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Abstract
Tho work has beon dividcd into throeo scctions.
Soction A  (Chaptors 3 ond 4)

This soction is concornod with tho polymorisability of some
cyclic oxygon compounds.

Chaptor 3 shows thot 1,3-dioxon doos not polymorisc, but
that at low tomporaturcs a mixturc of tho cyclic dimor and trimor
ocrystollises from tho monomor in tho prosonco of cationic polymori-
sation catalysts.

Chaptor 4 discusecos tho probloms concornod with the proporo~
tion and polymorisaticn of oxcpon. Oxopan is difficult to polymoriso.
Soction B (Chaptors 5 - 8)

This soction is concorned with the polymorisotion of 1,3;
dioxolon by tricthyloxonium totrafluoroborato.

Choptor 5 shows that tLis catalyst is inofficiont bocauso of
o compotitivo docomposition in which tho cotalyst is convortod into
non-conducting products (othyl fluoride and boron trifiuoride
ethorato).

Chaptor 6 dosoribos a study of the docomposition of throc
triothyloxonium solts. The raoto of docomposition of triethyloxunium
totrafluoroborote is greotor in the proscnco of othors. A thoory
involving solvation of tho oxonium ion has boon proposod to oxplain
tho rosults,

Choptor 7 doals with tho dotorminotion of tho associstion
constants of triothyloxonium totrofluoroborotc and hoxafluorophosphate

from conduotivity moosuromonts. Conductivity mo-suromonts in tho
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prosonce of dicthyl othor prove thot oxonium ions aro solvated in
tho prosence of cthors.

Chapter 8 is oconcorned with tho schome proposod to exploin
thce rosults of the polymorisation of 1,3-dioxolan by triothyloxonium
salts. Thoe rclative merits of the work of Yomashita and Lyudvig on
tho polymorisotion of oyclic formals with tricthyloxonium solts is
discussod,

Soction C (Chapters 9 and 10)

This soction is concernod with %ho pingeexpansion and baokw
biting mochonisms proposed for tho formotion of macrocyclic rings
in tho polymorisation of 1,3-dioxolen by cnhydrous pcrchloric ocid,

Chaptor 9 describes furthor end-group onalysis which was
corried out in on attompt to distinguish between these mochanisms.

Choptor 10 discussos tho mechanism of tho polymerisation of
the cyclic formals and shows thot tho 4-contred tramsition stato
of Plesch and Yoestermonn may be appliod to othor orgonic roactions

involving oxygen containing moleculos.
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CH.PTER 1

Introduction

The work to bo described in this thesis is an extension of the
work of Dr. P.H. Yestermann who polymerised 1,3—dioxolan1 and
1,3—dioxepan2 with anhydrous porchloric acid. Theo original aim of
this research was to see whcther the novel ring-oxpansion mochanism
of Plesch and Nostermannl’2 applied to other systems.

Section A deals with the polymerisadility of some cyclic formals
and ethers whereas Soction B contains a discussion of the complox
situation which arose when 1,3-dioxolan was polymerised by triethyl-

oxonium tetrafluoroborate (Et 0+BF2). Section C contains further

3
evidence for the ring-expansion mechanism.

The present studies on cationic polymerisation arc mainly
concorned with an industrial monomer, 1,3)~dioxolan and a catalyst,
triothyloxonium tetrafluoroborate, which has beon studiad by indust-
rial workers3. Therefore, it is hoped that this thesis will bo of
interost to polymer chemists, whether they be industrialists or
academics, and come as a useful contiribution to the growing field
of cationic polymerisation.

In recent years the numbor of publications on the polymorisation
of cyclic oxygen compounds has grown rapidly. iany papers and
patents on the polymerisation of trioxan, related compounds and

tetrahydrofuran have appearci,but these will only be discussed where

they are relevant to the project in hand. Therefore, at this stage
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a genoral survey of the polymerisation of 1,3-dioxolan and 1,3-
dioxepan will be given and the morc rclovant papers will be discuassed
in groater deotail in tho toxt.

Hill and Carothors4

first investigated tho cyclic formals.
Tetramethylene, pentamethylone and hoexamothylene formals were
polymerised in the preosence of catalytic quantities of sulphonic
acid when heated to 100-1500. Howover, trimothylenc formal
(1,3~dioxan) did not polymoriso and 1,3~dioxolan was not mentioned.

5

Gresham” polymerised 1,3-dioxolan with Lowis and mineral acids,
Ho found that a 25% solution of dioxolan (47 sulvhuric acid at 100°)
yieldoed only a small amount of oil with a molocular weight of 250
whereas bulk polymorisation (0.02 boron trifluoride at 6°) gave a
ocrystalline high polymoer of molcecular weight 196,000 (doterminod by
viscometry). A polymor of molecular woight 1580 had negligible cend-
groups and he therefore concluded thot it was oyolic.

Another patent, by Muetterties6, describeod the production of
high molocular weight poly-1l,3-dioxolan with phosphorus pentafluorido
as tho catalyst.

Since tho work so far described was chiefly concerncd with the
commercial possibilities of thcse polymers, the detailed chemistry
and mechanism of these polymcrisations was not investigated.

Tho equilibrium polymerisation of cyclic formals was first
obsorved by Stroepikheev and Volokhina7, but they were unable to
explain their rosults by an equilibrium betwoon monomeor and polymeor

oven though the work of Dainton and Ivinp was known at the timo.

However, Strepikheev and Volokhina did supply tho hoats of poly-
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mecrisation of tho di-, tri-, totra- and pentamcthylone formals,
which appcared in a roview by Dainton and Ivin9.

Dicthyl aluminium chloridc ~ watcr, othyl aluminium chloride -
wator, acotyl chnloride ~ motal halide and acetic anhydride = vorchloric
acid wore reportod as catalysts by Okada, Yamashita and Ishiilo.
Although tho conditions were ossontially anhydrous, the monomor wos
dried with calcium hydride and distillod undor nitrogen boeforc usc
and polymcrised in bulk, no deiails of thc purification of tho
catalysts are givon. No reaction curvoes wore prosonted but the
yiolds and intrinsic viscosity of the polymor at a fixed timo,
varying from 20 to 48 hours, wore plottod against various molar
ratios of thec catalyst pairs, listod above. For oxample, the yiold
ond intrinsic viscosity of the polymer wore obsorved to pass through
a maximum a2t an approximately equimolar ratio of wator and diothyl
sluminium chloride. In oquilibrium polymerisations tho yicld is
indepondont of the catalyst concentration. Thorefore, these rosultis
must moan that either the rate of polymerisation is low or tho catalyst
is consumoed during polymorisation. However,; the shapo of both ocurves
indicates that tho molecular woight is dopendent on conversion. The
yiold and intrinsic viscosity also docreasod with increoasing tompora~
ture but the authors failed to reocogniso thc systom as onc which is
dominated by an oquilibrium.

Thesé authors proposed that an oquilibrium betwoen oxonium ions

and carboxonium ions oxistoed and that tho activo contre in the

polymorisation was the carboxonium ion,

_:O = -0-CH,~CH,~0-CH, ¢ -0-CH,-CH,~3<CH,
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''his wos bascd on tho suggcstion of Jaacks and Kern11 that tho
active contre for tho volymorisation of trioxan is a resonancce
stabiliscd carboxonium ion.

Okada ot a112 also revort tho cationic copolymcrisation of
1,3~dioxolon with styrono, with boron trifluorid:c othoratc as the
catalyst. This thoy internrot as furthor cvidenco in favour of tho
carboxonium ion moechanism, bocauso Kern ot all3 have bcen ablo to
copolymoriso trioxan with styrcene, whilst totrahydrofuran, which is
gonorally supposcd to polymeorisc by an oxonium ion mcchanism, will
not copolymoriso with styrone.

This argumont is exccodingly Wweak in vicw of the fact that

Okada ot all4

have thonsolves roported tho cationic copolymorisation
of 1,3-dioxolan with tetrahydrofuran with boron trifluorido as tho
catalyst. Tho comparison of 1,3~dioxolan with trioxan is tho only
ovidonoco prosontod in favour of the carboxonium jon mochanism, in
particular no analysis for cnd=groups is roportod.

Hoyashil? roportod that 1,3-dioxolan, 1,3-dioxopan and 1,3~
dioxan polymorisod in tho prosence of malcic anhydridc and bonszoyl
poroxido., Howover, it will bo shown in Soction 4 that thcso rosults
could not bo ropoated.

Kuooral6 and his coworkors havo studicd th. polymorisation of
1, 3~dioxolan by octamothyloyclototrasiloxanc bisulphatc as tho
catalyst. Tho exporiments woro carriod out in opon dilatomotcrs at
tomporaturcs botwoon 40—70° and with tho catalyst concontration
betweon 10"1 to 10—3M. Most of tho work wis concornod with kinutio

moasuroments and their interprotation. Unfortunatoly, tho kinotic
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schene wos basoed on the assumption that tho active contres aroc
carboxonium ions which woro sujsposcd to be in cquilibriwn with
unrcactive tortiary oxonium ions. Although thc sohcme docs fit tho
oxocrimontal rosults thc basic assumption is not justiifiod by any
supporting oxnorimonts.

Howover, somc interceting phonomona were obsorvod in tho
proscnce of waterl7. Thoy obscrvod a cocatalytic cffoct un to

50 ppm of H,0, but on addition of furthor quantitios of wator tho

2
roaction bocawo slowor with a longcr induction time. Equilibrium
convorsion was not achioved and tho conversion dopondod on tho

wator conccntiration. During the polymorisation thc wator conconirae~
tion droppod to a constant valuo which w:s dopondent on the initiator
concontration. Theroforc, wator cocatnlysos tho polymorisation

but froc water causos tormnination.

Mercuric chlorido and lcron trifluoride uthorato werc used by
Gorin and Monnorio18 as catalysts for tho polymcrisation of 1,3~
dioxolan. Although the monomer and catalysts woro car~fully dried,
the polymcrisations woro carried out in tost~tubes. Thoir kinotic
moasurcmonts agrood with Kucora's scheme but no direoct evidenco for
an oquilibrium betweon carboxonium ions and oxoniua ions was prosonted.

Yamashita ot a1}9 showod that tho complox of boron trifluorido
and 1,3-dioxolan participatod in thc initiation bocause a lincar
relotionship botwoon log..Rp (the initial rato of pPolymerisation
and log. K (tho oquilibrium oonstant for tho exchongc of cthor
molocules) oxisted. The complox formod from 1,3-dioxolan and boron

trifluorido could also beo isolatod at low tomperaturos and this



-6 -
comnound initiatod polymorisation morc ropidly tha boron trifluorido
cthorato.
Tho following schomo was proposad booauso
+ Q
e

BF3..O ——+ F,B-0-CH,~CH,-0-CH,

o]

- - 4 )

e F3B-O-CH2-CH2-O—CH3_7 —_— F3BO(CH2)2OCH3 7 CH,CH,0¢H
0
Hadllo, MoOCH,,CH,0CH

2-methoxyothyl formote wiss isolotod from a rcaction mixture killoed
with sodium mothoxide. It is not cloar from this schome how nropas~
gation occurs, tho last initistion stage ie obscuro bacause 2-mothoxy-
othyl formato can ~lso be formod from a rcaction of tho 1,3-dioxolonium
solt with sodium mothoxide and also no quantitativec data arc presonted
to cstablish tho oxtont of roaction and this is i portant bocausc
boron trifluoride etherato is an inofficio t catalyst (scc Chaptor 5).
Mikizo, Higoshimura and Okamurs produced g.l.c. ovidonco for
the formation of cyoclic oxygen compounds in the polymerisation of
1,3~dioxolan with boron trifluoride utherato at 350. The chomistry
of this systcm has not boon clarificd, so thot tho formation of theso
compounds, in the prosonocc of such high o»talyst concontrations
(~bout lo'lM), at this temporaturc camnot bo usod as ovidenco for
tho baock-biting mochanism of Jaa.oks21 which will bc discussed in
Chapter 10. However, pooks othor than thosc of monomcr and solvont
havc boon obsorvod in g.l.c0.'s of 1,3-dioxolan and its polymor

solutions (sce Chaptor 5). Thoso oxtra poeks in the g.l.0. aro
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also prosont when the monomor is analysod, and they apsoar to bo duo
to its docouvosition in tho achini. Although dircct oxtronolation
of my obscrvations to Miki's is not fcasiblc, my rosulis do suggost
that the compounds which [iki isolated moy havc boon formed in the
chromatograph.

At thc boginning of my rcsocarch into the polymorisation of
1, 3-dioxolon with tricthyloxonium tetrafluoroboratc Yamashita and
his coworkors22 published a pepor on tho samoc topic. Although
cssontially enhydrous conditions werc obtainod by distilling both
monomor and solvont from calcium hyrdrido, tho handling procodurc
for tho catalyst is not givon and tho rocotions worc corried oud
in tost-tubos so that » sampling tochniguc could boe uscd to preparoc
tho timo-convorsion gurv.ga.

Howovor, thoy failed to rocogniso that only a small oroportion
of tho initiator forms ~ propagating svocieg, In fact thoy assumod
tho catalyst to bo 100, officiont whon caloulating a scocond ordor
rat. constent which thoy orroncously intorpreted as kn'

23

In a lator papor Yawmashita showod that part of tho induction

poriod was duc to advontitious water, but high vacuum techniquos
did not roduco tho induotion poriod to zoro.

Moro rocontly thosc workors oxtondod tho triothyloxoniwa

totrafluoroborato oatalysis to 1,3-dioxopan24

25

and 1,3,6,~-trioxocan 7,
The procodures werov tho samo &8 bofore, but thoy obviously woro loss
cortain of the mochanism and of tho kinotics boocauso kp was not
dotorminod for oithor monomcr.

26

Modvedov ot al havo publishud sovoral papors concornod with
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tho volymcrisation of 1,3-dioxol w by tricthyloxoniw: hcxachloroanti-
monatc. They vostulato the active contrc to be a carboxonium ion
bocausc a solution of triothyloxonium hoxachloroantimonatc absorbs
at 272 nm whurcas in tho prosonco of 1,3-dioxolon tho solution
‘briorbg at 228 nm. Thoy consider tho former absorption to bo duc
to a toertiary oxonium ion and tho latter to ~ linoaxr carboxonium ion.
Howovor, thore is no indcpcndont cvidonco for the absorvtion of
oxonium ions in tho u.v., so that thc assignnonts aro crronusous.
It is most probablc that tho obsorved absorntion ot 272 nm is duc

to tho SbClg ion; tho abscrption at 223 nm is still obscuro bccausc

217

Jancks™ ' obsorvod thu absorntion of CH CH2QEH2 ShClg (~nalagous to

3
tho carboxoniwm ion postulatcd) at 260 nm, ond Panozok28 showod

that thc absorption of a scries of SbClg salts only varicd botwocn

5-10 units awsy from 272 nm whorcas ROTSBHC1T absorbs at about 240 nm,

4
Also, Modvodov ot a126 did not substantiatc their muchanism

by ond-groups analysis and tho roaction curvces thoy prosontod did

not appoar to rorch oquilibrium,

29~31

Chil «Ge vorgyan and his coworkors havo publishcd suveral

papors on tho polymorisation of 1,3-~dioxolan with TFB.EtZO
Tho reports woro concornod with thce kinotios of tho polymorisation.

3 observod tho moximum ratc of polymorisation and

Chil= Govorgyan
procoodod to troat tho polymorisation moathom:tically as an auto-
catalytic roection to produco curvos whioch fittod tho cxporimontal
data. Muoch of this work is rathor pointlosas sinco no cvidonocce was
prosonted for tho actual chenistry bohind tho supposcd proocss.

1,2

Plosch ond Hostormann confirmod Grosham's findingss that
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the polymcrs aro  cyclic on the bisis of ond-group ~aralysis oand
kinctic ovidonco and suggostod a ring exponsion mechaonism. Anhydrous
porchloric acid was tho catolyst and thc activ.. contrc was proposcd
to bc a sccondary oxonium ion,

Howovor, thorc is much cvidonc. to show th:t tho activo contres
in tho polymorisation of trioxan arc tortiary oxonium ions and for f
this roason Ja.acks21 boli,ves tho propagati.n in the polymcrisation
of 1,3-dioxoln to bo through tcrtiary oxonium ioms. Tho rosults
of his group pointcd to thc proscnce of tortiary oxonium ions; but
aro not oonclusivo sinco thoy did not always find the numbor of
cnd groups to be ogqual to the initiator conccntration. Joocks
oxplains this by incomplotc protonation of tho polymcr, that is
purchloric acil is an incfficiont initiator under somo oxperimontal
conditions. Jaacks has only idontifiod onc ond of tho polymoer so
that it romains to bec soon ~hcthor, undor his conditions, tho
concontration of ond-groups for both onds of tha polymor arc tho
somo. Tho wholo gucastion of tho mochanism of tiao polymerisation of
ocyclic formals is discusesod in Scoction C.

This litoraturc survey on thc polymerisation of thc cyclic
formals would not be comploto without roforoncce to tho thormodynamics
of thoir polymorisation. Sinco tho work to bu described in thie
thosis is not conocornod with tho detormination of thoramodynamic
paramotors a discussion of tho various valucs for tho cnthalvy and
ontropy of polymorisation is not inocluded. Howover, many schools
have studiod tho oquilibrium nature of tho polymorisation of 1,3~

dioxolon and 1,3-dioxcpan and those rcoforoncos are included for
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comploteoncsas.

34

Yamashita” "' and his coworkors mcosurcd tho thormodynomic
poramctors for tho polymoris tion of 1,3-dioxolen, 1,3-dioxop=n oand
1,3,6-trioxocan from tho oquilibrium monomor concontrations dotorminod
by g.1.c. and {.il.R. tochniquos at various tomporaturos.

Both Yamashita># end Enikolopyan32'33 (1,3-dioxolan) polymorisod
tho monomers with boron trifluoridc cthorato which is incfficicnt, oo
that thoy woro obliged to usc high tcmporsturos and high monomor
concontrations. At such high monomor concontrations thc usc of unit
concontrotion instoad of unit ectivity for tho wonomer may load to
sorious orrors. In faot, oxporimonts havo shown that tho cciling
tcuporaturo is higher for highor monomor concuntrations. Thoroforo
it is not surorising that thecir valuos diffcr from thosc of Plosch
and U;:eto:cuuuml’2 who dctorminod AH_ and A SB!3 by roaction colorimotry
in vacuo, with monomor concuntrations of about lil or loss,

Moro rocontly, Clogg and iiclia rcportod valuos for tho thormo-

35 36

dynamic paramctors of poly-l,3~dioxolan”” and poly-l, 3-aioxopan

and thoso oagroo w:ll with thosc of flosch and Hoetormannl'z.

38

Enikolopyan” soloctod tho roaction botwoon dimuthyl formal
and 1,3~dioxolan catalyscd by stannic chlorido in cnrrbon totra-
chlorido solution as a model systom for dctormining tho cquilibrium
monomor concontration for tho polymorisation - dopolymorisation
oquilibrium of 1, 3-.dioxolan.

If II roprosents tho dimethyl for%al moloocule and D the 1,3~
dioxolan moloculo then MD" 4D :Eé== 1opt

i0D* +D === ppDD*



oimulatc tho polymorisation = dopolymourisation eguilibrium. 3inco
transfor to dimcthyl formal occurs in this system

1ot +1 oD 4t

thoy claim that tho roaction allows the do.ermination of Kl within
a wido range of concontrotions 2nd that it con also bo omployed in
cascs (c.g. hotorogenoous systewns) whoro this valuo con-ot bo dotor—
mincd by tho clascical approach.

By this mothod Enikolopyan obtainod valucs for the floor
concentration and tho cnthalpy of tho polymorisation of 1,3-dioxolon

which agroed with thosc of Plosch 2nd Westormannl.
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CHAPTER 2

Exporimontal

Part I - :latorjals
2.1. Solvonts

2.1.1. Methylono dichlorido. This solvont (I.C.I. Ltd.) wis purifiod

as doscribod by dcissborgorl. The finol watcr washings had to bo
dono carofully othorwisc an impuro product was obtainod. Tho
mothylenc dichlorido wos washoed until tho woshings were noutral and
by this timc tho org-aic phase had bocomo orystal clear. It wais
thon driod ovor fresh'y ground calcium chlorido and fin~lly distillod
through a 160 cm ocolumn filled with niokol-gauzo rings ot a roflux
ratio of 15:1. Hoad and tail fractions, cach consisting of about
20, of the totsl volumc, wero rujoctod and tho boiling point of tho
widdlo fraction was found not to vary by more that 0.1°, b.p.
39.0/745 torr (Litoraturo® 49.1/760 torr). Tho fractionation was
monitored by g.l.6. and the only impurity detcctablu in the middle
fraction was chloroform (about 1:20,000 vol/vol).

The midcle fraction was ocollcocted in dark bottlos, mixod with
frosh phosphorus pentoxide, doconted onto a further portion of
phosphorus pontoxido, and finally tho susponsion w»s pourod into a
rosorvoir, attached to tho vaowum line. Tho rosorvoir was th.n
closed with a morcury scal and tho solvent dcgassod and rofluxcd
for sevoral days.

Gandin12 showod that tho vacuum distillod mothylonc dichlorido
was froe from acid, within tho limits of dot.otion (about IO'GH).

Mothylono dichloride storod in this woy was used for i:o mrjority
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of oxporiments; howover for thoe volymaris-tions with triothyloxonium
totrafluoroborato tho solvont vas dricd ovor cnleium hydridao.

Tho dosing undor vacuun of mothylcno dichlorido has b on des-
cribcd by Gandini2 and by Longworth25.

2.1.2., Hoxono. Tho B.D.H. “Spocial for spcctroscopy”’ product w:s
distilled nd storod ovur phosphorus pontoxide in » resorvoir attachod
to tho vacuum lino,

For gonoral laboratory procoduros 06 potroloum othor was distillod
boforo usc,.

2.1.3. Diocthyl othor. Ths B.D.H. product was purificd according to

tho mothod of Vogol>. It wos thon fractionally distillod off sodium,
discarding 10/* hoad and tail fraotions, b.n. 24°/750 torr (Lit-1 34.5°%/
760 torr). Tho othor wos storod ovor lithium ~luminium hydride

undor its own vapour prossuro in a vossel attachsd to the vacuum

line vie a motal BiPl valvo7.

Phials containing vory small quantitios of diothyl cthor woro
proparcd by tho vapour prossurc tochniquo descri“od by Biddulph4.
2.1.4. Carbon teotrochloride. This solvent (B.D.H. Ltd.) was distillod
boforo uso.

2.1.5. Maleic anhydride. (B.D.H. Ltd.) was rcorystallisod throo

times from ohloroform end driod on tho vacuum line, m.p. 54~55°
(Lit.? 54°).

2.2. Monomors

2.2.1, 1,3}-dioxolan. This monomor (Kooch-Light Ltd.) was purified
by rofluxing over sodium hydroxide until no morc sodium hydroxide
was used up. It was then fraotionally distilled, furthor rofluxcd
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for 24 hours ovor sodium motnl, and finally fractionally distilled
off sodium mutal through o 3 f4. column at o reflux rotio of 5H:1.
A product having b.p. 75.10/742 torr (Lit.6 b.D. 75.00/760 torr)
was colloctod.

Tho monomor w:':s thon pourcd into 1 rosorvoir conteining lithium
oluminium hydrido, which w:s oattached to the vacuum linc. iith
tho 1, 3-dioxolan frozon tho vosscl was dogassod and the ontry tube
was soalod off. Thoe wmonomeor w.s completely dugesscd by repoatod
froozo-thawing. Tho monomor was isolatod from theo dosing lino by
a mctal BiPl va.lve7 and tac dosing procoduro has boon doscribod in
moro dotail by Hostermanna.

Although 1, 3-dioxolan is roportod9 to bc stablo to lithium
aluminium hydrido, tho rosorvoir always ncoded dogassing beforo
oach distillation, becauso thoro wos o slight evolution of pas.
Howovor, the rosults obtainod at tho boginning ond ond of a narticular
batch wero always in oxccllont agroomont.

It is possiblo that the lost guantityof wator only roaois olowly with
lithium sluminium hydrido becouse gos chromntography has shown
that our bost 1,3-dioxolan etill contained loss thon § p.p.m.
(about 2 x lo'dﬁoloof wator but tho samplo undor tost was proparod
on the vacuum lino and thon oxposocd to tho atmosphoro for sc.pling
no that somo wotor may havo boen introduced by this proocss.
Rogular dogassing was also roquired for tho other commounds storod
ovor lithium aluminium hydrido, namcly diothyl ether, 1,3~-dioxan
and 1,3~dioxopan and with the last dogassing wos still roquired

ovon after three yoars storago.
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.ith mothylonc dichloride, which is considcoroed to be noro
v 8ily dripdlo thon the cyclic cthors, the gassing phenomonon wes
alaso obsorvodll.

I bhavc also obscrvod thot deg ssing takos longcr whon the volume
in th: roscrvoir is low, thorofore I consider th-t the formation of
the gas may be cousod by pirtial dccomposition of lithium aluminium
hydridao,

2,2.2. 1,3~Dioxan. This monomer w>s proparocd from 1, 3—-nropanodiol
{B.D.H. Ltd,) ond paraformaldchydc (B.D.H. Ltd.) by ~ procoduro
xna.logouss’8 to that uscl for 1,3~dioxolan.

1 molo of 1,3-propan.diol, 1.1 molu of parcformaldchydc -~nd
5. of orthophosphoric acid worc roactod in a flask fittcd with o
60 cm fractionation column and condunsor., A mixture of wator and
1,3-dioxan distilled ovor with o boiling rango of 88-1040. Tho
squoous and non-aqucous layurs woro soparatod by salting out with
calcium chloridc. The non-aguoous product was rofluxod ovor sodium
hydroxide until no moro sodium hydroxide resctod wiih osny ~cidio
or hydroxyl containing impuritics. Tho product was fractionatod
and thon rofluxod over sodium motal for 24 howrs boforo tho finol
fractionation, The fraction boiling ot 1060/749 torr (Lit.12 1050/755
torr) was colloctod.

This monomor was storod ovor lithium aluminium hydrido and
dosed in thc same way as 1, 3~dioxolan.

2,2.3. 1,3-Dioxopan. Thi: proparation of this monomer was analogous
to that of 1,3-dioxan, except that tho glycol was 1,4-butancdiol.

Tho product was purifiod and doscd as doscribcd8'13. This batch
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of monomor containod a siall quantity of tetrahydrofuran (1:50,000
vol/vol) os shown by g.l.c. cnalysic.

2.2.4. 1,3-Dioxocan. Thig moomor is doscribed in Scction 3.4 of

this thcuis

2.2.5. 1,3~Dioxonon., This is describod in Scetion 3.5 of this thesis.

2.2.6. 1,4-Dioxon. This monomcr (B.D.H. Lid.) wos purificd by
rofluxing it ovor sodium for 2 doys. It wos rofluxcd ovor, and
distillod off, lithium aluminium hydrido immcdiatoly bofore uso,
b.p. 100.2°/744 torr (Lit.! 101.3°/760 torr).

2.2.7. Tctrahydropyran., (his monomor (B.D.H. Ltd.) wns purificd by
rofluxing it over sodium for 2 days. Finally it wos rofluxed

over, and distilled off, lithium aluminium hydride boforc usc,

b.p. 87°/749 torr (Lit.5 88°/760 torr).

2,2.8. Oxopan. Soe Scvetion 4.3.1 of this thosis.

2.3, Catalysts.
2.3.1. 3Boron trifluorido othoratc. This compound (B.D.H. Ltd.)

was fraction~lly distilled in o nitrogon atmosphore. Tho fraction
boiling at 124°/742 torr was collcctod. This was thon rodistilled
undor roducod prossure (54°/20 torr) with a nitrogon blcod ("."it.14
125.7°/760 torr). '

It was quickly transforred to a vossel attached to the vacuun
lino. Tho boron trifluoride cthorate was frozon, degasscd and tho
vessel sealcd at A (Fig.2.1.). Tho compound wos thon distillod into
flask C, loaving a gencrous tail fraction.

The boron trifluoride ethorate roactod with the motal BiP17

valve, 80 that o sorios of broakscals had to bo usod for dosing
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(Fig. 2.1.). Thorecfore, cach time » srmplc wrs requiroed, o broak-
goal (c.g. D) wos broken and tl.c boron trifluoride othoratc distillod
to the ronction vessel wvin the burcite F, and then the rcscrvoir
wags closcd by sealing off =t E. It woas necussary to isolatc tho
boron trifluoridc cthorate from the motal valve, G, by tho dry
valves H and I.

This mcthod of dosing is rether todious bocause the boron
trifluoridc ctherate distils slowly and condcnses ot various points
in tho vacuum linc. If the procodurc allows, it is morc convenicnt
to dosc thc boron trifluoride othcrate into phials which con be
fuscd to thoe line ncarcer to tho rosorvoir.

2.3.2. Tricthyloxonium tetrafluoroborate (Et3O+BF"). This was

4

preparcd on the vacuum linc in the apparatus shown in Pig. 2.2, Tho

mothod was bnscd on that of Moerwoin15 in which boron trifluoridc
etherato, epichlorohydrin, aund dicthyl othor rcact togothor according

t0 tho ogquation.

CH.CICH Bt B4
3 2T>0+4 SO.BF, + 2 0 =
CH Et BY
C1CH |
™ol B + 3 Et30+ B,
EtOCH:”
I 2 3

Tho proparation osscmbly I was fused to tho vaouﬁm ond rcogonte
supply line and pumped out for about 3 hours. Tho thrce resctants
woro then distilled into flosk D (3 molos opichlorohydrin, 4 molcs
BF3Et20 and 16 molos Et20). With tho contents of D frozen, tho

apparatus wos sealod off from the line at B. Tho roactants wore
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thon thowed and mixed by stirring thom magnctically. A precivitoto
was formed which was o viscous oil ot room toapcraturce. Attcmpts
to crystallise this oil werc made by warming, cooling, and shoking
but theosce failed., Stirring is very difficult becausc of tho viscosity
of the oily phasc. Howovor, tho oil crystallisos aftor stoanding at
0° for about 12 hourn. This timo could bo shortonod slightly by
washing the oil. Hashing was carried out by filtoring thoe solution
into flask A through the sintercd filtor S and redistilling tho
oxcoss diethyl cther back into flask D by cooling it. thercas the
boric acid cster is solublo in diethyl cothor; Et o*BF; is insolublo.

3 4
Aftor crystallisation thc Et O+BF- wag washed about ton timos

3 4

in tho manncr describod abovo. For this procoss it is important
th~t X is long wunough to hold all tho filtroteo. Filtration can bo
accomplishod casily by slightly warming or cooling the anpropiate
flask. When washing was complotc, the gloss above S wos washod by
rofluxing the other in this part of tho apparatus. This was bost
accomplishod by stroking the glnss with cotton wool socked in
liquid nitrogon. The contonts of A were frozon to distil the
romaining othor into it and thon A was sealoc off at C.

The tipping device II wes scalod to tho vacuum ling 2t J
and flask D containing Et30+BFZ (I) was soalod to II at H-F. Tho
wholo assonmbly down to tho broakseal E was pumpod out for about
3 -hours and thon E was brokon. The pumping wns continued for a
further 2 hours. Thon 10 ml of methylone dichloride were distilled
into D and the whole asscombly was scaled off at J.

Tho solution of Et 0+BF; in methylenoc dichlorido was thon

3
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distributed into thc phials P by turning thc appoaratus upsido down.
Tho apparatus wns, oncc again, attachced to the vacuun linc
via the broakscal G, and pumped for a further 3 hours. During this
stage the phials werce cooled to 0°, & plug of mothylono dichloride
was frozon at K, the breoasocal G w:s broken, and the mcthylenc
dichloridc distilled out of the phials,; loaving the solid Et30+BFZ
bohind.
This distillation is todious :nd it is advisable to distil tho
golvent to a rccoiver, attached to tho vacuum line, rathoer thon
40 distil it dircctly to c¢hc trav. This mcthod allows morc control
of tho ratc of distillation., ihen most of tho solvent hors distillod

a concontrated sclution of Et O+BFZ romains in the phicls. The

3
bulk of the motaylonoc dichloride was now distillod to tho trap

(or anothor flask isolated by o tap) so that tho mothylono dichloride
rom2ining in tho phials could bo distillod out. In tho latter
proccss some solid romains on the necks of the phials and this was
washod back into thc phialszs with small gquantitiye of solvent which
wore condongod in tho nocks of the phials by stroking th.m with
cotton wool sookced in liquid nitrogon. Tho process was ropoated
until all tho solid romainod in the bulb in a dry state. The

. | +
polid Et30 BF4

ong or two hours boforc tho phials worc scalod off.

was thon thoroughly covacuatod by pumping for about

The solid can bo distributod into phials by this mcthod,
provided that thorc is no more thon 0.lg to 0.2g in oach phial.
With largoer quantitios tho distillation of solvent from the phials

becomos too timo-consuming and difficult. The quantity in cach
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phisl w»s detormined by tho mid-point method16 (crror involved % Smg).
The yield wos almost 90/5%¢ This salt is hygroscopic so th-t the molting
point wos detormined by strapping a phial to a thermomotor and

worning thom slowly in an oil bath, m.p. 91~92° (Lit.15 m.p. 90).

Phials containing smallor quantitios of Et otsF

3 4
by diluting a phial in the tipping dovice waich has alrcady been

wore preoparcd

describedl7. The solid salt was thon obtoined by a orocess similar
to that describod above.

The use of specific conductance agc = calibration mothod for

gsolutions of Et30+BF4 in methyleno dichloride will bc discussod in

Chapter 5.

+
Et,0 BF
3 4

0°. Aftor about 3-4 months o small onantity of oil can bo noticed

proparcd in this woy is stable for sovoral months at

in tho phials. Howover, ocil formation only occurrocd in the phials
containing a '‘large” amount of the s2lt. A possibls cxplenation is
tho occlusion of some solvent which oncouragos docomposition.

2.3.3. Triothyloxonium hexafluorocantimpnato. This catalyst was

suppliod by Dr. H.P. Droyfuss. It was roprocipitatod throc times
from mothylcone dichloridc with carbontetrachlorido immcdiotely
beforc use. Mm.P. 121-2°,

Initially, this commound had boen preparod by mo by the silvor
s2lt mothod of Moorwoinla, but it was impurc, oven when tho propara~
tion was dono on tho vacuum lino. m.p. about 102° (Lit.19 111°).

2.3.4. Triothyloxonium hcxafluorophosphatc. This was supplicd by

Dr. M.P. Droyfuss and purifiod by thrcc procipitations from mothylene

dichloride solution with carbontotrachlorido iamediatoly bofore usc,
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The 821t woa filtorod through o sintorod glaosa filtor and then
dricd in vacuo (200/12 torr), beforc buing introducod into thoe
conductivity cecll where it was thoroughly cvacuntod. m.p. 141-1420.

2.3.5. DTricthyloxonium tctrachloroboratg. An attcupt was made to

15

proparc this undor vacuum by licerweins™ method using borontrichloride.
Unfortunately, this mothod was unsuccossful.

2.3.6. Anhydrous perchloric acid. This acid was prceparcd by

dchydrotion of 72/ porchloric acid (Hovkin ond Yilliams) with

20/, olcum. The mcthod wos derived from Eostham and Taubor'szog o
full doscription is giveon by Gandini and Plesch17. Tho scerious
oxplosion haz:rd of this procoss has boen climinotod by a now

method doveolopod in this laboratory by Hathiasllg this involves

a8 counter-curront oxtroction of porchloric acid from a mixture of
oloun and 727 aqucous nporchloric acid with methylonce dichlorido.
Somc of thc coxperimentsdescribed inScctiongGwore dono with pcrchloric
acid precparcd in this way. Therc was no aoparcent difforenco botweon
tho acid sompleos propared by eithcr mothod.

