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Summary of the work contained in thigs thesis.

Several co=-polymer gsystems have been irradiated by gamma rays from
0060 in the presence of various telogens (chain transfer agents) to
produce short chain co-ﬁelomers. Bach system investigated contained one
olefin, A, which did not homo?olymerise under the conditions of the
reaction; and one olefin, B, which readily homopolymerised under the
conditions of the reaction, As a result of the initial investigation,
two telogens were shown to be efficient, in that they successfully
shortened the co-polymer chains, producing viscous ligquids or semi-solids.
Thege two telogens were CHEOH and.CF5€OOH. |

The co~p01ymer'systems iﬂvestigate& were, on the whole, ones which
had not been investigated before; but two established systems, TEFLON

100-X, and VITON were alsoc investigatéd. The systems are tabulated below,

together with an indication of how good a yield of co~telomer was formed.

5 ' APPROXIMATE FPRODUCT YIELD
3 OLEFINS TELOGEN BASED ON (% CONVERSION OF
m
3 A B OLEFINS B)
M

Nil 100% co-polymer

100% conversion to

1 C4Fyg C ), CHiz O H(CEFé)CﬁzOH and co-polymer

CFBCOOH 100% co=-telomer

/cont.
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3 ‘ APPROXTMATE PRODUCT YIELD
5 OLERINS TELOGHEN BASED ON (% GONVERSION OF
A B OLEFINS B)
M
Nil 100% co=polymer
) o _ 100% co-telomer plus
2 | Csf% CF,=CH, CH,0H H(C,F, )CH, OH
3762
CFBCOOH - 8% co-telomer
5 Gy Fe CF ,=CH, Nil 20% co=-polymer
W% co-telomer plus
F CH,0H / )
3 H(C!{’ FG}CIIZOH
610 Nil 1007 polyvinylidene fluoride
b CFzzCHZ
[:::D CH.OH 100% conversion to
3 CHZOH(C6F1O)H + 50% P.V.F.
Nil 100% co=~polymer
- 100% co-telomer plus
5 154G Fg | CF,=CH, CH,0H 5(C,/ng YOR. O
@ CF,CO0H 50% co=telomer
153-CFg Nil low yield of sémple adduct
CR, =CH
27772
6 )
CH3OH 20% co~telomer poor
yield co~telomer
CF,COOH
3
7 1y3—06F8 (CH2=CH}2 Nil 100% co-polymer
CHBOH g
mixed products
CFECDGH
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In each case the co-polymers themselves were prepared for reference.

The co-~polymers of 1,ku06F8; CF2=CH2 and ¢ 04F65 CF2=CH2 are new.

In order to elucidate the products from a co-telomerisstion reaction, it
was necessary to prepare, separately, the possible by-products from such

a reaction, i.e. adducts of methanol, say with 05F10 or 0436' The first
part of this thesis describes, therefore, the reactions of various telogens
with individual olefins., Several new alcohols were prepsred during the
course of this work i.e. H(C GFW)CHQOH; 1(c 6F8}CH20H (1 sh—diene);
H(CﬁFé)CHZOH, 21l in high yield, and H(CLE‘Fé)CHZOH in moderate yield.

Some of the co~telomers tended to lose HF readily on standing in moist
air, especially the 1,#-66F8; CF2=CH2; CH30H co-telomers. Attempts were
made to stabilise this particular co-telomer {a) by catalytic hydrogenation,
and (b) treatment with amine, to encourage cress~linking. Neither attempt
led to the formation of stable co~telomers. The CBFS; CF2=CH2; CHgOH
co-telomer alcohols were investigated chemically by treatment with
(2) amine, {(b) anion exchange resin, and (c) esterification with a dibasic
carboxylic acid using trifluorcacetic anhydride as promoter. The first
(a) led to a certain amount of degradation while (b) led to an increase in
molecular welght together with the formation of a high degree of un-
saturation by HF removal. The last (c) led to a mixture of thermally stable
esters being formed, part of which it was possible to distil., Esters of
the adduct H(C3F6)CH20H were also preﬁared, and found to be colourless,high
boiling, thermally stable ligquids. '

A certain amount of radiochewistry has been done, mainly concerned with




radieo-iodine exchange with i—CBF7I, end source desimetry, using the

Ferrous/Ferric oxidation method.

Conclusion.
Some general principles have emerged as a result of this work, the
mein ones being as follows: |

(a) If it is possible to prepare a co-polymer from a non-homopolymerisw
able olefin, and a homopolymerisable olefin, it should be possible to
co~telomerise this mizture of olefins using o suitable telogen (chain
transfer agent ).

(b) Using a large excess of the non-homopolymerisable olefin, the
resulting co-telomer should contein a one-to-one molar ratioc of olefins.

(¢} By diminishing the excess referred to in (b) & co-telomer could
contain any required molar ratio of eolefins, thus having various con-
sistencies ranging from solid, through waxes to viscous liquids.

(@) The use of this co-telemerisation technique results in the final
co-telomsr mixtures having a functional end-group,which could be modified
by either fluorination, or {in the case of wCHZOH end groups) by ester
formation,or formation of the iodide and subsequent coupling. Certain
conditions must be taken into account for producing useful co-telomers
however,

{e) It is necessary to have a certain amount of hydrogen present in
the ce-~teleomer backbone, since if it is required to cross~link the co-
telomer chains it is useful to be able to eliminate HF to pfoduce sites

for crogs-~linking, This means that the backbone of the chain must centain

units such as:
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-CF2~CH2— ox —CF—CH2 or —CH-CF2~

It is recommendsd therefore,that when selecting olefins for co;telomeriw
sation experiments this is kept irn mind. [0lefins which are possibly
suitable for this are listed below. )

This hydrogen can be introduced via either olefin; for example

CH2:CF2 5

plus a homopolymerisable fully fluorinated olefin.

with a fully fluorinated non-homepolymerissble olefin,or (CF5)2€=CH

HOMOPOLYMERISABLE NON-HOMOPOLYMERISABLE
(By gamma irradiation)

C#,=CF-CF=CF, cyes C.F, o

CFZzCFnCF:CHZ ey Cs 0436

CF,=CH, | cyc. CFg (1,4 diene)

CF,=CF, 03F6

CF ,=CHF CF,=CFOR (R = allkyl)
CF,=C (CF3)2

CH220F~0H=CH CFBCF=CFCF

2 3

Any combination of these two lists, bearirg in mind the condition (e),
should co~telomerise. Of course there are many other possible com-
binations. Only olefins containing C, H, F (with the exception of CF2:GFOR)
have been considered, but chlorine containing olefins such as CF2=CFCI,
CF2=0812 or CRC1=CFC1 would probably be well worth investigating.

Uses of co~telomers.

These viscous liquids could possibly be used as plasticisers,
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Iubricants, or heat exchangers. The crystalline co~polymer;(1,#—06F8;

CF2:CH2} could be used as a coating since it is soluble in acetone and

could be applied in solution, and on evaporation of solvent, leave a film.
i 4 o T o — : . - Y P 3
The elastomers (.,5~C6F8, CH,=CH~CH=CH, end ¢ C,F¢; CF,=CH,) fall in

the same category as VITON A (the co-polymer of C P with CF2=CH2),

3




CHAPTER 1: Inbtroduction




Fluoro«-olefins1

Fluoro-olefins undergo the same types of reactions as undergone
by hydrocarbon olefins, i.e. electrophilic, nucleophilic,and free
radical addition reactions. They differ from hydrocarbon olefins in
their reluctance to undergo electrophilic addition,and their increased
tendency to undergo nucleophilic additions, olefins containing a
terminal =CF2 group showing this tendency most pronouncedly., The reason
for this tendency is due t6 the decreased electron density at the double
bond, meking the approach of an electrophile less favourable than the

. . ia 2
approach of & nucleophile. Thus, ether formation occurs readily :=-

_ ReONa . (2)
cr,=cF, ROMay cPi-cPOR

2

Base-catalysed or nucleophilic reactions,which are accompanied by
less of hydrogen fluoride,are interesting in their application to
polymer chemistry for the creation of sources of umsaturation for the
purpose of cross-linking,

One such reaction involves simultaneous loss of hydrogen fluoride
where ammonia, or a primary or secondary amine, is employed as the
nucleophile3:-

CF,-CF

NH
5~CF ,~CF=CF, — [CFB'CF

2*GFH-CF2NH23

aroamcasae - e
o> CF;CF,CPHCN

and in the case of tetrafluoroethylene an explosive reaction occurs with

the formation of a trimzine:
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NH
- - . T -!
CF,=CF, 0_11%9 [cr ecr i, ] —3> [cF How]

C C

Nu? N\
HDF2 N CFQH

Base-catalysed addition of methanol to hexafluorocyclobutene

results in dehydrofluorination of the prodncth:-

CH, OH . .
CF=CE 5, GFH-CF-0CH, GF=G +0CH,

1
KOH ~HF
CE/CF,, CF,~CF, CE,-CF,
52%
CH,OH  CH,OCF-CHOCH CH,0+C=C *0CH
KOH E;CE, ~HF CE;CE,

12%

Alcohols or aldehydes can also be added to fluoro-olefins by a free-

radical mechanism)to form alcohols and ketones respective1y5:-

CH,COH

W_e = . LY .

CF5CP=CF, —i—> CF *CFH*CF,,*CH, O
C,H_CHO

CFyCF=CF, ~2~fm> CF,CPH:CF,"COC,H,

This type of reaction is likewise applicable to cyclic fluoro-

olefins6 which are alsc susceptible to free-radical attack, although

only slowly, with ultra~violet initiation:=




3-

=CF  CF,.I .
'CF 9 | ?FI ;F(CF3)

3
CECF, UV. CF,~<F,
- cF,I  CFI~ CF(CF,
_CF= CI: 3 y \( 3)
CF CF T GE, CF, : (1)
N2 /2 cF. — CF,
HS Cﬁé o 2
o+

(c¥,)cF—CF(CF,)
5, N
CF
CF, P
CFE CF2

(I1)

3]

The formation of (II) is claimed to be the first example of ortho
di-addition of such a group.
The more unusual type of free radical reaction undergone by fluoro=-

olefins, which is peculiar to fluoro-olefins, is their formation of

758

cyclic dimers; whereas non=fluorinated olefins form linear dimers on
heating:=
2 CF2=CFCI CF2—0F01
— 1
CFZ—CF01

Some unsymmetrical fluorc—olefins,’10 such as perfluoropropylene,
undergo mixed head-to-head, tail-to-tail dimerisation with the formation

of three of the possible four stereo~isomers9:—

2 CR._ «CHF:CF cr FPLR CF., CF-CF
Ty 2 __, “EsFE, 3 12
CFE.CF.CFZ ; CF2 F~CF§




Cyclic dimers of mixed fluoro-olefins have also been preparedjE:-

CF2=CF2 + CF2=CF01 ?FQ-?FZ
CFZ-CFCI
as well as dimers from fluoro-olefins with non—fluorinated o1efins:j1’ 12
CF2=CF2 o+ CH2=CH2 ?FZ«?HZ
> CF2~CH2

During the free radical additions to fluoro-olefins,there is a strong
tendency for telomers to form. Telomerisation also eccurs with hydrocarbon
olefins, but the ease with which fluoreo~slefins undergo this type of
reaction provides a method for the preparation of fluorocarbon derivatives
not involving flucrination of the corresponding hydrocarbon, the

mechanism being as follows:-

RX ——3 R + X
U.V.
a ? a a
4 v,
R+ C=C R~—C —? INITIATION
—_—
b L b e
a d
' '
a 4 C= C a 4 8 &
R=C—C bk R— Cm Co= C=C PROPAGATTON
!  a——————— { ' v \
ﬁ e b e b e
! ' a d
? C} RX ' 1 .
RéC=C + —_— R c — ¢ X + R
] \ '
% e b e n

TRANSFER

The factors influencing telomerisation of fluore~olefins will be

discussed later, but it is a general observation that the proportion of
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olefin units in a telomer depends a great deal on the relative molar

proportions of olefin to chain transfer agent (RX) used,as has been shown

by Haszeldine:jh’15

MOLAR RATIOS % OF MONOMER UNITS (n)
IN THE TELOMER
CHATN TRANSFER  OLEFIN
n =1 2 3 720
AGENT CF5I CB),
10 1 9k
1 1 16 10
1 10 9h

The chain 1ength, n, is diminished by the use of a large excess
of chain transfer agent. This type of process will now be discussed at

length.

TELOMERISATION - historiecal, and empirical rules.

Telomerisation has been defined in general tefms by Hanford and
Joyce as: "The process of reacting together under polymerisation con-
ditions, a: molecule Y2, which is called a TELOGEN (chain transfer agent)
and more than one unit of a polymerisable compound, A, having ethylenic
unsaturation called a TAXOGEN, to form products called TELOMERS, having
the formula Y(A)nz, where n is an integer greater than one, and Y and
Z are fragments of the telogen attached to the terminal taxogens."

One of the first examples of telomerisation of a fluorinsted olefin

153

monomer was discovered by Miller y Whilst attempting to polymerise




chlorotrifluoroethylene with peroxide initistion in a medium of chloroform
and water. He obtained low molecular weight polymeric oils,containing
more chlorine than expected for a homopolymer of chlorotriflucreethylene.
He concluded that the chloroform had taken part in the process by a
chain=-transfer mechanism which he postulated as:-

o .
Peroxide 19;9...(2; R

R’ + nCF,=CFCl e R(CF,-CFC1)

2 2 n
R{CF.-CFC1)’ CHCLs :
(CF, n a2 R(CFZ-CFCI)HH + 0013
CCl, + nCF,=CFCL mmp CC]B'(CEQ°CF01)D

3 CHC1

* ® * 3 ® o )
cc.l3 (CF2 CFCl)n-wm_-> 0013(CF2 CFCl)nH + 0013

18, 179

Hanford and co-workers alsc carried out a telomerisation
reaction with ethylene using carbon tetrachloride as telogen.

In more recent years, an exhaustive study of the telomerisation of
chlorotrifluoroethylene with a telogen prepared by the addition of iodine
monochloride to chlorotrifluoroethylene (CF201»CFCII19) has been carried
out by Haszeldine?e“ The olefin hés been shown to howmopolymerise and to be
attacked by radicals at the CF2 end of the molecule.21’ 22, 235 2h

By irradiating this mixture with ultra-viclet light, an interesting

series of compounds can be obtained in good yield with a very smooth

reaction, the mechanism of which he proposes to be:

(1)  CRL1-CROII Ve OF,C1-CRCL: + I°

(2) CF,LL-CFC1e + CP,=CFC1l ——=> CF,C1:CFC1-CF,°CFC1  INITTATION
CF,_=CFC1

(3)  CF,C1°CFC1:CF,*CFCLs B s> CF,C1:CFCL-CF,*CRC1-CF, CFCI-

PROPAGATTION




CF201'CF01I

() Cl(CF2'0F01)°CF2CFC1°V e CF,C1°CFC1-CF,*CFC1-I

+ ClCFZCFCl'

TRANSFER

Haszeldine has shown previouslij that the chain length could be
controlled by varying the ratio of taxogen to telogen, i.e. by using a
large excess of telogen and, if necessary, irradiasting the liquid phase
only, where telogen&concentraﬁion is maximum, teo ensure low telomer
formation.

Usirg this excess, step (&) can compete with step (3) with the
formation of telomers having low n values.

In the above reaction scheme, the following molar ratics were used:

TELOGEN OLEFIN n = 1 n =2 n=3 n 4
13 1 755

1 1 18% 147 56%

1 5 90%

giving the values of n as shown, As a result of this investigation,
Haszeldine drew several conclusions about factors which influence the

telomerisation of fluoro-olefins with polyhalogenoalkyl radicals.

FACTCORS INFLUENCING TELOMERISATION.

The studies were carried out using telogens of the form ReCFXY.
(1) INITIATION STEP. Initiation was achieved via the radical RCFX-+
(e.g. CF5° s 02F5° CF2010F01-} formed from RCFXY. The rate of generation
of the initiating radical RéFX (e.g. R = polyhalogenoalkyl, or F;

X = halogen or hydrogen; Y = a halogen of higher molecular weight than X)




depends uwpon the following factorsi-

(a) The strength of the C~Y bond, i.e. the weaker C-Y, the greater the
sase of generstion of RCFX (and the greater the stability of this‘ra&ical}.
The nature of both Y and X determines the C~Y bond strength which

decresses in the series: Y = F >C1>Br > I for a given X, and which

has been predicted to decrease in the series R*CF,~Y (¥ = 7)> RCquY(Y:=61)
)RCHF-Y(Y = C1) > RCFC1-¥(Y = C1)> RCFZ-Y(Y = Br)> RCHF-Y(Y = Br) >

Br) > RCFBr-Y(Y = Br) >RCF2-Y(Y = I)> RCHP-Y(Y = I) D>

RCFCL1-Y(Y = I) D RCFBr~Y(Y = I) >ROFI-Y(Y = I) (e.z. 013500121 and

RCFCI-Y(Y

i

H

CP,L1°CCL,T are very efficient telogens19).

The effect of X on the C~Y bond energy has been investigatedz5 and
the reason for the effect has been attributed to the stability of the
RCFX+ radical preduced and the increase in steric strein which occurs as
X becomes larger. |
(bp) The mesns of supplying the energy for homolytic fission of the
C-Y bond e.g. dose rate, intensity of ultra~violet light, temperature,
concentration of peroxide, etc., depending on the initiation used.

After generation of RCFXe+, attack on the olefin depends mainly on
the reactivity of the olefin towards radical attack, and to a lesser
extent on the reactivity of the attacking radical RCFX«

In general, halogen, bonded to the doubly bonded carbon atoms, or to

carbon atoms adjacent to these, in an olefin containing more than three

carbon atoms. decreases the ease of radical attack, relative to the

7 : o
unsubstituted olefinZ®? 272 215 1225 28, 29
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Halogenoethylenes are special cases since the polyfluoro- and
chloropolyfluorcethylenes polymerise readily. In general, the greater
the atomic weight of the halogen in a halogenoethylene,and the more
éymmetrically it is distributed (i.e. CFC1=CFCl or CF2=6612}, the less
readily does the olefin polymerise and the less readily is it attacked by
a free radical.

The reactivity of RCFX+¢ is seldom of sufficient importance to be
decisive in telomerisation reactions, since the more reactive olefins
readily combine with even the least reéctive radicals., It is only with
olefins heavily, or symmetrically; substituted by halogen, such as
chlorine or bromine, or in which inhibition of radieal attack occurs, that

the less reactive radicals fail to add, and more reactive radicals muSt

be used.

(2) PROPAGATION.

The ®fficiency of this step, which is always competing with the

chain~transfer step:

R-CPX (olefin)* + RCFX'Y ~—mm——3 RCFX (olefin) Y + RCFXe
depends upon:-
(a) the ease of polymerisation of the olefin.
(v) the reactivity of the intermediate,free radical RCFX (olefin)’
towards the olefin, and towards RCFLY.
{c¢) the stability of the product RCFX (olefin) Y.

() the relative ease of the chain transfer step.
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Taking these points in turn and enlarging on them,
{a) An olefin which reacts readily with fragments of a decomposing
peroxide to give a polymer of high molecular weight will, in general,
tend to give a longer chéin polymer with R°CFXY than one which does not.
This is illustrated by comparison of C2Fh’ CF2=CF01 or CF2=CFH; with
58Ys CHCl::CCl2 or CF§CF=CF2. The ease of polymerisation is related to
the ease of radical attack, and other factors, since in sowe cases the
order of ease of radical attack is the reverse of the ease of homopoly-
merisation of the olefins (see page 15.).
(b) Why a radical such as RCFX'GH2°CHQ' should attack RCFXY rather than
another molecule of ethylene, whereas another radical such as R'CFX‘CFZ'CFZ-
sheuld attack another molecule of CF2=CF2 rather than RCFXY, is related
to the differences between the C-~Y and the C-C bond energies in
R'CFX~CH2'CH2'Y ande'CFX'CHé'CHZ'CHZ'CHZ' or im R-CFX°CF2-CF2‘Y and
RCFX-CFZ'CFz'CFZ'CFz-. This is an aspect which has not yet been
elucidated.

The choice of telogen in some cases is governed by the olefin to be
telomerised. If GFBI is used in the telomerisation of CF2=CFCI, then the
initiating radical CF, is more reactive than the intermediate free

3

radical CF3'CF2'CFCI' and the chain transfer process is efficient, short

chains being produced when equimolecular proportions of reactants are

used. Such cases do not often occur.

(3) CHAIN TRANSFER.

(a) the C~Y bond in both telomer and telogen is important since if
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that bond is weak in the telogen compared with the bond in the telomer,
then chain transfer occurs easily and the products are mainly n =1 and
B = 2 compounds.

However, if the C-Y bond is stronger in the telogen, then the
propagation step is favoured, giving long chains; coupling of growing
chains can even ococur,

It does not follow that short chain telomers are achieved by using
a large excess of telogen.

(b} Cases arise where the C-Y bond strengths in the telogen RCFXY
and the telomer R*CFX (olefin) nY ere gimilar and thus have an equal chance
of fission, i.e. the n = 1 or n = 2 telomer reacting as telogens with
wonomer olefin units.

Thus a2 large excess of telogen has to be used to produce short chains
of low n values.

(c) VWhen an easily homopolymerisable §lefin is used with an
efficient telogen the chain tramsfer process is favoured but, to ensure
short chain formation, a large excess of telogen is advisable.

(d) When o telogen which is efficient,is used with an olefin which
does not homopolymerise readily, the product tends to be RCFX (olefin) QY
where n is chiefly unity, and it is difficult to encourage the ibcrease
in n values by increasing the proportion of olefin.

Of course, some olefins Jjust do not homopolymerise and, Whe%her the

telogen is efficient or not, no values higher than n = 1 can be bbtained by

a true telomerisation procedure.
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Some difficulily homopolymerisable or non-~homopolymerisable olefins

are:

CH,=CH, ;3 CH2=CH(CF3); CH,=C=CH,}
cH3-0H=CH2; CF3~CF:CF2; CFC1=CFC1

Olefins of intermediate homopolymerisability are:

CF2=CH CH,_=CHF; CH?=CHC1

2° 2
Attempts have been made to cause olefing like CQH# or C3F6 to give
telomers with n greatér than unity, by reducing the proportien of
telogen. This resulted in the intermediate radical undergoing reactions
other than addition to another melecule of olefin, i.e. disproportionation,
dimerisation, or expulsion of halogen to give an olefin.

It maust be kept in mind that an olefin referred to as non-homopoly=
merisable in this text may homopolymerise under the correct comnditions of

high pressure, catalyst, or special process which are being developed at

this time.
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Telomer formation by peroxi&e, ultra-violet, and thermal initiation.

The factors influencing telomerisation can be applied as empirical
rules to any telomerisation process. We now consider the three main
methods for the initiation of telomerisation processes, beginning with
the more usual peroxide or ultra-violet initiated processes. The
initiation by purely thermal means is discussed next with special
reference to the process described by Hauptschein16 to prepare telomer-like
products from olefins which do not normally undergo telomerisation
reactions (i.e. are non-homopolymerisable under the reaction conditions
used),

A fipal section deals with isomer formation by radieal attack on
unsymmetrical olefins when forming one-to-one adducts and n = 1 telomers.
Thig has a direct bearing on the structures of long chain telomers,
polymers and co-polymers.

TABLE 1? Summarises the addition of free radicals to olefins to
form either telomers or simple one-to-one adducts. For the purpose of
this thesis, such adducts are considered as n = 1 telomers. It must be
borné in mind however that true telomers can only be prepared from olefins
which homopolymerise under the conditions of remctien. Thus, when
discussing the thermal step-wise addition of fluorocarbon iodides to C3F6
performed by HauptsChein,16 the process will be termed "telomerisation®
since the products are the same as if a true telomerisation process had

taken place although the mechanism is rather unusual.

¥

TABLE 1 is found in the wallet in the frort of this volume.
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Photochemical and veroxide initisted addition and telomerisation of

fluoro~clefing - radical formation and attack on fluoro-~polefins.

Where perfluorcalkyl iodides are empleoyed as chain transfer agents,
the attack is by Rf (Rf = CFE’ CZFB etc. ) from RfI. The value of n can
15

usually be controlled by varying the proportion of iodide to olefin. * and

the direction of attack of the radical on the flucro~olefin is in general
in the same direction as that ef the bromine atom from HBP3O. However,
exceptions have been found where the bromine atom from HBr attacks the
end of the carbon-csrbon double bond in the opposite sense to the per-
fluocrealkyl radical.26
In these reactions; the free radicals are formed by homolytic fission
of the carbon-halogen bond by ultra-violet light,or peroxides at 100%.
The radicals, R%, formed are extremely reac'tive31 and attack a fluorinated
olefin at the double bond in such a way as to form the more stable of
the two alternative intermediate free radicals.32
The direction of radical attack on fluoro-olefinsg is determined to
a lesser extent by the steric accessibility of the carbon atom attackedég’ 33
Telomer formation only ccecurs readily when the olefin attacked by

RP is easily homopolymerised vnder the conditions used.

The ease of radical attack, Rf, on fluoro-olefins has been shown to

é wm 0 = o B
be CFE—CH2>C§2~01§2 > CF2={}HC], >CF2—CBCI>CF3-CFMCF2 >ti)’F‘z’(JF--GFCE3
¥
% e~ 4Ngp ¥ . .
>CF=CF > é 2 '51 Not all these form telomers since they do not
¥ r
+ 8 A 2 i e
CF5CE, S all homopolymerise. under the reaction

2
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conditions; they all form n = 1 adduct however, and in the case of

G F6’ reactions have been carried out to give similar products te those

3
obtained by true telomerisation processes. This type of reaction is dealt
with in the next section. It is moted also, that for CF2=CH2 and CF2=CF2
the order of ease of homopelymerisation CF2=CF2:>'CF2:CH2 is opposite to
the order of ease of radical attack which is CF2=CH2:>'CF2=CF26. This

arises later in the discussion, Chapter 2, p. /3.

Thermally initiated é&ditiontoamitelomerisatian of fluoro~olefins

Initistion in this case being by free radicals formed from the
thermal decomposition of chain transfer agent. Examples of thermal
decomposition of bromo- and icdo- compounds leading to free radical

addition to olefins have arisen in the literature both with hydrocarbon

olefins:127
120°
CH2:CH2 + CClBBr e CClj‘CHQ'CHQ'Br
and fluvoro-clefins: . 1
. 2050 CYCe 06 100 5
cyclic 66F10 .
ICl

_cyc. C6F10101
This type of initiation has been extended to cover four fluoro-clefins
and is suitable for producing "telomers" from olefims, such as CBFéywhich
do not homopolymerise under the reaction conditions used, by a stepwise
addition mechanism. These olefins are taken in turn.

(a) hexafluoropropylene.1

"Telomers" of molecular weights up te 2,500 have been formed, and
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the process can be controlled to give n values from 1 to 15. It may
also be adapted to produce "telomers® from other non-polymerisable or
poorly pelymerisable clefins.

Hauptschein proposes a stepwise addition process,with little con-
tribution from a chain mechanism (hence, by‘definition; this is not a
true telomerisation process), each simple addition product acting as the

next telogen, adding across the double bond of the olefin:-

CoPT + cF5-0F=cF2 s 05 "CF,°CF 1
CF
3
GBF,?'CFZ-('}FI + 0F2=§:F —_ 03F7(CF2'?E)21 etc.
F, F CF,
¢ 3 ¢ 3 03
C.Fe P _
C3F7(CF2 gE)nI -l C4F-{CF, GF) (n + T
CFy CF

He postulates that no chain transfer occurs, but ‘CEFY and I from the
same molecule, add simultaneously across the olefinic double bend without
dissociation of the 03F7I molecule. It is more simply explained by

saying that in such a system:

A o L]
RFT + C3F6 — Rf(CBFG) + I

the intermediate free radical cannot prepégate its own species, i.e.
« L_F .
B (C T 6 3 .
(31?6) 25 5 Rf(03F6)2 eto
on energy grounds, and the alternative step proceeds very efficiently,
i.e., CHAIN TRANSFER
ﬁf’(C:ﬁﬁé) + RFT N Rf(c3F6)1 + Rf

Increasing the temperature leads to scission of this new C-I bond,

followed by addition of olefin, followed by chain transfer to give an
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icdide Rf(CEF6>2I and the reaction proceeds by this stepwise process -
with chain transfer ocourring at every discrete step., This exeludes the
idea of a four-centre reaction process.

He employed other telogens with this olefin, including CFBIP C3F715
ChF

9?FI; ChEQ'QF‘CFQ'?FI and.CFQCl'GFClIi the last of these’Ccml'CFCll,

CF5 CF3 CF3

failed to add to C3F6 using peroxidé initiation at 100°C,

M but this

purely thermal method produces "telomers" from n =1 to bigger than 10,
with this pair of reagents.

In thermsl "telomsrisations” of this sort, the "telomer" series is
ascended using the previous "telomer" as the next telogen. The telogen

in this context must contain the group -CF,I or -3FI (where Rf is
LS Rf

pclyhalogenoalkyl) in order that this process will occur, otherwise the
tempersture required to break the ~C~I bond is often excessive and leads
to decomposition.

Hauptschein has heated excess C3F6 with iedine mnnochloride,19 50
forming the telogen CF281°CF(CF3)I, which sets up the stepwise addition to

C,F, forming CF3-§F('CF2-?F)nI' A similar reaction using iodine with

CFzCl CF3
excess 03F6 is reported in this reference with no details of the products

3

obtained.
At higher temperatures,CFQBrz_and other bromides have acted as
telogens to form "telomer"” bromides of C3F617 with values n = 1 to 6,an&

it was found unnecessary to control the proportions of olefin or telogen

in the reaction mixture. The lower telomers (n = 1 or 2) however were
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always mixed with 2 dimer of 03F6? and were difficult to separate from
it since the boiling points were very similar. Bromine alone with C3F6
was shown to form a series of "telomers" on heating.

(b) Vinylidene fluoride.

. 4
This olefin has been thermally telomerised by HauptscheinJ5 to give
true telomers of n = 1 to bigger than 8 using as telogens; CFBI; C3FYI,

2 o 7 e « N s(3eT o eTHe o
CF201 CFC1I; CF.C1 ?FI, u2F5 ?F I 0439 ?F I; CFzBr

2
' CF3 CFBV CF3

o3 CFBCFBrCFZBr.

