
874 Russian C h e m i c a l Reviews, 3 7 ( 1 1 ) , 1 9 6 8

73. V.M.Volkov, Uspekhi Khim., 31, 1528 (1962) [Buss.Chem.
Rev., 730 (1962)].

74. I.P.Romm and E.N.Gur'yanova, Dokl.Akad.Nauk SSSR,
171, 877 (1966).

75. I.P.Romm, E.N.Gur'yanova,.I.P.Gol'dshtein, and
K.A.Kocheshkov, Dokl.Akad.Nauk SSSR, 172, 618(1967).

76. I.P.Romm and E.N.Gur'yanova, Teor.Eksper.Khim., 4,
691 (1968).

77. I.P.Romm, E.N.Gur'yanova, and I.P.Golfdshtein, Zhur.
Fiz.Khim., 42, 220 (1968) [Russ.J.Phys.Chem., 113 (1968)].

78. A. I. Kiss, and Β. R. Muth, Acta chim. Acad. Sci. Hung., 22,
397 (1960); 24, 231 (1960).

79. A.Mangini and C.Zauli, J.Chem.Soc, 4960 (1956).
80. K.Bowden and E.A.Braude, J.Chem.Soc, 1068(1952).
81. I.P.Gol'dshtein, E.N.Gur'yanova, N.N.Zemlyanskii

O.P.Syutkina, E.M.Panov, and K.A.Kocheshkov, Izv.Akad.
Nauk SSSR, Otd.Khim.Nauk, 2201 (1967).

Laboratory for the Synthesis and
Structure of Organoelementary
Compounds, Karpov Physico-
chemical Institute, Moscow

U. D. C. 541.49 : 542.952.6 : 547.254.6

Organomagnesium Compounds and Their Complexes as Polymerisation
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This the first review devoted specifically to polymerisation processes initiated by organomagnesium compounds. Attention
is concentrated mainly on the anionic polymerisation of unsaturated monomers (hydrocarbons, acrylates, nitriles, vinyl-
pyridines, halogeno-derivatives, etc.). The review also includes short sections on the anionic polymerisation of carbonyl
derivatives and cyclic monomers, on cationic polymerisation, and on initiating systems of the Ziegler-Natta type. The biblio-
graphy contains 215 references.
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I. INTRODUCTION

Until quite recently organomagnesium derivatives occu-
pied a very modest position among the organometallic com-
pounds used as initiators for anionic polymerisation. This
was due to their relatively low reactivity towards non-
polar unsaturated monomers (i.e. hydrocarbons of the vinyl
and diene types), on which most of the research on anionic
polymerisation was concentrated for a long time. With
studies on the anionic polymerisation of polar monomers,
organomagnesium initiators have begun to attract substan-
tially more attention, since in these cases they are quite
comparable in efficiency with many organic derivatives of
the alkali metals. The considerable experimental data
which have now accumulated on polymerisations initiated
by organomagnesium compounds have not yet been reviewed
and we have therefore attempted to fill this gap. Modern
ideas on the composition and structure of organomagnesium
compounds have been discussed in detail in the recently
published reviews by Wakefield1 and by Ashby2.

II. ANIONIC POLYMERISATION OF UNSATURATED
MONOMERS

Among studies of the polymerisation of anionic systems
by organomagnesium compounds and their complexes, in-
vestigations on various polar unsaturated monomers are of
the greatest interest. These processes are often highly
efficient and stereospecific. Non-polar and low-polarity

monomers exhibit a very limited tendency to polymerisa-
tion in such systems.

1. Hydrocarbons

Gilman3"5 and Kinney6 showed that unsaturated hydro-
carbons of the ethylene and diene series do not react with
organomagnesium compounds under ordinary conditions.
Instances of the addition of alkylmagnesium halides to un-
saturated hydrocarbons were established by Fuson7"1 0 for
compounds of the fluorene and fulvene series containing
highly reactive double bonds—dibiphenylylene-ethylene,
tetraphenylfulvene, etc.

The first results on the polymerisation of unsaturated
hydrocarbons in the presence of organomagnesium com-
pounds were obtained by Ziegler11, who found that solid
polymers were formed in C2H4-RMgX(or RaMg) systems at
100-150°C and pressures from 100 to 1000 atm. Raising
the temperature enables several other hydrocarbon mono-
mers to be polymerised with the same initiators. Wang
Fo-sung, Dolgoplosk, Erusalimskii, et al. 12~14 have shown
that polymerisation of various diene hydrocarbons with
initiators of the above type at 90°C and above is feasible,
but even under these conditions the rate of polymerisation
is low. When isoprene is bulk-polymerised at 90°C with
an initiator concentration of about 0.003 M, the rate does
not exceed 1% h"1. Still lower rates characterise the poly-
merisation of butadiene and 2,3-dimethylbutadiene. Kinet-
ic data on the consumption of the initiator have established
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that in the isoprene-(C4He)3Mg2I system the rates of initia-
tion and growth are comparable. Thus with an initiator/
monomer ratio of 0.01 complete exhaustion of the initiator
was observed when 20% of the monomer had been converted.
The polyisoprene obtained in the presence of various or-
ganomagnesium compounds under these conditions contains
3,4-links as the main structural units (93-99%). The con-
tents of cis-1,4-, frans-1,4-, and 1,2-links in polybutadi-
ene are 30%, 45%, and 25% respectively (with (cJkjJAgJL
as initiator and a polymerisation temperature of 100 C).

Ordinary magnesium alkyls and alkylmagnesium halides
are inert towards styrene (at least up to the temperature
of its thermal polymerisation). According to Champetier
et al . 1 5 the magnesium-biphenyl-hexametapol [hexamethyl-
phosphoric triamide] system is effective for the polymer-
isation of styrene and a-methylstyrene.

2. Acrylates and Methacrylates

The ability of organomagnesium compounds to initiate
the polymerisation of acrylic esters was discovered by
Landler16 in 1949, but systems of this type began to attract
significant attention only from the end of the 1950s. Sev-
eral publications on this question11»17"28 deal with the effect
of the polymerisation conditions on the microstructure of
the resulting polymers. Research has also been done2 9"4 1

on the mechanism and the kinetics of the processes in-
volved.

