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The Mechanism of the Initiation of the Radical Polymerisation of
Polar Monomers in Systems Comprising Organometallic Compounds

E.B.Milovskaya, L.V.Zamoiskaya, and E.L.Kopp

In the present review an attempt is made to examine from the same standpoint the reactions responsible for the development
of radical polymerisation in systems comprising organometallict compounds in combination with oxygen-containing
derivatives (oxygen, hydroperoxides, acyl peroxide) or derivatives of variable-valence metals. Attention has been concen-
trated on systems effective at a low temperature. The causes responsible for the inhibition or total suppression of ionic-
coordination polymerisation of polar monomers and favouring the development of the radical process in systems of the
Ziegler-Natta type have been discussed. The bibliography includes 135 references.
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I. INTRODUCTION

An attempt has been made to use Ziegler-Natta cata-
lysts, which have been successfully employed for the
polymerisation of α -olefins, to polymerise other monomers,
in particular polar monomers of the vinyl series. At first
these attempts were unsuccessful: monomers such as
vinyl acetate, methyl methacrylate, acrylonitrile, etc.
could not be polymerised. Attempts were made to account
for the absence of polymerisation by the breakdown of the
catalyst in its interaction with the monomer. The devel-
opment of studies on the interaction of these catalytic sys-
tems with vinyl monomers led to the creation of new initi-
ating systems based on organometallic compounds and
oxygen or peroxides capable of inducing radical polymeris-
ation at reduced temperatures. On the other hand, the
subsequent employment of the so called modified Ziegler
catalysts also made possible the polymerisation of polar
monomers.

Π. SYSTEMS WITH AN ORGANOMETALLIC COMPOUND
(OMC) AND AN OXYGEN-CONTAINING DERIVATIVE

1. Systems with an Organometallic Compound and Oxygen
or a Hydroperoxide

It has been shown in a number of studies1"1 2 that organ-
ic derivatives of Group Π and ΠΙ elements (zinc, cadmium,
boron, and aluminium) alone give rise to hardly any poly-
merisation of polar monomers of the vinyl series; an
effective process developed only in the presence of oxygen
or peroxy-compounds.

The data presented in Tables 1 and 2 show that the most
active of the systems investigated are those containing
organoboron compounds in combination with oxygen or a
hydroperoxide. The organoboron compounds can be ar-
ranged in the following sequence in terms of their activi-
ty 1 3:

(n-C4He)2 BOB (n-QH,,^ > Β (n-C4H9)3 > (n-C4H9)2 Β (n-C4H,O) >

> (η-Ο,Η^ϊΒΒΓχη-Ο,Η^ϋΒΟΙ

The overall activation energy found for a number of
systems proved to be very low and comparable to the acti-
vation energy for the chain propagation reaction, which

made it possible to carry out the process at reduced tem-
peratures 8> 12»14 ~16.

The copolymerisation constants obtained for a number
of monomers suggested that radical polymerisation takes
place in these systems2»6»13»16»18»19.

Table 1. Polymerisation of polar monomers under the
influence of the systems organometallic compound-
oxygen.

Monomer

VA
MMA
VC
AN
VA
VC
MMA

Process condition»:

initiator

type

B(C2H6)3

ditto
B(C4He)3

ditto
A1(C,H6),
ditto
CdCCjH^

concn., Μ

2.7-10-s
8-10-2

1.8-10-2
4-ΙΟ"2

7-10-2
5*
5-ΙΟ-»

10 2x
molar
ratio

O2:OMC

14.3
6.5
9.5

50

6.9

time, h

20
~0.5

3
~0.8

24
4

21

(, °C

30
30.1
20

0
25

—17
20

Yield of
polymer, %

40
14
20

4.2
12
3

14

8
2
OS

13
14
15
16

4
9

17

VA = vinyl acetate; MMA = methyl methacrylate;
VC = vinyl chloride; AN = acrylonitrile.

*The concentration of A1(C2H5)3 in petrol is expressed
as a weight percentage; molar ratio VC: (C2H5)3A1 =
7.28:1.

**In a sealed tube in air.
*** Experiment carried out in a stream of dry and purified
air flowing at a constant rate (50 ml min"1).

Welch2 believes that radicals cannot form as a result of
the thermal decomposition of organometallic compounds of
this type, since the polymerisation temperature is much
below the range corresponding to the thermal decomposi-
tion of zinc and cadmium alkyls and boron and aluminium

t The Russian authors use the work "organoelemental"
but since the term is not familiar in English and most of
the compounds discussed are in fact metal derivatives,
it has been replaced by "organometallic", especially
since this is the term actually used in the title in the
Russian version also (Ed. of Translation).
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alkyls altogether fail to yield free radicals on thermal de-
composition. The fact that the process can be carried out
only in the presence of oxygen or peroxides20 suggests that
the stage preceding the generation of free radicals is the
formation of peroxy-derivatives of the organometallic com-
pounds.

Table 2. Polymerisation of vinyl chloride under the
influence of the systems organometallic compound-
peroxide15.

Process conditions

catalyst,
mole %

Β(Ο8Η6),

1,79

AliCjHs),
1,89

Cd(C2H5) s

2,5

cocatalyst*
mole %

13

42
50
50**

23
50

48
»
»

48.5
»
»

t, °C

room

—55
—65
—55

30
—20

32
22

0

4
3

—10

time, h

several min

4
68

4

1
4

4.8
19.0
25.0

1.5
2.0
2.5

Conversion, %

explosion

22.7
61.4
19.6

15.4
5.4

10.0
10.0

3.5

25.6
16.1

4,7

Degree of
polymeri-

sation

560
400***
820

450

Activation
energy,

kcal mole"-

12.8

16.0

9.6

—MOOR-

- M R
, 2—MOR

> - M ( O R ) 2

—» —MO"+OR ( or

*Cumenyl hydroperoxide, mole % relative to the
catalyst.
**The part dissolved in tetrahydrofuran.

***t-Butyl hydroperoxide.

The synthesis and reactions of the organometallic com-
pounds have been examined in detail by Sosnowsky and
Braun21, and therefore we shall note only some of their
most important (as regards the present topic) reactions.
The monoperoxides of cadmium, zinc, boron, and alumini-
um are extremely unstable at normal temperatures and
readily undergo a number of heterolytic and homolytic re-
actions:

(1)
(2)

-MOO-+R-) (3)

Alkoxy -derivatives are formed as a result of intermo-
lecular exchange with the initial organometallic compound
[reaction (I)] 2 2 " 2 5 or by intramolecular exchange [reac-
tion (2)] 26>27.

