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In a recently published paper Kargin and Kabanov! dis-
cussed the problem of the polymerisation of complexed and
organised monomers, which may be regarded as one of the
new developments in the field of macromolecular synthesis.
In the present review an attempt is made to develop and
justify in greater detail some of the postulates put forward
by Kargin and Kabanov.

1. INTRODUCTION

The conversion of a monomer M into a polymer P can be
represented by the mechanism

@

M>R P,

where R* are activated intermediates (growing chains).
However, this mechanism does not reflect the interaction
of M, R*, and P with the medium, which often occurs in
real systems. Therefore, extending mechanism (I), one
should write

()

where X represents the species of the medium interacting
with the monomer molecules, with the active centres of the
growing chains, and with the units of the polymer being
formed @, j, & = 0).

If the chemical interaction of the monomer with the
medium results in an increase of the absolute rates of con-
version or, when several modes of polymerisation are pos-
sible, in a relative increase of the rate of conversion by a
particular pathway, chemical activation is said toob-
tain and the corresponding monomer is chemically
activated.

MX);,~R*(X);»>P Xe»

Chemical activation of a monomer may be due to (1) the
redistribution of electron density among the intramolecular
bonds caused by the interaction between M and X, which we
shall call the intramolecular effect or (2) a change
in the nature of the intermolecular bonds between the reac-
ting species accompanied by a change in their distribution
and mutual orientation (for example, the formation in the
system of organised aggregates favouring chain growth),
which we shall call the intermolecular effect.

The presence in the systems of species X interacting
with the monomer often affects more than just its reactivity.
The addition of a monomer molecule combined with a species
X to the initial active centre may result in the formation of
a new active centre which is also capable of retaining the
species X. Hence the possibility arises of a change in the
reactivity (for example, activation) of the growing chains
and even the possibility of polymerisation mechanisms
which are not characteristic of the given monomer in rela-
tively inert media.

Finally, the interaction between the species X, the ini-
tial monomer, and the units of the polymer being produced
can appreciably alter the free energy of polymerisation.
Indeed if the chemical potentials of the macromolecular
units and monomer molecules in the presence of X are jpyx
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and pmx respectively, the change in chemical mtenﬁal on
polymerisation is

Au:upt“ﬂm=up_Pm‘kmx=Allo+—A—Gx‘. (1)

where pp, wm, and Ap, are respectively the chemical poten-
tials of the polymer and monomer and the change in chemi-
cal potential in an inert medium. AGy is the difference
between the free energies of interaction of X with the poly-
mer units and with the monomer.

Thus “chemical activation” opens up extensive possibi-
lities of influencing the mechanism and thermodynamics of
polymerisation reactions. The above considerations con-
stitute the basis of the approach formulated and deveioped
in recent years by Kargin and his school.

Certain examples, adduced to demonstrate a number of
important aspects of the polymerisation of chemically acti-
vated monomers, are discussed below.

2. INTRAMOLECULAR EFFECT

A classical example is the polymerisation of N-carboxy-
-anhydrides (NCA) to polypeptides. The mechanism of
this reaction has been examined in detail in Szwarc's re-
view2. NCA are known to polymerise easily in the pre-
sence of bases (amines, alkalis, alkali metal alkoxides,
and others). When primary amines are used as initiators,
the initiation takes place as a result of the nucleophilic
attack by the amino-group on the carbon atom of the car-
bonyl group of the monomer in position 5:

R—C céo~-~ AN
H— N ‘\\ R—CH—C§-§H1*‘R
0 + HJNR' —> ! B —— R'NH~—CO—CHR—NH, + COj.
HN—<C HN

o N

Chain growth takes place similarly, but with participa-
tion of the terminal amino-group of the chain being formed.
However, this mechanism does not account for the experi-
mental data when polymerisation is initiated by secondary
amines or strong bases. Some years ago Bamford and
Block 3 proposed another mechanism for the polymerisation
of NCA, based on the hypothesis that in the presence of a
sufficiently strong base the monomer exists in two forms
described by the equilibrium:

0 )
R—CH—C< R—CH—cZ
\ o 4B l O i ()
HN—C N — C<
C\o - %

Initiation takes place as a result of the interaction between
the “normal” and ionised monomer molecules:

, 22
RE-—CH—C <"~~~
e

R-CH~ o R—CH-—C
o + .l To+mat —= \ o (v)
RN <
g =Yy [ ™o

CO—CHR—NH, + CO, +B.
This results in the formation of a bitunctional dimer, whose

terminal amino-group can attack and add to the “usual”
NCA molecule by the mechanism

0 0
R—CH—C< o R—cH—cZ
o 4+ RcH-c{ - D+co, )
N—-c{ 0 N—
Y HN—C< l C\o
CO—CHR—NH, 0 CO—CHR—NH—CO—CHR—NH,.
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At the same time the terminal Cyclic group can be attacked
by an ionised monomer molecule:

Z° £ /°
Re-CH—CE=-o | R—CH= R—CH—C
l o) AN [ R— 0 + CO, (VD)
< NP b <
| N, - Ny No

CO—CHR~—NH,

Using 4C-labelled initiators, Goodman and coworkers+*
and Scoffone and coworkers+4 confirmed this mechanism and
showed that in the presence of tertiary amines and strong
bases (in particular sodium methoxide) chain growth takes
place mainly by mechanism (VI), i.e. by the addition of
ionised NCA molecules, which react significantly faster
than the initial molecules. Thus the interaction of NCA
with strong bases results in its chemical activation (greatly
enhanced nucleophilic character) by mechanism (II). With-
in the framework of the problem under discussion, the com-
plex mechanism of the polymerisation of NCA must be
assigned to one of the simplest limiting cases, since the
activator (base) reacts only with monomer molecules and
not with the growing chains [in mechanism (II) 7 = 1 and j,

k =0]. Thealkali-catalysedpolymerisation of caprolactam,
studied in detail by Wichterle and coworkers$8, takes place
similarly.

CO—~CHR—NH-—CO--CHR~—NHza

In the example just considered the activation is due to
the chemical modification of the individual monomer mole-
cules and not to the intermolecular bond between them,

i.e. according to the classification adopted above the acti-
vation must be attributed to the intramolecular effect.

