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Preface to the Third Edition

I felt the need for a revised and updated edition as the field of polymer technology
has experienced rapid advances.

Many of the chapters have been updated to keep up with the recent advancements
in the field. Besides, there are two new chapters in the book. The new chapter titled
‘Miscellaneous Polymers and Nanotechnology’ covers topics related to dendritic
polymers and dendrimers; useful inorganic polymers; power polymers that are
being manufactured and used for development of solar photovoltaic devices with
emphasis on green and clean energy technology; and nanotechnology including
nanocomposites, nanoelectronics and nanobiotechnology. The other new chapter
titled ‘Polymers in Wastes and Their Environmental Impact'—included towards the
end of the book—covers minimization and segregation of industrial and municipal
waste; waste recovery, recycle and reuse with stress on green technology and clean
energy technology; and waste disposal, with focus on turning waste—particularly
polymer-related—to wealth and value-added items.

It is hoped that readers—students, teachers and professionals alike—will find the
new edition useful. Efforts have been made to remove some errors that had been
inadvertently left out in the second edition.

I would like to thank my wife Suparna for her forbearance, understanding and
cooperation.

PrEMaMOY GHOSH
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Preface to the First Edition

This book has been designed with the idea of blending and integrating basic
polymer science and the technologies of plastics and rubbers into a composite
structure. The title projects this structural pattern. It is intended for use as a
textbook at the graduate and post-graduate levels in Science and Engineering, and
it is hoped to be particularly helpful to those studying Material Science and
Technology, with special reference to courses in polymers, coating resins, adhesives,
plastics and rubbers. The structure and contents of the book have been so organized
and framed as to make it useful to professionals in the productive and R & D units
of related industries as well.

The overall subject matter has been presented in ten chapters. The structural
sequence from Chapter 1 to Chapter 10 is: (i) basic concepts including structure-
property relationships, (ii) step-growth polymerization, (iii) chain-growth
polymerization, (iv) copolymerization and polymerization techniques, (v) ionic and
stereo-regular polymerization, (vi) polymer characteristics and polymer charac-
terization, (vii) polymer rheology and polymer morphology, (viii) plastics materials
and related technology, (ix) rubber materials and related technology, and (x) testing
and evaluation of plastics and rubbers.

SI units are desired to be increasingly used in science and technology, but the
long-used traditional cgs system and fps systems continue to enjoy widespread
acceptance, particularly in relation to plastics and rubbers. In this volume, the
prevalent use of units in the cgs and fps systems has been followed mostly, to keep
in tune with the vast existing literature. A conversion table has been included after
the Table of Contents to the book to assist the reader in the conversion of different
physical quantities from cgs or fps units to SI units.

In citing references, I have tried to be selective. It was not practically possible to
include all possible references. A list of selected books and encyclopedias is given
at the end to draw the attention of the reader to some specific and comprehensive
treatises on different topics treated in this book.
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viii Preface to the First Edition

I am indebted to my predecessors whose published works and contributions have
been of great help. I am thankful to my students whose oftrepeated clamour over
the years for a comprehensive textbook covering polymer science as well as
technology of plastics and rubbers added a genuine purpose to this undertaking. I
sincerely acknowledge the help and initiative of Dr. A.S. Bhattacharyya and Mr. S.P.
Chatterjee in getting much of the material typed. I am grateful to late Prof S.R. Palit
who encouraged me, and whose inspiration and guidance in research and teaching
in the early years of my professional career, in a way, induced me to think in terms
of a work of the present kind. I am happy that the idea conceived earlier has finally
taken the shape of this volume. Direct and indirect assistance from a number of my
students and associates has enriched my efforts in moulding this book. It will be a
matter of immense pleasure if this book fulfils the objective with which it was
conceived and written, finds ready acceptance among students and teachers alike
and interests a wide range of readers in the professional field. I have endeavoured
to treat and explain different topics in clear terms and in a lucid language as far as
possible.

This book is dedicated to my wife and to the memory of my late parents. I am
grateful to my wife Suparna for her great forbearance, understanding, moral
support and graceful sacrifice, words would be inadequate to measure her
cooperation in shaping this volume. I am grateful to my late parents who had
always given me encouragement, without which I would have never reached the
stage of being able to undertake the writing of this book.

PremaMoOY GHOSH
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Some Physical Quantities and Conversion of Units

Physical quantity Typical Symbol SI unit For conversion
Base Derived quantity for Unit name Defined in  from customary
quantity quantity symbol customary and symbol base unit unit to SI unit

unit symbols multiply by
(1) (2) (3) (4) (5) (6) (7)
Length - 1 in metre, m m 2.54 x 1072
ft " " 3.048 x 107"
Mass - M Ib kilogram, kg kg 4.536 x 107
Time - t sec, s second, s S 1
Temperature - T C kelvin, K K add 273.16
Amount of - n g mole mole, mol mol 1
substance b mole ” " 4.536 x 10?
Volume \Y% L metre cubed, m* m’ 1x107
ft’ " " 2.831 x 107
Area A in’ metre squared, m? m? 6.452 x 107+
ft* 7 7 9.290 x 107
Density p b/t kilogram per metre
cubed, kg m> kg m> 1.602 x 10
g/ cm® " " 1 x 10°
Force F dyne newton, N kg m s 1x107°
kegf ” ” 9.807
Ibf 7 7 4.448
tonnef " " 9.807 x 10°
Pressure P dyne/cm? pascal, Pa (N m™) kg m™'s™ 1x10™
(Modulus)  (E,G)  Ibf/in? or psi ” ” 6.895 x 10°
kgf/cm? " " 9.807 x 10*
atm " " 1.013 x 10°
Energy E Btu joule, J (Nm) kg m*s?®  1.055 x 10
(Torque) (7) ft Ibf ” ” 1.356
(Heat) Q kcal ” " 4.187 x 10°
(Work) (W) ft.pdl " ” 4214 x 1072
erg (dyne/cm) " " 1.000 x 107
Power P Btu/s watt, W(J.sh) kg m* s 1.055 x 10°
ft.Ibl/s " " 4214 x 107
kcal/s " " 4.187 x 10°
Viscosity 1 poise pascal second, Pas kg m™ s 1x10™
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CHAPTER

Basic Concepts of High Polymer Systems

D 1.1 Introduction and Historical Background

The quest for new materials has been with us from ancient times. Polymers, though
introduced in the materials field in a meaningful manner only very recently, occupy
a major place and pivotal position in the materials field today. In performance
characteristics and application prospects and diversity, they offer novelty and
versatility not found in any other kind of materials.

Till about the first two decades of the twentieth century, confusion prevailed over
the basic understanding of polymer molecules. They were recognized more as
colloids or associated molecules. Attempts to determine their molecular weights
using solutions in suitable solvents by cryoscopy often gave confusive, irrepro-
ducible, uncertain and sometimes very high values. For starch, natural rubber and
cellulose derivatives, molecular weights ranging up to 40,000-50,000 or even more
were obtained. Such high values implied existence of very large molecules. But this
was not accepted in view of the total lack of structural concept about such large
molecules. The chemists continued to favour the concept of large association of
much smaller molecules of short chain or cyclic structures.

D 1.2 Macromolecular Concept

The realization of the macromolecular concept of polymeric materials in 1920s
proved to be a vital turning point. Accumulated confused ideas of the earlier
decades became meaningful and they were then translated into the production of
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a large variety of materials of hitherto unknown structures through polymerization
and copolymerization of olefinic, diolefinic and vinylic compounds and
combinations thereof, and through polycondensation reactions between a large
variety of bi- or polyfunctional compounds bearing well characterized chemical
functional groups.

The macromolecular concept came into wide acceptance and appreciation
soon after it was propounded by Staudinger' in 1920. He advanced long-
chain structural formulas for polystyrene, natural rubber, etc. Long
sequences of simple chemical units linked with each other with covalent
bonds came into recognition as the basic structural feature of a polymer
molecule. The polystyrene molecule obtained from polymerization of styrene
(CH2=C|?H) came to be recognized to have the formula — (CHZ—CIH)n—where

J J

n had a large value. Staudinger was not sure about the terminal points or
end groups of the long-chain polymer molecules. He was of the view that
there was no need to saturate the terminal valences and suggested® that no
end groups were needed. However, development and elucidation of the chain
reaction theory and mechanism of vinyl and related polymerization by Flory®
and others® clearly established that polymer materials consisted of long-chain
molecules with well characterized end groups. Another distinctive feature of
the same decade was the pioneering work of Carothers® in the area of
polycondensation and towards the first rational synthesis of linear macro-
molecules, polyesters and polyamides.

A stage was reached by the middle of the 20th century, when the possibility
of attaining almost any conceivable material property of structural importance
through polymerization, copolymerization or polycondensation and through
modification of available polymers by chemical treatment, reinforcements,
compounding or blending, thermal or mechanical treatment, irradiation, etc.,
appeared to be within our competence. We had reached the era of tailor-made
polymers in a comprehensive sense. Material prospect brightened through what
may be called “molecular engineering”. Nowadays, through proper selection of
monomers and their combinations, catalysts and other additives and adopting
appropriate polymerization conditions and techniques, experts are able to
construct polymer molecules of almost any desired size, shape and complexity
and of any desired chemical structure suited to almost any contemplated end-
use.
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D 1.3 Structural Features of a Polymer

The word polymer literally means many(poly) units(mer). A simple chemical unit
repeats itself a very large number of times in the structure of a polymer molecule;
this unit may consist of a single atom, or more commonly, a small group of atoms
linked chemically. An example of the first kind (repeat units consisting of a single
atom) is the well-known plastic sulphur, -5-5-5-5-5-S-, in the molecules of which the
repeating S atoms are joined together by covalent bonds. This polymeric sulphur is,
however, unstable and it slowly changes back to the powdery form of sulphur on
keeping at room temperature.

In bulk of the polymers, the repeating unit or simply the repeat unit is constituted
of a small group of atoms combined in a specific fashion. The simple molecule from
which its polymer is obtained or to which a polymer may be degraded is called the
monomer. Table 1.1 lists some polymers and structures of the respective monomers
and repeat units.

The number of repeat units in a given polymer molecule is known as its chain
length or degree of polymerization(DP). The molecular weight of the polymer is the
product of the molecular weight of the repeat unit and DP.

= Table 1.1 Some polymers and respective monomers and repeat units

Polymer Monomer Repeat Unit
Polyethylene Ethylene, CH,=CH, —CH,—CH,—
CH;, CHj;
| |
Polypropylene Propylene, CH,=CH —CH,—CH—
CeHs CeHs
I |
Polystyrene Styrene, CH,=CH —CH,—CH—
Poly (vinyl chloride) Vinyl chloride,
Cl Cl
I |
CH,=CH —CH,—CH—
Poly (viny acetate) Vinyl acetate,
I I
OCOCH; OCOCH;
Polyacrylonitrite Acrylonitrite, CH,=CH —CH,—CH—
I |
CN CN

(Contd.)
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= Table 1.1 (Contd.)
Polymer Monomer Repeat Unit
Poly (acrylic acid) Acrylic acid,
CH,=CH —CH,—CH—
I |
COOH COOH
Poly (methacrylic acid) Methacrylic acid,
[ |
COOH COOH
Poly (methyl acrylate) Methyl acrylate,
CH,=CH —CH,—CH—
[ |
COOCH; COOCH;,4
Poly (methyl methacrylate) Methyl methacrylate,
CH;, CH;
[ |
CH,=C —CH,—C—
I |
COOCH; COOCH;
Poly (tetrafluoroethylene) Tetrafluoroethylene,
CF,=CF, —CF,—CF,—
Poly (oxymethylene) Formaldehyde, CH,=O —CH,0—
1,4 Polyisoprene Isoprene,
5 i
CH,=C—CH=CH, —CH,—C=CH—CH,—
Caprolactam, o
T I

Polycaprolactam (Nylon 6)

HN—(CH,)s—C=0

—HN—(CH,)s—C—

When more than one kind of repeat units are present in a polymer, it is known
as a copolymer. Polymers having molecular weight roughly in the range of 1000-
20,000 are called low polymers and those having molecular weights higher than

20,000 as high polymers.

D 1.4 Length to Diameter Ratio

Length to diameter ratio of a polymer molecule is very high compared to that of
a simple molecule. If a small molecule such as the ethylene molecule is represented
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by a dot (-), then the molecule of a polymer, say polyethylene of 1000 DP will be
represented by a line (—) formed by addition or sticking together of 1000 dots in
a linear fashion. This characteristic difference in length to diameter ratio between
a small molecule and a polymer or a high polymer molecule makes all the difference
in their physical properties.

Due to their long lengths, molecules in a given sample of a polymer material
remain in a state of entanglement, both intermolecular and intramolecular. High
melting or softening temperature, high melt or solution viscosity exhibited by
polymer materials arise as a consequence of the big size of their molecules and the
entanglements of the molecular chains.

D 1.5 Classification of Polymers

Important classifications of polymers are shown in Table 1.2. The bases of
classification and major classes of polymers along with examples are given below:

= Table 1.2 Classification of polymers

Basis of Classification Polymer Types

Origin Natural, semisynthetic, synthetic

Thermal response Thermoplastic, thermosetting

Mode of formation Addition, condensation

Line structure Linear, branched, cross-linked

Application and physical properties Rubbers, plastics, fibres

Tacticity Isotactic, syndiotactic, atactic

Crystallinity Non-crystalline (amorphous), semi-crystalline,
crystalline

The basis of classification and major classes of polymers along with examples are
also given below.

1.5.1 Origin

(a) Natural Polymers They are available in nature. Examples of such polymers are:
natural rubber (1, 4-cis-polyisoprene), natural silk, cellulose, starch, proteins, etc.

(b) Semisynthetic Polymers They are chemically modified natural polymers
such as hydrogenated, halogenated or hydro-halogenated natural rubber,
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cellulosics, i.e., esters and ethers of cellulose such as cellulose nitrate, methyl
cellulose, etc.

(c) Synthetic Polymers They are man-made polymers prepared synthetically.
Polyethylene, polystyrene, poly (vinyl chloride), polyesters, phenol-formaldehyde
resins, etc., are example of synthetic polymers.

1.5.2 Thermal Response

(a) Thermoplastic Polymers They can be softened or plasticized repeatedly on
application of thermal energy, without much change in properties if treated with
certain precautions, e.g., polyolefins, polystyrene, nylons, linear polyesters and
polyethers, poly (vinyl chloride), etc. They normally remain soluble and fusible after
many cycles of heating and cooling.

(b) Thermosetting Polymers They can be obtained in soluble and fusible forms in
early or intermediate stages of their synthesis, but they get set or cured and
become insoluble and infusible when further heated or thermally treated; the
curing or setting process involves chemical reactions leading to further growth and
cross linking of the polymer chain molecules and producing giant molecules, e.g.
phenolic resins, urea/melamine resins, epoxy resins, diene rubbers, unsaturated
polyesters, etc.

1.5.3 Mode of Formation

(a) Addition Polymers They are formed from olefinic, diolefinic, vinylic and
related monomers. They all have —C—C— linkages along the main chains of the
polymer molecules and usually no other atom appears in the main chain. These
polymers are formed by simple additions of monomer molecules to each other in
quick succession by a chain mechanism. This is known as addition polymerization
or chain-growth polymerization. The examples of such polymers are: polyethylene,
polypropylene, polystyrene, polybutadiene, poly (vinyl chloride), etc. (See also
Chapters 3 and 8).

(b) Condensation Polymers They are formed from intermolecular reactions
between bifunctional or polyfunctional monomer molecules having reactive
functional groups such as —OH, —COOH, —NH,, —NCO, etc. The related
functional groups react with each other in a stepwise manner producing condensed
structural linkages, usually with the elimination of a simple, small byproduct
molecule in each step of reaction. Besides —C—C— linkages, they contain such
atoms as O, N, S, etc., at regular intervals in the main chain. The process of their
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formation is called condensation polymerization or step-growth polymerization.
Polyamides, polyesters, polyethers, polyurethanes, phenolics, epoxy resins, etc., are
examples of condensation polymers. (See also Chapters 2 and 8.)

1.5.4 Line Structure

(a) Linear Polymers They can schematically be represented by lines of finite lengths
(Fig. 1.1). They are formed from olefinic, vinyl or related polymerization under
suitable conditions or by condensation polymerization of bifunctional monomers.
Linear polymers such as high density polyethylene, poly(vinyl chloride),
polystyrene, nylon 6, etc., are soluble and fusible.

(b) Branched Polymers They can be schematically represented by lines of finite
lengths with short or long branch structures of repeat units (Fig. 1.1). The branches
appear as a consequence of uncontrolled side reactions during polymerization or by
design of polymerization. Branched polymers are usually more readily soluble and
fusible than linear polymers of comparable chain length or molecular weight.

@) (b)
(© (d)
Fig.1.1 Schematic representation of

(a) linear (b) branched (c) planar network, and
(d) space network polymer structures

(c) Cross-linked or Network Polymers They can be represented by a network
structure, planar-network as in graphite or space-network as in diamond (Fig. 1.1).
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Cross-linked polymers are insoluble and infusible as the molecules in them are giant
molecules, often of unusually high or infinite molecular weight. Depending on the
nature and frequency of cross-links, such polymers may show different orders of
swelling in solvents. Examples are: phenol-formaldehyde resins, epoxy resins,
vulcanized rubber, etc.

1.5.5 Application and Physical Properties

(@) Rubbers These polymers are characterized by long-range elasticity. On
consideration of mechanical strength, they are rather weak, dimensionally unstable
and undergo high elongations even on application of low stresses. They exhibit
tensile strengths in the range of 300-3000 psi and elongation at break ranging
between 300-1000%. Examples are natural rubber and synthetic rubbers. They are
also known as elastomers. Technically, rubbers become useful if cross-linked to the
desired extent. The cross-linking of rubber is commonly known as vulcanization.
The rubbery polymers are characterized by low molar cohesion (<2 kcal/g mol per
5A chain length).

(b) Plastics These are usually much stronger than rubbers. Some of them are hard,
horny, rigid, stiff and dimensionally stable, while others may be soft and flexible.
Plastics exhibit tensile strength ranging between 4,000-15,000 psi and elongation at
break ranging usually from 20 to 200% or even higher. The examples of plastics are:
polyethylene, polypropylene, polystyrene, poly(vinyl chloride), nylon polyamides,
urea-formaldehyde resins and phenol-formaldehyde resins, polycarbonates, etc.
Plastics usually exhibit molar cohesion in the range of 2-5 kcal/g mol per 5A chain length.

(c) Fibres They are the strongest of the three different types of polymers mentioned
here. Among the natural polymers of industrial importance, the foremost place is
occupied by fibres, which may be of either plant or animal origin. The suitability
of fibres, natural or synthetic, for use as textile materials is unique and it is
associated not only with their high mechanical strength (tensile strength in the
range of 20,000-150,000 psi) but also with other useful properties such as warmth
or thermal insulation, softness and flexibility. Cotton cellulose, wool, silk, synthetic
polyamides and polyester fibres, and acrylic fibres fall in this clan of polymers. They
usually exhibit molar cohesion in the range of 4-10 kcal/g mol per 5 A chain length.

1.5.6 Tacticity

A vinyl polymer, —(CH,—CHR),— is characterized by an asymmetric carbon atom
in each of the repeat units of the chain molecule, and a type of stereochemical
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difference that may arise in the segments of the chain is d, | isomerism. In a polymer
of this kind, such as polypropylene or polystyrene (Fig. 1.2), every alternate carbon
atom indicated by an asterisk along the chain backbone is asymmetric:

H  CHyH

°~

CH3CH; H CHy H
. 3t 0 &l

/ ~

Polypropylene
~N /Q\C/(*:\C/Q\C/g\c/ PRy
/ N / & / &2 / . / N

(@)

~

“SH H “HH “SHH “H

\C/C*:\C/g\ /(*)\ /c*;\c/ Polystyrene

(b)

Fig.1.2 Structures showing stereochemically similar and different se-
quences of repeat units for (a) polypropylene and (b) polystyrene

Considering head to tail linkage of the repeat units, the first two asymmetric
carbon atoms in each case (Fig. 1.2) have a different configuration in comparison
with the last two, giving stereochemical sequences represented as —d—d-I-I.
Depending on the tacticity or spatial disposition of the substituents attached to
the asymmetric carbon atoms in the chain, we can have three major and distinctive
sequences; (i) isotactic sequence represented as —d—-d-d—d-d— or —I-I-I-I-I, giving
similar or identical spatial disposition of the substituent in the repeat units,
(ii) syndiotactic sequence represented as —d—[-d—-I-d—I- where the steric placements
of the substituent are such as to give strictly alternating d and ! configurations,
and (iii) completely random placements of the d and I configurations giving what
is known as the atactic structure represented as —d-I-d—d—I-I-I-I-d—-I-d—d—, which
ultimately turns out to be a combination of isotactic and syndiotactic sequences of
varying lengths. Because of high order of steric regularity in isotactic structures
fostering close packing of molecular chains, isotactic polymers are usually highly
crystallines, whereas the randomness in placements of d and [ configurations
hinders molecular packing and hence development of crystallinity in atactic
polymers. Syndiotactic structure, being also regular through alternation of d and
I configurations, shows good tendency to crystallize. Differences in molecular
structure due to tacticity difference may be understood from the line structures
(Fig. 1.3).
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1.5.7 Crystallinity L]

When cooled from molten state, different
polymers exhibit different tendencies to | | | | |
crystallize at different rates depending on | | | ] [
many factors including prevailing physical (b)
conditions, chemical nature of the polymers, || | | I
their molecular symmetry and structural | T 1 |
regularity or irregularity. Bulky pendent
groups or short-chain branches of different
lengths hinder molecular packing and  Fig.1.3 Line structures for (a) isotactic
inhibit crystallization. The nature of the (b) syndiotactic, and (c) atactic
crystalline state of polymers is not simple sequences. Small branches or
and it should not be confused with the oe rtzc'al l",w.s indicate the P
tial dispositions of the substitu-
regular geometry of the crystal of low

i ent groups (R) attached to the
molecular weight compounds such as alternate carbon atoms along

()

sodium chloride and benzoic acid. There the length of the vinyl polymer
are polymers which are, by and large, chain, —(CH,—CHR),—, rep-
amorphous and have very poor tendency resented by the horizontal line

to get transformed into ordered or
oriented structures on cooling to near or even below room temperature. Natural
or synthetic rubbers, and glassy polymers such as polystyrene, acrylate and
methacrylate polymers are polymers of this nature. In a crystalline polymer, a
given polymer chain exists in or passes through several crystalline and amor-
phous zones. The crystalline zones are
made up of intermolecular/intramolecular
alignment or orderly (and hence closely
packed) arrangement of molecules or
chain segments, and a lack of it leads to
formation of amorphous zones. Polymers
showing a high extent of crystallinity —————— b)
(>60%) are commonly known as crys-
talline polymers and those showing a
significant but relatively poor degree of

(@)

Fig. 1.4 Schematic representation of

crystallinity are termed as semicrystalline (a) unoriented (melt normally
polymers. Stress-induced molecular orien- cooled), and (b) oriented (cold
tation in a polymeric system is schemati- drawn from melt) structures of
cally represented in Fig. 1.4 (See also Secs. polymer molecules, orientation
7.21 to 7.29). having taken place in the direction

of the applied stress
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D 1.6 Structure—Property Relationship

The wide variety of natural, semisynthetic and synthetic polymers known today
exhibit wide diversity of properties. Some are rigid, hard and strong and
dimensionally stable, while others are soft, flexible or largely deformable under
stress. Some are soluble and fusible while others are more resistant to heat and
solvents and may be even insoluble and infusible. All such properties vary
from a polymer of one type to a polymer of another type. They may vary even
between samples of the same type of polymer depending on how they were
prepared and treated thermomechanically before being tested. Depending on
the property ranges they exhibit, the polymers are classified as rubbers,
plastics and fibres. To find a relation between the structure of a polymer and
its physical properties, the factors which largely influence the properties should
be primarily considered. These factors are: molecular weight, polarity,
crystallinity, molar cohesion, linearity and non-linearity of polymeric chains,
thermomechanical history of the polymer and temperature of observation, etc.
The simple consideration of chemical structure of the repeat units to predict
properties, particularly the mechanical behaviour has certain limitations. This is
because the chemical structure of individual molecules or segments thereof
contributes partly and often indirectly to mechanical properties and a more
consequential and direct role is very often played by the supramolecular
structure, i.e. the physical arrangement of the chain molecules with respect to
each other, more so for crystalline polymers.

