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The Synthesis and Polymerisation of Macromonomers

K.S.Kazanskii, P.Kubisa, and S.Penczek

Problems concerning the synthesis and reactions of macromolecular monomers (macromonomers) -polymeric molecules
containing at least one polymerisable, usually unsaturated, end group or a fragment capable of polycondensation reactions—are
considered. They are usually obtained by a radical or ionic polymerisation method in which the use of special chain initiating
or terminating agents as well as intense chain transfer ensures the introduction of the reactive group. Studies on the
polymerisation and copolymerisation of macromonomers are surveyed and the characteristic features of these processes,
determined by the low concentration of the reacting group and the presence of a polymeric substituent, are analysed. The
applications of macromonomers in polymer engineering, mainly in the synthesis of cone, star, graft, and other hybrid polymers,

are examined.
The bibliography includes 119 references.
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. INTRODUCTION

Reactive oligomers constitute a large family of polymers
having at least one functional end group capable of further
reactions. Macromolecular monomers or macromonomers (MM)
are reactive monofunctional oligomers capable of participating
in chain propagation reactions via these groups. The term
macromonomer (or even more briefly "macromer") was intro-
duced by Milkovich® as the trade name for a group of poly-
styrene oligomers with a wide variety of polymerisable end
groups. According to a later definition,? macromers are
short-chain polymers coupled quantitatively at one of the
ends of the chain to polymerisable unsaturated groups. The
unsaturation is naturally not the only possible source of the
polymerisability of MM, since the end group can be cyclic
or of another type, although the number of examples of such
groups is small. These groups can be introduced into the
MM molecule in the stage involving the initiation or limitation
of the growth of the chain (chain transfer and termination)
and also as a result of the conversion of one set of end
groups into another.

In reality MM were known long before the time when this
term appeared. Thus siloxane MM with styrene groups
(polysiloxanestyrene MM) were synthesised as early as 1962
and were used to obtain polystyrene with grafted polysiloxane
side chains.® All these features resemble the history of
"living" polymers, which existed long before they came to be
referred to by this term, but the introduction of the latter
was extremely useful for the purposes of classification and
the elucidation of preparative possibilities.

Thus a MM can be represented schematically as a polymer
chain having one end group X capable of entering into chain
propagation reactions:

A~~~ X

although in a number of studies bifunctional and even poly-
functional oligomers of different type have also been classi-
fied as MM, which is incorrect.

When preparative aspects associated with MM are consi-
dered, then MM are usually regarded as intermediates in
the synthesis of graft copolymers with a vigorously defined
structure, in particular as regards the length of the grafted
chains:

Y + X = AMYYYXYY VLA YYXYY
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where Y is a low-molecule-weight comonomer.

The homopolymerisation of the MM itself affords a regular
comb polymer (I), while in the case of very low degrees of
polymerisation the same reaction leads actually to a star
polymer (II):

X~ '\\ /
X%
8] ()

Together with other familiar methods of preparative polymer
chemistry, the procedures based on MM give rise to the
prospect of obtaining polymeric products of the types indi-
cated, whose nature is extremely varied. The possibility
of combining in a single macromolecule units of the kind that
cannot be joined together by direct or successive copoly-
merisation and other similar methods is of special interest.
Thus macromonomers give rise to the possibility of overcom-
ing the inability of certain monomers to polymerise via a
single mechanism.

MM are identified by the usual methods, characterising
mainly the molecular weight (M ) and the average func-
tionality (f ) with respect to the groups X:

where g is the mass of the sample analysed and N, the
number of functional groups found in the spemmen It is
noteworthy that, in contrast to the telechelic polymers used
in the synthesis of polymer networks, in the case of MM
there is no need to attain a high functionality, although
naturally in most synthetic studies the authors endeavoured
to obtain compounds with a functionality close to unity. The
deficiency of polyfunctional reactive oligomers as regards
functionality usually has serious consequences when they are
employed in the synthesis of polymeric materials."
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11. METHODS OF SYNTHESIS OF MACROMONOMERS

Polymerisable groups can be introduced into the macro-
molecule in virtually any stage of its formation process. In

polymerisation such groups can be a direct result of a specific

mechanism of chain initiation, destruction, or transfer and
also of the introduction into the reactive mixture of special
substances (chain initiating, terminating, or transferring
agents). Finally, groups capable of subsequent polymerisa-
tion can be formed during the reaction of some other end
groups which were present in the initial oligomers and in this
case polycondensation oligomers can also be employed for

the synthesis of MM.

1. Polymerisation Methods
(a) Initiation

Initiation with subsequent "living" polymerisation is one
of the most direct methods of synthesis of MM. It is neces-
sary that the initiation under the influence of the initiator
introduced should be the only reaction leading to the appear-
ance of growing polymer chains and that side processes,
including the polymerisation of the end group formed, should
not occur. We shall consider certain examples of such syn-
theses.

Cationic polymerisation. Only a few monomers polymerise
via the "living" mechanism under the conditions of cationic
initiation. Some of them are used to synthesise MM.

The polymerisation of tetrahydrofuran under the influence
of the unsaturated acylium salt (III), i.e.

H,C=C—CO* + (2 + 1) oi"— - HgC:([Z—CO—l—O (CH—] 0|
i _ _

Me Me
(1)

leads to a polymer the first of the end groups of which is the
methacrylate group, while the second is available for the
generation of any kind of functional group.® This method

is suitable for the "living" cationic polymerisation of various
monomers, because the oxocarbenium ions (IIT) can initiate
the polymerisation of heterocycles such as acetals, sulphides,
and amines.

A study,® whose authors were the first to synthesise poly-
isobutylene MM using as the initiator the p-vinylbenzyl
chloride—Me;Al—water system under conditions ruling out
chain transfer, may serve as an example of the employment
of the cationic polymerisation of vinyl monomers:

H,C=CH—Z _">—CH,C1 _MeAlHO H.C=CH—< >\-EH, (Me,AIOAIMe,Cl)~ —

Moy cH— D—CH, (CH,CMe,), CH,CMe, (Me,ALOAIMe,Cl)~

The number of styryl groups per chain in the MM synthesised
was close to 1.0 according to UV spectrophotometric data
(255 nm, € = 1.68 x 10" litre mol~* em™!), but the authors®
noted some decrease of functionality with respect to these
groups when the synthesis was carried out at low monomer
concentrations or with high degrees of conversion. In a
modified method,’ the initiator employed was therefore
p-(B8-bromoethyl)cumenyl chloride, which, after its incor-
poration in the chain, was converted into the styryl group
by treatment with potassium t-butoxide.

Certain characteristics of the MM based on isobutylene
obtained by these procedures are presented in Table 1,
which also includes information about isobutylene MM syn-
thesised by other methods.
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The polymerisation of vinyl ethers on treatment with the
HI-I, system takes place without chain termination and
transfer and leads to monodisperse polymers. This fact was
used to synthesise MM from ethyl vinyl ether:

H,C=C—CO0O (CH,):0CH=CH, + nEtOCH=CH, _Hi=t: |
1

‘\\e
— HyC=C—CO00 (CH,),O$H (CH,CH), OMe
| : .

{
Me Me Et

Table 1. Characteristics of MM based on polyisobutylene.
End group Method* 1034 Tn Refs.
~CH~{_S—CH=CH, A 10~-30 - 16)
~{" S —cH=CH, A 4.2-35.2| 0.9-1.1 (7]
~CHy~—C=CH,
| 6—3. —1.04
Me B 1.6—3.2 | 0.95—1.04 (8]
~CH,0C0C=CH,
| B 1.6—13.9 | 0.98—1.05 18}
Me
c 27.0 1.0 (9]
~CH,OC()C—}—{=CH, B 3.6 1.95%* [10]

*Methods for the introduction of end groups: A-—initiation;
B-reactions via end groups; C—method employing a combined
agent—initiator and chain transfer agent ("inifer"®).

** A bifunctional derivative.

The polymerisation was carried out at —40 °C in toluene;
chain termination was achieved by introducing methanol.
The degree of polymerisation was varied by varying the
ratio of the monomer and the initiator in the range 5—100.
A study of the MM obtained by gel-permeation chromato-
graphic (GPC) and NMR methods confirmed the proposed
structure.

Recently, in the development of methods for the prepara-
tion of oligomers having a specified structure on cationic
initiation, much hope was associated with the so called
"activated monomer" mechanism, which makes it possible to
avoid many typical complications, in particular macrocyclisa-
tion. This procedure, in which a proton-containing initiator
"specifies" the polymer end group, has been used recently
to obtain MM based on epichlorohydrin: 2

HoC=C—CH,CH,OH + nH,C—CHCH,Cl —_catelyst |
I N/

COOMe .
— H,C=C (CH,),0(CH,CHO), H
|

COOMe CH,CI

It is entirely possible that this approach is fairly universal.

