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The Mechanism of Alkaline Catalytic Polymerisation of Hydrocarbon
Monomers

A.A.Korotkov (deceased) and S.P.Mitsengendler

In contrast to free-radical polymerisation, there is no single theory of anionic polymerisation which could explain all the
observed phenomena, these being treated usually from different standpoints. In the present review an attempt is made at
a critical analysis of the existing hypotheses in this field. The bibliography includes 90 references.

The polymerisation of vinyl and divinyl compounds under
the influence of alkali metals and their organic compounds
is regarded by the majority of investigators as successive
organometallic synthesis1"5. As a result of repeated
stepwise addition of monomer molecules to the initial
organometallic compound, a polymer with a high molecular
weight is formed. If a fresh portion of monomer is added
to such a polymeric organometallic compound, the former
adds to the macromolecule and polymerisation is restarted.
Szwarc very aptly called such growing polymer chains
"living" polymers6.

The growth of a "living" polymer occurs of course in the
absence of impurities from the reaction medium (water,
alcohol, aldehydes) and in the absence from the monomer
of functional groups which could interact with the organo-
metallic compounds.

In 1928 Ziegler1'2 concluded, on the basis of his own
experimental data and those of Schlenk7 and other investi-
gators, that the polymerisation of butadiene under the
influence of sodium is a complex consecutive reaction in
which the monomer adds to the organic disodium compound
at each stage:

2 Na + CHS=CH-CH=CH2 - NaCH1!-CH=CH-CH,Na or NaCHa-CHNa

CH=CHi,

NaCHi—CH=CH—CHjNa + CH2=CH—CH=CH, ->

-» NaCH,—CH=CH-CHj—CHa—CH=CH-CH2Na,

NaCHj-CH=CH—CH2—CHa-CH=CH—CH8Na + CH2=CH—CH=CH, ->•}

- NaCH»—CH=CH—CH,—CHj-CH=CH—CHj—CHt-CH=CH-CHiNa ,

etc.
If an organosodium compound is used instead of

metallic sodium, the mechanism of the growth of the
polymeric chains does not change, only the monomer now
adds to the mono sodium compound:

RNa + CH2=CH-CH=CH2-» R-CH — CH=CH-CH2Na .

Ziegler succeeded in isolating the intermediate products
and in showing the stepwise occurrence of polymerisation.
A characteristic feature of such stepwise reactions is the
gradual growth of the molecular weight of the polymer with
time. At low temperatures it is possible to terminate the
chain growth at any stage. The degree of polymerisation
is determined by the ratio of the amounts of monomer and
catalyst consumed.

Ziegler8'9, Medvedev10, and Morton11"13 pointed out the
unusual form of the polymerisation reactions of vinyl
monomers under the action of organic derivatives of alkali
metals. For example, triphenylmethylsodium and
diphenylethylpotassium polymerise butadiene and styrene
with formation of polymers having relatively high molec-
ular weights. Even in the presence of a large excess of
the catalyst it is impossible to isolate the primary addition

products of butadiene or styrene to the organometallic com-
pound. When solutions of the monomer and the organo-
metallic compound are mixed, the colour of the latter
fades or disappears completely, but after the completion of
polymerisation it is restored10, i.e. the organometallic
compound is hardly consumed and is regenerated. In con-
trast to the stepwise reactions, these processes were
called catalytic. It was postulated that such catalytic
polymerisation reactions must take place by a mechanism
different from that of stepwise polymerisation. Contrary
views were put forward on this subject: in his catalytic
polymerisation Ziegler also isolated intermediate low-
molecular products and thereby showed that the mecha-
nism of the catalytic and stepwise polymerisation is the
same9.

Using an Alt in catalyst (typical) for catalytic polymerisa-
tion) and butyl-lithium (typicalfor stepwise polymerisation),
Korotkov14'15 obtained copolymers with the same composi-
tion. This confirmed that the reaction mechanism is the
same in both cases. The observed differences in stepwise
and catalytic polymerisation are related, according to
Ziegler9 and Korotkov14, to the difference in the relative
rates of initiation of polymerisation and of chain propaga-
tion and termination.

In recent years Szwarc and coworkers3»18"18 put forward
a new view concerning the mechanism of similar reactions.
On dissolving in tetrahydrofuran in the presence of con-
densed aromatic compounds, metallic sodium forms a
coloured complex19»20:

+ Na Na+.

According to Szwarc, when a monomer is added to this
compound, an electron is transferred from naphthalene-
sodium to the monomer with formation of a radical-ion in
which the unpaired electron is not localised, i.e. the com-
pound formed is neither a true anion nor a true radical:

CHS=CH
Na+ + | -

CeH5

a+ Γ CH,—CH· «• "CHj— CH Ί .

I C,H6 C,HtJ

It was suggested that the radical-anion is formed only
after the addition of a second styrene molecule without
direct interaction between the three electrons:

rCHj-CHi-iCHr-CH 1 CH2=CH ϋΗ-ΟΗί-ΰΗ,-ΟΗ .

