I NTRODUCTION

As early aé 1667, Robert Hooke prophesied that
nghere might be a way of making an artificial glutinous com=
position, much resembling, if not full as just, nay Dbetter,
than the excrement from the silk worm", This prophesy did
materialise, though only in the first half of the twentieth
century, dae to the tremendous advances made in the field
of polymer chemistry in this period. The acceptance of the
hypothesis that high polymers are composed of covalent struc—
tures many times greater than that occurring in small molecules
and this alone accounts for the characteristiec properties
which set them apart from other forms of matter is largely
responsible for the rapid advances in high polymer chemistry.
But unfortunately this view was not accepted by the chemists
till about 1930: They considered the process of polymerisa~—
tion as depending entirely on the forces of auxilary valency,
which may be regarded as being either of a general nature or
exerted in the form of definite co-ordinate linkage of the

type described by Sidgwicks, Thus Thiele1

in 1899 suggested
that in a molecule which undergoes polymerisation the affinity
forces of the compound atoms are not completely satisfied and
the residual affinities which he termed "partial valencies™
bind the molecules to form polymers. Again in 1901 a school
of chemists1 put forward the view that polymerisation is a

kind of allotropic change and not a chemical change, They



- 2=

considered polymerisation of a@rylic ester as an allotropic
change, Sehorerter1 suggested that polymerisation is a mari-
festation of the peripheral force and no chemical structure

is involved, Thus the view that polymerisation is a type of |
association caused by some inter-molecular forces of mysterious
origih was so strongly advocated that even the early investiga—
tors on natural as well as synthetic polymers tried to view
their results only through this angle and the gradual change

to the present view, that properties’ like viscosity, elasticity
and high strengths are direct consequences of the size and
constitution of covalent structures and not due to inter-
molecular forces, which also do ;nfluence the properties of
high_pelyners just as they do those of momometric cempounds,
may be ssen from a brief review of the early investigations

on naturally occurring as well as synthetic polymers.

Barly Investigations on Naturally Occurring Polymers

The polymeric nature of proteins and carbohydrates
was recognised atleast as early as 1871 when Hlasiwetz and
Habermann2 suggested that these substamces include a host of
isomeric and polymeric species differing from one another with

3 observed the

respect to molecular condensation. Thomas Graham
slow or even negligible rates of diffusion of certain polymers
in solution and their inmability to pass through semi-permeable
membranes. He coined the term "Colloids" meaning "glue like"
for these substances. For a long time the workers.in"this

field were handicapped by the absence of a method of determining



molecular weight in solution, and hence could not determine
the state of polymerisation even in instances where polymeri-

4 and Van't

sation was suspected, However the work of Raoult
Hoff‘s5 formulation of solution laws provided them with a
toolrto determihe the molecular weight. Sonn followed a
period when a number of people were engaged in determination
of mocleeular weights of starch, rubber etc. It may be men~
tioned here that excepting Nastukoff6 nobody réalised the
importance of extrapolating the measurements t0 zero concen-—
tration and partly due to this the molecular weight values
obtained by them are much too low, From the molecular weight
determinations a few of the early investigators were led to
believe that cellulose, starch etc. are composed of large
moleculese This view was not accepted in general and they
preferred to believe that the laws applicable to ordinary
solutions are not applicable to colloids. Further the
apparent deviations for solutions of elecirolytes seemed

to testify the fallibility of Raoult's method., Again as
mentioned earlier the period 189541920 was marked by the
emphasis placed on secondary association of molecules
through coordination complexes, partial valencies and

T publication

Van der Waal's forces and Ramsay and Shields
provided a method of estimating the extent of this asso~
ciation, by which many workers could prove that association
is very common in liquids. Organic Chemists were motivated
by the desire to isolate "pure" substances the term "pure"

being synonymous with "homomolecular"™ and invariably implying



a formula of convenient size. People were so absérbed with
the association theory that molecular association was unfor—
tunately referred to as polymerisation. The emphasis placed
on the not infrequent eccurrence of co-ordination compounds
and of association in ligquids sustained the view that poly~
reric substaﬁees are similarly physical aggregates of smaller
molecules, The degradative studies on rubber, cellulose,
starch etc. indicated the existence of more than one moncmer
unit linked by covalent linkage. These polymeric units might
be combined either in cyclic structures or epen chains., The
assumption of a linear chain requires the presence of end
groups which they could not detect, Hence it was believed
that these polymers are formed by association of ring struce
tures containing more than one unit, However Emil Fischer's8
synthetic approach towards proteins indicated that the chains
are linear, but his estimate of the length of the chain was

too smell by one to four orders of magnitude depending on

the protein.

Barly ¥Encounters with Synthetic Resins

A) Condensation Polymers. ... .

The possibility of indefinitely large covalent
structures is implicit in the basic structural concepts of
organic chemistry., But the early Organic Chemists not only did
not pay any attention to this but also discarded the tarry
side products and insoluble products obtained when bifunc-

tional or polyfunctional reactions were carried outg. In the



early days of scientific development of polymer field, the
orthodox organic chemist called the polymer chemist a student
of "gunks" and indicated that the purity of his products was
for less than that demanded in the ordinary synthetic work,
Nevertheless a few of the synthetic polymeric substances did
attract the attention of the 19th century investigators, Thﬁs
Lourenco (1860)10 reported the synthesis of polyethyleneglycol.
He found the viscosity of this product increased with the num=—
ber of units in the chain. His remarkably clear understanding
of the nature of the polymeric product may be understood from
his statement "We have demonsirated that the percentage compo-
sition and even the chemical reactions are insufficient to
determine the chemical molecule of certain compounds and that
there should exist organic and inorganic¢c bodies having the
same apparent percentage composition, presenting the same
reactionsand having however entirely different degrees of

" also prepared polyethylene

condensation", TLourence
succinates. Verlander12 assigned to it a sixteen membered
ring structure composed of two units, Boithner13 suggested
a cyclic tetrameric formulas for polyethylene oxide, inspite
of molecular weight measurements which indicated an empirical
formula (02H 0)30. Kraut14 on the basis of sound chemical
evidence assigned chain structures to the products obtained
by heating acetyl salieylie acid and also to "salicylide"
obtained by action of phosphorous oxychloride on sodium

salicylate., The curious notion of condensation in.discrete

steps from one intermediate to another &f twice the degree



of pelymerization was advanced by these as wéll as later workers.
Kraut, like mgny other early investigators believed that the poly-
mers obtainsd are homogeneous and not mixtures of polymeric species.
Nevertheless recozgnition of the essential nature of chain polymeric
structures was clearly expressed in his work. Soon followed a
period vhere a number of reports on condensation polymerization

15,16,17

from different starting materials appeared However, in

all cases their polymeric nature was not usually understood. Thus

4 thought that pyrolysis of "salicylide" gave

Marcker18 and Kraut?
phenylene oxide, though undoubtedly the product was a polymer. No
appreciable advance was made till about 1920 or even later from the
basic understanding laid by Kraut and Lourenco. The use of a chain
structure makes it necessary td‘indicaﬁe the nature of.the end
group and so some preferred ring structure. Some others who still
believed polymerization ax a sort of association expressed the
formulae 2s ring structufes containiﬁg two or more.monomeric

units the rings being held together by some sort of inter-moclecular
forces to give the polymer. The uncertainfty which existed in

the minds of the authors of this period and even later may be shown
by the structural formulas (with question mark) which they assigned
to the polymeric proéucts they obtained, Thus Bischoff and von