Systems in which the activator forms fairly strong bonds
with monomer molecules, the active centres of the growing
chains, and the units of the macromolecular molecules,

i.e. constitutes a component of the polymer, can be assigned
to the second limiting case. It has been shown recently é-10
that in the interaction of 4-vinylpyridine (4-VP) with alkyl
halides (Menshutkin reaction) in organic media (benzene,
nitrobenzene, acetonitrile, dimethyl sulphoxide, propylene
carbonate, and methanol) at -5° and above, instead of
monomeric quaternary salts, the products isolated are
high-molecular amorphous substances with the general for-
mula

[—CH,—CH~},

0

kv

(vin)

which do not contain free pyridine base groups, i.e. spon-
taneous polarisation takes place. In the presence of anex-
cess of 4-VP the formation of the polymer ceases as soon
as the alkyl halide has been used up, and unreacted 4-VP
remains in the system. This indicates a close relation be~
tween salt formation and polymerisation and that only 4-VP
molecules which have undergone the Menshutkin reaction
participate in the polymerisation. Strong inhibitors of
radical polymerisation (benzoquinone, diphenylpicrylhydr-
azyl, and N-oxides) do not retard the reaction and do not
affect the characteristic viscosity of polymers. This
means that a radical mechanism of polymerisation can be
excluded. When the reaction between 4-VP and ethyl bro-
mide is carried out in acrylonitrile and in styrene, the re-
sulting polymers do not contain nitrile and styrene units
respectively, i.e. under the reaction conditions both styrene
and acrylonitrile behave as solvents and do not copolymer-
ise with 4-VP. This makes it possible to eliminate the
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usual anionic and cationic mechanisms. The findings enu-
merated above necessitated the hypothesis that the poly-
merisation has a specific mechanism whereby only the
molecules of the vinylpyridinium salts formed in the Men-
shutkin reaction are selectively polymerised. This mech-
anism was confirmed by detailed kinetic measurements
(Aliev, Kabanov, Kargin)8-10,

The first stage, which is rate-limiting for the process
as a whole, is the Menshutkin reaction:

CH,=CH—<—>\I+—R Y-
— wm)
Y- 3H,-CH=<; >N—R.

As a result of the appearance of a positive charge on the
nitrogen atom in the monomeric salt, the m-electrons of
the double bonds are appreciably displaced towards the
pyridine ring, this being accompanied by a sharp increase
in the electrophilicity of the double bond. The activated
monomer now readily combines even with weak nucleo-
philic agents. The role of such an agent in the initiation
reaction is fulfilled by the anion Y~:

CH,= CH—/ —>\l +RY actjvation

CH,=(’;H Y—CH,—([IH‘

/w initiation /\
= O
N{ N{

R v k

[It should be noted that Eqn. (IX) bears a profound analogy
to the well known pyridylethylation processes]12, The
zwitter-ion produced begins chain growth, by combining
with the next molecule of the chemically activated mono-
mer:

Y—CH,CH" + CH,=CH

| | Y——CH,—?H——CH,—CH' etc.

N N chain growth §
T A O R ®)
SNy N WY W/

k kv R vk

The molecules of 4-VP and other monomers cannot com-
pete with those of the vinylpyridinium salt, in the first
place because on addition of any other monomer to the
active centre charges of opposite sign, which in the initial
active centre interact via the m-bond system of the pyri-
dine ring, would have to be separated, i.e. the energy of
the system would increase significantly (loss of conjugation
in the zwitter-ion and electrostatic effect). In the example
examined the activator itself undergoes chemical reaction,
forming a strong bond with the monomer and entering into
the composition of the polymeric chain [in mechanism (II)

i =1andj and k are equal to the degree of polymerisation],
and cannot be removed from the polymer after the reaction.
However, chemical activation of 4-VP (as well as that of
2-vinylpyridine) occurs also under the action of strong pro-
ton acids®19:33, When 4-VP is mixed with sulphuric,
nitric, toluenesulphonic, and other acids in benzene, ethyl
ether, and other solvents at room temperature, the corres-
ponding salts of poly-4-VP are formed:

nCH._,=CIH+nHY nCH._,=|CH [—-CHg——(fH—],,
AN /\‘ N\
b =00 =0 =
NN/ Sy N
| Y | Y-
H H

The mechanism of the polymerisation is probably largely
similar to the one just described, but the subsequenttreat-
ment of the system with dilute alkali converts polyvinyl-~
pyridinium ions into polyvinylpyridine, i.e. the activator is
readily removed from the polymer., 1t is striking that on
addition of strong acids (in particular sulphuric acid) to
4-VP solutions in styrene the 4-VP salt produced immedi-
ately polymerises. Neither the excess 4-VP nor styrene
are involved in the reaction. Thus the conversion of 4-VP
into quaternary salts results in the generation of active
centres with exceptional chemical selectivity. By virtue of
the unusual nature of the active centres, the growing chains
are capable of “selection” from the reaction system and
can combine with N-alkylated or protonated monomer mole-
cules.

The polymerisation and copolymerisation of complexed
aromatic heterocycles (pyridine and quinoline) with ring
opening may be regarded, in principle, as a closely related
case 4~ The polymerisation of the stoichiometric com-
plexes of pyridine and quinoline with zinc chloride has been
investigated in detail between 250° and 370°:

Py, Py Qu Qu

a” Zn<cn c1>Zn<c1 ’ &I
When melts of the pyridine complexes are heated above 330°
and those of quinoline complexes above 250° in the presence
of proton-donating initiators (HPO,, H,0, and pyridiniumor
quinolinium chlorides), high-molecular thermostable para-
magnetic substances soluble in concentrated mineral acids
are produced; their structure may be described by the for-
mulae

—[=CH—CH=CH—CH=CH—N=],— (X1I)
polypyridine
—CH—CH— =1 | =CH—CH=CH—""_ N\_N=
[ CH—CH=CH ~==N= [—CH cH=cH—{_ N—] . XIv)
AN 2 n m

polyquinoline

The kinetic role of the complex-forming agent probably
consists in the polarisation of the nitrogen—carbon bond in
the aromatic heterocycle which facilitates its heterolytic
splitting when attacked by an electrophilic agent. Detailed
kinetic studies 19:15-17 suggest that the following polymerisa-
tion mechanism is the most likely. Initiation in the pre-
sence of proton donors can be represented by the mechan-
ism

AN AN

| “ +HY 2 l Il {ZnClY]" — HN=CH—CH=CH—CH=CH* (XV)
N \we [ZnCl,Y)"

ZnCl, 4

(for simplicity, only one of the pyridine molecules bound to
each zinc chloride molecule is shown here), Chaingrowth
occurs as a result of the attack by the carbonium cation on
the complexed pvridine (or quinoline):

ww Ne=CH—CH==CH—CH=CH* -+ —
[ZnClLY}~ ‘\ J*‘
ZnCl,

2 ww N=CH—CH=CH—CH=CH—N=CH—CH=CH—CH=CH* .  (XVTI)
#ncl, [ZnCl, Y]~
At the endof the reaction the polymer can be separatedfrom
the complex-forming agent by reprecipitation with water
from concentrated mineral acids.

Chain growth in the polymerisation of aromatic hetero-
cycles is reversible. For this reason, at a given tem-
perature a limiting degree of conversion, determined by
the equilibrium concentration of the monomer complex, is
established in the system. The study of the temperature
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variation of the limiting conversion showed that the poly-
merisation of pyridine and quinoline complexes is charac-
terised by a lower limiting temperature (for the pyridine
complex Ty,15m =~ 300°, AH ~ 13 kcal mole-1, and AS ~

=~ 19 e.u., and for the quinoline complex T';,1;m =~ 240°,

AH =~ 12 kcal mole~!, and AS ~ 19 e.u.). As shown above,
these thermodynamic quantities include respectively the
differences between the enthalpies and entropies of forma-
tion of the complex of the activator with the polymer and
with the monomer.