C,H5

-CH I

C.HJ C,H5

This structure of the dimer is the most likely, since both
the anion and the radical are stabilised by the phenyl group.
The dimeric radical-anion formed can, in principle, com-
bine with styrene both by an anionic and a radical mecha-
nism. As a rule, under the conditions of low-temperature
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polymerisation, the radical ends of two dimeric radical -
anion molecules recombine with formation of a tetrameric
dianion, which becomes the sole active centre for poly-
mer isati M.

CH Na+CH-CH,—CH,—CH CH— CHj-CH,—CHNa+
I I I I

C,H5 C,H6 C,H 6 C t H 6

2Ma+CH-CH,—CH,
I I
C,H 6 C.H,

Electron transfer from naphthalene sodium to the monomer
takes place very rapidly in tetrahydrofuran but not at all in
hydrocarbon media. Tobolsky's work21"26 on the copoly-
merisation of styrene and methyl methacrylate in the
presence of dispersed metallic lithium constitutes an ex-
perimental confirmation of Szwarc's hypothesis. The
copolymers formed had in some cases an enchanced content
of styrene units instead of being virtually pure poly(methyl
methacrylate), which is obtained with other anionic cata-
lysts, for example butyl-lithium. To account for the
anomalous composition of the polymer, it was assumed that
initiation with lithium is analogous to the reaction with
naphthalene sodium, i.e. an electron is transferred from
lithium to styrene with formation of a radical-anion with
separated electrons:

~ CH— CH,—CH2—CH-|~

L \ /
Such an active centre gives rise to further chain

propagation by a radical mechanism at one end and by an
anionic mechanism at the other. The enhanced styrene
content in the resulting copolymer is due to polymerisation
by a radical mechanism. In polar solvents the content of
styrene units is sharply reduced. However, Korotkov and
coworkers27 obtained similar results in the polymerisation
of styrene with methyl methacrylate in the presence of a
typical anionic catalyst—solid methyl-lithium. It is sug-
gested that the characteristic features of the reaction in-
volving electron transfer from naphthalene sodium to
styrene in solution should not apply to reactions with elec-
tron transfer from the surface of the metal, which occurs
in the interaction of styrene with metallic lithium.
Tobolsky's data are interpreted as follows: since, as a
result of the primary initiation step, a radical-ion (styryl-
lithium) is formed on the surface of the metal, its electron
unsaturation must be immediately compensated by the
electrons of the metal, which are highly mobile. As a
result of the interaction between styrene and lithium, a
dilithium compound should form:

LiCH2
^ H -

Because of thelow solubility of the latter, chain propaga-
tion on the surface of the metal takes place preferentially
with participation of the more readily adsorbed monomer.
In this case styrene is evidently such a monomer.

After the polymeric chains reach a sufficiently large
size and dissolve in the form of a dianion, the usual anionic
polymerisation begins, in which virtually methyl metha-
crylate alone is incorporated in the polymeric chain.
This leads to the formation of block polymers. On the other
hand, in the copolymerisation of monomers with similar
adsorption properties (for example, butadiene and styrene),
the composition of the copolymer is independent of the
heterogeneity of the catalyst or medium. Thus Tobolsky's
results cannot serve as an unambiguous confirmation of
Szwarc's hypothesis of the formation of a radical-anion with
separated electrons.

On the basis of data on the copolymerisation of styrene
and methyl methacrylate in the presence of anionic
catalysts, Korotkov and coworkers27 suggest that in
polymerisation under homogeneous conditions the stage
involving the formation of a radical-anion with separated
electrons is absent. Dianions are formed by dimerisation
in the initial initiation stage:

»• Na+ " C H — C H 2 — CH 2 —CH" Na+ .

C 6 H 5 C 6 H 5

P r i c e 2 8 was the first to suggest that alkalinepolymerisa-
tion be regarded as an anionic process in which the active
centre i s trivalent negatively charged carbon (carbanion).
Subsequently Sounderson and Hauser 2 9 and Higginson and
Wooding30 attempted to confirm experimentally the sug-
gested mechanism. For example, the following mecha-
nism was proposed for the polymerisation of styrene under
the action of potassium amide in liquid ammonia 3 0 :

initiation: KNH, ta K+ + NH~ ,

NH7 + CHS=CHR - NH,-CH,-CHR ;

chain propagation: N H a - (CH,—CHR)B—CH2—"CHR + CH,=CHR -•

- N H , - (CH,-CHR)n + 1-CH,-CHR;

chain termination: NH2— (CH2— CHR)m— CH,—CHR + NH3 »

>· N H S - (CH2-CHR)m-CH,-CH,R + ΝΙξ.

Such treatment of the process presupposes the dissocia-
tion of potassium amide into a free anion and cation. The
attacking anion dissociates the double bond of the monomer
with formation of a covalent bond at one end of the molecule
and an active centre (carbanion) at the other. It is sug-
gested that, within the limits of Coulombic attraction, the
anion acts as an independent species, which is not bound to
the counter ion.