Hedenstrom19 assigned the following formula for the product

obtained by the reaction between oxalic acid and dihydric pherol




In short, though the conception of long chain mole-
cules and the possibility of these being mixtures of molecular
species difficult to separate seems but a short step from con-
clusions of TLourenceo and Kraut, it did take a long time for
the chemist to realise this mainly because they believed every
definite substance could be classified in terms of a single
definite molecule capable of being represented by a concise
formula. While the possibility of forming giant chemical
structures composed o6f linear chains, branched chains, or
net works was implicit in the foundations of struetural che-
mistry, chemists generally hesitated to discard the molecule

as the prime goal of their researches.
B) Vinyl Polymers

That vinyl monomers undergo polymerisation was known
from almost the same time as their isolation., Thus Berthelotzo
applied the term polymerisation to the conversion of styrene to

a gelatinous mass observed by Simon21 in 1832, DPolymerisation

of 1sepren322 methacrylic acidga etc, were also reported by
about 1880, But as mentioned earlier the chemists wanted to
thihk only in terms of association of molecules as the step
towards polymerisation., They gave ring structures containing
A‘feﬁr, five or even more units, which were supposed to be asso-
ciated through their "partial vaelencies". The "colloids" thus
formed were suﬁposed to be responsible for the negligible

change observed in boiling point elevations or freezing point



depressions of their solutions, Though Lebedev24’25 proposed
chain structures such as (-CH,~CH = CH-CH,~CH,~CH = CH-CH,=) _
for polybutadiene and recognised that polymers are of high
molecular weight, he’erroneously concluded that polymer is
formed by a gradual passage of the monomer through successive
stégea‘of aggregation, the entire process resembling inter-
molecular association, In spite of the proposals of large
primary valence structures for rubber by Pick19526 and somewhat

24,25 prevailing opinion

ambiguously for polybutadiene by lebedev
favoured rings of moderate size for vinyl and diene polymers.
Leuchs and eo~workersz7 favoured the view that strained rings
(i.e. those other than five of six membered) tend inherently

to polymerise by "secondary valences8 of same sort,

Development of the Macromolecular Hypothesis

28 was the first to oppose the then

Staudinger
existing view of formulating polymeric substances as associa-
tion compounds held together by "partial valencies", He
proposed chain formulas for polystyrene, polyoxymethylene,
and rubber. Further the colloidal properties of these sub=-
stances were attributed entirely to the sizes of their
primary valency molecules., Regarding "end groups" he
suggested that in such iong chain structures no end groups

are necessary to saturate the terminal valencies. This

seemed plausible as the free radicals at the end of such
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long chains may remain active without colliding with active
centres due to the immobility of the macromolecules, Staudine
ger brought forward experimental evidence against association
theory. Thus he showed that rubber retains its colloidal
properties even after hydrogenationzg. Purther in contrast

to association colloids, high polymers exhibit colloidal
properties in all solvents in which they dissolva30. Howerver
Staudinger's view did not find immediate acceptance. Othars
still preferred to believe in the finite ring formu1a531
which seemed to be supported by the erroneous results obtained
ﬂih moleéular weight determinatioﬁ;BZ. The existence of unit
cells in crystalline rubber and cellulose similar in size to

33 revealed by x-ray diffraction

those of simple substances
studies seemed to support the view that polymeric molecules
are also small, But Sponsler and Dor334 showed that the
results of x-ray diffraction by cellulose fibres are consise
tent with a chain formula composed of indefinitely large
number of units, The cellulose molecule continues from one
unit cell to the mext through the ce¢rystal lattice. This
interpretation made the associated ring theory untenable.
Heyerland Mark also strongly advocated the long chain cova-
lent structures. But they still continued to believe crys-
tallites to be discrete units or micelles formed by aggrega-

35’36. The length of a micelle was

tion of polymer molecules
considered to be ddentical with molecular length, mole-
cular weights of 5,000 being estimated in this manner, High

values obtained for molecular weight by careful osmotic



- jsure method were attributed to solvation, Staudinger
opposed this view37. He believed that a polymer molecule
may pass through many unit cells reaching from one end of

a crystallite to the other, then meander through an amor-
phous region and into another crystallite, etc. Thus the
covalent structure of polymers was slowly taking firm ground.
In 1928, Meyer and Mark36 pfaposed that the properties of
vulcanised rubber are to be accounted by the fermation of

38 extended the covalent

covalent cress—linkagés. Staudinger
structure idea to differentiate between linear and non-linear
polymers. The insolubility and infusibility of the latter

was explained as being due to formation of net work structures.

A fairly clear picture of the polymer structure
arrived at by 1929 is presented in the Annual Reports of
19291. In this report polymerisation is defined as "chemical
combination involving operation of primary valency forces',
The picture given about natural as well as synthetic polymers
is illuminating. Thus the difference between the various
forms of solid polymerides of fermaldehyde is accounted on
the basis of difference in the end groups or due to some
internal rearrangement. Again recognition was given to the
fact that highly polymerised substances are not homogeneous
in the sense that they are all equal in length and molecular
weight and also the physical properties of the polymer depend
upon its molecular weight, In polyoxymethylene series the



end groups could not be detected by x=ray analysis., This was
accounted for by suggesting that the linear chains are arranged
parallel to one another and as these differ in length the end
groups occur at irregular intervals and hence are not detectable
by x-ray methedse In short the views regarding the structure of

polymer in 1929 may be summarised as follows :-

The term "micelle" refers to the whole crystallite
(i.es crystalline materials formed by inter-molecular forces
between unequal large macromolecules which can exist only in
solid state). The colloidal properties are not due to the fact
that molecules are associated in micelles as in certain soap
solutions, but to the special properties possessed by 1long
chains which are equal in size to colloidal particles. In
one direction the chains are colloidal in nature while being
of ordinary magnitude in the other two. The difficulty regard—
ing the terminal valency was explained by assumption of endless

chains. Thus polystyrene was given the following structure,

06557?H~0H2-[“caac6H5~CH2;7X - CH-CGH?;Cﬁz

CH,~CH-CgHg zfcnz-ca-c635;7x-caz-cn-csﬂ5

, The series of brilliant investigations embarked upon
by Carethers39’40 in 1929 <" " established the structure of
polymers and the relationship between the constitution and
properties of the substances. Thus by about 1930 the covalent

chain concept was an almost established fact.
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Soon theoretical chemists began to invade the field.
Thus Kuhn41 in 1930 published the first application of the
methods of statistics to a polymer problem. He derived fore
mulas expressing the molecular weight distribution in degraded
cellulose on the assumﬁtion that splitting of inter-unit bonds
occurs at random. The statistical approach has assumed an
important part in the treatment of constitution, reactions
and physical properties of polymeric substances which are
highly complex for a direct mechanistic deduction from the
detailed structures of the consﬁituent molecules, The average
size and shape and the ability of these long chain molecules
to rotate about its valence bonds attracted the attention of
many theoretical chemists. Their investigations provided
th§ background for an attack on such problems as high visco-
43

sities ° exhibited by dilute solutions of high polymers, double

42 G344

refraction of flow and rubber elasticit

Various properties of polymers which depend on
molecular weight could not be satisfactorily elucidated till
a method for accurate determination of molecular weight was

evolved., Staudinger45’46

in a number of papers published
between 193051932 emphasised the dependance of molecular
weight ef linear polymers on the viscosity of their dilute
solutionse Solution viscosity is'a readily detexrminable
quantity and hence relationship between viscosity and
molecular weight is of great importance. Staudinger from
results known at that time concluded that imtrinsic viscosity

is directly preportional to molecular weight.
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[n] = KM

where Zﬁ;7== intrinsié viscosity, ﬁ = mpolecular weight and
K = constant characteristic of the given polymer. The use
of this formula gave molecular weights which were low by
factors of 10 or mere. Since then, molecular weights of a
number of polymer series have been determined amnd reliable
relationships between solution viseaéity and molecular
weight have beeé established. The most widely used expre-

ssion is the Staudinger-Mark equation
[n_7 = m°

47

Very recently Palit has put forward another expression

which is claimed to fit in the values more accurately.
100/ 7P, + 10 M= K1M2/3 + K,