In the absence of complex-forming agents, polymerisa-
tion of pyridine and quinoline with ring opening cannot be
achieved. Thus chemical activation of these monomers
yields new polymers, which cannot be obtained by the usual
methods of synthesis. Some years ago polymeric products
were obtained by a similar procedure from nitriles by
polymerisation at the C=N bond 10,14,20-263 The starting
materials were complexes of nitriles with coordination-
-unsaturated metal halides,

Chemical reactions of monomers and growing chains
with the species derived from the medium can influence the
structure of the polymer units., Possibly this effect actu-
ally takes place in the polymerisation of diketen initiated by
metallic magnesium?2’, It is known that, depending on the
nature of the initiating agents and the reaction conditions,
diketen can polymerise to a polyester 28 or a poly-B-di-

ketone 28;
CH, o
r [ o],
CHg—C/ ° \C=O — polyester

0 0 ] '
I 1
R [—CHz—c—CH,--c— N

: xvi)
\CHQ/
poly-B-diketone

The reaction of diketen with magnesium results in the
formation of substances which initiate the anionic polymer-
isation of diketen (the initiation mechanism has been ex-
amined by Shul'gina et al.??). A copolyiaer is thenformed,
in which the ratio of polyester and poly-B-diketone units is
approximately 1:1. The structure of each successive unit
is determined by the mode of the nucleophilic attack on the
vinyl group of the monomer by the growing anion:

O~ ~-H

R y J [o]
A 4 Emged w0 — i [ (xXvon
. A—CHy—G -
eH v
’ (I)\CH/
or
amme CH, o
- ~, O~ GHa )
. AN i |
AT+ CH=( =0 ——= A—C—CH,—C—0" (XIX)
~ens” (2)

However, when the polymerisation is carried out in the pre-
sence of an excess of highly dispersed metallic magnesium
(dispersed in the reaction system) hydrogen is evolved dur-
ing the reaction and a polychelate, not containing ester
units, is formed:

..‘\/CH\/CHg\/CH\\/-H
C C C C
I | I |
O O o [e]
“mg” “mg”

(xX)

1 The thermodynamic considerations concerning the polymeri-
sation of complexed nitriles presented by Kargin et al.? are
erroneous.
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After treatment with acid, the polychelate is converted into
poly-B-diketone (mg represents one equivalent of magnes-
ium). Tt may be supposed that in this case the polymerisa-
tion involves monomer molecules combined with magnesium
and the reaction proceeds by one of the following mechan-
isms:

o C
A4 CH2=C< >C=0...mgo =H, A_Cﬁz__c/ H\c_ (XXI)
1l
CH, b 5
“mg”’
or
o —
CHy=C{ _ 3C—0—mg
Ken?
cH”’ oH
7N
A+ t — A-CH—C  CT, (XX1I)
0 o
o/ e Q
CH=C{ =0 g’

_ mg —

The chelate anion formed is more stable than anion (1) in
mechanism (XVIII) and anion (2) in mechanism (XiX). For
this reason, the reaction results exclusively in the forma-
tion of g-diketone units. In other words, the new monomer
obtained in the reaction between diketen and magnesium is
chemically activated for the formation of poly-pB-diketone.
It is noteworthy that in the chemistry of low-molecular com-
pounds there are a number of cases where substances cap-
able of coordinating the starting materials and the finalpro-
ducts have a decisive influence on the mode of the chemical
reaction (see, for example, Ref.30). Of the numerous
examples available, one may quote the synthesis of Schiff
bases from g-mercaptoethylamine and « -diketones in the
presence of Ni?* ions (Tompson and Bush31):

CH,—CH, CH,—CH,
g \NH,, ' N

R
\ Niz+ / O\C/R —2H,0+ \ Ni / \T/
/

HS NH, 07 R / /C
NcH,—cH,” $ N7 \Rr
: N\CH,—CH,”

The reaction yields a compound with a significantly more
stable chelate unit than the initial substance. In the ab-
sence of a complex-forming agent, thiazolines and mer-
captals are formed instead of the Schiff base. The use ofa
similar principle in the synthesis of polymers may be of
considerable interest.

3. INTERMOLECULAR EFFECT

In all the systems examined so far chemical activation
must be regarded as due to an intramolecular effect. Al-
though chemical interaction between the monomer and the
species derived from the medium by no means always leads
to a redistribution of electron density involving the reaction
centres of the monomeric molecules responsible for poly-
merisation, such interaction can nevertheless lead to a con~
siderable acceleration of polymerisation, i.e. to the activa-
tion of the monomer in the broad sense of the word, if it
results in a change of the distribution of the reacting species,
and (or) orientation of the reaction centres favouring chain
growth (intermolecular effect).

An outstanding example is the 1nitiation by benzoyl per-
oxide of the polymerisation of p-methacryloyloxybenzoic
acid (MOBA) in the presence of f-cetyloxybenzoic acid
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(COBA), investigated recently by Amerik et al.32 In di-
methylformamide solution MOBA polymerises in accord-
ance with laws characteristic of the usual radical processes
(reaction order with respect to the initiator 0.5 and with
respect to the monomer 1.1). An equimolar mixture of
MOBA and COBA forms smectic liquid crystals in the tem-
perature range 87-133°. The structure of the smectic
layer of such a crystal is shown in Fig. 1.

The rate of polymerisation and the molecular weight of
the polymer formed in liquid crystals are significantly
higher than in solution (at the same monomer concentrations
the molecular weight changes from 5 X 10* to 6 X 105). The
order of the reaction with respect to the monomer is close
to zero. It is quite evident that the formation of hydrogen
bonds between MOBA and COBA cannot influence directly
the reactivity of the vinyl groups of the monomer. The
acceleration of polymerisation and the increase of mole-
cular weight are probably due to the existence in the system
of labile monomeric “seeds”, which, as shown earlier 38-35,
favour the growth of polymeric chains. One cannot exclude
the possibility that the “organised” disposition of double
bonds in smectic layers can also influence the mechanism of
the fundamental chain growth step. In view of this, the ob-
served differences in the temperature variation of the
microtacticity of polymers formed in solution and in liquid
crystals are of considerable interest (Table 1).

In the polymerisation of MOBA in solution the percentage
content of isotactic (i), heterotactic (h), and syndiotactii: (s)

triads in the polymer varies in the “normal” way [A (AH) =
+

= 1025 cal mole~!; A(AS*) = 0.5 e.u.]. In the liquid-crys-
tal polymerisation the isomeric composition of the polymer
differs mgmﬁcantly and is altogether independent of tem-

perature [A (AH*) =~ 0; A(AS*) =0.8 e,u]. The above data
show at least a dlfference in the energy relations of the
transition states in solution and in the liquid crystal. It

Fig. 1.

cHy ?lH. GHs
HiC—C HsC—C HiC—C
C=0 é:O C=0
| ) !
o o o
| { |
[ 0 (
N N/ AY
{ !
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6 oH <) o . H
N/ N \\ s
i |
N AN ,//T
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IEV Hed nct
. >cu “>CH * ‘/CH,
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1.C
{en ey, mel
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oy e He oy,
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The structure of the smectic layer of a
liquid crystal complex of p-methacryloyloxybenzoic
and p-cetyloxybenzoic acids 32,

TABLE 1, Temperature variation of the microtacticity
of poly-p-methoxyhenzoic acid (poly-MOBA)
measured by the NMR method after the con-
version of poly-MOBA into poly(methyl meth-

acrylate).

