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Polymerisation of Ally I Compounds

V.I.Volodina, A.l.Tarasov, and S.S.Spasskii

The review deals with the advances in the theory of the formation of ally! polymers and their practical applications. Until
recently there was only limited interest in allyl polymers because with the usual free-radical initiation allyl compounds
polymerise with difficulty and yield polymers with a low molecular weight. The principal cause of the formation of low-
molecular-weight polymers is degradative chain transfer to the monomer, as a result of which the kinetic chain is terminated.
A property of the degradative chain transfer is the constancy of dM/dP, i.e. a linear relation between the amount of peroxide
decomposed and the amount of monomer polymerised. In addition to degradative chain transfer, a characteristic feature of
allyl monomers is effective chain transfer, which depends on the structure of the monomer.
The polymerisation of diallyl compounds has a cyclolinear mechanism, which leads to the formation of macromolecules with
alternating cyclic and linear units.
The behaviour of allyl monomers in copolymerisation reactions is determined by their low reactivity compared with that of
the majority of vinyl monomers. The chemical structure of allyl monomers does not as a rule have a significant influence on
their reactivity.
In recent years polymers based on allyl monomers have found many applications in engineering. Copolymerisation with
other monomers and polymers yielded materials with high mechanical strength, thermal and chemical stability, and good
insulating and adhesive properties. They are used as fibres, films, coatings, optical glasses, binders for reinforced plastics,
etc.
The bibliography includes 386 references.
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I. INTRODUCTION

Allyl polymers are obtained by the polymerisation and
copolymerisation of allyl compounds, which are char-
acterised by the presence of the allyl group CH2=CH-CH2.
The name of these compounds arises from the fact that
they are the principal component of the essential oil of
garlic-diallyl sulphide.

In recent years there has been increased interest in
allyl resins because of their exceptional physical and
electrical properties. They have found extensive applica-
tion in electronic and electrical engineering industries
(insulators, connecting sleeves, gas-tight seals, etc.)1.
The diallyl phthalate and diallyl isophthalate pre-polymers
are thermosetting resins with thermal and chemical
stability and exceptional insulating properties; articles
made from them are characterised by their dimensional
stability 2.

Reinforced materials based on these resins exhibit
stability of mechanical strength in prolonged use over a
wide range of temperatures and humidities3.

There is a considerable promise of development for
phosphorus-containing allyl polymers, which are used as
fire-resistant materials4.

Allyl monomers are used in coatings and copolymers
based on them are used to improve the thermal stability
and the resistance to wear of certain materials.

The above wide range of the applications of allyl poly-
mers accounts for the interest in them. However, the
extensive data and practical experience accumulated in
recent years have not been reflected in Soviet reviews or
monographs. Abroad there have also been very few such
publications1>5'6.

II. ALLYL POLYMERISATION

All known methods of initiation are used in the poly-
merisation of allyl compounds. However, the effective-
ness of the initiating agents is not the same. In the
presence of free-radical initiators, allyl compounds poly-
merise with difficulty and give polymers in low yields and
with low molecular weights7. This applies to a lesser
extent to diallyl compounds, which form three-dimensional
structures even at relatively low conversions.

Ionic catalysts are more effective. In their presence
certain allyl compounds form polymers with very high
molecular weights.

The use of y-radiation also makes it possible to obtain
allyl polymers with high molecular weights. For certain
allyl monomers, this is the only method of polymerisation.

1. Radical Polymerisation

The same elementary steps are characteristic of the
free-radical polymerisation of allyl and vinyl monomers,
but for the former the chain transfer from the growing
radical to the monomer leads not only to the termination of
the growing radical but also to the cessation of the chain
reaction. Bartlett, Gaylord, Eirich, Walling, and
others4 '8"28 have investigated the mechanism and kinetics
of the radical polymerisation of allyl compounds.

In the radical polymerisation of allyl monomers, benzoyl
peroxide is most often used as an initiator. Gaylord,
Nozaki, and others 23~25 showed that the decomposition of
benzoyl peroxide in allyl alcohol, allyl bromide, and allyl
esters is a first-order reaction, the rate constant of which
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increases with the initial concentration of the peroxide.
The rate of decomposition of benzoyl peroxide in allyl
esters is not the same, decreasing in the sequence allyl
trimethylacetate > allyl propionate > allyl acetate > allyl
ethyl carbonate.

In the initiation of the polymerisation of allyl acetate
with benzoyl peroxide there is a possibility of the forma-
tion of two types of radicals, which are incapable of chain
propagation because they are stabilised by conjugation13:

where

k' = ki +

R· + CH,=UiCH2OCOCH, — RH +
CH 2=CHCHOCOCH,

CH2CH=CHOCOCH, ,

Ο
II .

CH2=CHCH2OC -CH.,
R· + CH,=CHCHaOCOCH3-» RH + It

CHs=CHCHjOC=CH,.
I
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On this basis, Bartlett and Altschul13 proposed a mech-
anism for the radical polymerisation of allyl monomers
and found that the ratio of the amount of monomer con-
sumed to the amount of benzoyl peroxide decomposed is
constant. This discovery constituted an important mile-
stone in the development of the theory of the radical poly-
merisation of allyl compounds. Later Gaylord and
Eirich2 5 gave a more complete polymerisation mechanism,
for example with allyl acetate:

(C6H5COO)2 - ^ - 2CeH5COO-, (1)

C0H6COO· + CH2=CHCH2OCOCH3 — - C0H,COOCH2CHCH2OCOCH3, (2)

CeH5COO-+ CH2=CHCH2OCOCH3 —-* C6H5CH2CHCH2OCOCH3 + COa5 (3 )

C,H,COO-+ CH2=CHCH2OCOCH3—- C0H,COOH + CH2=CHCHOCOCH3 (r), (4)

C(iH5COO-+ CH2-CHCH2OCOCH3 — CeH5COOH + CH^CHCHjOCOCH, (γ), (5)

R, + CH2=CHCH2OCOCH3 —— R,CH2CHCH2OCOCH3, (6 )

R + CH2 =CHCH2OCOCH3 — -• RH + CH.,=CHCHOCOCH3 (r), (7)

R + CH,=CHCH2OCOCH3 — -» RH + CH.,=CHCH2OCOCH3, (8)

r + r^r-r, (9)

T + T - ^ T - T . (10)

Γ + Τ - ^ Γ - Τ . (11)

Kinetic analysis of this mechanism led to an expression,
which essentially confirms the finding of Bartlett and
Altschul:

aM

dP

+ *«)(*„+*»•
kt)

— const,

where k° = ka + kb + kc + kd-
In the study of the polymerisation of allyl trimethyl-

acetate the authors of this mechanism observed, and other
investigators confirmed 11>14'26>28

) that the kinetics of the
polymerisation of certain allyl monomers are significantly
affected by radical substitution reactions. Therefore,
Gaylord and Eirich25 modified the kinetic mechanism,
replacing reactions (5), (8), (10), and (11) by others cor-
responding to a radical-substitution mechanism:

C,H6COO + CH2=CHCH2OCOC (CH3)3 —-» CH3=CHCH2OCOC.,HS + (CH3)3CCOO·, ( 1 2 )

R + CH2==CHCH.,OCO€ (CH3)3 — -• CH,=CHCH2R + (CH3)3CCOO·, ( 1 3 )

(CH3)3CCOO· + CH—CHCH-OCOC (CH3), — - (CH3),CH + CH2=CHCHOCOC (CH3)3 (r),

(CH,)3CCOO· + CH,=CHCH2OCOC (CH3)3 — - CH3=CHCH2C(CH3)3+ C0 2 + (CH3)3CCOO·.

