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Abstract

This {thesis describes the synthesis and cleructerisation of ceveral
fluorinated aliphatic, aliphatic end aliphatic ether polycarbonates. The
thesis is divided into four secticns. In the first section the origins
and motivation for the work are discussed, essentially the work forms part
of a long term project concerned wath the development of a predictavely
useful correlation between the siructure o” a polymer repeat unit and its
glass transition temperature (Tg). In the second section the various
methods for aliphatic polycarbonate synthesis are critically discussed
together with the reason for selecting the method usea 1n this work. The
third section describes the progressive development o>f the eventually
successful synthetic method and 1ts application to the preparation of ten
polycarbonates. The finzl section 1s concerned with the detailed character
isation of the polymers obtained, in particular with establishing that they
were high polymers of the correct structure, and the measurcment of their
glass transition temperatures and therasal stabilities,

The results of this work suggest that the theoreticz2l basis for the

prediction of tne glass transition temperavures of polymers is not presently

particularly reliable. Part of the diff-culty in developing a more
predictively useful theory arises from the uncertainties associated with
published values for Tg and a useful contribution of this wori is to provad

2 further ten reliable deta points for well characterised materials.
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Section 1.

introduction.




1.1 Background.

The work to be reported in this iunesis was carried out on a research
agreement financcd by the wministry of Defence through the Materiels
Department of the Royal Aircraft Establishment at Farnborough. It is
concermed with the synthesis and characterisation of new polymeric
materials, and in particulaer with a long term attempt to develop a
better understanding of the relation between structure at the molecular
level exd bulk physical properties.

The particular problem with which this research 1s concerned is that
of extending the working runge of high performance elasvomers., These
are used as sealants, fol example O-ring seals in hydraulic systems,
and in some specialist applications, notably aerospace, are required to
withstand severe operating conditions. 1In order to perform the fluid
containment sealing function of elastomeric O~-ring seals reliably the
polymers used or developed are required to show the following practical
characterisiicsi=-

i) thermul and oxidative stability at elevaved tempsratures.
i1) cuemical inertness towavds likely service envirenments,
iii) adequate mechanical sivrength in the compound state.
iv) resistance towards olis, fuels and solvents.
v) retertion of elastomeric behaviour at and below normal operating
temperatures.

The increasingly higher performance of each generatiun of aircraft,
has imposed successively more demanding standards on vital subsystems.
In particular currently available elastomeric and sealaut compounds do
not adequately meet the specification of present and projected design
requirements. This acts as a spur towards the development of new polymers
capable of improved performance, and has lecd 10 considerable research
interest is evidenced by the larse number of new polyumeric siructures

reported.




The value of flucrine in polymer chemistry has been well known since
the discovery of poly(tetrafluoroethylene) (kTFE).1 Highly fluorinated
alipha.ic polymers, which are usually insoluble 1n nonfluorinated
solvents show the characteristics of high thermal and oxidative stability.
This is attributed to the greater stability of a carbon-fluorine bond
{as comparsl t0 « carbon-hydrogen bond), the increased strength of a
carbon-carbon vond on successive replacement of hydrogen by fluorine,
and the shiclding of the carbon backbone by fluorine at;cms.a.3 The
synthesis of elastomeric polymers containing enouga fluorine to impart
a significent degree of stability was not achieved until the mid 1%50's.
The first products repor.ed being copolymers of vinylidene fluoride with

4-17
chlorotrifluoroethylene (Kel F).

~{CH5CF S)—¢CFC1-CP5}

Subsequsntly copolymers of vinylidene fluoride wath hexafluoropropylene
8-10
(viton &), and terpolymers of vinylidene fluoride with hexefluoro=-
11,12
propylenz and tetrafluoroethylene (Viton B) were introduced by

DuPont and became widely uszd.

-{CFQQF}E%CHECFé%B —GCFiqg-—%E€CH§CF5%E{CF§CF5%;
CF F
3 3
Viton & Viton B

Later other companies introducsd 3ssentially simila> materials for
example, the copolymer vinylidene fluoride and 1-hydrorentafluoropropylene
the terpolymer of vinylidene fluoride, 1-hydropentafluoropropylene and

tetrafluorcethylens.
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-QCHECFE%EGCHF-?F-}E —GCF§CFé§E€CHF-fF-%EVCHECFi};
CF3 CF3
Technoflon SL. Technoflon T.

These systems, prepared from monomeric fluorinated olefins, show
relatively poor low temperature behaviocur, end in mosl cases useful
elastomeric properties are not maintained ruch below 0%
A copolymer of perfluorogzo:gyl vinyl ether) with tetrafluoroethylene
’

has been reported recently, possessang an even greater degreec of

high temperature stability than the poly(fluoro olefins) available so far.

-(CFECF-—)EQCFECFéiz
OCF3
Jt is said to be soluble in a few highly fluorinated s.lvents, insoluble
in, unreactive toward and essentially unswollen by almc<it all organic
solvents, inorganic acids, bases, ozidising and reducing agents;
however again low temperature applicability is limited.

The excellence of fluorocurbon elastomers with respect to Lhermo-
oxidative stability and solvent resistance stimulatea effcats to impart
these properties to silicone elastomers by introducing fluoroalkyl
substituents whilst retaining the exceptional low and high temperature
flexibiiity of the siloxane backbone. Fluoroalkyl siloxanes were
developed after considerable synthetic difficulties had been overcome,w’20
and proved to be solvent resistant elastomers with good low and high
temperatures flex1b111ty.21.23 Unfortunately their poor hydrclytic
stability limits their usefulness despite the markedly improved low

temperature characteristics which allows flexibility well below Oo.

]
Si-0

|
[ CHZCHZCFJn
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Alternating copolymers of tetrafluoroethylene with perfluoronitroso-
methane have been of considerahle interest as elastomers; reported first
in 195524 and later in patents,25 t1e raw polymer has excellent low
temperature behaviour, outstanding chcamical resistance to strong acids
and oxidants, is non inflammable and has good resistance to a range of
hydrocarbon and some oxygenated hydrocarbon fluids. TIne principle
éeficiencies of this polymer are pyrslytic decomposition at 175° and
sensitivity 1o degradation by organic bases; however vulcanizates have
been used in some specialist applicaticas not requiring thermal stability.

Another class of materials of interest because of their outstanding
oxidative stability and high resistance to acids and bases, are poly-

26
(perfluoroalkylenetriazine) elastomess.

) N
\\72: N

They represent the first real structural innovation fluorine chemistry
has contributed to the field of polywers, predating perfluoronitroso
polymers by several years. The triazine ring is however susceptible
to hydrolytic attack by alkalil, degrading to amides, and the process
leading to polytriazine formation was not as effective as first
anticipated.

Recently copolymers prepared from various prepolymers (polyesters,
polyethers) and linked together with a low proportion of urethsne
linkages, have become commerciaé%y important materials, useiul as

elastomers, foams and coatings. Some fluorinated polyurethanes have
28

been prepared, though tha relationship between their structure and

—~NH-R f-NH-CO-R f-oc—};
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properties has not been reported in any detail; it is expected i‘hat many
of the relationships valid for non fluorinateu aliphatic polyurethanes
will hold for the fluorinated cases, for example good low temperature
flexibility, resistance to abrasion and solvents. Recent patents
concerning different fluorinated polyurethanes claim excellent resistance
to fuels and 0115;29 good low itemperature flexibilit¢;30'31 aud adhesive
properties.32 These properties, however are more dependent on the nature
of the prepolymer, the urethane link being used as a method of fixang

the prepolymer into a polymer chain using well established polymer
reactions, and are not characteristic of polyurethanes. In addition they
show considereble promise for extending the operatirg renge of elastomers,
particularly at low temperature.

Other fluorinated polymers of probable elastomeric character have
been described, including polyepoxides, polyketals, polyfluorals, and
polythiocarbonyl polymexs; but many of these have been shown to be quite
unstable in a variety of ways.

Quite extensive research has been carried out on another system of
interest, fluorinated polyesters, derived from fluorirated aliphatic
diols (mainly hexafluoropentanediol) and various diacids or derivatives,
a variety have been reported over the last 20 years.34-4o Their
physical properties have encouraged interest as potential solvent resisvant,
thermally stable elastomers, through thermal stability is not exceptional
their capacity to retain elastomeric behaviour below 0° 1is corsidered

useful and worthy of further research effort.

1.2 Bulk Properties of Polymers.

Differences in the mecheri~al properties of polymers are determined by
variations in the types and rates of segmental motion, and the types and
degrees of molecular ordering. Changes in these parameters are marked

by transition temperatures, which are important in determining the
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temperature where physical properties alter in magnitude or temperature
dependence, and also thel polymer takes at & particular temperature

(e.g. a glassy, rubbery, flexible cr rigié solid, or a liquid). For
elastomers the most important trausition occurs at the glass transition
temperature (Tg), which determines the lower temperature limit of
usefulness of a non crystallising rubber end the uppcr temperature limit

for an amorphous thermoplastic.

1.3 The Glass Transition Temperature.

The glass transition temperature (1g) 1s readily defined pheno"\:nolog-
ically as that temperature which divides glass from rubber like behaviour,
In practise this is usually a narrow temperature interval during whach
the polymer undergoes a profound chansze of state, attempts to formulate a
precise theoretical definition of Tg leuds to complications which will be
discussed later. The molecular interpretation of Tg i1e tnat 1t 1s ths
temperature at which large scale motion of molecular chain segments begins
to occur when the temperature of the sample is raised from the glass to the
rubber state, Thus, at very low temperatures, polymer atoms way only
undergo low amplitude vibration (or rotation of substituenis e.g. methyl
groups). vwhen the temperature is increased both the amplitude and the
co-operative nature of these vibrations amongst neighbouriag polymer atoms
increases, until well defined transition at Tg occurs, and co-operative
segmental motion of the polymer chains becomes possiole, resulting in ths
qualitetive change of state from glass to rubber, A4Above Tg, the éolymer
chain segments can undergo co-operetive rotational, translail:onal and
diffusional motion, in the case of an uncrosslinked non-crystallising
polymer, if the temperature 18 raised further (usually c.a. Tg + 1063
it eventually assumes liquid like behaviour.

A first order thermodynamic transition, such as crystalline melting

point, is characterised by discontinuities in the heat content and specific
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volume (both first derivatives of free energy) associated with heat of
fusion and volume change on fusion. Tg is charactericed by an abrupt

change in volume expansion coefficiaont and heat cavacity. These second
derivatives of free energy are ofien used to detsrmine Tg, and in fact

some older texts refer to this phenomenon as a second order or apparent
second order transition. It is not a true tihermodynamnic transition
bowever, because rate affects manifest thezselves in most experimental
determinations of Tg, and the thermal history of the sample 1s also
significant. As theoriss of Tg suggest (see below), a polymer is not in
thermodynamic equilibrium at Tg when cooled at any firite rate, and on
subsequent heating after rapid cooling the specific volume versus temper-
ature curve may lcose its simple two streight line form, and bacomes more
complicated. Thus, for example figure 1 shows how samples cooled at
different rates give apparently different 1gs as deterrined by dilatometxy,

Rate effects in the measurement of Tg can be of three kinds :-

i) Rate of heat transfer tuv and from a sample.

ii) Rate of attainment of equilibrium at the amposed temperaturs.

1ii) Rate of responss to applied electrical or mectrnicel stressy

Use of fast heating or cooling rates mey not allow tempereture
equilibriation of a polymer sample waith 1ts enviyonment particularly reer
and below Tg where the relaxation processes involved are slow. Since
isothermal drifts in volume and heat contents etc may occur over long
periods of time near Tg, then true equilibrium determinations sre difficult.
In the interest of time saving, it 1s nserly always necessaxy to extra22_14
polate results in the region of Tg, but corrections for rute may be applied.
Methods of determining Tg which involve high rates of application of
electrical cr mechanical stress often give Tg values approximately 20°

higher than those determined at much slower rates e.g. dilatometrically.

Various approximations to correct for frequency effects are available.



Figure 1.
The influence of ‘bhermal history on the glass transition temperature
determination. Specific volume of poly (vinyl acetate), measuzed after

cooling quickly from well sbove Tg. (after reference 41).

v % 100, cm3/g

-25 o 25 50
- Temperature, °C

Since no measurement of Tg can be cerried out at zerc rate relatively
slos methods eare used, as oppoced to dynamic or high frequency metanods,.
With a very great number of physicel properties of a polymer changing at
Tg, & great variety of observatiozal methods cmay be used to obtain values
for Tg. A listing of these methods is recorded ain the ]iterature.48 The
nost widely used techniques would appear to be dilatometry, differential

scanning calorimetry (D.S.C.), penetrometry, and torsional braid

measurements,
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1.4 Theories Of The Glass Iransiticn.

The above examination of the chenges that occur at the glass transition
shows that not only are static and thermodynamic properties affected, but
that rate and relaxation properties are also markedly influenced, It is
this dual characteristic of the glass transition that over tne years has
been the cause of considerable controversy over the development of a
satisfactory theoretical explanation, buch of inis difficulty has been
in trying to adopt a gquentitative approach to a phenomenon which affects
thermodynamic quantities, and at the sewe time, shows A great or over-
riding dependence on rate effects. This has given rise to theories
which have their origin in either thermodynamic or kinetic explanations.
Thewe are apparently three opposing btut not mutually contradictory views
of this phenomenon.

49-52

First, in the theory due to Gibbs and DiMarzio \ equilabrium
theory), the observed glass transition 1s considered the result of kinetic
menifestations of the approach to a true equilibrium thermodynamic transition,
At infinitely long times, a second orier thermodynémlc tr.nsition could
be achieved under equiliorium conditions. The approacn to the transation
is seen as the configurational entropy change of the material with
temperature. As the temperature 1s lowered, the number of states available
to the polymer decreases and the rate of approach to equilibrium also
decreeses. For a system i1n equilibrium being cooled, Tg 1s defined as the
temperature at which the change in configurational entropy hegomes Zero.

Secondly the relaxation or hole theory of Hiral end E,vr:m:_z,ﬁ’54 views
vitrification as a process involving the passage of kinetic units (chain
segments in which all the atoms move co-operatively) from one energy
state to another. These units move ainto "holes" or empty spaces, formation

of which requires a "hole" creation enargy (the energy needed to overcome

the surrounding molecules cohesive forces), and an actrvation energy to
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overcome the rearrangement potentiel barrier, via an activated state. All
the holes in a polymer sample are characterised by a single mean volume,
Description of the approach to equilibrium of a cooled rubbery laiquid by
this theory, defines the glass trcasition temperature as the half freezing
of the hole equilibrium. This depends only on the cooling rate, since
ample molecular motion in the liquid is possible for squilibrium to be
achieved. In contrast as the glass is heatud, then Tg depends not only

on the heating rate, but also on the thermal history of the sample, since
equilibrium cannot be reached below Tge That is to say, glasses obtained
by the use of diifering cooling rates, represent difierent starting

materials, having different enthalpies and time depeadent heat capacities
55

56
Lastly the free volume theory based on a model proposed by Fox and
57
Flory, is the ons outstanding successful approach to the problem. A

in the glass transition range.

liquid has it's volume partly occupied by molecules and partiy by "free"
o> unoccupied volume. This free volume resulis from lmperfections in the
packing order of molecules arising from their random arresy. 1t 1s used
in order to adjust irom one configurational state to enother, and is
essential for molecular motion by rotaticn or translation to occur. The
glass transition therefore occurs at a temperature at which the free
volume reaches a critical value, such that below this point there is
insufficient room for co-operative segmental molecular motion to occur,
Below Tg, the free volume is frozen into the polymer, remeining constant
as does the "hole" size and distribution. The volume expansion coefficie.i
observed below Tg has the same origin as the tnermal expansion coefficient
of a crystalline solid, Abov> Tg, as well as this expansion mode, there
will also be an expansion of the free volume, resulting in a larger
expansion coefficient than that of the glassy state. This can clearly

be seen ln Figure 2 which shows the relationship of the increase in free
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volume to the volume expansion coefficients above and below Tg, and also

the location of the pseudo equilibrium value f Tg at infinite time.

Figure 2

A diggram of specific volume around Tg as interpreted by the free

volume theory.
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More detailed analysis of glass transition theories have been reviewed
58-60
recently.

15 Glass Transition Temperature Frediction.

The development of new poiymers with desired physical properties
would be greatly facilitatea by the availability of methods for predicting

such properties from a knowledge of cnemical structure alone; in
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particular, from the point of view of the present work, elastomers with
extended low and high temperature performance., The incorporation of
relatively short sequences of fluorinated eliphatic chains has been shown
to enlance high temperature stability, whilst not adversely affecting

low temperature flexibility (e.g, fluorinated polyesters and polyurethanes
see section 1.1). The extention of low temperature performance, which 1s
governed by Tg, may only be really satisfactorily achieved by the
investigation and synthesis of new polymeric structures; although it may

be possible to modify the observed properties of available materials to
some extent by the incorporation of additives (e.g. plasticisers) or by
preparing blends. The avallability of methods for predicting Tg of polymers
from chemical structures zlone, would allow areas of potential interest
(i.e. elastomers with a su?ficiently low Tg preaiction to allow significant
extension of low temperature performance) to be detected and investigated.
Such an approach would in orinciple, speed up the search for new materials
although there 1s no guarantee that the predicted structur-es would be
accessible by rurrently available synthetic technigques.

Several empirical methods for the prediction of glass transition
temperatures have been proposed. Starting with equaticas describing the
Tg dependence of copolymers on composition, additive temperature parameters
(A.T.P.S) were calculated for individual stractural units (groups of
a.'l'.oms).61’62 In one of these treatments due 40 W.A. Lee of the iaterials
Department of the Royal Aircraft Estaeblishment at Farnborough, consideration
of the sequential arrangement o: the groups in the polymer chain is taken
into account.63 A similar method has assumed the additivity of another
purameter, density, as well as temperature in the empirical Tg calculation;
whilst others have expressed the relaté:nsgip of Tg and cohesive energy

»©

using the additive paremeter approach. Recent modifaications to
66

include a steric factor into this latter approach have been reported.
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The method due to Lee, has been developed and extended to consider the
relationship between Tg and the molecular structure in fluoropolymers.
For such a method to allow reliable estimates of Tg to be made, the data
on which the computations are base” muct be ac accurate as possible.
Since, as explained earlier, the observed value of Tg is sitrcngly dependent
on the technique used in it's determination, there is a vsry real probliem
in acquiring a satisfactory deta Lase on which to build the proposed
parameterised predictive theory. In an attempt to overcome this problem
Lez and Rutherford have collected all the available data on fluorOpolymers?7
critically assessed the reliability of ‘he individual items, and taking
into account differences in methods of determination have constructed
& hopefully reliable table of glass transition temperatures. Such an
operation however carefully carried out inevitably has an elewent of
subjective assessment in it, which is of course undesireable in a
quantitative approach; this limitation unfortunately apyears unavoidable,
brt as more and more reliable datas points become available the various
parameters can be modified to obtain progressively better fits to the
total data and therefore progressively betiter predictions. Usaing Tg aata
on & total of 144 fluoropolymers divided into 2 seis, one comprising of
51 aliphatic carbon chain polymers, and the other the remaining 93
polymers, a qualitative data analysis with respect to the effect of
different bridging groups upon similar polymers, results in the observation
that short sequences of fluoro-aliphatic and fluoroaliphatic evaner
diradicals promote low Tg values. Quantitatively, the Tg deta on the
fluoropolymers is seen to be self consistent, and the effects of various
groups in raising or lowering Tg seem tc be &dditive, provided that
the groups are only regarded as aidentical if the neighbouring groups as
well as the considered group are the same. That 18 to say that the Tg

of a polymer is equal to the molar average of the Tg contributiona of it's
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constituent neighboured groups, mathematically:-

X
g = ni Tgi

X
Zni
1
wherei~ ¥ = number of groups in the repeating units of the polymer.

ni = number of groups of the ith type.

Tgi = additive temperaturo parameter (ATP) associated with the

ith group.

This method is called neighboured group analysis, e&pplying it to a
set of fluoropolymer Tgs gives rise to a set of simultaneous eguations an
which each reference Tg is expressed as a sum of ATPs aporopriately
weighted by the molar frequency of the group in the repeact unit. Thas
s2t of simultaneous equations can, in principle, be satisfied by a unique
set of ATPs, and it is these parameters which are required for predictive
purposes, However, the data does not ullow a unique solution and the best
oversll fit is obteined by computation. The resulting set of AIPs can
then be used to recompute the base data, the difference between the
original and recomputed Tgs gives a measure of the consistency of the
approach. This has been done for two groups of fluoropolymers, the carbon
chein, and the hetroatom chain types. The systematic errors in the method
are listed in Table 1.

68
Table 1, Errors in neighboured group analysis of fluoropolyme:r Tgs.

Polymer Type waxamem Error (K) R.il.S. Error (K)

Carbon Chain 21 4

Heteroatom Chain 17 6
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The set of derived ATPs satisfactorily regenerates the Tg values from
which they were cal.rlated.

Tkis epproach can be applied to the prediction of Tg for other
structures, with one proviso; that thear constituent groups have appeared
in the particular molar ratios required in other polymers for which Tg
values ars included, The results in Teble 2 Zllustrate that the Tg values
predicted vy this approach for fluorinated aliphavic polycarbonates are
considerably lower than those of materials currently available, for

example Viton A Tg 250°K

68
Table 2 Predicted Tg values for some fluorinated aliphatic polycarbonates.,

Structure Tg (pred) K | Tg (obs) K
i
*:OCO_CHEQCF§+EPH§}—S n=1 214 -
" 2 233 -
© 3 214 -
o 4 225 232
i
; . 1
-F 0 CHE(-CF?EO(—LFE)-‘;’O{-CFE}ZCHEL 217 _
i
-{OCO—CHEQCFE}EOQCFE}EOGCFE}ECH%; | 216 -
|°| .
- J— -
—{gco cHZ-QCFZ—)soeCFmoecpa,3cu§:l}; 217

A successful synthesis of these materials would thercfore provide &
useful check on the reliability of the predictive wethod, ard possibly
give rise to potentially useful new materials. Although it should be

noted that ever if the Tg is considerably lowered, a useful material will
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require satisfactory morphological characteristics (i.e. & low proportion
of crystallinity), and satifactory chemical inertness, before it is
considered for technological applicezion.