Anionic polymerisation. The range of monomers polymeris-
ing via the "living" mechanism under the conditions of anionic
initiation is much wider than in the cationic processes.
Anionic polymerisation reactions of styrene and its deriva-
tives, dienes (buta-1,3-diene, isoprene), 2- and 4-vinyl-
pyridines, methacrylates (under conditions ruling out chain
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transfer), certain cyclic ethers (usually epoxyethane), three-
and four-membered cyclic sulphides, lactones, cyclosilox~
anes,t and other less readily available groups of monomers
can be used virtually without limitations for the synthesis
of MM by the direct initiation procedure. The formation of
living polymers is not the only precondition for the success-
ful synthesis of MM: it is necessary that the initiation
mechanism should ensure the incorporation of the future
polymerisable group in the polymer chain.

For example, alkoxides derived from p-isopropenylbenzyl
aleohol have been used to synthesise polyoxyethylene MM:

N\,
H,C=C Me)—{ >~cn,o-K++ " 07
e ROH_ (2)

— HyC=C (Me) »—<—>—CH,O (CH,CH,0),_,CH,CH,0K*
- 15,C<C (Me) —{;>—CH,0 (CH,CH,0), H ,
The MM, formed in 75—-85% yield, had molecular weights in
the range 2000—4500. They were characterised by different
methods; it has been shown that the calculated and observed
characteristics agree satisfactorily. The molecular weights
of two specimens based on the data of Masson et al.® are

presented below:

From the ratio of the monomer and initiator concentrations 2000 4500
From the titration of unsaturated groups 1850 5200
From 'H NMR data—the ratio of the signals of the protons

in the aromatic end groups and oxyethylene units 1700 4700
From the UV spectrum (250 nm, € = 12700 litre mol™ ¢cm™)2000 4200
From light scattering data 2100 4500

The results of the study of Masson et al** show that the
process does indeed proceed via mechanism (2), but a high
functionality is hardly guaranteed in this instance, because
any proton-containing admixture participates in this process
as a coinitiator (see, for example, Sepulchre et al. ™),
generating chains without specified functional groups.

Polyoxyethylene MM with 2-oxazoline end groups, suitable
for subsequent cationic polymerisation, were synthesised
ir an analogous way.® When the reactions are carried out
in accordance with the scheme

S

/—N\_/—>_OH _Bali | /\“N\_/—\_o.w no,

N o =7
= N/\*\// N —(—OCH,CH),OH ;
0 av)

2NN TN (—0CH,CHy), OLit—

\O/ N’

’

| Mai SN TN ocH,CH) OMe
\O/ h V)

the MM (IV) and (V) are obtained, their degrees of poly-
merisation amounting to ~20 and 40 respectively according

to gas-phase osometric data; a chain length of ~20 can also
be obtained from the ratio of the peak areas of the methylene
and aromatic protons in the NMR spectrum of compound (IV);
compounds (IV) and (V) homopolymerise and copolymerise
on treatment with BF; etherate.

Here mention should also be made of the synthesis of reac-
tive oligomers of epoxyethane and propene on treatment with
alkoxides derived from allyl aleohol, ® but in this case there
is even less guarantee of the formation of MM homogeneous
as regards functionality since intense chain transfer to the
monomer is characteristic of the polymerisation of epoxy-
propane.

+Macrocyclisation at high degrees of conversion is charac-
teristic of the last two groups of monomers.
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It is known that the polymerisation of the N-carboxy-
anhydrides of o-aminoacids on treatment with primary amines
proceeds in many instances with quantitative initiation via
addition to the monomer. This has been used for the syn-
thesis of polyaminoacid MM, which are of great interest from
the standpoint of their subsequent use for the preparation of
biomedical materials. Amino-derivatives of styrene, for
example compound (VI), were used as the initiators, while
the monomer was the N-carboxyanhydride of y-benzyl-L-
glutamic acid (VII):

(o]
— I
— / = » — —
H,C=CH—? ) (cu,),i(cu,),xn, ') CH,COO(CH,):E: z>o
e —

I
(VD) (VID o

The polymerisation reaction via mechanism (3) leads to MM
with a styrene end group:
(VD) + n(VIl) H,C:CH—<:>—(CH,\,1\'1 (CH)NIH (COCHNH),COCHNH,
Me R R
3)
R = <_=>—CH,<:00 (CHalg— .

Salts of various weak acids, which are effective only in the
presence of activators such as crown ethers, are known to
be suitable for the initiation of the polymerisation of R-pro-
piolactone. The use for this purpose of the potassium
methacrylate—dibenzo-18-crown-6 ether made it possible to
obtain the corresponding MM:1®
H,C=C—COO0 {CH,CH.COO), R ;
Me
R =H, CHPPh.
with a molecular weight of 1000—15 000 and with a quantitative
functionality. An analogous approach is applicable also to
epoxyethane.

b) Reactions Involving the Deactivation or Destruction of
Active Centres

Cationic polymerisation. "Living" cationic polymerisation
mechanisms, which constitute an essential condition for the
quantitative introduction of the required end groups at the
deactivation stage, has been established most reliably for
heterocycles. It has been correctly stated recently,’ in the
analysis of the problem of the introduction of functional end
groups under the conditions of cationic polymerisation with
ring opening, that the main obstacle in this instance is
chain transfer to the polymer, which should be eliminated
or negligible. Macrocyclisation gives rise to analogous
difficuities.

There are virtually no complications in the preparation of
MM from tetrahydrofuran, cyclic sulphides, or aziridines if
the process is carried out up to low degrees of conversion.
At later stages of the process, chain transfer to the polymer
complicates the synthesis of MM in these and similar systems
and the problem is not limited to macrocyclisation, the broad-
ening of the molecular weight distribution (MWD), and the
impossibility of achieving total conversion. An even more
serious obstacle is the disproportionation of living polymers,
in which they are partly converted into a mixture of inactive
and bifunctional growing macromolecules:

AAA® 4 AAA* — AA + *AAAA*

which completely rules out the possibility of obtaining MM
homogeneous as regards functionality during their subse-
quent deactivation.
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The use of sterically hindered monomers partly or fully
suppresses the undesirable chain transfer to the polymer;
one of the examples of this is provided by the successful
synthesis of methacrylate MM from N-t-butylaziridine: 2°

R—N(| —E2R e (NCHCHy,, w(] CF,S07 -
% &
HiC=C (Me) COOH_, Me (NCH,CH,), 0COC=CH, ;
1 |
R Me
R = t-Bu.

Gas-phase osmometric and H NMR data confirm the structure
of the MM obtained, whose finite functionality was not deter-
mined in the above study.

Many different MM have been obtained from tetrahydrofuran,
which is perhaps the most typical monomer polymerising via
the cationic "living" mechanism.

MM have been synthesised?~? from tetrahydrofuran with
methacrylate and styrene end groups via mechanism (4), the
polymerisation being interrupted by introducing the appro-
priate reagents at a low degree of conversion:

Yo T
EtO*BF; +1 O — Et[O (CHp)} ., *o\_| BF; -
—HiC=C (Me) COONa__ £ [ (CH,),],, OCOC=CH, ;
1
Me (1)
- N
H.C—CH-\z/—ONa

~ Et[O(CHy)),0—7 —>—CH=CH3 ;

TN
HyC==CH: \=> CH,ONa

Et[O (CHy)il, OCH3—<—>—CH=CH, .

Table 2. Characteristics of MM based on polytetrahydro-
furan obtained by cationic polymerisation methods.

End group Method* 1034 Fn Refs.
~0CH,——<—>—CH:CH, A 2.7-9.7 |0.93—1.07]| [21)
~0CH,~Z /‘\—f:‘:“z A 2.3-8.0 -~ [24]

Me
~o_x\/ >\——cu=cn, A 4.5-9.9 [0.90—1.12] (23]
~0CO—C=CH,
| A 8.0 0.98—1.00 | 2]
Me
~CO~C=CH,
B 1.6—3.4 | 0.93—1.08 (5)
Me
H,C=C(R)—CO~0CO—C(R)=CH, c 17.0-55.4 |t.71—1.96*+]  [25)

*Methods for the introduction of end groups: A-—deactiva-
tion; B—initiation; C—the method of "inifers" (see the
footnote to Table 1).

** Bifunctional derivative (R—H or Me).

Other functional groups have been introduced into polymers
via procedures similar to scheme (4). Certain characteristics
of MM based on tetrahydrofuran, obtained by the deactivation
of living polymers and also by other ionic polymerisation
methods, are listed in Table 2. Evidently in most cases,
where the reaction is continued only up to a low degree of
conversion, the target functionality is nearly obtained.