2.3.7. Phosphorus ventafluorido. This catalyst was precparcd by
thormal docomposition of bonzeno diazonium hoxafluorophosphato
(0zark-Mahoning Co.) at 160°. Tho nitrogon ond phosphorus ponto~
fluoride gonoratod worc bubbled through the requirod monomer or
monomor solution. The dosing was carriod out in glass apparatus
which was immediatoly immorseod in 3N sodium hydroxide aftor uso,

to hydrolysc any rcmaining phosvhorus pcontafluoride.

2.3.8. Triphonylmethyl totrafluoroborate. A phial containing a

solution of this compound in mothylone dichlorido was availablo from
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Dr. P.H. lostermann. The mothod of preparation har been describod13.

2.4, Water Phials. A micro- syringe of 10 ul capocity, graduated

in 0.2 pl, was uscd to fill smoll gloss phials with tho roquircd
quantity of distillcd wator. The qurntitiocs of wator wero quite
largo so that a vacuum filling device was not roquired. Tho vhiecls
wore carofully driod, filled with the corrcet amount of water and
thon soaloed off with a small flamc so thit the contents did not
boecome Wwarm. The additions wore at 25° in tho prcsénce of largo
quantities of 1,3-dioxolan in which water is solublo.
2.5. Trigthylamine. Phiuls of this compound were available from
Dr. Beard. Tho proparatio>n and purification of triothylamino havo
21

boen describod .

2.6, Sodium Phenoxide (NaOPh). 3 mmole of phonol dissolved in

12 ml of totrahydrofuran (freshly distillod off potassium) was
trcated with an oxcoss of cloan sodium. The solution wos stirred
magnotically in a nitrogoen atmosphero until no morc hydrogon bubbles
woroc produced. This usually took about 12 hours. Thc vessel was
then closed with a carcfully groasaed stopper,and conncotod to a vacuum

1T via a broaksesl (Fig. 2.3.). After tho tipping

tipping dovice
dovico had boon pumped out for about 2 hours tho solution was
frogon, the broadscal broken and the solution dogassed by froozo-
th-wing. Tho stirring was continued ond thc complotion of thc
roaction was dotermined by tcsting tho vacuum with a Teslad eoil
poriodically, with tho solution frozon. Whon no morc hydrogon wns

produced, the apparatus w2s sonalod off the linc and tho solution

filtorod through tho sintered disc8 into the tipping dovioe. Tho
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rcaction vesscl was now gealed off at A and the solution distributcd
into the phials._ The amount in the phiols wog dotorainced by the
mid—point mcthodl6, and tho concentration of tihc solution wos
detormined by #®.Vv. spoctroscopy of the contents of a phinsl dissolvod
in N sodium hydroxidc solution., Tho concoentration estimated in
this way agrcoed with the initial concontration of phenol,

Phials containing so0lid sodium phcnoxide wero vroparcd in a
way analogous to thot doscribcd in Soction 2,.3.2.
2.7. Epichlorohydrin. This compound (B.D.H. Ltd.) was fractionally
distilled, discarding goncrous hoad oand toil fractions. Any watcr
prescnt distilis as an azootropc and was thus rc-dily rcaovod.
b.p. 115°/744 torr (Lit.l 116°/760 torr).

The pure ¢piochlorohydrin wns pourcd into a flask on thc vacuum
lino. The flask was soalod and tho compound dogassed. It wes distillod
from buld to buldb on the vacuum line. Tho middle fraction (about

60%) was storod behind a motal BiPl valve!,

Port 11 - Apparatus and Proccduros

2.8. Ultraviolot and Visiblo Spoctroscopy. Thospootra reportod

in this work wore token on a Beckmonn DB rocording spcctromotcer.

A special light-tight lid allowing 2 large amount of frce spaco
abovo the coll holder roplacod tho convontional lid when 2 spoctro=-
scopic dov10022 was used. In tho "opon" oxperiments 2mm and lom
silica coclls woro usod.

2.9. Infrarod Spoctroscopy. All infrarod spoctra worc run on a

Porkin-Elmor 257 Grating Infrarod Spootromoteor. Tho instrument was
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calibratcd by mcans of a polystyrcne film,

With high molecular wecigh™ polymcrs, transparont films woro
proparcd dircctly on the rock salt platos by ovaporating to dryncss
a concontroted solution in mothylone dichlorido. Low molccular
woight polymors worce scanncd on sodium chlorido plates or, as
17 solutions in carbontotrachlorido. Tho crystallinc dimors and
trimors worc scannod incarbon totrachloridc or carbon disulvhidc in
order to cover the wholc of the spectrum. 0.1 and lmm colls weroc

usod.

2.10. Nuclear Magnotic Kosonance Spoctroscopy (N.M.R.). A Porkin-

Elmor M-~R10 N.}1.R. Spoctromotor, providod with an intograting
circuit and a computor of averago transicnts, wns uscd throughout
this work. This instrument hos 1H rosonance at 60 Hcseo._l and is
thormostattcd at 35°, Tho position of thc N.M.R. bonds in carben
totrachloride, and mothylone dichloride solution wore detorsined by
rofcrence to T.1.S. at 10T as an intornal standard. In a fow
expcriments mado undor high vacuum, tho soda glass tube wns soealed
onto the vacuum linc by moans of a soda glass-to-pyrecx scal. Tho
$ubo was fillced, frozen down and scaled off; it was then thawod and
wormed to 35° 8o that thc spectrum could bo scanned.

2.11. Gas liquid Chromotography (g.1.c.).All tho snalysos worc run

on & Porkin-Elmer F-1ll, fitted with dual column analysor, a2 flamo
jonisation detoctor, and two 3m. siliconc oil SE-30/Chromosorb P
100-120 mesh columns. Occaqfionally a Poropak Q packing wos used,
Tho machinc was adjusted so thot at an attenuation of 1 tho baso

1inc was straight.
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For tho oxpcriments in which othyl fluoridc 2nd cothanc were
dotoctcd, attompts worce not mado to soparstc theso furthor because
it usually took somo timo for tho bnsc linc to biucomo stoady cgain
and this governed the time botwoon succcssive chromatogroms.,

2.12. Thormostats.

A temporaturoofu.35° was obtainod with a mush of ¢thylune
dichloride, -80° from Drikold/Methylaxod spir-its and the othor
tcomporaturos bolow zero woroc obtainod by usc of a Miinus Scvonty
Thermostat Bath'® (Townson and Morccr Ltd.).

A well stirred ice—~ii~distillod wator bath in which tho tompor-~—
turc was kopt constont to +0,05° was uscd for the 0° thormostot.
25° #0,02° was obtaincd by a woll stirred watcr bath rogulatsd with
a contact thormomotor. For toaporaturos highor th-n this on .
“Ultra Thora stat’ (Shandon Ltd.) was usod,

2.13. Conductivity Bridgos. For ithc mocasurcmont of associ~tion

congstants the tayno=Korr B22l Univorsal Bridgo was usod. This
instrument which works on thc transformor ratio-arm vrinciplo hos
2 built-in sourcc (1,592 cycles sec.-l) and a magic-oyo dotoctor,

1 -10q -1 with an agccuracy of

The conductivity rango is 10  to 10
$0,17 down to 10—7- Tho capacitics ~nd conductivitics aro both
balonced at tho null point.

Conductivity mcasuromonts during the polymerisation ond docom-
position runs worc mado with a Chandos Linoar Conductivity Moter
(rangc 1072 o 10J1ﬁ71i1%).

2.14. Coll constants., Thc coll constants of conductivity cclls

2
wore dotermined by the mcthod of Lind, Zwolonik and Fuoss 3. Sinco
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tho rangc of towmnoraturc wos small, the coll constont detorminod
at 250 was applicd to all moasuroments.

2.15. Thc polymorisationg. Tho rato of polymcrisation wos mocsurcd

in the dilatometor, fittod with clectrodecs for conductanco moaosuro—

25, shown in Fig. 2.4. Ccll constant = 0.246cm~1.

ments

The vesscl was attached to tho vacuum line and puaped for sbout
3 hours, Tho monomor was distilled into B, the Woflon tap closcd
and the solvont was distillod into A. With the solvent frozoun,
the dilantometor was scalced off at C., Tho phial of catnlyst wes
thon dbrokon into tho methylonc dichloride. Lftor thormostatting,
the solWtion was tivped into tho bulb of *he dilat mctcor to munsure
the conductivity of tho solution, This was usod to calibrato the
catalyst concontration. Tho solution wos roturncd to A and the
qnonomer mixed with it by opcning the Teflon tap. Tho solution wos
aixod and thon tippod back into the dilatomoter so th~t the rooetion
and conductivity changus could bo followed. In somo oxpiriments
tho tap was roploced by a brockscal but this chango hn~d no offoct
on tho rcactions .

Dopolymorisation was accomplishcd by warming the polymcr
golution to a tompornturc above tho cciling tomporture, To' The
solution was quickly mixod and tippod back into tho dilatomctor
which was rothormostattod.

After polymorisation, tho reaction mixturo wns rcturncd to A
for killing. Sinco high monomer concontrations worc roquired
(up to 41) in tho kinetic runs, tho solution was so viscous th't it

was nooossary to dopolymcrise tho solution partly in this procoss.
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Tho rcact:on mixture wns rothoramostattoed for on hour before killing
it.

For sampling cxporiments, two mudifications of tho dilatomotor

(Fig. 2.4.) were uscd. In tho Et3O+BF 2

flask fitted with a rubbor soptum (ond breaksoal); a grozsod tap

work B was rcplacod by a

at C allowed roduction of the vacuum with nitrogon. HWith HClO4,
lowor toaporaturcs woero nccessary, thoroforo tho dilatomotor in
Fig. 2.5. was usod. Thc samples woro tokon with a syringo agrinst
a flow of dry nitrogon. Thc nitrogon wis dried by cooling it with
liquid nitrogon.

Tho other polymorisationswero madc in ovacuetod H-tubes
(1 or 2 soaled togethcr in sorios) which azllowod the crushing of
morc than onc pnial of catalyst or killing agont and the division
of theo rcaction solution into two.

For tho roactions cntalyscd by nhosphorus pontafluorido theo
following procodurc was usod. Tho roaction vossol I (Fig. 2.6.)
wns scaloed to tho vacuum lin. at A, Aftor ovacuating it for about
2 hours tho monomor and/or solvont were distilled into C, the
vosscl was soaled off at A, and tho vrcuum lot down with nitrogen
by oocning tho gronsod tap B. Tho vessel wns thon oponed at A and
the opon tubec conncctced to a P.V.C. tubo which vonted tho rcaction
vossol closc to an oxtraction fan. The tap wrs romovod from tho
voszol ond tho vossol was connocicd to tho PF5 dosing linc (II).

Aftor bubbling tho PF_. through tho solution, tho goencrotor wos

5

allowod to cool boforc tho vossol was disconnoccted from tho apparatus.

A was oloscd with a rubbor cap and D with a glass stoppor and the
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vessol was thermostaticd ot theoappropriato tcmpceroturc. Tho reaction
was killod with an ammonia/alc-hol solution.

2,16. Polymor Isolation. A4ll the kinctic runs wore terminated

by opcning the dilatomctor ond quickly pouring in athonol/ammonia.
Other volymorisations were torminnted with smmonia vapour (from
0.880 ommonium hydroxido) or by brcaking phials of sodium phenoxide
or triethylaminc,

Low molecular woight polymers of cyclic formols arc solub108 in
mony solvonts, so th>t procipitation is on inefficient mothod of
isolating tho polymer. Taeorefore, i1ho polymors wors isolatcd by
evaporation of tho noutralised reaction mixture. Tho polymoer was
furthor dricd by ovacuating it (12 torr/35°) for o fow hours. The
polymor was thon rodissolvod in mothylcne dichloride, carefully
filtered, ~nd isolnted o8 bofore. During the distillation it was
nocessary to prevent depolymerisation and oxidation by keening the
solution alkaline with ammonium hydroxide. Finally, the polymer
wos pumpod fop 24 hours (12 torr/35°) to freo it from romaining
solvent, ammonia and water.

2.17. lolocular woight dotermination. Iiolocular woights wore

dotormined with a Iiechrolab Vapour Prossurc Osmonctor !jodel 3014,
with a non-agueous probec at 370. Thoe solvont uscd for most moasuro-
ments was 1,4~-dioxan., Somc molooudlar weights worc detormined in
carbon teira ohloride solution, but the high moloculor wuight
polymers worc insoluble in this. The instrumont was onlibratud with
triphenyl mothane and triphonyl carbinol.

Tho numbor averoge moleocul~r weight is dotorminod by this
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method, so that thc degrcus of polymorisation, D.P., quotcd aro
also number avorago.

2.18. Tho Decompositions. In thc cxporimcents on tho decomposition

of tricthyloxonium salts wherc the r-~tc of cvolution of cthyl

fluorido was mecsurcd concurrontly with the ratc of loss of conduc-

tivity, tho rcaction vosscl usod was similar to th-t shown in

Fig. 2.4. oxcopt th't the flask B wos replaced by o tipping device.

Tho mothod and apparatus aro describod in Chaptor 5 (scc Fig. 5.16.).
Tho dccomposition reactions involving only conductancc mcaguro~

ments were undortaken in a simplo dilatomotor fittod with oloctrodos

which hns bcon describedzA. The procodure is described in Chaptor 6.

Cell constant = 0.305cm-l.
In oxperiments in which tho u.,v. spoctra were takon boforo and

aftor decomposition a vacuum spoctroscopic dovica, fittod with

olootrodosZz, was used. Coll constant = 0.195cm-1.

2.19. Conductancg licasuremonts. These were carried out in the

coll shown in Fig. 2.7. It consisted of an invorted conicnl flask

of 500 ml capacity with tho oloctrodos fixod necar the bottom. Tho

two platinum oloctrodes (lecm x lem) wore hold about 2 mm apart

with four sods glass beods. Tho platinum leads aktached to tho

oloctrodes woro spot-woldod onto 1 mm diamotoer tungston rods which

woro fusod through the walls of the flask and were oxtornally connooe

tod to two coppor leads. The oxtornal wiring was onclosed in glass.

Tho coll constant = 0.096560&'1.

Tho minimum volume of tho coll was 25 ml and a Tcflon coatod

magnetic stirror was used.
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For Et30+BF;, a phial of it wns supportcd in o phial-crushing
dovice fittod to the cell through a B29 joint. Aftor pumping,
tho phiol woas broken into a small qurntity of solvent. Dicethyl
othor was addoed in a similar way, oxnept that tho phial ws always
bclow tho surfacs of tho soluticn beforc crushing. Et3O+PFg ond
Et3O+Sng wore Wcigh ¢ on o ilhites' Torsion balonce, transforrcd
dircctly into thce conductivity coll and cvacuated thoroughly.

Dilution wns carricd out by dosing thc solvent into the cell,
by thc normal procoduroz'zs. Dilutions from 30 to 300 ml wero
possiblo.

The coll was thermostatted at 0° and the conductivity mcasurcd
on thc Yayne—Korr B221 Bridgo. The conductance rcading was takcen
when the roading wos stondy -nd this wnas a good choek on tho tomporo~
turo of tho solution. About fiftocen minutocs woro allowed for

gstabilisation botwcon ceach oddition of solvont and the complote

oxporimont took about 2-4 hours.
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Introduction to Section A

In this part of the thesis the polymerisability of some cyclic
oxygen compounds is discussed. In particular, 1,3~dioxan poss:@ an
interesting problem. The literature concerning the volymerisation
of this cyclic formoul was conflicting, so that it presented both
a volymerisability problem and potentialiy a new aonomer for generali-
sing the ring-expansion mechanisml.

Since 1l,3~dioxan is a six membered ring with little strain,
only sketchy attempts nave been made to polymerise it.

The earliest report concerning the polymerisation of 1,3-
dioxan wag from Vaala and Caxlinz. The polymers produced were from
1,3—dioxa;1mA:ubstituted 1,3~dioxans (e.g. 4-methyl-1,3~dioxan) by
rofluxing them with boron trifluoride and acctyl chlorido in acctie
acid. The stiructure of the polymer was not exa ined and it secms
likely that the polymer was not poly-l,3-dioxan.

3 has also been claimed to polymerise 1,3

Sulphur trioxide
dioxan and some substituted 1,3-dioxans and 1, 3-dioxolans,

Takakura, Hayashi and Okamura4 claimed that 1,3~dioxan and
1,3-dioxolan and 1,3-dioxepan will polymerise in the presence of
maleic anhydride and benzoyl peroxide. Although they later published5
details for the polymerisation of trioxan and 3, 3~bis-chloromethyl
oxetan, no further exporimental results were nresented for the
cyclic formals named above., By analogy with the mechanism proposed
for trioxan polymerisation under the same conditions the polymerisation
of 1,3dioxolan would have to be initiated by a dioxolonium*

jon. As this conflicts with other publishod mechanisms for the

¥ The correct name for this ion is 1, 3~dioxolan=2-yliun.
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polymerisation of 1,3-dioxolan it was nccessary to attemnt the

polymerisation of 1,3-dioxan and 1,3-dioxolan undcr these conditions.

6,7

Mercuric halidos

7

polymerise 1, 3-dioxolan but only form
complexes’ with 1,3~dioxan and 1,4-~dioxan and this is another
indication of the non-polymerisability of these monomers.

The monomer reactivityratios (r) for the covolymerisation of
3,3~bis~chloromethyl oxetan with scveral non--homopolymerisablc
monomers have been determined by Yamashitaa. Since k22 (the rate
constant for the homopolymerisation of thocoemonomor) is zero,

they assume the iaeal case where r = 1 and comparc th. values

12
for 1/r,. They found a lincer relation betwecn basicity, as

moasured by Gordy's method9, and l/r1 for tho following co—monomers.
2-methyltetrahydrofuran, tetrahydropyran, 1,4-dioxan and 4-mothyl-
1,3-dioxolan. However, the reactivity of 4-vhenyl-l,3~-dioxan was

much lower and did not lie on the straight line.

Yamashitalo in his review on the copolymerisation of cyclic
oxygon compounds, rcports that tne r2 for 1,3~ and 1l,4-dioxan,
4-mothyl and 4-phenyl-l, 3-dioxan arc zero with rcsoect to 3,3-~bis-
chloromethyloxetan.

Goller11 has shown that 1,4~dioxan did not copolymerise with
3-methyl-3-chloromethyl oxetan, whoreas a small number of totra~-
hydropyran units could be incorporated into the polymer.

The heat of polymorisation for 1,3-dioxan is quoted as 0.0 koals/
mole12 and the caloulated valuo for oyclohoxano ig =0.7 koalq/molel3.

If the actual value wore slightly negativc or the entrovy change

sufficiently positive, then polymerisstion of 1,3-dioxan would be
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possible. The change of entropy (A3) for the hypothetical polymeri-
sation of cyclohexano is =2.5 cals/deg./molel3'l4; thorofore, if
AS is the same for the polymorisation of 1,3-dioxan, polymerisation
would only be possible if the enthalpy werc sufficiontly negative.

From this bricf roview it is apparent that a systcmatic investi-
gation of the polymorisability of 1,3-dioxan was necessary; therefore,
Chaptor 3 deals with such a study.

The reviews availablc on the thermodynamics of polymerisa.tionlB'15
are lacking in thermodynamic data for tho equilibrium polymcrisation
of cyclic ethors and cyclic formals, with more than 7 atoms.

We intended, at first, to extend the rangs of values availabloc
so that they could be comparcd with tho calculated thermodynamic
data availablo for oyoloalkanes12 and cyoclic oxygen compounds.,
Unfortunatoly, for various roasons ithis was not possible. However,
tho results obtained are included in Chaptors 3 and 4 so that the

general problems which can arise with these monomers should bo on

record.
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SECTION A - CHAPTER 3

The Polymerisability of 1l,3-Dioxan and a Noto about the Preparation
of 1,3~Dioxocen and 1, 3-Dioxonan

This Chapter outlines the various attompts to polymerise
1, 3~dioxan.

Polymer was not formed from 1,3~dioxan in open experiments in )
which the monomer was distilled off lithium aluminium hydridc;
boron trifluoride cetherate and anhydrous perchloric acid werc the
catalysts. Therefore, tho experiments described here wero carried
out in vacuo whorcever possible. In exveriments whore it wes not
practical to dose thc catalyst under vacuum (e.g. phosphorus
pontafluoride) the monomer was distilled, under vacuum, into an
ovacuatod vessol which was se2led off and openod so that dry

nitrogen entered the vessel (seec Fig. 2.6.).

3.1. Protonation of 1,3-Dioxan

Thesce oxperiments were carried out, under vacuum, in tho
adiabatic calorimeter, which has been fully doscribod by Pantonl.
Tho vessel was fittod with electrodes2 for conductance meosurements,
The results of these experiments are given in Table 3.1.
When the acid phial was broken the conductivity immediatoly inoreased
to a constant value but the temperature remained constant. The
value of i, /[H0104] of about %}ﬂil on’ 1.mole™! can be compared
with that obtained under similar conditions for 1,3-dioxepan3
(about Zﬂufl on~} 1.mole™}). Since we know that 1,3-dioxepan is

completely protonated, it follows that 1,3-dioxan is, also, comple-

tely protonated by perchloric acid. No polymer was produced and



Table 3.1.

The Protonation of 1,3-Dioxon in irothylene Dichloride, 2at -50o

Run No. 1 2
[é,3-dioxa i 1.8 1.0
[%ClOé]/lO3M. 1.85  11.0
k}éﬁﬁfl oL, 17.3 91

k o&;fl om L. 0.28  0.21

kff is the final spocific conductivity

Kb is the initial specific conductivity

Tablo lc 2.

The Atteupted Polymorisation of Cyclic Formals in Maleic
Anhydride Solution with Benzoyl Peroxide, Under yacuum,

at §O°
Run No. 4 5b 6b 26 5a. 6a
[},3—dioxa€] /M. 8.0 8.0 8.0 5.2 - -
[Bzaog /102u. 3.0 2.7 2.8 2.6 2.7 2.7

Reaction time / h. 4.5 5 24 52 5 24
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g.l.c. showed thot protonated 1,3-dioxn was not converted into
other chemiocal species.

3.2. The Attempted Polymerisation of 1,3-Dioxan

3.2.1. Sulphuric Acid

0.2M sulphuric acid did not polymerise bulk 1, 3-dioxan, under
vacuum, after 20 hours at -350. A small amount of insoluble grease
was produced but there was insufficient for infrarcd spectroscopy.

3.2,2. Maleic Lnhydride / Benzoyl Peroxide
4

Takakura, Hayashi and Okamura  have reported that 1,3-dioxan
is polymerised by benzoyl veroxide in the presence of maleic
anhydride. Therefore, this method was used in attempts to polymerise
both 1,3-dioxan and 1, 3-dioxolan.

In these erperiments (Table 3.2.), large phials containing
maleic é?ydride and benzoyl peroxide, were scaled to the vacuum
line and evacuated for several hours. The monomer was distilled into
the phial which was then sealed off. The recaction vessel was then
gstored in a thermostatted bath at 500. In all experiments a pink
colour was formed which eventually turned purple after 30 mins, and
this colour remained throughout thc period of observation. After
the desired time the phial was quickly opened and the contents
poured into methanol. The colour could be discharged by adding &
1ittle ammonium hydroxide. No precipitate was formed at this stage;
however, occasionally slight precipitation occurred overnight. The
jnfrared spectra of those precinitates showed that tlLey were not

polymers of cyclic formals. The incroased reaction time of 52 hours

(Run 26) had little effect on the products.



Tablc 3.3.

The Oligomerisati n of 1,3-Dioxan by .inhydrous Porchloric Acid

‘in Methylono Dichloridc Solutiun

Run No. 15 464 44 40 23 -39 38

[},3—dioxé;]/m. 11.7 1.0 10.6 10.5 10.6 10.3 10.5
[?0104] /igéM. - 0.7 1.2 0.98 1.25 1.2 1,07
T, / °c. ~3 =39 =3 =39 =39 =39 =39
Time/h. 48 20 0.4 ©0.55 1,25 1.0 2
Yicld % 0 98 0.5 6.4 12,0 9.8 56
Run No. 30 14 17 18 20 31045

fZ,B-diox?E]/M, 10.0 9.86 9.4 4.7 4.7 3.7 10.4
L,
[§c1o;] /102M. 1.45 16.7 22.0 7.8 1.8 1.6 1.45

T, / °C. =35 =37 =40 =40 =78 =25  +49
Time/h. 20 18 48 48 19 21 48
Yield i 37 30 32,5 o] 0 1 0

Tf = Final tomperaturec

Bulk 1, 3-dioxan = 11.7M.

This cxpcriment was carricd out with 1.65 basc=!i of dimor/trimcr
mixture (DP = 2,27)
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Since poly-l,3~dioxolan is solublc in methanol I had to presume
that poly-1l,3-dioxan would behave similarly and therefore I looked
for soluble oligomers in all the solutions. Thus, the alkaline meth-
anol solutions were freed of methanol and free monomer by distillation
on a water bath. The residue was further dried at 40o in a vacuum
oven at 12 torr. Each sample was reduced to a yellow oil which had
an odour similar to malei¢ anhydride. Hexane did not extract
anything from the o0il. These oils eventually went cloudy.

The infrared spectra of these 0ils showod that theoy wore not polymers
of 1,3-dioxolan or 1,3-~dioxan becauee the typical absorption at
1100-12OOcm-1 due to the formal group was absent.

Similar spectrs were obtained from oils which werc produced
by direct oxtraction of the methanol solution with hexane.

From these spectra it was not possible to decide what the
products werce but they certainly werc not polymers of 1,3-dioxan
or 1,3-dioxolan.

3.2.3. Tho Oligomerisation of 1,3-Dioxan by Anhydrous Perchloric

scid

The oxperiments described here were carried out in vacuo,
in sealed tubes. The solvent and monomer were distilled into the
vessel and tho acid dosed by orushing a phial, containing a solution
in mothylene dichloride, magnetically.

The results of these exporiments areo given in Table 3.3.

Crystalline oligomers of DP, 2,2-2,6, werc formed when the monomer
concentration was high; they precipitated from solution. Yhon the

monomer concentration was lower as in experiments 18 and 20 these
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oligomers wore not formed. The temperaturc of experiment 18 was
varicd betwcen -22%nd -550 before it was killed at -40° and oven
tho lower tomperaturc of ~78° (run 20) did not induce oligomorisation.
In experiment 31, we attemptcd to polymerise these oligomers but
they depolymeriscd under these conditions,

‘Therefore, crystallinc oligomors of 1,3-dioxan are only formed
wheon they can crystallise from solution, Thus Wwhon a non-solvont
for the oligomers is usod (c.g. hexane or diethylethor) as a solvent
for the monomer, oligomcrisation does occur oven at low monomor
concontrations (see seccticn 3.2.4.). '

In onc experiment (48A) quantitative formation of the cyclic
oligomers occurrecd.

At +49° thc reaction mixture (45) was a ocloar, light brown
solution. A trace of oil was isolated, the infrared spectrum was
similar to that of the monomer oxcept for strong absorptions at
3, 5000!11-1 (hydroxyl group) and 1.730cm-1 (carbonyl group).

Although the kinetics of the oligomerisation were not measured,

oxporiments 40-45 indicate that there is an induction poriod.

3.2.4. Phosphorus peontafluoride

The phosphorus pentafluoride was generated by heating benzene
diagonium hexafluorophosphate (phosfluorogen) at 160°. The gas
was bubbled through the monomer or monomor sclution, which had
been prepared on the vacuum line (see Chapter 2)., In most cascs
a condenser was used to prevent tie fluorobonzone passing over.
However, in the initial attempts somc fluorobengono was carried

over into the reaction vessel. In ono experiment (12), in which



Table 3.4.

Tho Oligomorisation of 1, 3-NDioxan with Phosphorus Pentafluoridc

Run No,

11B
46
114
12
13
29
28
23
3D
24
25
&
M
42
35
56
47

Cellg

+ = present, o = absent in I.R. spectrua.

7

11.7
11.7
11.7
11.7
11.7
11.7
11.7
11.7
11.7
9.3%
5.9%
5.0%
2.8%
2,9%
3.9°
5.9
2,8%

o}

solvent

OT
C

0
-36
-36
~36

time Crystals

days yield 4

17 0
0.1 35
2 1
3 4
3 1
4 28
p, 43
5 34
4 0
13 70
13 0
3 0
0.8 0
2 0
1 0
1.9 31
0.8 61

E’F;l about 0.3

DP

2.3

2.96
2.5
2.3

Groasc

yicld ¢

traco
0

0

O.4

tracc

trace

trace

P

CH2012 solvont; b 1,7 baso=M rystallinc oligomers;

*
Carbonyl
band

+

o]

¢ Et20 golvent
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0il was formed, it was possible that some fluorobenzene was proesent
in the reaction mixture. However, in subsequent expoeriments where
fluorobenzenc was allowod into tho rcaction mixturc these oily
oligomers could not be reproducod.

Table 3.4. shows the essential results of those exoveriments.
Tho oligomers formed had an absorption duc to a carbonyl group in
their infrared spoectra. A comparison of the spectra of 1,3-dioxan
oligomers with and without tho carbonyl absorption at 1730 cm-l,
showoed that weak bands at 1450, 965 and 870 czm-1 vore also associatod
with it. Therefore, the absorption at 1730 cm-1 appears to be due
to an aliphatic aldchyde group. When HClO4 was the catalyst,

this group was only formod at high temperatures, whoreas it was

noticeable in some of the oligomers produced by PF_ at ~36°.

5
However, &8 the dosing technique improved the aldechydo group was
not noticed so often.

In experimoent 38, bulk 1,3~dioxan had not polymerised after
18 hours at 0°. By this time the sclution had turnocd slightly brown;
the solution was then dilutod with mcthylene dichloride to 5M and
left for 78 hours at -78° before killing it with ammonia in ethanol.
Aftor distillation a small quatity of yocllow grease romained. There
was only sufficiont for a woak infrared spectrum and apart from
absorptions at 1730 and 3500 om-l it appeared to bo poly~l,3-dioxan.
Sinco a small quantity of groase was produced in 3E, various reaotions
wore carried out in order to produco a higher yield.

Séme orystallinc oligomers woere procipitated from roaction

mixture 12, but a 0. 4% yield of yollow groasc was also isolated.
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This oligomer was solublc in carbon totrachloride ~nd had a D.P.
of 8.2 but infrared svcectroscopy showcd that an aldchydc group was
present. The crystalline product alsc absorbec at 1730 cm_l but
this was probably duoc to traces of highor molccular weight oligomcr.

Exporiment 13 was carriod out so that less oxygon wzs orcsent
in the system. An H-tubec fitted with a cold finger condonsor and
a greasod tap was used. Bonzene diazonium hexafluorophosphato uas
placed in thc side orm which was fitted with a cold fingor condcnscr
and tho whole was attached to the vacuum line and ovacuated for
goveral hours. The monomcr wos distillod in, tho apooratus was
goaled off from the line, and the vacuum let down with dry nitrogon.

Hith the monomor at -37° the PF_ was gcneratod.

5

Although a largor yield of crystallino oligomors wes formed,
no grcase could be isolatod. The carbonyl absorntion was still
prosoent in thc infrared spoctrum of theso oligomers, thoroeforo
the carbonyl group wis not formcd from a reaction with atmosphoric
oXygon.

In run 25 a small yield of groase which had no carbonyl group
was produced.

Thoro soemed to bae littlo corrclation botwecn exporimental
conditions and tho formstion of groase. Thorcfore, we conasidored
the possibility that fluorobengzone affected thc roaction and in
oxporiment 29 some fluorobenzeone was doliberatoly allowod into tho
roaction vessel., The crystalline oligomors worc still formod dut

without a trace of groasc eand infrarod specctruscopy showed the

absonce of a carbonyl group.



Table 3.5.

Exporiments with PhN2+ PF6~

PO R N L T O sy -

b

Run No., 3n® 3B 10 22 21
E, 3-dioxolar /il.  14.5 - - - -
|1, 3-as0xan]/n. - 1.7 117 1.7 4.7°
[an* PFé'j M. 0.02 0,02 0,02 0.2 0.1
T/ °C - 20-140 20 -36 =71
time/days - 1 17 2 15
yield ;- ~ 0 0 68 0

& 1, 3~dioxolan polymoriced immediatcly the tcmpcraturc of
tho solution was above 0°,

® Initial poriod of 20 mins. at +50° (scs reforonce 5)

° The solvont wos mcthyleno dichloride; in the other
exporiments bulk monomor was uscd.



Tablc 3.6.

The N.il.R. Specetra of 1,3-Dioxcpan, 1,3-Dioxen; their Dimors,
1,3-Dioxocan and 1,3-Dioxonan

op Pcak Position T

1, 3-dioxan
1 (Honomer) 5,18 6.1° 8.25°
2.2 t5 2.6 5.4% 6.28" 8.25°
Poak—~arca ratio 1 : 2 s 1
Position of protons 2 A and 6 5

1, 3-dioxopan
1 (ionomor) 5.342 6.31° 8.35°
2 5.46% 6.50° 8.3°
Peak-arca ratio 1 : 2 : 2
Pogition of protons 2 4 and 7 5 and 6

1, 3-dioxocan
1 (fonomor) 5.4% 6.31% 8.31¢%
Position of protons 2 4 and 3 5,6 and T
Poak-areco ratio 1 : 2 : 3

1, 3-dioxonan
1 (ilonomer) 5.43% 6.33d 8.31d
> 5.4° 6.5% 8.53%
Position of orotons 2 4 and 9 5,6,7 and 8

a no finoe structure ¢ Quintuplet

b Triplet d unresolved
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Different solvents, namely hcxano and diothyl cether, which are
non-solvents for the crystelline dimer at tho reaction temporaturo,
facilitated tho formation of thesu crystals at lower monomoer concont-
rations and higher molecular weight groosos wore not produced (runs
47 and 56).

The cyclic oligomors denolymerisc in solution vhoen troated
with PF5 (run 35).
3.2.5. Ehosfluorogon

Phosfluorogon5 (bcnzonodiazonium hoxafluorophosphato) polymeriscd
tetrahydrofuran, thoreforec we tosted it as a catalyst for thec poly-
morisation of 1,3-dioxan. Tho ¢xperimonts worc carricd out in an
ovacuated H-tube which contained a small quantity of tho catalyst
in one arm and the monomer and solvent in the other.

The rosults aro shown in Table 3.5. Tho crystallinc oligomors
were still formed from bulk monomor at low tomperaturcs (22) dut
they worc brown and could not be purifiod by standard technigues.
In thc othor exporiments itracos of brown grossss worc nroduced.
Exvoriment 3A was dono for comparison anc it showed thot 1, 3-dioxolan
polymorisos rapidly with this catalyst.

3.2.6. Tho Structure of the Crystalline Oligomers

The orystalline products wcro shown to bo a mixturo of tho
cyclic dimor and trimer by molecular weight dctoraminatiun and
H.M.R. spoctroscopy. Tho DP of thoso products ranged from 2,2
to 2.6 whilst thoir N.M.R spectra (in carbon totrachloridc) of
thom showed thet therowere no ond-groups snd that thoy must thouro-

foro bo cyclic (Tablo 3.6.). Evon whon tho spoctrs wore re-run at



- 49 -
highor sonsitivitios no othor peaks wore obscrved., A similar
up-fiold shift wes observed for protons in the 2~, 4~ 2nd 6~positions
as woas observed for tho cyclic dimer of 1, 3-dioxenan,

Infrarcd spcctroscopy did not show any indication of ond-groups,
oithor.

Carbon 2nd hydrogcen onalysis of tho product froin orzporiaent
484 gavo 54.7% (54.67 in thoory) and 9.06, 1 (9.1 in thoory).

The crystallinc oligomors of 1,3-dioxan molted at 83-37°
and 101~104° with slight dccomposition.