Compounds which might form as a result of further re-
action of the free radicals [reaction (3)] have also been
identified Ά. The mixture of products formed in the pres -
ence of the peroxides of trivalent elements is still more
complicated, since diperoxides can also participtae in re-
actions (l)-(3). For example in the oxidation of organo-
boron compounds homolytic decomposition takes place to
the greatest extent precisely at this stage23. A general
parallel may be drawn28 between the ease of the auto-oxi-
dation of organoboron compounds and the capacity of any
group to transfer electrons to the unfilled boron orbital,
making it less sensitive to attack by oxygen. The activity
series of organoboron compounds,

B R 3 > R2BOR > RB (OR)2 and B R j > R2BC1 > RBC1,

in oxidation reactions are determined by the overlapping of
the boron orbitals by those of chlorine or oxygen. The
reactivity of organoboron compounds in oxidation corres-
ponds to their activity in polymerisation processes1 3. The

oxidation of organoaluminium compounds and further reac-
tions of peroxides take place even more vigorously than
with organoboron compounds23»27'29. The only stable
peroxides proved to be A1(OR)2OOR, which were isolated
and characterised30. The fact that the reactions of the
peroxy-derivatives of organoaluminium compounds involve
a stage with formation of free radicals was demonstrated
under model conditions4 and confirmed by showing that
polymerisation in the presence of these peroxides is pos-
sible3 0. The peroxy-compounds obtained beforehand at a
low temperature are then capable of initiating polymerisa-
tion when the monomer is introduced31. However, the ac-
tivity of these pre -formed peroxides is much lower than
that of systems which initiate polymerisation by peroxides
in statu nascendi. In the first case the process develops
at temperatures normal for radical initiation! and in the
second it actually takes place at very low temperatures
down to -65°C (for example, with boron compounds).

This phenomenon was explained by the existence of
"active" peroxide, since it was established that ethereal
solutions of the peroxide rapidly lose their catalytic activty
although the peroxide concentration determined iodometri-
cally did not change31. It was suggested that the low-tem-
perature polymerisation is initiated by the free radicals
formed as a result of a kind of redox reaction between the
initial organometallic compound and its peroxide9»14»33"35.

Bawn et al. 3 3 showed that in the polymerisation of meth-
yl methacrylate in the presence of (C4H9)3B-O2 neither the
peroxide (obtained from part of the boron alkyl) nor the
organoboron compound by itself are capable of initiating the
low-temperature polymerisation. In a kinetic study they
established the following dependence of the reaction rate on
the concentrations of the monomer, peroxide, and the
initial boron alkyl:

A mechanism for the formation of free radicals was pro-
posed on the basis of the hypothesis that the reaction is a
free radical process. Initially a monomer-boron alkyl
complex is produced:

(4)

Equilibrium is established rapidly and is displaced to the
right so that the concentration of the complex is almost
equal to the initial concentration of tributylboron. Then,
in bimolecular redox reaction (5), the initiating radicals
are produced:

BR3'M + RjBOOR ->• R3BMRO" + R 2BO". (5)

The authors assume that chain propagation and termination
take place as in an ordinary free radical process. The
dependence of the rate of initiation on the concentrations
of the initiator components obtained from Eqns. (4) and (5)
and the variation of the overall rate of the process with the
same concentrations found on this basis agree with the ex-
perimental findings. These hypotheses might be con-
firmed by data on the polymerisation kinetics of monomers
of low polarity, in particular vinyl chloride. Then the
equation for the rate of the process should differ from the
corresponding expression for highly polar monomers.
Unfortunately Bawn et al. 3 3 do not present data of this kind.

Talamini and Vidotto 8 believe that the monomer does
not participate in the initiation step, since the activation

% The period of 50% decomposition of a 1% solution
of boron peroxide in octane is 4.3 and 1.5 h at 50° and
100°C respectively; at 25°C the content of the peroxide
does not change over a period of 50 h.3 2
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energy for initiation under the influence of (C4Hg)3B-O2 is
the same in the polymerisation of vinyl chloride (a mono-
mer of low polarity) and the highly polar methyl methacry-
late§.

Welch14 believes that the redox reaction between the
oxidised and unoxidised forms of the organoboron com-
pound does not require the initial formation of the complex
of R3B with the monomer. The experimental findings for
polymerisation agree with the proposed mechanism for the
generation of free radicals: the overall rate of the process
and the conversion are higher when the concentrations of
the boron alkyl and oxygen do not differ very much:

B R 3 + O a -* R2BOOR,

BR3 + R2BOOR -> BR3 + R,BO" + RCT.

(6)

(7)

150 200 min

Figure 1. Polymerisation of methyl methacrylate
at 30°C in the presence of a constant concentration
[(C2H5)3B]0 = 7.18 x 10~3 Μ and a variable concentra-
tion [O2]0 (10-3 M ) : χ) 3.36; 2 ) 1.97; 3) 4.47;
4) 1.14; 5) 5.4; 6) 6.65; 7) 0.51; 8) 7.89; 9) 0.0.

When [O2] » [R3B], the entire boron alkyl is oxidised to the
peroxide and reaction (7) is impossible. When the con-
centration ratio is reversed, the peroxy-compound is
rapidly exhausted, which leads to the decay of the process
at a low conversion. From a study of the polymerisation
kinetics of methyl methacrylate with (C2H5)3B-O2, Hansen34

showed that the process can be described by simple rela-
tions only at the very beginning. This is because in sys-
tems of this type a number of competing reactions take
place and lead to the formation of free radicals. The rates
of these reactions are different and are determined by the
relative amounts of the starting reactants. Figs. 1 and 2
present the kinetic curves obtained for various concentra-
tions of one of the initiating components. The maximum
rate occurs when [R3B] > 2[O2], but it then falls rapidly as
a result of the complete reduction of the peroxide. Under
the condition [O2] < [R3B] < 2[O2] the system contains, to-
gether with the initial boron alkyl, its hydroxy-form, which

§ In the determination of the activation energy for the
initiation reaction the value £ p r O p - s-Eterm = 1 - 5 k c a l

mole"1 was employed8. However, the value of £ p r O p -
^Et. ~, found for vinyl chloride in a number of studies2 t e r m
varied from 1.5 to 5 kcal mole"1,3 6 and therefore the
identity of the activation energies for the initiation reac-
tion found by Bawn33 and Talamini8 is purely fortuitous.

is a weaker reducing agent and gives rise to slow and pro-
longed generation of free radicals at a constant rate:

(8)BOOR + >̂BR — - R· + (BO")

BOOR + )BOR (9)

The homolytic dissociation of the peroxide bond as a
result of the redox reaction was studied under model con-
ditions by Hansen and Hamann37. When iodine was used
as a free radical acceptor, they established that the inter-
action of the peroxide with the unoxidised boron alkyl is a
reduction process with a stoichiometric ratio close to
unity. The formation of ethyl radicals (the only ones reli-
ably demonstrated) does not take place in each step of the
interaction in consequency of reduction in the "cage":

B-C4H6

ι - J + >BO\ (10)

so 100 150 200 tain

Figure 2. Polymerisation of methyl methacrylate at
30°C in the presence of a constant concentration
[O2]0 = 5.4 x 10~3 Μ and a variable concentration
[(C2H5)3B]0 (ΙΟ-3

 M ) . χ) 21.5; 2) 71.8; 3) 14.3;
4) 35.5; 5) 7.18; 6) 5.38; 7) 3.6; 8) 1.43; 9) 0.0.

The emergence of the radicals from the "cage" initiates
the free-radical processes; the reaction in the "cage" re-
sults in the formation of alkoxy-compounds. In agreement
with the data obtained under model conditions, a very
small boron content was found in the polymer34.

Furukawa and coworkers31 showed that systems based
on alkoxy-derivatives of zinc in combination with peroxides
are more active than those based on zinc alkyls. The latter
are weak Lewis acids3 8; this is even more true of the
alkoxy-derivatives of zinc, which makes it unlikely that its
complex with an electron-donor monomer is formed as a
result of reaction (4).

