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The review deals with the methods of preparation, physical and chemical properties, and polymerisation and copolymerisation
of vinyl fluoride with various unsaturated compounds as well as the properties, stabilisation, processing, and applications of its
polymers and copolymers based on the data published up to the end of 1968.
The bibliography includes 299 references.
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I. INTRODUCTION

Numerous studies dealing with the synthesis, poly-
merisation, and copolymerisation of vinyl fluoride have
been published. Polymers and copolymers of vinyl fluo-
ride are of great interest because they have many valuable
properties: high thermal stability, resistance to the action
of light, chemical reagents, and radiation, and exceptional
resistance to weathering.

Certain results of studies dealing with vinyl fluoride
were described in the 1951 review by Knunyants and Fokin1

on the polymerisation of fluoro-olefins and in a later
monograph by Vaculik2 on the chemistry of monomers.

Π. METHODS OF PREPARATION OF VINYL FLUORIDE

Vinyl fluoride (VF) was obtained for the first time by
Swarts3»4in 1901:

SbFi.Br,
BrCHj—CHBrs ιοο,ίβο"

-+ BrCHj-CHF,

H2C=CHF

BrCH,-CHBrF

Later he synthesised i t 5 in 98% yield from 1, l-difluoro-2-
iodoethane:

F 2CH-CH lI

1. Preparation of Vinyl Fluoride by Hydrofluorination of
Acetylene

Investigators have devoted most attention to the synthe-
sis of vinyl fluoride by the hydrofluorination of acetylene.
In the absence of a catalyst and high pressures vinyl
fluoride is not formed at temperatures ranging from —70°
to 0°C 6. The possibility in principle of obtaining vinyl
fluoride from acetylene and hydrogen fluoride under
pressure was mentioned in patents as early as the
1920fs7, but the process itself was achieved much later
by Grosse and Linn6 with a conversion of acetylene of
about 15%:

HC=CH H2C=CHF + CH3—CHF2

The catalytic method is more effective. A number of
catalysts have been proposed for the vapour-phase process,
among which mercury compounds have become most
widely known: HgO and HgClg on activated charcoal8, in
the presence of hydrogen chloride8 or hydrogen chloride
and iron(m) chloride10. Newkirk11, who used as catalyst
mercury(II) chloride on activated charcoal promoted with
barium chloride, obtained an 82% yield of vinyl fluoride
at 97-104°C. Under the same conditions in the absence
of barium chloride, the yield of vinyl fluoride fell to
51.5%. Dolgopol'skii et al. 1 2 used HgO in liquid paraffin
as a catalyst. Acetylene was passed through a vessel
with anhydrous hydrogen fluoride and then through a sus-
pension of HgO in liquid paraffin. At 0°C, for a molar
ratio C2H2 :HF = 1:3.48 and an acetylene flow rate of
6 litre h"1, the yield of vinyl fluoride was 68.4%. Using
mercury acetate on activated charcoal at 40°C and a molar
ratio C2H2 :HF = 1:1.5, it proved possible to obtain vinyl
fluoride in 86% yield13. Other mercury compounds on
activated charcoal have also been used as catalysts, for
example nitrates 14~17 (at temperatures between 0° and
100°C). Apart from activated charcoal, alumina,
graphite17, or solid organic polymers16»17 can be used as
carriers, which stabilise the catalyst and increase the
duration of its activity. A method of preparation of vinyl
fluoride in the presence of mercury salts on activated
charcoal at 30—40° C in a polypropylene reactor has been
described. The catalyst functioned for 240 h without loss
of activity18.

It has been noted that at an elevated temperature activated
charcoal reduces mercury salts and deactivates them. The
mercury thus produced evaporates and condenses in
various parts of the apparatus. Loss of mercury also
leads to a decrease of the activity of the catalyst and in
addition results in the formation of mercury fluoride,
which induces the polymerisation of vinyl fluoride. To
prevent the reduction of mercury salts, iron(ni) salts or
other oxidants are added to the catalyst, which increases
its activity and duration of its useful operational life u .

Mercury nitrate deposited on alumina in an amount
of 5 — 20 wt. % proved to be a long-lived catalyst for the
synthesis of vinyl fluoride. After passing a mixture of
48% of acetylene, 50% of hydrogen fluoride, and 2% of nitro-
gen oxides through the catalyst at 65°C and neutralising
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the product, a mixture of 66% of vinyl fluoride and 34% of
1,1-difluoroethane was obtained17. Zinc and mercury
cnromates1 9 or mixtures of mercury, zinc, and nickel
chromates2 0 have also been used as catalysts at tempera-
tures in the range 75-250°C. Boric acid was added to
prevent the sintering of the catalyst19.

The synthesis of vinyl fluoride at 20-100°C with
catalysts consisting of mercury(H) oxide on activated
charcoal or alumina and also TiO2 or ZrO2 on the same
carriers, subjected to preliminary irradiation or irradi-
ated during the reaction withy-rays, has been described21»22.
The yield of the monomer was 70%.

When activated alumina or aluminium trifluoride were
used as catalysts at temperatures in the range 250—400° C,
a mixture of vinyl fluoride and 1,1-difluoroethane was
obtained23-28. The same compounds were synthesised in
the presence of aluminium sulphate29 or a 3 :1 mixture of

and ZnF 2 . 3 0

Skiles proposed zinc3 1 and chromium32 catalysts. In
the first case the catalyst was prepared by mixing zinc
oxide with cane sugar in water and the resulting paste was
dried and carbonised at 700° C.