There is no doubt that a wider assortment of polymerisable
end groups is also possible.
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Anionic polymerisation. The synthesis of MM by the
method involving the directed deactivation of living anionic
polymers was achieved for the first time in relation to poly-
styrene, *?*»? A multiplicity of different functional groups,
capable of polymerisation via a multiple bond or with ring
opening and also of polycondensation or polyaddition, were
introduced.

The deactivation of macroanions leads to much more exten-
sive possibilities than in the case of the analogous cations,
because, as already mentioned, a much greater number of
monomers polymerise in this instance with formation of living
polymers. The realisation of these possibilities is illustrated
in Table 3, where the majority of the MM obtained by this
procedure at the present time are listed. The method for the
introduction of functional groups in the synthesis of all the
MM investigated is in principle the same and consists in the
reaction of the nucleophilic living macroanion (usually in the
state of an ion pair) with an electrophilic deactivator. #

Table 3. Characteristics of MM obtained by the deactivation
of "living" anionic polymers.

Polymer chain Polymerisable group 10'3117 Tn Refs.
Polystyrenc ~C}l,—{_>—CH=CH; 3.8—6.0] 0.95—1.10 | [28]
Polyoxyethylene ~0CO—C(Me)=CH, 2.0—-4.5] 0.87—1.10 {13}
Poly(methyl methacrylate ~CH,~—< /—C(Me)=CH, 1.9—-7.0] 0.87—1.06 | {29,30)

~CH,CH=CH, 1.3—1.4 - [29,30)
Polyamide** ~cHi—¢{  S—CH=CH, [3.7-3.8| 0.99—1.07 | [31)
Polyvinylpyridine “‘\(CHg)gOCO‘—‘C(Me)‘—-‘CHg 3.5—6.2] 0.70—0.94 132

~CH2—< §—C(Me)=CH, 1.1—4.31 0.70—0.93 | [32]
Polydimethylsiloxane ~< TN\ _CH=CH, 3.4—7.4( 0.90—-1.02 | [33]

~ (CH,)sOCOC(Me)=CH, 3.2—7.7{ 0.92—1.05 | {33]

*MM based on polystyrene with the groups ~CH=CH,,

~C(Me)=CH,, ~OCH=CH,, -~7_3~CH=CH,, ~CP{—9H2,

(o]
~QCOC(Me)=CH,, ~QCOCH=CH—-COOH, ~CH,COOCH=CH,,
and ~CH(OH)=CH,0H have been obtained, »»*? but have
not been characterised quantitatively.

** Polymer of 8-oxa-6-azabicyclo[3.2.1]Joctan-7-one.

The probability of side reactions, i.e. the non-selectivity
of the reaction involving the introduction of the functional
group, increases with increasing reactivity of the anion.

Its conversion into a less active form yields in many instances
positive results, of the kind achieved, for example, by the
preliminary conversion of the polyvinylpyridine carbanion
into an oxa-anion by reaction with epoxyethane. %

# The polymerisation of a bicyclic oxalactam, which proceeds
via the activated monomer mechanism, is an exception;* in
this instance the anion of the deactivator attacks the growing
end of the chain.
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Radical polymerisation. One of the possible mechanisms of
chain termination in radical polymerisation is disproportiona-
tion of the macroradicals in accordance with the scheme

2~CHCHX — ~CH==CHX + ~ CH,CHX ,

This reaction leads to a polymeric product, haif of the macro-
molecules of which contain an unsaturated end group. This
termination mechanism predominates in the polymerisation of
mecthyl acrylate, methyl methacrylate, and other monomers.
We may note that, owing to the higher activation energy
than in the recombination reaction, the contribution of the
disproportionation to the destruction of macroradicals
increases with increasing temperature. However, the
tendency towards the formation of symmetrically substituted
double bonds does not give rise to prospects for the use of
such MM owing to their low reactivity.

(c) Chain Transfer

The synthetic applications of the chain transfer reaction as
a method for the introduction of functional groups require
that it should proceed effectively, predominating among
other reactions limiting the length of the polymer chain. It
is desirable that the chain transfer agent should not influence
the polymerisation kinetics, i.e. that the new species arising
in the chain transfer step should initiate the next chain.

In essence, this is merely the definition of true chain trans-
fer. Chain transfer systems and agents acting according to
this principle have long been known, especially in radical
polymerisation.

There are several radical and ionic polymerisation processes
in which MM are formed via a mechanism natural for these
processes, i.e. without the introduction of any special chain
transfer agents. The most obvious variant of this method
of synthesis of MM is polymerisation with intense chain
transfer to the monomer. Generally speaking, two cases
are possible, for example, for vinyl monomers:

_ L ~ CHCHX 4 HC=CX
~CH,CHX + HC=CHX — (5)
> ~CH=CHX - MeCHX .

If there are no other initiation and termination processes in
the given system, the double bond is fixed in the initial
(pathway a) or terminal (pathway b) fragment of the chain.
Chain transfer of type (5) in processes of different chemical
nature proceeds with transfer of a hydrogen atom, proton,
hydride ion or, more rarely, a larger species.

Cationic polymerisation. Two types of chain transfer
reactions lead to MM in cationic polymerisation—chain transfer
to the monomer and elimination of a proton from the active
fragment of the growing macromolecule.

Chain transfer to the monomer is characteristic of the
cationic polymerisation of certain unsaturated compounds.

It has long been known, for example, that the cationic
polymerisation of isobutene results in the formation of a
macromolecule containing unsaturated groups at the end of
the chain.®>* A more detailed analysis demonstrated that
the number of such groups in the polymer is equal to the
total number of macromolecules to within 5% (in the range of
molecular weights 700—2000),% i.e. intense chain transfer
takes place via the mechanism:

Me
o I
H,C=CMe, 2257 _, X (CH,CMe,),_,CH,C HiC=CMer | (6)
|
Me
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- Me (CH,CMey),_,CH,C=CH, ;
|
- (Vi
- Me (CHyCMey),_ CH=CMe, .

(1X)

NMR data have shown? that, together with groups (VIII) and
(IX), other isomeric structures are formed in the MM via a
reaction involving mechanism (6) but the entire wide variety
of the different kinds of terminal unsaturation reduces
exclusively to groups of type (VIII) when di-t-butylpyridine
is used in the reaction as a cationic trapping agent.®

The cationic polymerisation of styrene® and a~methylsty-
rene" also leads to polymers with unsaturated end groups.
They are formed in high yields in the polymerisation of
styrene by CF;SO;H in non-polar media.™ It has been
established *? that the yield of double bonds in acenaphthy-
lene polymers formed via the cationic mechanism is quantita-
tive. ®

Reactions involving chain transfer to the monomer with
formation of polymers having unsaturated end groups pro-
ceeds also in the polymerisation of certain heterocycles—
e-caprolactone ,** oxepan," and 2, 2-dimethyloxetan. s

Transfer to the chain transfer agent, specially introduced
into the system, has been used to obtain bifunctional MM.
It has long been established * that acid anhydrides, for
example, acetic anhydride, act as effective chain transfer
agents in the polymerisation of tetrahydrofuran, which makes
it possible to regulate the chain length and the composition
of the end groups. This same procedure has been used
recently to obtain bifunctional acrylate and methacrylate
MM: 25,47

(B = C(R) CORO + ~CH;07__| = ~CH,0 (CHy), COC (R)=CH, -+ HiC=C (R) CO*+
+HC=C RICO*+ nO -’, - H,C=C (R) CO [(CH,0,_, (CH,):Oi— , (D
R =H, Me ,

There is a purely formal analogy between reaction (7) and
pelymerisation under the influence of "inifers"—substances
which act simultaneously as initiators and chain transfer
agents and introduced into polymer practice by Kennedy. "
In the studies already quoted®™° this method has been used
to synthesise various polyisobutylene MM (see Table 1).

The use of effective proton trapping agents—the so called
"proten sponges", especially di-t-butylpyridine which gives
rise to effective proton transport—is also promising in this
instance.

Anionic polymerisation. The best known instance of the
direct formation of MM in ionic polymerisation is provided
by processes involving substituted oxirans."® The increased
acidity of the hydrogen atoms in the molecules of these mono-
mers, on the one hand, and the presence of the highly
nucleophilic alkoxide anions, on the other, increase sharply
the rate of the processes involving chain transfer to the
monomer :

~CH,CHR)O™ -+ HE\C;CHR — ~CH,CH(R)OH + H,C==C(R)O~

(8)

H,C=C(R)O~ Menomer , H.C=CH(R)O~ ... ~CH,CHR)O" ,

whose contribution is extremely significant for the anionic
polymerisation of the majority of substituted epoxides. We
may recall that their oligomerisation processes are usually
employed to generate hydroxylated telechelate polymers for
the synthesis of polyurethanes and in this sense reaction (8)
prevents the attainment of the required functionality.
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These reactions have been studied in greatest detail in
relation to epoxypropane, where two variants of terminal
double bonds are possible:

H,C=CH~CH,0~ Me—CH=CH—0~

(X) (XD

Under the polymerisation conditions, the allyl groups (X)
isomerise to the cis-propenyl groups (XI).® The maximum
number of unsaturated groups does not, however, exceed
50—55% and their content depends on the temperature of the
synthesis, the radius of the alkali metal counter-ion, which
has been omitted in scheme (8), and also on the concentra~
tion of alcohol in the polymerisation system.%:® Reactions
(8) have been observed also in the polymerisation of sub-
stituted glycidyl ethers: up to 87% of unsaturated macro-
molecules are formed in the polymerisation of, for example,
o-chlorophenyl! glycidyl ether and up to 79% in copolymerisa-
tion with epoxypropane. %

Since the introduction of polyether fragments into the
macromolecules is of practical interest, the set of problems
associated with chain transfer as a method of synthesis
of MM requires a more serious analysis.