(15)
In the steady state

= — (fea ;- ΛΛ -; ke) \ —, -τ k I - const,

Probably both mechanisms of allyl polymerisation can
occur independently, since they show significant differ-
ences.

The main conclusion which follows from the mechanisms
is the constancy of dM/dP, i.e. a linear relation between
the amount of benzoyl peroxide consumed and the amount
of monomer polymerised. This implies that in the poly-
merisation of allyl monomers the rates of chain propaga-
tion and termination are similar. Such a rate of chain
termination can be explained by chain transfer to the
monomer, which results in the formation of radicals
stabilised by conjugation and incapable of chain propagation.
This type of chain transfer is called degradative and the
constancy of dM/dP is its characteristic property.

The occurrence of degradative chain transfer was
demonstrated experimentally by Bartlett and Tate 1 9 in the
polymerisation of deuterium-substituted allyl acetate
CH2=CHCD2OCOCH3.

When ordinary hydrogen is replaced by deuterium in
allyl acetate, the rate of polymerisation increases by a
factor between 1.93 and 2.89.

The molecular weight of the deuteriated polymer in-
creases by a factor of 2.38. On the other hand, it is
known that the rate of dissociation of hydrogen in a radical
substitution reaction is approximately three times higher
than for deuterium. On this basis, one may assert that
chain termination occurs as a result of the interaction of
the growing polymeric radical with the monomer.

Characteristic allyl polymerisation is observed even
when the α-methyl group is located in the side-chain of the
monomer. Thus isopropenyl acetate polymerised in the
presence of benzoyl peroxide gives a polymer with a low
molecular weight 2.

As well as degradative chain transfer, the polymerisa-
tion of allyl monomers exhibits effective chain transfer
where allyl radicals can combine with monomers and thus
propagate the chain reaction w»"»"*"»*»»^ Sakurada and
Takahashi15 proposed a kinetic mechanism taking into
account the effective chain transfer and derived an equa-
tion for the quantitative determination of the degradative
chain transfer allowing for the effective transfer:

kn 2DP

where &D and kf are the rate constants for the degradative
and effective chain transfer_of the growing polymer radical
to the allyl monomer and DP is the average degree of
polymerisation.

The quantity k£>/{kQ + &τ) for allyl esters and ethers
decreases in the sequence allyl ethyl ether > allyl carbon-
ate > allyl acetate > allyl propionate > allyl trimethyl-
acetate > allyl laurate > allyl benzoate > allyl chloro-
acetate.

In the polymerisation of the first three allyl esters
about 50% of the chain transfer reactions are effective.
The more effective chain transfer in allyl chloride and
allyl chloroacetate (65-86%) results from the formation of
halogen-containing reactive radicals: CH2=CHCHC1 and
CH2=CHCH2OCOCHC1. Gaylord " observed that the con-
tribution of effective chain transfer reactions in the poly-
merisation of allyl acetate is only 24%. The explanation
is that, of the two resonance structures of the allyl radicals
CH2=CHCH ^ CH2-CH=CH2 in allyl acetate, the secondary
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(left-hand) radical is more stable, while in methylallyl
acetate the primary (right-hand) radical of the pair

1 - C - Ϊ Ϊ CH2-CH=C ·
I I

CH. CH.

is more stable by virtue of the effect of the electron-
donating methyl group. Since the primary radical is more
reactive than the secondary radical, it participates more
in the effective chain transfer, which in this case reaches

Walling and coworkers1 7 '1 8 showed that the degradative
chain transfer can be significantly suppressed by the
polymerisation of allyl monomers under pressure. When
the pressure is changed from 1 to 8 atm, the overall rate
of polymerisation increases by a factor of 5. The average
degree of polymerisation also rises and the rate of chain
termination falls.

This is evidence that the kinetic chain lengthens and
chain transfer to the monomer becomes less degradative.

2. Complex-Radical Polymerisation

In a number of studies' attention has been drawn to
the acceleration of the radical polymerisation of certain
vinyl compounds in the presence of co-ordination-unsatu-
rated metal halides such as LiCl, ZnCl2, etc.

It has been suggested that this type of polymerisation be
referred to as complex-radical polymerisation32. A
similar acceleration is observed in the polymerisation and
copolymerisation of allyl monomers3 2"3 . It follows from
the experimental data obtained in these studies that metal
halides form complexes with the functional groups of the
monomers. In the allyl acetate-ZnCl2 complex the bond
is formed largely via the group C=O, which leads to the

Ο

shift of electron density over the entire group -CH2-O-C-.
The structure of the allyl acetate-ZnCl2 complex can be
represented thus:

CH,=CH

I: ZnClj

On the basis of this mechanism, it is difficult to explain
the change in the activity of the double bond of the mono-
mer or the activity of the chain propagation radicals under
the influence of ZnCU. Furthermore, the increased rate
of chain propagation when other conditions are identical
should result in an increase of chain length, which is not
observed experimentally. The increased rate of poly-
merisation may be due to the decreased probability of the
degradative chain transfer of the monomer molecules in
the complex. Another possible explanation of the increased
rate is activation of the allyl radical in the complex, as a
result of which it becomes capable of dissociating the
double bonds of the monomer molecules, i.e. degradative
chain transfer is transformed into effective chain transfer.

The conditions for chain propagation can be established
because short-range order arises in the systems monomer-
ZnCU particularly at high concentrations of the complex-
forming agent, as in labile polymerisation seeding
agents . One cannot exclude the possibility that the
characteristic features of the polymerisation of allyl mono-
mers can be accounted for by the simultaneous operation
of all these factors. Thus, under the influence of the
complex-forming agent, a significant change in the type of

allyl polymerisation is observed. This provides a wide
scope for the regulation of polymerisation processes
initiated by radical agents.

3. Radiation-induced Polymerisation

Radiation-induced polymerisation is one of the most
promising methods for the preparation of allyl polymers
with high molecular weights. Dolmatov and Polak3 5"3 8

investigated the mechanism and kinetics of such poly-
merisation. Radiation-induced allyl polymerisation can
be largely described by a radical mechanism 39~44.

The kinetic mechanism takes into account the chain
initiation by radicals produced by the radiolysis of the
monomer, polymer, and the solvent. Chain propagation
takes place via the monomer and polymer and its termina-
tion is mainly the result of degradative chain transfer to
the monomer—with formation of an allyl radical incapable
of chain propagation.

In the analysis of this mechanism Dolmatov38

introduces the following simplifying assumptions.
1. The reactivity of radicals formed in the radiolysis

of the monomer, polymer, and solvent is the same.
2. The overall rate of radiolysis consists of the sum of

the rates of radiolysis of the monomer, polymer, and the
solvent.

Polymerisation mechanism (M is the monomer, Ρ the
polymer, S the solvent, and I the inhibitor):

A1=CH2=CH-CH2, A2=CH2=CHCH-OH.

Initiation

Chain propagation

Chain termination D w

ρ 1

R' + M —

RM# + Μ J

RM^ + P -

; + M ^ -

+ A

• R"

R·

^ R M ;

P+A>

U RI

(by monomer),

(by inhibitor).