As in other anionic polymerisations of polar monomers,
the processes occurring in these systems are complicated
by secondary reactions of the initiator with functional
groups in the monomer and the polymer chain. According
to Goode29"32 polymerisation in the methyl methacrylate-
phenylmagnesium bromide system at 0°C is accompanied
by formation of the compounds

CH,

C,HSCH/ ! I^COOCH,
H2C CH2

CH;

(I)

COOCH,

CH, Ο
I II
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Under the above conditions the relative contents of the
polymer and of the compounds (I)-(III) among the reaction
products were respectively 96%, 3%, 1%, and0.1%. Infrared
and ultraviolet spectroscopy has established the presence
of a large number of short chains in the polymer, the
scheme
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being suggested for their formation.
In a study of the interaction of methyl methacrylate and

methyl acrylate with butylmagnesium bromide Tsuruta3 3

established that the initiator is consumed mainly in secon-
dary reactions (1,4-addition, interaction with the carbonyl
group, metallation with formation of butane)f.

t Similar facts have been established for butyl-lithium, which under
similar conditions is consumed predominantly in the formation of butane
(55%) and in addition to the carbonyl group (20%)42.

Studying the kinetics of polymerisation in various organ-
omagnesiuro halide-methyl methacrylate systems, Wata-
nabe et al. 3 4 " 3 8 and Allen and Moody39»40 found that the tem-
perature dependence of the rate passes through a maximum,
the position of which (the inversion temperature T\) is
determined by the nature of the initiator. In individual
cases the reaction orders were also established (Table 1).
According to Allen and Moody the inversion phenomenon is
due to an increase in the part played by deactivation reac-
tions over a certain temperature range, while the rate of
initiation varies little with temperature. Glusker et al.4 3"4 s

have shown that the initiator reacts rapidly with the mono-
mer, but only a small fraction of it forms macro molecules:
most of it is consumed in oligomerisation, which is com-
plete after a few minutes, whereas polymerisation lasts
under the same conditions for hours. It is suggested that
the change which occurs at the inversion temperature in
the order of reaction with respect to the monomer (Table 1)
represents a change in the way in which the concentration
of active centres formed in the initial stage depends on the
concentration of the monomer. In this sense the inversion
temperature can be regarded as the temperature at which
a change occurs in the relative rates of oligomerisation
and polymerisation. This ratio in turn determines the
fraction of initiator molecules which bring about formation
of macromolecules.

Table 1. Kinetics of polymerisation in butylmagnesium bromide-methyl
methacrylate systems.

Solvent

Toluene
Ether-toluene (1:9)
ditto

Older of reaction
with respect to

monomer

1
0.5
2

initiator

2

T°C

—50
below η
above 7j

rt°c

—25
—38.0

Ref.

34. 36
40
40

Table 2. Polymerisation of methyl methacrylate.

1.00
2.93
2.93

3.3
5.0

Initiator

formula concn., Μ

MgR. „
C,H,MgBr
n-C4H,MgBr
Mg(n-C4H,),

e s h
,H,"MgBr

CtH,MgBr

0.333
0.200
0.0005 Μ toluene

0.04
O.i4
0.20

toluene

tetrahydrofuran
ether-toluene
ether-toluene

T, C

- 4 0
- 4 0
—50
—78

- 7 0
—26
—40

fit

2.6
0.3
0.8

0.04

[η]

0.247
2.73

Polymer
structure

stereoblock
ditto

iso tactic
stereoblock

Ref.

For systems containing ethyl-, phenyl-, and butyl-mag-
nesium bromides the overall activation energy determined
below the inversion temperature was 8 ± 0.3, 10 ± 5, and
13 ± 3 kcal mole"1 respectively40. In various systems of
this type the initial rate of polymerisation has been found
to depend on the nature of the radical in the organomagne-
sium compound. When the process is conducted in a 1: 9
mixture of diethyl ether and toluene in the presence of
various alkylmagnesium bromides, the rate increases in
the sequence R = Ο,Η,,, n-C3H,, n-C4He, n-C eHu, C ^ ,
s-C4Hg.39 The mechanism of this phenomenon has not been
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Table 3.
Monomer

type

Methyl thiolmethacrylate

Ethyl p-AT-carbazolylmethacrylate

Allyl acrylate
Menthyl methacrylate

Ditto

Methyl a-phenylacrylate

Methyl a-chloroacrylate

Methyl a-chloiothiolacrylate

s-Butyl methacrylate

α-Methylbenzyl methacrylate

2-Methyl-2-nitiopiopyl methacrylate

Trimethylsilyl and benzyl
acrylates and methacrylates

2,3-Epoxy- and 2,3-epithio-ptopyl
methacrylate·

concn., Μ

0.05

—

-

3.3

—

0.02

0.025

0.025

—

—

—

-

Polymerisation of derivatives of acrylic and methacrylic acids.
Initiator

formula

C,H6MgBr

C,H6MgBr
(C,(H6),NMgBr

C,H,MgBr

C,H5MgBr

C.HjMgBr

C,H5MgBr

CHsMgBr

C.HsMgBr

s-C^MgBr

CHsMgBr

CeH^MgBr

CjHuMgBr

i-C4H,MgBr
C,H6MgBr
C,HuMgBr

concn., Μ

0.001

—

-

0.1

—

0.0006

0.0005

0,0005

—

—

-

Solvent

toluene

ditto

» »

» »

hydrocarbon

toluene

ditto

» »

» »

hydrocarbon

-

ether
toluene

tetrahydro-
furan

T,°C

0

0

- 5 0

- 1 5

—70

—78

room

—78

—40

—70

from -70
to -78

—78

Mean rate,

0.7

0.01

-

0.15

—

0,005

0.01

0.04

—

—

-

[i l

0.025

—

1.5

0.110

—

0.130

0.309

0.047

0.055

—

-

Polymer structure

stereoregular

ditto

crystalline

stereoregular
iso tactic

-

crystalline
ditto

isotactic

isotactic

isotactic

isotactic

stereoregular

Ref.

55

56

57

58

59

60

61

61

62

59

63

64

65

Polymerisation occurs only at the double bond.

specially investigated, and the observed differences may
be attributed to variation in either the initiation rate con-
stant or the fraction of initiator molecules which form ac-
tive growth centres. The latter hypothesis is the more
plausible.

Watanabe et a l . M have studied the effect of various com-
plexing agents (KA) on the rate of polymerisation in the
methyl methacrylate-butylmagnesium bromide system at
[A]/[In] ratios up to unity. Among the large number of
compounds used, only pyridine, dioxan, diphenylamine,
and diethylamine were found to have an activating effect.
It is supposed that new, more active organomagnesium
compounds are formed.

