constant
m
k = first-order ion-pair termination rate-constant

(nj
[
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L = second-order free-ion termination rate-constant
i = free-ion concénfration
P = ion-pair concénﬁration
¢ = i+,
KD = ion—-pair dissociation constant
Y
Y= /4

Thé number-average DP of the "instantaneous" polymer is:

Rate of chain propagation _ V /Vb on)
Rate of chain breaking P

P =

In this treatment we ignore unidentified chain-breaking reactions

and we assume that there is only one type of cation and of anionm.

Thus:_
+ t + . +
= im + k = m(k i+k 2
Vp_ kp im o pm ( 0 p-p) (2)
L t .2
‘Vb- = m (km i+ km p) + ktlp + ktz i (3)
From equations (1), (2) and (3):
(k+ i+ k’h ) k,p+k i2
1. " m P . tl £2 @
== = - o I
LP m (k; i+ k: p) m (kp i+ kp p)

- + IR N 3
Since ¥ = k /km and ﬁ(f kp/kp..
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and,

+ . . .t £, -1
k i+k p k 1 (J + ik, )

+ . + £ . .o-1
k + k= = kT 1i +
o 1 o P . ( B + iKy )

Hence,

* e =1, X L e
L=km”+1KD) . kPt Ky i * )
DP + . —1 . t o _1

kp (B + 1KD ) 1mkp (B + 1KD )

i and p are related to K by the Ostwald dilution law:

.2 .2
= 1 = 1
LR, | (6)
Solving equaéion (6) for i and dividing fhrougﬁ by Kyt
T R oL
Subsfiéufing for iKB1 in équaéion (5):
+ ~-1.4
L Ky i G ek
PP Lt 11
Sl b+ (h+ e i)
1p - et @it v Ch
—[ e- 4+ (4 + HE] "
m P cKD
Equafion (7) takes fhé‘form of the normal Mayo équafidnss if

éiéﬁer free ions or ion-pairs are ignored completely.
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Tﬁéré are véry_féw reliable values quotéd in the literature
for ihé réacéibn variaﬁlés uséd in équéfion (7) and tﬁé full
implicaéions of the ideas and équafions suggéstéd here remain to
. Bé éxploréd. Wé aré carrying ouf célculaéiona.using a computér,
in order to see the éffécf‘of the reaction variaﬁlés, parﬁicularly

KD and ¢, on the slopes and intercepts of the Mayo ploﬁs.
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APPENDIX 2: REPORT ON C.A.P.S. INDUSTRIAL

PERIOD SPENT AT THE INTERNATIONAL SYNTHETIC<

RUBBER COMPANY, HYTHE, HAMPSHIRE.
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CHAPTER 1: INTRODUCTION

1.1 Co-operative Awards in Pure Science

The Co-opérafivé Awards in Pure Sciéncé (C.A.P.S.) scﬁéme is
désignéd to éncouragé tﬁé dévélopmén£ of collaboration bétweén
univérsiéiés and indusfry and in parficular to providé an opportunity
for graduatés working in puré sciéncé déparﬁménts to undértaké
réséarcﬁ of direct interest to industry.

To this aim, Dr P. H. Plésch (Kéélé University) and‘

Dr E. W. Duck (I.S.R.) on the initiative of the former, agreed

to supérvisé joinfly a Ph.D student working on the polymérization
of kéténé acétals. This réport déscribés fhé work carried out by
: gﬁéaiﬁor wﬁilé in Eﬁé émployménﬁ of I.S.R. during tﬁé périod
Octobér to Décémﬁér 1972.

1.2 Thé Company

I.S.R. was foundéd in 1956 by a consorfium of éight major
.fyré companiés,‘fo consfruct and opérafe Britain's first largé_
scalé planf for the manufacture of styréné-Butadiéné rubber (SBER).,
At présénf the company has two manufacfuring plants in operation,
at Hytﬁé (Hampshiré) and at Grangémouth (Scotland). In addition
fo ihé production of SBR, wﬁich is still tﬁé 'bréad and butter'
of fhé Company, the rangé of products is divérsé and now 1n;1udés
polybutadiéné, acrylonifrilé-ﬁuﬁadiéqe-styreﬁe‘ resins, and
spéciality latices. In 1961 a small Research and Dévélopmént group
was ésfaﬁlishéd at Hyfhé; this gréw into one of the léading polymer
réséarcﬁ and dévélopméné units in Europé. Witﬁ tﬁé recent world
surplus in synfhétic rubber and incréasing compétition from abroad,
I.S.R. has followed the lead set by other polymér companies and
has prunéd iﬁs réséarcﬁ and dévélopménf staff sévérély, thus léaving

wéll-équippéd research laboratories to be stafféd By thé chosen féw.
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CHAPTER 2: THE CENTRAL TESTiNG LABORATORIES

A périod of four weeks was spéné in these wéll-équippéd and
véry efficient laboratories which act not only as a quality
conﬁrol cénéré for iﬁé planf, But also as an analyfical céntré
wiéﬁin Ehé Réséarcﬁ and Dévélopméné Déparéménf. I was ablé to
gain invaluablé éxpériéncé in the pracéical applications of
instruménés,'somé of wﬁicﬁ ﬁad until now Béén for mé mérély
diaéams or photographs in sciénfific téxf books.