The radiolysis of allyl alcohol in the solid phase3 9 and in
aqueous solution40 and also the radiolysis of other allyl
derivatives takes place predominantly at the All-X bond
with formation of an allyl radical having the structure
CH2=CH-CH2, which is denoted by Ai. With allyl alcohol,
the polymerisation is initiated by the OH radical, since it
adds to the double bond of allyl alcohol more effectively
than it removes the labile hydrogen atom from the a-meth-
yl group 4 1. In the chain termination the allyl radical
CH2=CHCHOH, denoted by A2, is formed.

The recombination of the allyl radicals Ai and A2
results in the formation of a certain number of molecules
of allyl dimers, the participation of which in chain pro-
pagation leads to the formation of a reactive polymer
containing a reactive allyl double bond. The concentra-
tion of such diallyl molecules is directly related to the
length of the kinetic chain.

The kinetic mechanism of polymerisation in the solid
phase is elucidated by the transition state method taking
into account the change in the volume of the system as a
result of contraction. The rate of conversion in the solid
phase is determined from the usual set of equations
supplemented by the contraction equation:
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where J i s the radiation dose rate, no and η are the num-
bers of moles of the monomer before irradiation and at
time t, and p is the number of moles of the polymer in
monomer units.

The variation of the yield of the monomer with the
duration of irradiation is linear3 5, the initial rate of con-
version is therefore equal to the rate of conversion at any
other stage. This is possible when kjf1 = #>.

The equality of the rate constants for the radiolysis of
the monomer and the polymer implies the equality of the
radiochemical yields of the corresponding radicals. Thus
the rate of conversion can be written in the form

i.e. the rate of conversion is constant, independent of the
yield of the polymer, and directly proportional to the
radiation dose rate.

The degree of polymerisation of allyl monomers in-
creases with the yield of the polymer. If the initiating
effect is due solely to the hydroxy-radical, then in the
initial stage the degree of polymerisation should be equal
to the degree of polymerisation of allyl alcohol initiated by
hydrogen peroxide (about 5-10). Indeed at 52.5°C &p/&t =
10.2 and it is evident from the work of Dolmatov and
Polak3 6 that the limiting viscosity number hardly changes
up to 80% conversion. At this conversion a polymer with
an average degree of polymerisation in excess of 340
begins to form. The participation of the oligomer in poly-
merisation leads to a branched polymer, which is reflected
in a low value of the limiting viscosity number and a higher
Huggins constant36.

4. Ionic Polymerisation

Friedel-Krafts and Ziegler-Natta catalysts are used
for the ionic polymerisation of allyl compounds45"61. The
rate of polymerisation by catalysts of this type depends to
a considerable degree on the structure of the allyl com-
pound. However, a distinct correlation has not yet been
established between the structure and the capacity of allyl
polymers for polymerisation.

In the polymerisation of allylbenzene and allylcyclo-
hexane48 on chromium oxide catalysts it was found that the
rate of polymerisation increases when the benzene ring is
replaced by the alicyclic cyclohexane ring. The explana-
tion is that the allyl group in allylcyclohexane is adsorbed
on the surface of the catalyst with the major plane of the
cyclohexane ring oriented parallel to the surface, while in
the case of allylbenzene the allyl group is displaced from
the surface of the catalyst.

The degree of adsorption of allylbenzene exceeds by a
factor of approximately 3 that of allylcyclohexane. There-
fore it is possible that the stable adsorption of the benzene
ring with displacement of the allyl group from the surface
hinders the interaction between the electrons of the double
bond of the monomer and the electron orbitals of the
catalyst. This may be the cause of the inertness of the
chromium oxide catalyst. The polymerisation of allyl-
cyclohexane can be accounted for by the planar disposition
of the molecules on the surface of the chromium oxide
catalyst.

The polymerisation of allyl ethers of allyl-substituted
phenols on Friedel-Krafts catalysts5 9"6 1 involves only the
allyl ether group, while the allyl side groups are not
polymerised. Therefore initially thermoplastic resins

are produced, which are then converted into thermoreac-
tive resins in the presence of benzoyl peroxide as a result
of cross-linking via the allyl side groups. Ziegler-Natta
catalysts were used in the polymerisation of allyl acrylate,
allyl methacrylate, allyl chloride, and allylbenzene46'47'49'
51,52,54

According to D'Alelio et al. 4 e , the amount of the
cationic component TiCU in the mixture plays a decisive
role in the polymerisation of allylbenzene on these cata-
lysts. The optimum ratio tri-isobutylaluminium : titanium
tetrachloride is 1:1. With increase of this ratio, the
isomerisation of allylbenzene to propenylbenzene pre-
dominates. Apart from the ratio AIR3 rTiCU, the polarity
and the polarisability of the monomer, steric factors, etc.
play a significant role in polymerisation on Ziegler-Natta
catalysts.

The polymerisation of diallyldimethylsilane and diallyl-
methylphenylsilane55 on Ziegler-Natta catalysts in n-hep-
tane yielded solid rubberlike products soluble in benzene
at room temperature. The residual degree of unsatura-
tion of these polymers was 12-40%. Polymers obtained
with A1(C2H5)3: TiCU > 1 had the lowest degree of unsatu-
ration.

5. Cyclopolymerisation

A characteristic feature of the polymerisation of allyl
monomers is a cyclic polymerisation mechanism, investi-
gated for the first time by Butler62. Cyclopolymerisation
(alternating intra- and inter-molecular polymerisation)
occurs with a wide range of monomers when the familiar
catalytic systems are used under particular conditions42'
6 2"7 9. Cyclolinear polymers are obtained mainly in the
polymerisation of diallyl compounds. This is consistent
with Butler's assertion7 8 that the main type of chain pro-
pagation in the polymerisation of symmetrical 1,6-dienes
involves cyclisation, which leads to the formation of a
small number of cross links and also residual double bonds.
Symmetrical 1,5-dienes polymerise analogously80.
Butler ω explains the tendency towards cyclopolymerisa-
tion by the fact that the process takes place with a smaller
energy expenditure than the intermolecular chain propaga-
tion. The lower energy pathway may arise as a result of
the electronic interaction between the double bonds of the
1,6-diene or between the reaction centres formed in the
interaction between the initiator and the intramolecular
double bond.

Matsoyan et a l . 6 6 investigated the capacity of N-sub-
stituted tertiary diallylamines and diallylamides for cyclic
polymerisation as a function of the nature of the substi-
tuent. When polar substituents with electronegative
groups are attached to the nitrogen atom of diallylamine,
the products are capable of polymerisation in the presence
of free-radical initiators with formation of piperidine rings
in the main chain:

CHj CH,
II II

CH CH

ι ι ·
CH, CH,

CH,

-CH.—CH CH—

CH, CH,

This is associated with the polarisability of allyl groups
caused by the displacement of π-electron density of the
double bond under the influence of the electron-acceptor
substituent.
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It is interesting to note that the only substituted diallyl-
amines capable of polarisation are those where the electron-
acceptor substituents C=O, C=N, and SO2 are linked
directly to the nitrogen atom. An increase of the electron-
acceptor effect of the substituent favours polymerisation.
For example, the effect of substituents in iVJV-diallylamides
can be arranged in the following sequence:

C1CH,CO>CH,CO>CH,CH,CO.