1.6.1 Molecular Weight

The molecular weight and molecular weight distribution in polymer systems play an
important role in determining their bulk properties. Higher molecular weight
permits greater degree of chain entanglements resulting in higher melting or
softening temperature and tensile strength. The general trend of variation of melting
(softening) point and tensile strength of a polymer is shown in Fig. 1.5.

1.6.2 Linearity and Non-linearity of Polymer Chains

The properties of a polymer would largely depend on whether its chains are
predominantly linear, branched to different extents or cross-linked. Linear polymers
are mostly soluble and fusible. Small extents of branching make the otherwise
equivalent polymer less resistant to solvents, chemicals and heat, owing to enhanced
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Fig.1.5 General trend of variation of melting (softening) temperature,
(T,,) and tensile strength (T.S.) of a polymer with variation of
molecular weight (M)

molecular mobility manifested through the branches or pendent groups. High
degrees of branching and ultimate cross-linking make the polymer relatively stiff
through greater degree of chain entanglements and ultimately forming giant
molecules of a network structure, thus restraining large scale molecular mobility or
chain slippage and improving dimensional stability. Polymers thereby become less
soluble and less fusible, and ultimately, insoluble and infusible. The mechanical
strength increases substantially due to crosslinking which is clearly exemplified by
the curing or cross-linking of a host of thermosetting polymer systems such as the
curing of phenolic and urea resins, vulcanization of rubbers, etc.

Through establishment of cross-links, basic structural changes in the polymers are
introduced and consequently, basic changes or improvements in properties are often
achieved. By proper design of the process and according to the set objectives,
different levels of cross-linking, low or high, may be achieved (Fig. 1.6).

In most commercial cross-linkable polymer systems, the established cross-links
are covalent bonds and the process limitation is that the shaping of the polymer to
a useful article must be accomplished before completion of the cross-linking. The
process is mostly irreversible, and regeneration of the heat softenable uncross-
linked structure for reprocessing is seldom possible.

1.6.3 Molar Cohesion, Polarity and Crystallinity

These factors or parameters are interrelated. A chain molecule having a strong polar
structure for each repeat unit exerts strong attractive force on molecules around it.
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Fig.1.6  Schematic representation of cross-linked polymer structures:
(a) high cross-link density, and (b) low cross-link density

In the absence of such polar structures, the molar cohesion would be weak. Let us
consider the two polymers: polyethylene, —(CH,—CH,),—, and nylon 6 polyamide,
O

[—(CH,)s—C—N—],,. The methylene links in each polymer are practically non-polar,
I

H

whereas the interunit amide linkage (—CONH—) in the polyamide is strongly
polar. Assuming degree of polymerization such that the chains are of equal
lengths, the forces of attraction between the polyamide chains will be very
much stronger than those between the polyethylene chains. This is reflected in
much higher rigidity, tensile strength, melting point and crystallizing
tendencies of the polyamide. Moreover, extensive intermolecular hydrogen
bond formation takes place in the polyamide, particularly on stretching it from
the melt condition as it is cooled, resulting in the formation of the polyamide
fibre.

Again, though polyethylene has a weak molar cohesion which is of the same
order as for the various rubbers, natural and synthetic, it does not really exhibit
rubbery properties: instead, it is one of the most useful plastics known. Its
improved physical (mechanical) properties are basically due to its very simple
chemical structure. The architectural symmetry of its molecules facilitates close
packing of the chains into a lattice structure, inducing crystallinity and strength.
Besides the architectural symmetry, recurrence symmetry is also important in
determining the total forces of attraction between chains, particularly when
oriented. This is very often illustrated by copolymerization of two monomers
leading to loss of recurrence symmetry, and also by chain branching. Thus,
polyethylene prepared by the high-pressure method (free radical mechanism)
and the one by the low-pressure method (anionic co-ordination mechanism)
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greatly differ in their properties; the low-pressure polyethylene being higher
melting, its density and rigidity being higher and this polymer having higher
degree of crystallinity. The reason is that the low-pressure polyethylene is
predominantly linear and hence it has high degree of molecular symmetry, while
the high pressure polyethylene is fairly branched, thus poorer in molecular
symmetry.

The influence of molecular symmetry on polymer properties is also exemplified
by the chemical modification of cellulose. Cellulose, originally an infusible fibre of
good strength, resistant to solvents and having a good degree of crystallinity due
to extensive intermolecular hydrogen bonds through the hydroxyl groups, is easily
transformed into useful plastic products with good solubility in selected solvents
and more or less well defined softening or melting points on progressive
substitution of OH groups by esterification and etherification. As a consequence of
these reactions, the high architectural and recurrence symmetry of cellulose chain
molecules are progressively lost and hydrogen bonds are destroyed considerably.
The completely modified cellulose, giving a degree of substitution equal to three,
would normally have better strength characteristics than the incompletely
modified products, because by complete modification the overall molecular
symmetry is regained.

It is apparently surprising that the melting points of most linear aliphatic polyesters

O
I
HO—[(CHz)x—OI(I:—(CHz)y—”CO]n—H having polar —C—O— interunit linkages lie
O O
well below that of polyethylene® (Fig. 1.7). This may be partly explained considering

@)

that the contributions of the polar (—C—O—) groups in enhancing molar cohesion are
far outweighed by the flexibility effects imparted to the chains through the oxygen
linkages in the chain backbone. The increase in chain flexibility and hence lowering
of melting point by oxygen linkages in the main chain is also illustrated by a much
lower melting point (nearly 150°C) for the polyurethane [—(CH2)5—1|\I—ﬁZ—O—]n

H O
than that for the analogous polyamide [—(CH2)5—1TI—?|Z—]H having melting point of

H O
215°C.

Incorporation of rigid bulky groups such as an aromatic ring in the chain makes
the polymer more stiff and hence higher melting.” Thus, while linear aliphatic
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300

200

°C

100

16 20 24
Chain atoms in repeat unit

Fig.1.7 Trend of change of melting point (T,,) with variation of number
of chain carbon atoms in repeat units in several linear (aliphatic)
condensation polymers, viewed against the melting point of lin-
ear polyethylene (Curve-4): Curves 1, 2, 3 and 5 are for polyureas,
polyamides, polyurethanes and polyesters respectively. The melt-
ing points approach that of polyethylene® as spacing between the
polar interunit linkages is increased (Hill & Walker, 1948; Cour-
tesy, Wiley-Interscience, New York)

polyesters are highly flexible and low melting polymers (Fig. 1.7), the aromatic

linear polyester, poly(ethylene terephthalate), H—[OOC—@—COO—(CHZ)Z]n—

OH is a relatively rigid polymer of high melting point (>250°C) and it can be
readily drawn into a fibre of high strength, crystallinity and resistance to
solvents and weathering conditions. Its improved physical properties are not
due to enhanced molar cohesion, since an aromatic ring has nearly the same
molar cohesion as six linear methylene groups, but are mostly due to the bulk
and rigidity of the aromatic ring in each repeat unit, resulting in great
hindrance to rotation and thus, reducing chain flexibility and at the same time
enhancing chain stiffness enormously. Symmetrical structure of the terephthalic
acid units also permits a close fitting of the chain molecules into a crystal
lattice. On the other hand aromatic bifunctional compounds having functional
groups in the ortho and meta positions yield similar polymers with inferior
physical and mechanical properties mainly due to their poor molecular
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symmetry, resulting in their inability to fit into a lattice structure as closely as
for polymers from the corresponding aromatic bifunctional compounds with
functionalities in the para positions.

The intermolecular forces are opposed by thermal agitation. The effect of chain
length is mainly extensive, i.e. total force of intermolecular attraction increases
owing to greater molecular surface while the force per unit length or area
remains constant. By contrast, polarity is intensive; more polar the structure,
greater the attractive force per unit length or area. It is important to note that
the effects of these factors are relatively short range and hence, minor or subtle
variations in chemical structure may notably affect the physical behaviour of
polymers. Structure—property relationship highlighting differences effected by
aliphatic and aromatic structural units and the effects of flexible (—O—, —S5—)
and polar (—SO,—) interunit linkages can be further appreciated by examining
Table 1.3.

The polymer properties are also highly dependent on the spatial disposition of
the side groups or side chains. The stereoregular (isotactic) polymers are of high
degree of crystallinity and they exhibit higher strength and melting point than
those exhibited by the corresponding random (atactic) polymers. The lengthening
of the substituent group of the higher isotactic poly(a-olefin) homologues
decreases the melting point up to polyheptene; from this point the melting point
curve follows an increasing trend (Fig. 1.8). The initial falling trend in melting
point is due to repulsion of the bulky side groups in the crystalline region. The

200 T T T T T T | T T

100 —

°C

_100 L1 1 | 1 | | | |
4 8 12 16 20

No. of (linear) side chain C-atoms

Fig.1.8 Effect of variation of branch (substituent) length on the melting
point of isotactic poly(a—olefins), (—CH,—CHR),—
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upward trend in melting point is probably a result of developing trends in
crystallinity involving the relatively long flexible side groups, i.e. a case of side
chain crystallinity. Further, dependence of physical properties on structural
isomerism is vividly reflected in the well-known examples of 1,4-cis-polyisoprene
(natural rubber) and 1,4-trans-polyisoprene (gutta percha) (See also Sec. 5.9); the
former, being normally devoid of or poorer in crystallinity, is more flexible and
behaves as a rubber, while the latter is a good plastic having good order of
crystallinity in the normal condition.

1.6.4 Effect of Temperature

Roughly speaking, all linear amorphous polymers can behave as Hookian elastic
(glassy) materials, highly elastic (rubbery) substances or viscous melts according to
the prevailing temperature and time-scale of experiments. Different property
profiles for the same polymer at different temperatures are related to variation in
the physical structures or arrangements of the chain molecules as a consequence of
different types and degrees of deformation.

1.6.5 Survey of Deformation Behaviour in the Amorphous State

An idealized graph of log (shear) modulus vs. temperature is shown in Fig. 1.9. The
modulus curve usually shows a number of transitions each of which is connected
with the gradual development of a specific kind of molecular movement.

At a temperature below the corresponding transition temperature, the molecular
processes in question are frozen in. With rise in temperature, and in the vicinity of
a transition point, an additional molecular movement begins to contribute to the defor-
mation mechanism and hence lowers the resistance to deformation, i.e. the modulus.

At very low temperatures, the only deformation occurring is Hookian elastic
deformation which is time-independent and mechanically reversible. It takes place
almost instantaneously and the deformation recovers instantaneously and
completely on removal of the force or stress applied. The deformation is also
thermodynamically reversible, as no energy is dissipated during the stress—strain
cycle. The Hookian deformation is attributed to the small changes in valence angles
and valence distances (bend or stretch of bonds) that take place against the strong
binding forces of the homopolar bonds (dissociation energy, 30-200 kcal/mol),
(Table 1.4), and therefore, it is associated with a high modulus in the region of 10
dynes/cm? or higher. At sufficiently high temperatures, flow which is totally
irreversible, both mechanically and thermodynamically, takes place. The defor-
mation energy is dissipated as heat in the viscous melt and little configurational free
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Fig.1.9 Temperature dependence of log (shear) modulus in polymer sys-
tem showing molecular mechanism of the deformations taking
place at different points
= Table 1.4 Characteristics of typical primary valence bonds
Nature/Type Average Bond Average Dissociation
of Bond Distance, A Energy, kcal/mol
C—H 1.10 98
c—C 1.54 80
C=C 1.34 145
Cc—O 1.46 85
C=0 1.21 180
C—N 1.47 75
C=N 1.15 215
c—Cl1 1.77 80
C—F 1.32-1.40 100-125
O—H 0.96 110
N—H 1.01 92
0—0 1.32 34
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energy is left after the deformation and hence there is no recovery. A polymer melt
may be viewed as a cluster of randomly coiled or intercoiled molecules with very
limited or no restriction on rotation of molecular segments due to closely
neighbouring molecules. The deformation mechanism involved at this stage is
slippage of molecular chains relative to each other but at the same time large scale
displacement of chain segments normal to their chain axes is restricted, thereby
giving rise to high melt viscosity. Cross-linked polymers are not expected to exhibit
the flow phenomenon.

1.6.6 Transitions and Rubbery Region

The intermediate regions present some interesting deformation behaviours. The
different transitions, shown schematically in Fig. 1.9, are manifestations of viscoelastic
deformations which are time-dependent in nature, reaching at the respective point
an equilibrium value after a certain time and recovering after a time of the same
magnitude. The deformation in these regions is often mechanically reversible, but
owing to time-dependency, thermodynamically irreversible. A part of the deforma-
tion energy is stored as free energy which takes care of mechanical reversibility and
the remaining part of the deformation energy is dissipated as heat (Sec. 7.18).

The transitions schematically shown as primary and secondary transitions may be
close or widely separated depending on the nature and molecular weight of the
polymer. The secondary transition(s) arise as a consequence of inducement of
thermal excitations involving rotation of the side groups of the polymeric chains and
it generally leads to relatively small decrease in modulus. Although, inception of
rotation of small segments of the main chains is also attributed to such transitions
but, by and large, the rotation about the bonds of the backbone chain is still
strongly hindered and the molecular chains as a whole remain stiff.

The primary transition corresponds to what is commonly known as the glass
transition temperature (T,), and this transition arises as a consequence of excitation
of rotation of segments of the main chains. Almost all polymers show a primary
transition or a characteristic glass transition, but many of them may not exhibit a
distinct secondary transition (See also Sec. 7.20). Through the glass transition or
primary transition, the polymers suffer a sharp and large change in modulus.

1.6.7 Property Demand and Polymer End-Use

A schematic, though rough and approximate phase diagram for polymers is given
in Fig. 1.10. It shows (i) how the melting temperature (T,,) and the glass transition
temperature (T,) vary and tend to level off with increase in molecular weight (See
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Fig.1.10 A schematic phase diagram showing variation of melting point

(T,), glass transition point (T,) and consistency or viscosity of
melt with variation of molecular weight

also Fig. 1.5), (ii) how viscosity of melts varies with extension of chain lengths and
(iii) the different regions or zones over which properties typical of plastics, rubbers,
viscous fluids, etc. may be found.

(a) Elastomers or Rubbers It is apparent from the diagram that while useful plastic
properties may be exhibited by polymers of wide molecular weight range (low
polymer and high polymer), good useful rubbery properties are exhibited by
polymers which are essentially high polymeric in nature. For revelation of
rubberiness, the polymers must be far above their T, and for practical advantage
and common use, T, for elastomers or rubbers should be in the range —40 to — 80°C.
This is very commonly attained in systems of low cohesive energy density (Table
1.5), and poor molecular symmetry resulting in amorphousness, at least in the
unstrained state and permitting enough freedom of molecular motion so that
deformation of high magnitude takes place rapidly. Although, these requirements
and features for elastomers imply high local or segmental mobility, the gross or full-
scale mobility as in the flow region must be low in practical elastomers. Restricted
chain slippage must be assured in view of property demand in the form of regain
of original shape and dimension on release of stress. This restriction is technically
achieved through introduction of widely spaced primary valence cross-links in the
chain molecular system such that on application of forces of extension, large
deformations can take place without rupture of primary bonds.

(b) Fibres For a typical fibre, showing high tensile strength and modulus, the
polymer must normally possess a combination of high molecular symmetry and high
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cohesive energy density manifested through polar structures in the repeat units
fostering high order of permanent crystallinity (in the useful temperature zone) on
cold drawing. The crystalline melting point, T,, (without decomposition) must
normally be above 200°C and below 300°C to make it suitable for hot pressing or
ironing and for its trouble-free spinning into a fibre. Resistance to common solvents
is an advantage keeping dry cleaning in view. Again, the molecular weight should
not be too high for synthetic fibre-forming polymers to ensure speedy and trouble-
free spinning from melts or solutions and at the same time it should be high enough
to ensure full development of tensile strength and related properties. Extensive
intermolecular hydrogen bond formation is a key factor in synthetic fibre technology.

(c) Plastics In general, the properties of plastics are more or less intermediate
between those of fibres and elastomers, with good amount of overlap on one or the
other side. Plastics are put to use in a wide range of applications and hence a wide
variety of property combinations is associated with them. Consequently, a wide
variety of structures may adequately describe them. Some polymers having high
cohesive energy density such as the nylon polyamides, behave as plastics when used
without orientation of the molecules by stretching. But on orientation of the
molecules by stretching or cold drawing, major changes in the structure of their
physical agglomerates take place leading to high order of crystallization and the
respective polymers then behave as excellent fibres.

The difference between rubbers, plastics and fibres is not really basic or very
intrinsic, it is rather a matter of degree. Small or minor variations in chemical
structure or physical conditioning often bring about significant property variations
and may transform a rubber to a resin or a plastic or vice-versa and a plastic to a
fibre or vice versa. Thus, (i) moderate to extensive cyclization, hydro-halogenation
or halogenation of natural rubber, transforms it into a resinous product; (ii) limited
chlorosulphonation of polyethylene introducing Cl atoms and —SO,Cl groups in the
chain molecule through simultaneous treatment with chlorine and sulphur dioxide
gas under pressure breaks its molecular symmetry and transforms this general
purpose plastic into a synthetic rubber despite enhancement of polarity; blending or
mixing with a liquid plasticizer readily transforms the hard rigid plastic poly(vinyl
chloride), PVC, into a leathery or rubbery product; (iii) limited N-alkylation of
nylon polyamides makes them stretchable even when made into a fibre, and highly
N-alkylated polyamides of comparable chain length become very soft or even
liquids. Cellulose, an insoluble and infusible fibre, is readily transformed into good
plastics on esterification or etherification. N-alkylation for the aliphatic polyamides
and substitution of OH groups in cellulose reduce intermolecular hydrogen bond
formation, resulting in weakening of the polymer systems.
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1.6.8 Nature of Intermolecular Forces

Between molecules or chain segments not connected by primary (covalent) bonds,
the so-called secondary bonds or Van der Waals forces give rise to attractive forces.
The energy of the intermolecular attractive forces varies as the inverse sixth power
of the intermolecular separation. It is nearly two orders of magnitude weaker than
the covalent bond. The cohesive energy amounts to the total energy required to
remove a molecule in a liquid to a position far from its neighbours. The cohesive
energy per unit volume, widely referred to as the cohesive energy density for a few
commonly used polymers is listed in Table 1.5 which clearly shows how variation
in this parameter depends on molecular structure.

Among the different types of secondary valence forces known, one type arises
from polarity of the molecules and it is manifested through interaction of dipoles. The
magnitude of such interaction energy is dependent on the mutual alignment of the
interacting dipoles. As molecular alignments are opposed by thermal agitation, the
dipole forces are very much dependent on temperature.

= Table 1.5 Cohesive energy densities of some linear polymers®’
Polymer Repeat Unit Cohesive Energy
Density, cal/em?®

Polyethylene —CH,—CH,— 56-64
Polystyrene —CH,—CH(CH;5)— 75-88
Polyisobutylene —CH,—C(CH;),— 56-64
Polyisoprene (natural rubber) —CH,—C(CH;3)=CH—CH,— 60-67
Poly(vinyl acetate) —CH,—CH(OCOCH;)— 82-94
Poly(vinyl chloride) —CH,—CHCIl— 85-95
Poly(methyl methacrylate) —CH,—C(CH;) (COOCH;)— 78-85
Poly(ethylene terephthalate) —OCH,CH,00CC,H,CO— 90-115
Poly(hexamethylene adipamide,

nylon-66 —HN(CH,)({NHCO(CH,),CO— 180-220
Polyacrylonitrile —CH,—CH(CN)— 150-230

Another kind of intermolecular interaction is that induced by polar molecules or
segments through the dipoles on surrounding molecules or segments that do not
have permanent dipoles.

The secondary bond forces consequent to interactions between permanent dipoles and
induced dipoles are known as the induction forces.
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The cohesive energy corresponding to the induction force is small and it does not
depend on temperature.