vhere Pg = partial density of the polymer in dilute solution

K1 and K2 are constants,

CLASSIFICATION OF POLYMERS

48 classified polymers as

Carothers
i) Cﬁpolymgrs or condensation polymers in which the molecular
formula'of the structural unit lacks certain atoms present
in the monomer(s) from which it is formed due to elimina-
tion of by-pre&uct, often water,
ii) A-polymers or additiom polymers in which the molecular
formula of the structural unit is identical with that

of the momomer from which it is derived.
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The importance of this classification is not in
the difference in compositién or of the structural unit from
the momomer(s), but in the mechanism of formation of the two
which are entirely different, Thus C-polymerisations proceed
by stepwise inter-molecular condensation of functicnal grcups;
A-polymerisations usually follow a chain mechanism involving
active centres of one sert or anether, The structural units
of condensation polymers usually'are joined by infter-unit
functional groups like ester, amide, acid anhydride etce. Most
addition polymers do not possess functional groups ﬁithin the
polymer chain although they may be present as lateral substi-

tuent s,

This type of a shawy classification is not always
possible. There are border line cases, Foér example glycol
and di-isocynate react inter—moleculgfly through pairs of
fugctional groups yielding urethane inter-unit linkage without
elimination of any product. But the mechanism and structure
of the polymer require its inclusion in the condensation class
Hence the original classification of Carothers if applied
literally fails often times, It is necessary to broaden the
definition of condensation polymers, K to include also polymers,
'whieh on chemical degradation'yield monomeric and products
differ-ing in composition from the structural units., Addition
polymerisation may be defined as the process involving only
scission of a bond in the monomer and reformation of simila;

connections with monomers (as in the opening of the carbone

™~
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carbon double bond of an unsaturated monomer or the opening
of the ring of cyclic monomer) without formation of any
by-product. These two classes can again be subdivided into
linear and non-linear polymers., Linear and non-linear poly-
mers differ markedly in their structural pattern as well as

in their properties,

ADDITION POTL.YMERISATION

Addition polymerisation has no exact parallel
reaction in the classical organic chemistry. In this type
an unsaturated molecule which some~how or other gets activated
adds on other unsaturated molecules leading to long chain
compounds and finally gets deactivated, Now it is realised
that this process is a special type of chain reaction. The
concept of chain reaction arose as a result of observations
made on deviations from Einstein's Law of photochemical
equivalence which may be stated in its original form as
- "If light brings about a reaction, one molecule is normally
transformed for each quantum of light absorbed". Thus the
quantum.yield is the ratio of number of molecules reacting
to the quania absorbed must be unity. This relationship
however applies only to a limited number of cases., If the
quantum yield is less than one we can explain it as due to
the deactivation of a fraction of the molecules before their
transformation due to some collision with wall or some foreign

molecule. But in many cases the value is found to be greater
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than one usually two, as for example photo-chemical decompo-
sition of hydrogen iodide49. Einstein's Iaw is considered
to be obeyed if the quantum yield apprééehes any integer upto

three.

A third elass of reaction exists in which the

6 where EFinstein!

quantum yield may be in the range of 103 to 10
Law is not even approximately obeyed. This indicates that
ence the primary process namely the activation of a molecule,
which requires a single qQuantum of light, ftakes place, sone
speéial type of secondary reaction which involves thousands
of molecules ensues, If such a large number of molecules
react due to absorption of single quantum of light it seems
likely that this process must be the same for each molecule.
The only simple way to explain this is to assume that the
secondary process ultimately regenerates an active molecule

which can continue the reaction, which may be schematically

1]

represented as follows

A+ hv » > A"

*
A -——————» B —————> products + A*

This type of reaction is called a chain reaction, the classi-
cal example of which is the much studied photo~chemical hydro-
gen chlorine reaction, The three stages involved in a chain
reaction are (A) chain initiation, (B) chain propagation and
(C) chain termination. The process (C) can take place by
collision with a foreign molecule or with the wall of the

reaction vessel.
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Usually the difficult step is the chain initia-
tion process., Once it has been achieved the succeeding pro-
pagation and termination steps are often extremely fast and
may btake only a fraction of a second., The fact that the
reaction may carry on for several hours only means that a
chain reaction unlike a single stage chemical reaction pro-
ceeds by a series of "fizzles", If they were very few, the
reaction would go by a series of jerks at randomly spaced
intervals as can be demonstrated in the case of natural
disintegration of radio active elements. The smooth overall
rate observed in many chain reactioms is due to the super-
imposition of a series of SQQh "fizzles" all of which start

at different times, thus ironing out the random fluctuations.

In any vinyl polymerisation the three elementary

50 has aptly named

processes may be distinguished and Mark
these phases initiation, propagation and termination. Addition
polymerisation of vinyl derivatives is now accepted to proceed

51,52,53

through a chain mechanism and three stages are now

discussed in detail.

A, CHAIN INITIATION

In a vinyl or diene monomer the active chain

centre can be produced by heat, light or catalyst.
(a) Thermal Initiastion

The chain initiation is caused by production

of molecules each with a larger amount of energy than the



average individual value, The proportion of molecules having
an energy greater than E cals./gm.mole is proportional to e E

The activation process may be written as
M+ M= M*¥ + M

(b) Photo-chemical Initiation
The initiation reaction may be written as

| M+ hy =3 Mf
The activating agent is a 1ight quentum introduced externally,
In deriving an expression for the chain startihg centres we
have to take into account intensity of light, the fraction of
light absorbed by the monomer and the fraction of absorbed
quanta which is effect ive, Photo-chemical initiation has

the following advantages :=

The rate of production of chain starting M mola-
ecules is independant of témperature an important point in

finding out energies of activation,

It can be controlled instantaneously by external

devices which alter the incident intensity immediately.

These make it possible to study the effect of
temperature on propagation and termination at a constant
initiation rate and to determine the life time of the active
fragment. None of these advantages can be found in thermal

initiation methods,
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(c) Catalyﬁic Initiation

The term "catalyst" in this connection is rather a
misnomer as the catalyst is always used up during polymeriza-
~tion., '"Catalytic initiation" is the one which is always used
in large scale production of polymers because of the ease with
which the rate of polymerization and the average molecular
weight of the polymer formed can be controlled. The ca%alysts
used in initiating the polymerization may be classified as (i)

{.
Ionic catalysts and (ii) Pree radical forming catalysts.

(i) Ionic Catalysts

This type of catalyst includes certain inorganic

salts such as boron trifluoride, aluminium chloride and stannic

54 5

chloride and sodium in liquid ammonia and alkali metal alkyls
The speed of the reaction is %too high for any accurate stﬁdy.
Polymerizationsinitiated by ionic catalysts are carried out at
low temperatures of the order of -80°C, The polymerization usin,
such type of catalysts are now believed to proceed through an

26 have shown that

ionic mechanism. Polanyi and his co-workers
traces of water are necessary for the cationic polymerizations
to start and the accepted theory is that polarisation of the
double bond of the monomer occurs, and the active ion so formed

starts the chain reaction, which may be represented as below i~

F F
F:B +CHy t: CHL ——> F : B <—o CH,: CHX'

. e : . o

F F



As the growing radical is an ion the termination reaction
as well as the kinetics of the whole polymerisatiom is
different from the polymerisation reaction initiated by

free radical catalysts.
(ii) Free Radical Forming Catalysts

This type of "catalysts" decompose to give free
radicals and the use of such compounds has long been recog-—
nised as a method of initiating polymerisation. Organic
peroxides and azo compounds (sometimes inorganic persalts57)
are the most widely used and effective single initiaters of
this type but are surpassed in activity by systems contain-

ing both oxidising and reducing agents.