The mechanism quoted above was confirmed by kinetic
studies on polymerisation carried out by Higginson, who
showed that the rate of polymerisation is proportional to
the concentration of the monomer and the amide ion, and
that each polymer molecule contains the NI^ group, while
the molecular weight is independent of the concentration of
the catalyst and is proportional to the concentration of the
monomer. However, the results obtained can be ex-
plained with equal success on the basis of Ziegler's
hypothesis by postulating the following mechanism for this
reaction31:

initiation: KNH, 71 NH~ + K+,

NH~+ CH2=CHR— NHa—CH,—CHR ,

K + + NH.-CHj-CHR-^· NH2-CHt—CHRK;

chain propagation: NH,— (CH,—CHR)n— K+CH,=CHR-*

- NH,-(CH,-CHR) n + 1 -K·,

chain termination: NH,— (CH*—CHR),^—Κ + NH8-•

- N H , - ( C H , + CHR) n-CH t-CH#+KNH t .

In this type of stepwise mechanism the equation for poly-
merisation kinetics and the dependence of the average
molecular weight on the kinetic constants and the reactant
concentrations are consistent with Higginson's relations
obtained on the basis of an ionic mechanism of the reaction.
Furthermore, Shatenshtein32 showed that styrene poly-
merises on the surface of solid potassium amide, when the
latter is not dissociated, and that this reaction cannot there-
fore be used as an unambiguous confirmation of Price's
hypothesis.
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Extensive experimental data confirm that the counterion
always participates in the polymeric chain propagation
steps. If the polymerisation centre were a free carbanion,
the nature of the catalyst cation could affect only the rate of
initiation of polymerisation centres but not the elementary
chain propagation reaction. According to experimental
data, the microstructure and properties of polymers, i.e.
all the factors that are determined by the nature of the
reaction, depend on the cation. For example, it is known
that the content of 1,2- and 3,4-units in polydienes depends
strongly on the nature of the cation10»14»33»34 and that the
stereoregularity of the polymer also depends on the lat-
ter35» 3 e . Likewise the composition of the copolymers
changes sharply on going from organolithium and organo-
sodium compounds to organopotassium compounds14»21»35»37.
The above differences in the structure of polymers and the
composition of copolymers are sometimes explained by dif-
ferences in the mechanism of the process. For example,
it is believed that polymerisation in the presence of
organolithium and organopotassium compounds takes place
both by a radical andby an anionic mechanism, the relative
contributions of which depend on the; polymerisation condi-
tions (the nature of the metal and medium) 5 ' 3 4" 4 2.

The experimental data on the effect of the catalyst metal
on the rate and mode of polymerisation led the majority of
investigators to the conclusion that in a hydrocarbon
medium the active polymerisation centre is an ion pair or
dipole5 '4 3-4 7:

M+ or ~Η(ίΡ-Μ

R

which is regenerated at the ends of the polymeric chains
after the addition of each monomer molecule in the propaga-
tion step:

" R

•HC-—- Μ

CH, CH

A J

CH-CH2—CH

R F

In polymerisation in the presence of catalysts which are
readily ionised, for example, organosodium and organo-
potassium compounds in a strongly solvating or polar
solvent, it is assumed that the degree of ionisation of the
dipole is greatly enhanced and the active centre is re-
garded as a carbanion.

The hypotheses enumerated above have common features
despite the apparent differences. The common features
are that the polymerisation is regarded as a stepwise
reaction involving consecutive addition of monomeric
molecules to active centres, which maybe anions or ion
pairs, and therefore the nature of the active centres is
analogous to that of the initial organometallic compounds.

Such treatment constitutes essentially a development of
Ziegler's hypothesis with the sole difference that in the
latter the C-M bond was regarded as covalent while in the
new treatment it is regarded as ionic or of the ion-
dipole type. A further difference is that, in the examina-
tion of actual reactions, account is now taken of the
polarity of the bond in the terminal groups as a function of
the structure of the monomer, the solvent, the nature of
the metal, and other reaction conditions.

The experimental data which have accumulated in recent
years cannot be accounted for from the standpoint of the
stepwise polymerisation mechanism. To interpret the
observed deviations, auxiliary hypotheses and assumptions
are introduced. Some of the most typical cases are
described below.

Thus regeneration of the catalyst after the completion
of the polymerisation of butadiene or styrene in the pre-
sence of organic derivatives of alkali metals8"10 (the
reappearance of the initial colour of the solution) cannot
be explained by regarding polymerisation as organometal-
lic synthesis. For example, in the polymerisation of
butadiene Ziegler8»9 explained the reappearance of the
colour of the initial catalyst (triphenylmethylsodium) by the
metallation of traces of triphenylmethane. However, it is
not clear why the metallation of the mobile hydrogen of
triphenylmethane begins only after the completion of the
polymerisation of butadiene. A similar case of regenera-
tion of the catalyst in the polymerisation of butadiene in
the presence of phenylisopropylpotassium in ethyl ether
was accounted for by the possibility of the occurrence of a
special case of "chain catalysis", but the mechanism of
polymerisation and catalyst regeneration was not given10.

In the polymerisation of isoprene48, butadiene49, and
styrene 5 ' 4 3 under the influence of butyl-lithium in a
hydrocarbon medium and also of α-methyl styrene in the
presence of naphthalene sodium in tetrahydrofuran *° an
an omalous variation of the reaction rate with the initial concen -
tration of the organometallic compound was observed. The
rate of reaction is independent of the initial concentration of
the catalyst (wj,) when the latter is high and the resulting
relation - dm/dt =/(«,,) is represented by a curve exhibit-
ing saturation.