The studies of Arbuzova and coworkers 81~83 showed that
cyclolinear polymers are not obtained solely in the inter-
action between two allyl groups but also in the interaction
between an allyl and a maleate group if their conformation
in the molecule is favourable for the formation of five- and
six-membered rings:

COOCH,CH=CHi!

CH

R· + H,C=CH

H,C

CH

CO

R-

COOCH£H=CH,—

CH

- C H , - C H C H -

CH, CO

Cyclisation in the interaction between two allyl groups
with formation of ten- or eleven-membered rings is less
likely for conformational reasons, for example because of
internal steric hindrance to ring closure.

6. Copolymerisation

The nature of the involvement of allyl monomers in co-
polymerisation depends on their low reactivity compared
with the majority of vinyl monomers. Analysis of data on
the relative reactivities of monomers in copolymerisation
shows that in the vast majority of cases the copolymerisa-
tion constants for allyl monomers are zero or significantly
less than the constants for vinyl monomers. Because of
this allyl monomers enter into the copolymer only as
separate units and therefore the copolymer cannot contain
more than 50 mole % of the allyl monomer. Only in co-
polymerisation with relatively inactive vinyl compounds
(vinyl acetate, maleic anhydride) do allyl monomers
exhibit a fairly high reactivity. In the copolymerisation
of diallyl phenylphosphonate with lauryl methacrylate at
140°C the composition of the monomer mixture was found
to influence the relative reactivities. In the mixture with
39-92 mole % of lauryl methacrylate (Mi), ri = 6.30 ±
0.30 and r2 = 0.002 ± 0.3, while with 27-46 mole % η =
3.80 ± 0.40 and r2 = -0.21 ± 0.02. It is suggested that this
finding and also the appreciable negative value of r 2 can be
explained by the effect of the penultimate unit of the chain
on the rate of copolymerisation when the unit consists of
the allyl monomer.

The copolymers of allyl monomers with unsaturated
compounds are of considerable practical importance. This
problem will be discussed in detail below.

In conclusion of this section, the following points should
be noted. Judging from the copolymerisation constants,
the chemical structure of allyl monomers does not influ-
ence their reactivity. However, this finding is probably
not uncontroversial. All the investigators who have
studied the copolymerisation of allyl and vinyl monomers
calculated the constants from differential or integral
equations for the composition of the copolymers taking into
account only those elementary steps which lead to chain
propagation but not to chain termination. For the co-
polymerisation of vinyl monomers, this assumption is to
some degree justified. However, in the copolymerisation

of allyl monomers the chain termination rate constant is
so large that it is probably comparable with the chain
propagation rate constant; for this reason, in the calcula-
tion of the ratio of the true chain propagation rate con-
stants it must be taken into account. This problem is not
dealt with in the literature and still awaits a solution.
Only then will it be possible to assess unambiguously the
reactivities of allyl monomers and their dependence on
chemical structure.

III. POLYMERISATION OF VARIOUS CLASSES OF ALLYL
COMPOUNDS

1. Polymerisation of Allyl Ethers

Allyl ethers CH2=CHCH2OR were investigated long
before their use in polymer chemistry. In 1944 Nichols
and Yanovsky84'85 observed that, on being kept in air,
allyl ethers yield infusible and insoluble resins.

This was the beginning of intense studies on the poly-
merisation and copolymerisation of allyl ethers and their
employment in various branches of industry as adhesives,
coatings for wood, glass, metal, and textiles, and as
moulded articles with exceptional mechanical strength,
resistance to wear, thermal and chemical stability, and
resistance to the action of solvents and light.

Allyl ethers derived from polyhydric alcohols are poly-
merised under the action of oxygen at high temperatures 8 4 '
B6~90. As polymerisation proceeds, the solubility of the
polymers in acetone diminishes and their viscosity in-
creases.

Prolonged heating of the polymers in the presence of
oxygen leads to insoluble infusible resins. Earlier
attempts to polymerise allyl ethers in the presence of 5%
benzoyl peroxide were unsuccessful84. They began to gel
only on addition of 15% of benzoyl peroxide. Later
papers 9 1 ' 9 2 report the preparation of polymers of allyl
ethers initiated by peroxide catalysts. In the solid-phase
polymerisation of the diallyl ethers derived from tri-
(hydroxymethyl)propane using peroxide initiators, the
products are transparent colourless solid thermoreactive
resins insoluble in the majority of organic solvents. The
capacity of allyl ethers for polymerisation to thermo-
reactive resins resistant to the action of solvents, oils,
and high temperatures, and their compatibility with a
large number of resins and plasticisers permit their
employment in the manufacture of resins with high rigid-
ity 9 3 " i 5 and also as decorative coatings 8 6 '9 6.

Allyl ethers readily copolymerise with other monomers
in the presence of benzoyl peroxide. The copolymerisa-
tion of allyl ethyl and allyl butyl ethers with vinyl acetate
was reported by Sakurada and Takahashi97. Copolymers of
allyl glycidyl ether and vinyl acetate have been obtained in ben-
zene at 75 °C.9 8 Allyl trifluoroethyl ether was copolymerised
with maleic anhydride at 70° C in the presence of benzoyl
peroxide " . The triallyl ether of glycerol and other allyl
ethers derived from polyhydric alcohols were copoly-
merised with vinyl chloride in suspension in an autoclave
at51°C. 1 0 0

Britton and Davis 1 0 1 copolymerised vinyl chloride with
allyl epoxyalkyl and allyl hydroxyalkyl ethers. Losev102

employed boron trifluoride together with benzoyl peroxide
as a catalyst in the copolymerisation of vinyl chloride with
diallyl ethers.

Fisher 1 0 3 also reported the use of boron trifluoride as
an initiator in the copolymerisation of allyl glycidyl ether
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with maleic anhydride. The resin formed is then hardened
at 110°C for 48-144 h in the presence of benzoyl peroxide.
The copolymers may be used as binders for reinforced
plastics and as film-forming agents stable up to 260°C.
The copolymers of allyl ethers with vinyl acetate, vinyl"
chloride, vinylidene chloride, styrene, acrylonitrile,
butadiene, and acrylic esters have found many applica-
tions. The properties of typical copolymers of allyl
ethers with other monomers are listed in Table 1.

Table 1. Copolymers of allyl ethers and their properties.

Monomer

Allyloxyethane

Allylpentaerythritol

Allyl glycidyl ether

Allyl-starch

Diallyl ether of ethylene
glycol

Triallyl ether of glycerol

2-Chloroallyl ether

Monoallyl ether of glycerol

Comonomer

Acrilonitrile

Acrylonitrile

Vinyl acetate

Styrene

Vinyl chloride

Vinyl chloride

Methyl methacrylate
Butyl methacrylate

Methyl methacrylate
Butyl methacrylate

Applications of copolymers

Films and fibres with good
dyeing properties

Thickening agent for non-polar
solvents

Surface coatings

Surface coatings

Insulation for wires and cables

Ditto

Thermosetting coatings for
electrical devices, motorcars,
and external metallic sheeting

Ditto

Although the copolymerisation of allyl ethers has been
as yet inadequately investigated, the use of allyl com-
pounds containing other functional groups (hydroxy-,
epoxy-, and ethylene groups) has acquired increasing
importance. Even small amounts of allyl ethers added to
other monomers considerably improve the physical and
mechanical properties of the polymers.