2.1 Electron microscopy

The electron microscopé is used éxfénsivély for the
dééérminaéion of ﬁhé disfribution of paréiclé sizés in rubbér
1a£icés.' I was givén fhé opportunify of préparing a tésc
spécimén of SBR laﬁéx and of éxaming i£ undér ﬁhé microscoPé.

2.2 Differential scanning calorimeéry

A Pérkin Elmér DSC IB insfrumént was uséd to study thé tﬁermal
béﬁaviour of somé of my poly-kéténé acétals. This instrumént is
used 5y I.S.R. to measure second-order transitions in rubbers and
now that the company has entered the field of sémi-crysialliné.
dastics (viz. polyprOpyléné) if will Bé uséful in tﬁe fuﬁuré for

the stﬁdy of their first-order transitions,

2.3 X-ray diffracfion

Thé dégréé of crysfallini£y_of a polymér is véry important
with régard to its usefulness as an industrial material. In
addifion fo méasuring éﬁé dégréé of crysfallinify of somé poly-
kéténé acééals, I préparéd mouldéd samplés of polyétﬁyléné'and
Polypropyléné‘and siudiéd éﬁé éffécﬁ of varying thé raté of
coeling (and ﬁéncé tﬁé raﬁé of crysﬁallizaﬁion) on thé appearance of

the diffraction patterns. Polypropyleme, in particular gives
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diffraction patterns which are very sensitive to crystallite
orientation effects and it is very difficult to study in a
quantitative manner.

2.4 Gel Permeation Chromatography (G.P.C.)

The adoption of this téchnique by the polymér industry has
accéleratéd rapidly over the last few yéars and it is now
invaluable, not mérely as a réséarch tool, but also as an
accurate method of méasuring and monitoring the weight-average
molecular wéight and the molecular wéight distribution of a
polymeric matérial, which are so important in determining its
physical and mechanical propértiés. I was shown how to use
the Watérs G.P.C. instrumént and given thé opportunity to inject
a sample of polystyréné and to calculate its polydispersity.,

2.5 High speed membrane osmometry

A Hewlett Packard 501 osmométer was used to measure the
number-average molecular wéights of samples of ethylene~
propyléné rubber. Because of the instability of the instrument
and the consequent irreproducibility of the measurements, a
considerable amount of.'trouble-shooting' was necessary. During
this time I became acquaintéd with many of the problems which have
to be overcome and the skills which are necessary to ensure

satisfactory operation of the instrument.
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CHAPTER 3: THE RESEARCH AND DEVELOPMENT DEPARTMENT

A périod of sévén wééks was spén& in ﬁﬁésé laﬁoraioriés.
Evén in éﬁis shorﬁ éimé I was aﬁlé Eo appréciaié iﬁé difficulfiés
and frusﬁraéions of Eﬁé indusérial cﬁémisé in Erying fo fulfill
ﬁis pﬁilosopﬁical désirés wﬁilsé'working wiéﬁin Eﬁé.réaliﬁiés
of Eig business.’

" 3.1 Tﬁegpolymerization of Bpgpyléné

.Récénﬁy, I.5.R. annoimced that Eﬁéy would commence the manufacture
of polyprOpyléné in 1974 at their Grangémouéﬁ planf, with an
inifial capaciéy of 40,000 fons pér annum. Tﬁé siéing of éﬁé
p1an£~a£ Grangémouiﬁ is dué éo iﬁéré Eéing a réadily availaﬁlé
supply of propyléné and ﬁéxané from éﬁé adjacéné British Pééroléum
(E;P) réfinéry, and also dué fo éﬁé facf Eﬁaf I.S.R. ﬁad polymériza-
tion réacéors availaﬁlé‘aé Grangémouﬁh.

Mosé'commércial polypropylénés aré producéd By réacéing
propyléné witﬁ a hééétogé&khsZiéglér-NafEa cafalysé, comprising
: fiéanium frichloridé.and diééﬁyl aluminium cﬁloridé,.af modérafély
ﬁigﬁ témpéraéurAS'and préssurés (80-1000, 5-10 aﬁmos.) in a
ﬁydrocarbon diluéné sucﬁ as ﬁéxané. This sys&ém yiélds a polymér
of 987 isoéacéicify.