The findings for systems with organoaluminium com-
pounds suggest that in this case too the active polymerisa-
tion initiators at low temperature are systems based on
monoalkoxydialkylaluminium and oxygen or a hydroperoxide
This is confirmed9»35 by the absence of the polymerisation
of vinyl chloride when the system (C2H5)3A1 -O2 contains
little oxygen and the impossibility of the polymerisation of
vinyl acetate under the influence of the system (C2H5)3A1-
isopropylphenyl hydroperoxide4. These findings show
that, of the two possible modes of the process: decomposi-
tion with formation of free radicals or rearrangement into
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an alkoxy-compound, the first takes place with organic
derivatives of alkoxyperoxyaluminium [reaction (11)] and
the second takes place with the alkylperoxy-derivatives
[reaction (14)]:

RO
>Al—OOR —

)A1OOR

\ Α 1 - Ο · + OR"

Al (OR), ,

-̂  R2A1O-+OR·

- RA1 (OR)2.

(ID

(12)

(13)

(14)

This kind of inversion of rate constants can be explained
by the fact that the RO group reduces the electron deficit
of the aluminium atom and thus electrons are shifted to the
peroxide bond, facilitating its dissociation. On the other
hand, in the alkyl peroxide the withdrawal of electrons
from the peroxide bond hinders its dissociation and, to-
gether with the electron-acceptor properties of the alumin-
ium atom, leads to rearrangement with formation of an
alkoxy-derivative. These hypotheses can explain the ex-
perimental observations regardless of whether the decom-
position of the peroxide is a mono- or bi -molecular process.

Razuvaev and coworkers35 attributed the formation of
free radicals to a redox reaction of the type

/A10—OF

(15)
Al—R

The formation of the R* radical (R = ethyl) was confirmed
by the analysis of the gaseous compounds evolved; the
RO* radicals were detected in the form of the terminal
groups in the polymer.

The results show that the conclusion that polymerisation
with organometallic compound-oxygen or hydroperoxide
systems has a radical mechanism is fairly well founded.
However, the chemistry of the initiation process, in par-
ticular the nature of the initiating radicals and the partici-
pation of the monomer in this reaction, involves many
contradictions. We may note that in the absence of oxy-
gen, boron alkyls are capable of initiating very slow poly-
merisation of styrene, acrylonitrile, and l,l-dichloro-2-
fluoroethylene, but not vinyl acetate3.

Hydroquinone does not inhibit this process, which, ac-
cording to Hansen34, is evidence of the occurrence of ionic
polymerisation. The polymerisation of methyl methacry-
late under the influence of (iso-C4H9)3Al and (iso-C4H9)2Al.
.(iso-CjHgO) takes place in the absence of oxygen at 60°C
and an initiator concentration of 10 mole % relative to the
monomer39. It was shown that the polymerisation of
methyl methacrylate also takes place with (C2H5)3A1.40 The
poly(methyl methacrylate) formed has a structure charac-
teristic of polymers produced under the influence of
(C2H5)4CaZn and (n-C4Hg)Li.41 We may note that extremely
large amounts of the catalyst (up to 30% relative to the
monomer) are employed in these investigations 39>40. This
leads to the binding of a considerable proportion of the
monomer in a complex with the organoaluminium compound
(via the carbonyl oxygen), which results in a decrease of
electron density at the double bond. Under these condi-
tions, there is a possibility of anionic polymerisation even
under the influence of an initiating agent as weak as R3A1.

2. Systems with Metal Alkyls and Oxygen-Containing Com-
pounds (Quinones, Phenols, and Acyl Peroxides).

Unusual redox systems based on combinations of organo-
metallic compounds and quinones or phenols have been
studied by Furukawa et a l . 1 7 The most notable effect was
observed in the polymerisation of methyl methacrylate
under the influence of (C2H5)2Cd-quinone (or phenol) sys-
tems. The activity of such systems decreases as a func-
tion of the nature of the metal alkyl in the ser ies RzCd >
> RaZn > R3A1. The formation of free radicals is attr ibu-
ted to reaction (16) and (17) in the case of a quinone and
(18) and (19) in the case of a phenyl:

2i2 o=(^zy=b - cd(c2H5)2, (i6)

: 2 H 5 , (17)

^ - O H + Cd (C2H6)2 j i H O — ( " Λ - δ - Cd (C2H5)2, ( 1 8 )

Η

(Η)

H O - ^ Y - 6 — -Cd-C2H5 + C2HJ

< " (19)
+ C.H..

(II)

As a result of electron transfer from oxygen to cadmium,
unstable addition products (I) or (II) are formed, their de-
composition being accompanied by the formation of free
radicals.

Milovskaya and coworkers42"45 obtained systems com-
prising aluminium alkyls and acyl peroxides capable of
initiating the polymerisation of polar monomers (vinyl
acetate, methyl methacrylate, acrylonitrile). The process
obeys the laws of free-radical polymerisation and occurs
much below the temperature of the thermal decomposition
of the corresponding peroxides. The step involving the
formation of free radicals is unusual in this case and dif-
ferent from the processes occurring in organometallic
compound-hydroperoxide systems. The interaction be-
tween (C2H5)3A1 and benzoyl peroxide (BP) takes place very
vigorously in the absence of the monomer by a donor-ac-
ceptor mechanism with a stoichiometric ratio of 2 :1 . Un-
der the experimental conditions, this reaction does not
stop at the stage involving the formation of the complex and
results in the formation of the following final products:
diethylaluminium benzoate and gaseous compounds derived
from various reactions of the ethyl radical46. An obliga-
tory condition for the occurrence of polymerisation is the
participation of the polar monomer in the formation of an
intermediate complex42. The sum total of the information
obtained under model conditions and in polymerisation
suggests that free radicals are formed in the following re-
actions 4 7:

fact

2A1(C2H6)3M, (III) ( 2 0 )

• B P ] , (IV) ( 2 1 )

(IV) — - , C2H*6 + C,H6COOA1 (C 2H 6) a + CeH5COOM·. ^22)

The relation between the rate of initiation and the concen-
tration of the components of the initiating systems obtained
from Eqns.(20)-(22)leadsto an expression for the variation
of the overall rate of the process with the concentration of
the aluminium alkyl and the peroxide, which has been con-
firmed experimentally:

V =_k [M]rt [Al (C 2 H S ) 3 ] V · · [ B P ] V \
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The capacity for complex formation of monomers which
are weak electron donors, such as styrene or vinyl chlo-
ride, has proved insufficient for the occurrence of poly-
merisation under the influence of the system (C2H5)3A1-
acyl peroxide. In this case, for polymerisation to occur,
it is necessary to introduce complex-forming agents such
as an ether or ester or acetonitrile47»48. The results of
studies on the kinetics of the polymerisation of vinyl chlo-
ride with the system (C2H5)3A1-benzoyl peroxide (BP)-
ethyl acetate (EA) show that the step involving the forma-
tion of free radicals is different in this case from the
corresponding reactions in the polymerisation of polar
monomers. The expression for the total rate of poly-
merisation is

,,[• Al ( C 2 H 6 ) ,
3A

[ B P ] V S

from which it follows that the non-complex form of the
organoaluminium compound participates in the stage in-
volving the formation of free radicals; the stoichiometric
ratio of the components of the catalytic system is the same
as in the model system (without monomer):

Al2 (Oft) . + 2 EAi? 2 ΑΙ (ΟΪΗ 6 ) 3 ·ΕΑ , ( 2 3 )

+ BP - 2 C,HS COOA1 (C,H6)a + 2 CaH*B. ( 2 4 )

The observed difference in the behaviour of the complex-
forming agents and polar monomers is evidence that the
function of the latter (in the free radical formation stage)
is not restricted solely to the role of complex-forming
agents. Probably the displacement of the monomer by
benzoyl peroxide from the complex (C2H5)3A1.M [reactions
(21) and (22)] is accompanied by the interaction of the
benzoate radical with the double bond (a reaction in the
"cage"). This is reflected in a change of the stoichio-
metric relation between the components of the catalytic
system established under model conditions46 and in the
polymerisation of polar monomers4 3"4 5.

