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of Fluorinated Organic Compounds
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The review deals with the principal advances in the synthesis and investigation of the properties of polycondensation of

fluoro-polymers.

In many cases the properties of the fluoro-polymers have been compared with those of their non-

fluorinated analogues. The applications of the polymers are also described briefly.

The bibliography includes 138 references.
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I. INTRODUCTION

The study of organofluorine polymers and low-molec-
ular-weight compounds of this class began to develop
comparatively recently—during the 1940's. The scope of
the chemistry of fluorinated macromolecular compounds
was of course limited mainly by the relatively low level
of development of the chemistry of fluorinated low-
molecular-weight compounds. This was responsible for
the fact that until recently (until the 1950's) the principal
methods for the synthesis of fluoro-polymers consisted in
the polymerisation of the relatively readily available
fluorinated olefins, which yielded polyperfluoroalkylenes.
Polymerisation fluoro-polymers, particularly polytetra-
fluoroethylene (Teflon), which is the most important
member of this class, have found a firm place among
modern polymeric materials employed under severe
operating conditions.

By virtue of the considerable advances in organofluorine
chemistry in recent years, many aspects of this field,
which were either impossible or difficult to achieve,
have become more or less commonplace, in particular
methods for the synthesis and the study of the properties
or organic perfluoro-compounds and polyfluorinated com-
pounds with a wide variety of functional groups have been
developed on a large scale'. This led to the expansion
of studies on the synthesis and properties of fluorinated
polymers obtained by methods for the polycondensation of
bi- and poly-functional monomers. The application of the
polycondensation methods of synthesis to fluoro-polymers
led to a much greater variety of the structures of macro-
molecules and thus to the development of new essential
materials.

Much attention has been devoted to problems of the
synthesis of polymerisation fluoro-polymers, their pro-
perties, and applications; the present review gives the
first systematic account of polycondensation fluoro-
polymers. It covers the original literature (including
patents) up to the end of 1969 and deals with fundamental
work on the synthesis and properties of polycondensation
fluoro-polymers containing fluorine atoms in the main
macromolecular chain and those obtained on the basis of
bifunctional derivatives of 2,2-diphenylperfluoropropane.

Fluorine-containing polyesters and polythioesters
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II. FLUORINE-CONTAINING POLYESTERS AND POLY-
THIOESTERS

Fluorine-containing polyethers are mainly obtained by
the polymerisation of epoxyfluoroalkanes. In contrast,
polyesters are synthesised by the polycondensation method.

The first fluorine-containing aliphatic polyesters were
described in 1952.% At the present time fluyorine-contain-
ing aliphatic, alkylene, aromatic, and fully aromatic
polyesters are known. Depending on which component
contains fluorine, polyesters can be divided into two types:
(1) polyesters from fluorinated dicarboxylic acids and non-
fluorinated diols, (2) polyesters from fluorinated
dicarboxylic acids and fluorinated diols; (3) polyesters
from non-fluorinated dicarboxylic acids and fluorinated
diols. Table 1 lists the fluorine-containing polyesters
described in the literature and some of their properties.

Aliphatic polyesters of the first type were obtained by
the direct esterification of glycols by perfluoroalkane-
dicarboxylic acids ?’%:

HO (CHy),,, OH +- HOOC (CF;), COOH —g5— [—O (CH,),, OCO (CFy), CO—],,

and also by the reaction of the silver salts of these acids
with aw-di-iodoalkanes®. The polyesters synthesised by
the second method have lower viscosities than those
obtained by direct esterification.

Data have also been published on the synthesis of
fluorine-containing polythioesters by the reaction of
pentane-1,5-dithiol and perfluoroglutaric acid dianhydride *
and also by the reaction of hexane-1,6-dithiol with poly-
fluorochlorohexanedicarboxylic acid®.  Aliphatic poly-
esters of the second type can be obtained by the reaction
with tetrahydroperfluoroalkane- aw-diols of both per-
fluoroalkanedicarboxylic acids in the presence of zinc
chloride as a catalyst®” and their dianhydrides®; however,
these polyesters have a low molecular weight. Polyesters
with a high molecular weight can be obtained using acid
dichlorides 7, since fluorinated diols are acidic compounds
and are esterified with difficulty.

It is noteworthy that polyesters obtained from per-
fluoroalkanedicarboxylic acids are hydrolysed much faster
than their non-fluorinated analogues°’® and therefore they
have not found practical applications’. The enhanced
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Table 1. Fluorine-containing polyesters and polythioesters.

Initial components
glycols, iodides, acids and theis Certain properties of polymers " References
and thioglycols derivatives
(CH.b(OH), (CF;)4(COOH), Waxy substance 2
T¢=129-133°C; insol. in hydro-
carbons and usual organic solvents
(CH,),(OH), (CF3)s(COOH), Viscous oil 3
(CH:)a1, (CF4)3(COO0Ag), ditto 3
(CH,),1, (CF,)3(C00Ag), » 3
(CH,),(OH), GoF(COOCHj3-p)s 35
(CH,)s(SH)y CF4(CF3CO);0 ‘Waxy substance, insol. in usual 4
organic solvents
(CH,).(SH)y (CF,CFCl)(COOH)y Solid substance, insol. in aq-tri- 5
fluorotoluene
C(CHy)(CelHOH-p)s C(CF3),(CHCOCl-p)s Ninh = 0.4, (Ref.8) Ty = 290°C; 27, 8
polymer soluble in many organic
solvents; strong sheet formed from
solutions
C(C,HOH-p), C(CF 5)4(CsHCOCIl-p)s - Tinp = 0.66, Tgopy = 340°C; 27, 28
VAVERNAN polymer soluble in many organic
” solvents; strong sheets formed
\\ /._____\ / from solutions
C(CHj)y(CeH,OH-p), £-CoF((COCl)s Nynp = 0.1 36
(CF,)s(CH,OH), (CF4)s(COOH), M ~ 8000- =380° 6.7
(CF2)«(CH;OH), CF{COC), 80009000, Taegs = 380°C 7,18
(CF;)3(CHsOH), F3(CF,C0):0 8
(CF,)s(CH;OH), (CF,){(COOH), Viscous liquid, slowly crystallising 6,7
(CF3),(CH,0H), (CF1),(COC), M= 6570 Toritele = -55°C, 6.7
=
(CF1)s(CH,OH), C,F14CF(CF,COC), M=9920 7
(CF,)3(CH,OH), C;4F,CH(CH,COC!), Viscous liquid, M = 7200, 6,7
Thrittle = -25°-30°C
(CF3)s(CH;0H), S[CH(CsF7)CH,COCl1, M= 7480 7
(CF1)s(CH,OH), (CF1)4(CH,OCH,COCl), M= 5360 7
(CF3)3(CH,OH), (CFy)3(CeHCOCl-m), Ty =16°C, Tgopy = 20°C, 33
T;=147°C
(CF3)s(CH,0H), (CF3)s(CsH,COCl-m), Ty = 16°C, Tygq, = 20°C, 3
Tp=125°C
(CF3)(CH,0H), (CF)o(COOH), 6.7
(CF3){(CH,0H), (CF2)a(COCI), M = 8800-9900
(CF1)4(CH,OH), CF,(CF;C0O),0
(CF3),(CH,;OH), (CF4)4(COCl), Waxy substances, M = 5260, 6,7
Ty =65-70°C
(CF;)(CH,OH), C,F;CF(CF,COCl)¢ M = 10400 7
(CF,;)(CH4OH), C,F,CH(CH,COCl), M =9940 7
(CF;),(CH;OH), S(CH(CsF,)CH,COCl], M=1400 7
(CF4),(CH,;0H), (CF,),4(CH,OCH,COCl), M= 6850 7
(CF,)5(CoH OH-m), (CF3)o(CsHLCOCL-m), Ty=46°C 33
C(CF3),(CHOH-p)s (CF;)(COCl), Mog = 0.30, T = 120°C, 2%
sol, in tetrachloroethane,
amorph.
C(CF4)3(CeH(OH-p)s (CFy)s(COCI), Tog = 040, Tgop; = 80°C, 26
sol. in tetrachloroethane
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Table 1 cont'd

Initial components

glycols, iodides,
and thioglycols

acids and their
derivatives

Certain properties of poly

C(CF3),(CoeH,OH-p),

C¢H,C(CF,) (CH,OH-p),

(CeF,OH-p),
(CoF OH-p),
(CoF (OH-p),
CaFt (OH‘m)z

CoF4(OH-m),
(CF;),(CH,OH),

(CF3)a(CH,OH),

(CF,)2(CH,OH),

(CF,)3(CH,OH),

(CF¢)s(CH,;0H),

(CF,)3(CH,OH),

(CF2)3(CH,OH),

(CF3)3(CH;OH),
(CF2)a(CHOH),

(CF;)s(CH,OH),

(CFg)s(CH;OH),

(CF4)3(CH,OH),

(CF3)3(CH,OH),

(CF3)3(CH,OH),

(CF4)3(CH,OH),

m-C4F ,(COCl)
p-CyF ((COCI),

m-C,F ,(OCOCI),

m-CgF ((OCOCI),
CO(OCgHs )z
(CH,)5(COCl)e

(CH,){(COOH),

(CH,),(COCI),

(CH,)f(COC),

(CH,):(COCl),

(CH,).(COCL),

p-CqH(COCh,

mCH(COCI),

C(CF4)4(C¢H,COCI-p),

C(CF3),(C4H,COCL-p),

(CH,SCH,COOH),

(CH,SCH;COOC,H, ),
CHy(SCH,COOH),

1,3,5-(COOH);(2-CyH, , O)C,H,

1,3,5-(COCI), (n-C,H,,0)CH,

1,3,5-(COOC,H,)s (1-CsHy, O)CoH,

1,3,4-(COOCHy), {11-C4H, ,O)C¢H,

Ninh = 0.5, Tgon = 280°C;
polymer sol. in many
organic solvents, strong
sheets formed from solu-
tions

Tinh = 0.72, Tgopy = 300°C,
strong sheets formed from
solution

Toopt = 300°C, Ty > 400°C

flinh = 0.04-0.1

Waxy substance; M = 6020~
7930, Tyriggle = =50~
-55°C, T¢ = 40°C

Viscous liquid, crystallising
slowly; M = 9000

Rubberlike substance,
crystallising slowly;
M =20000-25000,
Thrittle = 65°C, Ty= 57°C,
Tg=30°C, Tdecomp =
380°C (helium)

M = 7480, Ty iggje = -75°C;
T¢=20-26°C

M = 12000, Ty = 30°C,
Tosittle = -48-65°C

M = 11000, Ty = 30°C,
.
Tprittle < -65°C

Rubberlike substance;
— _a0°
Torittle = -40°C

Waxy substance; Ty = 55°C

Sotlid sol, in acetone, ethyl
acetate, and methylene
chloride; Tg=107°C

Transparent pale-brown
solid; films and fibres
formed from the melt;
Ninh = 0.16, T8 =22°C,
Tdecomp =460-480°C
(nitrogen, helium)

Dark solid partly
sol. in DMI?A

Dark rubberlike substance
sol. in DMFA; mjp, =018,
Tdecomp = 440°C,

7‘g =-30°C

Ninh = 0.28, Tgecomp =
445°C (nitrogen)

Dark rubberlike substance;

Tinh = 0.25, Tgecomp =
410°C, Tg =9°C

27, 28

27, 28.