Clark3 3 obtained vinyl fluoride in the presence of copper
cyanide deposited on activated charcoal or other porous
carriers inert with respect to hydrogen fluoride. When
copper chloride on activated charcoal was tested, the
conversion of acetylene was only 0.3%.

The use of fluorosulphonic acid as a catalyst for the
hydrofluorination of acetylene has been reported. At 0°C
1,1-difluoroethane forms in 85% yield and at 80-90°C the
product is a mixture of 50% of vinyl fluoride and 40% of
1,1-difluoroethane34. l inn 3 5 obtained vinyl fluoride in
the presence of boron trifluoride.

With cadmium sulphate, nitrate, or acetate on activated
charcoal in a stationary or fluidised bed as catalysts,
vinyl fluoride was obtained in 98% yield at 300° C. The
catalysts functioned for 50 h without loss of activity. The
vinylfluoride contained traces of acetylene and 1,1-difluoro-
ethane 3 6.

When the catalyst was aluminium trifluoride with a
small amount of BiF3 or Bi(OH)3, a mixture of 70.3% of
vinyl fluoride and 29.6% of 1,1-difluoroethane was obtained
at 200-400°C; the conversion of acetylene was 96.7%37.
Since vinyl fluoride and acetylene have similar boiling
points, there are technical difficulties in the isolation of
the pure monomer free from acetylene. McMillan38

purified vinyl fluoride by azeotropic fractionation of the
mixture using ethane, which forms an azeotrope with
acetylene. Kalb et a l . " separated vinyl fluoride from
1,1-difluoroethane, hydrogen fluoride, and other
impurities by distillation. Traces of hydrogen fluoride
were removed by passing the monomer through columns
filled with sodium carbonate and acetylene was removed
by washing the monomer in a scrubber with an ammoniacal
solution of copper(I) chloride. Oxygen was removed by
repeated distillation at a pressure of 2.8-7 atm at tem-
peratures ranging from —50° to — 25° C.

For the removal of acetylene from vinyl fluoride,
dimethyl sulphoxide and dimethylformamide or their mix-
tures 4 0 as well as JV-methylpyrrolidinone **• were proposed
as selective solvents for acetylene. It has also been
suggested that a mixture of vinyl fluoride, acetylene, and
1,1-difluoroethane be brominated at 0°C with subsequent
distillation of the bromination products; pure vinyl fluo-
ride was obtained by treating 1,2-dibromo-l-fluoroethane
with zinc in alcohol42. The purification of vinyl fluoride
by the hydrochlorination of the acetylene impurity with
subsequent fractionation of the mixture is very promising **.

Usmanov et al. ** developed a method for a high degree of
elimination of acetylene and difluoroethane from vinyl
fluoride in a gas saturator with glass frit gas spreaders
consisting of 5 saturators connected in series and two gas-
absorption columns. Acetylene was absorbed in a solution
of ammonium chloride and copper(I) chloride in aqueous
ammonia. The gas flow rate was maintained in the range
10-15 litre h"1. This method made it possible to reduce
the acetylene content in the crude monomer to 4 χ 10~5%.
Difluoroethane was removed from vinyl fluoride on a
column for low-temperature fractionation. The purified
monomer contained not more than 1 x 10~4% of difluoro-
ethane.

2. Preparation of Vinyl Fluoride by the Dehydrofluorina-
tion of 1,1-Difluoroethane

Vinyl fluoride has been obtained45"47 by the pyrolysis of
1,1-difluoroethane at 350-1000°C and in the presence of
activated charcoal at 300-600°C:

CH 3 -CHF 2 H2C=CHF

Pyrolysis of 1,1-difluoroethane in the presence of 2%
of oxygen at 500°C gave a 61% yield of vinyl fluoride48.
Calcium fluoride, charcoal, and steel filings were used as
catalysts at 300-600°C, the yields of vinyl fluoride being 75,
84, and 88% respectively49. Vinyl fluoride forms in 32.7%
yield at 400—850°C in the presence of a catalyst based on
CrF3.H2O. Without the catalyst, the amount of acetylene
increased and the conversion fell to 3.3%50.

By dehydrofluorinating 1,1-difluoroethane on activated
charcoal at 350°C, a mixture containing 27.8% of vinyl
fluoride and 62.7% of 1,1-difluoroethane was obtained; at
a reaction temperature of 400° C the amount of vinyl fluo-
ride rose to 37.2%51. 1,1-Difluoroethane has also been
pyrolysed in a steel tube on charcoal or metals and their
oxides and salts of Groups I, II, V, and VII,52»53 at 300-
800°C. The yield of vinyl fluoride reached 88%. When
4—6% of nickel oxide on alumina was used as a catalyst
at 400° C, the yield of vinyl fluoride rose to 99%54.

By passing a 1.7 :1 mixture of 1,1-difluoroethane and
acetylene over aluminium trifluoride at 250—300°C, a
mixture containing 64% of vinyl fluoride, 1.6% of acetylene,
0.3% of ethylene, and 1.1% of hydrogen fluoride was
obtained. Unsaturated hydrocarbons were removed by
catalytic hydrogenation (in the presence of palladium on
charcoal) in the form of ethane and vinyl fluoride was
isolated by fractional distillation55.