In solution in the liquid crystal

Polymerisation temperature, °c y N
i h H i | h s
0 6.2 | 18.8 | 75.0
40 7.0 123.3]69.7
90 8.2 | 28.8)63.0f8.0 |44.048.0
110 8.7 130.1|61.2|8.0 {45.0 47.0
130 8.0 | 45. 7.0

should also be noted that in the absence of COBA at tem-
peratures above 100° the rate of depolymerisation of poly-
-MOBA is comparable with the rate of its formation.
Therefore, when the reaction is carried out in solution, a
polymerisation-depolymerisation equilibrium is established,
and the yield of polymers does not reach 100%. Polymeri-
sation in the liquid-crystal state at temperatures up to the
melting point of the liquid crystals results in complete con-
version of the monomer into the polymer. Thus in this
case the activator not only influences the kinetics but also
the thermodynamics of the polymerisation.

The intermolecular effect is shown “in a pure form” in
polymerisation in canal compounds 36,37, It is known that in
the presence of certain organic substances urea and thic-
urea form tetragonal crystals with tubular channels of mole-
cular diameter, which become filled with molecules of the
organic substances. Certain vinyl compounds and dienes
become arranged into linear sequences of molecules in such
channels and can be rapidly polymerised under the action of
accelerated electrons and v- or X-radiation. When canal
compounds of buta-1,3-diene with urea and dimethylbuta-
-2,3-diene with thiourea are irradiated with electrons, the
corresponding crystalline {vans-poly-1,4-dienes are
formed 38,37, although the radiation-induced polymerisation
of these monomers in the solid state or in solution always
results in irregular polymers of mixed structure. The
weak van der Waals interaction with the walls of the chan-
nels cannot lead to appreciable redistribution of electron
density in the individual monomer molecule. Therefore
the chemical effects shown in polymerisation in canal com-
pounds, in particular the sharp increase in the relative rate
of 1,4-trans-addition of dienes, must be attributed in the
first place to the favourable mutual orientation of the double
bonds of the initial monomeric sequences, i.e. to an inter-
molecular effect. Strictly speaking, even if the term
“chemical activation” is applicable to the above phenomenon
the same stipulations must be made as in the application of
the term “chemical compound” to canal compounds.

Pursuing further this approach, one can cite the familiar
phenomenon of the sharp increase in the rate of polymeri-
sation in the crystallisation of liquid and vitreous mono-
mers38-35,38 It has been shown that the acceleration is
closely related to the formation at the interface between the
crystalline and amorphous phases of mobile ordered aggre-
gates of monomeric molecules — “labile seeds” 38 —

i.e. is also due to an intermolecular effect. However, in
this case the factors which lead to the formation of “labile
seeds” are physical and not chemical in nature: the concept
of “chemical activation” degenerates,
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4. SIMULTANEOUS OCCURRENCE OF INTRA- AND
INTER-MOLECULAR EFFECTS. MACROMOLECULAR
“MATRICES”

In many cases the intramolecular and intermolecular
effects occur simultaneously in chemical activation. It was
noted above that the quaternary salts of 4-VP and alkyl
halides polymerise spontaneously in organic media in
statu nascendi. Inaccordance with the polarisation
mechanism examined above, it is to be expected that qua-
ternary salts of vinylpyridines with the double bond in posi-
tion 5 or 3 and hence polarised to a lesser extent should
show a smaller tendency towards spontaneous polymerisa-
tion. Indeed in the reaction between 2-methyl-5-vinyl-
pyridine (MVP) and ethyl bromide, methyl iodide, dimethyl
sulphate, and others in organic solvents (acetone, ethyl
acetate, etc.) polymerisation does not occur: crystalline
monomeric salts are precipitated. The salts of 4-VP and
2-VP whose anions exhibit relatively weak nucleophilic pro-
perties can also be obtained in a monomeric form inorganic
solvents at low temperatures. However, all these mono-
mers polymerise spontaneously in concentrated aqueous
solutions.

Kargin et al. 7»8-10,%741 gtudied this spontaneous polymer -
isation of 1,2-dimethyl-5-vinylpyridinium methyl sulphate
(1,2-DM-5-VPMS), 1-methyl-2-vinylpyridinium methyl sul
phate (1-M-2-VPMS). and 1-methyl-4-vinylpyridinium
methyl sulphate (1-M-4-VPMS) in water:

CH.=CH CH,=CH CH,=CH
| | |
AN AN
R (= (]
N NN/
VY N
| 8
CH
CH,3 s
CH,S0; CH,SO; CH,S0]
1,2-DM-5-VPMS  1-Me2-VPMS 1-M-4-VPMS

It has been established that carbon dioxide, sodium bi-
carbonate (which is in equilibrium with carbon dioxide),
and sulphur dioxide are powerful inhibitors of spontaneous
polymerisation. This finding eliminates Shyluk's hypo-
thesis 42 of radical initiation and is in good agreement with
the specific anionic mechanism of the polymerisation of
4-VP salts in organic media proposed above. Inhibition
can then be regarded as a result of the addition of carbon
dioxide or sulphur dioxide to the active centre carbanion.

When these inhibitors are present or specially added,
induction periods appear on the kinetic curves.  Using
1,2-DM-5-VPMS as an example, it has been shown that the
duration of the induction period T is related to the rate of
generation of active centres vg by the following simple ex-
pression characteristic of strong inhibitors:

7 = [inhibita)/vg . (2)

Hence there is a possibility of a direct measurement of vg.
It may be expected that the rate of formation of active
centres by reactions of the type of reaction (IX) (see p.77)
will be higher the greater is the polarisation of the double
bond in the quaternary salt molecule. Indeed the rates vq
determined from the experimental values of 7 and calcu-
lated by Eqn. (2) proved to be higher by a factor of 3.5-4
for 1-M-2-VPMS and 1-M-4-VPMS than for 1,2-DM-5-
-VPMS (in the range 10-35°, 24 for 1,2-DM-5-VPMS
varies from 2.8 X 1077 to 4 X 107 min~!), Using 1,2-DM-
-5-VPMS as an example, the initiation reaction has been
shown to be of first order with respect to the monomer,
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which is in complete agreement with the type (IX) mechan-
ism, i.e. '

CH,=CH
| CH;S0,~-CH,—CH"=
'/E & /i\
a 7 14
\ + —_— I I\ (IX )
AVAN N*
o, N
"7 CHLS0; CH,

At the same time the kinetic curves for polymerisation
in concentrated aqueous solutions (2.5 M and higher) yield
satisfactory straight lines when plotted in terms of the
equation for first-order reactions (Fig. 2) up to conversions
@) close to one. This means that the overall reaction is
also of first order with respect to the monomer. However,
the initial rate of reaction (dg/dt), falls sharply when the
initial concentration of the monomer [M], is reduced
(Fig.3), although for a usual first-order reaction this quan-
tity should not be a function of [M], at all. At the same
time the characteristic viscosities (molecular weights) of
the polymers formed were found to decrease appreciably
(Fig.3). The temperature variation of the rate of poly-
merisation and the molecular weight is also quite unusual.
When the temperature is increased, the rate of polymerisa-
tion and the characteristic viscosity pass through a maxi-
mum (Figs. 4 and 5).