Badische Anilin-und Soda fabriken.(B.A.S.F.) have developed
- a procéss for fﬁé vapour-pﬁasé polymérizaiion of prOpyléné wifh
Tic13.and Eriééﬁyl-aluminium, uiilizing a fluidizéd-ﬁéd réacfor.
Tﬁis procéss-givés a polymér'of approximaéély 707 isofacéic maférial
in,véry ﬁigﬁ yiélds wﬁicﬁ, aléﬁough‘if is néé suiﬁaﬁlé for

‘structural applications, is still a very useful material.
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I.S;R;'ﬁavé invéséigaiéd several modified Ziéglér-Natta

. caéalysé'comﬁinaéions to producé polypropyléné consisfing of
60-807% isotactic units. The mosé'saéisfacéory caéalyst to
date comprisés a mixture of TiCl3, AlEE3 and vanadium
oxyiricﬁloridé VoC1,. ‘A considerable amount of dévélopménﬁ
work has goné into this syséém in order to devise a suitable
commércial procéss."Four aspécés of fﬁis projéct wéré studiéd
ﬁy Eﬁé auéﬁor, viz. polymériza£ion using Et2A1C1 in placé of
A1E£3, the aééémpééd prdducéion of 'living' polypropyléne,
‘ fhé méasuréméné of Eﬁé amouné of isoéacéicify in fﬁé polymérs,
and attenpts to increase the isotactis  content. |

" 3.1.1 Reagents and recipés

" 3.1.1.1 Progzléné

The commércial material (ﬁ.P-Lfd) was passéd tﬁrough a column
 containing a coppér-ééﬁanolaminé compléx and finally through a
column confaininglacéivaééd molecular sieves fypé 4A.
©3.1.1.2 _Hexane

Tﬁé commércial material (ﬁ.P Lfd) was dried By passing it
fﬁrougﬁ a column conéaining activated molecular sieves,

©3.1.1.3 Petroleum ether (100-120°)

This solvent (Carléss Ltd) was purifiéd By passing it
fﬁrougﬁ a dé-aroméiizaéion colum con&aining silvér nifrafé on
alumina. It was then refluxed ovér'Na/PB alloy under nifrogén
- and distilled from a second poréion of ‘Na/Pb alloy to which a
small amoun£ of Buiyl lithium had been added. A middle fraction
was collécééd undér niérogén.
3.1.1.4 Toluene
Thé Fisons A.R. gradé solvéné‘was.réfluxéd over sodium for
 two ﬁours."Ié was iﬁén fraciionaééd under niérogén fhrougﬁ a

" 36 cm Vigreux column at a reflux raéio of 10:1 and the fraction
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Boiling at 109-109.5°/1 atm. was collected over activated
molécular siévés. Tﬁé solﬁénﬁ was dé—oxygénaféd By BuﬁBling
a stréam of dry nitrogén fﬁrougﬁ ié fof sévéral hours.
3.1.1.5 1-Octeme

The B.D.H. material was refluxed over fréshly—ground calcium
hydridé for one hour and was then distilled under nitrogén through
a 10 cm. Vigréux column., ,Générous héad and ﬁail fractions wéré
réjécééd and the middle fraction was collected over activated
molecular sieves; b.p. 121-122°/1 atm (1ie* 121.3/760 m).

3.1.1.6 Tifénium frichloridé

Nai:i:a65 has .déscri‘béd the various cryséal_liné modifications
of TiClg,et, A8 s J and & forms « In this work J'Ti.Cl3, which is formed
By thé prolongéd grinding of éﬁéotform, was found fo form the most
acfivé caﬁiysf. Also, TiCl3 formed By the reduction of TiCl4 with
aluminium was found to Bé mucﬁ moré acfivé ﬁﬁan tﬁé matérial produced
é;gﬁé ﬁydrogén réducfion of TiClA:

3 TiC].4 + Al — 3 TiCl3 + AlCl3

Stauffer AA gradé TiCl, (AA = "aluminium reduced and activated
by grinding") was uséd wiéhouﬁ furfﬁér purification, The ﬁandling
of this material is discussed in section 3.1.2 of this réport.

Triétﬁyl aluminium andciéthylaluminium chloride (Texas Alkyls)
wéré uséd wi£h0u£ furfﬁér purification. Dilutéd samplés were
préparéd By syringing the puré alkyls into dry hexane under niérogen
fﬁrougﬁ a'sélf-séaling rubber séﬁtum.

3.1.1.8 Vanadium oxyfricﬁloridé

This material (Murex Ltd) was purified by a trap to trap
disfillétion under reduced pressure (1 mm). The involati1é
oxidation and hydrolysis products were thus removéd to léavé a

sale-yellow liquid, which vas diluted as described for aluminium

alkyls.
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3.1.1.9 Vanadium oxybisdiéfﬁyl pﬁospﬁafé (V.D.E.P.)