In these reactions, chain transfer does occur, and the olefin to

telogen ratio must be adjusted to give the required n value, as well as

the temperature. This reaction has been performed in this laboratory36
using CFZ\
-~ - * . i e
CFE"CF I ‘and CF3 CF2 CEZ I,

forming the lower telomers.

{¢) Tetrafluoroethylene,

This very easily homopolymerisable olefin has been shown to yield
low telomers (n = 1 to 4) by a purely thermal process, using carbon
tetrachlorid 37 a5 telogen, at a temperature where the rate of chain
trensfer has increased so much more than the rate of propagetion. At a
slightly higher temperature the n = 1 telomer predominstes. Using carbon
tetrabromide as telogen gives exclusively the n = 1 telomer, but using
chloroform leads to decomposition without any telomer formation what-

SCeVelr.

(d) ¢hlorotriflucroethylene.

Again an easily homopolymerisable olefin; formation of telomers occurs
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by purely thermal means using CF281°CF611 as telogen at quite medium

temyeratures?
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Isomer formation by free radical attack on unsymmetrical

fluoreo~olefins.

The olefins which are considered in this section, are all capable
of telomer formation, but the investigations were carried out using very
efficient chain transfer agents, and the correct condition for the
formation of simple one~to-one adducts. The structure of these adducts
could ther be determined chemically.

Only three fluoro=olefins to date, have been shown to form isomers
on attack by a free radical. Until quite recently it was thought that
free radicals sdded to unsymmetrical fluoro-olefins to yield single

38

products. However, Haszeldine” demonstrated that addition of either

CF, or Br (from HBr) 4o trifluorcethylene gave isomeric products

3
CF3I CFB'CFZ'CFHI

T

CF31 CF3'CFH'CEZI

CF,=CFH (38)

39

Two years later, Miller”” showed isomer formation using CFClzI with

the séme olefin.

CFClQI
CF2=CFH e CFClE'CFQ‘CFHI
+ (39)
CFGlE-CFH'CFEI

Cosciahg repeated work done by Tarranthd using CFQBrz as a source

of free radicals with trifluorcethylene,under more drastic conditions

than used by Tarrant and found that isemer  formation occurred.
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CF _Br

CF ,=CFH iy CF ,Br-CF,,+CFHBr
4
CF ,Br+CFH +CF Br

L .
Harris et al'z used an unusual set of telogensJCF3SH; CFECHQSH, and

CHESH and obteined isomers using CFBSH and CH3SH, the isomers being thio
ethers, CFBS'CFZ'CFH2 and CF38°CFH'CEQH
Worker Initiater Redical R RCHF'CFZY RCF2-CHFY
Haszeldine| U.V. CF} 80 20
Br 60 1o
Miller Peroxide “ore 1, Mainly
Coscia Peroxide “CF Br 80 20
U.V. CP.8° 98 2
. 3
Harris .
X-ray CHBS 75 25

Free~Radical Additions te¢ CF,=CFH Showing Propoftions of

Isomers Rormed.

The second olefin found to form isomers on free radical attack is
hexafluoropropylene. Harr1342 found beth possible isomers of the ene~to-~
one adduct f@rmed,with CFBSH; CFBCHQSH; and.CH?SH in varying proportions

which could be correlated with the relative electrophilicities of the

attacking thiyl radical which decrease in the order

CF33'> CF3CHBS. > cszzs'




The olefin is assumed to polarise as in an lenic process and attack occurs

at the negative centre ,

forming the unexpected isomer:

e~
F \[\

. + -

ie8 F*\ - 6 (S F=CF,
/C S 13 2
F e ¢ CFB

CF,S<CF-CF.H

2
CF.,
o
Horker Initiation Radical R'CFE'CF(CF3 )Y R+CF 'CFZY
‘ CF
3
Harris U.V. or Xe-ray CFES. L5 55
% : ®
UV CFBCHQS 70 30
" X-ray CHZ,S. N 9
Hauptschein Heat °CF3 92 8
" Heat '03F7 97 3
Hauptscheiza19 reports that smell amounts of the unexpected isomer is

de‘tec*ted'by gas chromatography)from the addition of CE‘EI or CBF.]I teo CBFS'

He also claims to have detected the isomers of the addition product of

6 T with vinylidene fluoride'

03F7-CF2°CH2~I 5%

7I + CF2=CH2 — +
c * - . "{;
337 CH,*CF,I 95k

CLF

3
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But Harris%Z whe also used Nuclear Magnetic Resonance study with his
products, reports no isomer formation in the additions to vinylidene
fluoride. An electrophilic nature of free radicals could explain the
formation of the isomers desoribe&,and this view is expressed by Waters18G
who suggests that radicels are electrophilic by nature and accerdingly
should add to the carbon atom of the double bond with the highest electren
density i.e. the =CFT of CFB-CF=CF2 assuming that the pelarisation of the

double bond is the same in radical additions as in IONIC addition

Polymers of fluorine containing olefins.

Polymers containing the elements carbom, fluorine and very little
hydrogen or other halogen are extremely inert, being more resistant to
chemical attack and to high temperature than hydrecarben polymérs.

This stability te chemical and thermal attack,is due to the high
carbeon-fluorine bond disseciation emergys, and to the shielding effect of .
the highly electronegative fluorine atoms on the carbon skeleton.

Fluerine is a slightly bigeger atom than hydrogen. and in a molecule;,
Cann s 00 the fluorine atoms form 2 compact shield around the carbbn
chain, protecting it from chemical attack. These polymers can be classified
as follows.

(I) HOMOPOLYMERS; prepared by successive addition of one monomer
olefin unit to itself "n" times, where n is a large integer.

(II) COPOLYMERS, which can.be a uniform or a completely random mixture
of two different monomer olefin units prepared by polymerising

these two units in the same environment.
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Tn the case of homopolymers, their characteristics (consistency, etc. )
are completely unalterable, i.e. for a large 'n' value the homopolymer
will always possess the same physical properties, be they thermoplastie,
elastomeric or infusible materials.

The consistency of co-polymers, on the other hand can be guided by
altering the ratio of the two olefins in the reaction mixture, to give
materials having certain desired physical properties, ranging from
elastomers to thermoplastics,with complete contrel. The outstanding point
in the preparation of co-polymers is that it is NOT necessary for beth
olefins to be homopelymerisable. A non-homopolymerisable elefin will
sometimes readily co-polymerise with a homopolymerisable olefin in such
s way that the resulting co-polymer can often contein up to 50% of the
non-homopolymerisable monomer, Some examples follow.

Homopolymers (a) POLYTETRAFLUORQETHYLENE
(TEFLON)

157

This pelymer was discovered by Plunket in 1941, and is a highly

crystalline white solid,with extremely high reéistance to chemicals, and
thermsl attack. In fact, it is the most stabie organic synthetic polymer
known to date, but has the serious disadvantage that it has no melt stage
(i.e. is not a thermeplastic) and needs tedious fabrication by special
techniques. It is prepared industrially by pereoxide initiation either in
an Inert fluerccarben or agueous med.:i.ux.a.l!~3 Its structure bas been studied

L5

by
by infra-red snd electren micrescope examination. It is an un-

cross-linked polymer consisting of ce-linear difluoromethylene chains.

The patent literature is full of preparative techmiques.




(b) POLYCHLORGIRIFLUQROETHYLENE
{(XEL-R)

This homepolymer is & true thermoplastic, and can be extruded and

. ) . . L hBesh . )
moulded. It has been prepared by numerous methods and is very inert
%o chemical attack. A+ higher temperatures and in basic solvents (amines
especially) chlorine gplits off easily however,

It differs from the TEFLON structure only in the fact that the
rigidity of the backbene of highly crystalline Teflon hes been diminished
by the inclusion of a "pendant® chlorine, & bulky atom. The structure of

2l
— n " L
KEL-F has been shown to be:

-(CFQ—-{;F—-CF 2-—ga‘;n ‘
C1 1
Some other fluoro-olefins which have been fomopolymerised to useful
polymeric material (transparent films etc.) are those which contain
varying amounts of hydrogen in the fluore-darbon backbone. These tend
to be less thermally stable than TEFLON and KEL-F, splitting out hydregen

57

fluoride at high temperatures. Madorski”’' et al has shown a series of

decreasing thermal stability te bes

4032432}n> -(c}.«‘g—cz{g;z?‘ > -(CFZ-CFH}n) -€CH2~G}.{29-E > -(c;xz—crm;}) |

We now discuss these further.

=

(¢) POLYVINYLIDENE FLUQRIDE
|

This polymer is a structure made up entirely of alternate methylene

8

and diflucromethylene groups.

-45;&"*24&2«-%-0329‘;
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The methylene groups diminish the rigidity of the carbon skeleton and
establish a site for cross~linking, but give the polymer poor stability

55, 56

thermally. It has been prepared by usual technigques and by gamme-—

irradiation.Eh Its crystallinity even at low n values is thought to be due
to orientation of chaius ﬁhfough a type of hydrogen bonding between chains.
Madorsky and Strauss have compared the thermal stebility of polyvinylidene
flueride an&.TEFLﬁN%S and found the former to lose HF to become very

stable above 520°C at 70% weight loss.

(d) POLYPRIFLUOROETHYLENE

The monomer is seen to undergo radical attack at either end of the

38, )4-29 Lo, 39

double bond, hence the polymer must contain sequences such

as

(CHF-CF -—CHE‘-CFQ,) (1)

2
(CHI«‘uCFZ-CF?—CFH) (r1)

(CF,-CHP-CHF-CF,)  (III)
38

and it is to structure (III) that Haszeldine” attributes the poor thermal

gtability of this polymer and places it below polyvinylidene fluoride in
the thermal stability sequence quoted (p.25). He postulates that

hydrogen fluoride is eliminated from this element of structure. This

5

volymer has been prepared by ¥Y-~irradiation™ and peroxide techniques.59

The third polymer of this latter type is

(e) PoryvINYLFLUORTDES(* 602 ©

This polymer consists entirely of the repeating fundamental structure

(CFH-CHQ-CFH-CHQ)




which, by Haszeldine's theory on thermal instability,is an intrinsically
unstable strucbure which loses HF on heating. Ma&xsky,57 in fact, places
polyvinyl fluoride below polyethylene in the stabllity sequence.

These five homopoliymers have exemplified how the physical properties

of a rigid structure, like Teflen, caun be changed by the introduction of

i

either flexible methylene groups in the backbone, or by intreducing a
"vendant¥ group, or in fact, beth. This technique has been adapted for
co=~polymerising systems to produce thermally stable elastomers and thermo-
plastics as will be described later. |
Some elefing have not yet been homopelymerised, although new
techniques and conditions are being developed all the time . At the time

of writing non~homopolymerdiaing fluorine~containing olefins include

CHQ:!“H(C%}; CFC1=CFC1 cyc. C,F, » eye. G)Fc, end hydrocarbon olefin

iEZKC:CHE.

Hexafluoropropene, an olefin used extensively in this thesis was
thought to be non-~homopolymerisable, all attempts up te 1952 having
2
faileéb” to form & homopolymer, Such attempts up to 1960 had resulted in
8, 9, 10

. . 2 . 28 28
the fermation of dimers, trimers and tetramers.

Menowitz 5 claimed to produce a homopolymer by gamma irradistion
getting 14% convertion per megaroentgen,am& a patent described a technidgue
o - 2 4 - 4 . ! L!'B
for polymerising several monomers including CBF6'

.6k e

However, 1L 1960, Eleutario, using drastic conditions of temperature

and pressure (300 °c at 10,000 atmospheres) with a hydrogen~free

initiating radical CF, —3~H?~S»Q*j)bﬁmopclymeriseé.CBFG forming a highly

stable therwmeplastic.
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Thermal stability eof fluerecarben co-nolymers and

178

homopolymers

Thermal degradation of fluerine containing pelymers has been

57, 58

investigated in some detail by Maderski et al whe feund that poly-

tetrafiueroethylene could be pyrolysed to almost 100% monomer; poly-
chlorotrifiueroethylene gives approximetely 28% momomer, and 72% satursted
chlorofluorecarbons. Thermal degradation of hydroflueorecarben poelymers is
complicated by the loss of hydrogen fluoride,with the consequent intro-
duction of double bonds inte the polymer chaim. Polytrifluoroethylene
and nolyvinyl fluoride degrade with complete volatilisation, but polyQ
vinylidene fluoride becomes stabilised at about 70% weight 1055?7

Some of the working ranges of homo- and co-polymers mentioned in this

thesis are listed in table 2.

POLYMER WORKING  RANGE LIMIT

-(CFz-CFzﬁ'ﬂ , -80 250 300
-(c}3'2“(,"5\'3:Lﬁ;_‘1 , 200
-(CF?_-{)F ~CF,~CF ( CFB ) }n -85 200 225
-(CFQ-CHQ}R -70 150 260
-(CFZ—CF(CF3 )CHZ-CFE-)n bk 315 A

‘ -(CFZCF(CJ_}CF2-CH2’}E -43 205 43
céoc;fz(czaz) 3 “CH,*0 «cc;(czi2 )A'CO'}}& -72 150 -72

TABLE 2
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f
8 N . : .
Wrightﬂ7“ has also measured weight loss in variocus fluoroccarbon polymers

after heating in vacuum for 2 hours at different temperatures;he obtained

a series of decreasing stability on this basis:

{CP,=CF 7, D ACF-CF,=CRCT, Y, > {CF,CH 24CF ,~CH

~F, ~CFy >
oF 2 772 n

3 CF3
T o T - 5% - * N
{eye. 1,3-CcFg / CH,=CH-CH=CH,Y, DACF,~CH,~CF ,~CFCL Y, >(CF2 CFC1Y, >

. . ) v} A
{OCﬂZ(CF2)3CH20 CO((‘HZ,A_CO,n

He also found polyvinylidene fluoride became stabilised at about 70%

weight loss.

CO-POLYMERS

The properties of co=-polymers can vary over a wide range, since they
are determined, not only by their qualitative, but also quantitative
composition. They differ from homopolymers in their crystallinity, being
composed of monomers which are chosen to produce thermoplastic or
elastomeric properties in the resultant co-polymer, rather than highly
crystalline materials.

The resinous state of polytetrafluoroethylene cen be diminished in
three ways:

(a) The tightly coiled polymer backbone can be converted to a more

mobile structure by the inclusion of methylene groups in the

backbone.

(b} Heterogeneity can be introduced into the polymer in the form of

a bulky atom or groups by using a co-monomer of the type CF2=CFX
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(where X is the atom or group providing the heterogeneity.
{c) Providing sites for cross-linking by introducing methylene groups
at points where, by elimination of hydrogen halide, unsaturation
" can occur; thus converting the linear structure into a "space"
polymer.
A co-polymer which was sdapted from tetrafluoroethylene by route (b) has

been described where X = CFj. It is & true thermoplastic, TEFLON 1OO-X65“68

<CP . ~CF

o —ﬁF—CFz}h incorporating the olefin hexafluoro-propylene into the
[

CF3

2
tetrafluoroethylene chain. It is not cross-linked, but

is a less-rigid structure then TEFLON itself. Basically, its resemblance

to polychlorotrifluorcoethylene can be seen

- o
{CFQ ?F—CFQ-?F,n
c1 c1

as far as the use of a pendant group to reduce the heterogeneity of the
polymer goes. In TEFLON 100-X the pendant. trifluoromethyls group only
oceurs (at a maximum) on alternate 05 atoms in the backbome, since
hexafluoropropylene does not homopolymerise under the conditions of
preparation and thus éan only take up 50% of the polymer molecule at a
ma, 301 mame

Unlike polytrichloroethylene, it has high thermal stability since the
pendant uCF3 group is not as labile as the pendant ~C1 atom. The latter
can be removed inm order to cross~link polychlorotrifluoroethylene by
inter molecular splitting off of chlorine by organic ba56569 and metal
oxides?

Another adaptation of the TEFLON structure has been %o co=polymerise
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tetrafluoroethylene with an olefin as ir (b} where X = C1, agein to

: ' G 5 . .
produce %hermoplastics7ﬁ’ s 725150 varying properties according

to the proportions of monomers {CF2~8F2-CF2-QF-CF2~CF5?

used, since both monomers homopoly- ¢l

merise (with varying degrees of speed) under the conditions of the co-
polymerisation.

An example of the modification of the TEFLON structure by both routes
795 135, 156
2

a and ¢ is to co-polymerise CF2=CF2 with CF2=CH where again

)
both monomers homopolymerise under the conditions of the co-polymerisation,
The resulting co-polymer has {CF2~CF2—CH2~CF2—CF2—CF2} intermediate
properties between pelytebrafluoroethylene and polyvinylidene fluoride with

the possibility of cross-linking through the methylene groups.

Co=polymers derived from polvvinylidene fluoride

The homopolymer {CFz_CHZ%ﬁ is a resinous material, with a low
softening point, but is highly crystalline. It can be modified using the
techniques stated in (b) and is e suitable monomer to use as a basis for
co-polymers since it contains the methylene units necessary for cross-

linking sites.
A co=polymer where X = C1 (in CF2 = CFX) is described in the literature

73> s 75, 76: 77

as an elastomer which has fairly high thermal stability.

The proportion of olefins can be adjusted to determine the nature of the

resulting co~polynmer: i.e. to produce thermoplastic solids or elastoumers.

. ~y 8
The usual method of co-polymerisation with peroxide initiation'~ is used,

but there is at lezst one example of the co-polymer being prepared by




- ‘
Vmiwradiation./) These co-polymers still contain the intrinsic in=-
stability conferred by the presence of so much chlorine.

The co-polymer of vinylidene fluoride with CF2 = CFX where X = CF,,

ot
VITON,is a distincet improvement on the previous one described, not only
ig it more thermally stable, but its composition can be more accurately
controlled by simply altering the amount of C3F6 inm the reacting system,
since this monomer does not homopolymerise under the reaction conditiocns.
The meximum awount of C,F, which can be {CF -CF-CH_-CF ¥
36 21 z 2'n

N . R o C¥,
inciuded in the gtructure is 50 mole %. 3

VITON is the one co-polymer whose structure has been investigated by

) . 80 _. . - .
nuclear magnetic resonsnce, ~ which shows the structure quoted, as being

the dominant one, with some slight contribution from short polyvinylidene

fluoride chains, but containing no adjacent C§F6 units., VIUON was first

prepared in 195?8ﬁ, 82, 14 and later in 1959 by another industrial
‘(:rv e} .
conoern.vB’ & Large scale production began in 1958?5

The physical properties of VITON have been studied extensively,

but its chemigtry has not been studied at any 1ength87
88, 89 90, 91, 92, 93, 9%

chemistry of curing and vulcanisation

apart from the

(see

s 75

discussion, Chapter 2). It has been compared with the KEL-F elastomers

(cypzcz-z? with CF,=C¥C1) as regerds physical properties and stability.
Some excellent reviews of fluorccarbon polymers have appeared in the

95-97, 178

literature dealing with all the systems mentionedjas well as some
interesting silicon containing elastomers with fluorine containirg groups

in their side chains,
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CO-TELOMERISATION

Not much work seems to have been done on co~telomer formation, since
the only reported instance of such a reaction im the literature arises
in a patent, where the system vinylidene fluoride « chlorotrifiuoro-
ethylene77 has been co-polymerised in the presence of various hydrocarbon
telogens.

Hauptschein has produced some structures which resemble co-telomers
(the terminal iodine could be repiacea by fluorine) during his thermal
telomerigation reactions with vinylidene fluoride?s and with hexafluoro~
propylene?é But in a1l his examples, the products are very simple forms

of the co-polymer structure, although he did achieve the formation of

light oils. 4 summary of his results follows on the next page.
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He arrived at a useful conclusion when investigating the relative
instability incurred inm a molecule when pendant groups are too close to

each other9% in coupled iodides such as CFB'CFZ'CFE'CFQ'QFI, which giver

CF3

CF. (CF,.) CF-CR(CF
3237
CP,CF
373

He states that replacing a XCF, by a )CF(CFB) in a fluorocarbon chain

2)30F

creates an increased strain, thus diminishing the -0=C- bond dissociation
energy and leading to thermal instability. He quotes a series of
decreasing thermal stability:
~CF,CF = >-CF,<CF-CF, > CB-CP-

H CF, CF

Fs 3%
Thuss

., . 6k .
Polyhexafluoropropylene, prepared by Eleuterio  would have a structure
-(;'13’2--01:-‘(<:F3 )CFZ'CF(LFE)GE ;-_,c}?(czv3 )=

i.e. falling into the middle group in this stability sequence.

99 has gynthegised compounds close to the fundamental

Paciorek
structure of VITON to investigate the cross-linking mechapism of the
elastomer using amines (see discussion).

Workers in this laboratoryﬁimwe alsc syrthesised fundamental
structures of VITON by coupling reactions of fluorccarbon iodides.

179

In the field of hydrocarbon co=-polymers, Hanford réports the

co~telomerisation of ethylene with vinyl chloride using carbon

tetrachloride as telogen, giving a co-telomer
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Folymerisation and co-polymerisetion of cyclic mono-enes

and di-enes

Little information has been published sbout the polymerisation and
free radical reactions of perfluorocyclic olefins. It has been reported
that hexafluorocyclobutene co=-polymerises with ethylene and tetrafluoro-
@thylene,100 and its reactivity towards trifluoro methyl radicals has
been compared with thet of deoafluorocyclohexeneé -~ the latter being
fairly unreactive, Linear dienes and vinyl cyclobutenes have bheen
prepared from ¢ 0&36 by radical attack from CFQCICFCII.1G1

Octafluorocyclohexa~1 ,3=diene becomes cloudy on storage,102 formin
scidic products by absorption of oxygen from the air. This formation
of cloudimess indicates that the dieme is fairly reactive towards free
radicals.

Decafluorocyclohexene and octafluorocyclohexa-i ,l~diene are stable
in air, suggesbing that they are less readily attacked by free radicals.
It has been found that vsing gamma initiation from 8066, no polymeric

03

. . s . . 1
meberial is obtained from either dieme or cyclohexere, on the other

I Re . :
hend Hopkin has found hydrocarbon monomers co-polymerise with the
1:3~diene very readily, Butadiene, for instance, and other conjugated

monomers co-polymerised to form elastomeric materials. However 1,1.2-

trifluorobutadiene was reluctant to undergo co-polymerisation, and 1,1 sk ,k-

tetrafluorobutadiene as well as hexafluorobutadiene failed to co=polymerise
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at éll.

Unconjugated hydrocarbon olefins tended to form solid co-polymers
with the 4,:3~diene, but tetrafluorocethylene and trifluvoroethylene failed
gven to homopolymerise in the presence of diene.

The 1 ,h~diene failed to co-polymerise with hydrocarbon oléfins
completely., In fact only vinyl-n-butyl ether formed a high molecular
weight co-polymer, although this co=polymerisation proceeded smoothly.

Hopkin, postulates on examination of infra=-red data that only ONE
of the double bonds of the 1,3-diene participates im co-polymerisation
reactionss, with a wixture of 1,2 and 1,4 addition occurring. In the case
of the 1 h-diene, both double bonds are thought to participate in the
reaction with vinyl-n-butyl ether. The mechanism for this reaction he
suggests as:

Peroxide

B {Eﬁjﬁ LETOXICCS, PR > EO

E

. . B E%D fans
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Although step B is thought to occur, it is step A which predominates.
The fundamental weskness in 8ll these dieme-olefin co-polymers is
that at the point of attachment to the fluorinated ring there arises

& structure where = methylene group is adjact to a tertiary fluorine atom.

Thig can lead to hydrogen fluoride eliminstion at fairly low temperatures.

e
. . 6\) .
Gamma radiation from Co as an initistor.

Radiation dnduced polymerisation proceeds through the agency of free
radicals, an irradiated moleéule A»giving rise to the cation AT and an
electron. The electron can then excite other molecules, giving up its
energy in the process, and will probably be capbured eventually by the
ilon A ‘o give an excited molecule gﬁ These excited molecules split up
into free radicals, one of these radicals being in an excited sﬁate.147
The situation im a polymerising system/cont&inimg a chein trangfer agent,
is fundamentally the same as that existing in any polymerising system
which is reacting by a free radical mechanism,except that the initisting
free radicals will generally have a higher energy.

The uge of gamwe irradiation, from 8066, to produce polymers having
a2 norrower molecular weight range than those produced by conventional
methods was employed by Ballantine im the preparation of poly-n~vinyl
pyroiiﬁene,ﬁﬁﬁ

Hydrocarbon olefins which have been homopolymerised by gamma rays

o ] o . 4305 ) " i) . "] 107
include ethylens, methyl methacrylate,

.. 108
e )

cyanid

vinyl chloride,108 vinyl

109

nd styrene. In the last case, an TONIC mechenism is

-

postulated, since the rate of polymerisation was seen to be linear with
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dose rote, whereas a radical process requires a square root dependance on
dose rate. Another imstance where an IONIC mechanism is thought to occur

amme initiated polymerisation of styrene in methylene di-

is in the ge
- M0 R . .
chloride. The mechanism is postulated as:

. s - s .
3+ M e W 4§ initistion
kS Y ¥ + , "

Mo 3 o+ W e Mg + 8 )
. . N ' }  propagation
R B M, + 8 )

n 57 > {(n + 1) Feo
B + Loa 3 s . .
Moo+ 3 R Y HE A termination
T + a . ¥ o -+ +
Mm R R %m + 3 4+ M transfer

< £

Simple adducts of hydrocarbonm olefins have been formed under the influence

e H06 M, M3 L
of gamma srradistion 002 11121 3 being identical to those formed by

ulbra=-viclet irradistion, but, in general, at a faster rate and in better

yields
(112}

fFSLH CH + CBP# T 6H5uHB”°C{ 'CBT

S —CHG T 4 06 T \ (111)
CHG1=GHGL + 0O15Br g CHO1Br-CHC1-CO1y v
Terminal hydrocarbon olefins have been shown to dimerise $o products

441
e s a . , 114
which are olefinic or branch chained

CH — dimer mixture

H, (114)
>0y o+ G gl Cils

~CH~CH ,~CH, ~CH=CH,

L

3 2

Adducts of both fluorinated and mommfluorimate& olefins are also formed

» s X 15, .
with silicon hydrides under gamme-irrad lation’ 5 in good yield
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51801 o . (115)
fryy N o ¥ ; 1 ogae X
i&ua,iﬁmuﬁz , ﬁ, xCu3)20ﬁ~CF201613
51011
R J 3101,
@tgbcm CH, NEEATS (052)25 01,
nn By 11 LA . 5L
Several fluoro-olefins, such as CF9=CF815;’ 7 CF¢:CFnb; CEP:CHCl;'T
o 2 2 2
aﬂJACF5~C£C»CF3iﬁb have been homopolymerised by gemme~irradiation, also
the co=-polymerisation of CF?=CFCI with CF2=ﬁH2 by gamme irradistion is
repmr%e&79 all proceeding by a free radical mechanism, since to date,

P

there has been insufficient evidence of any gamma~imitiated process

proceeding by an ionic mechanism. The effects of gamma radistion om

175 .

fluorocarbon polymers has been investigated by Florin and #sll using
22
a source of 107" ev./gm. and this, of course, is very relevant to this work,

gince co-polymers and co-~telomers formed under the influence of gamma

irradiation are expesed to further irrsdiation as the reaction proceeds.

/ S ~and
They found that products from scission of C~F or ~ C-0 bonds are less

3

snen those from C-H or $-C bonds in hydrocarbon polymers. Cross=~linking
and degradation occurred in polymers contalning P and H’and in the

T T "o v ¢ 0 3 2 . e
TRFPLON 100X co=polymer (63F6/02F4)‘ Chain scission only occurs in KEL-F

{polychlorotrifluorcethylene). Scission in TEFLON and TEFLON 100-X is

]

accelerated in sir or 02. Free radicals are always present after

175

irradistion, as was found by Melville in his work.

173

Florin and Wall found that perfluoro-arcmatic polymers have

high radiation resistance.
. o 17, R ; P I
Baxendale and Mellows irradiated pure methanol with a 2 X 10
¢ . . N . P
ev/co/min. gamma source and found that the main products were hydrogen

Formaldehyde and glyccl,




CHAPTER 2. biscussion
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INTRODUCTION

The telomerisation reactions of fluoro-olefins have
been studied extensively over the last few years -~ as
indicated in Chapter 1. However, 1ittle work appears
to have been performed on the telomerisation of co-polymer
systems, i.e., co-telomerisation, where two dissimilar
fluoro-olefins are polymerised together in the presence of
a chain-transfer agent (telogen), Work in-this depart-
ment has led to the discovery that certain co-polymer
systems can be co-telomerised, using various hydrocarbon
and fluorocarbon telogens, to give viscous liquids, oils
or gresses, containing functional groups.

The reactions were carried out initially in carius
tubes in the absence of air, or other inhibitors of free
radicals,. The more successful reactions were repeated
on a larger scale, in a stainless-steel autoclave, into
which a well was fitted to receive the gamma source-guide-
tube, Initiation in all cases was by gamma irradiation
from either a low intensity source (6.83 x 10% rads per
hour) or a high intensity source (7.17 x 105 rads per hour)
both of which were calibrated using a ferrous-ferric
oxidation do gimetry system. (see Chapter 55.