Chain transfer to the monomer is characteristic under
certain conditions of the polymerisation of ethylene under
the influence of Ziegler type catalysts,*»* which creates
the possibility of the controlled conversion of ethylene into
C¢—Cy o-olefins, which can then be used as MM. Mainly
vinyl end groups are then formed and these then partially
isomerise to internal double bonds. The fractions of vinyl
groups B in ethylene oligomers are listed below: S

n i 8 10 12 14 16 18
g,mole%. 90.4 8%.4 86.4 85.5 84.8 841 8.5

Variation of the monomer pressure, of the nature of the
solvent, and other conditions makes it possible to increase
the functionality with respect to these groups almost to
100%. The possibility of the quantitative epoxidation of
a-olefins obtained by this method is of great interest,®
because the subsequent copolymerisation of such MM opens
a way to polyethers with hydrocarbon side chains.

Radical polymerisation. The formation of reactive oligomers
(introduction of functional groups) with the aid of the chain
transfer reaction has been the object of many investigations.
The successful insertion of reactive groups into macromole-
cules via a chain transfer agent specially introduced into the
system depends on the reactivity of the monomer (M) and the
corresponding macroradical and also on the reactivity of the
chain transfer agent (SH) in chain transfer and reinitiation
processes:

SM M-+ SH — SM,, H + &
+ oam

w | (9)

SM"

Thus the effectiveness of the reinitiation is low for inactive
monomers, which give rise instead to reactive macroradicals,
which are more reactive than the radical S in Scheme (9).

One of the most thoroughly investigated transfer processes
having a practical application is the telomerisation of ethylene
by CCl,: %

CCl, + nH,C=CH, 2> CCly (C4Hy), CI
(XI0) *

A wide variety of reactions of the telomer (XII) are possible
and it can be regarded as the intermediate in the synthesis
of MM. There are examples of the use of the telomerisation
of various monomers for the direct synthesis of MM. ¥ %
The radical polymerisation of styrene and methyl metha-
crylate in the presence of iodoacetic or thioglycolic acids
leads to a monocarboxylate polymer, into which functional
groups have been introduced. 57,%  For example, styrene
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has been telomerised by treatment with azobisisobutyro-
nitrile (AIBN) with subsequent introduction of functional
groups by means of glycidyl methacrylate (GMA) in accor-
dance with the scheme:
, . Ve AIBN
ICH;COOH + nH,C=CH— — 2 1(CHCH,),CH,COOH -
2! a 2 \=/ |\
4

U
GMA_, 1 (CHCH,),,CH,COOCH,CHCH,0COC=CH, ,
| [ |

AN OH Me
]
/

The reaction leads to the corresponding MM (with molecular
weights of 4300—7700) in yields up to 90%. s

The use of thiomalic acid as the telogen makes it possible
to introduce into the macromolecule a teiechelic fragment

with two carboxy-groups: &
Me -Me

. | AIBN i
HOCO—(I_HCH,COOH + nH,C=C —H (éCH, SCHCOOH .
| ] |
SH COOMe COOMe-' n CH,COOH

The authors® emphasise that this is the first synthesis of
MM for subsequent polycondensation with diols, diamines,
ete.

MM containing the diol group at one end of the poly(methyl
methacrylate) chain have been obtained analogously using
thioglycerol: ®

H(CCH,),SCHCH,0H
C‘H,OH
These MM can aiso be used in polycondensation or poly-
addition reactions, for example, for the synthesis of modified
polyurethanes. %

Radical telomerisation with subsequent introduction of
unsaturated groups has been used recently to synthesise
viny! chloride and vinylidene chloride MM.®>® In the case
of vinyl chloride, two different telogens were used and
correspondingly two agents for the introduction of functional

groups: H,C=C (Me) OCOCH,CH (OH) CH,0COCH,S (CH,CHC1),H

(X1 1GMA
BN —LSCRCOOH . HOCOCH,S (CH,CHCI),H 4
HyC= CHCI 20
_ts cHaon

> HO (CH,),S (CH,CHC) H ,
JHc=CiMercoc
H,C=C (Me) OCO (CH,),S (CH,CHCI), H,
(X1V)
The products (XIII) and (XIV) have been comprehensively
characterised—they have molecular weights in the range
1000-2400 and copolymerise with standard monomers.

We shall now return to chain transfer to the monomer. By
itself, this reaction is unable to ensure the required func-
tionality under the usual conditions. In fact, for example,
in the usual polymerisation of methyl methacrylate (in bulk
at initial concentration 1 M, 50 °C, and rates of initiation
in the range 107°-107° mol litre™* s7!), f, with respect to
unsaturated end groups does not exceed 0.3-0.4, which
can be shown by estimates based on kinetic parameters.®

A sharp acceleration of chain transfer by catalysts has
been observed and studied in detail recently.® It has
been shown, for example, that in the presence of cobalt
complexes of porphyrin Co?*P, a hydrogen atom is trans-
ferred with a high efficiency from the radical to the monomer
in the polymerisation of methyl methacrylate:

Me
~CH,(|I' + Co**P — ~CH;C=CH, + ‘HCo**P;

|
COOMe

COOMe
Me
|
*HCo?*TT + HyC=C — Co**P + Me,C' .
| |
COOMe COOMe
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There are a number of pieces of evidence (obtained by NMR,
electrochemical, eic. methods) for this mechanism, which
results in the formation of a substituted methyl methacrylate
group in each macromolecule.

(d) Other Polymerisation Methods

The polymerisation of acrylamide is initiated by lithium
alkyls via a mechanism involving the abstraction of a nroton
with retention of the vinyl group: ®

H,C=CHCONH, + RLi » RH + H,C=CHCONHLi* ,
(Xv)
The latter is then introduced into the chain of the poly-g-
alanine (nylon-3) formed:

(XV) + nH,Z=CHCONH, - H;C=CHCONH {CH.CH,CONH);Li* ,

The highest functionality (fn = 0.95-1.10) with respect to
these groups has been shown to be attained® on initiation with
t-butyl-lithium. The MM formed polymerises under the
influence of radical and ionic initiators. ®

The polymerisation of N~carboxyanhydrides on treatment
with amines, which proceeds with retention of the initial
group of the initiator at the end of the macromolecule, was
examined previously. In the case of a number of monomers
(for example, R-propiolactone, epoxyethane, etc.) and ter-
tiary amines, the polymerisation is complicated by the
instability of the primary zwitter-ionic active centres:

|—0
RN+ l_? — RNCH,CH,C00- _1/='=0 —l=o | RyNCH,CH; (OCOCH,CH,),,CO0~ —
L_1=0
— HyC=CH (OCOCH,CH,),CCO R, ,

This instability leads to the appearance of unsaturated end
groups in the macromolecules, which is analogous to the

method of synthesis of olefins via the Hofmann rearrangement.

In the polymers of B-propiolactone, ® epoxethane, * and
glycidyl phenyl ether, ® there is a double bond in each
macromolecule. It is essential to note that only the acrylate
end groups of poly-B-propiolactone formed via this mechanism
are of real interest from the standpoint of the possibility of
the subsequent employment of MM.

A novel method for the generation of double bonds has
been devised in a study of the photochemical decomposition
of living poly-p-bromostyrene: *

~CH,CHCH,CH r_.-; ~CH2CHCH,CH — ~CHj{ CHCH= CH, -
l

u/ @Hn A‘!ij

{
Br Br (XVI) Br
_Xvh_, ~cn,ccn =CH &Y+ ~CH= C~CH—CH

0 01

(10)

Under certain conditions, the reaction leads to the forma-
tion of polymers with 1, 3-diphenylbuta-1,3-diene end groups
in quantitative yield and it has been shown that the MM
formed (molecular weight 50 000) are readily converted into
high-molecular-weight comb polymers with anionic initiators.
The photochemical reaction (10) can also proceed further,
leading ultimately to polyphenylacetylene.