All the attempts to account for all the experimental data
using the normal concepts of homogeneous kinetics were
unsuccessful. However, the observed relations can be
readily explained if it is assumed that in concentrated solu-
tions of monomeric salts ordered aggregates (“labile
seeds”) are present, whose lifetimes are greater or at
least comparable with the time required for chain forma-
tion, as happens in liquid crystals. A hypothetical struc-
ture of an ordered aggregate is shown in Fig. 6. Withthis
arrangement of the species in the aggregate, the double
bonds form “layers” stabilised by hydrophobic interaction.
It is suggested that “organised” monomer molecules, which
retain sufficient mobility, are readily polymerised whenan
active centre enters an ordered layer. The electrical

tnti-g)

i L Il 1

1
4 &9 120 60 200

L
240 minutes

Fig.2. Kinetic curves for the spontaneous polymeri-
sation of vinylpyridinium salts plotted in terms of the

equation for a first-order reaction:

1)-3) 1-methyl-4-vinylpyridinium methyl sulphate;

4) and 5) 1-methyl-2-vinylpyridinium methyl sulphate;
6) and 7) 1,2-dimethyl-5-vinylpyridinium methyl sul-

phate;

monomer concentrations (M):
6) 3; 7)2.5;

polymerisation temperatures: 1) 40°; 2), 6), and 7) 25°;
3) and 5) 35°; 4) 30°.

1)-3) 3.5; 4) and 5) 4;
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102 (dg/dt)y, min™ la

Fig.3. Variation of the initial rate of poly-
merisation of vinylpyridinium salts and of

the characteristic viscosity of the resulting
polymers with monomer concentration:

1) and 1la) 1-methyl-4~vinylpyridinium methyl
sulphate; 2) and 2a) 1-methyl-2-vinylpyridin-
ium methyl sulphate; 3) and 3a) 1,2-dimethyl-
-5-vinylpyridinium methyl sulphate: tem-
perature 25°; the viscosities were measured
in 0.05 N aqueous solutions of potassium
bromide,

102 (dg/de),

-

sk

/‘\g

1 Z ,\\%

40 °t

Fig.4. Temperature variation of the
initial rate of polymerisation of vinyl-
pyridinium salts:

1) 4 M 1-methyl-4-vinylpyridinium
methyl sulphate; 2) 4 M 1-methyl-2-
-vinylpyridinium methyl sulphate;

3) 3 M 1,2-dimethyl-5-vinylpyridinium
methyl sulphate.

double layer prevents the access of charged species, in
particular H,0" ions, to the growing chain and hence the
destruction of carbanions by the addition of protons. There-
fore the rate of polymerisation is independent of the pH of
the medium between 2 and 9. In contrast to protons, the
uncharged carbon dioxide and sulphur dioxide molecules
easily reach the active centres and inhibit the process.

On the basis of the independence of the molecular weight
of the degree of conversion (which has been shown experi-
mentally and is evidence of the attainment of a steady state),

M)

/4

i

14 20 30 w0 °c

Fig.5. Variation of the characteris-
tic viscosity of polyvinylpyridinium
salts with polymerisation temperature;
the reaction conditions and the legend
are the same as for Fig. 4.

5 s @9@ -

Fig.6. The hypothetical structure of an organised aggre-
gate in concentrated aqueous solutions of a vinylpyridinium
salt,

the expression for the rate of polymerisation can be written
in the form

—4Ml _ 3, (3)

where [M] is the concentration of the monomer at any in-
stant, ¥ the average length of the kinetic chain, and v; the
rate of initiation. The first order of the initiation reaction
with respect to the monomer, found experimentally, im-
plies that

U = QU = @k [MI, 4)

where 2 is the rate constant for the generation of active
centres by a reaction of type (IX’) and ¢ is the initiation
efficiency.

Noting that ¢ = (M, -
Eqn. (3), we obtain

M)/M, and substituting Eqn. (4) in

= vk, (1 —9). (5)

At high values of [M], the experimental variation of ¢ with
time is described by the equation

—In(l —q) = vokdt, 6)

which is obtained by integrating Eqn. (5). If it is assumed
that, having attained the boundary of the ordered aggregate
the active centre is immediately destroyed by combining
with a proton or a water molecule, v should of course be
related to the size of the ordered aggregates. In highly
concentrated systems the formation of a macromolecule
does not result in the breakdown of adjacent ordered regions.
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Therefore V is independent of the degree of conversion W=
= const) and the polymerisation kinetics are described by
the usual first-order equation. However, dilution of the
initial system or a fairly appreciable temperature rise re-
sult ina decrease of the size of the ordered regions (“fusion”)
and the experimentally observed fall of the rate and the
molecular weight. The validity of these considerations is
confirmed by the sharp decrease of the viscosity of 1,2-DM-
-5-VPMS solutions on dilution (Fig.7) and on raising the
temperature, which is observed in the same range of con-
centrations and temperatures as the decrease of the rate
and the molecular weight.

One of the causes of the increase of the rate with tem-
perature in the region of lower temperatures must be attri-
buted to the positive temperature coefficient of the initiation
reaction (Eq ~ 7 kcal mole-! for 1,2-DM-5-VPMS). Thus
the maxima on the rate-temperature curves can be ex-
plained by the superposition of two opposed factors — the
increase of the rate of initiation and the breakdown of
“labile seeds”., However, this explanation cannot account
for the extremal temperature variation of the molecular
weight. Nevertheless, if it is assumed that chain termi-
nation occurs not only at the boundaries of the ordered
aggregates but also, with a certain probability, withinthem
(for example at water molecules which sometimes pene-
trate into the hydrophobic regions), then the extremaltem-
perature variation of the molecular weight can also be
satisfactorily accounted for. Indeed the maximum average
length of the chains which can form under the given condi-
tions (Vinax) is determined by the average length of the
seeds. In the absence of chain transfer, the number-aver-
age degree of polymerisation DP can be expressed by the
formula

DF = (1—) aus + 3 2, @)

where %p is the chain growth rate constant, ¢ the chain
termination rate constant within the seed, and A the frac-
tion of chains which are destroyed before reaching the end
of the seed. If the activation energy for chain growth is
higher than for chain termination within the seed, then at
low temperatures most of the chains are terminated within

10 (dg/dt),

Msp 0.8
50 06
4407
40 2/ N das
20l . 04
-104
m- des
—062

101
81

I 1 1 1 A 1
10 20 30

M

Fig.7. Variation of the specific viscosity
of an aqueous solution (curve 1) and the rate
of polymerisation (curve 2) of 1,2-dimethyl-
-5-vinylpyridinium methyl sulphate with
monomer concentration; the viscometric
and kinetic measurements were made at 25°.
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the seeds A ~ 1) and DP is determined by the ratio kp/k¢
and its temperature variation by the difference between the
activation energies for chain growth and termination. In
this temperature range DP increases with temperature, At
high temperatures, where “fusion” takes place and the size
of the ordered aggregates decreases, Vmax fallsandbecomes
smaller than 2p/k¢. Then most of the chains are destroyed
at the edges of the seeds (A = 0) and DP is determined by
the greatly reduced value of Vmax. In the absence of chain
transfer, the rate of polymerisation can be written

—_ k
_‘%:vl [(l"—)&) Vmax‘i‘;\‘:t‘p]' (8)

This expression explains the experimentally observed
similarity of the variation of the rate of polymerisationand
the molecular weight with the reaction conditions§.