3. Other Methods for the Preparation of Vinyl Fluoride

Henne and Midgley56 synthesised vinyl fluoride by
treating 1,2-dichloro-l-fluoroethane with zinc in alcohol.
Vinyl fluoride forms in 50% yield from 1, l-difluoro-2-iodo-
or 1,2-dibromo-l-fluoro-ethane on treatment with magne-
sium, sodium, or potassium in ether 5 7. Benning et al . 5 8

suggested acetone, pyridine, and dioxan, in addition to
alcohol, as the medium for the elimination of halogen
atoms with zinc.

Vinyl fluoride was synthesised in 58% yield from
l-chloro-2-fluoroethane by the elimination of hydrogen
chloride with soda-lime at 400°C 5 9 . A high yield of vinyl
fluoride in the pyrolysis of 1-chloro-l-fluoroethane at
500—800°C at a reduced pressure47»60, in a chromenickel
tube6 1 and in the presence of copper or Cu2Cla powder62,
has been reported. In the last case the yield was 97.9%.
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The fluorination of alkyl halides with hydrogen fluoride
at an elevated temperature and pressure on activated char-
coal6 3 or alumina64 is accompanied by the elimination of
hydrogen halides and the formation of vinyl chloride and
fluoride. The latter was also isolated in the pyrolysis of
1,2-difluoroethane on alumina, calcium sulphate, or
activated charcoal at 200-40(rC 6 5 . A mixture of ethyl
and vinyl fluorides was obtained from ethane on oxidative
fluorination in the presence of iron(III) oxide or lead oxide
at 325-700°C 6 6 . The products of the fluorination of
ethylene with mercury(H) fluoride at 150-180°C in an
autoclave are hexafluoroethane and vinyl fluoride67. Vinyl
fluoride has also been synthesised from ethylene, hydrogen
fluoride, and oxygen, using as a catalyst a mixture of
PdCL;, FeCl3, and CuCL, on activated charcoal6 8. The
formation of vinyl fluoride by the reaction of ethylene and
alkali metal fluorides in the presence of PdClg in an
autoclave at 160—190°C has been described; the reaction
medium may be benzonitrile, nitrobenzene, dibutyl
phthalate, or tetrahydrofuran (THF)69»70. After being
passed over a Cr2O3 catalyst on alumina at 300-400°C, a
mixture of 1,2-dichloroethane and hydrogen fluoride was
found to contain about 20% of vinyl fluoride71. Vinyl
fluoride forms in 70% yield when fluorine reacts with a
complex of vinylmagnesium chloride and tetrahydrp-
furan 7 2 .

By passing vinyl chloride through a vessel with anhy-
drous hydrogen fluoride in the presence of oleum at a tem-
perature not exceeding 20°C, a mixture of vinyl chloride,
1-chloro-l-fluoroethane, 1,1-difluoroethane, and hydro-
gen chloride and fluoride was obtained; this was then
pyrolysed at 400—800° C. The gas from the pyrolysis
was passed through a fractionating column, where hydro-
gen chloride and vinyl fluoride were separated and a
mixture of hydrogen fluoride, vinyl chloride, and fluoro-
ethanes was returned to the hydrofluorination reactor.
The vinyl fluoride did not contain acetylene as an impurity;
the yield was 85%73. Vinyl fluoride forms when vinyl
chloride reacts with ailuorinated anion-exchange resin in
the presence of a palladium salt in acetic or propionic acid,
tetrahydrofuran, or dimethylformamide at 0-200°C 7 4.
Vinyl fluoride has been isolated in the photolysis of
1,3-difluoroacetone75.

ΠΙ. PHYSICAL PROPERTIES OF VINYL FLUORIDE

At normal temperatures and pressures vinyl fluoride is
a colourless gas with a boiling point of — 72.2°C, a melting
point of -160.5°C, and d4 = 0.853 at -72.2°C. It is
insoluble in water and is relatively sparingly soluble in
alcohol and acetone8. It has not been found to have a
narcotic effect76. The heat of formation (-ΔΗ) of vinyl
fluoride from the elements in the gaseous state at 25°C has
been calculated as +28 kcal mole"1.7 The experimental
dipole moment is μ = 1.42 ± 0.01 D. 7 8 The ionisation
potential of vinyl fluoride, determined by photoionisation
and electron impact methods, has been found to be 10.37
and 10.45 eV respectively79"82.

In recent years spectroscopic methods have been widely
used to study vinyl fluoride. The vibration spectra have
been investigated by many workers8 3"9 5, who used them
largely to determine and describe the geometrical struc-
ture of the vinyl fluoride molecule. A full compilation of
all the geometrical parameters is presented in Table 1.
The infrared spectrum of vinyl fluoride was obtained for
the first time by Torkington and Thompson92. Bak and

Christensen94 analysed the infrared spectra of vinyl fluo-
ride and all seven of its deuter ο -derivatives and assigned
the frequencies of the fundamental vibrations of the mole-
cules. The isotopic compounds were isolated from the
mixture and freed from non-isotopic admixtures on silica
gel at 43°C, the purity of the compounds obtained being
checked by infrared spectroscopy. Sverdlov et a l . 9 1

achieved a complete interpretation of the vibration spectra
of vinyl fluoride and its deuter ο-derivatives.