This anomalous behaviour is explained by the specific
properties of the organolithium compounds, namely the
formation by the latter of association complexes in the
hydrocarbon medium which are inactive in polymerisa-
tion51"80. For example, Welch43 postulates the presence
in the hydrocarbon medium of a dynamic equilibrium be-
tween the inactive associated molecules of the organolithium
compounds and their monomeric active form:

where R is butyl or polymeric radicals. In this case the
rate of polymerisation reaction must be proportional to the
sixth or seventh root of the initial concentration of butyl-
lithium (for η = 6 or 7) and the variation of the rate of
polymerisation of styrene with catalyst concentration will
be represented by a curve exhibiting saturation. The
hypothesis of the presence of association complexes com-
bined with various assumptions makes it possible to ex-
plain for a number of cases the results of many investiga-
tions53 and therefore it has found wide application and
acceptance 5>52"θ1. However, the proposed interpretation
still requires a quantitative test. The adherents of the
stepwise polymerisation mechanism, who assume that the
nature of the active centres is the same as that of the
initial organometallic compound, believe that the stability
of the association complexes of the growing chains depends
on the nature of the monomer, which explainsthedifferences
in the activity of monomers in polymerisation68. The
higher activity of styrene compared with isoprene or
butadiene when these are polymerised separately is attri-
buted to the greater tendency of the growing polydiene
chains towards association. However, the much lower
activity of styrene compared with the above dienes in co-
polymerisation then becomes incomprehensible. Further-
more, it is known that the degree of association of
organolithium compounds falls with increase in the size of
the alkyl radical46»65. Therefore, on going from ethyl-
lithium to polymeric lithium alkyls the anomaly in the
dependence of the rate of polymerisation on the concentra-
tion of lithium alkyls should become less pronounced.
However, this is not observed. For this reason, in the
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formation of association complexes of mixed organolithium
compounds (initial and high-molecular) the polymeric
lithium alkyls should be present predominantly in the dis-
sociated state. This must lead to the incomplete utilisa-
tion of the initial catalyst (for example butyl-lithium, even
at relatively low concentrations of the latter), which should
result in the formation of a polymer with a wide molecular
weight distribution and a high number-average molecular
weight. In anionic polymerisation the polymers obtained
have as a rule a narrow molecular weight distribution and
the degree of polymerisation is equal to the ratio of the
concentrations of the monomer and the catalyst, i.e. all the
initial organolithium compounds participate in the process.
The evidence in favour of the presence of association com-
plexes of "living" lithium polyalkyls, based on the ob-
servation that the viscosity of solutions of "living"
polydienes falls on addition of butyl -lithium w , tetrahydro-
furan, or alcohol w-ee, cannot be regarded as unambiguous
proof. The postulate that the anomalous relation dm/dt =
/(«„) is due to the association of the organometallic com-
pound in the hydrocarbon medium is inconsistent with the
data of Podolsky and Korotkov50 on the polymerisation of
a-methylstyrene under the action of naphthylsodium in
tetrahydrofuran. It was shown that in tetrahydrofuran,
where organometallic compounds are not associated 43>57~e7>
7 0 ' 7 1 , the rate of polymerisation is also independent of the
initial concentrations of the catalyst when the latter are
high. A similar anomalous relation was observed by
Szwarc and coworkers and Schulz and coworkers 72~75 in
the polymerisation of styrene in tetrahydrofuran under the
influence of "living" polystyrene. They found that the
polymerisation rate constant decreases with the initial
concentration of the "living" polymer. The rate con-
stant was calculated on the hypothesis that the reaction
takes place without termination by a stepwise mechanism.
Since it was assumed that the concentration of the active
ends of the "living" polymer does not change during the
reaction, the calculation was based on the equation for the
kinetics of a pseudounimolecular reaction. To account
for the anomalous relation, the authors put forward addi-
tional postulates, directly opposed to those discussed
earlier, assuming that "living" polymers are dissociated
in tetrahydrofuran:

— C H 2 — C H - N a

C.H.

—CH2—CH + Na

C,H,

and that both the ion pair and the free carbanion behave as
polymerisation centres but of course with different
activities. This conclusion was based on the observed
electrical conductivity of the "living" polystyrene in
tetrahydrofuran76 and also the finding that the addition of
tetraphenylboronsodium led to a sharp reduction of the
reaction rate constant, which depended little on the initial
concentration of the "living" polystyrene 7e~78. The sharp
decrease of the rate of polymerisation was regarded as
evidence that at the ends of the growing chains there are
free anions, whose concentration falls very appreciably on
introduction of tetraphenylboronsodium, due to a sharp
increase of the concentration of the counterions as a result
of the dissociation reaction

[(CeH5)4 B] Na •£ [(C,H6)4 B]" + Na+.