Thus the concept of chemical activation of the monomer
as a result of an intramolecular effect (polarisation of the
double bond in the quaternary salt molecule) proved to be
inadequate to account for the relations observed in the
spontaneous polymerisation of vinylpyridinium salts incon-
centrated aqueous solutions. The kinetic data require the
additional hypothesis of “labile seeds” which arise as are-
sult of intermolecular interaction in the reaction system,
i.e. of an intermolecular effect.

The combination of intra~ and inter-molecular effects in
chemical activation is closely related to the problem of
“matrix” polymerisation. Suppose that the activator
species X are chemically bound into long sequences. Then
on addition of the monomer, the following system forms:

v —X—X—X—X—X—X— .-

MMMMMM
The monomer and the “matrix” can be chosen so that the
reactivity of the monomer M bound to X should be signifi-
cantly higher than that of free M. Then a chain My is
formed from activated monomer molecules on each X
sequence.

The reaction described recently by Furukawa and co-
workers 43 may be quoted as an interesting example. In
their study of the interaction between acetaldehyde and
activated alumina the Japanese investigators observedthat
the adsorbed monomer polymerises with high yields at
-70° to amorphous rubberlike polyacetal. The infrared
spectrum of acetaldehyde adsorbed on alumina shows a
pronounced bathochromic shift of the absorption band due
to the carbonyl group, compared with the liquid monomer
(6.4 instead of 5.8 ym), which indicates appreciable polari-
sation of the C=0 bond (intramolecular effect). The
authors4?® suggest that on adsorption the acetaldehyde mole-
cules assume an ordered arrangement in the adsorption
layer, as shown in Fig. 8 (intermolecular effect).  Both
factors favour rapid growth of polymeric chains, i.e. lead
to the activation of the molecule.

§ The behaviour of 1-M-4-VPMS in the temperature range
35—40° is exceptional (Fig.4). Despite the continuing fall of the
molecular weight, the rate of polymerisation increases suddenly
after passing through a maximum by a factor of nearly six, which
corresponds to an effective activation energy of about 70 keal X
x mole™!,  As before, the kinetic curves for polymerisation at
40° yield straight lines when plotted in terms of the equation for a
first-order reaction (Fig.2, curve 1). This effect can be attributed
to a sudden rearrangement of the aggregates over a narrow tem-
perature range.
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Acetaldehyde adsorbed on the surface of

y-alumina 8,

Fig. 8.

The phenomenon of chemical activation of the double
bonds of 4-VP in its conversion to the quaternary salt, des-
cribed above, recently enabled Kargin et al. to achieve
polymerisation on macromolecular “matrices” 7,8,10,13,44,
Polystyrenesulphonic acid (PSSA), polyethylenesulphonic
acid (PESA), and polyacrylic acid (PAA) were used as the
matrices. In all cases an equivalent amount of 4-VP was
chemisorbed on the polymeric acids, activated, and poly-
merised by the mechanism described above. The products
were polymeric salts, paired macromolecules of the poly-
meric acid and polymeric base (Fig.9). The 4~-VP mole-
cules for which there is no room on the “matrices” remain
inactive and are not involved in the reaction.

If the degree of neutralisation of the polymeric acid
(i.e. the degree of saturation of the “matrix”) is close to
unity, the polymerisation of 4-VP on the polymeric acids
is rapid at room temperature even in dilute aqueous solu-
tions, since the activated monomer species are grouped
along the polymeric activator chains regardless of the average
concentration. However, the rate of polymerisation
greatly depends on the degree of saturation, increasing
sharply when the latter approaches unity. The problem of
the effect of the degree of saturation of the “matrix” on the
rate of the process is cardinal, since it is directly related

e e
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Fig.9. The structure of the “matrix” polymeri-
sation product.

to the problem of the elucidation of the nature of the inter-
action between the substrate and activator.

The marked dependence of the rate of polymerisation on
the degree of saturation « can be explained on two different
hypotheses. The first of these reduces to the following.
Suppose that the vinylpyridinium cations formed on neutra-
lisation of the polymeric acid are firmly bound to its units
and cannot migrate along the “matrix”. The probability of
the formation of a continuous sequence of p-activated 4-VP
molecules is

Wp = a1l —a). (9)

The average length of continuous sequences at a given value
of a is

;:me,,:ZpaP”l(l—a):ii—a. (10)
1 1

If it is assumed that the length of the kinetic chain is
determined by the length of the continuous sequence of acti-
vated molecules on the matrix, then, provided that initia-
tion is possible in any unit of this sequence, the initial rate
of polymerisation is
— Y
> = e (11)
where v; is the rate of initiation. Assuming further that
the initiation reaction is of first order with respect to the
monomer (see above), i.e. takes place by the mechanism

K

Up =10;
.

- _
SO} . SO;—CH,~CH
CH,:CH—@I\?‘—H @ s XXI1V)
== e
N+
H
one can write
& = ki [M] = ket [C], (12)

where %4 is the initiation rate constant, {M] the concentra-
tion of the monomer, and [C] the concentration of the poly-
meric acid. On substituting Eqn. (12) in Eqn. (11), we ob-
tain
Up=1/ohlCl ;. (13)

Eqn. (13) predicts a rapid increase of the initial rate of
polymerisation as & approaches unity (vp tends to infinity
when o = 1 because of the simplifying assumption made in
the derivation that the “matrices” are of infinite length).

The second possible explanation is based on the assump-
tion that activated 4-VP molecules can migrate within a
certain space along the “matrix” and that the length of the
kinetic chain for a < 1 is related to the probability of the
destruction of the active centre by the non-titrated hydron-
ium ions, by the mechanism

wcng——(l:u— T o o T
{
> Pz

Sy Sy

+ N

| |
H 144

In fact the “structure” of the reaction system formed on
titration of the polymeric acid with 4-VP cannot ensure
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electrostatic protection of the active centre from the non-
-titrated protons, in contrast to the mechanism adoptedfor
the polymerisation of vinylpyridinium salts in concentrated
aqueous solutions (see p.81). This structure can be re-
presented as follows:

/6// 74
H,0t

S0; sO7 SO7 $O7 sSO; io;

In the regions where the matrix is not saturated by the
monomer, the probability of an encounter between an active
centre and hydronium ions, which are held in the vicinity of
such regions by the electrostatic interaction with the poly-
meric anion, is very high. Then the rate of chain termi-
nation v¢ is given by the equation

v = ki [H0%],

(xxXVI)

(14)
where k¢ is the termination rate constant and » the concen-
tration of active centres.

The average length of the kinetic chain at low conver-
sions, when the change in the concentration of the activated
monomer may be neglected, is given by the expression

5o M kalc) (15)
kn[HO'  k [H0%
The initial rate of polymerisation is
_ _ ki a?
Up = UV = 5 2 107" (16)
where kp is the chain propagation rate constant. Noting

that for a strong acid

_ (M0, — [H,0*]
(H,0%],

a

»

where [H,0"], is the concentration of hydronium ions in the
non-titrated acid, we have finally

k02 (C)
B —a)

Up = (17)
Eqn. (17), like Eqn. (13), predicts a very rapid increase in
the initial rate of polymerisation when o tends to unity.