A slurry of this material (Copolymér Corp.) was préparéd
in dry hexane under nifrogén.

3.1.1.10 Séearic Acid and calcium sﬁéarafé

Thé commércial materials (E.D.H. Lﬁd) wéré uséd wifhouﬁ
furfhér purificaﬁion.
3.1.1.11 Nitrogen

This gas was available in the 1abora£ory 'on tap' ﬁaving
Béén driéd by passing it tﬁrougﬁ two colums of activated
molécular si&és.

3.1.2 Techniques and apparafus

3.1.2.1 Preparation of TiC13/VOCI3 cafalyst slurries

All the caéalysts vere préparéd in § pf. crown-capped bottles
wﬁicﬁ wéré fiﬁﬁéd wiéﬁ a sélf—séaling rubbér séptum.
Procéduré:

An uncappéd Botélé conéaining a mixéuré of fhréé sizés of
glass Balls wés ﬁéaiéd in an ovén aé 150° for sévéral hours, and
was thén allowéd fo cool undér a stréam of dry nitrogén. Thé
Bofflé was éﬁén Eransférréd éo a glové Box and was doséd with tﬁé
réquiréd amouné of TiCl3. Aféér capping éﬁé botflé, it was cﬁargéd
wifﬁ dry héxané dirécfly from tﬁé sﬁill by méans of a syringé
néédlé insértéd ;Hrougﬁ éhé sépﬁum. Tﬁé réquiréd amount of VOCI3
was syringéd into the botélé, which was then placéd onelectrically
.drivén rollérs and fhé conéénﬁs wéré Ball-milléd for a measuréd
time. The quaniifiés of the réagénts were determined by wéighing
tﬁé Bottlé Béforé and after each addition.

3.1.2.2 Polymérizafion

The procedures described below are the "sfandard" procéduré3°
]
any deviations frqm these are indicated in the résults séction of

fhis report.
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3.1.2.2.1 Experiments atfatmosphéric préssuré

Thé polymérizaﬁion apparatus was a flangéd véssél of about
600 mls capacify. The flangéd véssél—ﬁéad carried four sockéts.
Tﬁé céntral sockéé was fiéféd with a séirrér wﬁicﬁ was lubricatéd
with castor oil. Two of the sockéts carried inlets and outlets
for nitrogén and propyléné. Thé ou£1é£ fubé was fittéd with a
condénsér and was proééétéd By a gas wasﬁing Béftlé containing
liquid paraffin. The fourth sockéf carried a thermometer pockét.
A Teflon gaskét was used as a sealant between the flangés, and
ﬁﬁé ﬁaps wéré lubricaééd wifﬁ siliconé gréasé.
Procéduré:A

Thé véssél and all iés fiﬁéings wéré driéd in an ovén at 150°
for.sévéral Hours.' Tﬁé apparafus was assémBléd wﬁilst hot and
was then allowed to cool under a stream of dryrnitrogén. The
réquiréd amounﬁ of pééroléﬁm éfﬁér (500 mls) was doséd into the
réacfion véssél and a sfréaﬁ of dry nitrogén was allowéd to bubblé
fﬁrougﬁ £ﬁé solvéné for 2 hours. Tﬁé nifrogén supply was ﬁhén
turnéd off, fhé stirrér was sfarféd, and fhé propyléné supply was
connécféd. An éléctrical Héafing manﬁlé was tﬁén placéd around tﬁe
véssél. At between 30-40° the réquiréd amounts of aluminium alkyl
soluﬁion and TiCIB/VOCI3 slurry &éré syringéd info fhé véssel (this
undouBtédly acés as an impurify scavéngér). Tﬁé véssél and its
conténfs wéré then Béatéd to 80° and maintainéd at this températuré
for fﬁé réquiréd réacéion Eimé; éhé propyléné addifion was con-
tinuéd tﬁroughout the polymérizaﬁion. The upfaké of propyléné could
Bé cﬁéckéd By turning off the propyléné supply moméntarily and
oﬁsérving (sucking-back in the gas wasﬁing Boffle) the partial

vacuum created by the polymerization.
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After éﬁé réquiréd réacéion fimé, tﬁé cafalyst was déactivatéd
by fhé addition of 5 mls of méfﬁanol, confaining 107 STAVOX anti-
oxidanf. Tﬁé conténés of fﬁé réacéion véssél wéré thén pouréd into
2 litres of acééoné. After Béing allowed to stand overnight, the
polymer was filtéréd off and driéd to consfant wéight in a vacuum
ovén at 60-80°."