The primary alm of this research has been to determine an effective
synthesis of high molecular weight samples of fluorinated aliphatic
polycarbonates, and to examing their physical properties, particlarly
their glass transition temperatures and thermal stabilities, if successfully
accomplished the work would then have extended the range of fluoropolymers
known and provided data to test the validity of tne predictive hypothesis
advanced in other research establishments, The effect of introducing
a flexibilising unait, the ether linkage, into the flucrinated main chain
of the polycerbonates were also calculated, with a view to possible
lowering of Tg values, This was a line of further research eventually
not taken up.

Initial investigation of the synthesis of fluorinated alaphatic
polycartonates was to be perforaned using hexafluorpentanediol, since this
is a readily aveilable compound, which may be obtained by the following

route .
Figure 3 Tne Synthesis Of Hexafluoropentane Diol (HFFPD)
@ CL/AICL @ KF180C
Sutoholane

KMnOA

0 0 Q9
C @ ——L3HOV(CFL

CICICE ) bCl <

MeOH

9 9 LiAlH,
MeOC(C.:213€OM — HOCHZ(CFZ)SCH-ZOH
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1.6 Preparation of Aliphatic Polycarbonates.

A literature survey of the available methods for polycarbonate synthesis

was undertaken. By comparison with the information available for the
gynthesis of eromatic polycazbonate569.7o the information concerning
aliphatic polycarbonates is relatively meagre; never-the-less seven different
approaches have been described and the railn ¥zatures of these are discussed

bolow.

1.6 (i) Phosgenation of aliphatic diols.

When aliphatic diols and phosgene ars mixed in inert solvents, the

following reactions may occursi-

HO(CHz}-0H + €0C1, —>HO(CHz}70-C-C1 + HCL (1)
I L
HO(CHz}-0CCl + COCL;—>ClCOCHz)}-0CC1 + HC1 (2)
muo(-cug}iocu—m{o{-cu;);oc}au + (m~ 1)HC1 (3)
I

mC1CO¢CEz)=CCCL + mHO(—CHE-)BOH-*H{O&CHE}BOCO(-CHE-);‘OC_]GCI + (2m~1)HC1 (4)

HO(-CH?;ocan—»(c% /c=o + HC1 (5)
0

HO(CHz}-OH + HCl—>HO(CHz=Cl + H,0 (6)
——

HO¢CHz)}=0CC1l —> HOLCHz}=C1 + CO, (1)

The outcome of the reaction, will be determined by the diol used, and
the detailed experimental conditions. The aliphatic hydrocarbon hydroxyi
group usually reacts fast enough with the phosgene below 50° to form the
chloroformate and HCl eusily, frequently tnis is possible even below 0{

The bis-chloroformate of the diol mey also be obtained in good yield via
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reactions (1) and (2), by adding the diol to liguid phosgene in an inert
solvent.71 However 1,2- and 1,3-d1ols have a great tendency to form cyclic
carbonates via reaction (5), in addition to the bis-chloroformate;72 this
may be directly attributed to the stalility of the 5~ and 6-membered rinss
formed. If phosgene is added to these diols dissolved in an inert solvent
good ylelds of the cyclic carbonates arg obtuined., D.ols wath hydroxyl
groups separated by more than four corbon eioms give mixtures of bis-
chloroformates and higher.boiling chlorine containing by-products.

In general high molecular weight chlorine free polycarbonates are not
accessible by this route. This may be attributed to the different
reactivities of phosgene and chloroformates towards the hydroxyl group. As
seen above, phosgene reacts rapidly with the hydroxyl groups tc form tne
chloroformates; however, these latter species react corsiderably slower with
the hydroxyl group to form carbonic acid esters, i.e. polycarbonates, In
order to carry out this latter reactiion at a reasonable rate, the reaction
temperature has to be elevated. However when the temperature is raised
above 50° reactions (6) and (7) become important and some hyiroxyl
functionality is lost. The resulting chlorine containing moao-alcohecls
are, of course chain terminators for the overall polycondensation reactions
(3) and (4), and consequently only low degrees of polymerisation can be
obtained, A further source of chain.germnation will be the water formed

in reaction (6) which will hydrolyse both the phosgene and the chloroformates

in the following manner:-

coc:t2 + HZO — 002 + 2HC1 (8)
0
Roun + nzo ———3> ROH + co2 + HCl (9,

Both of the above reactions are faster than those with the alcohol,

when carried out under tne seme conditions, it is therefore impossible to
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produce the chloroformates, cyclic carbonates or polycarbonates by this
method in the presence of water or aqueous alkali, the desired products
being ovbtained in very poor or zero yield.

Rescticvns of diols in inert solvents such as toluene, xylene, with
phosgene at high temperatures in the presence of finely distributed
carbonates, bicarbonates or nydroxides of slkali or alkaline earth metals
yields lcw molevular weight hydroxyl terminated polycarbonates provided the
water formed by neutralisation is quickly removed from the reaction mixturZ?

The preparation of polycarbonates by phosgenating diols at a low
temperature 18 catalysed by the addition of pyradine or tertiary amines,

It has long been known tnat these compounds form ionic adducts with phosgene
and chloiroformates, and that these ionic compounds are more reactive towards
the hydroxyl group, than thg chloroformates.74 Ihe 1onmic adducts of
pyridine, sce (10) and (11) below, are especially suited to preparation of

74
neutral formic acid esters and polycaerbonates.

Oﬁ D o

, _

2 Q N + 00012 — ON-C-I{O 2C1l (10)
N\

+

| ﬁ
(::) + ROCCl ——> (::) N-C~-OR C1 (11)

Since the adduct formed in react-on (11) is much more reactive than the
chloroformate, the reaction of these adducts with the diols to give the
carbonic acid esters and pyridine hydrochloride veaction (12) at a reasonable
sete without elevating the reaction temperature isg possible, TLhis also
reduces the extent of the chain termination reactions (6), (7), (8) and (9)

resulting in a higher degree of polymerisation for the overall reaction.



+

° ® i ©
- + -
RO!!-N O Cl + RIOH—>RO-C~OR' + O N Cl (12)

These adducts may be made in a solution of the diol in pyridine, or in a
mixture of pyridine and an inert solvent. The pyridine hydrochloride will
not react with phosgene or chloroformates to form reactive adducts,
Therefore a slight excess of pyridiros is required over and above the
stoichionetric amount to act as catalyst for the reaction. Reactions (10)
and (11) have to be carried out under ary conditions since the adiucts
. decompose in the . rresense of water to give carbon dioxide and pyridine
nydrochloride. In additien to reactions (1) to (5) side reactions have
been observed, especially at higher vemperatures, wher tertiary amines are
used as acid binding materials in the phosgenation, particularly when such
amines contain one or several alkyl groups with a small number of carbon
atoms, The side reactions may be atiributed to the formation of alkyl
chlorides and carbonic acid esters by reaction of the chloroformates with

75
these amines see (13),

R\\ ﬁ R
R—N + R'OCCl ——> N-COR! + CHBCl (13)
CH3 R

Hence the preference of pyridine as the acid acceptor since thas sade
reaction, restricting the extent of the polycondensation, is nct aveilable
with pyridine.

Thus for the preparation of aliphatic hydrocarbon polycarbonates, the
diol is dissolved in a mixtu.ure of an inert solvent and just over 2 moles of
pyridine, one mole of phosgene being added at or beslow room temperature.
The viscous solution is washed with diluted hydrochloric acid and then with
water to remove traces of pyridine and finelly dried, the polycarbonate

being obtained by evaporation of the solvent.



Phosgenation can also lead to good ylields of cyclic carbonates, using
tertiary amines and diols capable of forming 5- or 6-membered cyclic
carbonates i.e. 1,2- and 1,3-diols. 1,4-diols cer also form cyclic
carbonates when the dilution principle is used, for example 7- and 14~
membered cyclic carbonates, together with a low molecular weaght poly-
carbonates were obtained on the addition of prhosgene in %oluene 10 a

11,78
éillute solution of 1,4- butane disl =nd pyridine in chloroform wuv 40-50ﬂ

1.6(11) Reaction of bis-chloroformates of aliphatic diols with aliphatic

diols.

The reaction of bis—chloroformates of aliphatic diols and aliphatic
diols, reaction (6) above, has to be cerried out at vlevated temperature
for s reasonable reaction rate to be obtained. However, the side reaction
leading to exchange of hydroxyl by chlorine takes place under these
conditions. This can be partially eliminated by carrying out the reaction
under vacuwm, so that the HC1l formed is immediately removed rrom the
reaction mixture. In this manner low molecular weight aliphatic polycarbon-
ates, have beea obta1ned.79

The reaction of bis—chloroformates with aliphatic ui10ls in inert solvenris
nt elevated temperatures in the presence 0f finely divided carbonates,
bicarbonates or hydroxides of alkali or alkaline earth metels, has also
been carried out yielding low moleculor welght polycarbonates with
terminal hydroxy groups, providing that water formed during the reaction
is removed quickly from the reactlon.72

Reaction of the bis-chloroformates with the aliphatic diols in the
presence of tertiary amines, as seen in tne previous sectaon, is better
sulted to the preparation of kigh molecular weight polycarborates. However,
the thermal iastability of the hydrocaroon bis-—chloroformates has prevented

the preparation of high puraity semples, and therefore high moleculer weight

polycarbonates oy this route. Regulur alternating copolymer albeit of

of relatively low degree of polymerisation can be prepared by this method,
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P
mC1COROCCL + mHO-R'-OH —2 "5 B{OR-0COKOCIZCL + f2m-1) O (14)

N
HC1

A variation on this basic procedure mey be effected by ueing compounds
that react in the same way e.g. trichlorometryl chlorofcrmate (dipnosgene),

bis [frichloromethyl) carbonate or cthe bis (trlchloromethyl) carbonates of
80
aliphatic diols 1i.e.

0CCl1 OCCl

3 /// 3

=C 0=C C1.,COCOROCOCCL

\\\ 3 3

0CCl1

(15)
c1

which may promote the polycondensation reaction by being much better

elimination products.

1.6 (13i) Trans—esterification of aliphatic diols with dialkyl carbonates.
The reaction of aliphatic diols with equimolar amounts of the dialkyl

carbonates is the most generally useful method for the prenaration of high

molecular weight aliphatic hydrocarbon pclycarbonates.

/°\

mHO-R=-OH + mR-OCOR'-T—>R C=0 + 2mR-OH (16)

0

|
‘—»H{oaoc:]-ion' + (2m-1)R-OH (17)

Depending on the diol and the reaction conditions, either cyclic
carbonates, a mixture of cyclic carbonaies and polycarvponates, or just

81,82
polycarbonates may be obtained. Indeed this is the route Carothers

used to first synthesige polycarbonates in his classic investigation of
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polymer forming polycondensation reactions; the diols HO(CHZ)nOH (where

n = 2--9,11-14,18), diethylene glycol, triethylene glycol, p-xylene
glycol were trans esterified with diethyl or dibutyl carbonate, between
120-160ﬂ using alkexide catalysis. In many cases the pressure was
reduced in the latter pari of the polycondensation to effect complete
removal of the aicohols formed. In the case of the 1,2- and 1,3~ diols
the cyclic carbonates were formed. Diols with the hydroxyl group
separated by more than 3 carbon atoms gave polycarbonates of molecular
weights lower than 3000, Later invesiigation of the influence of reaction
conditions and the structure of the aliphatic diols on the formation of
cyclic carbonates or polycarbonates during trans-esterification with
dialkyl c.a.rbona.t;es,'”’78 showed theat the monoesters are formed first, and
that the structure of the 2i0ls deteirmine whether the monoesters form
cyclic carbonates or polycavbonates. Increase in the rate of reaction
and use of the dilution priaciple favour cyclic carbonate formation.
Cyclic carbonate formation from 1,3-propane diol derivatives is favoured
by bulky substituents on 02 or sulstituents on 01 and 03.

The trans-esterificatioa reaction is not possible in the absence of
catalysts even at elevated temperatures, being only fecsible in the
presence of strongly basic catalysts, e.g. sodium alkoxides at temperatures
between 120-22d1 The use of these temperacures however create problems
with the volatility of the dialkyl carbonates especially the lower alkyl
derivatives resulting in a part of the dialkyl carbonates being lost from
the reaction mixture together with the alcohc! eliminated. This causes an
excess of the diol to be present in the reaction mixture, which may act es
a chain terminator, preventing the formation of high molecular weight
polycarbonates. This prngem may be overcome by adopting appropriate

experimental techniques. However high molecular weight polycarbonates

are not obtained this way, beocause the highly alkaline catalysts present,
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tend to degrade and decompose the aliphatic polycarbonate at the temperatures
necessary for its formation.

The trans-esterification procedvre used by Carcthers has been modified
to remove the influence of the alkaline catalyst in the latter stages and
at higher temperatures,84 using sodium alkoxides and a non-voletile water
insoluble carboxylic acaid or ester in a concuatratior lower than that of
the alkoxide catalyst. After the larger portion of the alcohol has been
eliminated the low molecular weight polycarbonate is dissolved in an ainert
gsolvent, and washed with dilute HCl and water to remove the alkali. After
removal of the solvent, trans-esterification was continued at temperatures
up to 200° and under vacuum, using the catalytic action of the carboxylic
acid, to give polymers of intrinsic viscosities 0.4~0.6 in chlcroform.

The production of high molecular weight polycarbonatss by this method
is greatly simplified by the use of diaiyl carbonates i1u the trans-
esterification e,g. diphenyl carbonate whaich reacts without catelysts and
relatively low temperatures.85 This method gave a polycarbonate of relative
viscosity 1.414 in dichloromethylene at 251 It 15 also possible to
produce aliphatic polycarbonates or polycarbonate copolymers by trans-

esterification of diols with bis-alkyl ox bis-—arylcarbonates of the same

cr another diol e g.
mHOROH + mR'-OCOR"OCO-R'———e-mH{bROCOR"OC}EOR + (2m=1)R'OH (18)

In the above reaction high molecular weight polymers have also been
86
prepared where R and R"™ are cyclobutane rings.

1,6 (iv) Polycondensation ¢f wvisalkyl or bisaryl carbonates of aliphatic diols,

This may be regarded as an extention of methods described in the preceding

section, whereby the requirement for strict stoichiometic baiance between

the diol and bisalkyl or bisaryl carbonate is avoided. The polycondensatimm
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is carried out using just the bisalkyl or bisaryl carbonates of the
aliphatic diols which form polycarbonates by eliminating dialkyl or diaryl
carbonates, reaction (19). This reaction is catalysed by a whole range

of basic catalysts, for example alloxide ions-

0o 0 Q 0 0
ol e 1k |
mROCOR' OCOR ——> aoc-}_on-ocﬁon + {m-1)ROCOR (19)

This procedure has the advantages that correct stiochiometry is
automatically maintained during the entire polycondensation, and the
decomposition of the diols at elevated temperatures is also avoided.
Polycarbonates of penta-, hexa-, decamethylene diol nave been produced with
highly alkaline trans—esterification catalysts, and high temperatures up to
2401 under reduced pressure, intrinsxc vascosities in the range 1.3 and
1.7 in chloroform87 have been obtained.

Preparation of the monomers is effected from the diols by trans—
ecterification with an excess of dialkyl or diaryl carvonate, or by reaction

of alkyl or aryl chloroformate with diols in pyridine.

1.6 _(v) Polymerisation of cyclic carbonates.

Cyclic carbonates of aliphatic diols with ring size larger then 5 can
be polymerised., These monomers are aveilable by the following processes:
(1) phosgenation of aliphatic diols;
(i1) trans—-esterification if aliphatic diols with diesters of carbomic
aclid;
(111) depolymerisation of aliphatic polycarbonates.
The latfer process was discovered by Carothers. Heating the polycarbonates
he obtained by trans-esterifi.ation method under reduced pressure, he
prepared monomeric and dimeric cyclic carbonates 5 together waith some

decompositior products. 2,2-Disubstituted 1,3-propane diol derivatives also

form corresponding cyclic carbonates readily and in good yield when heated
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11,78
at estmospheric pressure.

This method of polymer formation was first used by Carothers and Van
Nattae1 wvho obtained poly(trimethylene carbonate) on heating tho cyclic
trimethylene carbonate with potassium carbonates. Latter, Hill and
Carothers82 prepared the corresponding polycerbonates from the cyclic
carbonates of deca-, dodeca-, trideca-, and tetradeca-methylene diol, ana

from the dimeric cyclic carbenates of hexa- and deca-methylene dzol.

m (CH.) =0
~ _ ﬁ
ROH OH N R{p£CH§+EO'}E9R (20)
?-——-{CHE}E'——-r
m 0=0 =0
2 0————(0&2}5————0

Water or alcohols are necessary for chain termination, if ther are not
present 1n the monomer or formsd during heating, they have {o be added.
Polymerisation of cyclic carbonates can be hindered by certain
substituents on the ring carbon atoms, as has also been shown for other
cyvclic monomers which can pclymerise by rang opening. The readily formed
cyclic carbonates of 2,2-disubstituted 1,3-propane diols show only a
17,78
negligible tenden.y to polymerisee.
1.6 (vi) Sparo orihocarbonate rang opening polymerisation,

88
A recently developed technoque depending on the successful development

of novel methods ©f preparing the spiro ortho c.rbonetes of the general

formula:

o)

o)
(cnz);//' \\\c’// \\\
\\\o’// \\\o’//

(CHz)n
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and using cationic initiators e.g. boron trifluoride etherate, leads to
ring opening polymerisation where n = 2 to 4. When n = 2 a mixture of
cyclic ethylene carbonate and a polymer containing poly(oxyethylene)
and poly(diethylene glycol carbonate) units, i.e.

0

r )
-{p-CHé—CHEHE and -{b-CHE-CHE-OCO—CHE—uﬂf—J—B 15 ob*ained; where n= 3

the polyether cerbonate ﬁ
-Eo—(-cn:,,_a-j—oco-@aﬁa%n—

results; and where n = 4 polﬂpetramethylene carbonate) results. ihis

method has been developed more recently to give polyethercarbonates of
89,90
the following structures:-

e
-FCGH-Z-RCH—OCOCH—R'CHE} rR=r'="¢", >c7;r3¢ , R=~{Cdz)z 0= 2-4.

e ? IIOH,
CH2 Ch2

1,6 (vii) Copolymerisation of an epoxide with carbon dioxide,
91
In g methoq developed by Japanese workers, propylene epoxide has

been reacted with cerbon dioxide in the presence of a diethylzinc/water
catalyst to give poly(propylene carbonate) with an intrinsic viscosity
of 4.60 in chloroform at 36’ « Further development of the technigue has
lead to the use of a diethylzinc/aromatic carboxylic acid catalyst, leadvng
t0 a polymer intrinsic viscosity of 1.21 in benzene at 30° .92 This method
however is laimited by the ring opening step whaich i1s only possible for
three membered ring cyclic ethers, i.e. epoxides, larger ring ethers do
not react to form polycarbonates at all.92

The suitability of the various methods of synthesis to the preparation

of high molecular weight saumple of polycarbonates can be summarised

briefly in the following manner;



Method (1)

Because of the great number of side reactions, chain terminations and
the stringent requirements of dryness, catalyst and equimolar quantities
of recctanis, this method would be expected tvo show poor high polymer
forming characteristics. 1In practice the intrinsic viscosities of the
polycarbonaies otbtained i3 relatively low.

Method (231

Here the two reactants may be prepared in good yield, although the
purity of the bis-chloroformate may tc in question due to its thermal
instability. Again high purity, dryness, exactly equimolar quantities of
reactanis end catalyst, are restraints on the degree of polymerisation
possible using this method., Althovgh a general improvement on the previous
method, high molecular weight polycarbonates are not obtainvd. Although
the route dves offer some synthetic utility, where a polycarbonete with
alternating aliphatic main chain components is desired, and high molecular
welght 1s not critical; for example, in the preparation ol prepolymers,
for some formulations,

Method (4iii)

This 1s the most important method for the preparation of aliphatic

S

polycarbonates, products with high degree of polymerisation are obtained,
e.g. 8pecific viscosity for 1% solution in clloroiorm at 25’ = 2.75.66
Although it hes been shown the% special procedures are required to achieve
these high degrees of polymerisations. This route is therefore of obvious
significance and utility, especinrlly where polymers with alternating
aliphatic chains may be required.
Method (iv)

This may be regarded as a modification of the third method, over which

it holds certain theoretical advantages namely, the need for exact molar

equivalence of reactants is automatically maintained throughout the reaction;
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the avoidance of dinls, potential terminators at elevated temperature; and
low catalyst concentrations. This is reflected in the high intrinsic
viscogity of the polymers obtained,87 for example 1.75 an chloroform.
This mathed is therefore oI obvious synthetic utility, for the production
of homo,polymers and random copolymerse
Method (v)

Li‘tle resea~ch has been carried out in this area since Carothers
initiel investigation, the monomers being readily obtainable and polymerisable
however the polymers obtained have only low degrees of polymerlsationz7’gg:g;’
Although the theoretical possibilities for this method suggest much higher
values ought to be attalaable. This method therefore scems attractive on
theoretical grounds but the lack of practical examples must be regarded

as a drawbacke.

Method (vi)

The depeandence on the synthesis of new compounds using novel reactions,
and also the degree of variability of the structure of the polycarbonate
produced on polymerisation, must both be regarded as serious drawbecks to
the synthetic utaility of this approach.

Method (vii)

With this method, although high degrees of polymerisation are available,
it is lim‘ted in its practical applications to hydrocarbon epoxides,
producing polycarbonates of the structure

0
CPE-CHOQO

CH3 n

i.e. the aliphatic carbon chain of the polycurbonate is only two atoms

long. Tnerefore this route is of lamited application at preseat.
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1.7 Previous syntheses of fluorinatcd aliphatic polycarbonates,

It was found during the course of this literature survey, that several
reports of the synthesis of fluorinated aliphatic polycarbonates existed,
these are reviewed here. Using mevhod (i) hexafluoropentane -1,5=-diol has
been reacted with phosgene, on its own and in admixtures with various
dihydric phenols. The poly(hexafluoropentamethylene carhbonate) obtained

95
having an intrinsic viscosity of 0.2 in diovane at 30ﬂ Method (ii)

has been used to produce poly(hexafluoropentamethylene carbona.‘l:e)ge.’97 and
also poly(.oc¢iafluorohexamethylene carbonate)98 both of relatively low
molecular weights, 1000-1800 and 5000 respectively. Lhe poly(hexafluoro-
pentamethylene carbonate) was used as a prepolymer for preparation of
highly fluorinated polyurethanes for use as structural adhesives.99
Poly{octafluorohexamethylene carbonate) was synthesisea in the course of
au investigetion into this particular method synthesis, centering on the
experimental variables and their effects on the degree vf poiymerisation
obtained.98 A patent1oo has reported the use of method (iii} to prepare
a polycarbonate of propane ~1,3-diol with pendant fluorinated side chains.
From this literature survey and more importantly ti.e survey of methods
of making aliphatic polycarbonates, it wes concluded that the most
favourable routes to high molecular weight samples of fluorocaliphatic
polycarbonates were likely to be:-
e) Treunsesterification of fluorinated diols with dialkyl or diaryl
carbonates.
b) Polycondensation of bisalkyl or bisaryl carbonates of fluorinated
diols,.
It was therefore decided %¢ 1nitially investigate the latter of these

two methods, because of the simpler experimental requirements.