Fundamenta l ly new hypotheses concerning the m e c h a -
n i s m of homogeneous cata lyt ic polymerisat ion in the
p r e s e n c e of organometall ic compounds w e r e put forward
by Korotkov 4 8 ' " °» 7 9 ~ 8 4 . On the b a s i s of an ana lys i s of the
p o l y m e r i s a t i o n kinet ics and a l so by studying the dependence of
the a v e r a g e molecu lar weight of the polymer and i t s

m o l e c u l a r weight dis t r ibut ion on the concentrat ions of the
initial reactants and the rate constants of the elementary
reactions, he justified the hypothesis that anionic polyme-
risation is of a coordination type and that it takes place in
a much more complex manner than would appear on the
basis of the stepwise mechanism. In the suggested
hypothesis the active polymerisation centres are regarded
not as organometallic compounds but as more reactive com-
plexes of the monomer and the organometallic compounds,
formed using the π-electrons of the unsaturated compound
and the/)-electrons of the valence shell of the metal:

CH, ft, CHa

RNa+ || ;±R:Na: I
CHR CHR

(1)

In such complex compounds with a coordination number
of two the disposition of ligands relative to the central
atom (the metal) must be close to linearity, which ensures
their relative stability. On the other hand, owing to the
weakening and the polarisation of the C-M bond and also
the coordination unsaturation of the central atom (alkali
metal), the reactivity of these compounds increases and
the addition of a second monomer molecule (chain propaga-
tion) should take place at a much higher rate:

CHR CHR —i-^RHC—CH 2 k">

JLH

 + R : N a :

C H _ .·.· „ . _ - 1 —>R-CHr-CHR-Na:CH s -CHR.

(I)

7 - R: Na:CHR
• I

CH,

(II)

(2)

The alternation of the charges of the adjacent carbons
atom within the coordination sphere of complex(n) is
responsible for the ease of charge redistribution and
hence the higher rate of theisomerisation reaction with
regeneration of complex (I), which is the active polymer-
isation centre.

Frequent repetition of the elementary steps involving the
formation of the intermediate compounds (Π) and their
isomerisation to the active centres leads ultimately to the
formation of polymeric molecules. A second distinctive
feature of the proposed mechanism is the occurrence of
kinetic termination of the growing chains. The latter are
capable of becoming deactivated spontaneously (a), on
collision with the initial organometallic compound (b), or
with participation of the monomer (c), forming polymeric
organometallic compounds—the "living" polymer:

(a) RNaM,· -^-^ RMfNa ,

(b ) RNaM, -t- RNa - ^ — RM,Na + RNa, (3)
) RM,Na + RMNa

(C) RNaM, + R N a + M - - ,
J RM/+1Na + RNa.

These may again combine with the monomer, with the rate
constants \ or k'x, and can again become polymerisation
centres:

RM, Na+M^RM, NaM*. (4)

After the addition of a certain number of monomeric mole-
cules, these secondary active centres can be again
deactivated, etc., until the monomer is exhausted. The
authors suggest that \ = k[ only in a special case. Thus,
according to this hypothesis, the polymerisation reaction
consists of not less than three elementary reactions8 1, in
contrast to the stepwise mechanism.

Korotkov's hypothesis of a coordination mechanism of
"anionic" polymerisation presupposes two modes of reac-
tion: the first, which the authors call a stepwise coordina-
tion mechanism, in which the initial organometallic com-
pound loses its individuality in the propagation stage after
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RNa+M-^RNaM»

the addition of the first monomer molecule [Eqn. (2)] and
the second, the catalytic coordination reaction, in which
the initial organometallic compound retains its individual-
ity in the propagation stage, i.e. participates in its entirety
in the construction of the polymerisation active centre8 1:

*" RNaM*,

(5)
RNaM* Λ RNaMj+1,

but loses its individuality in the termination staget [see
mechanism (3)].

The organometallic compounds formed by reaction (3)
(a, b, c) are capable of again initiating polymerisation, but
now by the stepwise coordination mechanism.

On the basis of these postulates, Korotkov derived an
equation for the kinetics of non-steady-state reactions and
the degree of polymerisation using a new variable φ, which
is called the effective time and which is related to the true

time by the expression dcp = mdt, i.e. ψ = § mdt, where m
0

is the concentration of the monomer andi the reaction time.
The relations obtained explain the observed phenomena

in the region of catalytic polymerisation. Thus it was
shown that the complex relation between the rate of poly-
merisation and catalyst concentration described above,
which is represented by a curve exhibiting saturation, is
associated with the occurrence of kinetic chain termination
[reaction (3)] and the complex form of the χ-φ kinetic
curves is due to the nature of the termination [reaction (3)
(a, b, c)]. While direct proportionality between the extent
of polymerisation and Λ: and φ is characteristic of the
stepwise mechanism, i.e. χ =f(<p), in the coordination
mechanism at a high degree of conversion the kinetic curves
as a rule "bend" to the right in the presence of termina-
tion, in accordance with mechanisms (3a) and (3b) and to
the left in termination by mechanism (3c). Since the
propagation of the polymeric chain alternates with "rest
periods" (kinetic termination), such a mechanism should
result, in contrast to the stepwise mechanism, in the
formation of polymers with a fairly narrow molecular
weight distribution, approaching the Gaussian distribution,
with a slow fall-off at high molecular weights. It has been
shown for the polymerisation of φ -methyl styrene under the
action of naphthylsodium in tetranydrofuran at -78 °C as an
example50 that the experimental data for the kinetics
[x = F(t, φ)], the number-average molecular weight
[M = F{n0)], and the molecular weight distribution are in
good agreement with the results calculated on the hypoth-
esis that the polymerisation takes place consecutively by
the catalytic coordination and stepwise coordination
mechanisms. It is suggested83 that the decrease of the
polymerisation rate constants with increasing catalyst con-
centration observed by Szwarc and coworkers77» 7 8 is not
due to the fact that the polymerisation centres are both
free ions and ion pairs but is caused by the kinetic termina-
tion of the growing chain, which becomes more pronounced
in the presence of [(CeH5)4B]Na.