Although our molecular wecight data show conclusivoly thot a
mixturc is formod I decided to tost this by difforontial scanning
calorimotry. One samplc of DP = 2,3 produccd two melting nooks at
103.50, 105o ard then a vapourisation pcak. A samylo (DP = 2,05)
hod onc peak with a shoulder(102.5°). A run at o lowor scanning
spoed gave the shouldor ai 99° and tho peak at 101°, 1% appoars
that tho dimoer has tho highor melting point which is about 102°,

Unlike poly=l,3~dioxolan and poly-1l,3-dioxepan the cyclic
oligomors of 1,3~-dioxan aro not susceptiblo to oxidativo dogradation,
producing formaldehydo, at room touporaturc. Howover, Tablu 3.7.
shows that aftor 2 years tho molocular woights of somc samples
had dropped to values which weore closor to thot of the dimer.

Tho possibility of calibration orror was rulod out by.moasuring
gspocimen 53B and this had the samo molocular woight within oxpori-
montal orror. Therefore, the triuor of 1,3-dioxan avpears to r.vort

40 tho dimer ovor a period of timc.



Teble 3.7.

Thg Molccular ‘leighig of 1,3-Diox n syclic Oligomcrs

Run No.

13
19
49"
52
54
51%
53
53
59
55

Product 134
M. 7. (1967) 213
Mo¥. (1969) 193

538
180

176

38 294
214 202
184 178

(Dimor) = 176

Tablo 3.8.
Sovaration Attempts
Mothod DF

bcfore aftor
Extraction 2.5 CCl4 2.6; Hexone 2.4
5, 0.01 torr/.00° 2.3 2.6
s, 0.01 torr/55° 2.3 L =2.2; B=21;¢C = 2,1
5, 498,0.01 torr/50° 2.4 2.3
S, 49C+D,0.01 torr/50° 2.1 2.2
3y 14 torr/50° 2.3 L =2,6; B =23
R, H)0 2,2 X =2.3: 7 = 2,05 (I)
3, 53Y,12 torr/60° 2.05 2.2
R, Hexane 2.3 2.4
Chromatography 2.3 2,3

= gublimetion; R = rocrystallisation; I = insoluble

A fraction which hed sublimcd the furthost.

3low sublimation, A aftcr 12 hours, 3 artcr 1 day.
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3.2.7. Separation attonpts

The mothods urod to atteuwpt the seporation of tho dimer and
trimer of 1,3-dioxan includod sublimation; chromotography anc
rocrystallisation; howovor in nono of thoso oxporimonts did we
succood in separating thc trimer from the dimer. The results givon
in Tablo 3.8. show thot the products from 49C and D had DP's of
2,10 £ 0.05, but thcse wore still mixtures. Intorconversion betwocn
dimer and trimer is 2 possible¢ rcason fur our unsuccossful attompts
at isolating the dimor bocausce ono product from run 53 had a DP of
2.05 which on sublimation incroascd to 2.2. Thc othor problem conne—
ctod with theso soparations is tho casc of formaldehyde formation
whon tho crystallino oligomors were hoatod. When hoated in wator
tho crystalline oligomers gave a positive tost for formaldchydc.

3

liestormann~ could not frootionate poly-l,3~dioxolan by column
chromotography. Howevor I tried thc samo process with tho oligomers
of 1,3-dioxan and this was also unsucccssful. Only 12-. of the
product could be rocovercd from the columa by olution with hcXano,
bonzone and their mixtures and the DP of this fraotion wos 2.3, It

appoarod that dopolymorisation occurred on the chromatographic

column,
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3,3. Discussion

We confirmed the non-polymorisability of 1,3-dioxan dbut we
wero able to producc oligomors whose DP rangod from 2.2-2.9. le
showed thom to be mixtures of thc cyclic dimer and trimor, but we
did not succeed in separating the mixturc into its componants.

Oligomers of 1,3-dioxan could only be formed at high monomer
concentrations (almost bulk) and only when they could crystalliso
from thc reaction mixture. This means that for 1,3~dioxan,£1H88°
for oligomerisation must be insufficiently negativ: to set off tho
loss of ontropy and that the dimer and trimer can only be formod
when their latont heat of crystallisation, Lc' makes tho total
enthalpy ch.ngel Hmo aAHsso - /Lc/ sufficiontly negative.
3.4. 1l,)Dioxocan

This monomer cannot be preparod easily by the usual method6,

(soe Chaptor 2 for details), because the roaction

CH,) Qc . /(cnz) i
o ) B, —yom CH\20° /cH2
OH .HO H,0
.

gives only a lovw yield. The cyolic ether tetrahydropyran is morec
stablo and is produced by dchydration of tho glycol in profceronce
to its reaction with formaldehyde. Normelly, a 10 mold,’ oxcess of
formaldehyde is used in this synthosis, but the yield of totra~
hydropyran thus obtained was 40% (b.p. 87-88°, 752 torr) and of
1,3-dioxocan was only 2, (b.p. 134°, 752 torr). Thoso vproducts

woro characterised by infrarod and N.M.R. spootroscopy. Variation
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of tho conditions did not incroise the yicld of 1, 3-dioxocan apprecia~
bly except whon a lorge excess of the glycol (2 mole : 1 molo HCHO)
was used. In this oxporiment a yiold of 9.5% 1,3-dioxocan was
obtainoed.

¥Wlith 60% aqueous perchloric acid as catalyst insteed of
phosphoric acid, the whole roaction mixturo charred on heating.

This monomer polymeriscd readily with phosphorus pontafluoride
as catalyst. Tho polymerisation was carried out on the microscsle
and tho polymor was not oxamined.

3.5. 1,3-Dioxonan

Only a small yicld of 1,3-dioxonan could boe isolatod from the
roaction mixture of formsldchyde and 1,6-hoxancdiol (stondard
conditions - sev Chapter 2) when it was vacuum distilled st a prossuro
of 12 torr. The product was rodistillod off sodium hydroxide
(b.p. 159—1610/746 torr). Although thc infrarod spoctrum indicsted
that tho product was 1, 3-dioxonan thero worc two snall oxtranocous
absorptions at 1640 and 3640 cmrl. Thesc romainod in tho spoctrum
ovon aftor tho product had boen treated with sodium mctal. Most of
tho roactants had formod o gol; extraction with carbon totrachloride
yioldodanoil whose N.H.R. and infrarcd spectra showcd it to be
poly--1,3~dioxonan. It was not possible to obtain a molecular wcight
by vapour pressure osnometor.

No monomer could bo isolatod wh.n tho roaction was repoatcd
at a pressure of 12 torr.

Water can be removod from a condensation rcaction by azeotropic

distillation, With hexanc as the solvont tho wator was romoved
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azootropically but the product was still a gel.
With an oxcoss of 1,6-hexanediol the roaction mixturo also
golled.
With aqueoue porchloric acid as tho catalyst a violant rocaction
oocurrced which produccd a charred mass. Although a sample of
polymer could be isolated from the gel, it wge not noasible to

dotormine its molecular weight by vopour prossure osmomeotry.
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SEGITUN 4 = CHAPIER 4

Cyclic Ethors

4.1, Introduction

As is outlined in the introduction to Soction A the six-~membored
cyclic ethers have not been polymcrised. With tho oxporioncs gainoed
in dimerising 1,3~-dioxan it was docided to investignto the nolywmoeri-
sation of 1,4~dioxan and tetrahydropyran.

Oxepon, a soven ucmbered cyclic ethor, is an intcresting
monomer. It can be preparcd in low yiold by tho method of Kirimann

1-4

and Hamaide y but ié¢ ccrtains two impuritics which boil very
closo to oxopan. This monomor can be preparcd by othor nethods also
in low yiold. High tomporaturc dehydrstion over alumina§ (300°;

29/ yiold) or calcium phosphato7 (3800; 30" yioeld) has boeon usod.

The roaction of potassium hydroxido with 1,6—hcxamothy1enebromohydrin8

9

has also becn usa. Hydrogonation of oxopin” is also montionod in
the literature as a mothod for preparing oxopon.

In this Chaptor the methods used in an attempt to improve tho
yield of oxepan arc enumcrated for completeness, Oxepan polymeriscs
very slowly with the catalyste chosen.

For the polymorisations tho monomer was refluxod over and
froshly distillod off lithium aluminium hydridc beforo use. The
monomor was dietilled into tho roaction vessol which wos o tube
fitted with a ground-glass joint or the roaction vossol described
in Fig. 2.5. for tho dosing of PF5. Tho formor vossel was closcd

with a ground-glass stoppor sealed with a Toflon sleuvo. Thoe catalyst

wasg dosod by brooking o phial mognotically.



Tablc 4.1.

Luf=Dioxen
Run No. 27 34 36 37 33
[1,4-dioxan] 1. 8.2 5.6 9.5 3.8 3.6
[}atalysé] /. 0.36> 0.2° 0.2° 0.07° 0.07°
time/dayg. 3 0.9 1 1 1
7/ % 18 19 19 =36 -19

Tablo 4.2.
Tctrahydropyran

Run No. 58 62 57 61

[zup] /- 8.5 5.9 9.9 5

[1,3-dioxen /. - - - 5.7

[E?talyég] Ju 0.16° 0.2° 0.2° o0.2°

time/day;- 3.5 2 3.5 2

? /% -39 -8 -39 =39

% HC10, oddod as 3:1 ic,0 / 70" hqueous HC10

4

b
PP
5

c anhydrous HC10

4

4

The solvent w's mothylene dicliloride and bulk

THP is 9.9M.
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4.2. L;4-Dioxan

Table 4.1. gives the dotails of thc attompts to polymerisc
1,4-dioxan,.

hcetic anhydride/zqueous porchloric acid has boon suggostedlo
ag a catalyst for the polymerisation of 1,4~dioxan, thorofor.,
oxporiment 27 wes atitompted. The reaction mixturoc turncd brown
after a fow hours,; but no nolymer was formcd.

In tho uthor expoerimonts the solvent was methylono dichlorido
and this woas usod so that wo could usc tomperaturcs lowor than 12o
(tho f.p. of 1,4~dioxan). In none of tho expcriments wns thoro any
extonsive polymorisotion but smears of yellow greascs could be
isolated. Exveriment 34 yiclded suffiocicent for a weak infrorcd
spoctrum and this had thce oxpocted absorptions for poly-1l,4~dioxan.
4.3. Tetrahydropyren (T.H.P.; Tablo 4.2.)

From our oxperionce phosphorus pentafluoridc socemcd to be the
best catalyst to use in an attompt to polymcrisc T.H.t’. Since
wostormannll showed that phosphorus pontafluoride and anhydrous
porchloric acid polymerisc tetrahydrofuran, both thosc catalysts
wore also used with T.H.P. 1In all tho oxperimcnts tracecs of oils
woere producod, but thero was only sufficicnt from oxporimcnt 57
for a wosk infrared spoctrum. This spoctrum was not rosolvod but
it did indicate thot polytotrahydrofuran may havo beon formod.

Out of curiousity I triod to copolymorisc T.H.P. with 1,3~
dioxan (the conditions are given in Teble 4.2. run 61) with
phosphorus pentafluoride but no polymor resultod. The oyclic oligo-

mors of 1,3-dioxan wore not formod cithcr.



No.

P26

P27

53
P56
P54

Rof.

15

8,13

12

Tablc 4. 3.

Attempted Properations of Oxsvan

Method

Rofluxing HD in "xylenc” solution with
moleculaxr sicvos.

Refluring HD in "xylenc' solution with
molccular sieves in the prosenc:c of 1, H_PO

I
As P26 with finc mosh silica gel.
Ls P26, ‘xylenc’ rcplaced by decalin.
is P27, coarsc moesh silico gol.
As P26, Anhydrons EtOH solvent
Holton HD dripped slowly into 98 H2304,13O°

P31, room tomperaturc at l2mm prosoure

2molo HD/1mole dimcthyl sulvhoxidc, 24 hrs.
190

Hoxamethyleno chlorohydrin + KOH
6~-bromohoxyl acotato + KOH

1,5-pentamothylonc dibromido + %n0 + H,0,150°

HD = 1,6-hoxanodiol

Product

C

0

0
Charring
Charring
1 oxopan
+ 4 other
compounds
12,. oxcpan

0

14,.
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4.4. Oxopan
4.4.1. Tho Properation ond the Imouritics

Oxcpan can bo proparcd by tho method of Kirmanun and Hamaidelz
1,6-Dibromohexanc is converted into l-mothoxy, 6~bromohexanc by
recaction with sodium methoxide. Tho product is cyclisod by dist-
illing it in tho presonce of forric chloride. Tho yield of the
final stage is quotod as 70f but the highest yicld I obtaincd wos
A4 so th~t with a 40-507" convorsion for the first stago the ovor-
all yiocld of oxopon from this procoss was low,

Yoroovor, thorc aro -wo impuritios in the final product ot a

lovel of about 5-10/%. Tho boiling points of theso irpuritios

are vory closo to that of oxepan so th t fractionation did not
soparato thoms. In tho g.l.c. traccs thc impuritios wcro shown as
shouldors on tho main posk and could only be sonaratod undor condi-
tions which produced vory long retontion times. Thercefory, wo undor-
took a short study to attempt to impruve the yicld and tho purity
of tho product. Tablo 4.3. onumeratcs thesc mothods,

P53 was analogous to the preparation of oxotans by dohydro-
chlorination of tho corrcsponding ohlorohydrinl3.

Tetrahydropyran hos been propared in 90/ yicld by hoating
1,5-pontanodibromido with zinc oxide and wator in o scaloed tube
at 150o for scveral hours but this mothod only yiolded 14 <% oxovan,

All theso proparations except P53 yicldod oxopan containing
apparontly tho samo impurities ond oven a sample of oxupan from
B.A+3.F. had these impurities. TFFurthor work to preparoc oxcpan

should be dirccted towards dehydrohalogonation of the hnlohydrin or
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tho hydrogenation of oxcopin.

In some proparations of axopen by XKirmania and Hama.ido's1
mothod, a poak at 4.31T in tho N.M.R. spcctrum wos obsorvoed. This
could be roaoved by treatment with dbrominc in carbon tutrachloride.
Thus onc impurity contoins a doublc bond. Howovor; this trcatment
did not affcct tho main impuritios (ge.l.c.).

N.}M.R. spactroscopy shows thot the impuritios are charactorisod
by a triplot at 8.8T and a pcak at 6.7C. Tho othor wrotons, duo to
tho impuritios arc undorneath tho main oxcnon pcaks (tho intcgration
is not as closc to the thoorotical as normally oxpccted). This
indicates that onc of tho impuritiecs has a CHB-C—C-X or a CHB—C-X
group, whore X is probably an oxygcn atom.

In a later papcrz, Kirunann ond Vlartski rcportod thnt the
attompted cyclisation of compounds contoining tortiery halogons
yicldod only unsaturated compoun;:élo.g.

3
3--cn(ocH3)—(cr@12)?_--c((,1+13)201 e CHB-CH(OCH3)—(CH2)2-0(033)-01:12

Thoy concludod thot vrimary halogenated compounds geve good yiclds

CH

of thc oxacyclanc whorcas scoondary halogen compounds yicldod
mixturos of tho oxacyclano and the corrosponding olefin.

Schustor and Lattormannéa also isolatod somo compounds containing
two double bonds from tho dehydration of 1,6-hoxanodiol.

Tho impuritios, prosent in oxopan, arc vroduccd in thc final
cyclisation stago boecause they wore still prosent in tho oxepan
producod, aftor caroful purification of oach of thc intormodiato
products.

The following mochanism has boon proposod for tho cyolisation
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roactions
(CIL,) = (CH,) 4
Foll, 2703 _ {2 3/)
X(CH,) OCH, ==y J FCL X | /' +CH.X
2’n"""3 p 3 L, S 3
v o_,,—'
CH,
whoro X is Cl or Br.
3

Kirmann and Hartski~ proposod this mochanism sinco the corrcse-
ponding oxonium s2lt could be isolatod from thou coyclisntion of
1-Bromo,4~mothoxybutane with antimonyventachlorido. This tortinry
oxonium salt producos totrahydropyran on heating. This is analogous

.
4o tho docomposition of tr.ethyloxonium totrafluoroborate by hoat

and in solutionl7.

Sevon mombored rings aro difficult t. foru, so that it is not
surprising that tho more casily formcd ring compounds with five
and six mombers may be prosont in oxcnon. This mothod of Kirmann
and Hamaide1 gave 1007 of tetrahydrofuran and T.H.P. but only

707 of oxepan. Similarly, dimethoxyaloanos4

can bo cyclised to the
corrosponding oxacyclancs by troatment with a Lowis acid/hydrogen
halide mixture (o.g. SbCls/H01). Only 10/ of oxcpan was produced
whoroas tho yiolds of T.H.P. and $otrahydrefuran wero 907,

It appcars that tho impurities may bo othyl substitutod totra-
nydrofurans and/or methyl substitutod totrahydropyrans, although
these wero not isolatod. Tho 2-substitutod compounds sro tho
most likoly bocauso thoy could be isolated from the dehydration of
1,6~hexancdiol vo.pour with alumina6. (2-mothyltctrahydropyran
bep. 103%; 2-cthyltotrahydrofuran b.p. 106°). Frankold and his

coworkcors obtainod & 70/ yield of*oxidohoxane" from the treatment



Table 40 40

The Bulk Polymerisation of Oxepan

Run No. 60A
[oxepat_-;l /M. 8.9
l:cata.lysil /10K, 4
+ -

catalyst Pth-PF6
r /% ~35
time / day 2
Polymer 1

t = trace

+ = polymer

0 = no polymer

60B 175 63 60C

8.9 8.9 8.T% 5,3
4 2 0.5 0.4

PF; PP, nc104f 4

=35 +20 +20 -78
2 9 6 2

t 0 0 t

*  Solvent is methylene dichloride

HC10,”

74 718 170
8.9 8.9 8.9
2 1 2

Et30*3F4f
+35 +35 +40
1.3 0.7 2

+ + +
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of 1,6~hoxancdiol with squeous sulvhuric acid. This wos shown to bo

104 1,6 “oxidohcxanc” 25 1,5 ‘oxidohexrnc and 65. 1,4 *oxidohexeno’.

Prcsumably thoe compounds wore oxepon, 2-nsthyltotrahydropyrsn, ond
2-othyltctrahydrofuran,

By comparing thc infrared spectra of oxopan containing 17
and 10% of impurity we scvo that tho absorptions of 1330, 1280,
1050 and 940 o} are duc to the impurity. Tho absorption at
1380 en ! is most likoly from an othyl (or isopropyl group).
Thorofore, infrared and N.M.R. spectroscopy suggost thnt the impuri-
tios in oxcpan arc an olcfin, mothyl substituted T,H.P. and’or
cthyl substituted totrahydrofuran.

Sincc tho olefin proscnt in oxcpan is probably

CH =CH-(CH2) -0le, which can be formod by dchydrobromination

2

of l-bromo,b6-mothoxyhexane, thc following mcchanism is pronoscd

for tho formation of 2-ethyltotrshydrofuran and 2-mothyltctrahydro-

pyran.
PR
cn "CH,,
P CH,,—CH
2
e CH \ 0 — cu3cHZ-cnz/ 2}112
0H2 Nbno %
+ -t MO
Pl Br "H FeCl,Br )
f FoCl,Br
d l
CH, © + MeBr + FoCl CcH CHZ Q\\+ MeBr + FeCl3

3 3
!
]

! J \.___,/
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4.4.2. The Polymcrisation of Oxcpan

It was not possiblc to obiain oxewan complotely fruce from
impurity. However, various attempts to polymerisc smcll samples
of oxcpan werc made. These were only qualitative cxperimentes so
thot the catalyst concontrations zro only aporoximate,(Table 4.4.).

I found it surprisingly difficult to polymerise oxepan, as
polymocr was only produced aftor aday at 35o in theo presence of triethyl-
oxonium tetrafluoroborate. Under the same conditions totrahydrofuran
polymerisced rapidly.

It is not opossible tc say wiacthor the impuritios copolymorirod
but it is quito likely that the impuritics may have roacted orcforen-
tially with tho initiator. Cortainly i'.M.R. spociroscopy of tho
volymer indicatoed the presenco of ethyl groups but these could
have come from the initiation rcaction. The polymsrproducod in
reaction 78 was divided into two parts; onc part was killod at
40° (DP = 14.3) and the other vort killod at 20° (DP = 46).

From the plot of DP against tomporaturc for exporiment 70,

o]

0
g ==11.7 cals/molo/dog. (Iasss

Tc = 41.50- Thoreforc using ASS
for 1,3~dioxepan = -11,7 cals/mole/deg., -12.8 cals/mols/dog. for
bulk polymorisation of T.H.F.) an approximatc value of AHSB can be

oalculated as =3.6 kcals/molo.'l‘hiavaluo is of tho samo order of magni-
tude as that for tho polymorisation of 1,3-dioxepan (&\Hss = -3.7
%+ 0.2 kcals/mole).
4.5. Disoussion
The thurmodynamics of thc polymerisation of oxevan has not

becon studied. However, an approximaote valug for AH“ es
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calculated from tho coiling tomporaturs of the bulk volymerisation
(Tc = 410) using z}Sss for 1,3-dioxepan. Although.ssss would
most likoly be differcont for tho bulk nolymerisation thc value of
-3.6 kcals/mole asrecs with the valuo for 1,3~dioxepan QrHsB = =3.5
kcals/mole)19.

Tho surprising fact is the apparent difficulty with which oxcpan
polymerises. Often the solubility of thc catalyst was 2 problcm.
Triethyloxonium tctrefluoroborate wss not rcalily soluble at room
tenmperature but w-+s sufficiontly solublo to cause polymorisation at
+35°. Solublc catalysts such as anhydrous perchloric acid and
phosphorus pontafluoride did not polymorise oxenan, and only small
quantities of groases wore isolated. Both those catalystis polymerise
totrahydrofurar fairly rapidlyll.

The only report in thc literature concerning thc polymeri-
gation of oxopan is by Gohm and Adamzo. Thoy, too, found the
polymerisation to be slow. For cxaaple, 5 of vphosphorus pontae
fluoride on bulk monomer only oroducod a 15, yiecld of polymer
after 4 days at —150. Similarly, aluminium trichloridc only vnroduccd
18 of polymor after five days ot room temperature. Tkey also
showed that opichlorohydrin accoleratcd the rcaction.

Lal and 'I‘rick21 propared polyoxenan by hcating 1,6~hoxancdiol

with 0.9/ of BFJB%,0 and 0.5, of HyS0,. The yiold was only 10

4.
Hobin22 has also proparcd polyoxcpan by 2 similar method.
It is not known whectheor tho slowness of the roaction is due to

impurities or whothor it is a proporty of the molcculc.

Tho impurities are difficult to remove from oxepasn, but I
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have tried to show th't they arc probably 2-sthyltctrahydrofuran
an 2-methylitotrahydropyran.

Tho boiling point of oxecpan quoted by Kirmann an. Hamaidel
is 116°/760 torr. I found that tho fraction at this boiling point
contained a large amount of impurity. BEvon at 1200/738 torr some
impurity rewmained. At best the impurity could be roduced 0 17
but this was after most of tho oxepan had bcen distillod awsy., It
sooms that tho figurc of 121°/741 torr quotod by Schwoizor and Parhom’”
is tho more reliablo.

Tetrahydropyran and 1,4~dioxan woro confirmed to0 g non-~
polymerisablo. The cyclic dimer of 1,3-dioxan was not formod in

tho prosence of tctrahydropyran and this is probably due to tho

higher basicity of tetrahydropyran.
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SECTION B

Tho Polymcrisation of Cyclic Formals by Tricthyloxonium Salts

Introduction

This soction of tho Thesis is concorncd with tho polymorisation
of 1,3~dioxolan catalysed by tricthyloxonium tctrafluoroborate.

Tho original rcason for trying this catalyst was that polymer~
is tion was not oxpected to occur. It was thought that hydrogon
abstraction from the 2-position of 1,3-dioxolan would bc tho prefcrrod
roaction, ond thot dioxolenium totrafluoroborate would boe
formod together with othanc and diothyl other. The
dioxolenium ion was thought not to catalyse the polymorisationl.

Tho cstalyst was provarcd undor high vacuum so as to romove
any moisturoc completely, bocause hydrolysis of triethyloxonium
totrafluoroboratc produccs fluoroboric acid which might well catalyso
the rcaction.,

Howover, polymeorisation does occur, but the initiation is not
+ho simple unambiguous roaction which Yamashita2 at onec timo beliovod
it to be. Ho bolicved that ocompletc transfor of the othyl cation

to0 1, 3~dioxolan occurrocd.

s
o

+ C + ol
E4,0" B 50 + 0 O%-Et B

Chaptor 5 is concorned with the polymorisation and it is shown

;o
+0_0 ——> Et

there that tho polymeorisation is propagated by a muoch lower conconi-
ration of ions thon is present initially., The mein rcsction is tho
doocomposition of triothyloxonium totrafluoroborato to non~conducting
products. Chaptor 6 prosents tho results of a study of this roaction.

In ordor to oxplain why tho decomposition rcaction continuce
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as polymerisation takos place, and why thecre is not a continucd
incrooge of active contros, a study of ithe degree of ion association
of tricthyloxonium salts in mothylenc dichloride was mwadoc. Tho
results arc givon in Chaptor 7.
This study shows that tricthyloxonium salts arc associated

in solution and that thc tertiary oxonium ion can be solvated by
othzr molecculos.

Tho only studies on tho polymcrisation of 1,3-dicxolan by

s2’3 and Modvodov's4 schools.

triothyloxonium salts arc by Yamashita!
Thesc papors havoe been d.rcussod ir tho goneral introduction to
this Thosis (Chaptor 1), and thoy show that tho mcchanism is far
from cloar.

In contrast to this, the polymerisation of tectrahydrofuran
has boon studicd by many workersjithco roviow by Droyfuss and Dreyfu335
contains 110 rofercncos. In particular, tho polymerisation by
triothyloxonium tetrafluoroboratc has boon studiod by Rozenberg6
and by Tobolsky7. The latter papor is important bocauso it was
shown thorc by radioactive traccer techniques with 014-1abellod

initiator that one end of ocach polymor molocule is an othyl group

(only one third of tho ethyl groups worc labollod, donotod by *).

Et. — Et : )
/o+ Bt +/ \-—-—-) >0 + EfesO )
Et A Et AT A
- - \ 7
BF, pF, o o
L\
* o \
Eto(CH2) 4= o\/
BF,

4
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Tobolsky elso showod that tho ratc of initiation was fast coumparcd to
the rate of provagation and that tormination was very slow. Thus
the rcaction curves could be analysed in torms of an cquilibrium
polymerisation without tormination. Tho rosults were in agrocmont
with Rozonborg's6.

iThoroas Tobolsky7 used a roaction temperaturo of Oo, Dreyfuss8
found that at 300, {ermination by rcaction with the anion was notico~
able. The stability of the anions was in thoe ordor.

T e '\:,; = -
PF6 R |JDF6 - BF —— Sb016

.

Hith Et O+SbCIE, transfer to anion occurred, that is SBCl_. was

3 5
formed which initiatod the volymorisation less efficiontly thon

the salt. Yowover, initiation by BF3 (from Et30+BFz roaction) is
so slow that thc roaction of the activo contro with its gegenion
was considerod to bc a tormination.

It is now gonorsally agrecd th:t tho active contrc is a tortiary
oxonium ion. If it woreo a carbonium ion it cannct bo rosonanco
stabilisod and so is unlikely to oxist in the presoncc of oxygon—
containing moleculos, Roz«:zn.bcarg'6 points out that the primary
caorbonium ion wolld isomoriso to the morc stablc tertiary or socone
dary carbonium ion. In either case, methyl branches would bo prosent
in the polymer. In faet, the polymer has been shown to boe linecar.

This scotion of the Thesis shows that with 1,3-dioxolan tertiary
oxonium ions are the active contres but a ring-oponing polymerisation

docs not occur., Tho instability of the BF4

but only scoms to occur whon the attached groups aro saturatod. For

ion is still orovalcnt

instance tricthyloxonium totrafluoroborate is unstablo, but l-othyl-
15"-1, 3~dioxolanium tetrafluoroborato is stablo,
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SECTICN B —~ CHAPTER 5

Polymerisation Characteristics

5.,1. End-Group Analysis

Thore arc some difficultiocs associated with tho scarch for
ond—groups formed whon cyclic formals aro polymeriscd by tricthyl-
oxoniun salts. With the totrafluoroborate the end-~groups formed in
polytotrahydrofuran arc othyl, fluoride (by tormination) and an
unknown ond-group which doponds on the killing agont. Both ethyl
and fluoridc ond~groups arc difficult to dotect by infrarod speotro-
goopy. Thc C-F bond absorbs at 1,110~1,000 om ) which is in the
rogion at which tho C-O bond absorbs.

Polymors wore mado with 1,3-dioxolan as the monomor and

L
EtBO BF4

duoc to transfor to solvent, thoso worc also looked for. It was

tho catalyst, and analysed. As C~Cl bonds may bo prosont

ocstablishod by infrared spoctroscopyof aloWw molocular weight

(DP = 5.5) samplc botwocn sodium chloride discs that C=Cl bonds
werc absont. A Laossaigno sodium fusion tost wos mado on throe
gamplos (84, 89C, 85). Tho acidificd oxtraot was treated with
silver nitrato solution. A procipate was not formod, but tho
golution from 84 was vory slightly cloudy. This could woll havo
boen duo to occludod mothyleno dichlorido.

Samplos of tho solution from thc sodium fusion tcsts wore
trcatod with Alizarin-girconium roagontl. Bach t.st was nogativo,
so that corbon-fluorino bonds 2ro also abscnt from tho polymor.
(Tho sonsitivity of thie tost is quoted as 100-200 g‘ of O-fluoro-

bonzoic aoid).
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5.1.1. Infrarocd spoctroscopy

Thosc spoctra wero takon with 1. solutions in carbon totra-
chlorido.

Tho spoctra of soveral samplos of puly-l, 3~dioxolan, mado with

+.
Et30 BF4

a high molocular woight samplo (DP = 34.6) and onc of DP = 5,5 arc

catalyst, worc cumparcd. In particular the spoctrum of

tho same. A low molocular woight polymor (DP = 7.8) prupared by
anhydrous porchloric acid catalysis also had a similar spoctrum.
The only diffeoronce was an OH poak at 3,500 cﬁ“l and a very small
absorption at 895 omt i. tho lattor spoctrum. Tho pusk at €95 o
secmcd to bo associatod with tho OH group os its intonsitiy varicd
with that of tho OH band and disappoearocd whon the OH band waes absont,
No othor examnles of thc C~OH stretohing appcaring at about 900

cm'l arc known, but a spoctrum of 2-mcthoxycthanol had en absorntion
at 890 cm-l, which w2s abscnt from a spoctrum of 1,2-dimothoxy-
octhane. This shows that this band is duc to thu OH group.

As far as tho triethyloxonium totrafluoroborate polymerisation

is conoornod, tho following ond-groups could bo shown to bo absont.

of 3500 om Y
Vinyl ethor 3,105-3050 om
Carbonyl groups 1,740-1,720 ow ™t
Carbon-Chlorino 750-700 on™*
Primary or Socondary Amine 3,500=3, 300 om

Quatornary Ammonium ion (R~ﬁH3) 3,130-3,030 ot

(Tho valuos arc takcn from Crossz)
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End~groups which cannot be d:toctod with ccrtainty by infrarosd
spoctroscopy in tho prosence of tho polymer spoctrum includo cyeclic
onde and mocthoxyl groups.
Similarly, the svoctra of poly-1l,3~dioxcpans, proporod by a

+
Et30 BF4

groups was also apparcnt.

polymorisation, werou compared and the absonco of ond=-

By comparing the spoctrum of poly-l,3=-dioxolan with th-~t of
diethyl ether the possiblc absorption positions of on othoxy end-

group can be scen. The C-CH, should appoar at 1380 — (1375

3
+5 om1)2 as it ie at this: position in diethyl other. A bond
appears at 1350 om Y whichis most likely due to the symmctrical

doformation vibration of tho CH3 group. The CH, strciching vibration

3
1l -1,2 .
(2975~2950 cm ~)“. The two formor absorptions

appears at 2980 om
could bo scen in tho presence of the polymer. Howevor, thesuy absorp-
tions are not proescnt in tho spectrum of poly-1, 3-dioxolan and
thereforo, it is reasonable to conclude thot othoxy ond-groups

aro absont,

Howevor, with poly~l, 3-dioxopan it is not possible to observe
those absorptions bocausc of tho absorption duc to the polymor. The
addition of dicthyl othor to tho polymor only »roduccd a small
shoulder on one of the absorptions duc to poly-l, 3-dioxopan,

Tho polymor of 1,3~dioxolan produced with triocthyloxonium
hoxafluoroantimonato as a catalyst was not so cloan, [or instanco,
an OH band was noticod togethcr with o carbonyl absorption at
1735 omrl, but tho carbonyl group disappoored and thc OH group

was diminishod whon the polymorisation wes killed with triothylamino
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instesad of "0.880% ammonin.

In cxperimont 181, part of tho roaction mixturc was killod with
ammonia (181A) whilst the othor holf was killed with anhydrous
triethylemino (181B), 1814 had 97.5 monomor units vor OH group and
1818 had 263 monomor units vor OH group (scc Seetion C for mothod)e
Thoe DP of tho polymer waos 14.5.

Thie shows that OH groups arc produced by tho wator in thc
killing agont. This suggests that oithor thore arc ond-groups
which react to vnroduce an OH groﬁp or, moroc likely, that the polymer
is cyclic and the water ovens the ring., This has boen shown to be
the case for the perchloric acid polymerisation (Scotion C). The
formation of the occasional ocarbonyl group cannot be oxplainod at
this time. A aetailod study of the polymorimation of cyclic forinols
with tricthyloxonium hexafluoroantimonate is requircd.

501.2. Nucloar Magnectic Spoctra

The spectra of low molecular weight samples of poly-l, 3-dioxolan
and poly-i,}-dioxepan wore takon with 10% solutions in carb:n tetra~
chloride, with TM3 as the intornal standard. Thesc spectra only
showed the expeclod peaks, and thc U valucs are in complote agroo-
mont with the published va.lues3'4; ovon at high sentivitios no
othor peaks werc prosent,
5¢1¢3. The Dimer of 1,3-Dioxepan

As it was not possible to locate ethyl ond-groups with certainty
by infrared and N.M.R. speotroscopy I docided to tcst tho cyclic
nature of the polymer from l,3-dioxopan by attompting to imolate
4

tho oyolio dimer. HWostormann™ had shown that tho orystalline
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dimor of 1,3~dioxcpan was formod during the vwolymorisotion
with perchloric acid as & catalyst.

In oxperiment 93 1M 1, 3-dicoxcopan was polymerisod with 2X10-3H
triethyloxonium totrafluoroborate at 250. Aftor tho reaction was
ocomploto, tho reaction mixturc wes squilibratod at 10.7° and killed
with ammonia vapour. Tho excess moncomer and solvent wcre removed
carefully at 20° at a pressurc of 12 torr, pumping was continuod for
goveral hours at 12 torr/20°. Tho product contained white orystals.
Thesc orystals werc isolatcd by vacuum sublimation (0.0l torr/60°);
4.7% of the product wzs 1o orystaliinc dimer. The melting point
was 85-88° which on rosublimation increased to 91—91.5o (Lit.4
90-92°). Tho N.M.R. spectrum agrcod with thet quotod by licstermann.

This is good ovidenco that the polymerisation of tho cyclic
formals by Et30+BFZ
5.2, Tho Kinotics of the Polymerisation of 1,3-Dioxolan catalysed

by Triothyloxonium Tetrafluoroborate

Tho most extensive kinetic study of 1,3-dioxolan and 1,3~

also produces cyclic polymor.

dioxopan polymerisations was by Hestermanns. Ho showod that the
polymerisation of 1,3-dioxolan with anhydrous perchloric acid
catalyst had an acceloration period followod by a first ordor
phaso, whoreas the polymerisation of 1,3-dioxopan wss wholly of
first order with respect to monomor. He oxplaincd the acceloration
obsorved for 1, 3~dioxolan by the highor besicity of th. polymer
compared to the monomor. With l,3~dioxopan tho basicities of the
polymor and monomor arc almost the samo. All the evidence pointod

to0 tho active species boing secondary oxonium ions. 1In tho
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1,3~dioxolan polymcrisations the porchloric acid was not ionised
complotoly until 25/ of tho polymcrisation had occurrcd. This
was indicatod by conductivity measuremonts taken during the poly=-
morisation.