In order to decide which of the two hypotheses is correct,
it is necessary to “spoil” the “matrices” by titrating them
before the addition of 4-VP with any non-polymerisable
base, for example alkali. Then if we denote the degree of
preliminary neutralisation by 8 and the overall degree of
neutralisation by o as before, Eqn. (13) becomes

Vp=1/2k,|C} 1_?(&;_;38). (13')

and Eqn. (17) becomes

Rk @—BPIC ,
Up = — i (17’)
It follows from Eqns. (13’) and (17’) that the hypothesis of
the rigid fixation of vinylpyridinium ions on the polymeric
acid macromolecules leads to the theoretical prediction of
a higher sensitivity of the rate of reaction to preliminary
neutralisation in the range of @ values close to unity than
the hypothesis of chain termination by hydronium ions.

To decide which of the two kinetic equations describes
the real process, two series of experiments were made.
In the first series a 0.0119 N aqueous solution of PESA was
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titrated with 0.076 N aqueous solution of 4-VP to pH 5.6,
which corresponds to o ~ 0.999. In the second series the
same PESA solution was 50% titrated with the sodium hydr-
oxide solution and then the pH was again brought to 5.6 by
the addition of a solution of 4-VP. Thus in the first series
of experiments we have 8 = 0 and @ = 0.999 and in the
second series 8 = 0.5 and a = 0.999. The rate of polymer-
isation was measured spectrophotometrically. It was
found that in the solutions where g = 0 the rate of reaction
was 3.6-3.9 times higher than in the solutions where 8 =

= 0.5.

It is now necessary to compare the result with the theo-
retical predictions. The relative decrease of the rate of
polymerisation ¥’ on the assumption of rigid fixation of the
activated monomers can be found by dividing Eqn. (13) by
Eqn. (13°):

a(l —a+8)

Ly

(18)

On substituting the values of @ and B specified in the experi-
ments, we obtain ¥’ =~ 1000, i.e. the rate of polymerisation
on the “spoiled matrix” should be lower by a factor of one
thousand than on the matrix titrated with 4-VP only. The
relative decrease of the rate of polymerisation ¥” on the
assumption of migration of vinylpyridinium ions along the
polymeric acid molecules and the destruction of active
centres by non-titrated protons is obtained by dividing

Eqn. (17) by Eqn. (17’):

ol
"
T =

- — 9

(@ —B)? (1 )
For the values of o and B used, ¥” ~ 4, which is in good
agreement with experiment.

It is striking that the morphology of the polymerisation
products of 4-VP on polymeric acids is closely related to
the form of the “matrix” in solution. Electron microscope
studies have shown that in the polymerisation in methanol,
where the macromolecules are rolled into globules, the
polymeric salts form as disordered globular aggregates.

In the polymerisation in water, where the matrices are
ionised and extended, distinctly fibrillar structures are
produced”s8:10413,  Thus chemical activation of 4-VP by
polymeric acids is indeed due to a combination of intra-
molecular and intermolecular effects. It must be empha-
sised that the conversion of 4-VP into vinylpyridinium ions
is by itself insufficient to ensure appreciable reactionrates
in aqueous media. In dilute aqueous solutions of 4-VP
salts and low~molecular acids there is virtually no sponta-
neous polymerisation. In equimolar mixtures of 4-VP and
glacial acetic acid only traces of a polymer are formed in
several days. At the same time 50% conversion of the
4-VP salt and PAA into a polymeric salt in 0.092 N solution
at 20~50° is attained in 35~3 min (overall activation energy
26.4 kcal mole-t), It may be supposed that in this case
too the formation of “labile seeds” from activated mono-
meric molecules plays a very significant role, since it is
difficult to account for the observed acceleration on going
from low-molecular to high-molecular activators by the
concentration effect alone.

Polymerisation on macromolecular activators still con-
stitutes only a very rough approximation to the synthesis
of polymeric chains in living cells. However, it is well
known that preliminary chemical activation of the substrate
is one of the fundamental principles of biochemical pro-
cesses.
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5. CHEMICAL ACTIVATION IN RADICAL POLYMERISA-
TION

It is known that the properties of free radicals and the
rates of radical reactions depend relatively little on the
properties of the medium (in particular its polarity). How-
ever, this is true only in those cases where the species of
the medium are incapable of specific chemical or semi-
chemical interaction with the reacting species. Even
relatively weak chemical interaction of the functionalgroups
of the radical or monomer with the medium influences the
chain growth rate constants in radical processes.

A systematic study of the role of organic complex-form-
ing agents in radical copolymerisation was recently under-
taken by Ryabov, Semchikov, and coworkers4s, They
showed, in particular, that introduction of proton donors
into the system styrene (St)-2-VP alters markedly the com-
position of the copolymers formed on radical initiation,
and, what is particularly important, the nature of the com-
position curves. Table 2 presents the relative activities
and their products for the copolymerisation of styrene and
2-VP in the presence of various proton donors taken in
ratios of approximately 1:1.5 relative to 2-VP. The
table also gives the pK values of the complex-forming
agents investigated.

In their solid-phase copolymerisation styrene and 2-VP
do not exhibit a tendency towards alternation. Over the
entire range of relative concentrations the copolymer is
slightly enriched in 2-VP. In the presence of proton
donors a tendency towards alternation appears, and in-
creases with the acidity of the donor. The authors attri-
bute the observed effect to the positive polarisation of the
double bond in the 2-VP molecule, as a result of the for-
mation of a hydrogen bond between the nitrogen atom of the
pyridine ring and the complex-forming agent. This con-
clusion is confirmed to some extent by the application of
the Hammett equation and the @ —e scheme to the data ob-
tained.

Strong inorganic complex-forming agents have an even
more significant influence on radical polymerisation. In
1958 Bamford et al.4¢ showed that the rate of polymerisa-
tion of acrylonitrile (AN) in dimethylformamide, initiated
by free radicals, increases appreciably on addition to the
system of lithium chloride which forms complexes with
C=N groups. A preliminary explanation of this effect was
based on the postulated higher reactivity of the complexed
chain propagation radicals. Two years later Kargin et al, 47
noted that the rate of the photo-initiated polymerisation of
methyl methacrylate (MMA) saturated with zinc chloride
increases sharply near the interface between the crystals
and the liquid. At the same time Parrot and Monteiro 4
confirmed the results of Bamford and coworkers 48 by their

TABLE 2, Effect of organic complex-forming agents on
the copolymerisation constant of styrene (M;)
and 2-vinylpyridine (M,). 4
Complex-forming agent pK ry r X,
—_ — 0.57 +0.05 1.33 +0.08 0.758
Ethanol 18 0.486+0.07 0.862+0.08 0.418
Methanot 16 0.4260.05 | 0.607=0.06 | 0.258
Pheno! 0.95( 0.253+0.06 | 0.549+0.07 | 0.139
Acetic acid 4.75| 0.16 +0.04 0.36 =0.07 0.058

observation of the acceleration of the radical polymerisa-
tion of acrylonitrile on addition of lithium chloride, mag-
nesium chloride, and aluminium chloride. Data on the
effect of zinc chloride on the polymerisation kinetics and
the copolymerisation rate constants for a number of mono-
mers were obtained by Imoto and coworkers%., Thekinetic
measurements of Bamford and coworkers 5 showed that the
acceleration of photopolymerisation in the system MMA-
ZnCl, is due to an increase of the chain propagation rate
constant: the chain termination rate constant remains
virtually unchanged.