The polymerisation of acrylic and methacrylic esters
with organomagnesium compounds often occurs stereospe-
cifically. The influence of the polymerisation conditions
on the character of the polymers and on the rate of the
process can be judged from Tables 2 and 3. The mecha-
nism of the formation of stereoregular polymers, suggested
by various authors for systems of this type, is discussed
in Reich and Schindler's monograph 4 6 $. As for other
anionic systems, it is assumed that the decisive stage is
formation of a coordination complex of the growing chain
and the monomer, which in the case of the ester complexes
of organomagnesium compounds would involve displace-
ment of the ester by the monomer. Watanabe w explains
the role of the nature of alkyl and halogen in the organo-
magnesium compound by their forming part of a gegenion,
to which he assigns the formula [RMggXa]*. Roha47, ex-
amining the known experimental facts in terms of the effect
of ionic factors on the structure of the chain, notes that
organomagnesium initiators exhibit greater stereospecifi-
city§ than do alkali-metal alkyls, and he attributes this to
the relatively less ionic character of organomagnesium
compounds. The formation of isotactic polymers of higher

$ Some of the papers which we have cited on the mechanism of the poly-
merisation of methyl methacrylate are considered in greater detail in this
monograph.

§ For example, poly(methyl methacrylate) formed under the influence
of phenylmagnesium bromide at -20°C comprises 99% of isotactic sequen-

molecular weight than the atactic polymers, which is noted
in several cases, is explained by Goode29"32 on the assump-
tion that the deactivating reactions limiting the growing
chains take place predominantly when the latter are highly
ionic in character, i.e. under conditions which do not en-
sure formation of isotactic polymers.

Study by nuclear magnetic resonance spectra of the
effect of the polymerisation temperature on the structure
of polyacrylates formed in the presence of phenylmagne-
sium bromide and diphenylmagnesium has shown48"53 that
the mode of opening of the double bond is determined at the
very start of the reaction. Subsequent variation in tem-
perature has no effect on the structure of the polymer.

3. Nitriles

The ability of organomagnesium compounds to add at the
double bond of unsaturated nitriles was first established in
1923 for vinylacetonitrile66'67. Investigation of the poly-
merisation of acrylonitrile and methacrylonitrile originated
in a paper by Beamen68 in 1948, which established that it
was possible to obtain polymers of low molecular weight by
conducting the process in the presence of butylmagnesium
bromide in ethereal medium at temperatures between 20°
and -75°C. Acrylonitrile polymers of low molecular
weight were also obtained by Terent'ev and Kost69 and by
Askarov et al.70»71 by the action of several other organo-
magnesium compounds in ethereal e9>70 and hydrocarbon71

media. The formation of short chains in all these cases
was probably due to an unfavourable ratio of monomer and
initiator concentrations. As the work of Erusalimskii,
Kulevskaya, et al . 7 2 " 7 8 has established, polymers of molec-
ular weight up to 5 x'106 are formed when polymerisation
is conducted in organomagnesium halide-acrylonitrile-
hydrocarbon systems at -75°C with the ratio [M]/[Inl «
100, where [M] is the concentration of monomer and [In]
the concentration of initiator^. Study of the mechanism
and kinetics of this process, which has been investigated

il The formation of acrylonitrile polymers of high molecular weight by
the use of organomagnesium halides has been reported in a patent79.
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in greatest detail in the acrylonitrile-butylmagnesium
chloride-toluene system7 4"7 7, shows that only a small frac-
tion (about 0.01) of the initiator molecules form growing
chains. A specific deactivation reaction affects only the
initiator, and does not extend to active growth centres, as
is indicated by several factors consistent with the develop-
ment of polymerisation through "live" polymers. These
results, together with the finding that the reaction was of
the first order with respect to the initiator (for the system
containing butylmagnesium chloride) and of the second
order with respect to the monomer, while the molecular
weight of the polymer was independent of the monomer con-
centration, led to the following scheme for the process

In + Μ ^ (In -M) + Μ ̂  (In· M2) _» M*

inactive compounds
(3)

In this scheme the intermediate complexes In.Μ and In.Mj
are formed, Κ is the equilibrium constant, klt kz, and k3

are the rate constants of initiation, growth, and deactiva-
tion respectively, and M* is an active centre.

It follows from Eqn. (3) that the proportion of the initia-
tor which forms active centres is determined by the ratio
of the rates of initiation and deactivation, i.e. Kkl\yif/k3.
This quantity can also be expressed in_terms of the ratio
of the experimental molecular weight M&v to the theoreti-
cal value Mth calculated from [M], [In], and the degree of
conversion. Hence

It hasjaeen shown74»77 that a linear relation exists between
Μexp/Mth and [M]2, which supports the suggested scheme.

The same papers74»77 record peculiarities of the process
depending on the nature of the initiator. In particular,
the reaction is of the second order with respect to the ini-
tiator and of the first order with respect to the monomer
when (C4Hg)3Mg2I is used and (unlike the situation with
C4HgMgCl and (C4Hg)2Mg) the polymers formed have a rela-
tively wide molecular-weight distribution. This last fea-
ture has been interpreted in terms of the presence of dif-
ferent active centres in equilibrium80:

RMgl + RjMg^R-Mg Mg—R .

Consistency of this view with experiment has been con-
firmed by Bresler et al . 8 1

The polymerisation of acrylonitrile in hydrocarbon solu-
tion, in contrast to other such processes involving "live"
polymers, does not go to completion, owing to the insolu-
bility of polyacrylonitrile in such media and the passage of
the growing chains into a solid phase which cannot be pene-
trated by the monomer. The present of "trapped" live
chains in such reaction mixtures can be detected if the
system is homogenised by means of a suitable solvent, in
particular dimethylformamide80. In dimethylformamide
medium the process goes extraordinarily rapidly, complete
conversion of the monomer being easily achieved!· It is
interesting that the rate of polymerisation is substantially

t At -75°C and concentrations of 1.5 Μ acrylonitrile and 0.005 Μ
butylmagnesium chloride in dimethylformamide medium, polymerisation
is complete in a fraction of a minute. In toluene the initial stage of the
process (up to 5% conversion) goes at a rate of around 1% min"1.78-80

increased even in the presence of catalytic quantities of
dimethylformamide. Interaction of the latter with organo-
magnesium halides at -75°C produces coordination com-
plexes, which are less subject to deactivation by interac-
tion with acrylonitrile, and ensure the formation of a larger
number (in comparison with RMgX) of active centres7 7»7 8.
This constitutes one of the main reasons for the activating
effect of dimethylformamide at [HCON(CH3)2]/[RMgX]
ratios of about unity. Catalytic quantities of dimethyl sul-
phoxide78 and hexamethylphosphoramide82 exert an analo-
gous influence on polymerisation in acrylonitrile-organo-
magnesium halide-toluene systems. Krasnosel'skaya and
Erusalimskii8 2 have shown that the acceleration of poly-
merisation in the presence of complexing agents has vari-
ous causes. Thus catalytic quantities of hexamethylphos-
phoramide produce only an increase in the number of active
centres: a substantial increase in the yield of polymer is
not accompanied in this case by change in molecular weight,
compared with results obtained under the same conditions
in the absence of hexamethylphosphoramide. Dimethyl
sulphoxide and dimethylformamide cause an increase in
yield and in the molecular weight of the polymer: both the
growth rate constant and the number of active centres in-
crease here (Table 4).