The decomposition of peroxides is formulated

as follows58 :

However, intensive study on decomposition of peroxides has
proved that the decomposition is not so simple as represented
by the above equation. Decomposition has usually a higher
order than unity. Hence other reactions involving decompo-
sition of peroxides have to be postulated59. This is taken
to be a bimolecular induced chain decomposition. Therefore
if the unimolecular decomposition rgaction is to be investi-
gated it is necessary to suppress as far as possible induced

decomposition. It has been observed that many substances



have the property of excluding induced decomposition in solu-
tion of which one of the most efficient is styreneso. Any
variation in the rate of decomposition of peroxides in various
solvents is due solely to the occurrence of the induced decom-
position, The investigations carried out by Cooper61 on sub-
stituted benzoyl peroxides indicate that peroxides can act as
initisators as well as chain terminators, So any study using

peroxidée as catalyst has to take care of these side reactions,

The azo group of initiators came into prominence
by about 1949 when their outstanding reactivity in promoting
polymerisation of many monomers was reported62’63. These have

the fellowing advantages o¥er the peroxide catalyst :-

(1) Though there are some minor differences in
chain initiation in different monomers these differences are
not so clearly marked as in benzoyl perexid064. However

65 have shown by using 2-2' azo isobuty-

Arnett and Petersen
ronitrile labelled with 314 the efficiency of the initiator

is dependant on the monomer used.

(2) Azo catalysts in general take part in no

reaction other than initiation®%166

though substances like
diazo amino benzene, tetraphenyl ﬁuccinodinitriles7 etc. act

both as initiators and retarderse.

The decomposition of azo catalysts may be Trepre~

sented as shown belew68 :
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CH CN CN CN
> CH, ci, ¥ cH, |
AN ] — 3 3\ | 3\
C-N = N=C ——e Co + C-N = N,
~ AN < 4
CH CH
CH, | CH3 3 3
CHz .
N
C. + N
y 2
CH,

The radical so formed by decomposition of either a:
0r. peroxide catalysts then initiatesthe chain by drawing :on
the m electrons of the double bond of monomer and leaving

the other unpaired electron to form a larger radical.

R. + CH, = CHX ————> R-CH,~CHX.

(wheie R, stands for the radical formed by decomposition of
the free radical catalyst), This type of a mechanism demands
the presence of the catalyst fragment in the polymer chain,
direct proof of which have been obtained from a number of

experimentsss’sg‘

(4) Reduction Activation Initiation

Among the eatalytic initiation is to be mentioned
this fairly new method of initiation especially because of
its much greater activity and its extensive applicability
in emulsion polymerisatibn as compared with the free radical
catalysts mentioned above. The discovery of this method is

rather accidental and was made as a result of observation,



that, not only did the induction period due to presence of
oxygen decreased but the rate of polymerisation~also increase
much if some reﬁucing agent is used to offset the inhibitory
effect of oxygen. Research in this line by a number of
workers7o resulted in the discovery of what is now known as
reduction-activation (Redox). ZExamples of this type are

(1) hydrogen peraxide ferrous salts (2) organic peroxides
wiﬁh reducing agents such as phenyl sulfinic acid, formic

acid, phenylhydrazine thio— B —-naphthol and polyamines etc.

(e) _Y-radiation as a Method of Initiation

It may be mentioned that the use of Y —-radiation

1 . .
7 is now becoming pepular and

in initiating polymerisation
has been studied by a number of workers. This radiation give

rise to both ions and free radicals in liquidse.

B, CHAIN PROPAGATION

The propagation mechanism depends upon the
fragment which initiates the chain, If the initiation is
caused by ionic catalyst the growth occurs through a process
which retains this ionic character which may be represented

as shown below @

RMT + M > RM‘2P
-+ +
RM, + M — RMn + 1
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In thermal and photo initiated gas phase polymeri-
zation the problem of whether the growing macromolecule is a
free radical or an energehically excited molecule is still oper
to question. However it is quite probable in gaseous photo-
polymerizations both types of parriersexist, In fact the
experimental results seem to0 indicate in the case of methyl

T3 T4

methacrylate72 chloroprene and vinyl acetate two types

of reactions can be induced L0 oOCCUT.

In liguid phase polymerization a free radical
intermediate is now favoured almost exclusively. The fact
that nonionic chain initiators produce radicais and many
polymerization inhibitors themselves are known to0 destroy
free radicals support this idea. The chain propagation step
consists essentially of a free radical attack at one of the
doubly bonded carbon atoms of the mohomer. One electron of
the double bond pairs with the odd electron of the free radi-
cal to form a bond between the free radical and this carbon
atom, the remaining electron of the double bond shifts to the
other carbon atoms which becomes a free radical., In this way
the active centre shifts uniquely to the newly added monomer
which is thereby rendered capable of adding another monomer etc

R® + CH, :: CHX ——————> R"CHQ : CHX®

2
R—CH2—CHX‘ + CH2 t: CHX ——= RFCH2~CHX : CHQ:CHX‘ e



¥hat ever be the exact nature of the active fragment the

basic propagation process may be written as

| K '
RM, + M —tse RM,, cee A
K
RM2+M—.—P~> RM; B
R
Rxn + M RMn?+}1... Cc

The same reaction constant is written for each propagation
step irrespective of the chain length of the growing radical.
This principle of equal reactivity of functional groups has

been proved experimentally,

Rate of reaction studies on a series of homologous

series like esterification of mono basic and dibasic acids75,

76 .nd etherification'’

saponification show that significant
change in the velocity constant with chain length: is confined
to the lowest members of the series, but the yelecity constant
rapidly approaches an asymptotic value as we go higher upvthe

series,

Kinetic studies on the degradation of various
polymers by reactions which bring about scission also support
this views Thus for example :3abkcholysis of polymeric deca-

18 by limited amounts of a higher alcohol

rmethylene adipate
or glycol show that over the range studied the mean reactivity

of inter unit bonds shows no change.



Again when in a polymer chain theulaﬁeral sub-
stituents undergo reaction without altering the degree of
polymerisation as in the saponification of polyvinyl acetate79
the velocity of reaction (in this amse velocity of saponifi-
fieaticn) is very noarly the same as that for the lowest
member of the series (in this case ethyl acetate) under the

sawe conditions,

| Theoretical considerations also support this

view that the reactivity of every like functional group is

the same irrespective of the size of the molecule to which

it is attached. Arguments put forward in favour of a decrease
in reactivity of functienal groups with the size of the mole-
cules to which they are attached have arisen from censidera=-
tions of mechanics of interaction of these functional groups
rather than from any inherent abnormal character of the fune-
tional group themselves, It is true that large molecules
diffuse slowly, But this does not mean that collision rate
of functional group also decrease correspondingly, The mobility
of tbe functional group is much greater than indicated by the
macroscopie viseosity of the molecule as a whole‘_ Though the
range of diffusion of the terminal functional group within an
interval of time, which is short as compared with the time
required for the displacement of the molecule as a whole,

vill be limited, it can diffuse over a considerable region
through rearrangements in the configuration of the nearby
segments of the chain., Hence its frequency of collisions

with the immediate neighbours occur at a rate which is atleast
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not much less than that occurring in simple liquidses 1In
other words the actual collision frequency has little rela-
tionship to the mobility of the molecule as a whole, As

Rabinawitch and WoodSC

have shown a pair of neighbouring
molecules or functional groups collide repeatedly before
diffusing apart, Hence when the rate of diffusion is slow
the series of encounters between the groups are prolonged.
Thus decreased mobility affééts the time distribution of
collisions experienced by a given functional group.. But the
collision rate averaged over a time, which is long as com-
pared'with the time regquired for diffusion from one partner
to the next, will not be affected to any great extent, Even
if the collision frequeney is reduced somewhat by the decrease
mobility as polymerisation progresses, the duration eof the
collided state increases, Hence the concentration of pairs
of functional groups sufficiently‘close tegetﬁer to permit
reaction between them to occur is independent of mobility,

In addition polymerisaticn as mentioned earlier
the propagation reacticn occurs by addition of monomer to the
growing chain, The mobility of the monomer will be compara~
tively little affected by increasing viscosity of the medium,
Hence it can maintain an equilibrium concentration in the
vicinity of the active centress Therefore, even thoygh the
chain growth précess in vinyl polymerisations is relatively
rapid (one in 10° eolligions) diffusion would not be expected

to be rate eontrolling; Howéver the chain termination step
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involving collision between itwo growing radieals which occurs
much more frequently (ome in about 10° collisions) it is not
improbable that diffusion, particularly when the viscesity of
‘the medium is high, may become rate centrelling.