Section 2.

The developuient of an effec-.ive svnthesis of fluorinated aliphatic

polycarbonates.




Section 2: The Development of an Effective Synthesis of Fluorinated

Aliphatic Polycarbonates,

2.1 Introduction,

This section consists of a descviption of the sequence of evsnis leading
to the development of the synthetic route to fluorinated aliphatic
polycarbonates which was eventuslly successfrl and which will be described
in greater detail in Section 3+ The order of presentation is chronological,
mistakes and false starts have been included to show hOw the approach was
successively modified in the light of experience., To some extent the
sequence of evenis was dictated by the avairlability of materials.

2.2 Discussion,

The methods of synthesising polycarbonates were reviewed eariler
(Section 1.6) and the route chosen was via the alkoxide ion catalysed ester
exchange reaction, Initially it was thought appropriate to examine tanis
reaction using monomeric system, 1n crder to obtein a gnod understanding
of the factors affecting the proposed polymer forming reaction. It was
expected that such an approach would also provide a set of spectiral
parameters on simple well defined compounds which wouid prove useful in
subsequent polymer characterisations. Tl.e alcohol used for this exercise
was 1,1,3-trihydrotetrafluoropropan-i-ol (I), this is commercially availsable
resulting from the radical telomerisation of tetrafluoroethylene wath
methanol. Alcohol (I) was converted in good yield (\.8B0%) to the
2,2,3,3,~tetrafluoropropylethyl carbonate using ethylechloroformate and

pyridine in an inert solvent as indicated in reaction 21.

1 - ° 3 +
HCFZCFZCHZOH + CH3CH20001 T @ 0656 0-10 - HCFZC]:ZCHZOCOCHZCH3 @ (21)
—

HCl
or Cﬂzcl2

(1) (II)
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Attempts to investigate the thermal and alkoxide ion catalysed ester
exchange reactions of this compound were frustrated by the fact that the
starting materials and reaction products were of very similar volatility
and effective separation could not be achieved. This approach was
therefore abandoned in favour of a direct attempt to prepare fluorinated
aliphatic polycarbonates by the ester exchange reaction of bisalkyl
carbcaates of hsxafluoropentane-1,5- diol (HFPD), where ‘he volatility
problems associated with the seperation of products were not anticipated.

Thus the bis{methyl) carborate of HFPD was prepared by a method analogous
to that described above ior alcohol I (see reaction 21). After purification
and characterisation of ¢his monomer several aitempts were made to polymerise
it, thercally and by alkoxide ion catalysed ester exchange. The catalyst
used was & solution of sodium methoxide in methunol prepared by dissolving
sodium in ragorously dried and purified methanol, following the procedure
described ia the patent.a7 Several experiments were carried out varying
the temperature, pressure (atmospheric or lower) and duration of reaction
and the +ime at which the catalyst solution was added (i.e. either prior
to heating, or to the hot monomer). These attempted polymerisations were
unsuccessful, in general the monomer was finally distaiiled from the
reaction vecsel in essentiaelly guantitative yield. On some occassions low
yields (~5%) of volatile products were also sbtained. A4n analysis of the
product mixture using a gas chromatograph coupled with a mass spectrometer

allowed a tentative assignment of two of the products as (IXI) and (IV).

CF, CF,
cF, \cra cr/ e

| |
CHZ CHZ
\ /
0

(II1I1) (1v)
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At this stage, 1t was thought necessary to eliminate any doubts
concerning the experimentel procedure being used, and to this end the
synthesis of poly(hexamethylene carbonate) by ester exchange from the bis
(ethyl) carlonate of haxamethylene -1,6-~diol was undertaken following the
literature procedure. o1 The catalyst system used was sodium ethoxide.
in ethanol, prepared as dzsccibed in the patent,87 and somewhat disconcert-
ingly polymerisation was not observed. A careful consid;ratlon of the
various factors which might have been responsible for this failure lead
to an examination of alternative methods of obtaining the required alkoxide
catalyst, A sample of solid sodium methoxide was obtained and on
substituting this for the catalyst solution used previously a satisfactory
polymerisation followed giving poly(hexamethylene carbonate), a tough
white solid Mn~7100,(D.P.~49). Having eliminuted questious concerning
experimental technique .and obtained an active alkoxide catalyst, the
polymerication of a bisalkyl carpbonate of a fluorinated diol was re-examinsd,

The tis{ethyl) carbonate of HFPD was therefore prepared, purified,
characteiised and then submitted to attempt polymerisation under conditions
closely analogous to those successful waith the vis{ethyl) carbonate of
hexamethylenc-1,6-di0l, without any detectable reaction in several attempis.
Variation of the reaction conditions and substitution of calcium hydride
for sodiur methoxide as the base catalyst also feiled to effect any
polymerisation.

In the light of this result and the previous failure with the bas
(methyl) carbonate of HFPD, a re-cxamination of the reaction was undertaken,
especially with respect to the proposed mechanism,

The alkoxide ion catalyst polymerisation of bis-carbonates may be

rationalized as follows,



Initiation

0 1') RO
cu3o" s ROJOCH—M —->ROTOCH-‘V\ —> C=0 + OCHzM (22)
OCH CH,0
(V) (v1)
Pro ation
0
M"CHZO- + Rococaév\—e-‘M-Cf:zocl:ocu-é«\—&-m-cazococn-zv\ + TOR (23)
OR

(VII)

The initiation step involves attack by the initiating alkoxide at the
carbonyl carbon of the moncuner, subsequent elimination of a dralkyl
carbonate fiom the intermecdiate anion (V) results in an alkoxide chain
end (VI). Propagation occurs when this alkoxide chain snd (VI) attacks
another carbonate group to displace an alkoxide anion (RO ) rather than
& chain end alkoxids. Where the initiataing and chain end alkoxade
species are of similar reactivity, then the reactions 22 and 23 should
properlyz;epresented as equilibria, the overall reaction being draven
towards polymerisation by removal of the volatile eliminated dialkyl
carbonate. It is reasonable ‘{0 enquire if an explanatica of the failure
to observe polymerisation in the fluoro-carbon case can be constructed
on the basis of this mechanisti: rationalisaticn. The eapscted effect
of the electronegative fluoro-alkylene sequence on the reactivity of the
carbonyl group is to enhance it's susceptability to nucleophilic attack;
thus, the initiation step would reasonably oc expected to be easier in the
fluoro—carbon case than in the hydrocarbon analogue. However, having

formed the alkoxide chein end (VI) will the fluorocarbon species (VII)

formed in the subsequent propagation step react in the same way as the
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analogous hydrocarbon?, the answer to this question will depend on the
relative stabilities of the alternative alkoxide anionsz. Some indication
of these stabilities can be obtained from the pKa values of the appropriate
alcohols (see Table 3) and from this i{ is clear that the more acidic
fluoroalcohol is expected to give rise to the more stable anion,
consequently 1t is to be expected that in_the fluorocarbun case (reaction
22) will proceed in the direction of the formnation of the chain end alkoxide
(V1) without difficulty,.

Table 3: vKa Velues for Various Alcohola

Alcohol pKa Reference

- CFZCHZOH 11-12 102

- CHZCHZOH 18 103
OH 9-11 104

It is also reasonable to assume that reaction of this alkoxide with a
carbonate group (reaction 23) will occur to give the intermediate anion
(VII), however at this point the propagation reaction requires the
olimination of a less stable hydrocarbon alkoxide anion (RO ~ in reactions
22 and 23). This is clearly in conflict with the above arguement which
would expect the preferential elimination of the fluoroalkc:ide species
from this intermediate with resultant prevention of propagation,

This prediction 1s 1n agreement with the observed results, not only the
fallure to observe polymerisation, but also the low yield byproducts
actually detected fit in with the proposed rationalisation. Thus, the
analysis presented above proposes that the reaction proceeds as fer as the

formation of the alkoxide ROCOOCHZ(CFZ)BCHZO -, but that the intermolccular
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reaction between this and another alkylfluoroalkylene carponate unit does
not occur; the two minor products actually observed (1JI and 1IV) being
conceiveably products of the intramolecular reaction of the initially
formed anion (VII). An alternative rezson for the lack of reaction in the
fluorocarbon case, namely that the alkoxide ipnitiator is concumed in
dehydrofluorination reactions of the tyre indicated below in reaction 24,

was not supported by any experimental observatiens and was subsequently

f/—- OR

H O 0
AFCFz(ié‘g\CHOQOR _— M—CFZCF——'—_CHOlCIOR + ROKL + F ) (24)
F

éxciﬁdéd by tHe successfvl synthesis of high polymers from a c¢losely
analogous systems,

In the light of the arguement presented above, prepauaration of the bis-
fluoroalkyl carbonate of H¥FPD would be *ke most obvious case 10 pursue,
since in this case it would be expected tnat thermodynamic and/or electronic
factors introduced by the synthesis of bas-alkyl carbonates of HFPD would
be eliminated, and the polymerisation reaction would revert to the fluoro-
alkyl analogue of the process described in the patent.37

In fact the next step undertaken in the investigation of this proposed
polymerisation was the synthesis, purification, characterisation of the
pis (phenyl) carbonate of HFYD, and its attempteA polymerisation. Thas
monomer was investigated since considerations of pKa (Table 3) sugpested
that it would be more readily polymerised than the bis-alkyl carbonates
investigated previously and thus establish the viability of investigating
polymerisation via the bis(fluoroalkyl) carpvonates of HFPD. Its synthesis
using the reacily avallable phenyl chloroformate was a straight forwara
extension of established procedure. Initial polymerisations using
80lid sodium methoixde catalyst, lead to elimination of diphenyl carbonate

under reduced pressure to give a viscous liquid which was characterised
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by 4ntegretang the signals in the 'H n.m.r. spectrum due to methylene
protons and aromatic protons their relative intensities giving an
estimation of the overall degree of polymerisation (DP). Eventiaaily
after several trial polymerisations and with improving techniaies ivhe
maximum DP obtained was 6. The main practical restriction was that
of removiag the relatively involatile diphenyl carbonate (b.p. 162°
at 0.2mm Hg) quickly and efficicntly enough to promote rapid polymerisarion.
This result established the feasibility of the proposed polymeraisa.ion
via the alkoxlde ion catalysed ester exchenge reaction of bis carbonates,
despite the low D.P.s obtained. It was concluded that the best route
to the fluorinated aliphataic polycarbonate objective would require the
synthesis of bis fluoroalkyl carbonates of fluorinated diols and thear
reaction with alkoxide aon initiators since the use of such sysiems was
exzected to eliminate problems encountered eariler aris-ng {rom relative
alkoxide reaciivities and/or the volatilities of the eliwinatred dialkyl
or diaryl carbonate. This eventually suczessful method, is reported

in greater detail in Section 3.



EXPERIIENTAL
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2.3 Preparation of Hydrocarnon Alkyl Carbenates ot Fluoroalcohols

General lMethod.

A mixture of the fluoroalcohol (1 molar proportinn), dry (CaCla) pyridine
( 12 molar oroportions) and an inert solvent (CH2012) contained in a
three necked round bottomed flask, equipped with mechanical stirrer,
thermometer and drepping funnel, was stirred vigorously. =znd cooled io
0-5° b, the use of an external ice/salt bath. The chlorcformate ( 1°2
molar proportions) was added at a rete such that the reaction temperature
did not exceed 5{ As tho reaction proceeas a precapitate of pyridine
hydrochloride is formed. On completion of addition of the chloroformate,
stirring was continued overnight, to ensure complete reaction. Pyridine
hydrochlor:de was then filtered of{ and the solution washea approximately
five times with an equal volume of water to remove excess pyridine,
After drying over magnesium sulphate, the solvent was evaporated and
the product carbonate purified by distillation.

A similar method was applied ta synthesis of the bas-alkyl aad bis-
phenyl cartonates of hexafluoropentane-i,5-diol wiih suitavle adjustumentis
in the amount of pyridine and chloroformate used. Exact experimental

detalls and analyses are included in Table 4.

2.4 Investigation of the Ester Exchanze Reaction Using 2,2,2,3. Tetra-

fluoropropyletnyl Cxzrbonate,

Two drops of a solution prepared by dissolvinz sodaium (0.7762g, 0.0337
moles) in methanol (10g, 0.312 moles, dried (Mg), dastilled znd stored
over molecular sieve 3A) was adaea to 2,2,3,3,-tetrafluoropropylethyl
carbonate (6g, 0.03 msles) in a round botiom flas: (25al), the operation
beirg carried out in an atmesphere of dry nitrosen in e dry box. The fliesk
was removed from the dry box znd heetcd to 120° (0il bath), with stirring

vhile maintaining thc dry nitrogen atmosphere, for 6 hrs. - Analysis of the



TABLE 4.

Experimental details of the preparation of alkyl/aryl carbonates of fluorocalcohols.

Reactants and Quantities Boiling Ranges of products | Yield IUPAC NAM:S Elemental Analysis
Alcohol Chlorofornate |Pyridine Experimental ! Literature * COMMON NEM3 Found (Required)
g (moles) g (moles) g (moles) °a mm Hg 5S¢ . Hg G - -
ﬁ X
HCF 2CF 2CH 2OH CH 3CH 2OCCl
29.60 29.20 21.25 144 760 - - 89 2,2,3,3-tetrafluoropropoxy- 35.5 [4.1 37.0
(0.225) (0.269) (0.269) carbonyloxyethane
2,2,3,3-tetrafluorowropyl (35.3) {(3.9)](37.3)
ethyl carbonate
EOCH,, (CF,) .CF,OH|C 0(l2|
o {(CF ) 5CF O [CH,0CCL
50 53.86 45.03 170 0.2 - - t9 bis (methoxycarbonyloxy) - 33.1 |3.0 ! 35.0
(0.239) (0.57) (0.57) 2,2,3,3,4,4-hexafluoropenta-
methylene
bis methyl carbonate of (32.92) ((3.0) [(34-.8)
hexafluoropentane-1,5-diol
o]
HOCH,, (CF,) ,CH,,OH [CH_CH OgCl
2 2°3772 3772 101
50 61.84 45.03 290 760 94-8| 0.2 85 bis (ethoxycarbonyloxy) - 36.9 3.8 | 32.2
(0.239) (0.57) (0.57) 2,2,3,3,4,4-hexafluoropenta-
methylene
bis ethyl carbonate of hexa-| (37.1)| (3.9)] (32.0)
fluoropentane-1,5-diol
i
HOCH2 (CF2)3CH20H CGHSOCCl
50 89.77 45.03 176 0.1l - - 91 bis (phenoxycarbonyloxy) - 50.04) 3.13] 25.30
{0.239) (0.57) (0.57) 2,2,3,3,4,4~hexatiuoro-
pentamethylene
bisphenyl bonate of hexa- .4 3.1 25.2
i gBhemL SREbyTEty, O e | (0-4) (-1 s
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proauct by g.l.c. (Column '0', 1509) showed one wajor component with a

slight tail), separation of these components for adentirication could not

be achieved due tc theair similar voiatilities and retention times.

2.5 Attempted Polymerisations of the Biimethyl)l Carbonates of Hexafluoro-

a)

b)

d)

pentane~1,5~cd3in1 (ARED).

The epparatus shown in figure 4 was assemtled wath the bismethyl
cartonate.of HFPD (6.7g, 0.02 coles) stirred by a teflon coated
glirrer bar and heated (o0il bath) iniwvially at 100° for 12 hrs and
then &l 270° for 12 hra, Analysas of the reaction product by g.l.c.
(Column '9", 2000), i.r., m.s., and elemental analysis showed no
detectable reaction to have tuken place.

A catalyst solution of sodium methoxade 1n methanol was prepored as
described 1n 2.4, and two drops of this solution adced to the bis-
methyl carbonate of HFPL (6.7g, 0.02 moles) contained in an epparatus
described in 2.5.a. The reac*tion mix.ure was then heated (o1l bath)
to 200° for 8 hrs and then 270° for 2 hrs, the flask was then allowed
to cool and the pressure was progressively reduced, monomer distillation
occuring quantitatively at 170°, O.2mm Hg. Analysis of the distillate
by g.l.c. {Column 'Q', 2000) showed no detecteble reaction.

Using the procedure-. descraibed in 2.5.b 20ul of the prepared catalyst
was added to the bismethyl carbonate of EFPD (5.0g, 0.015 moles),
which vas maintained at 220 (vWoods metal bath), after additzon of the
catalyst heating was continued for 6hrs. Analysis of the ~eaction
product by g.l.c. coupled to m.s. (Column '323', 150’) showed small
amounts (v5%) of degradation products (III) znd (IV) to have veen
formed.

A fresh sample of sodium methoxide catalyst was made up, as described
in 2.4, removal of excecs mwethanol was achieved by evaporatiov.a uuder

rcduced pressure (vacuua Jane), to give a concentrated mixture of
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sodium methoxidc and methcnol. A small sample (0.0646yg) of tuis was
added to the brsmethyl ‘caxbonate_of HFFD (5.02, 0.C15 moles) contained
in tiie apparatus shown in Figure 4 under a dry nitrogen atmosphere.
Following the experimental prochnre" given in 2,5.c., analysis of the
distilled fra<tions showed small amounts of the dogradation procducts
(IX1X) and (IV) to be present.

2.6 Proosration of the Bisethyl Cacoorate or Hexamethylene 1,6-diol (H.D).

Using the experimental procedure givea in 2.3, ethylchloroformate
(1920), 1.179 moles) was added to a solution of hexamethylene-1,6-diol
(58g, 0492 moles), dry (CeCla) pyridine (95m1, 1.185 woles) and dry (dNa)
benzene (500am1) to give after distillation (86° /O«1mm Hg) bicethyl
carbonate of HuD ac a colourless liquid. Found: C, 56.26; H, 8.90;

required for C 06; C, 56.24; H, 8.65. 4 n.om.r. sheoved two regions

J
1 21'22
Figure 4, Thc initial polymerisation apparatus.

Thermometer (0 - 360 C)

Nitrogen
Inlet

Reflux Columnn (10cm)
(GLASS HELICu&d)
—s Yacuunm Lire

ultiple Jollection
Adaptor

Salicone Oil Bath

Teflon Coated Stirrer Bar




-

of absorption, a triplet at 8.9¥ (J = THz), broad multiplet at 8.65%,

and & quartet at 6.01¥ (J = THz), triplet at 6.07¥(J = SHz) using

external T.i.S. refcrence, in the relative group intensity ratic 1.75: 1

v max 1745 ( C=0 ), 1465, 1405, 1370, 1255, 1010, 750cm. '

2.7 Altempted Polymerisations of bisethyl Carbonate of Hexamethvlene-1,6dirol,

a)

b)

“ndium methoside catalyst solution ( O.1ml) made up as deszcrived in
2.4 was added to bis-ethyl carronate of Huwd (5.7g, 0.022 moles) as
described in the experimental procedure. in 2.5.c. o reaction was
detected on analysis by g.l.c. (Column '023}', 200°)

A sample of commercially available oeolid sodium mithoxide (K aund K
Industries, supplied through Kodak) (0.05g, 0.001 mol;) was added to
birethyl caroonate of HMD (20g, 0.076 moles) ain a dry box which was
then transferred to the apparatus saown in Figure 4. The recction
pixture was then heated (Wood's metal bath) at 220° .or 2hrs with
gradual distillation of a liquad at 1?60, this was lzver charecterased
by n.m.,r., i.r., and n.s. as diethyl ccrbonate (6.1g, 79% polycondensation)
and gradual increase in the vascosity of the reaction mixture. Gradusl
reduction of ihe pressure in the sysiem (vacuum lane) c¢ver the next
2hrs to epproximetely 1mm Hg, resulted in the resction aincreasing in
viscosity until the teflon coated stirrer bar stopped rotating. On
cooling to room temperature, the residue in the reaction flask was a
tough whate s0lid whaich was soluble in chloroform and h«d a number
average molecular weighi (determined by vapour phase osmomut~y) of

7100 (DP~ 49).

2.6 Atteroted Polymerisations of Bisethyl Carbonete of Hexafluoropentane-
.l 3 E-diol-
&) Using the experimental procedure described in 2,7.b solid sodium

methoxide (0.05g, 0.001 moles) was added to bisethyl carbdor.cate of

HFPD (14.3n. 0.04 moles). Keataing of the mi::ture for 2hrs, followed
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by distillation and analysis of the product by g.l.c. (Column '02%',
2009) showed no reaction.
Repeating the experimental sequence of 2.8 but refluxang the reaction

mi xturs at 290° lead to no reaction that could be detected by g.l.c.

The method given in Z.8.b> was repeated using calcium hydride (0.05g,
0.01 moles) as the catalyst, again with no detectablc reaction by g.l.c.

Attemptea Polymerisation of Bisphenyl Carbonaie of Hexafluoropentane-

Using the experimentul procedure described in 2.7.b bisphenyl carbonate
of HFPD (10g, 0.022 uoles) and solid sodiwn methoxide (0.05g, 0.001
molec) were heated at ZSOffbr 4hrs, duraing which tiwme a distillate
turning to a white solil was obtained, this was charact<rised by i.r.,
mass spectroscopy as diphenyl carbonate. Gradual reduction of the
system pressure over the nex. 2hrs results in tne easier reumoval of
more diphenyl carbonate from the reaction mixture, wh:ach was
characterised by taking the 1H n.w.r, spectrum and integrating the

absorbtions due to the methylene and aromatic protons, the relatave

ratio of ‘hese indicated an overall degree of polymerisation of (w2).

b)
(Column '02%', 200°)
c)
2.9
1,5=-diel,
a)
b)

Modifying the experimental procedure given ain 2.9.a the system

pressure was reduced (vacuum line) after 2hrs, diphenyl carbonate

distilling at 140° (1-1Cmu Hg), allowing the reaction to proceed for

another 2hrs at this pressure resulted in the collection of 3.9g

(83% polycondensation) of diohenyl carbonzte. Analysis of the reaction
1

residue by H n.m.r., 1ndicated an overall decsree of polymeraisation

of 5 - 6 (80 - 83% polycondensation).