Thoro was a linear rclationship betweon pcrchloric acid concen-
tration and the first order ratc constant (kl) ovor a ton-fold
concentration range of tho catalyst. Conductancc measurements,
under conditions such that no polymer wos formed, showod that
/-{/ Eclo&] was constant for a ten-fold dilution.

From thoso oxporimenis he concluded that oach perchloric acid
molecule yiclded an activo centrs. Therefore, tho second order
rate-consts1ts wore interproted as the rato constants of propa-
gation (kp).

k. (1,3-dioxolan) = 6,2 £ 0.2 x10% 1mo1o7? min~t at 0°

)
ky ( n ) = 3.4 % 0,5 X10° min~t at 0°
k) (1,3-dioxepan) = 1.9 0,06 X10° lmole™t min~t at 0°
k, ( " ) = 1.8 £ 0.3 X204 min™? at 0°

The polymerisation of cyclic formals is an equilibrium proceoss
go that the kinetic schome of Tobolsky and of Rosenberg for the
polymerisation of tetrahydrofuran by triethyloxonium tetrafluoro-
borate can also be applied to the polymerisation of 1l,3~dioxepan
and for the last half of the polymerisation of 1, 3-dioxolan.
Hestermann5 has shown this to bo tho case for the polymerisation
of coyclic formals by anhydrous perchloric acid and his kinetic
treatmont is shown below,

P; + P1 :;% P;+1 propagation



where Pl is monomer and P; is protonated polymer.

Above 257 convorsion for 1,3~-dioxolan (and wholly for 1,3

dioxepan)
I B -y 2T
_§C104) - LP_} = a where ?P = l_.Pn !
- : nm2
! =
Py = m
Then -dm/dt = kme - kja

But kd = kpmG
where m is the equilibrium ooncentration of monomer.
Substitution for kd gives

du/dt = kp a (m—ne) ,
and substitution for kp

+ dmfdt = ky (mo-m) /me
Sinco for 1,3-lioxepan and thc lator part of tho polymerisation
of 1,3=dioxolan the rcactions are of first order with rcspoci to
monomor,

~dm/dt = b (m—me)
whero kl - kpa
Similarly the first halfof the dopolymorisation of poly-l, 3-dioxolan
was also of first order, so that

[ ]
+ dnfat = k (m_-m)
'

whore k, = k, & /mo

YamaahitaG and his coworkers used Et3O+BF;

1,3=dioxolan. They ocalculatod a sooond order rate constant from the

to polymerise

maximum rato and identifiod it with.kp. As will be shown, this
procedurc is invalid for this system, bocauso the caxalyet7 is not

100% offiocient. My study of this systom is discussed in this
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section of tho Thosis.
In later studies on the volymorisation of 1,3—dioxopan8 and

l,3,6—trioxocan9

by the samc catalyst Yamashita had bocome uncertain
ebout the number of active centres. He did not calculate kp or

k1 but only thc maximum rato Rp. The kinotic curves obtained
for these monomers are much the samc., The ratc of polymorisation
of 1,3-dioxepan is greatcr than that of 1,3-dioxolan.

Most of the work of Kucera;o

and his coworkcrs was concernced
with kinotic moasurements and thoir intorprotation of the polymeri-
sation of 1l,3-dioxolan by octamothyloyclotetrasiloxane bisulphatc.
The oxporiments wore made under anhydrous conditions with known

smounts of 'rater present. Kuceralo

2 vasod his kinotic schemo on
tho assumption that the active centroes are carboxonium ions which
wore supposed to bo in equilibrium with unreactive tertiary oxonium
jons. Although this schome does fit the exporimental results, the
basic assumption is not justifiod by any supporting evidonce. The
rate constant for thc propagation was not calculated. Kuccra did,
however, determine two compositec rato constants for each part of
tho conversisn ourve.

Gorin and Monneriol1 studiod tho bulk polymerisation of 1,3-
dioxolan at 25° with merouric chlorido and boronfluoride othorato
as catalysts. These kinotic exporimonts wero carricd out in a
gomi-open systom., The results were found to be in agrocoment with
the schome proposed by Kucera and Pichlerloa. Sonsibly, thoy
refrainod from caloulating & ratc oconstant from thoir data.

Chil-Gevorgyan12 has polymorised 1,3-dioxolan in bulk and in
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methylonc dichloride solution by boron trifluoride otherato.
Those oxperimonts wecre not carricd out undor rigourously dry condi-’
tions since they only used "dry-box" tochniquos and the monomer
was distilled off sodium motal bofore boing stored under dry nitrogen.
In a footnotolza it is noted that the roesults were not roproduciblo,

Howevor, he does not calculate any rato constants from thesc
results but in a later paperlzc proceceds to oxplain the acceleration
period mathematically as an auto-catalytic offoot although no ovi-
dence is presoented for this assumption.

Lyudvigl3 doos, however, suggest a propagation rate constant

for tho polymerisation of 1,3-dioxolan catalyscd by triethyloxonium

hoxachloroantimonato. The value of k given is 75 lmole " min~!
at 20° but from tho data in the papor kl/c -5 1mole t min~t at 20°,

The rate constant has a much lower value than the ono Wostormann§
obtained. It is probable that a similar effect occurs with this
catalyst as with tho totrafluoroborate. That is, tho ocatalyst is
inoffieiont duc to its decoomposition. Tho rolative merits of this
paper will be discussocd later as tho mechanism proposed socoms to
be highly unlikely.

5.2. Experimental Rosults

Introduction
My polymerisations wero carried out in vacuum dilatometers.
In later oxperimonts a dilatometer with elooctrodes for conductanoce
measurcmonts was used. The roaction is so slow that it was nocossary
to use high monomer concentrations, and a temporaturo of 25° wag

most convonient,



Table 5.1.

Tho Polymorisation of 4M 1,3-Dioxolan at T = +25°

Run No. | 84 86 85 88 90
[§t3o*3ﬁ2]/103m. 8.0 40 8.0 8.0  10.0
E;zé]/lo3m. 4.0 - - - -
k, /min"t 0,086 0.089 0.25 0.13  0.18
' DP 45.3 40 4846 - -
4 Conversion 64.8  65.5 65.8 63.8° 63.8"
X : 45 48 5 34 32
' Induotion time, min 42 29 25 . 21 14

)
Calculatod from dilatomotric contraction

X = ¢, roaction which is of first ordor with rospoct to
monomer.

Fig, 5.1,

Conversion Curves for tho Polymerisation of 1,3-Dioxolan at 250

showing the Effoct of Hotor on tho Rate of Polymerisation (Table 5.1.)

Pig, 5.2,

Pirst Order Plots for Roactions 84, 86 and 88 (Tabdble 5.1.)
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Tho polymerisation is charactorisod by an induction poriod,
an acccleoration and a first-order phasc. It is an oquilibrium
roaction and a typical timo-conversion curve is givon in Fig. 5.1.
Pig. 5.2. shows thot the last part of thoe roacticn is of first order
with rospect to monomer.

As has beon discussed in the experimental scction of this
Thceie, tho concentration of triethyloxonium tetrafluoroborate is
a littlc uncortain because of the method of dosing tho catalyet.

5.2.2. Effect of lator

Only ono oxporimont (84) was carried out to show tho offoot
of wator on the polymcrisation. This oxporiment was undortakon to
aid determiration of the initiation reaction. If HBF4 had beon

the initiator a faster roaction would havo occurrod (hydrolysis of

4+, - 14
Et30 BF4 )

As can bo seen in Fig. 5.1. the apparont effoct of tho wator is to

is a fast process™ 7). In fact, tho roaction slowed down.
roact stoichiomotrically with Et3O+BF;, thus reducing the concont-
ration of catalyst. Thoro is also a longor induction poriod in the

6,15.

presence of the wator. Similar results were obtaincd by Yamashita
5.2.3. Ropolymorisation Experiments (Table 5.2.)

The first attempts (86 and 88) at repolymerisation, aftor
depolymerisation gave surprising results. Tho polymerisation had
finishod beforc the dilatometer could be fillod. Thereforo, it
was necessary to uso a lowoer initiator concentration so that tho
rcpolymorisation could bo followod. The reaction mixturo 89 was
warmod to 60° (the caloulated T, = 49°, but I expootod a slightly

highor value bocausc of tho high monomeor concentration) and



Table 5.2.

Repolymerigsation of 1,3-Dioxolan at T = +25°

Run No. 89 894 898 105 1054
&onomea /M. 4.0 4.0 4.0 3.0 3.0
[:Et3O+BI:"_2j/103M 2,0 2.0 20 1.0 1.0
k, /min~* 0.045 0.053 0.049 0.018 0.018
% Conversion - - 64 - 44*
4, Conversion (calc.) 64.2 64.2 64.2 49 49
DP - - 41 - 19.1
X 17 108 701 16 58
Induction periog/min 40 0 0 110 0

X = % of reaction which is of first order.

This repreosents the observed part of the roaction but it
appoared that whole rcaction was first ordor.

*
Estimated from the volumec of polymer solution remaining after
sampling, actual yield = 20%.
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depolymeorisation occurrcd. Tho dilatometor was placed in a bath at
250 and the sccond polymorisation was followed. Tho procodure
was thon ropeated. Tho initial cathetometor roadings showed the
contraction duc to cooling as well as polymerisation.

Thon a dilatometor is uscd to follow cquilibrium polymerisations
at thosc monomeor concentrations it is nocessary to put thc final
mixture into the side arm for killing. This nccossitates partial
dopolymorisation and rothormostatting with tho solution in the side
arm. As tho yicld of polymor obtained in this way did not vary
outside oxporimental orro: it is safe to assumo that tho roaction
does go to squilibrium after dcpolymerisation. The results of tho
ropolymoris.tion oxperiments also agree with this assumption,

Therofore, I oquated the final contraction that occurrcd on
ropolymorisation with that of tho first polymorisation.

As is shown in Fig. 5.4., tho iwe ropolymcrisationg agg comp-
lotoly of first ordor with rospoct to monomor, and tho rate constants
(kl) calculated from theso plots are the semo and equal within
oxperimental error, to tho kl calculatod for thoe first polymeri-
gation (Table 5.2.).

thon conductivity measuremonts wero mado during tho polymori-
gation it wag found that tho conductivity continued to drop for
geveral hours aftor tho polymorisation had roached cquilibrium.
Experimont 104 was loft until the conductivity was apparontly
constant and ropolymerisation was then attempted. Repolymerisation
occurrcd rapidly, as before, thus showing that a loss of activo

conircs was not roesponsible for tho conductivity change. Experimont



Tablo 5.3.

The Polymorisation of 3M 1,3-Dioxolan at 25°

Run No. 105 1054 103 102 104 101 106 109 115
| Et3O+BF;]/103M 1.0 1.0 6.0 6.0 6.0 6.0 8.0 12,0 12.0
- i

k, /min” 0,018 0.018 0,05 0,052 0,077 0.085 0.127 0.077 0.092
% Convorsion - 44 48.8 48 51 48.5 49.6 49 51

X 16 58 34 50 33 35 38 50 55
DP - 19.1 21.118.0 17.6 25.3 33.0 - 13.0
b/ - ton™ 13.9 =~ 19.9 40.1 41.3 =~ 57.8 50.7 -
K/ s e 9.6 0.57 - 19.0 28,0 = 40.3 34.4 31.7
K/ S"ton™ 0.42 0,42 - 0.9 0.7 = 7 1.5 L5

Induction period/
min 110 0 60 80 21 23 23 15 19

* Calculated from dilatomotric contraction.
X = % of roaction which is of first order.

Kx is tho spoecific conductivity of the catalyst solution beforo
addition of monomer.

Ko is the spocific conductivity at the start of tho experiment.

tf is the final spocifio conductivity, sovoral hours aftor polymeri-
sation had roached equilibrium.
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105 was undortakon in tho same way. A lowor catalyst concontration
was usod so that the ratoc of ropolymerisation could be moasurcd.
Once again tho first order rato constants worc the samo. However,
in this casc tho catalyst concontrotiin was vory low and a short
accoloration period was noticcd (Fig. 5¢5¢)

5.2.4., Conductivity Moasuromcnts during Polymorisation

The polymopisationof 1,3~dioxolan by Et30+BFZ is much slowor
than tho corresponding rcaction catalysed by anhydrous porchloric
acid.

A dilatomoter containing electrodes was constructed to sce
whethor conductivity measuremonts would hoelp to solvo this problom.

o P
0 BF4AFS ionic .

It was not sxpocted to bs of much help becausa Et3
Howevor, a slight change of conductivity could have bocn possible

if thc active contre had a difforont mobility to tho triothyloxonium
ion. As can bo scen in Fig. 5.5. thesc runs are informativoe. Tho
conductivity dropped stoadily throughout thc induction period until

& slightly faster docroase of conductivity occurrod dus to the
increased viscosity of the modium and the leszer mobility of the
polymeric cation. After the polymorisation had reached oquilibrium
tho conductivity still continued to drop. It did not recach a constant
valuc until about 1-2 days after the polymerisation had finishod.

It was oloar that somoc ionic spocios Wereo being lost that wore
irrolevant to tho polymorisation. In exporiment 105 tho systom

could be ropolymorised even after the conductivity hadreached its

1

minimum (0.4%yﬁ7 cm-l)Depolymerisation raised the specific conduce

tivity ({) to 0-5}u5t-1°m-1 (25°). on polymerisation, the spocific
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/
conductivity dropped back to O.4%u£[-1cm‘1, but this was O;EZZ%}V
duc to a viscosity chango during polymerisation. Tho final conduo=
tivity of tho reaction solution is mucﬁ smaller than the initial
conductivity duc to triethyloxonium totrafluoroboratec. Thosc valuos
are listoed in Table 5.3. The final conductivity will bo seen (sco
soction 5.3.) to be due to tho active controc and also somo
dioxolonium totrafluoroboratec.

is shown in Fig. 5.6. tho plot of tho k) against |Bt,0'BF, |
is roasonably linocar although tho points are scattorod cither sido
of the line. Much of this scatter is due to somo uncortainty in
the catalyst concontration. Theroforc, it wos docided to use the
conductivity of triothyloxonium totrafluoroborate sovlution before
addition of mornomer (%x) ag a calibration to detormino the cotalyst
concentration morc accurately. The plot of kl against tho

-

\Et O+BF:] dotcermined by this mothod is givon in Fig. 5.7. The

3
degrec of scattor is roduccd,but not completely. I have given loss
woight to exporimont 102 boecausc this reaction had an unusually

long induction poriod and was also tho first conductivity cxporiment.
Also experiments 106 and 109 are somc way out of the calibration
range and may bo orroncous. Tho valuo of kl/c obtained from this

plot is 9.5 lmole™! min~l. The scatter is not surprising booauso

o*BFZfbut tho

tho number of active centres does depend on thoi Et3
s -

dopendence noccd not nccessarily be linoar.
Theo calibration was detormined by dilutingthroe phials containing

043940.68 and 0, 4 mwles of tricthylononivm Sosdafliuoroborato rospoc=

tively, with methyleno dichloride in a vaouum conductivity cell.



Table 5.5.

Tho Values of k; and actunl [_Et30"npzja at 25°

Run No, 105 103 104 102 109 106
[1, }-diOXOlan /M. 3.0 3.0 300 3.0 300 300
= L

LEt30 BF4]a /1031-.4 1.6 3.5 8.0 8.7 11.0 12.7
1

k, /min” 0.018 0.05 (.077 0.052 0.08 0,127

Fi L] .6.
- “E"j"+ — |
Tho Plot of k) against |Bt,0"BF} | (unoalibrated - Tablo 5.3.)

Fig. 5.7
PR
Tho Plot of k against [:Et30 BF,| , (calibratod - Table 5.5.)

e
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Table 5.4.

Conductivity data for solutions of Et30+BFLin

Mothylone Dichlorido at 25°

Run 126

0.129 £ 0,004 ¢
0.678 * 0.021 mmoles

EE:t30+BFﬂ/1O3M 9.69 6,78 4.52 3,39 2,51 1,83
Kpst ont 37.2 28,3 21.1 17.4 14.4 11.8

Run 12

0.086 £ 0.004 ¢
0.454 X 0.021 mmoles

':E:t3o*npﬂ/1o3u 6.49 4.54 3.03 2.27 1.82 1.45
K/t ot 26.3 20.4 15.6 13.0 11.4 10.0

Et30+BFﬂ/103M 12.9 7.72 3.86 2.57 1.54
\1//«9."1 on™t 47.8 34.4 21.4 16.5 12.1
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Table 5.6.

The Effoct of Tomperaturc on tho Polymorisation

of 1 Dioxol

Run No, 110 A 111
[§t3o*nﬁjﬂ/1o3m 8,0 - 8.0
[Et3O+BFZ]a /103 9.1 - 6.0
K /mint 0.14 - 0.027
ky /o/lmolo.l min~t 15.5 9.5 4.5
log k, /o 1.19 0.98 0.65
% Convorsion 34 - 72

9 X 46 - 28
DP 14.3 - 27.4
K /o=t on 42.1 (25°) - -
K/t en? 28.3 (35°) -  23.4 (20.2°)
&. /SL =1 om?t 1.0 (35°) - -
Induction period/min 11 - 60

T /% 35 25 10.2
1030 / %™t 3.25 3.36  3.53

+ = T
03B _-' - i 0} .
E‘.t3 Fl}_ a actual concontration of Et3 BF4
* Estimatod from|’
8 ko.
A Using k, /c ag 9.5 lmolo t min~t from graph (soo Fig. 5.7.)

X = 7 of reaction which is of first ordar
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Tablo 5.7.

Polymerisation of 1,3~Dioxcpan at 25°

Run No, 93 94
[ﬁonome M. 1.0 2.0
[?t3O+B;Z]¢103M. 2.0 2.0
Ky /mint 0.15 0.14
% Convorsion 14# 64.5
DP 6.68  17.6
% Cyclic Dimer 4.7 -
X 58 43
Induction poriod/min 21 11

*
Calculated assuming contraction for
1,3-dioxolan equals that of 1,3-dioxepan.

I Actusd convorsion 267 at 10.7°.

X = ¢ of roaction which is of first order.
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This calibration is also influenced by the orror duc to the mid=-
point mothod (soo Chapter 2) but loss than in the polymcrisation
oxperiments. Thc data are in Tablo 5.4. and thco calibration graph
ig given in Fig. 5.8,

5¢2¢5. Tho Effcct of Temporaturc

As tho actual concontration of activo centres is not known,
Arrhenius valucs do not moan much. The activation energy for tho
polymorisation of 1,3~dioxolan by anhydrous perchloric acid wos
found to be 5.5 kcals/molos. If tho propagation is a ring opening
rathor than a ring-oxpansion tho activation cnergy of tho formor
maybe highor than the latter, thorofore an approximate value of tho
activation onergy is uscful. Two runs (110 and 111) worc made at
temporaturos othor than 250. Using tho caloculatod catalyst concon-
tration, an Arrhonius plot was constructed. Tho activation cnergy
wos found to bo 8.9 kcals/molo. This is an approximato valuc but

doos give the ordor of magnitudo.

5.2.6. Polymorisation of 1,3-Dioxopan by Triothyloxonium
Totrafluoroborate

The polymerisation of 1,3-dioxcpan has tho sama characteristics

as that of 1,3-dioxolan with Et30*3F4 oxcopt that L3~dioxopan pakymarises

e little fastor. Exporimont 93 (Table 5.7.) was killod at 10.7°

go that a high yiold5 of tho cyclic dimer could be obtained,

l

k,/c = 75 lmole " min~' at 25°

5.2.7. The Polymorisation of l,3-Dioxolan with othor oatalysts

Since tho conductivity chango7 observed is due to the

dooomposition16 of Bt 0*BF"

3 A to boron trifluoride othorate and ethyl



Table 5.8.

Polymorisation of 1,3-Dioxolan by othor Catalysts at 25°

Run No.

[&onome%]/M.
N 3

{?F3?t291/10 M.
[24r) /103N,

+o = 2
[Pnc BFA]/lO M

+ -
@tsO sw&/w%.
9 Conversion
DP
Polymorisation time/h
Induction poriod/h
K it on™t
6 At o
K, fus o™
Kf 4u$iq'cm-1
ky /mins"'1

X

108

4.0
8.0

%
17.5
8.9"

2.8
0.062
0.14
0.27

0.13

148
8.4

5.1

182

3.0

1.0

48.7
17.7

0.25
150
1,22
1.24
1.1
0.09

26

130

3.0

8.0
46
19.9

132

3.0

0.1

44.5
23.2

0.16
4.26
4,26
4.26
2,2
0.34
92

‘(b = gpocific conductivity at the time polymerisation bogan.

&Qn = moximum specific conductivity.

* killod at +55° but did roach oquilibrium at 25°.
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fluoride, it was nocoessary to chock thot noither of thoso compounds
solymorisod 1,3-dioxolan at the same rato. Dotails of those oxpori-
monts aroc in Tablo 5.8.
iith boron trifluorido cthorate, polymorisation bogan aftor

an induction poriod »f 2,8 hours and oventually rcachod oquilibrium
after 24 hours. An oquivalent polymorisation with Et3O+BF; would
havo finished within an hour. Tho conductivity wn~s moasurcd during
tho polymeorisation. Thoso aro the first conduotivity moasuroments

mado on this systom. Tho initial spocific conductivity was 0,062

/4éi-1 emt which rose stcadily to 0.14/6ﬁ71 em~ ! whon polymcrisetion
K /
startod. It roachod a maximum at AL- O.21u£L’1 cm-l and at the

ond had dropped to O.I;Auhfl oL,

Tho rate conatant was not dotormincd,

The reaction mixturc was thon dopolymorisod at 60°. The
specific oconductivity was 0.;qu-1 omL at 25°,

Thon tho solution was allowed to équilibrato at +55° beforo
it was killod with ammonia. A low polymor (DP = 8,9) could bo isola~
tod. Examination by infrarod speciroscopy showod tho polymor to
have the samo spoctrum as a polymor made by Et30+BFZ catalyseis.
Thus a polymer made with boron trifluoride othorato also, apparently,
has no end-groups.

Ethyl fluoride does not polymecrisc 1,3-dioxolan.

One of the products from the roaction of Et3O+BF4

dioxolan in mothyleno dichloride solution is dioxolonium

with 1,3~

tetrafluoroborate. Theorofore, catalysis by this compound had to

bo considcred. IY¥ can be formod "in situ’ by tho roaction of
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1, 3~diox>lan with triphonylmethyl tctrafluorobor-to. Moerwoin17
. ... shown that this reaction is almost quantitotivec. The yield of

dioxolenium totrafluoroborate was 88/% and thc salt procipi-
tatod from the roaction mixturoc. Also, Nostormann5 showod that
triphonylmethanc was produccd in 804 yiold when triphenylmethyl
porchlorate was reactod with 1,3-dioxolan.,

In a provious attempt5 to polymcrise 1,3-dioxolan with
dioxolonium totrafluoroborate low tenporaturss and low catalyst
concentrations wore used. Under thesce conditions porchloric acid
polymeriscs 1,3~dioxolan ropidly but Et3O+BFZ would not have poly-
morised 1,3~dioxolan.

Thoroforc in oexporiment 182, 3M 1,3~dioxolan was dosod with
10~%u Ph30+BFZ. K , was about 150 ol om}, tho voluc droppod
quickly to 1.4@,&1’1 en~! after 6 mins. Tho chango in conductivity
occurred simultanoously with a change from yollow to colourless
and tho formation of a white procipitato which is dioxel}onium
totrafluoroborate.

Aftor polymorisation tho mixturc was dopolymorisod by warming
it to 50° for 30 mins. Tho whitc crystals dissolvod and tho solution
turnod slightly yollow. Tho ropolymorisation was fast, as oxpootoed,
but it was still possible to rcoord tho last 20% cf tho roaction.

Hore woo some conbochon due b Ko M/ﬁ”e ehan
Although(the contraction obsorved wos 3em which is gron~tor than
tho offoot duc to tomperaturo, féhe roaction was complote in 10

mins. and tho first ordor rato constant (kl) was 0.75 min~t, Tho

valuo of k, for tho first polymorisation was 0.09 min~}, Tho rato

was prosumably groator bocausc more activo contres woro formed whon
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the dic olonfum tetrafluoroboratsc dissolved on hcating,
but . only incroasvd from 1.1 to 1.4 ek,
Ethanol roacts with  dioxolonium solts by ths following
. .18
roaction™ s
T
HOEt _EtOH , -
Sor ——=» EtOCH,CH,0COR + Et6H23F4 5.1.
I -
n BF, (2)

Thoreforu, tho polymcrisation mixture was stabiliscd at 25o and
killed with ethanol. A samplc of this solution was analysed by
g.1.c. for 2-cthoxyottyl formate (i.o. (&) whon R = H) and this was
found to bo absent., A 4 X 10_3M solution of 2-othoxyethyl formatc
in the roaction mixturoc was analysed by g.l.c. and the poak duoc to
2-othoxyothyl formato wos observed. Thorofore, tho dioxo-
lonium ion was absont in the final polymerisation mixturoc., This
test is not completoly conclusive for thc absoncoe of tho
dioxolonium ion since Meorwein18 had demonstrated roaction 5,1.
for R = Mo or EBt. Howoever, since sodium iodide18 does roact in an
analogous monner with dioxolonium salts whon R = H, Mec or
Et, tho oxtrapolation of roaction (1) to R = H secms reasonablo.

Tho polymor was isolatod in tho usual way. Somo white crystols
wore prescnt in tho product. Tho polymor would not dissolve in
95 othanol, thorofore, a quantitativo mossuremont of tho triphenyl-
mothano by u.v. speotroascopy was not possiblo., Tho triphonylmethano
was slowly sublimod from tho polymor at 50°/12 torr. Tho product
was dissolvod in 95% othyl alcohol., Tho u.v, spoctrum of this

solution was idontical with tho u.v. spoctrum of purc triphonyl-



mothenc in 9%). ethyY-aleohol. By moans of tho oxtinction cooffi-
ciont™, N (logx) = 262.5 (2.92) the yicld of triphonylmothan
was ostimated to bo T0%.

The infrarod spoctrum of the polymor was idontical with tho
infrorod spoctrum of poly-~l, 3~dioxolan preparod by othor catalysts.
Thero was a small band at 3,500 om L duc to an OH group. Thore
was no ovideoncc in tho N.K.R. or infrarcd spcectra for triphonyl-
methyl groups.

Two mechanisms con bo writton for the polymorisation of 1,3-
dioxolan by  dioxalowttn ions. Thoso arc possiblc but it
must bo romombored thot initiation by somo spocics othor than this
ion is not oxcludod. 8inoe thc rato of polymerisation was incroasod
whon the dioxolenium salt dissolvod, initiation by this

compound has to bo considored.

-
A\ ~
o‘\}m 'Oc)’ — ov\)icn2cnzocon $==2 polymor 5.2,
H BFZ BFZ
(4)
0’;,\) Al — t? — 4 Y
i, &

n»}\({} 5.3,
o

Sede

@\macnzw%@o
H
BF,

4
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(A) an® ) ccuid prop. 1te to form polymer by the ring-exvansion
mechanism. As no carbonyl grouns were vigiblo in the infrared
gpectrum, route 5.2. is unlikoly. The concentration of dioxolenium
tetrafluorobo:-nte was lO-zM;therefore7 if all the caotalyst had
formed a carbonyl group, it would have been observed in the I.R.
spectrum.

Triethyloxonium hexafluoroantimonate polymerises 1, 3~dioxolan
much faster then Et30+BFZ and kl/c = 3.4 X 10% 1mole™! min™}. Tho
polymerisation did not go to cquilibrium as shown by a low yield
of ,solymer. The conversion curve (Fig. 5.11.) shows that the

- moniscus began to rise after the maximum contraction
was reached. The reason for this is not known.

The conductivity was steady before and aftor polymerisation
indicating the greater stability of this salt. Gas chromotagraphy
showed that neither ethane nor ethyl fluoride were vroduced.

When 8 X 10™M Et30+SbFE was used the solution turned yellow
after 24 hours (the polymerisation was complete in & fow minutes).
The visible spectrum of this solution had a maximum at 746 nm.
Colour formationzo has been noticed before whon the SbFZ salts
wero used to polymerise tetrahydrofuran.

However, with a reaction rate of this magnitude, the polymeri-
0*SbFy con be studied at lower

3
temporatures. 1In this way side reactions, which provent tho equili-

sation of cyclic formals by Et

brium being set up and which produce coloured products, could
probably be made negligible at these temperature. Theroforo,

a study of this system at low temporatures should lead to & oloarer
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understanding ¢f tho polvmerisation of cyolic formals.

5.2.8. The Rate Constants for the Polymorisation of Cyclic Formals

Various valuos of the propagation rate constant (kp) for
1,3~-dioxolan are recorded in tho literature (Table 5.10.). In
this section kp for the nolymorisation of 1,3~dioxolan by Et3O+BFZ
is estimated and compared with the other values cited.

An estimatce of the concoentration of active centres (oa) in
3O+BFZ can be made from the

final conductivity (H}) which is roached aftor decomposition is

the polymerisation of 1,3-dioxolan by Et

corplete. Ceoveral assumptions have to be made to do this.

+.
(1) That Et30 BF4

(2) Trat despite the vrescnco of tho dioxolonium ion, tho

has decomposed to non-oonducting productis.

concentration of active contres, 0,y can bo calculated fromj £

(3) That tho conductance parameter of Et3O+BFZ

dichloride can boe extrapolatcd to tho polymerisation solution.

in methylene

The effects of the size of tho polymeric cation, of golvation and of
the change of dieloctric constant make this a tentative oxtrapolation.

Since it was not possiblc to determino tho conductivity of Et 0+PF2

3
in 1M diethyl ether tho parameters for Et30+BF4 in methylene dichlo-

ride are used as a first approximation.,

(4) That the total concontration of ions is such that ion-
peir formation can be neglocted.

In Chapter 7 it will be seon that tho equivalont conductivity

at infinite duution,/\oz, for Et o*PFg in mothyleno dichloride at

3
0° is 118.5351°1 om2 mole-l. From tho crystallographic radii of

the BF4

- o+, -
\
and the PF6 ions tho value of/ 02 for Et30 BF4

can bo
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computed from Stokes Law, and this givos'ﬁ})2 - 1365;71 cm? mole >,
Fig. 5.12. shows thc plot of kl against k{f. From this

Ko = 1.-3/.4.’:.'.'1 omt whon k, = 0.1 min~l, Thorefore the conoentration
of active centres is

c, = 103’Kf Ao = 1072u, 5¢5e
Furthermoro, oxperiments 132 (Et3O+SbF2) and 1054 (Et3O+BFZ) show
that the conductivity is approximately halved by the change of
viscosity and tho increased size of tho cation whioh occurs during
polymorisation. Theroefore, the specific conductivity duc to the
mo1 moeric aciive contrcs["-"a is about 2 x (.. Thoreforo, from
cquation 5.5. ¢  is approximately 2 x 102,
But k) = ky / e,

-1 - 3 -1
From k, = 0.1 min™" and o_ = 2 x 1071, k, =k /o, =5 x10° lmols

min~t

Experimcnt 1050 waes a rovolymecrisation aftor the conductivity had
dropred to a minimum; thorefore, sincek:a is known oxperimentally

no viscosity correction is roquired, and in this ocase
—2 . "'l . ‘ ‘1 "'1
ky = 1.8 x 10 © min a.ndk'o 'ka. = 0.57T4L " o "

Thereforo, o =0.53 x 107°M and k=) /o =34 103 1mole™?

min~t.

The two calculated values of kl /ca agrec Olosely with the
1 5

kp = 1.26 x 103 1mole min.'1 determined by Wostermann’ with porchlo-
ric acid at 25°. If the mechanism for tho volymerisation of 1,3-
dioxolan is that proposod by Plesch and '!estermann3 (ring-expansion
by socondary oxonium ions with H0104) and not that proposed by
Ja.acks29 (1inear propagation by tertiary oxonium ions = soc Chapter

10) thon if wo assumo that k, for our tertiary oxonium ions and
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that for tho sccondary oxonium ions in Hostermann'55 systom should
be very similar, this agroomont shows that our assumptions are
rcalistic. On the othor hand, if we assume tho validity of our
assunptions, tho results indicate that the kp for secondary and
tortiary oxonium ions arc vory similar. Furthor évidonco for the

1

last point is that k, /°a = 3.4 x 103 1mole™t min™! for the polymeri—

sation of 1,3~dioxolan by Et O+SbF2 (experiment 132) is also very

3
closc to tho kp detormined by Hestormanns.

The above calculationgarg based on the assumption (2) that
th¢ dioxolenium ion makes only a small contribution tok_f and
this will bo discussod later.

On pag. 90 we saw that k1 /Ba'detorminod from tao plot of}<f
cgainst ky (Pig. 5.12.) whoro k, was determined from & polymorisstion
at high total ion concontraiion and kl/ca dotermined from oxperiment
105A (Tablos 5.9. end 5.2.) which was a ropolymorisation at low
total ion concontration, arc similar. Also the values of k1 from

105 at high total ion concentration and k, from 105A at low total

1
ion concentration are the same. Now in tho exporimonts used for the
plot of*ff against k1 tho catalyst concentration ¢ was about 10’2M
and from the association constant 32 we can calculate that tho
corresponding concontration of freec ions, Cy9 is 2 x 10-4M (se0
Chapter 7 for tho procedure), wheroas c, which is equal to tho
total ion concontration (assumptions 1 and 2), in experimont 105A
wes only 5 x 107N and under ¥hose conditions o, »3x 100k,
Therefore in most of the polymoerisation most of the active

centres were ion~pairs whereas in 1054 moet of tho active centros
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werce free ioms. Sinco the plots of k. against ¢ (Fig 5.7.) and

1
of ¥, againstgyf (Fig. 5.12.) are linocar, and sinco ky (105) is
oqual %o ky (1054), and sincc the rato constants for successive
ropolymerisations (Tablc 5.2.), aftor further decomposition of
Et30+BFZ had occurred, werc the samc, it follows that tho propagation
rate constant for ion—~pairs must bo approximatoly tho samo as th-t
for froo ions; in other words the solvatcd oxonium ion propagatos
ot about the same rate rogardloss of whothor it is paired or froce.
Experiment 182 has shown that dioxolonium tetroafluoroborate
ca.: polymoriso 1l,3-dioxolan, Therofore, sincoa}.f of tho polymori-
rations catalysod by Et3O+BFZ depends on the contributions from
both the dioxolenium and possibly tho l—ethyl—1§+—1,3-dioxolanium
ions wo need to docido which of these is the actual initiator in
the polymerisations catalysed by Et30+BFz.
If wo omtimate the concontration of dioxolenium tetrafluoroborate
Cqr it will holp us docide whothor tho dioxolonium ion plays an
important part in the initiati n of theo polymerisation.

In oxporiment 122 (T>I ) whore o was 1072 Et 0*BF,, tho

3
concontration of cthane could be ostimatod from the hoight of theo
g.l.c. poak. From a calibration with gasocous othanc wo could ostimato
that 2 x 10”5 mmoles wero produced from 21.4 mls of thc roaotion
mixturc. That is, the concentration of dioxolconium totrafluoro-
borate, o4, was about 10M at the start of the roaction. In
oxperiment 115 (o = 1,2 x 10'2M) 04 Was about 2 x 104, Thoreforo

in experiment 115 whero k, = 0.08 mid‘l, k1/°d =-4x 10° 1molo >

min~!. Since kl/od is less than kl/ca it appears that in this
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experiment initiation cannot be solcly duo to tho dioxolcnium ion
and that it mey bo due :o both thc dioxolenium ond the l=cthyl-

l§+—1,3-dioxolanium ions. On the othor hand, sincae ¢, is grecator

d

than . the dioxolenium ion may hove dccayoed to non-conducting
products and therefore making assumption 2 (page 89) reasonable.
Tho results of experimont 182 in which IO—ZM dioxoloniun totra~

fluoroborat. was tho catalyst,k:f for the repolymorisotion was

only l.gaélfl cm"'1 and thore was no unroacted catalyst orcscent

3 1

(soction 5.2.7.). Moreovor, kl/ca = 4 x 10° lmole min~ caloulatod

froaf e and k, (whero o, =2x 10~5M) was of the samo order of
mognitude as kp ( page 90) so that according to conductivity
measureomenits only a small proportion of tho catalyst was convortod
into activc centros which propagatoc at tho expectod rato.