3.1.2.2.2 Experiments under;préssuré

,Expériménts Wéré'carriéd out in a stainléss—stéel reaction
véssél. Tﬁé flangéd véssél—ﬁéad carriéd inléfs for nifrogén and
propyléné and a sélf—séaling ruBBér sépfum for tﬁé infroducfion
of cafalysé. A véné pipé was fifféd fo;allow thé,réactor to be
dé—préssurizéd. Tﬁé vessel was fitted with an oil-préssurizéd
Crané-séal stirrer and a stainless steel '0’ ring was clamped
Bétwéén éhé Bolééd flangés.

Procéduré:'

Tﬁé assémbléd réactor was héaééd by méans of an éxfernal
ﬁéafing jackét,to 200° undér a sfréam of dry nitrogén. Aftér
béing allowéd fo cool, 3 liﬁres of héxané wéré pouréd into the
réac;ion véssél. The stirrér was started and nitrogen was admitted
éo a préssuré of 100 p.s.i.g.; the nitrogén was tﬁen vénted off fo
ﬁhé atmosPHéré. This procéss was répéatéd a furthér thréé timés.
Afﬁér éﬁé final purging witﬁ nitrogén thé véssél was pressurized
fo 25 peSeiege wifh propyléné. Thé préssuré was thén réduced to
10 p.s.i.g. fo allow aiuminium alkyl solufion and fﬁé Ti013/V0C13
. slurry to bé syringéd in ﬁhrougﬁ éﬁé rubﬁér séptum. Thé réactor
was thén héaféd fo, and maintainéd at, 85° and thé pressuré of
propyléné'was incréaséd to 100-130lp.s.i.g. Tﬁé décréase in préssuré

obsérvéd in the reaction vessel on shutting off the propylene supply
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for several minutes, was used as a crudé méasure of thé success
or failure of a reaction. At tﬁéﬂénd of the polymerization the
reactor was cooled and dismantled and tﬁe conténts were pouréd
into rapidly—sfirréd boiling watér; this served to flash off
the hexane and to break up ;hé polymér inﬁo a finely divided
form. The polypropyléné was fhén filtéréd off and was dried
to constant weight in a vacuum oven aﬁ 60-80°.

3.1.2.3 Heptane extractions

Representativé sanqﬂés of fhé polymérs were extracted in
a Soxhlét apparafus for 4 hours wifh boiling heptane. The
insoluble residue is éxpréssed as tﬁe percéntage (by weight)
remaining of the initial samplé.

3.1.2.4 Infra-red spectroscopy

A Unicam SP200 instrument was used to record the spectra
of films prepared from the whole polymers by compression moulding

at 1800.

3.1.2.5 Intrinsic viscosities

Intrinsic viscosities were measured with a Ubbelodhe
viscometer in decalin at '135°. The addition of 0.5 w/w of
N-phenyl-2-naphthylamine to the samples served to prevent oxidative

degradation.

3.1;3 Results and discussion

3.1.3.1 Polymerization with Et2A101 undér préssure

Tﬁe résulfs of thesé expériménts aré sﬁown in TaBlé Al, The
most obvious féature of these reactions was the very low yields (Y)
obtained comparéd with thé corresponding systém containing A1Et3,
whéré Y =235 kg/g Ti. Experiments 1, 2 and 13 sﬁow that under these

reaction conditions Y is independent of the amount of
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TABLE Al

The Polymerization of Propyleme with Et,AICl and TiCl3/VOC13 under

K:!
pressure.

b

Propylene Yield of

]

WPt eel fmor Bresse  Bolymer T eedure

1A 6.0 2.0 110 193 2.01

1B 6.0 2.0 110 176 8.84

2A 6.0 1.0 110-115 97 2.92

2B 6.0 1.0 110-115 109 2.30

13 6.0 0.5 110-115 51 2.13

3A 6.0 2.0 115 210 2.19 Cagalyst added at
90~ under propylene

3B 6.0 2.0 115 261 2.72 ditto.

5 6.0 2.0 110-115 194 2.02 Cagalyst added at
85" under nitrogen

6A 6.0 2.0 110-115 205 2,14 Only 11, hexane used

6B 6.0 2.0 110-115 183 1.91 ditto.

8 3.0 2.0 110 0 0

9A 6.0 2.0 110-115 276 2.88 Et,AlCl/Ticl
caEalyst; no3V0C13

9B 6.0 2.0  110-115 248 2.59

10 6.0 2.0 110 0 0 2g of stearic acid
added.

11A 6.0 2.0 110 79 0.82 ditto.

12 6.0 2.0 110-115 0 0 2g of calcium

stearate added.

a Volume of hexane 3 litres; reaction temperature 90°

b Quantity of 25:1_TiC13(V0C1ﬁ,
n 4 hours.

c 7Yield of polymer/g Ti

+ ball-milled for 16 hours.
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TiC13/VOCI3 (Q). Although only 2 différénﬁ amounts of EtzAICI

were used (6 mmol and 3 mmol) it appeared that either the Et, ACL

2
was impuré or a gréaéér amouné of Et2A101 was réquired to réact
wiéh éhé TiC13, sincé amounts of A1E£3 as low as 0.2 mmol could
bé used quifé succéssfully.