Table 1. Bond lengths (A) and valence angles in the
vinyl fluoride molecule

Η 1 '

Bonds and
angles

d - F
C i — H t

C2—H 3

C i — C s

F C i H ^

HICA
H 3 C 2 C|
CAP

Method

microwave
spectroscopy

Ref.83

1.348
1.073
1.080
1.333

115.4°
123.7°
12l!l°
118.5°

microwave
spectroscopy,
least squares

method
(Ref.84)

1.344±0.002
1.080±0.005
1.075±0.005
1.337+0.002

—

—
121 ±0.2°

isotopic shift
method (Ref.85)

1.347±0.009
1.082±0.004
1.077^0.003
1.329+0.006
1.087 + 0.003
110.0 + 1°

120.9+0.3°
119.0±0.3°
120.8+0.3°

Quite recently the NMR spectra 9 6" 1 0 3, electronic
spectra8 2, and mass spectra 8 1 of vinyl fluoride were
reported. The values and relative signs of the spin-spin
interaction constants and chemical shifts have been deter-
mined and it has been shown that the variation of the latter
with the electronegativity of the atoms is close to linear-
ity. Fogg and Lambert1 0 4 studied the propagation of
ultrasonic waves in vinyl fluoride at 100° C.

IV. ANALYSIS OF VINYL FLUORIDE

Newkirk u determined the density of gaseous vinyl fluo-
ride on an Edwards balance and measured its amount by
absorption in bromine water. Of the modern analytical
methods, gas chromatography «J 1 0 5 » 1 0 6 and infrared spec-
troscopy92 may be used. The analysis of the mixture
consisting of 1-chloro-l-fluoroethane, l-chloro-2-fluoro-
ethane, and vinyl fluoride on a laboratory chromatograph
of type KhL-3 has been described1 0 5. A mixture of tr i-
fluoromethane, chlorotrifluoromethane, 1, l-dichloro-2,2-
difluoroethylene, vinyl fluoride, nitrogen, and oxygen has
been separated1 0 e. Usmanov et al. ** have proposed a
method of analysis by gas-liquid chromatography with a
flame-ionisation detector on a column with 25% of liquid
paraffin on an INZ-600 carrier as the stationary liquid
phase.

V. CHEMICAL PROPERTIES OF VINYL FLUORIDE

Reactions involving the double bond of vinyl fluoride
have ionic and radical mechanisms. Reactions of the first
type include the addition of halogens3»42 and hydrogen
halides, the latter following the Markovnikov rule with the
exception of hydrogen bromide under the conditions of a
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radical process1 0 7. Hydrogen fluoride adds to vinyl fluo-
ride with greater difficulty than to unsubstituted ethylenes,
which can be accounted for by the effect of the highly
electronegative fluorine atom. The addition of hydrogen
fluoride to vinyl fluoride is catalysed by the halides of
certain metals and also by fluorosulphonic acid3 4.
Yakubovich et al. 108»1(» showed that nitrosyl chloride adds
to vinyl fluoride with formation of l-chloro-l-fluoro-2-
nitrosoethane, which is then oxidised to 1-chloro-l-fluoro-
2-nitroethane:

H2C=CHF + NOC1 — [FCICH-CH2NOJ -> FC1CH-GH2NO2 .

The reaction of vinyl fluoride with thioacetic acid under
irradiation with ultraviolet light and in the presence of
benzoyl peroxide110 gave a 75% yield of 2-fluoroethyl
thioacetate:

CHS--C + H2C=CHF CH 3-C

S-CH2-CH2F

Yarovenko and Vasil'eva111 obtained a 30% yield of
di(2-chloro-2-fluoroethyl) sulphide by irradiating with
ultraviolet light a mixture of copper(I) chloride and vinyl
fluoride under pressure in the presence of benzoyl peroxide
for 200 h at 20° C l u :

H iC=CHF+S2Cl2 — - S (CHa-CHFCl)2 + S .

A number of free-radical reactions involving the addi-
tion of perhalogenoalkanes to vinyl fluoride have been
investigated. Haszeldine et a l . m irradiated trifluoroiodo-
methane and vinyl fluoride with ultraviolet light for 14 days
and obtained an 84% yield of 1,1, l,3-tetrafluoro-3-iodo-
propane as well as a small amount of 1,1,1,3,5-penta-
fluoro-5-iodopentane:

CFSI + Η £ = FSC-CH.,-CHFI + F,C-CH,-CHF-CH2-CHFI

The addition of dibromodifluoromethane113 and 1,2-di-
bromo-2-chloro-l, 1,2-trifluoroethane114 to vinyl fluoride
in an autoclave at 100° C in the presence of benzoyl
peroxide has been described:

CBr2F2 + HaC=CHF -» BrCF2-CH2-CHFBr + BrCFj-CHt-CHF-CH.-CHFBr ,
BrCFa—CBrFCl + H2C=CHF -» BrCF,—GFCl —CH,—CHFBr + BrCF,—CFCl—CHt—

-CHF—CH,—CHFBr .

Park et al. 1 1 5 showed that the free-radical addition of
perfluorovinyl iodide to vinyl fluoride leads to the formation
of 1, l,2,4-tetrafluoro-4-iodobut-l-ene:

H,C=CHF + F,C=CFI - Ffi=CF-CU

The addition of trichloromethyl116»117 and trifluoro-
methyl118»119 radicals to vinyl fluoride has been reported.
The free-radical addition of perfluoroacetonitrile to vinyl
fluoride has been investigated120:

F^C-CHj-CHF-CN .