According to the coordination mechanism, the effect of
electron-donor additives (tetrahydrcfuran, ethyl ether,
amines) on the rate of polymerisation, the polymer struc-
ture, and also the composition of the copolymers14'50»81"*1

fThe regeneration of the catalyst after the completion
of polymerisation observed in the experiments of Ziegler,
Medvedev, and Morton described above (see Russ. p. 277),
can be explained from the standpoint of this hypothesis by
a reaction according to the catalytic coordination mecha-
nism.

is not attributed to the dissociation of the organilithium
compounds but to the capacity of these additives to form
fairly stable complexes with the organometallic compounds,
for example:

R1: Li + 2(CjH5)2O R ' : L
.O(C2H5)2

"••O(CjH5)s

Esters and amines are mare powerful bases than any
unsaturated hydrocarbon capable of polymerisation.
Therefore the formation of intermediate lithium (or sodi-
um) complexes with a higher coordination number is
postulated in the presence of such bases82»84,85:

••O(C2H5)5

O(C 2 H 5 ) ,

R1 :L i : O(C 2 H 5 ) 2

H,C—CHR

Nor can one exclude the possibility of the formation of mixed
complexes resulting from the displacement of an ether
molecule by the monomer:

O(C 2 H 5 ) 2
CH,

11
CHR

..O(C 2H 5) 2

' /CH 2

CHR

(C 2 H 5 ) 2 O

In such compounds the R'-Li bond is more strongly polar-
ised than in complex hydrocarbon compounds and the group
R' is more reactive. This is responsible for the low
stability of the compound as a whole and therefore also for
the higher rate of intramolecular isomerisation. We believe
that all these factors are decisive in the acceleration of
polymerisation according to the mechanism

-CH:U
..O(CaHs)j CH2

+ II •
O(C 2 H 5 ) 2 CHR

HjC—CHR

'CH 2 —CH :Li = O ( C 2 H 5 ) 2

R

' C H 2 — C H — C H 2 — C H : Li
-.O(C 2 H 5 ) 2

O(C 2 H 5 ) 2 .

The hypothesis that elementary reactions, in particular
the chain propagation reaction, take place via relatively
stable intermediate complexes, explains satisfactorily the
observed change in the activity of two monomers on transi-
tion from separate polymerisation to cop&lymerisation82»86"90.
For example, styrene, which is more reactive than
butadiene in separate polymerisation, becomes relatively
inactive in the copolymerisation of these monomers87. This
is because butadiene forms relatively more stable inter-
mediate complexes than styrene and the composition of
these complexes in fact determines the composition of the
copolymer. On the other hand, the isomerisation of the
intermediate complex to an active centre affects only the
overall rate but not the composition of the copolymer. In
copolymerisation in a hydrocarbon medium butadiene is 400
times more reactive than styrene. In a strongly solvating
medium, for example in tetrahydrofuran, the capacity for
the formation of the butadiene complex decreases and its
reactivity falls relative to styrene8*.

It follows from the above that in the field of catalytic
"anionic" polymerisation of vinyl and diene monomers in the
presence of organometallic compounds, two main hypotheses
concerning the nature of the active centres exist so far. In
one of these the active centres are regarded as ion pairs
capable of dissociation in the limit into ions and it is sup-
posed that the process takes place by a stepwise mechanism,
i.e. viatwo elementary reactions. In the second hypothesis
polymerisation is regarded as a coordination process pro-
ceeding via intermediate complexes of the monomers with
the initial organometallic compounds. The polymerisation
then consists of not less than three elementary reactions.



Russian Chemical Reviews, 38 (2), 1969

REFERENCES

1. K. Ziegler, K. Bahr, Ber., 61, 253(1928).
2. K. Ziegler, L.Jakob, H.Wollthau, A.Wenz, Ann.,

511, 64 (1934).
3. K. Ziegler, K.Bahr, Ann., 567, 43 (1950).
4. D.I.Worsfold, S.Bywater, J.Chem. Soc, (1960), 5234.
5. Yu. L.Spirin, K. R. Gantmakher, and S. S.Medvedev,

Vysokomol.Soed., 1, 1258 (1959).
6. M.Szwarc, Nature, 178, 1168 (1956).
7. W. Schlenk, Ber., 47, 476 (1914).
8. K.Ziegler, H.Kleiner, Derschf, H.Wollthau, Ann.,

473, 57 (1929).
9. K. Ziegler, Ann., 511, 52 (1934).