The olefin systems investigated contained, in each

case, an olefin which homopolymerised readily under the
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reaction conditions, and one which did not homopolymerise

under the reasction conditions,
The systems which have been investigated are listed
below, where A is the non-homopolymerisable olefin, and B

the homopolymerisable olefin under the conditions of the

reaction.
A (nonhomopolymerisable) B (homopolymerisable)
hexafluoropropene tetrafluorocethylene
o (VT nd — ("
hexafluoropropene vinylidene fluoride
CF.=CH
2 2
perfluorccyclobutane vinylidene fluoride
¢ C,F
~ Y476
perfluorocyclohexene vinylidene fluoride
& Csf10
octafluorocyclohexa~1,4-diene vinylidene fluoride
C.F
6" 8
octafluorocyclohexa~1,3~diene " vinylidene fluoride
octafluorocyclohexa-1,3%-diene butadiene




PHYSICAL MEASUREMENTS ON CO-TELOMERS

Apart from the one-to-one adducts described, no
gimple compounds have Deen prepared in the ecurge of this
Worke The co-telomerisation reactions have led to the
formation of a complex mixture of co-telomer products, of
various chain‘lengths, and it is impossible to separate
such a mixture into its components for characterisstion.
Investigation of these products has thus been limited to
average molecular weight determination, infra-red spectrum
investigation, and fluorine analysis, Of these three,
the least useful is the fluorine analysis; but molecular
weight determination and infra-red spectrum combined, have
been used as far as possible to interpret the nature of
the mixed products. Since there is a large amount of
infra-red data quoted in this thesis, it was thought
necessary to draw up a correlation of infra-red data for
the region %pL-‘/A (unsaturation region) in order to
interpret the ihfra—red spectra available.

mypes of unsaturation are listed, together with the
state in which the infra-red spectrum of the compound
concerned was measured whenever posgsible.

The correlstion number is in the column at the
extreme left of the table and is referred to when wave-

numbers are guoted in the text.
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Infra-red correlation189

In general,the replacement of an ethylenic hydrogen

. py fluorine only causes a slight shift in the -(C=C-

absorption peak, from 1626 em™ L (in ethylene) to 1648 om™+

(in vinyl fluoride). Replacement of two hydrogens by
fluorine (as in vinylidene fluoride) causes a large shift

to 1730 cm"l however. A fully fluorinated propene, 05F6,

1

shows C=C stretching absorption at 1798 cmf s as does

perfluorobutene~1l; perfluorobutene~2 however, hasg this

absorption at 1733 e L,

A C=C double bond to which perfluoroalkyl groups are
attached i.e. RT CH:CHQ or Rf CH:CHCFs has an absorption

peak very little different from a double bond carrying no

perfluorcalkyl groups 1.€.

Rf CH=CH, 1669 em

RE CH=CHCF, 1678 om™ L

Thus as the peaks move from 1798 el towards 1640 cm;l

it is an indication that either:

(a) the double bond carries hydrogen or

(b) the double bond does not have fluorine
attached directly to it.

It is with this in mind, that deductions from infra-red

examination of co~telomer mixtures have been made.
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PRAKS IN THE REGION Sum -74 OF INFRA-RED SPECTRA OF FLUORO-
CARBON OLEFINS

LINEAR OLERINS

No. om T TYPE COMPOUND STATE  REFERENCE
1 1652 -CF=CH,  CF,=CF-CP=CHj, gas 143

1A 1678 CH=CH RE CH=CHCF, - 199 200
18 1669 CH=CH, RE CH=CH, - 199

2 1681 CF=CH, CF,CL*CFOL-CF=CH, - 143

5 1698 CF=CH, CF 5 CF=CIH, gas 143

4 1709 CH=CF,, CP = CH-CH=CP,, gas 143

5 1720 -CH=CF,  COF,=CH-CH:CF, gas 187

6 1661 -CH=CFH  CFg=CP-CH=CFH gas 143

7 1779 -CF=CF,  CF,=CF-CH=CFH gas 143

8 1764 -CF=CF,  CPF,=CF-CF=CH, gas 143

9 1760 -CP=CF,  CFg=CP-C(CFj)=CH, gas 186

10 1767 -CF=CF,  CFy=CP-CP=CF, gas 143

11 1770 -CP=CF,  CF,=CF-CF=CFy gas 188 200
12 1798 -CR=CF,  CF4CF=CF, gas 21 36 189
13 1792 -CF=CF,  CgF CF=CF, gas 189 198 199
14 1724 -CP=CF- 16&?2—CF=OF—CHé}h £011d 143

15 17353 —CF=CF- CF ,CF=CFCF, gas 36 188 189 198
154 1730 -CF=CP-  Rf CF=CFR - 199 200
16 1715 -CP=CF-  CgPgCP=CFCoFy - 21 188
17 1648 CH = CFH | gas 189

18 1730 CH2= CF2 gas 189




LINEAR OLEFINS (continued)

No.
19
20

21

21A
21B
21¢c

cm“l

17561
1780

1736
1718

1742
16986
1695

TYPE

-CPF=CFH

’ - OH=CH

- CH=CHF

CYCLIC OLEFINS

22

23

24

286

26
27

28

29

30

1756

1755

1786
1795

1799

4685

1565

1640

1802

~CH=CF2

= F=CPF-

-CF=CF=
-CF=CH

~CH=CH~

= CHe= CH-

~CF=CPF-

COMPOUND
(CcF 5 )26-_- CFy
CFo=CFH

CFH=CFH

CF5CFECFH
CF30H=CECH5
CFSCH=GHF

H
CH=CF
Etc&wg

H

kca:cz?g
H

F|~CP=CF,

K

STATE

gas

gasg

gas

gas
gas

gas

gag

gas

gas

gas

gas

47 e

REFERENCE
36 198"
189

188

21
27
24

185

185

185

8 200
8 200

8 200

185

188 36
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CYCLIC OLEFINS (continued)

No. em L  TYPE COMPOUND STATE  REFERENCE
1754 | gas 36 188
81 17zg  —CE=CF (::D ccl, 192 199
1739 1ig 36
32 1739  CP=CF cas 36 200
1753 CCcl, 188 191 192
1754 gas 56
1721 — G:;D
1754 = |
33 ccl, 188 191 192 200

4

1712




Substituted aromatic, skeletal vibrations

No. om 1 COMPOUND STATE  REFERENCES

38 1525 CePyg gas 190
1550 " gas 36
1536 n gas 188
1531 " lig 188

39 1535 CoF-H - 195
1518 5

40 1530 CeFeH - 36 196
1506

41 1522 CoFsCHy lig 197
1508

42 1520 C,.F.C H lig "
Toon. 6" 5%40

43 1520 (C.F-CH,) NUJOL "
Teos 6 5V /g

44 1528 C.F.CH,CL lig "
1515 67572

45 1528 C.F.CHCL lig "

1506 6757 e

46 1522 C.F.CH.Br lig "
1508 67572

a7 1520 - C.F.CH,.OH lig "
1504 67572

48 1515 C.F.CH_NH lig "
1250 67 5Uiighlio

49 1522 CoF5CHoCOOH NUJOL J
1508

50 1524 CrF-CEoOCOCH lig "
168 6¥ 0o 3

- Bl 1414 CGF5OC2H5 lig 188
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Substituted aromatic, skeletal vibrations (continued)

No,

52

53

65
56

cm"l

1534
15815

1543
1522

1497
1479

1520
1524

COMPOUND STATE
C6F50H lig
66F50H VaDie
CGF5OK | NUJOL
GGFSOCOCGH5 "

CgF50C0CsH ( 1\102)2 "

REFERENCE

188

i

134

1"

"
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Substituted cyclohexadienes

1,4 dienes

No. cm™* TYPE COMPOUND STATE REFERENCE
57 767 CF=CF 1H heptafluoro- gas 36 200

58 1718 CH=CPF i 1 i

59 17%%  CH-CF  1H,5H hexafluoro- " 194 200
60 1757  CH=CF  1H,4H hexafluoro " n

61 1729 CH=CF  1H,4H,5H pentafluoro ¥ 190
62 1676 CH=CH : " 1

63 w70 CP=CH 1H,2H hexafluoro n 193 200
64 1688 CH=CH 1 " "
1,3 dienes

65 1734 CF=CF 1H,2H hexafluoro " 193 200
66 1635 CH=CH " " "
85 1740 ~CF=CPF~ 1H heptafluoroc " 200
854 16786 CP=CH " 1 1

86 1740 CF=CF 2H heptafluoro " "

86A 1684 OPF=CH ] 1 t
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Substituted cyclohexenes

NCe cm-l TYPE COMPOUND STATE REFERENCE
67 1717 CF=CH  1H,5H octafluoro gas 193
68 1750 CF=CF (trans)

4H,BH octafluoro " 193 200
684A 1745 CF=CR (cis)
69 1746 (cis)

3H,4H octafluoro i 193 200
69A 1755 (trans)
70 1713 CF=CH 18,4H octafluoro " 193 200
71 1715 CF=CH 41,30 octafluoro " 194

fluoro " 190

73 1710 CF¥=CH 2H,3H,3H,bH hexa~
fluoro " 180

74 1710 CF=CH 1H,3H,4H,6H hexa~
fluoro " 190

75 1711 CF=CH 1H,4H,6H,6H hexa-

fluoro " 190

76 1736 CF=CF 3-nbutylnonafluoro lig 36
& 17562 CH=CF 3H nonafluoro gas 200
78 1747 CF=CTF 4H nonafluoro " 200
79 1714 CH=CF 1H nonafluoro " 200
80 1riv CH=CF 1H,5H octafluoro " 200

81 1722  CH=CF 1H,4H,5H( trans Yhepta~

fluoro " 200

82 1780  CH=CF " (cis) " 200
83 1695 CH=CH 1H,2H0 octafluoro ¥ 200

84 1682 CH=CH 1H,2H,4H heptafluoro 1 200
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Co-telomer systems

In a co-telomerising reaction there is a three
component system, olefin A, olefin B, and telogen. Thus
there is always the posgibility of intercombination to
form,— adducts with A; telomers of B; plus homopolymers
of B, and a co-polymer, AB. It was imperative therefore,
that preliminary experiments were performed to prepare
these possible by-products, in order that they could be
identified in the co-telomer reaction products, using
analytical scale gas-liquid chromatography. All the co-
polymers, AB, were prepared, and these are discussed in
thelir respective sections. The adducts of A, ana the
homopolymers of B, were shown to pe the usual impurities
from a co~telomer reaction.

Of all the telogens used in the course of this work,
methanol and trifluorocacetic acid were found fo be the
most successful. Thus these telogens were reacted with
olefins of type A, and type B, to prepare the possible
by-products mentioned above, 8Several other prospective

telogens were also used with this in mind.
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ADDITION OF TELOGENS TO NON=-HOMOPCLYMERISABLE OLEFINS OF
TYPE A

Hexafluoropreopylene and methanol

A one-to~one adduct was formed in high yield no matter
what molar ratio of reagents were employed. It could be
deduced from the presence of a band in the infra-red
gpectrum at 3436 cmfl, that an hydroxyl group was present.
There were no bands in the region %/4~6.§/L, indicating
that the compound was fully saturated. The spectrum was
identical with a sample prepared by the method of LaZerte
and Koshar using peroxide initiation,?

CH,OH
CFo=CF(CFy) ——— (CFy)*CFH:CFy CH,0H

attack by the radical being on the terminal = CFZ group,28

There was no trace of ether formation, i.e. CH5O°CF2'GFH(CF5)
thus the process is a free radical and not an ionic one.
Hauptschein®® found that a simple adduct prepared by

the action of heat on a mixture of CgFSI and hexafluoro-

propene:
CoFeT + CFS-:CF(GFg} e CgFS'CFg'CF(CFg)I

could be made to add to another hexafluoropropene molecule
due to the ease of cleavage of its C~I bond, However

the methanol; hexafluoropropane adduct failed to add across
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the double bond of either hexafluoropropene itself,

vinylidene fluoride, or chlorotrifluorocethylene.- In the
first case, all the hexafluoropropylene, and adduct were
recovered, but in the other two cases, homopolymer of the
vinylidene fluoride and chlorotrifluorocethylene, respectively,
were recovered together with the starting adduct. These

results indicate that, if any reaction occurs at all,
H(olefin
( )~ CH(OH),
H(CzFg)
it must be extremely slow, due to the stavility of the C-H

to form either H(olefin)CF(CFg)CFchEOH or

bonds concerneds It also proves that in the co-polymerisa-
tion of hexafluoropropene with vinylidene fluoride, in the
presence of methanol, a true co-telomerisation reaction is
occurring - not a succession of stepwise additions. This
will Dbe discussed later,

Hexafluoropropene with benzyl alcohbl

It was thought that this alcohol would behave similarly
to methanol in its reaction with hexafluoropropene,
Although an adduct did form in poor yield, corresponding
t0o a one-to-one cogbination, an inert solvent (CF201CF312)
had to be employed since the reagents were immiscible.
The presence of a band at 3436 el in the infra-red spectrum
of the yellow ligquid adduct suggested it to be an aleochol. |

1

The spectrum contained a strong band at 1733 cmi which

when compared to structures 15 and 15A in the correlation




table could correspond to an unsaturated structure,
CgHgCH(OH)CF=CF(CF5;) formed by HF loss during the distilla-

tion of the adduct at reduced'pressure, to form
06H5CH(OH)CF20FH(CF3) i C6H5CH(OH)CF=CF(CF5)

a substituted butene,
Molecular‘weight determination by ebullioscopy supported

this structure. The yellow liquid gave a single peak

on analytical gas-liguid chromatography (silicone elastomer

at 215°C)., The solvent took no part in the reaction.

Hexafluoropropylene with chloroform

Again there was poor convertion of olefin to adduct,
a colourless liguid was isolated, which gave two peaks
on analytical gas-liquid chromatography (silicon elastomer
at 200°C) close together, which could possibly be the
isomeric one-to-one adducts.

Hexafluoropropene with trifluoroacetic acid

Only a itrace amount of product was isolated and this

was not investigated further.

Octafluorocyclohexa-1l,4~-diene with methanol

A high yield of the simple one-to-one adduct formed,

indicating the susceptability of this diene to radical

1

attack. A wide band at 3436 cm; in the infrs-red spectrum

of this adduct indicated the colourless ligquid to be an
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alcohol. A further peak at 1754 om™ L indicates the
diene to have used only one of the available double bonds
for reaction (this peak is in the infra-red spectrum of

the original diene) thus:

@ + CH,Op —&Samma @: CHoO0H
gOH —===">
B

This structure was verified by molecular weight determina-
tion (ebullioscopy) and fluorine analysis. It was noticed
that on distillation at atmospheric pressure, this adduct

tended to evolve aclid gases at its boiling point,
CHOH

CH..0H
2 . o)
160170 c> @: i
7

H

A polymeric tar was left in the distillation flask - an
indication that HF elimination was oceurring. It has, in
fact, been suggested that tertiary fluorine atoms are
fairly labile (¥luorine Chemistry, Bd. Simons. Vol. 2.,
Academic Press 1954, p. 215)., A second tube of this
mixture, coﬁtaining a large excess of CH5OH was irradiated
for an extremely igng time, On opening this tube by hot-
spotting whilst cooling it in liguid air, there was found
to be an excesgive pressure inside the tube, possibly of
hydrogen, since the gamma irradiation of methanol produces
hydrogeanQ.

The product from this experiment was not the aimple

one-to-one adduct, but a high boiling (160°/.05 mm) pale
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yellow, viscous,éleap liquid. Infra-red spectrum
examination revealed that there was no unsaturation pre-
sent in this compound (no peaks in the region épclﬁtéppj
but a strong OH band (2.9§/4) and C-H stretch (5.6§pcand
6,§/¢). Molecular weight determination by ebullioscopy
gave a value corresponding to a structure B.

This evidence points

" ~ CH,OH .
“ to a mechanism involving
- H formation of the one-to-one
B adduct, as described

previously:

CHLOH
+ CHgOH »&m—@—%@ @
o

Once all the diene has been converted to this adduct, the
excess methanol becomes subjected to gamma irradiation,

giving the followingl?4

CHOH -gaama, "CHQOH + H'
2°C HoOH ——> ?HSOH

CH20H

CHyOH ————> HCHO + ;0

2H° e H2

Thus the simple one-to~one adduct can be attacked by

hydrogen atoms, to form the fully saturated compound.




59,

A

The by produect of this reaction could possibly be co-polymers
of ethylene glycol and formaldehyde or homo-polymer of

formaldehyde.

Octafluorocyclohexa=-1l,4~diene with benzyl alcohol

This reaction was carried out in an inert solvent
(CF201.3F012) Wﬁich proved to be only partially efficient
ags a mubtual solvent. A poor yvield of material was obtained
as a residue'from'a reduced pressure diétillation, which
tended to decompose.on heating aboVe 11008. Molecular
welght determination by ebullioscopy indicated a one~to-one
addition compound from which HF had been lost. It could

1 in the infra-red

be deduced from a peak at 3436 cmé
spectrum of this compound, that an hydroxyl group was present,
and peaks in the region 5 6i§/"indicate& a highly
unsaturated structure.

Octafluorocyclohexa-1l,4~diene with 1,l~dihyvdro-2,2,2-tri-
fluoroethanol

A poor yield of colourless unsaturated liquid was
obtained, which decomposed on distillation at reduced
pressure to give a brown viscous liquid which was highly
unsaturated (peaks in the region %}teG.é/*/in the infra-red

spectrum).




LaZerte and Koshar5 state that in free-radical
addition of aleohols to fluoro olefins, it is the alpha-

carbon atom which becomes detached to form a radical pair:

i.e. RCH20H -3 RCH(OH) + H'
thus CH;0H ——> CHQOH il

Thus the alcohols discussed above, on irradiation, give
similar RCH(OH) radicals. i.e. CgHgCHoOH and CF4CH,OH

form the radicals CgH OH(OH) and CF,CH(OH) respectively.
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These radicals, on becoming attached to a cyclic diene Brm

unstable structures in which tertiary fluorine atoms are
adjacent to carbon atoms carrying a single hydrogen atom.
This would probably explain why HF elimination occurs so

readily on heating during distillation:

CH(OH)R
HE&T! unsaturated
-HE products

Octafluorocyclohexa~1,4~diene with trifluoroacetic acid

Trace amount of a red, viscous, liguid was isolated
by reduced pressure distillation. The infre-red spectrum
of this distillate contained peaks in the region 9}@46.//~
from which it could be deduced that an unsaturated cyclic
structure was present, This product was not investigated

further,

»
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Octafluorocyclohexa~1,3-diene with methanol

Only after prolonged irradiation dld any quantity of
addition product form. This yeliow viscous ligquid could
be distilled at reduced pressuré, and up to 180°¢. On
attempting to isclate a sample of simple one-to-one adduct
from this distillate by further distillation at reduced
pressure, the initial distillate began to turn brown and
evolve HF at 100°C. It was impossible therefore to iso-
late any one-to-one adduct. The initial distiliate was
investigated by molecular weight determination and infra-
red spectrum study. Its molecular weight indicated a
polymeric structure, and peaks in the §¢4-6.§fﬁ»region of
the infra-red spectrum indicated unsaturatidn. It would .
appear that intermolecular HF elimination is occurring,
as well as intra-molecular elimination. The mechanism
is postulated as follows.

Addition of methanol to this diene leads to possible

igomer formations

CHoOH H
: ~H CHzOH
1,5 C.F, + CH,O0H ~——> + ‘
678 5
(1) (i)

Once this adduct has formed, further irradiation, combined
with the heating during the ensuing reduced pressure

distillation, leads to the formation of a viscous polymeric
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liquid by HF elimination.
If we consider the infra-red evidence available we
can postulate a mechanism for the formation of the polymer.

Infra~red evidence

The stable polymeric viscous liquid has strong peaks

at the following wavenumbers.

om™+ unsaturation type correlation
Cc=C cyeclic 29 66 83
1650 CH=CF cyclic 1,3 diene |
CP=CF ’ cyclic 1,3 diene 68 85 86
CP=CP linear polymeric 14
1724 CF=CF cyclic hexene 75
CH=CF cyclic 1,4 diene 58 61 67 81
or hexene

A strong band at 2.91/Atalso indicates an hydroxyl group

1

to be present, FMurthermore a doublet arises at 1530 cmé

and 1504 em™t

similar to that found in C6F50H2OH

(correlation 47) and in many aromatic pentafluorocyclic

compounds (correlations 39-56) of the type'céFSFi where
R = ®; OoH, CHy ete. |

Polymer formation

Assuming that the initial products from the reaction
are compounds (i) and (ii) by anglogy with the 1,4-diene;

methanol reaction, it is possible that because of the
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excessive amount of irradiation used, structures (i)a,
and (ii)a could be formed, through attack by atomic hydrogen

produced by the irradiation of the methanol since:

&

CH,, OH ~S20T8s.  CH,OH + il

. H
ﬂ:::] Zil
B
" H

thu

w
a®

CH,OH CH,OH
(1) - (1)a
and . H
= ©
- H > CH,0H
(i1) (ii)a

Compound (i)a, especially, could eliminate HF inter-

molecularly to produce a dimer,or trimer on heating

"
H

H H
(iii)
or H
(iv)

These structures could again lose HF, to produce both

aromatic, and 1,3 diene structures:
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ice.  (iii) ——> @-cﬁzo.@-cﬂzoﬂ
B |

(iii)a . M=394

(iv) ——3m @- CH20-®-CH20.@-CH20H
. H :

(iv)a M=574

Looking back to the infra-red data on this mixture,
it can be seen that structures (iii)a and (iv)a contain
the type of unsaturation quoted, i.e. 1,3-diene type.
The molecular weight value determined by ebullioscopy (477)
indicates a mixture of (iii)a and (iv)a.

A polymeric structure of this type was prepared by

197

Haszeldine as a byproduct in the preparation of

06F50320H from C6FSCH2Br by the action of agueous KOH:

T\ - Y
i.e. @cago CH,0 FCHzO

—(n+1)F;

D | D0 caz}nc._

The ether linkage in a compound of this sort cannot easily
be detected in its infrs-red spectrum, since its frequency

falls at a value lying in the region of intense C-F

absorption freguency.




together. The infra-red spectrum of this distillate

showed a peak in the unsaturation region at 1639 cm”l.

This could be attrivuted to dehydrofluorination on distilla~

tion:
CFé—-CFH CFQ— CF
1eCos | { *-:E-E—;) } (Il
C?Z—-CFCHQOH | CFB-GCHQOH

{(correlation 27, 28, 29).

The two components were not isolated, molecular welght
determination on the mixtufe showed it to consist of a 60%
CeFgH,0 10 40% CgFgH,0 molar ratic. Tt could be deduced
from a band at B436 cm + that the adduct contained an

alcohol group.

Hexafluorocyclobutene with trifluoroacetic acid

A series of reactions were carried out with this
mixture forming in one case an elastomeric solid, and in
the other cases wviscous liguid, all of which liberated
CFZGDOH on standing in moist air, or on hydrolysis with

dilute acid.

The formation éf these materials was rather surprising,
since they appesred to be polymeric, It was shown,
however, that (a) perfluorocyclobutene did not homopolymerise
under the influence of 5’ irradiation and, (b) without
irradiation the perfluorocyclobutene; trifluoroacetic

acid mixture did not undergo any reaction,
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The literature contains references to the ring
opening of perfluorocyclobutene by the action of heat6, to
give perfluoro-1l,3~butadiene, and flucrocyclobutenes carry-
ing a hydrogen on ethyienic carbons are reported as under-
going ring opening to give 1,5—diénes‘in good yields.162’176

Thus it is possible that in our case adduct formation

ocCUrs:
OCOCF5
i.e. F + CFzcoon 28 | @
H
followed by HF elimination:
~OCOGF3 COCF3
F T P
q
followed by ring opening:
OCOCF6
B e CF2=CF-GF=CFOCOGF5

and homopolymerisation of this olefin:
CFy=CF-CF=CFOCOCF, —E285 polymer

The infra-red spectrum of the viscous Yiguid
shows no unsaturation, hence the unsaturationvcould have
been removed by further addition of CFscOOH acrogs the
double bonds. Hydrolysis, of course, regenerates the
CFSCOOH, leaving a saturated structure.

There are caseg quoted in the literature where perfluoro-
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cyclobutane with a side chain have, on treatment with

acid, formed linear compounds. Tor instance, Haszeldinel58
found thav perfluorocyclobutené, on treatment Wifh HI,
Tormed CFH-CFH-CFH~CFgH and explains this isomerisation

in two ways.*® -

Hauptscheinlsl‘found that dechlorination, using zinc

“in glacial acetic acid, of a compound A, produced a linear

diene I zn
A F

This evidence shows that perfluorocyclobutene, and its
addition compounds can undergo ring opening to form a

homeopolymerisable buta~-1,3~diene.

* (1) the reduction of CFy=CF-CF=CF, by HI, swinging the
equilibrium6 at high temperature to the right.

(ii) a scheme involving rearrangement of a free radical
formed by C~I bond cleavage at high temperature

_H

. I °®

o HI
——> CFg=CP-CHF=CFy ——oy—pyo—>

CFZH—CFH;CFH—CFB .
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ADDITION OF TELOGENS TO HOMOPOLYMERISABLE OLEFINS OF TYPE B

Since vinylidene fluoride was the most used olefin,
B,it was important to investigate the reactions of this
clefin with methanol and trifluorocacetic acid; these
being the most successful telogens in the co-telomerisa-
tion reactions which will be discussed later.

Vinylidene fluoride

With methanol, trifluoroacetic acid or 1,1,2-trichloro-
trifluoroethanevinylidene fluoride failed to fomm anything
but»its homopolymer, the other reagent being recovered
in each case, This meant that in a system olefin A4;
vinylidene fluoride, and either methanol or trifluorocacetic
acid, the molar proportion of A must be kept high in order
to avoid the formation of homopolymer of vinylidene
fluoride,

Attempts were also made to produce a homopolymer of
vinylidene fluoride by placing the olefin togethér with
excess trifluorocacetic acid in an autoclave. No irradie-
tion was emploved, and the olefinbwas recovered guantitatively.
This indicates that under ionic conditions the homopolymerisa-
tion does not take place,
1e€e in the dark

CF,COOH Z=== CF,C00 H'




70,

CF5C00 + nCHg=CF, ———> cﬁ‘gceo(OHchg)n

CPy(CH OFp) + HY ———>- CF,COO(CH,CP,) H

3

does not occur.

Theoretical avproach to co-telomer formation - mechanism

In the co-telomerising systemslit can be visualised
that the olefins B(those which will homopolymerise) would
be the ones to be attacked by free radicals, &ince it has
been shown that in the presence of methanol no telomer
of vinylidene fluoride forms/but homopolymerisation occurs
readily, i.e. efficient propagation but inefficient chain
transfer occurs, If initial radical attack were on
the olefin A (non~homopolymerisable) no propagation would
cccur until this intermediate radical reacted with a
molecule of olefin B. By this time the rest of olefin B
would have homopolymerised. However, olefins of the
type A are extremely efficient at removing hydrogen atoﬁs
from the telogen,64 i.e, undergo chain transfer efficiently.
This mechanism is best expressed diagrammatically.

Olefin A {(non-homopolymerisable) alone
Radical attack from telogen, RH, gives:

1. R + A ——> RA initiation step;this would

normally be followed by a propagation step:

RA 4+ DA 74-9 R(A);H‘l
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But, by definition this cannot occur since olefin A
cannot form a homopolymer, The next step, hence, is
chain transfer i.e. hydrogen abstraction from the telogen:
5. RA" + RH —> R(AJH + R
Thus the overall step is the production of a one-to-one
adduct and regeneration of a radical R.

Olefin B (homopolymerisable) alone
Radical attack from telogen, RH, gives:
3. R" + B —89T5 pp® initiation step; propagation in
this case occurs readily thuss

4, RB* + np -228Ly p(m)’

Chain transfer in this system is inefficient (cf. CFg=CH, +
GHSOH reaction) thus n becomes very large before either
chain transfer, or disproportionation oceurs, to

~ terminate the chain, i.e.,

56 R(B}' + RH ——> R(B)‘ H 4+ B
o+l nt4l - (transfer)

The mechanism shows how the copolymer propagatiah
proceeds, to produce a long chaig,consisting of short
chains of B (n and m are less than say 5 depending on the
eagse of homopolymerisation of B) broken by single units
of A (since A cannot propagate its own species, by

definition).
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Termination

It is mest likely that termination occurs via
olefin A extracting hydrogen from the telogen RH:
ie€e R(B)n(ﬁ)(B)m(A)(B)pA' - the growing polymer chain
reacts with telogen (chain transfer occurs) to give the

co-~-telomer:

R(B),,(4) (B),(4) (B) AT
By-products ‘
These always include homopolymer of olefin B forméd
by step 4}and the one~to-one adduct of A and telogen
from step 1 (where the telogen is CHSOH). In system ONE
(see later) these by-products are the only products when
methanol is used as the telogen, due to the high affinity

of CgFe for hydrogen atoms and the readiness with which

02F4 homopolymerises.

Proportions of olefin B in co=-telomers

This depends largely oh the ease of homopolymerisation
of the olefin i.e. the efficiency of steps 4 and 5,
competing with 3,

Por example, where A 1is Csﬂﬁ and B is ¢2F4 the co-
telomer or co~-polymer (where the telogen is not GHSOH)
prepared from eguimolar amounts of olefins, contains 75

mole % of B, Where A is 65F6 and B is CFo=Clg, co-polymerised
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in an equimolar mixtnre}the co-polymer or co-telomer
' Y
contains approximately 50 mole % B. This is because

02F4 homopolymerises more readily than CF2=CH2 allowing

less CSF to be incorporated into the co-polymer chaine

6

Co~-polymerisation and co-telomerisation

LARGE SCALE POLYMERISATION

Since the more successful experiments were to be
repeated on a large scale in the 380 ml stainless~steel
auntoclave, it was first ascertained that co-~polymerisation
or homo-polymerisation would proceed in such a vessel,

For this purpose, Tour samples of tetrafluoroethylene were
irradiated in the autoclave, The first two samples were
prepared in this laboratory by the pyrolysis of TEFLON.

Sample 1 was shown to contain a 20% impurity of
hexafluoropropylene’and sample 2 a 3% impurity of
hexafluoropropylene (by molecular weight determination,
Regnault's method. ) These two samples were polymerised
by us, and were tested by I.C.I. Ltd., Plastics Division)
and shown by infra-red measurement to contain only 6% and
0.9% of hexafluoropropylene respectively. They were
slightly less crystalline than the commercial homopolymer
of tebtrafluorcethylene.