The problem of the mechanisms leading to an increase
of the rate of the radical-initiated chain propagation in the
presence of inorganic complex-forming agents is at pre-
sent the subject of detailed studies. The first attempt at
a theoretical interpretation of this phenomenon was under-
taken by Tazuke et al. 5! by the molecular orbital method.
Using the simple LCAO approximation, they calculated the
values for the extent of delocalisation S‘}, regarded as a
measure of the reactivity of the monomer, and of the sta-
bilisation energy of the transition state AEy,s for complexes
of various substituted derivatives of vinylpyridine, acrylo-
nitrile, and methyl methacrylate with zinc chloride, and
obtained a qualitative agreement between the theory and the
kinetic experiments. Such calculations are made essen-
tially to take into account the intramolecular effect of the
complex-forming agents. However, in many cases chemi-
cal activation probably cannot be explained solely by the
intramolecular effect, particularly in solid-phase polymer-
isation or in polymerisation in concentrated solutions in the
presence of stoichiometric or nearly stoichiometric amounts
of complex-forming agents.

Some light has been thrown on this problem by the re-
sults of Zubov et al. %2, who investigated the solid-phase
photopolymerisation of methyl methacrylate in the presence
of aluminium chloride and bromide. The kinetic data, the
study of the infrared spectra of the complexed monomer,
and the ESR spectra of the complexed radicals enabled the
authors to put forward certain ideas concerning the mech-
anism of the acceleration of the polymerisation. It is sug-
gested that, in the presence of low concentrations of in-
organic activators (i.e. for monomer : activator ratios sig-
nificantly lower than the stoichiometric values), the ob-
served acceleration is mainly caused by the intramolecular
effect. The hypothetical structure of the activated com-
plex may be represented as follows:

CHy (]:“3
e iy e Gl it h
/_(',; (XXVI)
/X A
Ci0 0, Ry OCH,
A
AN

The unpaired electron of the complex radical, which
according to the ESR data spends some time on the alumin-
ium atom (spin density on aluminium about 1%), is trans-
ferred to the monomer molecule in the transition state. It
is suggested that this fundamental step has a higher proba-
bility than the usual radical addition. For this reason, the
chain propagation rate constant is higher in the presence of
the complex-forming agent. However, the above hypo-
thesis cannot account for the kinetic data obtained when the
monomer : complex-forming agent ratios are close to the
stoichiometric value. In this case the formation of orga-
nised aggregates of complexed methyl methacrylate mole-
cules (“labile seeds”), favouring chain growth, probably
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begins to play a significant role, as happens, for example,
in certain liquid crystals (intermolecular effect).

Quite recently Nechaev et al. 53 observed the accelera-
tion of the photo-initiated polymerisation of methyl metha-
crylate in the presence of 4% oleum. It was found that the
rate of polymerisation increases with the concentration of
sulphuric acid and passes through a maximum. At the
molar ratio H,SO, : MMA = 1 the molecular weight is also a
maximum (Fig. 10). It may be supposed that in this case
the intermolecular effect is one of the causes of the chemi-
cal activation of methyl methacrylate.

The intramolecular effect vostulates cannot account for
the sharp increase in the rate of the radiation-induced
photopolymerisation of allyl monomers in the presence of
zinc chloride52. Allyl acetate (AA) to which an equimolar
amount of zinc chloride has been added polymerises 5.5-6
times faster. The rate of polymerisation of allyl alcohol
(AAlc) increases by a factor of 24 in the presence of zinc
chloride at an allyl alcohol : zinc chloride ratio of 2. Since
the double bond in allyl monomers and the unpaired elec-
trons in the corresponding chain propagation radicals are
not conjugated with the functional groups participating in
the formation of complexes, it is difficult to expect an
appreciable change in their reactivity as a result of the addition
of zinc chloride. One of the possibilities consists in the
activation of the complexed allyl chain transfer radicals.
Nevertheless this alone does not fully explain the observed
kinetic features. The explanation should probably also be
sought in a combination of intramolecular and intermole-
cular effects.

Radical polymerisation in the presence of complex-
-forming agents has been recently introduced in polymer
chemistry and its further development will probably lead to
fundamentally new methods for the control of the rates and
the stereochemistry of radical processes. The studies of
the chemical activation of monomers in the formation of
charge-transfer complexes which have been begun in a
number of laboratories are particularly promising.

---000--~

The problems of the polymerisation of chemically acti-
vated monomers may be regarded as part of the general
problem of the effect of the interaction between the sub-
strate and the species derived from the medium on the capacity
of the substrate to undergo a particular reaction. The
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Fig.10, Variation of the relative rate of
polymerisation of methyl methacrylate
(curve 1) and the molecular weight of the
resulting polymer (curve 2) with the mono~
mer :activator molar ratio at 20°,
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averaging simplification associated with the introduction of
the macroscopic concept (medium) is always to some extent
a consequence of the insufficient knowledge of the investi-~
gator of the nature and distribution of the concrete inter-
actions in the reaction system at a molecular level. This
averaging simplification is very convenient in analysis and
is probably justified in the case of weak interactions, butit
involves fundamental limitations in the elucidation of the
detailed mechanisms of chemical reactions. The present
review deals with systems for which the necessity to for-
mulate the term “interaction with the medium” in a more
concrete form is quite evident. The examination of the
monomer —activator problem on a somewhat wider scale
leads to an important generalisation. Imagine a system in
which the number of monomer molecules is somewhat
higher than the number of activated molecules. If theacti-
vator combines with the units of the polymer being formed
as strongly or more strongly than with the monomer mole-
cules, then during the reaction the fraction of the activated
monomer decreases continuously. Actually this means
that in the initial system part of the less active monomer is
replaced by a more active variety. Examples of such sys-
tems are quoted above. If the bond between the activator
and the polymer chain units is much weaker than that with
the monomer, then one activator molecule can be used re-
peatedly and can facilitate the polymerisation of a large
number of monomer molecules: the concept of the “activa-
tor” merges with the classical concept of the “catalyst”.
An example is the polymerisation of N-carboxy-anhydrides
examined above. Finally, if the activator molecules inter-
act with the growing ends of the chain more strongly than
with the average monomer molecules and with the macro-
molecular units, they will be retained at the end of the
chain during its growth and, within the framework of the
generally adopted interpretation of catalytic polymerisation
processes, the activator may be regarded as a component
of the catalytic complex responsible for the chain process.
This isprecisely what happens in the lithium-induced poly-
merisation of methyl methacrylate, dienes, etc. in the pre-
sence of organic donors (tetrahydrofuran, amines, etc.).

Between these three limiting cases enumerated above,
there should be a multiplicity of intermediate situations. A
number of deviations from the normal behaviour of catalysts
are known. It cannot be excluded that such “deviations”
should in fact be regarded as an effect of the general laws
governing the characteristics of systems of an intermedi-
ate type.

The above discussion is applicable to a wide range of
other chemical processes as well as polymerisation. Fur-
ther progress in this field will probably lead to a general
examination of the problem of catalysts, active solvents,
modifiers, etc.
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