Another strong argument advanééd 1n'fav5ur of a
deereased activity of functional groups attachéd to big ehains;
is that the latter may shield the functional group from react-
ing with other molecules; This alse doces not seem to be a
very valid argument, Except in very dilute solutions where
the irregularly coiled molecules can exist morp or less
independently of one another,'the polymer chains intertwine
extensively in a most irregular fashion with the result that
the functional group which shows no preferenée’to units of
its own chain will in generai be surrounded by units belong-
ing to various other molecules. Thus the ehains act like
so much diluent and are appropriately taken.ipto account
by writing the rate expression in terms of concentration of
functional groups participating in the reaction per unit

volume and not in terms of molefractions of moleeulés.

' The above discussion makes it clear that there
is no valid justification in assigning a generally abnormal
chemical reactivity to polymer systems and we are perfectly
jnstified_in assuming the propagation reaction rate constant,
remaine constant irrespective of the size of the molecule

with which reaction takes élace. The application of these
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principles presupposes a homogenecus reaction, Exceptions te

these generalisations may be found only

(1) where the specific rate constant is very high
while at the same time owing to the size of the molecule and/o:
to viscosity of the medium the diffusion rate is low in which
case diffusion may become rate~determining and ﬁhe process wil!
proceed more slowly than standard kinetic extrapolations would
prediet; and (2) when the solution is very dilute that each
growing nacremglecule is capable of independent existmnce in
which case shielding of the functional group is possible tﬁus

redueing the rate of reaction,

_ Exeeptién ﬁo the principle of equal reactivity of
everylike functional greups may also occur among the very _
lowest species in the polymer mixtures. This principle makes |
the applieation; of statistical considerations to the problem
of distribution of bonds formed during polymerisation, possible
which help one to arrive at the comstitution of polymers.,
Further it immenséy simplifies the kinetic treatment of poly-
merisation reactions for it permits totai disregard of the
complex array of melecules participating in polymerisation
thus enabling us to put the same constant for the propaéation

steps .as represented in equations A, B and C on page 25,

Irrespective of the particular chain propagation
mechanism ionic, free radical or energetically excited mole~

cule, the entire synthesis of an individual pelymer from
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monomers occurs with in a brief interval of time whereas

the overall conversion of monmomer to good yields of poly-
mer may require hours which is the characteristic of any
chain reaction. Thus in addition polymerisaticn at any
stage of the process we find @nly high polymer and unchanged
monomer and not polymers of intermediate stages of growth,
Alsc the average molecular weight remains approximately
constant with extent of conversdon to polymer. But in
condensation polymerisation, which proceeds through indepen~
dent condensations occurring at intervals scattered over the
period during which polymerisation is carried out and not
during a single comparatively brief interval as in the case
of addition polymerisation, interruption of the reaction at
the early stages yield polymers of low molecular weights

and the amount of monomer in system will be negligible

(less than 1%)s In vinyl addition polymerisat;on high
polymer makes its éppearanee at the outsets In contrast

to condensation polymerisation they preceed qﬁite rapidly
and polymers of molecular weights of the order of 102 to 107

are readily obtainable,
- Co IHE TERMINATION REACTION

, The mechanism of termination depend on the nature
of the growing polymers Any mechanism proposed has to accoun
for the iass of activity of a growing chaine, The various
methods by which a growing chain may get deactivated come

under any of those discussed below :
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(a) Spontaneous Termination

The growing chains"die® spontaneously in the
bulk phase or get deactivated by collision with the walls
of the reaction vessel., If the growth occurs through an
activated double bond mechanism, this is quite plausible,
and for such a type of growth spoantaneoas tarmination'merely
implies deactivation to a "dead molecule" with the same struce
tures When the growing chain is of the free radieal type some
sort of intermal rearrangement (usually a hydrogen atom trans=
fer along the chain) has to take place to give a molecule
with all its valenc& satisfied, In ionic polymerisation
~ spontaneous termination can take place by splitting off a
proton from the growing macromolecular ion which results in
leaving behind an unchanged polymer ineapable of further
growth. The proton produced may initiate another ioniec
chain and continue the polymerisation. Such a pfocess by
wvhich a growing chain gets terminated by expulsion of an
ion (or'atom in the ecase of free radical chains) from some
molecule in the system, at the same time liberating an ion
(or radical) capable of initiating a chain, is called a
"transfer réactiob?; Thus a transfer reaction is not a
true termination because a mumber of such reactions can go
at the same rate as a single chain growth and use up the
same total number of molecules so that the overall rate
remains unaffeetéd and some other mechanism must be there

to destroy the active chain, Iransfer reaction can however
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be detected by molecular weight studies, because the total
number of chains formed will be greater than the number

of initial active centres,

The idea of transfer in non-ionic polymerisa-

81

tions was first introduced by Flory to explain various

features in pure monomer polymerisations,

In solution polymerisations more direct evidenca
of transfer can be obtained, for example styrene polymerised
in a number of solvents with the same overall velocity, but
yielding polymers of different molecular woightsaa‘ The
changes in molecular weight can be explained only on the
assumption of transfer reaction, if we assume that propaga-
tion and termination steps are unaffected by solvents so
that initiation rate remains the same. More direct proof
of transfer in solvents was obtained by chemical analysis
of polymers for the presence of solvent fragment., Thus
polymélyrano obtained by polymerisation of styrene in
solution in carbon tetrachloride was found to contain
chlorine ntomaa3. This is possible only if chain transfer
reaction occurs with solvent molecules, for if RM . is the
growing free radical and transfer takes place with CCI4 the

reaction may be represented as

Rﬂn. + 0014 e o Rﬁncl + CCIS‘

The 0013. radical generated as a result of transfer can

start off another chain which again will contain chlorine



atoms. The experiments also prove the nature of the growing
chain to be of a free radical type because phenyl radicals
produced in presence of carbon tetrachloride are known to
give chlorobenezene and hexachlorcethane amongst other

produetsa4.

CGHSQ + CC14 '_—"9" CGHSCl + cc13o

From these observations we can conclude that transfer may
oeccur in all solution polymerisations and in pure liquid

phase also.

(b) Monomer Termination

In polymerisation remction the chain grows by
addition of monomer, This addition is the result of number
of collisions, As the process of reaction has an activation
energy only a sﬁall fraction of collisions will cause the
reaction to take place. Further the collision must be with
the reactive end of the growing chain. Hence only those
collisions which take place in a specified way with the
energy requirements also satisfied, will result in reaction,

6 collisions are

Melville®? has estimated that only one in 10
successful, Therefore a number of collisions are "neutrall,

that is, they neither add on nor deactivate the growing chain,
But it is possible that some collisiens, which will definitelj
be few in number and much less than the fraction of successful

collisions which effect addition of monomer, may deactivate
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the chain to a "dead" species, Such a process is termed
monomer termination. The photochemical polymerisation of

86

acetylene =~ is thought to be terminated by such a type of

reaction.