Because of the limited amount of time availablé, only the
25:1‘m01é ratio Ti:Vlcaéalysé was uséd; this has béén found to
Bé éﬁé opéhmdm molé'rafiokfor tﬁé AlEt3 sysfém_ Réacfion 9
shows ihaf the préséncé of VOCl3'lowérs the yiéld and reduces the
isoéacficity of éhé polymér.

In connection with the studies on the AlEf:3 sysfém (sée
sécfion 3.1.3.2) éxpériménés wéré carriéd out fo déférmine wﬁéther
éﬁé caéalysf'could Eé addéd af fhé reacfion fémpératuré. Expériments
"3 and 5 show fhat this procéduré can Bé carriéd out quité succéss-
fully wiﬁhouf any détriménfal effect on either the yield of polymer
or its isoéacticiéy. Howévér, the polymér producéd by this
procéduré consisféd of largé agglomératéd lumps whicﬁ are not
véry suiﬁablé for use in an injécéion-moulding machine. The polymériza-
éidn of propyléné in thé préséncé of a small amount of l-octéne
(éxﬁérimént 11) résulféd in a reduction in Y of about 70%.

fh;s the use of EEZAICI in placé of A1E£3 givés a significantly
lowér yiéld and does not imprové the isotacticity of the product.
Thé main advanfagé of fﬁis systém is fﬁat ﬁﬁé catalysf can be addéd
af éhé réacéion fémpératuré.
Chémisfry:'

Thé cﬁémistry of fﬁé Ziéglér—Natta polymérizaﬁion of propyiene
has béén réviéwéd many timés, but it ﬁas not as yeﬁ béen found

possiblé fo elucidate completely the structure of the catalyst sités.
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Thé réaciion of aluminium alkyls wiéh Eransiﬁion metal halides
can be déscriﬁéd as an éxchangé réacfion Bétwéén alkyl groups and
halide ions, followed by reductive dealkylation of the organo-
transition metal so formed: é.g.

AlEt3 + T1C13 — Et2A1C1 + EtT1012

Various mécﬁanisms have béén proposéd for fhé Ziegler-Natta
polymérizafions of4x-oléfins, including radical, coordinated
cationic, and coordinatéd anionic réactions. Thé last two involve
insértion of a monomér moleculé Bééwéén a métal atom and an alkyl
group, and the cafalysé sites in these reactions are believed to
contain éiﬁhér oné or two typés of métal atoms, But the available
évidéncé is insufficiénf fo différéntiaﬁé Bétwéén mono and bi-metallic
catalysé sifés. Tﬁé mécﬁanisms most likély involvés an insertion
réaction fhaf is baséd on a coordinatéd anionic spéciés. The catalyst
sifé contains at léasf oné émpty transiﬁion-méfal orbital for
adsorption of the monomer in the form of a compléx formed with the -
electrons of the double bond. This adsorpfion serves both to
acfivété. fﬁé doublé Bond for tﬁé addifion réacfion and to orient
thé monomér for sféréorégular growﬁh; compléxing is a form of
cationic aftack on tﬁe doublé Bond. Thé monomer adds to a growing
polymér chain at a métal-carbon Sond présénﬁ in tﬁé catalyst sité.
Cﬁain fransfét occurs wiﬁh monomér, cafalyst componénts, or by
internal hydridé transfer. Termination normally occurs by reaction
wifﬁ addéd compounds (é.g wafér) or Ey ovér—réduction of thé catalyst
componénfs. |

The rplé of the VOCl3 in the I.S.R. catalyst is not known.

VOCl3 plus an aluminium alkyl is known to form a solublé catalyst
sysfém, but it will not producé ﬁigﬁ molecular wéigﬁt isotactic
polymér. Furihérmoré, anélysis ﬁas shown thaﬁ aftér ball-milling

VOCl3 with TiCls, no vanadium is detectable in soluﬁion. Some
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of the TiCl3 is undouﬁfédly oxidized but only one mol of Ti for
8 mol of V is found in solution. Thé most proBaElé modes of
action of the VOCl3 are either By its interaction with TiCl3 to
form frésﬁ.activé sités, or by it acting alone as a supportéd
héférogénéous cafalysf.