The relatively easy rupture of the poly(methyl metha-
crylate) chain on mechanical treatment has also been used to
synthesise products resembling MM. ™ Ultrasonic treatment
in benzene in the presence of p-divinylbenzene and subse-
quent deactivation of the system with methanol result in the
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formation of MM with molecular weights in the range 130 000—
230 000 and functionalities of 2.2—12.0. They possess a
broad molecular weight distribution and are highly inhomogen-
eous as regards functionality. Copolymers with styrene and
methyl methacrylate have been obtained from them.”

2, Polyaddition and Polycondensation

There is a very limited number of examples of the applica-
tion of the polyaddition and polycondensation reactions for
the synthesis of MM. The point is that in the majority of
processes of this type, the lengthening of the polymer chain
is achieved by employing bifunctional monomers and the
nature of the end groups is determined by statistical factors
and the reactant ratio. The excess of one of the reactants
or the use of a monofunctional terminating agent makes it
possible to guarantee with a high degree of accuracy the
nature of only the two end groups. These methods are
hardly used in the synthesis of monofunctional MM.

An apt example, which indicates the new possibilities
which have appeared in this field, is provided by the cata-
lytic polyaddition with participation of secondary diamines
and divinylbenzene: ™™

C=CH—  \--CH=CH, + aNH (R)—X—N (R) H —» HC=CH~—¢

< > : O~ —(11)
(XVID (XVID
——[N R)—X—N (R (CHy), — }-mn,sz] NR—X—NRH |,
XIX) - i
(

The first stage in scheme (11) is rapid and quantitative.
The residual vinyl group is then highly passivated, as a
result of which it is possible to achieve the preliminary syn-
thesis of the stoichiometric adduct (XX) and its subsequent
poly-addition:

(XVID) - (XVII) - HC=CH—¢ 3

__/-—(CH,),N (R)—X-—-N(R)H - (AIX)

(XX)

(12)

Analysis of the resulting polyamine MM by gas—liguid
chromatography and ®C NMR * indicates molecular weights
in the range 1800—6600, which corresponds to degrees of
conversion of 0.84—0.93 in reaction (11).

Reactions of types (11) and (12) can be used also for the
introduction of various groups, for example, crown ethers,
into the macromolecule, which has been used successfully
in one investigation.”

Polycondensation has not so far provided examples of the
synthesis of MM.

3. The Reactions of the Functional Groups of Macromolecules

It is possible to obtain MM by the quantitative replacement
of any end group by one capable of polymerisation. Such a
reaction requires the activation of the group to be substituted
by the use of a reactive agent for the introduction of func-
tional groups, so that the method involving the deactivation
of living polymers is in this sense more natural. On the
other hand, in the methods based on the modification of the
end groups, it is possible to use a much greater range of
reactions. The main requirement which they must meet is
complete conversion.

Historically, the first example of the synthesis of MM refers
to precisely this field. In 1962 Greber and Reese® achieved
the reaction

Me,Si (OSiMepCl + CiMg—C ~>—CH::CH, -

- Me,Si (OSiMe,),—<~\, —CH=CH, + MgCl, ,



784

and obtained polydimethylsiloxane MM in ~50% yield, which
were then copolymerised with styrene.

Subsequently a number of communications concerning the
introduction of a wide variety of polymerised fragments by
the reaction of end groups with the corresponding agents
for the introduction of functional groups were published.
One of the convenient methods for the introduction of such
functional groups is the use of poly(ethylene glycols) (PEG)
and its monofunctional analogues, whose hydroxy-groups
are readily activated. In particular, the synthesis of oli-
goacrylate esters, widely used for the synthesis of three-
dimensional polymers, is based on these reactions.™

There is no doubt that the attempt to obtain monofunctional
MM by the same methods as a result of the selection of the
corresponding stoichiometry should lead to a mixture of
products. This remark applies fully, for example, to a
study”™ where a number of glycols were esterified via the
scheme

H(OC,H,),,OH -+ HOCOCH=CH, B HIOCHY,0COCH=CH, ,

but the monnfunctionality of the final product was not reliably
established.

The only real possibility of the synthesis of MM involves
therefore the use of the initial monofunctional polymers and
the factors which determine the choice of method for the
direct introduction of functional groups in the polymerisation
stage of the replacement of groups in the finished polymer
is the stability of the polymer chain as regards the action
of the corresponding reagents and the attainment of the
required functionality.

We shall consider several of the latest examples of the
synthesis of MM using these reactions. Mono- and divinyl~
ethers of PEG have been synthesised with high degrees of
conversion: %7

- H (OC,H),0CH=CH, _

N
H(OC,H,),OH + HC=CH Tgor
- H,C=CH (OC;H,),0CH=CH, ,

(13)

These are of interest from the standpoint of the subsequent
synthesis of macromolecules with crown ether rings in the
chain. Reaction (13) is accompanied by the degradation
of the main chain, as shown by the results of the chromato-
graphic analysis, presented below, of a mixture of bifunc-
tional oligomers with different chain lengths n according to
the data of Mathias et al.:”

Initial PEG Products

n=2 n=3 n=4% n=>5

n=3 43%  57% — -

n=4 230 33%  44% —

n=5 — 2%  64% 8%
In this connection an assortment of milder conditions is
necessary, in particular, the use of phase transfer cata-
lysts.™® The same approach can be applied to monofunctional
polymers.

Monofunctional allyl™ and acrylate™ derivatives of oligo-

ethers, i.e.

Ar (OCH,CH,),,ONa -+ HOCOCH=CH; — Ar (OCH,CH,),0COCH=CH, ,
Ar = CoHyCeHy, Ph

as well as their styrene derivatives,” i.e.

(14)

Me (OCH,CHy),ONa + ClCH,—<_>—-CH=CH, -
- Me (OCH;CHy),0CH;—7Z >\-—CH=CH.

have been obtained by analogous methods, i.e. by the activa-
tion of hydroxy-groups with alkali metals.

Detailed analysis of the acrylate MM formed by capillary
gas chromatographic and high performance liquid chromatog-
raphy yields the distribution of the MM with respect to chain
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lengths but at the same time an appreciable amount of the
initial school is detected, which shows that reaction (14)
does not go to completion.

Fundamentally new types of MM have been obtained recently
by the introduction of functional groups into polyethersul-
phone (XXI) and poly(2,6-dimethyl-1, 4-phenylene oxide)
(XX11): %

N AN
S R T e
(XXT)
Me\ :
Br-(}-[ —0 - ] —o—{__>—oH
\Me n
(XX

The method of synthesis of the polymers ensured in both
cases the presence of one phenolic end group, which was
then converted into methacrylate or styrene groups in
accordance with the schemes:

CICOCMe=CH 2\ (15)
A COCNem T ~//__>-OCOCME_—CH, s
~£T N —oH-
A — Cl-f - CH=Cily — »
- - ~'\=>—O_\=/—CH=CH2 (16)

Reaction (15) was carried out in the presence of 4-NN'-
dimethylaminopyridine and triethylamine and reaction (16)
was carried out under phase transfer conditions.

The initial polymers (XXI) and (XXII) as well as the MM
based on them have been investigated in detail by IR
spectroscopy and 'H and *C NMR. The equality of the
signal intensities of the halogenophenyl and phenolic groups
or the unsaturated groups demonstrates the presence of the
planned MM structure. The complete absence of absorption
due to the OH groups in the terminal phenolic fragments in
the IR spectra demonstrates additionally that the introduc-
tion of functional groups is complete.®

One may quote the example of the synthesis of poly-
(methyl methacrylate) optically active MM® as an example
of the wide variety of the possibilities and prospects for the
synthesis of MM. Such MM are of undoubted interest as
the starting materials for the creation of chiral sorbents and
chromatographic phases. The polymerisation of racemic
triphenyimethyl methacrylate on treatment with lithium initia-
tors in the presence of chiral diamines leads to polymers
having high optical activities with different signs—[alp
ranges from -354° to +194°. The end groups of the polymers
are determined by the initial lithium amide initiator, for
example, in the following scheme:

¢ >—NH (CHy)s NH—<__/\

RH ¢ =>——NH (CHp: NLi—<—> .

Me —

Ph,COCOCMe=CH, —\ |
— Tt et L ¢ S—NH (CHp),—N (CH:C)H

K\H COOMe
N

The subsequent reaction of compound (XXIII) via the N—H
bond with methacryloyl chloride leads to a MM whose acryl-
amide end groups have been clearly identified by IR spec-
troscopy. These MM copolymerise with methyl methacrylate
via a radical mechanism.