Table 4. Polymerisation in systems comprising 1.5 Μ acrylonitrile
+ 0.01 Μ tributyldimagnesium iodide + a complexing agent in to-
luene82 at -75°C for 1 min.

Complexing
agent

Hexamethyl-
phosphoramide
Dimethyl-

sulphoxide
Dimethyl-

form amide

Conversion,
%

11

65

60

45

Mol. wt,
10"3Λί

73

73

200

160

Efficiency of
initiation, %

1.3

7.7

2.5

2.3

Several other papers have discussed the polymerisation
of acrylonitrile and methacrylonitrile initiated by organo-
magnesium compounds as involving the intermediate forma-
tion of complexes. Such a conclusion was drawn, for example,
by DawansandSmets83, who investigated the copolymerisa-
tion of acrylonitrile and methacrylonitrile with other mono-
mers under the influence of phenylmagnesium bromidej,
and also by Natta et al . 8 6 , who regard these processes as
cases of anionic coordination.

Several papers describe the synthesis of stereoregular
polymers of acrylonitrile8 7 and methacrylonitrile86»88"91

under the influence of organomagnesium compounds. In
most cases the degree of stereoregularity is estimated
from the crystallinity and the solubility of the polymers,
but hardly any data are given on their detailed microstruc-
ture. This does not apply to work9 2"9 4 in which nuclear
magnetic resonance was used to investigate the structure
of methacrylonitrile polymers obtained in the presence of
various organometallic initiators. The most stereospeci-
fic initiators proved to be organomagnesium compounds,

t Data on the copolymerisation of acrylonitrile with various monomers
in the presence of organomagnesium initiators have been given also in
other papers M'8S.
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which yielded predominantly isotactic polymers§. Ac-
cording to Natta86 the stereospecificity of the polymerisa-
tion of unsaturated nitriles in the presence of alkylmagne-
sium halides is due to orientation of the monomer at the
stage of coordination of an active centre with the monomer
at the nitrogen atom.

Table 5. Polymerisation of α-alkylacrylonitriles and ^-alkyl-ory-dimethylene-
glutaronitriles.

Monomer

,CN
CHa=C<

CN

C=CH2
/

R-CH
\

C = C H 2

CN

R

n- propyl

isobutyl

neopentyl

methyl
isopropyl
t-butyl

Catalyst

CH3MgBr
Mg(C 2 H 6 ) ,
CHaMgBr

CH3MgBr

CH3MgBr
CH3MgBr
CH3MgBr

Solvent

tetrahydrofuran
toluene
tetrahydrofuran
toluene
tetrahydrofuran
toluene

toluene
toluene
tetrahydrofuran

Temp.,°C

room
—78'
—78

—78

0
0
0

—78

Duration of
polymerisa-

tion, h

20—70

20

20—70

4
24

5—25

Conversion
%

20

10

30

10
25
10

The polymerisation of α-alkylacrylonitriles and of β-
alkyl-ay-dimethyleneglutaronitriles under the influence of
organomagnesium compounds has been described by Covacs
and Marvel (Table 5). 9 6 Furukawa et al. 9 7 have used phe-
nylmagnesium bromide to initiate the polymerisation of
cis- and iraws-crotononitrile.

4. Vinylpyridines

The polymerisation of vinylpyridines in the presence of
organomagnesium compounds, studied mainly by Natta 9 8" 1 0 2,
is interesting in connection with the role of various factors
in producing the chain structure. In the polymerisation of
2-vinylpyridine in hydrocarbon medium by various metal
alkyls, only the magnesium derivatives (RMgX, RaMg,
R2NMgX) exhibit high stereospecificity. Nuclear magnetic
resonance data indicate that the polymers have an isotactic
structure 1 0 3" 1 0 5 . Views on the mechanism of stereoregu-
lation are based on the considerations formulated in dis-
cussing the polymerisation of unsaturated nitriles 8 6 (see
subsection 3). In the present case it is postulated that the
heteroatom and the double bond of the monomer take part
simultaneously in acts of complex formation. This is
consistent with differences in the behaviour of 2- and 4-
vinylpyridines: stereoregular polymers are formed only
in the former case. In Natta's opinion, considerable re-
moteness of the nitrogen atom from the vinyl group elimi-
nates the possibility that complexes of the growing chain
can be formed by means of both donor positions in the
monomer, and thereby excludes its rigid orientation in
acts of growth. The role of complex formation as a factor
determining the microstructure of the polymer is clearly

§ No data are yet available on the structure of polyacrylonitrile formed
in systems involving organomagnesium compounds. A stereoblock isosyn-
diotactic structure (1:1) has been established95 for the polymer produced
in the acrylonitrile-butyl-lithium-toluene system at -78°C.

exhibited in the polymerisation of 2-vinylpyridine in the
presence of catalytic quantities of Lewis bases, which
either hinder or eliminate (depending on their relative
basic strength) the stage of complex formation between the
growing chain and the monomer (Table 6).

Data are lacking on the kinetics of polymerisation in
these systems. The papers cited above indicate only the
total conversion of the monomer achieved after a standard
time. As Fontanille andSigwalt15 remark, polymerisation
in the 2-vinylpyridine-biphenyl-magnesium-hexametapol
system involves "live" chains and is characterised by a
high growth rate constant.

Table 6. Polymerisation of 2-vinylpyridine in anionic systems in toluene
at45°C.1 0 2.