The fundamental difference between the mechanisms of
the formation of free radicals in systems with participa-
tion of hydroperoxides and acyl peroxides is well illustra-
ted by the dependence of the efficiency of the system on the
nature of the organoaluminium compounds and monomers
employed. In the formation of initiating systems based
on acyl peroxides one can use only aluminium alkyls but
not alkoxy-derivatives, which are weak Lewis acids and
show no tendency to react with electron-donor com-
pounds42'44'47»49. On the other hand, in combination with a
hydroperoxide, active systems have been obtained only
with mono- and diaikoxy-derivatives of aluminium and the
electron-donor capacity of the monomer is not an essential
condition for the process to occur4>V5.

The phenomenological conditions necessary for the de-
velopment of the polymerisation process with participation
of the system R3Al-acyl peroxide corresponds most closely
to the conditions which obtain in the polymerisation of
polar monomers with modified Ziegler catalysts. Conse-
quently systems of the first type can be regarded to some
extent as models for more complex multi-component sys-
tems 5 0. Razuvaev and coworkers51 established that sys-
tems based on di-isopropylmercury and benzoyl peroxide
are active initiators of the polymerisation of methyl meth-
acrylate and vinyl chloride. The process kinetics indicate
free radical polymerisation; the authors believe52 that the
formation of free radicals can probably be attributed to re-
actions analogous to those proposed in the study of the in-
teraction of the above components under model conditions.
The system with the organomercury compound is much less
active than that obtained on the basis of aluminium alkyls.

ΙΠ. SYSTEMS WITH A METAL ALKYL AND A VARI-
ABLE-VALENCE METAL DERIVATIVE

The polymerisation of polar monomers of the vinyl
series can be achieved successfully with the so called
modified Ziegler catalysts. At the present time there is
no single view concerning the mechanism of the process,
i.e. whether they are of the radical or ionic-coordination
type. Nevertheless the literature data show that there is
better evidence for a radical mechanism.

In many cases the catalyst is modified by the introduc-
tion into the reaction system of a polar solvent53-55. Fu-
rukawa and coworkers 54>55 showed that polar monomers
such as vinyl acetate or methyl methacrylate themselves
behave as polar solvents. Although a rational approach to
the choice of the catalytic pair does not exist, nevertheless
a necessary condition for the process to occur is the sepa-
ration of the catalyst components by a complex-forming
agent (the monomer or solvent)54.

Table 3. Activity of the catalytic systems metal alkyl -
metal halide in the polymerisation of polar monomers* M .

Catalyst

(CiHs »Zn—VOCls
(CSH6

[CsH[
(C«H,

tZn—FeCl»
,Zn—VC14

,Cd-VCl4

.Hg—BiCl,
(CH, ,A1~VC14

Monomei

MMA*·
MMA*
VA
VA***
MMA
VA

t,°C

20

20
20
20
15
20

Time, hj

24
24
24
27
50
40

Conversion, %

82
90
56
39
86
36

* 5 ml of solvent; 2 mole % of metal alkyl; 1 mole <
of metal halide; 5 ml of monomer.
**The solvent was hexane and in the remaining cases

dioxan.
***3 ml of monomer and 1.5 ml of solvent.

Table 3 presents certain data for the polymerisation of
a number of polar monomers under the influence of sys-
tems metal alkyl-metal halides. In all cases the compo-
nents are introduced in a specified order: the metal halide
(MX) first, then the monomer, and finally the metal alkyl
(RM).

When the order was altered, MX followed by RM and then
by the monomer, polymerisation did not occur; this fea-
ture differs sharply from the behaviour of the catalytic
system in the polarisation of non-polar monomers54.

Table 4 presents data for the effect of the solvent on the
activity of the catalytic system (C2H5)3A1-VC14.

55

At present it is not clear why the nature of the monomer
affects the relative positions of complex-forming com-
pounds in the activity series (Table 4). The data for the
variation of the rate of the process when the order of mix-
ing of the reacting compounds is altered in any way show
that in the catalytic system (C2H5)3A1-VOC13 both compo-
nents are involved in complex formation, but the complex-
forming capacities of vinyl and ethyl acetates are by no
means equivalent55. A similar conclusion is valid also
for the system (C2H5)3A1-VC14 (see Table 4). It may be
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supposed that this difference is associated with the irre-
versible consumption of part of the organoaluminium com-
ponent by its interaction with the monomer:

CH S =CH-O—C +A1R 3 - [
O-A1R3-|

C H a = C H - O - C ^

\< J
• CHS=CH—O--C—O—AIR»/\

R R'

(25)

Table 4. Effect of solvent on the activity of the system
alkylaluminium -vanadium halide55.

s
ο
e
s

VA,

Solvent

n-hexane
toluene
ether
tetrahydrofuran
dioxan
ethyl acetate
ethanol
acetone

Conversion,

%

4
4

14
39
29
61

traces
traces

s
c

2

MMA

Solvent

n-hexane
toluene
ether
tetrahydrofuran
dioxan
ethyl acetate

Conversion,

2

2
7

67
61
28

Note. Experimental conditions: 5 ml of monomer,
1 mole % (C2H5)3A1, 0.25 mole % [VC14], 1 ml of n-
hexane as solvent for the catalyst, 4 ml of solvent,
room temperature, duration 24 h; order of mixing:
(1) metal halide, (2) solvent, (3) monomer, (4) (C2H8)3A1.

The occurrence of such reactions has been established for
organocadmium compounds56. In order to elucidate the
mechanism of the effect of such systems, a study was
made of the copolymerisation of methyl methacrylate with
styrene and of vinyl acetate with styrene using catalysts of
the type RM-MX (where Μ in RM is cadmium, zinc, or
aluminium and MX is VOC13, VC14, or TiCl4). It was
found that the composition of the copolymer is the same as
in a radical process54»57. To confirm the radical mecha-
nism of the polymerisation, the ESR method was also
employed M . In the spectrum of the system ethyl ene dimeth-
acrylate-(C2H5)2Zn-HgCl2 or ethylene dimethacrylate-
(C2H5)2Cd-HgCl2 the same signals were observed as in the
polymerisation of the same monomer under the influence
of azobis(isobutyronitrile). On the basis of the data ob-
tained, hypotheses were put forward concerning the free
radical mechanism of the polymerisation of polar mono-
mers on Ziegler catalysts54,55,57.

One may add that in a number of studies5 8 '5 9 the possi-
bility of the polymerisation of acrylonitrile and methyl
methacrylate under conditions in which the components of
the Ziegler catalyst were mixed before the addition of the
monomer has been demonstrated.

The catalytic systems (C2H5)3Al-TiCl4 and (C2H5)3A1-
Ti(OR)4, maintained at 0° and 30°C respectively, were
used to polymerise methyl methacrylate58»59. In view of
the enhanced content of the polymer with the syndiotactic
structure (92% against 84% in the radical process), the
authors concluded that non-radical polymerisation occurs
in this case.