There are also dispersion forces which are not dependent on polarity or permanent
dipoles but which are consequences of different instantaneous configurations of
electrons and nuclei of all kinds of molecules, resulting in time-varying dipole moments
that average out to zero. The dispersion forces exist in all molecular systems, polar
or non-polar and constitute a major part of the cohesive forces except in systems
having strong dipoles. In non-polar materials the molar cohesion is due only to the
dispersion forces which are also independent of temperature. The energy of all the
above secondary valence forces usually ranges between 2-5 kcal/mol.

A fourth but an important and major kind of intermolecular attraction, parti-
cularly in polar molecules containing fluorine, nitrogen, oxygen and occasionally
chlorine atoms is due to hydrogen bonding. The energy of hydrogen bonds usually
ranges between 5-10 kcal/mol and its overall cumulative effect in polymer material
systems is very pronounced and sometimes overwhelming, so much so that suitable
polymers having frequent and extensive hydrogen bonds along the chains, such as
cellulose, polyamides, polyacrylonitrile, etc., are inherently crystalline and resistant
to heat and solvents (see the idealized structure of pairs of molecules in each case
in Fig. 1.11). The exact nature of the hydrogen bond depends on the chemical nature
and environment of the concerned polar groups and it is considered, in most
systems, electrostatic or ionic in character. The average attractive force between
sections of polymer molecules in an oriented domain or crystal lattice is higher than
that between sections that are not in a lattice. Crystallites are usually 10-15% more
dense than the supercooled melt at the same temperature.
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CHAPTER

Condensation Polymerization or
Step-Growth Polymerization

D 2.1 Functionality Principle

Polymerization may be generally defined as intermolecular reaction between
bifunctional or polyfunctional compounds (covering olefins and related compounds)
avoiding formation of ring or cyclic structures and in a manner that makes the
process functionally capable of proceeding to infinity. Functional groups or atoms,
through disappearance of which polymerizations of different kinds take place are:
reactive hydrogen atom (—H), hydroxyl group (—OH), carboxyl group (—COOH),
amino group (—NH,), halogen atom (—Cl, —Br), isocyanate group (—NCO),
aldehyde group (—CHO), double bond (C=C), etc.

According to the functionality principle and concept, for polymerization to
take place, each of the reacting molecules must be at least bifunctional, giving
average functionality for the system as 2. For reacting compounds containing
two different kinds of functional groups, the average functionality is calculated
on the basis of stoichiometric equivalence of the two kinds of functional groups.
Thus, for reaction between a dicarboxylic acid and a trihydric alcohol, to strike
stoichiometric equivalence of —COOH and —OH groups, the acid and the
alcohol should be taken in a molar ratio 3 : 2, which would express the average
functionality for the system as 12/5, i.e., 2.4. On this basis, any system consisting
of a polyfunctional compound (functionality 3 or more) bearing a given kind of
functional group (say, —OH) and a related monofunctional compound bearing a
different kind of functional group (say, —COOH) would always give an average
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functionality less than 2. So, for any system, if one type of the reacting molecules
is monofunctional, then the system would fail to produce polymer molecules. On
consideration of functionality, a double bond (C=C) is bifunctional, as on
thermal or photoactivation, the 7 bond may open up to yield a diradical inter-
mediate.

D 2.2 Types of Polymerization

It has been suggested in Chapter 1 that polymerization or growth of the
polymer usually takes place by two basically different mechanisms. Depending
on the mode of formation, one kind of polymerization is called condensation
polymerization or step-growth polymerization, and the other kind is known as
addition polymerization or chain-growth polymerization.! The physicochemical
aspects of condensation polymerization will be the subject matter of this
chapter.

D 2.3 Basic Characteristics of Condensation
or Step-Growth Polymerization

Condensation polymerization takes place under suitable conditions allowing
bifunctional or polyfunctional molecules to condense intermolecularly in a manner
that the growth of the molecule or chain extension takes place in controlled,
distinguishable steps and the process is normally associated with the formation of
condensed interunit chemical links and liberation of a small byproduct such as H,O,
HCI, etc, at each step of reaction.” Formation of a polyester by condensation
polymerization, or what may be alternatively termed as a polycondensation process
between bifunctional monomers eliminating water as the byproduct of condensation,
may be cited as a typical example.

2.3.1 Formation of a Polyester

Ist step
HOROH + HOOCR'COOH — HOROOCR'COOH
(monomers) 1st step reaction
product

+ H,0 (2.1)
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byproduct of
condensation

2nd step

HOROOCR'COOH + HOROH — HOROOCR'COOROH

2nd step reaction
product
+ H,O (2.2)
byproduct of
condensation

or

HOOCR'COOH + HOROOCR'COOH — HOOCR’COOROOCR'COCH + H,O (2.3)

The condensation process beyond the first step need not necessarily involve
reaction with one of the monomers. Condensation products of all the successive
steps retain the bifunctional character, and each bifunctional species formed and
remaining into the system at any point of time or extent or reaction is capable
of reacting with any other bifunctional species including another of its own size
or an unreacted monomer molecule, and the elimination of a molecule of H,O as
a byproduct in each step remains a common feature. One more step of
condensation results in the loss of one more bifunctional species and as a
consequence two functional groups, one of each kind, are lost in each step. The
formation of a long-chain molecule of degree of polymerization n, where n has
a large value, may be expressed as follows, combining (2n — 1) successive steps
of condensation:

n HOROH + n HOOCR'COOH —
HO—[—ROOCR'COO—],—H + (2n - 1) H,0 (2.4)

The chain-growth process at any point of time may be represented by a general
equation as follows:

M, + EM,, - =M

n+m

+ H,0 (2.5)

where n and m may have any integral value between 1 and «. For the monomer, the
value of n or m is 1.

For a hydroxy acid, the reaction would be written as:
n HORCOOH — H—[—ORCO],—OH + (n - 1) H,O (2.6)

Examples of some step-growth polymerization are given in Table 2.1.
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U 2.4 Relationship between Average Functionality, Extent
of Reaction and Degree of Polymerization

W.H. Carothers derived a general expression, relating average functionality (f),

extent of reaction (p) and average degree of polymerization (X,), for polyconden-
sation reactions carried out for a time period t. The expression is commonly known
as Carothers” Equation.

Let N, be the total number of reacting molecules initially present giving an
average functionality for the system as f. The related functional groups (say,
—OH and —COOH) are also considered to be present in stoichiometric
equivalence. Let N be the number of molecules present at time t when the extent
of reaction is p.

Then, number of molecules lost during the process over the time period t is (N,
— N); for each molecule lost, the number of functional groups lost is 2 (one of each
kind) and hence the total number of functional groups lost is 2(N, — N) against the
initial total number of N,f functional groups.

Hence, the extent of reaction p = 2(No - N)
Nof
" P= E(l_iJ 2.7)
fU N

The average degree of polymerization, X, is defined as the average number of
structural units per polymer molecule which can simply be expressed as:

- Ny

X, = o (2.8)
combining Egs. (2.7) and (2.8), one obtains
2 1
==|1-= 2.9
Py ( Xn) 22

Equation (2.9), known as Carothers” Equation is very important for the
understanding and control of the growth of polymers through polycondensation

reactions. The critical extent of reaction p. at the gel point (for X, — @) is given by:

2 (2.92)

Pc:f
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{] 2.5 Bifunctional System

For a bifunctional system, f = 2, Eq. (2.9) reduces to:

p = (1—;) (2.10)

n

for p = 1, X,, = o, which means that for complete reaction, the average degree of
polymerization will be infinity; but short of complete reaction, the degree of
polymerization is always a finite quantity. Polymer obtained in a bifunctional system
is, under all practical situations, linear and hence soluble and fusible. The upper
theoretical limit in the degree of polymerization is infinity and this can be attained
only in the hypothetical condition of completion of reaction between the functional
groups (p = 1). For bifunctional systems, Eq. (2.10) may be rearranged to express

X, as

n
X, = 1 2.11)
1-p)
If the mean molecular weight of the repeat unit in the polymer molecules is M, then
the average molecular weight M, of the polymer system is expressed as

M,- X

‘M, = (2.12)

D 2.6 Polyfunctional System

A typical polyfunctional system in condensation polymerization is exemplified by
the reaction between phthalic anhydride or phthalic acid and glycerol, ie. by
allowing a bifunctional acid to react with a trihydric alcohol. As discussed before,
this system is characterized by an average functionality of 2.4.

For this system, Eq. (2.9) will assume the form:

2 1
p= ﬂ[l‘ Ynj (2.13)

We may now easily find out the critical extent of reaction, p. at which gelation or

cross-linking would commence, i.e. at which point X, would first assume a value of
infinity; the calculated value of p, according to Eq. (2.9a), will be 2/2.4 = 0.83.
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Thus, it is clearly seen that at the point of a theoretical extent of reaction p = 0.83,
i.e. when the reaction is 83% complete, the polymer being formed in the
polycondensation system gets cross-linked and, hence, turns into an insoluble,
infusible gelled mass. Technically, such a condensation polymerization cannot and
should not be allowed to proceed beyond this point (83% completion), or otherwise
the reaction mass would turn into an unusable product. In fact, it is advisable to
arrest the reaction nearly 10-15% earlier in p to avoid damage of the reaction kettle
and to collect a good quality product which would be useful and which could be
easily manipulated in subsequent steps.

The usefulness of Carothers’ Equation lies in the linking of p, f and X, in one
expression, and in the fact that it can be used to predict gelation in polyfunctional
systems. The limitation of the equation is that practically gelation starts even at
earlier stages than predicted by the equation because of uncontrolled local
conditions in the hot viscous reaction mass. Moreover, this equation is applicable to
polycondensation reactions only, and it loses relevance in the context of addition or
chain growth polymerization.

D 2.7 Molecular Weight Control: Quantitative Effect
of Stoichiometric Imbalance on Maximum
Attainable Molecular Weight

Condensation polymerization being an equilibrium step process and endothermic in
nature in most cases, control of molecular weight can be readily achieved by
allowing the reaction to die down at a desired point by withdrawing heat supply
or by cooling and further, by allowing the byproduct of condensation to accumulate
in the medium. But in any event, the intermediate product may not be adequately
stable toward further heating under a favourable condition with respect to further
chain extension and gain in molecular weight. Control of molecular weight can be
more precisely attained by striking a calculated stoichiometric imbalance of the two
types of reacting functional groups. This may be clearly illustrated considering a
bifunctional system having monomers of the A-A and B-B types and giving the
numbers of A and B functional groups as N, and Np respectively, such that (N,/Ng)
= r, where r is either equal to 1 or less than 1, i.e. B groups are present in the system
in molar excess, if there is stoichiometric imbalance. The total number of molecules
initially present, N, is then given by (N, + Ng)/2, or N,(1 + 1/r)/2.

Let us now find out the total number of molecules N left into the system after
a specific time period of reaction when extent of reaction for A groups is p, i.e. p
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is the fraction of A groups which have reacted. The fraction of B groups which have
reacted by that time is then given by rp.

The total number of unreacted A and B groups are then expressed as (N, — Nyp),
i.e. No(1 - p) and Ny — Nprp, i.e. Ng(1 - rp) respectively. The total number of polymer
chain ends is thus, given by [N4(1 — p) + Ng(1 — rp)], i.e. [No(1 — p) + Nyu(1 — rp)/r].
The value of N, being one half this number, is given by N = N,[(1 - p) + (1 - rp)
/11/2.

e N, N,(1+1/r)/2
Then, X,= =20 = A
N Nuld-p)+A-rp)/rl/2
— 1+r
or Xn = m (214)
— 1+7r
and Ltp -1, X, = 17 (2.15)

For equimolar proportions of A and B groups, i.e. for r = 1.0 X,, = 1/(1 - p), which
is the same as given by Eq. (2.11). The maximum theoretically attainable degree of
polymerization for r = 1.0 is o. But for r # 1.0, and with only, say one mole per cent
excess of B groups taken into the system (by taking excess of the related bifunctional
compound in calculated amount), and taking the help of Eq. (2.15), the maximum

attainable X, becomes:

— _ 1+(100/101) _

S St A Y
"= T-@oozon 2

This consideration clearly establishes the importance of stoichiometric equivalence
or balance of the reacting functional groups (A and B groups) for attaining high
degrees of polymerization, or of introduction of stoichiometric imbalance in order
to limit the maximum attainable degree of polymerization to a desired lower level.

Figure 2.1 shows how )?n varies with variation in stoichiometric imbalance, i.e.,
variation in the value of r.

Considering a bifunctional system and Egs. (2.11) and (2.15) applicable to it, it is
clearly realized that the step-growth polymerization must always be carried out to
very high conversions, at least to 98%, since a degree of polymerization >50 is
normally required for a polymer to be widely useful. Higher conversions and lesser
deviation from stoichiometric balance are required for higher degrees of

polymerization. The interdependence of X, on p and r is given by Eq. (2.14) and
Fig. 2.1. Closer adherence to stoichiometric equivalence is required for obtaining
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Fig. 2.1 Trend of variation of number average degree of polymerization X,
with stoichiometric ratio r for different extents of reaction, p in the
polycondensation involving A—A and B—B type monomers

higher degrees of polymerization. The effect of stoichiometric imbalance is much
more pronounced in the very high conversion zone (>98%) than in the lower
conversion zones.

{] 2.8 Kinetics of Step-Growth Polymerization

A powerful tool for a good understanding of any chemical reaction is the study of
its kinetics. Kinetic analysis of a reaction helps in the understanding of the
mechanism of the reaction.

2.8.1 Principle of Equal Reactivity of Functional Groups

Equation (2.5) describes a characteristic feature of step polymerization. Any two
species in the reaction mixture can react with each other. This feature alone
complicates kinetic analysis of the overall process, as it involves innumerable
separate reactions. However, the kinetic analysis is largely simplified if it is
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assumed that the reactivities of both functional groups of a bifunctional
monomer, e.g. both the carboxyl groups of a dicarboxylic acid, are just the same
and that the reactivity of a functional group is independent of the size of the
molecule to which it is attached. This means that the reactivity of the specific
functional group is independent of the values of n and m. Fortunately, this
assumption is more or less valid for all monomers and all larger species that are
involved in polycondensation.

The independence of the reactivity of a specific functional group on molecular
size is also generally substantiated by the closeness of the rate constants for
reactions of a homologous series of compounds (fatty acid) differing from each
other only in molecular (weight) size involving esterification with a specific alcohol
(ethyl alcohol) in each case. (Table 2.2.)

mineral acid

catalyst (HCI)

H(CH,),—COOH + C,H;O0H H(CH,),—COO0OC,H; + H,O

Table 2.2, however, shows a decrease in reactivity with increase in molecular size
(n) over the very (initial) low range of n and the rate constant of the esterification
reaction levels off to a limiting (constant) value for n > 3 and maintains constancy
and independence of molecular size. This feature of equal reactivity may be
generalized and considered applicable to polymerization reactions as well. In the
latter case some complications, not encountered in the study of simple compounds,

= Table 2.2 Esterification rate constants, k at 25°C for homologous series’

Molecular size, n A, k x 10* B, k x 10*
1 22.1 —
2 15.3 6.0
3 7.5 8.7
4 7.5 8.4
5 7.4 7.8
6 — 7.3
8 7.5
9 7.4

11 7.6
15 7.7
17 7.7

All k values are in unit of (gram equivalent/litre). sec™.

A—Esterification between monocarboxylic acids, H(CH,),COOH and C,H;OH.
B—Esterification between dicarboxylic acids (CH,),(COOH), and C,H;OH.
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may arise, but they may be readily understood and accounted for when considered
under proper perspective, i.e. equivalent (molar) concentrations of reacting
functional groups, solubility, dilution level, etc. An end (functional) group comprising
a terminal reactive centre of a polymer (chain) molecule has a much greater mobility
than that of the polymer molecule as a whole. The functional group at the free end
would have good degree of mobility in view of the rearrangements that would
normally occur in closeby segments of the chain molecule. The collision rate of such
reactive functional groups with related functional groups in the neighbourhood will
be much the same as for small molecules.

In polymer systems, the medium viscosity, either in melt condition or in solution,
is usually much higher than in systems containing only small non-polymeric
molecules. Further, the polymer molecules may become insoluble beyond a critical
chain length or molecular weight and the low molecular weight byproduct molecules
would tend to slowly accumulate in the system causing the equilibrium to shift in
favour of the reactants [Eq. (2.5)]. All these physical factors may affect the
polymerization rate quite measurably. The rate at which independent functional
groups react to produce chain extension through establishment of a fresh condensed
interunit linkage is dependent on three different rate processes: (i) the rate at which
the groups diffuse into a cage, (ii) the rate at which they diffuse apart, and (iii) the
rate at which the reactive groups trapped in the cage react to produce the new
condensed interunit linkage. Thus, in a given time interval long enough to allow
diffusion of a pair of reacting groups, the number of related functional groups with
which a given functional group may undergo collisions will be less for a group
linked to a polymer molecule than for one linked to a small molecule. But what is
more significant is that the overall frequencies of collision in either case are much
the same. A pair of groups with a lower diffusion rate will undergo more total
collisions before diffusing apart. The net outcome of these considerations points to
the important conclusion that the reactivity of a functional group is independent of
the size of the molecule to which it is linked.

2.8.2 Rate of Step-growth Polymerization

(a) Self-catalyzed Polyesterification With the idea of equal reactivity of specific
functional groups independent of molecular size, the consideration of rate of step-
growth polymerization becomes easy. The formation of a polyester from a
dicarboxylic acid and a diol may again be taken as an example, for simplicity. This
reaction is prone to catalysis by mineral acids. But in the absence of an added
mineral acid such as H,SO, or HCl, the reactant carboxylic acid itself acts as a
catalyst; for each step of reaction between a —COOH group
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— H

—CcooH + HO— —OPM | coo— + H0 (2.16)
(catalyst)

and an alcohol (—OH) group, a second COOH group from the reactants acts as a
catalyst. The rate of the reaction can be measured by measuring the rate of
disappearance of the carboxyl groups:

_ @ = k [COOH]? [OH] (2.17)

Here, k is the rate constant of the reaction given by equation (2.16). Considering
equimolar presence of carboxyl and hydroxyl groups, and ¢ giving the concentration
of each group at a given point,

dc

—E:M (2.18)

or —ggzkdt (2.19)
on integration, Eq. (2.19) gives:

2kt = clz — constant (2.20)

If ¢, is the initial concentration of each kind of functional group and p is the extent
of reaction, i.e. fraction of a given functional group that has reacted at time ¢, then

c =yl -p) (2.21)
By combining Egs. (2.21) and (2.20), we get
1
203kt = — constant (2.22)
Toa-py

Equation (2.22) prescribes linearity of the plot of 1/(1 — p)* vs time. In the case of
self catalyzed polycondensation (polyesterification) of diethylene glycol and adipic
acid at 166°C, as studied by Flory,* the linearity is found to be strictly followed only
over the range of nearly 80-94%. Below or above this range of extent of reaction,
the experimental points deviated from the third order plot (Fig. 2.2). Equation (2.22)
actually shows a linear relationship between square of the average degree of

polymerization, (X,)* with time of polycondensation.

It may be mentioned here that the initial nonlinearity is not limited to
polyesterification; the initial deviation from the third order linear plot is
characteristic of esterification in general.
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Fig.2.2 Plot showing 1/(1-p)* or (X ) vs time for self catalyzed polyes-
terification of diethylene glycol with adipic acid at 166°C (Flory,
1939; Courtesy, American Chemical Society, Washington)

Over the initial 50-80% conversion range, a very significant change takes place
in the reaction medium, although the average growth in size of the molecules
remains far too low. A large change in the polarity of the reaction mixture,
however, takes place due to the disappearance of a large fraction of the polar
carboxyl groups resulting in the formation of less polar ester linkages. This
definite change in polar nature of the reaction medium has a major role to play
in causing the deviation in question. But the exact manner or mechanism in which
the rate of esterification is affected as a consequence of this polarity change is not
very well understood.

The deviation from linearity in the high conversion region (>94%), however,
arises as a consequence of other factors including loss of reactants through
degradation or volatilization, or even cyclization and other side reactions. Such
losses of reactants are likely to be of much less importance in the initial stages.
Difficulty in removal of the byproduct of condensation (water) from the reaction
medium due to the very high viscosity it assumes in the later stages, is also an
important contributing factor in decreasing the reaction rate with increasing extent
of reaction beyond 94% conversion.

(b) Polyesterification using Strong Acids as Catalysts The direct or self-catalyzed
polyesterification is slow and sluggish, considering slow increase in molecular
weight or average degree of polymerization and this is understood to be a
consequence of the third order kinetics. A better result and a faster rate of chain
growth is, however, achieved by adding a small amount of a strong acid such as
sulphuric acid, p-toluenesulphonic acid, etc. as a catalyst, which remains undepleted
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in the system with progress of the reaction. The rate of disappearance of COOH
groups can then be expressed as

_ d[COOH]
dt

For stoichiometric equivalence of the two functional groups and taking c as the
concentration of either group, the Eq. (2.23) may be written as

_de
dt

where k’ is the overall rate constant. On integration, and making use of Eq. (2.21),
the following expressions, relating extent of reaction p or degree or polymerization

- k' [COOH] [OH] (2.23)

= k'c? (2.24)

X, with time of reaction, t, are obtained:

L constant (2.25)

(I-p)
Cok,t = }_(

Cok’t =

or — constant (2.26)

n

A plot of 1/(1 - p), i.e. X,, vs time, would be linear according to Eqs (2.25) and
(2.26). Data relating to polymerization of diethylene glycol and adipic acid
catalyzed by p-toluenesulphonic acid as observed by Flory?, are shown in Fig. 2.3.
The plot shows the experimental variation of X,, the average degree of

polymerization with time of polycondensation at a given temperature.’
Comparison of Figs 2.2 and 2.3 clearly shows that the polyesterification process is

T I T 99
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Fig. 2.3 Plot showing 1/(1 — p) or X, vs time for polycondensation of
diethylene glycol and adipic acid at 109°C using 0.4 mole % p-
toluene sulphonic acid as the catalyst*” (Flory, 1939; Solomon,
1967; Courtesy, American Chemical Society, Washington)
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much more readily and economically accomplished when an external strong acid
catalyst is used. Not only the linearity of X, vs time plot is very closely
maintained, particularly in the more important high conversion zone, but also the
rate of increase of X, with time of reaction is much higher. The second order
kinetics find good experimental support up to nearly 98.9% conversion,
corresponding to X, value of approximately 90 or a molecular weight of nearly
10,000. This approach of kinetic analysis, however, shows that the reactivities of
the carboxyl and hydroxyl groups remain practically unchanged despite growth of
the chain molecules to a fairly big average molecular size and a big increase in
medium viscosity as a consequence.