It has been shown121 that the reaction of trichloro-,
methyldichloro-, and trimethyl-silane with vinyl fluoride
gives a high yield of the corresponding 2-fluoroethylsilanes:

- CH,F-CH,-SiCl, .

The kinetics of the radical addition of tetrafluorohydra-
zine to vinyl fluoride have been studied122. It has been noted
that the interaction of vinyl fluoride and C1F3 in the gas
phase at 70—125°C results, apart from substitution, in the
addition of the decomposition products of chlorine trifluo-
ride F 2 , C1F) to the double bond123.

Haszeldine et a l . 1 2 4 attempted to carry out the reaction
of trifluoronitrosomethane with vinyl fluoride, but only the
starting materials and the conversion products of trifluoro-
nitrosomethane were isolated.

When tetramethyldiborane was allowed to react with
vinyl fluoride, a mixture of ethyldimethyl-, diethylmethyl-,
trimethyl-, fluorodimethyl-, and difluoromethyl-borane
was obtained125. By allowing diborane to react with vinyl
fluoride, Bartocha et al . 1 2 e obtained a mixture of triethyl-,
diethylfluoro-, and ethyldifluoro-borane with the last com-
pound predominating; under these conditions, polymerisa-
tion of vinyl fluoride was not observed.

McQueen127 showed that the reaction of vinyl fluoride
with butadiene at 150-300°C and an elevated pressure, in
the absence of polymerisation catalysts, gives a low yield
of 4-fluorocyclohexene:

HA / C H *V
CH, CH

CH CHFX ,CHHF

Soborovskii and coworkers128»129 carried out the reac-
tion of phosphorus trichloride with vinyl fluoride and
obtained low yields of the chlorides of the isomeric
1-chloro-2-fluoro- and 2-chloro-2-fluoro-ethylphospho-
nic acids:

C1CH2—CHF—P (0) Cl,

C1CHF-CH2-P (O) Cl2

H2C=CHF+2PC13

Recently Jones 1 3 0 reported that butadiene is formed in
high yield when vinyl fluoride is treated with tetraethylam
monium trichlorostannate(II) in the presence of PtC^ and
CsF in dimethylformamide, acetonitrile, or dimethyl
sulphoxide:

PtCl,.CsF
CH,=CHF + (CjH,)4 NSnCl, H2C=CH-CH=CH,

Monofluorocyclopropane and its isomerisation products
were obtained by the photolysis of keten in the presence of
vinyl fluoride131.

VI. POLYMERISATION OF VINYL FLUORIDE

The polymerisation of vinyl fluoride was observed for
the first time by Starkweather in 1934132. Toluene was
saturated with the monomer at -35°C, the solution was
kept at 67°C and 6000 atm for 16 h, and the polymer was
obtained in a low yield. Later, Newkirk11 described the
polymerisation of vinyl fluoride under ultraviolet irradia-
tion in quartz capillaries in the presence of benzoyl,
lauroyl, or acetyl peroxides as initiators.

Various methods have been described for the polymerisa-
tion of vinyl fluoride: emulsion, solution, suspension,
and solid state. Emulsion polymerisation has found the
widest application, since it takes place at a high rate at a
relatively low temperature, which makes it possible to
obtain a polymer with a high average molecular weight.
Oxygen-free water or a mixture of water and organic
solvents have been used as dispersion media1 3 3"1 3 6.

Kalb et al. 3 9 studied the effect of impurities on the poly-
merisation of vinyl fluoride and found that, when the
process is initiated with 0.2% of benzoyl peroxide at a
pressure of 900 atm and a temperature of 80-100°C, 0.05%
of oxygen in the monomer inhibits the polymerisation and
0.013% promotes it. Acetylene strongly inhibits the
process, a brittle polymer of low molecular weight being
formed in a yield of only 3%.

To improve the stability of the emulsions, emulsifying
agents such as magnesium lauryl sulphate137 or sodium
bis(tridecyl)sulphosuccinate138 are added to the system.

Redox systems, alkali metals, and substances which
give rise to free radicals on heating have been investigated
as initiators. Substances of the last type yielded polymers
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with the most successful combination of properties39»139.
Of the peroxy-catalysts, benzoyl39»136»140-142, dodecanoyl134,
diethyl, di-t-butyl39 peroxides and t-butyl hydroperoxide138

have been tested for the polymerisation of vinyl fluoride.
When dialkyl per carbonates are used as initiators, the
polymerisation takes place at a lower temperature and
pressure 1 4 3. Apart from peroxides, azo-compounds have
been widely used as initiators: aa'-azo-bis-ay-dimethyl-
valeronitrile, αα'-azobisisobutyronitrile39»144, the hydr ο -
chloride of aa'-azobisisobutyramidine39»145, azodisulpho-
nates of alkali and alkaline earth metals1 3 3, and the
dihydrochloride of 2,2/-diarnidino-2,2'-azopropane148"149.

Tri-isobutylborane m and the products of the interaction
of triethylborane with ammonia, hydrazine, hydroxyl-
amine, and amines 150»151 have also been used for the poly-
merisation of vinyl fluoride.

The effect of various initiators on the polymerisation
process has been studied39. Differences have been noted
between initiators active at 125°C and above and those
which activate polymerisation at 70-85°C. It was found
that the polymers obtained at a high temperature had a
lower molecular weight and more highly branched chains.
The concentration of the initiator also affected the molecu-
lar weight of the polymer. With increase of the concen-
tration of benzoyl peroxide in an aqueous medium at 80—
90° C and a pressure of 250 atm, the effectiveness of the
initiator and the characteristic viscosity of the polymer
decreased. Analogous results were obtained when azo-
compounds were employed as initiators.