Acrylonitrile has been polymerised using the system
(C2H5)3A1-VOC13 maintained at 25°C for 20 min6 0. Accord-
ing to infrared spectroscopic data, the resulting polymer
(M = 2325) had a structure different from that expected for
a radical process.

Much attention has been devoted to the elucidation of the
possible use of catalytic systems of the Ziegler-Natta type

in the polymerisation of vinyl chloride. The choice of
catalytic systems in this case is complicated by the fact
that metal alkyls, and in particular aluminium alkyls, are
capable of reacting irreversibly with the chlorine-contain-
ing monomer and the polymer 61~63. Organoaluminium
compounds are known** ""66 to take part in the reaction

AlRs+R'X—R2A1X + R'—R ( 2 6 )

more or less readily depending on the structure of the
initial compound and that of the halogeno-derivative. In
many cases the process goes to completion and results in
the formation of aluminium trichloride—a typical cationic
catalyst. In the presence of a variable-valence metal
halide, aluminium halide formed by the reaction

MX,, -f A1R3
(27), , ^ + R2A1X

reacts subsequently even more readily with the chlorine-
containing component62.

Modified catalytic systems suitable for the polymerisa-
tion of vinyl chloride differ from the classical Ziegler-
Natta catalysts by the fact that they include either an
organometallic compound with reduced reactivity or
complex-forming agents capable of altering to some extent
the nature of the catalyst components.

Table 5. Polymerisation of vinyl chloride by modified
metal alkyl-metal halide catalysts68.

Catalyst

iso-C4H,)2Al (i-C 4H 9O)-TiCl 4*
ditto

CIAHOC 2H 5) (C 2 H 5 ) - β-Tici;;

ditto
BrAl(OC2H5) (C 2HS) - β-TiCl**

ditto

»

Molar ratio
trietliyl-

amine: organo-
aluminium
component

0.23
1.35

0.2
—

0.2
0.39
0.58
0.97

Yield, g TiClj

34.1
33.0
8.1

11.4

26.6
10.8

27.0
25.3
29.5
19.3

0.36

0.15

0.13

0.14
0.1

0.18
0.24
0.1&

—

•Temperature 60°C, solvent—petrol.

••Temperature 60°C, solvent—benzene.

Razuvaev and coworkers6 7"7 0 must be regarded as
pioneers in the field of vinyl chloride polymerisation on
complex catalysts. They employed as components of the
catalytic system organic derivatives of alkoxyaluminium or
an alkoxyalkylaluminium halide combined with Ti4+ and Ti3+.
The data in Table 5 show that very active catalytic systems
can be obtained by a suitable choice of components.

It is interesting to note that there exists an optimum
ratio of the complex-forming agent (CFA) and the organo-
aluminium compound, namely CFA: Al < 1, for which the
yields and the molecular weights of the polymer are maxi-
mum.

It is believed68»69 that a necessary condition for the ac-
tivity of the catalytic system is the presence of an organo-
aluminium compound in a free state. It has been shown
that in the polymerisation of vinyl chloride on modified
catalysts the same rules hold as for non-polar monomers
(for example, the polymeriastion of propene is influenced
by electron-donor additives71»72). It is thought67"70 that
this is evidence of the occurrence of an ionic-coordination
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process. The improved crystallinity of poly(vinyl chlo-
ride) obtained on the heterogeneous catalyst (C2H5)3A1-
TiClg-CFA compared with the polymer synthesised using
radical initiators is quoted by the authors as confirmation
of their view. However, it has been established that all
poly(vinyl chloride) specimens of low molecular weight
show high crystallinity regardless of the method of their
preparation73»74. Thus the fact of improved crystallinity
alone cannot be unambiguously interpreted, since the poly-
mers obtained had [η] = 0.1-0.2.

Ashikari75~77 investigated as catalysts for the polymer-
isation of vinyl chloride a number of catalytic systems of
the type (C2H5)3A1-MX-MC, where MX is the halide of a
variable-valence metal (titanium, iron, vanadium, etc.) and
MC is the modifying component (butanol, tetrahydrofuran,
dibutyl sulphide, ethyl acetate, acetone). Fig: 3 shows the
relation between the rate of polymerisation and the MC: Al
ratio for the system (C2H5)3A1-VC13. Depending on their
effect on the rate of the process, the modifying components
can be clearly divided into two groups. The first includes
butanol, tetrahydrofuran, and dibutyl sulphide which give
rise to a distinct maximum in terms of the variables in-
vestigated. With butanol, the maximum effect at MC : Al =
3 was attributed75"77 to the formation of trialkoxyaluminium
which is more active in the formation of the catalyst than
the initial alkyl. Thus we may note that, for systems with
titanium tetrachloride, dialkoxyaluminium derivatives are
no longer active as co-components68. The maximum rate
at MC : Al > 1 in the presence of tetrahydrofuran or dibutyl
sulphide has been explained75"77 by the participation in the
process of the complex form of the organoaluminium com-
pound. The monotonic increase of the rate in the presence
of ethyl acetate is probably associated with the formation
of an alkoxy-compound:

R-C
\

O
\

OR

OAl (C 2 H 6 ) 2

(28)
C2H5

The occurrence of this type of reaction is extremely likely,
since the process was carried out at 40°C. A similar
reaction can also take place in the presence of acetone
which reacts in the enol form with organoaluminium com -
pounds7B. In this case too a monotonic increase of the
rate was observed with increasing concentration of the
modifying agent MC. The lack of an effect on the struc-
ture of the polymers produced and also the similarity of
the copolymerisation constants of vinyl chloride and acrylo-
nitrile to the usual constants for radical processes lead to
the hypothesis of the occurrence of radical polymerisation
and the influence of systems of the type (C2H5)3A1-MX-
MC.7 7

One may add to this that, on the basis of the copolymer-
isation constants of vinyl chloride and vinyl acetate,
Baker79 regards copolymerisation under the influence of
the system (iso-C4H9)3Al-VOCl3 as a radical process.

Systems consisting of alkoxyaluminium compounds and
various derivatives of variable-valence metals have been
investigated by Giannini and Ceska80. The system (C2HS).
. AlCl(OC2H5)-vanadium oxide acetylacetonate proved to be
the most active; vinyl chloride was polymerised down to tem-
peratures as low as -78°C. The kinetic method was employed
to elucidate the mechanism of the action of this catalyst.
It was established that the variation of the reciprocal of the
degree of polymerisation with the solvent: monomer ratio
resembles the corresponding relation in a radical process.

On the basis of these results and the copolymerisation
of constants of vinyl chloride and vinyl acetate, it was con-
cluded that the process is of a free radical type. The

authors see confirmation of this view 8 0 also in the fact that
the structure and properties of the polymer obtained in the
presence of the above catalytic systems and in radical
polymerisation (at the same temperatures) are identical.
When the reaction was performed under model conditions
(in the absence of the monomer), the formation of gaseous
compounds (ethane and butane) was observed and was at-
tributed to the occurrence of free radical stages. The
participation of ethyl radicals in the initiation step was also
established by the finding that a polymer with labelled ter-
minal groups is formed when a labelled organoaluminium
component is employed (it was shown that chain transfer to
aluminium does not take place). Effective catalytic sys-
tems for the polymerisation of polar monomers were ob-
tained by Yamazaki and coworkers81*82 using titanium
tetrabutoxide in combination with organoaluminium com-
pounds. The latter can be arranged in the following series
in terms of their activity as co-components of the catalyst:
(C2H5)A1C12 » (C2H5)2A1C1 > (C2H5)3A1 > A1C13 > (C2H5)2.
.A1(OC2H5).