Bifunctional allyl monomers are used for the modifica-
tion of the existing polymers. They make it possible to
obtain copolymers with improved resistance to wear and to
the effect of light and solvents.

Valuable polymeric materials have been obtained by the
copolymerisation of unsaturated maleate oligoesters with
ethers 104-115. Such compositions harden rapidly in air at
room temperature. Light-coloured films with high impact
strength, chemical stability, and resistance to wear are
obtained. The physical and chemical properties of the
copolymers permit their use also in cast compositions, in
laminate plastics, and as casting moulds. The copoly-
mers of the unsaturated oligoesters with diallyl phthalate
and allyl ethers of glycerol and starch are used as
adhesives and binders for emery paper. Allyl ethers of
polyhydric alcohols [tri(hydroxymethyl)propane, penta-
erythritol, glycerol] react with the unsaturated oligoesters
to give copolymers with exceptional water resistance and
satisfactory dielectric properties 110'114>115.

Recently much attention has been devoted to unsaturated
allyl oligoesters and their copolymers. Unsaturated allyl
oligoesters with an allyl bond in the side chain are obtained
by the reaction with dibasic acids or their anhydrides of
polyhydric alcohols such as allylglycerol and allylglycidol
with their hydroxy-groups partly converted into allyl ether
groups 117-li5.

Such oligoesters are converted into insoluble and infu-
sible polymers by treatment with cobalt naphthenate in the
presence of air at room or elevated temperatures108'111

Ii2,i23,i25 However, the homopolymers of allyl oligo-
esters have not found practical applications.

Sorokin and Gershanovaloe studied the copolymerisation
of unsaturated allyl oligoesters with allyl glycidyl ether.
They synthesised the oligoesters from allyl glycidyl ether
and dibasic acids (maleic, phthalic, and adipic). The
copolymerisation was carried out in the presence of redox
and peroxide initiators. The authors note that varnish
compositions based on the oligoesters obtained from
maleic acid and allyl glycidyl ethers harden at room tem-
perature and exhibit fairly satisfactory hardness and
degree of solidification. Partial replacement of maleic
acid by adipic or phthalic acid in the oligoester lowers the
rate of hardening of the varnish compositions.

It has been established by infrared spectroscopy that the
copolymerisation involving the double bonds is accom-
panied by the interaction of the glycidyl groups of the
allyl glycidyl ether with the terminal carboxy- or hydroxy-
groups of the oligoester.

In their study of mixed allyl-maleic oligoesters,
Jenkins et al. showed that an increased content of allyl
groups in the oligoester lowers the maximum molecular
weight which may be obtained without gelling. This also
determines the maximum number of utilisable allyl groups.
For the oligoester obtained from propylene glycol, the
allyl ether derived from glycerol, and equimolar amounts
of maleic and phthalic acids this number is four. When
the maleic acid content was less than 25 mole % of the
total content of acids, gelling was not observed and it was
possible to obtain oligoesters with a high molecular weight.

For polyester varnishes the authors also employed as
the allyl component involatile polymerisable compounds of
the diallyl ether derived from glycerol and the acetic,
adipic, and pyromellitic esters of the diallyl derivative of
glycerol.

The copolymerisation of allyl oligoestors with maleic-
fumaric oligoesters is described in the publications of
Tarasov and coworkers 117-120'126-128

 a nd others 124. Co-
polymers with satisfactory physical and mechanical pro-
perties have been obtained U7, and may be employed as
binders for reinforced plastics. It has been shown129

that poly(allylglyceryl phthalate-adipate) does not poly-
merise in the presence of 2% of benzoyl peroxide even at
150°C. The addition of small amounts of the fumaric
oligoester (about 10%) leads to the formation of a copoly-
mer even at 80°C. The participation of allyl groups in
the copolymerisation reaction has been shown by the fact
that the product does not dissolve in organic solvents.
Furthermore, bromination of the products of the alkaline
hydrolysis of the copolymers reveals the presence of only
a fraction of the initial fumaric and allyl double bonds.

2. Polymerisation of Allyl Esters

The allyl esters of mono- and di-carboxylic acids
were obtained for the first time in 1885 by Zinin 13° by the
double decomposition of the silver salts of aliphatic acids
with allyl iodide. Until 1940 there were no data on the
use of allyl esters, since allyl alcohol was not readily
available. The polymerisation of allyl esters began to
acquire practical importance starting with 1941-1942.
The allyl esters of carboxylic acids have been used in
polymer chemistry in two ways: (1) as monomeric addi-
tives to polymers; (2) as partially polymerised thermo-
setting resins (pre-polymers).

The polymers of allyl esters have found application in
those cases where the following properties are necessary:
chemical stability, particularly with respect to oxidising
agents, exceptionally low dielectric losses, low moisture
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absorption, low rate of cross-linking after fusion, resis-
tance to wear, and thermal stability.

The allyl esters of phthalic, isophthalic, maleic,
fumaric, succinic, diglycolic, itaconic, acetic, and other
acids are most frequently used131"237.

Allyl esters can be polymerised in the presence of
various initiating systems (peroxides, ionic polymerisa-
tion catalysts, and under the influence of y-radiation).
Among the most widely used and most important mono-
mers are diallyl phthalate and diallyl isophthalate 131~168,
The kinetics of the polymerisation of diallyl phthalate were
investigated by Oiwa, Lalau-Keraly, etc.154"159'168. They
showed that the residual degree of unsaturation in the
polymerisation of diallyl phthalate in the presence of
benzoyl peroxide and di-t-butyl peroxide depends very little
on the catalyst and temperature but does depend strongly
on conversion. With increase of conversion, the residual
degree of unsaturation falls.

In the initial stage of the polymerisation of diallyl
phthalate in the presence of peroxide initiators about 43%
of cyclic structures is formed. The structure of the
polymer has been confirmed on the basis of the rate of
disappearance of C=C bonds revealed by infrared spectro-
scopy in the region of 1644 cm"1.165

In the polymerisation of diallyl phthalate the duration
of the hardening process and the contraction of the polymer
are very considerable132. For this reason, diallyl
phthalate is rarely used for the synthesis of a homopoly-
mer. Instead it serves for the preparation of a pre-poly-
mer which is readily moulded, exhibits satisfactory
fluidity, and hardens rapidly147"153. Diallyl phthalate
and diallyl isophthalate pre-polymers are stable on storage
and when employed as compositions with catalysts which
decompose at high temperatures. On heating and at high
pressures (in casting, in the preparation of laminate
materials), they soften, flow, and are cross-linked to give
three-dimensional insoluble resins.

Diallyl esters of fumaric and maleic acids are also of
interest for a wide variety of engineering applications 81~83'
169-183,229 ,pne m e C h a n i s m of the formation of polymers
based on mono- and di-allyl esters of maleic acid was
investigated by Arbuzova et al. They established that
in the polymerisation of monoallyl maleate and diallyl
maleate five- and six-membered lactone units are formed,
and with increase of the polymerisation temperature the
content of five-membered rings increases. On the other
hand, the polymerisation temperature and the nature of
the initiator do not affect the degree of cyclisation. With
monoallyl maleate, it is 63-64% and, with diallyl maleate,
it is almost 100%. The cyclolinear polymers obtained
are converted on further polymerisation in the presence of
initiators into three-dimensional polymers, which are
very hard and exhibit high thermal stability.