The termination mechanisms discussed so far
involve one growing chain. Therefore the overall rate of
reaction will be directly dependent upon the rate of initia-
tions. But the destruction of free radicals almost always
"happens as a result of mutual interaction of two radicals
which mechanism, if operative, demands that the overall rate
of polymerisation must be propertional to the square root
of the initiator concentration. But some polymerisation
reactions which are definitely known to proceed through a
free radical mechanism are found to show a lipear relation-
ship with rate of initiation, Examples of this type are

B7+88 2na vinyl benzoatesg. Polymerisation

allyl compounds
of the allyl compounds lead to polymers of low degree of
polymerisation. The above features of this class of compounds

may be explained in the following lines®! -

A free radical can be removed only by interaction
with another free radical, Hence if termination process invol-
ves only one free radical, it means, that the radical produced
by the action of the growing chain with the terminating mole-
cule (monomer termination) must be incapable of initiating
further chains. This will be true if the new radical is

sufficiently resonance stabilised. Such a reaction has been



termed as degradative chain transfer by Bartlett and in the

case of allyl acetate it can be formulated as

R. + CH, = CH-CH,~00CCH; — RH + CH, = cn—é}i~ooccﬁ3
$

.CH2~CH = Cﬂ--OOCCH3

or,

R. + CH, = CH*GHQ-OOCCH3 ——> RH CH2 = CH~CHszQC-CH2,
$
l
0

L

The first of these reactions is preferred because vinyl ace
is found to polymerize to give long chains. Gaylord and Ei
bave concluded from their study on a number of allyl esters
that both of the reactions occur in different allyl aesters,
The resonance energy of the allyl radical has been estimate
to be about 25 K Cal,./per mole which is sufficient to accou

for the low roactivitygc.

In the case of vinyl benzoate,, cross linking h
been observed above about BO% conversion to palyuergt. Thi
has been explained as due to a transfer reaction between gr
ing radicals and dead polymer molecules or to the aromatic
nucleus of the monomer, The reaction gives rise to s stabi

liged radical R
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COOCH = CH, ' COOCH = CH
o .2 ] . 2
H TR
(RY)
or, |
?OO&H—Csz«MN | C\OOéHCHQ A
rer — (]
N
B R
(R')

This radical is sufficiently inert to react only slowly

with the monmomer to carry on polymerisation chain. Conse-
quently rate of polymerisation of vinyl benzoate is much
less than vinyl acetates It is plausible that this type of
transfer reaction would lead to over linking if termination
occurs by coupling of radicals. This reaction thus resembles
degradative chain transfer and we cam expect the rate of |
polymerisation to be linearly dependent upon initiator

concentration as was observed by Burnett and Wrightsg.

There is yet another class in which both first
erder and second order termination with respect to the pro-
pagating redicals appear to be operatives For example it
has been found that in the photo~polymerisation of vinyl
chloride, the intensity exponent for the reaction is greater
than 0.5. This was explained on the basis of another type

of degradative chain transfer in which chlorine atom from
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the monomer is abstracted by the growing chain 1eaving a
vinyl radieal which appears to be incapable of initiating

polymerisation92’93,

(¢) Mutual Termination

Kinetic studies in many cases of polymerisation
indicate that two growing chains take part in termination; A

termination reaction of this type can take place in two ways.
(1) Combination or Coupling

?hen two growing chains combine with each other
to give a "dead" polymer the process is termed combination
or coupling, The chains growing either through an activated
double bond or radical mechanism may terminate by this process

as follows :-
wvCH = CHX + CHX = CH "~ ——wnCHy=CX = CX~CH,ww

w CHy=CHXo + +CHX=CH,, e ——>wm CH,=CHX=CHX=CH, v
However it is not possible to say whether this combination
occurs in a head to tail or head to head feshion. Further
only a small proportion of the collisions with the growing
chains will be effective in terminating the chains as with
monomer termination., If the growing chain is ionic in cha-

racter this type of a mechanism is not applicable since

deactivation of such a chain can be achieved only by splitting
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of a cation {(or anion if the propagating chain is initiated
by anionic catalysts) or by combining with the oppositely
charged ion.

(1i) Disproportionation

In this type transfer of an atom takes place
baetween the two chains to give a saturated and an unsaturats

molecule
WACHZ-CHX. + .CHX~032WW'-~—¢~WNCH a CHX + CH2X~CH2“M’

Analogous reactions are encountered in a number of free rad!
cals as for example ethyl and phenyl ethyl radicals dispro-

portionate as shown below,

2 06H5~032~CH2. s o 06H5~CH - GH2 + CﬁﬁsﬂCHanHs

As combipation and disproportionation give the
same rate equation it is pot possible to decide which bring:
about termination by kinetic study alone. However molecula;
weight measurements will be decisive as, if termination ocx
by combination only, the total number of chains will be hali
the number ef chains started, whereas, if it is by dispropo:

tionation only, the two quantities should be the same,

The precise nature of the termination step is a
very difficult problem, Evidence for both sides is strong.
Bvidence of the examct nature of termination is derived from

two sources namely direct study of polymerisation reactions



and the products obtained from reactions which are known to

involve small radicals, But the results of investigations of
tranasfer constant of styrene in carbon tetrachlorideg4 indi-
cate that the size of radicals has effect on their reactivity,
Hence the safest course of studying the termination reaction
is to investigate separately each polymer reaction thah to draw
conoclusions from the behaviour of structurally similar small
radicals, In the case of photo-polymerisation of liquid
vinyl acetate, Burnett and Melville’? from osmotic molecular
veight measurements conoclude that termination is by dispro-
porticnation while in redox polymerisation of methyl metha-
cerylate Baxendale 0tal%® think that termination is by combi-
nation, In these cases tranafer reaction is supposed to be
absent, Hence this end group determinations are not very
informative. 8ize distribution for the two mechanisms will

be different and hence its study will be informative in
deciding between the two,

In this mutual termination mechanism we discussed
only about termination involving two growing radicals, But we
cannot overlook the possibility of termination of the growing
chain by collision with free radical from catalyst the imporw
tance of which was stressed by Palit otal?? in 1949, They
have discussed the extreme case of termination occurring
entirely by reaction with free radical from catalyst and have
shown that the overall rate of polymerisation will be propor-

tional to the square of the monomer concentration and also
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that size distribution decreases exponentially with no
maximum, Therefore the effect of radical termination occur-
ring concurrently with termination by combination will be
that the overall rate of polymerization will be provortional
to a power (lying between one and two) of monomer concentra-
tion and a shift in the maxima of size distribution curve.

towards lower chain length.

INHIBITORS AND RETARDERS

Tike all chain reactions, polymerizations are
also very sensitive to traces of foreign molecules and this
has important technical applications, Thus the thermal,
uncatalysed styrene and methyl methacrylate polymerizationsgB
are very sensitive to traces of oxygen., If the "foreign
molecule" reacts with chain radicals to yield either non-
radical products or radicals of such low reactivity as to
be incapable of adding monomer, the normal growth of polyé
mer chains will be suppressed. Such a substance is termed
"ighibitor™ if it is so effective as to reduce the rate of
polymerization to zero. But if its action is less effective
and is able only to reduce the rate and degree of polymeri-
zation and not to suppress polymerigation completely it is
termed a "retarder". Thus the difference between inhibition

and retardation is one of degree rather than any fundamental

property of the system.
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If the inhibitor itself is a free radical the
prodﬁct of reaction with a chain radical will have no unpaired
electron, which will be incapable of adding more monomer, But
the free radical inhibitor must be of sufficiently low reac=-
tivity that it will not also be able to start off a chain,