31
34
36
36
36
6,10

6, 10, 12
14, 16, 18

13, 19

12, 18

20

20

20

20
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Table 1 cont'd

Initial components
glycols, iodides, acids and their Certain properties of polymers References
and thiaglycols derivatives
1
(CF;)s(CH,OH), 1,3,2-(COCCHy); (n-CsH 3, O)CsH Dark rubberlike substance; 20
Ninh = 0:12, Tgecomp =
400°C, T, = 17°C
(CF,;)s(CH,0H), 0-C¢H (COCI), Tdecomp = 480°C (helium); 12, 18
sheets and fibres formed
from the melt
(CF;)3(CH,0H), 0-CgH ((COCl), Tdecomp = 480°C (helium) 18
(CF)3(CH;OH), (CeH.COCl-0), Tg=45°C, Tior, = 50°C, Ty=145°C 3
CFy)s(C! O(CeH,COCL- Tdecomp = 500°-520°C 18
(CF2)i(CH;0H), (Gt 28 (helium)l? sheets formed from
the mejt
(CF.)5(CH,;OH), O(C4H COCl-m), Ty =20°C, Tyopy = 28°C, 33
Tg=115°C
(CF5)s(CH,0H), {(CH,)5(OC(H ,CCCl), Tdecomp = 480°C (helium) 18
CF,),(CH,OH {CH,)4(CCC1 Waxy substance, M = 6600 - 6,10
(CRICR,OM kG 8930, Thittle = -50-535°C,
T=40°C
(CF3)J(CH,0H), (CHy)((COCl)y YT pbstance; M = 18300 6.10
(CF;)«(CH,0H), (CH,)s(COCl), M= 38800, Tf=58-61°C 10
(CF,),(CH,OH), (CH,),(COCl), M =13000, Ty = 47-50°C 10
(CF3),(CH,0H), (CH,),(COCl), M= 65800, Tg=55-60°C 10
(CF;),(CH,0H), C3H,CH(CH,COCl), Viscous liquid; M = 8770, 6
Torittle = -25°C
(CF,){CH,OH), (CH,SCH,COOH), Rubberlike substance; 6
Torittle = -38°C
(CF,).(CH,OH), CH,4(SCH,COOH), \‘?;}’Csubstance; Tg=170- 6
m-(CF,)s(CH,OH), m- CgH ((COOH), 19
(CF,)s(CH,OH), m-CeH(COOCH,), v 19
CF,CF,CH,OH CH,).(COCl iscous liquid
O(CF,CF,CH,;OH), (CHg).( )2 M = 16700, Tygitgie = -58°C 11
C(CF3)2(CeH(OH-p), p-CeH(COCl)y Tsoft = 340°C; slightly sol. in 22, 23, 26
chloroform and cresol;
cryst.
C(CF4)3(CsH OH-p), m-CqH ((COCl), nlog = 0.60, Tsoft = 240°C; 23
sol. in chloroform and cresol;
cryst.; forms strong sheets
C(CF3),(CyH,OH-p), (C,H,COCl-p)y Tsoft = 400°C; slightly sol. in 25
chloroform and 3:1 tetra-
chloroethane -phenol mixt.
(CFLC(CiHs{CeHaDH-p)y | p-CiHL(COCH), fllog = 060, Tsoft = 290°C; 23, %
sol. in chloroform and cresol;
amorph.; forms strong sheets
{CF,C(CeHNCH,OH-p)s m-C,H (COCY), njog = 0.64, Tsoft = 260°C; sol. 23, 26
in chloroform and cresol;
amorph.; forms strong sheets
(CF,)(CH,OH), COCl, Waxy substance; niph = 0.30, 18, 21
T = 58-60°C, Tdecomp = 450°C
(air, helium); cryst.
(CFy);(CgHOH-m), COoCl, Tg=71°C 33
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Table 1 cont'd

Initial components

acids and their

glycols, iodides,
derivatives

and thioglycols

Certain properties of polymers References

[

C(CF4)s(CgH,OH-p), COCl,
C(CF3):(CeH OH-p)y CO(OC4H;),
C(CF;3),(CeH,OH-p), CSCl,

M =25000, Tgoft = 164°C

Sol. in acetone

M =12000, Tsoft = 161°C, 3
Tg = 215-220°C; sol. in carbon
tetrachloride, xylene, methylene

chloride, and dichloroethane;
forms sheets

*Here and henceworth the following abbreviations are
employed: sol. = soluble; M = molecular weight,;
Tprittle, Tg, Tsoft, Tdecomp, and Tt are the embrittle-

ment, glass, softening, and

ecomposition temperatures

and the melting point respectively; cryst. = crystalline;
amorph. = amorphous; DMFA = dimethylformamide;
DMAA = dimethylacetamide; DMSO = dimethyl sulphoxide.

reactivity of the carboxyl carbon atom in these compounds
to nucleophilic attack by water molecules is undoubtedly
associated with the marked electron-acceptor influence of
the perfluoromethylene chain.

The introduction of methylene groups between the
carboxyl carbon atom and the perfluoroalkylene chain of
the acidic component stabilises the polyesters with respect
to hydrolysis .

Mixed polyesters obtained from perfluoroglutaric acid
and hexafluoropentanediol, containing 2—-5 mole % of non-
fluorinated diacids or diols such ethylene glycol or
1,2-di(hydroxgmethyl)carborane, were described in a
recent patent®. These polymers are viscous liquids, and
it has been suggested that after vulcanisation they can
be employed as chemically stable elastomers.

Aliphatic polyesters of the third type have been investi-
gated in greatest detail ® '°***,  One of the examples of
these polyesters, poly(hexafluoro-1,5-pentylene adipate)

[—OCH, (CFy); CH,OCO (CH,), CO—1,.,

has found industrial application in the manufacture of a
special oil- and frost-resistant rubber. Although the
thermal stability of the latter is not in fact very high, its
capacity to retain elastic properties at fairly low tem-
peratures is of some value. The working temperature
range for this rubber is between —50° and 150°C. ** Its
degradation has been investigated ‘*~*%.

In contrast to polyesters of the first and second types,
some of the polyesters of the third type considered here,
for example poly (hexafluoropentylene adipate), have
fairly high molecular weights (about 20000)F. Such poly-
esters have been obtained by the reaction of fluorinated

TThe molecular weight was determined by measuring the
viscosity of the melt by Flory's method and the characte-
ristic constants of the equation relating the viscosity of the
melts to the molecular weight of the polymer were found
by titrating the terminal groups ®,  Subsequently the visco-
sities of the solutions of the polymers in chloroform were
employed for this purpose **. The light-scattering method
and measurements of the viscosity of dilute solutions of
the polymer have also been employed  to determine the
molecular weight.

diols with aliphatic acid dichlorides; on the other hand,
esterification with acids or their diethyl esters led only to
low-molecular-weight polyesters.

All the aliphatic fluorine-containing polyesters syn-
thesised are viscous liquids and rubber- or wax-like
substances, many of which are insoluble in the usual
organic solvents. It is suggested that the solubility of the
polyesters falls with increasing total content of fluorine
atoms in the molecule regardless of whether they are in
the main or side chain®,

A rubber-like vulcanised product based on the poly-
ester from 4-o0xa-2,2,3,3,5,5,6,6-octafluoroheptane-1,7-
diol and adipic acid dichloride, which can be employed at
low temperatures, has been described in an American
patent'!, Its embrittlement temperature is —=58°C.

[—OCH; (CFy); O (CF,), CH, OCO (CH,),CO—], ,

In order to enhance the thermal stability while retaining
an adequate flexibility of the macromolecule, polyesters
containing aromatic units together with perfluoromethylene
groups have been synthesised by the polycondensation of
hexafluoropentanediol with derivatives of terephthalic '°
isophthalic *»2°, phthalic *®, and p-pentyloxyisophthalic 2°
acids and also di- (p-carboxyphenyl) ether and 1,5-di- (p-
carboxyphenoxy)pentane '®,  The polymers described in a
British patent'® have been suggested as thermostable
casting resins and varnishes.

The possible mechanisms of the degradation of fluorine-
containing polyesters have been discussed'®,

Mixed aromatic polyperfluoroalkylene esters, obtained
by the joint polycondensation of hexafluoropentanediol
with the dichlorides of isophthalic *® and terephthalic
acids **, have also been described. It has been shown ‘2
that, following the introduction of 50 mole % of isophthaloyl
units into the poly(hexafluoropentylene adipate) chain, the
glass temperature of the polymer increases from -57°
to —=31°C and the rate of crystallisation falls appreciably.
The introduction into the polymer chain of up to 30 mole %
of terephthaloyl units hardly increases the glass tempera-
ture of the polymer (-62° and —60°C for the homopolymer
and the copolymer), but the thermal stability increases
slightly: the weight losses in a vacuum over a period of
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2 h at 250°C are 32.6 and 26 65%
the copolymer respectively **

The polycarbonates obtained by the treatment with
phosgene of a mixture of hexafluoropentanediol (80 to
95 mole %) and 2,2-di—(p-hydroxyphenyl)propane (20 to
5 mole %) have useful physical and chemical character-
istics and are more readily worked into sheets and fibres
than the corresponding non-fluorinated analogues3!,

In the 1960's hexafluoro-2,2-di- (4-hydroxyphenyl)-
propane was employed as the fluorme containing diol
component for the synthesis of polyesters 229 poly-

carbonates #?*°, and polythiocarbonates 31, Polyesters
based on this diol and the dichlorides of isophthalic
terephthalic, and biphenyl-4,4’-dicarboxylic acids ®
and also polyesters based on trifluoromethyldi- (p-hydroxy-
phenyl)phenylmethane and the dichlorides of isophthalic
and terephthalic acids ?*?” exhibit an enhanced stability
with respect to thermal and thermo-oxidative degradation.
Thus the temperatures of the onset of decomposition in
nitrogen (data obtained by dynamic thermogravimetric
analysis) of polyterephthalates obtained from the fluorine-
containing diols hexafluoro-2,2-di- (p-hydroxyphenyl)-
propane and trifluoromethyldi- (p-hydroxyphenyl )phenyl -
methane (438° and 446°C respectively) are higher than for
the polyterephthalate obtained from 2,2-di- (p~hydroxy-
phenyl)propane (397°C).*" On heatmg in air for 1 h at
400°C, these polymers lose 16.2, 11.5, and 26.3% of their
welght respectlvely Accordmg to Ref. 29, sheet
materials and aeroengme tubes made from polyesters and
polycarbonates based on hexafluoro-2,2-di- (p-hydroxy-
phenyl)propane retain their characteristics after heating
at 258°C for seven days.