Samples 3 and 4 congisted of pure tetrafluoroethylenej

and their homopolymers prepared by gamma irradiation were
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of considerably lower molecular weight than the homo-~
polymer prepared by emulsion polymerisation; this was

‘shown by melt viscosities of & x 107 poises and 1 x 107p,J

11p for the emulsion

compared with a figure larger than 10
polymer. In other respects there was little difference,
Sample 4 was irradiated twice as long as sample
three, but this did not appear to alter the polymer (no
breakdown apparently oceurs).
One important point emerges from the resulits on samples
1 and 2. Initially the gas consisted of 80% CoF, and 20%
CePg in sample 1,and 97% CoF, with 3% CyFg in sample 2.
However, the polymers from the gamma irradiation of these
impure samples contained only 6% and 0,9% CgFS.respectively.
Thig indicates that CgFﬁ is not readily included into‘
a co-polymer with CzFé, and that to form such a co-polymer
containing a high proportion of CﬁFﬁ excess of this
olefin must be employed,

CO-TELOMERISATTON

With the first two co-polymer systems investigated,
several telogens were employed, and it emerged that the
two most efficient of these were trifluorocacetic acid (which
diminished the chain length in both'systems) and methanol
(which was efficient when used with system 2) giving viscous

ligquids and semi-golids, The reactions which were repested
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on a large scale in an autoeclave all involved these two
telogens. The co-polymer systems are now discussed in
the order in which they appear on page f#ii.

SYSTEM ONE tetralfluoroethylene and hexafluoropropylene,

The co-polymer was prepared in the absence of
telogen, using an equimoclar mixture of olefins, There
was 100% convertion of tetrafluoroethylenq,and the white
solid co-polymer contained approximateély 179 hexafluoros
propene (by recovered gas analysis). It was analysed by
TeCele Ltd., Plastics Division and found to contain 12%
hexafluoropropene, whereas the commercial co-polymer
contains 15% hexafluoropropene, The gamma~prepared
sample had a melt viscosity of 1,2 x:LO4 poises, compared
with 1 x 105 poises for the commercial co-polymer,

It was thought that if a co=telomer could be prepared
from this co-polymer, the Tformer would retain properties
close to those of the. parent co-polymer, and that any
instability caused by the telogen fragments in the
structure could be eliminated by further reaction,

Using methanol as a telogen resulted in the formation of
the one-to-one adduct (CFz).CFH.CF5.CHo OH =~ with
hexafluoropropene (identified Dby comparison of infra-red
spectra with an authentic sample)and comparative analytieal
gas-liguid chromatography), plus a white solid)similar

in appearance to the co-polymer of hexafluoropropene with
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tetrafluorocethylene, Comparison with the infra-red
gpectrum of this co-polymer confirmed this.

With acetone a solid, white polymér was produced,
which contained little hexafluoropropylene, and nc acetone,

Acetaldehyde gave no solid product with this system,

the colourless ligquids were shown to be simple adducts

of the olefins with the aldenhyde (as found by LaZerte

and Koshar® who found that ketones are formed by the free
radical addition of aldehydes to hexafluoropropene) or a
low 'n' value co-telomer, The separation of liquid
oroducts was confused by the decomposition of poly-acet-
aldehyde formed in the early stages of the reaction. With

- benzyl cyanide a solid formed which contained nitrogen,

but closely resembled the telogen-free co-polymer.

Pentafluorociodoethane has been shown on numerous

occasions to be an efficient telogen with either of the
olefins used in this system.15’105 The soft solid which
was produced melted at 170°¢ and, after cooling, re-melted
at 170°C,  This indicates a stable structure, and it is .
probably a co-telomer containing a little CSFG’ The

oﬁher products being possibly the simple adduct 02F5(65F6)I.
In such a system where all three components are volatile

it is extremely difficult to estimate the proportions of

unreacted material. It was intended to investigate
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this reaction further, but this as yet has not been

attempted.

ppifluorcacetic acid as a telogen yielded a white solid

polymeric material, and all the acid was recovered., ™e
solid was identical to the telogen-free co-polymer, by
comparison of infra-red spectra;

It was concluded that since tetrafluoroethylene was
so readily homopolymerised, excess hexafluoropropene
would have to be employed if the co-telomer is to contain
a high percentage of this olefin. On the other hand we
have noted that hexafluoropropene seems to have an affinity
for hydrogen atoms,ﬁé hence methanol,acetaldehyde, acetone
or any hydrogen containing compound used as a telogen
will encourage the formation of a simple, one-to-one
adduct with hexafluoropropene rather than a co~telomer,

It was decided that trifluorocacetic acid as a
telogen, with, say, sixfold excess of hexafluoropropene
{(compared with tetrafluoroethylene) would lead to co-telomer
formation, since no simple adduct forms with trifluorocacetic
acid and hexafluoropropene,

This was carried out in an autoclave, and yielded a
semi~solid which melted at 215°C, and was shown by I.C.I
plastic division to contain 24% CzFg (whereas the co-polymer

formed by using a molar ratio of unity of olefins contained
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only 12% OSFG)' The material contained 33 - COOH groups
per 1000 carbon atoms, i.e., a possjbie chain length of
250 carbon atoms,. The infra-red spectrum was poor, but
indicated a structure similar to the parent co-polymer,
being completely saturated, i.e. having no peaks in the
region 5 ~615/A/.

T£;»;o4telomer did not develop an odour of
trifluoroacetic acid on standing, nor did it liberate
acid on hydrolysis which was surprising, for if a
trifluorocacetate group had either initiated or terminated
the chain this group would be very susceptable to aerial
hydrolysis to give the free acid; trifluorocacetates being.
very hydrolytically unstable. An explanation of this
observation is discussed later in this Chapter.

Following from this, 1t may be possible to produce
a co=-telomer containing a higher proportion of CBF6'
and having a shorter chain length, by using a tweﬁ%yfol@
excess of C5F6 with trifluorocacetic acid; yar, on the
other hand using another telogen which does not contain
available hydrogen, but is as efficient a telogen as
trifluorcacetic acid. It was with this in mind that
hexafluoropropene was irradiated with chloroform as stated

in an early section.
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SYSTEM TWO Hexafluoropropene and vinylidene fluoride.

This co~polymer is less crystalline than ithe one in
system one, béing elastomeric,. Thus a shortened chain
(a co-telomer) of this co-polymer was more likely to take
the form of a viscous liquid, rather than a semi-solid,
with the thermal properties of the co-polymer retained,

An equimolar gaseous mixture, on irradiation, produced
a sticky pink elastomer, containing egquimolar amounts of
olefin monomers, It was soluble in acetone, and had an
infra-red spect%a which differed from the one given by
smith’® for untreated VITON in that it was a fairly
unsaturated structure, having peaks in,thezéxA—629;4»region.
This could e explained by saying that a partial "cure®
had been broughf gbout by the gamma irradiation, after the
co-polymer had formed. (unsaturated sites being set up,

but no cross-links will occur until an oven cure is performed?é)

This idea is substantiated by Smith®? who subjected VITON
to irradiation from a Van der Graafl generator, and showed
the infra-red spectrum of the resulting material to
contain unsaturation peaks at BiTLL and 5.§/u~., similar to
the ones observed in our sample.

This system lends itself readily to co-telomer
formation, sincé the tendency for vinylidene fluoride to

homopolymerise is not as strong as with tetrafluoroethylene,

and the co-telomer mechanism can compete successfully with
1
i
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homopolymer formation.

With Methanol, chain shortening occurred with total
conversion of olefins to form a mixture of viscous liguid
products. It could bte deduced from the infra-red
spectrum of this mixture, by a wide band at 3436 cm;l,
that hydroxyl groups were present,

These co-telomer alcohols could be distilled into
crude fractions up. to 16060, at reduced pressure. Above
this temperature decomposition occurred, fbrming a viscous
brown ¢il of high molecular weight. This reaction was
repeated on a large scale, giving identical results to
the small scale reaction, The viscous residue formed at
160°¢ may be assumed to be the result of hydrogen fluoride
elimination, followed by a certain amount of polymer
formation. This would account for the high molecular
weight of the residue, All the crude fractions obtained
by distillation at reduced pressure had peaks in the
region 5 -6.§/Ovin their infra-red spectra indicating

unsaturated centres, plus the band at 3436 cm"l

showing

the presence of an hydroxyl group. Molecular weight
determinations (by ebullioscopy‘in acetone solution) varied:
from 300 to 800 corresponding to a chain length of up to
four units 1 unit = (CFQ.CF(CFS)CHE.CFE-).

The byproduct was always the one-to-one adduct

CHg(OH)CFy.CFH(CFz).  The mechanism of this co-telomerisa-
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tion based on experimental evidence 1is postulated as:

(a) cHjoH -S%T2s CHOH + H®

(b) CHgOH + CHy=CF, ——> CHy(OH)CH,.CF,. INITIATION, B

(c) CHGOH + CgFy —> CHo(OH)(CzFg)  INITIATION, A

CHEOH

(a) CHZ(OH)(CSEG)’ ~——S—=— CHg(O0H)(CxFs)H + CHLOH
TRANSFER A

Initiation, A,is not likely to lead to co-telomer

64 The:

formation since step (d) is very efficient.
intermediate free radical from initiation, B, can attack
either olefin present to give:

CH,,(OH ) CHg. CFg. CH,y. CFy

or CH,(OH)CHy. CF . CFy. CF(CFy)

The former can attack either olefin present to continue
the co-polymer chain, the latter can only attack CH2=CF2,
or undergo chain transfer by abstracting a hydrogen
atom, as in (d), forming the n = 1 co-telomer. The final

longest chain co-polymer which will form will Dbe:
CH5OH( CH,. CF2)1 ( CzFg ¢ CHy.CFy )m( CxFg ) (CH2. CFy )p;CFQCF( CFgz)*

where 1, m, and p are either one or two. This co~polymer

118

+ radical attack on CHy=CFg is exclusively on the CH,

and on C5F6, exclusively on the GF2 =8




82.

now undergoes chain transfer to form a co-telomer by
hydrogen abstraction as in (4).

No homo-polymer of vinylidene fluoride was detected
in the product. As stated before, the slight unsaturation

in the crude fractions corresponds to HF elimination from

structures such as:

GHQ(Oﬁ)CHZ.CFE.CFQ.?F.GHQ.CFE.CFz.?FH
giving as an extreme example:

1 1

1 1754 e

1640cm” — 1840cm™
CHE(OH)CﬁﬁﬁF.CFE.?zCH‘CFg.CF:CF(CFS)

The peaks which arise in the unsaturation region can be

explained as follows:
e | unsaturation correlation |
1640 ‘ ~CF=CH2 linear 1
~CH=CFH linear 6 17
1754 ~CF=CF~- linear 15 154 16
#CF=CF2 linear 8 9 10

The distillation at 160°/.03 mm led to the formation of
as wuch as 50% by weight of the telomer mixture as brown
viscous resgidus.

Using acetone or acetaldehyde with system two, led

to the formation of low boiling, colourless liquids,
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which tended to decompose to tars when attempting to distil
them at atmospheric pressure, This decomposition was
further confused in the latter case by decomposition of
polyacetaldehyde formed early in the reaction.

With pentaflucroethyl iodide as telogen an unidentified

iodide, which decomposed above 4000, was detected on
gas=-liquid chromatography. ‘Geparation of gaseous and
volatile product and starting material was extremely

difficult, and not attempted.

mrifluoroacetic acid as ftelogen led to the formation

of an off-white, semi solid, co-telomer mixture, with
complete conversion of a one-to-one molar ratio of olefins.
On standing, this co-telomer mixture liberated CFSCOOE
fumes, indicating that the mixture contained trifluoro-
acetate end-groups. These end-groups would be very
susceptible to hydrcolysis in moist air. Hydrolysis with
dilute acid (sincé bases cause decomposition) eliminated
CFﬁcOOH and HPF. These acids were SEParated vy steam
distillation and, by volumetric analysis, a chain length
of approximately 30 units was arrived at; one unit being
— CFg.CHg-CPy=CF(CFz) = «

The hydrolysed co-telomer mixture no longer eliminated
acid fumes, and was a brown very viscous semi-solid, having

a much lower fluorine content than the original mixture.
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A molecular weight determination, by ebullioscopy, gave

a value for molecular weight of 1600 indicating that
hydrolysis has led to chain scission to form small chains

of up to 10 units. The infra-red spectrum of the
hydrolysed co-telomer mixture showed 1arge peaks at 1709 cﬁgl

and at 1739 cm41 which could be unsaturation of the

type:

Cm;l unsaturation reference
1695 =~ CH=CH~ correlation 21B 21C
1698 ~CF=CH,, | " 3
1709 ACH=CF2 " | 4
4733 ~ ~CF=CF- " 15 154
1739 ~C=0 reference 168
1742 ‘ ~CF=CFH correlation 214

brought sbout by the hydrolysis of the triflﬁoroacetate
end-group, which is discussed later,

This reaction was repeated on a large scale, in an
autoclave. Using equimolar proportions of olefins,
only the telogen-free co-polymer formed, Using a six-fold
excess of CSFe’ however, led to the formation of a gemi-
solid material, similar in appearance to the product from
the small scale reaction. The infra-red spectrum of this
1

product resembled the parent co-polymer in the region 1890cm

to 1740 cm"l; moreover it did not eliminate acid gases
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on standing in moist air!nor on hydrolysis with dilute

acid.

Mechanism of formation and hydrolysis

In the case of the product from the large-scale
reaction, there could be no trifluoroacetate fragment in
the structure, ag seen by hydrolysisy thus chain

termination, rather than by say:

CFscDOH -

is more likely to bes

1709cm=-1
Concerning the small-scale reaction a itrifluoroacetate
was apparently Tormed as an end-groupe. On hydrolysis
several posgibilities arise according to which olefin has
the trifluoroacetate’residue attached to it. These

posgsibilities are summarised belows

END GROUP ON HYDROLYSIS LEADING TO
*CFge 0. COCTy - CF50H - COOH a
HF, CFzCOCH
- CHg04 COCF5 — CH,0H ~ CH50H b
HF , CF; COOH
-CF( CPy }O. COCFg ~CP( CFyg Yor ~C0, CFy c

HE, CFsCOOH
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As pointed out before, it is unfortunate that the
-C=0 stretching freguency in the infra-red spectrum
coincides with the region assigned to unsaturation.
(Q/Vv-eiépv), Thus it is difficult to say conclusively
just what structure is present due to hydrolysis.
Obviously HF has been eliminated, thus we can assume a
certain amount of unsaturation to be present in the co-
polymer chailn, Examination of the spectrum of the
hydrolysed co-telomer at 2.9%/Vkshcws no 0-H group to be
présent, hence the terminal group cannot be of the type
a or be It should follow therefore that the peek ét 1759cm™ L
is due to C=0 stretcbing168 in ~COCF; as shown in scheme.C.

1 29 as being C=0 absorption

Although 1800 cm™ ' is quoted’
in RfCORf.

Telomer formgtion

The above argument indicating that the end group is
/VCF(CFs).O.COCFS, leads to the conclusion that this is a
terminal gfoup not an initial group, since if initiation
was by CFgCO0  attack on CzFg,the radical formed would be
CF,CO0CF,CF(CF,) (i.e. end-group a, in table). It follows

that initial attack is Dby H' on vinylidene fluoride

. - CHZ::: CF2 ®
H* + CHgaCF, —> CHgCFy ———> H(CHyCFy),

CHCFy + CEg:CF(CFS) —-~*CH5CF2CF20F(CF5)
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Consider the formation of the n=1 co-telomer:

. . . CFzCOOH s
=CF Z . ™ CF
cggcﬂchch(crs) GH30F20W20F(CF5)OCO“F5 + H

Hydrolysis of this telomer by scheme c, leads to the

formation of CHSCFchQCOCFS-: for the n=2 co-telomer:
Cﬂchchch(CFs)CHZCcmFQCF(CFS)OCOCFS
hydrolysis leads to the formation of an unsaturated structure

by HEF elimination CH50F20F23(0F3)=CHCF20F2000F5.

System two with methyl mercapian as telogen,led to

the formation of simple, liquid, one-to-one adducts with
the dndividual fluoro-olefins. This was proved by
comparative analytical gas-liguid chromatogréphy(on
tricresyl phosphate 60°C.)with autheﬁtic samples of the
two isomeric adducts (a) and (b) from the addition of
mercaptan to hexafluoropropene. The third component was
thought to be compound (c¢) since in a

(a) CHgs.CFz.CF(CFS)Hf

()  CHZSCF(CFz)CFgH

(c)  CHgS.CHg.CFoH

similer reaction with CPy=CH,, Harris et 21*® formed only

one of the possible isomers using CFSSH i.€s

i .CF,.H
CFsSH CPBS.Cﬂz CF2 !

none of these compounds were isoclated or characterised.
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SYSTEM THREE  Perfluorocyclobutene and vinylidene fluoride

This system has not been co-polymerised before,

although the literature reports a perfluorocyclobutene

100,151 100

co-polymer with ethylene, and tetrafluoroethylene.

Perfluoroccyclobutene does not homopolymerise under the

reaction conditions, but on irradiating the liguid phase

of a cyclobutene~vinylidenefluoride mixture an elastomer

was obtained containing equimolar proportions of the

olefin monomers. Molecular weight determination indicated

a chain length of three units (one unit being fcéFs)(ch,cHQ} ).
The infra-red spectrum showed some unsaturation at 5.5Q/u/

H

Convertion of c¢lefins to this elastomer

(1818 cm™

was not complete, since as cyclobutene was removed as
co-polymer, the co-polymer tended to contain more vinylidene
fluoride, making it a more crystalline, saturated structure.
It follows that to prepare the elastomeric co-polymer in
good yield, a molar excess of the cyclobutene must be

used.

The co=polymer chain was shortenéd by using methanol
ag a telogen, this was shown by molecular weight determina~
tion,. The telomer mixture produced was a semi-solid in
poor yield. A Dby-product was the simple one-to-one adduct
of the butene and methanol. It could be coneluded by a

wide band at 3436 cm T+ that hydroxyl groups were present in
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the telomer mixture. The yield of teiomer alcchols
could possibly be improved by longer irradiation. This
system was not reacted with trifluorocacetic acid in view
of the results obtained with cyclobutene and trifluoro-
acetic acid (page6O).

SYSTEM FOUR Decafluorocyclohexene and vinylidene fluonde

An attempt was made to co-polymerise this cyclic
olefin with vinylidene fluoride, and with tetrafluoro~
ethylene, In both cases, an excess of the C6F10 was used,
and irradiation was carried out of the liguid phase only.
This led to formation of the homopolymer of the linear
olefin in each case, and recovery of the GGFioeﬁﬁth
methanol as telogen, the decafluorocyclohexene, vinylidene
fluoride mixture yielded (a) homo-polymer of the vinylidene
fluoride and (b) the one-to-one adduct of the decafluoro-
cyclohexene in quantitative yield.

Trifluoroacetic acid was not used as a telogen with

system four.

SYSTEM FIVE Octafluorocyclohexa-1,4~diene and vinylidene
fluoride

Hopkin104 investigated this diene in its co-polymerisa-
tion reactions with hydrocarbon, and some fluorogcarbon
olefins (including vinylidene fluoride) and found it un-~
willing to enter into 2 co~polymerisation reactione One

exception was with vinyl-n-butyl ether which co-polymerised
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with the diene as discussed earlier (pJ37 Chaﬁter 1)
forming a fully saturated co-polymer i.e. both double
bonds of the diene taking part in the process. Work
earried out in this laboratory has led to the discovery
that, with vinylidene fluoride, this diene forms a\white
crystalline low-melting, short chain co-polymer, Excess
diene was used, to deter homo-polymerisation of the
vinylidene fluoride, and 100% convertion of vinylidene
fluoride to co-polymer occurred, the composition of which
was an eguimolar ratio of olefinse.

The infra-red spectrum showed an unsaturation peak
at 1724 cmél corresponding to only one double bond of the
diene being used in the co-polymerisation reaction.

Methanol was a successful telogen with this system.,
Liguid telomers were produced, with a wide band at 3436 cm;l
in their infra-red spectra, from which it could be deduced
that an hydroxyl group was present, These co-telomer
alcohols could be distilled at reduced pressure, giving a
vellow distillate, and leaving a black residue. The
distillate developed an acidic odour of halogen on standing.

This reaction was repeated on a large scale, with
approximately the same results. The by-products were
homeopolymer of vinylidene fluoridq,and the one-~to-one

adduct of diene and the one-to-one adduct of diene and
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methanol, as described previously.

The heating, during distillation of these co-telomers
into crude fractions led to the formation of unsaturation
in the distillates,the degree of which increased as the
temperature increased. Again a large amount of brittle
black residue remained after distillation had ceased
indicating that HF had been eliminated.

Mechanism
The mechanism visualisé@ for the formation of these

mixed co-telomers is as followsse

(a) Radical attack on vinylidene fluoride, (radical from
methanol) CHoOH + CHg=CFgy —> c;iz(ozi)c&;g.oﬁg.
This radical can attack either olefin present, but
congidering the final structure to contain almost a

one-to~-one ratio of olefins, the next step could be

(v) CH2(OE}CH20F2 o+ @ e HOCHZ.CHQ.CF’E 1

followed by attack exclusively on the vinylidene

fluoride, or chain transfer i.e. (c) or (d) respectively:

(¢) HO.CH,.CHy.CF, @ (d) HO.CHy. CHy. 05'2@
_ . , ’ : W=320
CHL,.. Ol | g~

Thus the final co~telomer formed is probably:

(e} HO.GH .CH ,
M=608
[::::i% QH‘



http://HOCHg.CHg.CPg

or
(£) H 0.CH,.CHy.CFy
~ M = 448

The product would in fact be a mixture of (d); (e)s:

(£) based on molecular weight values obtained,

The evolution of acid gases during the distiliation
process continued after distillation had ceased; one
crude fraction for instancg (distilled at ca. 110°C/.03 1)
¥ = 375 chénged colour on standing in air over a perioi
of six months, from yellow to blood-red, with the
evolution of acid gases. This elimination of HF can be

considered as follows, considering structures (d) and (f)

(a) HO.CH%.GHE.CFE.CEQCEH

F
1754
i 1695 1757
~=5 HO.CH,,. CH=CF~C=CF
F
1754
F
_up 1695 __plegs

—— HO.CH@.CH:CFACF~C=CHACF=CHLCF2H
{ F)
1754
The infra-red spectrum of the crude fraction mentioned

contains sharp peaks in the unsaturation range at the

following wavenumbers ¢
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1754 cyclic ~CF=CP= correlation 57, 63,68,69,77 |
1757 " CF=CF 694
1695 linear -CH=CP- ‘ 21C
" _CH=CH= 14,1B,21B
cyclic -CH=CH- 66 ,854,29,83,86A

A small peak at
1618 could be due to conjugation of side chain and Ping)

gince the red colouration of the product indicates a high
degree of conjugation. The structure indicated by infra-
red spectrum investigation, is therefore the 1,4-diene,
éyclic type.

These co-telomers, and the co-telomers from the isomeric
1,3-dieneg are compared later with regard to their
tendency to eliminate HF on heating (see p.104.

Trifluorcacetic acid was not a successful telogen

with system five in the small-scale carius tube reaction ,
giving mainly a polymeric material resembling polyvinyli-
~ dene fluoride, which was not investigated further. Oon a
large scale, however, using excess acid, a viscous ligquid
co~telomer mixture was obtained which did not liberate
frifluoroacetic acid on hydrolysis with dilute acid. The
yield ofvthis co~telomer mixture was not high, but could
probably be imprcved by longer irradiation,

The infra-red spectrum of this co-telomer mixture

showed several peaks in the region usually assigned to
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unsaturation (//;—b.//&) This unsaturation must have
been Dbrought about by 1rrad1at10n, since at no time was
the mixture heated excessively.

SYSTEM SIX Octafluorocyclohexa—-1,5~-dilene; vinylidene
fluoride

Unlike its 1,4~isomer, thus diene readily co-polymerises

104 We have found that only

with hydrocarbon olefins.
poor yields of liguid adducts form, in the reaction of

this diene with tetrafluorcethylene, or vinylidene fluoride.
However, with 1,l-dichloro-2,2-diflucorcethylene a simple
adduct forms in fairly good yield (see later). It was
also seen that radical attack from methanol did not

proceed readily, thus indicating the radicsl additions

to this diene are not easily performed,

This system, with wethanol as telogen, formed a shori-
chain co»teloﬁers (inferred by molecular weight determina-
tion) in poor yield whose infra-red spectra contained a
wide band at 2.937,0 indicating an hydroxyl group to be
present,

This mixture of co-telomers could be distilled at
reduced pressure into a yellow distillate,and leaving a
black residue. The distillate did not liberate acid
fumes on standing and remained yellow in colour (unlike the
110°/,003 mm crude fraction from system 5), The infra-

red spectra of the distillate showed peaks in the region
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é/u~629/Aindicating the presence of unsaturation brought
about by the distillation process.

Repetition of thig experiment on a large scale
duplicated the above observations.

Stability of the co-telomer mixture

On the grounds that the distillate is unsaturated and
does not liverate acid gases on standing, it can be
postulated that HF is eliminated during the course of the
distillatioglto produce a structure from which no further
HF elimination occurs. Assuming a reaction mechanism

as degpribed earlier, the products would be of the form:
HO.CHB.CH2.0F2.¢F4¢F-CH2.CF2H
B/
or H.O.CﬁchQCFECFSCFH

losing HF to give conjugated systems
1639

HOCHZCHgC%Efijg
Py
1724

or Dby elimination of fluorine (unlikely)
1639 1639
HOCH,CH=CF~C=CcCH =CFH

¥/
1724

to give a highly unsaturated system, having a similar
structure to the original diene stabilised by conjugation.

The peaks observed in the infra-red spectrum of the distillate




correspond to the following:

cm unsaturation correlation
1724 cyclic -~CP=CP- 76,65,85,86
linear =CF=CPF- | 14
1639 cyclic ~C=C- 29,66
linear -~CH=CFH 6
linear =GBz CHe~ i

When progressive crude fractions are taken as the tempera-
ture of distillation rises, the unsaturation in the
distillate does not alter appreciably (this is the opposite
of what is observed in system 5) hence the structures
formed by this initial HF loss must be fairly stable.

Aromatic character

Small peaks arise in the infra-red spectrum of the
distillate at 1596 cm™ and 1504 cm™Y; from which it could
be deduced that the structures contain some aromatic
character, similar to the 1,3-diene; methanol polymer

(p. 61 ).

Trifluoroacetic acid did not act as a telogen with system

six; only polyvinylidene fluoride, and a trace of viscous
regsidue were produced. This reaction was not investigated

Purther.

SYSTEM SEVEN  Octafluorocyclohexa-l,3~diene: butadiene

An elastomeric co-polymer containing approximately
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eqnimolar amounts of olefing was produqed in quantitative
vield, On standing for a long period of time, this

- material became brittle~having lost hydrogen fluoride.
This inherant instability probably arises due to the
presence of a tertiary fluorine atom adjacent to a
methylene group at the point of attachment to the ring
system, i.e.

a situation which
CH2-0H=CH—CHQ; always appears to
lead to HF elimination,

This system with trifluoroacetic acid,co-polymerised

even without irradiation forming products similar to
those formed by irradiation.

Styrene is known to homopolymerise instantaneously
in the presence of a strong acid such as the chloroacetic

acidsl7% and trifluorocacetic acidl72

,and it is thought
that a similar process occurs in this case with butadiene;
The products were in the form of a yellow elastomer and
a black tar.

Methanol as a telogen gave a white Ffilrous co-polymer
containing fluorine whether the reaction mixturé was
irradiated or not.

These reactions were not investigated further.
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Qctafluorocyclohexa~1l,3-diene with 1,l-dichlorodifluoro-
ethylene -

Complete convertion of the linear olefin to give a
viécous mixture of products occurred. Halogen analysis
indicated a structure of the form 06?8(CF2.6012)n
where n=2 or 3.

Distillation of this product at reduced pressure
vielded the n=2 compound as shown by molecular weight (504),
leaving a clear yellow residue. The distillate, on
standing developed a halogen-like odour, poséibly by

chlorine elimination i.e.

+ 20F2=CC12 e (i)
or
CRr
& CClg
' cor. (i)
2
(4] 2
losing Clz to
svel et ”
rive! iii
gLve] oo )

of chlorine, i.e€.

CCL,

—Gl
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Neither olefin homo-polymerises under the reaction
conditions, thus cyclisation is the alternative reaction
as indicated.

Observation of the infra-red spectrum of the n=2
compound (the distillate) in the region assigned to

unsaturation, shows peaks as follows.

em™ L unsaturation type
1754 s cyclic =CF=CF-
correlation 31, 32,33
1638 - aromatic character
1515 correlation 39-54,

indicating structures of the type (i), (ii), (iii) which
have eliminated 012 or ClF on heating at 1000/.005 during
distillation.

The residue was also unsaturated having peaks at

cm*l
1754 = ~ -CF=CF-~ cyclic 57, 63, 68
correlation
1770 sh -CF=CFg, 10, 11
~CF=CF~ 63
1835 s
1869 s
1527 aromatic character
1504 | correlation 39-b4
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Fluorinated esters

Feterification is normally carried out in the
presence of a promoter, usually a mineral acid, such as
sulphuric acid. However, Hauptschein87 found that esters
of perfluoromonccarboxylic acids and dicarboxylic acids
with 1,l-dihydroperfluorocalcohols, formed in good yield,

if the acid chloride wss used. In the case of the

perfluoromonocarboxylic acld, no promoter being necessary:
Using dibasic acids, the reaction proceeded rapidly if the
dibasic acid anhydride was used: a diester and a mono-
ester being Tormed in this case,
= ; il C =5 e :A
18] ? 0 i 8] o+ CSF7CWBOH
CFg=CF4-CFy ~——% G T, DH,0. CO(CFy, ) COOH
26%

: ey £ - ;
C5F7CH20.CO\CFg)SCO.OGH205F7

59%
The half-ester could be converted to the diester by
treating its acid chloride with alcochol, Hauptschaians
has also prepared esters of perfluorocarboxylic acids
vith alcohols and glycols, and found that mineral acid
promoters were unnecessary’due to the high acidity of the
perfluorc acids, an observation supporited by Clarklas.