3.1.3.2 Polymérization witﬁ AlEt3 at atmosphéric préssure

3.1.3.2.1 The AlE‘E3/TiC13/VOCI3 system

One of the probléms associated with this caﬁalyst system,
aﬁparéd with Ehé EézAICI sysﬁém, is the fact that it is not
possiBlé to producé polymér if tﬁé catalyst is added at tﬁe
réacﬁion iémpéraﬁuré. The Company managéméﬁf decided that
addiéion of fﬁé cafalysﬁ at fhé réaction témpérature was désirable,
altﬁougﬁ the author was unable to find out whether there were
any basic cﬁémical énginééring proﬁléms wﬁich could not be overcome
By opéraﬁing wifﬁ a fémpéraﬁuré gradiént in a continuous flow
sfirréd tank reaction systém.
When the caﬁalysf is added to the solvent saturated with propylene
at témpérafufés abové aBout 60°, thé solution turns black and a
véry low yiéld of sficky, stringy polymér is forméd. Thus it seemed
likély tﬁa£ thé réducéd activity was dué to ovér-reduction of the
TiCl3 (TiCl2 is an insoluble black solid.) The possibility of using
a vapour-pﬁasé polymérization (similar to the B.A.S.F. procéss)
was Véfoéd By the Managing Director.
Invésfigaﬁions were directed towards stabilizing the catalyst
Béforé ifs introduction into tﬁé reaction véssel. Mixfures of AlEt3

and TiCI3/VOC13 were prepared in hexane at room témpérature and

éhén propylene was bubbled through the mixturé until traces of
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polypropyléné could be seen. These cafalysﬁ mixtures were then
Ball—milléd for 7 ﬁours. The results of tﬁésé éxpériments are
shown in Table A2.

It is known that ﬁigﬁér olefins can be polymérizéd by
Ziéglér—Natﬁa catalysﬁs fo yiéld low molécular wéight products.,
Howévér, the ball-milling of the TiCI3/VOC13 with various amounts
of l-octéné did noé imprové ifs séaﬁiliéy aﬁ ﬁigh témpératurés.
Thé mosf succéssful mééﬁod of stabilization of thé cafalyst seems
to bé to add iﬁé caﬁalysf aﬁ 8o° fo solvéné wﬁich is saturated
with ééhyléné (éfﬁyléné is much more reactive than propyléne).
Tﬁé propyléné supply may fﬁén Bé connéctéd to give a succéssful
polymériza;ion.

3.1.3.2.2 The AlEt,/TiCl,/V.D.E.P. system

The managéménf suddénly decided that it would be wise to
invésfigaﬁé the possiBiliﬁy of incréasing the isotactic content
of fhé polypropyléné.

One possiblé reason for the loﬁéring of the isotacticity
By VOCl3 is thé following réaction:

TiCl3 + VOCl3 —_— TiCl4 + VOC1

2

The interaction between TiCl4 and aluminium alkyls yiélds
brown B-TiCl3 wﬁich always forms largér amounts of atactic
polypropyléné than the other three forﬁs of TiCls.

Vanadium oxybisdiéfﬁyl phosphafé (V.D.E.P.) is used commercially
as a componént of a iérnary Ziéglér-Naﬁta catalyst for the production
of éfhyléné-propyléné rubbérs.

0 o 0
o [ |
(Eth)ZP -0~-V-0-P - (OEt)2

V.D.E.P.
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TABLE A2

The addition of A1E£3/TiCl3/VOC13 to the reactor at 80° under

atmospheric pressure

S - Colour of Observations on
Expt. AlEt% : /Q 1 catalyst adding catalyst
No. fmmo mo mixture . to reactor
17A 20 5 Black Mixture turned

, ' . black - low
178 2.5 5 Violet yield of stringy

: highly atactic.
17C 5 5 Brown polymer produced.
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Preliminary results on the polymerization of propyléné with the
AlEf3/TiCIB/V.D.E.P. system at atmospheric pressure indicated that
the pércenéage of‘heptane-inéolubles could be increased to 757

/

(D998 D973 = 0.923) without any decrease in yield. However, the
intrinsic viscosity of the polymer was only 3.6 dl g-l.

" 3.1.3.3 Polymer properties

©.3.1.3.3.1 Appéarancé of injécﬁion-moﬁldéd polymér

.

Wﬁén ﬁﬁé auéﬁor Bégan éﬁis work, éﬁé production of polypropylené
éamplés for pﬁysical Eésiing purposés By injéction-modlding techniqués
invariaﬁly.léd fo ﬁigﬁly discolouréd producés, fréquéntly dark brown,
I£ was suspéciéd Eﬁaf Eﬁis discolouraéion was causéd by the présencé
of caéaiysé gésidués in éhé polymér. Sincé tﬁé removal of trace
quanéiéiés of'caéalysf résidués would Bé éxpénsivé on an industrial
écalé, mééﬁods for rémoving tﬁé discolouration wéré invéstigatéd.

It wés found that if ﬁﬁé finély-dividéd polymér was mixed intimately
wi;ﬁ 17 w/w of calcium stearate or stearic acid before the injection
mouldiﬁg, Eﬁé résuléing samplés wéré puré whiéé. Calcium stearate
and stearic acid are described in the literature on polymér additives
as 'luﬁricanis'.