Fluorine-containing polyesters based on the dichloride
of 2,2-di-(p-carboxyphenyl)hexafluoropropane, which are
d1stmgu1shed by enhanced thermal stablhty, elasticity,
and solubility, have also been described > The syn-
thesis of polyesters from m-derivatives of aw-diphenyl-
perfluoroalkanes was reported in 1969, Polyesters of
the type

for the homopolymer and

25-29

[ —OCH, (CFp)s CHzoco—”/ \I—(cm,,, ’/ \l—co-]
1) .

and

——(CF)-— —oco— N—(CF),, —CO—
nathsa (e Sasa !

were obtained by the polycondensation of the dichlorides of
-di- (m-carboxyphenyl)perfluoroalkanes with hexafluoro-
pentanediol or ew-di-(m-hydroxyphenyl)perfluoropentane.

A polycarbonate based on aw-di-(m-hydroxyphenyl)-
perfluoropentane has also been described®. The poly-
mers synthesised in the same investigation have fairly low
glass temperatures (16-45°C) and are elastomers above
room temperature.

One of the attempts to modify the properties of poly-
esters consisted in their synthesis from aromatic per-
fluoro-compounds. A patent has been taken out®* for
high-molecular-weight polyesters which are resistant to
thermal and thermo-oxidative degradation and which were
synthesised by the interfacial polycondensation of octa-
fluoro-4,4’-dihydroxybiphenyl with the dichlorides of
tetrafluoroisophthalic and tetrafluoroterephthalic acids:
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A similar polymer, consisting of a fluorinated analogue
of Lavsan [a variety of nylon produced in the USSR (Ed. of
Translation)] was obtained by the polycondensation of
dimethyl tetrafluoroterephthalate and ethylene glycol, it
differs little m its properties from Lavsan®,

A patent®® describes aromatic polyfluorocarbonates
obtained by the polycondensation of tetrafluorophenylene
bischloroformates with perfluorinated aromatic diols or
2,2-di- (p-hydroxyphenyl)propane. Poly(tetrafluoro--
phenylene carbonate) was also synthesised by the poly-
condensation in the melt of tetrafluororesorcinol with
diphenyl carbonate:

L L
—0—Z\—0co—
- |_F -+ CaH,0C (0) OCeHy ——rrm > ||
NS F/ N/ \F

( ( "

These polymers are suitable for the manufacture of
articles designed for use at high temperatures.

III. FLUORINE-CONTAINING POLYAMIDE POLYMERS

1. Polyamides

The development of the chemistry of fluorine-containing
polyamides was stimulated by the endeavour to synthesise
afluorinated analogue of nylon for the manufacture of fire-
resistant fibres3?. Like polyesters, fluorine-containing
polyamides canbe divided into three types. The polyamides
and some of their properties are listed in Table 2.

Aliphatic fluorine-containing polyamides were first
described in patents at the beginning of the 1950's, 2%®
Polyamides of all three of the above types were obtained
by the polycondensation of the diethyl esters or the dichlo-
rides of alkane- and perfluoroalkane-dicarboxylic acids
with hexamethylene-~ and 2,2,3,3,4,4,5,5-octafluorohexa~
methylene-1,6-diamine It proved poss1ble to synthesise
by this method only polyamides of the first type with a
molecular weight (10000) sufficient for the preparation
from them of fibre-forming materials:

C.H,00C (CF); COOC,Hj -+ HyN (CHe)s NH, =gy

[—CO (CF,); CONH (CH,)eNH—1],

The fibres made from these polyamides have a high
strength and density and are suitable for the manufacture
of heavy fire-resistant fabrics. Analogous results were
obtained in another study*®

Later it was shown that, when solutions of diethyl
perfluoroadipate are mixed with hexamethylenediamine,
a low-molecular-weight polyamide is formed even in the
cold, but its further polycondensation on heating in nitro-
gen or in vacuo is accompanied by degradation ©°

Fluorine-containing N-alkyl-substituted polyamides
of the first type,

[—co (CF,),,COIl\I (CHy)g rr—
R

were synthesised by the polycondensation of secondary
aliphatic diamines with dimethyl perfluoroglutarate,
polyamides with the highest molecular weights being
obtained from NN’-dimethyl and NN’-dimethyl-hexamethyl-
enediamines. N-Substituted polyamides of the third type,

[—co (CHy)s CONCH, (CF,)s CH,N— ]
| |
R R |,
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with a moderate molecular weight (degree of polymerisa-
tion 20-50%) could be obtained only from acid dichlorides,
the reaction being carried out in a boiling inert solvent or
in the presence of pyridine .

It was found that polyamides of the first type, like
polyesters obtained from perfluoroalkanedicarboxylic acids,
are hydrolysed very readily, the tendency towards hydro-
lysis decreasing somewhat with increasing dimensions of
the substituent at the nitrogen atom *.

It is noteworthy that chlorine-containing polyamides
cannot be obtained by the polycondensation of hexamethyl-
ene- and octafluorohexamethylenediammonium salts of
perfluoroadipic acid in the melt, since the salts decompose
below the melting point. The attempts to achieve their
polycondensation in the solid state at a temperature close
to the melting point also failed to yield the expected
results ***°,

Although fluorine-containing diamines do not in fact
form salts with weak acids owing to their low basicity,
polyamides of the third type could nevertheless be obtained
by heating the diamines with adipic acid *”*,

In order to synthesise fluorine-containing polyamides of
the first type, some investigators attempted to employ the
methods of interfacial polycondensation using aliphatic *****
and aromatic *° diamines and dichlorides of perfluoro-
alkanedicarboxylic acids. However, the polyamides
obtained in this way proved to have low molecular weights.
There is no doubt that the reason for the failure of these
syntheses is the very ready hydrolysability of the dichlo-
rides of perfluoroalkanedicarboxylic acids.

The high acylating capacity and volatility of such dichlo-
rides made it possible to achieve the synthesis of fluorine-
containing polyamides of the first type by a gas-phase
polycondensation at the liquid-gas interface. High-molec-
ular-weight fluorine-containing polyamides were obtained
by passing the vapour of the dichloride of perfluoroadipic
acid in a stream of nitrogen through aqueous solutions of
aliphatic and aromatic diamines at 90-100°C. ***°

Attempts have been made to employ irreversible low-
temperature polycondensation in amide solutions for the
synthesis of fluorine-containing polyamides “"~*°. How-
ever, the aromatic polyperfluoroglutaramides obtained
from the dichloride of perfluoroglutaric acid and benzidine
or 3,3’-dihydroxybenzene in dimethylacetamide had very
low molecular weights. Probably this is a consequence
of the appreciably high rates of the competing reactions of
dimethylacetamide with both the initial dichloride % and
with the final acid chloride groups of the oligomers,
resulting in chain termination.

A number of polyamides obtained from bifunctional
derivatives of aw-diphenylperfluoroalkanes have also been
described. A thesis®" mentions a high-melting polyamide
made from hexamethylenediamine and 1,2-di- (p-carboxy-
phenyl)perfluoroethane. Mixed polyamides of this type
with adipic or sebacic acid have been used to prepare
thermostable fibres.

Recent patents *’** describe the synthesis of high-
molecular-weight polyamides from pp’-dicarboxy- and
pp’-diamino-derivatives of 2,2-diphenylhexafluoropropane.
These polyamides are high-melting film-forming polymers
with a comparatively high solubility.

Data on polyoxyamides and polyamides, obtained from
derivatives of aw-diphenylperfluoroalkanes and 2,2-di-
phenylperfluoropropane are presented in Table 2 and in
Section IV, 2. A polyamide with aromatic perfluoro-
units was obtained by heating octafluorobenzidine with
pyromellitic dianhydride %,
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There has been only one study on the synthesis of
fluorinated polyureas *. The polymers were obtained by
the interfacial polycondensation of octafluorohexamethyl-
enediamine with a number of di-isocyanates (hexamethylene,
diphenylmethane, and toluylene di-isocyanates):

H,NCH, (CF,), CH;NH, + OCNRNCO — [—NHCH, (CF,), CH,NHCONHRNHCO—], .
The polymers synthesised had a low molecular weight and

a relatively low thermal stability (decomposition tempera-
ture 215°C). %

2. Polyhydrazides

The possibility of obtaining low-molecular-weight
fluorine-containing polyhydrazides from the dihydrazides
and dichlorides of perfluoroalkane-dicarboxylic acids was
first suggested by Brown in 1964 *~’% (see Section IV, 2):

[—CONHNHCO (CFy) ,,—I,, .

H,NHNOC (CF,),, CONHNH, - CIOC (CFy),,, COCl —ficy

High-molecular-weight aromatic poly (perfluoroalkylene-
benzenedicarboxylic acid hydrazides) were synthesised by
low-temperature polycondensation in amide solvents:

[:-NH\Wu:o(csg,,,::owawnco@_{o}
n

However, it was not possible to obtain high-molecular-
weight fluorine-containing polyhydrazides by this method
using the dichlorides of perfluoroalkanedicarboxylic acids.
In order to avoid the chain termination of the macromole-
cules due to the considerable rate of reaction of the
dichlorides of the strong perfluoroalkanedicarboxylic acids
with the amide solvents, the dichlorides of aromatic acids
were employed as the acid component and the dihydrazides
of perfluoroalkanedicarboxylic acids as the diamine com-
ponent (Table 3).

Aromatic poly(perfluoroalkylenebenzenedicarboxylic
acid hydrazides) are amorphous polymers very readily
soluble in the usual organic solvents; their softening
temperatures are in the range 190-210°C and the tempera-
tures of the onset of vigorous decomposition in air are
between 250° and 300°C.

Polyisophthaloperfluoroglutarohydrazide, as well as
polyisophthalohydrazide, form metal derivatives with zinc,
nickel, and mercury salts.

Data on polyhydrazides based on 1,5-di- (p-carboxy-
phenyl)perfluoropentane %" and 2,2-di- (p- carboxyphenyl)-
perfluoropropane % are given in Table 3 and in Section 1v,
2.