Section 3.

The preparation of some flvorinated aliphatic and aliphatic polycarbonates,
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Section 3. The Preparation of some rfluorinated Aliphatic and Aliphatic

Polycarbonates,

3,1 Iatroduction,

In the previous section attempts to prepare fluorinated aliphatic
polycarbonases via alkoxide i1on catalysed estierl eachange reaction using
varicus tisalkyl and bisaryl carborates of hexafluoropentane-i,5-diol
were described, together with the mechanistic ravionalisation of this
polymerisation process, t was concluded that the method of synthesizing
these polymers most likely to give genuaine high D.P. products would use
the bisfluoroalkyl carbonates of HFPD as starting material. The synthesis
and reaction of this compound, ard the development of the experimental
technique is presented herc, again in chronologi:cal order. The technique,
once developed, was applied to the synthesis of the polycuroonates derived
from 2,2,3,3-tetrafluorobutane=-1i, 4-di1ol, 2,2,3,3,4,4,5,5,~octafluorohexane=~
1,6-di0l, anc a variety of hydrocarbon diols.

3.2 Discussion.

3.2. (i)Fluoroalkyl Chloroformates.

In the prenarative reactions leading to the bisalkyl and bisaryl
carbonates of H¥PD described in the previous section, the chloroformates
used were commercially available, however the fluoroalkyl chloroformstes
required in this section were not available and a synthetic route to these
compounds had to be devised. The chemistry of chloroformates is well
established and has been quite recently reviev.ed,w5 chloroformates are
prepared by reaction of phosgene ana hydroxy compounds st or below room
temperature (see Section 1.6)., Low temperatures in this reaction are
preferred to minimise the formation of dialkyl carbonetes, and it 1s also
advantageous to carry out the reartion in the presence of a tertiary amine,

99
for example pyridine to absorb the eliminated HCl. Previous attempts to
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prepare fluoroalkyl chloroformates have encountcred problems due to the
relatively low reactivity of fluorinated alcohols wath phosgene alone,

and the relatively high reactivity of fluorinated alcohols with their
chloroformates, which generally rcsulied in difluoroalkyl carbonate formation
rather than isolation of the required chloroformate. This dictated a new
approach to fluoroalkyl chloroformate preparation, tne reaction of phosgene
with pyridine in an inert solvent gives a solid crystalline compound,

chlorocarbonyl pyridinium chlorade (VIII) (Reaction 25).

T -
O + C0Cl, diethyl ether O -c-c1| ¢1 (25)

-10- 0’

(VIII)

As mentioned in section 1.6, this compound rcects much more readily
with alcohols than does phosgene itself, and the addition of one molecuvlar
equivalent a fluorinated alcohol (2,2,2,trifluoroethancl) to a dilute
solution of one molecular equivalent of 1his reagent gilves the chloroformate
in good yield (75%) (Reaction 26). & patent describing this synthesas

106
has been published recently.

) 11 - I \
LO -C-Cl} €1 + CF,CH,OH-—>CF.CH,0CC1 + O HC1 (26)

Due to the toxic nature of phosgene, a specialised apparatus for itas
handling in a laboratory fumes hood was devised and this is iliustrated
in Figure 5. As well as the phosgene inlet point, & nitrcgen inlet was
provided to enable dry flushing of the apparatus, gas handling to the
reaction vessel was via a concentrated sulphuric acid bubbler, a safety
trep to retain any acid spray and minimise any fluctuations in the flow
rate, and a neavy white oil bubbler; frocm the reaction vessel the gases
were lead via a heavy white 01l bubbler to a scrubbing tower filled with

broken glass down which a solution of sodium hydroxide was circulated to
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destroy any accidental escape of phosgene from the reaction vessel. All
experiments using phosgene and chloroformates were carried out with the
ready availability of breathing apparatus. All these precautions were regqui-
red dve tc the known or expected toxic nature of the compounds being used.

3.2.(21) Tnitie) Develonrent of the Alkoxide Ion Catalysed Ester Exchance

Reactiox of Bisi2,2,2=-trifluoroethyl)=-Carbonate of Hexafluoropenteue

-1 2 2"'6101.
Using the 2,2,2-trifluoroethyl chloroformate obtained, the synthesis of

the bis(2,2,2-trifluoroethyl)~-carbonete of HFPD was carricd out in a
manner anelogous to that previously outlined for the bisalkyl carbonates
of HFPD in section 2,3. fhe expected bascarbonute was obtained in good

19.5‘ Noellloe X .

yield (77%) and characterised by elemental analysis, i.r., 13 and
and m.s., (see experimental section). The produci was rigorowsly purafied

by distillation using a concentric iube column of 90 theoretical plates.
Investiration of the alkoxide 1on catalysed ester exchange polymerisation
of this monomer was then uidertalen using a catalyst made by dissolving
sodium iz & solution of 2,2,2-trifluorcethanol and dry dicthyl ether and
then removing the ether e.d excess alcohol by distillation under reduced
pressure and finally pumping dry on a vacuum line. The catalyst was added
to the monomer within a range of molar proportions outlined in the source
patent,87and the reaction mixture heated to 150°, initially in an
experimental apparatus simlar to that described in 2.9. After i1wo hours
the system pressure was gradually ieduced and a clear liguid distilled from
the reaction vessel; this was charecterised by N.mM.TYe, 1le.r. and m.s. as
di(2,2,2-trifluoroethyl) carbonate., The final system pressure was 0,01mm
He after S5hrs reaction time. T'he extent of ths condensation reaction

could be assessed by the smount of di(2,2,2-+rafluorcethyl) carbonate

eliminated, and aiso by 19F nem.r. spectroscopy, a convenient method since

the chemical shift of the trlfluoromethyl'grodb fluorine atoms {T7Te1 PoPeMe
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with respect to external CFCl3) is guite dastinct and seperate from that
of the difluoromethylene group fluorine atoms (122.3 and 127.9 p.p.m. with
respect to external CFClB)p the ratio of their intcnsities being a measure
of the extent of the condensation reaclion. The two methods of estimating
the extent of reaction were not in agreement, in this case v~ 82% and V94%
respectively, presumeably some loss of the vclatile dix(2,2,2-trifluoroethyl)
carbonate had occured in the vacuum cystem.

This promising initial result lead to an investigation of the effect
of reaction variables on the extent of reaction as monaitored by 19F n.m.xr.
in a series of polymerisation experiments. The effect of temperature was
examined first, this established that the optimum rewction temperature
occured in the interval 140-150? At\lower temperatures, for example
120°, there was no evolution of di(2,2,2-trifluoroethyl. carbonate when
the system pressure was lowered and when the pressure was sufficiently
reduced the monomer distilled unchanged; presumably the exchange reaction
is very slow at this temperature. At higher temperatures, for example
1900, again no elimwination of di(2,2,2-trifluorcetlhyl) carponete occured
when the pressure was lowered and the unchanged monom=: eventually distilled;
in this case it seems reasonable to propose that the lack of exchange
reaction results from rapid decowposition of the slkoxide inmitiator, the
thermal instabilaity of these anions has# been reported prev:.ously.w7 Tho
next factor to be examined was the catalyst concentration, whaich had up to
this point been ~ 2 mole-%, this being the upper limit suggested in the
souxrce patent.87 The concentration was progressively reduced, and it was
found that 0.8 mole-% initiator gave satisfactory polymerisation at 150?
Arother factor of importance, 3ince anions of the type -CFZCHZO ~ are
known to be thermally unstable,w7 is the duration of reaction. Ideally

the reactants should be heated to the selected resction temperature as

rapidly as possiolo with the catalyst efficiently dispersed in the mixture.
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Also the eliminated compound should be removed as quickly as poszible and
at as low a temperature as is consistent with u useful rate of reaction.
Over the course of the examination f the effect of catalyst concentration,
the overall reaction time was reduced, by improvemeni ¢f experimental
technique, to approximately two hours,

Thus far it nad been established thal the wlimination of di-(2,2,2-tri-
fluoroethyl) carbonate from the bis(2,2,2~trifluoroethyl) carbonate of HFFPD
could be reproducibly carried out in reaction conversions of the order of
95% or greater, in the temperature range 140-—-150° at an effectaive
catalyst concentration of the order of 1 mole—% witli system pressure
reduction over the second hour of polymerisation to A~ O,1mm Hg.

The catalyst used up to this point. solid solvent free alkoxide was
stored under a dry nitrogen atmosphere in a dry box whose addition of at
to the monomer also took place, this was considered neccessary to preserve
the activity of the catalyst. The s0licd nature of the catalyst caused
problems with respect to the efficient dispersal through the monomer. A
liquid catalyst as described in the source patent would facilitate the
intimate dispersal of the catalyst throughout the liqrid moromer, whilst
also allowing a more convenlent method of catalyst addition to the monomer
i,e. this might be achieved i1n a more accurate manner by use of a syringe
and gas inlet tap or serum cap systiem oun the polymerisation apperatus. It
was therefore decided (in spite of the previous failure with catalysts
made up by dissolvang sodium metal in the alcohol of choice, sea Section 2.1)
to prepare a solution of catalyst for this polymeraisation oy dissolving
eodium in 2,2,2-trifluoroethanol under a dry nitrogen atmosphere. This
cetalyst was syringed into tile monomer prior to heating and proved
successful in initiating reaction when the mixture wes heated to 1500, as
Judged by the recovery of di(2,2,2-irifluoroethyl) carbonate (37%) when the

system pressure was lowered. The next step in the dovelopment of the
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technique aimed at reducing any effect of thermal degradation of the
initiator by injecting the initiator into ithe preheateda monomer. This
resulted in very rapid reaction, wiivh 85% of the theoretical amount of the
eliminaeted product being recovered and an overall extenv of reaction of
94% as indicated by the 19F n.m.r. of the crude reaction product. Thus,
progressive modification of the reaction conditions had rz2sulted for the
fluorocarbon case 1n a technigae erialogous vo that cutlined in ihe source

87
patent for hydrocarbon polycarbonates.

3.2 51112 The Relationship Between Extent of Reaction and liolecular Weicht.

The next phase in the investigation of the reactio:x was to establish

vnambiguously whether a polymer was being formed or not. This required

the measurement of the molecular weigrts of the products obtained and the
method chosen .was vapour phase osmometry (v.p.o.) using dimethyl formamade
(DiuF) as a solvent in a Perkin-Elmer 115 hlolecular Weight Apparatus. The
choice of DF as a solvent for these detorminations was influcnced by
previous work of Russian workers on thas class of polymcrs,98 the solvent
used by them was chosen in order that results might be darectlv comparable,
Measurements of the molecular weights of various crude reaction products in
DMF solutions gave disappointingly low va'ues, for all s.rples there was a
censiderable discrepancy between the molecular weignts calculated from

19F n.m,r. intensity ratios of the trifluoromethyl and difluoromethylene
groups and those measured by v.p.0o., the latter invariably bveing much
lower. There are twc plausible explanations for this aiscrepancy; if tne
products wers contaminated with low molecular weight impurities this would
rasult in a pessimistically low estimate of the polymer molecular wesight by
Vepe.0O., alternatively the product might consist ¢of a mixture of linear and
cyclic polycaroonates in which case the v.p.0. measurements would be an
accurate measure of the molecular weight. At this stzge some .rreproducibility

in the v.p.o. measurements prompted a complete dismantling, overhaul and

recalibration of the instrument; no faults were detected and the calibration
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curve was substantially the same as before,

One method of separating a high molecular woight samnple of a polymer
from a product with a broad moleculiar weight distribution is fractional
precipitation. This can be accompiisaed at & variety of levels of
sophistication, in the simplest method, a concentrated solution of the
product is dripped into & large excess vf vigorously stirred non-solvent,
The higher molecular weight material precipstates from solution first,
whilst the lower molecular weight materiul remains in solution., .This
technique was applied to the samples discussed above using DwF as the
solvent and chloroform as the non solvent., The precipitated fraction of
polymer was collected by failtration, and the soluble fraction recovered
by evaporation of the solvents. These fractions, after removal of the last
traces of solvent by heating under reduced pressure on a vacuum line, were
suomitted tc molecular weight determination by the v.p.o. and n.m.r.
techniques outlined above, During the cetermination of the molecular
weights of the fractions by ve.p.o. an odd effect was novea; namely, that
the molecular weight value obtained depended on the length of time the
polymer solution remained in the instruwent, the value obtained falling
steadily with time over a period of three days. The obvious conclusion
being that the polymer in solution was being degraded by the solvent at
the temperature at which the instrument was operating (57°L This impcred
some restrictions on the method; thus, in preparing solutioans heating the
solvent to increase the rate at which the sample digsolves has to be avoided;
for sensitivaity reasons the instrument cannot be operated at a lower
vemperature with DMF, yet the sample has te be in the instrument long
enough to be thermally equil’briated. However, 1t was found that for
samples dissolved in DiWF at room temperature and measured as soon after
introduction to the instrument as possible, reasonably consistent values

waere obteined for solutions stored at room temperature for two days. It

was concluded that the degradation was a very slow process at room temperature
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and that providing heating was avoided in the preparation of the solutions
and their storage, the molecular weight values obtaincd could be taken as
reasonable lower limits for the matarials examined.

Carothers derived a simple equavion relating the depree of polymerisation
(DP) to the extent of reaction for reactions leading to the formation of

linear condensation polymers., Applicatior of this eguation to the reaction

DPp =_ 1 where DP = number average degree of polymerisation

1~-P P reaction conversion

under consideration here, enables a direct correlation between the extent

of reaction determined via n.m.r. and expressed using Carothers- eguation

as DPFs, and the molecular welght, expressed in terms of DY, as determined
by v.p.0o. The correlation hetween the results of the tw#o0 methods used to
obtain the DP8 of ithe products obtainsc in the work to tuis point was
dissappointingly poor, this is illusirated in Figure 6. where it can be

seen that DPs determined by\ﬁ.m.r. are generally higher than those
Getermined by ve.p.o. Since both metncds yield number averages there should
be a one to one correlation, The problems encountered with the v.p.o.
measurements have been discussed earlier, and when the n.um.r. technique 1s
considered in detail considerable reservations emerge. The method depends
on the accurate integration of the intensities of two well seperated sigaals,
end thus on the reliability of the electronic integrator of the instrument
used. Experience shows that tne reliability of instrument integrator for
well characterised low molscular weight compounds decreases vith increasing
peak width and decrecasing signal noise ratio. The inevitable low signal to
noise ratio for the dilute pol,mer solutions obteinable therefore mitigated
against good integrations, end at the time of this work facilities for
improving the signal to noise ratio by CAT (Computer Avereging of Transients)

or FI' (Fourier Transform) techniques were not available. Since these
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uncerteainties over the DPs actually beling ettained cast doubt on whether
or not real progress was being made in the development of experimental
techniques and procedure, it seewad appropriate to seek alternative
methods of determining DP's or extent of reaction. One possible method
utilised a relatively new technique, which is the research intierest of
another group 1n this department, and will be discussed in the next section,

3.2 (iv) Electron Spectroscopy for Chemical Analysis (ESCA), and it's

Applacation to Determmining Molecular Weights,

The application of ESCA to structure and bonding in polymers has largely
been pioneered by Dr. D.T. Clarke's research group at Durham, and has been
recently and comprehensively reviewed.108-11o The ESCA experiment involves
meesuring the kinetic energires of electrons ejected vy the interaction of a
monosnergetic beam of soft E-rays with the sample undex investigation,
measurement of the kinetic energies of the ejected electrons together with
the known energy of the incident X-ray ,hotons allows the computation of
the binding energies of the electrons in the sample. The details of the
éxperimental procedure by which this is accomplished need notv concern us
here, this infomation 1s discussed in deteil in the rcferences quoted above,
In principle all electrons, from the core to valence levels can be studied,
however the fact that the cross sections for photoionisation of core levels
is generally considerably higher than for valence levels together with t.e
fact that core orbitals are essentially localised on atoms, and therefore
have binding energies characteristic of a given element, means that in ESCaA
predominant emphasis is on the study of core levels

The detailed interpretation of ESCA spectra provides information at =&
variety of levels, and examination of large numbers of well characterised
compounds has placed the analytical technique on a secure basis. Elementul
analysis can be accomplished by examination of the observed biading energises
and their relative intensities, providing the sensitivity factors for the

instrumental arrangement used have been established by prior calibration,
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Shifts ot binding energies within the range characteristic for a particular
core level provide information on the structural featuses present in a
sample, and the relative intensities of the different peaks provide the

data from which molecular structures usay be worked out. The homogeneity of
the sample as a function of depth can be established, for example by varying
the angle of incidence of the X-ray beaw, and with a kXnowledge oif escape
depth dependencies the variation of molecular structure as e function of
depth into the sample may be calculated in favourable cases. The photo-
ionisation process is often accompanied by electronic reorganisation at the
ionisaticn site which gives rise to satallite peaks ia the ESCA spectrum,
the detailed analysis of these low intensity peaks provides another level of
information which can be used to elaborate the details of molecular structuro
and in favourable cases information concerning the details of surface
conformation maybe worked out. The appiication of kSCA to the elaboration
of chemical composition is particularly well established in the case of
fluorocearbon based systems for which the span in shift range for the carbon
core level is (C,,) is particularly favoursable conse??:f:1gpon the large
electronic effect of replacing hydrogen by fluorine,

It is often the case that particular structural features may be
chafacterlstlc of the end groups of a given polymer system. The direct
detection of such end groups by means of their characteristic bainding
energlies snould, in pranciple, provide a convenient means of establishing
DPs 1in relatively low molecular weight samples, this end group counting
approach 1s analogous to the 19F n.m.r, method described earlier and as
in that method the reliability of the approach will rest on the accuracy
with which the relative abuzcdance of the end group can be determined. A
particularly favourable situation arises for systems with terminal groups
that involve-CF3 residues, such as the series of fluorinatved sliphataic

polycarbonates of interest in tnis work. If due care 1s taken to ensure

that ESCA statistically samples the repeat unit (by for example considering
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the relative intensities of the same element wiih differing escape depth
dependencies) then the comparison of area rativs for chemically shifted
components of a given core level marbe used to estimate DPs,

The C levels for a set of concensation products previously characterisel

1s
by v.p.o. and/or 19

¥ n.m,r, are shown 1n Figure 7, the ordinate axis
represents binding energy in eV and the abQEssc counts ner second. The
observed peaks fall into three fa':xly distinct regions, which can be most
easlly distinguished in the lowest molecular weight sample. The peak at
lovwest binding enexrgy (v288 eV) 1s assigned to the metnylene-éCH—T carbon,
the broad peak at (¥291 eV) encompasses both the carhunate carbon fo—g 04
and difluoromethylene carbons-%CFET, with the highest binding energy peak
(~293,5 eV) being ascribzd to the terminal traifluoromethyl (CF3) carbon.
These assignments, and in particular the fact that the ?13 level apprepriate
t¢ the carbonate and difluoromethylene cnvironments occur at approximately
the same binding energy,wera independen*ly corroborated by tre study of
appropriate model systems.

To proceed from these assignments to DPs 1t 1s clearly essential to
know the relative abundancies of the various structural features as
accurately as possible, and this quite clzarly anvolves decocnvoluiion of the
expérimental spectra. Although this appears at first sight to be a formidavia
task, particularly for the higher molecular wexrght samples where resolving
the trifluoromethyl peak from the combined carbonate and diflvoromethylene
peaks looks particularly difficult, there are a number of factors which
slleviate the epparent difficulties. Thus, prior calibration vath model
sompounds allows the peak shape and bainding enerzy to be very rigorously
defined, Using a Duront 310 curve resolver it 1s possible to use one channel
for each envaironment in the sample, a peak of the correct shape 1s then set

at the appropriate binding energy for each environment, matching of the total

envelope of the experimental spectrum with that of the deconvoluted peaks
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is achieved by adjustment of the peak areas only, in practise 1t 1s found
that one unique fit is obtained and very small changes in relative peak
areas make easily detectable differsnces in the overall envelope shape.
The reliability of this procedure ana the details of deconvolution
techniques in general have been discussed in detail elsewhere.114 Having
deconvoluted the spectra and determined the relative aburdancies of the

four different C enviroments, it was possible to calculate the DP8 of the

18
various samrples from both the ratio of difluoromethylene to trifluoromethyl
abundancies, and the carbonate to trifluoromethyl ratio. This enables a
check on the ainternal consistency of the ESCA method to be made, the results
of these analysés are summerised in Figure 8.

The two methods of computing DPs gzave slightly different results whach
may indicate specific orientation effects at the polymsr surface, however
the two are within 10% and show an excellent correlataon with DPS
determined by v.p.0., as is shown in Figure 9., By conirast D¥8 determined
by 19F n.m.r. for the same set of samples shows an apparently random scatter
which is also shown in Figure 10. Clcarly the problewms of reliable
integration of the 19F n.m.r, discussed earlier relegatec this method 10
that of an easy way of cbtaining an approximate 1dea of the extent of
reaction 1n these experiments, On the other hand the good correlation
between the completely independent v.p.o. and ESCA metnods means that elther

method can be used to obtain reasonably accurate measures of the D¥B obtained.

3.2 (¥)Experimental Procedure jlodifications Designed to Incresse Product DE.

The work described in the previous two sections established that the
products of the condensation reactions described earlier had, at best, DpPs
of the order of 20 corresponding to an extent of reaction of 95%. In view
of the simple nature of the experimental apparatus and procedures adopted
this could be regarded as a fairly satisfactory achievement, however from

the point of view of the original aims of the project a sipnificant
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improvement in the extent of reaction and conseguently DP was rcguired.