Step-growth polymerization other than polyesterification may proceed at
desired rates in presence of external acidic or basic catalysts or as uncatalyzed
reactions. Irrespective of the approach and situation prevailing, the basic and
overall kinetics will be much the same as detailed above for polyesterification. For
stoichiometric proportions of the two types of reacting functional groups, say A
and B groups, Eq. (2.25) would be useful to reasonably describe and analyze the
kinetics in the respective systems. Whether or not the reacting monomers are of
the A-A and B-B types or simply of the A-B types, the observed kinetics will be
the same.

D 2.9 Distribution of Molecular Weight in (Linear)
Bifunctional Polycondensation

Equation (2.5) clearly indicates that random intermolecular reaction between
molecules in a bifunctional system would lead to linear chain molecules whose
chain lengths admit of wide variation. For both theoretical and practical view
points, consideration of an approach to make a quantitative assessment and
analysis of the molecular weight distribution is relevant and important at this
point. Flory’s statistical approach® in this context based on equal reactivity of
functional groups of a given kind independent of molecular size is essentially and
equally applicable to the mixture of A-A and B-B types of monomers with
stoichiometric balance of the A and B functional groups and to the simple A-B type
of monomers.

2.9.1 Derivation of Distribution Functions

Let the formation of a linear polymer molecule of a degree of polymerization n be
considered, starting with the monomer of the formula HORCOOH. The polymer
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structure may be written as:
HO—R—COO—R—COO—R—COO—. . ......
1 2 3
—COO—R—COO—R—COOH

n-2) n-1) n
Now, considering reaction of the functional groups, say the COOH groups, and
for a degree of polymerization n, for the chain molecule formed, it is necessary
that (n — 1) COOH groups had reacted to form (n — 1) interunit -COO- linkages
and that one COOH group remained unreacted so as to give the linear chain
structure as shown above. The probability that the first or any other subsequent
COOH group has reacted up to the point of time t under consideration is given
by the extent of reaction p, and the probability that a given COOH group has
remained unreacted is then (1 — p). Hence the probability that (n — 1) COOH
groups have reacted is given by the product of (n — 1) separate probabilities, i.e.
by p"'. Combining with the probability of one (the nth) carboxyl group
remaining unreacted, the probability P, of formation of the polymer molecule
with degree of polymerization 1, is given by

P,=p"" (1-p) (2.27)

P,, in effect, is also the mole fraction or number fraction of molecules containing n
structural units in the polymer mixture, (P, = N,,/N), such that

N, =N p"(1 - p) (2.28)

where N, is the number of n-mers formed and N is the total number of molecules
of all sizes. If the total number of structural units (monomer molecules) initially
present is N, then N = Ny(1 - p) and Eq. (2.28) assumes the form

N, = Ny - p)* p"" (2.29)
Equation (2.29) gives the number distribution function for a linear step-growth
polymerization corresponding to an extent of reaction p.

Further, accounting for the weight loss due to byproduct elimination in each step
of reaction, and neglecting weights of the end groups, the weight fraction W, of
the n-mers, i.e. weight fraction of the molecules each containing n structural
units is given by W, = n N,,/N,, and with the help of Eq. (2.29), W, is expressed as:

W, = n(l - p)* p"* (2.30)

The above equation gives the weight distribution function for a linear step-growth
polymerization at the extent of reaction p.
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The molecular size distributions given by Eq. (2.29) as derived from Eq. (2.27)
and by Eq. (2.30), usually known as the most probable or Flory distribution are
shown in graphical plots as P, vs n and W, vs n in Figs 2.4 and 2.5 respectively.
Comparison and analysis of the two figures gives a better appreciation of the
molecular size distribution.®
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Fig.2.4 Number or mole fraction distribution curves (P, vs n) for several
extents of reaction, p for linear step-growth polymerization’
(Flory, 1936; Courtesy, American Chemical Society, Washington)

For a given value of p, W, passes through a maximum and the maximum shifts
to a higher value of n as p increases. Further, a distinct broadening of the
distribution of n values as p increases is clearly indicated from each figure. Even
at high p values, N,, is large for monomers (and for other species where n has
a low value) and N,, decreases as n increases, i.e. on a number basis, the fraction
of molecules decreases as n increases, irrespective of the value of p, and as p
increases, the fraction of molecules with smaller n values decreases and the
fraction of molecules with larger n values increases. The steepness of the number
fraction distribution curves falls, i.e. the curves tend to flatten as p increases.

2.9.2 The Number Average Degree of Polymerization

The number average degree of polymerization, X,, for the mixture of polymers at
a given extent of reaction, p, may be expressed as

N, oo
X, = 21 np, = 21 nP"l (1 - p) (2.31)



The McGraw-Hill companies i

Chapter 2: Condensation Polymerization or Step-Growth Polymerization 47

40 | | | l
. 4 7
© ®
52 p=0.90
5 X

24 ft -
§3
88
f '8' 16 - p=0.95 _
£ 0
2 35
2 E
= 8 _ i

p=ia p=0.99
0 1 T~
0 50 100 150 200 250

Degree of polymerization, n

Fig. 2.5 Weight fraction distribution curves (W, vs n) for several extents
of reaction, p for linear step-growth polymerization’ (Flory, 1936;
Courtesy, American Chemical Society, Washington)

The upper limit of the second summation is shifted to e from N, on general
theoretical consideration even though it is of no real practical significance.
Considering different values of n and giving a few terms of the summation

X,=1p°(1-p)+2'A-p) +3p°A-p) + ...
(1-p) (1 +2p+3p>+..)

The second factor, giving a summation series, can be simplified into the square of
a summation series which may be expressed as (1 + p + p* + ...)% The series (1 +

p+ p2 + ...) may be further reduced to 1/(1 - p), such that X, = (1 - p)(1 - p)‘z.

Thus, the expression for X, finally takes the form of Eq. (2.11) as derived from
Carothers’ equation i.e.,

X,=1/1-p).
2.9.3 Weight Average Degree of Polymerization

The weight average degree of polymerization, X », May be expressed as follows
by averaging the contributions of molecules of all n values keeping weight
fractions of molecules of each n value in view as weighting factors during the
averaging. Thus
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n=1

_ 1+4p+9p® +16p° +25p* +...
1+2p+3p” +4p° +5p* +...

on appropriate simplification by long division, the above equation reduces to:
Xp=1+2p+2p"+2p° +2p% ..
=Q+2p+2p” + 2 + 2. ) -1
=20 +p+pP+p+pt+..)-1

Since (1 + p + p> +...) =1/(1 - p), as mentioned before and as may be verified
by long division,

- 2

Xpy=———-1
(1-p)
On simplification, the weight average degree of polymerization reduces to the form
v _ (@+p)
X, = 2.32
(1-p) (2:32)

The ratio of X,/X, commonly used to represent the breadth of the molecular
weight or molecular size distribution will be simply given by (1 + p), such that for

p—1, (X,/X,) =2

D 2.10 Multichain Step-Growth Polymers
(Polyfunctional Systems)

2.10.1 Branching

A special kind of step-growth polymer may be produced by allowing a
bifunctional monomer of the type A-B to polymerize in presence of a small
amount of a second monomer Ay bearing f number (>2) of A functional groups
per molecule. Even on practical completion of reaction, the resulting polymer will
have a branched structure showing f number of chains attached to or growing
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from a central (Ay) branch unit. Considering f = 3 for the A; molecule, the
polymerization in question will lead to a branched structure of the following kind:

A — BA — BA — BA—AB — AB— AB— AB— AB— AB — A

> - > W > —

Branched structure

Formation of network or cross-linked structures cannot take place since no units
of the B-B type are present. Two branched polymer molecules of the above type
cannot mutually react since all the reactive groups at the end of the branches are
A functional groups. For f = 1 and 2, the polymer formed would be linear; for
higher values of f, the polymer formed is branched, as stated earlier.

The molecular weight distribution in this class of branched polymerization will be
relatively much narrow compared to the linear polymerization by design and as a
consequence of the restrictions in chain growth inherent in the process. The size or
length of each branch is statistically controlled and determined independent of all
other branches, and as such, the likelihood of formation of a molecule with branches,
very much different in size from the average, is much less as compared to linear
polymerization, more so as the number of branches, i.e. the value of f increases.
Thus, the molecular weight distribution gets narrower with increasing f value,” as
shown in Fig. 2.6. In such cases, the distribution breadth, according to Flory,' is
expressed as:

3 fp
j =1+ —(fp+1—p)2 (2.33)

><l|g><l

for p = 1, Eq. (2.33) reduces to

X,/ X, = [1+1J (2.34)
f

Thus, the breadth of molecular size or the distribution ratio decreases from 2 for f =

1 to 1.33 for f = 3 and to 1.25 for f = 4, considering p = 1 in each case; f = 1 prescribes

a condition for the most probable distribution for linear step-growth polymerization.
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Fig. 2.6 Molecular weight distribution curves’ (W, vs n) for multichain poly-

mers for different values of functionality, f for A, X,, in each case being
identical (Schulz, 1939; Courtesy, R. Oldenbourg Verlag, Munich)

2.10.2 Cross-linking

For the formation of cross-linked polymer structure, the necessary condition is to
polymerize monomers of the type A-B and A{f > 2) in the presence of another
monomer of the type B-B. The B-B type monomers now facilitate establishment
of cross-links by combining two branches from two different polymers ending in
A functional groups, or interaction between two such branches, one ending in an A
functional group and the other in a B functional group through the condensation
process. A typical cross-linked polymer structure is shown on the next page taking
f=3.

Thus, it is clear that cross-linking established by linking of branched segments or
units leads to a three dimensional network structure which ultimately gives rise to
the phenomenon of gelation of the reaction mixture. The onset of gelation is
associated with a steep rise in medium viscosity and formation of a measurable
proportion of insoluble mass (gel fraction), while the rest of the mass still retaining
solubility (sol fraction). Carrying the polymerization to beyond gel point leads to
increase in the gel fraction at the expense of the sol fraction and the reaction mass
gets rapidly transformed into a viscoelastic mass from a state of viscous liquid.

2.10.3 Prediction of Gel-point

A statistical approach to derive a useful expression for the prediction of gel point
is due to Flory® and Stockmayer!'!. For this, the concept of branching coefficient «,
defined as the probability that a functional group of a branch unit is linked with
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another branch unit, is useful. Considering a polycondensation system consisting of
monomers of the type A-A, B-B and the branch inducing monomer Af(f > 2),
structures of chain segments that would result will be of the type:

Agyy~A-[B-BA-A] -B-BA-A;

where n may have any value. Other chain species likely to be formed into the
system may contain branch units at only one or none of the ends. For gelation, the
necessary condition is that at least one of the f — 1 chain segments projecting out
from the branch unit, as shown, gets in turn linked to another branch unit and the
probability for this to happen is simply 1/(f — 1). It follows then that the critical
value of o for gelation is
1

o, = 2S)) (2.35)
Here, f represents the functionality of the branch units only and it should not be
confused with the average functionality considered in Carothers” Equation. In case
more than one type of branch units differing in functionality are used, an average
f value of all the multifunctional monomer molecules (each having f > 2) is to be used
in Eq. (2.35) for evaluation of «,.

Now, an expression relating the probability « with the extent of reaction may be
obtained by determining the probability of getting a chain segment of the type
shown. Considering the extent of reaction of A groups as p, and that of B groups
as pg and the ratio of A groups on branch units to all A groups in the system as p,
the probability of a B group having reacted with a branch unit is given by pgp and
with a (bifunctional) A-A unit by pg(1 — p). So, the probability of obtaining a chain
segment of the type shown is given by pAlpg(l — p)pal” pgp and then summing over
all values of n gives

PaAPsP
o= — 2= 2.36
1-paps(1-p) (2:30)
Taking the ratio of all A groups to all B groups, (N,/Njp) = r, as defined in Sec. 2.7,

pg may be expressed in terms of p, by the relation pg = rp,. Eq. (2.36) will then
reduce to:

AP _ PP (2.37)
1-mpal-p) r-p5(l-p) '
combining Eqgs (2.37) and (2.35), the critical extent of reaction p. for A groups for
gelation to occur (i.e. at the gel point) is
_ 1
lrrp(f-2)1”

pe (2.38)
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For Ny = N, ie. v =1, py = pg = p, so that

2
a=—"FP (2.39)
1-p~(1-p)
For a system containing only B-B and A, type monomers and no A-A units, and for
Ny # N, giving p=1and r < 1,
2
o =1l = pTB (2.40)

and in that case

1
[r+r(f-2)1"
For r = 1 and also p = 1, Eqs (2.39) and (2.40) reduce to
a = p? (2.42)

p = (2.41)

and

_ 1
T+ (f-2)1"

In the event of having a special system with f > 2 for all the monomers present, the
probability that a functional group on a branch unit reacts to generate another
branch unit is simply the probability that it has reacted, thus giving o = p, and the
critical extent of reaction at gel point is given by considering Eq. (2.35),

e (2.43)

Pe= (2.44)

D 2.11 Some Additional Considerations of
Non-stoichiometric Reactant Systems

The Carothers” Equation, Eq. (2.9), and the expression for the critical extent of
reaction at the gel point (p. = 2/f) are theoretical expressions for stoichiometric
proportions of the two reacting functional groups in a given polycondensation
reaction. For non-stoichiometric systems, the general applicability of the Carothers’
Equation and those that follow from it as well as the functionality principle of
condensation polymerization discussed in the beginning of this chapter becomes less
meaningful, more so in ternary or higher mixtures of monomers of different
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functionality, irrespective of whether or not the reacting functional groups are
present in stoichiometric proportions.

Let us first consider a specific case of binary reaction system consisting of 1 mole
of the trifunctional alcohol, glycerol and 4 moles of the bifunctional acid, phthalic
acid, giving the (number) average functionality, f,, of the system as 11/5 or 2.2. A
high molecular weight for the products is otherwise indicated and the predicted gel
point is p. = 0.909. But the indication and prediction are far from reality, because the
gross stoichiometric imbalance between the A(—OH) and B(—COOH) functional
groups, giving the value of N,/Np, i.e., r as 0.375 (See Sec. 2.7), precludes formation
of polymers and only some very low molecular weight reaction products will be
formed, leaving a large portion of the functional groups unreacted.

This necessitates a different approach for defining average functionality in non-
stoichiometric mixtures. According to Pinner'?, f,, for non-stoichiometric mixture is
equated to the ratio of twice the total number of functional groups that are not in
excess to the total number of molecules present. The deficient groups hold key to
the growth of the molecules and also to cross-linking, if it is at all feasible under
the prevailing condition. The functional group present in excess acts against chain
extension through blocking effect and thus lowers the effective functionality (f,,) of
the system. For the specific non-stoichiometric mixture considered above, (1 mole
glycerol and 4 moles phthalic acid), the effective f,, value calculated on the basis
detailed above is 6/5 or 1.2, a low value indeed; and this clearly explains why
attempts to produce useful polymers in such grossly non-stoichiometric systems
prove abortive.

For a ternary mixture containing N, moles of a monomer containing A functional
groups with a functionality of f,, N. moles of another monomer bearing the same
A functional groups but having a functionality of f. and Ny moles of a third monomer
bearing B functional groups and having a functionality of f; such that the total
number of A functional groups in the system from a total of N, + N_. moles of
monomers is less than the number of B groups from Ny moles of the third monomer,
fay for this system is then expressed as

fo = 2(Nafa + N1
™ (NpA+N)+Ny

(2.45)

For this system the stoichiometric imbalance r (ratio of the total number of deficient
group to the number of the group in stoichiometric excess) is expressed as

2.46
Nofo (2.46)
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A special case of interest is provided by having one of the monomers bearing A
functional groups to be polyfunctional and the remaining two monomers, one
bearing A functional groups and the other with B functional groups to be
bifunctional (so that, say f. > 2 and f, = fg = 2).

For such a system,

- Arf,

fav = f.+2rp+rf.(1-p) (247)
where p is the fraction of A functional groups belonging to molecules characterized
by the functionality f_, i.e., p = [Nf./(Nafa + N.fJ)]. The critical extent of reaction,
po, corresponding to gel point may then be readily obtained using Eq. (2.9a).

D 2.12 Practical Consideration of Gel Points

It would be interesting to examine, analyze and compare experimental results on
gelation using the statistical approach and the Carothers” Equation. The Carothers’
Equation is used to predict the extent of polycondensation reaction at which the

average degree of polymerization X, becomes infinite. Prediction of a quite high
value for p. is inherent in this approach because polymer molecules having degree of

polymerization much larger than X, are present and they will reach the gel point

earlier than those of the size X,. The statistical treatment [Eq. (2.38)] is theoretically
more sound and practically more useful, though predicting in many cases lower
values of p, than the experimentally observed values.'* The difference in the p, value
predicted by the statistical approach is attributed to some wasteful intramolecular
cyclization reactions not taken into account in the derivation and also partly in some
cases to the limited applicability or failure of the assumption of equal reactivity of all
functional groups of the same type. When glycerol is used in a polyesterification
process, the difference between the calculated and observed values of p. will be
substantially narrowed down, though not totally eliminated, if during calculation the
lower reactivity of the secondary hydroxyl group of glycerol is duly accounted for.

In the glycerol-phthalic anhydride polyesterification system, traces of diols and
sometimes monocarboxylic acids are used to achieve relatively flexible products of
lower cross-link density. For equimolar proportions of glycerol, phthalic anhydride
and a monofunctional acid, f,, is exactly 2. Carothers” Equation predicts no gelation
for such systems in practical sense, but many such systems are actually associated
with a gel point, thus revealing further limitations of the Carothers” Equation.
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However, for polycondensation system of the above kind, the following
equation'* based on the statistical approach is very useful in predicting gel points:

1/2
{ Y } (2.48)
2(1-0)

Pe

Total equivalents of OH functional groups
Total equivalents of COOH functional groups

where Y=

_ Equivalents of COOH from monofunctional acid
B Total equivalents of COOH groups

[) 213 Molecular Weight Distribution in
Multifunctional Reactant Systems

Expressions for molecular size distributions for multifunctional reactant systems
leading to three dimensional polymers are derived following much the same
approach as for linear polymers, though with much more difficulty. For a simple
case of reaction involving equivalent amounts of two trifunctional monomers in
which all the functional groups in each monomer are equally reactive, the weight-
distribution function W, is given by

= (fn —n): f n-1 _ —2n+2
W"_[(n—l)!(ﬁv—zmz)! Py (2.49)

Equation (2.49) is similar in form to Eq. (2.30) derived for linear systems for which
the first factor of Eq. (2.49) simply reduces to n. The second term gives the
probability of establishment of (n — 1) links in an n-mer; the last term incorporates
the probability of having (f — 2) n + 2 or fn — 2n + 2 unreacted ends. Plots showing
variation of the weight fraction W, with number of units or degree of
polymerization for different f values at a fixed p or at various stages of reaction for
a trifunctional system (& = p) are shown in Figs 2.7 and 2.8, respectively. Figure 2.7
clearly shows that for the stepwise polymerizations, the weight fraction distribution
broadens out progressively with increasing functionality at comparable extents of
reaction. Figure 2.8 reveals a broadening out of the distribution with increasing
value of p in the trifunctional case?.

Plot in Fig. 2.9 shows how the weight fraction of the various molecular species
varies with o for & = p in a trifunctional step growth polymerization. The trend of
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Fig. 2.7 Molecular weight distribution curves,'> W, vs n for step-growth

Fig. 2.8

polymerization corresponding to different values of f and a fixed
value of p(p = 0.3) (Mark & Tobolsky, 1950; Courtesy, Wiley-
Interscience, New York)
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Molecular weight distribution curves, W, vs n for step-growth
polymerization with trifunctional reactants at different stages of
reaction’, given by a = p (Flory, 1946; Courtesy, American Chemi-
cal Society, Washington)
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change in the weight fraction of the gel (W) is also shown in the plot. Unlike the
case of linear polycondensation (Fig. 2.5), the branching/gelling system involving
trifunctional monomers (Figs 2.8 and 2.9) shows that the weight fraction of monomer
is always greater than that of any one of the other species, the weight fraction of
the bigger species being progressively lower. With progress of reaction, bigger
species are formed at the expense of smaller ones with a maximum being reached
in each case at a p value less than 0.5. The maximum, however, shifts to higher p
values for the bigger species. The distribution initially broadens with p and
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Fig. 2.9 Variation of weight fractions of different finite species and of the
gel species with variation of the branching coefficient, o for
trifunctional polycondensation®, where a. = p (Flory, 1946; Cour-
tesy, American Chemical Society, Washington)

maximum heterogeneity is reached at the gel point, i.e. the point of first appearance
of infinite network (& = 0.5). Beyond the intersection of W; and W, curves, the gel
formed comprises the most abundant species on weight basis. At o = p = 1, only gel
is present, i.e. the whole system is converted into an insoluble, infusible mass of one
giant molecule and X, /X, becomes equal to unity. At the gel point (& = p = 0.5),
however, the breadth of the distribution X,,/X, assumes an excessively high value,
since X,, becomes infinite, while X, has a finite value of only four (Fig. 2.10). The
general expression for X, and X, for the non-linear multifunctional systems
characterized by « = p, are given by:

4 1

X, = = (af/2) (2.50)

- _ (1+o

Xy = (-1 (2.51)

D 214 Interfacial Polymerization

Polycondensation reactions such as the amidation between diacids and diamines
have been studied widely in melt condition (in bulk), in solution and even in the
solid state. Stoichiometric balance between the reactive functional groups is easily
obtained by precipitating the 1 : 1 ammonium salt in alcoholic medium.