The effect of temperature and pressure on the radical
polymerisation of vinyl fluoride has been investigated. It
has been established that, with increase of temperature,
the effectiveness of the initiator reaches a maximum and
then falls, the temperature corresponding to the maximum
effectiveness being independent of pressure. As the reac-
tion temperature rises, the viscosity of the poly(vinyl
fluoride) (PVF) melt diminishes; an increase of pressure
favours the formation of a polymer with a higher molecu-
lar weight39.

Recently a number of continuous polymerisation
processes have been developed for vinyl fluoride. Their
essential feature consists of a continuous supply of vinyl
fluoride, water, and the initiator into the reaction zone.
The reaction is carried out in a homogeneous dispersion
medium, the PVF formed being continuously removed.
The required pressure and temperature are maintained in
the reactor ι«»ΐ46»*«. Processes with recycling of water,
in which after the separation of the polymer water is
deionised, freed from oxygen, and returned to the cycle,
have been proposed1 4 7"1 4 9.

In studies on the suspension polymerisation of vinyl
fluoride much attention has been devoted to the search for
new improved surface-active substances and stabilisers.
Methylcellulose "7,152,153̂  glucose ethers 1 5 4, and the
copolymers of ethylene155, vinyl acetate, and allyl alco-
hol 1 5 6 with maleic acid or its anhydride have been sug-
gested as dispersing agents for polymerisation in suspen-
sion. Using such compounds, it was possible to obtain
highly porous PVF, which readily blends with plasticising
agents, exhibits improved stability under illumination,
and is a good electrical insulator. When lauroyl perox-
ide was used as an initiator, a polymer with a particle
size of 0.05—2.5 μηα was obtained137. The polymerisa-
tion of vinyl fluoride in the presence of titanium dioxide,
yielding a product with a particle size of 0.3 μπι, has
been described1 5 3.

PVF containing 14.4% of titanium dioxide and consisting
largely of particles about 1 μΐη in diameter has been used

in the form of dispersions in dimethylacetamide for
coatings on metals.

In polymerisation in solution it is easier to control the
reaction temperature, but, because of the lower concen-
tration of the monomer, the polymers produced have a
lower molecular weight. A number of organic solvents
have been investigated as reaction media, using various
polymerisation initiators: benzoyl, acetyl, lauroyl,
diethyl, di-t-butyl39»157»158, and perfluoroacyl159"161 perox-
ides.

The search for new catalytic systems suitable for the
polymerisation of vinyl fluoride has been vigorously prose-
cuted in recent years. The following systems have been
tested: diethylaluminium bromide or triethyl aluminium-
titanium tetrachloride162»163, tri-isopropylaluminium-
tetraisopropyloxytitanium164, and cadmium and zinc
alky Is 1 4 2 . Alkyl compounds of boron 165-ιβ8 an£} ^ e i x

coordination compounds with ammonia, hydrazine,
hydroxylamine, and amines 150,151,169 have also been used
as catalysts, which yielded PVF with a degree of crystal-
linity in excess of 30%. The polymerisation was carried
out in solution, using methylene chloride, ethyl acetate,
tetrahydrofuran, isobutyl alcohol, dimethylformamide,
dimethyl sulphoxide, etc. as solvents l s 0. A continuous
process for the polymerisation of vinyl fluoride in carbon
tetrachloride using peroxide initiators has been proposed 17°.
It has been shown39 that a common property of organic
solvents is a tendency towards interaction (telomerisa-
tion) with vinyl fluoride, which leads to a sharp decrease
of the molecular weight of the polymer obtained. Films
produced from these polymers had a low impact strength.

Recently there has been a continuous increase in the
number of experimental studies involving the use of radia-
tion for the polymerisation of vinyl fluoride171-177.

The use of radiation makes it possible to achieve poly-
merisation at low temperatures. Vinyl fluoride has been
polymerised at a radiation dose rate ranging from 1 χ 102

to 1 x 108 r h"1. ra The yield of PVF varied with the
radiation dose and temperature, the maximum yield of the
polymer being obtained at 0°C and a radiation dose rate
of 104 r h" The polymerisation of vinyl fluoride at
-78 C under y-irradiation in the presence and absence of
benzoyl peroxide has been studied176.

VII. PROPERTIES OF POLY(VINYL FLUORIDE)

1. Physical Properties and Structure

A change in polymerisation conditions is reflected in the
viscosity of the solutions and in the molecular weight of the
resulting polymer. It has been shown39 that the molecular
weight is independent of the solvent used in the measure-
ments. When benzoyl peroxide was employed, a decrease
of the molecular weight of the polymer with increasing
reaction temperature was observed. The molecular
weight distribution of the polymer varies within wide limits
as a function of the method of preparation, catalyst, and
polymerisation temperature. Polymers synthesised using
benzoyl peroxide as an initiator in the absence of a telogen
melt at about 198°C.

Sapper178 determined the heat of fusion per crystallising
polymer unit, which amounted to 1800 cal.