The polymerisation of allyl aery late and allyl methacry-
late has been investigated by Schulz, Kawai, Gindin, and
others 51»54'74'184"209. The polymerisation of allyl acrylate
in benzene solution with a radical polymerisation initiator
yielded a brittle vitreous polymer soluble in benzene and
pyridine. The polymer does not soften on heating and
hydrolyses only in molten sodium hydroxide-potassium
hydroxide. A study of the structure of the polymer
showed that 24.2% of the structural units are linked via
acrylic groups, 17.2% are linked via allyl groups, and the
remaining 58.6% form lactone groups as a result of cyclo-
polymerisation186.

The anionic polymerisation of allyl acrylate gives a
product with a low molecular weight, which is isotactic

to a fairly high degree. Only acrylic double bonds
participated in the linear polymerisation; the allyl bonds
were involved only in the cross-linking, which occurred
when the polymer was stored in air51. Similar results
were obtained by Gindin et al.185 in the polymerisation of
allyl acrylate under the influence of benzoyl peroxide and
ultraviolet light.

Compared with the acrylate, the polymerisation of allyl
methacrylate shows certain characteristic features. When
azobisisobutyronitrile is used as an initiator, allyl meth-
acrylate polymerises to a product without rings in the
chain, which is insoluble in the usual organic solvents 187.
In the polymerisation of allyl methacrylate under the influ-
ence of ultraviolet light, Cohen et al.236 also showed that
the polymerisation is not accompanied by cyclopolymerisa-
tion. This can be accounted for by resonance stabilisation
of the allyl groups as a result of degradative chain trans-
fer, which leads to the cross-linking of the polymer.

In the anionic polymerisation of allyl methacrylate M a
linear soluble polymer containing allyl groups as branches
from the polymer chain is formed. The linear polymers
of allyl methacrylate are classified as "self-reactive",
yielding polymers which harden on heating or in the pres-
ence of radical initiators. Only the copolymers of allyl
methacrylate with other monomers have found applications.

Allyl acetate has been homopolymerised10'18'2io"213,
largely in order to investigate the kinetics of allyl poly-
merisation, as mentioned above. This polymer has not
found practical application, since it has low molecular
weight and poor mechanical properties.

Polymers based on the diethylene glycol-diallyl car-
bonate system are produced in the presence of free-radi-
cal polymerisation initiators as light-coloured castings
with exceptional optical properties, high chemical stability,
and resistance to wear2 7. The polymerisation of this
monomer is inhibited by air and therefore the castings are
obtained between glass plates separated by plastic spacers.
The diethylene glycol-diallyl carbonate polymers are
produced in the manufacture of optical lenses and glass for
spectacles, and as coatings for expensive ultraviolet and
infrared glasses6.

Apart from the applications of the polymers of allyl
esters, their copolymers with other monomers and un-
saturated oligoesters have found many applications in
engineering.

The addition of 0.01-0.3% of diallyl phthalates (o-, m-,
and />-isomers) to vinyl chloride makes it possible to
prepare a polymeric material with mechanical properties
4-10% better than those of poly(vinyl chloride) itself141.
Diallyl phthalates are frequently used instead of styrene in
mixtures with unsaturated oligo-glycol maleates 142.
Articles with homogeneous surfaces and much smaller
contraction can be obtained by casting. Diallyl phthalate
imparts mechanical strength and thermal stability to
oligoester resins and improves their dielectric proper-
ties.

The copolymerisation of diallyl maleate and diallyl
fumarate with methyl methacrylate and styrene in the
presence of a mercaptan and peroxides yields in pregnat-
ing powders 183, which can be moulded under pressure
of 7 kg cm"2. The copolymer of diallyl maleate with 0.05-
0.3% of vinyl chloride is used as an electrical insulator180.
The copolymer of diallyl maleate and chlorotrifluoroethyl-
ene has good adhesive properties 182.

Diallyl fumarate and diallyl maleate are also used with
styrene in compositions containing unsaturated oligoesters,
which are employed to prepare reinforced plastics 173.
The addition of diallyl phthalate and diallyl maleate to
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poly (vinyl chloride) imparts hardness to the polymeric
materials17e.

Allyl acrylates and allyl methacrylates copolymerise
with methyl methacrylate, vinyl chloride, acrylonitrile,
polyethylene, etc.1 9 e-2 0 8. The copolymerisation of allyl
methacrylate (20%) with methyl methacrylate in the pres-
ence of benzoyl peroxide yields polymers with higher
softening temperatures than that of poly (methyl meth-
acrylate). 2 0 0- f 0 2

The copolymers of allyl furylenemethacrylate with
styrene, vinyl acetate, acrylonitrile, and methyl meth-
acrylate have been suggested as plasticisers 197.

The copolymers of acrylonitrile, methyl methacrylate,
and methacrylamide, modified with allyl methacrylate,
exhibit exceptional mechanical properties (for example, a
bending resistance of 1849 kg cm ).

The copolymerisation of allyl acrylate (1-15%) with
acrylonitrile gives transparent castings207. Allyl acrylate
is used as a cross-linking agent in the irradiation of
polyethylene and polypropylene 2 0 9.

The copolymerisation of allyl acetate with other mono-
mers 6 ' 2 1 4- 2 1 6 has been carried out largely to investigate
the mechanism of the copolymerisation and to determine
the relative reactivities.

3. Polymerisation of N- Allyl Derivatives

In recent years much attention has been devoted to the
study of the polymerisation and copolymerisation of N-allyl
derivatives (ΛΓ-substituted diallylamines, diallylammonium,
salts, JV-allylamides, JV-allylimides, triallyl cyanurates,
hexa-allylmelamines, etc.)6 6 '2 3 8"2 8 9· The interest in this
class of compounds arises from the practical value of the
polymers and copolymers of JV-allyl derivatives (particul-
arly those based on triallyl cyanurate and triallyl iso-
cyanurate).

Butler has shown that the polymerisation of diallyl-
ammonium salts in aqueous solutions in the presence of
t-butyl hydroperoxide or an azo-initiator leads to the for-
mation of cyclolinear polymers7 8 '7 9.

The polymerisation of diallyl- and diallyldimethyl-
ammonium bromides2 5 8 yields saturated linear soluble
polymers with repeating JV-substituted piperidinium halide
units together with methylene groups.

The ability of diallyl derivatives of quaternary am-
monium salts to undergo radical polymerisation is asso-
ciated with the polarisability of the allyl groups due to the
displacement of the π-electron density of the double bond
by the electron-accepting nitrogen atom of the ammonium
group. In the presence of radical-polymerisation
initiators these monomers copolymerise fairly readily
with styrene, acrylonitrile, and other monomers.

In the copolymerisation of diallyl-ammonium halides
with sulphur dioxide 73, water-soluble cationic poly-
sulphones are formed:

CH ^ H

Ι ι + s o 2
CHS CH,

These copolymers do not melt but decompose at 180°C
and lose about 40% of their weight at 190°C in 3 h. They
are unstable to sodium hydroxide.

The mechanism of the polymerisation of N-substituted
diallylamines was discussed in detail aboveββ. It is note-
worthy that the polymerisation of these monomers involves
a cyclic mechanism with formation of piperidine rings in
the main polymer chain, as in the polymerisation of
quaternary diallyl-ammonium salts. Among the cyclic
polymerisation products of N-substituted diallylamines,
ΛΛΓ-diallylacetamide, JVN-diallylbenzamide, MV-diallyl-
propionamide, etc., polyallylcyanamide is of particular
interest, being distinguished by low solubility and a high
melting point.