Initiator

(CeH6)2Mg
(CeH6)aMgBr
CeHsMgBr
C.HjMgBr
CeH6MgBr
C4H9Li
C8H1 7Na
(C2H5)2Be
(ΰ 8Η 6) 3Α1
[(CH3)»N],Be
[(CH3)2N]3A1
LiAlH4

Complexing agent (CA)

compound

—
—

pyridine
diethyl ether

—
—
—
—
—
—
—

molar
ratio

_

—
—
2.5
4
—
—
—
—
—
—
—

Yield of

polymer in
5h,%

96
96
92
45
80
98
85
97

0
40
15
98

Crystalline fraction

content, %

93
85
98

0
38

0
0

**
—
40
85
82

hi*

0.34
0,30
0,49

—
—
—
—
—
—

0.27
0,35

—

* Determined in dimethylformamide at 30°C.
** Polymer contains 65% of a fraction insoluble in boiling acetone and

characterised by low crystallinity.

Some idea of the rate of polymerisation of 2-vinylpyri-
dine with organomagnesium initiators is given by Erusal-
imskii and Ovsyannikov's results1 0 6 for tributyldimagne-
sium iodide. At monomer and initiator concentrations of
2.0 Μ and 0.1 Μ respectively, quantitative conversion in
toluene is reached at -20°C in 10 min. It is shown that
effective polymerisation is possible at -50°C. The same
paper reports that in hydrocarbon medium 2-methyl-5-
vinylpyridine undergoes polymerisation at room tempera-
ture.

5. Chlorine-containing Monomers

Organomagnesium compounds have been used for the
polymerisation of chlorine-containing monomers—-vinyl
chloride1 0 7"1 1 1, vinylidene chloride112, chloroprene14»118"115,
and 2,3-dichlorobutadienelie—in several researches. De-
activation plays an especially important part with most of
these monomers, this being due not only to the great ten-
dency of chlorine atoms to enter into side-reactions with
metal alkyls. The low relative activity of these monomers
in anionic polymerisation eliminates the possibility of con-
ducting the process at low temperatures; even at room
temperature they do not polymerise very rapidly in anionic
systems. This makes it impossible to suppress side-
reactions by substantially lowering the temperature!!.

H For example, effective polymerisation can be accomplished in the
butyl-lithium-methyl methacrylate system only because the monomer is
sufficiently active in the growth reaction at low temperatures. Even at
-30°C polymerisation is effectively suppressed by reactions at the carbonyl
group.
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The polymerisation of vinyl chloride, vinylidene chlo-
ride, and chloroprene initiated by organomagnesium com-
pounds is characterised by low consumption of the initiator
in forming active centres and cessation of the process at a
low degree of conversion. The latter feature, which is
shown also by polymerisation of the same monomers in the
presence of lithium alkyls 11S,UV18, is due to the extension
of deactivating reactions to the growing chains. The
mechanism of these reactions probably consists in detach-
ment of chlorine from the end of the growing chain by a
gegenion:

~ CHCl—CHa- MgX -> ~CH=CHj + MgClX

This is supported by the data of Guyot and Pham Quang
Tho108"111, who detected vinyl groups in the polymer formed
in the vinyl chloride-t-butylmagnesium chloride-tetrahy-
drofuran system. These workers established the slowness
of initiation, which under their conditions lasted for prac-
tically the whole time of polymerisation111, and also the
incomplete consumption of the initiator by the initiation
reaction: ~ 75% of the initial quantity of initiator was de-
activated110»111. Polymerisation in this system was found
to be formally similar to radical polymerisation (micro-
wave resonance of the polymers constant with time, steady-
state occurrence of the reaction). Nevertheless, in view
of all the experimental results obtained, the authors do not
doubt the anionic character of the polymerisation they were
studying.

The occurrence of secondary reactions between the organo-
magnesium initiator and the chlorine-containing monomer
is shown by Erusalimskii and Krasnosel'skaya's investiga-
tion114'115 of polymerisation in the chloroprene-tributyldi-
magnesium iodide-heptane system. Data on the kinetics
of polymerisation, the consumption of the initiator, and
the variation in the total concentration of organomagnesium
compounds indicate the rapid occurrence of the following
parallel reactions

initiation

elimination of Cl
(formation of MgClX)

formation of inactive
organomagnesium
compounds

8%

- 9 1 %

(4)

(5)

(6)

Polymerisation in this system is of the first order with
respect to monomer and initiator, and is described by the
general equation

where [M]o and [M*]o are the concentrations of monomer
and active centres at zero time, and k2 and k3 are the
growth and termination rate constants. Values of k2 and
k3 calculated by means of this equation for 25 °C are re-
spectively 0.016 M"1 s"1 and 1.3 x 10"5 s"1.

A general idea of the effectiveness of the anionic poly-
merisation of monomers of this type is given by the lim-
iting conversion attainable in several cases (Table 7).

Initiating systems which are considerably more effective
towards these monomers are formed by the interaction of
certain organomagnesium and organolithium compounds,
and have been suggested by Krasnosel'skaya for the poly-
merisation of chloroprene 112>ue~121, vinyl chloride112»120,
and vinylidene chloride112. In particular, the interaction

t Reactions (4)-(6) are disregarded here, since they are complete at the

very first stage, and the overall rate of polymerisation is low. The value of

[ M * ] o is determined from data on the degree of polymerisation, since

? = x[M]o/[M*] o , where χ is the conversion.

of tributyldimagnesium iodide and butyl-lithium in the pro-
portions 1:2 in hydrocarbon medium at room temperature
yields the heterogeneous system C4H9Li.LiI (solid phase)-
2(C4Hg)2Mg (in solution). The components of the system,
which can be easily separated from one another, exhibit
enhanced activity towards polymerisation only when present
together. Under conditions comparable with those in
Table 7 this system brings about up to 90% conversion of
chloroprene and up to 50% conversion of vinyl chloride at
room temperature. Increased efficiency has been noted
also for vinylidene chloride; in this case the limiting con-
version was not established. Analogous phenomena are
observed when systems formed by the direct interaction of
dibutylmagnesium with the complex C^Li.Lil are used121.
The hypothetical structure

.Li · · CK

BuM—Lil< / C \ mg=Mg/2

••mg-CH,

has been suggested121 for the active centres.

Table 7. Limiting conversion in the anionic polymerisation of unsaturated

chlorine-containing monomers.