The crystal structure of PVF has been studied by X-ray
diffraction167»179»180. The NMR spectra of PVF have been
recorded1 8 1"1 8 3. α-Particle absorption by PVF has been
studied184 at temperatures ranging from -59.7° to 42.7°C.
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Ellison and Zisman188 showed that the surface of PVF is
readily wetted by solvents capable of forming hydrogen
bonds.

polyester obtained from the dichloride of adipic acid and
2,4,4'-trihydroxybenzophenone212 proved to be effective
photostabilisers under the action of ultraviolet light.

2. Chemical Properties

Poly(vinyl fluoride) is resistant to the action of high
temperatures, light, chemical reagents, and in particular
hydrolysing agents. Characteristics such as tensile
strength and modulus of elasticity do not change apprecia-
bly after exposure of the polymer to steam for 1500 h.
After PVF specimens have been treated with 10% solutions
of sodium hydroxide and hydrochloric acid for 7 days at
60° C, no changes in their mechanical properties were
observed186. The treatment of PVF with nitrogen trifluo-
rideand N2F2at 80-100° C leads to formation of cross-links
in the polymer and an improvement of its properties187»188.
In the manufacture of laminate plastics adhesion between
the carrier and the activated PVF layer can be achieved by
the formation of OH, COOH, NH2, etc. groups by treatment
with boron trifluoride1 8 9"1 9 1, concentrated sulphuric acid,
hot alkali, or aluminium chloride1 8 9.

Thermal decomposition of PVF in a vacuum at tempera-
tures between 370° C and 500° C leads to the formation of
hydrogen fluoride and fragments with different carbon chain
lengths192.

The telomerisation of vinyl fluoride by chloroformates
at different temperatures in the presence of peroxides193

and by trifluoromethyl iodide194 has been investigated.
The telomers obtained may be used as plasticisers for
PVF. Telomers of chloroperfluoro-olefins and carbon
tetrachloride have been recommended for the same pur-
pose. Such plasticisers are not "sweated out" and
do not cause turbidity of the specimen on bending195.
Haszeldine et al. 1 9 6 carried out the telomerisation of vinyl
fluoride with perhalogenoethanes under ultraviolet or X -ray
irradiation or in the presence of peroxides at temperatures
in the range 20-150°C.

The resistance of fluorine-containing polymers to
ionising radiation has been investigated197. It has been
found that polytetrafluoroethylene retains its structural
properties only up to a dose rate of 2 Mrad, while PVF is
stable up to 32 Mrad. After irradiation and simultaneous
heat treatment the polymers become brittle.

Bro 1 9 8 studied the stability of various polymers in
relation to amines and found that the PVF film is stable
under the action of n-butylamine.

3. Stabilisation

Although PVF is distinguished by a comparatively high
resistance to oxidative thermal and light-induced degrada-
tion, a number of stabilisers have been proposed for the
preparation of compositions based on it which would be stable
in various applications and under different processing con-
ditions.

Monoalkyl esters of fumaric and maleic acids 1 9 9,
glyceryl monolaurate200, substituted 6-methyleneoctahydro-
naphthalenes201, unsaturated terpenes and disulphides202,
alkali metal formates 2 0 3, and the copolymer of vinyl fluo-
ride with bicyclo[2,2, l]hept-2-ene204 have been proposed
as thermostabilisers for PVF.

Benzophenone205, O-hydroxybenzophenone206, 2,2'-di-
hydroxy-4,4'-dimethoxybenzophenone207»208, 2,2', 4,4'-
tetrahydroxybenzophenone208, substituted triazoles 21°,
poly(2-hydroxy-4-methacryloyloxybenzophenone)211, and a

4. Processing and Applications

PVF is processed by the usual methods for thermoplas-
tic materials: by extrusion, by pressing, by casting under
pressure at temperatures in excess of 200° C, and also by
deposition of coatings from dispersions39»203»207-211»213-215.

PVF has found wide application in the form of films.
Films are most often formed from solutions39 or disper-
sions containing various substances which function as
latent solvents for PVF2 1 3»2 1 5"2 2 0. Dimethylformamide39,
various lactones, for example y-butyrolactone213»217»219,
tetramethylurea, dimethylacetamide, triethyl phosphate218,
2-pyrrolidinone, N-isopropyl-N-methyl-, and 5-methyl-
2-pyrrolidinone218, ΛΓ-formyl- and JV-acetyl-piperidine220,
and dimethyl sulphoxide21V15 have been used as solvents.
A method has been described for the preparation of
electroluminescent films from dispersions containing zinc
sulphide221. To prepare opaque PVF films and disper-
sions, 1-35% of titanium dioxide, calcium carbonate, or
their mixtures have been added. Pigments, stabilisers,
and plasticisers have also been introduced into the films 2 2 2 " 2 2 7.
A method has been described228 for the preparations of
transparent films with low reflectivity by adding to PVF
1-5% of silica in the form of homogeneous spherical
particles 2-10 μΐη in diameter. PVF films have been
used in the manufacture of laminate plastics with high
stability to wear and the effect of light2 2 9"2 3 2.

Simril and Curry1 8 6 made a detailed study of the
physical, chemical, optical, and electrical properties of
PVF films, and also of the effect of diaxial orientation of
the films on some of their physical properties. PVF is
transparent to visible and ultraviolet light but absorbs
strongly in the infrared. PVF films have high tensile,
bending, and impact strength, exhibit high resistance to
wear, and undergo high relative elongation on stretching.