He fouhd that a polyester formed when dimethylene glycol
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was esterified with perfluorocadipic acid:
HOOC(CFy),CO0H + HO(CHy),0H

m_~m4>£?.00.(CFz)éco.O(Cﬁg)géE}n

Filler et a1160 have prepared some diesters of fluorine

containing alcohols and di-cprboxylic acids, using the
dicarboxylic acid chlorides, since mineral acid did not
catalyse the esterification. They alsd found, that

if a mixture of the dicarboxylic acid and its anhydride

were esterified with a 1l,1-dihydroperfluoroalcohol, =a

mixture of mono~ and di-ester was produced in equal yield16o
05H7COOH
+ + HO.CH2(0F2)4CH20H
(CzHCO) 50

-—~—+>33H7co.OCH2(CF2)4OH20ﬁ
+
CrHr,C04 OCH, (CFg ) , Ol GO« Caltly

The formation of a moncester when acid anhydride was used
in conjunction with its acid, and a dihydric alcoholiwas
supported by the work of Almirante,66 who prepared an
equimolar mixture of monoester and diester, on esterifica~
tion of 1,phenyl-1,3-propane did with stearic acid,

using trifluorcacetic acid anhydride .as:a promoter

e NIVER B3,
%\\Q\‘&V“;\m‘énns 817y
4 € WO 9hi f
] o y
e Qféwgégﬁw
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CHS(CH2)16COOH + C6H5CH(OH)CH2,CH20H

(CF5C0)50
> 06H5CH(O.GOR)CH2.CH20H

o
06H5.CH(O.COR)CHZCHQO.COR

R = CHg(CHy) 4~

146 i

Tedder in his'review on trifluorocacetic anhydride
states that it is an excellent promoter of esterfib&ticn
processes under mild conditions, especially applicable in
166

carbohydrate chemistry. He refers to Tatlow's theory

that carboxylic acids are converted to mixed anhydrides
- with triflucrcacetic acid il.e€., '
1 v
(CF4C0)50 + CHZCOOH ———3» CF4CO00 ECOCHB + CPZCOOH
Because of the acidity of the trifluorocacetic acid
being much greater than that of the common organic acids,
these mixed anhydrides tend to split off trifluorcacetate
anion, CFchB and an acyl cation CHscO+ 167 which reacts

Peadiiy with alcohols
R-OH + CHgCO'  ——% R=0-COCH,
CF4C00 ) + CFZCOOH
Faurote164 hag prepared diesters from 1,l-dihydroper-

fluoroalcohols and dibasic carboxylic acids using

p=-toluenesulphonic acid monohydrate as a promoter, but there
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appears +to be no reference to ester formation using

trifluoroacetic gcid anhydride as promoter with fluoro

alcoholse.

H

)

mhis has now been carried out using 1,1,3-trihydro-
perfluorobutanol {(prepared by the freegfadical addition
of methanol to perflmcropfopylene) eéte?ifyiﬂg it with
adipic and sebacic acids in the presence of the anhydride,
Good yields of malnly mono-esters have been formed as shown
by analysis, molecular weight and infra-red investigation.
These mono-esters were stable at thelr boiling points
being slightly opague grey non-viscous liquids.
Hauptschein159 prepared diesters of adipic and sebacic
acids with 1,l-dihydroperfluorcbutancl and investigated

their infra-red spectra. He found C=0 frequency shift

from.&.?é/u,for a normal ester168~ﬁo 5.6%/“9 for his
COMPOUNGs. Radellial states that diesters of this type

show C=0 Trequency from 5,59 # to 5.5%;». our mono-
esters showed C=0 frequencies at 5,7« ~5.,75 as well as
a band at 5.8?/0*-5‘8§/~'. |

This esterification technique was extended to the
co-telomer alcohols prepared from hexafluoropropylene;
vinylidene fluoride and methanol; giving a mixture of

ligwld and solid esters of adipic acid, smelling of black~

currants.
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The literature contains a report that a polyester
elastomer has been made, by the esterification of 2,2,3,3
4,4 ,hexafluoro~1,5-pentanediol with adipic acid.17o
HO4CHge CPy s CF . CFoe CHoOH + HOOC(CHy) 4 COOH

e J(:-O.CO.(CHz)éco.O.CHS(CFB)SCHSO}

this being similar to the one made by Hauptschein165

using perfluorocadipic acidQ(see P.101) and it is likely
that the mono~esters prepared in this laboratory can bve
further reacted with fluoroalcohol to make diesters, if
the mono-ester acid chloride is reacted with the alcohol,

as described by Hauptschein8l7 (p.100. ).

Hydrogenation of co-telomer alcohols

The co-telomer alcohols prepared from the octafluoro-
cyclohexadienes, vinylidene fluoride and methanol were
hydrogenated® (palladised carbon at 100 atmospheres, 130°¢
for 30 hours using ethanol as solvent) in order to remove
any labile fluorine atoms, and to saturate any double bonds
formed by this process. It had been noted that the
perfluorocyclohexa~l,4~diene co-telomer alcohols eliminated

hydrogen fluoride, or halogen, on standing in air. This

* Hydrogenation performed by R.H. MOBRBS.
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elimination was not so pronounced in the perfluorocyclo-
hexa~1,3-diene co-telomer alcohols however, This
fundamental instability was thought to be due to structures
containing tertiary fluorihe;atoms adjacent to each

other or to methylene groups such as:

:FQ—CHE.CHEOH ng‘CHz'CHQOH

P P

CH2~CF2— vCH24CF2~
1,4~diene : 1;3-diene
co=-telomer co~telomer

thease tertiary fluorine atoms would seem fo be labile,
and be removed by heating during distillation.
Hydrogenation of both co-telomer systems, followed
by reduced pressure distillation into two "fractions®,
and molecular weight and fluorine analysis of thesge
"fractions', showed that a decrease in fluorine content and
molecular weight had occurred, This was in comparison
with similar "fractions™ taken from non-hydrogenated samples
of the same co-telomers.
Infra=-red spectra investigation did not indicate
that saturation of double bonds formed by the heating
during the hydrogenation process had occurred,
Unfortunately, the hydrogenated “fractions" from the

perfluorocyclo~hexa-1,4-diene co-telomer alcohols still

eliminated hydrogen fluoride, or halogen, on standing,
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The perfluorocyclohexa=~1,3-diene co-~-telomer alcohols
appeared to retain their stability and did not eliminate
any acidic gases on standing.

Both co-telomer alcohols Weré yellow, viscous liquidse
The high boiling fractions from the reduced pressure distilla-
tion of the 1,4~diene co-telomer alcohols became highly
coloured (red) on standing in air for six months, together
with the elimination of hydrogen fluoride; the 1,3-diene
co-telomer alcchols, however, remained yellow on standing
for the same period of time,

This stability of the perfluorocyclohexa-1l,3-diene
co-telomer alcohols, compared with the perfluorccyclo-
hexa-1l,4~-diene co-telomer alcobhols, is most surprising
(with regard to the elimination of hydrogen fluoride on stand-
ing). It can only be concluded that on distillation of the
primer, at high temperatures, fluorine elimination, either
as hydrogen fluoride or elemental fluorine ocecurs to estéblish
a stable conjugated structure, whereas in the latter case,
gimilar fluorine elimination does not lead to a stable conjuga-
ted configuration, hence further HF elimination oceurs on
standing.

These conclusions are supporited by study of the infra-
red spectra of the high bolling fractions.

Infra-red observationsg

The region examined was Qﬁ‘-.2ﬁ°(assigned normally to

umsathaﬁiQn). In the case of the l,3-diene co-telomer
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alcohols)two major peaks arose between 5 #=G.54, plus

a doublet at 1527 cm.l, 1504 cm'l. These four peaks were

present in both hydrogenated and unhydrogenated "fractions',

The first pair (1724 cm +

and 1659 cm ©) arose with
equal intensity in all fractions, and could be assigned

as follows: =

o™t unsaturation correlation

1724 cyclic —-CF=CF~ 76,565,85,86
linear -CP=CP- 14

1639 cyclic ~C=C~ | 29, 66
linear -CH=CFH ‘ 6

Structures such as described on p; 95 could thus be

1, 1504 cmél) arises

postulated, The doublet (1587 cm
close to the doublet in the spectrum of the polymer
prepared from 1l,3-diene and methanol tp.€ﬂ.) to which an
aromatic structure was assignéd. The difference in
intensity was striking, since in the hydrogenated fractions
this doublet was very.intense and one could visualise
defluorinaticn having occurred, catalysed by the palladised
charcoal in the hydrogenation reactions, thus stabilising
the structure further,

The 1l,4~diene co—teiomer alcohol fractions, whether

hydrogenated or not, showed a diffuse band between 5,54-

6.5/¢/ (see page 92 ror possible structures). There was
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no doublet at 1524 cm™ T 1504 cm"l, hence no aromatic

characterisindicated in these 00~telomeré. It is to
bhe expected therefore, that this mixture will only attain
stability on standing by HPF loss, as observed.
The salcohol portion in all co-telomers of this type
1
)

is retained on hydrogenation {pesk in spectrum at 3436 cm*

Cross-linking of co-telomer alcohols

Three general methods are known by which cross-links
can be inﬁroduced into fluorocarbon co-polymers of the
hexafluoropropylene; vinylidene fluoride type (VITON).
They are: the action of aliphatic amines, high energy
radiation or peroxides. The action of amines is by far
the most important one. Smith91 states that mono-amines
cross-link only slowly and require a high temperature
cure to cause mutual reaction at the double bonds (formed
by the amine) in neighbouring chains without further
involvement of the amine, On the basis of infra-red
obg@rvation394 he postulates that the action of the amine
is to remove hydrogen fluoride to create unsaturated centres.
He admits the possibility of amine adding across this
unsaturated centre but does not think this to be a
major reaction,

Tertiary amines, which could not add across an

unsaturated centr%,are excellent co~curing agents with

dithiols andg diamines.91
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Paciorek95 states that dehydro-halogenation is the
primary step in the cross-linking of VITOH by amines,and
that the final cross-linked structure contains nitrogen.
Roth workers found that degradation always occurred as a
side-reaction. |

Paciorekgg investigated structures akin to VITON,
in their reaction with n-butylamine, He found dehydro-
iodination to be the initial reaqtion followed by
addition of the amine to the unsaturated site, with con-

current hydrogen fluoride elimination:

C4H9NH2

i.6s  CgFy.COFI.CHg.CysFy
5422,

¢ H . NH . 5,86”V

49ty CgF 5o CF. Ol CyFyy | vl

HN64H9

ColtoMla  oF

; C.Cﬁg.C5F7 + 62950~CHCSF7

Ncéﬂg HNC4HQ

5

butylamine hydrofluoride was precipitated,

He agrees with Smith in that interaction of double
bonds to form cross-~links could be an alternative process
to cross-links formed througb nltrogen bridges.

Smith94 investigated the chemistry of cross~linking
by high energy radistion and found that unsaturation

occurred by dehydrofluorination. The cross~linking
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was not complete, however, without further heating the
polymer for 24 hours at 200°¢c, This procé&ure resulted
in the formation of new unsaturation peaks which he
attributed to the formation of conjugated double-bonds.

He then postulated that these conjugated centres would
react with a double bond in an adjacent chain by a Diels-
Alder type reaction, leading to formation of a fluorinated
cyclohexene which would readlily lose hydrogen fluoride

to form an aromatic ring,.

The co-telomer alcohols prepared by this writer by
gammna irradiation show unsaturation similar to that
described by Smith which is probably brought about by the
irradiation process. Thus our samples are already
partially cured.

The co-telomer alcohol mixture was treéted with
n=-putylamine and the product washed with acid to remove
excess amine, Decomposition and chain scission oceurred
to a large extent, imdicated.by molecular wéicht determina-
tion and fluorine analysis, both of these values falling
by large amounts. Infra-red spectrum of the product
showed a large amount of unsaturation (5.@/‘~ Zﬁb).
Anion-exchange resin, (basic T.R.A. 400) again produced an
unsaturated structure, this time having a single infra-red
absorption peak at 5.8%/»f(1709 cm;l) and a molecular

weight higher than the starting material. The fluorine
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content of this product was slightly lower than starting
material however, thus crogs-links must have formed via
unsaturation brought about by dehydrofluorination. These
bage-treated co-telomers still retained thelr alcohol
portion,

They were tested by sodium fusion and ferrous sulphate
for nitrogen and gave a negative result, thus the amine
does not appear to have added across the double bond
formed by the 8ehydrofluorination. Amine hydrofluoride
was precipitated in the reaction with n-butylamine,

The co-telomer alcohol from perfluorocyélohexa—l,én
diene; vinylidene fluoride and methanol on treabtment
with n-butylamine decomposed completely and could not

be extracted from the tar which formed.

Secission of perfluorcalkyl iodides by gamma irradiation

Iso-perfluoropropyl iodide, being a liquid, was
chosen for this work since it was easily handled.in a
counting device, A saturatéd solution of iodine and
iodinelgx'inAthe perfluoroalkyl.icdide was irradiated by

a source of 5,83 X 104 rads/hour at room temperature, and

exchange between the elemental iodinelgl and the iodine
of the perfluorcalkyl iodide oceurred to the extent of
1% after 24 hours and 6% after 5% hours. This works

out to a ¢ value of approximately 11 (G = number of mole-
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cules of CgpF,I exchanging perleO EeVe)e

It was intended that similar exchange reaciions be
carried out by thermal and ulira-violet means in order
to compare G values. This would give a rough idea
of the efficiency of this iodide {(and other iodides) as
a chain transfer agent by comparison of the ease of
production of free-~radicals by these techniques. Only
one iodide was investigated by this worker but other

iodides have now been investigated using radioiodine
169

in this laboratory.

exchange under thermal conditions
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Eggerimental

Infra-red spectroscopy has been used for purposes of investigation of

co~telpmers and adduects; the infra-red spectra of all new compounds have
been recorded, A Grubb-Parsons, Type G.S,2A double beam grating infra-red
spectrometer was used bo obtain these spectra. The sample was either in
the form of a thin contact film between potassium bromide discs, or as a
film lef't by evaporation of an anhydrous acetone solution on the KBr disc.

Molecular weights. These were determined in the case of gases, by

Regnault's method. For this method, a glass bulb (126+4 mls) fitted with
a high vacuum tap and a B 10 cone was usedj the volume of the bulb being
found by weighing the amount of water it contained at a known temperature.
The bulb was evacuated using a vacuum line incorporating a mercury diffusion
pump, weighed, filled with the unknown vapour to an accurately measured
pressure, again using the vacuum line, and weighed again. The weight of
vapour oceupying the bulb at a known pressure and temperabure gives the
molecular weight.

The second method had the limitation that the compound used must have
(a) a negligible vapour pressure, (b) be soluble in acetone, ether or
benzene (most usual - acetone), (c) have a molecular weight below 4000
This instrument was a Gallenkamp semi-micro ebulliometer, suitable for
the determination of molecular weights on 200 mg. samples, The samples
were injected in the form of weighed pellets,or as liquids (from a weighed

dropper)gor as semi-solids, or viscous liguids on a looped copper wire,
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Procedure

The apparatus was 5et up as described in the instruction leaflet.
{nce the solvent {(dry acetone} had reached a condition of steady boiling,
a small tablet of napbthalene was dropped into the sclvent for
stabilisation, The apparétus was now calibrated using a pure solute,
such as benzoic acid or naphthalene as follows. Five tablets (approx.

50 mg. each) were weighed accurately, snd inserted into the solvent at
three minute iﬁtervals, noting the resistancé change, with every in-
sertion, by bringing the galvanometer deflection back to zeroc. The

results were tabulated as follows

R AR AR awe | AW
1916
219 219 1710 1710
1697
23k L5 1832 3542
1463
etc.
Where R = resistance
AR = change in resistance caused by addition

of AWt gm. solute.

AWt

i

the sume of AWE corresponding to AR,

A greph was drewn AR vs. AWb, the slope of which, AR/ AWt = S, was
proportional to the molecular weight of the compound used. ..

io Ee K = MOlQ Wt. X S
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hence for napthalene standard

K = 1281 x 8
K is a constant for the apparatus under these conditions. Thus for any
unknown compound, a molecular weight can be determined by repeating the
above procedure with the unknown compouﬁd in the same solvent, and ob-

taining a value Sx for the slope of this graph.

Hence M = Eﬁ
S
L3 c"
Cow = 1281 ;{S
g%

Results
The molecular weights of several standard compounds were determined

to calculate the accurscy of this methed,

Compound Mol. Wt. - % Error
Found Theory + -
fremms = = == —
Naothalene 13646 128+ 66
" 1312 2k
1 13543 5-6
Benzoic acid bk 1221 63
1192 2+3%
109 107
Tristerin 869 890 2+3
Squalene 438 423 42
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Pressure Reactions.

Small scale work was carried out in thick-walled,pyrex, carius
tubes, and the large-scale reactions were carried out in a stainless-
steel autoclave {effective volume 380 ml) fitted with a stainless-steel

insert, to accommodate the gamms source guide tube; (see figure)

i

General procedurs.

T Carius tubes. The chain transfer agent was weighed directly into

the tubes wherever possible, except in the case of evilwsmelling,
volatile, telogens sugh as CHESH, when vacuum transfer of a weighed
sample was employed.

The tube, fitted with a B.14 coney was attached to & vacuum line
incorporating a mercury diffusion pump, snd ilmmersed in liquid sir. It
was evacuated, and whilst isolated from the pumping system, allowed to
warm to room temperature, in order that telogen nmay vapourise. After
once more cooling in liguid air, the tube was evacuated again. Thus
all oxygen was removed which might otherwise have inhibited the reaction.
The olefin monomers were either stored in three-litre bulbs in the line
with mercury float valves, Sr in eylinders. In the former case the
required weights of olefins were transferred via a calibrated voluwe
into the carius tube. Tn the latter case; the oylinders were connected
in turn to the vacuum line with pressure tubing, the connecting tube
evacuated; and the desired welght of gas passed into a calibrated system,
end then into the carivs tube. (No condensing of gas was necessary and

vacuum transfer was extremely rapid). The cylinders were weighed before
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end after each sample was removed. Thus the molar ratic of olefins in
any one reaction wes known exsctly, as & ratio of manometer pressures in
the same calibreted volume.

Once the tubs had been charged with the proportiocn of olefing re-

guired, it was isolated from the line by a bap, snd sealed at the
constriction vreviously Geawn below the B.1h cone, Thus the tube was
removad frow the vacuun line, snd placed directly next to the gamme source
for irradiation.

2e ﬁu@&él&ve, Nonwvolatile chaln transfer 'g@nts were welghed directly

x4

(S

(1.)

into the autoclavey the insert £iti and the pressure head screwed dovn.

#

] - 2 s

The auboclave was cooled in 1icuid air for half an hour. The outlet from

&

<‘r‘

the pressure gauge was connected to the vacuum line with pressure tubing,

and, when the sutoclave was cooled down, it was evacuated.  The olefins

3

o,

were transferred from their cylinders vie s three~litre bulb, into the
autoclave, and the amount trensferred in each case determined by weighing
the cylinders hefore and after the cperation. The actual ratic of - gases
trensferred was controlled accurately by noting the manometer pressure of
ces in the three~litre bulb, as the gases were framsfarre&. The valve %o
the autoclave wes now closed, and the autoclave allowed to warm to roown
temperature. The pressure inside the autoclave wes noted, and it wes
irrediated until this pressure ceased to f2ll. The reactions were followed
"!Jy‘ 2

(a) 1looking for & change in the viscosity of the liguids in the

carius tube, or formpation of a scllid. -Unece either of these are

observed the tube was removed.
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{b) Watching the pressure drop in the sutoclave to a constant value.

In 211 cases, the durstion of irradiation was noted.

Working up.

Carius tubes, after cooling their contents in liquid air, were hot-
spotted, tut not broken. They were connected to the vacuum system with
wide-bore pressure tubing, or by placing the entire tube with the hot-
spotted crack broken in a wide necked twelve-inch long trap, and cooling
this trap in liouid air whilst attaching it to the vacuum line.

In either case the connections to the vacuum line were evacuated .
Ir tﬁ@ carius tube was connected to the line by rubber pressure tublng
(2 more common procedure) this was evacuated, and once the hot-spotted
crack hed been broken by finger pressure through the pressure tubing, the
carius tube was allowed to warm up to room temperature, very cerefully.
A1l the volatiles at roow temperature were expanded iﬁto a large volume in
the line, to which a vapour dsngity bulb was attached. The averags
molecular welght of these volatiles was thus determined, and the relative
amounts of recovered olefins estimated from this determination.
(Fractionation through a horizontal train of evacueted traps, cooled in
various temperature cooling vaths, was shown to be inefficient for
separating gaseous mixtures; but useful for freeing the telogen from
eXCess geses).

The gas-free liguid remaining in the carius tube (telogen plus
products) was pipetted from the carius tube to a 200 ml florentine flask,

and the telogen removed by pumping at room temperature, collecting the
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telogen in liquid eir. This ffraction’ was tested on analytical gas-
liquid chromatography for purity and if necessary fractionally distilled
at atmospheric pressure using a 6" vigreux column to isolate any product
{such as an adduct).

The telogen~free telomer mixture remained in the florentine flask,
and was usually transferred to a simple one~piece distillation apparatus,
for distillation at 0+003 mm (pirani) up ‘to 200°C.

The distillete b.p. 60° = 200°C at 0003 mm was re-distilled at
0003 ﬂm5collecting crude fractions at approximately 5000 intervals. Bach
fraction was investigated by molecular weight determination (ebullioscopic),
fluorine analysis, and infra-red spectrum observation.

The autoclave was worked up similarly, but, if excessive amounts of
vnreacted gas were recovered, the autoclave was vented into the vacuum line
in such & mamner as to fill the storage space in the line, in several
successive operations. Bach operation being accompanied by a vapour
dengity determination, and followed by storing each portion of gas in
liguid air, isolated from the storage‘system. If a volatile telogen was
used, it was often impossible tec fractionate it from recovered gas, hence
the amount of telogen recovered must either be estimated by vapour density
determination on the mixture, or using analytical gas=liquid chromato-
graphy as described below. Telogens such as CHQSH, or 02F5I mist be
handled in this menner when the reaction mixture contains CFBCOOH, this is

estimated by titration as described below.

If a volatile, 1liquid, olefin was used, and was recovered along with




telogen, the amount recovered was estimated using analytical-gas—liquid

chromatography described below.
In both cases the telogen (CFBCOQH) or olefin (CGFB) was pumped from

the reaction vessel, and collected in liquid air in the vacuum line.

Gas-~liguid Chromatography

Analxﬁical.

A Griffin and George Mark IIB model, with two U~shaped columns
(3 £t. x % in.) has been used for analytical work. The packing of the
columns consisting of kieselguhr as an inert support with 40% stationary
ohase of either tricresyl phosphate or silicone eléstomer. This apparatus
has been used for:

(a) Determination of purity of samples.

{(b) For identification of unknowns using comparison of retention
times with authentic samples.

{(¢) To establish the composition of a mixfure containing two components,
inseparable by distillation or preparative gas-ligquid chromatography, such
as CH3OH; ﬁ,ﬁ-CéFB.

This was done by preparing a set of samples containing various molar
ratios of the mixture concerned, and injecting a standard amount of each
sample i.e. 3 drops into the apparatus in turn under identical conditions.
Bach injection results in a pattern of two peaks of different pesk areas.
If the ratio of these peak areas is plotted graphically against the molar

ratio of the corresponding injected sample, a graph results, from which the

composition of any unknown molar ratio of this particular mixture can be
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read directly, knowing the ratio of the peak areas of this unknown.

This procedure mist be repeated each time a mixture of unknown molar
composition is investigate@,since the conditions of column tempersture,
flow-rate,pressure difference acrogs the columqgan& bridge current, must be

exactly the same for each injection.

Febimation of mixtures containing two components, one of Whiob is CF;COOH
CF, 000 canniot be estimeted using asnalytical gas-liquid chromato-
graphy, since it seems to attack the column packing to give a series of
peaks. Thus the composition of & mixture of CFBCOOH end, says 1,3~86F8
must be determined in the following manner:
The mixbure was extrected with distilled water, and the aqueous layer

titrated, first with 2N NaOH and then, nearer the end-point, with N/10

NalH using phenol phthallin as indicator.

Learge-scale polymerisation of tetrafluoroethvlenc

Tetrafluoroethylene was prepared by the pyrolysis of Teflon waste.
A steel tube (3 ft. long x 1 inch internal diameter) blocked at one end,
and connscted at the other to a system consisting of a large cooled trap

(-183°¢), 2 monometer, end an oil pump, was charged with teflon shavings

, .
(100 egm) which were held in the centrsl region of the tube by a packing of
steel wool at either end. This central part of the tube was then heated in
an electric furnace at 550 - 600°C for one hour, the pressure being set at
5 = 10 min. by a needle valve., Exit gas wes collected in the cooled trap.
Analytical gas~liguid chromatography show impurity of hexafluoropropenes

e

the proportion of which in the mixture was determined by vapour density
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svacuated traps removed some, but not all, of the impurity.

Reaction vessel.

380 ml capacity autoclave, which after charging with gas was

irradisted on the 500 curlie source.

1224

A crude;, low temperature distillation through a series of

Results.
Source of Purity Irrad’ Final Welght Product
Run Starting by V.D. Time Pressure In Out
Material Analysis | Hours Atm, Gas }Polymer
1 Pyrolysis | 804 C w =
of Tefdon 1 205 ¢,7, 70 b 17 | 105 5 B
at B507°C SN g:g
2 dittog 97% C_F o
but 3 CZF’* 130 2 18+3% | 16+8 E 5
fractionated 3G ok o
3 Supplied | 100% CF, | 25-7 1 19+8 | 18-9 &
by I.C. 71, ®
fd
b Supplied | 100% CF, L9 1 221 | 209 &
by I1.C.T. * 7
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these samples.
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results were supplied by I.C.T. (Plastics) Ltd., on

Teflon

Run 1 2 3 b Commercial
Composition 80% CoF) 974 C B 10 C®, 100% 100% C,F),
of Starting o0l C_F 37 C_F CZFA
Material A Mg '
Composition .
of Polymer &% C_F 0«9% C,F, | 100% CF 1000 100% C.F
by Infra-red 36 36 2k cw 2k
e : 27k :
Veasurement
X~ray Crystal-{70% B5% 85-9G% 85-90% | 85-90%
linity '
Crystalline
Melting Point [315+6 32646 327 327 327

Unless otherwise stated, a2ll the following reactions have bheen

carried out in pyrex carius tubing.




ADDITICN OF TELOGENS T0 NON-HOMOPOLYMERISABLE OLEFINS

Additions to Hexafluoropropene

Telogen CHBOH

Reagents _ CH5OH (1%+8 gm., 0°46 wol)
CBFG (36+9 gm., 024 mol)

Irradiation 5 days 17 hours

Source 100 curie

Recovered CH30H 65 gm.
C5F6 Nil

Reacted CH?OH (8+3 gm., 0°25 mol)
03F6 (369 gme., 0°24 mol)

Product (a) Colourless mobile liquid, 37 gm., 82% yield;
Found ¥, 61<%, M, 186, nég 1432918, b.p. 11%00,,
| ¢ale, for CHQOH(CBF6)H, ¥, 62:6%, M, 182.

Infra-red (a) Peaks at 3436 om (broad) 0-H, 2985 cw™ (S) G-H,
no unsaturation.

(b) A black residue 7¢8 gm. (18% yield) remeined after
distillation at atmospheric pressure; Foﬁnd F, 58+G5.
Calc. for H(C3F6)CH20H, less IH, ¥, 58+6%.

Infro-red (b) Unsaturation peak 1770 cn”! (8) and 0-H stretch

at 3436 o (broad).

Telogen H{C3F6)CH20H




Reagents

Irradistion
Source

Recovered

Reacted

Product

Infra-red

Telogen
Reagents

Irradiation
Source

Recovered

Reacted

Product

—
P2

\n
.

H{CEFé)CHZOH (115 g. s 0°063 mol)
0336 (bele g, 0°029 mol)
32 days 2 hours

100 curie

H(CBF6)0H20H 10+6 gm,

;¥ hel gme

3
Negligible amounts.

A wviscous brown residue from distillation at
atmospheric presgiire, 0°92 gms Found ¥,60+9%.
Calc. for CFjCF:CFZCHzoﬂ, F, 58+&%.

OH stretching at 3436 om (broad) unsaturation
at 1770 cn ' ().

GFECOOH

3
Fe (635 gm., 0+042 mol)

CF,CO0H (9°95 gm., 0087 mol)

€3

12 days 1 hour

B0C curie
CFBCOOH 9+8 gm.

Negligible amounts
O*4 gm. black residue remained after distil-

lation at atmospheric pressure.




Telogen
Reagents

Irradiation

Source

Recovered

Reacted

Product (a)

(b)

Infra~red (a)

126,

G gH5CH, 08

CBFS (12 gm., 0°08 mol)
C6H50H20H (415 gm., 013 mol)
50 days & hours

100 curie

CBFG 1163 gm.

06H5CH20H 1he5  gm.
CsFg (0°37 gmes 020024 mol)

06H5CH20H (0°5 gm. ; 0046 mol)

0+89 gm. clear, yellow, viscous liquid,
bop. 100 = 145°C/0+05 mm; Found F, 17+2%.
A Dblack residue from reduced pressure
distillation, G°01 gm.

Unsaturation peaks at 1763 on™ (sh), 1733 (vs),‘
1613, 1600 (doublet, s) 1526 (vs), 1460 (vs),
0-H stretching at 3436 cm ' (broad). C-H

stretching at 3106, 3072 (doublet), 2907 cn

Since the reagents were immiscible it was decided to repeat this

reaction using an Inert, halogenated, solvent CF201'CF01

Telogen
Reagents

2-

C6H5CH20H in solvent

86H5CH20H (231 gm. s 0°21 mol)

C5F6 (175 g.» 0°12 mol)

CFQClCFClz solvent 307 gm.




8 days 5 hours

Irradiation

Source 500 curie

Recovered CF2010F012 36;7 gm.
C6H50H20H 1842 gm.
C,Fg 15.0gm-

Reacted C6H5CH20H (5+9 gme, 0°016 mol)
CBFé (2°5 gm., 0°045 mol)

Product (a) 3+2 gm. clear yellow viscous liguid, b.p.
100 - 145°/0+05 mm; Found ¥, 1keh%; CL, O%,
M, 230
Gale. for H(C3F6)06H5CH(OH), F, W%, M, 258
for H(033‘6)06}I5CH(0H) less IHF: ¥, 39+9%,
M, 238,

(b) brittle black residue from reduced pressure

distillation 3¢5 gm.