10. O. D. Mamontova, A. D. Abkin, and S. S. Medvedev,
Zhur. Fiz. Khim., 14, 36(1940).

11. A. A. Morton, Ε. Ε. Magat, A. Lestinger, J. Amer.
Chem.Soc., 69, 950 (1947).

12. A.A.Morton, Ind.Eng.Chem., 42, 1488 (1950).
13. A.A.Morton, G.Nelidow, E. Schoenberg, "Proc.

Rubber Technol.Conf.," London, (1954), 108.
14. A. A. Korotkov, "Mezhdunarodnoi Simpozium po

Makromolekulyarnoi Khimii, Praga, 1957, Doklad
66" (International Symposium on Macromolecular
Chemistry, Prague, 1957, Report 66); Angew.Chem.,
70, 85 (1959).

15. A. A. Korotkov and N.N. Motovilova, "TezisyDokladov
IX Konferentsii po Obshchim Voprosam Khimii i
Fiziki Vysokomolekulyarnykh Soedinenii" (Abstracts
of Reports at the 9th Conference on the General
Problems of the Chemistry and Physics of High-
Molecular Compounds, Izd.Akad.Nauk SSSR,
Moscow, 1956, p.48.

16. M.Szwarc, M. Levy, R.Milkowitch, J. Amer.Chem.
Soc, 78, 2656 (1956).

17. H. Brody, H. Ladavrei, R. Milkovitch, M.Szwarc, J.
Polymer.Sci., 25, 221 (1957).

18. M.Szwarc, Makromol.Chem., 35, 132 (1960).
19. N.D. Scott.Ind.Eng. Chem., 32, 312 (1940).
20. D.E.Payl, D. Lipkin, S. J.Weisman, J. Amer. Chem.

Soc, 78, 116 (1956).
21. A.V.Tobolsky, J. Polymer. Sci., 38, 205 (1959).
22. K. F. O'Driscoll, A. V. Tobolsky, J. Polymer. Sci.,

31, 115 (1950).
23. K. F. O'Driscoll, A. V. Tobolsky, J. Polymer. Sci.,

37, 363 (1959).
24. K. F. O'Driscoll, A. V. Tobolsky, J. Polymer. Sci.,

31, 123 (1958).
25. A. V. Tobolsky, K. F. O'Driscoll, J. Polymer. Sci.,

28, 425 (1958).
26. A.V.Tobolsky, Tarn e, Al, 15 (1963).
27. A.A.Korothkow, S.P.Mitzengendler, L.L.Danzig.

J.Polymer.Sci., Part Β, 4, 809 (1966).
28. Price, "Reactions at Carbon-carbon Double Bonds"

New York. Acad. Sci., 1964.
29. G. J.Sounderson, C.R.Hauser, J.Amer. Chem.Soc,

71, 1595 (1949).
30. C.E.Higginson, N.S. Wooding, J. Chem. Soc, (19521,

760.
31. Z.A.Azimov, Candidate's Thesis, Institute of

Macromolecular Compounds, USSR Academy of
Sciences, Leningrad, 1965.

32. A.I. Shatenshtein, E. A. Yakovleva, and E. S.Petrov,
Dokl.Akad.Nauk SSSR., 136, 882 (1961).

33. A. I. Yakubchik, A. A. Vasil'ev, and V. M. Zhabina,
Zhur. Prikl. Khim., 17, 107 (1944).

145

34. A.Pembau, E.Elles, R.C* Morrow, A.V.Tobolsky,
J.Polymer. Sci., 61, 155 (1962).

35. D. Brown, M* Herner, U. Johncen, W. Kern, Makromol.
Chem., 51, 15 (1962).

36. K. F. O'Driscoll, R. Boudrau, A. V. Tobolsky J.
Polymer Sci., 31, 115 (1958).

37. Yu. A. Spirin, A. R. Gantmakher, and S. S. Medvedev,
Vysokomol.Soed., 1, 442 (1959).

38. D.I.Kelley, A.V.Tobolsky, J. Amer. Chem. Soc, 81
1957 (1959).

39. Yu. A. Spirin, A. R. Gantmakher, and S. S. Medvedev,
Vysokomol.Soed., 1, 1238 (1959).

40. Yu. A. Spirin, A. R. Gantmakher, and S. S. Medvedev,
Dokl.Akad.Nauk SSSR, 128, 1233 (1959).

41. S. P. Mitsengendler, N. N.Ivanov, and A. A. Korotkov,
Vysokomol.Soed., 3, 319 (1961).

42. R.V. Basova, A. A. Arest-Yakubovich, N.V.
Desyatova, A. R. Gantmakher, and S. S. Medvedev,
Dokl.Akad.Nauk SSSR, 149, 1067 (1963).

43. F.Welch, J.Amer.Chem.Soc, 81, 1345 (1959).
44. S.Bywater, Pure and appl.Chem., 4, 319 (1962).
45. C. E.H.Bawn, A. Ledwith, Quart. Revs, 16, 361

(1962).
46. G.E.Mulaney, C.G.Overberger, A.M.Schiller,

Fortschr Hochpolym. Forch., 3, Heftl, 106.
47. M.Szwarc, Polymer, 5, 1 (1964).
48. A. A.Korotkov, N.N.Chesnokova, and L.B.Trukh-

manova, Vysokomol.Soed., 1, 46 (1959).
49. S.E.Bresler, A. A.Korotkov, M.I.Mosevitskii, and

I.Ya.Poddubnyi, Zhur. Tekh. Fiz., 28, 114 (1958).
50. A. A. Korotkov and A. S. Podol'skii, Vysokomol. Soed.,

8, 1952 (1966).
51. A. A. Radionov, V.N. Vasil'eva, T. V.Talalaeva, D.N.