The principal distinctive feature of PVF is its high
resistance to weathering. After exposure to sunlight for
7 years, a PVF film retained 50% of its initial tensile
strength and remained flexible39»233»234. The permeability
of PVF films to water and also to water vapour and various
organic compounds and gases has been investigated234-238.
A relation between the degree of orientation of the films
and some of their mechanical properties has been demon-
strated39»237»238. A highly oriented film shows a higher,
tensile, impact, and bending strength and also exhibits a
higher tear resistance.

To improve its adhesion to various materials, the film
has been treated in a flame for periods ranging from
0.0025 to 0.5 s, with solutions of alkali metals in liquid
ammonia, with organic derivatives of aluminium, zinc,
and magnesium, and also with a solution of a diazo-com-
pound in toluene, for example ethyl diazoacetate, 4,4'-bis-
(dimethylaminophenyl)diazomethane, etc. with subsequent
irradiation of the treated surface by ultraviolet light2 3 9"2 4 4.

The preparation of filaments from a dispersed paste
containing 20-70% PVF has been described245. PVF in
the form of films oriented to different extents has found a
wide variety of applications in electrical insulation, packing,
in the glazing of forcing frames, and in the protection of
horticultural crops. Its exceptionally high resistance to
the action of ultraviolet radiation makes PVF a very
promising material for the protection of surfaces in appa-
ratus designed for the collection of solar energy246, in the
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building industry233»247»248, and for protective coatings on
metals 2 4 8" 2 5 4. The applications of PVF for internal
coatings255, for the preparation of diaphragms in elec-
trolysers for the manufacture of chlorine2 5 6, and also in
chemical engineering257 have been described.

COPOLYMERS OF VINYL FLUORIDE

Much work has been devoted258"299 to the preparation,
investigation of the properties, and applications of the
copolymers of vinyl fluoride with various unsaturated
compounds. The methods for the synthesis of vinyl fluo-
ride copolymers are completely analogous to those for the
synthesis of PVF. The copolymerisation has been carried
out in suspension155»156»164»268, in emulsion "β»150»152»261»263-
265,272,288 J n go^f- jon 166,167,170,259,262,263,266,288,295,296,299 Q r

in the solid state 150,268,278,288,289. A list of binary copoly-
mers (comonomers) is given in Table 2.

Table 2.

Comonomer

Ethylene
Tetrafluoroethylene

Vinyl acetate

Vinylidene fluoride
Trifluoroethylene
Vinyl chloride

Methylenemalononitrile
a-Acetamidoacrylamide
Hydrogen cyanide
Chlorotrifluoroethylene
Dichlorodifluoroethylene
a-Cyanoacrylamide
Methylenemalonamide
Fluoromethacrylate

esters
Vinylidene chloride
Vinyl propionate

Binary copolymers of vinyl fluoride

References

138,150,262.277.279,299
142,150,167,168,263,
266,279,299
159,260,269.270.274,
289, 297
142,167,170,265,274,299
170,268
150,164,166,168,271,275,
276,280.283,289,299
267
2.58
259
170,261,271.299
264
267
267

273
289
274,289

Comonomer

Vinyl butyrate
Propene
lsobutene
Bicycloheptene
Diethyl maleate
Acrylate and methacrylate

esters
Vinyl benzoate
Dioctyl fumarate
Vinyl carbonate
Acrylonitrile
Perfluoropropene
Acrylamide
1,1,2,4-Tetrafluorobuta-l ,3-
diene

1,1,2-and 1,1,3-trifluoro-
butadiene

1,1 -Difluoroisobutene
Perfluoronitrosomethane
Styrene

References

156,274
278,290
152
138
155,156

159,299
156

156
284
156,296,299
150.285,299
156

286

287
288
291
299

The copolymers of vinyl fluoride are processed by the
same methods as those used for PVF. The copolymers
a r e widely used in the form of films 139,150,260,263,270,279,287,288
and coatings271»286»287»298. Coatings made from the copoly-
mer of vinyl fluoride and vinyl chloride make various
rubber articles resistant to light. Specimens with such
coating remained unchanged after irradiation for 20 h with
ultraviolet light, while ordinary rubber withstood only
7.5—25 min of such treatment2 8 2. The synthesis of foam
plastics based on a copolymer of vinyl fluoride and vinyl
chloride has been described.

Dimethyl sulphoxide, furfural, tetrahydrofuran, and
dichlorobenzene have been used as solvents in the manu-
facture of fibre from the copolymers of vinyl fluoride and
vinyl chloride; the fibre was spun by a wet method150»270»280.
Copolymers of vinyl fluoride with isobutene and perfluoro-
propene proved to be resistant to heat, light, and chemical
reagents. Extruded sheets of such copolymers are
strong, flexible, and transparent, and, by virtue of their
capacity for cold draining, can be used for the manufacture
of various articles 150,152,155,

The synthesis of ternary copolymers has also been
described. Thus the copolymer of vinyl fluoride, tetra-
fluoroethylene, and chlorotrifluoroethylene has been

obtained in aqueous suspension at 80° C in the presence of
benzoyl peroxide292. The copolymer of vinyl fluoride,
tetrafluoroethylene, and vinyl chloride is incombustible
and is readily soluble in acetone, ethyl methyl ketone,
ethyl acetate, and halogeno-derivatives of hydrocarbons293.
Copolymers melting without decomposition have been
obtained from vinyl fluoride, dialkyl maleates, and
vinylidene halides2 9 4. The copolymerisation of vinylidene
fluoride, vinyl fluoride, and chlorotrifluoroethylene on
y-irradiation of the monomers has been described274.
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