It is well known that many of the physical prcperties and parameters
associated with polymeric materiale. increuse with increusing molecular
weight, until a limiting plateau value is reached. The glass transition
temperature is such a parameter and since the objective of this research
wags to obtain reliasble data for the corirelat.on of mnlecnlar structure and
Tg 1t was of considerable importance to imiprove the DP attained to a level
where the measured Tg could confidently »e tsken as the true value for a
genuine high polymer. This required improving the D¥ by a factor of iwo
or more if possible, which according to Carothers equation would requare
improving the reaction conversion to a least 97.5%. An alternative approach
to the determination of the plateau value for Tg would have been to
carefully fractionate the materials obtained so far ana then to plot Tg
asainst DP to either establish that the platesu value had been reached or
allow extrapolation of the curve to the plateau value, ithis cpproach has
appeal anly as a last resort since the reliable fractionation of polymers
requires considerable care in selection of solvents and relalively lerge
aemounts of material and time; further, 1f the plateau value cannot be
shown to have been reached the procedure of extrapalating the Tg versus
DP curve is somewhat uncertain. A4ll ain all the most desirahle outcome
would be to synthesise higher DP materials,

It has long been known in polycondensation reactions thet the successful
synthesis of high polymexrs may be accomplished by technological improvements
of existing reaction procedure, to enable a high degree of conversion
during the reaction as p0551b1e.115 Attention 1s required to maximise the
surface area to allow the r:moval of the eliminated product, to provide
etficient mechanical stirring for intimate mixing of the reactants, and
adeguate facility for the condensation and removal of the eliminated product

from the reaction mixture, together with an effective vacuum system to

assist in the removal of the eliminated product in the latter stagee of the
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reaction. With these fectors in mind a polymerisation apparatus was designed
based upon a molecular distillation apparatus in use in the laboratory at

the time, this ie showm in Figure 12, it was constructed in glass initially
to allow any further modifications to be made with relative ease.

Polymerisation carried out in this apparatus, using the liguid catalyst
previously proved and a technique similur to that of previous experiments,
resulted in successful eliminatioan ¢f 85% ol the theoretical amount of tne
di(2,2,2~trifluoroethyl) carbonate. Analysis of the crude reaction product
usang 19F n.m.r. gave the extent of reeztion as~96% (DP~ 25), comparable
to the results obtained in the earlier apparatus. hkodification of this
apparatus to include a makeshift system of mechanical stirring via a glass
rod snd stirrer as shown in Figure 17 was undertaken. Polymerisation
carried out in this second glass apparatus resulted in 30% of the eliminatea
product being collected and ¥97% extent of reaction as mentioned by 19F
n.m.,r. (DP~ 33), an improvement over the original resulzs, although problems
were encountered sealing around the apparatus/stirrer seal. These problems
were not unexpected since the wear rate on ithis type of seal 3s hign and
increases as the viscosity of the stirred medaium incrcases.

In the thaird and final variant of the apparatus an Edwards Vacuum Ltd.
rotary shaft seal was obtained and mounted on a specially ccnstructed metal
flange bolted to another flange which in turn was welded to a metal to
graded glass jJoint attached to a larger polymerisation apparatus as shown
in Figure 12, A custom built stairrer with a very fine clearence between
the blades and the sides of the reaction vessel and very effective stirring
action was used with the apparatus. Folymerisztion in this apparatus with
20z of the bas(2,2,2-trifluorcethyl) caroonate of HFiD and ~1 wole % of
liquid catalyst at 150° resulted in 91% collection of the eliminated proauct

19

and 98.5% extent of reaction as monitored by F n.m.r. (DP~06), to give

a light brown-green clear polymer inmitially, which turned opaque subsequently
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on crystallisatio: Determination of the intrinsic viscosity of this
polymer in 1,4-droxane solution at 25o gave a value of 0,29, This cowpares
almost exactly with thut quoted in the patent laterature for poly(hexa-
fluoropentamethylene carbonate) derived by the phosgenation route, further
characterisation of this polymer will be described in the following section
of this thesis.

3,2 (vi) Preparation of Some Other Polycarbonates.

The development of {this experimental procedure and construction of the
apparatus tc allow the synthesis of high polymers of poly(hexafluoropenta-
methylene carbonate) could now be extended to include the synthesis of
other polycarbonates. This involved the synthesis of tetrafluorooutane-1,4-
diol and sctafluorohexane-1,6-diol from readily avarlable starting materizls
as shown 1n Figure 13, to complete the series of fluorinated aliphatic
polycarbonates originally encompessed by the project. The synthnesis of the
bis(2,2,2-trifluoroethyl) carbonates of these di1ols in a manner analogous
to that used for the bis(2,2,2-trafluoroethyl) cerbonate of HFPD wes under-
taken coniurrenily with the synthesis of some hydrocarbon biscarbonates.

The synthesis of the hydrocarbon monomers, and hence polymers, was underteken
since only one glass transition temperature of an aliphatic polycarbonate,
poly(hexamethylene carbonate), was available in the litcrature. The
synthesis and determination of the glass transition temporature of a range

of these polymers would therefore add relevent and useful data to that
presently available, and hopefully allow extension of thec correlation between
molecular structure end Tg and a refinement of the alP values used in the
prediction of Tg (see section 1), Readily availcble diols were used with an
ernerimental procedure similar to that lesding to the bisethyl carbonate

of hexamethylere-1,6-diol described previously (section 2.6) to give the
bisethyl carbonates of: ethane-1,2-d10l, propasne-1,2-diol, propane-1,3-diol,

butane-1,4~-diol, pentane-1,5-diol, decamethylene-1,10-diol, diethylene glycol,
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triethylene glycol:.and tetraethylene glycol.

After rigorous purafication and charscterisation these monomers were
reacted using the technique established abcve, this was successful in the
cagses ~f ile fluorocarbon monomers end all the hydrocarbon monomers except
those derived from ethane-1,2~dicl, propane-1,2-d10l and propane-1,3-diol
where the expected tendency :n form cyclic producis consequenl upon the
irhercent stabilaty of the five and six membered rings formned, resulted in
cyclic carbonales as well as diethyl carbonates being obitained. Durang the
polymerisataon of the hydrocarbon monomers the rate of reaction was noted
to be qualitatively somewnat slower than that of the fluorocarbon monomers,
an observation in agreement with the mechanistic rationalisction of the
course of this reaction discussea an Section 2; this led 10 a slight
lengthening of the reaction duration to two and 4 half hours. The
characterisction and some physical properties of the polymers produced waill

be reported at length in the nexi section of this thesis.
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3.3 Preparation of 2,2,2-Trifluorocethyl Chloroformate.

Phosgene (110g,1.1 moles) was condensed, av an external acetone/solid
carbon dioxide bath temperature of -206, into dry (Na) ether (1 litre)
usang the phosgenation apparatus stown in Figure % in « 3 latre round
bottom 3 necked flask equipped with gas inlet, mechanical stirrer, thermometer
well, dropping funnel and gas outlet. On completaon 2f *he condensation,
after approximately 2hrs, dry (CaClZ) pyriéine (80.5m1, 0.998 moles)
dissolved in dry (Na) ether (160ml) was added to the phosgene solution via
the dropping funnel over a period of 10 mins. The yellow preciprtate of
pyridinium chloroformate formed was then stirred for i5 mins at -20° to
ensvre completion of reaction, and a solution of 2,2,2-trifluoroethanol
(70m1, 0.97 moles) in dry (Na) ether (250ml) was added, usirng the dropping
funuel, over the next 30 mins and at such a rate that vie reaction
temperature was maintained at -200. A white precipitate of pyraidine hydro-~
chloride formed, and stirring was contiaved for a furthor 2hvs after removal
of the acetone/solid carbon dioxide bath, to allow the reactron product to
varm up to room temperature. Pyridinium hydrochloride was then filtered
off using a Buchner funnel, the solvent ether rewoved by distillation, =znd
the residue purified by distillation on @ automatically controlled
concentric tube distillation column (~ 90 plates) under reduced pressure,
to gave 2,2,2=-trafluorocethoxycarbonyl chloride (2,2,2-trifluoroethyl
chloroformate) (120g, 75%) b.p. 39° at 160mm Hg (L:Lttw6 : bep. 40° at
165mm Hg) (Found: C,21.85; H, 0.97; Cl, 21.9; F, 34.8: C_H,C1F.0 requires:

32

1
C, 22.17; H, 1.24; Cl, 21.82; F, 35.07; M, 162.5). The H r.w.r. showed e
19
jquartet at 5.77% (4 = 8 Hz) (-CHZ-) and the F n.m.r. a triplet at 75.9p.p.m.

Vmax 1735 (CC = 0),1310 (~CF 1285 (-CH,-), 1180,

3)'

(J = 8 Hz) (~CF3 ).
-1

1130 cm

]
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3.4 Preperation of ihe bis(2,2,2-trirluoroethyl)carbonate of hexafluoro-

pentane~1,5=diol.

A mixture of hexafluoropentane-1,5-diol (64g, 0.302 moles), dry (CaClz)
pyridire (58.6ml, 0.725 moles) and dry (Na) ether (500ml) contained in a
three necked round bottom flask, equipped with a thermometer, dropping
funnel, dry nitrcgen inlev, gas outlet to pubbler, and mechanical stirrer,
wes siirred vigccrously and cooled to 0-5° by the use of aa external ice/salt
bath. A solution of 2,2,2-trifluorocethyl chloroformate (117.8g, 0.725 woles)
in dry (Na) ether (100ml) was then added over 40 mins. and at such a rate
that the reaction temperature did not exceed 5°. A precipitate of pyradine
hydrochloride formed during the reaction, on coapletion of whach stirraing
was contiioued for a further 3hrs. w th the cooling bath removed. The
pyridine hydrochloride was then filtered off usiig a Buchner funnel, and the
ether solvent removed with a rotary evaporator. The reaction product was
then distilled under reduceo pressure on an automatically controlled concentrac

tube distillation column (S0 theoretical plates) to give bis(2,2,2-trifluoro-

ethoxycarbonvloxy)-2,2,3,3.4,4-herafluoropentamethylene (bis(2,2,2-irifluoro-

ethyl) carbonate of hexafiuoropentane-1,5-di1o0l) {108g, 77%) b.p. 54° at
0.1mm Hg (Found: C, 28.74; H, 2.09; F, 49.66, ¥(m.s.), <04; required for

011 H8 F12 06: C, 28.46; H, 1.74; F, 49.12; i, 464). The 1H n.W.r. spectrwua

showed a complex peak centred on 5.65% consistaing of a triplet, 5.67%
(J = 12 Hz) assigned to the metaylene groups ajecent to difluoromethylene

groups, and a quartet, 5.75¢ (J = 6§ Hz) assigned to the msthylene grocups
19
ajacent to the trifluoromethyl groups. F n.,a,r. showed to sets of triplets

at 77.1 p.p.na. (J = 12 Hz) (CF2 groups at 02 ena C 4), and a broad sanglet

at 127.9 p.p.m. (CF2 group at 03) from external CFCl, reference, in the

3
relative group intensity ratios 3:2:1. Vmax, 1780 (Z-0=0), 1320 (-CFB)'

1250 (=CH,-), 1165 (~CF,=) e,

[y
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3.5 Polymerisation of the bis(2,2,2=-trifluoroethyl) carbonate of hexafluoro-

pentane-1,5-diol,

a) The bis(2,2,2-trifluoroethyl) carbonate of HFPD (10g, 0.021 moles)
in a pear shaped flask was degassed ard let down to a dry nitrogen atmos-
phere three times on a vacuum line, and then transferred to a dry box where
the catelyst, sodium 2,2,2-trifluoroethoxide {0.05g). wac added. The
catalyst was prepared by adding svdivm metal (0.23g, 0.1 mole) to 2,2,2-
trifluoroethanol (0.72ml, 0.1 mole) in dry (Na) ether (20ml) under a dry
nitrogen atmosphere, and removing the ether solvent by distilletzon and
evaporation under reduced pressure (vacuum line). Aiter the addition of a
teflon coated stirrer bar, the flask was attached to the polymerisation
apperatus shown in Figure 4, and heated to 150° in a Wood's metal bath for
2hrs. This resulted in the distillation of 2,2,2-iraflioroethexycarbonyloxy
-2y2,2=trifluoroethane (di(2,2,~trifluoroethyl) carbonate) a clear liquid
(3.8g) b.p. 114" at T60mm Hg (Litt''®: v2.5 at 75mm Hg) (Fowad: C, 26.55;
H, 1.45; P, 50.9; M(m.s.), 226; required for 05H4F603: C, 26.56; H, 1.78;

F, 50.42; M, 226,). The ?

19
(-CHZ-) and the F n.m.r, a triplet at 7509 p-pnmo (l: = SHZ) ("CF

Vmax, 1780 (3C=0), 1425,1330,1280,1240, 1170cm .

H n.m.r. showed a quartet at 5.7%v¢ (J = 8Hz)

3¢

Reduction of the system pressure to 0.01mm Hg over the next 30 mans.
resulted 1n a gradual increase in the viscosity of the reaction mixture

until the reaction was terminated after Shrs. Analysis of the reaction
13

residue by F n.m.xr. 3n (CD CO solution, established the relatave

3’2

intensity ratio of the CF3 triplet at 77.1 p.p.m. to the CF2 traiplet at

122.3 p.p.m. as 0,09:1, correspomding to a degree of polymerisation~17

and an extent of reaction or 94%. The 1H n.m.,r. showed a broad triplet

19
at 5.6%(J = 12Hz) and the F n.m.r. a triplet at 77.1 p.p.m. GCFB) a

triplet at 122.3 p.p.m. (J = 12Hz) (CF2 groups at C, and 04) and a broad

2
singlet at 127.9 p.p.m. (CF'2 group at 03) in the relative group intensities
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0.18:2:1, Vmax, 1780 (>C=0), 1280 (broad), 1170 (-CFZ-). 995, 990, 79Ocm-1.

b) Using the experimental procedure outlined in section 3.5.a. the
monomexr (10g, 0.021 moles) was heated at atmospheric pressure and 120° for
2hrs, reduction of the sysiem pressfure after this time resulted ain
quantitative distillation of monomer (b.p. 86° at O.,1mm Hg), whaich was
1denvified by 1tv's i.r. specirum. analysis of ihe dintallale by ge.leoc.
(Column '02%', 150f) showed 1t to be pure monomer with no detectable
contaminetion,

¢) Agein using the procedure described in section 3.5.a, the reaction
was repeaved by heating the monomer (10g, 0.021 molec) at atmospheraic
pressure and 190° for 2 hrs, monomer distillation followed system pressure
reduction, this was shown to be uncorntaminated by g.l.c. (Column '02%', 150°).

6) The reaction method described in seclion 3.5.a wus repeated with o
reduction in the amount of catalyst used (0.025g, 0.8 wole=%), the duration
of the heating period prior to system pusessure reductio. was halved to 1hr.
and the period of heating at reduced pressure was reduced to 1ar, the
reaction procecded successfully with the elimination of di1(2,2,2-irifluoro-
ethyl) carbcnate (4.24g, 87% reaction). Analysis of *he crude reaction

19
3)2C0 by F n.m.r. 1ndicated a de;ree of

residue as a solution in (CD
polymerisdtion of ~ 11 (91% overall reaction).

e) A solution of (1ml, 2 mole-w»), rrepared by dissolving sodium (0.5,
0,022 moles) in 2,2,2-trifluoroethanol (36ml, 0.5 moles), was added to the
bis(2,2,2-tr1fluoroethyl) carbonate of HFPD (10g, 0.021 moles) in a pear
shaped flask using a syringe. The experimental procedure described in
3.5.d was followed, reaction occured resulting ir the elimination of di(2,2,-
2-trifluoroethyl) carbonate (4,243, 87% overall reaction), and1; degrce of

polymerisation of ~ 14 (93% overall reaction) as momitorsd by F n.m.r,.

on a solution of the crude reaction product an (CD CO.

302
f) 1Injection of 0.4ml (0.8 mole %) of the catelyst solution prepared in
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3,5.e, into heated {150° ) bis(2,2,2-trifluoroethyl) carbonate of HFPD
(10g, 0.021 moles;, resulied in immediate reaction with the evolution of
ai(2,z,2-trifluoroethyl) carbonate (4.14g, 85% overall reaction). On
compleiior of the reaction procedure. described in 3.5.d, analysis of

19
reaction product by F n.m,r. 1ndicated an overall extent of reaction of

2,6 Mpleculer Jeisht Determinations of Reprecipitated Reaction Products.

A rough fractionation of polymer samples was achieved by dissolving
up the reaction products in dimethyl formamide (~ 5ml) using a teflon
coated stirrer bar, and .hen precipatating this into an excess of chloro-
form (~ 50ml) vigorously stirred by a large teilon coated stirrer bar.
Collection of the insoluble portion was achieved by decaniing after 15mins,
the solution of solvent and nonsolvent were evazorated and ‘he soluble
fraction of polymer collected, the last traces of solventv were removed by
heating (1¢0°) esch fracticn under reduced pressure. Each fraction was then
subjected to analysis by 19F n,m-1r., as outlined in section 3.5.a, and
VePeO. uUsing dimethyl formamide as solvent in a Perkin Elmer 115 vapour
phase osmometer. A full Aiscussion of thas technique together with
experimental details will be found in the next section of this thesis.

Some of these polymer fraciions were analysed by ESCA using methods that
have been described by Clark and co-workers,

3.7 Preparation of Poly(hexafluoroventemethylene carbonate) Using Improved

Apparatus.,

a) Using the modified molecular distillatioa apparatus shown in Figure
10, the bis(2,2,2-trifluoroethyl) carbonate of HFPD (10, 0.021 moles) was
degassed and let down to dry nitrogen etmosphere thres times using a vacuum
line. The reaction vessel was heated in a Wcod's metul bath maintained at
150°, addition of the catalyst (0.4ml), prepared as described in section
3.5.e was carried out by means of a syringe inserted through the gas inlet

of the apparatus. This initiated the elimination of di(2,2,2-trifluoro-
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ethyl) carbonate (4.14g, 85%) over ihe next hour, the system pressure was

reduced to 1mm Hg for a further hour before the reaction was terminated.
19

The r n.,m,r, of the crude reaction in solution ((CDB)ZCO) showed tne

relative Jntensity ratio ol the CF. triplet as 0.06: 1 corresponding to

3
o degree of polymerisation of ~ 25, and an extent of reaction of 96%.

b) The upparstus wus wod.fied to include mechanical stirring transmitied
via & gless roan and stairrer, as shown in Figure 11. On repeating the
experimental procedure given in section 3.7.a. successful resction was
observed with the eliminatior of di(2.2,2-trifluoroethyl) carbonate (4.38g,
90%), and a degree of polymerisation of 33 (97.5% overall reaction) &s

19

determined by the CF CPZ relative intensity ratio ain the F n.m.r. of the

35

crude reaction product ain (CD CO solution,

32
¢) Bis(2,2,2-trifluoroethyl) carbonate of HPFzD (205, 0.C43 moles) was
transferred to the custom built polymerisation apparatus shown in Figure 12,

Here a prop.oietary (Edwards Vacuwn) rotary vacuum seal with’attached
stirrer was mounted via flenges to a graded glass to metal Joint to the
apparatus. After degassing and letting down to a dry nitrogen atmosphere
three times using the vac.uz line, the polymerisation was initiated by
injecting the catelyst (0.4ml, 1 mole~%) into ‘he hot stirred monomer,
immediate evolution and distillation of di(2,2,2-trifluoccethyl) carboaate
vas noted, collecting 8.858 (91%) of thas prc-duct vefore reduction in the
system pressure after 1hr reection time. Further reaction for 1hr, under
reduced pressure (~ O.1mm Hg) produced notable increase in viscosity of

the material remaining in the reacticn vessel, ¢he involatile product
recovered after cooling was poly(hexafluoropentamethylene carbonate) (10.15g,
79%4) (Found: C, 30.15; H, 2.00; F, 47.70; requared for 06H4F603: C, 30.27;
H, 1.69; F, 47.88). The 19E ne.m.r. analysis of this vcaction product showed

the relative intensity retio CFj: CFZ: to be 0.023 : 1, corresponding to a

degree of polymerisation of ~ 66 and an extent of reaction 98,5 Vmax, 1730



=75~

$C=0), 1280 (-CH2-), 1170 (-CFZ-)cm-1. Further characterisation of thas
polymer will be described in section 4 of this thesas.

3,8 Preparation c¢f Tetrafluorosuccinic Acid.

Dry (MgSO4) acetone (1.5 1) and po%tassium permanganate (82.95g, 0.525
moles) were put into a three necked round bottom flask equipped with a
thermometer, dropping funnel, mechanical stizrer and 2 avuble surface
reflux condensers topped by on acetone/solid carbon dioxade trap. The
flask was cooled to -20° using an external acetone/solid czrbon dioxide
bath, and 1,2-dichloroperfluorocy<lobu.cneadded drop wise via the dropping
funnel, care being taken to keep the reaction temperaturc at -20° oy
danipulation of the rate of addition. On completion of the addition,
approximately 30mins, ,the cooling baih was removed and the reaction uwixture
was allowed to warm to room temperature with vigorous <tirring over the
next 3hrs. The mixture was then heated to 50° (refluxing) for 30mins using
a water bath, before being poured into water (2 1) contained in a large
round bottom flask. Sulphar dioxide was then bubbled i1nto ti.e aqueous
solution until decolourisation to a light brown colour occured signifying
the reduction of any excess potassium peruanganate present. The solution
was reduced in volume to ~ 0.7% 1, using a rotary evaporator to remove the
acetone and water, and then sulphuric acid (50x w/w solution) was carefully
added until the solution pH reached one. Acidification 1s particularly
important since continuous ether extraction maybe inefficient if the
solution 1s not acidic enough. The solution was continuously extracted
with diethyl ether over a 48hr., period and the resulting ethor layer drieud

over MgSO the solution was decanted from the dessicant and the solvent

40
ether evaporated undexr reduczd pressure and heating (800) to give a white
solid (62g, 65%) of tetrafluorosuccinic acid, characterised by correct

i.r. and m.p..

2,2,3,3,4,4,5,5~octafluoroadipic acid was obtained by a similar route
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from perfluorocyclohexene by technicians within this depé}tment and this

was used without further characterisation for the following esterification
and reduction reactions to obtain tne respective diols, 2,2,3,3-tetrafluoro-
butane~1,4-d10l and 2,2,3,3,4,4,5,5-oclafluorohexane-1,6-d10l. In secticns
3.9 and 3.10 the experimental procedure will be described for tne synthesis
of octefluorohexane-1,6-d1ol, quantitiec used for the teirafluoroobutane-

1,4~-diol will appear in brackfts,L J, immediately afterwards.

3.9 Esterification of 2,2,3,3,4,4,5,5-0octafluoroadipic Acid, [2,2,3,3-tetra-

fluorosuccinic Acii].