In a number of instances the specific synthesis of MM
presupposes special regulation of the nature of the end
group already in the stage involving the formation of the
polymer in order to be able to replace it subsequently. One
of the illustrations of this approach may be provided by the
synthesis of the MM from e-caprolactone: 2

(XXII), n=45
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BU{OCH,CHp):OH + O (CHp,CO —. 22188 By(OCH,CH,),0 [CO (CHy)OH —
| Se—— '
NCO
o Ne
Ma—# T8 NCO /___/ co
— ~ BU(OCH,CHy),0[CO (CH,),01, CONH-- >-Me -
Me

t
—HNCCHO: |, Bu(OCH,CH,),01CO (C,H,),,O],ICONI~1»--<= >‘~Ma CH,CH

\NHCONH(;J-Me .
CH,OH

The MM obteained can enter into polyaddition reactions via
the two hydroxy-groups in the terminal fragment. They
are used to synthesise modified polyurethanes.

Having completed the consideration of the problems of
the synthesis of MM, we may note that in recent years a set
of methods have been devised for the introduction of poly-
merisable groups (mainly styrene and acrylate groups) into
macromolecules of different types both directly in the stage
of their synthesis and via secondary reactions. The
methods involving the deactivation of living polymers lead
to MM with the highest functionalities. In those cases where
this procedure is impossible, good results can be achieved
with the aid of reactions via the end groups but here too
the feasibility of the quantitative introduction of the corre-
sponding group (or groups) must be inherent in the pre-
cursor polymer.

I1i. POLYMERISATION OF MACROMONOMERS

It has been assumed a priori that the capacity of MM for
polymerisation and copolymerisation with other monomers
must be complicated by a number of factors. The impossi-
bility of achieving high MM concentrations in the reaction
medium as a result of their high molecular weight should be
regarded as the first although the most trivial of these.

The low MM concentrations can in the first place give rise

to thermodynamic prohibitions of polymerisation, particularly
in those cases where the polymeric substituent is attached
directly to the double bond, which as a rule decreases
sharply the heat of polymerisation. Under homopolymerisa-
tion conditions, this factor should reduce the rates and
average degrees of polymerisation of MM and the MM copoly-
merisation processes always proceed for this reason under
conditions where there is an excess of the "small" comonomer.
The second factor is diffusion-dependent limitations, which
in the given instance extend also to chain propagation via the
reaction between the macromolecules.

The polymeric substituent can naturally exert a strong
steric and polar influence on the reactivity of the double
bond. In this sense the MM with styrene and acrylate
groups are most preferred especially if the polymer chain
is on the periphery, i.e. in the benzene ring or in the ester
fragment respectively.

Finally, one must reckon with the possible instability of
the polymer chains of the MM in relation to the active centres
propagating the polymerisation. For example, polyoxy-
ethylene is known to exhibit a tendency to be cleaved by
radical, cationic, and even anionic agents. The polymer
chains of MM based on lactones and siloxanes, in which chain
dissociation and macrocyclisation reactions take place readily,
cannot be regarded as fully stable in relation to ionic initia-
tors. Because of these causes, the tendency to introduce
into the MM groups capable of polymerisation via a radical
mechanism predominates.

Purely polymeric effects, such as, for example, the matrix
influence of the MM chain on the growth of new macromole-
cules (the orientation of the monomers and their polymerisa-
tion in the bound state, the formation of stereocomplexes,
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and other matrix growth mechanisms) as well as the thermo-
dynamic incompatibility of the initial and final chains, which
may be manifested both by the segregation into separate
phases and by purely kinetic effects, are also possible.

All these complications occur to some extent in processes
involving MM. For example, the MM formed via the chain
transfer mechanism in the radical polymerisation of methyl
methacrylate® does not copolymerise directly with the initial
monomer apparently owing to steric hindrance and thermo-
dynamic prohibition. The characteristic features of the
kineties of the polymerisation of poly(tetrahydrofuran-
styrene) MM and the low chain lengths of the polymers
obtained can be accounted for by the low concentration of
the MM.® The copolymerisation of acrylic acid with poly-
oxyethylene-methacrylate proceeds in a significantly differ-
ent manner in the pH ranges corresponding to the comonomers
bound in a complex or in a free state.®

The kinetics and thermodynamics of the homopolymerisation
of MM have, however, been so far investigated to an extremely
insignificant extent, which precludes a more detailed analysis
of the above features of these processes. Much more atten-
tion has been devoted to the copolymerisation of MM, because
it is the main pathway to polymers of practical interest.

1. Copolymerisation With Participation of Macromonomers

Copolymerisation is the main procedure in the synthesis of
polymers based on MM. Radical initiation is regarded as the
most preferred in view of its universality. The usual equa-
tion for the composition of the copolymer of a "small" monomer
(M;) with a macromonomer (M,) has to be modified because
of the low concentration of the MM: %

diMi] __ {Mi

M), (M)
diM M) t

[Ma] + 12 [Mg) M)

which corresponds to the case of the so called "ideal" copoly-
merisation (ryr, = 1) and leads to a simple kinetic equation:

n=In(l—a,)/In(l—a,), 17)

?

where o, and o, are the degrees of conversion of the mono-
mers M; and M, respectively. This evidently simplifies the
determination of the reactivity of the monomer M;, but hinders
and frequently altogether precludes the determination of the
reactivity of the MM. The copolymerisation of MM has beeen
analysed by gas—liquid chromatography. %

It is also easy to show that only single MM units should be
incorporated in the chain during copolymerisation. Indeed,
the probability of the formation of the diad M;M, and hence
its fraction in the comonomer

My) N2 (Mg
= 1 —~—20 o~ 1, ~—2L
P =ra g ( e [Mz]) e

are very small and the following probabilities can be obtained
for the average block lengths:
- [My]
=1ty .
n=l+4n [[M“]]> ;
= M,
=1 M}
P2 +r, My]

In other words, the copolymerisation considered is as a rule
close to statistical copolymerisation and the variation of the
constants r; and r, rarely alters this situation, because the
aim of the tactics employed is usually to make sure that the
polymerisable groups of the MM have structures identical

to that of the "small" comonomer.

Table 4 presents the copolymerisation constants for system:
with participation of MM. In the main, they refer to the
"small"” comonomer and in this case we obtain information
about the reactivity of the MM, because
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1/ri=ki /Ry (18)

is the ratio of the rate constants for the addition of the MM
and the "small" comonomer to the radical of the latter. The
quantities r; are of great interest from the standpoint of the
analysis of the complications caused by the macromolecular
nature of the MM, but they are known only in rare cases.

Table 4. The reactivities of monomers in radical copoly-
merisation processes with participation of MM.

MM (My) * Comonomer (My) ry ”n Refs.
Poly(ethylene oxide)-styrene| Styrene 1.04(1.00) | 1.18(1.00) 87
" . Butyl acrylate 0.60(0.48) | 0.11 (0.15) 87
Poly(ethylene oxide)- Styrene 0.46 (0.46) | 0.41 (0.52) {88}
methacrylate
Polystyrene-methacrylate Styrene 0.61 (0.66) 89}
» Buty! acrylate 0.82(0.35) 89}
Polyisobutylene-styrene 1.2—6.6*** 90]

0.48—0.587*** | [90]

Styrene —
Methyl methacrylate _—

Polyvinylpyridinemeth- Butyl acrylate 83 {ot}
acrylate

Polydimethylsiloxane- Styrene _ 1.1(1.0) 192}
styrene
”» Methy] methacrylate —_ -0.60 (0.52) [92)

*The first part of the name of the MM refers to the chain
structure and the second to that of the end group.
**The values for low-molecular-weight models are given
in brackets.
***When the MM chain length is varied.
*¥*++When the solvent is varied.

The data in Table 4 demonstrate in the first place the
absence of any appreciable polymeric effects in copolymerisa-
tion, because in most cases the constants r; are close to
those characteristic of the same pairs of low-molecular-weight
monomers (indicated in brackets in Table 4) and the same
applies to the few values of r; in Table 4. Systems where
microphase separation occurs in consequence of the incom-
patability of the MM macromolecules and the polymer obtained
are an exception. This applies to a considerable extent to,
for example, copolymerisation of the polyisobutylene-styrene
MM with styrene and methyl methacrylate.® A particularly
marked effect is exerted by the increase of the molecular
weight of the MM (from 4200 to 48 000), which leads to an
increase of ry from 1.2 to 6.6 in the copolymerisation with
styrene; in the latter case the reaction mixture is appre-
ciably opalescent. Similar phenomena have been observed
also in other systems.?»®

The incompatibility of the polymers may play an even
greater role in emulsion copolymerisation, because in this
case there is a possibility of the formation of several phases
and the rate of diffusion of the MM may prove to be the
decisive factor. In particular, it has been shown that the
emulsion copolymerisation of styrene with the polyisobutyl-
ene-styrene MM takes place with formation of the graft
copolymer only in monomer drops, while the usual variant
leads to polystyrene and the MM which failed to react.®

In the absence of explicit phase separation, the antagonism
between the macromolecules of the growing polymer (consist-
ing mainly of M;) and the MM may be manifested by certain
Kkinetic effects. Ito et al.,® who investigated in detail the
dependence of the reactivity of poly(ethylene oxide) MM on
the chain length (see Figure) tend towards this view. It
can be seen from Fig.a that, in the region of short chains,
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there is virtually no dependence of n, on chain length, which
indicates an insignificant inductive and steric influence of
the substituent on the reactivity of the polymerisable group
in the MM. In the region of great chain lengths (up to 10%)
(Fig.b), a monotonic decrease of 1/r, is observed, which
most probably indicates the corresponding decrease of the
reactivity of the MM in relation to the growing macromolecuie,
i.e. a decrease of k3, in Eqn.(18). These changes are
attributed to the kinetic effect of the excluded volume in
intermacromolecular reactions. However, quantitative agree-
ment with the theory of this effect has not been obtained and
the idea of macromolecular antagonism has been formulated.®

1/1;
1/;; ir
a b
o
z 2
1 ! M
! 1 L Z [ L
2 4n 50 100 150n

The reactivities of poly(ethylene oxide) MM of different
lengths (n) in the radical copolymerisation with styrene
(M;); ® MM with methacrylate (curves 1) and p-vinylbenzy!
(curves 2) end groups.