+ +
H,N—R—NH,
H,N—R—NH,+HOOC—R'—COOH—"00C—R'—COO"
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Fig.2.10 Variation of number and weight average degrees of polymerization
(X, and X, ) as a function of the branching coefficient, o. for a

trifunctional polycondensation reaction’ (Flory, 1946; Courtesy,
American Chemical Society, Washington)

The ammonium salt is commonly called the nylon salt. The salt/polymer equilibrium
is favourable more toward polymer for polyamide formation than for the formation
of polyesters by ester-interchange step polymerization, such as in the case involving
dimethyl terephthalate and ethylene glycol. These reactions are usually carried out
at high temperatures (>200°C) in two successive stages, each culminating into a melt
polymerization system in the final stage.

Formation of polyesters and polyamides can be accomplished at much lower
temperatures, often under the room temperature conditions starting with the more
reactive acid chlorides (Table 2.1) and employing a solution polymerization
technique. A special technique known as interfacial polymerization has been
developed for the formation of polyamides, polyesters, polycarbonates and
polyurethanes. The technique is so designed as to permit polymerization at the
interface between two immiscible solutions one of which contains one of the
dissolved monomers while the second monomer is dissolved in the other.

By the interfacial technique, polyamidation is usually performed at or near room
temperature using a set up as given in Fig. 2.11, showing formation of the polyamide
at the interface between a layer of aqueous solution of a diamine over a solution of
the diacid chloride in an organic solvent layered below. The reactant monomers
diffuse to and transform into the polymer at the interface.'® The polymer gets
precipitated which can be taken out or withdrawn from the interface in the form of
a continuous filament or film. The rate of polycondensation is determined by the
rates of diffusion of the reacting monomers in the two phases to the interface. The
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Collapsed film

Diamine in water

(Polymer formation
at the interface)

Diacid chloride

o2 T in organic solvent

Fig.2.11 Interfacial polymerization

monomers diffusing to the interface, however, react with the polymer chain ends.
Thus, the mechanism involved in interfacial polycondensation is different from the
usual step-growth polymerization in that the new reactants taking part late in the
process contribute to chain extension by reacting with existing chains rather than
interacting to form fresh chains. A much higher molecular weight usually results in
the interfacial process as a consequence of this difference.

The byproduct of condensation, HCI (using diacid chlorides in the organic layer)
is usually neutralized by dissolving an inorganic base in the aqueous layer in order
to prevent lowering of reaction rate due to formation of unreactive amine
hydrochloride salt. The likelihood of hydrolysis of the acid chloride to the much
less reactive or unreactive acid in the presence of an aqueous inorganic (strong) base
is avoided or kept to a minimum in view of very low water solubility of the acid
chloride and also in view of high rates of polymer formation at the interface thus
preventing or putting hindrance to the diffusion of the acid chloride into the aqueous
layer through the polymer layer at the interface.

The selection of organic solvent plays a significant role in determining the
properties of the polymer formed, particularly the molecular weight. Premature
precipitation due to poor solvent action of a selected solvent limits molecular weight
of the product and prevents formation of products of high degree of
polymerization. The biphasic system and the nonsolvent action of water in interfacial
polycondensation lead to molecular weight distributions'”” '® far different from the
most probable distributions [Eq. (2.30)] derived by Flory2.

From many considerations, the biphasic interfacial polycondensations are more
advantageous than the polycondensation done in homogeneous solution or under
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melt conditions. The impurity of the reactants is of much less consequence as their
adverse effect is insignificant or of much lower dimension at the much lower
temperature of polymerization for the interfacial system. Stoichiometric equivalence
of the reactants in the two phases is not a prerequisite as stoichiometry is
automatically struck at the interface where only the polycondensation proceeds.
Attainment of high molecular weight for the product is not dependent on p or the
extent of reaction. Low temperature of polymerization makes the process more
stable toward occurrence of undesired side reactions. Final products in the form of
films, fibres and fibrous particles may be formed by direct polymerization. The
major demerit of the interfacial process which stands in the way of its commercial
development is the unfavourable economy for the high cost of the acid chloride,
handling of large amount of solvents and their recovery, etc.
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CHAPTER

Addition Polymerization or
Chain-Growth Polymerization

D 3.1 General Theory of Addition Polymerization

Addition polymerization is a process by which unsaturated monomers are
converted to polymers of high molecular weight, exhibiting the characteristics of
a typical chain reaction. A large number of different class of unsaturated
monomers, such as ethylene (CH, = CH,) the simplest olefin, a-olefins (CH, =
CHR, where R is an alkyl group), vinyl compounds (CH, = CHX, where X = C],
Br, I, alkoxy, CN, COOH, COOR, C¢H;, etc.,, atoms or groups) and conjugated

||
diolefins (>C=C—C=C) readily undergo this type of polymerization, mech-

anistically characterized as chain-growth polymerization or simply chain
polymerization.

Addition or chain-growth polymerization, as all other typical chain reactions,
are fast reactions typified by three normally distinguishable steps, viz. (i)
triggering off or initiation of the chain process, (ii) propagation of the chain or the
chain growth process, and (iii) cessation of the chain growth, i.e. the chain
termination process.

The initiation of the chain polymerization may be activated and induced by heat,
light, high energy radiations or a host of chemical additives commonly known as
initiators or catalysts (I) for polymerization. The initiation is usually a direct
consequence of generation or introduction of a highly reactive species R* through
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dissociation or degradation of some monomer molecules (M) under the influence of
such physical agencies as heat, light, radiation, etc. or as a consequence of
dissociation or decomposition of the initiator or catalyst molecules present as shown
below:

I > R* (3.1)

The reactive species may be a free radical, cation or anion which readily attacks
the unsaturated monomer molecule if conditions are favourable, adds itself to the
monomer molecule by opening the 7 bond to form a fresh reactive centre (radical,
cation or anion centre), depending on the nature of R* and the prevailing chemical
environment. The new reactive centre adds to another monomer molecule, M and
the process is repeated in quick succession leading many more monomer molecules
to add to the same growing species at its reactive or growth centre to carry on the
propagation of the chain process:

R*+M—>R—M*i>R-M-M*&R-[M}n_l—w (3.2)

For a vinyl monomer (M, structurally written as CH, = CHX), the growing chain
of size n may be structurally written as R—[CH,—CHX],, .;,—CH,—*CHX. The chain
growth is terminated at some point by annihilation of the reactive centre by one or
more convenient and appropriate mechanism largely dependent on the type of the
reactive centre (radical, cation or anion), nature of the monomer, M and the overall
environment and condition of the reaction. In the present chapter, the case of free
radical polymerization will be considered in detail.

D 3.2 Overall Scheme of Radical Chain Polymerization

Addition or chain polymerization is also commonly known as vinyl and related
polymerization in view of the fact that most of the monomers involved generally
contain the chemical group (CH, = CH—), commonly identified as the vinyl group.
In radical or free radical polymerization, the chain propagating species is a free
radical and the process is usually initiated using a free radical generating catalyst
or initiator in the monomer or the polymerization medium.

3.2.1 Chain Polymerization using a Free Radical Initiator

The polymerization of a vinyl or related monomer M, induced in presence of a free
radical initiator, I may be schematically expressed as follows:
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Initiator decomposition:

ki ope (3.3)
followed by Chain initiation:
R*+ M L RM; (3.4)
Chain propagation:
RM] +M L RM;
RM; +M L RM3 (3.5)

k
RM;_; +M —E—RM;,

Chain termination:

ke )R M, —R (3.6)
RM:, + RM;—
R4 RM, + RM, (3.7)

where R is a free radical generated from the initiator I and RMj, RM%, RM3,
etc. are the growing polymer chains, each bearing a free valency or radical
centre at the chain-end and RM,, RM,,, R — M,,,,, — R, etc., are the (dead)
polymer molecules obtained.

It is apparent from the above scheme that the initiator fragments in the form of
radical R* are trapped as end groups in the polymer structure, sealing one or both
ends of the polymer chains.

A common feature of vinyl polymerization is that the active centre of the
kinetic chain is retained by a single molecular species throughout the chain
growth or chain propagation process. A partially polymerized system would
practically consist of full grown polymer molecules of high molecular weight
and the unreacted monomer; no species in an intermediate stage of growth can
be isolated. The fact is that the polymer molecules formed in the early stages
of the reaction are usually comparable in molecular weight or chain length to
those formed at a much advanced stage of the process. The time period
required for the full growth of an individual polymer molecule is an
overwhelmingly minute fraction of the time needed for a measurable overall
conversion.
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D 3.3 Comparison between Chain-growth
and Step-growth Polymerization

A comparative account of the differences between chain polymerization or addition
polymerization on the one hand and step polymerization or condensation
polymerization on the other is given in Table 3.1.

= Table 3.1 Comparison of addition polymerization and condensation polymerization

Addition/Chain-growth Polymerizaion

Condensation/Step-growth Polymerization

Proceeds by a chain mechanism character-
ized by the three distinct steps in the main,
viz. chain initiation, chain propagation and
chain termination. Under favourable condi-
tion, the reaction goes fast almost to comple-
tion

Monomers with carbon—-carbon unsatura-
tion undergo addition polymerization

The growth reaction simply involves addi-
tion of monomers with one another in quick
succession and the chain carrier is either a
free radical, cation (carbonium ion) or an
anion (carbanion). No byproduct is elimi-
nated in the process. Growth or propagation
involves reaction of only monomer mol-
ecules with the active centres

Monomer concentration decreases through-
out the course of the polymerization process,
as the yield of polymer increases. Usually,
the conversion of monomer to polymer
passes through a steady rate zone at some
early stage of the reaction

Molecular species in the intermediate stages
of growth cannot be isolated. Conversion of
monomer to polymer increases with time but
the molecular weight of the polymer remains
more or less unchanged with progress of
reaction

Proceeds by an equilibrium step reaction
mechanism. The step process is usually
much slower than the addition or chain po-
lymerization process

Monomers bearing functional groups of the
kind —OH, —COOH, —NH,, —NCO, etc.,
undergo condensation polymerization

The growth process is characterized by rela-
tively slow intermolecular condensation re-
action between related functional groups in
successive (distinguishable) steps, normally
with the elimination of a small byproduct of
condensation such as H,O, HCl, NH;, etc,,
in each step. Any two species of any size,
including the monomers may react and con-
tribute to the growth process

Monomer disappears much faster in the
early stages of the step polymerization

Molecular species in the intermediate stages
of growth can be readily isolated. Molecular
weight slowly increases throughout the pro-
cess and it is only at a very high range of
conversion that polymer molecules of very
high molecular weight are obtained

Contd...
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= Table 3.1 (Contd.)

Addition/Chain-growth Polymerizaion

Condensation/Step-growth Polymerization

At any instant of time the reaction mixture
consists of full grown polymer molecules,
unreacted monomer molecules and a very
low concentration (10%-10"% mol. 1°1), of
growing chains or active centres

Full grown polymers are normally formed at
the incidence of the termination reaction,
and they are considered as dead polymers,
being normally incapable of taking further
part in the chain growth process

Usually the backbone of the polymer chains
consists of —C—C— linkages and other
kinds of atoms such as O, N, S, etc. may
appear in the side groups

Addition polymerization is usually done in
gas phase, in liquid bulk monomer or under
melt condition, or by solution, suspension or
emulsion techniques

Control of molecular weight is achieved by
selecting appropriate initiator and monomer
concentrations and temperature of polymer-
ization and for a given set of conditions by
using calculated amount of a chain transfer
agent

At any instant of time the reaction mixture
consists of molecular species of different
sizes in a calculable distribution

Molecular species of any size retain the re-
active functional groups at their chain ends
and hence, they are capable of contributing
to further chain growth indefinitely. As
such, there can be no termination of the pro-
cess till it reaches 100% extent of reaction

The condensed interunit links give rise to
introduction of hetero atoms such as N, O, S,
etc., in the backbone of the polymer chains
at regular intervals. A special case of a poly-
mer with alternate C and O atoms in the
chain backbone is the polyoxymethylene
—(CH,—0),—

Condensation polymerization is usually
accomplished in bulk under melt condition
or in solution and employing the biphasic
interfacial polymerization technique
Control of molecular weight is achieved by
using a stoichiometric imbalance of the re-
acting functional groups or a calculated
amount of an appropriate monofunctional
monomer

[1 3.4 Kinetics of Chain Polymerization Initiated by a

Free Radical Initiator

According to the scheme presented in Section 3.2.1, the initiator, I first decomposes
into a pair of primary (free) radicals, R, as in Eq. (3.3) and then each R* attacks a
monomer molecule M to produce a chain radical RM*, as in Eq. (3.4). These two
steps are characterized by the rate constant, kg for the decomposition of the initiator
and the rate constant k; for the chain initiation reaction respectively.
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The chain growth or the propagation reaction involves addition of the monomer
M to RM® and to the successive radicals as in the series of Eq. (3.5); each successive
propagation reaction is characterised by the rate constant of propagation k,,
assuming that the radical reactivity is independent of chain length as long as the end
structural segment on which the radical site rests is just the same. All successive
propagation steps may then be expressed by the general expression

k
M +M —FL 5 M (3.8)

Termination of polymerization is bimolecular in nature and it involves reaction
between a pair of chain radicals leading to annihilation of two chain radicals in each
incidence of the termination reaction and production of what is known as (dead)
polymer product: Eqs (3.6) and (3.7), showing the termination reaction by two
different modes, represent (i) coupling or mutual combination of two chain radicals
characterized by the rate constant k,. and (ii) disproportionation of chain radicals
characterized by the rate constant k4 respectively. The two different modes of
termination may be more clearly expressed as follows so as to clearly indicate
differences in the number of species formed and their detail structure.

Termination by combination

R ~— CH,—CHX + XHC—CH, ~ R

ke R - CH,—CHX—CHX—CH, —~ R (3.9)

Termination by disproportionation
R ~~~ CH,—CHX + ‘CHX—CH, ~~ R

%R ~~~ CH,—CH,X + R ~~ CH = CHX (3.10)
For kinetic purposes, the bimolecular mechanism of termination alone is important,
and the exact mode (combination or disproportionation) does not make any
difference, so that the termination step may be simply expressed as:

M + M’L) dead polymer product (3.11)

The sizes of the reacting chain radicals are not specified in the above reaction in
view of the assumption made about equal reactivity of chain radicals of a specific
kind independent of their size. Here, k; is the overall rate constant of bimolecular
termination such that k, = (k. + k).
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It is clear from Egs (3.9) and (3.10) that the dead polymer molecule formed by
combination of chain radicals would bear two initiator fragments (R) per molecule
as end groups, whereas disproportionation would lead to polymer molecules having
only one initiator fragment (R) per polymer molecule as end groups, and fifty per
cent of the polymer molecules formed by disproportionation would bear an
unsaturation each at one of the chain ends.

3.4.1 Rate of Initiator Decomposition and Chain Initiation

Equation (3.3) shows a unimolecular decomposition of the initiator I to produce a
pair of initiator or primary radicals. In many instances the decomposition of the lone
initiator, I involves homolytic cleavage of the weak bond in the molecules such that
the chain initiating radicals are generated in pairs. Hence, Ry, the rate of initiator
decomposition may be expressed as:

d[l]

Rd = - 7 = kd [I] (312)

The rate of radical generation d[Ii] /dt would then be expressed as:

d[R]
— = 2k 11l (3.13)

since, for each incidence of decomposition of an initiator molecule, two initiator
radicals (R*) are produced. As the radicals are transient species and they give rise
to chain initiation as soon as they are generated in the monomer system, the rate
of chain initiation, R; will be the same as the rate of radical generation in the absence
of undesirable wastage of the chain initiating radicals, R* by side reactions. Hence,
dM*

R, - [%) - KR [M] = 2K, [1] (3.14)
Thus, R; = 2ky [I] marks the ideal case of hundred per cent efficiency of chain
initiation by the primary radicals. For all practical purposes, however, the expression
is modified as:

R; = 2fkq [1] (3.15)
where, the factor f is the initiator efficiency or the efficiency of initiation,

representing the fraction of primary radicals (R*) which actually contributes to chain
initiation as given by Eq. (3.4). Realistically, the value of f is less than unity due to
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side reactions leading to measurable wastage of primary radicals. f will be
dependent on monomer concentration [M] if the wastage of R* is high due to side
reactions and in that case R; should depend on [M]. However, the general
independence of f on [M] has in a large measure simplified the kinetic treatment of
vinyl and related polymerizations.

3.4.2 Rate of Chain Termination

The rate of overall chain termination (R, may be expressed by Eq. (3.16),
considering the termination reaction in a simplified and general form as given by
the reaction (3.11). Thus,

R, = - (‘”M ]) = 2k, [M'? (3.16)
dt .

The factor 2 is used for the simple reason that for each incidence of a termination

reaction, 2 chain radicals disappear from the scene. It is important to note that as

radicals are generated in pairs, they are also destroyed in pairs.

3.4.3 The Overall Rate of Polymerization

(a) Rate of Propagation Considering the chain propagation reaction in the general
form given by the reaction (3.8), the rate of propagation or chain growth, R, may
be expressed as:

R, =k, [M'] [M] (3.17)

The equation (3.17) is not directly useful for evaluating R, as it contains the term
for the concentration of the transient chain radicals, [M’] and because the radical
concentrations are very difficult to measure as they are very low (= 10 mol 17).
An expression free from the radical concentration term will be useful in that event.

(b) Steady-state Assumption In order to eliminate the radical concentration term
[M] from Eq. (3.17), it is necessary to find an expression for it in terms of known
or measurable parameters. For this, the steady-state assumption is made. According
to this assumption, soon after chain initiation, a state is attained when the value of
[M’] becomes essentially constant or steady as radicals are formed and destroyed
at equal rates, i.e. R; = R,. On the basis of the steady-state assumption and combining
Egs (3.15) and (3.16), [M’] may be expressed as:

1/2
M’] = (@J (3.18)
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combining Eqs (3.17) and (3.18), the expression for rate of propagation, R,
reduces to

k
Ry = i (K02 (M) (3.19)

(c) Owverall Rate of Polymerization Examination of the overall scheme of
polymerization represented by Eqs (3.3) to (3.7) clearly shows that monomer
disappearance takes place at chain initiation and chain propagation steps only. Hence,
the overall rate of monomer disappearance (—d[M]/dt), which is the same as the
overall rate of polymerization, may be equated as:

_ (d[M]

m ) =R, + R, (3.20)

As the number of monomer molecules consumed at the initiation step is far less or
insignificant compared to the number consumed in the long sequence of reactions
in the propagation step, the overall rate of polymerization is, for all practical
purposes, simply equated to the rate of propagation, R,. Therefore,

overall rate of polymerization, (— %) =R,

k
= (fea)'/* 112 [M] (3.21)

Equation (3.19) or (3.21) may also be expressed as:

k 1 1/2
R, = k%(azzi) M] (3.22)
t

D 3.5 Analysis of the Kinetic Expressions

Equation (3.22) relating R, with R; is a significant kinetic expression and it clearly
shows that the polymerization rate at a given monomer concentration is dependent
on the square root of the rate of chain initiation. A twofold increase in R; does not
double R, ; R, increases only by a factor of 22 as a consequence.

Similarly, Eq. (3.19) or (3.21) clearly shows a square root dependence of R, on
initiator concentration [I]. The square root dependence of R, on [I] is a direct
consequence of the bimolecular termination mechanism. R, is, however, directly
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proportional to the monomer concentration [M], according to the normal reaction
scheme considered here. Normal free radical kinetics prescribe constancy of the
ratio (RP/ Y M), if f is independent of [M].

Practical evaluation of rates of free radical polymerization using different
monomer—initiator systems points to the general validity of the kinetic expressions
derived [Eqgs (3.21) and (3.22)]. The monomer exponent and initiator exponent may
be separately obtained from two sets of experiments at a given temperature, i.e. at
fixed initiator and variable monomer concentrations and vice versa, respectively,
and the values of the monomer exponent and initiator exponent are given by
the slope of the log R, VS log [M] plot (Fig. 3.1) and of the log R, vs. log [I] plot
(Fig. 3.2), respectlvely Good agreement between experlmental data and the
kinetic expression given by Eq. (3.21) or (3.22) points to the general validity of the
assumptions made in deriving the expressions.”

0.8+
Q
® 06}
0o
+ /
© 4
- Slope 1.0
1 1 1 1 L
i 0.04 0.12 0.20
Log [M]

Fig.3.1 log—logplot of R, vs [M] for polymertzutmn of methyl methacrylate
using KVO, as zmtmtorl (25) x10* mol 1 ) in acid aqueous medium
at 50°C (Ghosh & Paul, 1983; Courtesy, Marcel Dekker, New York)

D 3.6 Experimental Approaches for Determination of R,

The polymerization rate (R,) can be determined experimentally by following the
change in a number of properties of the polymerization system with time or
progress of polymerization, such as, density or volume, viscosity, refractive index
and loss in monomer concentration or gain in polymer content (using volumetric,
gravimetric or spectrophotometric analysis). Most of these methods depend on
drawing the monomer—polymer mixture at regular intervals for doing the analysis
or characterization. But the density or the volume change due to conversion of
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Fig.3.2 log-log plot of R, vs initiator concentration’ for aqueous polymer-
ization of methyl methacrylate at 35°C using hydrogen peroxide
(H,0,) and thiourea (TU) combination as the redox initiator’: (A)—
[H,0,] fixed, [TU] varies; B—[TU] fixed, [H,0,] varies (Ghosh &
Banerjee, 1979; Courtesy, Wiley-Interscience, New York)

monomer to polymer provides adoption of a very simple, accurate and sensitive
technique of determining R, value without disturbing the polymerization system
and without the necessity of drawing samples with time. Polymerization is
associated with a volume contraction, the density of a polymer being higher than
that of the corresponding monomer. The progress of polymerization can be very
easily monitored by following the volume contraction in the capillary of a
dilatometer used as the reaction vessel. Even a fractional percent polymerization can
be accurately measured by the dilatometric technique. Experimental data allow a
plot of percent conversion vs. time from which, considering the steady zone of the
plot, R, can be easily calculated. R, is normally expressed in mol s

D 3.7 Initiation and Initiator systems
3.7.1 Unimolecular Initiating Systems

Initiator compounds characterized by unimolecular decomposition through
dissociation of a relatively weak bond in them leading to generation of a pair of
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chain initiating radicals as typified by the general reaction (3.3) are exemplified by
such compounds as peroxides, hydroperoxides and azo compounds. Decomposition
of some of these classes of compounds and the transient radicals and other products
that they generate are listed in Table 3.2. In many instances, such as with benzoyl
peroxide (Bz,0,), acetyl peroxide (Ac,O,) or azobisisobutyronitrile (AIBN), the
radicals from the unimolecular decomposition step further undergo decomposition
leading to loss of a small molecule. It is necessary to consider’ a somewhat complex
kinetic scheme as detailed in the sequence of reactions (3.23) for even a first
approach to a detailed decomposition mechanism.

ky .
[ == (R + R)pge —2 2R

k.4 (3.23)
R-R +X ¢ (R + R+ X)ppe —2 R + R* + X

The initiator molecule’s net rate of decomposition, characterized by the rate constant
k4 produces a pair of free radicals (R*) which are entrapped in a cage whose walls
are the solvent molecules that surround the original initiator molecule. Each of the
radicals may undergo a net translational diffusion out of the cage (characterized by
the rate constant kp), or a small molecule such as N, or CO, may be released within
the cage through further decomposition of one or both the radicals present
(characterized by the rate constant k,) before they diffuse out of the solvent cage.
Should the release of a small molecule occur as described, combination of the
resultant radical R’* with R* might produce a totally inactive or stable species for
radical initiation. This is one of the major causes of initiator efficiency and at the same
time a source of additional information giving the details of the initiation process.