The stable free radical 2,2 diphenyl-1-picryl-hydrazyl

- §02 .
66H5 .
> wei- H-m,
. ~
06H5 i
N02

is an extremely effective inhibitor, which gives no evidence

of initiationgg. Each hydrazyl radical consumed stops one
5199100

101

chain radic This property of a "true inhibitor"

as called by Foord can be made use of indetermining the
rate of chain initiation., If the inhibitor is not so strong
all active centres will not be destroyed and polymerisation
takes place with no or very small induction perioed, but at

a slower rate than normal,

In some cases non~chemical inhibitors are also
known to exiét. Thus it has been observed that inert gases
slow down the photo polymerisation of gaseous vinyl acetate’oz.
This result suggest that in solution polymerisation the sol=-
vent itself may act as a weak inkibitor as well as a transfer

agent.
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The second main type of inhibitor (retarder) acts
by providing an easy alternative to the normal process of chain
growth and termination. As has already been stated the reaction
between a free radical and a molecule always gives rise to a
new radical. Therefore if molecular retardation has to stop
chain growth the radical formed by its action with the chain
radical must be incapable of intiating further chains. This
will be the case if hhe radical generated is stabilised in
some way. This has been postulated by Price103 to explain the
behaviour of nitro cempounds as retarders. The new radical is
assumed to be incapable of reacting with monomer (or does so
only slowly, but it may react with another growing chain. The

mechanism is as follows @

192 2
R. +-[::] ) [::] ——E=—~> RH + (::]
VAN !
H R R

An interesting feature of this class of compounds
is that their ability to effect retardation is not universal

104’105), In short the exact mechanism

(esgs p=benzoguinone
of inhibition and retardation is still'not always clear,
However, this class of compounds is used extensively in
industry as stabilisers for monomers and for controlling the
rate of polymerisation and molecular weight and size distribu-

tion of the polymers formed.



SRANCHING AND CROSST.INKING

Branching and crosslinking were often suggested
to explain the discrepancies in osmotic and viscosity mole-
cular weights of various polymers. Of the first proposed
mechanisms, the one given more smphasis was that the branch
starts from a monomer which has linked itself sideways. The
pressence of methyl group in poly ethylen9106 seemed to support
this view. A more promising mechanism viz, abstraction of
hydrogen from a tertiary carbon atom by a growing radical was
suggested from the observations that vinyl polymers can be

107 and a free radical can

abstract hydrogen atom from a tertiary carbon atom108¢

vulcanised by benzoyl peroxide

Branching can alsoc occur by chain transfer with monomer,

Though in polymers obtained from monomers with the chain
transfer constants less than 107+ (@ege styrene109) non-
linearity may not be appreciable, it is by no means negli-

gible for those obtained from monomers like vinyl acatata110*112
whose transfer constants are comparatively high., Polymeri-
sation and copolymerisation of divinyl compounds can also

lead to non—-linear products.

COPOT.YMERISATION

The above discussions were more or less limited
to polymerisation of a single vinyl compound. But many
industrially important reactions are carrlied out using
mixtures of monomers each capable of independent polymerisa-

tion. In some cases "monomers"™ which do not polymeriss by
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themselves (e.g. maleic anhydride) are found to undergo
copolymerisation., Extreme cases in which neither of the
original monomers are capable of polymerising alone, but

do interpolymerise are also known111.

Although copolymerisation reaction appears to
have been recorded as early as 1914 by Klatte112. Only
recently thorough investigation of this type of reaction
was made, the impetus being given by the modifications
possible in the properties of the unit polymers, It is
always necessary to find out whether the product obtained
by polymerisation of a mixture of monomers is only a mix-
ture of polymers of the different monomers or one in which
the various monomers are interlinked, This can be easily

understood by fractiomation of the product, aprd analysis of

each fraction for the copolymer composition,

Copolymers possess properties which are not
shared by physical mixtures of the polymers of the com~
poments, They often retain the good qualities of their
components, while physical mixtures omly succeed in empha~
sising the bad ones, In general, if two vinyl polymers
have very differemt physical and chemical properties a
polymeric material with intermedlate properties depending
on copolymer compesition will be formed upon copolymerisa-
tion, When the ratio of one monomer to the other is
controlled the properties of the monomexr present in

greater proportions'will predominate,
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From both theoretical and practical stand points,
copolymerisation comnstitutes a'very important branch of the
study of the polymerisation process, If restricted to
single monomer polymerisation, the number of possibilities
are limited, but by copolymerisation & great number of mate-
rials are possible, The maximum application of copolymer
till now is in making synthetic rubber, as, homopolymers
of isobutylene, butadiene etc. have many technical disadvan-
tages which could be improved by copolymerisirg them with
suitable monomers., Fresh types of copolymers are being
&eentinually studied as this is the most convenient method

of getting a polymer with desired physieal properties.

SUBSTANCES CAPABLE OF UNDERGOING VINYL TYPE
QOF POLYMERISATION

It is well known that vinyl type of compounds
contain one or more unsaturated carbon limkages. The heat
of reaction, for the reaction between double bonds is con=-
siderable, and consequently the molecules must become
sufficiently energised before a reaction can take places
The resultant molecules remain energised and are ready for
further reactfion unless the excess energy is somehow
removed, Taking the simple case of ethylene ascording to
Tewis theory four out of the twelve outer electrons go to
form a double bornd. The classical theory dees not differen-
tiate between the two bonds., The applicatien of quantum

mechanics however reveals the difference betwaeen first order

i
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valency electrons (or 6 electrons) and the second order valency
electrons (or 7 electrons). The former possesses axial symmetry
while the latter do not. It is these 7 electrons in which we are
interested in the study of polymerization, In the lowest energy
state the_w electrons occupy the same bonding orbital and possess
antiparaiiel spins. When one of the two w electrons is promoted
to a non~binding state by activation, two states are possible
namely the singlet state in which the spins are paired and a
triplet state in which the spins are not paired. From conside-
ration of oxygen molecule as well as spectroscopic evidence, the
conclusion to be drawn is that the triplet state is not far
removed from the ground state, Thus the passage from ground
state to singlet state requires ~ 42 K.cal./mole and a normal

11

fregquency factor of~10 and to triplet state activation

energy is only 23 K.cal./mole and a low freQueucy factor nu104.
Hence polymerization takes place by activation to the triplet
states The effect of substitution and conjugation normally
affects the energy transition from ground tc triplet state.
Conjugation lowers the value, so does electro-negative sub-
stituents like phenyl, halogen, carboxyl étc, However poly-
merizabiiity does not depend solely on this as may be clear

113

from the fact that vinyl fluoride does not polymerise,

vinyl ohloride114 and bromide115

116

polymerise quite smoothly

while vinyl iodide ig less reactive,

In general éthylene and substituted ethylenes
CHZ:: CX, »
of the type CGH, :: CHX%‘do undergo polymerization, Tetra



substituted ethylenes with the exception of tetra Fluoro
ethylene usually do not polymerise, though some of them

undergo copolymerisation readily with other monomers.

MEDIUM OF POLYMERISATION

Our discussions im the previous pages'were limited
mainly to polymefisations in homogeneous media namely in
bulk or in solution. The investigations reported in this
thesis are directly concerned only with this type of poly-
merisation, However two other modes of polymerisations are

also in common practice :
(i) Polymerisation in suspension

It is also known as pearle or bead polymarisation;
In this case a mixture of the monomer, water and a suspen-
sion stabiliser is shaken at the required temperature with
a catalyst such as benzoyl peroxide. The polymeré can be
.isolated from the suspensions in bead like particles. A
review of such type of polymerisation process has been made

by Hohenstein and Mark117.