The possiﬁiliéy of including calcium stearate or stearic acid
in tﬁé polymérizaéion.récipé was invésfigatéd. Expériménts 10 and
12 (TableAl) show that the préséncé of these reagents prevents the
formafion of an acéivé caéalysf. Howévér, if 1g of either of tﬁese
réagénis were stitred with the polymér slurry, béforé working it
up, éﬁé résulfing polymér producéd a colourléss product whén
injééfion mouldéd. If was of inférésﬁto détérminé whether calecium
sééérafé of sﬁéaric acid reacted ﬁitﬁ the catalyst components to

producé a colourless product. Although a comprehénsive investigation
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was not carried out, the interaction between stearic acid and

TiCl. was investigated; this reaction has not been reported

3
in the liéératuré. The reactions were carried out in toluéne,
undér nifrégén. A fypical récipé was as follows:- To a slurry

of TiCl3 (3.9 g, 25.3 mmol) in 50 mls of toluéne was added
wiéﬁ‘sﬁirring, under niérogén, a solution of stearic acid (22g,

76 mmol) in 50 ml of foluéné. Thé colour of tﬁé mixture rémained
violéf and théré was n§ visual indication of a réaction. The
mixéuré was then heated at reflux for 2 hours, whéréupon the
colour darkénéd and finally a v;ry dark Blué sélution was left.
Whén tﬁé solvénf was rémovéd undér réducéd préssure there remained
a dark Blué solid wﬁich was not invéstigatéd further. 1If a

samélé of the solution was allowed to stand in the atmosphere,

its colour changed in 5 min. through green and claret, and finally

apalé brovn solid was precipitated from it.

3.1.3.3.2 Dégréé of crystailinity and isotacticity

wa methods are commonly émployéd to estimate the amount of
sééréo-régﬁlar matérial in folypropyléne, namely thé pércentage
of maﬁérial insolublé in Eoiling ﬁéptang6and méasurément of thé
infénsify of cérfain aBsorption péaks in thé infra—régz( The
soluﬁilify method is squécﬁ to errors due to non-selective
dissoluéion, whilst the i.r. method is probably applicable as a
rélaéivé means of ééiimating crystallinify rathér than tacticity.,
Tésts wéré carriéd ouf to éstablisﬁ a corrélation Betwéen the
two methods. For this purposé it was necéssary to use a 'standard'
méthod for préparing the films for i.r. méasuréménts. Thin films

wéré prépared by hot pressing (3000 p.s.i.g. at 180°%) and they
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were fﬁén annealed in an oven at 170° for 10 minutes. The oven
was then swif;ﬁéd off to allow the films to cool slowly.r
Quanﬁiﬁafivé absorbance measurements were made at 998 c::m--1 and
the 973 cm'-1 Band was used as an internal film thickness calibra=-
tion. ‘In’ordér to determine the effect of molecular wéight on
éhé méasuréménés, Eﬁé inérinsic ﬁiscositiés of Ehé polymérs wére
also determined. The results are shown in Table A3 and FiguréAI.
Thé D998/D§73 has Béén sﬁown Eo corrélafé well with tﬂé absolute
cryséallinity of propylénés. If is apparént from fﬁé scattér

of poinés in FiguréAI that other factors in addition to
crystalliniéy affécﬁ éﬁé pércénéagé solublé in Béptané. Thé
numbér of intrinsic Viscosiéy determinations is not sufficient to
establish a definite rélationsﬁip Béﬁwéén D998/D973 and percénﬁagé
of insoluﬁlés aé a conséané[&] . Bué‘iﬁ sééms plausiﬁlé to assumé
tﬁaﬁ for any séf of samplés fﬁé incréaséd insolubiliﬁy wﬁich one
would éxpécf to accompany ﬁigﬁ crystallinify may bé outwéigﬁéd

by their lower molecular weighﬁ.
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TABLEA3

Properties of the Polymers

Séandard

Saple  lamoninles  Dooa/Pgy [Ala g™t A”egii’;ﬁff iy
1A 65 0.865 - fine white powder
18 69 0.812 6.0  ditto.
2A 50 0.758 5.7 ditto.
2A% 100 0.894 5.9 ditto.

' 33 82 - - sticky translucént

lumps
5 65 0.739 7.5 stringy white solid
6A 67 0.725 - finé wﬁiﬁé powder
6A* 100 0.919 - ditto.
oA 71 0.820 - very. fine whité
powder
9B 76 0.861 - ditto.

% Residue from Soxhlet extraction



Insoluble'residué wt %
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FIGURE. A1

Correlation of amount of insoluble residue with i.r absorption

at 998 cm.-1 for polypropyléne
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