As woll as this tho polymorisation of 1,3-dioxolan by

Et O+SbFE (132) gevo a valuc of kl/c of tho seme ordor of magnitudo

3
as that for tho volymcrisation of 1,3-dioxolan by porchloric acid.

Therofore sinco Et3O+Sng volymerises 1, 3~dioxolan at a greator

roto than Bt 30+BFZ

the activc contrce in the polymerisotion of cyclio formals by triothyl-

without the formation of cothano, I bolieve

oxonium salts to be tho luothyl-lg*-l,3—dioxolanium ion and not tho
dioxolonium ion,

In an anslogous prooosa, Tobolsky28 has shown th.:t tho initiating
spocies in tho polymorisation of totrahydrofuran by Et30+BFZ ia
tho l—ethyl—lgf-totrahydrofuranium cation. Thereforo the initiation
of tho polymerisation of 1,3-dioxolan by l-cthyl-1H'-1,3-dioxolanium

ion is quite reasonable.



Monomer Catalyst ky /c ky /ca
lmole-l m:‘m_1
1, 3-dioxolan Hcm4 1.26 x 10°* -
1" ""' 3
Et,0"BF, 9.5 3 x 10
' -~ -
' Et,0 BF4 2.6
i
" 3o SbCl6 75 (5.1) -
1 3
' Et30 SbFy 3.4 x 10 -
*
1,3-dioxopan HC10, 1.9 x 107 -
" + o -
Et,0"BF, 7%

c
a

Table 5.10.

Tho Ratc Constants for tho Polymerisation of Cyclic Formals

¢ = total concontration of initiator

= concentratiion of active centros

25
25

20
25

25

Reoeferonce

5

Wostermann
This work7

Yamashita6

Luydvig13

This work
5

Hostormann

This work

Those are very probably k; /c, values, as the initiating

cfficioncy of HClO4

appears 10 beo vory groat.

i Sooc section 5.1. for the explanation of the two values.
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5.2.9. The Ratc Constants reportod by othor Horkors

The publishod rato constentis for the polymerisation of the
cyclic formals arc shown in Table 5.10. 3incoc tho valuc of kl/ca

(Et3O+BFZ) is aporoximatoly equal to thc value of kp (HClO4) dotormi-
5

nod by Wostormann’ for the polymorisation of 1,3~dioxolan,tho

kp's of Hostormann for 1,3-dioxolan and 1,3~dioxopan arc the most
recliable in the litoraturc.

For rcasons which have already boon discusecd Yﬂmashita'ss
13

value for kP is invalid. Similarly. Lyudvig's ™~ valuc of kp

(1,3~dioxolan) is subject to the samc orrors, hocause Et30+SbClg
docomposoes in a way similar to Et3O+BF2:

o -
Dt30 Sb016 > E#Cl + Sb015 + Et20

Howover, whoroas BF3.Et20 is an inofficient catalyst, tostormann

5

has shown that SbCl. polymcrises 1, 3~dioxolan rapidly without an

5
accoloration period. The systom did not go to equilibrium and a
socond addition of catalyst causod o furthcr polymerisation which
gtill did not reach equilibrium. Tho polymor contained chlorine.
Moreovor, Lyudvig observed a polymorisation without am accoloration
and she explained it by assuming th-t hor monomer was mnoch drier
than that usod by othors2l, It cppoars that thotyuo imitiator of
Lyudvig's polymorisation may have boen SbCl5 and thot tho rate
detormining stcp was the docomposition of tho salt.

5.3. Analysis of Resction Mixturos

As shown in this Chapter, the polymorisation of 1,3~dioxolan

by Et30+BFZ is characterisod by tho doeay of tho catalyst to non~

ionic spocios. This sootion doals with the results which lod us

’
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to vulicve that the main risaction is tho spontaneous but incomploto

4

docomposition of Et30+BF to ethyl fluoridc ond boron trifluorido
-
othoratc.

5.3.1. Gas Liquid Chromotography of Poly-l,3-Dioxolan and Rclatod

3olutions (Tables 5.11. to 5.13.)

Samples of the rcaction products of oxporimant 90 worc soalad
»ff undor vacuum and thon analyscd by gas chromotography. 903 was
not killed but opened at 20° and injected into thc chromatograph.
90C was dopolymorised, killed with dicthylamine at 66° ( >T) ond
then o samplc injocted into the chromatograph (Table 5.11.).

A comparison of thc chromatograms of 90B, 90C and 1, 3~dioxolan
at column temporaturcs of 60° and 100°, respectivoly woro mado.
Thoro was no consistoncy botwoen the sizo and the numbor of tho
poaks which followed the monomor. In 90B, at 1000, thore is a
peek with a rotontion timo of obout 9 mins. WHhen the samplc sizo
was doubled this poeak increascd fourfold. 1In S0C, whcro no polymer
was proscnt tho poak with a rctontion time of § mins was absont
which suggosts thot it is formed by decom:ogition of the polymer,
The rotention timo is too short for it to be the dimer, and tho
dimor of 1,3-dioxolan has nover beon isolatod from a polymorisation
mixturc. Tho other pcaks presont in tho chromatograme ore very
small and only occur as bumps in the basoc lino, Thqy-also appoar
in the monomoyr but at slightly diffoerent rotontion timos.

At 60°, for 90B, thero was a peak with a retention timo of
23 mins. This poeak may bc the same one which wos observed at

100°, since it was also absent from tho chromatogram of $00. The



Table

+11.

The Peaks obscrved in thc Gas Chromatograms of Polymorisation Mixtures

of 1,2=~Dioxo

lan

Sample %g KA Rotontion Times (mins)
! e
D 100 - {1.8 | 2.2 3,2 12 14 17
(2.6)] (2.6) (ax10%) (6) (1.3) (0.1)
CH,Cl, 100| - | =~ 2.2 - - - -
90B 100 | -*: 2.2, 3.2, 9.4 11.4 13 22
(1p0) (1.3x107)(3.5x10°)} (4) (0.1) (0.2) (0.1)
908 100l -} =% | 2.2, 3.2,19 11 13 15 19.4 23.4
(2/2) (2.1x°0%)(5.5x10°) [ 30) (0.05) (0. 3)(0.05)(0.1) (2.1)
90C 100 ptzmﬂ 191 2.4 , 35 11 12 13.2 18
(10.2)(2.2x10%)(1.1x10%) (0.5)(0.5)(0.1)(5.3)
Et ,NH 3.4
D 60] - {2.6 3.6 5.9 20 25 31
(0.3)| (1.7) (1.8x10%} (0.05) (0.1) (110)
90B 60| -| -*! 3.8, 7, 14 28 36
(1.6x107) (4x10°) (0.1) (10.5) (0.2)
2NHf(4.5)Q(1.6x1o4)(6.3x104) (0.1) (0.1) (0.5) (0.1)
Et,NE 60 - 4.4
EtH 60| - |1.6
90c 25 Et,NHi2.4| 4.5 7.3 ' 15.5
F2 (3.9)] (0.2) (2.4x10%) (4.6x10%)
EtH 30| -1l2.2




Tablge 5.1l1,

Notos

* The oarly peaks were not lookoed for,

I

This peak is reduced on diluting with CH,Cl

2"72

( ) The figure in paronthesis is tho relative height of the poak
whose retontion is given above. Tho smallost poaks werec
moasurcd at an attenuation of 5 x 1 whilst that of tho large
poaks was 50 x 102 or 104

CT = Column tomporaturo, which is givon bocausc tho samples wero
injeotod directly into the column and the injection port
tomperaturo varies with the column temporature. Tho injeotion
tomgerature at 1000 was about 190° and that at 60° was about
140°.

XA = Killing agont,

D = 1,3dioxolan.



The Chromatograms of Et

Table 5.12,

3

o'BF

4 solutions in Methylene Dichloride

Sample

120/11

(E+30"BF; after
138 h at 250)

115

118
(Et307BF after
10 mins at 259)

114

(E4,0"BFZ/D aften
10 mins at 25°)
BFEt,

BF3E1:2

0 /032012

0 /Et,0

EtF/CH,C1,

EtH

EtF
(a)

2

2,2

(25)
2.0
(1.4)
2.3

(4)

2.7

2.0

Retention times

*

3

(2.2x10°)| (1)#(3.6x104)

3.2
i(1.7)

3.4
[(1.7)

mins
CH,Cl, [BF,E%,0
or Et,0
3.6 7.4
(1.3)
(2.5:104)
3.7 7.0
(3x104) (0.1)
4.2
(4.5x10%)
4.6 9.3
4.0 8.0
3.6 1.4
4.5
3.6

0b

7.4

T 38
(7.2:103)\%4) (0.4)

7.8
(3x10%)

( ) The figures in parenthesis are the relative peak heights.

»*
Possibly Et

20

D = 1,3~dioxolan

Column temperature = 60°
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chror “togram of 90B had 6 pcaks following thu monomer whon tested with
a. column tomperaturc of 1000, whereas with tho samc size samplc at
600, only thrce pcaks wcre obsorved. No othor samplos came off the
column after o furthor two hours (Table 5.11.).

The chromatograms of othor sanples of monomer also had somo
small impurity pcaks following it, but they were rounded and thoir
rotontion times wore inconsistent,

From theso experimcents,; I concludo thut decomnosition of tho
polymor occurs in thc chromatograph together with a smell amount
of dccomposition of 1,3-dioxolan. 'This disagrocs with the results
of Hiki22 who isolatod soveral cyclic oxygon compouncs from the
g.l.c. soparation of noly-l, 3-dioxolan solutions producod by boron
trifluworidc cetheratc. His rosults cannot be discarded sincc ho
used difforcent polymorisation and caromatographic conditions,

In the oorly part of thesc chromatograms a pocak with a rotention
time of iwo mins. was obsorved. At first it was thought to bo
gthanc but the roteontion time of ethanc was sligihtly shortor,
Hewovor, it was also presont in methylone dichlorido solution of
Et30+BFz. Tho othor possiblo volatilo compound was cthyl fluorido.
Tho retonti n timc of an authontic samplc was tho same, so thot
tho unknown compound wos ethyl fluoride (Tablc 5.12.). Thoro was
also a poak in tho chromatogram of a partly dccommoscd solution of
Et3O+BFZ, which corrosponded to boron trifluorido cthorstc. Typi-
cal chromatogroms of thosc solutions arc givon in Fig. H.13.

Yhon thc vacuur sampling'dovice, describcd lator, was used to

samplo a roaction mixture containing Et.0'3F

30 3F, and 1, 3~dioxolan (115),
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Table 5.13.

The g.l.c., at 60°, of 107°NM B4,0'BF, in 1M 1,3-Dioxolan in Methylene

Dichloride after standing for 3 Months at 20°

Retention time/mins 1.9% 2,2 2.8 3.4° 6.4d

relative peak height 1.2 x 102 8.8 4 x10 1.6 x 104 1.7 x 103

Retention time/mins 10 13 15 17 22.6 24.6 27 31 35

relative peak height 15 25 30 -6.7 0.3 0.5 1.1 2.6 0.2

% is ethyl fluoride

v may be diethyl ether

¢ is methylene dichloride

4 s 1,3-dioxolan
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a peccit ot 1.0 mins wos obsorved in tho chromotogran. Tho rotontion
timc agrecd with thot of an outhentic samplo of othanc.

The other possibility for this poak was cthyl chloride which
might have becn formcd by 2 halogon oxchangc rcaction of ethyl
fluoride with mothylone dichioride. This was discountcd bocausc
cthyl chlorids was oxpcctod to have a longor retontion than othyl
fluorido, also tho exchange rcaction is normally very slow and this
pcak was noticcable in thce earlicst samplc anolysod and its sizc
did not incrcoso with timo. (Soc Tablo 5.16.)

Thorcforo, in solution Et.0VBF

3 4

+ - Al Al ]\
Et,0"BF) ——> Et¥ + BF,Bt,0

It also roacts with 1,3~dioxolan by hydrogon abstraction to oroduco

docomposos

dioxoloniuwn totrafluoroborate and cthance.

2t oV BR™ d{jb / ot
Et,0"BF, + — Et)0 + o\;\) + Bl
Fe

H BF4

Other sido reactions occur in this systom as shown by tho
polymerisation mixturcs oventually turning yellow on standing.
Thoeroforo, a 10-2M solution Et30+BFZ in 1M 1,3-diox§1anixxmothylone
dichloride was allowcd to stand for threo months st 20° ()‘Tc)
boforc analysis by g.l.c. By this timo it had turnod brown.

Tablc 5.13, shows that poaks at 10, 13, 15 and 17 minutos arc duc
to othor compounds which had beon produced. Sinco this is a vory

comployx mixture no attompt was mado to isolato the compounds rouspon—

siblo for thosc poaks. However, Roqen‘oorg23 hos isolnted othyl-



Table 5.14.

N.M.R. Data for the Decomposition Products of
Triethyloxonium Tetrafluoroborate

Solvent Compound T values (TMS = 10 )
I »*
CH3 c32
CH,C1 gt otpr * 8
201, 3 4 o4 5¢21
-+ - b
CH2 Et30 BF4 8.30 5.1
CH2012 BF3Et20 8.6 5.T5
0014 Et20 8.8 6.6
01-12C12 EtF 8.76 5.64
% Ref. 20 i triplets
b

*
This work quartets
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dichloromothone and diecthyldichloromethanc from a solution of

Et30+BFZ in meothylenc dichloridc which had turncd brown. Although

I have nover obsorved a brown solution from tho docompositi n of

nt.0 BF in methylenc dichloride under vacuum, brown solutions

3 4

havc been observed when Et3O+BFZ solutions arc stored in air.

These homologuos of methylone dichloride arc vpresumably produccd
tu
from alkylation reactions with borontriﬂﬁgorido otheratc and/or

cthyl fluoride.

5.3.2, N.I.R. Spectra of Et.0BF. and Related Solutins (Table 5.14.)

1 . T R Wl % A 4R B P2 ..1 4~ e

Thesc spectra wore made in N,M.R. tubos scaled to a vacuum

tipping device via a pyrex-sodo glass graded scal. The spoectra
woro taken in mothylonc dichloridc sinco Et30+BFZ is insoluble in
carbon totrachlorido and no othor solvont was avoilablc on tho
vacuwn line. An oxtornal THS samplc was usod 28 a standard and the
mothylenc dichloride did not upsct the spoctrunm of the salt unduly.
In Run 121, a 0,38 soluiion of Et30+BFz in methyleone dichlorido
was tippod, under vacuum, into a tube which was thon scalced off.
Tho spectrum was takon intormitiontly after storage at 350 for
4 hours. No noticcablc changc was obscrved but aftor onc wock at
roon tomperaturo tho svectrum had changed. The triplut at 8.3
was much reduced in sizc ond a now triplot appearod at 6.6
Similarly, the quartot ot 5.07 was rcducod and o poak at 6.2
had boen formed. This showed that borontrifluoridc evherato hed
boon formed from tho decomposition of Et3O+BFz. Although thorc

was a small triplot at 5.8 1'thero wos no othor evidence for cthyl

fluorido., It was possible thot most of the cthyl fluoride wns in
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the vapour phase above thoe solution.

In Run 150 a 0.5l solution was docomposod at 70o for two hours
and then tiovpoed into tho tube buforc sozling off. .Jhon the N.MW.R.
gcalc was oxpandced by two, throc sots of triplets could ho secon
at 3.3, 8.5 znd .75, which wore assignod to tho mothyl groups
of the salt, ethyl fluoride and boron trifluoride cthorate. The
mothylono protons of othyl fluoridec worc prcsumably boencath the
largo peak duo to boron trifluoride otherate ond the intcegration
also suggostod this. (Fig. 5.14.)

This is furthor proof for thco following rcoction:

O'BF; ——> EtF + 3F,.Et,0.

130 BF, 3B,
8

5.3.3. Exporimonts to Isolatc tho Products of tho Ruaction of

st ) N e e a—

B

1,3-Dioxolan and Triethyloxonium Totrafluoroborate

Thoe rato of polymorisation of 1,3-dioxolan by Et3O+BFZ was
lowor than oxpocted and thereforc somc ionic spocios prcsont in
the solution wero irrclovant to tho polymorisati.n, If tho chemical
nature
ﬁpf those ionic spcecics couldbo identificd thon tho initiation could
bo partially solved. At this stage we thought that one of thoso
might bc thc dioxolcnium ion. Thoroforo, I dcecided to lct - Et3O+BF;
roact with a slight axcoss of 1,3-dioxolan in mothylonc dichloride
solution under vacuum. 3By distilling off thc solvont ~nd monomor
nnd adding a fresh portion of monomcr solution it was hopod to
increaso tho yield of thc product which wes formod. Tho formation
of the volatilo compound could be monitored by g.l.c. of tho distil-

late. Tho resultant product could be onalyscd by N./1.R. spoctro-

scopy or chomical moans. In this way it was hopcd to find out



Table 2. 1 20

The Attempts to Isolate Products from the Reaction of 1,3-Dioxolan

o™ .
and Bt,0°BFy in CH,CL,

Run No. 95 97 99 994 100  100A
1,3-dioxola.r_xJ/M. 110 1.0 1.0 1.0 4.0 2.0

‘Et3O+BF'il/M. 0.75* 0.75* 0.73° 0.3 o0.11° o.11
-Hexa.ne—-l/M. - - - - - 2.0

b
Time/h 2.5 0.5 1 1 0.5 -
Temperature/ °C 18 18 18 18 21 21

& Et O+BFZ was prepared at atmospheric pressure. The salt
which was moist with diethyl ether was introduced into
the reaction vessel and thoroughly evacuated.

otEF,

b Vacuum prepared Et3 4
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whother dioxoleonium totrafluoroborate, 2—othy1-1§+~1,3—dioxolcnium
totrafluoroborate or both wore formed.

Howevor, in Run 95 (Tablo 5.15.) the solution turned brown
whon it was conc ntroted by distillation. The "carly” pecak (pcak(a)
Tablo 5.12.) was still prosont inthe gel.c,0f thc distillatc.

In Run 97 (Tablo 5.15) the rcaction timo wos shorter. Thu
white crystals romoining after distillation wcre dissolved inm
mcthylone dichloride ond tipped into o N.M,R. tubo, undor vacuun.
The crystalg had a N.l.R. spectrum idcontical to that of &t O+BF-.

3 4

was prusont in tho polymori-.

This significd that unrosctod Et3O+BFZ
sation mixture. Run 99 wes a ropoat of Run 95 using vocuum--preparod
Et30+BFZ but the mixturo still turnod brown whon tho second addition
of monomef and mothylono dichlorido was madc.

An attempt (100) to procipitatcu thesc compounds from a polymori-
sation mixture with hexanc failed. Hoexone was added until tho
coiling temperaturc of tho soluticn was highor thon the rcaction
tomperaturc but the polymor wos still procipitated.

Although thosc oxperiments woro not satisfactory thoy did
show that unrcactod Et3O+BFZ wos presont. This rosult is in agreo-
ment with tho kinctic exporimonts and tho analysis of the rcoction
golutions,

In cxporimonts in which thc monomor and solvents were romovod
from live polymorisations by buld to bulb distillation, undor
vocuum, the polymerisation of the distillatc has bcon observed.

Vory probably this can bo explainod as duc to initiation by thc

volatile boron trifluorido othorate.



Table 5.16.

Sampling Experiments - Et.0'BF in CH,C1, at 25°

30004 202
Run No. 105 101 106 15 122" 120
‘_ [1,3-dioxolax;j/M 3.0 3.0 3.0 3.0 1.0 -
Eﬁ:t30+BFZ|/102M 0.1 0.6 0.8 1.2 1.0 1.1
b .EtF/em 0.6(0.3) 1.9(0.23) 1.0(0.3) -  34(1.33) 5(0.67)
b EVF/cm 2.5(23) 2.1(1.4) 3.4(50) 24.8(7) 163 223
[Btr],/10%*  o.014  0.012  0.02 0.4  0.94 1.3
h .EtH/om - - - 1.5 1.3 -
hf.EtH/cm - - - 1.6 1.1 -
o 8.2 1.65 1.37 1.7 - -

h° is the height of the g.l.0. peak initially.

hf is the height of the g.l.c. peak finally.

& caloulated from b EtF.

*
These experimonts were carried out under vacuum (see Fig.5.15.),
whilst 101, 105 and 106 were carried out in a nitrogen atmos~-
phere (’ee Figo 2.40).

I Polymerisation time.

( ) Reaotion time, in howrs, for samples.
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5¢3.4. Sampling Experinonts

The oxperimonts doscribed hero weore carricd out to obsorva
whothor the pcok (peak (a) Table 5.12.) found carly in tho ge.l.Ce
variod in heoight throughout ths polymerisation. At the timo, tho
naturc of the compound giving this pcak was unccrtain, but it ie
now known to be othyl fluoride. In Run 101 the roactants wcre
dosod under vacuum. After the dilatomoteor had beon fillod, the
vacuun was lot down to o nitrogon atmosphorc so thot samples could
be takon through a rubber septum. During the dosing stnge theo
rubber scptum was protoctod by a broalkisoal which was brokon in a
stream of dry nitrogen. Runs 105 and 106 wore carricd out in
much tho samc way, coxcopt that tho dilotomctor wos isolatod undor
vacuum, by o Teflon tap from the sampling compartmont (Fig. 2.4.).
Thus the polymorisation ratc and the conductivity chongc could be
observed under clcancr conditions. In thoese oxnoriments tho hoight
of the othyl fluoride peak incroased slichtly during the :olymeri-
sation. Tho final samplos from 105 and 106 wore takon some hours
aftor polymcrisation had coascd and whon the conductivity had roachod
a constant minimum valuo.

It is obvious from tho figurcs in Tablo 5.16. that tho amount
of othyl fluorido meosurod was much loss thot the amount oxpected
if tho conductivity drop had boon associatod with tho formation
of othyl fluorida.

It soomod thot tho probablo rosson for this was that most of
tho ¢thyl fluorids was in the vapour phasc.

In order to provent ovaporation it was nocissary to rostrict



The Dilatometer used for Sampling under Vacuun
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tho vapour spacc above th:: samplce. This was dono by constructing
a dilatomotor which was nttachod to a tipping device via a Toflon
top (Fige 5.15.).

The rcosults for polymerisation 115 worc obtainced with this
dovicc. The procodure was as follows: tho phial of Et3O+BFz une
broken and the cotalyst solution wos mixed with tho 1,3-dioxnlon.
Somc of ths soluticn was tippod into the tipping dovico. The
tipping dovico was isolatod by closing the Tcflon tap. Tho tipring
dovice was immcrsod in liquid nitrogon to {reoze the solution and
thon scaled off. At this point the dilatomotor was roplaced in the
b~th at 25o and obsorvations of conductancc and contrncti:n wcre
gtartcd. Tho solution  in the tipping device wos distridbutod into
phials which worc immerscd in liquid nitrogen ond cach phial wos
gcalod off with a short nock. The phials worce stored at 25O and
oponod at cortain timocs for analysis. During tho timo the solution
wog cold it was assumcd th:t tho reaction wos not continuing and
this timec intorval was subtractod from tho actusal roaction timc.

In this caso two pooks appoarod in thoe ge.l.c. 2t a rotontion
timo of about two mins. (eolumn tompornturc 600). On¢ w~s shown to
be othane and the othor ethyl fluoride. Unfortunatcly, this mothod
was not perfoct as can bo soon by tho timc lag in the polymori-
sotion curve (Fig. 5.16.) moosurod by tho g.l.c. tcchnique..
Howevor, tho othyl fluoridc pook was much lorgor than in previous
sampling oxpeorimcnts but the final samplc wos token boforc the
conductivity had reached a stoady volue (Table 5.16.).

This partly explains why thc concentration of othyl fluorido
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appcars to be rclatively smoll. The other problom was thot distil-
lation from vhial to phial had obviocusly occurrcd in tho s~mpling
process as shown by a variation in tho size of tho mcthylone dich-
loridc poak. This maoy account for tho time lag mentioncd oarlicr
because tho monomer concentrotion would be difforent in cach phial,
‘ithin theeo orrors it could be seen that both tho othyl fluoride
and the othanc concontrations werc rcasunobly constant throughout
the polymerisation. Also the conductivity chongo sccned to be
associated with the formrtion of athyl fluoride.

As many polymorisation results worce available, the tcchniquo
wog mado easicr by using conditions in which no polymor was formad
O*BFT was vory slow ot

3 4

250 so thot the sampling could bi donc muro accuratoly using tho

24

standard techniquce »f phial proparation 7,

e
(i.e. at a T)Tc). The decomposition of Et

lith this method oxperimonts 120 and 122 wero carriocd out.
The results aro shown os graphs in Figs. 5.18. and 5.17. Essontially
thc result of thoese oxporimonts is th-t tho rato of loss of conduc~
tivity is a moosure of the rrto of decomposition of Et3O+BFZ to
othyl fluoridc and boron trifluworidc otherato which aro non-conduc-

ting spocics.

5.4. Summary and somec Conclusionsg

In Chaptor 5, it is shown that tho polymorisation of 1,3
dioxolan by triethyloxonium tctrafluoroborato in moth&lene dichlorido
solution is vory complicatod and is cortainly not the unambiguous
othylation which Yamashita at one timc belicvod it to be.

Sovoral factors are apparont in tho roaction schonc.
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(1) Et O+BFZ dccomposcs in solution

-
it .0 BF = 5t.,0 + P
Lt3 4 BF3Et2 BT
Tho samo roaction takoes place when Et.0TBFT is dry-distilled.

3 4

Et3O+BFZ can be formed from thosc two products if they aro kopt in
25

an autoclave for a month25° Triothyloxonium salts ~ with simplc
anions orc also unstable., This decoupositivn is also anolngous to
tho tormination obsorvced by Droyfusszo in tho polymerisation of
totrahydrofuran by Et 30“31?2.

(2) Ethanc is producod The suggostod rcaction is as follows:

™\

-

B4,0°BE; + 00 = EtH + Et,0 + (?: -
4

This rcaction is anologous to the roaction of 2-phonyl-li, 3-

27 .
dioxolon with Bt,0BF,

with 1,3~-dioxolan,

and the roeaction of mothorymothyl perchlorate26

(3) Ethylation of thc monomer occurs as woll, and this can bo
roprosonted formally by tho roaction

BF,0" +d:,\> = Et,0 + Qﬁm
but tho mochanism is much morc complicated (scc Chapter 8).
(4) Although tho catalyst is unstable, tho activo centro for the
nolymerisction is stable, as shown by tho same rcaction rate boing
obtained aftor soveral polymorisation~dopolymorisnstion cycles.
Those oxro carried out by cooling and hoating resvoctivoly so thot
if tho activo contre wasunstable it would cortainly bo docomposcd
at tho depolymoris&tion toeuporaturc. Also, no fluorine could be
found in tho polymor which would be prosent if tormination ocourrcd

by reaction with the anion.
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(5) 1In tho presoncc of 1,3-dioxolan the docomnosition of Et3O+BFZ
in solution is foster than in its absonco.

The addition of 1,3~dioxolan to mothylone dichloride lowors
the diclectric constont of tho medium, which in turn incrcasos tho
dogreoc of ion association. This offcct would incroasc tho roto,
but not thorate constant, of dccomposition if this rcoaction is ~
unimoloecular onc of thc ion-poirs, as scoms to be indicated by our
cvidonco. Thus tho fact that thc roto constant is difforont in
mcthylonc dichloridc and in 1M 1,3~dioxolen in mothylone dichloride
canrot be duc to a diolectric offoct.

(6) The polymorisation is charactoriscd by an induction pcriod, an
accoloration and finelly a first order part, up to 954 convorsion.

Oncc tho active contres have bcon produced tho rcoction is
totally of firnt ordor. 'This is th. conclusion from thc ropolymeri-
sotion oxporimont. If onc uscs thc final conductivity of the volynoer
golution to cstimatc (sco soction 5.2.8.)thc concontration of active
centros, c,1 onc obtaing values of kl/ca which axro of tha sameordor
of magnitudc as tho kp dotorninad by Hestermanns for polymorisations
catalysod by porchloric acid.

From thesc facts it ocon bo concluded that the induction ond
accolcrotion poriods arc duce to a slow production of activo contros
and not to the autooatalytic roaction sugzestod by Chil—Gevorgyanlae.
Since tho polymorisation of 1,3-dioxepan also shows the sanc accolo~
ration pattorn this shows that a diffeoronce botwoon tho basicity of

tho polymor and monomer is not solcly rosponsiblo for tho induction

and aocoloration.
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(7) Although dioxolcniun totrafluoroborate docs initiate tho
polymoris~tion of 1;3~dioxolon wo have shown (scction 5.2.8.) that
it is far loss cofficiont thaon the l-othyl—yg+-1,3—dioxolanium ion
and thorofore initiation duc to tho former can be ncgloctod.

Boron trifluoridcethorate polymcriscs 1,3-dioxolan ~t o lower
rato (Table 5.8.) tham.Et3O+BFZ and con thoreforc be rulod out os
the catalyst.

In fact, it secms likcly thot BF3Et20 roacts slowly with
1,3~dioxolon to form the samo activ. contre, 1-0thyl—1§+~1,3-diaxo-
Lan’-m; Lut nmost incfficiently.

(8) End-group analysis has provod ncgative. ‘This suggests thot
the polymor is cyclic and thorcfore that it is formed by tho ring-

oxpansion mochanism. This is discussed further in Chaptor 10,

g::} /F'—\
% --‘!{?\ G Rl\‘E wh
\ ] ero R = H or Et,

Thus, when Et30+BFZ is addod to a solution of 1,3-dioxolon in
methylenc dichloridc thero aro several obscorvations that ncod oxplano-
tion.

If tho roaction producing activeo ceniros is slow, why does the
concentration of activo contres, Co not continuoc to incroose with
4+imo whon tho catalyst is still proseont?

How is tho dioxolonium totrafluoroborate formod and why doos
its concontration not increasc with timo?

Why doos Et30+BF'4 decompose in solution?
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It appcarcd that solvation of the oxonium ion may oxnlin
at loast somc of thisc phonomcna. In frot, Chaptor 6 and T givo
oxporincntal ovidunie to nmrove this hypothesis. Tho wholc mochanism
of the polymorisation is not discusscd hore bocauso Choptor € is

dovot..d to the schemo which I propose to oxvlain my rosults.
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SECTIOY B ~ CHAPTER 6

Tho Decomposition of Triethyloxonium Salts in Methylene Dichloride
Solution

6.1. Introduction

The chemistry of oxonium salts was explored by Meerweinl. He
showed that triethyloxonium salts with simple anions (e.g. C17)
are unstable and that the tetrafluoroborate could be decomposed by

dry-distillation. When the decomposition products, BF3Et2O and

EtF, in Et20 solution, were stored in a bomb for a month, Et30+BF;

was produced in T35 yield.

Dreyfuss2 has shown that termination occurs in the polymerisation

of tetrahydrofuran by Et3O+BFZ

with the anion and this is analogous to the spontangous decomposition

by reaction of thae growing cation

of Et30+BFZ in solution which was rasported in Chepter 5.
The rate of the decomposition of Et3O+BFz ig lower in pure

methylene dichloride thon in the presence of 1,3-dioxolan; and in
Chapter 5 I suggested solvation of the tertiary oxonium ions as a
possible explanation of this fact. Before the solvation hypothosis
could be tested I decided to study the decomposition of some triethyl-
oxonium salts to make sure that the different ratos of decomposition

wore authentioc. Since tho rate of decomposition of Et3O+BFZ was

low I decided to use higher temperatures for this study. As other

jonic spocies are formed by reaction of Et.0VBF"

3 4
formals (see Chapter 5) it was decided to study the docomnosition

with thoe cyoclio

of Et3O+BFZ in the presence of another ether. Diethyl ether was

chosen because transfer of the ethyl group to the ether yields the
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same cation.

Since the rate constant of the decomposition obtained from
conductance mecasurements was the samo, within experimental error,
as that obtained from the rute of evolution of ethyl fluoride,
only tho conductivity of tho solution was used to monitor the
decomposition in thesc studics, The results obtainod arc prosented

hereo.

6.2, Experimental Results

The decomposition of triethyloxonium salts in solution is
slow, therofore I used evacuated conductivity cells which allowed
the use of temperaturcs higher then the boiling point of thec solvent.
Because such temperatures were required to produce a measurablc
rate somo notos of the procedure are given here.

For temperatures of 40° and less, thc reaction; in most cases,
was measured over about onc quartor lifo., This meant that much of
the salt romained in solution after the experiment. As the earlior
experiments showed a linear dependence of log K on,f, I made more
than one rate mcasuroment on each solution. At toemperaturos of
60° and 70° (and occasionally at 40°) distillation within tho appa~
ratus was a problem. In order to make sure that tho conductiviity
change was not duc to distillation tho dovice wes removed from the
constant tompercture bath, the contonts mixed, and tho conductivity
measurements rccontinued after the coll had boen replaced in the
bath. The coll was out of the bath for lese than a minute but a
break in the first order plot was observed. However, both first

order plots had the samo slope (see Fig. 6.1.). The concentration



Table 6. 1.

The Decomposition of Et,0"BF" in Methylene Dichloride Solution

'3 50y
Run No. 120 1414 140  141B
Emtso*]ar'a/mzm 1.1  0.68 1.6 0.1
T/ % 25 40 60 70
K (25°) fusi ont M1 284 5T 9.5
kg Il om-t 41,1 28,6  48.2 10.6
Ko pad™t omt 2.83 9.1  0.78 0.56
K /o7 0.02 - - -
K} /ot 0.018 0,115 1,2  2.17
Approx. No, of half lives 4 2 4 3

kl from g.l.c. measurements.

ki from conductivity measurements.

{o is the initial conductivity and Kf is the final

conductivity.



Table 6.2.

The Decomposition of Et.0'BFT in 1M 1,3-Dioxolan

K) 4
Run No. 112 122 146C 1464 142A 146B 146D 142B
EEt3O+BF‘i]/102M 1,33 1.0 1.0 4.2 2.3 2.0 0.8 0.54
T/ % 25 25 25 40 40 50 60 60
Ko (25") st on™ 50 40.438 168 78 - - 23.8
K, st ont 50 40.4 38 246 T4.1 112 29  24.04
Ke ppst on? 24.6 3.7 30.2 124 25.6 39 11.6 5.5
k, /h"]' - 0]l = = = = = =
K /o 0.1 0.08 0.1 0.62 0.69 2.7 4.7 3.0

Approx. No. of half-lives 1 3.5 0.5 1.5 1.5 1.5 1l.5 2
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of the salt was estimated by measuring tho conductivity of theo
solution at 25° before cach run. The nocessary calibration curve
for the conductivity of Et30+BFZ in mothylonc dichloride is givon
in Chapter 5.

o= -
6.3. Eﬁjo BF4> in CH2012

The rate constants from conductivity mcasuremonts (ki) aro
given in Table 6.1. Tho evolution of EtF and the change of conduo-
tivity with time havo been shown in Fig., 5.18. and kiat ky (for
tho rate of evolution of EtF).

Th.- irrhenius plot for these results is shown in Fig. 6.3.,
whilst the activation paramcters; determincd from this plot, arc
given in Table 6.6,

In eoxporimont 140 a u.v. spectroscopy cell with electrodes for
conductivity measuremenis was used. There wore no neaks in tho
u.v. and visiblo spectra down to 220 nm takcn bofore and after
decomposition.