Infra-red Identical to product obtained from reaction car-
ried out without a solvent.

Telogen CH(}13

Reagents CHO1, (333 gy 0427 mol)
C5F¢ (2046 gm, s O°14 mol)

Irradiation 14 days 21 hours

Source 500 curie

Recovered CBFé 20°3 gm.

CHCl3 33 gm.




Reactg@

Product

128,

CHC13 (03 gm., *0025 mol)

03F6 (03 gm., *0020 mol)

0+6 gm. clear white, mobile liquid, b.p. 70°/
0+05 mm.; Found: P, 36+8%: C1, 38:4%

This gave two pesks on analytical V.P.C.
(silicone elastomer at SZOOOC). Cale. for

001, (CFg)Hs Fy b2+37, C1, 39-50.

Additions to Uctafluorocyclohexa-l ,k-Diene

Telogen

Reagents

Trradiation

Source

Recovered

Reacted

Product

CH,0H (1)

1,h=C Fg (1246 gm., 0°056 mol)
03503 (136 gme, 0°%42 mol)
27 days 15 hours

100 curie
1,&—06F8 Nil
CH50H 8¢9 gm.

1,4~C6F8 (126 gm., 0056 mol)

CH,0H (<7 gm., 0415 mol)

9+l gm. colourless mobile liquid, b.p. 163°C;
Found B, 58+7%: M, 254, 05! 1:36781. Yield
6&. Cale. for H(CéFg)CHQOH , 59«h: W, 256;
HQ{(CéFg}(ﬁEQGH)ZJ F, 52:8%: W, 288.

73 gw. viscous brown residue from atmospheric

pressure distillation; Found F, 52-95%:

My 265




Infra-red

Telogen
Reagents

Irradiation

Source

Recovered

Rgacﬁeg

Product

Unsaturation region:i-
1755 om™ (vs); {6#0 ou (w)
Third order:-
370k (shoulder); 3436 om] (broad);
2958 (s)
Unsaturation region no peaks.
Third order:- 370k (vs); 3436 (v. broad);

2958 (vs).

m%mi (11)

1, By (74 gm., 0+033 mol)
CH?OH (26 gmey 081 mol)
6k days

5@0 curie

1,h~06F8 Nil

CHBQH 22+k gm.

1,L~CéF8 (7% gm., 0+033 mol)

GHBQH (346 gm., 0*12 mol)

32 gm. colourless mobile liquid, b.p. 100°C/
0+05 mm; PFound F, 18+64 (sodium fusion): M, 195.
7+3 gm. pale yellow viscous liquid, b.p.

110° - 180°/0+05 mm; Found F, 4364 (sodium

fusion): M, 26%; Calc. for (CéFSHj)CHZOH

F, 58+9%: M, 258.

rd « . Y
(S8ee previous experiment for other ratios).




Infra-red {3}

Telogen

Reagents

Irrediation
Source

Recovered

Reacted

ST
w
Tt

Product

3436 omnéb(broad}, OH stretch, otherwise no
peaks, Just a high "backgroungd!'.

370k (vs); 3436 (broad) OH; 2958 (vs);
2890 {(w) CH. Mo unsaturation.

CEBCﬂzOH

CF5CH, 08 (935 gm., 0°09 mol)
ﬁg4-86F8 (9°35 gm., 0°0h mol)
12 days 14 hours

500 curie

1 92'3"'“063‘8 6”6 £

CFBCH?OH 6'8 foyieh
194~06F8 (27 gmey 0°013 mol)
GF30H20H {15 gm., 0°015 mol)

1°8 gm. colourless, mobile liquid, b.p. 7506f
001 mmy; Found F, 52«2 T
2+8 gm. brown semi-solid residue from reduced
pressure distillation; Found ¥, 51 <&i:
M, 578; Cale. for 4G Fg: 1CF,CHOH P, Oh-5i:
i s

M, 324

for 20 Fg: 20F.CH,OH less LHF:
Fs 60+2%: M, 568

for 106F8: 1CF5CHZOH less 1HF:

¥, 62¢56: M, 30k




Infra-red

Telogen

Reagents

Irradiation
Source

Recovered

Product

infra-red

o]

T 1ogen

(a)

(b)

” '—'3
36 om
triplet (s

-]
A5 om
diffuse un

arcmatic,

C gHCH,OH
Lo

5
Céﬁgﬂszﬁ
A tz_ )

ig de 061'8)

8 days 5 h
500 curie
CF,CICFCT,,
Céﬂgbﬁgﬁd
1,k~06F8
CéﬁﬁCﬁﬁOH
17 gm. br

distillsti

less 1HF;
~1
3h36 com

175#: 1727

CH,CO0H
2

(broad) OH; 1770, 1754, 172h
}, unsaturation.
(broad) CH; 1739 o™ broad

~1

-l
saturation; 1527 em 5 150k om ' {w)

in CF C1C¥C1,
(109 gm, , 0*09 mol)
(152 gm., 0°07 mol)

ours

all
101 g
1he3 gm,
(0°8 gm., 0°007 mol)
{0°9 gme, 0<00h mol)
own residue from reduced pressure

on; Found ¥, 20°Fi; €1, O;

F 10 P 1G6H5CHQOH B, L5Th; W, 332

Fs b2<64; M, 312.
. o
(vrosd) OH; 3086 cm™'; 3058 cm™' CH;

s 1709 (s}, ungaturation.




Irradiation 12 days 1% hours
Source 500 curie
Recovered 1,&-C(FP Le? gm,
FASASAASE AT 558
GF,GO0H 10°4 gm.
Product 075 gme, red/yellow viscous residue from

atmospheric distillation; Found F, 63°%h.

Additions to Octafluorocyclohexa~l,3~diene.

Telogen CH,0H (1)
Reagents 193G Fg {10k gm, , 0°046 mol)

CH40R (13 gm., 0°0k mol)

Irradistion 25 days 13 hours
Source 100 curie
Recovered 1,3w06F8 & gm,
CH?OH 126 gm. (
Reacted 4,3~06F8 {2+ gm.; 0°010 mol)

CHEOH (Oh gmes 0°012 mol)

Product 24 gm., residue, a brown viscous semi~-solid;

Found B, 537,

Telogen CH4OH (11)
Reagents 153-CFg (292 gm.y 0¢13 mol)

CHz0H (1011 gm., 31 mol)




1 53.

Irradiation 7 wmonths
source ~ 500 curie
Recovered 1,5*06F8 Wil
Gl 0l 9649 gm.
Reacted 1550 Fg (29+2 gmes 0°13 mol)
CH50H (b+2 gm.s 0+13 mol)
Product (a} 20°1 gm. red/brown viscous liquid, b.p. 100 =

180°¢/0+005 mm.; Found F, 56°9%; M. 477;
Calc. for 10 Fg: 1CH30H ¥, 59°L; W, 256;
'286F8: 2CH30H less 1HF; P, 57°9; W, 492 less
SHF; F, 56°%6; M, 472.
See diécussién for possible structures.

{v) Brittle black residue, 13°2 gm.

Infra-red (a) '3&36 {vroad) 0~H; 2958 (s) C-H; 172k (vs);

1650 (s), unsaturation.

1524, 1504 aromatic.

Ielogen CFBCOOH

Reagents : CF4CO0H (10 gy 0°91 mol)
1,3-CFg (% gos 0:018 mol)

Irradiation 12 days 14 hours

source 500 curie

Recovered , 1,3~06F8 2+85 gm.
CF,CO0H 10 gia

3




Rescted. 153 R {115 gmes 0+00L mol)
CFEGQGH (Ol gm.,yo'ﬂe3 mol)

Product {a) 07 gm. red/vellow mobile liguid, b.p. 80—9OOQ/
G-02 mm.

fesidue from reduced pressure distillation 0+45 pale

P
o g
R

yellow semi-solid; TFound: F, 63+6%.

Addition of telogens to perfluorocyelobutenca

Telogen CHBOH
Reagents (v ce) ¥, (86 g.5 0056 mol)

CH,0H (18+5 gy 0*56 mol)

Efradiétion 20 days 2 hours
Source 500 curie
Recovered GH;QH 176 gm.
CQFQ 3+8 gm.
Reacted - CH50H (L8 gm., 0°029 mol)

) ¥ {09 gme, 0°028 mol)

Product 5¢5 gm. colourless, mobile liquid, b.p. 13800;
Wound: F, 56:56; M, 188, no” 1+34596; Calc. for
H(C#Fé)CHZOH; F, B8Th; M, 19k,

Infra-red 3436 (broad) 0-H; 2958 (s) C-H; 1639 (s),
unsaturation.

Lelogen CFESOGH

Several reactions were carried out with this mixzture.




Reagents

Trradiation
Source
Recovered

Reacted

Product

Infra~red

& 0 F, (183 gme, 0011 mol)
C“\ 00H (49 gme, O*h42 mol)

2h days 1 hour

500 curie

£ G % 152 gm.
CR,C00H 49 gm.
e CFg (341 gmes 0°019 mol)

CP.CO0HE  (Nil)
o~
3*1 gme. brown viscous liquid smelling of CF,COOH.

This was combined with a product similer in appesrance

(5 gm.) from & reaction using €, Fe (27+8 gm. s 017

mol ) CBBCOOH (35 gm., 0°3 mol) and hydrolysed using
dilute stcke The hydrolysed product no longer

liberated CF,CO00H on standing.

3 :
Found: M = 1506; Calb. for (C,Fg),, 1620, Foundl. F,56%
Lolc . for €cafyy, Moa22 -?F c, 62"' M, 1504
3436 om = (broad ban§3 0~H stretch; 5003 em = (s)

C~H stretch; 175k o (s), 1639 cqu {(w) either C=0

streteh or unsaburation.

Addition of telogens to decafluorocyelchexene

Telo&en
Reagents

Irradiation

CHOH
c 06F10 (2°5 gm., 020095 mol)
CH,O0H (32 gm., 01 mol)

-

12 days 7 hours




Source - BG0 curie
Recovered Céqu Nil
GHEGH 285 gm.
Reacted CGF10 (25 gm., 0°0095 mol)
CHBOH (0+35 gme, 0°01 mol)
Product 27 gm. colourless, mobile, liguid, b.p. 145OC,
21

OFh yield; TFound: F, 6he7%; M, 290, g 1340873

Calc. for H(C6F1O)CH20H B, 6heGh; W, 29k,

Infra-red 3436 cm (broad) 0~H; 2985 (s) C-H.
Telogen CFBCOOH
Reagents Cefyo (1he2 gm., 0<05h mol)
] 6F,C00H (120 gmes 0+105 mol)
Irradiation 25 days 14 hours 100 curie
29 days 1 hour 500 curie
Source See above
= LR e Y
Recovered Cefio (142 gm. )
CFBCOOH {120 gm. }»
1 t o . i
Reacted Ce¥y g (Nil)
CF5CO0H (wi1)

Product Wil




ADDITION OF TELOGENS T0 HOMOPOLYMERTSABLE

OLEFING  OF THE TYPE B

Additions to vinyvlidene fluoride

Telogen CHQOH(CﬁFé)H

Reagents CHQOH(CBFG)H {(9°5 gm., 005 mol)
CF =CH, (38 gm., 0°06 mol)

Irradiation 11 days 17 hours

Source 100 curie '

Recovered CF,=CH, (Nil)

CHQOH(CBF6)H (93 gm. )
Reacted CF,=CH, (38 gme, 0+06 mol)
CH OH(Cﬁﬂé)H (wi1)

2
8 gm. white, crystalline polymeric material;

Product %
Found: F, 6064 (sodium fusion); Calc. for poly-
vinylidene fluoride: ¥, 59+4%.

Infra-red Strong peaks at the following wave~numbers:
1408, 1282, 1212, 1190, 1075, 980, 877, 840, 800,
763, 613,

Telogen CHBOH

Resgents CHEGH (842 gos 026 mol)
CF,=CH, (166 go5 0°025 mol)

Irradiation 59 days 20 hours

Source 100 curie




Recovered

Reacted

Product

ielogen

Resgents

Irradiation

Source

Recovered

Product

ny
Telogen

Reagents

Irradiation

Sonuree
Bt %

138,

CH,0H 81 gm.
4
=35 o 9}, .
CFQ CJE De24 gm
CH, OH {negligible)
-
CF,=CH, (1°42 gm.)

1«h gm, polymeric white material; Found: F, 58:9%
{sodium fusion); Cale. for polyvinylidene fluoride
¥, 59°4%. Infra-red spectrum of this meterial identical

to pelyvinylidene fluoride.

CFBCOOH

335506ﬂ (31 gm., 0+43 mol)

2

L days 5 hours with vapour phese shielded.

CF,=CH,, (85 gmes 012 mol)

500 curie
CF=CH,, 16 gm.
CF3COOH 31 gme

6*9 gm. homopolymer of vinylidene fluoride (by

comparison of infrared spectra).

CF,CO0H
CF3600H (90 2oy 078 mol)
CP,=CH, (85 gm., 013 mol)

In autoeclave with no Jrradiation




Recovered

Product

Telogen

Reagents

Trradiastion
Source
L

Recovered

Product

Telogen

Reagents

Irradiation
Source

Recovered

Product

AJl starting material

Nil
CF,C1-CFCL,

CF,C1-CFCL, (31 egm., 016 mol)
CF,=CH,, (25 gm.y O*04 mol)

1 day 23 hours with vapour phase shielded.
500 curie

CFZCICFCI2 31 gm.

CF2:0H2 Wil

2+5 gm., howopolymer of vinylidene fluoride

H(Céqu)CﬂzOh

T’ i J . L] ’). 428

j(C6F1O)Cd20H (13+5 gm., 0045 mol)

SF2=CH2 ' (7 gma s 0°09 mol)

63 days 2 hours with vapour phase shielded..

500 curie

i o3 oy

n\b6F10)CH26H (135 gm. )

CF=CH, {4 gm. )

3 gm. homopolymer of vinylidene fluoride, by com=

parison of infra-red spectra.

Addition to chlorotriflucroethylene.

Telogen

H(C5F6)CH20H




Feagents

Trradiation

Source

Recovered

Product

1540,

L\C f)cﬁ 0H (19+2 gm., 0+105 mol)

CF,=CFCL (136 gm., 0'116 mol }

Unknown, since the tube cracked after two days
100 curie

CP, =CRC1L Nil
e

Founds: ¥, 48+

O
)
8
2
i
e
b
o
Lo
o
g—_J
o
]
,.J
O
fesd
o
ot
o
=
P
[aV]
H

CL, 29*@%; Calc. for polychlorotriflucroethylene:

Ry h829%; C1, 305Gk

CO=TELOMIRTS AWTON' REACTIONS =~ SYSTEM ONE

Hezafluoropropylene and tetrafluoroethylene

Telogen
Reagemts

Trradiation
dource

Recovered

Produoﬁ

Nil
C?F% (3-57 gm., 0°035 mol)
G, F. (49 gm., 0°033 wol)
36
13 days 17 hours
100 ocurie
CQFA Nil
C B, (5°57 gm.» 0°035 =mol)
C.¥¢ (063 gm., 0°005 mol)
b2 gm. white polymeric solid; Found: ¥, 754 (by

odinm fusion); Cele. for (CF,) ¥, 76




Infra~red

Telogen
Reagents

Trradiation
Source

Recovered

Reacted

Product {a)

(o)

Telogen

Reagents

10,

Strong bands at 1219 cmﬁ1, 1156 cm~1, 990 cmm1

1, 0H
CH3O

CB, (2+5 gm., 0°025 mol)

CEFé (50 gme, 0026 mol)
CH?GH (5+h gm., 0+17 mol)
30 days 7 hours
100 curie

14
CEFA Wil

CBF6 Nil

CH,0H k7 gm.

3
C P, {(2°5 gm., 0°025 mol)
C:F, (L+0 gm., 0026 mol)
-
cagwﬁ (07 gm., 0°022 mol)

335 gm. Whitevpolymeric solid, shown to be the telogen
free co-polymer of CZF# with Cst by comperison of
infra-red spectra.

3¢9 gm. CFB'CFH°CF2°CHQGH shown by comparison of
infra-red spectra, and comparative gas-liquid chromsto~-

graphy with an authentic sample (silicone elastomer

at 110°%C).

acetone

CHBCGCHB (& gm., 0069 mol)
CoF, (2 gwm., 0+02 mol)
C5Fg (2¢2 gm., 0°015 mol) |




1”4‘21

Irradiation 1l days 18 hours
Source 100 curie
Recovered C?ﬁk Nil
05?6 1.0 gm.
(633}200 37 g,
LZezched CF, {2 gm., 0°02 mol)
C4%g (1°2 gm., 0°008 mol}
(GH3)200 (03 gm,, 0005 mol)
Product 3+3 gm. white polymeric solid; Found: F, Th<3% (by
sodium fusion); Calc. for (CFQ)n By 75

Telogen CH,CHO
Reagents ﬁﬂFi (59 gm., 0°049 mol)
v g 2

o {7} . °
\.r3ﬁ6 (7 b Ble s O 02-59 !110.1)

GHCHD (9 gm., 02 mol)

3

Irradiation 32 days 2 hours
Source 100 curie
Recovered GQFA Nil
CEF6‘ Wil
CHBCHQ 7 ghe
Reacted €%, (%9 em, 0049 mol)

C.¥ (7+5 gm., 0+0%9 mol)

<

CHBCHO (2 gm., 04045 mol)




143,

o ©
Product separated by V.P.C. (silicone elastomer 100 C ).
{a) ke7 gm. colourless, mobile liquid, Found: F, 60-4%;

Calc. for H(C3F6}COGH3, Fy 5%%.

{b) 1+8 gm. colourless, mobile liquid; Found: F, 6347

~4

Cale. for HL(C Fé}(czm%)]COCHZ F, 6he6i.
o

3

{c) Residue from atmospheric pressure distillation 38 gms.

black semi-solid; Found: ¥, 56-9%.

Telopen 5 o5 GH ow

Telogen F@HB 2C&

Reagents C HCH,CN (10 gm., 0+085 mol)
C B, (2 gm., 0*02 mol)
C.F, (3°3 gre, 0402 mol)

-

Irradiation 10 days 3 hours

source 100G curie

Recovered 86H56HQCﬁ 97 gm.
N Nil

LR

G, °7 g

Reacted 06W5€H00N (03 gm,, 0026 mol)
ﬁ3F5 (06 gmes 000 mol)
C B, (2 gme, 0°02 mol)

Product 25 gm, whiteﬁpolymericgnitrogenmconﬁaining material;

Found: ¥, 72+3% (by sodium fusion).

Telogen 02F5I




Reagents

Irradiation

Source
BouLCo

Recovered

Reacted

Product

Telogen
Reagents

Irradiation
Source

Recovered

10,

C F.I (155 gm. s 0<063 mol)

CF), (19 gm., 0°019 mol)

C5Fg (1°9 gm., 0012 mol)
30 days

100 curie

u2F5I approx. 8 gm.

¢ 23'25. Wil

c 313‘ 6 Nil

CFsT (approx. 7°5 gn. )

C B, (19 gw., 0°019 mol)
C5Fg (1+9 gmos 0°012 mol)

9¢1 gm. sticky pink semi-solid. Found: F, 56°9% ;

I, 37°2%; m.p. 170°C; Calc. for I[(CZFA)(CBFé)]nczF

55

n=1; T 56‘7%; I, 26;\/9.

¥, COCH
s

CFECOOH (103 gm., 0°903 mol)
c®,  (1°75 gmes 0017 wol)
C5Fg (2225 gme, 0°015 mol)

10 days 16 hours

100 curie

CFBCQOH 102 gm.
CéF# Nil

c Fé 07 gr.

3




145,

Reacted CF3COOH (negligible)

¢ (1°75 gm.y 0017 wol)

2y
CBF6 (1°55 gm., 0°01 mol)

Produch 3+2% gm, white polymeric material, having the same
infra~red spectrum as the parent co-polymer; Found:
¥, 7helf (sodium fusicn), Cale. for (CFg)n ¥, 76%;
for H[(CEF#)(CBFé)]nOCOCF3; n=1; F, 686 for

H[(CBFé)(CEFh}BjOCOCF F, 73+3%.

3;

Telogen GFBCOOH
Reagents CFBCOOH (114 gm., 1+0 mol)
CjFé (101 gm., 0°6 mol)
CF), (95 gm. , 0+095 mol)
Irradiation . AUTOCLAVE 10 days 23 hours, final pressure 5 atm.
Source 500 curie
Recovered : CFBCOOH 1% gn.
CBFé 853 gm.
CEF& Nil
Reacted CFBCGOH (nil1)
‘cjﬁé (163 gme, 0+11 mol)
| CoF), (9°5 gm., 0095 mol)
Product 22+6 gm. greenish solid; m.p. 210°C; TFound: F, 73+5%;

Cale. for 1CaFg: 3CF) : 1CF,CO0H; F, 73+3% and for

3

(CFg)na s 76%.




Infra-red

SYSTEM TWO

Similar to that of parent co~polymer, bub the
congistency of the solid indicates that chain

shortening has occurred.

Hexafluoropropylene with vinvlidene fluoride

Telogen
Reagents

Irradiation

Source

Recovered

Reacted

Product

Tafra-red

Telogen
Reagents

Irradiation
Source

Recovered

Nil
C3F6 . (2416 ga., 001k mol)
CP=CH,, (0489 gm., 0°014 wol)

2
33 days 18 hours

100 curie

C3F6 114 gm.

CF,=CH, Wil

C3F6 (102 gm., 0°006 mol)
CF,=CH, (089 gm., 0014 mol)

1°9 gm. sticky off-white elastomer.

146,

C~H peaks at 3058, 3030 cm&1 (s), unsaturation peaks

at 1802, 1757, and 1739 ca ' (s).

Nil

C,Fg (14l gme, 00096 mol)
CF2=CH2 (229 gm., 04036 mol)
26 days

100 curie

8§F6 77 gu.

CF2=CH2 Nil




Reacted

Product

Lelogen
Reagents

Trradistion
Source

Recovered

Reacted

Product (a)

147,

CEFé (6°7 gm., O<O45 mol)
CF =CH, (229 gn., 04036 mol)

8¢9 gms. sticky pink elastomer; Found: ¥, 69+7%

(sodium fusion); Calc. for 1:1 co-polymer, 71% F

CH5OH

CH,0H (b*2 gm.y 013 mol)
CsFg (3+6 gm., 0+02% mol)
CF,=CH, (1+2 gmes 0°019 mol)

3% deys 20 hours

100 curie

CH30H 36 gm.

CF2=CH2 Wil

05F6 Wil

CHEOE (06 gm., 04013 mol)
CF,=CH, (12 gme, 0¢019 mol)
C3F6 (3+6 gm., 0°024 wol)

15 gm. colourless mobile liguid, be.p. 11#0C; Founds
Py, 61°9; CF3'CFH'CF2°CH2OH reguires 62+6% F. Infra-
red spectrum same as an authentic sample of this adduct.

Residue, 3*6 gm. from atmospheric pressure distillation,

b.p. greater than 180005 Found: ¥, 61+k%; Cale. for

10336: 1CF =CH.: 103305 Fy 61+8% and for 103F6:
2CF,=CH,,: 1CH30H P, 61°3%.




Infra-red {b)

Telogen
Reagents

Irradiation
Source

Recovered

Rescted

Product (a)

(b)

148,

0-H stretch at 3436 cm~ (broad); C-H stretch at

2985 cm~1, unsaturation at 1770 cm~1, 1709 o (s).

CHEOH
CHEGH (51 gm., 1°6 mol)
C5F6 (558 gm., 0°37 mol)

CF,=CH, (26 gme, O°b mol)

in AUTOCLAVE: 12 days 19 hours

500 curie

CH,0H W6oh gm,

CEFS 3 g

CF,=CH, Nil

C3F6 (525 gm., 029 mol)
CF2=CH2 (26 gm., <O mol)
CHsoH (b6 gm., 013 mol)

14+6 gm. colourless, mobile liquid, shown by infra-red
spectrum and comparative gas chromatography to Dbe

CF, *CFH-CF CH,0H, b.p. 114°¢.

3

60 gms. viscous green liquid residue. After removal of

volatiles at 30°/0+05 mm. Found: F, 59¢1%.

Fractionation (I) of (b) gave

()

(a)

Yellow/white viscous liguid 219 gm., b.p. 100-160°/

005 mm; Found: F, 59+4%; M, 366.

Brown viscous residue 37+6 gm,; Found: F, 62<5; M, 104,




’i }4'9 °

» o » - - kY
Fractionation (II) of (¢} gave

o)

/

Faga

()

(g)

Pt
g2
st

Infra=-red data

Telogen

(e)

s
H

(g)

(n)

5 gime ; colourless mobile liquid, b.p. EO—BQOQ/G'OOB mim

-

Found: ¥, 56%; M, 234k; Cale. for 103F6: 1CF,=CH, 2

10H,08: ¥y 61+8; M, 246 less 1HF F, 58-8%; 1, 226.
55 gm. colourless mobile ligquid, b.p. 80 - 1000Q/
0°00% mm; Found ¥, 38%; M, 318; Calc. for 1G§F6:

20F,=CH,: 10330H; F, 64°2%; M, 310.
52 gm. colourless mobile liquid, bep. 100-130"C/

0003 wmm; Found: F, 46%; W, 610; Cale. for 3C§F6:

 3CF,=CH,: 1Cﬁ30H less 3HF; ®, 68%; M, 61k,

6¢3 gm, residual vellow viscous liquid, b.p. greater

than 160°C/0°003 mm; Found: T, 625%: W, 9403 Calc.

for 50,Fg: 5CF,=CH,: 1CH,O0H; F, 6%; 1, 1102,

3 2° 5

3690 (s), 3436 om ! {broad) 0-H stretching; 2985 om™
(s) C-H stretching; 1757 om 5 172k cm ', 1639 om
{(w) unsaturation.

3650 {s); 3h36 em™ (broad)} 0=H stretch; 2985 (s)
G-H stretch; 1757 om“1 {W} unsaturation.

3690, 3436, 2985, 1757 cn @ (all s)

3690 (vs); Zh363; 2985 (s doublet)}; 175 (w)

CF,CO0H
-




Reagents CFBCOOH (4 gm., 0°035 mol)
C3F6 (29 gm., 0°02 mol)

CF,=CH, (0°91 gme, 0*01% mol)

Irradiation L days 21 hours
Source 100 curie
Recovered CF3COOH 3'3 g
C§F6 0+99 gm,
| CF2=CH2 042 pm.
Rescted GFECOOB (0+7 gm., 0°006 mol)
CBFé (191 egm., 0012 mol)

CF,=CH, (0°49 gm., 0°009 mol)

Product 3+1 gm. white viscous liquid free from telogen;

Found: F, 65%; Calc. for 1C;F gt 10F,=CH,:  1CF,COOH;
w

3
F, 637, for 20,F, : 2CF2=CHE: 1CF,CO0H; F, 66-6%.

36 3

Telogen CF,C00H
Reagents CFBCOOH {87°8 gm., 077 mol)
C5Fe (791 eme, 053 mol)}
CF =CH, (7°h gm. s 0412 mol)
Irradiation in AUTGCLAVE, 7 days 20 hours, final pressure 5 atm.
Source 500 curie
Recovered CFBGOOH 87:8 gm.
CBF6 61“8 gl
CF =CH Nil

Z2 72




151,

Reacted GFBCOOH (Nil)
(53}?6 (171 gm., 0¢115 mol)
CF,=CH, (7 gm., 012 mol) ,
Product 23 gm. off-white viscous liguid which on hydrolysis

with dilute acid produced no CFBCOOE.
There were several attempbs to meke this co-telomer on a large scale
in an autoclave, but only when a large molar excess of 03F6 was used was
this successful. A1l other attempts led to the formstion of the co-

polyuer.

Hydrolysis of the co-telomer from hexafluoropropylene;

vinylidene fluoride and trifluorcacetic acid

The co-telomer (3<h gm.) was dissolved in the minimum volume of
acetone and 10 ml. of 0°106 N H2804 sdded, followed by more acetone to
orevent precipitsetion of the co-telomer. The mixture was refluxed on an
oil-bath at 8000 for three hours, cooled, and titrated with 0096 N
NaOH using phenol phthalein as indicator. The acetone was then distilled
off at atmospheric pressure.

The residual mass was triturated with water, and the washings,
containing NaQSO&g CFECUO§a and NaF, decanted inte the distillation flask
of a steam distillation apparatus, where they were acidified with 5 N
HQSOAQ The CFBCOOH was then steam distilled and the distillate titrated
with 0<096 N KaOH,

The hydrolysed co-~telower was dissolved in acetone, dried over MgSQ#

filtered, and the acetone removed under vacuum. The product was a very




152,

viscous brown semi-solid, which no longer liberated acid fumes on

stending, Recovered: 2% gm.; Found: WM, 1566; F, 50<5%

Vol. NeQOH for titration
. After steam
Wt of After (R, CO0H Nt g R
co~telomer hydrolysis 3 + Hstillation
teken H,50, :HF:CF_ CO0H HF CF_COOH oy
2L 3 3
Bl Lge2 323 Le7 276
2+Q Bk 2348 3.5 ‘ 203
143 279 17+3 Ok 16°9
Infra-red Doublet at 3030 om™ ! (vs) C-H stretching:

peaks in the unsaturation region at 1739 (vs),

1709 (va).

Telogen (CH3)200

Reagents (CHE)ECO (3+7 gm., 0°06 mol)
83‘6 (34 gm. , C'O23 mol)
CF2=0H2 (1425 gme, 0°019 mol)

Irrediation 46 days 16 hours

Source 100 curie

Recovered (CH3)QCG 3+55 gme
CBFé 092 gme
CF2=CH2 Qek g




153.