Fluorine-containing polyhydrazides are not of independ-
ent importance and are used as intermediates in the
synthesis of certain polyazoles; the possibility of the
cyclisation of fluorine-containing polyhydrazides into
poly-1,3,4-oxadiazoles is discussed in Section IV, 2,

Fluorinated polymers obtained by the polycondensation
of the dihydrazide of perfluorosuberic acid with iso-
phthalaldehyde and terephthalaldehyde (ninh = 0.1) have
also been described **:

OC(C ONHNH, + OH
BoNHNOC(CF,);CONHNH, CGCHO _
=y

‘:HC:NHNCO(CF,)GCON HN =HC‘©{|
P

e



686 Russian Chemical Reviews, 40 (8), 1971

Table 2. Fluorine-containing polyamides.
Initial component Certain properties of Ref
ete e!
amines acids and their derivatives polymers rences
(CH,)+(NH,)s (CF,)(COCI), Tiynh = 0.12, T = 280°C 44—46
(CH,)6(NHy)y (CF,)s(COOC,H;), Tg=183-185°C 38
o 40,
(CH,)e(NH,)s (CF;)4(COCl)y Ninh = 0.2-0.5, Tg = 210°C 4946
(CH,)e(NHy) 5 (CF;)(COOC,Hy), Tlinh = 0.08, Tt =~ 200°C; 38—40
sol. in DMFA
(CH,)s(NHy), (CF'?’(COCI)’ 4—46
(CH,)o(NHy)y (CF,),CH.COX): T§ = 400°C 51
(CH,)e(NHy), C(CF3),(CeH LOCI), ninh = 0.24, T¢ = 280°C; sol. 53
in DMFA
(CH,)o(NH,)s (CF4)((COCI)y ninh = 0.21, Tf = 175~180°C 40
(CH;),(NH,)s (CF;){(COOC,H;)s 42
(CH,)o(NHCH,), (CF,)5(COOCH ), Torittle = 25-30°C; sol. in 41
DMFA and acetone
(CH;)e(NHC,H, )2 (CF 4)3(COOCH), Trittle = 5°C; sol. in DMFA 41
and acetone
(CH;)e(NHC3H;- i)z (CF,)s(COOCH,)s Thrittle = 20°C; sol. in DMFA 41
and acetone
(CH,)(NHC H,-n), (CF,)3(COOCH3), Trittle = 20°C; sol. in DMFA, 41
benzene, iso-octane, and
chloroform
CgHa(NH,) (CF,)4(COCl) Ninh = 0.09, Tg = 378°C 40
PCeHa(tiHy), o * f(decomp.)
P-CgH4(NH,), (CF)4(COCI), finn = 0.64, Tt > 380°C 44—46
m-CgH4(NH,), (CFy)(COCL), Ninh = 0.46 44—146
p-CgHa(CHyNH;), (CF2)4(COC1), flinh = 0.10, Tf = 258~ 40
264°C
(CeHNH;-p), (CF,)3(COCl), fllog = 0.16, Tdecomp =250°C 47—49
m-CgH4(NHy), C(CF3)2(CeHCOCI-p), Ninh = 0.43, T¢ = 370°C 53
(decor;?).); sol. in DMFA
and DMAA
1,2,6-CgH3(CH3)(NH,), C(CF4)2(CeH LCOCl-p)s 7inh = 0.81, T > 350°C 52
(CsH(NH;-p)s C(CF 3)2(C4H LCOCI-p). ninh = 1.08, Tt > Tgecomp 3
2 410°C; sol. in DMFA
and DMAA
SO,(CeHNH;-p), C(CF3),(CoHLOCL-p)e ninh = 0.7, T > 350°C 52
C(CH,),(CeH (NH,-p), C(CF3)g(CeH LCOCl-p), finh = 1.14, T > 400°C 52
o 77N\ YR C(CF 3),(CeH LOCl-p)e ninh = 044, T1 > Tdecomp. 53
HN— N SN=/ NH, =390°C; sol. in DMFA and
AYERS DMAA
” NH
N/ \co/
HiCO\_ /OCH3 C(CF,),(CeH COCl-p), inh = 1.1, Tf > 375°C 52
Nz N_7Z7 N_.x
N )K=,
CF,)((CH,NH,), (CF,) ((COCl), ninh = 0.11, Tf = 253°C 40
(CFy)(CH,NHy), (CF;)((COOC:H;), ninh = 0.03, T¢ = 231°- 38, 40
232°C; sol. in DMFA
h - C(CF 3),(CeH LCOCly) 7inh = 0.7, T¢ = 400°C; 52, 53
C(CF3)(CalNHy-p)s (CFu(Calle : sol. in DMFA and acetone
(CF,)(CH,NH,), {CH,)«(COCl)y TNinh = 0.21, Tf= 216~ 40
223°C
(CF3),(CHyNH,), (CH,){(COOC,;H;), ] ftinh = 0.30, Tg = 219- 38, 40
221°C; sol. in hot
DMFA
(CF4)s(CH,NHCH,), (CH,)(COCl)y Tbri}tle =25-30°C; 41
sol in acetone and DMFA
(CF,)4(CH,NHC,Hy), {CH,)(COCl), Tonttle = 20°C; sol. in 41
acetone, chloroform
ana DMFA
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Table 2 cont'd

Initial compornent Certain propertics of R
amines acids and their derivatives polymers Refercnces
CF.,),(CH,NHCH.,-i50) CH,),(COCI Thrittle = 30-35°C; sol. 41
( 2)3( 2 e (CHL ) innaceeione, chloroform,
benzene, toluene, and
DMFA
(CF,)5(CHyNHC ;H,-n), (CH,)(COCI), Trittle = 10-15°C; sol. 41
in acetone, chloroform,
benzene, toluene, ethyl
acetate, and DMFA
C(CF3),(CH NHy-p), P-CgHa(COCh flinh = 0.6, T > 400°C 52
H,(COCD Ninh = 1.48, Tf = 370°C 53
C(CFa)s(CeHNHyp) PLeMy 2 (decomp.); sol. in DMFA
and DMAA
C(CF)2(CH NHy-p)y m-CgH (COCI), flinh = 0.65, Tf = 348°C 52
C(CF3),(CeHNH, p)s 1,3,5-CgH3(COCD,C4Hy finh = 0.72, Tg > 350°C 52
C(CF3)y(CeHNH;-p)y 1,3,5CgH3(COCD,C finh = 0.74, T > 350°C 52
HO\  ,OH (CF,)5(COCl), Tjog = 0.16 47, 48
H,N—<:>\—NH,
HO\ /OH
- —_ = 0.8; sol. in amide 56, 57
Hg\'——/<_>\—/_\\—NH, (CF})3(CeHCOCl), s‘(” vents: dsgs = 1.54
HON ~OH = 0.6; sol. in amid 56, 57
HN—C N T SNenn (CF2)d(CoHCOCI), oI '
: Ne—/ \—/ 2 solvents, 5 = 1.59
(CF)g(CgH4NHym), o7 \—CO\ flog = 1.5: sol. in amide 5. 57
\OC I “ . / solvents
—l ll—co
(CF )g(CelyNHym)y /OC— 7 \—CO\ Mlog = 1.5; sol.in amide 5. 57
l ‘ , solvents
—co/
O(CsH NHy-p)s —(CFy)s—('N\—CO\_ | tiny = 165 Brg>
! I‘ “ |—co/
3, 58
O(CoH NH,-m), SOC—7"™N (CF,),-—/ N—CO\_ | iy =051 33, 5
St ) 1 Leo?
NoCc— —C
OC: N\ (o]
< . 60
C(CF,3),(CH NH,-p), 0C— \—co\ Tinp = 0.6
o o)
N\oC— /I —co/
60
CCF)y(CoH NHy-p)y /OO —C(CFa)y— "N\ —CO\_ | ninp =052
o o)
NOC— l l l I_co/
/
. 54
(CoF JNH,-p), /OC—
< l
\oc— _co/

*In the original paper it is not stated whether the acid or its derivative was employed.

3. Polyurethanes

Fluorine-containing polyurethanes were first obtained
in 1954 by heating hexafluoropentanediol with hexamethyl-
ene, toluylene, and octafluorotetramethylene di-iso-
cyanates at 150°C. % These polyurethanes have been
suggested as thermostable coatings. The fluorine-contain-
ing polyurethanes described in the literature and some of
their properties are presented in Table 4.

687

Many polyurethanes containing fluorine in both the diol
and in the di-isocyanate components of the molecule,
including aromatic perfluoropolyurethanes have been

described #¢°%",

They were synthesised from fluorine-

containing compounds in two ways: (1) by the reaction of
di-isocyanates with diols (in solution and in the melt) and
(2) by the reaction of diamines with bischloroformates
(in solution under the conditions of interfacial polycon-
densation). For example, the synthesis of poly-

[ (W-hexafluorotrimethylene)hexafluoropentamethylene
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Table 3. Fluorine-containing polyhydrazides.
Polymer unit Certain properties References
—(CF,;);CONHNHCO— 61, 62
—NHNHCO(CF, );,CONHNHCO—#"\—CO— fllog = 0.26; sol. in alcohol, 48
I ” DMSO0, and amide sok-
ts; h.
N/ vents; amorp
~—NHNHCO(CF,;)sCONHNHCO— ZN\—CO— Nog = 0.84; sol. in alcohol, 47, 48
“ acetone, DMSO, and
amide solvents
N
- C A /_\\F_ Nog = 0.86; sol. in meth- 47, 48
NHNHCO(CF3);CONHNHCO— __ )~CO anol, DMSO, and amide
solvents; amorph,
~NHNHCO—(CF,) CONHNHCO—7 \—CO— Mog = 0.89; sol. in alco- 48
hol acetone, DMSO, and
l\ ” amide solvents; amorph,
A\
—~NHNHCO—Z _\—(CFg) —7 \—CONHNHCO—-O-/ N _CO— | Mog = 0.35; sol.in DMSO 57
AN —4 N—=/ l and amide solvents
A\
,.{__ /\ _C(cpa)x_<:>\_co)1HNﬂco__ iy = 0.81; sol. in DMFA; 63
_ = Tyt = 340°C
—NHNHCO—Z—_ \_ TN\ _ Z7N—CO_ | Minn = 0.79; sol. in DMFA; 63
co-{___ Y4 C(CF3)y (e—=/ CONHNHCO——\____: Y CO. x;lslon = 26070
_NHNHCO—Z—\__ D e N fiinh = 0.67; sol. in DMFA; 63
HCO "=/ C(CF3), e/ ONHNHCO “ CO— Toogy = 330°C
N/

dicarbamate] was achieved by heating hexafluorotri-
methylene di-isocyanate with hexafluoropentanediol in
ethyl acetate in the presence of triethylamine:

OCN (CF)s NCO + HOCH, (CF,)s CH,OH — [—NH (CF,)sNHC (O) OCH,(CF,)sCH,0C0—],—
_HO_, HOOCCF,COOH + H,;NCOOCH, (CF,); CH;OCONH, .,

This polyurethane is readily hydrolysed in air to hexa-
fluoropentylene dicarbamate. On heating in the absence
of moisture at 80-90°C, the polyurethane splits off
hydrogen fluoride and is apparently converted into the
polymer [—N=CFCF2CF=NCOOCH2(CFz)sCHzOCO—]n,
which is somewhat more resistant to hydrolysis.
Polyurethanes in which a methylene group separates
the perfluoroalkylene chain from the nitrogen atom, which
some investigators believe makes them more resistant
to hydrolysis, were synthesised by the reaction of fluorine-
containing bischloroformates with diamines. Thus, on
heating hexafluoropentamethylene bischloroformate with
hexafluoropentamethylenediamine in ethyl acetate in the
presence of pyridine, poly-[(N-hexafluoropentamethylene)-
hexafluoropentamethylene dicarbamate] is formed:

CIOCOCH, (CF,)s CH,OCOCI + HyNCH, (CFa); CHNH; —ps
—[—NHCH, (CF,); CH,NHC O OCH, (CF,); CH,0C0—], .
Under the conditions of interfacial polycondensation,
the same reaction is accompanied by extensive hydrolysis
of the bischloroformate. Unfortunately the authors do
not quote experimental data for the hydrolytic stability for
the polymer itself.

An aromatic perfluoropolyurethane was obtained by the
reaction of tetrafluoro-m-phenylene di—isocyanate with
tetrafluorohydroquinone in boiling xylene **°.  Among the
fluorine-containing polyurethanes synthesised by Hollander
and coworkers *®®" the most thermostable is poly-
[(N-tetrafluoro-2 -phenylene )hexafluoropentamethylene
dicarbamate], the decomposition temperature of which is
about 300°C; other fluorine-containing polyurethanes
decompose at about 200°C. %’

The effect of fluorine atoms in the diol or di-isocyanate
unit of the polymer on the properties of aliphatic ?oly-
urethanes was also investigated in other studies ®*%°, It
was found, for example, that the polyurethane
[-NHCHz(CF2)«CH2NHCOO(CHz)eOCO-]n, containing in the
di-isocyanate component a perfluoromethylene chain
separated from the nitrogen atom by a methylene group,
surpasses in its thermal stability the polyurethane
[-HN (CHz)eNHCOOC Hz (CF2)4CH20CO-|n and a non-fluorin-
ated analogue (weight losses in vacuo at 215°C over a
period of 3.5 h about 1.5, 20, and 50% respectively).
first polyurethane is somewhat more resistant to the
action of acids than the non-fluorinated polyurethane, but
is inferior to it as regards resistance to the action of
alkalis,

Polyurethanes based on fluorine-containing polyesters
and polyethers with terminal hydroxy-groups [for
example poly(hexafluoropentamethylene adipate), poly-
hexafluoropentamethyleneformyl, etc.]and aromatic
di-isocyanates or perfluorodi-isocyanates have also been

The
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Table 4. Fluorine-containing polyurethanes.
Initial components . s of
Certain properties of
isocyanates and amines glycols and bischloro- polymers References
formates
(CH,)(NCO), (CF,)s(CH,OH), 65
(CH)(NCO), (CF;)«(CH;OH), [n] = 0.3, Ty = 126°C; cyst. 69
1,3,5-CgH,(CH3)(NCO), (CF;)5(CH,OH), 65
p-CH(NCO), (CF,)3(CH;OH), Solid; Ty = 190-196°C 66, 67
(CF3)5(NCO), (CF;)s(CH;OH), Rubberlike substance 66, 67
(CF,)4(NCO), (CF;)s(CH,OH), 65
{CF,)s(CH,NH,), (CF,4)3(CH,0COCl), Tgecomp ™ 200°C (air, helium) 66, 67
(CF,)s(CH,NH,)s p-CiF ((OCOCl), Tooft = 175-179°C, Tgecomp = 200°C 66, 67
p-CeF ((NCO), (CF,)3(CH;OH), Waxy substance; T > 340°C, 66
Tdecomp = 300°C (air, helium)
m-C4F (NCO), (CF,)3s(CH,OH), Colourless solid; films formed 66, 67
from melt
m-CgH (NC p-CsF(OH) Solid infusible substance;
of1,(NCO), sF 4 s Taeomms = 200°C (ai, hetium) 66, 67
{CF3)4(CH,NH,), (CHy)e(OCOCD), [n} = 0.7, T = 184°C; aryst. 68, 69
P-CoF ((NCO), (CHy)o(0COCI), Tg = 280-281°C; cryst, 66, 67
m-C4F(NCO), (CH,)((OCOCY), 66
/CH,—CH,\
NH C(CF3)3(CeH,OCOCI-p), flinp = 0.57, T¢ = 260°C 75
\CH,—CH,/
CH,
o
H NH C(CF1)3(C{HOCOCI- p), Tinh = 1.60, T = 300°C 75
\CH,—(]IH/
CH,
GH,
—CH, <
H }‘IH C(CF3)3(CeHOCOCL- p), inh = 082, Ty = 285°C 75
\CH,—CH,
m-CeH ((NH,), C(CF5),(C,H,0COCl- p), Minh = 030, Tg = 238°C 75
P-CeH(CH,NH), CICFaW(CHOCOCLpY, | myp = 040 s
CH,(cis-CgH | NH,4), C(CF3)3,CeH,0COCI-p), finh = 1.16, Tg = 210°C 75
9-C4H [C(CH,);NH,], C(CFa)s(CeH,0COCl-p)y Tinh = 0.33, T¢ = 200°C 75

described. Polyurethanes obtained from polyperfluoro-
ethers may find application as elastomers, coatings,
adhesives, etc., i.e. whenever elasticity at low tem)‘)era-
tures and high chemical stability are required’

A patent was published in 1968 describing the synthesiS.
of high-molecular-weight polyurethanes based on the
bischloroformate of 2,2-di-(4-hydroxyphenyl)hexafluoro-
propane and various diamines. It is suggested for the
manufacture of light-resistant flexible sheets and crease-
resistant fibres ™

1IV. FLUORINE-CONTAINING POLYAZOLES

1. Poly-1,3,5-triazines

The first examples of the class of polyperfluoroalkylene-
heterocycles, namely polyperfluoroalkylene-1,3,5-tri-
azines, were obtained towards the end of the 1950's and

at the beginning of the 1960's by the homocondensation of
the diamidines or imidines of perfluoroalkanecarboxylic
acids and their copolycondensation with the monoamidines

of perfluoroalkanecarboxylic acids ™ ®°,

Thus, on heating

perfluoroadipodiamidine or perﬂuoroglutarimidine above
the melting point, solid insoluble and infusible cross-

linked polymers are formed:

H,N (HN=)C(CF,),, C (=NH) NH, ——gxm.—

QN
£ P

(éFz) n*

The use of mixtures of a diamidine (or imidine) with a
monoamidine for polycondensation leads to the formation
of partly cross-linked polymers, the degree of cross-
linking and the properties of which depend on the molar
ratios of the components and the length of their perfluoro-

methylene chain.

The copolymers are either elastomeric

materials with a low strength or they are rigid non-elastic
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polymeric substances. All polyperfluorotriazines have a
very high chemical stability and a high resistance to
thermal and thermo-oxidative degradation. For example,
the copolymers of perfluoroadipodiamidine or perfluoro-
glutarimidine with perfluorobutyramidine (1:1) are stable
on heatingin air at 350°C for about 72h. Boiling in fuming
nitric acid for 24 h leads only to a change of their colour
from yellow to white.

The thermal degradation of polyperfluoroalkylenetri-
azines was investigated by a number of workers. It has
been shown 2"’ that the activation energy for the degrada-
tion reactions of these polymers (homo- and co-polymers)
is about 30-40 kcal mole™" below 500°C, which is much
less than the activation energy for the thermal decomposi-
tion of Teflon (about 80 kcal mole™*); at about 500°C the
rates of their decomposition are lower than that of Teflon.

Other investigations ® showed that the rate of degrada-
tion of polyperfluoroalkylenetriazines at 350-500°C
in vacuo falls rapidly with increasing conversion up to 30%
and then remains almost constant up to complete volatilisa-
tion of the polymer. While the rate of degradation in the
initial stage is comparable with the rate of degradation of
Teflon, in the second stage it is much lower. The
authors suggest that the high rates of degradation in the
initial stages are due to the amide groups, which are
always present in the polymers. The decomposition of
their amide groups results in the formation of water,
which hydrolyses the triazine rings, and radicals, which
cause their polymerisation with formation of a polyene
structure:

.

After the amide groups have been consumed, the main
degradative pathway reduces to the depolymerisation of the
comparatively short perfluoroalkylene fragments of the
macromolecule with chain transfer by the transalkylation
of the triazine rings. The rates of these reactions are
lower than the rate of depolymerisation of Teflon.

Since polyperfluoroalkylenetriazines were of greater
interest as very promising elastomers **, the efforts of
many investigators were directed to the development of
other methods for their synthesis, including methods for
the synthesis of polytriazines with a linear structure.

Cross-linked polyperfluoroalkylenetriazines similar to
those described above were obtained by the thermal homo-
polycondensation of dimethyl perfluoroglutarimidate and
dimethyl perfluoroadipimidate and their “dimers”:%~%

CHy0 (HN=)C(CF,),, C(=NH)OCH; ——zron—
- CH,0 (HN:)C(CFg)mC=N—(|: (CF)y € (=NH)OCH, —
OCH; NH

N

- 71@ Ir(cmm—
N/
(#Fz),,. .

Later a similar conversion of dimethyl perfluoroglutarimi-
date into a cross-linked triazine polymer was also
described in another study .

The trimerisation reaction of the dinitriles of perfluoro-
alkanedicarboxylic acids, the possibility of which in the
presence of acid or alkaline catalysts and had been pointed
out previously "°, was investigated. The homopolycyclisa~
tion of perfluoroglutarodinitrile under a high pressure
(about 20000 kgf cm™?) in the presence of ammonia or
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secondary amines at 276°C leads to polytriazines. When
the pressure is reduced, the formation of polymers with
the structure *

PN
F,C CF,

4oL
Ny

N

noe

predominates.