6.4. Bt.0TBF

3 4rwith 1M 1, 3~Dioxolan in CH

-

Cl

22

The rosults of these experiments are given in Table 6.2,
Fig. 6.3. shows the Arrhenius plot and the activation paramectors
calculated from this plot are given in Tablec 6.6. Since a yellow
colour is ofton produced towards the ond of the decomposition tho
Ue Ve and‘Qisible spectra of solutions 142 and 146 worc taken before
and after tho reaction. Before the decomposition thoro was no

absorption down to 220 nm, but after decomposition therc was a very

large peal: with a maximum at about 280 nm. Tho solutions wore too



Table 6.3.

The Decomposition of Et3O+BFZm§n the pPresence of Diethyl Ether

Run No. 135 145C 145A 143A 143B 145B 1448 144A 144C
t 3 BFi:]/lo M. 1.15 0.5 2,2 0.63 0.45 1.8 0.35 0.48 0,29
[Etaﬂ/m. 1.0 1,0 1.0 1.0 1.0 1,0 3.0 3.0 3.0
r/ % 25 25 40 40 60 60 25 40 60
V§(25°){u!fl om™" 47.97 21.8 73.9 26.1 20.9 -~ 9.6 12.4 9.3
K, st~ ot 36.9 21.8 75 26.7 20,2 64.9 9.6 12.4 9.15
Ke fps2™" on 1.8  15.46 68 20,7 6.2 22.1 9.3 9.5 0.44
K, /B 00T = = =« = = @« = =
K /a7t 0.016 0.015 0.16 0.2 2.5 3.0 0,02 0,27 3.8
h ,(E+F) 15.2 - - 4 4 -4 -4 4 A
Approx. No. of
half-lives 4 0.5 0.3 0.5 2 1.5 - 0,5 3
[et#] /20%. .88 - - - - - - 4 4

»*
Attenuation = 50 x 1

I Betimated from hf(EtF)

¥ Conductivity of methylene dichloride solution before
adding diethyl ether.



Table 6, 40

The Decomposition of Et}0+PF'6' in Methylene Dichloride

Run No. 1544 1584 1548  158C  158B
t 10 PF]/IO M 0.54 1.5 0.34 0,44 1.0
T / °c 25 25 40 40 60
k°(25°)¢“g{1 emt 40.3 115 28.7 = 100
K, 4,,.92'1 om 40.3 115 28.6  40.9 101
ke //.57.‘1 om™t 28,7 100 21.4 1.8  41.9
K /H 0.0086 0,01 ~ 0.044 0,068 0.25

Approx. No. of Half lives 0.5 - 0.5 4 1
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concentrated for an accurate figure to bo ohtainablc., There was
also a pcak at 413 nm. The colour was dischargod on ncutralisation.

6.5 Et30+BFZ with Diethyl Ether in Methylene Dichloride Solution

The rate of docomposition of Et3O+BF- in the proesencc of

4
1M and 3 diethyl other was messured. Fig. 6.2, shows the evolution
of cthyl fluoride and tho loss of conductivity with time (run 135).
, and ki aro given in Table 6.3.)and
Fig. 6.3. and Table 6.6. show the Arrhenius plot and tho activation

Tho cxperimental valuos of k

parameters for the reaction. The concentrations of E+ 0¥BF7 shown

3 4
in Table 5.3. aro only estimated because the conductivity of th.

solution was not messurcd beforc addition of Et20 and insufficient

data on the econductivity of Et30+BFZ in the prosoncc of cther wore

available.

Exporimont 143 was carried out in the spectrometcr cell which
made it possible to determine the u.v. and visiblc spoctra before
and after decomposition. There was no absorption in both cases.

g -,

The decomposition of Et30+PFE in methyleno dichloride was

moasured. The results aroc given in Tablo 6.4. The Arrhenius plot
(Fig. 6.3.) gave the activation parameters in Table 6.5. Loss
woight hag been given to k{ obtained from 158C because distillation
within the system waos difficult to control.

In run 158 the u.v. and visible spectra were taken before and
aftor decomposition. There were no peaks in the spoctrum beforo

decomposgition but aftorwards a noticeabls shift of the basc line was



Table 6.5.

The N.M.R. of Et30+ X~ in Methylene Dichloride Solution

X" Solvent Concentration T valuss (TMS = 107)
+
M EtEO Et,0
cE.l cm *At(cH,) cu. X cm *AC(cH,)
3 2 2/ Y7y 2 2
BF4 - - 8.30 5.10 - - - -
1313‘1'1 0. 96ME*,,0 0.58 8.40 5.20 +0.1 89 6.5 «0.12
PFE - 0.5 8,30 5.10 - - - -
Ppg 1ME£,0 0.5 8.35 5.15 +0.05 8,85 6.45 =0.17
Sng - 0.5 8.30 5.10 - - - -
Sng 1MEt,0 0.5 8.30 5,10 0 8.8 6.5 =0.12
i triplets

*
quadruplets

+ represents a shift to a higher value.
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observed, without the formation of a peak, A smell amount of a
white precinitatc was formed in 158C and this presumably accounts
for the spectral change. This procipitate is probably phosphorus

3

pentofluoride eothorate since othor complexes of PF5 are solids

Ve
(c.g. PFB'O\J ).

oy = .
A 2.4 x lO"zn-Isolution of {triethyloxonium hexafluoroontimonato

in methylenc dichloride was dccomposcd at 60°. The initisl conduo-
tivity dropped from 146«:1 " om * to 103.74'Y"" om ™l in 70 hours.
The ratc constont was 4.5 x 10731™1,  The solution had turncd vory
slightly yollow after 46 hours. The u.v. and visible spectra of
t+he solutionwerp takon aftor the cell had beoon openod to the atmos—
phorc. Thore werc two peaks; onc at 332 nm and the othor at 302 nm.
Gas Chromatography showed that othyl fluorido wes presont in
thc solution, Thore was also a poak betwoen those of methyleno
dichloride and ethyl fluoride which is believed to bc diethyl ethor.
Anothor small peak with a rotention time of 11 mins. was not

idontified.

6.8, Tho N.II.R. Spoctra of Tricthyloxonium Salts in the Prosence

of Dicthyl Ether

The Arrhonius plots for thc decomposition of somc tricthyl-
oxonium salts arc showm in Pig. 6.3. Tho slope of tho line was
groater in the presenco of diethyl ethoar. Solvationvof the oxonium
ion by others was thought to be responsible for this phenomonon,
Thercefore, the N.M.R. spectra of throc tertiary oxonium salts woro

made in Et20 solution to sec whether the oloso proximity of the
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EtZO molocule causcd a shift in the spectrum. If the positive
charge on the oxonium ion is roducod an upfield shift would be
expocted.

The rcsults arc shown in Tablc 6.5.; the 7 values wors the samo
in two spcctra of thc scme solution, Thore is a slight upficld
ghift of up to 0.1 for tho CHz—protons of tho triotayloxonium ion.
This may be significant since it varies from salt ti» salt, but it
wae noccssary to discover whether this was purcly duc to a chango
of the solvent characteristics. Thorofore, the N.M.R. spccira of
0.5¥ 1l,4~dioxan in methyleno dichlorido and in 1lil diethyl othor
solution werc made. The T'valucs for the protons of 1,4-dioxan
(6.4) vore not affected by tho addition of cther, Thus, it can be
ooncludod that thc proton shift which is observed when diethyl cthor
ig added to a solution of a triethyloxonium salt is due to an
interaction with dicthyl ether and not to a solvent affoct.

6.9, Discussion

Chapter 7 shows that the association constants for ion-pair
1

formation of Et30+BFZ and Bty at 0°,
2

Calculation shows that at concontrations of less than 10 °M tho

0+PFE are about 1021 molo~

concentration of tfiple ions is much lcss thon the concontration of
ion-pairs. Theroforsc it is proposod that the ion-pair is the
chemical éntity which docomposos. This can be illustratod by the
following equation:

K ky
whoro A representht3o*} B roproasonts BFZ, PFE or Sng and X repre-

sonts tho products, namoldy BF,, PF. or SbFs, Et,0 and EtF. AB is

3' 775



Table 6. 60

The Paramaters derived from the Arrhenius Plot

Ether
added

Et3O+BFZ in Methylene Dichloride
Ea log, 4A Ast _
koals mol ™+ A in bt cals > mole_ldeg;%‘i
T = 25°% -
21.5 £ 0.5 14.4 X 0.4 =45 £ 1.9
23.1 £ 0.5 16.0 + 0.5 -2+ 2

28,7 * 0.4 19.3 + 0.3 +13.3 £ 1.4
28,7 % 0.4 20,3 £ 0.3 +17.9 1.4

Et3o+PFg in Methyleno Dichloride

18.9 + 0.4 11.8 # 0.5 #20,8 + 2
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an ion-~pair.

The rate of ovolution of othyl fluoride can be derived very
simply thus: if {A} = [ﬁj = 8, [AB] =y, [%j = X and C, = J+%,
‘bocause under the conditions of the rolevant experiments a<y,
then sinco dx/dt =Hkly = kl(co-x) we have the first-order law for the
formation of EtF. The integrated equation is x = co(l—e'klt)

The derivation of the rate-law for tho change of conductivity
has proved morc difficult ond this is still under investigation,

HOWeﬁer, at 00, the plot of K'againSt ¢ (the concontration of
the triothyloxonium salt) is linear botwoon 1072103y (Fig. 7.1.
and T.5.), thorefore we consider that ki determined from conductance
measuroments is rclated simply to k1 from the rete of covolution of
ethyl fluoride. Therefore the pqrameters dorived from the‘Arrhonius
plot (Fig., 6.3.) will be disoussed bolow.

I proposo the following scheme to cxolain my results. Tho
solvation of tortiary oxonium ions by ether moleculds is postulatod
and this is furthér substontiated in Chapter 7.

IN’METHYLENE DICIILORIDE ion-poiring occurs, therofore, tho docom-

position can be represcentod in tho following ways
Bt T LissesF

R

+ i :
co 0 0 Ne .t E
/o r; ---;./o BF, ——> DtF + BF,Et,0
Bt é’c ' Et _ét
the activation energy (E,) for this process is 21.5 keals/mole and

the activation entropytlsz is =4.5 cals dog’l mole-l.
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IN THE PRESENCE OF DIETHYL ETHER the following schemo is postulatoed:
Et Et F Et Etecece T

\ | | N\ + ¢ S~ .

/oo\*' BF, —> /0..7%.....1'3’5‘3 —> Et,0 + EtF + BF,Et,0
Et vt It Et Et L+t
The formation of the solvated oxonium ion rcduces the offective
positive charge on the oxonium ion., In the tronsition state tho
cthor is less strongly bound than in the initial statc, which is
the solvated ion-pair. This oxploins the positivoélSI, because
in the transition state thero will be morc degroecs of froedom of
rotation than in the initial state bocauso the charge donsity on
the oxonium ion is less thon in tho initial state. The activation
enorgy for the decomposition is higher then in the absence of ether,
which shows that more onergy is required to form tho tronsition
stato from the solvetod ion-pair than from tho unsolvated onc. This
is in agrooment with thc proposod scheme hecausc the reduced positive
charge on the oxonium ion roduces tho attraction betwocn tho cation
and anion.

The offoct of 1,3~dioxolan on tho rate of doccomposition is

an intormediate case, since 1,3-dioxolan donatos its lone pair of
clectrons loss officiontly than diethyl ether. This is shown by tho
basicity of 1,3-dioxolan, pK, = 6.81, and that of diothyl ether,

pr = 5.65. These valucs vwore determined by Okada4

using Gordy's
nethod.

Thus the rosults of these studics on tho decomposition of
triothyloxoniun salts can be oxplained using the hypothesis of

golvation.
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SECTION B — CHAPTER 7

The Dissociation Constant of Tricthyloxoniwn Salts

. —am—

7.1l. Introduction

Ionic polymcrisation is propagated by macromolccules endowed
with rcecactive ionic groups. It is thorcfore essontial to know
the dcetailed structurc of theseo groups. This is difficult becouse
thoso species may oxist in a variowy of forms; froo ions, ion--
pairs, triplc ions or higher %Lregates. As well as this tho ions
may bo coordinsted with solvent and/or monomer molecules.

Floctrolytic conductancc is the most dircct evidonce for the
existencoc of ions in solution and its voristion with concentration
tho most obvious way of studying ionic equilibria. It is for these
roasons thot this study of the ion associstion of triothyloxzonium
golte in mothylene dichloridc was made. Morecover, it wos important
4o decide whothor trivlco ions wore present in solutions with concent-
rations of about 107°M and, thercfore, were contributing to tho
rate of decomposgition.

Beardl has detormined tho association constonts (Kz) for ion-
pairs of 4ricthylmothylammonium iodide in methylone diohloride
solution at various tomporaturcs. The results woro analysocd by

Shodloveky's method and at 0%, K, = 1.11 x 1071 mole™! and the

2
oquivalont conductivity at infinite dilution Oﬂoz) was 111,8 .t

cm2 mole-l, and K3 (tho assoociztion constant for ioh—pairs to triple
jons) was 86.9 1mole L.

Apart from the famous curves of Fuoesz and Kraus for the

conductance of tetroisoamylammonium nitrate in 1,4-dioxaq/water
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solutions very fow data are available on thc conductancc of ionic
golutions in mcdie of low dicloctric constont.

3 have reportod a study of tho

Recently Justico and Troiner
ion asrociation of totra~n-butylammonium perchloratce and bromides
in various mixturcs of tetrahydrofuran and water at 250. At a

dielectric constant of 10 (CH201 at 00, D = 10.02) K2 = 2.4 x 104

2
-1 -
lmolc (0104).
Moro recently, Ledwith4 gives the dissociztion congtante for
hexachloroontimonate salts of stable organic cations in mothylene
dichloridac.

5

Klages” gives some date for the conductance of tertiary oxonium
galts in sulphur dioxide solutions but no attompt was made to
analyse the rosults. Thereforc, the rcsults rcoported here are usce-
ful to both th: electrochemistry and itic polymor chomistry of
oxonium ions.
7.2. Exzperimontal dctails

The conductivity of solutions of triethyloxonium salts was
mecasured in tho vacuum ccll doscribed in Chapter 2. lMethylene
dichloride wos doscd, as described, (Chapter 2) with an acouracy of
£0.05 ml at room tempcrature. The volume ot 0° was caleculated from
tho coofficient of volumotric6 expansion (oL = 0,00173 oms oG-l).
Small corrections to the volume duec to the usc of a vacuum qystem
wero consideored but wereo not made bocauseneagd}c had shown (for
a similar coll) that this correction was only required, ot tempera-

tures above Oo, when the total volume of liquid was loss than

30 ml. Tho minimum volume of this coll was 25 ml. The solution
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concentrations were calculitod in mole 1-'l by essuming thc densitieos
of the solutions to bc tho samec as thoat of the purc solvoent. Beard‘
had confirmed this for solutions of methyltrictnylammonium iodide
in methylene dichloride.

The specific conductivity Gi) of thce mcthylonoe dichloride wos

1.309 2t om at 0°. Tho values of Kﬁin tho litoraturc aroc

-1 -1 0T,

3 nic om Y (Boardlc) and 0,043 aTt cmt at 25

o+
O BPF
Bt30 BF,

whorcas Et30+PFg was purificd and weighed on a whitos Torsion

was dosod by breaking o phinl into mcthylono dichlorid.

balancoe to *?ﬁg beforc being transferred to the conductivity cell
whorc it wasg thoroughly ovacuatced.

> -
T.3. Et,0°BF

Duoc to an uncortainty in the concentration of this salt tho
rosults obtainod could ounly be analyscd by the limiting law of
Ostwald. For analysis by the Fuoss—-Kraus and Shodlowsky oquations
an internal scattor of less than 0.1% is ruquirod.

The results obtainod arc given in Tablo T.l., and Fig. T.l.
shows the plot of A against c.

The Ostwald dilution function is generally belioved to be a
closc approximation to tho bohaviour of strong oclectrolyics in
solvents of low diclectric constant and gives tho association

constant, K,, in torms of the oquivalcent conductivity #, tho oquiva=

d'

lont conductivity at infinito dilution,/\oz, and thc oconcentration o,

Ky = "\2‘°/"02(?>2 ~A) (1)

Kraus and Brays roarrangod this o’uation.

A = 1Ay, HofRy) (2)



The Conductivity of Et

Table T.1.

3

o*sF

4

in Methylene Dichloride at 0°C

Parameters of CHCl, at 0%

Run 123
] 0/102M.

ﬁVSL-lcmzmole-

Run 126
0/102M.

N\

Run 127
q/lOaM.

Run 131
o/102M.

AN

Run 124
c/102M.

/N
Run 124 cont'd

c/102M.
VA
Run 125

Dielectric Constant, D, = 10,02

1.406 0.703 0,540 0,440 0.340 0.293 0.260 0,220 0,190

1

1.01

3.36

0.675
3- 61

1.34
3.25

0.580
3.60

0.172
578

0.706
3.71

0.473
4.00

0.805
3.93

0.417
4,22

0.133
6.44

0.470
4.26

0.315
4.63

0.403

4.96

0.324
4.66

0.108

7.08

viscosity,’l, = 5.357 mP

0.353
4.62

0.236
5.17

0.268
5.94

0.292

4.55

0.088
7.78

0.262

5019

0.189
5.61

0,161

7.08

0.263
4.75

0.077
8.34

2,94 3.46 3.72 4.00 4.37 4.59 4.78 5.14 5.23

0.191

6.02

0.151
6.28

0.223

5,16

6/102M. 0.265 0.189 0,147 0.101 0.078 0,066 0,051 0,041 0.036 0.032

/\ 5.15 5.80 6.39 7.59 8.40 9.06 9.63 10.56 11,06 11,70
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Thus, a plot of l/A against c/\ should be a straight lino of slopo
l/Kd/\gz and intercopt 1/A02'
The Kraus~Broy olot is shown in Fig., 7.2. ond is quito scatterod.
Extrapolation leads to an improbably low vaoluc of/\o2 (approx.
25 21 cm® molo™ ., Tho upwards convex poture of tho curve sugsusts
ternary or porhaps higher associntion.

Two types of tornary associstion arc possibloe:

AB + At = AZB+ (3)

AB + B~ & 4B, (4)

where AB is tho ion-pair of A+ and B,

If both processos occur - bilatcral tornory essociation, tho
plot duc to Fuoss and Krau82'9 is uscd (cquation 5).
For At 4+ 372 AB

K, = s} / 1815

- -~

X - r (e "_-\‘ . . A\
Thon from 3 and 4 K, = | 4B;]/ (18] [1_3} - (AZB ") /At (5)
The final cequation is
A A X
2 = 2 <A -
Ac”.g(c) Moo /K2 +/\03.K3.c(1 AL 02)/K2 (6)
whoro the g(c) term is given by the following oquation in which

A
%« is the theoretical limiting slopc of tho plot of /A against c”,

S, is tho thooreotical limiting slope of the plot of the rotional

4
A
activity coefficiont £, against c”.

r ’ A
g(c) = exp{ —2.303 S, (QN/°A02){]

- r - R B 1’}
|18, (on/Agp) /Ay (2-1fAgy)

log g(c) === (0,4343 8, -~ sfxoz)(c%»\‘}f/ﬁ‘gz) + 0,2171/Ay,

Por further details sco refoeronce 9.
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At low concentrotions tho equaticn reducos 4o

B g d 3

Ac® = 02 /KQU ODK G/K (7)
X
Therofore, o plot of /Ac” against ¢ should be a straight linc of
Y yith on N C'%.

slopo,'\03 N W1th an intorcopt of A K. If only onc procoss
occurs, i.o, either thc formotion of ABz- or AzB+ ~ unilatoral

tcrnary association = thon tho equation duc to Hoosterlo is used.

(Af /m)2 c/(l"/"/’"oz) =/\(2)2 /K2 + (ZAOZA'O3 '1\32)1{36(1"(\//\02)/]{2 (8)

where m =1 - (§ //\ (cl\)%

and £, is definod by ~ log £, = ﬁ (aﬁ/\oz)%

In instancos of unilatoral triplc ion formotion at low total ion
concontration (c.g., diluto solution in a solvent of low dicloctric

constant) tho following simplified equotion can bo usod.

oA =/\(2)2 /K2 + 9‘(_2%2% -:\gz)K3 /K2 (9)

where ai-ia tho sum of thoe limiting conductances of tho triple
ions and of the simple cations.

Although unilatoral tornory association cannot usually bo
disti@puished er? bilatercl tornory association both those plots
wore made in an attempt to estimate the association constants
K, ansz. Tho overall curvaturc is roducod in both cnses, but the
soparato plots are still curved. This moy mecan th;t tho curvaturc is
duo to expoerimental uncertainty.

In ordor to apply thesc eguations a valuc of/\o2 is roquircd.,
Thereforc, taking Et4N+ as & reasonable analogue of Et30+,/\o2

11

for Et30+BFZ can be estimated™™. In ethylono dichlorideo at 25o
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tho viscosity is 7.85 mP and A, for Et4N+BFZ is 81.0 27 en® molo™t.

The viscosity of mothylonc dichloride ot 0° is 5.357 mP, then by
- ?

Yoldon's rulclz,/\ 02 (Bt O+BF-) should bo about 106 &% cut mole .

7.3+.1. The Bilateral Tornary Plot ch ageinst ¢ -~ oquotion 1)
This plot is chown in Fig. 7.3. From thc bost stroigat line

slope (3) of 9.059 and an intorcopt (It) 0.226 are obtained,

Assuming Ay, = 106 and tlm.t.’\03 =Agp/3s the following voluee of

K2 and K3 aro obtainecd.

4
03Kz /%>
A .
I, = 0,226 = - /L2

S = 9.059 =A

The binary association constont, K2 = 2,2 % 105 lmoloﬁl

Tho bilatoral tornary constont, K3 = 120 1mc>lom1

2
7.3.2. The Unilatcral Tornary Plot (A ¢ 2geinst ¢ — cquotion 9)

Fig. 7.4. shows this plot; tho slopc (8) = 5.5 and tho intorcept

(1,) = 5 x 10~2 for the bost straight lino.
"

. 2
From cquation (7), I, =Agp /K2 ;i S = (2/‘02 0 ™ 02)K3/K

But /\02 = 106
If we assumo that ;\ = 33 = 106/2

Thon 2 + 3

Sinco A03=/62 /3

Thereforo A, = 88 at on?
So K, = 2.2x 107 1mole
Tho unilatoral tormary constant, K, = 190 1mole™t

7.3.3; Tho Concentration of Froe Ions and Ion-Pairs

If 5 is concentration of froe ions,

2
thon ¢, = -Kd/2 + (Kd + 4Kdo)%/2
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For ¢ = 1072 and K, = 1/1{2 = 0.45 x 1072 molc 1

d
then ¢, = 2x10~4M and

thercforc concontrotion of ion~pairs = 0,98 x 10~2H.

But from ocquation (5) Ky = 5;2]34']/ [A;'ts} [:A+]

issuning K, = 120, {a,0] = 2.4 x 107 &

3
This shows thot at 107°H the most cbundant spocics arc ion-pairs.

=t 0T ers
T.4. :?30 PF6

Since thc mcthod of dosing Et3O+BFZ led to uncortaintiocs in
tho concontration of solutions a similar salt was roquired for
accuratc conductanco studies. Et 0+PF2 is lcss roadily hydrolyscd

3
and can bo dosod directly to tho cell. Ovor tho time poriod of tho

experiment tho_émount of docomposition ot O°, is nogligible.
Thercefore, it is a suitabl:e tertiary oxonium salt for this study.
The rosults of my dilution oxporimonts with Et3O+PFE aro
givon in Table 7.2. and tho plot of A against ¢ is shown in Fig.
7.5. In run 166 tho solution wes dilutod and rceconconiroted and
tho rosults obtainod from both processos worc consistont.
Thosc data on tho conductivity of Et3O+PFE in mothyleno dichlo-
ride at 0° for ¢< 1.3 x 103K woro analysod in throc woys,

T.4.1. The Fuoss~Kraus’ > (FK) Biﬂ%gx»Plot (for o& 1.3 x 1073M)

The cquation.used ins

. 2
F(2)/2 = Uy, + [y /2(2)] 5, M2, (10)
The derivation of this equation is given in detail by Harnod and

14

Owen ', go it is not doscribed horo.

The parametors in tho cgquation aro as follows:
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4 3

F(z) = 1 - Z}:l—ZEL N TR
Valuos of F(Z) hove boon caleculatod and tabulated, by Fuossl3b,
from the oquation F(Z) = 4/3 cos” 1/3 cos—l(-3(3‘74)%5/2)

whero % =S, (/\c)'gl;—(/\oz)-3/2. Yyr the moan molar activity cooffi-
cient of frce ions, is givon by

log y, = =S, (a(c)% whore & is the dogroc of dissociation,

From cquation (10) a plot of F(Z)/A agninst d\yi/F(Z) gives a
straight linc of I.= 1/'\02 and 8 = Kz//\_gz._ Such a plot for f.':'h30+PB‘g
is shown in Fig. 7.6. Tho valuo of /\02 is thon uscod to calculots -
morc accurate valuc of F(Z) and Y4 Tho roitoﬂgivo procedurs is

repeated un’til/\02 is constont. K2 is thon obtainod from tho bost

valuos of F(2), Y+ a.nd/\oz. Tablc T7.2. gives the valucs obtained
from this procedurc. a.F iz the distanco botwoon the point cheorgoes

15

caloulatod from tho Fuoss cquation, which is 2o modification of
tho -Bjorrum22 cquation. That is ap =T 4T whore r, and r_ are
the rodii of the cation and anion raspecoctively.
1/1{2 = (3000/4‘;1’&31«) exp. (—oz/a.Dk‘I‘) (11)

where N is Avogadros Number

k is Boltzmonn's constant

D is Dieloctric constant

e is electronic chargo
Tho shor{:.comings of this cquation have boon discussed by Szw:.w.rolG
and by PNE __17.

T.4.2. The Fuoss—Onéggez; Limiting Law and the Fuose-Hemia cquation
(for ¢< 1.6 x 107%)

If/\i\-‘is tho hypothetical molar conductance of an oloctrolyte
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if it woreo completoly dissociated into ions at a concontration
olc and 4 is the ion sizo paramctor identifiod as the closcst
distance of approach of frce ions (association distancc) then:

AJA, = &
A

At each oconcentration, if/\02 and d arc fixed = can bo itoratively

i - F(AOZ' z,% 0, 4)
calculated (z is the charge number of the ions).
For each point K2 is calculated from the oguation
K, = (1 - ) /=2 oy®
y is tho mean activity coofficiont of freo ions (tho activity of

ion-pairs is assumed to be unity). For the Limiting Law (L.L.)

computation y is givon by tho Debyo- I*ﬁickoll9 limiting law.
2.4
I.«

%

whore A = (21N/1000)% 63/2. 303 % (D1}

log ¥y = = Az

I = Ionic strength = %}Zcizi

For the Fuoss-Hsia equation 20(F§_)_ the Debyo- Huckel oquation is

used, where A and B depcnd on the solvent.
-~log y = Az3c%/(l + Bzd.o%)
whoro B = (87 No?/1000k)2(pr) ¥
The average value of K, is then used with the samc values ofA 02

and 4 (F.H. only) to caloulate Ac for ocach point (equation 12).

alc
The standard deviation, (A . - A_,;.)/n, is obtained. Tho
value of d is then inoreascd and the oyolo repeated. Now anothor
value of A 02 is fed to tho computer and the program rcpeatod.

Tho best fit is that when tho standard deviation is minimised.

/\-/\02-80'5‘+E01no+.1c-.r§”‘ (12)

1 2



Table 7.2.

The Equivalent Conductivity of EtiO"'PFz in Methylene Dichloride at 0°C

Parameters from Fuoss-Kraus computations=A\,, = 118,53 S):]'cmzmole-l

K, =1.260 x 10° 1mole~t

a, = 4-6557 §

These poinis werc analysed by Fuoss-Hsia (F.H.) and Limiting
Law (L.L.) equations.

*
These points were rejected after initial computation by F.H.

and L.L.

Run 162

o/10% 0.5838 0.3887 0.2775 0.1882 0.1423% 0.09611%
A 15.360 18.134 20.831 24.416 27.297 31.809

1o§:Ay§ /F(Z) 5.6986 4.7231 4.0268 3.3320 2.8922 2.3548
102F(2) /A 6.0271 5.1532 4.5167 3.8805 3.4868  3.0097,
Run 160

o/10%M 0.3658 0.1829 0.09237 0.06579
N\ 19.214 25.450 33.448 38,074
1olAy§ /F(z) - - - 1.9786
IO?F(Z)//; - - - 2.5253

continued ...



Table 7.2. cont'd

Run 1

o/10M 0.2063 0.,1031 0.05157 0.02803%" o0.01862%"
A 23.865 32.701 42.538 52.765  60.344
10.3o/\y§ /P(Z) 3.5290 - - 1.2347  0.96027
102F(2) /A h9621, - - 1.8394  1.6147
Run 166 (by dilution)

/107 0.1604% 0.08908% 0.05727% 0.04c20f 0.02970%
A 26.200 33,047  39.111  43.742  49.276

10.36Ay: /F(z) 3.0914 2,2788 1.7925 1.5083 1.2229
1027(2) /A 3.6253 2.8965  2.4638  2,2108  1.9699

Run 166 (by concentration)

o/10°M 0.03463% 0.03320% 0.04795% 0.07097% 0.1838

A 46,500  47.223 41,718 36,140  25.794
10%Ay; /P(z) 1.3337  1.3018 1.6208;  2,0452 -

10°7(2) /A 2,0844  2.0534  2.3147  2.6584 -

Run 164

/10 1.051 0.8180 0.6118 0.3678  0.2455 0.1498%
A 12.145 13.479 15.155 18.687  22.068  26.935

10%AyZ /F(z) 7.4044 6.6567 5.8458 4.6293  3.8189  2.9869
109F(2)/A  7.4985 6.8054 6.1000 5.0053  4.2723  3.5302

continued ...



Run 163
o/10°M 0.05344%
VAN 20.923
103Ay% /F(2) 1.7548
1037 (z) A 2.3558
Run 165

¢/10% 10.874
N\ 5.379
Run 165 cont'd

o/10°M 2,250
N 9.136
10%Av; /P(2) -
10%F(2)/A -
Rua 161

o/10%M 1.926,
A 6,068
Run 167

o107 19.854
A 4,776
Run 168

/10% 38,956
A 4.5987

Table 7.2. cont'd

0.02137%  0.01374%
56,107  64.170
1.0193  0.7673
L7351 1.5230
9.060 7.909  6.795
5.822 5,955 6,309
1.931 1. 1.504
8.640 10.250 10.695
9.906
5‘ 7485
14.478

5.2621

0.008365%

73.186

5.436 3,883 2,718
6.748 T.532 8.529
1.3550  1.0761
11,094, 12.166
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Table 7.3.
Quantities Derived from the Conductance Equations

Equation Aoz 10-51(2 Povs~Aars)/ Foo of points
_Sflomzmole-l lmole~r s lon?molet computed
F.K. 118.53 1.260 - 29
L.L. 118.53 1.251 0.761 19
118.53 1.269 0.355" 16
117.00 1.227 0.311" 16
F.H. 118.53 1.220 0.741 19
118.53 1.237 0.379" 16
117.00 1.195 0.362" 16
116.00 1.168 0.363" 16

»
The points marked by * in Table 7.2. were omitted in
the other cyocles of the programme.
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Where L.L. is oquation (12) with only the S torm and ¢ roplaced by
ac, F.H. is equation (12) with ¢ roplaced byec, S is the slope

of tho Limiting law, E dopends on z,/\02 and tho solvont and Jl and

c
J, are functions of d. For a deotailed account of tho prodedure the

reader is reforrcd to- the papers by Fernandoz—PriniZI, Fuoss and

Hsiazo and by Pruo 18.

The valuecs of/\02 and K2 obtainaed by these processes arc

givon in Tablo 7.3. Tho L.L. givesA , = 118.53 ™ on® mo1o™}

= 1,269 x 105 lmole"1 whilst tho F.H. equation givos the
1

and K2

bettor £it to tho data withA ) = 117.00 27 on? nolo! and

K, = 1,195 x 105 lmole"1 and this corrcsponds to an association

2
distance, d, of 26.7%

The Limiting Law (L.L.) calculation is no different in prin-
ciplo from the F.K. caloulation since both are based on
/\ = "["02 -;:é"A (oLc)%. Lines 1, 2, and 3 (Tablo 7.3.) show that
tho results from both oquations agreoc. Tho slight differonces arc
due to the computation of less points in tho casc of L.L. Up to
10-3M thero is no eovidonce of tornary association. Certainly,

tornary association bocomcs more likely at 102

M, but tho/\,c plot

shows that the/\ is still docreasing with increasing concentration

of Et3o*1=r.'g. So it is likoly thot tornary association is nogligiblo

at those concontrations. 4 bilateral ternary plot was mado but

it was a ourvo.

7.5. Tho Effoct of Diethyl othor on tho Conductivity of Et
in Mothyleno Dichlorido solutions

The solvation of oxonium ions by othor moleculcs is a hypothosis

-
30 FFg




Table 7.4.

The Conductivity of Et30+PFE/CH2012 in the Presence of Diethyl Ether

at 0°
Run 169 2.315 x 10~ moles Et30+PF'6', mole ratio Et20=Et30"'PF'6'-2.02=1
10%e/n 0.8638  1.241 1.6715  2.395
A/ s en’more™? 33.194 29,194  26.048  22.639
103 Ay /F(2) /5T om 2.2011;  2.6680,  3.1163  3.7217
10%F(2) /A /nen~2mole 2.8469  3.2438  3.6151  4.1288

Run 169 cont'd

Ay 14.942 12,397
10%c/u 3.522 5,323 6.843  9.581

A/Q en’mole™ L 18,432 16,446 14.920

10% /\yi /¥ (2)/ sT 1om.“'i. 4.4TT4  5.4057 6.0516

10%F(2) /A A.cn 2mole 4.7670  5.5T11  6.0936,

Run 171 3.357 x 107 moles Et,0'PFg, Bt,0 : PFg = 1.56 : 1

Ay 12.658
10% 2.627 3.938 5.323  7.667  9.832
AN 21.538 18,238 16,166  13.943  12.602
103Ay; /F(2)  3.9076 47259  5.434T  6.3914  7.1092
102r(2) /A 4.3542  5.0972  5.7075  6.5508  7.1924
Run 172 1.638 x 1077 moles Et30+PF'6', Et,0 : Et30+PF2 =101 :1
A 16.813
10%¢ 0.4735 0.6552 1.060  1.542  2.423  A.847
/AN 41,605 37.073 30.915 26.686 22.278 16.804

continued ...