Ostroverkhov et al.238 established that tertiary diallyl-
amines and diallylamides form in the presence of radical
initiators polymers with low molecular weights and low
softening temperatures which are readily soluble inorganic
solvents. The low tendency of diallylamides to polymerise
can be explained by the vigorous chain termination reaction
with participation of the hydrogen atom of the allyl group.

In the presence of anionic and cationic catalysts diallyl-
amides and tertiary diallylamines did not yield polymers
either in the solid state or in solution. Allylamines have
been recently polymerised by irradiation with cobalt-60
y-rays.4 4 The homopolymers of allylamines and allyl-
amides have not found practical application. It is mainly
their copolymers with other monomers and polymers
which are used in industry.

The copolymers of triallylamine with acrylic acid have
been obtained at 50°C in an atmosphere of nitrogen in the
presence of 2% azobisisobutyronitrile. They are excel-
lent thickening agents for latex dyes 242.

The copolymers of diallylamine and acrylonitrile are
used as fibres which are more readily dyed than poly-
acrylonitrile243.

The copolymers of allylamines with styrene and buta-
diene have been recommended as hardening agents for
epoxy- and ion-exchange resins 2 3 9.

Diallylamine introduced into poly (vinyl chloride) in an
amount of 0.01 — 0.3% increases its molecular weight and
improves its physical and mechanical properties .

Much work has been done on the polymerisation and
copolymerisation of triallyl cyanurate, triallyl isocyanu-
rate, and hexa-allylmelamine 2 4 8 ' 2 6 3" 2 9 4 . The vitreous
polymers obtained in the presence of free-radical poly-
merisation initiators, are colourless, solid (but brittle),
and readily cracked.

Clampitt265 observed by infrared spectroscopy that in
the course of its polymerisation triallyl cyanurate iso-
merises to triallyl isocyanurate.

Poly(triallyl isocyanurate) has a higher decomposition
temperature (377°C) than poly (triallyl cyanurate) (321°C)
and higher stability on heating in air and in an atmosphere
of nitrogen. Therefore conditions for the hardening of
triallyl cyanurate are chosen so that the latter isomerises
to triallyl isocyanurate. However, despite their high
thermal stabilities, the homopolymers have not found
practical application because of their brittleness.

Solid polymeric materials with high thermal stability
have been obtained by the copolymerisation of methyl meth-
acrylate (5-50%) with triallyl cyanurate2 8 4 '2 8 6.

In the presence of peroxide or ionic catalysts allyl
derivatives of cyanuric and isocyanuric acids copolymerise
with vinyl monomers, dienes, etc. Solid thermostable
copolymers insoluble in organic solvents are obtained282.

The copolymers of triallyl cyanurate, diallyl itaconate,
styrene, and methyl methacrylate are used in high-speed
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military aviation287. Triallyl cyanurates and triallyl
isocyanurates are introduced into oligoesters to improve
their thermal stability and mechanical properties 3.
When triallyl cyanurate (2-5 weight units) is introduced
into polyethylene to increase the effectiveness of cross-
linking, a copolymer with a high melting point is ob-
tained .

The polymerisation and copolymerisation of other
N-allyl derivatives of heterocycles have been less investi-
gated. Only ΛΓ-allyl- a -pyrrolidinone, iV-allyl- a -pipe-
ridinone, andiST-allyl-a-caprolactam have been poly-
merised2 9 0. These monomers hardly polymerise in the
presence of 10% benzoyl peroxide at 60°C over a period of
60-100 h. On addition of not less than 5% of azobisiso-
butyronitrile, JV-allyl- α -pyrrolidinone and iSi-allyl- a -
caprolactam undergo stepwise polymerisation with forma-
tion of low-molecular-weight products and trimers in low
yields (10-25%). The polymerisation of JV-allylsuccinimide
and iV-allylphthalimide, in the solid phase and in solution,
under the influence of cobalt-60γ- radiation was reported
recently261. The polymerisation products have a low
molecular weight; the degree of polymerisation is about 10.

4. Polymerisation of Allyl Monomers with Organic Deriva-
tives of Different Elements as Substituents

This class of compound includes allyl derivatives of
silicon, titanium, germanium, tin, phosphorus, sulphur,
and other elements *»*8»«><*>»i-34°t Polymers based on
these compounds have attracted attention because they
should exhibit high thermal stability and the phosphorus
containing polymers should exhibit self-extinguishing
properties. The polymerisation of alkenylsilanes containing
one allyl or methylallyl group takes place with difficulty341.
Mironov and Petrov3 4 2 described the polymerisation
of alkylmethylallyl- and allyloxy-silanes on platinised
charcoal. Later Korshak et al. 3 4 3 established that
the polymers based on alkylsilanes have different struc-
tures depending on the polymerisation initiator. The
polymers obtained in the presence of peroxide catalysts
contain Si-Η bonds, while those obtained in the presence of
platinum catalysts do not.

Lyashenko et al . 4 3 showed that polymers produced in the
presence of benzoyl peroxide at 200°C have structures
analogous to those obtained at 100° C in the presence of
cobalt-60 y-radiation. The authors observed that the
tendency to polymerise increases with the number of allyl
groups in alkenylsilanes. Monoallylsilanes exhibit differ-
ent activities in polymerisation reactions depending on the
nature of other groups linked to the silicon atom. Diethyl-
allylsilane does not polymerise in the presence of benzoyl
peroxide over a period of 10 h, ethylallylphenylsilane
polymerises to a liquid polymer, while ethyldiallylsilane
and triallylsilane give crystalline products, the latter
being formed in 30 min.

In the polymerisation of diallylsilanes under the influ-
ence of cobalt-60 y-radiation, Gusel'nikov et al . 4 2 estab-
lished that the reaction involves inter- and intra-molecular
mechanisms. The cyclolinear polymers formed are
soluble in organic solvents.

Using Ziegler-Natta catalysts, Topchiev, Bogomol'nyi,
Kolesnikov, and others 68>3O°-5o3>308 obtained rubberlike
products containing unsaturated groups in the side chains.
The dominant units in the polymer chain are silicon-con-
taining rings alternating with methylene groups. The co-
polymers of allylsilanes with other monomers obtained in
the presence of Ziegler-Natta catalysts were found to have

a constant melting point and high stability when worked.
The hardened copolymers did not dissolve in boiling
heptane. They have been used as elastomers3 0 5.

There are only isolated data on the polymerisation of
the allyl derivatives of titanium, tin, and germanium5 0 '3 0 8 '
3io,3ii ^ polymer decomposing without fusion above
400°C was obtained from allyl trimethyl titanate in the
presence of boron trifluoride or compounds capable of
yielding boron trifluoride50. The copolymerisation of
allyl derivatives of titanium with vinyl acetate gave water-
resistant enamels 3 n .

The polymerisation of diallyldimethylgermane takes
place in the presence of triethylaluminium and titanium
tetrachloride with formation of a coloured oil in about 50%
yield. The molecular weight of the polymer is 270. It is
suggested that in this case the main polymerisation product
is a cyclic dimer3 0 8.