A method for the preparation of cross-linked polytri-
azines by the polycyclisation of fluorine-containing
dinitriles in the presence of metals (copper, iron, etc.)
at 190°C has been described®.  Polycondensation of
perfluoroglutarodinitrile in the presence of metal oxides
(Ag20, HgO, etc.) leads to a low-molecular-weight
polymer (ninh = 0.03) containing the group
-C=N-C=N-. %

A method for the preparation of polytriazine by the
thermal homopolycondensation or copolycondensation of
perfluorodinitriles containing ether linkages [for example,
2,7-dicyano-3-oxaperfluoroheptane NCCF (CF;3)O(CF:)«CN
and 2,10-dicyano-3,9-dioxaperfluoroundecane
NCCF (CF3)O(CFz)sOCF(CFs)CN] in the presence ofammonia
has been patented. The cotrimerisation of the above
dinitriles with diamidines derived from them or of
diamidines with mononitriles (for example, with per-
fluoroacetonitrile and perfluoro-2-propoxypropionitrile)
in an amount of 0.5-30% has also been described. In
contrast to the polymers obtained from derivatives of per-
fluoroalkanedicarboxylic acids, these resins have satis-
factory mechanical characteristics, which allows their use
for the manufacture of mechanically strong articles ®7°%,

A patent * proposes a method for the synthesis of per-
fluoroalkylenetriazines by heating at 50°C a mixture of
perfluoroglutarothioamide with perfluorobutyronitrile in
the presence of triethylamine.

The first reports of the synthesis of linear polyper-
fluoroalkylenetriazines were published almost simultane-
ously by a number of investigators. According to the
method proposed by Dorfman et al. *® and by Griffin®’, the
reaction of diamidines of perfluoroalkanedicarboxylic acids
with dinitriles of perfluoroalkanedicarboxylic acids was
used to synthesise initially at room temperature linear
imidoylamidine polymers which, without isolation, were
acylated and cyclodehydrated by anhydrides of perfluoro-
carboxylic acids to polyperfluoroalkylenetriazines:

NC (CF),,, CN + H,N (HN=)C(CF,),, C(=NH)NH, —

— {{— (CFﬁ)m |(|:_N:(|;_] } (RFCO)40 ”:- (CF’)m "E‘_N:(I:_ } -
N - NCOR; NH,j,) ~™°

NH NH,
® N
-—(CFg)m—( h— (m=25,6, 8)
- N N
\'/
Re " °

This method was employed to synthesise from derivatives
of perfluoroalkanedicarboxylic acids linear-high-molecu-
lar-weight polytriazines (degree of polymerisation about
300), which are soluble yellow rubberlike polymers with a
glass temperature between -5 and -17°C and a decomposi-
tion temperature of about 420°C (differential thermal
analysis).

The attempt % to obtain an imidoylamidine polymer by
the reaction of dinitriles with ammonia without isolating
the diamidines yielded only low-molecular-weight products.
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In another method °’® a stable intermediate bisimidoyl-

amidine compound is initially obtained from a monoamidine
and a dinitrile and isolated in the solid state; after
purification it is refluxed in benzene with a diamidine or a
dinitrile until the formation of a linear elastomer:

2 RpCE=NIDNH, + NCCF)pm CN —3 RpC—N=C(CF,) , C=N—CRg:

il | !
NH  NH, NH, NH
(oM — “Y\N\h\"‘
Cran S
@

N, /
F(cmmf \\r il
N 2N
.
Ry

If the above processes are carried out without the iso-
lation and purification of the intermediate, a gel is
formed.

Methods have also been proposed for the preparation of
polyperfluoroalkylenetriazines from monomers already
containing triazine rings.

An interesting method has been described **?*"*%91% for
the preparation of a high-molecular-weight polytriazine
from 2,4-di(bromodifluoromethyl)-6-trifluoromethyl-

triazine by heating it with mercury in evacuated tubes at
200°C (degree of polymerisation about 350):

N N
Berc_l//‘ hA—CFZBr-&—Hg e —ﬂ }—CFZCFZ_
N N N N
NS \\/
éFa . CFy noe

An analogous polymer was obtained ' by the same
method from 2,4-di(difluoroiodomethyl)-6-difluoromethyl-
triazine. According to Griffin ®", the polymer exhibits
elastic properties above 40°C. The author suggests that
the glass temperature of this polymer may be reduced by
introducing into the triazine rings of the macromolecules
longer perfluoroalkyl substituents.

A polytriazine elastomer has been obtained by the
radical polycondensation of di(iodoperfluoroalkyl)triazine
under the influence of ultraviolet light:

PN 1 o~
-
IFCF,c_f ﬁ-cmcm — —FCF,C—ﬂ \\I—CF,CF—
N N =T N N
\'/ \I/
CF, CF, “p

The scope of this method is limited by the low availability
of the initial di-iodide.

The thermal and chemical stabilities of linear high-
molecular-weight polytriazines are comparable to the
stability of cross-linked polymers but, as was expected,
their mechanical strength proved to be much higher Sthe
tensyl strength of linear polytriazine is 98 kgf cm™ ¥’
against 7-35 kgf cm™ % for cross-linked polymers).

The possibility of obtaining polytriazines from mono-
mers containing triazine rings and cyanoperfluoroalkyl
groups is considered in a brief report %,

2. Other Polyazoles

Simultaneously with the development of;methods for the
synthesis of linear polyperfluoroalkylene-1,2,3-triazines,
the possibility of synthesising other high-molecular-weight
linear polyperfluoroalkyleneazoles was investigated.
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Numerous model perfluoroalkyl-substituted heterocyclic
systems were obtained even earlier and it was established
that their chemical and thermal stabilities are comparable
to those of fluorinated triazine systems **'°%,

Towards the first half of the 1960's, methods of syn-
thesising various high-molecular-weight linear polyazoles
containing aliphatic and aromatic units in the macro-
molecular chain were already known. It was possible to
postulate that the use of these methods for the synthesis
of fluorine-containing polyazoles will make the latter more
readily available than linear polytriazines.

Indeed, soon after the first publications on cross-
linked polyfluoroalkylenetriazines, several communications
appeared on the synthesis of other fluorine-containing
polyazoles: poly-1,3,4-oxadiazoles, polybenzoxazoles,
polybenzimidazoles, etc. These polyazoles were linear
polymers with relatively low molecular weights.

The synthesis of polyperfluoroalkylene-1,3,4-oxadiazoles
was achieved by two methods ®*®’'%; in the first method
polyoxadiazoles were obtained by treating solutions of
bistetrazoles in pyridine or acetonitrile with dichlorides
of perfluoroalkanedicarboxylic acids:

(CF,) C//N—N\C
—HCI, Ny m N ,

1 —H,0
H,NHNOC (CF,),, CONHNH, + CIOC (CFy),, COCl —ggj— [— (CF3),, CONHNHEO—],,

N=N

(cm,,,[»c | | +aoc (CFy), COCL
SN—NHe

A polyoxadiazole (niph = 0.1), which behaves as an
elastomer in the range 65-120°C and is inert at 100°C to
the action of concentrated sulphuric and nitric acids, was
synthesised in this way from perfluorohexane-1,6-bis-
tetrazole and the dichloride of perfluorosuberic acid *’%:*®

In the second method, polyhydrazides, which were sub-
sequently converted into polyperfluoroalkyleneoxadiazoles,
were obtained from the dihydrazides and dichlorides of
perfluoroalkanedicarboxylic acids. The conditions for the
preparation of the polyhydrazides and their cyclisation
and also the characteristics of the polymers were not
quoted **% apart from the mention of a comparatively low
molecular weight.

It is noteworthy that aromatic polyperfluoroalkylene-
hydrazides (see Section III, 2) do not undergo thermal
cyclisation to polyoxadiazoles. Chemical cyclodehydra-
tion of these polyhydrazides with phosphorus oxychloride
is accompanied by marked degradation and leads to low-
molecular-weight compounds *,

Two pathways for the preparation of polyperfluoro-
alkylene-1,2,4,4 H-triazoles from perfluoroalkylene-
diacyldihydrazidines have been indicated %:

HyN(H,NN=)C(CF ) C(=NNH,NH,
N} c,
\0‘\/ %
o) NG
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"
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In the first method perfluoroalkylenediacyldihydrazidine
reacts with a perfluoroalkylenedinitrile giving a polymer,
which is converted into poly-1,2,4,4H-triazole with
liberation of ammonia. In the second method perfluoro-
alkylenediacyldihydrazidine is acylated by the dichloride
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of a perfluoroalkanedicarboxylic acid and the resulting
polymer is dehydrated to poly-1,2,4,4H-triazole. These
methods of synthesis of triazoles are similar to the
modern methods for the synthesis of linear polyperfluoro-
alkylenetriazines from the diamidines of perfluoroalkane-
dicarboxylic acids (see Section IV, 1). In 1964 a number
of investigators described almost simultaneously the
synthesis of low-molecular-weight polyperfluoroalkyl-
enebenzimidazoles by the polycondensation in the melt of
3,3-diaminobenzidine with the diphenyl esters of various
perfluoroalkanedicarboxylic acids *®~'%:

H,N— - /\—fNH,‘,
HZN_H | T |y, CoHe00C (€, COOCH, ~—crmmmsi
NN

bt mP
‘lkNH/\/ \/I\Nﬂﬂ—‘cmm— .t

Contrary to expectation, these polymers proved to be
inadequately thermostable and their degradation with
liberation of hydrogen fluoride was observed in the poly-
condensation process itself in an atmosphere of argon
below 250°C. '®1%  According to thermogravimetric
data, the temperature of the onset of vigorous decomposi-
tion of polyperfluoroalkylbenzimidazoles in nitrogen does
not exceed 300°C.'® It has been noted*™ that polycon-
densation with perfluoroglutaric acid (at 220-250°C) leads
to marked charring of the reaction mixture.