(ii) Polymerisation in emulsion

A simple emulsion system contains monomer, water,
an emulsifying agent and a catalyst, Catalysed emulsion
polymerisations appear to have been disclosed first in the
publications of Dinsmorej?a and Luther and Heuck119. Their

patents disclose the simultaneous use of water and monomer
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soluble catalysts and soap or related substances such as
sodium or potassium oleate and sodium butyl uaphthalene
sulphonates. The advantages of this process is efficient
heat dissipation, and production .0f higher molecular weight
pre&ucts than in bulk or solution pelymerisation. A general
theofy on the nechanism of polymerisation in emulsion has

been suggested by Harkins120 in 1947,

The above processes are not considered in any
further detail as we are not directly concerned with these
heterogeneous polymerisation media in our investigations

reported in this thesis,

REVIEW OF THE WORK DONE ON VINYL ESTERS

0f the vinmyl esters, vinyl acetate has been
studied extensively. The earlier reports on the investiga-
tions of vinyl acetate are rather contradictory, due to want
of adequate purity of monomer, particularly due %0 presence
of acetaldehyde as impurity. Thus at first it was reported
that vinyl acetate undergoes thermal polymerisation though

121 jemonstrated that it does not undergo poly-

Cuthbertson
nerisation at 100°C in absence of initiators, Chain transfer

constant% for via}l acetate in a number of solvents have besn
determined recently by Palit eta1122. Of the vinyl esters
of arometic acids vinyl benzoate has also been studied by

di fferent workerssg’gj.

Systematic study om the effect of reaction con-

ditions on the polymerisation and on the propertids of the
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polymers obtained from vinyl esters of long chain fatty
acids may be said to have been initiated by D.Swern etal,
However reports on the polymerisation of vinyl esters of
higher fatty acids Began to appear from 1933 onvards, But
the results reported by earlier workers seem to be contra-

123

dictory. Fikentscher reported that vinyl esters of oleie,

stearic and coconut oil fatty acids do not ﬁolymerise whereas

Reppe124-126

stated that vinyl esters of long chain acids can
be polymerised by the normal methods, Beyond brief qualita-
tive characterisation of those polymeric vinyl esters the
early literature contains no information on their kinetics

of polymerization, mechanism of reaction or their properties.

The preparation of most of these esters are
reported only in patents and usually with little or no
experimental detail., TFurthermore, no mention regarding
the purity of starting materials or final preducts was made,
It is highly probable that the impurities present in the
system were responsible for the contradictory results
obtained by the earlier workers., In 1948, D.Swern etal127 ‘
embarked upon a study on the preparation and characterisation
of vinyl esters of a number of aliphatic acids by acidolysis
of vinyl acetate acfording to the procedure of Toussaint and
HacDowe1128. The -esters can also be prepared by the action
of acetylene on the correspomding fatty acids in presence of

catalysts like mercuric salts124’125.



Studies on the polymerisation and copolymerisation
of the vinyl esters of long chain aliphatic acids reported
so far were mainly concerned with some physical properties
of the plastics obtained. Thus the copolymerisation of vinyl
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oleate and vinyl acetate reported by D.Swern was carried
out with the main object of changing some of the mechanieal
properties and physical characteristics of the copelymer by
varying the copolymer composition, Preparation, polymerisa-
tiocn and copolymerisation of a series of vinyl esters of

long chain fatty acids starting from caproic acid to stearic
acid were conducted by D.Swern eta1127. The study mainly
centered around investigations of the solubility of these
polymers in various solvents and their physical appearance,
W.S.Port etal133 reported polymerisation of vinyl caprylate,
caprate, laurate and myristate in bulk, dispersion, solution
and in emulsion, Methods of isolating and purifying the
polymers are also described. They have made some measure-
ments of molecular weight of the polymers by osmotie pressure
end light scattering methods and detérmined their first order
transition points., They found that in bulk polymerisation
using 0.25 to 0.5 mole percent of benzoyl peroxide, the
induction peried decreased and the rate of polymerisation
increased as the temperature at which the reaction was con-
ducted, was raised. HomOpolymerisation of these esters in
solution have been reported by them as preducing unbranched
and completely soluble polymerse In 1953 the same authors134

investigated the copolymerisation of vinyl-acetaﬁe with vinyl



palmitate, stearate & oleate.lhey prepared copolymers
having a very wide range of composition, determined the
monomer reactivity ratios and the first order transition
points; and where no first order transition peints could
be obtained, brittle point measurements were made. The
use of polyvinyl esters (palmitate and stearate) and
copolymers with vinyl acetate as viscosity index improvers
have been studied by W.S.Port and eoworkers135. In 1953
a report on the copolymerisaﬁien of vinyl stearate with

136 and the possible uses of this type of

‘vinyl chloride
copolymer with widely varying properties depending upon
the copelymer composition, has appeared. In 1955 a study
on the copolymerisation of wvinyl caproate with vinyl

chloride was made by B.SWern137.

This brief review of the work on polymerisation
and copolymerisation of vinyl esters of long chain fatty
acids reveals the technieal importance of the plastic that
can be prepared from them. But it may be noted that a
thorough study of the reaction mechanism and the behaviour
of the polymér in solution has not been made till now, 4
knowledge of these is of eonsiderable importance in develop-

ing any technically important polymers.

SCOPE OF THE PRESENT WORK

The present age is an age of synthetic materials,

Synthetic polymers are replaecing and supplanting ratural
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products due to their availability, cost and adaptability.
Physical and mechanical properties of polymers depend on

their chemical structure and composition. It is well known
that relationship exists between structure and properties,

But it is still not possible to predict quantitatively
properties from structure., Special properties of polymers

are attributable to the size and shape of molecules, Branch-
ing and crosslinking generally complicate the linear structure.
A vinyl_polymer with a given chemical composition, may have
several different structures. The average molecular weight,
orientation ef the monomers, the degree of branching, the
sequence of lengths of the monomers in a copolymer, may all
vary and have significant bearing on the mechanical properties.
The conditions of polymerisation, as catalyst, temperature,
presence of chain transfer agents among others have a marked
sffect on the average moleculsr weight, orientation, branching
etc. when polymers are synthesised, not all the molecules

grow to the same size, Considerable spread in the sizes and
molecular weights of the individual molecules exist. Molecular
weights are measured by measuring the colligative properties
as osmotic pressure, freezing point depression etc. which are
determined only by the total number of molecules, Constitutive
properties such as viscosity, scattering of light, rate of
diffusion stc., are determined not only by the number of
molecules, but also by their shape, size, flexibility etec.

Interest in the study of colligative and constitutive properties
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of macromolecules continues with unabated interest, along
with kinetic studies and the studies on mechanism of poly=-

merisation processe

In the present stage of development of High
Polymer industries and science, perhaps practically every
conceivable type of polymers have been prepared in the
laboratories and industries, though only few are prepared
on a large scale, Advances in recent years have been made
in the discovery of new and more efficient initiators rather
than in the discovery of any new polymers, chéver, in the
field of synthesis and investigations on modifications of
high polymers to give better products, by copolymerisation
or by incorporation of newer types of plasticisers, enormous

scope exists at the present time,

SByntheses of monomer from readily available raw
materials, study of kinetics of their polymerisation, investi-
gation of the properties of the mﬁeremolecules in solution
are some of the problems that have interested us in the
laboratory. Investigations on vinyl esters of aliphatic
and aromatic acids seemed to be a fruitful field of studies.
Certain peculiarities in the polymerisation of vinyl esters
have been observed in that the molecular weight of the poly-
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mers increase with conversion which is generally centrary

to expectations from vinyl type of polymerisation., Kinetic

investigations of polymerisation of vinyl esters, apart from
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studies on vinyl acetate, have been meagre and it seemed
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worthwhile to pursue the studies in more detailed manner.
Polymerisation characteristics of vinyl-normal esters and
vinyl iso-esters of aliphatic acids and the properties of
these macromclecules in solution were considered to show
certain distinctive features., Investigations on the kinetics
of polymerisation of vinyl n~butyrate and iso-butyrate, vinyl
n-caproate and vinyl iso-caproate and the study of the
characteristics of these macromolecules in solution was
undeftaken as a first step in the program of work in the
laboratory and forms major subject matter of the thesis.,

In addition, solutionApolymerisatioq and copolymerisation
reactions of some of the esters have heen studied and forms

part of the thesis,