The polymerisation of phosphorus-containing allyl
monomers and their copolymerisation with other monomers
and polymers have been investigated by K?mai, Toy,
Berlin, Laible, Kennedy, and others 7 ' 6 7 ' 2 3 8 ' 2 9 4 ' 2 9 6 " 2 ^ 3 1 2 - 3 3 4 .
The ability of phosphorus-containing allyl monomers to
undergo radical polymerisation as a function of the nature
of the substituents has been investigated by Kamai2 9 7 and
later by Toy2 9 6 using as an example the allyl esters of
phosphonic acid. They showed that steric hindrance, the
polarity of the substituents, and the presence or absence
of inhibiting groups can greatly modify the polymerisation
characteristics of the monomers, their effect diminishing
on going from allyl to methylallyl esters.

Table 2. Groups of polymerisable diallyl com-
pounds of the type R-P(O)(OCH2CH=CH2)2.
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Monomers can be divided into three groups in relation
to their capacity for the formation of polymers. The
first group includes monomers which polymerise to a solid
vitreous product. These are monomers in which the sub-
stituent at the phosphorus atom is an electron acceptor.
When the substituents are electron donors, the monomers
polymerise either to gels or solid but elastic polymers.
These constitute the second group (Table 2). The third
group includes monomers which polymerise to a liquid
product or do not polymerise at all under the influence of
peroxide initiators. These are JVAT'-dimethylallylphenyl-
phosphonamide, diallylthiophenylphosphonamide [NN-di-
allylphosphonothionic diamide ?(Ed.of Translation)],
diethyl N-allylphosphoramidate, and others. The poly-
merisation passivity of compounds in the third group is due
to the inhibiting effect of sulphur and amide groups in the
monomers.

Diallyl JVN-dimethylphosphoramidate ? (Ed. of Transla-
tion)] not only does not polymerise but is actually capable
of retarding the polymerisation of other diallyl esters.
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The interest in polymers of this class arises from their
flame-resistant properties.

Toy and Cooper believe that the phosphorus content
in allyl monomers is not the sole factor determining the
flame-resistant properties of polymers. The polymers of
diallyl phenylphosphonate (13% of phosphorus) and diallyl
methylphosphonate (17.6% of phosphorus) are more flame-
resistant than the polymer of diallyl phosphite (19.2% of
phosphorus). However, the authors do not quote other
reasons to account for their flame-resistant properties.

In engineering, applications are found mainly for the
copolymers of phosphorus-containing allyl monomers with
other monomers and polymers. The copolymerisation of
diallyl phenylphosphonate with vinyl acetate and methyl
methacrylate yielded a transparent polymer with self-
extinguishing properties 323.

Phosphorus-containing allyl monomers are introduced
into unsaturated oligoesters to make them flame-resistant.
The copolymers based on these components have good
mechanical and dielectric properties in addition to being
flame-resistant298'333.

5. Polymerisation of Allyl Alcohol and Allyl Halides

Poly (allyl alcohol) was obtained for the first time by the
reduction of poly(n-butyl aery late) with lithium aluminium
hydride in dry tetrahydrofuran345. The degree of reduc-
tion was more than 95%, the molecular weight was 15 900,
and the intrinsic viscosity in dimethyl sulphoxide was
0.436.

Poly(allyl alcohol) of low molecular weight is obtained
by the polymerisation of allyl alcohol in the presence of a
large amount of benzoyl peroxide346'347. Poly(allyl alco-
hol) with an average degree of polymerisation DP = 20 is
soluble_in water, methanol, and other organic solvents.
With DP = 200, the polymer shows limited miscibility in
water but is readily soluble in methanol, while with DP =
400 it is soluble only in a mixture of concentrated hydro-
chloric acid and methanol in dioxan.

Poly(allyl alcohol) of high molecular weight (DP = 370)
has been obtained by irradiating allyl alcohol with cobalt-60
y-rays. Allyl alcohol with DP = 103-104 can be obtained
by radiation-induced polymerisation. Poly(allyl alcohol)
is a highly branched polymer with a low intrinsic viscosity.
It is thermostable and thermoplastic, can be pressed into
sheets on heating, and fibres can be readily formed from
its melt. Crystalline poly (allyl alcohol) with a melting
point of 210-222°C has been obtained by the polymerisation
of allyl alcohol in the presence of boron triiluoride at
-78°C in petroleum ether50.

Practical applications have been found mainly for the
copolymers of allyl alcohol with other monomers348"367.
When allyl alcohol is copolymerised with styrene (15-80%),
transparent solid polymers are formed and are used as
coatings which are colour-fast on heating353'368. The co-
polymers of allyl alcohol and styrene have been used to
prepare films with good adhesive properties, resistance
to water, dilute alkalis, methanol, and detergents354'356'357.
These copolymers can serve as binders for the preparation
of articles with fibrous fillers Filled copolymers of
styrene, allyl alcohol, and maleic acid are used as facing
plates and other constructional materials Copolymers

peroxides and Ziegler-Natta catalysts and by y-irradia-
tion369-375. High-molecular-weight compounds are ob-
tained only when the monomers are irradiated with
cobalt- 60 y- rays.

Polymerisation of allyl chloride on a Ziegler-Natta
catalyst yielded a pale-yellow polymer melting at 70-
110°C. It contained double bonds formed as a result of the
elimination of HC1 from the polymer molecules370.

Polymers of allyl chloride are also obtained in benzene
or toluene in the presence of 0.2-0.5% (relative to the
monomer) of metallic aluminium376.

The polymerisation of allyl iodide under the action of
y-radiation yields mainly dimers 37°. The monomers are
used in the polymerisation of ethylene to regulate the
molecular weight of the polymer 377,378

of allyl alcohol and acrylonitrile have been used as
fibres362.

The polymers of allyl halides (allyl chloride and allyl
bromide) are obtained by polymerisation in the presence of

6. Polymerisation of Aromatic Allyl Compounds

Korshak and coworkers have investigated the synthesis,
polymerisation, and copolymerisation of allyl-containing
polyarylates 379~386. The formation of allyl-containing
polyarylate structures under the influence of heat takes
place at a temperature in excess of 230°C with a con-
siderable yield of the three-dimensional product. At the
beginning of the reaction the /3-polymer forms, which
is then converted into the y-polymer. The polymers ob-
tained under conditions ensuring the maximum degree of
cross-linking (267°C, 7 h) have an extensive region of
elastic deformations, the upper limit of which occurs at
temperatures above 500°C. It has been noted that the
deformations diminish with increase in the number of
cross-links.

The copolymerisation of allyl-containing polyarylates
with various vinyl and allyl monomers reduces the thermal
stability of the polyarylates. However, in some cases
(diallyl phthalate, styrene, etc.) this happens to only a
slight extent. It was found that styrene is a poor cross-
linking agent and this is why only a small amount of the
cross-linked polymer forms at high concentrations of the
polyarylate in styrene solution.

Methyl methacrylate, allyl methacrylate, and ethylene
dimethacrylate are effective cross-linking agents for
allyl-containing polyarylates.

Some of the copolymers have good mechanical and
thermal properties. For example, the copolymer with
diallyl phthalate has a bending strength of 1190 kg cm"2

which hardly changes after 6 h at 250°C. Copolymers of
2-allylphenol with methyl methacrylate and with ethylene
dimethacrylate retain a fairly high strength after heat
treatment at 300°C in the presence of air. Furthermore,
these copolymers exhibit high heat resistance (above 500°C)
and thermal stability.
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