In the polycondensation of 3,3’-diaminobenzidine with
both perfluoroglutaric acid and with its diphenyl ester,
the evolution of not onlg; hydrogen fluoride but also carbon
dioxide was observed®,

The comparatively low thermal stability of poly-2,2’-
(perfluoroalkylene)-5,5'-dibenzimidazoles can be explained
by a dehydrofluorination reaction, which is attributed
mainly to the mobility of the hydrogen atoms in the imino-
groups of the benzimidazole rings "®'”. This hypothesis
was confirmed to some extent by the appreciable increase
of the decomposition temperatures of model N~methyl-
and N-phenyl-substituted 2-perfluoroalkylbenzimidazoles
(Tdecomp = 390-450°C) compared with unsubstituted
2-perfluoroalkylbenzimidazoles (Tdecomp = 300°C). **'”

N-Substituted fluorine-containing polybenzimidazoles
were obtained by the polycondensation in the melt of
4,4’-di(methylamino)-3,3’-diaminobiphenyl and 4,4’-diani-
lino-3,3’-diaminobiphenyl with diphenyl perfluoro-
glutarate **:

1T
‘H\N/\/l N

| 1
R R

. J—(CFz)a—

The study of their thermal stability ¢» vacuo and in air
showed that only phenylation at nitrogen leads to some
improvement of thermal stability: poly- (NN’-diphenyl-
2,2’ -perfluorotrimethylene-5,5’-dibenzimidazole) begins
to decompose very slowly at about 350°C in air and in
vacuo. The appreciable difference between the behaviour
of model fluorine-containing benzimidazoles and the
corresponding polymers can be explained by the presence
in the latter of a relatively large number of terminal
amino-groups as a result of their low molecular weight.
It was found useful to attempt the replacement of the
imino-group in the ring by an oxygen atom, i.e. to obtain a
benzoxazole structure. A low-molecular-weight poly-
2,2’-perfluorotrimethylene-6,6’~dibenzoxazole was
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obtained by the polycondensation of 3,3’-dihydroxybenzi-
dine with dimethyl bisiminoperfluoroglutarate in N-methyl-
pyrrolidone at 190°C; its properties were not investi-
gated '%:

HO—Z\_7/\_OH
| 4 CH{O (HN=)C(CF,); C (=NH) OCH, ——xgr——"
J —NH, —Ci

- [ lo—‘/\ﬂ/ﬂ _OL(ca),—]n

NN NN

“*N_\J Ix

It follows from the above that fairly numerous attempts
to achieve the synthesis of polyazoles with perfluoro-
methylene bridges in the chain from derivatives of per-
fluoroalkanedicarboxylic acids led only to low-molecular-
weight polymers (with the exception of polytriazines).

High-molecular-weight linear polyperfluoroalkylene-
azoles were obtained successfully for the first time from
derivatives of aw-diphenylperfluoroalkanes—monomers
with functional groups of the type

Oreand>
% X s

where X = p-COCl, m-NHz, etc., “screened” from the
perfluoromethylene chain. In these comgounds thermo-
stable benzene rings serve as a “screen” 25659109

Thus high-molecular-weight polybenzoxazoles were
obtained by a two-stage synthesis from the dichlorides
of aw-di-(p-carboxyphenyl)perfluoroalkanes and
3,3’-dihydroxybenzidine via poly-o-hydroxyamides with
their subsequent thermal cyclisation (250-300°C) in a
vacuum or by chemical treatment (polyphosphoric acid,
200°C). *57'%  The polybenzoxazoles synthesised by the
first method,
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are insoluble, probably owing to partial cross-linking, On
cyclisation under milder conditions in polyphosphoric acid,
soluble polymers are formed (nlog = 0.5-1.3). However,
under these conditions there is partial hydrolysis of CF2
groups adjacent to the benzene rings.
High-molecular-weight soluble polybenzimidazoles
(nlog = 1.1-1.6) were synthesised by the polycondensation
in the melt of 3,3’-diaminobenzidine with diphenyl esters
of aw-di-(p-carboxyphenyl)perfluoroalkanes 5¢25%1%
Polyperfluoroalkylene-1,3,4-oxadiazole was obtained
by the condensation of the dihydrazide of 1,5-di-(p-carb-
oxyphenyl)perfluoropentane with isophthaloyl chloride in
hexamethylphosphoramide followed by cyclisation of the
resulting polyhydrazide '*'®, In contrast to the poly-
hydrazides obtained from derivatives of perfluoroalkane-
dicarboxylic acids **, heat treatment of this polyhydrazide
resulted in its conversion into a poly-1,3,4-oxadiazole.
High-molecular-weight polyperfluoroalkyleneimides
have been synthesised by various investigators from
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derivatives of aw-diphenylperﬂuoroalkanes in two ways—
by a two-stage synthesis ***°"~*%'* and by polycondensation
in the melt 3%

HZN#‘}/\r(cr:?)mfﬁ'\\]~NH2 0O W ‘\\‘—co\o_,
“/ N/ ~oe—{ j—co”
~HN—J/\—(CF2)m~/\—NHCO~/\'CO—
"[ |\ /1 l\ ) nooc—“\ /I—COOHL-’
=N (CFy), NN o= W\]_CO SN—
—5— [ I L ” roc—{ J—co-
N/ N o

Thus reaction of aw-di- (m-aminophengrl)perfluoro-
alkanes with pyromellitic dianhydride °"*'® and also of
di- (m-aminophenyl) ****® and di- (p-aminophenyl)
ethers ******%° with the dianhydride of 1,3-di-(3’,4’-dicarb-
oxyphenyl)perfluoropropane in dimethylacetamide yielded
polyamides which were then cyclised to the corre-
sponding polyimides either by heat treatment or by treat-
ment with a mixture of acetic anhydride and pyridine 3**°™
569109 The polyimides based on pyromellitic dianhydride
are soluble only in concentrated nitric acid (d = 1.5),
probably with decomposition (nlog = 0.3); the polymers
based on di(aminophenyl) ethers are sparingly soluble in
dimethylacetamide (ninh = 0.56 and 1.31 for m- and
p-derivatives respectively), their softening temperatures
lying in the range 190-240°C.

The variation of the glass temperature with the com-
position of the copolymers of di-(p-aminophenyl) ether
with pyromellitic dianhydride and the dianhydride of
1,3-di-(3’,4’-dicarboxyphenyl)perfluoropropane has been
investigated *°.

Polyimides containing fluorine atoms in both components
(9inh = 0.5-1.7, M > 30000),

0C—17"\—(CFy), —( ﬁ—co 1
G002

where m = 3 or 5 and p = 3, 4, or 7, have been synthesised
by the polycondensation in the melt of ow-di-(m-amino-
phenyl)perfluoroalkanes with the dianhydrides of ow-di-
(3’,4’-dicarboxyphenyl)perfluoroalkanes$?®, The ready
solubility of these polyimides in amide solvents and in
chlorinated hydrocarbons and also the comparatively low
softening temperatures (135—-180°C), above which they
behave as elastomers, are noteworthy.

Polybenzoxazoles and polyimides form strong
sheets °™%,

Polyazoles based on derivatives of aw-diphenylper-
fluoroalkanes begin to decompose in air at about 350 to
400°C 57 (data derived from dynamic thermogravimetric
analysis) and are thus somewhat inferior in their thermal
stability in air to aromatic polyazoles.

All the above data show that the synthesis of aromatic
polyperfluoroalkyleneazoles from derivatives of
aw-diphenylperfluoroalkanes with different functional
groups is the most general method for the preparation of
linear high-molecular-weight polyperfluoroalkyleneazoles
containing perfluoromethylene units in the main chain.

There exists also patent data concerning the synthesis
of polyimides °° and poly-1,3,4-oxadiazoles * with hexa-
fluoropropyldiene bridges by a two-stage method. Poly-
azoles fluorinated in both components are distinguished
by an unusually high solubility while retaining a high
thermal stability: Tdecomp = 460-475°C; Tg (polyimide)~
=~ 340°C.

n ?
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Brief reports have been published recently on the use of
aromatic polyfluoro-derivatives for the synthesis of
fluorine-containing polyazoles. Thus poly-1,3,4-oxadi-
azole has been obtained from the dichloride of tetrafluoro-
terephthalic acid®®. A patent''° (see also Dine-Hart and
Wright °*) describes a synthesis of polypyromellitimides
from m-~ and p-tetrafluorophenylenediamines, octafluoro-
benzidine, and pyromellitic dianhydride. Articles made
from these polymers can be used for a long time at high
temperatures. Polyperfluoropyridine (» = 15~16) has
been obtained as a solid with m.p. 180-190°C by heating
3,5-dichlorotrifluoropyridine in dimethylformamide in the
presence of activated copper "
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The above data on fluorinated polyazoles evidently show
that studies not only on triazine polymers but also on
other polyazoles are being vigorously pursued.

V. FLUORINE-CONTAINING POLYPHENYLENE POLY-
MERS

1. Polyphenylenes

A low-molecular-weight polyperfluoro-p-phenylene
(M = 1700, Tgoft > 360°C) was first obtained in 1955 **2
by the Ullmann reaction in which 1,4-dibromo- or
1,4-di-iodo-tetrafluorobenzene was heated with activated
copper powder. The use of 1,4-dichlorotetrafluorobenz-
ene in this reaction leads to the same results''*:
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where X = Cl, Br, or I.

A polyperfluoro-p-phenylene with a relatively high
molecular weight was synthesised by the decomposition of
pentafluorophenylmagnesium bromide in boiling tetra-
hydrofuran (THF), the properties of the polymers formed
depending on the temperature at which the initial organo-
magnesium compound had been obtained **'**, Thus if the
latter was obtained at —30°C, a soluble polymer with
M = 15000 is formed, while the organomagnesium com-
pound obtained at a higher temperature yields mainly
an insoluble polymer. An insoluble polyperfluorophenyl-
ene infusible up to 360°C has also been obtained by the
decomyosition of pentafluorophenylmagnesium chlor-
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The predominantly p-phenylene structure of the polymer
was confirmed by the isolation of perfluoroquaterphenyl
from the reaction products ''*. A method for the prepara-
tion of polyperfluorophenylenes, probably with a p-phenyl-

ene structure, by decomposing perfluorophenylmagnesium
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chloride in boiling tetrahydrofuran in the presence of
decafluorobiphenyl, has been suggested in a patent'”. In
the presence of a tenfold excess of the organomagnesium
compound, a polyphenylene with a degree of polymerisation
of about 25 is obtained.

It is noteworthy that attempts to achieve the synthesis
of a polyphenylene by the polycondensation of 1,4-dibromo-
and 1,4-di-iodo-tetrafluorobenzene in the presence of
sodium or zinc '*? and also by the decomposition of organo-
lithium and organomagnesium compounds derived from
1,4-dibromo- and 4-bromo-tetrafluorobenzene ** did not
lead even to low-molecular-weight polymers of this type.

Polyperfluoro-m-phenylene was synthesised simultane-
ously by a number of workers !'**'"~'® by heating 1,3-di-
bromo- or 1,3-dichlorotetrafluorobenzene with activated
copper in decafluorobiphenyl or dimethylformamide and
also in the absence of solvents; the reaction with the
1,3-dibromo-derivative leads to the formation of a polymer
with a much higher molecular weight (up to about 16 000,
Tsoft = 300°C) and requires lower temperatures. Poly-
perfluoro-m-phenylene is more soluble and melts at a
lower temperature than polyperfluoro-p-phenylene. It is
interesting that their thermal stabilities are aPproximately
the same. According to Thrower and White ''®, polyper-
fluoro-m-phenylene may prove to be more readily
available than its non-fluorinated analogue because of the
high reactivity of 1,3-dibromotetrafluorobenzene.