Monomer

compound

Vinyl
chloride

ditto

Vinylidene
chloride

ditto
Chloroprene
ditto

concn.,
Μ

8.0

3.6

2.0

2.0
6.0
6.0

Initiator

formula

BuLi

ButMgd
BuMgCI
BiiaMgtl
BuLi
BuLi

BujMgjI

concn.,
Μ

0.09

0.156

0.045
0.03
0.10

0.08

Solvent

heptane
tetra-
hydro-
furan

heptane
heptane
heptane

heptane

I *
5, §#

In
it

ia
p
o

ly
i

ti
o

n
,

3

8

1
1
1.5

4

T, °C

25

25

20
20
25

40

Limiting
conversion,

%

25

~ 5 0

18
4
7

50

reached
in.h

15

25

20
10
24

50

Ref.

112

108,
109

112

112
IIS

115

The mechanism of the process has been examined in
greater detail on the closely similar system C^HeLi.Lil-
CjHeLi. According to results for the polymerisation of
vinyl chloride obtained by Gasan-Zade and Mazurek112, the
enhanced efficiency of the process is due to an increase in
the effectiveness of initiation and also a more favourable
fej/fej ratio for growth. Both of these constants have lower
absolute values than in the polymerisation of vinyl chloride
by butyl-lithium.

Dichlorobutadiene differs fundamentally in behaviour
from the above monomers. Polymerisation in the Q^CLj-
(C^HJaMgal system at 20°C takes place at a relatively high
rate (around 10% h"1 with [M] = 2 Μ and [In] = 0.025 M),
and can be brought to high degrees of conversion116. This
interesting feature, indicating the exceptionally minor role
of termination reactions, can be explained by enhanced re-
activity of the monomer (i.e. increase in k2) or by the ab-
sence of labile chlorine atoms (1,2-units) in the polymer
chain. In polymers of chloroprene formed by the action of
metal alkyls the presence of such units (together with the
main structural trans-1,4-units) is not excluded114.

6. Other Monomers and Certain Special Cases

Several other anionic systems involving organomagne-
sium compounds are worthy of attention. Thus in the
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vinyldiphenylphosphine oxide-organomagnesium halide-
toluene system1 2 3 it has been established that termination
reactions do not occur (at 25 °C). It has been concluded
from colorimetric measurements that initiation involves
intermediate formation of a monomer-initiator complex,
which is then converted into a coloured monomeric anion.
An analogous mechanism is assumed for growth (coordina-
tion of the phosphine oxide group of the monomer with an
active centre).

An interesting case of the use of organomagnesium com-
pounds for synthesising anionic initiators of high molecular
weight, suitable for the preparation of graft polymers, has
been described by Guber and Egle1 2 4. Interaction of a sty-
rene-acrylonitrile copolymer with dimethylsilylmethylmag-
nesium chloride in tetrahydrofuran forms magnesium-sub-
stituted imino-groups on the polymer chain:

• CHsCH—CHiCH ~ R M g X

I I
~ CHsCH—CHaCH ~

C6HS RC=NMgX

At temperatures of -30°C and below these addition prod-
ucts effectively polymerise acrylonitrile, methyl methacry-
late, and 4-vinylpyridine to give the corresponding hybrid
polymers.

Grignard reagents have been used by Japanese workers
for the migration polymerisation of acrylamide1 2 5"1 2 7.
Phenylmagnesium bromide in dioxan showed the highest
activity. The peculiar mechanism of this process, leading
to the formation of poly-/3-alanine, has been studied by
Nakayama et al. 1 2 6>1 2 7. In particular, when polymerisation
is conducted at a high temperature (100°C)i in toluene and
in pyridine, appreciable differences are observed depending
on the nature of the solvent: in pyridine a considerable
quantity of dimer is formed, which is barely noticeable in
toluene. It has therefore been suggested that polymerisa-
tion has a stepwise mechanism in pyridine and a chain
mechanism in toluene. The synthesis of block copolymers
of acrylamide with acrylonitrile and caprolactam under the
influence of alkylmagnesium halides has been reported1 2 8.

Among other monomers which can be polymerised by
means of organomagnesium initiators are isopropyl cro-
tonate1 2 9,1 3 0, t-butyl crotonate1 2 9"1 3 1, methyl atropate1 3 2,
isopropenylpyridine133, and penta-2,4-dienonitrile134.

Most of the papers on the polymerisation of various
cyclic monomers by the compounds RMgX and RgMg are
similarly purely descriptive in character. They are con-
cerned predominantly with ethylene and propylene ox-
ides 1 8 5-1 β 2, with which the process goes efficiently to form
polymers of high molecular weight; the oxides of butadi-
ene1 5 7 and of styrene1 5 7, epichlorohydrin157, and epoxyal-
kyl ethers 1 6 3 have also been mentioned. In the presence
of a Grignard reagent trimethylene sulphide yields a crys-
talline polymer164. Organomagnesium compounds initiate
the polymerisation of epoxyorganosilanes1β5. Data have
been published on the synthesis of copolymers of oxides
with other monomers1ββ, in particular with phthalic anhy-
dride.

Table 8. Polymerisation of aldehydes, ketones, and dimethylketen.

Monomer

HCHO
CH,CHO

CH3CHO
CHaCH,CH,CHO

CH3CH,CHjCHO

CH3CH,,CHaCHO
CHjClCHO
CH»=--CHCHO

CH,=CHCHO
But-3-en-2-one,
l-phenylprop-2-
enone, 3-methyl-
but-3-en-2-one

4,4-Dimethylpent-
l-en-3-one

Acetophenone
Dimethylketen

Initiator

EtMgBr
RMgX

EtMgBr
Et—and
BuMgBr
CH3 — and
(-«MjAVgbr
Et,NMgBr
Et,Mg
RMgBr

n-QHuMgBr
CHjMgBr;
EtjMg

RMgX

CjHsMgBr
R»MgX;
R»Mg

Solvent

EtjO
—

hexane
heptane

(CHshO

Et a 0
toluene
Et a 0,
ether
hexane,
toluene
in bulk

tetrahydro
furan

toluene
toluene,
tetrahydro
furan, etc

Γ, °C

—78
—70

—78
—78

—75

_

—78
20—50

room
0

—78
from 20

to 78

Duration

_

—

20 h
—

10 min

3 days
5—

36 h

24 h
—

3 days

Yield of
polymer

%

_

—

26
25—30

95—97

40
8

10—30

30
—

90
20

State of
polymer

solid
crystal-

line
ditto

»

-

—
mixture of
liquid and
solid

solid
crystal-
line

amorphous

solid

Ref.