Reacted (CH5}200 (Ge15 gm., *002 mol)
GjFé (2¢5 gmes 0016 mol)
CF,=CH, {085 gme, 0*014 mol)
Product 28 gm. residue from atmospheric pressure distillation;

Found: ¥, 57°6%; Calec. for H[(05F6}(CF2-CH2)JnCHEGCHB;

a=1; F, 566; n=2; P, 62+G%.
Telogen CHBCHO
Reagents CHBCHO (3 gm., 0+068 mol)
CEFé (3+1 gm., 02021 mol)
CF,=CH,, (12 gme, 0°019 mol)
Trradiation b7 days 14 hours
Source 100 curie
Recovered CH5GHO 2 gm.
C5%g oNil
CF,=CH, 0°h3 gm.
Reacted CHjCHO (093 gm., 0°021 mol)
Co¥F¢ (31 gmes 0¢021 mol)
CF =CH,, (077 gme, 0°012 mol)
Product {a) 0+3 gm. colourless, mobile liquid, b.p. 70-80C;

Found: F, 5%; Calec. for H(C Fé}COCHj F, 588%:

3
HEO(CH 1 3% Y(CF_+CH,_) I
CL/\(C{ZCFE)h P, 503 cngb[(cEFé,(cyz CH,) JH

F? 58.9%0




(v)
(c)

Telogen
Reagents

Irradiation
Source

Recovered

Reacted

Product

(a)

(b)
(e)

SYSTEM THREE

1 5hea

0¢7 gme, bepe 100-115°C; Found F; 5heG7.
5¢5 gm. , residue from distillation at astmospheric

pressure; Found: F, 487%.

CH,SH
CHESH (16+9 gm., 0+35 mol)
0336 (29+1 gm., 0°19 mol)
CF,=CH, (10°3 gm., 016 mol)

6 days 16 hours in AUTQCLAVE

500 curie

CH,SH Wil

C5Fg Nil

CH,=CF, Nil

CfBSH (169 gm., 0-35 mol)
03F6 (291 gm., 0°19 mol)
CF,=CH, (10+3 gm., 0216 mol)

Composition found by analybical gas~liquid chromatom
graphy (silicone elastomer at 110°C)

- Qe e Y )
576 gm. OHyS*CF,+CFH-CE,

0°5 gm. CHBS°CF(GF3)GF2H
18+0 gm. probably CHBD‘;H2°CF2H0

None of these compounds was isolated.

Hezxafluorocyvelobutene with vinylidene fluoride.

Telcgen

Reagents

Wil
C\ ¥, | (20 gme, 012 mol)

C¥=CH,, (89 gm., O+14 mol)




Trradiation
Source
Recovered

Reacted

Product

Jufra-red

Telogen

Reagents

Irradiation

Source

Recovered

Reacted

155,

L days 2 hours with vapour phase shielded.

100 curie

Ci}-F6 18'8 £lle

CF,=CH, 7°5 gm.

€, Fe (12 gm., 0°007% mol)
CF,=CH, (1°4 gm., 0021 mol)

2+6 gm. pink, elastomeric material; Found: F, 62%;
M, 681; Calc. for: 6CF2=CH2: 2C436; Py bl

M, 708.

Doublet at 3058, 3175 cn™! (vs) C=H stretching;

Unsaturation at 1812, 1764 o™ (w).

CH, OH
3

CHBGE (16 gm.s 05 mol)
¢\, F¢ (14 gm., 008 mol)
CF,=CH,, (%+5 gm., 0°07 mol)

2 days 7 hours

500 curie

CH5OH 134 gm.

0@36 55 gm.

CF,=CH,  2°3 gm.

CH3OH (26 gm., 0+08 mol)
6, F, (8¢5 gm., 0+052 mol)

(2°2 gm, s 0°034 mol)

CFE:CHz




Product

Infra-red

SYSTEM FOUR.

(v)

156,

8 gm. colourless mobile liquid, shown to%%(céﬁé)CﬁzOH
by comparative analytical g.l.c. (silicone elastomer
130% ).

4 gm. brown, very viscous liquid, residue, fter
removal of volatiles at 30°/0-05 mm; Found: F, 583%;
Fy 59¢1%;

W 3 25825.,

s W72; . £ JH, OH: : LCF =
M, 472; Calec. for 1CHBQH 1CI+F6 1!-'31‘2 CH

Ly = 'l__ N : Y"‘_ £y -
For 20F2 CJZ. 2Ch36 1LH3bH,

3650 om™ (vs), 3436 (broad) 0-H stretching. Doublet

i

M, 450, F, 62+8;

at 3058, 3175 om™ (vs) C-H.

Decafluorocyclohexene with vinylidene fluoride

Telogen

Reagents

Irrsdistion
Source
Recovered

Reacted

Product

Telogen

niz

C6F1O (465 gm., 0177 mol)

CF,=CH, (26 gm,, 0°0k mol)
5 days 2 hours with vapour phase shielded.

5G0 curie

CéFJIO 159 gm,.

CF2=CH2 0+2 gm,

CeFio (06 gm. negligible)

CF ,=CH,, (2+h gm. s 04037 mol)

2+3 gm. white polymeric; Found: ¥, 58+9%. raterial

identified as polyvinylidene fluoride by its infra-red

Calc, for P.V.F. 59+4% F.

spectrum;

CH,0H




157,

Reagents CH,OH (16 gmey 0°5 mol)

————— o
CsFo (13+5 gme s 0405 mol)
CF,=CH, (3-8 gm., *05%9 mol)

27772

Irradiation 2 days 3 hours

Source 500 curie

Recovered GEBOH 15 gm.
06?10 Nil
CFQ:CH2 2+1 gm.

Reacted CH;OH (15 gm. s 0+05 mol}
SéF?O (125 gm., 0*05 mol)
CF=CH, (1°7 gm., 0°026 mol)

Product (a)} Polyvinylidene fluoride 1°7 gm.

(b) 113 gm. colourléss mobile liguid,; found to be

H{€6F1G)CHEOH by comperative retention times on
analytical g~l-c (silicone elastomer at 130°C).
(¢} 3+6 gm. brittle black residue from reduced pressure

Gigtillation.

SYSTEM FIVE Octafluorogyclohexa-1 ,i~diene with vinylidene Pluoride

felogen Wil

Reagents 134G Fg (33 gmes 0°147 mol)
CF,=CH, | {2k gm., 0037 mol)

Trradiation 8 weeks

Source 100 curie




Recovered 1,4—C6F8 245 gm,
C‘JEPZ:CH2 Nil
Reacted 1,A—CGF8 (85 gm., 0037 mol)
CF,=CH, (2°4 gm., 0°037 mol)
Product 108 gm. white, crystalline co-polymer; Found: F,

62+%% (sodium fusion); M, 1385, m.p. 75°C; Calc. for

506F8: 50F2=CH2; Ty 659%; M, 1440.

Infra-red Unsaturation 172k em (w) C-H peaks at 2985 el (vw).
Telogen CH5O0H - (1)
Reagents CH,OH (78 gm.s 0+2h mol)

154=C Fg (1% gm., 0062 mol)

CF =CH,, (2+8 gm., 0°0hh mol)
Irradiation Lo days 30 hours
Source 100 curie
Recovered CHBOH 5l gme.

1,4—06F8 Nil

GF2=CH2 Nil

Reacted CHBOH (2% gm. s 0°075 mol)
154=C Pg (1% gm., 0062 mol)
CF,=CH,, (2°8 gm., 004 mol)
Product 19 gm. viscous liquid residue from an attemptedl

distillation at atmospheric pressure., HF was

eliminated on standing; Found: F, 58:9%; Calc. for

10.Fg: nCF2=CH2: 1CH30H, Py 593,




Telogen
Reagents

Irradiation
Source

Recovered

Reacted

Product (a)}

(v)
(e)

159,

CH, OH

CH?OH (101+3 gm., 3+2 mol)
1,4~C6F8 (839 gm., 0°37 mol)
CF,=CH, (37°2 gm., 0*58 mol)

in AUTCCLAVE, 13 days 1 hour, final pressure: zero.
500 curie

CHBOH 576 gm.

1,#~06F8 LB7 gm.

CF2=CEé Nil

CF ,=CH, (37°2 gm.; 0+58 mol)

1,&~06F8 (352 gm.s 0+16 mol)

CHBOH (437 gm., 1°36 mol)

22+6 gm. colourless, mobile liquid, b.p. 164°¢ shown
to be H(CéFg)CHQOH by comparative g-l-chrometography
with an authentic sample.

%31 gm. viscous, yellow liquid, b.p. 6@-2000Q/0'002 o
50k gm. black, brittle residue from distillation at

reduced pressure; Found: ¥, 505%; 1, 1280.

The fraction (b) was re~fractionated giving:

(d)

o5 gm. colourless, mobile liquid, b.p. 19°¢/0+002 mm.,
which separated into two layers. Top layer; Founds
T, 364; M, 181. Lower layer; Found: F, 5hk+Hh; M, 359;

Cale. for 10 Fg: 20F,=CH,: 1CH,0H less 1HF. T, 57Wih;

3
I‘.‘I’ 362-%' less ZHF. F) 55.2/}6; NJ, 31}14‘0




160,

s

{e) 21°7 gm. colourless mobile liquid, b,p.'40-7OQGfG°QOZ T §
Found, F, 54e64; M, 216; Cale. for 10 Fat 1CHBOH less
1HF: F, 562%; M, 236, less 2HF; ¥, 52¢7; W, 216.

(£) 63 g, vellow viscous liquids bep. 70-110°C; Found:

#, 5B5Fh; M. 375; Cale. for 106F8: QCFQ:CHQ: 1CH§OH:

> 59edgts M, 58hk; for 1CgFg:  20F,=CH 1CH30H less 1HF
Fs 57h; W, 36k.

(g) 68 gm, yellow, viscous liquid, bep. 110-160°C; Found:
¥y B19%; M, 350; Calc. for 106F8: QCF2=CH2: 1CH30H,_
less 2HF: T, 55¢2%; M, 3L,

Infra-red data of the above fractions (d) - (g}

| (@) Top layer: gave a high background, and no peaks could
be obsgerved.

£

(a) Lower layer: 3436 (broad) 0-H; 2985 (s) C-H; 1757 {(vs),
1721 (vs), 1536 (s) unsaturation.

e) 3136 (broad) O-H; 2985 (w) C-H; 1757 (vs) unsaturation.

3h36 (broad) O-H; 2985 (s) C=H; 1757 on (s}, 1748 {vs),
1695 (vs), 1618 (vs) unssturation. ’

(g) 3436 (broad) O~H; 2985 (vs) C-H; 176k (vs), 1626 (vs)
diffuse unsaturation.
The peak at 1757 cm.mil occurs in 1,&«86F8. A1l fractions

continued to lose HF on stending in moist air.

Hydrogenation of fraction {e): This was carried out as follows.




Fraotion (e}, (33 gm.), 5 valladised charcoal (1°0 gm. ) and
absolute ebhanol {10 mls.) were placed in a 50 wl. stainless steel auto-
clave which was then sealed and cooled in liguid air,

After pumping down, and admitting hydrogen several times to ensure

removal of air, the vessel was filled with hydrogen at 135 atmospheres

On warming to roonm temperature, an initial pressure of 145 atm.
being obtained, the vessel was heated, with rocking, to 1@000 in two
hours, and kept at that temperature for 11 hours, the pressure remsining
steady at 200 atm. On cooling, the final opressure being 145 atm., the
hydrogen was vented, the vessel unsealed, and the pale yellow liquid
contents filtered through a charcoal bed to remove P4/ C, and dried over

The bulk of ethanol was distilled off at reduced pressure, and the
residual brown, viscous ligquid heated at 40°C and 1 mm. pressure to remove
the last trace of ethanol. The product (1+%3 em, ) was transferred to a
small flask and distilled at 0002 wm. Hg, pressure (Pirani) using en

0il bath, fractions being taken as follows:-

. o} . s
(1) 20=ko7C 0+35 gm. clear red liquid.

P : o, . .
(ii) L0-707C O+ gm. clear, more viscous, red ligquid.

Found: F, 52¢6%; M, 259,
Having carvied out this richev small-scale experiment, a large-scale
hydrogenation experiment was carried out, on 504 of the unfractionated
product from a large scale autoclave preparation of these mixed cow

telomers. After hydrogenation, this portion was fractionated, and compared




1 62'

with similar fractions from s distillation of the remaining 50% of the
product, which had not been hydrogenated. A comparison of physical
properties was then possible.

The experiment was carried out to prepare the mixed co~telomers using

exactly the same molar ratio of reagents.

Product 149 gm. viscous brown liquid freed from volatile components at

40°/0+05 nm.

Hydrogenation 75 gms. of this product was hydrogenated following the
same procedure as defaribed previously. The product from the hydro-
genation (48 gm.) was fractionated as follows:-
{a) 66 gm. colourless mobile liquid, b.p. 60°/0°003 mm. , found F,
27+546; W, 156, ,
{v) 12 gn. yellow, viscous, liquid, b.p. 60-120°6/0+003 mm. , found
F, kB5; W, 307.

{¢) 29k gm. brittle black residue.

Not~hvdrogenated

This portion (&7 gm.) was fractioneted under identical conditions as
the hydrogenated portion, giving:
(d) 9+8 gm. colourless, mobile, liquid, b.p. 60°C/0+003 mm; Found:
T, BlEL; M, 250.
(e} 8¢3 gm. yellow, viscous, liquid, b.p. 66—1200Q/0'003 mm; Found:

s 5&%; M, 369«

A

(f) 27*1 gm. brittle black residue.




163.

Infra=red data on a2, b, d, e

(a) A high background concealed peaks.

{(p) 36h9 el (s), 3436 om”! (broad) 0-H, 2985 cn (s) C~H. Broad
diffuse wesk unsaturation band at 172h cm~1.

{d) A high background, but peaks discernible at 3436 on™! (broad),
1754 (diffuse) umsaturation.

(e} 3649 — (s), 3436 o (broad), 2985 .t (s}, 1754 cm (diffuse).

Fraction {a), {b), (d) and (e) all eliminated acid fumes on standing.

Telogen CFBCOOH
Reagents CF,CO0H (103 gm., 0+09 mol)
Tol=C o (75 gm., 0°033 mol)
CF ,=CH, (37 gm., 0°058 mol)
Trradiation 31 days 15 hours |
Source 100 curie
Recovered CFBCQGH 99 gm.
?’%"C6F8 9 gm.
CF2=GH2 Nil
Reacted CF ;C00H (0% gm., 0°003 mol)
1,4~C€F8 (26 gm., 0+011 mol)
CF,=CH,, (37 em., 0+058 mol)
Product 622 gms. of mixed white solid, and brown elastomeric

material, found for the latter: ¥, 61:2%; Calc. for

1665‘8: li-CFQ:CH s 10?2000}{: ™, 60‘8}%.
e

2




Telogen
Reagents

frradiation
Source

Recovered

Reacted

Product

Hydrolysis

Infra-red

SYSTEM STX

16k,

C¥F,COOH (87+h gm.s 0°76 mol)

3
154G Fg (602 gm., 0+027 mol)

CF, =CH (165 gm., 027 mol)

2 2
in AUTQCLAVE, 11 days 4 hours, final pressure zeroc.

500 curie
CFECOUH 87 gm.
1’4-0638 573 gm.

CFQ:CHZ Nil

CP,COOH {0k gm., 04003 mol)

3

15h=C Fo (12+9 gm., 0°058 mol)

CF,=CH, (165 gm., 027 mol)

10 gms. off-white, semi-solid; Found: ¥, 52:8%;

M, 754; Calc. for 20 Fg: 5CF,=CH,: ¥, 6he3%; M, 768.
Ho GFBCGOH eliminated on hydrolysis with dilute acid.
3436 om™ (broad) O-H, 1855 (vs), 1785, 1727, 1695 cu”"

(vs) diffuse unsaturation, 1526 e (w).

Qctafluorocyclohexa~t ,3=diene with vinylidene fluoride

Telogen

Reagents

Trradiation

Source

Nil
1530 g (29 gm., 013 mol)
CF=CH, (23 gm., 0+037 mol)

with vapour phase shielded. 10 days 17 hours.

500 ocurie.




165,

Recovered 155G Fg 27*9 gm.

QF2:0H2 2»gm.
- Reacted 153=C ¥y {(1+1 gme, 0°005 mol)

CF,=CH, (03 gm., 00047 mol)

Product 1¢3 gm., viscous, yellow liquid; Found: F, 62-9%;
My 857; Cale. for 30 Fg: 3CF,=CH,: F, 6655 N, 86k:
for 20 Fg: 60F2=CH2: F, 63+9%; M, 832.

Infra~red Unsaturation peaks at: 41869 cnfd (w), 1769, 1751

(doublet) (s).

Telogen CHBL-
Reagents 195—66F8 {(7°2 gm., 0°032 mol)
| OF ,=CH,, (1°7 gm., 04025 mol)
CH50H (99 gm., 0°3 mol)

Irradiastion 25 days 13 hours

source 100 curie

Recovered 1,5«€6F8 66 gme
CF ,=CH,, 13 gm.

CHBGH 9«7 gm.

Reacted 153-C Fg (06 gm., 00026 mol)
CF =01, (0=l gm., 0-0062 mol)
0ﬁ30ﬁ (02 gm., 0+0063 mol)

Product 1°2 gm. yellow viscous liguid residuve from distillation

at atmospheric pressure; Found: ¥, 50%4; Calc. for

1CgFg: 2CF=CH,: 1CH0H: F, 59+3%.




Infra~red

Telogen
Reagents

Irradistion

Source

Recovered

Reacted

Product

Hydrogenation

Ji 66'

3436 o (broad) 0-H; 3030, 2857 om™ (s) C-H,
1754, 1724 (s}, 1639 cmm1 (s), unsaturation peaks, also

1479 m{4 (s)

CHBOH

GﬁBOH (77 gw., 2+% mol)
153"(365‘8 (57 e o Q25 E’LO]..)
CF_=CH,_ (20 gm., 0°3 mol)
2 2
in AUTOCLAVE, 33 days; Final pressure b atm.
500 curie
CH,OH 68 zm.

1,3—C6F8 35 gm.

CF,=CH bl gm.

2

CHBOH : (9 gm., 0028 mol)
153-CFg (22 gmes 0°098 mol)

CF,=CH (5°9 gm., 0°0952 mol)

2
28+6 gms. viscous green liquid residue after removal of
volatile components at 30°C/0°05 mm.

of 15 gms. of this product, using the method described
previously, followed by fractiomation at reduced pressure
gave.

(&) 1°3 gm. colourless mobile liquid, b.p. 6OOQ/O'OOB mm;

Found: ¥, 39-M%; W, 291;

106F8: 1CF2=CH2: 1CH30H less 2HF: F, 54+2; M, 280.
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16 Fg: 2CF,=CH,: 1CH,0H less LHF; F, 50%; M, 30k,

2 3

(b) 3 gm. yellow viscous liquid, b.p. 60=190°/0+003 mm. »
Found: ¥, 52¢9%; M, %09; CLalc. for 106F8: 30F ,=CH,:
1CH30H less 2HF: ¥, 55+9; U, EDB; 2C6F8: 23H5OH less
SHE: F, 513 M, 2.

{c) 07 gm. brittle black residue.

Not hydrogensted. 4 15 gm. portion of product was fractionatéd under exactly

the same conditions as the hydrogenated fractidn, in order
tc compare the molecular weights of similar fractions.
{(d) 4<6 gm., colourless, mobile liquid, b.p. 60°c/0+003
mn. ;3 Foumd: F, Bhe6%; M, 23k; Calc. for 10.Fg: 1CH30H
less 2HF: W, 52°7%4; M, 2163 for 166F8: 1CF2:CH2:
1GH30H‘less 2HF: F, Bhe2%; M, 280.

{e} 7+0 gm., yellow, viscous liquid, bep. 60~190$/0'OG3
mm. 3 ﬁound} F, 57+1%; M, 518; Cale. for 106F8:
hSF2=CH2: 1CH30H: Py 593%; W, 512; 206F8: 1CF2:CH2:
1CH30H: T, 62¢8%; M, Bhh less 1HF: T, 61°6%; M, 524.
(£} 3 gms. brittle black residue.

Infro-red (a) An extremely high background eliminated any sharp peaks.
3436 . (broad) O-H; 2985 cn (s) ¢=-H; 1724, 1640 om !
(diffuse) unsaturation, 1526, 1504 (s. doublet)
aromatic character.

(b) 3h36 om (v, weak)}, 2985 (w); 1731, 1653 o~ (s)

unsaturation; 1527, 150% (s. doublet) aromatic character.




Telogen
Reagents

Irradiation
Source

Recovered

Reacted

Product

SYSTEM SEVEN

(e)

168,

336 o™ (broad) O-H; 2950, 2857 om™ (s) C-E;
1724 (vs)s 1639 (vs), 1526 (vw}, 1504 (s).
3436 om” (broad) 0-H; 2950, C-H; 1724 (vs),

1653 (w), 1626 (w), 1526 (w), 150k (s).

CF.CO0H (14+8 gm., 013 mol)
1,3~06F8(8'9 £l ; 0°039 mol)
CF=CH,, (1+9 gm., 0+03 mol)

25 days 14 hours

100 curie

CFEGOOH 17 gm.

1,5—06F8 8 gm.

CF,=CH, 07 gm,

CFBCGOH negligible

1:3-CFg {(0°9 gm., 0°0Ck mol)
CF,=CH, (1+2 gmes 0°018 mol)

2+1 gm, browa residue from distillation at

atmospheric pressure; Found: ¥, 57+6%; Calc. for

1CF 4092=0H : B, 63%%.

8* 2

Qetafliuorocyelohexa~] ,3=diene with buta-i ,3-~diene

Telogen

Reagents

Wil
1,3—C6F8 (28+8 gm., 0127 mol)

CH,=CH~CH=CH,, (9°4 gm.s 0°174 mol)




Irradiation
Source

2o e
Hecovered

Reacted

Product

Telogen
gpagent§

Trradiastion
Source

Recovered

Reacted

Product

10 days
100 curie
1 ’5“06'?8 O“l'i' gmo

CHQzCH~CH¢CH2 Nil

1,3-C Py (28} gm., 0+126 mol)

CH,=CH-CH=CH (9°h gm., 0174 mol)

2

378 gm., pink elastomeric material imsoluble in
organic solvents. On standing in air the co-polymer

becomes black and brittle, with HF losse.

g ¥

CH, OH (9+9 gme, 0+34 mol)

CH, =CH~CH=CH (07 gme, 0°013 mel)

5
1530 Py (9+2 gm,, 004 mol)

6 days 23 hours

100 curie

Ot 08 9+9 zm.

CEO:CH~CH:CH2 Nil

153-C Fg 7+30 gm.
CH5O0H (nil)

CH,=CH~CH=C, (07 gm.y 0013 mol)
1;5~C6F8 {19 gm., 00085 mol)

26 gms. white, fibrous solid plus a trace of viscous
liquid residue. After distillation of recovered liquid
ot atmospheric pressure; Found for solid: F, 4074

. 2 vrm Py e ‘xu ‘ . it e N bl OGZ:..Za
{sodium fusion}; Calc. for: icébgk 5Chﬁ6' By 394




Polymerisation appeared bto occour prior to irradiation, hence this mixture
was sealed in a carius tube and left, without irradiation, for 10 days.

4 solid white Ffibrous co-polymer Tormed im small yield without total
conversion of the butadiene, This co-polymer resembled that produced from

the irradiasted experiment.

Telogen . CF ,CO0H

Resgents GFBCOOH (119 gm., 010k mol)
CH,=CH-CH=CH,  (2'2 gm., 0+0k mol) '
13- Fg (8+6 gm., 0°038 mol)

Irradistion 6 days 7 hours

Source 100 curie

Recovered CF ;GO0 (11+9 gm)
1,3~C6F8 (73 gm.)
CH,=CH-CH=CH,, (wi1)

Reacted CFBCOOH (viv)
1 ,3—0623‘8 (1+3 gm., 0=006 mol)

| C)He (2°2 gm., 0°0k mol)
Product 3el pm. dark brown semi-solid; TFound: F, 33<1%;

Calc. for 406F82 hchﬁé: P, 34+Th; For 106Fé: 5C&H6:
F, 30-8%.
This mixture polymerised prior fto irradiation, and on re?eating the
reaction without irradiation gave a product in similar yield, and similar
in appearsnce to the semi-solid formed in the irradiated experiment;

Found: ¥, 3%,
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FURTHER ADDITION OF OLEFINS TO CYCLIC MONO-ENES

AND  DI-ENES

Additions to octafluorocvclohexa~],3-diene

Olefin CFQ:CFZ
Reagents 1,5~66F8 - {388 gmes 0°173 mol)
CF =CF, (0°6 gm., 02006 mol)

o -

Irradiation

With vapour phase shielded; 10 days 17 hours.

ﬁg&ﬁgﬁ 500 curie

Recovered 1,5~06F8 375 gm.
CF2=CF2 Nil

Reacted 1530 Pg (13 gme, 0°006 mol)
C¥ =CF, (0+6 gm., 0°006 mol}

Product 17 gm. viscous grey liquid. A distillation residue
at atmospheric pressure found: F, 61°k%; N, 59%;
Calc. for 1C6F8: 1023%: By 70kt M, 32k; For 206F8:
QCQFQ: Fy 70<h; W, 648,

Infra-red Unsaturation 1739 c:mw1 {s).

0lefin CF,,=CC1,,

Reagents CF2=0012 (1+2 gm., 0¢0097 mol)
1,3-CFg  (17+5 gme s 0078 mol)

Irradiation 87 days 1k hours

Source 100 curie

Recovered 1’3“06F4 14 gm.

CFp=cC1, mil
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Reacted 1,3~66F8 (35 gm., 0°012 mol)
CF_=CC1, (1+29 gm., 0<0097 mol)
Product lhe75 pm. yellow viscous liquid, residue from

distillation 40°C/0+05 mm.; Found: ¥, 47°27; C1,
23 %%,

Fractionation of this product gave:

o

2) 15 gm colourless, mobile liquid, b.p. 60°C/0+003 mm;
Found: M, 50k; GCale., for 106‘8: 2CF2:GCIQ: ¥y, 53°%%;
Cl, 19°9%; M, L490.
(b} 325 gm. yellow viscous liquid, b.p. bigger then 10000/
0003 mm; Found: M, 693.
Infra-red (a) Unsaturation 1754k on™ (s}, 1538 cmnq, 1515 cn ! (vw)

{b) Unsaturation 1869, 1835, 175% (s), 1527 {w), 1504 (s).

Additions to decafluorocyclohexene

Olefin CQFA
Reagents V CF, (185 gm.» 0°018 mol)
. * b

CeFyg (39+k gm., 0+15 mol)
Irradiation With vapour phase shielded; 5 days 2 hours
Source 500 curie
Recovered ‘ 06F10 391

iy i 2

Cﬁz_CFQ Nil
Reacted 05F1O (03 gm. negligible)

(185 gmes 018 mol)

CF),




1 73#
Product 1+8 gm, white polymeric meterial, shown to be
polytetrafluorcethylene by comparison of infra-red

spectra.

Addition of chlorotrifluorcethylene to

H(03F6)CH20H

Reagents H(Cﬁﬁé)GHZOH (192 gm., 0105 mol)

CF,=CFC1 (136 gm., 0°116 mol)
Irradiation 2=3 days = after which time the tube cracked.
Source 100 curie
Recovered H(C3F6}CH20H 192 gm.

CFQ:CF01 Nil
Product 6 gme , white, polymeric material; Found: F, 4kB8:9%;

Cl, 29+1% (sodium fusion); Calc. for (CF2~CFCl}n:

ESTERTFICATION OF FLUQROALCOHOLS

The ssterification process was promoted by trifluorcacetic acid

anhydride, prepared in the following manner,

Preparation of (CF300)20 (3., 1949, 2977)

A three-necked, round-bottomed flagk was fitted with a mercury
sealed stirrer, dropping funnel and reflux condenser. P205 (59 gm)
i.e. 087 gm. per gm. of CF3COOH?Was placed in the flask, and CFzCGOH

(68 gm., 060 mol) added dropwise, with stirring, over a period of half an




‘% 7£§'n

hour until the paste formeduwas too stiff for further stirring. The
mixburewss then refluxed for 8 hours at 80°C on an oil bath.

Hot water is now run through the reflux coﬁaense%_and the contents
of the resction vessel are pumped out and collected in an acetone-~drikold
bath at -?OOC. The anhydride is fractionated from this mixture up a &"
vigreux column, collecting the fraction, b.p. 38-42°C, yieid 57 eme (69%).

Esterification.

Tedder (Chem. Revs., 1955, 55, 767} describes the use of trifluoro-
secetic acid anhydride to promote esterification hydroecarbon alecohols. This
method was adapted for esterification of fluorocalcohols as follows.

A three-necked, round bottomed flask was fitted with a mercury
sealed stirrer, dropping funnel and reflux condenser. The dibasic acid
(1 wole} is placed in the flask and the trifluorcacetic acid anhydride
added (1+2 mole). The acid dissolved in the anhydride. The alcohol

2 woles) was added over a period of 20 minutes, and the mixture refluxed
for 2k hours. After this time it was poured carefully into s saturated
solution of N HCOBQ extracted with chloroform, dried over MgSOL and the
chloroform pumped off at hOOQ/O'OS sm. The ester was left as a residue
from this process; and was digtilled at reduced pressure if this was

possible.

Esterification of H(C5EGECH20H and adipic acid HOOC(CHQQﬁpOOH

The product from adipic acid (12 gm., 0°08 mol); H(C3F6)0HOOH

(25 gm., 0*1k mol) and,(CF3CO)20 (15 gm., 0+07 mol) weighed 1% gm.

(404 yield). Found b.p. 130°/0+05 mm; F, h3-17%; ¥, 311; nd0 1-38232.




It was an opaque?colourless}mmbile, sweet»smellimg’liquid; Calc. for
H(CBF6)0H20-00°(CHZ)&COOH; ¥, 36-8%2; M, 310.

TInfre-red 3436 (broad), 2976 (vs), 1750 (vs), 1709 (s).

Hsterification of H(CjFC)CHZQH and sebacic acild HOOC(CHz}SQOOH
The product from sebacic acid (30 gm., 01 mol); H(GjFé)CHZOH
(36 gm., 0197 mol) and (CFBCO)QD (20 gm., 0°06 mol) weighed 17 gm.
(4% yield). Found b.p. 150°/0+05 mm; F, 26+5%; M; 3263 ﬁgo 1413003
Calc. for H(CEF6}0H20°CO°(CHZ)BCQOH: Fs 31+1%; M, 366. It was a

colourless, mobile liguid.