It is essential to note that, overall, the approach to the
study of the problem of the reactivity of the end groups in
polymers via the investigation of the copolymerisation of MM
is perhaps more correct than analysis of the processes involv-
ing the conversion of telechelate polymers into network poly-
mers.* The theory of copolymerisation has been developed
in detail, which makes the first approach even more justified.

On passing to the ionic copolymerisation of MM, which has
not so far been touched upon, solvation interactions,
matrix effects, etc. should be manifested to a considerable
extent.

1V. APPLICATIONS OF MACROMONOMERS IN POLYMER
ENGINEERING

The synthesis of graft copolymers clearly predominates in
the preparative applications of MM. Strictly speaking, this
field as a whole arose owing to the need to combine in a single
macromolecular system at least two different frequently oppo-
site properties, which cannot always be achieved by methods
involving the successive copolymerisation of different mono-
mers and block or graft copolymerisation. In graft polymers,
there is a possibility of significantly different ratios of the
main and grafted chains. The relatively greater freedom
of the latter compared with the corresponding fragments in
block copolymers leads in many instances to more favourable
conditions for microphase separation, which results in quali-
tatively new mechanical properties of the material.
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Virtually all the MM whose synthesis and polymerisation
were examined in previous sections have been used to
obtain graft copolymers with different "small" comonomers.
The homopolymerisation of MM, leading to strictly regular
comb polymers, has attracted significantly smaller and purely
theoretical interest, although it is evident that in this sense
the MM method is promising for the formation of liquid crystal
materials.

We shall now consider the principal trends in the synthesis
of graft copolymers based on MM,

It is known that the introduction of a rubber-like phase
into plastics (polystyrene, materials based on epoxy-resins)
increase their impact strength. A fundamentally new pro-
cedure has been proposed by Kennedy and Lo,” who achieved
an increase by a factor of 2.5 of the impact strength of poly-
styrene by introducing into the latter, in the formation
stage, approximately 10% of grafted polyisobutylene frag-
ments, using the appropriate MM. The microphase separation
and the enhancement effect were observed only for MM with
relatively high molecular weights (M, = 5 x 10*). According
to the authors,® an advantage of this method over the tradi-
tional introduction of rubbers (usually polybutadiene) is the
high stability of the properties of the material as a function
of time, including its stability in relation to the action of
natural factors, for example, UV irradiation. The results
of this study can hardly be regarded as final and it leads to
new prospects for the solution of problems of this kind.

Another physicomechanical modification procedure, which is
the direct opposite as regards the results achieved, involves
the introduction of crystallisable fragments into elastomers.
Microphase separation leads in this case to the formation of
thermally reversible cross-links and to materials of the type
of thermoelastoplastics. Polymeric fragments based on
lactones, which are highly crystalline and give rise to a high
rate of formation of the given phase, are of great interest in
this connection. Their use in block copolymers is known.*%

The graft copolymers of poly-B-propiolactone with butyl
acrylate were first synthesised recently'® via MM using the
scheme

Me Me
| |
H,C=CH + H,C=C -~ (CH,?IH)M CH,(I?~—
I
C=0 C=0 C=0 C=0

| ! | |
O(CH)H  O(CH,CH,CO0),R O (CHypH O (CH,CH,COO),R *

They do indeed have the properties of unfilled acrylate
rubbers. The copolymers obtained by treatment with AIBN
have molecular weights in the range 30 000—60 000 and con-
tain 46—80 wt.$ of the ester fragments of poly-pB-propio-
lactone, which corresponds on average to 1.7-3.5 grafted
chains per macromolecule. In terms of their mechanical
properties—strength and elongation on rupture (12 MPa and
380% respectively)—these materials approach filled rubbers
based on butyl acrylate (12 MPa and 250% respectively). The
properties of thermoelastoplastics based on the above MM are
fully restored after the "fusion—crystallisation” cycle and
have attracted evident interest.

A number of examples of the directed modification of tradi-
tional polymeric materials by means of the macromonomer
techniques have been described in a recent communication
by Milkovich,*? who is undoubtedly a pioneer in this field.
He employed polystyrene MM with methacrylate groups having
molecular weights ranging from 11000 to 16 000. The copoly-
mers of such MM with ethyl and butyl acrylates, obtained in
solution or in suspension, exhibit markedly the properties of
reinforced rubbers with microphase separation, in which the
rigid polystyrene domains simulate a solid filler. The
majority of the copolymers are thermoplastic and their mech-
anical properties improve significantly when subjected to
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shearing influences, for example, extrusion, apparently as
a result of the creation of a more homogeneous physical net-
work. The principal mechanical characteristics of a series
of ternary MM copolymers (molecular weight 16 x 10%) with a
1:1 mixture of ethyl and butyl acrylates according to Milko-
vich's data® are given below:

MM content, wt.% 25 30 40 45 50
Yield point, MPa —_ 1.9 8.3 12.4 18.0
Tensile strength, MPa 9.0 11.7 15.2 17.2 20.7
Limiting elongation, % 730 550 400 350 240

With increase of the content of MM, the copolymers undergo
a change in a set of properties, being converted from thermo-
plastic elastomers capable of effective recovery of properties
(20—30% MM) to flexible thermoplastic materials with high
yield points and tensile strengths (35—45%) and finally to
thermoplastic materials capable of being moulded and having
a high tensile strength (45-55%).

The introduction of polystyrene MM into polyacrylonitrile
(10 and 50 wt.$% of the MM) makes it possible to improve sig-
nificantly the conditions for the formation of films by casting
methods at 150 °C. Positive effects following the introduc-
tion of MM have been observed also in the properties of
poly (vinyl chloride). ?

Other types of studies involving graft copolymers are
associated with imparting various specific properties to
materials. Many heterochain polymers are known to exhibit
a high solvating power in relation to cations*:¥ and they
are therefore used widely, together with crown ethers, as
sorbents, solubilising additives, phase transfer catalysts,
etc. Polyoxyethylene is perhaps of greatest interest and
there have been a number of studies designed to produce
the appropriate materials on the basis of its MM, %%

Cross-linked polymeric sorbents based on network styrene—
divinylbenzene copolymers, containing free suspended poly-
oxyethylene chains, have been obtained using MM.%® Itis
possible to overcome in this way the low mechanical stability
of the cross-linked polyoxyethylene, which precludes its
direct employment as a chromatographic sorbent. The sol-
vating power of network graft copolymers, containing differ-
ent amounts of MM, have been studied in relation to the
Williamson reaction

C >x—<?-x(* - RBr— C)-oxz +KBr ;
(XXIV)

R =n-Bu, C;Hy ,

(19)

This reaction is extremely sensitive to the solvation of the
cation and the ion pair (XXIV) and this is why it has become
the traditional kinetic test for the solvating power of the
medium , %,100,101

The pattern in the activation of reaction (19) by a cross-
linked polymeric catalyst and also by analogous graft copoly-
mers proved to be extremely complex. In the case of net-
works, the activation effect depends on the content of the
MM, the degree of cross-linking, the porosity, and also the
degree of swelling of the polymer and its thermodynamic
compatibility with the medium and the alkyl bromide. In
particular, the maximum in the dependence of the rate of
reaction on the content of the MM in the network, which
occurs at 5 mole %, has been attributed® to the character
of the distribution of the reactants in the network polymer—
liquid phase system. Overall, this interesting study*®
merely leads to a new approach to the synthesis of phase
transfer catalysts based on polyoxyethylene, without solving
the many other problems in this field.