3.7.2 The Initiator Efficiency

The initiator efficiency is not an exclusive property of the initiator molecules alone,
but it depends on the prevailing condition of polymerization, including the solvent
used. It is possible that the decomposition of a compound such as AIBN or Bz,O,
to produce two radicals and a small molecule of N, or CO, is not exactly a two-step
reaction, but proceeds via a concerted mechanism.

A relationship between the ratio k,/kp with the initiator efficiency f is due to
O’Driscoll et al.® which is expressed as:

1-f
x - 3.24
7 (3.24)
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In many experimental conditions, the value of f ranges between 0.3-0.8. Several
methods are employed for the evaluation of f, the initiator efficiency. One method,
probably the most elegant, depends on the direct analysis of initiator fragments as
end groups in the polymer formed compared to the amount of initiator consumed.

For the success of this method, very sensitive and accurate methods of end-group
analysis must be employed and this requirement attaches limitations to widespread
adoption of this approach. The use of isotopically labelled initiators such as [**C]-
benzoyl peroxide and other related peroxides”® and C'* labelled AIBN*’ and S*
labelled potassium persulphate'® or sulphur dioxide!! provides appropriate sensitive
methods for the determination of number of initiator fragments trapped as end
groups in the resulting polymers.

A second method involves measurement and comparison of both polymer
production and initiator decomposition. Reaction environment has a significant
effect on initiator decomposition reaction. It is, therefore, necessary that
measurement of the initiator decomposition is done during actual polymerization, as
an independent measurement in the absence of monomer may lead to significant
errors. Study of the decomposition of AIBN is relatively simple and it is readily
done by following the evolution of N,. Determination of the number average
molecular weight, and hence, the number of polymer molecules formed in a given
time and comparing it with the number of radicals produced over the same period
allows a determination of f, provided a knowledge about termination by coupling
or by disproportionation is available, since the former gives rise to two initiator
fragments trapped as end-groups per polymer molecule, while the latter results in
only one such end-group per polymer molecule. It is important to take induced
decomposition of initiator into consideration in determining the number of radicals
produced. Induced decomposition is practically nonexistent in the case of azonitriles,
but it takes place appreciably in many peroxides. Brominated benzoyl peroxides
incorporate more initiator fragments in the polymer'? such as polystyrene than
expected as per true initiation reaction. The anomaly is explained and also supported
by experiments by considering significant induced decomposition of the brominated
peroxy initiators in the presence of chain radicals as shown below:

e M 4Tty i M -R+R (3.25)

A third approach to the counting of radicals in a system makes use of radical
scavengers or inhibitors of polymerization which act effectively by stopping chain
growth. The stable free radical diphenylpicrylhydrazyl (DPPH) has been widely
used for this purpose.'*'* The DPPH radical (purple or deep violet) reacts with
other radicals to form a non-radical adduct (light brown yellow).
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NO, .
&, N—N —@—NOZ + R* — non-radical adduct (3.26)
NO, /

(DPPH, purple or deep violet) (light brown yellow)

The colour change associated with the reaction permits one to follow the reaction
spectrophotometrically. Other radical scavengers that have been used in similar
counting of radicals and determination of initiator efficiency are ferric chloride'
and benzoquinone'®. This approach of determining f using the radical scavengers
mentioned here is unfortunately not very useful and leaves much to be desired in
view of the reaction between the scavengers and radicals being often not
quar1tita’cive.17’18

A fourth and probably the most useful method of determination of initiator
efficiency is based on the dead-end effect in polymerization technique which will be
treated separately later in this chapter. This technique allows treatment of kinetic
data obtained under dead-end conditions to evaluate both kg4, the rate constant of
initiator decomposition reaction and f, the initiator efficiency.

3.7.3 Bimolecular Initiating Systems

A good many number of free radical polymerizations, particularly those
accomplished at low temperatures are induced by two-component initiator
systems. They can be activated both thermally and photochemically. Many of
such bimolecular initiator systems generate radicals by redox or electron transfer
reaction mechanism involving the two initiator components or via formation of
intermolecular complexes of different degrees of heat or light stability, often
through donor-acceptor or charge transfer mechanism. Examples of such
different types of initiator systems and the respective radical generation
reactions are listed in Table 3.2. In aqueous media, initiation of polymerization
by OH radicals, at least in part, is a good possibility, since ions and radicals in

the system have ample chance to react with H,O molecules to produce OH
radicals which may then survive long in water by a regenerative transfer
mechanism.

For a bimolecular initiator system, such as the common redox initiator systems,
aqueous or non-aqueous, ordinary second order kinetics are generally obeyed if
monomer concentration is high' and in such a case, R, may be expressed as in Eq.
(3.27), analogous to Eq. (3.21), showing the initiator concentration [I] substituted by
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the product of the reducing agent concentration, a, and the oxidizing agent
concentration, b:

k
Ry = H%(ﬂcdf/z (a-b)"/* [M] (3.27)

3.7.4 Metals, Metal lons and Metal Complexes or Chelates as
Initiators of Free Radical Polymerization

Metals in their zero oxidation state are not generally suitable as radical initiators,
with some rare exceptions. In intermediate or high oxidation states such as in the
form of per(oxy) compounds, salts, complexes or chelates, they have been widely
studied and used for radical vinyl polymerization both in aqueous and non-aqueous
systems. In non-aqueous media, free radicals are wusually formed by the
decomposition of initiator species either on surfaces or homogeneously by heat,
light or other radiation. The situation is much the same in aqueous media, where,
however, the radicals may also be formed from or by ions via electron transfer
reactions in which the solvent often plays an important role. Some of these initiator
systems and the radicals that they generate to induce vinyl polymerization are listed
in Table 3.2.

D 3.8 Autoacceleration or Gel Effect in
Radical Polymerization

Considering normal behaviour for the first order transformation of monomer to
polymer including general independence of initiator efficiency, f on monomer
concentration and gradual depletion of initiator during polymerization, one would
normally expect the reaction rate, R, to fall with time, particularly after an initial
short steady zone or period. But in many instances, just the opposite pattern of
behaviour is observed, i.e. Rp follows an increasing trend, often very sharp, with
increasing conversion or time of polymerization either from the very onset of
polymerization or from an intermediate stage of conversion depending on the nature
of the monomer—polymer system. The reaction medium transforms fast into a highly
viscous mass not only as a consequence of increase in reaction rate but also due to
sharp rise in molecular weight of the product polymer accompanying this
phenomenon, commonly termed as the autoacceleration effect or gel effect,*
which is also referred to as Trommsdorff effect or Norrish-Smith effect.
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The gel effect is more effectively manifested in undiluted monomers than in
diluted systems where the non-ideal or unusual effect may be minimized or even
eliminated. In some monomer systems the autoacceleration effect may be so high as
to be accompanied with large rise in temperature’ and using undiluted methyl
acrylate, acrylic acid and acrylonitrile, the autoacceleration effect associated with
the polymerization process may even lead to explosion. The deviation from normal
kinetics would not be eliminated even if isothermal conditions are maintained; the
effect of autoacceleration and its lowering or elimination with progressive dilution
with benzene as the solvent for polymerization of methyl methacrylate, shown in
Fig. 3.3, is a typical example.?

40%
60%
100%

80 "/ | 80%
s 10%
o
>
=
8 40+
N

0 | | |

500 1000 1500
Time, min

Fig.3.3 Influence of dilution in controlling auto-acceleration: per cent
conversion vs time plots for benzoyl peroxide-initiated polymer-
ization of methyl methacrylate® at 50°C (monomer concentration
shown along each curve was varied using benzene as the solvent)
(Schulz, 1947; Courtesy, Huthig & Wepf Verlag, Basel)

In explaining the autoacceleration effect, keeping the rate Eq. (3.21) in view,
alternative causes may be examined. The effect being independent of initiator, an
increase in the value of (f-ky) to explain the effect seems untenable. The other idea
that appears more reasonable and acceptable is a sharp increase in the value of the
kinetic parameter (k,/ k’?), which may arise as a consequence of increase in k, or
a decrease in k, or both. However, a decrease in the termination rate constant with
increase in conversion appears to be the most convincing reason. The decreasing
trend in the k, value with conversion, usually beyond a critical conversion range is
believed to be due to progressive increase in viscosity of the monomer—polymer
mixture. It is known that the k; values are higher than k, values by a factor of 107
-10% so perturbation of the kinetics from what is expected from Eq. (3.21) due to
enhanced propagation would be of much lesser significance, if it occurs at all, than
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that due to hindered termination, the result being a significant gain in (kp/ktl/ %)

value. Termination, considered to be bimolecular in nature, involves reaction
between two very big chain radicals and the propagation reaction involves the
reaction between a macroradial and a small monomer molecule. Naturally, the higher
medium viscosity at higher conversion would hinder the termination reaction much
more than affecting the propagation reaction. It is likely that the intrinsic reactivity
of the chain radicals practically remains unchanged, but with the increasing medium
viscosity acting as a much greater physical barrier for the diffusion of macroradicals
than for the diffusion of small monomer molecules, there is sharp reduction in the
likelihood of reaction between two macro (chain) radicals, the net result being a
reduction in the value of k, and a rise in the concentration of chain radicals as a
consequence. RP, therefore, sharply rises and an increase in the degree of
polymerization with conversion follows. All these factors combine into an
autoacceleration effect.”>2°

D 3.9 Thermal Initiation in Absence of an
Initiator or Catalyst

Some monomers are known to undergo spontaneous polymerization when carefully
purified and heated in the absence of a catalyst, while many others, on similar
purification, fail to undergo self-initiated polymerization at elevated temperatures.
Styrene and methyl methacrylate belong to the first type of monomers. In most
cases of thermal spontaneous polymerization, the initiation mechanism and the
kinetics involved appear obscure and sometimes irreproducible because of the
presence of traces or uncertain amount of impurities and their direct or indirect role
in radical forming reactions with or without involvement of monomer molecules.

The radical generation or chain initiation in self-initiated polymerization of pure
styrene is thought to be due to thermal activation of the monomer on heating
leading to its decomposition into radicals, the exact mechanism of which is yet
uncertain. The rate of polymerization is of second order in the monomer (styrene)
and the rate is not much influenced by the use of solvent of different nature to
provide a homogeneous system.” ' Second order dependence of R, on styrene
concentration also indicates the rate of initiation, R; to be of second order in styrene
in view of the relationship given by Eq. (3.22). Initiation rates of spontaneous
thermal polymerization of styrene are far smaller than those for polymerization in
the presence of an initiator. Bimolecular initiation mechanism resulting in the
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formation of a biradical shown in reaction scheme (3.28) explains the experimental
observations reasonably well

X X
I I

2CH, = CHX —%»—*CH,—CH,—CH" (3.28)
The rate of initiation R; can then be expressed as:
R; = 2k; [MJ? (3.28a)

Considering bimolecular termination giving rate of termination, R, = 2k, [M]?
shown in Eq. (3.16), and under steady-state assumption, giving R; = R,, the chain
radical concentration is expressed as:

[M] = (k/k)'? [M] (3.29)
The rate of polymerization, Rp is thus expressed as:
R, =k, [M'] M] = k,(k/k)"? [M]? (3.30)
which is in agreement with the general experimental observations.

The bimolecular biradical mechanism is subject to severe criticism and objections
in view of the biradicals being highly vulnerable to cyclization and in view of
unsuccessful attempts to induce polymerization by biradicals formed by
decomposition of cyclic peroxy, disulphide and azo compounds.’ Alternatively, the
bimolecular mode of chain initiation forming a pair of monoradicals shown below
appears to be more sound and acceptable.*®

2CH, = CHX —%» CH;,—CHX + CH, = CX (3.31)

D 3.10 Photo-Initiation of Polymerization

Photochemical reactions can also lead to initiation of free radical polymerization®.
Photo-initiation may be considered under three broad categories: (i) Uncatalyzed,
(ii) Catalyzed, and (iii) Sensitized photo-initiation.

(a) Uncatalyzed Photopolymerization On photo-activation, the monomer M may
generate excited species M*, by absorbing light quanta of specific wavelength and
subsequently decompose into radicals by homolysis or related mechanism which
then contribute to chain initiation:

M s M* (3.32)
M* —— R* + R” (3.33)
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Just as in purely thermal initiation, so also in uncatalyzed photo-initiation the exact
identity of the primary radicals as in Eq. (3.33) is not yet established with any
degree of certainty.

The rate of photochemical initiation may be expressed as:
R; = 2¢l, (3.34)

simply by replacing ky [I] of Eq. (3.15) with the intensity of active radiation
absorbed, I,, and replacing f with ¢ for the photochemical polymerization where ¢
is interpreted as the quantum yield for chain initiation or radical generation which
actually stands for the number of pairs of chain radicals generated per quantum of
light absorbed.

Assuming, for simplicity, that the incident light intensity does not measurably
vary with thickness of the reaction mass, I, will be proportional to the product of
the intensity of incident light, I, and the monomer concentration, i.e.

I, = el, [M] (3.35)

combining Eqs (3.34), (3.35) and (3.22), one may write for uncatalyzed photo-
polymerization:

R, = (ky/k"?) (gely)'’* M/ (3.36)
Here, ¢ is the molar absorption coefficient for the active radiation.

(b) Catalyzed Photopolymerization In the case of photopolymerization using a
photo-active additive as a catalyst or initiator in the monomer, the photo-initiator
readily undergoes photolysis to generate radicals which then initiate the chain
polymerization. Using a simple carbonyl compound such as a ketone of the general
formula R—(C : O)—R, the radical generation reaction showing photolysis of the
ketone may be written as:

O O

I Il
R—C—R - R—C* + R’ (3.37)
Many thermal initiators which produce specific radicals on thermal homolytic
cleavage of specific bonds also undergo photolytic decompositions to produce the
same radicals. Photoactivation allows the use of a wide range of chemicals as
polymerization initiators in comparison with the thermal catalyzed process. This is
consequent to the higher selectivity of photolytic homolysis. For many compounds
other than the more common initiators mentioned earlier in this chapter, thermal
homolysis occurs at too high a temperature and generally leads to the generation
of a wide spectrum of radicals as various chemical bonds break up randomly. A few
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useful photo-initiator systems and the radicals that they generate on photolysis are
described in Table 3.2.

The rate of initiation using a photo-initiator, I, is given by:

Hence, under steady-state and assuming bimolecular termination, [M*] = (¢ely/k)/?
[1]'2, the rate of related photopolymerization is given by

Ry, = ‘ktl% (¢ely) /112 M] (3.39)
(c) Photopolymerization using a Photosensitizer Photosensitizers are generally
employed in order to bring about effective homolysis of monomers or initiators
which otherwise do not undergo sufficient photoexcitation at the frequency of light
made available to the system. The photosensitizer (Z), because of its being highly
photosensitive, readily gets excited on exposure to light to Z*

7 vy 7+ (3.40)

which then carries the energy absorbed to the initiator or monomer molecule and
transfers energy to form excited initiator or monomer species:

Z*+1(or M) = Z + I* (or M¥) (3.41)

The excited species, thus formed, undergo homolysis to produce chain-initiating
radicals. Aromatic ketones such as benzophenone is one of the most widely used
photosensitizers in organic photochemistry and it has also been used by many
workers as a sensitizer in many uncatalyzed or catalyzed photo (vinyl)
polymerizations.***>

D 3.11 Polymerization Initiated by High Energy Radiations

High energy radiations including particular radiations (e-particles, neutrons,
electrons or B-rays) and electromagnetic radiations (X-rays and y-rays) readily
interact with materials of different chemical structures in a manner much more
complicated than that produced by exposure of these materials to visible or UV
light43.

Photolysis usually generates radical reactions through homolysis of bonds or
through electron transfer reactions involving opposite ions or ions and neutral
species. On radiolysis or exposing the material systems with radioactive emanations
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or high energy radiations, molecular excitations and subsequent formation of
radicals may take place in much the same manner as in the case of photolysis,
though probably at a much faster rate. As a consequence of the higher energies of
these radiations, the substrate species S may suffer ionization by ejection of
electrons.

G _ highenergy g+ 4 o (3.42)

radiation
A series of reactions involving splitting of the cations, absorption of electrons by

cationic or neutral species to form radicals or anions and anion splitting into radical
and electron may then follow:

S*— Rj + B* (3.43)
B"+e¢ — B (3.44)
S+e —> S (3.45)
S — RH + A (3.46)

AT — A+ e (3.47)

Thus, on radiolysis of a vinylic or olefinic monomer, a host of reactive and
transient species including free radicals, anions, cations and electrons are likely
to be formed into the system and the polymerization may ensue by radical or
ionic mechanism or combinations thereof, depending on prevailing conditions,
including temperature of polymerization. However, radiation-induced polymeri-
zation takes place by and large by radical mechanisms and ionic propagation
assumes significance only at low temperatures. Kinetically, the radiation-induced
polymerization with or without added catalysts has characteristics similar to
those applicable to photopolymerization when done at ambient or higher
temperatures.

D 3.12 Evaluation of the Kinetic Parameter, k,/k,

Equation (3.22) may be rearranged to give:

k2 2R?

- == (3.48)
ke (R)M]

R;, which is equal to 2fk4[I], may be evaluated from the rate of decomposition of the

initiator or from a knowledge of k4 supplemented by a measure of the initiator

efficiency, f. Experimental determination of R, and a knowledge of the monomer
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concentration used, allow calculation of the kinetic parameter kpz/ k, in litre mol ™ st
The parameter may also be conveniently evaluated from graphical treatment of

degree of polymerization (X,) and R, data as discussed later in Sec. 3.15.

Using a given initiator I at a specified concentration and a fixed monomer
concentration, [M] at a given temperature for different monomers, different R,
values are observed because of different kp /k¢ values; higher k, %/k, value produces
a higher rate of polymerization. Comparison of k 2/ k. values for different monomers
under comparable conditions of polymerization gives a relative idea of the ease of
polymerizability of the monomers by free radical mechanism. Measurements of
kpz/ k. as a function of temperature of polymerization furnish useful data about the
thermochemistry of polymerization.

D 3.13 Energetic Characteristics of
Free Radical Polymerization

The examination of Eq. (3.21) clearly indicates that R, depends on a combination of
rate constants, kg, kP and k, and the quantitative effect of temperature on RP is rather
complex. On treatment of the rate Eq. (3.21) in accordance with the Arrhenius
concept, one obtains:

12 _
A, [%‘) ] +In [(f[I])VZ[M]]—[Ep +(E1§T E)/2] (3.49)

In Rp =1In

The apparent energy of activation, E, for the overall rate of polymerization, R, is
given by

E, =E, + (Eq - E)/2 (3.50)

a

A plot of In R, vs 1/T, where T is the absolute temperature (K) allows evaluation
of the overall frequency factor A (A4/A )1/ 2 and the apparent activation energy (E,)
from the intercept and slope of the plot. For photochemical polymerization,
considering rate of photoinitiation to be independent of temperature, the increase
in R, with gain in temperature must be entirely due to the overall change in (k,/
k{'’?). The slope of the plot of In R, vs 1/T for photopolymerization would yield the
apparent activation energy,

E,=E, - E/2

For most commonly used free radical initiators such as the peroxides,
hydroperoxides or azo compounds, the activation energy for initiator decomposi-
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tion, E; is about 30-40 kcal/mol while the E, and E, values for most of the
monomers are in the range of 4-10 kcal/mol and 1-5 kcal/mol respectively*. The
apparent activation energy, E, for overall polymerization is therefore about 20 kcal
/mol in most cases. For photochemical polymerization, the value of E,, (E, = E, -
E,/2) ranges between 3-6 kcal/ mol 344145

The activation energy for thermal (uncatalyzed) polymerization is of the same
order as for thermal catalyzed polymerization using lone initiators such as Bz,0, or
AIBN. Very slow rates of purely thermal polymerization arise as a consequence of
extremely low frequency factors (10*-10° associated with the process. For redox
polymerization, the radical generation reaction is characterized by an E4 value of
only about 10-15 kcal/mol, so that the E, value for the overall polymerization is
close to 10 kcal/mol.

D 3.14 Chain Length and Degree or Polymerization

It is relevant at this point to examine if the chain length or degree of polymerization,

X, of a polymer product could be predicted or calculated from measurement of rate
of polymerization with a knowledge of kinetic constants. The number average

degree of polymerization is given by the average number of monomer molecules

consumed per polymer molecule. For evaluation of the X, from the kinetics of
polymerization, it is necessary to define and find an expression for the kinetic chain
length, v.