Table T.4. oont'd

Run 172 cont'd

103Ay? /F(2)  1.5875 1.9105 2.4774 3.0053 3.7616 5.2116

102F(2) /A 2.3166 2.5888 3.0829  3.5497 4.2165 5.5041
Run 173 0.717 x 10~ moles Et3o*PFg, Et,0 : Et3o*PFg =-2.,2:1
Ny 23,486
10% 0.,2251 0.3215 0.4098 0.5649 0.8779 1.357 2.132
A 51.533 46.345 43.680 38.998 33.079 28.047 23.443
10%‘Ay§ /F(2) 0.9752 1.2235 1.2235 1.7324 2.2021 2.7699 3.4679,
10%R(7Y 1.8816 7.0834 2.2028 2.4564 2.8766 3.3669 3.9922
Run 174 1.194 x 1072 moles Bt,0°PFG, Et,0 ¢ Bt,0'PFg = 404 1 1
Ay 19.039

10% 0.4297 0.6174 0.9193 1.462  3.551

A 41.122 36,492 31.872 26,580 18.958

103/\$§ /F(2)  1.4146 1.7516 2.1971 2.7862  4.3281

102F(2) /A 2.3301  2.6156 2.9742 3.5356  4.8522

Run 175 0.173 x 107 moles Et,0°PF;, Et,0 & Et,0°PFy = 9.25 : 1
Ay 39.275
10% 0.476  0.5584 0.8016 1.336 2.122  5.153
A 71.649 69.251 64.583 57.927 51.838 39,200
1o4ahy§ /P(2) 2.9158 3.4829 4.5862 6.6713 9.2119  15.864
10%F(2) /A 1.3714  1.4164 1.5141 1.6794 1.8664 2.4380

/\b = BEquivalent conduotivity before addition of Et20



!&ble !o io

Parameters from the Fuoss-~Kraus Analysis of the Conductivity of
Etﬁﬁ?{ in the Presence of Diethyl Ether

_ Run No. Ratio of Et,0 : Et,0°PF; Aoz 107k, &
stton’mole™  1mole™! )1
- 0 118.531 1.260  4.656
172 1.01 : 1 110,208 1.070 4,732
171 1.56 + 1 110.125 1.072  4.731
169 2,02 : 1 101.423 0.869  4.834
173 2.2 11 98.666 0.8292  4.858
174 44 : 1 91.349 0.7248  4.927

175 9.25 : 1 88.422 0.6404  4.993
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that needs confirming. In Chapter 6 tho N.lf.R. study indicated
that solvation of oxonium ions occurs, whilst thc rcsults of the
polymerisation studies (Chaptors 5 and 8) and tho docomposition
studiocs (Ghaptcr 6) can be eoxplaincd by this hypothesis. Thorefore,
I decidod to test the theory by a coduotimotrioc techniquo.

First of all wo attomptod to titrate Et 0+PFE by introducing

3
diothyl other into a solution of it in mothylceno dichloride and
measuring the changes in conductivity. Unfortunatoly tho results
that wo obtained wore inconsistent becausc the tecchniquc was unsatis—-
factory. Thorefore wo docided to add small quantitios of other, in
phials, and then to diluto the solution, as before, and meosure k .
In those experiments, tho conductivity of tho Et30+PF2 solution

was measured, the phial of other broken, and tho dilution continued
(tho ethor phial was covered with the solution when it was broken

so that the diethyl othor did not romain in the vapour phase). The
Fuoss-Eraus equation (10) was used to compute /\)2 and K2 from the
data. In tho calculations, it was assumed that the quantity of ether
(1.4 - 0.05 x 10-3M) did not affect tho viscosity, the dieleotric
constant or the density of the solution. If tho other had affected
these paramoters the Fuoss-Kraus plots would havo been curved (thc
concentration of aether varies through out each dilution) and thoy
wore not.thhc concentration of Et30+PFE was of the same order of
magnitude as that of the diethyl othor, so that corrcctions would
have boen required for the viscosity of solutions oven in tho

dilution experiments without diothyl ethar.

The values obtained from tho Fuoss-Kraus computation are in
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Table 7.5. In Fig. 7.7./\02 and K, are plottod with respoct to tho

ratio of diothyl ether to salt. This shows that /\02 appears o go

to an asymptoto at about 88 SLfl cm2 mole_l

6 x 104 1mole L.

whoercas K2 roaches

Theso results are considored to be good evidonce for thc
solvation of oxonium ions. Tho ap valuc is only incruased by
0.34% in the presocnce of diethyl ethor so that it suggosts that
other~scparated ion-pairs are not formod. This is in agreomont with
the decomposition hypothesis (Chapter 6). On tho other hand the
othyl group may be exchanging rapidly with theo Et20 moloculc so
that thoese moasurements cannot distinguish betweon the solvent
scparated ion-pair and a solvated oxonium ion-pair. Thoreforas
theso experimeonts should be repcatod using a less basic ethor.

In order to extond tho meoasuremcents to highor concentrations
of Et20, an attempt was mado to measurc the conductivity of
Et3O+PF2 in 1M Etao but this was unsuccossful beonrusc of unstable
rosistance roadings.

+
7.6. Bt,0°SbF

It was hoped to oxtond this study to Et O*SbF; bocause it is

3
" moro stable and appears to bo a bottor alkylating agent than Et. 0 BF,.

3 4
Howover, the dilutions which have bcem made gave inconsisteont values
for/\o2 and KZ‘ The roason for this is not known but these inconsis-
toncios may bo dus to adsorption of thc salt on to tho glass or to
a roaction with impurities. It is hopod to olarify this in tho

near future.
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SECTION B ~ CHAPTER 8

The Mechanism of the Polymerisation of Cyclic Formals by
Triethyloxonium Salis

8.1. The Polymerisation of 1,3-Dioxolan by Et 0*BFZﬁ(This work)

3
In Chapter 5 we have seen that the polymerisation of 1,3~

dioxolan by Et30+BFZ is characterised by a slow production of active
contres (A) whose concentration ¢, is very much less than the
initial oconoentration of Et3O+BFZ. The concentration of stable
active centres builds up to a steady value as shown by the last part
of the polymerisation and the repolymerisations being of first order
with respect to monomer. Any explanation of these observations

must also takoe into account the results on the decomposition of

Et 0+BFZ (Chapters 5 and 6). In particular, we recall that super—

3
imposed upon the polymerisation is the formation of ethane whioch
only occurs at the start of the reaction and then stops and the
production of ethyl fluoride which continues throughout the polymeri-
sation and is accompanied by a reduction in the specific conduo-
tivity. The reaction scheme proposed to account for our results is

shown in Pig. 8.1,

(1) Fast attack of free cations on monomer.

In the sampling experiments in which ethane was observed
(Chapter 5), the monomer was added to a solution of Et30+BFZ in
moethylene dichloride. The methylene dichloride solution had a free
jon concentration of about 2 x 10'4M and the concentration of
dioxolenium tetrafluoroborate (caloculated from the amount of ethane

formed) was of the same order of magnitude and did not increase
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with time. Therefore, it is proposed that the dioxolenium ion is
produced very rapidly by react%on of 1,3=dioxolan with the free
triethyloxonium ions present in&ially (reaction 1).

(3) Fast solvation of ion-pairs by monomer

Our explanation of why reaction (1) does not continue is that the
remaining ion-pairs become solvated by 1,3~dioxolan (reaction 3) form=
ing a relatively stable species and since solvation of anions by
ethers has not been observedl, an equilibrium (5) is set up between
the solvated ion-pairs, the solvated triethyloxonium ions, and the
unsolvated anions.

(4) Slow decomposition of (C) competing with route (5), (6), (7)
and (8).

(6) Slow ethylation of monomer which determines the rate of forma-

tion of active species (4).

Chapter 7 shows that at the relevant salt concentrations the
concentration of ion-pairs is mich greater than the concentration of
free ions; therefore the solvated ion-pair (C) cannot rearrange
directly to A, otherwise c, vould continue to inorease throughout
the polymerisation and after the polymerisation had reached equilib-
rium. Therefore C, would not reach a steady value and thse polymeri-
sation would not become of first order with respect of monomer.

On the other hand, the free ion (B) can rearrange to form (a)
which is also involved in an ion-pair, free ion equilibrium., The
other-oxchange (7) may or may not be slow relative to (6) but

is more likely to be fast, Therefore, if equilibrium (5) is meine=
tained efficiently the yield of A depends on the relative rates of

(4) and (6). The rate of step (6), R, must be low, because
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polymerisation starts only when a large enough concentration of A
has been produced. This is our interpretation of the induotion
period.

Since the rate constant for the polymerisation of 1,3~dioxolan
at low total ion concentration is the same as that at high total ion
concentration and since the association constant for tertiary
oxonium ions is about 10? 1lmole™t (Chapter 7), the propagation rate
constant for ion-pairs must be approximately the same as that for
free ions; in other words, the solvated oxonium ion propegates at
about the same rate regardless of whether it is paired or free.

The scheme proposed (Fig. 8.1.) is not satisfactory in one
respect because it does not explain why the polymerisation becomes
of first order and why the successive repolymerisations are totally
of first order with the same rate constant. If equilibrium (5)
is maintained efficiently one would expect a slow build up of A
during the period after polymerisation had ceased and before de-
polymerisation because (C) is still present in tho solution. There-
fore since we observed the same first order rate constant for a
repolymerisation (105A) which was made some 20 hours after the first
polymerisation had‘reaohed equilibrium we oonclude that the activo
centres (A) are stable and that somo process prevents the equilib-
rium (5) ﬁeing maintained. A possible explanation of the latter is
that when polymer (which ie more ba.sic2 than the monomer) progres
sively replaces 1,3-dioxolan in species (B) and (C) the equilibrium
constant of (5) progressively changes in favour of ion-pairs as the

DP and/or the conocentration of the polymer inoreases. Coupled with
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this is the fact that when (C) is solvated by polymer the rate of
step (4) may be greator.

When Et 0+SbFz is used as the catalyst, stop (4) does not

3
occur, so that the concentration of (B) is much greater in this
case. Thorefore, R6 will be correspondingly inoreased. Since

this polymerisation also becomes of first order with respect to
monomer it means that all the Et3O*SbF; produces active contres (A).

In fact, the k /c value for polymerisation by Et o*swg is of the

3
game order of magnitude as that for the polymerisation of 1,3~
dioxolan by H0104, where ¢ is the initial concentration of catalyst.

Since Et30+Sng polymerises l1,3~dioxolan at a greater rate than

Et3O+BFZ and without the formation of ethane, I believe the active
contro in tho polymerisation of cyclic formals by triothyloxonium
salts to be the 1-ethy1-1§f~1,3—dioxolanium ion, Dioxolenium
totrafluoroborate does catalyse the polymerisation of 1,3-dioxolan,
but for tho reasons discussed in Chapter 5 woe decided that the
production of polymer from this process is negligible in this systom.
Once the aotive centre A is produced, pro;agaxion is by the
ring-expansion mechanism which is discussed in detail in Chapters
5 and 10, 1t should be noted here too that the low DP's signify
ezteneiveytranefer reactions and that in our view these aro at least
partly due to the mobility of the Ett over all tho oxygen atoms in
the system
8.2. The work of Medvedev's school
3

These authors- obsorved that a solution of Et30+3h01; in

ethyl ohloride absorbs at 272 mm, that a resction mixture ocontaining
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1,3~dioxolan and Et3O+Sb01g absorbs at 228 nm, and that a solution
of n-butylvinyl ether and Et30+3b012 absorbs at 231 nm. Since
they assumed that tho absorptions of the polymorising n-butylvinyl
ethor is due to tho -CHZ—CH—a—C 4119 ion and that the absorption

of Bt o*Sbclg at 272 nn is due to the Et.0% ion, they concluded

3 3
that the absorption at 228nm whichthey found for tihe polymerisation

of 1,3~dioxolan by Et o*suclg is due to the carboxonium ion

3
RO(GH2)20:=032 which is olosely rclated to the carboxonium ion
derived f. .m the alkylvinyl ether. However, there is no independont
evidenco that trialkyloxonium ions absord near 270 nm or that
carboxonium ions absorb near 230 nm; in fact I havo shown that

4, - 4. -
Et30 BF 4t Et30 PF6 and Et

30+SbFE do not absorb abovo 220 nm. On

the other hand, Penczek4 has shown that SbtCl. and Sbclg absordh at

5
270-272 nm in methylene dichloride and Et53w1 4 absorbs at somo~-
what lower wavelengths. Therefore, ¢he mechanism of Lyudvig
ot al. is extremely unconvinoing.

In any case, the active ocentre cannot be the carboxonium ion
which 0kad.a5 and Heiohert6 suggested, independently, for the polymeri-

T mechanism

sation of 1,3-dioxolan, by analogy with. Kern and Jaack's
for the polymerisation of trioxan, because it does not explain the
forma.tionvof macrocyoclic rings. Polymers free from and—gz'oups ocan
only be produced by this mechanism if an effecient end-to-end ring
closure occurs. This is highly unlikely and only possible when
initiation is by protonic acids where the polymer has a hydroxyl
group at one end. For initiation by trialkyloxonium ions the

terminal group Would be an alkoxy group so that maorocyolic rings
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could only be formed by a back-biting mechanism7'8. A process
like this implies that there should be a number of linear fragments
corrcesponding to the number of catalyst molecules. Careful examin-
ation of the reaction mixtures has shown that if such fragments are
prescnt, their concentration is much lower than that of the initiator
(see Chapter 5).

As vell as this,Jaack39

has shown that methoxymethyl perochlorate
reacts with 1,3-dioxolan to give dimethyl ether and dioxolenium
porchlorate.
°H3°°32°1°4 + ({;\o e (033)20 + ?:}) <:1o";r
H

Since the organic part of methoxymethyl perchlorate is a very
close analogue to tho carboxonium ion formed from 1l,3-dioxolan,
propagatioh by this ion is effectively ruled out, because the
dioxolenium ion is an j nefficient initiator.

Westermannz showed that antimonypentachloride polymerises
1, 3-dioxolan rapidly without an acceleration period and the reaction
did not reach equilidbrium. quyfusslo has shown that the polymeri-
sation of tetrahydrofuran by Et3o*sw1'6' is characterised by a
transfor to aaion whioh is analogous to tho decomposition of
Et30+BFz;w SMC1; is formed which can initiate the polymerisation
of tetrahydrofuran but less efficiently than the oxonium ion.
Pherefore, in solution Etso*SbCIE most probably decomposes in a
panner similar to Et3o"3r"s

4

Et3o+sw1; ——3 EtCl + SBC1l_ + Bt,0

5 2
Since Sbcl5 can polymerise 1,3~dioxolan without induotion



period or a.ccelerationz, the true initiator in Medvedev's systom is

most likely S®bCl., and the roported absence of an acoeleration is

51
not due to the abscnce of water, as they havo suggested. This
theory could be tested by end-group analysis because Westermann2
found absorptions due to chlorine, carbonyl and hydroxyl groups in
the infrared spectra of polymers made from Sb015, but unfortunately
Lyudvig has not carried out such studies on her polymers.

8.3. The work of Yamashita's school

Yanashita'l at ono time believed that Et o*nrz initiated the

3
polymerisation of 1,3~dioxolan by a simple transfer of the Et group
to 1,3~dioxolan, a process analogous to the initiation of totra-

hydrofuran polymerisation.

-
+ Et30 BF4 Et@ + Et20

B4 |
Ho considered the propagation to be similar to the polymeri~
sation of THF, which is a ring-opening polymerisation with a tertiary

oxonium ion as the achff>fentre.
Et—@ ——— EtO—CHZOHZOHZOHzO
BF A BF 4

The only evidence presented for this assumption was that

EtOCHZOHZO(:HzocH3 was formed when a reaction mixturo of Et30+Bl" 4
and 1,3-dioxolan was killed with sodium methoxide. Aotually, this
produoct ocould be formed from both the ions O"—Et and
EtOCHZCHZOCHZQO, and thorefore this does not differsutiate between

the ring-expansion mechanism and a ring-opeming polymerisation.
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o*BF" under

3 4

conditions such that no polymer was formed and killed the resulting

Yamashital? also roacted 1,3-dioxepan with Et

mixture with sodium methoxide. He identified (by g.l.0.) tetra~

hydrofuran, c2350(cnz)4ocn » and CH 0(032)4 2 5 but the expeoted

3
product 02350(CH2)490320033 was not present. Therefore he concluded

that these compounds were produced by degradation of small amounts of
polymer. However, Hestermann2 showed that tetrahydrofuran is a

very persistent impurity in 1, 3-dioxepan, so that the products that

+

Yamashita identified probably come from the ion, E and the

3 is not formed because initiation probably occurs

through the l-ethyltetrahydrofuranium ion.

cznso(cﬂz)AocnzocH

Yamashital3 has polymerised 1,3,6-trioxocan by Et 30 BF- and
showed that the reaction is similar to the polymerisation of other
cyclic formals, but some chain breaking recaction also seems to
occur.

8.4. Conclusion

In conclusion, the polymerisation of oyoclic formals by
triethyloxonium salts has been studied by other workers, who
failed to recognise that the catalysts were inefficient. They
are inefficient because of a competitive decomposition reaction
which occ;rs through the ion-pair and the rate of this reaction is
enhanced in the presence of an ethor (Chapter 6). 1 have proposed
tho scheme given in Fig. 8.1., in which the solvated oxonium ion
plays an essential part, to explain the results of the polymeri-

sation and deconposition experiments.
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SECTION C

The Mechanism of the Polymerisation of Cyclic Formals b drous

Perchloric Acid
Introduction
Westermann and Plesch proposed that tho equilibrium polymeri-
gation of 1,3—dioxolan1 and 1,3—dioxepan2 by anhydrous perchloric

acid occurred through a 4-ceontred tramnsition state to produce oyclic
polymer. o H
J.o . &/\vj -
AN SE— F laig
| Cl0g < °

The mechanism proposed was a ring-expansion in which the ring
never opened. This mechanism accounts simply for the cleaness of
the monomer-polymer equilibrium and for the high yields of cyclic
dimer2 which are obtainable from 1l,3-dioxan and 1,3Tdioxepan.

Although Jaack33 agreos that the polymers aro cyclic, he has
questioned the ring-exponsion mechanism and proposed his own moche
nism for the production of macrocyclic rings. He oonsiders the
polymorisation %o 'be;\:ring oponing with back-biting, which is illus-
trated in Fig. C.1l. .

If this mechanism is correct, éach HC1l0, molecule must produce

4
a linear fragment with a terminal OH group. Jaacks' explanation is
based on his mechanism for the production of cyclic polymers from

trioxan4 and on axperiments3

in which tho polymerisation wos killed
with sodium ethoxide (see Fig. C.2.).

By this method Jaacks claims to be able to differentiate
between the tertiary oxonium ion (2, Fig. C.l.) and the secondory

oxonium ion (1, Fig. C.l.) because on reaction with sodium ethoxide
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(1) .roduces ethanol by proton abstraction and (2) produces a
polymer with a terminal -OEt group. The ethanol from the former
reaction was removed from the polymer by repeated distillation of
an azeotrope of water and ethanol from a solution of the polymer.
The polymer wos then hydrolysed in agqueous hydrochloric acid which
convorted the -OEt group into ethanol which was determined by g.l.oc.

His results indicated thot tertiary oxonium ions equivalent to

up to 95, of the HC1l0, could be found, but conversions of less than

4
957 were cxplained by the supposition that production of tertiary
oxonium ions from protonated l,3-dioxolan and protonated poly-l, 3~
dioxolan is a slow process. In fact, eovidence was published3b
showing the slow formation of tertiary oxonium ions at the expense
of saecondary oxonium ions throughout the polymerisation.

I decided to differentiate between these two mochanisms by
determining the number of hydroxy groups produced in the polymeri-
sation of 1,3~dioxolan by 30104 and since neutralisation by NaOR
appears to difforentiate between the two meochanisms I oarried out
experimonts similar to those of Jaacks -nd ooworkers. As I dis=
liked decomposing tho polymer, I used sodium phonoxide as a tormina~
ting ngent because this would enadle me to determinec tho PhO cnd-
groups by u;i. spectiroscopy. Fortunately much of the back-ground
work for this technique had been dona by Saegusas who terminoted
totrohydrofuran polymerisations by sodium phenoxide. This Section
desoribes the results of tho experiments in which the polymerisation
of 1,3-dioxolan by HC10, was terminated by sodium phenoxide (Chaptex

9). Chapter 9 also included furthor results on the analysis of
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pol;mers for OH end-groups. Chapter 10 discusses tho morits of the

ring-expansion mecha.nisml and the back-biting meohanism3 for the

polymerisation of 1, 3-dioxolan,

1.

2.

3a.

3b-

4.
5a.
5b.

Roforences to the Introduction to Section C
P.H. Plesch and P.H, Westermann, J. Polymer Soi. C., 1968,
(16), 3837.
P.H. Plesch and P.H. Yostermann, Polymer, 1969, 10, 105.
V. Jaaocks, K. Boehlke and E. Eberius, Makromol. Chem., 1968,

1_18.9 3540

K. Boehlks, H. Frank and V. Jaacks, Symp. on Macromolecules,
Budapest, 1969, Preprint 2/10.

V. Jaacks and W, Korn, Makromol. Chem., 1963, 62, 1.
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T. Saogusa and S. Matsumoto, Macromolooules, 1968, 1, 442.



Table 9.1.
Quantitative Moasurcoments of Hydroxyl Groups

in Polymors of 1,3~-Dioxolan

Run No, PHW15  PHW123 FJ128 TFJ178A FJ178B FJ179A
Temperoture 15 10 17 12 12 1
Optical density 0,02 0.04 0.04 0,04 0.122 0,086
of OH
Monomer unite/OH 160 80 80 80 26 37
DP 13.7 15.0  13.5 13.9 11.6 7.8
Yiold % 35 40 41 33 33 20
C At e 2
Ezt30 sws:l/lo - - - - -
E-I0104]/102M (6) 0.36  3.00  4.00 6,00 6.00 10,00
for] /202 () 0.45  1.00  1.00 0.77 2.4 0.9
Y /10 - - - 0,14 0,14  0.13
Killing agont .88NH3 .&‘Mm3 NH3(g) .fsarm3 H,0 .88NH3
Vapouwr Vapour Vapour Vapour
Run No. FJ179B FJ180A FJ180B FJ181A FJ181B
Tomperaturo 11 10 10 10 10
Optical donsity  0.817 0,023 0,023 0.036 0,012
of OH ’
Monomor units/OH 185 137 137 97 263
DP 1.9 11,6  11.4 15,4  14.5
Yiold % 20 35 35 37 37
Eat3o+swj/1o2m - - - 10,0 10.0
[HCIOZ'/IOZH (¢) 10.00 10,00 10,00 - -
[o]/10% (m) 0,19 0,53  0.53 0,69 0,26
Y /10%M 0,13  0.14 0,14 0,14 0.14
Killing agent Bt,N  EtN EtN NH, BN
(+H20) (+H20) Vapour (+H20)
¥ =2M Except 179 M = 1,8M

Y = Conocontration of ond-groups determincd from
NaOPh oxporimemts.
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SECTION C ~ CHAPTER 9

Polymerigsations and Rolated Experimonts

9.1. Hydroxyl Group Dotermination

Infrared mcosurcments on polqurs of 1,3=-dioxolon worc made on
17 solutions in carbon tetrachlorid%@ojgggdgeak due to the C~H
gtretching frequency at 2926 cﬁ-l of the CH2 groups in the polymor
choin was used os an interncl steondord and D, tho opticol density
of tho hydroxyl groups »t 3500 cm‘l was measuraod. Hestermannl had
calibrotod this systom by adding small known quantitics of 1,4~
butancediol to o known quantity of o low molecular weight polymer
(DP = 13.7) and moasuring D for the absorption at 3500 od‘l. D
was found to bo diroctly proportional to the hydroxyl group concon-
trotion and on optical density of 0.105 corrospnded to one OH
group por 30 units of monomer. He also showed thot D remoinod
unaltered even after tho polymer hod been in the vacuum oven for
soveral days and that any ethyleneo glycol which might have been
formed by hydrolysis wos removed from the polymor in the isolation
procecdure.

The results are shown in Toble 9,1, The two rosults of
Uestermann (PHW15 and PHW123) show that my experimental rosults
arc consistont with his. UWhen the concentrotion of OH groups (H)

is oomparod with the concentrotion of HC10, ono scos that there moy

4
be some substence in Jeocks' theory. On the other hand, the detoer~
minotion of OH groups by infrared spectroscopy isrethor inaccurste
when the number of monomer units por OH group is as large as 160,

Run FJ128 was killed with ommonis ges from a cylinder instesd



of ammonia gas from a rcesevoir of 0,880 smmonium hydroxide, but

H rom2ined the same although the concentration of HC1lO wos

4
slightly higher.

If, however, the roaction is killed with water (FJ178B) H is
increased considerobly, so that we conclude that o larger portion

of linear polymer must have been formed. It is bolievod thot the

following reaction is responsible for this effect.

[ I 2H,0
CHZ-CH2-—6-—CH200H20H2 3 CH,CH,0H  HOCH,CH,
g C10, + HCHO
+ HC10, + H,0

Since H is less than o it appears thot somo of tho active cantres aro
also deprotonated by the wator molocule.

In run FJ179 ths reaoction mixturc was divided into two. Half
of it wos killed with the vopour from 0.880 ammeonium hydroxide,
whilst the other half was killed under vacuum by broeasking a phial
of anhydrous triothylamino. Killing the reaction with tricthyl-
amine (FJ179B) reduces H by a foctor of five. If tho polymer
from the solution contoining tricthylamine is isoloted in the usual
manner, the polymer turns brown., It is, therefore, necessary to
treat the polymor solution with water before tho isolation procadure
can be carried out (FJ179B and FJ180B). Thoro was no ovidoncoe of
any amine groups in the polymers killed with triethylahine (infrared
spectroscopy) so that deprotonation must occur without ring opening.
Thorofore the OH groups produced in FJ179A must have originated
from a reaction of tho activoe centre with tho small quantitios of

wator which are prosent in the ammonis vapour. The following



- 149 -
roaction accounts for this phenomenon.
| ' + -

& + NH,OH

Hz(‘)CH2 e HOCHE-—-u-——»CHZOH + NH4C104

H GlO4

A similaxr observation wos medo whon Et O+Sng was the polymori-

3
sation catalyst, that is H was greater whon the reaction was killed
with 0,880 ammonia vopour than whon tricthylamine was tho killing
agont,

In soction 9.2, it will be shown that a small numbor of phonoxy
end-groups arc vresent in the polymor whon the rcaction is killed
with sodium phenoxide. There is a lincar relationship botweon the
monomer concentration and tho concentration of phonoxy ond-—groups.
Therofore from the monomer concontration we can estimato tho concone-
tration of ond-groups expected whon 1,3-dioxolan is polymorisod by
H0104. This haos been denoted by Y ond included in Table 9.1, to
provide a means of comparison botween the rosults of both meothods
of end-group anolysis,

tThen the reactions arc killed with triethylamine, H, tho
concentration of hydroxyl groups, is vory closc to the concontration
predicted by tho sodium phenoxide experiments. The difference
betweon theso figures (Y and H) is probably due to exporimental
error becausc the OH bang in tho infrarcd spectra is rethor small

and this leads to a relotivoly lorgo error in tho meesuremonts,

9.2. Experiments with Sodium Phonoxide

Saegusa2 has shown thot the tertiary oxonium ions which poly-

merised totrahydrofuran can be estimated quantitatively by rcaction
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with sodiun phenoxide. This reaction introduccs a phenoxy end-
group which can be detcrmined by u.v. spectroscony. Thorofore
this mothod wos applicd to tho 1,3—dioxola.n—HClO4 polymerisation
systom.
9.2.1. Method

Tho polymecrisations wore killed with phisls of sodium phenoxido
which had been prepared on the veocuum line. The sodium phonoxide
was introducod either as a solid (S) or os a solution in totraom
hydrofuran (L) (Table 9.2.).

These reoaction mixtures were then extractod with N asgquoous
sodium hydroxide to removc the oxcess of sodium phonoxide and any
phenol which was producod. Tho aguoous solution was mode up to
250 ml with N sodium hydroxide and tho methylone dichlorido solution
woa driod with anhydrous magnosium sulphate snd mado up to 100 ml
with dry mothylene dichloride. A soparate roforence rolution was
extracted in the samc monner and this blank test showoed thot the
polymer was transforred almost quantitatively (96) into tho
methylene dichlorido.

Each of the solutions was subjooctod to u.v. spectroscopy. The
concontration of phenyl other (ROPh) in tho methylene dichlorido
solution and tho concontrotion of PhO in tho aquoous sodium hydroxido
worc detormined by usec of the appropriatemolar extinction cosfficient.
Examplos of thec u.v. spectro obtained arc shown in Fig. 9.1,

Saegusaza hos shown that phonotoloc and 4=methoxybutyl- phonyl
othor absorb at 272 nm (socondary band),that the molar extinction

1

cocffioiont, E, is 1.93 x 107 lmole lom™ , ond that Boor's Law

il
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Table 9.2.

Estomation of Phonoxy End-Groups

D

Run No, 198 183 201 184 1854 15513 186A 186B 186C
] /1 2.0 2.0 1.0 0.5 1.0 0.8 1.0 0,88 0.77
HClo:]/lo M 0.65 0,5 0,106 1.78 1.95 1.55 1.07 1.23 1.4
270 0.05 0,35 0.27 0.09 0.14 0,045 0,18 - 0,08

[hopg]/103m =~ 1,45 0.27 0,33 0.5 0.13 0,594 - 0,32

Tiold % - 7 - - = = - 4 2

fiaopglo/lo3u -  13.5 =~  26.2 28.5 21.5 17.7 20.1 24.4

[-_Ha.OPQ f/103’M -~ 11.6 =  25.5 28,1 24.0 22.6 8.8 4.7

T /% 0 —43 =22 425 425 =43 +25 =35 =85

NaOPh,phaso - L L L L L S S 3

(o8] /103 - - - a4 - 41,2 - -

Run No. 1882 1888 1894 1398 191al 191B 1928 195 196
M) /M 3.0 1.76 2.0 1,07 1.7 1..49 1.7 2.0 1.0
0104]/10 0.8 0.4 1.2 0,38 1.27 0.43 0.75 0.64 0.58

D27o - 006 - 100 1-0 0o17 0.245 0'4 002

(RoPi]/20% - 1.5 - 3.9 1.3 0.85 1.1 1.4 0.7

Y1eld 7 44.4 13 47 31 10 53 47 67 65

- - -~ 97 4.9 15.6 17.4 17.8 10.8

anPhl/103M - 9.0 = 33 = 16,2 14.7 12.9 12.3

[NaOPh]f/103M - 6.4 - 16 = 14.8 13.7 11.4 10.3

T/ % +25 =43 0 =33 0 =16 =16 425 =64

NaOPh, phase - L - S 3 L L L L

[011]/10%4 -~ = = = 2.0 66 = 50 3.9

*
In tho presence of tetrahydrofuran

¥ Pho propolymorisod solution wos mixed at 30°

i The prepolymerisod solution was mixed at 25°

Tho monomor for all excopt 195 and 196 is 1,3-dioxolan.

195 and 196 - 1, 3~dioxopan.



- 151 =

applies. The spectra of both these phenyl ethors wcre the some as
a sooctrum of polytctrahydrofuron with o phonoxy end-group, so thot
this spoctrum could bc assigned to the ond-group of tho polymor.

In 2 similar way I havc shown that tho 1,3~dioxolan polymer
having a phonoxy end-group has o spcoctrum identical to thot of
phonotole (Fig. 9.1.). The maximum absorption of thc socondory
band wos at 270 nm and E = 1.90 x 10° lmole " om l. Since tho
spoctrum due to polymor was very woeak and because some rcoctions
were killed above the ceiling tomnoerature tho results worc not
correctod for the absorption dus to tho polymor.

An a2guoous sodium hydroxido solution of sodium phonoxide
absorbs> at 285 nm (secondory band), E = 2.6 x 102 1molo ™t om L.
9.2.2., Rgsults

Tho roaction timo for tho protonations and polymorisations
doscribced here werc usually in oxcess of 20 mins. so thot according

4

to Jaacks” theory the convorsion of the secondoyry ions to tertiary
oxonium ions would have booncomplote.

The first two oxporimonts (183 and 184) wero carriocd out accord-
ing to the conditions given in Tableo 9.2, In 183, polymer was
producod whilst 184 was killed obove tho ceiling temporcture of
theo system. Sincc tho concontrations of ROPh in thc polymors produced
in exporiments 183 and 184 wore in the samo ratio as tho monomer
concentrations, we consideored ot firat that tho tertiory oxonium
ions (sce page 145) were formed in a roaction of HClO4 with on
impurity.

Theroforo, to test this we rceycled tho monomor. In exporiment
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185, the roaction was killed above Tc and the volotiles wore distillod
into a rcaction vesacl isolotied by a Teflon tap whoro another
HClO4 phiol wos broken., However, very litilo polymor wos produced
in tho second polymorisation (at —430) therofore the roaction wos
killed with sodium phonoxide and subjocted to analysis. Tho residuc
from tho first protonotion (185A) contained tho oxpectod conconira~
tion of ROPh, evon though polymorisation did not occur. Polymori-
sation probably was preventod by tho presonce of totrohydrofuron
which was preforontially protonated. Thoroforeo, this wholo expori-
mont wos ropoatod (186) with solid sodium phonoxido in ploce of
tho solution in totrahydrofurnn,

Tho apporatus consistod of two H-tubes with a Toflon top
connocting tho horizontal arms of cach H-tubo. In one arm of oach

H-tube thore wos a phial of HC1l0, and in tho othor a phial of

4
NeOPh. Tho first protonation wos mado by breaking an acid phial

into the 1,3-dioxolan solution. Aftcr 8 mins. at 25°, tho rcoction
was killed with solid sodium phonoxido. The reosotion mixturo turnod
red and cventually colourless with tho production of apink prcoipitatoe.
If the time the solution romains colourod is o moasure of tho time
required to kill all tho active controe then solid sodium phoenoxido
is inefficjent for this purposc. Howevor, tho volatilos woro
distilled to tho socond rcaction vesszel by cooling it with icod
wator. Tho rosiduc (186A) in tho first rosction wns isolatod by

tho Toflon tap, romoved and analysed.

Hhen the acid phial wos broken into the distillatc from tho

first resction in tho second H-tube the solution turnod red snd
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polymerisation did not occur. Thoreforo tho roaoction wos killed
and the veoss:l was reconnceted to tho vecuum linc, via the Toflon
top so thot the volotiles could be distilled onto sodium hydride
to removo the phenol which had obviously come ovor in the distillation.
The volatiles wore thon distilled into another reactor containing a
HClO4 phial and a sodium phcnoxide phial and the procodure wes
ropooted. Tho residue (136B) from the second rocycling wos analysod
togothor with the product (186C) from the final protonntion.
Polymorisation did not occur to 2 gront oxtent in 186C, but therc
wae still a phenyl other group present in the product. The motiylono
dichloride solution from expcrimcnt 186B had a rothor large absorption
ot 270 nm, but as tho poak was not resolved it could not bo assigned
to ROPh with certainty ond thercfore this result is not included
in Tablo 9.2.

Tho provious exporimonts showed thot phonoxy ond-groups wore
still prosont in the polymers produced from tho rcoycled monomer
but we wero still not convinced thot the ond-groups were formod by

a roaction of 1,3-dioxolan and HC1O Thorcfore in order to keop

4
the systom a8 clcan as possible, tho monomcr and solvont woro distile
led off two live polymor solutions(188 and 189)and rcpolymerised. |
The ropolymdrisations wore killed with sodium phenoxide. In 188B,
ROPh wos formed in the some concontration as one wouldbhavo axpectod
from the first polymeriscotion, wheroas in 189B o much larger amount
wos formocd. The only differonco botween the two oxperimonts was

that in oxperimont 189A tho HClO4 vhial was brokon at 20° and the

solution mixod at 35°, whoroas . experiment 188A was mixcd at 20°,
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Tho results suggest that ROPh is morc readily formed at temporatures
higher thap 20° and that it moy bo volatile.

Although those oxperimonts soemced to indicato that an impurity
was not responsible for tho ROPh producecd, tho ovidonco was not
convincing, and thus exporiments 191 and 192 were carried out. In
thoso oxperimonts tho procoduro for 186 was usod excopt that tho
distillats from tho first reaction wos collocted in a flask so that
it could be onalysed by g.l.ce In oxpeorimont 191 the first polymori-
sation was killed with sodium phonoxide and thc volatilos wero
distillod onto sodium hydride so th:t any phenol carriod over
would bo romoved. Then, aftor dogossing (by frocse-thawing), tho
volatilcs woro distilled into a flask fitted with o Teflon tap.

Tho flask was thon soslod off the line and ro~fusod t6 thc ling for
gravity dosing. Tho somo procedure was usod in run 192 excopt

that the roaction was killed with the non-volatilo amino NyN'=diw
(2-naphthyl)=p~phenylonediamine.