The ability of systems of this kind to immobilise the corre-
sponding reagents has been demonstrated in relation to gels
obtained from MM of type (XXV) and methyl methacrylate
with addition of 3-5% of cross-linking agents: ®



788
MeO (CHICH,0),00C=CHy,

(XXV)
n=4-—-7,
In the swollen state, such gels are optically transparent,
which permits a spectrophotometric study of the degree of
binding by the latter of alkali metal picrates as a convenient
model (see, for example, Arkhipovich et al. 102y ' and also of
the state of the latter in a polymeric solvating medium.
Experiments have shown that the equilibria
K
gel + PiNa I—’IGeLPiNa,
K.
gel.PiNa + glyme 22 gel + glyme .PiNa
in dioxan and chloroform are strongly displaced towards
scdium picrate (PiNa) immobilised in the network. The
constants K, and K, proved to be ~300 litre mol * and 0.1—
0.4 for networks based on MM of type (XXV) and glymes of
similar length; the constants change somewhat as the chain
length is altered.

These data indicate the higher solvating power of glymes
in the polymer than in solution, although this is hardly
likely to be achieved owing to cooperative effects, because
glymes with this chain length are themselves fairly effective
solvating agents, %1%

Spectroscopic studies® of the state of picrates in gel films
have also confirmed the high level of solvation, because the
spectra obtained correspond to solvate-separated ion pairs;
the wavelengths of the absorption maxima are 368, 374, 377,
and 378 nm for Li*, Na*, K* and C1* respectively after the
removal of the solvent. It has been suggested that the gels
obtained and other analogous gels are promising for the
study of the reactions of the reagents with the state solvated
by macromolecules.

One of the important applications involves the creation
of effective surfactants using MM. Comb polymers with
a hydrophilic base and hydrophobic grafted chains (and
conversely) have been used fruitfully for a long time for the
steric (antropic) stabilisation of various dispersions, emulsi-
fications, ete. (see, for example, Barrett'®), but the
approach using MM greatly simplifies the formation of such
substances and extends the range of the possible structural
variants. Polymers of this type are also of interest for the
modification of the surfaces of polymeric materials and the
solution of the problem of their compatibility. There have
been several studies illustrating these possibilities. 2,1%71%

Using polyoxyethylene MM of types (IV) and (V), Koba-
yashi et al.'® synthesised graft copolymers with the struc-
ture (XXVI):

~ (NCHCH), (NCH,CH)~

S
(\ [/ AN
VoY,
(CH,CH O),Me ,
(XXVI)
n=19—43 .

Owing to the presence of hydrophilic (polyoxyethylene) and
hydrophobice (polyphenyloxazoline) fragments, these copoly-
mers exhibit a high surface activity at the air—water interface.
The surface tensions (y, dn em™Y) of water and 1% solutions
at 28.5 °C are given below:

Water 71.4
MM 56.9
MM homopolymer (p = 3) 54.8

The copolymer (XXVI) (p/g =1:8.5) 28.8
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It has been suggested that these non-ionogenic surface-
active graft copolymers would prove to be effective stabilisers
of dispersions and also antistatic agents when they are intro-
duced into plastics, like the analogous block copolymers. 1

Extremely interesting and very promising surface effects
have been observed after the introduction into polystyrene
or poly(methyl methacrylate) films of small amounts of the
corresponding graft copolymers containing hydrophilic
polyamide '® or, conversely, hydrophobic polydimethylsiloxane
fragments. 1% Measurement of the wetting angles in water
for polystyrene films obtained by casting onto glass plates
has shown, for example, that the polyamide (see the footnote
to Table 3) blocks are concentrated on the surface adjoining
glass even when their content in the film is ~0.2%. This has
been confirmed also by IR total internal reflection Fourier
spectroscopic data. The surface of the film turned towards
air does not differ in any way from that of the usual poly-
styrene.

The opposite picture has been observed for the system
comprising poly(methyl methacrylate) and the graft copolymer
of methyl methacrylate with polydimethylsiloxane-methacryl-
ate.® In this case the siloxane blocks are concentrated on
the "air" surface of the film, rendering it markedly hydro-
phobic; cos 6, where 0 is the wetting angle, changes from
0.5 to —0.2 when not more than 0.5 wt.$% of the siloxane
component is introduced. The other surface of the film
is also somewhat enriched in the graft copolymer and its
distribution with respect to the thickness of the film follows
clearly from IR reflectance spectroscopy. This effect,
caused by the macruscopic separation of the copolymer in
the bulk phase, is extremely stable and is almost fully
retained after prolonged washing of the surface with n-hex-
ane—an effective solvent for polydimethylsiloxane. In
the case of similar modification of surfaces by static or
block siloxane copolymers and also siloxane homopolymers,
such washing eliminates the hydrophobic effect almost com-
pletely.

Presumably the application of biphilic graft copolymers
constitutes a promising means of influencing the compatibility
of polymers in composites, the character and stability of the
microphase separation, and the modification of polymer films
and fibres.

The biphilic property is one of the main qualities of graft
copolymers widely used in the synthesis of biomedical
materials. By virtue of MM, a series of new approaches
have been discovered in this field also.

Plate and co-workers' ™ have been consistently develop-
ing the immobilisation of biologically active compounds
(BAC)—proteins, enzymes, etc.—on macromolecules or in
cross-linked hydrophilic gels via intermediate "macro-
monomers". The principle of the method consists in the
synthesis of MM by the acylation of BAC, i.e.

X R
AN
NHa + C—C=CH, —>
% o7 2

(BAC)

and the subsequent copolymerisation of the resulting acryl-
amide MM with an appropriate comonomer in the absence or
presence of a cross-linking agent. It is possible to graft
compound (XXVII) to various materials, for example, under
the influence of y-radiation. The functionality of the MM
(XXVII) naturally depends on the number of the initial
amino-groups in the BAC and on the degree of their sub-
stitution, which has been considered in detail in novel
studies by this group of workers (see the review of Plate
et al.112),

Nu—co——g:cn’z + HX

(XXVID
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An important condition for the attainment of the final aim
is the retention by the BAC of its activity at all the stages
of the immobilisation process. It has been shown in relation
to human serum albumin*®® and a number of other proteins
that the BAC retain their secondary structure and that their
binding centres are unaffected on modification.

The approach considered made it possible to create new
effective sorbents for biospecific chromatography and
mat‘erials with improved haemocompatibility, which is adequate
even for making artificial veins. An important consequence
of these studies is also clear-cut correlations between the
haemocompatibility of the polymer and the effectiveness of
its action on the clotting system of blood.

Another application concerned with the creation of bio-
medical materials, employing purely synthetic MM, has also
been developing effectively.»”» %16  The introduction of
polyaminoacid, polyamine, polyamide, and also polysaccharide
fragments, exhibiting "biological” affinity, into the usual
polymers, most often polystyrene, which plays the role of
an inert hydrophobic carrier, makes it possible to obtain
two-phase materials which constitute the base for the creation
of biosorbents, specific membranes, and anticlotting coatings.

The problem of the separation of B- and T-lymphocites,
which is one of the key problems in modern chemical immunol-
ogy, has attracted much interest recently.117 The materials
created on the basis of MM exhibit a high selectivity in such
separation and are being studied vigorously. The selec-
tivity coefficients Ag/Ar of the adsorption of the corre-
sponding cells on polystyrene and graft copolymers with
polyaminoacids [see Scheme (3)] and polyamine fragments

(XIX), based on the results of several studies, ™ 1% are
presented below:
Polystyrene (PS) — 1.18
PS with grafted polyaminoacid {26%) 1.54
Ditto {30%) 2.45
PS with grafted polyamine (9%)  4.47
Ditto (15%)  2.89
- (25%)  2.45
(50%) 3.16

The mass content of the graft copolymers is indicated in
brackets. Their selectivity is frequently antagonistic to
the overall absorption of lymphocites on columns of this
type.%® However, the latest estimates have shown that the
population of T-lymphocites can be obtained in yields up to
50% and with a purity of approximately 95% (for example,
by employing the copolymer of polystyrene with a 9% content
of polyamine). For this purpose, the columns are addi-
tionally modified by proteins, for example, albumin® or
additives regulating the hydrophilic properties of the
material.

Overall, the biomedical applications of MM have been
developing most vigorously in recent times.

---00o---

Thus a new field, which has significantly enriched syn-
thetic polymer chemistry, has arisen among reactive oligo-
mers and has been developing vigorously. The use of
MM containing one polymerisable end group, frequently an
unsaturated group, made it possible to obtain a number of
fundamentally new comb and graft polymers. Methods for
the introduction of functional groups—initiation and deactiva-
tion in ionic polymerisation and radical telomerisation—have
been developed in detail. The first reviews of studies in
this new field have already appeared.®® Presumably this
field and also the synthesis of block copolymers, developing
in parallel, will serve as sources of new polymeric materials
for various purposes.
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