3.14.1 Kinetic Chain Length

The kinetic chain length, v represents the average number of monomer molecules
consumed by a given active centre from its initiation to its termination. The kinetic
chain length is viewed as the ratio of the rate of propagation, R, to the rate of
initiation, R; or to the rate of termination, R,, since R; = R, under the steady state
condition. Thus

v=R,/R;=R,/R, (3.51)
combining Eqs (3.17) and (3.16), we get
k
p . [M]
- b . 3.52
2kt [Mo] ( )

Eliminating the radical concentration term [M‘] with the help of Eq. (3.17)
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k> 2
_ % M]
V= 2k, R, (3.53)

Equation (3.53) is an important expression for free radical polymerization. It is
applicable for all cases of bimolecular termination irrespective of the exact
mechanism (combination or disproportionation) and also irrespective of the nature
of the initiation process. The kinetic chain length is inversely proportional to chain
radical concentration, Eq. (3.52), and hence it is also inversely proportional to the
rate of polymerization, Eq. (3.53).

For polymerization initiated through radicals generated by thermal decomposition
of an initiator, I, Eqs (3.22) and (3.15) may be combined to give an alternative

expression for v:

k M]

7= p |1 (3.54)
|:2(fkdkt)1/2 :| [111/2

and for purely thermal polymerization, an alternative expression for v may be
obtained by combining Eqs (3.30) and (3.28a):

v =k /2(kk)"? (3.55)

3.14.2 Kinetic Chain Length and Degree of Polymerization

In the absence of side reactions or reactions other than those considered so far, the

number average degree of polymerization, X, will have a direct relation with the
kinetic chain length, v. For termination by combination written in Eq. (3.56),

R—(CH,—CHX), _ ,—CH,—CHX + CHX—CH,—(CHX—CH,),, _ ,—R
—— R—(CH,—CHX),—(CHX—CH,),,—R (3.56)
which was also briefly expressed by Eq. (3.6), the product polymer molecule having

a degree of polymerization X, = (n + m) is made up of two kinetic chains such that
the kinetic chain length v = (m + n)/2, thus giving

X, =2v (3.57)
For termination by disproportionation written in Eq. (3.58),
R—(CH,—CHX), ,—CH, — CHX + R—(CH, —CHX),, ,—CH,
—CHX - R—(CH, —CHX), _; — CH, — CH,X + R—(CH, — CHX),, ,
—CH = CHX (3.58)
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which was also briefly expressed by Eq. (3.7), the two product polymer molecules

giving an average degree of polymerization X, = (n + m)/2, are also made up of
two kinetic chains such that the value of v = (m + n)/2, and hence

X, =v (3.59)

Thus, if the termination mechanism (combination or disproportionation) is known

with certainty, the measurements of R, and X,, and a knowledge of the parameter
(kpz/ k,) readily allow calculation of the kinetic chain length, v.

In case termination occurs simultaneously by combination and disproportionation

the kinetic chain length v can be calculated from the degree of polymerization Yn
according to the following considerations.

If the average number of initiator fragments appearing as end groups per polymer
molecule is 7, then the fraction of polymer molecules having two such end groups
per chain is (n — 1) and the fraction of those with only one end group per chain is
(2 = n). Considering that only one molecule is formed on combination against two
molecules formed on disproportionation of a pair of radicals, the relative number
of radicals terminated by combination and disproportionation are 2(n — 1) and (2 -
n) respectively. Therefore, the fraction of radicals terminated by combination and by
disproportionation will be 2(n — 1)/n and (2 — n)/n respectively. If, further, the ratio
of incidences of termination reaction by combination and by disproportionation is
given by v,

_2(n-1)
then, Yy = 2= (3.60)
which may be rearranged as
2(y+1)
n=—=—= 3.60a
+2) (00

The number average degree of polymerization X, will then be related to the kinetic
chain length v by the relation:

v _ 2Ay+1)
%= y12)

Regardless of the proportionate significance of disproportionation and combination,

(3.61)

in view of direct proportionality between X, and v and in accordance with Eq.

(3.53), X, should increase with [M]* and vary inversely with R,. This is true in a
general manner, but in many systems, the degree of polymerization is measurably
lower® than expected on the basis of the general relationship given by Eq. (3.61).
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Similar lowering of X, or molecular weight occurs more commonly in presence of
many solvents.

Combining Eqgs (3.53) and (3.61) one obtains:

v _ W+ K [P
%= R R

(3.62)
P

Figure 3.4 shows plots of 1/X, vs R, for polymerization of undiluted methyl
methacrylate at 60°C using t-butyl hydroperoxide (TBHP), cumene hydroperoxide
(CHP), benzoyl peroxide (Bz,0,) and azobisisobutyronitrile (AIBN) as initiators, the
data having been obtained by carrying the polymerization* to low conversions. For
Bz,0, and AIBN systems, the expected direct proportionality according to Eq. (3.62)
was observed. But with the hydroperoxides as initiators, a sharp deviation from the
linear relationship is clearly apparent from the plot. At comparable rates of

polymerization, 1/ X, (giving a measure of the number of polymer molecules formed
per monomer unit polymerized) is much higher indicating that for the hydro-

peroxide initiated systems, X, is not proportional to v, and that additional processes,
not taken into consideration so far, contribute to measurable increase in the number
of polymer molecules formed.

12
| TBHP
AIBN
L 8| |cwe
=
» L
& Bz,0,
4
[ N N IR R R
0 40 80 120

Rp mol. L

Fig.3.4 Plot of reciprocal of the average degree of polymerization (1/X ,)
vs rate of polymerization, R, for polymerization of undiluted
methyl methacrylate at 60°C using azobisisobutyronitrile
(AIBN), benzoyl peroxide (Bz,0,), cumene hydroperoxide (CHP)
and t-butyl hydroperoxide (t-BHP) as initiators*® (Baysal &
Tobolsky, 1952; Courtesy, Wiley-Interscience, New York)
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D 3.15 Chain Transfer

The lack of correlation between X, and R, and hence between X, and v cannot be
regarded as a mere exception. Wide studies and experience indicate that this feature
relevant to polymerization in general arises due to occurrence of certain reactions
limiting the growth of polymer molecules without reducing the number of active
centres of comparable reactivity and hence leaving the rate of polymerization
practically unaffected. The monomer (M), initiator (I), solvent (S) or other additives
present in the polymerization system or even the product polymer being formed
may terminate a growing radical rather prematurely through transfer of a labile
atom (hydrogen or other atom) to it, and consequently, the reacting molecule
acquires a radical site which normally starts a new chain and then continues to grow
at the same rate. The reactions are commonly known as chain transfer reactions
which can be generally depicted as:

M* + XA —f 5y MX + A (3.63)

where, M" is the growing radical and XA may be the monomer, initiator, solvent or
any other substance and X is the atom or species transferred.

The rate of chain transfer reaction R, is given by
Rtr = ktr[M.] ' [XA] (364)

where k. is the rate constant for the chain transfer reaction. The new substrate
radical A* produced in the transfer reaction then adds to a monomer molecule to
start a new chain

A+ M wmr (3.65)

The unmistakable consequence of chain transfer reaction is a lowering of the X,
value as long as the chain transfer agent is a monomer, solvent, initiator or some
other small compound. Chain transfer with the polymer formed may often lead to

branching and to an overall increase in X,. The effect of chain transfer on R,
depends on the value of the reinitiation rate constant kj relative to the propagation
rate constant k,. For k{ < k,, XA would have the role of an inhibitor or retarder
rather than that of a chain transfer agent, and R, would be adversely affected as
a consequence.

Considering Eqgs (3.63) and (3.65), it becomes obvious that each incidence of a chain
transfer reaction produces an extra pair of chain ends in the system. Assuming that
the termination occurs exclusively by combination, the only other process from which
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chain ends originate is the initiation process. The average degree of polymerization
can now be redefined from the kinetic viewpoint as the ratio of the overall rate of
polymerization, R, to the total rate of production of pairs of chain ends, i.e.

X, = Ry (3.66)
ShalI]+ ke M TIM] + kg, [MT][S] + kg ([MT][1]

The first term in the denominator is also equal to R,/2, i.e., k[M']%; the terms ki no
kys and ki are the rate constants of chain transfer reaction with monomer, solvent
and initiator respectively. The chain transfer constant C for a transfer agent is
defined as the ratio of the rate constant k,, for the chain transfer reaction to the rate
constant k, for the propagation reaction. The chain transfer constants for the
monomer (Cy), solvent (Cg) and initiator (C;) are expressed as:

ktr M ktr S ktr 1
Cu=—2; C=—22; ¢=— (3.67)
kp kp kp
Thus, combining Eqs (3.17), (3.66) and (3.67)
1l 8,
X = R, + Cy + Cg M] + G IM] (3.68)
which may also be expressed alternatively as:
1 _k R [1] [S]
X, K MPFMTTIM T TP M) (3.69)

Equation (3.69), applicable to a case of termination exclusively by combination will
assume the following expression of general applicability, taking Eq. (3.62) into
consideration:

1 _Ww+2) kR jug 181
}—<n = S kﬁ [M]2 + Cy + G IM] + Cg IM] (3.70)

where, y is the ratio of termination by combination to that by disproportionation;
in the absence of all chain transfer reactions, Eq. (3.70) simply reduces to Eq. (3.62).

3.15.1 Chain Transfer to Monomer and Initiator

In the absence of a solvent and any other additive in a catalyzed thermal
polymerization, Eq. (3.70) changes to
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1 _ W+ kR [1]
which may be conveniently rearranged to
1 W+2) k R (1]
Xo +D kg IMP] T IM o7

For polymerization at a given temperature to a low conversion and in the
absence of initiator transfer or at low R,, Eq. (3.71) permits a plot of (1/X,) vs
R, or RP/[M]2 which would give a straight line, from the slope of which the
value of the parameter kpz/kt may be calculated. In the absence of any monomer
transfer, the linear plot would pass through the origin leaving no intercept on
the (1/X,) axis. For significant occurrence of monomer transfer the intercept on
the (1/Xn) axis gives a direct measure of the monomer transfer constant, Cy;.
In case initiator transfer is significant in the undiluted polymerization, Eq.
(3.72) permits a plot of left hand side of the equation vs [I]/[M] which would
give a straight line, the slope of which gives a direct measure of the initiator
transfer constant, C; and the intercept gives a direct measure of Cy;.

The monomer transfer constants are usually small for most monomers (Table 3.3).
The initiator transfer constant for several initiator systems are shown in Table 3.4.
Even if the C; value for a given initiator is high, its effect on the polymer molecular
weight may not be very pronounced in view of the fact that it is the product of C;
and ([I]/[M]) and not C; only that affects X,,. In most polymerization, the initiator
concentrations used are usually very low (107 - 10 molar) giving still lower values
of [I]/[M], as a consequence.

= Table 3.3 Some values of chain (monomer) transfer constants (Cp)*

Monomer Temperature, °C Cy x 10*
Acrylamide 60 0.6
Acrylonitrile 60 0.26-0.3

40 0.17
Ethyl methacrylate 60 0.259
Methacrylonitrile 60 5.81

80 10.05
Methyl acrylate 60 0.036-0.325

75 0.22-0.25

Contd.
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= Table 3.3 (Contd.)

Monomer Temperature, °C Cyp X 10*
Methyl methacrylate 60 0.07-18
75 0.27-0.70
Styrene 60 0.6-1.1
Vinyl acetate 60 1.75-2.8
Vinyl chloride 60 10.8-12.8

= Table 3.4 Some values of chain (initiator) transfer constants (Cp)**

C; x 10*
Initiator Temperature, °C for the polymerization of
Styrene Methylmethacrylate
t-Butyl hydroperoxide (TBHP) 60 350 12,700
Cumyl hydroperoxide (CHP) 60 630 3,300
Benzoyl peroxide (Bz,0O,) 60 480-550 200
t-Butyl peroxide (TBP) 60 3-13 —
Hydrogen peroxide (H,0,) 40 — 8
Hydrogen peroxide (H,0,) 60 — 460
Azo-bisisobutyronitrile (AIBN) 60 0 0
Sulphur dioxide 40% — 16,000
Quinoline-bromine complex 40%° — 340

3.15.2 Solvent Transfer

In the presence of solvents or similar additives (S), the last term in Eq. (3.70) may
assume significance, provided both Cg and [S]/[M] values are significant. By
proper choice of polymerization conditions and carrying the polymerization at a
given temperature to low conversions, the value of Cg, the solvent transfer
constant for different solvents or chain transfer agents can be determined from a

knowledge of X, under different conditions of [S]/[M] in each case. Using an
initiator of a very low or negligible C; value and if necessary, by adjusting the
initiator concentration with variation of [S] so as to keep (RP/ M]?) effectively
constant, Eq. (3.70) may be written in the form:

1 _ (L 181

n

Here, (1/X,), is the reciprocal degree of polymerization in the absence of the
solvent or the chain transfer agent, and it combines the values of the first three
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terms on the right hand side of Eq. (3.70). The slope of the linear plot of (1/X,)
vs [S]/[M] gives the measure of Cg. Figure 3.5 shows such plots for several
aromatic solvents as chain transfer agents in the polymerization of styrene. The
plots shown in Fig. 3.5 clearly indicate dependence of chain transfer constants on
the chemical structure of the chain transfer agents.

200

¢CH (CHy),

160

120

n
o
-

X
s
|1
S

80

40

0 10 20 30
(SVM]

Fig.3.5 Chain transfer effect: Plot of (1/X ) vs ([SI/[M]) for several sol-
vents (S) in the polymerization of styrene (M)*" at 100°C (Gregg
& Mayo, 1947: Courtesy, Royal Society of Chemistry, London)

For uncertainty about constancy of (R,/ [M]?), a plot of

(/%) - [y + DkR,/(y + Dk,? MY} v [S]/[M]

would give the value of Cg from the slope of the linear plot.

3.15.3 Regulation or Control of Molecular Weight

Chain transfer reactions, initially viewed as additional reactions disturbing the
normal features of radical polymerization, gradually came to be recognized as useful
and often advantageous in limiting the growth of polymer chains by design and
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hence in controlling their molecular weight to desirable ranges, and also in
widespread studies of structure-reactivity relationships in radical displacement
reactions. The transfer constants for a number of solvents/additives for polymeriza-
tion of styrene, methyl methacrylate and vinyl acetate are listed in Table 3.5. Strong
C—H bonds in hydrocarbons show low transfer constant for them. In comparison
with benzene the presence of progressively weak benzylic hydrogens in toluene,
ethyl benzene and isopropyl benzene (the reactivity increases with increasing
substitution at the «- carbon) leads to Cg values increasing in the order benzene <
toluene < ethylbenzene < isopropyl benzene; the effect of a phenyl substituent is
much more prominent than that of a methyl substituent. The Cg value for t-butyl
benzene, however, drops to a low value because of its having no benzylic or o-
hydrogens, thus rendering it relatively non-reactive despite nine available
hydrogens (B-hydrogens) in the three methyl groups.

= Table 3.5 Some values of chain (solvent) transfer constants (Cg)**

Transfer Agent Cg x 10* at 60°C or as mentioned

(solvent/additive) Styrene Methylmethacrylate Vinyl acetate
Benzene 0.023 0.04 1.2
Toluene 0.125 0.20 21.6
Ethylbenzene 0.67 1.38 (80°C) 55.2
Isopropyl benzene 0.82 1.9 89.9
t-Butyl benzene 0.06 0.074 3.61
Cyclohexane 0.024-0.063 12.0 7.0-100.0
Water — 0 —
Chloroform 0.5 1.77 150
Carbon tetrachloride 84-148 0.93-5.0 7,300-10,000
Carbon tetrabromide 17,800-22,000 2,700 28,740(70°C)
n-Butyl chloride 0.04 1.20 (80°C) 10
n-Butyl bromide 0.06 — 50
n- Butyl iodide 1.85 — 800
Chlorine* — 38 —
Bromine®’ — 70 —
Todine* — 6,000 —
Pyridine*® 4.0 0 12.5
n-Butyl amine 0.5 — —
n-Butyl mercaptan 220,000 6700 480,000
t-Butyl mercaptan 37,000 — —

Hydrogen sulphide®’ 19,900 810 —
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Some compounds such as carbon tetrabromide, pentaphenyl ethane, and various
mercaptans exhibit high chain transfer activity; in fact, they surpass the monomers,
such as styrene, in reactivity toward the chain radical, thus giving Cg values greater
than unity. Such compounds are particularly useful in controlling the degree of
polymerization. Only a very small quantity of such a chain transfer agent is required
to bring down the polymer molecular weight to a desired level. They are extensively
used in commercial polymerizations particularly in emulsion polymerization systems
to meet this objective and they are commonly known as (chain length) modifiers or
regulators. Cg values for such regulators or modifiers are better obtained from
evaluation of the rate of consumption of the transfer agent (—d[S]/dt) and the rate
of monomer consumption (—d[M]/dt) so that one may write:

d[sl/dt _ kesISI  _ [S]
dMl/dt — k,[M] Cs ™M] (3.74)
or, d log [S]/d log [M] = Cg (3.75)

Hence, for such a system, the slope of the linear plot of log [S] vs log [M] passing
through the origin would give the value of Cs.

3.15.4 Polymer Transfer

In the beginning of Sec. 3.15, mention was made about possible chain transfer
reactions involving the polymer being formed but this specific feature of chain
transfer was subsequently ignored in the expressions relating the effect of chain

transfer reactions on X,, particularly for polymerizations done to low conversions
in view of the fact that the effect of polymer transfer under this condition is
negligible. A polymer transfer reaction and subsequent reinitiation reaction may be
generally expressed as

M + ~nCH, — CHX e —222 5 MH + ~—~CH, — CX~— (3.76)

~~CH, — CX~~+nM = ... 5 ~~CH, — CX~—
I
(l\l/I)n—l

M. (3.77)

Transfer to polymer is, however, likely to be significant for practical polymerizations
done to high or almost complete conversions. As mentioned earlier and as can be
seen from reactions (3.76) and (3.77), polymer transfer leads to chain branching
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which normally makes the polymer less crystallizable, weaker in mechanical
properties and less resistant to heat, solvents and chemicals.

The simple inclusion of an additional term, Cp([P]/[M]) in the right hand side of
Eq. (3.70) [where Cp is the polymer transfer constant (ki,p/kp) and [P]/[M] is the
molar ratio of the repeat units in the polymer to the monomer] cannot generally
explain the overall effect of the polymer transfer process. Polymer transfer may also
lead to limited cross-linking through occasional coupling of two branch radical
units. If both the monomer transfer constant and the respective polymer transfer
constant are relatively high, such as in the case of vinyl acetate, polymerization
results in extensive branching, particularly in the high range of conversion.

As second kind of polymer transfer involves intramolecular chain transfer leading
to many short branches in a given polymer molecule (as many as 30-50 branches per
1000 carbon atoms in the main chain), most vividly exemplified by the high pressure
radical polymerization of ethylene yielding what is known as the low density
polyethylene. Short branches such as butyl and ethyl branches arise as a consequence
of the so-called “back biting” mechanism:

/H .
~—~—~CH |CH2 kw -~v~(|ZH
(in CH, (in /CHZ—CH3 (3.78)
CH, CH,
CH,
/
. CH, H
C|:H CH,—=CH K CHZ
+Ln,= PLE CH—CH,—CH 7
C\H2 /CHZ—CHS \CH/ 2 3 (3 Sa)
2 _
CH, kp l CH, =CH,
~——CH,
\
T
T
"
~——~CHCH, CH,
N/ \/
CH, CH,

(butyl branch) (3.78b)
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/CHz C\Hs CH,
o o
k
~~CH CH—CH,—CH, o CH CH
\ / \ / (3.78(c))
CH, CH,
(ethyl branch)

D 3.16 Inhibition and Retardation

There are certain substances which when present in the monomer or the polymeriza-
tion system, suppress the chain growth process to different degrees, usually by
reacting with the initiating radicals or with the chain radicals (before they could
grow to polymeric size of any consequence) and converting them to non-radical
species or inactive radicals or radicals too low in reactivity to undergo meaningful
propagation. Such substances or radical scavengers are classified as inhibitors if they
effectively consume every radical generated in the system and completely suppress
the polymerization and reduce the rate of polymerization substantially to zero. If,
on the other hand, they act not as effectively or much less efficiently so that both
the rate of polymerization as also the degree of polymerization are reduced quite
measurably, without completely halting the propagation process, they are classified
as retarders.

The inhibitors or retarders get consumed by reacting with radicals during the
inhibition or retardation process. The inhibition or total suppression of polymeriza-
tion continues till all the inhibitor molecules present are consumed. At the end of
what is known as the inhibition or induction period, polymerization proceeds at a
rate comparable to what is observed in the absence of the inhibitor. Examples of
typical inhibitors are benzoquinone, t-butyl catechol, oxygen and the stable free
radical diphenylpicrylhydrazyl (DPPH). One can observe the inhibition or
retardation processes using very small concentration (0.001-01%) of the inhibitor or
retarder in the polymerization systems.*™ Figure 3.6 shows” inhibition effect with
0.1% benzoquinone (curve 2), and retardation effect in the presence of 0.5%
nitrobenzene as a typical retarder (curve 3). Nitrosobenzene (0.2%) produces a
complex behaviour (curve 4), showing an inhibition period followed by
polymerization at a rate lower than that for the pure monomer (curve 1). It is
evident, therefore, that the product arising from reaction between chain radicals
and nitrosobenzene primarily behave as a retarder.
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Fig.3.6  Thermal polymerization of styrene at 100°C under different con-
ditions®’: Curve 1, pure monomer; Curve 2, in presence of 0.1%
benzoquinone, Curve 3, in presence of 0.5% nitrobenzene, and
Curve 4, in presence of 0.2% nitrosobenzene® (Schulz, 1947;
Courtesy, VCH Verlagsgesellschaft, Weinheim)

Among the various stable free radicals, DPPH is the only one which is of practical
utility as an inhibitor of polymerization. It is too stable to act as a chain initiator but
still has the capacity to react with radicals efficiently to act as a radical terminator
or inhibitor [See Sec. 3.7.2 and Eq. (3.26)].