4 s e w
molar ratio CFA :A1

Figure 3. The effect of the nature and concentration
of the complex-forming agent (CFA) on the rate of
polymerisation of vinyl chloride at 40°C in the presence
of the system (C2H5)3A1-VC13; molar ratio Al: V = 1.37:
1) butanol; 2) tetrahydrofuran; 3) dibutyl sulphide;
4) ethyl acetate; 5) acetone.

Attention was concentrated on the polymerisation of
vinyl chloride with the most active system (C2H5)A1C12-
Ti(OC4Hg)4. In view of the absence of both the inhibiting
effect of diphenylpicrylhydrazyl and of the effect of carbon
tetrachloride as a chain-transfer agent (carbon tetrachlo-
ride did however accelerate the process) and the difference
between the copolymerisation constants of styrene and
vinyl chloride on the other hand and the values character-
istic of radical processes on the other, it was concluded
that the reaction occurring under the influence of this sys-
tem (and other similar systems) is most likely to have an
ionic-coordination mechanism81»82. For our part, we may
note that many facts are fairly consistent with the hypothe-
sis of the radical nature of the process or at least they do
not contradict it. The absence of the effect of diphenyl-
picrylhydrazyl can be probably attributed to the higher rate

of the donor-acceptor interaction ( \ N — Al— ) than that

of the reaction with participation of an unpaired electron.
Furthermore, it was established that carbon tetrachloride
is not a chain-transfer agent in the radical polymerisation
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of vinyl chloride83. The interaction of organoaluminium
compounds with carbon tetrachloride takes place via a free
radical formation stage 8 % which may in fact be respon-
sible for the acceleration of polymerisation81»82 in the
presence of carbon tetrachloride.

Budanova and Mazurek88 made a detailed study of the
kinetics of the polymerisation of vinyl chloride with
Ti(OC4H9)4-(iso-C4H9)2AlCl, which is very similar to those
discussed above81»82. They established that the depen-
dence of the rate of polymerisation on the concentration of
the components of the initiating system and the rate of
formation of Ti3+ under model conditions are consistent
with a typical radical reaction with bimolecular chain ter -
mination. The variation of the reciprocal of the degree
of polymerisation with the rate of the process is charac-
teristic of free-radical initiation. The ratio &term/^prop

obtained proved to be equal to the value quoted for radical
initiation89.

One of the proofs for the ionic-coordination polymerisa-
tion of vinyl chloride on modified Ziegler catalysts is the
possibility of copolymerising it with propene82»90. How-
ever, Imoto and coworkers 9 1 established that vinyl chloride
copolymerises with propene also under the influence of
radical initiators [azobis(isobutyronitrile)]; as a result,
the very fact of the formation of the copolymer in the sys-
tem metal alkyl-metal halide cannot be interpreted unam-
biguously. One could postulate that in the case of modi-
fied Ziegler catalysts two processes take place: one,
with an ionic-coordination mechanism, leads to the forma-
tion of polypropylene and the other has a radical mecha-
nism involving the participation of vinyl chloride. The
formation of the copolymer may be regarded as a result of
the generation of a radical centre in the main chain of the
polypropylene, which then initiates the grafting of vinyl
chloride or recombines with the growing poly (vinyl chlo-
ride) radical.

The results of studies of the polymerisation of polar
monomers with many modified catalysts show that the con-
cept of the development of a radical process is in this case
fairly well founded54,55,57,77,79,80,88,

We shall now examine the problem of what reactions
between the components of the Ziegler catalyst lead to the
formation of free radicals. Unfortunately there are almost
no literature data on the interaction between the compo-
nents of the initiating systems effective in the polymerisa-
tion of polar monomers; systems which are relatively in-
active in such processes have been mainly examined.
Therefore the information given below is to some extent
arbitrary.

The reactions between organoaluminium compounds and
titanium derivatives have been studied in a number of in-
vestigations92"104. The rate of reaction and the degree of
reduction of titanium depend on the nature of the reacting
compound: for example, the interaction of triethylalumin-
ium with titanium tetrachloride at a moderate temperature
takes place rapidly even in dilute solution97. When the
concentrations of R3A1 and TiCl4 are approximately equal,
then, on the basis of the final products, the reaction be-
tween them can be described as follows:

The formation of gaseous compounds (methane, ethane, and
butane when R = methyl or ethyl) has been attributed to the
breakdown of the organotitanium derivative into free radi-
cals with subsequent reactions of the latter 9 2" 9 6. A series
of alkyl derivatives of titanium have been obtained and in-
vestigatedt- They are thermally unstable, the most stable
being the methyl derivative. Ethyltitanium trichloride
decomposes in 24 h at 20°C.106

The interaction of CH3TiCl3 with carbon tetrachloride in
the presence of metallic mercury takes place via inter-
mediate stages in which free radicals take part1 0 7. The
possibility of the radical polymerisation of vinyl chloride
under the influence of organotitanium compounds in com-
bination with carbon tetrachloride has been established108.

North1 0 9 showed that the polymerisation of styrene under
the influence of RTi(OC3H7)3 obeys the laws governing free
radical reactions. A number of investigators, however,
believe that the breakdown of organotitanium compounds
takes place without the formation of free radicals and is
subject to relations characteristic of bimolecular reac-
tions 9 8" 1 0 4. On the basis of a study of the products of the
reaction of TiCl4 with (C2H5)2A1C1, de Vries 9 9 concluded
that in this case free radicals are not formed. This con-
clusion has been confirmed by experimental facts: when
the reaction is carried in cumene, dicumenyl (the product
of the recombination of the radicals formed when hydrogen
is removed from cumene) was not observed; in the reac -
tion in a deuteriated solvent, deuterium was not detected
in the gaseous product. On the other hand, the interaction
with a deuteriated aluminium alkyl leads to gaseous prod-
ucts which contain an amount of deuterium consistent with
the initial content. The formation of such gaseous com-
pounds has been explained99 from the standpoint of the
"self-consistent" bimolecular interaction in which a β-
hydrogen atom is transferred from one molecule of the
organotitanium compound to another:

2TiCI3—CH2—CH3

-»2TiCl3 + C2H, + CsH4. (30)

De Vries9 9 noted that such concepts are particularly
useful for the understanding of the stability of methyl de-
rivatives. Shilov and coworkers102 established that the
interaction of Ti(OR)4 with (C2H5)3A1 is a two-stage process:
initially there is a rapid reaction with evolution of ethane,
whose amount corresponds approximately to half of the
initial Ti(OR)4 [reaction (31)] and then ethane is formed
slowly as a result of reaction (32), which takes place sub-
sequently. When the above reactants interact in deuterio-
toluene, deuteriated ethane is not detected in either the
first or the second portions of the gas. According to the
authors1 0 2, these findings indicate the absence of free
radical stages and the formation of gaseous products is a
consequence of intramolecular disproportionation. The
process can be described as follows:

C 4H 9

I
t C2H5 V / O v /OC4He

Al (C2H5)3+Ti (OC4H9)4 - Vi CsHe + V A H + + ^Al* jjTi<^ ( 3 1

C 4 H,

(V)