135

136

138

139

140

141

142
143

144
145—147

148

149
150-153

ΙΠ. POLYMERISATION OF CARBONYL DERIVATIVES
AND CYCLIC MONOMERS

During recent years organomagnesium compounds have
been tested as initiators for the polymerisation of a large
number of aldehydes and ketones. Attention has been con-
centrated mainly on the structure of the polymers formed;
in several cases the action of the organomagnesium com-
pounds has been found to be stereospecific (Table 8).
Hardly any work has been done specifically on the mecha-
nism of the polymerisation of monomers of this type ini-
tiated by organomagnesium compounds. The well known
concepts relating to aldehyde-metal alkyl systems, formu-
lated by Natta1 3 6 and by Furukawa137»138, and generalised
by Vogl154, are entirely applicable to these systems. A
case of particular interest is the interaction of but-3-en-
2-one and of 3-methylbut-3-en-2-one with butylmagnesium
bromide in ethereal solution and in hexane. It was estab-
lished that polymerisation and secondary reactions—di-
merisation of the monomer and formation of butane—take
place in parallel3 3.

% Lowering the temperature for the anionic polymerisation of acryl-
amide diminishes the role of migration effects. It is possible that poly-
acrylamide completely free from isomerised units may be synthesised by
anionic initiation, but this has not yet been established experimentally.

In most cases the processes can be assumed to have a
mechanism of anionic coordination. A possible exception
is provided by the initiating systems RMgX-I^O, des-
cribed by Vandenberg157, which, by analogy with R^Al-HjO
systems, can be regarded as cationic. The polymerisa-
tion of ethylene and propylene oxides under the influence of
RaMg has been investigated in rather more detail. Ac-
cording to Kagiya et al. 1 5 8" 1 6 1 this process, in which poly-
mers of high molecular weight are formed in good yield,
has a termination reaction. The activation energies for
the reactions of growth and termination are found to be
15.8 and 29.2 kcal mole"1 respectively.

Organomagnesium compounds, free from ether, are
able to initiate the polymerisation of caprolactam187. The
first act—addition of alkylmagnesium halide to the mono-
mer—takes place even at room temperature, with forma-
tion of the compound

BrMg—
II

O = C
(V)

>(CH,)»

The development of polymerisation requires a substantially
higher temperature, 240-250°C. According to the patent
literature 1β8>169 caprolactam is effectively polymerised by
the action of organomagnesium compounds in the presence
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of certain promoters, e.g. N-acetylcaprolactam and N-
phenylsuccinimide. These agents probably add to the prod-
uct (V) to form centres which are more active for polymer-
isation. According to Vofsi et al. 1 7 0 the rate constants of
reactions of this type are several orders of magnitude
larger for substituted than for unsubstituted lactams
(Table 9).

Table 9. Interaction of pyrrolidones with pyrrolidonylmagnesium
bromide in tetrahydrofuran at 25°C.170

Pyrrolidone
A'-Methylpyrrolidone
./V-Acetylpyirolidone
N- Benzoy lpyrrolidone

Addition late
constant,
102 M-l s-1

3-10-?
5-10-2

2.8
9.5

Promoter-RMgX systems are used also for initiating
the copolymerisation of caprolactam with pyrrolidone171

and with acrylamide172. /3-Propiolactone also polymerises
in the presence of organomagnesium initiators1 7 3.

IV. CATIONIC POLYMERISATION

Organomagnesium halides, which are Lewis acids, can
in principle be regarded as cationic agents. Their ability
to initiate cationic polymerisation was discovered with
vinyl ethers; here there is no doubt about the mechanism
of the process, in view of the inertness of these monomers
towards anionic initiators. The first observations in this
field were made by Cray1 7 4, who established that various
vinyl ethers underwent polymerisation in bulk and in solu-
tion in the presence of butylmagnesium bromide at 80°C.
It has been assumed that polymerisation is effected by
MgX+, RMg+, or Mg2+ ions, with the monomer acting as
cocatalyst. By analogy with other cationic systems it is
more probable that catalytic complexes are formed, and
produce carbonium ions (if the monomer does actually func-
tion as a cocatalyst). However, the concept of the cocata-
lytic action of vinyl ethers in cationic polymerisation,
which was generally accepted until quite recently, requires
re-examination in view of results obtained by Ε ley and
Johnson175, who established that hept-l-en-3-one is inert
towards boron trifluoride in hydrocarbon medium provided
that the system has been carefully freed from traces of
moisture. There is no direct evidence of this kind for
organomagnesium initiators, but Iwasaki et al. 1 7 6 consider
that the presence of an independent cocatalyst is essential
in vinyl ether-organomagnesium halide systems. They
include among such agents oxygen, aldehydes, metal ox-
ides, and halogenated hydrocarbons. In their opinion re-
active compounds can result from the reactions

RMgX -

ROMgX

R—CHO—MgX

R1"

MgXX' + R - R '

The cocatalytic action of these agents is confirmed by
the results 1 7 6. A positive effect due to oxygen has been

noted also by Bruce and Farren 1 7 7, but the suggested in-
terpretation of these phenomena cannot be regarded as
reliable. In particular, formation of catalytic complexes
of the type R+[RMgX2]~ cannot be excluded in the presence
of alkyl halides. Furthermore, Iwasaki et al. 1 7 e distin-
guished between use of the RMgX-O2 system and that of
alkoxides ROMgX for initiating the polymerisation of vinyl
ethers. Only in the former case are polymers of high
molecular weight produced. Consequently the active cen-
tres which appear when both RMgX and oxygen are present
are more complicated in character. As with most other
cationic systems, results obtained with maximum exclusion
of traces of water would probably be of great interest.

V. ZIEGLER-NATTA INITIATING SYSTEMS

Ziegler's early patents11 already included the use of
organomagnesium compounds among other organometallic
components for synthesising new complex catalysts. These
compounds have since been used in systems of similar type
for the polymerisation of alkenes «,πβ-ιββ^ acetylene and phe-
nylacetylene186»187, styrene13»188"190, anddienes13»185»191"201.
These systems have not found wide application, obviously
owing to their being less stereospecific than catalysts
based on aluminium derivatives. In the polymerisation of
propene under the influence of RM-TiCl3 catalytic systems,
according to Natta2 0 2, organomagnesium compounds result
in the formation of polymers having a rather lower isotac-
tic fraction (up to 85%) than do organoaluminium and or-
ganoberyllium compounds (90% and 96% respectively). In
the polymerisation of diene hydrocarbons a highly stereo-
specific process is achieved with RMgX-TiCl4(or TiBrJ
systems only when certain third components—alkyl io-
dides203, hydrogen iodide204, lithium iodide205, and
others 2O8-2oe_are a l s o p r e s e n t . Under these conditions
polybutadiene containing up to 98% of cis-1,4-units can be
synthesised. In the absence of such additional agents, the
greatest homogeneity of chain structure in the polymerisa-
tion of dienes under the influence of titanium-magnesium
complexes has been found in the isoprene-(C4H9)3Mg2I-
TiCl4 system. With an initial ratio of Mg/Ti = 1.5, the
polyisoprene formed contained 84% of cis-l,4-units13. cis-
1,4-Polybutadiene has been obtained in high yield by using
the catalytic system C6H5MgX-TiI4 (Mg: Ti » 2). 2 0 9