2,2,3,3,4,4,5,5~-octafluorcadipic acid (80g, 0.275 moles) [2,2,3,3-tetra-
flucrosuccinic acid (62g, 0.33 moles)] , absolute etuanol (100ml, 1.7 moles),
toluene (50ml, 0.5 moles), p-toluene sulphonic acid (1g, 0.005 moles) and a
teflon coated stirrer bar were placed i1n a round bottony, %1tted with a
Vigreux column (1cm diameter, 14cm length), still head, thermometer, water
condenser, vacuum reciever adaptor end collection vessei’ contiaining 50g of
ar h.ydrous potassium carbonate. Tne reaction mixture was hected using an
0il bath (100°), refluxing and distillation of an azeotropic mixture of
ethanol, toluene and water taking place at 75—6° s this was continued until
the st11l head temperature rose to 78°, The distillation was then stopped
the distillate thoroughly shaken with the potassium carbonate, to remove the
water, filtered through a Buchner funnel, and returned to the reaction
flask. The distillation was recommenced, until the still head temperature
reached 81°; subsequent resumpiion of the distillation under reduced pressure
lead to distillation of diethyl perfluoroadipete, a colourless transparenz
iiquid (92g, 95%) b.p. 90-95° at 0O.1mm Hg (L1tt117: 156-9° at 27oun Hg).

118
[diethyl perfluorosuccinate 74.58, 93%), b.p. 71" at 0, tum Hg (Latt : 89

et 15mm Hg)].

3.10 Preparation of 2,2,3,3,4,4,5,5-octafluorohexane-1,6-~dxol, [2L2,3,3Lg

tetrafluorouutanen1,4—dioﬂ .

The followaing epperatus was thoroughly dried in an oven bofore belng
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assembled under e purge of dry nitrogen gas: a three necked flask equipped
with a gas inlet, Aropplng funnel, mechanical stirrer and a double surtace
reflux ~ondensexr with concentrated sulphuric acid bubbler as an outlet,
Into tiis was placed lathiuvm .aluminium hydride (20g, 0.74 moles) [}Og, 1.1
moles] with dry (Na) ether (500ml), addition of diethyl octafluoroadipate

was then

(86g, 0.25 rmoles) [diethyl tetrafluorosuvceinete (53g, 0.28 moles

L=

carried out car>fully so as to maintain as even a rate of ether refluxing
as possible over 30mins. The reaction mixture was then left to star
vigorously for ihr, after which sulphuric acid (150ml, 50% w/w) was added
to destroy ihe excess liirium aluminium hydride present and hydrolyse any
organometallic complexes. an ice/water bath being used to control the
vigorous reaction. The semisolid reaction product was then poured into
sulphuric acad (1 1, 504 w/v), the ether layer scperated, ihe aqueous layer
was extracted three times with ether and the ether extracts were combined.
The ether wes removed by distillation, benzene (200ml) added to the residual
liquid and uvsing =2 Dean-Stark distillation aepparatus, the remaining watler
in the sawple was removed by azeotropic dastillation. Crystallisation from
the benzene solution gave a wnite solad 2,2,3,3,4,4,5,5-0octafluorohexsne~
1,6-diol, (537, 81%) [2,2,3,3-tetrafluorobutane-1,4-diol (38.5s, SS%ﬂ,

with correct 1.r. and m.p..

3.11 Preparation of the bis(2,2,2-trifluoroethyl) carbonate of octafluoro-

hexane-=1,6-d101 and tetrafluorobutane-1,4-diol,

Using the experimental method descriped in section 3.4 octafluorohexane-
1,6-d10) (43.25g, 0.165 moles) &etrafluorobutane~1,4-diol (24.3g, 0.15 molesﬂ
dry (CaClz) pyridine {32.6ml, 0.36 moles) [}B.Sml, 0.35 mole% and dry (Na)
ether (500ml) were reacted with a solution of 2,2,2-trifluoroethyl chloro-
formate (58.5g, 0.36 moles) EB.Sg, 0.33 molea| 1n dry (Na) ether (100ml) +to

give bis(2,2,2-trifluoroethyoxycaroonyloxy) 2,2,3,3,4,4,5,5-octafluorohexa~-

methylene,(bis(2,2,2~trifluorcethyl) carbonute of octafluorohexane-1,6-diol),
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(80.5g, 95%), b.p. 102" at O.1mm Hg, (Found: C, 27.98; H, 1.45; #, 52.11;

M (m.s.) 514; required for c12H8F14°6’ C, 28.GJ3; H, 1.57; F, 51.73; M, 514).

The 1H n.m.r. showed a complex peaxk centred on 5,2% consisting of a traplet,
5.147 (J = 12Hz) 6CH§ adjacent to-CFZ) and a quertet, 5.27« (J = 8Hz)

19
&Cﬂé adjacent to—CFB). The F n.m.r. showed a triplet at 76.9 p.p.m.

— [%}

J = 8Hz) éCFB) and two broad absorptions centred at 121-.9 pe.p.is. GCFE at

~~

¢ , and C5) and 125.32 p.p.mo. GCFE ot C, and C4) from CF013 external

2 3
reference, in the relative group intensiiy ratios 3:2:2. Vmax, 1785 (>C=0),

1325 (-CP, ), 1260 (~CH,-), 1180 (-CcF,-Yen™ .

[bis§2,2,2-trif1uoroethoxycarbonoxy)—2L2,3L3-tetrafluoromethylene,(bls

(2,2,2-trifluoroethyl) carbonate of tetrafluorobutanz-1,4-diol), b.p. 64" at
O.imz Hg, (Found: C, 29.01; H, 1.75; F, 45.9; i(m.s.) 414; required for

CyoH F1g0g! C» 294005 H, 1.95; F, 45.87; M, 414). fThe 'H showed a complex
peek centred on 5.05% consisting of a quartet 5.127 (J = 8Hz) QCHE edjacent
to—CFB) and a complex triplet 5.02 v (J = 12Hz) GCHé ad%;cent to-CFE) the
fine structure on ithis peak not being resolvable. The F n.m.r. showed a
triplet at 73.9 p.p.m. (J= 8Hz) %CF3\ end a traplet of doublets at 120,87

PePem. (J = 12Hz, 4Hz) GCFE) from external CKCl._ reterence in the relative

3

group intensity ratio 3:2; Vmax, 1780 (> =0), 1320 (~CF, ), 1250 (-CHZ-),
P

- A -14

175 (~CE,-)em™ -]

3.12 Preparation of the bisethyl carbonates of aliphatic d10ls.

The experamental procednre was similar to that used 2n section 2.3, and
that outlined in a patent.87 Generally a mixture of the diol {1 molar
proportion) and dry (CaClz) pyridine (3.6 molar proportions) in a round
bottom flask equipped with a dropping funnel, thermometer, mechanical
stirrer, gas inlet and outlet to a sulphuric acid bubbler, was stirred
vigorously and cooled to 0-5o by the use of an external 1ce/sali bath.

Ethylchlorofoymate (2.4 molar proportions) war added at a rete so as to

o -
maintain the temperature at 0-5 , the occurence of reaction 1s shown by the



Anounts o1 l.eactants used

PRODUCT

Dicl Chloruformate; Pyridine|Yield| B.p. (Pre-s_su:e) Molecular Formula|Elemental Analysis IUPAC systematic name|
(moles) {moles) (moles) { (%) Lait.
Cc H Cormon name
HO(C‘dz)zoﬂ 29.9 129.9 147.3 Ele) 66° {0.01) CBHIBOG 48 21 6.97 bis (ethoxycarhonyloxy)~
(0.482) (1.203) (1 841) 116-7° (2)119 (48 01) (7.05) ethylene
bis (ethyl) carbonc t« of
etrane-1,2-diol
be o
HO(CHZCH)OH 50 oo 169.5 189.5 53 80" (0.1} C9“20°6 50 87 7.80 bis (ethoxycarbonyloxy) -
(0.658) (1.569) (2 369) - (50.47) | (7.53) [|Dethel-l,2-etaylere
bic {ethyl}carbonate of
prcpane-1,2-diol
HO(CH2)30H 50.00 169.5 189.5 75 88° (0.02) c9H20°6 50.82 7.80 bis (ct.hovvcarbony loxy) =
(0.658) (1.569) (2.369) - (50.47) | (7.53) [LEincthylene
bic (ethyl)l carbonate of
prcpane-1, 3-diol
'iO(C82)4OH 45.45 129.9 147.3 60 86° (0.1) cloHZZOG 52.76 7.93 bis (ethoxycarbonyloxy) -
{0.505) (1.203) (1.841) 118-121°(1:5) %7 (52.63) | (7 95) | tetranethylene
bis (ethyl) carbonate of
] butane-~1,4-dz1
HO(CHZ)SOH 44.55 111.8 123.7 75 1030 (0.05) Cll‘!24°6 54.70 8.26 bis (ethoxycaru-nyloxy) -
(0.428) (1.036) (1.546) 138° (2.5,%7 (54 54) | (8.32) R ameth iene
bis {ethyl) cerbonate of
_ I pertane 1,5-diol ]
HO(CHz)loOH 80.00 118.6 132.6 60 160° (1) C16H3O°6 59.96 9,74 bis {ethoxycarbonyloxy) ].
© 459) (1.099) (1.657) 168-170°(0.5) %’ (60.35) | (9.50) |oecmethylene
bis (ethyl) carbonate of
decamet. ylene-1,10-d10l
H(OCHZCHZ)ZOH 53.10 129.9 143.4 78 134° (1) C10H18%7 48.06 7.20 bis (ct: oxycarbonyl) 1i-
(0.507) (1.203) (1.792, 138-1480(2) 119 (47.99) | (7.25) | feuyethylcne)
bis (ethyl) carbonate of
dicthylene aglvcol
H(OCP2CE!2}3OH 74,54 129.9 143.4 78 l70° (1) C12H2208 48.88 7.82 has (ethoxvearboryl) tri-
(0.499) (1.203) (1.792) - (48.97) |(7.53) |Syotwiene)
bi~ (et y.)carbonate of
N — tr.ethylene glycol
H(OCBZCHL)‘IOH 96 .90 129.9 143.4 68 210° (1) C14H2609 49.64 7.84 bas {ecLho<ycarboryl)tetra-
(0.500) (1.203) (1.79) - (¢9.76) |(7.74) |[oxyethylene)
bis lethyl) carbonate of
teti1anethylene glycol




formation of a white precipitate of pyridine hydrochloride. On completion
of the ethyl chloroformate addition the cooling bath was removed and the
mixture left to stir overnight io ensure completion of reaction. Dry (Na)
tolueas (2 1) was then added to the reaction mixture and the pyridine
hydrochloride filtered off using a Buchner funnel, the solution was then
washed five times with waler 10 rewove residual pyixdine and driesd over
MgSO4. After 1iltering off the MgSO4 the toluene was removed by distillation,
end the resiuue distilled under reduced pressure on en automatically
controlled concentric tubes distillation column (90 theoretical plates)
apparatus., Exact experimental quantities used i1n each particuler case as
well as elemental analysics are included in Table 5,

3.13 Polxrmerisation of the bis(2,2,2-trifluorcethyl) carbonases of octa~

fluorohexane-1,6~d10l and tetrefluorobutane -1,4-diol.

Using ths experimental procedure described in section 3.7.c, the bas
(2,2,2-trifivoroethyl) carbcnates of octafluorohexare-1,6-diol (20g, 0,039
moles) -&etrafluorobutane-1,4-d101 (20g, 0.048 molesﬂ were polymerised
using a catalyst prepared as described ain section 3.5 (0.8ml, 1 molde-%) to
give di(2,2,2-trifluoroettyl) carbonate (9.743g, 94w) [7.8925, 90%] and

the required poly(oxycarbonvloxy-2,2,3,3,4,4,5,5-octaflworohexamethylene).

(poly(octafluorohexamethylene carbonate)), (11g, 98%) ,(Found: C, 29.18;
H, 1.63; P, 52.36; required for C7H4F803: Cy; 29.18; H, 1.40; F, 52.76;)s
VYmax, 1780 (>C=0), 1270 (—UHZ-), 1180 (-CF2-)cm-1° [polv(oxycarbonyl—

oxy=2,2,3,3,~tetrafluorotetramethyisne), (poly(tetraflucrotetramethylene

carbonate)),(8.6g, 95%),(Found: C, 32.27; H, 2.40; F, 40.15; required for

CoH,F,04: C, 31.93; H, 2.14; F, 40.41. Vmax, 1780 (SC=C), 1260 (~CH,-),

-1
1190 (-CFZ-)Cm o]

3.14 Polymeraisation of the bisethyl carbonatcs of alivhatic diols.

An experimental method enalogous to that given in section 3.7.c, was used

to react the bisethyl carbonates of aliphatic diols using a catalyst solutiion

[ —



(0.2m1, 1 mole=%) made up by dissolving sodium rmetal (0.92g, 0.04 moles) in
methanol (10g, 0.,12 moles), whaich had been dried (Mg) distilled snd stored
over 3A molecular sieve. The reaction vessel was heated in a Wood's metzal
bath maintained at 30o below boiling point of the starting material at
etmospheric pressure, or 240° whichever was the lower. In every case
immediate reacticn took place upon the addition of ithe caldlyst sovlution,
15 give oniethyi carbonate as the eliminated product. In the cases shere
polymerisatiun hed teken place, reduction of the system pressure after
45mins to ~1mm Hg lead to a gradual increase i1n viscosity of the reaction
mixture until the reactivn was terminated 1.5hr later; where cyclisation
took place then the reduction in system pressusre lead tc¢ the distillation
of the cyclic product formed. Aiter cooling the polymeric residues were
removed from the reaction vessel by dissolving them in chloroform, and
reprecipitaving them into ether, solvent removal by heating under reduced
pressure then followed. Characterisation of these polymers will be reported
in the next section of this thes:s. Specific experimental details of
reaction are contained in Table 6. as well as the elemental analysis of

the polymers obtained; tho cyclic products were well known compounds

identified from their i.r. spectra and melting points,



TABLE 6.

SuLs

Reaction of bis ethyl carbonates of aliphatic diols.

Reactant [Quantity| Product | Product Product | Formula of Cc H

Ho( Jou |9 (Et20)20 Cyclamev| Polymexr | Polymerxr Found Found
(moles) [g (%) g (3) q (%) (calc.) | (calc.)

~CHzk 20.2 10.59 8.20 - m.p. 39° - -
(0.098) (92) (95) (39-40°) 1%°

Te

~HcHCHy- | 20.0 10.03 9.25 - b.p. 240° - -
(0.093) (91) (97) (242°)1%°

Cl 19.9 9.87 9.29 - m.p. 27° - -
(0.093) (90) (98) (28-9%) 10

{CHz)1; 18.0 8.35 - 8.80 |cH O, 51.45 6.97
(0.079) (92) (98) (51.72) | (6.94)

+CH 3 20.2 9.05 - 10.52 |cH, O, 55.64 8.14
(0.083) (92) (97) (55.77) | (7.74)

+CH§+10 20.4 6.74 - 12.20 c11H2003 65.68 10.48
(0.064) (89) (95) {65.97) [(10.09)

+OCH5CHz}- | 20.4 8.18 - 10.34 |cHo, 45.17 6.11
(0.082) (85) (96) (45.45) | (6.10)

{0CH;CHz| 21.6 7.80 - 17.54  |c.H, .0, 47.85 7.22
(0.073) (90) (s (47.72) | (6.86)

{0CH:CHZ-,| 20.1 6.53 - 12.82  |CgH, O 48.78 | 6.98
(0.059) (93) (98) (49.08) | (7.32)




Section 4.

The characterisation end some physical »roverties of srme fliorinated

aliphatic and aliphatic polvcarbonates,
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Section 4. The Characterasation and frroperties of the rolycurbonates

Produced in this Study.

4.1 Iantroouction.

This section contains a discussion of the methods used to characterise
the polymers obtained previously. The possible methods of characterisation
are briefly revirewed, then the actual metnods used and results obtained ere
discussed 1n wore detail.

The unique properties of polymers cre derived chiefly firom their long
chain nature, high moleculer weights and molecular weizht distributions and
their characterisation may be said to have begun with the recognition of
their macromolecular nature by Staudinger in the 1920's and 1930's. The
earilest vorkers in this area used methods based upon the weil established
laws governing the colligative properiies of dilute solutions as well as
chemicel methods of endgroup analysis for the determinution of number
average molecular weight (an). Later developments, during the late 1930's
and early 1940's, of light scattering and ultracentrifugation techniques
lead praimarily to the determiration of weight average molecular weight (Ewh
Detailed anal,sis of molecular weight distribution was iaborious involving
careful fraciionation and determinations of kn and fw for aindividual
fractions, thas situation changed with the a“vent of gel permeation
chromotography (GPC) in the 19€0's. In general all of these characterisation
methods work well when applied Lo relatively simple cases, such as linear
homopolymers readily soluble in relatively non polar solvents at room
temperature and not displaying extreme values of moleculer weight or
nolecular weight distrabution. 4 short review of widely used metnods of
molecular weight determinations and characterisation ¢ the thermal behaviour
of polymers is presented before turning to the actual characterisation of

of the materaials of interest in this work.
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4,1, (1) Molecular Velght Determination

Endgroup Analysis

Boti. chemical and physicel methods can be used to measure number average
molecular weight, in, in linear polymers having identifiable endgroups.,
The sensitivity of chemical methods usually laimits their application to
isotonic label.ing techniques usually afford higher sensitivaity. The method
is not universelly applicable, saince for many polymers there maybe several
different kinds of end groups and the distribution may vary from sample to
sample,

Membrane Osmometry

This technique is widely used and requires that equilabrium conditions
be esteblished for the thesmodynamic analysis oi the resulis to be valad.
One of the oldest methods of polymer characterisation, mcdern applications
utilise hign speed automatic osmometers, but uncertainty in the character-
istics and behaviour of the semlipermeable membrenes used n this method
still persists, requaring the osmometer to be carefully tested with well
behaved polymer samples of knovm mn before using it for unknowns. Diffusion
of low molec.lar weight species through the menbrene l mits the applicability
of the method to rather high kin i.e. > 50,000,

Vapour Pnsse Osmometry.

This method would appear to be the most popular colligative properties
procedure for samples with lin 50,000, Two matched thermistors are
suspended in a thermostated cel) saturated wiih solvent vapour, placing
& drop of polymer solution on one thermistor and a drop of pure solvent
on the other results in a temperature drcp across the thermistors. This
is a result of the lowerinz of the vepour pressure of the solvent an the
solution drop by the solute, causing condensation of solvent from the
vapour in the chamber onto tmis drop, the resulting release of the latent

heat of vapourisation raises the tewperatura of this drop slightly. The
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tempersture change can be accurately monitored by the bridie circuitry
of which the thermistors torm a part. The calibration of this equipment
with solutions of known molality thus enables the determination of the
number average molecular weight, ln.

Light Scattering.

The lnstzuwenration for thais iechnique is expensive and 1tvs application
13 cciusenquently less widespread. t+ allows the determinstion of weight
average molc.ular weight, sw, and additionally gives the mean-square radius
of gyration, a measure of the size of a polymer molecule i1n solution. The
major difficulty in applying this techmnique resides 1n clarifying the
polymer solutions to remdove extraneous scattering materzal, so that the
difference in scattered light intensity between a polymer solution and its
solvent maybe measured accurately.

Gel Permeatron Chromatography.

This metiod was developc dur.ng the mid 1960's and has largely displaced
the more laborious fractionation techniques based on solublility as an
approach tc separating polymer molecules by weight, and thus aetermining
the distribution of molecular weishts. For simple systeans, such as linear
homopolymers of moderate molecular weight and distribut.on breadth, soluble
in relatively non polar solvenits at room temperature, GPC works well.
However i1t must be remembered that separaticn is based an molecular size
rather than mass and for simple case Just described, there 1s a one-one
relation between these variables, which may not be the case in more
complicated systems.

Dilute Solution Viscometry.

Viscometry in one form or another, is perhaps the metnod most commonly
used to give an indication of the molecular weight of a polymer. The
particular case of dilutec solution viscometry of interest here can be used

to give a quick end cheap estimate of mwolecular weight. The relative



viecosity, n,, (viscosity ratio) 1s the ratio of the time taken for a
known volume of polymer sclution to flow through a capilliary, to that
taken by the same volume of pure solvent., Ths reciprocal of this gives
the specilaic viscosity nsp, which when divided by the polymer solution
concentration gives the reduced viscosity, vred’ (vaiscosity number). “he
logarithm of the relative viscosaty divided by €he polymer solution
concentration giLves the inherent vascosity, vinh’ (logarithmic viscosity
number)., -Extrapolating both the inherent and reduced vascosities to
infinite dalution should result in their convergence to gaive the antransic

viscos1ty,[ 0], (limitaing viscosity nucber).

[r)] = lim .?.EB = lim in '7r
C»0 C Cc=0 Cc

In suitahly precalibrated systems the aintrinsic viscosiiy can be related

to the molecular weight via the liark-Houwink equation:-

7] = o

where k and x sre constants depending on the system,

The foregoing summary gives some indication of the amount of effort
which has been expended over the years in developing methods for the
determination of molecular werght. This 1s a direct consequence of the
importance of this characterisang parameter in the gradual development of
models relating the bulk properties of polymeric materirls to their detailed
chemical and physical structures., Thus it was realised early on that the
properties of linear polymers were a functiur of molecular weight, and that
strength, toughness and low sensiiivity to chemical attack, characteristic
of polymers as a class of materials are not well developed until a molecular

woight of the order of ‘IO4 i1s reached. In the context of this investiigation
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it was particularly importunt to establish that genuine high molecular
weight samples had been prepared, the more so since it was suspected that
some 0f the data reported in the literature for relatively poorly character-
ised materrals might be unreliable, and this clearly causes problems for

the attempts to construct a usefully predictive Tg/structure correlation

4.1 (i1) Thermal Characterisation

The physical properties of a linear or lightly branched polymers are a
function of the temperaturc¢ at which Lthe property is measured. Particular
types of behaviour are separated by transition temperatures such as the
glass transition temperawvure (Tg), the melting point (Tm) and the decomp~
osition temperature (Tdec). Since, for example, elasiomeric properties
are not evident until a te.verature of 20-30o abtove 1g, a kuowledge of {h.s
parameter provides a lower limit to the useful working ra.ge of a potential
elastomer; -similarly the uprer iemperature limit for a potential structural
material has to be well below Tm or Tdec whichever is the lower. The
obvious importence of these characterizing transition temperatures has
stimulated anvestigation 1nto methods of determi:ning them i1n a rsprd and
reliable maniar on small quantities of material. Thermel analysis has been
progressively developed to the stage where it 1s no¥ possible to have a
reliable estimate of all the parameters on samples of only a few tens of
milligrams. As discussed at longth in Section 1 of this thesis the paraweters
of interest to the sponsors of this project are primarily Tg and Tdec.