Low-molecular-weight polyperfluorophenylenes
(M = 1500, Tsoft = 200°C) containing simultaneously 1,3-
and 1,4-phenylene units have also been described. They
are obtained by the reaction of 1,3-tetrafluorophenylene-
dimagnesium dibromide with decafluorobiphenyl (in molar
proportions of 2:1) in boiling tetrahydrofuran “**, High-
molecular-weight polyperfluorotolylenes,

(M up to 200000), have been synthesised by the decomposi-
tion of 2-heptafluorotolylmagnesium chloride in boiling
tetrahydrofuran. They do not melt up to 300°C and their
solubility in organic solvents is much higher than that of
polyperfluorophenylenes %27*14'2°,

High-molecular-weight polyperfluorophenylenes, like
polyperfluorotolylenes, are stable in a vacuum up to about
600°C: under the conditions of oxidative degradation,
they are less stable and begin to decompose vigorously at
about 400°C. The thermal stability of polyperfluoro-
phenylenes in vacuo is comparable with that of non-
fluorinated polyphenylenes and poly (phenylene oxides), but
is lower than the thermal stability of polytetrafluoro-
ethylene,

The resistance of polyperfluorophenylenes to thermo-
oxidative degradation is inferior to that of the above poly-
mers 62yl 11,115,121.

It has been noted that, when polyperfluorophenylenes
are heated initially in a vacuum at 400°C, their resistance
to oxidative degradation is greatly improved.

2. Polyphenylenes with Bridging Groups

Since polyperfluorophenylenes are fairly rigid systems,
attempts have been made to improve their flexibility by
introducing various atoms or groups of atoms, such as O,
S, OCF:, and others, between the phenyl rings.
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a.Polyoxy(phenylenes). Polyoxy(perfluoro-
phenylenes) were first obtained in 1958 by the thermal m
decomposition of alkali metal pentafluorophenoxides ‘?***%:

According to Pummer and Wall *®, the polymers are
formed as a result of nucleophilic attack on the carbon
atom adjacent to the fluorine atom by the growing phenoxide
anion and they probably contain both 1,3- and 1,4-phenylene
units.

The decomposition of pentafluorophenoxides is carried
out in three ways: in the absence of solvents, in an aque-
ous medium, and in pentafluorophenol'®. In the first two
cases low-molecular-weight polymers are formed. A
high-molecular-weight polymer (M = 12500) has been
obtained by heating an excess of sodium pentafluoro-
phenoxide with pentafluorophenol. Polyoxy (perfluoro-
phenylene) is a low-melting vitreous material (Z5oft >
>100°C) soluble in the usual organic solvents: on heating
in vacuo (260°C, 18 h), it becomes insoluble and acquires
rubberlike properties in the temperature range 90 to
300°C.** Polyoxy(perfluorophenylene) is much less stable
than its non-fluorinated analogue and polyperfluorophenyl-
enes: on heating in vacuo for 30 min at 400°C it loses
about 47-50% of its weight ***,

Aromatic polyesters with perfluoroisopropylidene units,
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where (I) X = 80z, Tg = 205°C, and 7f = 255°C and
(I1) X = CO and Tg = 175°C, have been obtained by the
polycondensation of alkali metal phenoxide derivatives of
2,2-di- (p-hydroxyphenyl)perfluoropropane with di-(4-
fluorophenyl) sulphone or 4,4’-difluorobenzophenone in
aprotic solvents at 130-140°C. '*

b. Polythioperfluorophenylenes. Low-
molecular-weight polythioperfluorophenylenes,

have been synthesised in two ways '*°: by the reaction of
hexafluorobenzene with sodium sulphide (the polymer has
the 1,4-structure with a degree of polymerisation of about
10) and by the thermal decomposition of sodium penta-
fluorophenoxide. In contrast to polyoxyperfluorophenyl-
ene, polythioperfluorophenylene is insoluble in the usual
organic solvents and does not melt up to about 300°C, ***
The thermal stability of polythioperfluorophenylene is
lower than that of polythiophenylene. It begins to decom-
pose vigorously below 400°C under the conditions of both
thermal and thermo-oxidative degradation: the formation
of a large residue indicates a significant role of chain-
transfer reactions %,

c.Polyoxybenzylenes and polythiobenzyl-
enes. Poly-o- and poly-p-oxy- aa-difluorobenzylenes
were first obtained by heating o- and p-trifluoromethyl-
phenols with cold dilute alkali '?":

n
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According to the authors, this reaction proceeds via
pseudoquinonoid structures, since m-trifluoromethylphenol,
which is incapable of forming structures of this kind, is
resistant to the action of aqueous alkali.

Poly-p-oxy- aa-difluorobenzylene has also been syn-
thesised by the thermal dehydrofluorination of p-trifluoro-
methylphenol in vacuo at 900-~-950°C, the polymer being
formed on the surface of a cold trap in the form of a weakly
coloured film **®,  Poly-p-oxy- aa-difluorobenzylene is
sparingly soluble in the usual organic solvents and is
resistant to the action of concentrated alkalis.

Poly-oxy-2,3,5,6-tetrafluorobenzylene,

synthesised by refluxing 2,3,4,5,6-pentafluorobenzyl alco-
hol of 2,3,4,5,6-pentafluorobenzyl bromide with aqueous
potassium hydroxide, has been described '**'*% its melt-
ing point is 180-190°C. **°
A third example of fluorine-containing polyoxybenzyl-
enes is poly-p-oxy-perfluorobenzylene:
F F

|
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which was synthesised by a number of investigators by
heating hePtafluoro-p- cresol with aqueous bases at
100°C, 41315132 [ ater polyoxyperfluorobenzylene was
obtained by the thermal dehydrofluorination of heptafluoro-
p-cresol in vacuo.**® The mechanism of the formation of
the polymer was not elucidated by the authors. The
maximum molecular weight of polyoxyperfluorobenzylene
is about 3000-5000; it is soluble in the usual organic
solvents and its softening temperature varies in the range
65-120°C depending on the molecular weight. Like poly-
oxyperfluorophenylene, polyoxyperfluorobenzylene gives
rise on heating in vacuo at about 200°C to a polymer with
elastic properties at temperatures above 100°C. The
thermal stability of polyoxyperfluorobenzylene is
approximately the same as that of polyoxyperfluorophenyl-
ene: the weight loss at 350°C in 1 h is 89%.
A method for the preparation of poly-m- and poly-z-
thio- o¢a-difluorobenzylenes has been patented:

e o)

It involves heating Group I metal m- or p-(aaa-trifluoro-
methyl)thiophenoxides at 200°C for 5 days; the reaction
may be carried out in pyridine solution. Poly-m-~thio-
difluorobenzylene (degree of polymerisation 12) melts

at 285-310°C.***

d.Poly-p-xylylenes.
xylylene,

Poly- caa’a’-tetrafluoro-

<=
was first synthesised by the pyrolysis of a¢a-dibromo-
aaa’ o’ -tetrafluoro-p-xylylene in a vacuum at 330°C in the
presence of zinc in the form of an amorphous film on the
surface of a trap cooled to —78°C; the conversion of the
initial monomer into the polymer is about 8% and the soften-
ing temperature of the polymer is 380°C. The authors
suggest that aaaa-tetrafluoro-p-quinodimethane, which is
stable in the gas phase but polymerises rapidly in the

_CF,CF, ’]n

s
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liquid phase, is an intermediate in the reaction**. Other
investigators believe '*® that the reaction can also proceed
via the free biradicals F2CCeH4CF-.
High-temperature vacuum pyrolysis (700-950°C) of
dihalides 138338 and disulphones of the type *®**",
X— (—th‘f\:>-rc1:r\ -X ,
|

;s on

where n = 1 or 2, X = Cl, Br, or SO:R (R is a small alkyl
group), and R’ = H, Cl, or C,H,, and also of the cyclic
dimer of aaa’a’-tetrafluoroxylylene 136,138,

(‘JFQ—\/:>—C}F3 ,
c1=2b<=>_cx:2
has been recently used successfully in the synthesis of
poly-aaa’a’-tetrafluoro-p-xylylenes. Strong transparent
sheets have been obtained by this method from the
disulphones and the dimer.

Poly-aaa’ a’-tetrafluoroxylylene (m.p. about 500°C) is
a highly crystalline insoluble polymer with a very high
thermal stability; the mechanical properties of sheets of
this polymer hardly change on heating in air for 3000 h
at 250°C or 100 h at 300°C.

A method for the preparation of polyperfluoro-p-
xylylene from the corresponding disulphone has also been
patented *7:

i

e

L
F

- n e

~---000---

The new field of the chemistry of organofluorine com-
pounds (polycondensation fluoropolymers) discussed in the
present review is at present in the stage of establishment
and development, the number of studies in this field
increasing continuously: for example three-quarters of
the relevant studies were published in the 1960's.

The interest in polycondensation fluoropolymers can be
readily’ understood: in almost every class materials have
been found with promising operational properties (high
thermal stability, chemical stability, elasticity at low
temperatures, etc.). Thus polyperfluoroalkylenetri-
azines have the highest thermal stability among the known
elastomers, poly(hexafluoropentylene adipate) has found
application in the preparation of special oil- and frost-
resistant rubber, fluorine-containing polyurethanes based
on polyperfluoroethers can be used as elastomers at low
temperatures, etc.

At the same time one should note that the introduction
of fluorine atoms does not always lead to the improvement
of the properties of the polymer and in some cases a
decrease of thermal and chemical stability, for example,
has been observed as a function of the structure of the
polymer. Unfortunately exhaustive data on the properties
of polycondensation fluoropolymers are frequently lacking
in the literature and therefore it is difficult to make a
comparative analysis of fluoropolymers and their non-
fluorinated analogues. Whenever possible, such a com-
parison has been made in the appropriate places in the
text,

Polycondensation reactions of fluorine-containing com-
pounds frequently lead to polymers with a lower molecular
weight compared with their non-fluorinated analogues.
This is due to the powerful electron-accepting influence
of the fluorine atoms on the reactivity of the functional
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groups.

Recently definite progress has been achieved in

the synthesis of polycondensation fluoropolymers—high-
molecular-weight compounds of various classes which
were previously regarded as unattainable—had been

synthesised.

Their synthesis became possible owing to

the application of new methods of polycondensation and
also the use of new types of fluorine-containing monomers.

The entire accumulated experience on the synthesis of

fluoropolymers and the study of their properties show that
further studies in this interesting series of still new
polymers are justified.
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