C 4 H e C 4 H e

I I
O OA1R3 + TiCl4 -» AlRjCl + RTiCl3 (29) V + Al (C 2 H 5 ), iTi\ τίΑΙς -• slow decomposition. (o2)
O ^ | X 0 ^ XC,H5I C 2H 5

C 4H 9

f Systems of the type a luminium'alkyl-carbon t e t r a -
chloride have been used to initiate the polymerisat ion of
vinyl c h l o r i d e 8 5 " 8 7 .

t See the review of Razuvaev and Latyaeva 1 0 5 .
} The absence of ethylene from the gas evolved is

explained by its possible polymerisation.
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In the study of the kinetics of the decomposition of
CH3TiCl3 in carbon tetrachloride Beerman and Bestian1 1 0

established that in this case there is a bimolecular reac -
tion; less than 1% of methyl chloride was detected in the
reaction products, which is evidence of only insignificant
participation of free radicals in the process. The inter-
action of organoaluminium compounds with vanadium de-
rivatives, in particular with VOC13 has been little studied.
Petrov showed111 that the rate of reaction of VOC13 with
(C2H5)3A1 is very high; at room temperature the reduction
process terminates after less than 2 -3 min. Since two
possible pathways exist, the process is much more com-
plex than with titanium tetrachloride:

VOC1.+RA1XY ( ν ' }

R -

R—A1XY R A1XY

?ί C 1 . - V - 0 - VC1, + ROA1XY ( 3 3 )

(VIII)

A1XY

d V=o

RVOC1, + XYA1C1

(ix) I

| R H + { R _ H
(34)

The rate of reaction by a particular pathway depends on
the relative likelihood of the formation of intermediate
complexes (VI) and (VII) and on the stability of compounds
(Vin) and (DC).U1 In recent years reliable proof of the
formation of organovanadium compounds has been pub-
lished§. In the study of the mechanism of the breakdown
of phenylvanadium oxide dichloride112 it was established
that the decomposition kinetics indicate the occurrence of
the following monomolecular reaction:

C,H6VOCI, - [C,H; + VOCI,] - C,H,-C,H 5. (35)

However, the hypothesis of a radical mechanism for this
process is inconsistent with the absence of other reactions
characteristic of a highly active phenyl radical (for ex-
ample the products of the reaction with the cyanodimethyl-
methyl radical have not been detected, there is no inter-
action with carbon monoxide, etc.).

Another mechanism has been suggested for the formation
of biphenyl112, which is also consistent with monomolecular
decomposition kinetics:

2 CeH6VOCl, i i (C,H6), VOC1 + VOC1, , ( 3 6 )

(CH,), VOC1 -y C,H,-C,H6 + VOC1. ( 3 7 )

The rate of formation of biphenyl is

V = *[(C,H6),VOC11.

The equilibrium constant corresponding to reaction (36) is

K KC.Ht),vocn»
[(CH)VOCl]

whence
V = * . K1'* [C,H,VOC1»1

The data quoted demonstrate that the usual procedures in
many cases failed to detect the formation of free radicals
in the reaction between the components of a Ziegler system
in non-polar media. Comparison of the kinetic data for
the polymerisation of vinyl chloride under the influence of
(iso-C^Hjj^AlCl-TiiOC^Hg^ and for the interaction of these
components under model conditions established that the
fraction of free radical reactions amounts to about 1%.88

The explanation of the impossibility of isolating the reac-
tion products of free radicals, in particular in experiments
with deuteriated solvents, should be based on this finding

§ See the review of Razuvaev and Latyaeva105.

in the first place. Thus the most sensitive indication of
the reactions between the components of the catalyst is the
polymerisation itself.

We shall now attempt to represent more fully the reac-
tions which may occur in the catalytic system and the role
of the complex-forming agents in the process in those
cases where they do not lead to the irreversible consump-
tion of the organometallic compound (the function of the
polar monomer should also be determined mainly by its
capacity for complex formation). Organoaluminium com-
pounds, which are electron deficient, are known to be
capable of forming dimeric species and to participate
readily in radical exchange reactions1 1 3"1 1 5. It may be
supposed that the first stage of the reaction with a variable-
valence metal is the formation of the following association
complexes 9 7:

: 2 Ti AIR, ;

Cl

: Ti

Civ

AIR, (38)
ci, R

(X) (XI)

The bimolecular decomposition of compound (XI) leads to
the gaseous compounds R-R and RH(R_JJ) . Another reac-
tion pathway for the association complex (XI) may be a
bimolecular rearrangement of the typeil

2X1
/ c k A

jiR-Ti \t + R,A1̂

XII

AIR, (39)

The formation of free radicals may be attributed to the
monomolecular decomposition of the organotitanium com-
plex (ΧΠ). However, in view of the similarity of the rad-
icals formed, this process takes place mainly by a cryp-
toradical mechanism with a very small amout of free
radicals liberated in the reaction space. The preferential
course of the reaction towards the formation of the com-
plexes (XI) or (ΧΠ) is associated with the structure of the
initial compounds. The specificity of the components of
the Ziegler system capable of effecting radical polymer-
isation consists in the fact that the interaction between
them leads to the formation of species tending to undergo
homolytic breakdown. In this connection we may note that
the stability of organotitanium compounds depends on the
nature of R and X (in compounds of the type RnTiX4_n) and
lies in the order indenyl > a -naphthyl > phenyl >/> -anisyl >
> ethynyl > methyl > butyl. On the other hand, the sta-
bility increases when the group X has the optimum elec -
tronegativity, which is not as high as in the case of fluo-
rine and not as low as in the case of an alkoxy-group116»117.

The role of complex-forming agents reduces in the
first place to the retardation of the subsequent interaction
of the metal alkyl and the variable-valence metal having
made good their electron deficit; as a result there is a
possibility of radical generation in the course of time
from rapidly reacting components. The question of the
further interaction between the catalyst components in the
presence of the complex-forming agent, i.e. the question
of the driving forces for this process, remains insuffi-
ciently clear. Two pathways may be postulated: in one
of them the reaction takes place via non-complex species
through the following equilibria:

StMX-K .
(40)

1f The absence of an ESR signal in the study of precipi-
tates containing trivalent titanium suggested the existence
of dimeric species in titanium halides 10°.
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i.e. the function of the complex-forming compound is to
decrease the concentration of the reacting compounds.
This course of the process has been established in the
study of the kinetics of the reaction of (iso-C4H9)2AlCl-
Ti(OC4Hg)4 in the presence of ethyl acetate U 8 . Another
possibility is the reaction of the complex with displacement
of one electron-donor compound by another119, for ex-
ample:

Κ · AIRs + MX -» [K · • • A1R3 • · · MX] -> Κ + A1R3- MX . (41)

The e x i s t e n c e of p e n t a c o o r d i n a t e a l u m i n i u m h a s been u n -
ambiguously established recently on the basis of isolated
and characterised complexes having the composition

(CaHshAlI^QHsN^o and (C2H5)3 Al· 2,2'-dipyridyl. m

These reactions do not exhaust the role of complex-form-
ing compounds. Association complexes formed by reac-
tions (38) and (39) are also acted upon by the polar re-
agent, particularly the complexes containing titanium alone
[compound (ΧΠ)]. There are grounds for the belief that in
this case cryptoradical reactions are transformed into true
radical reactions. Beerman and Bestian110 showed that,
when CH3TiCl3 is decomposed in ether, the process kine-
tics and the nature of the products formed change. The
rate of decomposition increases enormously and the varia-
tion with time is consistent with a monomolecular and not a
bimolecular reaction. The authors attribute the observed
phenomenon to the loosening of the TiR bond under these
conditions, which ultimately leads to its homolytic dissoc-
iation; the yield of ethane is 28%, while in the absence of
ether its amount is negligible.