A technique that has been usecl to determinc the glass transition
temperature of a polymer 1s differential scanning calorimetry (DSC), used
more generally to investigate the thermal properties of polymers. In this
analysis technique a sample of the polymer and a refersnce are heated at a
programned rate by individually centrolled elements, governed by sensors

burlt into the heating block. The power supplied to these heaters is
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adjusted continuously in response to any thermal effects in the sample,

in order that the sample and reference are maintained at the same temperature.
The differential power required to uchieve this is recorded on an output
recorder together with the prograwmved temperature of tne system. By keer.ng
the thermal mass of the sample, reference holders and all other thermal
1esistunces 10 a winiwwu, together with hipgh sain amplificuation lhe response
time of the instrument can be mad: so short that the output from the system
is a nearly instantoneous measure of the energy transferred to or from the
semple. Therefore any change that involves heat exchange in the solid

stete (for example: glass transition, crystellisation, melting, reaction)

is nroted by a change in the recorded output,

Although DSC measurements can be used to indicate the onset of thermal
degrndation the more usual technique applied in ithis arce is thermogravimetyry
(iG)s As the name suggests this techn:que involves measuring the weight
of a sample as a function of 1ts tempe.ature, the wmajos prollem of accurately
monitorang the sample temperature 1s overcome either by precolicrataing the
furnace, or by using a null deflectinn balance which enanles lhe sample
to be mainteined 1n a constant position relative to tiz itemperature sensing
device. The atmosphere (i.e. gas and prceesure) and rate of temperaiurs
change can be varied over a considerable range. In practise the technique
is generally used in one of two modes:

a) MNost commonly as a dynamic tecnnique, in which the weight loss of a
sample 1s measured continuously as a function of a constant raie of hesting.
b) The weight loss of a sample 1s measured as a function of time at a

constant temxperature, this allows 1n favourablc cases the study of tnermal
degradation mechanisms and G3:termanation of the kinetic parameters involved,

The two methods of thermal analysis descrined above are of fairly

universal applicction in polymer laboratories througnout the world and in

particuler in the laboratory where this work was carried out. Other thermal
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analysis techniques of a more specialist nature are available, such as
thermomechanical analysis, flammability testing and thermal conductivity
measurements,

4.2 Discussion.

In Section 3 of this thesis it was stated that all polymexs arising from
bulk polymerisation consist of a mixture of varying moleiular weights when
{irst prepared, and that the propirties of the bulk material can be adversely
affected by the presence of a relatively small amouni of low molecular
weight material., In an attempt to remove any possible low molecvlar weight
residues the raw products were subjected to reprecipitation from a solvent
intc @& non-solvent, and volatile impurities were rewoved from the recovered

3

polyner by heating under reduced pressure (10 “mm Hg). The poly(hexafluoro-
pentamethylene carbonate) whose synthesis was described in Section 3 was
initially characterised by determining x1ts 1intrinsic viscosity in 1,4 dioxane.
In order to determine whether simple reprecipitation pr.cess adopted was
Yielding samples of high polymer, the molecular weight of this product was
determined (after some difficulties eze Section 3) by vapour vnase osmometry
using a Perkin Elmer 115 molecular weight apparatus, wiiln methyletnylketone
as the solvent. The value of Mn obtained was 31,800 indicating a degree of
polymerisation of 137. The instrument manufacturers specify that the range
of determinable molecular weights 1s "upto 50,000 with a standard deviaw.on
of z 2% and to 100,000 in adeal solutiony “The molecular weights are obtained
by first establaishing a calibration curve correlating the observed out of
balance potential (a R) for standard solutions with their molalaties; the

out of balance potentisl caused by solutions of solutes of unknown molecular
wearght but of known concentration. by weight are measured and from the
calibration curve the molalities and hence molecular weights can be

calculated, and then extrapolated to infinite dilution. Ideaily the

calibration curve and the extrapolalion of molecular weight Vo infinite
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dilution should be atraight lines, in practice lines were fitted by a
standard least syvares prccedurs and the correlation coefficient, a
measur> of the accuracy of the fit, for ihe methylethylketone calibration
was 0.997 and for the extrapolation to infinite dilution 0.949. Thus it
was confidently concluded that the preparative and purification techniques,
the develorment »>f which formed the subject of Section 3, gave a genuine
high pol;mer; i.ence, any physical property measured on this sample should
be truely characterastic of this peartacular polymer.

In consequence as each polymer was prepared, a general procedure of
dissolving the reaction rroduct in a solvent (acetone in the case of flvoro-
carbon polymers and chlosroform in the.case of hydrocarbon polymers),
reprecipitation i1nto non-solvent (chloroform for the fluorocarbon polymers
and diethyl ether for the hydrocarbon polymers), end removal of volatile
residues from the recoverea polymer by heating under redu.ed pressure was
adopted. The intrinsic vascosivw of the polymer was then messured followed
by molecular weight determinations by v.p.o. to show thet a true high
polymer had been produced. The results obtained are shown in Teble 7
together with the measured glass transition tempzratures (Tg) (see later)
and the elemcutal analysis obtained for the peclymer samnles.

Generally the values obtained fer inherent viscosities and molecular
welghts indicate genuine high polymers and vhere the materials have been
reported previously the agreewcnt with the literature is satisfactory. Tae
three fluorinated aliphatic polycarbonates had similar aintrinsic viscosities
end respectably high molecular werghts. Two c¢f these materials have been
reported previously; the preparation of poly(hexafluorooentamethylene
carbonate) by the direct phosyzenation route from the diol was described an
a patent  and although no molecular weight was recorced the intrinsic
viscosity was identical with the —alue obtained in this work; poly(octa~

98
fluorohexamethylene carbonate) nas been reported by Russian workers, also
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TABLE 7. Results of the experimentally determined properties for the prepared
polycarbonates
Polyne,r Intrinsic® —nb DP Tg Elemental Analysais
Viscosity C H F

—ococn§4 FKH=

4CF§+2 0.24 1480C(C.9%2) 78 257 32,27 2.40 40.15
(31.93) (2.14) (40.41)

-4CF§+3 0.29 31800(0.949) 1134 | 241 30.51 2.09 47.70
(30.27) (1.69) (47.88)

4CF§}4 0.25 29800(0.996) {103 | 236 29,18 1.63 52.36
(29.18) (1.40) (52.76)

-(CH§+2 0.68 B500 (0.950)| 71 { 238 51.45 6.97 -
(51.72) (6.94)

-4CH§+3 1.15 9300 (0.998) | 70 | 232 55.64 8.14 -
(55.37) (7.74)

4CH§44 1.05 11200(0.977) | 77 | 223 57.90 8.99 -
(58.32) (8.39)

*CHE}B - 3500 (0.998) | 42 - 65.68 10.48 -
(65.97) | (10.06)

4CH§OCH§+3 0.49 6300 (2.999) | 51 | 261 45.17 6.11 -
(45.45) (6.10)

4CH§OCH§+2 0.56 5800 (0.999) | 32 | 244 47.85 7.22 -
11,47.72) (6.86)

4CH§0CH:+3 | - 10500(0.999) | 47 1236 48.78 6.98 -

“ l 149,08) (7.32)
a

Fluorocarbon polymers in l,4-dioxane, hydrocarbon polymers in chloroform

all at 55.00° + 0.01°.

b

Correlation coefficients for methvl ethyl ketone calibration 0.827 used for

fluorocarbon polymers, and for ch:oroform 0.935 used for hydrocarkon polyrers;

in parenthesis for the extrapol=cions to infinite dilution for the particular

polymer.
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via the direct phosgenation route, and in this case the highest values of
intrinsic viscosity and molecular weight recorded (0.14 and 5230) were
considerably lower than those obtained here, No physical data have been
presented previously for poly(tetrafltorotetramethylene carbonate) although
it has formed the sub)j)ect of a patent claim., The synthesis of the four
aliphutlc pulycarvonates has been descived prevmusly,87 end indeed formed
the basis for the preparative tecimique adovted in this work. The intransic
viscosities obtained are very similar to those reported previously although
the earlier work did not include molecular weight values. Poly(dcca-~
methylene carbonate) did not dissolve homogeneously i1n the solveat at the
concentrations required for the determination of the intrinsic viscosity,
bul did so at the concentration required for the determination of molecular
weight. Of the aliphatic ether polycarbonates, only po_y(diethylene gycol
carbonate) has been previously reported. One group of Japanese workers

described a novel synthesis of this polymer via the rang opening polymerisation

of ethylene carbonate using a range of catalysts,reaction (27), to give a

i f
?-c-? ——>  {0-C-0- CH,-CH,-0-CH -cu} “ nCo, (27)
CH2—-CH2
121
material with an intrinsic viscosity oi 0.31. Another Japanese groug -

have described an equally novel ring opening polymerisation of a spiro

ortho cerbonate by Lewis acid catalysts, reaction (28) and section 1.6 (vii),

\/
/\

to give a product with wn ~ 6,000, Poly(triethylene glycol carbonate)

(CH,), (CH,), BF,Et,0 {o- C-0-Cd,,~CH,=0~CH, -ci,— (28}

and poly(tetraethylene glycol caroonate) have not been previously reported

and the former did not give an homogeneous solution at the concentrations



- 3

required for intrinsic viscosity measurements, bLut did so at the concentration:
required for molecular weight determinations.
The last four products recorded in Table 7 have significantly lower DPg
than the other prepared materials. The reasons for this are not immediately
obvious but it maybe that the markedly higher melt viscosity of the poly-
(decamethylene carbenate) inhaibited the atiminabie DY in tnat case, and
cossibly the marginally lower thevmal stability of the aliphatic ether
polycarbonates (see later) results in cowpetitive chain terminating reactions.
The foregoing discussion establishes that the materiaals produded in thas
work are high polywers, before turning attention to ineir physical properties
it 1is necessary to confirm that the structures of th: products are as
+ expected. The first point to be muade 1n this connection is ithst the elemental
analvsis (Table 7) are in good agreement with the assigaed structures fox

ell the samples. Considering the method of preparation 1t seems reasonable

to speculate that the only plausible side reactions would be of the pyrolytic
decomposition type, eliminating small stable molecules, for cxample CO,

002, H20 etc, such occurences would have made significant differences 1o the
elemental enalysis results,

The n.m.r. spectra of the polymers were also 1n good «greement with the
essigned structures, in particular in the absence of signals attributable
to end groups and the observed chewmical shifts of the signals associated
with the constituent groups. Thus, for the fluorinated eliphatac poly-
carhonates, the1 H n.m.r. spectra showed a broad triplet (J~8Hz) at 5.27%

-G-OgOQQEQCFé%Bgﬁz-} and no detectable quartet sisnal due to C¥.CH - end

32
groups, The 19F n.m.r, spectra showed bands in the agpropriate intensity
ratios at 121 p.p.m. and 12% p.p.w. the lower field band showing a triplet
splitting of ~ 8Hz as expected for these systems; there was no detectable

1

trifluoromethyl resonance at ~ 7T p.P.uies In a similar manner the "H n.m.r.

spectra of the aliphatic polycarbonates showed resonances at ~ 5.87

i) o
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l
—ecr‘—%ca,\} and ~ 8.4% {-ococa—ecu—)—cu } , end the aliphatic ether

polycarbonates displayed two bands at~5.77 -rogoCh-QCHEOCHE}EQQZ} and

~ 5,37 «éococn§(g§éoggaiacu2) s 10 both systems integrated intensities were
appropriate to the assigned structiures and no evidence for the presence of
ethyl end groups could be detected.

The ESCA specita of {the aliphatic polycarponates and aliphacic ether

=3

polycarbonates, shown in Figures 14 and 15 respectively, provided further
confarmation of the assigned siructures in that the intensity ratios of the
various carbon-1s end oxygen-is levels in the deconvoluted spectra indicate
the expected steichiometry and the observed shifts are an agreement with
those measured 1n related model systems.115 This te~hnique also failed to
detect any evidence of end groups or vossible structural anorolies. The
infru-red spectire of these materials are recorded in Appendix C and are in
ccmplete agreement with the ascigned stiuctures showing no unexpected
features.

Having established that the products obtained were high polywers with
the anticipated structures, the physical properties of iniverest of these
polymers were examined, the characterising parameter ¢f greatest aintercst
was described in Section 1 of thais thesis and the technigue used to deterwine
it was differential scanning calorimetry, D3C., Recapping, Tg is a property
of an amorphous polymer, marking the transition from glass~like to rubbcia
like behaviour, which is usually connected with the onset of main chain
segmental motion. Amorphous regions of partially crystalline rolymers also
exhibit characteristic changes associrated with a polymer at 1y, the magniiude
of the change decreasing with deereasing amorphous content, i.e. Tg is
difficult to detect in highlr crystalline polymerss The lack of a clear
definition of 1g resides in_the lack ef a clear definition and understanaing

of glass~)ike and rubber—like behaviour; however, readily detecteble changes

do occur at Tg, and the transition does have a close analo.y with a



FiFure 14. The 01‘_ and 01s ESCA spectre cf the poly(methylene carbonates),
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classical thermodynanic second order trunsition, i.e. & disconiainuity in
a secondary thermodynamic guantity, for example, the expansion coefficient,
heat conacity; and 1s therefore often referred to as a second order
transiiion,

The specific heat of a polymer, Cp, changes abruptly at Tg, and since
the signal irom & LSC 1s nroportional to Cp, this form of calorimetry huas
found ready app-ication ain the determination of Tg. Unfortunately dafterential
scanning calcrimetry 1s a dynamic technique and because of the nature ot the
glass transition it 1s a strongly rat: dependent phenogenon, kinetic effecis
meking the experimentual interpretation of D5C curves daiffacult. The simple
consistent but arbitrary treatments, shown in Figure 16, allows the
definition of & dynamic glass trans:tion temperature, Tgd, but 1 nores the
dynamic cdependence of Tg, Aztempts to eliminate necting ratc effects have
recomnerded the extrapolation of measured values of Tgd to zero heaving
rates.122 More elaborate aLa1y51s123 have shown ihe«l the deterination of
Tg is possible by DSC to a degsree of great accuracy incepuendent of tho
heating rate used, utilising relatively sophisticated deta handling technigues.
Very great precision 1s ndo‘: required in the context of this work and the
method vsed 1s a modified approach based on the first o the simple wmethods
shown in Figure 16, The detailed procedure adopted was, ineffect, definecd
by the sponsors of this work and 1s used in .n atcempt {o build up a set of
Tg data obteained in an experimantally consistent manner and so minimise
uncerteainties in tne values used to construct the Tg/structure correlation
discussed in Section 1. A rapid scan of the sample as prepared was first
carried out to identify the Tg approximately. The sampre was then annealed
av ~30—40e above the transation teumperature for 10-15mins and then cooled
as repidly as possible (at 320°/m1n) to 15d;h; the objecl of thas procedu:e
being to obtain as large & proportion of the material as possiple in the

amorphous state. The sample was then heated atl 40n/m1n through the transaition
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Figure 16. Two simple methods of determining Tg frcm the experimental
DSC data.
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region and the whole prccedure repeeted until &« consistent value of Tg
was obtained. The results arc listed in Table 7 and ihe values were
consistent within the range of z 1%,

The Tg values for the fluorinated aliphatic polycarbonates were of
particular interest because the Tg/structure correlation has lead to
theoretical predictions of Tgs of 214 k for roly{hexzfluoropeantamethylene
carbonate) and 233°K for poly{tetrafiuorotctramethylene carbonate), if
these very low values were realised &nd .f the materials displsyed
fevourable characteristics in other respects they would bave been of
considerable technological interest. The measured (Table 7) and predicted
valnes are in some disagreement and the differences ure outside the expectad
margins of error for the theory (see Section 1), However, il should be
borane in mind that the number of datae poants used to cunstruct the aaditive
teuperature paramcters was very limited, the most closely relaled structure
for whaich a Tg value was avellable prior to thas work teing that reported
by the Russian workers for pocly(octafluorohexamethylene carbonate), namely
2329K on a sample of hn~ 5000, Sance this was the only dava point its
eccuracy is of considerable 1mportance and the relati-rely low DP sample
may have given an artificially low value. 1t is therefors of ainterest to
note that the Tg value reported by the Fussian group is only a little
lower than the value obtained here for a sample with a molecular weight
six times grexter.

At the time of writing recomputation of the additive tempercture parameters
in the light of the results reported here has not been underiaken, but
clearly the data provided orn this set of fluorinated aliphatic polycarvonutes
must increase the reliability of the derived purameters. Further the
inclusion of the six aliphatic and eliphatic ether polycarbonates increaces
the relialle dala base for such couputations,

Some gemnzral qualitative trends appear to be discernable in the Tg velues
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recorded in Table T. Thus, for all three sets of polycerbonates increasing
separation between carbonaie functions 1s accompanied by lowering of Tgz.
Another comparison which can be drawn 1s between polymers which have the
carbonste group separated Ly the same number of atoms 1n the main chain,

i.e. poly(hexafluoropentcmethylene carbonate), poly(pentamethylene carbonate)
and poly(diethylene glycol csroonate), where tvhe separating moieties are
respectively -Crn CF.CF,CF CHQ-,-{CHéi and-CH_CH_OCH_CH;

2" 2 2 2 5? ria ety A R
it is perhaps suprising to find that ithe highesti Tg (261°K) occurs for the

For this set

polymer with what might intvuitatively be expected tv be tho most flexable
sequence of atoms (1.e. tue ether), whilst the obsexvation of a higher Tg
(241°K) for the fluorina*ed aliphatic polymer as compared to the hydro-
carbon sequence (23?°K) 1s 1n line with expectations. It chould be noted
that the majority of the polymers prepared in thys work displeyed crystalline
melting points, and indeed 1t proved impossible to detect a glass iransitaion
for poly(devameihylene carbcnate) presumably because of a very high rate of
crystallisation for this peolymer and a consequently limited proportiion of
emorphous materizl,

The above discussion of the results obtained in this work serves to
underline the difficulties involved in predict.ng Tg or the basas of
structural repeet unit for regular homopolymers, these drfficulilies apply
to both quentitative and even qualrtetive es*imations, ond clearly theory
in thas difficult area has a lung way to go.

The second physical property of :nterest in this study wes the thermal
stability of the polymers produceu, this data was obtainsd using thermo-
gravametry (1TG), anrd was carried out by heatinyg a semple of the prepared
s0lymer in a Sianton Reacroft Tu T50 thermobalance at a fixed neaiting rate
of 1°/m1n from room temperature to 500°1n an itmospherc of mitro.en. The
data obtuined for the three different groups the fluerinated aliphatic,

aliphatic and aliphatic ether polycarponatesc are shown in Figures 17,18 end
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19 respectively.
124

A report on the nonoxidative degradation of several polyesters,
observed that the stability of the polyesters increases 1f either the acad
or diol chain length 1s increased. This generalisation is clearly reflected
in the thermal stebilities of all the polycarbonates prepared, with the
exception oY poly(tetraethylene glycol cerboxnate). Another thorough
investigation of the oyerall degradations of some &liphatic polyesters
using themograv:.metry,lz5 has establishea that all the degradation starts
at sbout 275° by random scissions at the ester linkaxges, and that differences
in degradation behaviour were best explained in terms of secondary reacticns
which were found to be dependent on the nature of the end groups formed by
the 1nitial scission and on the chaia length of the acid and diol used to
prepare the polymer, This generallsation also appears to hold for the
majority of samples in all three classes of polycarbonates prepared in thas
work, with two exceptions., Figure 17 snows that the TG curve for poly-
(tetrafluorotetramethylene carbonate) 1s significantly different in shape
and position to those of the other %o fluorinated aliphatic volycarbonates,
this difference 1s reproducible and musi indicate a d.fferent degradative
process, Although time has not allowed o detarled study of ihese
degradation processes, it appears that in this case the polymer initislly
looses v 10% of 1ts weight before large scale degradation occurs, with =a
repeat unit mass of 188 a.m.u. this loss might oe either HZO (18) cr HF (20),
but why this polymer should differ from the closely related mewbers of thas
group 1s difficult to see. The other amomolous TG curve is snown in Fipguve
19 for poly(tetrmethylene glycol carbonate), in discussing this result 1t
should be noted that the onset of weight loss for ell three alipnatic ether
polycarbonates cccurs more gradually but at a significently lower temper:cture
than for eny of the other polymers and that this slightly lower thermal
stability may account for ihe lower DPs obtlaxned in the preparation of this
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group of polymers., The significant and reproducible differences between
the TG curves for this se% of polymers reported in Figure 19 are not
easily explained in this area 1s one which clearly merits further careful
study.

Finally, the actual physical appearance and qualitaiive properties ¢f
the polymers prepared merits brief comment. The fluorinated aliphatic
polycorbtonates were translucent vexry pale green-brown materials and were
fairly tough in-elastic thermoplastics, the aliphatic polycarbonates were
tough leathery buff coloured materials, whilst the aliphatic ether poly-

carbonates were clear lipnt brown gums.
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4,3 Experimental

All the prepared polymers were dissolved in a solvent, acetone for the
fluorocarbon polymers and chloroform for the hydrocarbon polymers, ain the
polymerisation apperatus from which 1v was then removed and reprecipitated

into excess vigorcusly stirred non-solvent, chloroform for the fluorocarbon

repreciplitated residue was then ccllected iy decanting off the solvent/non-
solvent mixture, and heated under reduced pressure (0.1mm Hg, 24hrs) in
order to remove any volatile impurities. The residue wvas then analysed by
elemental analysis before viscometric determinations were made in an
Ubbelohde viscometer immersed in a water bath thermostated at 25.00

( - 0.01°). Accuralely known solutions (-~ 1% concentration) of the polymer
samples were made up in a solvent, 1,4~-droxane "for the fluorocarbon
prlymers and chloroform for the hydrocarbon polymers, and the time of flow
through the viscometer determined repeatedly until four aideunsaical consecutive
values were obtained ( pl 011 secs, stopwatch accuracy), the solution was
then diluted successively three times by a half, to allow time of flow
determinations at four different concentrations, enablaing the intransic
viscosity at infinite dilution to be obtained by extrapoiation.