Tho u.v. spectrum of tho distillate from run 191 did not haveo
an absorption at 270 nm which provod thot tho phonyl othor produced
is not volatilo. Analysis by g.l.6. of the distillatos from 191 and
192 showod th~t tho smell impurity poaks presont in 1,3-dioxolan
warc not removed by pre-protonation above theoeiling damperature. Tho
gsolutions distillod from oxpcrimonts 191 and 192 woro polymorised
with HC10, (sec Tablo 9.2.) and thon killed with sodium phenoxide.
Both the polymors obtained from those oxporimonts contained the
ROPh group.

Sinoce 1,3-dioxepan (in ocontrast to 1,3~dioxolan) is known to
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be complotoly protona,todl by HCIO4, two exporimonts (195 and 196)
with this monomor were killed with sodium phonoxide and it wos found
thot ROPh was present in the products in the scme concontration as
found for 1,3-dioxolan. This shows thot the dogreo of protonation
does not affoct the concentrotion of ROPh.

As hos beon mentioned, solid sodium phonoxide (S) is on inof-
ficiont killing agent because of its low solubility in the roaction
solution. The red colour produced in the sclutions during tho timo
it took to kill tho rcaction moay have beon due to protonated phenol
or oxidation products formed from phenol and HClOA, becausc thoero
was sone matorial which was insolublc ir tho agucous sodium hydroxido
uged,and the methylonc dichloride,for oxtraction. Thiz is shown
by & discropancy botwoen thce initial concentration of sodium phon-
oxide.[ﬁaOPéio and tho final conoontration |Na0Ph|,. On the othor
hand 2 rcd solution was not formed whon sodium phonoxide wos addod
as a solution (L) and tho rocovered cmount of sodium phenoxido
agreod well with tho initial quantity.

9.2.3. The Concontration of Texrtiary Oxonium Ions Throughout

tho Polymerisation
As the concentration of HClO4 in tho oxperimonts describod

proviously in this choptor was about 10™2

M, ono possiblo explanation
for the inoquality of EiClo;'], [:ROPh] and [OHJ was that‘the polymer
had not boen protonatod completoly. Theroforo, exporimont 201 was

carried out with a lower acid concontration (1073M) in a dilatomoter

which allowed concwrront sampling and conductonoce measurements. Tho

devico (Fig. 2.5.) was designod so thnt tho vacuum in tho dilatomoter



Tablo 2. lo

The Polymerisation of 1M 1,3-Dioxolan with

1.06 x 10N K10, at =22.2°

4
Samplo No. Timo [ROPh:l "PhOI-iJ

min. 10”3 10~
1 13 035 -
2 13 - 0.717
3 34 0,35 -
4 34 - - 1.30
5 44 0.28 -
6 44 - 1.0
7 60 - 1.8
8 92 0.27 -
9 92 - 2.4
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could be let down to a dry nitrogon atuwospvhore to facilitatoc sampling
through tho grocsed tap ogainst o flow of dry nitrogaon.

Samplos of tho resotion mixturo wero takon ot spocific timo
intorvals (secc Table 9.3. ond Fig., 9.2.) and killod with a known
volumc of sodium phenoxide solution. Tho weight of tho samplc wos
dotormined by differenco. Altornato samplos woro thon troated

with an oxcecss of Et O+PFE to kill off tho romrining sodium pheonoxido.

3
The solutions wecro analysed as bofore so that tho lattor soluitions
gavo a mcasurs of tho quantity of phonsl producod when tho roaction
was killed,

Thus conductivity, tho ratec of polymorisation by dil-tomciry,
and tho concontiration of "tortiary oxonium" ions could bo wmoosurcd
simultancously. Wo also hoped to dotoraminoc tho emount of phonol
producod by proton abstragtion from socondary oxonium ions, but the
rosults shown in Tablo 9.3. indicato cloarly that tho mothod wos
not satisfactory.

Tho initial valuc for tho concontration of phonol produced,
which is & moasurc of thc oconcentration of sccondary oxonium ions
is roasonable, but thc subsoquont figuros src larger thon thc
concontration of H0104. A possible oxplonation is thot phonol was
produced in tho sodium phenoxide solution by roeaction with otmos-
pherio moisturc. Although this could havc boen checkod by o more
rofined tochnique this hos not beon dona.

Fig, 9.2. shows tho polymorisation curve, tho conductivity curve

and theo concontration of tortiary oxonium ions at cortain timos.

Theso ions appear to be formed beforo polymerisation storts and
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their coneenirotion romeoins roasonably constant throughout tho
polymerisation, and it cortainly docs not incroase og Jaacks!
cxporiments suggostod.

9.2.4. Attompted Isolation of ROPh

Sinco the ROPh wes formed in a reactirn mixturo whioh wos
killod with sodium phonoxide above the oceiling termporoturc of the
solution I decided to attompt to isolotoc it for onalysis. Thoroforc
tho rosiduo from reoction 184 wos dissolvod in carbon totrachlorido
and op N.M.R. spoctrum w»s taken. Thoro wore pooks at 5.4 i (polymor),
6.3 T (doublot; polymor), 8.7 C and 2.8 (phonyl). Tho lest wos
small conparcd to tho others, and thoreforo tho residuc woas elutod
with 50:50 chloroform/methylono dichloridc on a thin lsoyer
chromatographic plato of silica gol. Tho grceator part of tho samplo
romoainod bohind, but the phenyl compound was eluted. The phonyl
ocompound was rumnoved from tho silico gol by extraction with mothylono
dichloride ond subsoquontly the solvont wos r.movod by distillation.
Tho N.M.R. spectrum of the residue in corbon totrashloridc showod
a pook at 8.7¢ which wos about 12 times largor thon the othor
poake in tho speotrum. The accumuloted spoctrum had posks at 2.9
and 8,12 in tho ra.tio)\ of 2:1 opart from thc poak ot 8,7% . Tho
poak at 8.1 moy bo oxtrancous bccauso acocumulatod spoctra ofton
show this pook. It ie bolioved 1o bu duo to o rosiduc from tio silican
gal.

Therofore no conclusions sbout tho structurc of ROPh could bo
&rawn from thosc exporimonts. Thc rosiduc from 1914 wes 2lso trestoed

in this way; thoro wes no pook ot 8.7® and no conclusions ocould
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bo drawm.
9.3. Discussion

Fig. 9.3. shows that therc is a roasonably linear dopondenco
of { ROPL] on{ M | which is tho some for both 1,3-dioxolan and 1,3~
dioxevpon. A plot of Emo;; against [ROPh)/[M] (Fig. 9.1.) shovs
that thoro is no decpendonocc of one on tho othor. Fig. 9.5. shovs
that thoro is no opparont rolotion betwoon tomporature (whon it is
loss thon 250) and E?OPh:I (tho [HC].OZJ wos not c.onstont in tho
experiments of this Fig.).

h’ostorma.nnl found that whon [ {iClOB was groator than 5 x 10°4'M
the epocific conductivity of 0,65M 1, 3-dioxolan in mothylonc dichlo-
rido ot 10° was independont of tho Elclo 4" wheroas bolow - !
5 x IO-A'M tho spocifio conductivity of the solution wos dopondont
on the acid concontration, Thorefore ho invokod tho protonati-n of
en imputity in tho monomor to explain theso r.sults. Fig. 9.3.
shows that at 0.65M 1,3~dioxolan tho EOP!J is tho somo as tho
concentration of "impu;pity" (Hostermonn)., Both Hostirmonn's and ny
results suggost an impu;ity in tho monomor at a conoontrotion of
10"2!&. Howovor tho oxporimonts (185, 186, 188, 189, 191 snd 192)
in which thoe monomor was rocycled heveo failed to provo this thoory
and ,besides,an impu;ity at the lovol of 10-2M in monomor woe not
found by g.l.c. of tho monomor.

We had hopod that the concentration of hydroxyl groups H
dotorminod from tho infrarod spoctra of poly-l,3-dioxolan ond
poly=l,3-dioxepan would agrco with tho concontration of phonoxy onde

groups in tho same polymers killed with sodium phonoxidcs Unfortunae
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tcly, thoso two methods of cnd-group onalyeis do not sgroo in thot
H is greotor than the {?OP@} (Table 9.2.). An explonation of tho
discroponcy might be thet phenol reacts with the polymers during or
aftor killing {0 producc hydroxyl groups, bocouso ‘éOPhJ end H
dotormined in scparate oxperimonts do agroc (Tablo 9.1.).

At this point I will briefly discuss tho possiblc reactions
by which end-groups are formod in tho polymorisation of 1,3-dioxolan
by H0104.

I+t might be that the "impurity” originotes from the walle of
tho gloss vossel, but this can bo oxcludod bcocouso tho rosidunl
wator ooncoentrotion (10"4M) of tho systom is loss than tho concent-
ration of ond--groups and the conoontiation of "impwrity" dopends on
the monomer concontration. Tho concontration of rcsidusl water in
1,3~dioxolan was found5 to bo about 2 x 10-4M vwhorons tho concont-
retion of tho "impurity" in tho monomour is IO-ZM, so that rcesidusl
wator cannot oxplain our rosults,

Hhoroas under our conditions thc protonation of 1,3~dioxolan by
H’ClO4 is incompleto, that of 1,3-dioxopan1 is complocto. Thcroforo
tho formotion of phonoxy ond-groups in 1, 3-dioxopon is 0ll tho moro
puzzling. Although 1, 3-dioxopan is known1 to contain a vory small
sonoontration of totrahydrofuran this cannot be tho cousc of tho ondw
grouﬁgi;'this polymor, bocauso in oexporiment 185B, where totrae
hydrofuran.was presont in tho polymerising solution, tho conoconte
ration of ROPh was not unusually groat.

Tho rosults of tho oxporimonts with 1,3~dioxopen might be

oxplained on tho supposition th:t tho roaoction of the protonoted
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cyclic formal with sodium phonoxidc doos not go complotoly by
doprotonation, but th~t it produccs somc ROPh by 2 minor sido-
rcaction. Against this is the faot thot JaacksS wos ablo to doproto-
nato protonatod dicthylformal complotoly with sodium cthoxido. Hove
oveor it only ncods a very small porocontege of ring-fission to ocour
10 account for our results. Furthormoro this hypothesis doos
oxplain tho formation of OH groups in the polymorisations killod
with sodium phonoxide, but it does not of courseo exploin thu formo-
tion of OH groups in thc absonco of sodium phonoxide. Sincy the
concentration of OH groups wasz of tho samo order of megnitudc o8
the concontration of ROPh from soparoto oxporimonts (Tablo 9.1.)
wo can probably rulc out the possibility that sodium phonoxide doos
not completoly doprotonstc a protonotod cyclic formal.

ROPh is formod oven whon a 1,3=dioxolaon rooaction mixturo is
killod with sodium phenoxido above Tc. Exporimont 201 shows that
tho comcontration of phonoxy ond-groups doos not altor significantly
throughout the polymorisation and that it wes loss thon the concont-
ration of H0104.

Tho ond=groun analysis prosontod horo shows th°t tho onncont-
ration of ond=-groups dopends on tho drynoss of tho killing agont
(Tablo 9.1.) ond that the concentration of end-groups is always
less tham tho acid concentration, vrovidod th:t tho monomer concount-
ration is not too high, because the numbor of ond-groups doponds'on
the monomer concentration. The end~-group concontration is in ogroo-
ment with tho concenirotion of sn “impurity" invoked by Wostermann®

to oxplain his conductivity rcsults.
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Therofore if we accopt thot the phonoxy ond-groups comc from
tortiary oxonium ions, then somo tortiery oxonium ions arc formed
in tho polymorisation of 1,3~dioxolon with H0104 but not from tho
protonntion of an "impurity” bocause this could nzt bec proved. The
wholo quostion of thec mochonism of the polymerisation of 1,3-dioxolon

by HC10, ims discussocd in Chaptor 10,

4
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SECTION C - CHAPTER 10

Thg Mochanism of the Polymorisotion of Cyclic Formals

By Porchloric Acid

10.,1. Introduction

In Chaptor 9 we have socen that a small concontration of ond-
groups is formod in the polymerisation of 1,3-dioxolon ond 1,3-
dioxcepan which is loss thot thoe concentration of HC104. Wo havo
shown that an impurity is not rosponsible for thoso ond-~groups
which arc beliovod to be caused by tortiary oxonium ions, Since
theso tortiery oxonium ions aro formed ot thc begimning of tho
roaction (Fig. 9.2.) and their numbor docs not inoronso during
tho polymorisation, we beliovod that they aro concornod in somo
way with tho initistion., Thorcoforo, in this Chaptor somo suggostions
-aro put forword as to how those tcrtiory ions aro formud and thon
tho polymerisation mcchanism is discussed.

10.2. Initiation
10.2.1. Ring-oponing
Onc possibility is that ring=oponing occurs in tho initial

stagoc of tho polymorisation.

/_..\ \ +
2 Ovb 4+ HC10 4 e H00H20H200H2©
- A

Further tortiary oxonium ions are not formod bocausé A can
polymerisc by a ring-oxponsion mochanism in a way asnalogous to tho
polymorisation of 1,3-dioxolon by tricthyloxonium salts (Chaptors 5
and 8) ond once tho dimor is formod it is protonatod (bocausoc it is

moro basic than tho monomer> ) and propagation can thon ocour



through both secondery and tortiery oxonium ions.

10.2.2, Eguilibrium betwoon Formaldehyde and Ethylenc Oxide and
1,3~Dioxolan

Wo considored that theso might bo in egquilidbrium but rojocted

this idea becauso lithium 2luminium hydride would havo rcduced
formaldchyde to methanol and thus in time it would have convortod
all the 1,3-dioxolan to mothanol and cthylono glycol. This wos

not observed. PFurthermorg, if an oquilibrium of this type did

oxist and the formaldehyde were protonated, ostormann would not
havo obsorvod that tho conductivity of 0.65M 1,3-dioxolan, HClO4 in
mothylone dichloride above To was indopendont of [Epld;} abovo

Hh x 10-4M. Morceovor teste2 for formaldchydc on tho roaction mixturocs
beforo and aftor polymerisation gave nogotive results. Tho obsonco
of formoldohyde after rooction could bo oxplaincd by its protonotion
and subscquont roazction to tho product B in tho rooction schomeo 10,1,

Whoroas tho cquilibrium in purc monomer is ruled out none tho

loss .an equilibrium botweon l§+-l,3-dioxolan,ethyleno oxido and

0

I ‘g4 R + dfvjb
- - -
o b8 010, &= /\ + HCHO-H C10, —=—p HOCH, 610,

protonated formaldchydo moy oxists

4
B 10,1,
If on the othor hand, othylenc oxido worc protonatoed,
HOCH2032 could bo formed by roaction with 1,3~dioxolan,

As in scheme 10.l., both theso alkylaiod~l§+-l,3—dioxolons could
polymorise 1,3-dioxolan by the ring-oxpansion mechanism.

Howover an oquilibrium of tho typo 10.1. doos not fully oxplain
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tho facts, bocousc thore wos no dopondonco of the concontrotion of
tortiary oxonium ions on tho concontration of porchloric acid.
Thoroforo the following altoernative oxplanation is proposcd for the
formation of small quontitios of tortiary oxonium ions in tho
polymorisation of 1,3~dioxolaon, whose concentration doponds on tho
monomoexr concentration,

Wo suppose that theo cstablishment of tho equilibrium botwoeen

1, 3~dioxolan, othylenc oxidc and formaldohydc is catelysod by ocids

O‘-.“:-—i, f
NE O

If the cquilidbrium concon rations of othylono oxido and formoldehydo
arc small, and if wo aasulgz;oth thoso spocios can produco tortiary
oxonium ions, and if tho equilibrium bocomos "frozon" onco all tho
acid has boon consumod by protonations, thon occording to my rosultis
(Chaptor 9) and tho rosults of Woetormannl, K is about 1076 molos 1,
It is rolevant that Mostormannl obsorvod thc anslogous oquilibrium
for 2,2-diphenyl=l,3-dioxolan which did not roquiro an acid catalyst.
Both formaldohyde and ethylone oxido could bo protonstod ond
thon initiate polymerisotion as dosoribod previously. If the rato
of polymorisation is grestor than the rato of ostablishmont of this
oquilibrium thon tho indepondence of tho concentration of ond-
groups of acid conocontration can bo oxplaincd.
10.3. Propagation

Tho carboxonium ion mochanism for tho polymorisation of 1,3~

dioxolan has boon disocussod and rejeoted1'3'4. Thoreforo, wo are
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loft with tho two altornativc mochonisms for the polymorisation of
1,3~dioxolan which have becn proposed. Ono is the ring-oxpansion of

nl’s 4'6

Pleosch and UWestormon and tho othor is tho mochonism of Jaacks
in which propagation is by tcrtiary oxonium ions ond macroocyclic rings
are formecd by back-biting.

Both mochanisns aro illustreod in tho introduction to Soction C
and thoroforoc thoy will not bo given agsin. If ono looks closoly
at tho mochanisms, onc soos that both can bo considorod 2s inscrtion
mechonisms; wheroas tho ring-oexponsion is on inscrtion across tho

ring (c), Jaacks' mochanism con bo considorod as an insortion

across tho linocor bronch of the moloculc (D).

--—CHZCHZOCHE-?O —-—GHZCHZOC{IZ—TO)
’ \
o o

c D
Wo considor that on insortion mochanism across tho ring (D)
is moro likecly for tho following rcasons., If tho moorocyclic
rings worc formoed by back—biting4'6, thon we would oxvect to find
thot the concontration of end—-groupa wasg tho somc as tho concontro~

4

tion of HC10, and this has not booen obsorvod. Jascks ' considors

4
thot protonatod 1,3-dioxolan is slowly tronsformcd into tertiary
oxonium ions which ore thc proprgating spocics, but this is not in
agrooment with tho results of Wostormannl who found that over a
ton=fold variotion of catalyst concontration thorc wos a linoar

rolation botwoon the first ordor rato constant and tho porchloric

acid concontration and th-t tho final conductivity of the polymor
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solution wos dopeondont on tho initiel ocid econcontrotion. Furthor—
moro Hostermann1 obsorvod thot on dopolymorisation the conductivity
foll back to & low valuoe which could only bo oxplnined by tho formae
tion of covolont perchloric acid. The ropolymorisstion followed tho
somo coursv as tho first polymerisation and tho conductivity reached
tho somo vnluo 2s before. Morcovor in the polymorisotion of 1,3
dioxcpon which is complotoly protonatod by purchlorie acid the initisl
and finoal valuos of spoeoific conductivity dependod on the concontra~
tion of porchloric acid. Also, tho low DP's observed for thoso
polymors worc considorod to bo duc to excossive tronsfor in which th
gt wos mobile over all the oxygon atoms in tho systom. |

Thesc exporimonts show thot all the porchloric acid producos
active contres. Thoroforoc, sinco Chaptor 9 shows thot somo tortisry
oxonium ions aro formed, both tortiary ond socondary oxonium ions
must be involvoed in thoe propagation. Thorofore the schomo in
Fig. 10.1. is proposed for the polymerisotion of 1,3-dioxolan by
onhydrous porchloric oacid.
(1) This stogo has boon discussed above (soction 10.2.).
(2) and (4) Theso roprosont protonation and th., ring-exponsion
mechanism of Plosch and Hestormann5.
With 1,3-dioxolan tho evidonco suggests that undor tho polymorisation
conditions (2) and (4) do nct ocour. However both \ostormann® and

Jaacks7

have obscrvod protonstion of 1,3~-dioxolan ot highor acid

concontrations than arc roquircd for polymorisation, thuroforo (4)

is still a possible propagation stop. Stage (2) is inocludod horo
b

v
bocausc undoubtodly 1,3-dioxopan must propagatogstogo (4) in this way
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boecausc the monomor is complotely protonated by porchloric ocid.
(6) This stop is included for complotonoss. Although it is loss
likoly to occur thon stop (7) bcause of the proximity of tho two
positivo charges, it cortainly would ocour if tho ring wore largo.
(7) This stop is duc to tho moss-action offoct bocousc ot tho start
of polymorisation tho concontration of 1,3~dioxolan is much grodtor
than the concontration of tho dimor ond highor oligomors, and the
groeator aobundance of tho monomer compoensotos for its lowor basicity.

Thercfore, wo belisve: thot the ring-oxpansion mechanism is

46 for the production of

morec likely than thoe mcchanism of Jancks
macrocyclic rings, but we havo not rulod out completely that E may
also propagato by 2 lingar insortion mechonism,

4 bases his mechanism on theo slow production of tertiary

Joacks
oxonium ions at the exponso of secondary oxonium ions but whon wa
compare his exporimontal conditions with ours we find that both sets
of oxporimonts can be reconcilod. In his cxperimonts Joacks used a
monomor concentration of 3-/M and the perchloric acid conoentration
was about 10-3M. From Fig. 9.3. wo sec that undor thoso conditions
the concentration of tortiary oxonium ions will bo fortuitously
oqual to the acid concentration. 8Sinco tho roactign timos of

Jaacka4

wore.only about 2 mins., it appoars thot he may bo observing
the rate of attainment of the equilibrium betwoen othylono oxide,
formnldehyde and 1,3-dioxolsn (sce sootion 10.2.).

e have shown in Scotion B thot tortiory oxonium ions are
solvoted by ether molecules. Kinetic moasurcments will not difforen-

tiate between tho polymerisation of tho solvating moleoulc or of an
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in~coming monomer molocule bocousc if thu solvating moloocule were
polymorised it would be immedintely repleced by anothor monomer or
polymer moleculo., Howovor, if one considors that tho solvating
molecule is oriontod according to tho dirocction of i%s dipole moment,
the ring-exponsion mcohanism becomes the more plausible bocause tho

solvating : @_

L8]
molocule is in the correct position to form the four-contred tran~-
sition stote proposed. The oriontation of solvating molecules in
the direction of their dipolos has beon discussod by Szwu.ch. This

Du'gu.mu\,t
is o furthor pkece of-covideonee in fovour of the ring-expension

mochonism,
Furthermore, Dreyfuss9 has shown that in the polymerisation of
totrahydrofuran by Et3O+BFZ there is o torminotion which is o reaction

anologous to the decomposition of triecthyloxonium salts:

--cnzcn!-@ BF, ——> —CH,CH,0(CE,),F + BF,

Therofore if the polymerisation of 1,3-dioxolan were o ring-opening

446

process, as Jaocks hos suggestod, thon by analogy a similar

terminotion would be expeoteds
-OCHF—'O BF 4 et —OCHZOCHZOHZOOHZF + BF3

This was not observed (Chapter 5) and my oxplomation is that the
mechonism of polymorisation is not anslogous to that of tetrahydro-

furan and is not that proposed by Jo.a.oks4’6. Therefore non~termina~



tion is consistont with tho ring-exponsion mechonism, On tho other

hand, Ja.o.cks'T objoots to this argument bocause he considers that

the -—CHZOCHZF group is unstable and that thereforo it would not
bo formod,.
10.4, Otheor Chemistry which S8upports tho Ring-Expansion jlechenism

Ring-exponsion sooms to be o good mechanigm for the polymori-
sation of cyclic formals but it would be bettor if evidonco for
this could bo found elsowhoro. Fortunately some rcaction mochanisms
havo been proposed which aro sizilar to tho ring-oxpansion.

10.4.1. Acetal Exchango

The exchango of acetal groups is well knownlo and tho roaction

of 1,3-dioxolan and dimethyl formcol is a typical examplo. Grosham11
showod that this roaction is catalysod by sulphuric acid and ho

obtainod o low yicld of the oroduct (F).

CH2-—OCHZOCH3

. OCH3 a*
O

3 H,=0CH,0CH

2 2%Hy
(F)

Tho equilibria involved in thoso rcactions hawe boon studiod in
carbon tetrachloride solution at 20° by Ivanov ot al.lz. Theso
workors formod oligomors by further rcactisa of (F) with 1,3-dioxolan
and found that the thormodynamic paramctors of this equilibrium
agreod will with those for the polymerisation of 1,3~dioxolon
detormined by Plesch and Wostormangs. Theroforo, tho low yield of

(F), observod by Grosham ie oxplainod by tho equilibrium naturo of
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the roaction bocouso calculation shows thot his conditions wore
close to tho ceiling tompceroturo and flooxr concontration of this
systom,
If Jaacks'! mochonism werc correct, the product observed could
only bo formed by two concerted reactions: (In the following mechanisms
the onions are omitted for clarity)

Jaocks mechonism:

/DCH3 dc::)b /“\ H+
dH, ———> HOCH, + CH3OGH20+\/) -)0H300H20(CH2)200H2!)CB3
+ . T. ™
3
H

Ring-6xpansion mechanism

CH =0 CH_OCH

3 32
HZ\\ ;
+: +
CH3 .“'"YZij7 CH.OCH H2
H

3& 2

Jo!

If Joocks! mochanism wore corroct, it would be difficult to imogino
the estoblishment of a clean equilibrium between tho products and
the roactants, whereos the ring-exponsion mochonism yiclds the
correct product and tho simple equilibrium noture of the reaction
is readily exploined.
10.4.2. Copolymerisation with Styrone

A quito difforont phonomenon, which holps to olucidate the
propagating mechonism, is the copolymorisation of 1,3-dioxolon with

13

styrono™~. 3Jince the triphenylmethyl ocation reacts with 1,3-dioxolan
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by hydride abstraction giving triphonylmethene and the 1,3~dioxolenium
ion, it follows that tho more roeoactive styryl ion would roaect-in a
similar woy, so thot copolymorisati»n would not occur. Morcovor,
gtyrcne cannot be polymorised cationicrlly in the presenco of cothors
or other oxygen compounds, sincc those ore much mors basic thon the
olefin. Thorefore, for copolymerisation of styronc and 1, 3-dioxolan
tho propogation step must toake placc without the formation of o
corbonium ion. An obvious altornative mechanism involvos tho
insortion of tho doublc bond into ono branch of tho oxonium ion.

Jaacks mechanism

b\

—O0CH,0 0 (@)
éazcuz)mph

b
—OCHZO) + CH,:CHPh

~OCH,CH,CHPh ((“:—/\) (8)
A further unit of styrcenc can bo incorporoted into (¢) by a roaction
anclogous to path 2 wheoroos a furthor unit of styrone c¢can bo incor-
poroted into (H) by path 1.

Ring-oxponsicn mochanisn

O O

l\+ ) : (3)
7’7 /
dnzsc'HPh

13

Since the ocopolymorisation exporiments™~ weoreo done with boron
trifluorido ethorate re tho oatalyst, whoso modo of aotion is still

quite obscuro, the activating group derivod from tho oatalyst is



- 172 -
denotod by Y(which may be Et) above.

In the ring-coxpansion oxouaplo furthor units of styroene c~n do
incorporated by this recaction if Y is mobilo ovor all tho oxygoen
atoms. Cortainly, this is the cnso with porchloric acid whoro
Y = H, and wo soc no reoason why an ethyl group should not tronsfor
by a similar proocss., This would produco an altornoting polymer
with not moro than 50% of styronc.

However, experimont has shown that if -n oxcoss of styrono is
used, sequenccs of up to four styrone units con be formod, although
tho formation of astyroeno soquences is undor all conditions loss
probable than tho formotion of 1,3-dioxolon socuonces. Thoreforc,
both roaction mochonisms require a reaction (X) by which soquonces
of styrone units con be formod:

—O(CHZ)SCHPh-OC + CH,:CHPh —> —O(CHZ)BGHPhGHzclIPb—{;- (x)

The romarkably high moloculor woights of copolymers of 1, 3-
dioxolon oand styrone, which woro achiovod by Yamashita13, are
oasily intolligiblo in terms of thc insertion mochonisms shown abovo
(e, H, and J). Cationic polymorisotion of styrone yiolds low
molgeocular woight polystyronos bocouso of proton transfor to monomer,
from thoe carbon otom next to tho growing ond. Therofore if tho
growing spegies arc oxonium ions tho principal chain breaking rosction
is frustroted.

Sinco tho insortion mechanisms proposed above (G, H, and J)
arc examples of tho ring-oxpansion (oxcept that % is formod by

insortion across tho linear branch of tho oxonium ion) we consider

thoso rosulte of Yamashito to be furthor ovidonce for the ring-
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oxpansion mochanism for the polymerisation of 1,3~dioxolan. How=
over, it rcmains t0 bo seon whother theso copolymors aro cyclic and,
if so, whethor they aro wholly so, or whothor thoy also contoain
lincor fragments; thus we could distinguish betwoon tho thoorios of
Plosch and licstormonn ‘and of Jancks.

10.4.3. The Preporation of Cyclic Ethors

Thero are somc rooaction mochonisms in the liter-turo which
involved 4~contred transition states of the typc involved in the
ring—~oxponsion mechonism,

14 proparcd oxacyclancs by

For oxample, Wartski and Wakselman
distilling =(,(* =dimothoxyalkanes in the proscnoc of HCl/S'bCl5
with tho liboration of dimothyl ethor. Theso rcactions, c¢.g. tho
preporation of totrohydrofursn, con bo roprosonted by o mechonism

which is closoly rolated to tho depolymorisation of polyformals, as

intorpreted by the ring-oxpansion mochanism.

/—\ HC1/S1C1g

\I I ? H-\-Do’ -—i\(7 ’!+ CH 3533 sw1’6'
H H : éH
S'bC16

Anothor oxample from thoso a.uthors14 is the following roaction

which involves a formol group:
‘:)"‘" SEelg

Similarly, the formation of cyclic totramors and dimors from

CH30-JCH
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cthylone oxido15 cen bo rcodily oxplained by o similax mochonisn.
The cotalysts were Et30+BF— and BF3 + tho mechanism can bo repro-

4
sented as shown bolow, whero R = Cl, CH3 or CH CH2.
4 L
1.}.’?/ o”
AN — 0~ |
R . ‘:L &t R

Sinco thc roactions obove involvo othors rother than formels it
oppoars thot the 4~controd transition stato proposcd for tito polymeri-
sation of 1,3~dioxolon moy be important in tho rcactions of oxygon
compounds othor thon formals.

Howover, those examples pose a problem, in that the polymori-
sation of tetrohydrofuron is considorod to yicld linoar polymors by
a linear propagation. Howovoer, much of tho work on tho polymori-
sotion of totrahydrofuron has boon dono with initiators whioh arc
oxpoctod to produce end-groups. For exrmplco triethyloxonium salts9
have beon uscd 28 catalysts 2nd with thoso terminotion occurs so
thot it is not surprising thot linoar polymors are producod. It

romains to bu seoun whothor the polytotrahydrofuron proparcd undor

carofully controlloed conditions is lineoar or oyclic.
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CHAPTER 11

Suggostions for Furthoar !lork

horeas tricthyloxonium totroafluoroboroto is on inoffioiont
catolyst for the polymcris-tion of 1,3—dioxolan,triothyloxonium
hexafluorcontimonate appoors to roact with 1,3~-dioxolon ~nd its
polymor to give a 1007 yiocld of activo contros. Thorefore, o study
of the polymorisation of 1,3—dioxola;;g;3—dioxopan by triothyloxoniunm
hezafluoroantimonotc should give authontic voluos of kp. Coupled
with this study, theo association constants for triothyloxonium
hoxafluoroantimonate in moethylono dichlorido and in solutions of
mothylene dichloridc ond 1,3-dioxolan ncod to bo dotorminod. By
voarying the concontration of tho catalyst it should bo possibdble to
domonsiratoe that tho kp of froo ions is similar to tho kp of ion=-
pairs.

Sinco the ring-exponsion mechonism hos boon oriticisod by Jancksl
furthor end-group onalysis moy bo nocossary to establish tl:0 mochanism
of tho polymerisation. This analysis could bo carricd out on thc
linos usod by Jaacksl'z. Tho polymerisation of 1,3~dioxclon and

1, 3~dioxepan by HC1lO0, should bo torminatod by sodium ethoxido, the

4
polymor hydrolysod ond tho conoecntration of cthanol dotorminod by

g€.l.0, Theg samc method oould also bo appliod to tho roaction
catalysod by Et30+Sng, oxoopt that tormination should bo by o
basic moloculc to which the ethyl group can transfor.

Tho ocopolymeorisation of oyclic formnls ond styrone is also a

possible mothod2

of Jaaoksl and Ploesch and Hestermann3.

by which wo could distinguish botwecn tho thoorics
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Tho roaoctions of tho oyclio formals with HClo4 and with
Et30+Sng above the ceiling tomporaturo should be studied in more
detail. In thc lotter ocase it may bo possible to isolato tho
1=othyl-15"-1, 3-dioxolanium hoxofluoroontimonate. By moans of tho
roaction of 1l,3-dioxolan with dimothyl formal it should bo possible
to show that no hydroxylic products arce formed.

A furthor suggostion is tho usc of triphonyloxonium hoxafluoro-
antimonato as tho catalyst, in whioh ocaso kp should not bo signifi-
cantly difforent if Jaocks'! moohanism epplics whoreas in tho ring-
oxpansion mochanism kp would be oxpocted to be smallor duc to tho
dolocalisation of tho positivc chorgo on to the bonzono ring.

Thoerofore, by thoso oxporimonts we moy be ablo to dotormino the
truo mochonism of tho polymorisation of oyclic formols and olso
dotormino ovon better valucs of kp than thoso available from this
work.

Furthermorc the polymorisation of totrahydrofuron should bo
studiod undor conditions in which hydride abstraction and termination
aro absont. By use of a suitable oatalyst which might bo anhydrous
perohloric acid we con ascertain whoether tho polymer is linoor or

oyclio.
Reforencos
1. V. Jaacks, K. Boohlke and E. Eborius, Makromol. Chom., 1968,
118, 354. |
2, P.H. Plesch, Symp. on Mooromoloculos, Budopest, 1969, Main Locture,
and Cheptor 10, this Thosis,
3. P.H. Plesch and P,H. Westormann, J. Polymcr Sci. C., 1969,
(16), 3837.
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Appendix

A Report on My Visit to the Uhiversitx of Mainz
15th to 25+th March, 1970

In Section C of this Thesis the rclative merits of the two
mechanisms proposed for the polymerisation of 1,3-dioxolan by
perchloric acid are discussed. Jaescks maintains that the polymeri-
sation proceeds by a linear propagation in which the active contres
are tertiary oxonium ions, whereas wo consider that the active
centres are secondary oxomium ions and that propagation procecds
by a ring-expansion mechanism,

It appeared, after lengthy discussion with Dr. Jaacks, that it
would be useful for me to visit his group., The University of Keele
provided funds to pay for the journey, and the University of Mainz
paid my living expenses whilst I was thore.

I visited the rescarch group of Dr. V. Jaacks ma2inly to
compare his experimental methods with ours. Whercas we use high
vacuum techniques, their exporiments are carried out in a N2 atmos-
vhere in vessels which were pumped for a short time under an o0il=-
pump vacuum (and flamed poriodically during the pumping). The dosing
is done by syringe~through-rubber septum techniquos. However wo
showed that both the Keeole monomer and tho Naing monomer contained
about the same concentration of wator,

Our discussions showed that the views of Dr. Jaacks are mainly
based on an organic—-chomical point of view whereas our viows are
based mors on an analysis of kinctic experiments and end-group

anelysis. Moreover we narrowed the differonces down to only a few
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points and now think that these can bo rcconciled. Whon we compared
thoe conditions of Jaocks' exporimonts with ours, wo found thot with
his monomor and acid concontrations we would also find thot tho
concentration of gnd-groups would bo fortuitously equal to tho acid
concentration.

My visit to Mainz lod diroctly to a visit by throc of Dr. Jaocks!
coworkoers to Koele (l4th to 16th April) in ordor to soc our oxpori-
montol tochniques. Thercfore we arc bogiuning to clarify thce situae
tion osnd wo hope that the mochanism of the polymorisation of 1,3-
dioxolon will soon bo seitled by our joint offorts.

Whilst in Gormany I was ableo to visit tho Institut fur
Makromolokulare Chomic in Dormstodt. Thore I tolked with'Profossor
R.C. Schulz and his coworkers about their work on the electrochemical
polymerisation of 1,3~dioxolan.

To conclude I wish to thenk all the people who mado this very

uscful and intorosting trip possidle,
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