The decomposition of C5H5VOC12 in the presence of
tetrahydrofuran, acetonitrile, and butyl ether is treated by
Shilov and coworkers122 as a free radical process occur-
ring as a result of the increase in the degree of specific
solvation of VOC12 formed relative to the initial compound.
A detailed study of the kinetics of the reaction of
(iso-C4H9)2AlCl with TiiOC^H^ in the presence of ethyl
acetate was made by Budanova and Mazurek118, who showed
that the role of the complex-form ing agent at concentrations
higher than that of the organoaluminium compound is not
restricted solely to the interaction with the initial metal
alkyl. In this case there is a change in the order of the
reaction with respect to the components of the initiating
system, corresponding to a transition from bimolecular to
monomolecular breakdown of the intermediate complex of
the alkyl derivative of titanium(IV) with generation of free
radicals.

The above hypotheses concerning the chemistry of the
formation of free radicals and the role of complex-forming
compounds are to a large extent tentative. Nevertheless
they make it possible to understand the causes of the dif-
ference between ionic-coordination polymerisation and the
polymerisation of polar monomers. The latter gives rise
not to the final reaction product MRn-MXm but to unstable
intermediate compounds formed in the course of this re-
action.

At the present time the hypothesis that in ionic-coordi-
nation polymerisation the propagation steps are preceded
by the coordination of the double bond of the monomer to
the unfilled orbitals of the variable valence metal has been
widely adopted. As shown for titanium tetrachloride, in
the case of polar monomers where the heteroatom is in the
/3-position with respect to the double bond the preferred
coordination site is located at the polar groups123. To
what extent such concepts are valid also for trivalent tita-
nium (or other metals in a lower valence state) remains
obscure at present. Therefore we should note that the

literature data quoted, indicating the occurrence of radical
polymerisation of polar monomers using Ziegler catalysts,
nevertheless do not exclude the possibility that in special
cases ionic-coordination polymerisation of this class of
monomers can also take place.

- - - o O o - - -

During the preparation of the manuscript for the press
new literature data were published which can usefully
supplement the corresponding sections of the review.

1. The problem of whether the conversion of organic
peroxoboron derivatives into alkoxyboron derivatives takes
place by an intramolecular or intermolecular mechanism 2 2 ~27

was examined in detail by Mirviss1 2 4.
2. It is interesting to compare the postulates put for-

ward by Hansen34 with the results of Bednarec et al.1 2 5,
who investigated the polymerisation of vinyl chloride under
the influence of (C4H9)3B-O2 and showed that the overall
activation energy for the polymerisation reaction varies
from 11 to 6.5 kcal mole"1 between 0° and -30°C and be-
tween -40° and -70°C respectively. According to Bed-
narec et al. 1 2 5, the observed effect is evidence for the co-
existence under such conditions of several types of initiating
systems, which leads to the variation of the activation
energy for the initiating reaction and correspondingly the
overall energy of the process.

3. It has been established126 that the interaction of AlPh3

with benzophenone under model conditions is accompanied
by the formation of free radicals. This is associated with
the ease of homolysis of the adduct (PhgCOAlPhJ-j and not
with one-electron transfer, postulated17 for organocadmi-
um compounds.

4. We believe it to be appropriate also to quote data for
a very interesting system obtained by combining an alu-
minium alkyl with azobis(isobutyronitrile) 1 2 7 t and to com-
pare the results with other data 4 2" 4 8. It has been shown127

that the systems investigated [R3Al-azobis(isobutyronitrile)
or R^lCl-azobisiisobutyronitrile)] are capable of initiat-
ing the radical polymerisation of vinyl chloride and styrene
(but not methyl methacrylate) at a lower temperature than
is the case in the breakdown of the azobis(isobutyronitrile)
itself. The nature of the radicals identified by electron
spin resonance (ethyl and cyanodimethylmethyl) indicates
the participation of both components of the system in the
generation of free radicals. The authors1 2 7 attribute their
findings to the formation of the complex R3Al-azobis(iso-
butyronitrile) (via the nitrile group of the latter) in which
radical breakdown is facilitated.

5. The dataquoted inRef s. 58 and 59 and 128 are supple-
mented by the findings that the polymerisation of methyl
methacrylate by the catalytic system (C2H5)3Al-Ti(OC4H9)4

is also regarded as a catalytic process.
6. In the course of further development of their stu-

dies8 1 '8 2, Yamazaki and coworkers129 investigated the
polymerisation of deuteriated vinyl chloride by the system
(C2H5)AlCl2-Ti(OR)4 and established the presence of ter-
minal alkyl groups. This suggested that the initiation
process may have a radical mechanism. However, the
authors believe that the nature of the propagation stage is
still obscure.

7. The work of Ulbricht et al. 13°, who concluded that the
polymerisation of vinyl chloride under the action of the

t This is the first piece of evidence indicating the
possibility of influencing catalytically the rate of de-
composition of azobis(isobutyronitrile).
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system TiC^-EtjAlOEt-dioxan (on the basis of their kine-
tics and the measured copolymerisation constants for vinyl
chloride-styrene), is related to the investigation in Refs.
80 and 88.

8. The concepts put forward in Refs. 82, 90, and 91 may
ber supplemented by the results of Yamazaki and Arido-
mi 1 3 1, who showed that, depending on the composition of
the catalyst TiClx(OC4Hg)4_x-AlCly(C2H5)3_y (where* =

0-4 and y = 0-2), the vinyl chloride-propene copolymer-
isation constants may correspond to either a radical or an
ionic-coordination process. Yamazaki and Aridomi131

suggest that this finding should be attributed to the possi-
bility of the polymerisation of vinyl chloride itself by one
or other mechanism.

9. In agreement with the results of Beerman and Bes-
tian1 1 0, it has been shown132 that the breakdown of CH3TiCl3

in tetrahydrofuran is homolytic. The formation of the CH3

radical has been confirmed by the presence in the reaction
mixture of CH3D when the reaction is carried out in deu-
teriotoluene.

10. It is interesting to compare the effect of complex-
forming additives on the type of decomposition of variable-
valence organometallic compounds, established under
model conditions110»122»132, with the findings for the poly-
merisation process. Thus it has been shown133 that in the
copolymerisation of ethylene with vinyl chloride by the
catalytic system Et2AlCl-Ti(OR)4 the addition of electron
donors (tetrahydrofuran, pyridine, ethyl ether, diethyl-
amine) leads to the formation of copolymers, the structure
of which fully corresponds to that obtained under the con-
ditions of a radical process1 3 4.

11. A fundamentally new procedure for the ionic-coor-
dination polymerisation of polar monomers by Ziegler
catalysts was proposed by Giannini et al. 1 3 5 Its essential
feature is that one uses in the reaction either monomers
with sterically hindered (with respect to the reactions with
the catalyst) functional groups or monomers with reduced
electron-donor capacity (this is achieved by preliminary
complex formation with an organometallic compound or by
using monomers containing Ο-Si bonds).
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