Tnfra—red 3436 om ' (broad)s 2976 (vs)s 1750 (sh)s 1739 (vs)s 1709 (s).

fsterification of mixed co=telomer alcohols from CSFC; OF_=CH,. ; Cﬁjgg

with adipic acid Hooc(CHzlaQOOH

The product, from adipic acid (30 gm., 0°2 mol) telomer alcohol
mixture (A0 gm.) and (03300)20 (5% gmes 0426 mol) weighed 37 gm. A little
of it (5 gm. ) distilled at 180°/0-003 mm; Found: ¥, h7+4%; M, L09.

The remainder (32 gm.) did not distil and contained solid matter; Found:
¥, W76 W, 752.

Infra-red (o) distillate: 3436 (broad), 2976 (vs), 1818 (vs),
1750 (wide diffuse band).

{b) remainder: 3436 (broad), 2976 (diffuse), 1750 (wide
diffuse band).

DEHYDROFLUORINATION OF CO-TELONMER ALCOHOLS

Anion exchange resin

Anion exchange resin has been successfully employed in the dehydro-
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fluorinatior of cyclic fluorocarbon hydrogen-containing, hexanes
(Banks, Bevan, Nusgrave, Chem. and Ind., 1959, 296). The resin (I.R.A.
hOO) was first regenerated as follows.

A slurry of resin (67 gm.) in deionised Watér was poured into a
vertical liquid-chromatography columm (50 cm x 2¢5 em). A 4t solution of
NaOH in deionised water (2,400 ml.) was passed down the column at a
steady rete followed by 2 litres of deionised water. This procedure
should give 100% regeneration of anion exchange resin,

Dehvdrofiuorination.

This was effected by placing 10 gms. of the mixed co-telomers from

G Fé; CF2=CH CH

3 25 V73

(an inert solvent) and adding 20 gm. of regenerated resin. This

QH, in & conical flask together with excess CFzClCFCl?

encourages contact of resin and reagent, and hence an efficient removal
of HE.
The mixture was shaken for two days, the resin filtered off and

washed with CF ClCFClz, ard the dehydrofluorinsted product recovered by

2
pumping off the solvent at 3GOQ/O'O5 mp, The product was a yellow
viscous liquid 79 gm.; Found: F, 59<%%; WM, 592; Original material
contained: F, Ghe3%; M, 376. Thus 0+O46 moles of HF have been removed.
Infre~red of the dehydrofluorinated material,

LRA., #4oo - 1709 ce™! (5)
A GuHgNHy - 24 e (5) 1639 (broat)
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Agine dehvdrofluocrinatiou.

This work was based on that carried out by'Paciorek,99 using n=-
butylamine. REACTION A,

The co-telomer sleohol mixture (10 gm.) (from C4¥gs CF,=CH,,; CHZOH)
was placed in a three necked flask fitted with a stirrer, reflux con-
denser and dropping funnel. The apparatus was cooled to 0°¢ in an ice-
bath, and n~butylamine {161 gm., 0°2 mol) in 15 ml. amhydrous ether,
added dropwise over a period of one hour. The reaction mixture was then
allowed to warm up to room temperature and stirred gently for 14 hours.

A white precipitate formed (3*5 gm.) which was filtered off and washed
with anhydrous ether; Found: F, 20°47%; Calc. for C HQNHBF: ¥, 20-h3%.

The derk brown alkaline etherial solution was filtered through
activated charcoal, and the ether and excess amine pumped off at #G%/
0«05 am,

The residue from this process was a dark, red-brown, viscous ligquid.
After washing'witb dilute HC1l, to remove excess amine, it was extracted
with ether, dried over Mgsoh and the ether pumped off. Product 8 gm.
brown, viscous liquid; Found: ¥, L0753 M, 273. {Original contained
Eho3% By M, 376). Thus 0037 moles of HF have been removed {based on

C, H NH, HE formedl,

Lgtst /
REACTION B

Using the co=-telomer alcohols from 1,&-06F8, CFzzCHQ, CHBOH and
the procedure described above, led to complete degradation of starting

material forming a brittle black solid mass.
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DOSINETRY

Colibration of sources

These calibrations were performed according to the method of Weilss
(¥ucleonics, July 1952, p. 28) using a ferrous/ferric oxidation system
which makes use of the overall reaction

2H,O + 0, + yrett S X

Byxperimental

() Preparation of dosimeter solutiom:

O<k gms. ferrous ammonium sulphate with 0¢06 gms. KC1 made up to
1 litre with 08N HQSO& in delonised water.

The addition of potassium chloride makes it unecessary to use
conductivity water since the salt for some unknown reason nullifies the
effect of slight impurities which may be present in deionised water.

(v} Calibration:

Polythene capsules 3" x 1" diameter with clip tops were washed with
deionised water, rinsed with dosimeter solution and then filled with
solution. They were placed touching, and at 5 cm, 10 cm, 20 cm, and 30 cm
away from the source tube at a level coinciding with the centre of the
source (this was determined by placing a length of glass tubing touching
+the source tube and irradiating for a few hours; the change in colour
of the glass tubing i.e. from dark to light brown indicated the intensily
of irrsdiation on the tube).

The sample capsules were irradiated for time intervals which
engured that the conversion Fe++.___,. Fe' ™" would not go 1004 and the

optical density of each solution determined using a "Unicam" spectro-
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photomster aﬁ wavelength setting 305 my and slit width 0«28 mm. A
further sample of dosimeter solution was irradisted with the source inlet
tube {which nérmally fits inside the autoclave)} between it and the source
guide tube,to reproduce the conditions inalde the autoclave and determine
the dose rate inside the autoclave.

The ¢ value (the number of molecules which have been changed for
100 ev. of energy absorbed) for this calibration was taken as

155 moles/litre/kilo rep.

Thus, the dose could be caloulated Ffrom the formula:

Dose = Optical density 10° 09
Dos T extinction coefficient 155
rads.

traph (I) is a2 pnlot of dose/hour against distance from the source and it
P /

can be seen that it falls off exponentially, to a steady value,

500 Curie Source

Distance Dose
from source I@radia?iom 0.D. rate 5
tube (cm) time (mins) rads/h x 10
touching 2 0728 751

5 10 095 1:96

10 10 0+308 0636

20 10 0072 0148
30 10 0-027 0-056
aiiiiiﬁve 2 0+695 [y




100 curie source

Disbance Dose
from socurce Trradiastion COptical - rate
tube (cm) time {(mins) density rads/ hr.,
5
touching 3h 11255 6873 x 10
5 3h 060 3e6h x 107
o L
10 3h 0130 0789 x 10"
B )
20 3 040375 0°228 x 10"
30 3l - -

Dosimetry and determination of G value for i C3F7I
131 °

Preparation of I

Radioactive lodine was supplied

o3

s a solution of potassium iodide

in water. Two drops of this {emough for a count of 10,000 per min.) were

£

added to five drops of {0% potassium iodide scolution.
Excess of palladcus chloride was added to ﬁhi;,amd the vessel shaken
vigorvously to emsure complete precipitation of the palladous iodide. The

precipitate was filtered under suction through s weighed glass fibre filter,

- . . o o . o
supported by a plastic disc, dried at 1007C, and the weight of the

paliadous ilodide determined by difference. The palladous iodide was then




181,

which was then evacuated and sealed at constriction A. On heating the
palladous lodide at aboﬁt BOOOC with a mioro~burner it dissociated and
the free iodine collected injgnd cooled im ligquid air.  The particles of
palladium being caught in the glass wool.

That part of the glass on which the ring of iodine had collected
was cut out,carefully crushed/am& enough iC3F7I added to emsure that a
saturated solution of iodine was obtained [solubility of 12 in CBF7E
0-00k8 g/gl.

The mixture was left in the dark overnight to reach saturatiom .

Hwchange reaction with C3§7£

It was first necessary to ensure that no exchange takes place under
normel conditions i.e. in the simple solutiom of iodine in G3F7I and when
this solution is digsolved in CGlA. For this purpose, two samples of
approximately 2 gm., of solution each were sealed at atmospheric pressure
in the pressence of air, into small glass ampules and kept in darkness
for 68 and 87 hours respectively. The tubes were opened and the contents
washed with QCI% through a filter paper inte a 12 ml. graduated flask.
The solution was made up to exactly 12 ml. with CClh, 10 ml. were taken
after mixing in a pipette and rum into 2 liquid coumter. The total
activity was determined (a previously determined background count having
been taken) and then the solution was poured back into the standard flask.
The whole of this solution was treated with Ag powder wntil it was quite
colourless to remove free iodine. After filtration of the AgT, another

10 ml. of the filtrate was pipetted into the clean, dry counter, the
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background count of which had again been takenm, and any residual

sotivity was debermined. It was found that for these solutions the

following transfer of 1131 wa.s
Irradiation Standing Pefcemtage
Time transfer
®il 68 024
Wil 87 093

The experiment was repeated with three further samples, sealed this time

in vacuo, and irradiated for varying times.

Irradiation Time % Transfer G
dose rate (Hours)
685 x 10" % 25 1+1h 1244
rads/hr. é 4+05 1o 81 12
" ) 5+66 60k 11

Calculation of & value

Dose rate 683 x 1()1F rads/hr/ gm. .'. energy absorbed in 5+66 hours

= 68% x 10h % ?62 x 566 ergs/gm. = 38°65 x 136

In a liquid 32+5 e.v. (i.e. 5°2 x 101 ergs.) are required to produce an

ion pair . . mno. of ion pairs produced in 566 hours

20, 6 11
_ 38:65 x 10  x 10 - 743 x 107
5e2
Total wt. of I, taken (mormal ard radicactive = 0°01219 gm.
e . o
Exchange 60k
. . CoPI" formed = 0°01219 x §:0% _ 296

> 100 127
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i.e. Ko, of molecules of CEF7I§ formed

2
_c01219 x 60k é_gmlg_i
100 x 127

.. No. of molecules of C,F.I" per gm. of C,F.I started with

57 37

_ 01219 x 6:0% x 6 x 10%
100 % 127 x 13165

®

+» No. of mols per iom pair

(01219 x 604 x 6 x 10°0
100 x 127 x 13165 x 7+43 x 1077

-

. G (No. of molecules of . ... 23

1 .
per 100 ev. input 100 x 127 x 1+3165 x 7+k x 10 " x 325

i

]

10-98










185.

REFERENCES

1. Musgrave, Quart. Rev., 195%, Vol. 8, No. 4, p. 33%.

2, England, Melby, Dietrich, Lindsay, J. Amer. Chem. Soc., 1960, 82,
5116,

3, Lazerte, U.S.P. 2,70%,769; C.A, 50,‘ 265he, 1956,

. Barr, Rapp, Pruett, J. Amer. Chem. Soc., 1950, 72, 4480,

5, Lazerte, Koshar, J. Amer. Chem. Soc.s 1955, 77, 0.

6. Haszeldine, Osborne, J., 1956, 61,

7. Henne, Ruh, J. Amer. Chem. Soc., 1947, 69, 279.

8. Fuller, Tatlow, J.., 1961, 3198.

9. Hauptschein, Fainberg, Braid, J. Amer. Chem. Soc., 1958, 80, 842,

10. Brown, H.C., J. Org. Chem., 1957, 22, 1256,

11, Coffman, Barrick, Cramer, Reasch, J. Amer. Chem. Soc., 1949, 71, 490.

12, Barrick, U.S.P. 2,462,345; C.A. 43, 4293g, 1949; U.S.P. 2,462,347;
C.A. 43, 42%h, 1949. |

13,  Barrick, U.S.P. 2,427,116; C.A. 42, 59%e, 1948,

14. Haszeldine, J., 1949, 2856,

15. Haszeldine, J., 1953, 3761. |

16. Hauptschein, Braid, Lawlor, J. Amer. Chem. Soc., 1957, 79, 2549.

17. Hauptschein, Braid, Fainberg, J. Amer. Chem. Soc., 1958, 82, 851.

18. Hanford, Joyces Harman, J. Amer. Chem. Soc.s 1948, 70, 2529.

19. Hauptschein, Braid, Fainberg, J. Amer. Chem, Soc., 1961, 83, 2495,

20, Haszeldine, J.s 1955, 4291,

21, Haszeldine, Steel, J., 1953, 1592.




22.
23
24,
25.
26.
27
28.
29.
30,

3.

32,

33
3k,
35,
e,
37,
38,

0.
M.
k2,
43,

45,
l.-éo

186.

Henne, Kraus, J. Amer. Chem. Soc.s 195%, 76, 1175.

Park, Lycan, Lachers J. Amer. Chem. Soc., 1951, 73, 711.
Haszeldine, Steele, J.,‘195k, 3747,

Haszeldine, J., 1953, 176k.

Haszeldine, Steele, J., 1955, 3005.

Haszeldine, Steele, J., 19535 1199.

Haszeldine, J.» 1953, 3559.

Heszeldines J., 1952, 250k

Henne, Nager, J. Amer. Chem. Soc.s 1951, 73, 5527.

Haszeldine, Chem. and Ind., 1951, 68k.

Haszeldine, Steele, J., 1957, 2193.

Tarrant, Lovelace, J. Amer. Chem. Soc.s 1955, 77, 768.
Parrant, Lilyquist, J. Amer. Chem. Soc., 1955, 77, 3640.
Heuptschein, Braid, Lawlor, J., Amer. Chem. Soc., 1958, 80, 846,
Hutchinson, Mobbs, Musgrave, Unpublished Work.

Krespan, Harder, Drysdale, J. Amer. Chem. Soc., 1961, 83, 342k,
Haszeldine, Steele, J., 1957, 2800,

Miller, Fried, J. Amer. Chem. Soc., 1959, 81, 2078.

Coscia, J. Org. Chem., 1961, 26, 2995.

Tarrant, Lovelace, Lilyquist, J. Amer. Chem. Soc., 1955, 77, 2783.
Harris, Stacey, J. Amer. Chem. Soc., 1961, 83, 840,

Kroll, U.S.P. 2,750,350, 1956; C.A. 50, 135071, 1956,
Moynihan, J. Amer. Chem. Soc.s 1959, 81, 1045,

Dixon, J. Polymer Sci., 1959, 36, 552.

Wheeler, U.S.P. 2,847,391; C.A. 53, 2691e, 1959.




47.
L8,
L9.
50,
51.
52,
53.

55,
56.

51,

58.
59.
60,
6.
62,
63,

650

66,
67.
68.
69.

187.

Brubaker, U.S.P. 2,393,967; C.A. 40, 3648k, 1946,

Kellogg Co.s B.P. 795,513; C.A. 53, 7694, 1959.

Hamilton, U.S.P. 2,369,52k; C.A. 46, 1299¢c, 1952.

Rearick, UsS.P. 2,600,804k, 1952; C.A. 46, 8415h, 1952,

Caird, U.S.P. 2,600,202, 1952; C.A. b6, 8415Ff, 1952.

Hanford, U.S.P. 2,820,027; C.A. 52, 588Lf, 1958,

Padbury, Kropa, U.S.P. 2,602,82L; C.A. L6, 8415z, 1952.
Borland, Miller, Pearson, U.S.P. 2,865,82%; C.A. 53, 5749¢c, 1959.
Hauptschein, Lesser, J. Amer. Chem, Soc., 1956, 78, 676.

McBee, Hill, Bachman, Ind, Eng. Chem., 1949, 41, 70.

Wadorski, Hart, Straus, Sedlsk, J. Res. Nat. Bur. Standards, 1953,
515 327.

Madorski, Strauss; J. Res. Nat. Bur. Standards, 1959, 63, 261.
Coffman, Ford, U.S.P. 2,456,255; C.A. 43, 1608e; 1949.
Newkirk, J. Amer. Chem. Soc., 1946, 68, 2467.

Kalb, Coffmsn, Ford, J. Appl. Polymer Sci., 1960, &, 55.

Adams, Bovey, J. Polymer Sci., 1952, 9, 481.

Manowitz, Nucleonics, 1953, 11, 18.

Eleuterio, U.S.P. 2,956,685, 1960.

Miller, U.S8.P., 2,598,283; C.A. 46, 782ke, 1952; B.P. 804,561;
Ced. 53, 166001, 1959,

Almirente, Tosolini, J. Orge. Chem., 1961, 26, 177.

Sauer, U.S.P. 2,549,935; C.A. 45, 6874kc, 1951,

Mallouk, Sandt, Bro., B.P. 829,600, 1957; C.A. 5%, 14795g, 1960.

Hamlin, C.4. 50, 10b42h, 1956,




188,

70.2) E.I. Du Pont de Nemours, B.P. 593,605; C.A’? 21394 (1948)
) and Pearson, B.P. 584,742; C.A. 4007c, 1947,
Tie Miller, U.8.P. 2,662,072; C.A. 48, L2534, 195k.
72. E.I. Du Pont de Nemours, B.P. 606,273; C.A. 43, 5637g, 1949,
73. Conroy, Homn, Robb, Wolf, Rubber Ages 1955, 76, 543.
s Montermoso, Griffis, Wilson, Oesterling, Proc. Inst. Rubber Ind.,
1958, 55 97 |
75. Wilson, Griffis, Montermoso, Rubber Age, 1958, 83, 647,
76. Xellogg and Co.s B,P. 742,908; C.4. 50, 13497g, 1956.
1. Kellogg and Co.s B.P. 742,907; C.A. 50, 13497b, 1956,
78. Teeters, Passino, Dittmen, U.S.P. 2,770,606; C.A. 51, 77522, 1957.
79, Allied Chemical and Dye, B.P. 783,933; C.A. 52, 42h5e, 1958.
80. Ferguson, J. Amer. Chem. Socss 1960, 82, 2416.
81. Ruggs Stevenson, Rubber Age, 1957, 82, 102.
82.  Moran, Rubber World., 1957 137, 250,
83. Stivers, Honn, Robb, Ind. Eng. Chem., 1959, 51, 1465,
84, Minnesota Mining, B.P. 823,97h; C.A. 54, 9368Ff, 1960.
85, Griffis, Montermoso, Rubber Age, 1958, 83, 118.
86. Baumann, Chem. and Ind., 1959, 1498.
87. Hauptschein, O'Brien, Stokes, J. Amer., Chem, Soc.s 1953, 75, 87.
88. Moran, Kane, Smith, J. Chem. Eng. Data, 1959, &, 276.
89. Moran, Kane, Smith, Ind. Eng. Chem., 1959, 51, 831.
90.  Gallagher, Eubank, Rubber World, 1960, 141, 827,
A, Smith, Rubber World, 1959, 140, 263.

92, Dixon, Rexford, Rugg, Ind. Eng. Chem., 1957, 49, 1687.




93,

95.
96,
97«
98.
99.
100,
101,
102,
103.
10k,
105.
106,
107.
108.
109.

110,
111,
112,
113.
114,
115,

116,

189

Lenk, Mitchell, Paciorek, J. Polymer Sci., 1960, 45, 405,

Smith, Proe. Int. Rubber Conf., 1959.

Postleneck, Ind. Eng., Chem., 1958, 50, 1602.

Barbour, Chem. and Ind., 1961, 958.

Banks, Haszeldine, J. 0il Colour Chem. Assoc.s 1959, 42, 591.
Hauptschein, J. Amer. Chem. Soc., 1957, 79, 6248,

Paciorek, J. Org. Chem., 1962, 27, 266.

Harmon, U.S.P. 2,511,258; C.A. bk, 81664, 1950.

Hauptschein, J. Amer. Chem. Soc., 1959, 81, 2676.

Evans, Tatlow, J., 195k, 3779

Chambers, Ph.D. Thesis, Durham, 1959,

Hopkin, M.0.A. Conf. on Macromolecules, London, 1961.
Ballantine, Nuc. Sci. Abs., 1955, 9, 1781 and 4100.

Medvedev, Abkin, Vysckomolekulyarne Soedineniy, 1960, 2, 90k.
Magat, Coll. Czech. Chem. Comm., 1957, 22, 141, (C.A. 8536k, 1957).
Barb, Gerson, Yarseley, B.P. 784,27h4; C.A. 52, 42LOf, 1958.
Chapiro, Stamnett, J. Chim. Phys., 1959, 56, 830, (C.A. 54, 104681,
1960).

Oksmura, Futami, App. Radn. and Isotopes, 1960, 8, Lé.
El-Ahmadi, Herba, Anderson, J. Amer. Chem. Soc., 1957, 79, Loko.
Rabilloud, Traynard, Compt. Rend., 1960, 250, 33k.

Wiley, Harrell, J. Org. Chem., 1960, 25, 903.

Chang, Yang, Wagner, J. Amer. Chem. Soc.s 1959, 81, 2066.
El-Abbady, Anderson, J. Amer. Chem. Scec., 1958, 80, 1737.

Brown, Gewanter, J. Org. Chem., 1960, 25, 2071.




117
118.
119.
120.
121.
122.

123,

12k,
125.
126.
127,

128.
129,
130.
131,
132.
133,
13k,
135,
136.
137.
138.
139.
140,

190.

Fokin, Volkova, Khim. Navka. i Prom., 1959, 4, 806.

Haszeldine, Steele, J., 195k, 923.

Durrell, J. Org. Chem., 1960, 25, 1661.

Coffmann, Cramer, Rigby, J. Amer. Chem. Soc., 1949, 71, 979.
Henne, Kraus, J. Amer. Chem. Soc., 1951, 73, 1791

Haszeldine, J., 1953, 3565.

Haszeldine, J.» 1953, 922.

Hanford, U.S.P. 2,443,003; C.A. 42, 6841d, 1948,

Hanford, Joyce, U.S.P. 2,562,547; C.A. 46, 1578i, 1952.

Joyee, Ua.S.P. 2,559,628; C.A. 46, 3063b, 1952,

Skinner W., Skinner E., Tiezen, Johnson, J. Org. Chem., 1958, 23,
1710,

E.I. Du Pont de Nemours, B.P. 583,874; C.A. 41, 5141f, 1947.
Heszeldine, Merklew, J., 1956, 962.

Hoyt, U.S8.P. 2,843,575; C.A. 53, 2675b, 1959,

Berrys U.S.P. 2,412,960; C.A. ;4; 1885¢, 1947.

Iwperial Chemical Industries, B.P. 5%,249; C.A. &2, 24731, 1948.
E.I. Du Pont de Nemours, B.P. 596,943; C.A. 42, 5719c, 19&8. |
Harris, McCane, B.P. 812,116; C.A. 53, 14585e, 1959.

Ford, U.S.P. 2,468,05%; C.A. 43, 5638b, 1949,

Pearson, U.S.P. 2631, 998; C.A. 47, 5725c, 1953.

Kroncke, U.S.P. 2,770,615; C.A. 525 797e, 1958.

Kropa, Padbury, U.8.P. 2,590,019; C.A. 46, 10197a, 1952,
Minnesota Mining, B.P. 840,735, 1956; C.A. 5k, 25974c, 1960.

Holbrook, Gordon, Pierce, J., Amer. Chem. Soc., 1960, 82, 825.




191

141,  Minnesota Mining, B.P. 823,974, 1956; C.A. 51, 9368f, 1960.

12, Haszeldine, J., 1953, 2195.

143, Hauptschein, J. Amer. Chem. Scc., 1959, 2676.

1bh,  Geyer, Haszeldine, Leedham, Marklew, J., 1957, 4472,

145.  McBee, Roberts, J. Amer. Chem. Soc.y 1957, 79, 2329.

146. Tedder, Chem. Revs., 1955, 55, 787.

147. Bacq and Alexander, Fundamentals of Radiobiology, Butterworths,
1955.

148. Prober, J. Amer. Chem. Soc., 1950, 72, 1036.

149,  Mertin, U.S.P. 2,409,948, 1946; C.A. 41, L0059, 1947.

150, Harmon, U.S.P. 2,436,142, 1948; C.A. 42, 3776h, 1948.

151. Radell, Connolly, J. Chem, Eng. Data, 1961, 6, 282.

152, Haszeldine, Young, J., 1960, 4503,

153, Miller, Dittman, Ehrenfeld, Prober, Ind. Eng. Chem., 1947, 39, 333.

454, Koshar, Trott, Lazerte, J. Amer., Chem. Soc., 1953, 75, 4595.

155,  Barrick, U.S.P. 2,403,207; C.A. 40, 64974, 1946.

156. Minnesota Mining, B.P. 827,308, 1956; C.A. 54, 13711b, 1960.

157. Plunkett, U.S.P. 2,230,654; C.A. 35, 3365-8, 1941.

158. Haszeldine, Osborne, J., 1955, 3880.

159.  Hauptschein, J. Amer. Chem. Soc.s 1953, 75, 2695.

160. Hauptschein, J. Amer. Chem. Soc., 1953, 75, 2693.

161. Hauptschein, J. Amer. Chem. Soc., 1960, 82, 2868.

162. Anderson, Putnam, Sharkey, J. Amer. Chem. Soc., 1961, 83, 382 and

389.




192,

163, Filler, O'Brien, Fenner, Hauptschein, J.’Amer. Chem. Soce.s 1953,
755 966.

164. TFaurcte, Henderson, Murphy, Ind. Eng. Chem., 1956, 48, k5,

165, Clark, Simons, J. Amer. Chem. Soc., 1953, 75, 6305.

166. Bourme, Stacey, Tatlow, Worrall, J., 195k, 2006.

167. Bourne, Randles, Stacey, Tatlow, J. Amer. Chem. Soc., 1954, 76,
3206,

168. Rasmussen, Brattain, J. Amer. Chem. Soc., 1949, 71, 1073.

169, Hutchinson, Musgrave, Unpublighed Work.

4170. Schweiker, Robitschek, J. Polymer Sci., 1957, 24, 33.

171. Brown, Mathiesen, J., 1957, 3608.

1%2. Throssell, Socd, Szwarc, J. Amer. Ghem. Soc.s 1956, 78, 1122,

173, Florin, Wall, J. Res. Nat. Bur. Stand., 1961, 654, 375.

17h. vBaxendale Mellows, J. Amer. Chem. Soc., 1961, 83, 4720.

175. Melville, Chem. and Ind., 1957, 1632.

176. Park, Holler, Lacher, J.0rg. Chem., 1960, 25, 990.

177 Knunyants, Shokina, Doklady, Akad. Nauk, S.S.S.R.; 1959, 129, 328;
C.A., 1960, 54, 75284,

178. S.C.I. Symposium on Thermsl Degradation of Polymers, 1961, P.256.

179, Hanford, U.S.P. 2,440,850, 1948,

180. Waters, "Chemistry of Free Radicals", 2nd Ed., Oxford University
Press, 1948, p.182,

181, Hauptschein, Chem. Eng. News, 1958, 36, No. 38, 48.

182. Du Pont Informstion Bulletin, Dyes and Chemicals.




183,
18k,
185.
186.
187,
188.
189.

193.

Barricks U.S.P. 2h62,346, 1949; C.A., 43, 420LF,

Barrick, Coffman, Cramer, J. Amer. Chem. Soc., 1949, 71, 490,
Putnam, Anderson, Sharkey, J. Amer. Chem. Soc., 1961, 82, 386.
Putnam, Casﬁls,b J. Amer, Chem. Soc., 1961, 83, 389.

Anderson,; Putnam, Sharkey, J. Amer. Chem. Soc., 1961, 83, 382.
Birchall, Haszeldine, J.s 1959, 13.

Bellamy, "Infrared Spectra of Complex Molecules", p.42, 2nd Ed.,
1960,

Nield, Stephens, Tatlow, J., 1960, 3800.

Evans, Tatlow, J.s 1955, 1184,

Evans, Tatlow, Je, 195k, 3779.

Stephens, Tatlow, Wiseman, J., 1959, 148.

Nield, Stephens, Tatlow, J.; 1959, 159

Nielﬂ, Stephens, Tatlow, J., 1959, 166.

Stephens, Tatlow, Chem. and Ind., 1957, 621.

Birchall, Haszeldine, J., 1961, 3719,

Brice, Lazerte, Hals, J. Amer. Chem. Soc., 1953, 75, 2698.
Heszeldine, Nature, 1951, 168, 1028.

Burdon, Whiffen, Spectrochim. Acta, 1958, 12, 139.




L8/ o RHIVODO/T8/Y - POUTBIOD BABM FIUNPULL Uy
oL ¥3433 SIBWON

*

*opgroeds e3nb LTTensn ‘rTeorpex eexy £q Pax0BIIR ST YOTUM WOJE UOQIBO Y} S83BOTPUL xﬂ

*pojonb ¥0®Y4E TEOTPBI JO UOT408ITD JFuodf )

Zg0~%10 \
/
_ 9 340 %40
Nao=dap £
uﬁ -&0.
1
921 9z | TOAD=T0dD
Brnnw8
921 9z | 100=°d9,
FREER)
i ‘ L
&D=d9
9 egn’ <o
w.mU/
2zt 0="°Hg
19%107 *
LN
221 \ amoxoummo*
e TOI9="H)
%10
g g M o= «5%
. o B0/
" Vi : HO-E0="H0,
. Ly FHD *HO=HEDy
€Ol €0t 9t 6t co¥(q)6l _
LSz | (a)n ()2 ¢ | g5 i @Wa | 46 | oo nl DV cot *a0-d0= a0
g - 92 JH oz *20-HO="ED
[57 0¢ e N
L g & | c2| o¢ a0-E0="H)
g g zz1 zzH *H0-HD= 1
Zh z8l Ll , g JcBH| 82t
62t SR A Gz 14" Gzl | Gzl 91 e\9¢ | 56t Gl 1, Ger| 621 Bigo=540
9zl 9zl : (®)
q)25t Szl 9t 2212 4 _
e Zn N 9zt | 9zt 02 otel otz cai| g a0
: ~
2¢ TOHO=319 y
i 3 b , Brrnm
(12T (a)2T L T L I ()07 ()8 i
qy6% - .
_ 14 M.mw 1 9k G¢ G Sq0="2n
zh . 99 65 a¢ N <9 9z | ¢¢ 6LV glbl 6L #
] vl Je HD= %0
Fon) [v)] Q «Q & «Q (%] «Q [ « — U N
~— b 1 72) ] oo © ©
5 & SR 8 A Rogn |n PR A Ml Sk m 1 I & & 1
=] 55 = : |
& NED0TET