Ziegler-Natta catalysts including magnesium components
have been used for the polymerisation of various polar
monomers, such as vinyl chloride, acrylonitrile, methyl
methacrylate, etc.11»193»194»210. The mechanism of the poly-
merisation of polar monomers initiated by Ziegler-Natta
catalysts is a matter of controversy. The most plausible
view is the free-radical nature of the process. This was
first put forward by Furukawa211 on the basis of results for
the copolymerisation of various pairs of monomers; it has
since been confirmed in several kinetic investigations212 »213§.
These conclusions, reached in the study of other systems,
can probably be extended to systems involving organomag-
nesium compounds.

—oOo—

The most interesting aspect of an analysis of the infor-
mation surveyed in the present Review is to reveal the spe-
cific character of organomagnesium compounds distinguishing

§ Milovskaya214 has discussed a possible mechanism for the generation of
free radicals in systems comprising a polar monomer and a Ziegler-Natta
catalyst.
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them from other organometallic initiators of polymerisa-
tion. The data on the polymerisation of isoprene, meth-
acrylonitrile, and 2-vinylpyridine are noteworthy in this
connection. In the first case, compounds RMgX and I^Mg
yield polymers constructed almost entirely of 3,4-units (in
contrast to the polyisoprene formed by the action of other
metal alkyls). In the other two cases a substantially higher
stereospecificity of action has been established for these
reagents. These characteristics are most probably due to
steric factors associated with active centres in the corre-
sponding systems, not to the degree of polarity of the car-
bon-magnesium bond in the organomagnesium compounds.

Owing to the great sparsity of quantitative data it is dif-
ficult to draw rigorous conclusions on the reactivities of
different organometallic compounds in polymerisation pro-
cesses, or to establish the place occupied in this sequence
by magnesium derivatives. Nevertheless, there are facts
indicating divergence from rules to be expected from gen-
eral considerations. This applies to differences in the
behaviour of lithium and magnesium alkyls towards unsatu-
ratedhydrocarbons andhalogenated monomers, as is shown
especially clearly by a comparison of data on the polymeri-
sation of styrene and of vinyl chloride. Thus the growth
rate constants in the polymerisation of styrene in hexane
(at 30°C)215 and of vinyl chloride in heptane (25OC)117 in the
presence of butyl-lithium are respectively 5.0 and 0.0099
M'1 s"1. The reactivity of organomagnesium compounds
in these systems is opposite in character: they are inert
towards styrene, but cause the polymerisation of vinyl
chloride.

Finally, it is worth noting that the lower reactivity in
acts of initiation and growth, which is usual for organo-
magnesium compounds (in comparison with alkali-metal
alkyls), is accompanied by a relatively lower tendency to
undergo various deactivating reactions. In certain cases
this will lead to a relation between the rate constants of
the elementary reactions which is more favourable to poly-
merisation than when alkyl derivatives of the alkali metals
are used. This is probably the explanation of the substan-
tially higher conversion limit attainable with organomagne-
sium initiators, compared with organolithium compounds,
in the polymerisation of unsaturated chlorinated monomers.
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Dependence of Thermal Stability of Polymers on Their Chemical Structure

V.V.Korshak and S.V.Vinogradova

It is shown, on the basis of a large amount of experimental work, how the thermal stability of polymers depends on the
strength of the bonds between the atoms forming the macromolecule, on the structure of the chain unit in the macro-
molecule, and also on the structure of the polymer molecule itself as a whole. Especially detailed attention is given to
the effect on thermal stability of such structural features of the chain unit as the presence of side-chains, halogen atoms,
and other elements (boron, silicon, phosphorus, various metals), the positions and number of these substituents, and
also groups of aromatic character, including benzene rings and various heterocycles. Those structural features which
tend to increase the thermal stability of polymers are elucidated.
An important place in the review is occupied by examining the dependence of thermal stability on such structural
aspects of the macromolecule itself as the regularity in the arrangement of monomer units along its chain, the isomerism
of substitution in the aromatic ring, the presence of branching and cross-linking, copolymerisation, and also the nature
of end-groups, etc. A list of 100 references is given.
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I. INTRODUCTION Without being concerned with the whole problem of the
relation between structure and properties, we shall exam-
ine only its purely chemical aspect. The aim of the pres-

The most important problem of polymer chemistry is to ent review is to show quite clearly the relations which have
establish the relation between the properties of polymers now been elucidated between the chemical structure and
and their structure. Only when this is known is it possible the thermal stability of polymers, these being of interest
to solve consciously and successfully the problems in- in particular in connection with the problem of producing
volved in preparing polymers having required properties the heat-resistant materials which are so necessary for
which have been specified in advance. modern technology.

Although relatively little experimental work has yet Let us first define the concepts of heat-resistance and
been done on the relations between the structure and the thermal stability, with which we shall often be dealing,
properties of polymers, it is already possible, on the ba- Η eat-resistance we shall take to mean the limiting temper-
sis of known data, to establish certain relations of this ature at which a given polymer is able to maintain a par-
type. The main method for finding links between the ticular mechanical strength. Thermal stability will imply
structure and the properties of polymers is to study and the limiting temperature which a given polymer can with-
compare the behaviour of series of polymers of analogous stand without chemical change. Above this temperature
structure1. the polymer begins to undergo chemical breakdown, in

We shall not deal here with one extremely important most cases accompanied by loss of mechanical strength,
aspect of this problem—the influence of the physical struc- We shall not be concerned here with problems associ-
ture of polymers on their properties—which has been de- ated with the thermal breakdown of polymers under the
termined by the work of Kargin2. He has shown, on the , simultaneous influence of high temperatures and chemical
basis of a large number of experimental results, that the reagents such as oxygen, water, etc., i.e. the oxidative
physical structure of a polymer affects not only its strength thermal degradation and the hydrolytic cleavage of poly-
but also several of its chemical reactions. mers.