Molecular weight determinations were performed on a Pevkin Elner 115
vapour phase osmometer, operating at 40° with methylethylketone as the
solvent for the fluorocarbon polymers and &t 36° with cnloroform as the
solvent for the hydrocarbon polymers. Benzil was used as the calibrant
for the technique, all molecular weight determinations being cxtrapolated
to infinite dailution for the reported results (Table 7, discussion).

Differential scunning calorametry measurements were made using a Perkin
Elmer DSC2 equipped with the sub-ambient facility enabling scens to be acad
generally from 150°K to 400 K at a heating rate of 40°/m1n, (Loling being

performed at 320°/m1n (see discussion). Calibration of the ainstrument ain
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the temperature rangz of interest was carried out using pure cyclohexune
melt (186°K) and crystallisation (279°K) transitions. All polymer samples
were heated to ~ 30-40° above the transition of intere.t and annealed there
for 10-15 mins, coolaing tlo 150°K then followsd at 320°/m1n.
Thermogravimetry (TG) was performed on & Stanton Redcroft TG 750

; ; s 20,
appurulus av a heaving rate 2 1 /Jmin in an atmosphere of nitrogen.
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Appendix A:

Apparatus, instruments and techniques.

Yacuum system,

This consisted of a conventionel vocuum system inccrporating a rotary

0il pump and mercury diffusion pump, and was used for degassing samples

3

and *vacuum distillations' requiring pressures of the order of 10 ~mm.Hg.

Mass spectra: - see Appendax B,

Infra-red spectra: - see Appendix C.

Nuclear magnetic resonance spectra,

These were recorded cither with a Bruker Spectrosprn HX 90E high
resolution n.m.r, spectrometer (operating at 84.67 WHz for 19F and 90,0C
JHz for 1Hrspectra), or a Varian A56/60 spectrometer (operating at 56.4
MHz for 19F and 60,0 LiHz for 1H spectru at an operation temperature of
40°); unless otherwise siated 19F chewical shifts are in p.pe.m. from
external fluoroirichloromethane (pousitive upficld) anl 1H rhemical
shifts are measured on the ? scale releat. ve to external tztramethyl-

silane.

Carbon and hydrogen anslyses, were carried out using a Ferkin Elnmex

240 CHN analyser.

Combined g.1l.c./mass spectra, were ruan on a V.G. Micromass 128 coupled

to a Pye 104 gas chromatograph, using a column as specafied in the
analytical s.l.c. section later,

Analytical gas-liquid chromatorraphy (gZ.l.c.), were carried out using

a Pye 104 gas chromatograph with nitrogen as the carrier gas and a
flame 10onisation detector, the stationary phase column '0' consisted
of silicone gum rubber on crushed firebrick (1.52m, x 6mm diam,).

Molecular weiphts,were obtained with a Perkan Elmer kodel 115 molecular

weirght apparatus utilizing the vapour pressure (1sopiestic) nethod of
determining the number average molecular weight (ﬁn) of a solute in a

solution. Measurements were made in dimethylformemide, chloroform or



-109-

methylethylketone,operating at 57°, 36° and 40° respectively, solutions
of benzil were used as calibrants.

Differential scanning calorimetry, was performed using a Perkin Elmer

DSC 2 drfferential scanning calorimeter with the liquid nitrogen cooled
sub-arbient temperature accessory fitted, to cnable scancs from 140°K to
400°K at a heating rate of 40°/min to be made on samples sealed 1in
aluminium volatile sample pauns, the output being recorded on a X-Y
recoszder,
Viscometry derterminations were made using a Ubbelohde visconeter immersed
in a Thomson and iercer thermostated water bath at 25.00 i—0.01 « ‘Lhe
time of flow of an accurately known cencentration of polymer solution
( ~1% solution).through .he viscometer was determined until 4 consecutive
results were obtained (t-0.1 secs, stopwatch accuracy). Successive
dilutions of the polymer sniution (x 0.5) were carried out -n the
viscometer,

ESCA spectra, were recorded on an A.E.I. ES5100 spectrometer using hkg

K,q,2 radiation, Samples were deposited as thin films on gold, care
being takon to prevent contaminaton of the surface. Electrons expelled
from the sample enter the analyser region consisting of a two element
retarding lens and a 10 in. mean diameter hemispherical analyser., A
Mullerd Channeltron electron multiplier is usad as a detector, the
output being fed to Nuclear Enterprises couniing clectronics and the
spectra belng plotted on a X=X recorder. Overlapping peaks were decon-

voluted by using a Du Pont 310 curve resolver, and line shapes derivea

from previous studies of ronomeric systems,
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Appendix B,

Mass Spectra.

Mass spectra were recorded wiih an A. E. l. i59 spectrometer at an
ionising beam energy of 70eV. The important and typical i1ons are tabulated

in the form:

mass number (intensity as % of base peak, assignment, possible

origin of the ion). e.g. 69(60%,CE3)0

charges on ions are omitted and the base peak 1c designated B.

2,2,3,3-Tetrafluoropropxycarbonyloxyethane.

204(<1%,P), 177(40%,C4H5F403, P-Caﬂs). 159(15%,C4h3F402. P-czu5o or

05H7F40). 145(7%,C4HSF40), 115(25%.C3H3F4), 112(17%), 95(10%.C3H5F20),

93(9%), 91(7%,C5H,0,), B2(25%,C,H,F,0), 65(15%), 64(12%,C,HF,), 63(Tw,

CH303). 59(17%.C3H70). 51(67%,CHF2), 45(62%,Ch02,CZH 0y, 44(40%,C0,),

5
31(100%.0530.3). 29(40%), 28(25%), 27(30)),

Bis{(methoxvcarbonyloxy)=2,2,3,3,4,4=hesafluoropentametirylen.,

328(<15,P), 298(1%|C7H4F606’P‘czﬁ6)s 254(80‘;“3C6H4F6°4)a 174(15%),

153(5%), 125(5%), 113(10%), 100(11%.02F4). 95(15%) , 91(12n.035703),

59(100%.02H302,B). 45(95%,02H50 or Cﬂoa)- 44(40%.002). 36(124), 31(10%),
29(17%,0255), 28(20%) , 18(17%,H,0), 15(17»,033).

Bis(ethoxycarbonyloxy)-2,2,3,3,4,4 hexafluoropentamethylene,

356(<1%,P), 329(324,CoH PO, P=CoH;), 208(81,Cql P04, P=Cqi,05),

254( 202 ,C H P05, P=C K 0,), 239(2Tx,CcH, P04, P=CoH0,),

(27%,C HgFc0), 176(15%,C a,Fc)y 196(Tw), 143(24w), 100(8p,0 £ ), 95(17%,

207(20%.), 196
°
S,HFO5), 64(20%,C,H,F,), 63(178,CE504), 61(75R), 59(T3,C5h30,), 45(T5x,
C,Hg0), 44(27%,C0,), 31(49%,CH;0 oxr CF), 30(3%,CH,0), 29(100x,C,H,B),

28(29%,C ), 27(15%,C H,).



-111=

Bis(phenoxycarbonxlo;z)—?,Z,2,Q,&,&-hexaf]uorogentamethxlene.

452(<14%), 315(8%.cu§9F603,P-c7ﬁso3). 271(wp,q1H9F60). 210(1%),

95(10%.Cbn80), 94(47%.cbﬂ70), 93(12%,C H.0), 78(10»,C H,), 77(1oow,cbus,n),

28( 65%’02H4) °

2,2,2=Trifluvoroethoxycarbonyl chloride,

162(1%,B), 127(57%,C4H,F10,,P=C1), 101(4%), 99(10%,C,H,¥;0,,~CC10),
37

95( 4%, C,Hy C10,,¥=CFy), 93(14%,C,H,C10,,¥-Cl,), 83(100k,C, H 1, 8),
37

3

2+ P=CoH,F5) ) T9(6,CC10,, P=C, H ¥ ),

¢>Tc10), 63(83%,cC10), 51(4%4GHF,), 44(164,C0,), 35(1,C1), 33(41%,CH,¥),

81(1%,c” 'c10 69(14%,CF3), 65(28%,
32(3%,CHF), 31(10%,CF), 30(9%,CH,0), 29(144,CH0), 28(16(w,C0)-

Bis(2,2,2-trifluorcethoxycarbonyloxy)=-2,2,3,3,4,4lhexafluoronencemethylene,

464(<1%,p), 462(2%,011H6F1206,P-2H), 444(2%,011H7F|106,P-HF), 433(6%,

9n6p1?_o3), 321(9%.08H6F903), 302(1ﬁ,(7u4F606),

257(2%,CgH, P04, P=C H, F.0,), 239(1%,CcH Tc0,), 227(3%,C.H, F05), 207(6%,

CSH4F503), 193(6w,C4H2F503), 157(10%,C4H4F303), 127(62w,u3H2F302), 123(25%),

100( T, C, F

C,oHgF110¢)s 390(11%,C

4), 95(9%,02H4F03), 83(100w,CZH2F3,D), 69(6W,C£3), b4(12,.,
02H2F2), 63(5%,CH303), 61(6%), 51(5%,CHF2), 44(2%,002), 33(1bn,032p),
31(24%,CF), 30(2w,CH20). 29(9%,CHO), 28(5%,C0),

2,2,2=-Trifluoroethoxycarbonyloxy-2,2,2=-tr1fluoroethane.

226(<1%, )y 207(17%,Co, P05, P=2), 206(4%,CoH P04, -HF), 162(25%,

C4H,F,04,B=Con o)), 157(33%,C 4k, F104,B-CFy), 128(45,C H,F 0, ,k=U H, F10),

127(865 ,C4H, P10, P-C,H,F50), 125(11%), 113(465,C40,F40), ECI120), 84(12,

CoH,F3), 83(100w,C H F4,B), 81(Th), 69(30%,CF3), 64(22r,¢,i,7,), 63(14x,
CH,04), 61(16.), 58(12x), 57(Tw), 55(4a), 51(31.,CuF,), 50(64,CF,),
45(13%,CHO0,), 44(100%,C0,,8), 43(8x), 41(%), 39(5.), 36(Tw), 33(93%,

CH,F), 32(11%,CHF), 31(38,CF), 29(40n), 28(35w), 27(13x), 26(8x).
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Bis(2,2,2-triflucroethoxycarbouyloxy)-2,2,3,3~tetrafluorotetramsthylene.

1076 10°6*

383(3%,09H8F906,P-CF). 340(3%,C8H6F1003), 270(5w,C?H5F703,r

/ ¥ A () 3 n Yo ] A 49 \ N
227(4%,05d5b603), 207(5K,CSH4F503,, 1,3(3/,C4H22503), 157(4p,c4n41303),

143(2%'03H2F303), 127(38&,03ﬂ2F302), 113(26w,03HF4). 95(6%,02A4F0

<. . C %), s, C . Yoo O T
83(1005,C,H Fy,B), T7(6%), 69(8%,CP); 65(21%,C i

414(<1%,P), 412(1%,C, H F, 0, ,P=2H), 394(u.5w,C1OH7F906,r-hF),

~C4H,¥#50,),

3)'
3F3)s B4(4e,CHLT,),
62(52), 51(6%,CHF,), 45(4%,CHO,), #4(3%,C0.), 33(1Tw,CH,F), 31(8x,CF),
30(4%,CH,0), 29(12%,CHO), 28(4%,C0).

Bis(2,2,2-trifluoroethoxycarbonyloxy)~2,2,3,3,4,4,5,5-0ctaflvorohexa-

-methylene,

514(<1%,P), 512(0.2%,C HeF, 00, B=2H), 494(5%,C, H F, J0¢, k-HF),

483(2%,011H8F1306,P-CF), 440(5%,C1OH6F1403), 370(5%,09H5F1103), 289( 15,

C7H5F803), 227(2%,05H5F603), 207(3%,C H4F503), 193(1.5%,C, H,Fgu,), 163(1%),

5 2°573

a o7, T GOt T - c 1 A
197(4N.C4H4F303).'143(1-5w,C3H2P503). 131(7.) 127(39h.03H2E302). 114(2.5p,
C4H,F,), 113(354,C4F,), 100(4%,C H,F0), 95(10%, CH,FC,) , P4(3%,C2H3F3),
83(100%,C2hoF30B) , 69L9%,CF,3), 65(14%,Co7 P ), 51(5%,CHF,), 45(3%,CHO,),
44(29-'9(:02), 33(137°’CH‘QF)) 31(690)(:1'_‘)' 30(4‘1**:0}{20)’ 29(117%0}‘0)! 28(27°.C0)0

Bis(ethoxycarbonvloxy)-ethylene,

513
csuK93), 117(1%,c53903), 104(1%,C4H803,P-C4H603), 91(52w,033703), 89( 5%,

206(<1%,P), 179(<1W,C6H906,P-02H5), 119(1%,C_, 0 P-CjH303), 118(1%,

C3H503), 88(8%), 76(5%), 72(5%,C3H502). 64(5%), 63(Tw), 59(10%,C3H70),
58(2%), 49(2%), 47(2%), 46(5»), 45(365.,G,H,0 or CO,), 43(100%,Ci140)
42(6%), 31(45:,CH;0), 30(9#,CH,0), 29(45%,C H), 28(18%,Co4,), 27(30%,
CZHB), 26(11%,C,H,) .

Bis(ethoxycaroonvloxy)=-1~methyl-ethylene,

220( <15, ), 207(<1%,lgtt, Vg, P=CH), 191(<1t,C P-C,Hg), 130(< 1,

74101
4H703), 110(2%), 108(24.), 102(2%,

cs“u93'P‘°3H5°3)' 118(<J%,05HK93,P-C

C,H(Cy, b-C R 05

64(10%,CH403), 63(4%,03303), 59(7%,03370 or CZHBUZ), 58(11%,C3H60 or C,H,0

0), 44(100%, CO,,8), 43(25p.02H30). 31(3c%,

\
2l

5T(11%), 45(27%,0502 or 02d5
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CHBO). 29(40%.0255). 28(35w,C 27(31%.02H3), 26(12%,02H2)°

Bis(ethoxycarbonvloxy)=-trimethyslene.

220(<«1%,P), 193(0.5%,C 06,P~02H3), 181(1%), 169(1%,C.H_O P-C4H7),

713 51906+

110(2%), 108(2%), %03(30%,C s 91(50%,C H 86(14%), 75(4w,C,H 0 or

41173 379375 My

C,H(0), 57(30%,C4H,0), 45(50%,CHO, o C,H.0), 44(80%,C0,), 41(25%,C4H,),

31(80%,CH301, 29(100%,62H5,B).

Bis(ethoxvcarhonvloxy)~tetremethylene,

234(<1%,B), 219(1%,Cgll, 504, P=C Hy), 181(1%), 1556, C,H, ;04,¥-CoH,0,),

131(<1%, CgHy 104, #=C 4 1,05), 117(1%,C.H 0,), 110(20), 108(2w), 94(6%),
91(45,C31,05), T2(17%,C,Hg0), T1(15%,C,H,0), 64(10%,CH,0,), 45(13%,CHO, or
C,H:0), 44(100%,C0,,B), 42(42%,C k), 41(21%,C5F,), 31(24x,0H,0), 29(25%,
Corg), 28(20%,C,H,), 27(22w,C H,).

Bis(ethoxycarbonvloxy)=-nentamethyler.e.

248(‘1%,9), 221(1%,C9H1706)k-czﬁ3)) 158(6%308H150352-03H503)9 146(2W,
C7H1403,P-C4H703), 131(4%,06n1103,r-05;903), 119(4%,C5H1103,k-06H903),

100(5%,06H120), 91(41$,C3H703), 85(4ow,csﬁgo), 69(95%,03u 0 or Csﬂg),

7

68(100%,CSH8,B), 67(37%,05H7), 63(40%,CH:03), 55(25%,C2h262). 57(17%,C4H9),

56(27%.C4H8). 45(30w,02h50 or CHO,), 44(75%.C02)- 41(52;,03H5).

Bis(ethoxycarbonvloxy)-hexanethylene.

262(<15,P), 186(24), 128(1%,C7H1202), 110(2.), 100(2%,b6n120). 91(1 3%,

C3H703), 88(5;,033403), 35(4%), 82(16ﬁ,ceu10), 81(0.5m,CGH9), 67(24%,

C5H7). 59(18%.C3H70). 55(14%,C4H7). 54(18%.C4h6). 46(10.), #5(34:,CHO, or

2

02H50). 44(100%.002,3), 43(17$,03H7), 42(12;,03H6), 41(21u,cjd5), 39(124),
38(12%)' 36(34%)1 BS(GW)s 31(65ﬁoCH30)| 29(43%,C2h5 or CHO)! 28(34W9C2H4)o
27(35;.02H3), 26(13%,C,H,) .

Bis(ethoxycarbonyloxy )-decamethylene,

318(<1%,P), 201(<1%,C 0,,P-C.E.0.), 184(<1x,C

119121931 P-C5lg04

0), 138(3%,CqgH, )y 124(€1%,CgH ), 117(%,C, HgO4

11'”2002) y 156(<1y,

C10t20 )y 110(3%.08H14),
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37 1)

82(10%,CH, 1), 81(8h), 69(8%k,C4HLO0 or CoHy), oi(150,C Hy), 67(12:,C

66(55), 64(8%), 63(7%,CH303). 59(8.,C

5H7).
3H70). 55(20%.C4H7). 54(12%,C4H6)’

45(2%%, CHO, or causo), 44(1005%,CC,,,B), 31(40x,CH,0), 29(30k,02H5).

2
Bis(ethoxycarbonyloxy)-di(oxyethylene).,

3

v CoH. 0,,b=C_d.), 162(1,.,C H .0, or C,H 0_)
1815 600 2R3 N s e ' 685"

P-CBHSOB), 132(1w,u55804,r-c5h1003), 117(3op,c55903,P-05H904),

)y 91(7%.033703), 89(40%,C4H902). 88(121.043802),
’C4H80)’ 70(5W,C4H60). 64(17W.CH403). 59(12%.C3ﬂ70 or
HeO or C,H,0,), 46(,CH0), 45(63p,CHO, or CyH0),

250(<14,P), 207(<1

147(2%,06H1104,

110(3%), 108(3'7.',,04H1203

73(8%.C4H90). T2(8%

C,l1;0,), 58(8%,Cy
44(100%.002,B)s 43(20%,02530). 40(13%), 31(53%,CH30), 29(60%.02H5), 28( 4T,
CZH4)’ 27(3b%|02H3), 26(15#,C2H2).

Bis(ethoxycarbonyloxy)-tri(oxyethylene),

294(<1%,P), 266(<1s., C10H1808,P-02H4), 221(<1%,C

207(<1%,C9H1905), 191(<1%,08H1505), 150'1w,C6d1404?, 131(2%,35H904), 118( 2%,

9h1706,P-C3n303),

°5H1o°3)' 100(3%) , 91(47w,C3H703), 75(3w.C4H90 or C,H-0,), 68(8k), 63(20k,

CH303). 59(Tw,C,H,0), 45(100%,CHO, or C2H50sB). 44(35%,C0,), 31(75%,Cﬂ30).

3t
29(100%,02H5,B), 28(23;,C2H4), 27(33%,02H3), 26(8%,02H2).

Bis(ethoxycarbonyloxy)-tetra(oxvethylenel,

338(<1%,P), 210(34), 195(<1,CH,00:), 149(3%,de1304), 119(10%,

05H1103). 91(40%,03”703, 53(20%.CH303). 59(7%:U3H7
SHO, or C,H 0,B), 44(30%,C0,), 41(13), 31(70%,CHy

28(30%,C2H4), 27(32%,c2H

U)s 56(10%), 45(100%1

0) ’ 29{9090'(:2!!5) ’

3.
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Appendix C.

infra-red spectra,

Infia-red spectra weres recorded on a Perkin Elmer 457 grating infra-red
spectrophctometer using KB» cells as a thin contact film, except for
spectrum number 21 which was recorded as a Kbr dicsc.

Infra-red

spect:um No. Compound (ILraC systematic name),

1 2,2,3,3-Tetrafivoropropoxycarbonyloxyethane.
Bis(méthoxycarbonyloxy)-2,2,3,3;4,4-hexafluoropentamethylene.
pis(ethoxycarbonyloxy)-2,2,3,3,4,4-hexafluoropentanethylene.,

Bis(rhenoxycarbonyloxy)-2,2,3,3,4,4-hexafluoropentamethylene.

s WP

Polymerisation residue from bas(phenoxycarbonyloxy)-2,2,3,3,4,4~

hexafluoropentamethylene.

6 2,2,Z-Trifluoroethoxycarbonyl chloride.

7 Bis(2,2,2-trifluorcethioxycarbonyloxy)-2,2,3,3,4,4-hexafluoropenta~
methylene,

8 2,7,2-Trafluoroethoxycarbonyloxy-2,2,2-trafluoroethane.

9 Bbis(2,2,2-trifluorcethcxycarbonyloxy)-2,2,3,3-tetraflucrotetra-
methylene,

10 Bis(2,2,2-trifluoroethoxycarbonyloxy)-2,2,3,3,4,4,5,5-octafluoro~
hexamethylene.

11 Bis(ethoxycarbonyloxy)-¢thylene.

12 Bis(ethoxycarbonyloxy)-1-uwetnyl-ethylene.

13 Bis(ethoxycarbonyloxy)-tr.methylene.

14 Bis(ethoxycarbonyiloxy)-tetiamethylene.

15 Bis(ethoxycarbonyloxy)-pentanethylene.,

16 Bas(ethoxycarbonyloxy)-~hexeamethylene.

17 Bas(ethoxycarbonyloxy)-decerethylene.,

18 Bis(ethoxycarbonylory)-di(oxryethylene).

19 Bis(ethoxycarbonyloxy)-tri(oxyethyliene).



20
21
22
23
24
25
26
27

28

30

Bis(ethoxycarbonylory)-tetra(oxyethylene).
Poly(oxycsrbonyloxy-2,2,3,3,4,4-hexaflu~ropentamethylene).,
Poly(oxycarbonyloxy-2,2,3,3~vetrafluorotetraretnylene).,
Poly(oxycarbonyloxy-2,2,3,3,4,4,5,5-octaflucrohexamecthylene).
Poly(oxycarbonyloxyletramethylene).
Poly(oxycarbonyloxypentamethylene).
Poly(oxycarbonyloxyhexamethylene).
Poly(oxycarbonyloxydecamethylene).

Poly(ditoxyethylene) oxycarbonyl).

Poly(trikoxyethylene) oxycarbonyl).

Poly(tetratoxyethylene) oxycarbonyl).
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