Shigorin, E.N. Gur'yanova, and K. A. Kocheshkov,
Dokl.Akad.Nauk SSSR, 125, 562 (1959).

52. H. T.Regers, F. Z. Broun, J. Amer. Chem. Soc, 79,
1859 (1957).

53. L.Beich, S. S.Stivola, Makromol.Chem., 53, 173
(1962).

54. C. Loudborg, H.Sinn, Makromol.Chem., 41, 242
55. (1960).
56. H. Sinn, C. Lundborg, Makromol. Chem., 47, 86 (1961).
57. M.Morton, E.E.Bostick, R. Livigni, Rubber and

Plastics Age, 42, 397 (1961).
58. A.R.Gantmakher, S. S.Medvedev, J.Polymer Sci.,

58, 118 (1962).
59. Yu. L. Spirin, A. R. Gantmakher, and S. S.Medvedev,

Dokl.Akad.Nauk SSSR, 146, 368 (1962).
60. D.Broun, W.Betz, W.Kern, Makromol.Chem., 42,

89 (1960).
61. K. F.O'Driscoll, A.V.Tobolsky, J.Polymer. Sci., 35,

259 (1959).
62. B.Francois, V.Sinn, J. Parrod, J. Polymer. Sci.,

C-l, 375 (1964).
63. R. C. P. Cubbon, D. Margerison, P r o c Roy. Soc,

A268, 260 (1962).
64. D.I.Worsfold, S.Bywater, Canad. J. Chem., 38, 1891

(1960).
65. A. N. Radionov, D. N. Shigorin, T. V. Talalaeva, and

K. A. Kocheshkov, Izv. Akad. Nauk SSSR, Otd.Khim.
Nauk, (1958), 120.

66. G. Natta, H. Fairina, M.Donat, H. Poralde, Chem.
andlnd., 42, 1363 (1960).

67. Yu. A. Spirin, D.K.Polyakov, A. R. Gantmakher, and
S. S. Medvedev, Dokl. Akad. Nauk SSSR, 139, 899
(1961).

68. M.Morton, L.I.Fetters, E.Bostich, J.Polymer.Sci.,
Cl, 311 (1963).



146 Russian Chemical Reviews, 38 (2), 1969

69. D.I.Worsfold, S.Bywater, J.Chem. Soc, (1960\ 5234,
70. F.I. Welch, J. Amer. Chem. Soc, 82, 6000 (1960).
71. D.I.Worsfold, S.Bywater, Canad.J.Chem., 40,1564

(1962).
72. C.Glaemton, J.Smid, M.Szwarc, J.Amer.Chem.

Soc, 83, 1253 (1961).
73. C.Glaemton, J.Smid, M.Szwarc, Tam e, 84, 2508

(1962).
74. H.Hostolka, R.V. Figini, C,Schulz, Makromol.

Chem., 71, 198 (1964).
75. D. N. Bhattacharyya, C.L. Lee, J.Smid, H. Szwarc,

Polymer, 5, 54 (1964).
76. D.I.Worsfold, S.Bywater, Canad.J.Chem., 36,1141

(J958).
77. H. Sostulka, G.V.Schulz, J.Phys.Chem., 45, 286

(1965).
78. D.N.Bhattacharyya, C. L. Lee, J.Smid, M.Szwarc,

Tam e, 69, 612 (1965).
79. A.A.Korotkov, S. P. Mitsengendler, andV.M.

Krasulina, "Mezhdunarodnyi Simpozium po Makro-
molekulyarnoi Khimii" (International Symposium on
Macromolecular Chemistry), Moscow, 1960, Sec-
tion II, p.208.

80. A. A. Korotkov, S. P. Mitsengendler, V. N. Krasulin,
J. Polymer. Sci., 53, 217 (1961).

81. A. A. Korotkov and A. F. Podol1 skii, Vysokomol. Soed.,
8, 332 (1966).

82. A. A. Korotkov and G. V. Pakova, Vysokomol. Soed.,
83. 2,1482(1960).

A. A. Korotkov, A. F. Podolski, J. Polymer Sci., Β3,
84. S.P.Midsengendler, K.M.Aleev, L. L. Dantsig, and

A.A.Korotkov, Vysokomol.Soed., 5, 212 (1963).
85. A.A.Korotkov, S.P.Mitsengendler, and K.M.Aleev,

Vysokomol. Soed., 2, 1811 (1960).
86. G. V. Rakova and A. A. Korotkov, Dokl. Akad. Nauk

SSSR, 119, 982 (1958).
87. A. A. Korotkov and Ν. Ν. Chesnokova, Vysokomol.

Soed., 2, 365 (1960).
88. I.Kuntz, J.Polymer Sci., 54, 569 (1961).
89. Κ. Έ. O'Driscoll, LKuntz, J. Polymer Sci., 61, 19

(1962).
90. Yu. A. Spirin, D. K. Polyakov, A. R. Gantmakher, and

S. S. Medvedev, see ref. 79, p. 184.

Institute of Macromolecular Compounds,
USSR Academy of Sciences, Leningrad