The most widely used inhibitors are the quinones such as benzoquinone,
duroquinone (tetramethyl benzoquinone) and chloranil (tetrachloro benzoquinone).
For an ideal inhibition process, the rate of consumption of inhibitor is independent
of inhibitor concentration and it is dependent on the rate of generation of radicals
in the system on initiator decomposition or simply by a thermal process if the
initiator is absent. The radical generation in either case is, however, independent of
the inhibitor and thus, the inhibitor consumption is of the zero order. Under normal
situations, the inhibition period is proportional to the initial concentration of the
inhibitor.*

The mechanism of inhibition by the quinones is rather complex. The number of
kinetic chains terminated per molecule of quinone consumed is not the same for all
quinones. With benzoquinone as the inhibitor the stoichiometry is 1 : 1 for many
monomers. The termination of a chain radical by a quinone molecule may involve
addition to an oxygen atom or to a ring site of the quinone:
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M, -O OO- (3.79a)
Mn +0 =<Z>=O M, H
O— @_ o (3.79a)

(Inactive radical from inhibitor)

The interaction between a chain radical and a quinone molecule may also involve
disproportionation:

—cH~CHX+0=(_) =O<

—~~CH=CHX + HO{_)-O’ (3.80a)
~—~CH,—CH,X + O=<:>=O (3.80b)

A pair of inhibitor radicals may either dimerize or disproportionate to form non-
radical products or they may further react with other chain radicals. Only dimeriza-
tion leads to 1 : 1 inhibitor stoichiometry while other two alternatives would
produce a higher ratio (2 : 1). Both 1 : 1 and 2 : 1 stoichiometric ratios have been
observed.

Hydroquinone and t-butyl catechol are also used as inhibitors, but their inhibitory
action is prominent only in the presence of oxygen, as they become effective due to
their oxidation to quinones.”® In fact, hydroquinone is one of the identified products
of quinone inhibition.>*

The mechanism of inhibtory action, nature of the non-radical products formed
through reactions between pairs of inhibitor radicals or between inhibitor radicals
and chain radicals in the subsequent steps, sometimes even leading to copolymeriza-
tion and the stoichiometric ratio referred to above, do not follow a uniform pattern
for the same inhibitor and they largely depend on the nature of the monomer and
the overall polymerization environment including the initiator, solvent or other
additives.'® °¢
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Aromatic nitro-compounds also intercept chain radicals when present in a
polymerization system, depressing the rate of polymerization, without causing its
total suppression and often without exhibiting an induction period.” > Their action
in different monomer systems is also not uniform in pattern and observed effects.
Their varied roles are exemplified by retardation for styrene polymerizaion™,
inhibition for vinyl acetate polymerization® and practically ineffective in either of
these roles for methacrylate or acrylate polymerization. Nitrobenzene, on the
other hand, has also been used as an initiator component along with an amine in the
studies of photopolymerization of methyl methacrylate,”’ where radical generation
takes place by photolysis of a charge transfer complex intermediate formed between
nitrobenzene (acceptor) and the amine (donor) used.

For retarder action, relatively high quantities of the nitroaromatic compounds are
required to produce prominent reductions in the rate of polymerization, and the
retardation effect continues throughout the polymerization. The radical displacement
reaction involving nitrobenzene may take place by radical attack on either the
aromatic ring on one instance or the nitro group on the other.

M,
H>®—N02 (3.81a)
. P .
M, +<: >7N02\ @ N/O—M,, (3.81b)
N .

Oxygen is also a well-known inhibitor of polymerization.®**®> Oxygen reacts with
a chain radical to produce a peroxy radical of low reactivity in the first step.
However, the peroxy radical slowly reacts with a monomer molecule to effect
regeneration of the usual chain radical and the two processes may recur with
rigorous alternation to produce a copolymer of a significant length of 1 : 1 sequence
(—M—O—0—),, but usually of low degrees of polymerization.**

M + O, —¥=t s\ 0—O (3.82a)
M;—O0—O" + M oW, N O—O—M" (3.82b)

It is interesting to note that the rate of polymerization usually observed at the
end of the inhibition period due to oxygen often exceeds that for the uninhibited
monomer under otherwise comparable conditions. The polyperoxides or related
peroxy species formed appear to act as additional sources of free radicals. Thus,
oxygen plays the role of an inhibitor, a comonomer and an initiator intermediate,
i.e., an indirect initiator. Commercial high pressure polymerization of ethylene often
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utilizes oxygen as the initiator in less than a critical concentration. In this case,
initiation results from generation of radicals by thermal decomposition of the peroxy
radical or other peroxy species formed in the system under the reaction condition.

3.16.1 A Brief and Critical Review of Chain Transfer,
Inhibition and Retardation

From analysis of the principles, mechanisms and observed effects, it becomes quite
apparent that the differences among chain transfer agents, inhibitors, retarders
and the like which may be present in the polymerization system either by
incidence or by design are not very intrinsic; the differences are rather more of
degree than of kind. In each case, a radical displacement reaction involving
commonly a chain radical and the substrate (S) concerned and characterized by the
rate constant, say k. takes place. The reacting chain radical species is replaced by
a new radical species in the system as a consequence, while itself undergoing
termination resulting in a dead species. The newly formed radical species may
have reactivities of different orders toward reinitiation involving the monomer
molecules (rate constant, k{) and toward radical annihilation reaction through
mutual interactions or through capture of other (chain) radicals present. By judging
the relative values of k,, k, and kf a rough classification of the substrates may be
made. For k, > k,, one may have kj either equal to or less than k,. The former
is commonly a case of normal chain transfer characteristically featuring little

perturbation of R, but measurable lowering in X,, the effect being more
pronounced for higher (k/ kp) or transfer constant (C) value. The latter, however,

is a case of typical retardation causing lowering of both R, and X... For ky < ki
also, one may have kf equal to or less than k;, and in either case, there is signifi-

cant to sharp lowering in X, and R, may or may not suffer a change depending
on the C, i.e. (ktr/kp) value. Very high C value (C > 1) would measurably lower
R, unless the [S]/[M] value is drastically low. For k’; close or equal to zero, and
a very high value of C, it is always a case of inhibition. Under other relative
orders of the rate constants, a substrate behaves as a normal chain transfer agent
for k; = kp, and it is only necessary to select an appropriate [S]/[M] range to see
R, remain practically unaffected. It is also not a very uncommon experience to
see some substrates act as meaningful initiators of polymerization when used at
relatively low concentrations and then also assume the role of effective retarders
if not of inhibitors at progressively higher ranges of concentration or in different
sets of condition, much as a consequence of effective degradative chain (initiator)
transfer along with probably drastic fall in initiator efficiency."®>7"
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3.16.2 Kinetics of Inhibition

The kinetics of polymerization for a system containing an inhibitor can be analyzed
considering the reaction scheme described by Eqs (3.3) to (3.7) and the additional
reaction given in Eq. (3.83), where Z represents an inhibitor molecule:

M, +Z —25 M, +Z (3.83)

Considering, for the sake of simplicity, that reinitiation by the inhibitor radicals Z*
is negligible and that their termination does not lead to any regeneration of the
original inhibitor molecule, the usual steady-state assumption for chain radicals
gives

2k[M°]? + k,[Z][M’] = R, (3.84)
Substituting the term (Rp/ kP[M]) for [M’], we get

2% Rk, [7]
2Kk, | + 5 "R, =R (3.85)
k2 Mk, [M]P
2k, Rp [Z]
or = Vi +C, - ] R, = R (3.85a)
P

Equation (3.85) is useful”® for kinetic analysis of the inhibition process and
evaluation of the inhibitor constant C, given by (k,/k,).

For uninhibited polymerization given by [Z] = 0 or k, = 0, Eq. (3.85) reduces
to Eq. (3.22) derived in Sec. (3.4.3) for such a system. But when [Z] # 0, and
(k,/k,) > 1, severe retardation or a typical case of inhibition results and normal
bimolecular termination of chain radicals recedes to insignificance such that

Ky 121, R, = R; (3.86)

(RTINS

In contrast to square root dependence given by Eq. (3.22), R, for strongly retarded
or inhibited polymerization is dependent on first power of R; as shown by Eq.
(3.86).

The rate constant ratio or the inhibitor constant (k,/ kp) can also be deduced from
relative rates of reaction of the inhibitor and monomer with chain radicals. Thus,
d[M]

T k, IM][M’]
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and -2z
dt
Equation (3.86a) then readily follows:
d[z] _ k, 1Z] [Z]
=-2. = _C, =1 3.86a
aM] =k, ™I - 7 M (3.862)

For C; > 1, the polymerization or monomer consumption rate will be negligible for
a significant concentration of the inhibitor or strong retarder. With progressive
consumption of Z during the inhibition period, the chain propagation assumes a
competitive position only when [Z] reduces to a very low or insignificant value.
Integration of Eq. (3.86a) yields

log ([2]/1Z]p) = C7 log (IM]/[Mly) (3.87)

where [Z], and [M], are the initial concentrations of Z and M.

For an effective inhibitor, C, being very large, it is evident from Eq. (3.87) that the
inhibitor must almost be totally consumed before the monomer concentration drops
measurably. A plot of log [Z] vs log [M] permits determination of the inhibitor
constant, C, with data collected within the range showing measurable poly-
merization, i.e. in the range of transition between total inhibition and pick up of
normal rate of polymerization. Value of C, for a number of inhibitors is listed in
Table 3.6. It can be clearly seen that the inhibitor constants for a given substrate
differ widely depending on the reactivity of the chain radical. Thus, nitrobenzene
behaves as a strong chain transfer agent for the polymerization of methyl acrylate
and as a retarder for styrene and vinyl acetate polymerization, while 1,3,5-
trinitrobenzene acts as an inhibitor for vinyl acetate polymerization, as a strong
retarder for styrene polymerizations and as a much less strong retarder for methyl
acrylate polymerization. The reactivity is in the order: vinyl acetate radical >
styrene radical > methyl acrylate radical.

D 3.17 Equilibrium in Chain Polymerization

In practice, the vast majority of polymerization reactions proceed under normal
conditions to what may be termed as ‘completion’. But polymerization, like many
other chemical reactions must be considered as a reversible process. There are a
number of monomeric compounds under normal conditions and many other
monomers under special reaction conditions for which the polymerization process
can only be understood in terms of equilibria. Most notable among them are highly
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Table 3.6 Some inhibitors and inhibitor constants (CZ)44

Inhibitor Temperature, °C ~ Monomer Cy = (k/k,)
Nitrobenzene 50 Methyl acrylate 0.00464

50 Styrene 0.326

50 Vinyl acetate 11.2
m-Dinitrobenzene 50 Methyl acrylate 0.0309 (0.204)
(1,3,5-trinitrobenzene)* 50 Styrene 5.17 (64.2)

50 Vinyl acetate 66.0 (404)
p-Benzoquinone 50 Acrylonitrile 0.91

50 Styrene 518

60 Methyl methacrylate 4.5
Tetrachlorobenzoquinone 44 Methyl methacrylate  0.26
(chloranil)

50 Styrene 2040
Oxygen 50 Methyl methacrylate 33000

50 Styrene 14600
FeCl; in DMF solution 60 Acrylonitrile 3.33

60 Methacrylonitrile 3.08

60 Styrene 536
DPPH 44 Methyl methacrylate 2000

*Cy values for 1,3,5-trinitrobenzene are given in parentheses.

substituted vinyl monomers, heterocyclic ring compounds such as trioxane,
tetrahydrofuran and caprolactam, and elemental sulphur which exist as rings. Many
ordinary monomers exhibit characteristic features of polymerization under extreme
conditions of temperature and/or pressure which are understood and interpreted
from an equilibrium viewpoint.

The impact of equilibrium condition is felt on rate and degree of polymerization
and also on chain length distribution. The limiting conversion of monomer to
polymer is also dependent on it. In the case of copolymerization, the equilibrium
controlled chain propagation can affect the composition of the copolymer signi-
ficantly.

3.17.1 Thermodynamic Considerations

Polymerizations, like all other reactions, are observed under conditions when they
are thermodynamically possible and kinetically probable. For most polymerizations,
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the reversible character becomes apparent and detectable at and beyond some
temperature. The propagation (forward) reaction in equilibrium with the depropaga-
tion (reverse) reaction may be written as

M + M :: M., (3.38)
The equilibrium point for the monomer polymer equilibrium is dependent on the
temperature. The propagation reaction being exothermic, increase in temperature
will result in the shifting of the equilibrium in favour of the reverse reaction. When
the polymerization temperature is initially increased from a low level, Rp increases
due to gain in the value of k,. The effect of kg, is not felt initially for many
monomers because the value of kg, is initially zero, but it becomes progressively
significant with higher temperatures, Fig. 3.7. For such systems a critical
temperature, called the “ceiling temperature”, T, is finally attained at which the
propagation rate (R,) and the depropagation rate (Ry,) are equal. Thus, at the ceiling
temperature, the overall polymerization rate reduces to zero.

R
\

\ ll/ Ig
| |
300 400 500 600
Temperature, K

Fig.3.7 Equilibrium in polymerization of styrene showing ceiling tem-
perature phenomenon: Plot shows variation of k, [M] and kg,
with change of temperature” (Dainton & Ivin, 1958; Courtesy,
Royal Society of Chemistry, London)

At equilibrium, the free energy change for the polymerization, AG = 0, such that
one may write AG = = AG° + RT In K = 0, where AG® is the AG for the transformation
of the monomer to polymer for both in respective standard states, and K = (k,/kgp)
is the equilibrium constant. Hence, at equilibrium

AG® = AH° - TAS° = - RT.In K (3.89)
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and, kP[M'][M] = kdp[M’], so that k[M] = ky,, and

k 1
K=-EF = 3.90
T L (3.90)
Thus, combining Eqgs (3.89) and (3.90), one obtains
_ AH® _ AH°
le= A _RmK - AS°+ R 1n [M]. (3:91)
The equilibrium monomer concentration, [M]. may also be expressed as
_ AH°  AS°
In [M]. = RT, R (3.91a)

The critical temperature T, for polymerization may be of two kinds. If both AH® and
AS° values are negative, T, is called the “ceiling temperature” or upper limiting
temperature (for a given [M] value, i.e. [M].) above which it is thermodynamically
impossible to convert monomer to polymer; if both are positive, it is a “floor
temperature” below which it is thermodynamically impossible to convert a monomer
to a polymer.

Equations (3.91) and (3.91a) clearly show the dependence of T. on AH° and [M]..
If one makes a graphical plot of kp[M] and kdp (each expressed in the unit of sh
against temperature, T in K (Fig. 3.7) one can readily find out the value of ceiling
temperature (T,) from the temperature corresponding to the point of intersection of
the kg, and k[M] curves.”® The net rate of polymer formation is zero at the ceiling
temperature where k,[M] = ky,. Equations (3.91) and (3.91a) reveal several points
about T_. It is affected by conditions which affect monomer concentration or the heat
of polymerization. T, is obviously affected by the reaction medium. The
polymerization of a given monomer solution at a given temperature proceeds until
equilibrium is reached at which point the monomer concentration decreases to the
critical (equilibrium) value of [M]. corresponding to that temperature (T,). For every
temperature of polymerization there will be a corresponding equilibrium monomer
concentration. The [M]. values at 25°C for polymerization of most common vinyl
monomers are so low (107 to 107 mol 17') that they mostly defy precise
measurements and hence, the polymerizations apparently proceed to completion.
Polymerizations of some pure vinyl monomers show ceiling temperatures in the
range of 60-300°C (AH value ranging between —14 and —20 kcal/mol and AS ranging
between -20 and -30 cal/degree/mol). Among ring compounds, tetrahydrofuran
(THF) shows a ceiling temperature of nearly 70°C, while elemental sulphur (Sg ring
molecules) exhibits a floor temperature of nearly 160°C.7* Viscosity of molten sulphur
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(Sg ring) [Fig. 3.8], passes through a minimum at nearly 160°C which then rises very
sharply. The physical property changes are explained in terms of homolytic cleavage
of Sg ring to yield a diradical which then gives rise to free radical polymerization
on further heating. The existence of a floor temperature near 160°C is obvious from
Fig. 3.8.

Sg = S —8 —S === _G,S5...55 -8 —5 (392
N\
s

103

102

101

Viscosity, poise

100

1071

10-2 | | | | |
100 200 300 400

Temperature, °C

Fig.3.8 Plot of viscosity vs temperature for molten sulphur showing floor
temperature near 160°C

{] 3.18 Dead-end Effect in Radical Polymerization

In a radical-induced vinyl polymerization, maximum possible conversion on the
basis of the concept of [M]. corresponding to the temperature of polymerization may
be attained if only the initiator molecules do not get depleted during the process
to below a minimum required to sustain the polymerization. Under normal situation,
one starts with a finite quantity of an initiator which slowly gets consumed in the
formation of chain-initiating radicals. In the event of a limiting condition leading to
a large depletion or complete consumption of the initiator before maximum
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conversion of monomer to polymer is accomplished, it is quite likely to observe
what is known as the dead-end phenomenon.

The dead-end phenomenon results in a limiting conversion of monomer to
polymer consequent to depletion of the initiator to such a low concentration as to
render the half life of the kinetic chains approximate that of the initiator, and the
effect is shown schematically in Fig. 3.9. However, under conditions of retardation
of termination due to autoacceleration effect or gel effect leading to sharp rise in
rate of polymerization, medium viscosity and degree of polymerization, pure dead-
end effect cannot be observed.

I I Vv

100 — (Injection of fresh initiator)

N LS

B0 -------mmmmmm- oo M],

% conversion

------------------------- M]

Monomer concentration
at different points of time

20 —

o
S

M
t[]o

o

Fig.3.9 Schematic representation of dead-end effect in radical polymer-
ization showing a limiting conversion of monomer to polymer
(due to initiator concentration used being low and insufficient).
[M], = initial monomer concentration; [M] = monomer concentra-
tion at time t; [M],, = monomer concentration after attainment of
limiting conversion beyond time t;; and [M], = equilibrium mono-
mer concentration ((M], > [M] > [M] > [M]). Injection of the
initiator in adequate amounts in the system at time t; immedi-
ately causes formation of more polymers up to a maximum con-
version corresponding to [M],

In the case of a dead-end polymerization initiated by the thermal unimolecular
decomposition of an initiator I, the rate of initiator depletion is given by Eq. (3.12),
ie. —(d[I]/dt) = k4[I] and on integration one gets

1] = Uy exp (kgt) (3.93)
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where, [I], is the initial concentration of the initiator. The rate of polymerization, R,
given by Eq. (3.21) can then be written as

1/2
Ry = - M (f k‘;f”(’) [M] exp (kyt/2) (3.99)

so that on rearranging one obtains

_dm] [fkd[llo
p

172
IM] . J exp (—kqt/2)dt (3.95)

On integration, Eq. (3.95) reduces to

1/2
[M] flio
-1 =2k 1- —kq4t/2 3.96
n v = 2 |G T e Chat/2)] (3.96)
Let [M], and [M] be the concentrations of the monomer at the start and at time ¢
corresponding to an extent of conversion, p from monomer to polymer, such that p
= {(M], - IM])/[M]}y} or (1 — p) = (IM]/[M]). Equation (3.96) may then be written

in the form:

M [, \"
—In [Ev[]]o = —In(1-p) =2k, (jl;—kjj [1 - exp (<kyt/2)]
=-In(1-py [1 - exp (- kgt/2)] (3.97)

At long times of reaction (t = &), [M] and p attain the limiting values of [M], and
P, respectively such that

In —[M]“ =

) ()"
ML In (1 pa)—ka[ J (3.98)

kikq
Combining (3.97) and (3.98), one obtains

In(l1-p)
m = [1 - exp (— kdt/Z)] (399)
Equation (3.99) may be rearranged and expressed in a useful form taking logarithm:
1= 0P (3.100)
In(1-ps)

A plot of the left hand side of Eq. (3.100) which is equivalent to the expression
In [(In [M], - In [M])/(In [M], - In [M]y)] vs time as shown” in Fig. 3.10 permits
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ready evaluation of kg, the rate constant of initiator decomposition reaction from the
slope. With a knowledge of k,/ k!’? determined from a study of degree of
polymerization or molecular weight as a function of R, the rate of polymerization
(See Sec. 3.15.1), the parameter f/ky may be experimentally determined from limiting
conversion of monomer to polymer making use of Eq. (3.98). Thus, study of
polymerization by the dead-end technique permits evaluation of k4 and the efficiency
of initiation, f.

80°C
70°C
24 - 60°C
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Fig.3.10 Dead-end polymerization of isoprene initiated by
azobisisobutyronitrile at several temperatures showing plot of

In I—M vs time” (Gobran et al., 1960; Courtesy,
In(1-p,)

Wiley-Interscience, New York)

() 3.19 Allylic Polymerization and Autoinhibition

Allylic monomers of the general formula (CH, = CH - CH,X), such as allyl acetate,
allyl alcohol or allyl chloride (- X = - OCOCHj;, — OH or — Cl respectively) undergo
polymerization exhibiting the characteristics of high monomer transfer with little
reinitiation effect leading to what may be termed as autoinhibition. The result is
very low rates of polymerization producing polymers of very low degrees of
polymerization. In allylic polymerization the rate is roughly proportional to the first
power of the initiator concentration’® and the degree of polymerization is quite
independent of the rate or initiator concentration. The chain (monomer) transfer
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reaction assumes degradative character because of high resonance stability of the
allylic radical that is formed as a consequence:

~~CH, —CH — CH,X + CH, = CH — CH,X

—~~CH, - CH, —CH,X + CH, = CH — CHX
) (3.101)
CH, — CH = CHX

The fate of the inactive (resonance stabilized) allylic radicals formed is not clearly
known, but they are stable enough to cause termination of the kinetic chains. The
chain length equals the ratio of propagation and termination (degradative monomer
transfer) rate constants. The low reactivity of different a-olefins such as propylene,
octene-1 and 1,1-dialkyl olefins such as isobutylene is because they undergo radical
polymerization with difficulty to yield low molecular weight products much as a
consequence of autoinhibition.”

D 3.20 Non-ideal Kinetics in Radical Polymerization

A given polymerization conforming strictly to the reaction scheme (3.3) to (3.7) in
Sec. 3.2.1 is commonly considered as an ideal polymerization. Any system deviating
from this pattern of reaction is to be considered as a case of non-ideal
polymerization. The ideal behaviour prescribes, according to Eq. (3.21), constancy of
the term (sz/ 11 MP? expressed as:
R k2

P__ =B sk (3.102)

T

But studies of the kinetics of polymerization of different monomers, each under
different conditions and chemical environments, indicate that ideal behaviour is
probably more an exception than the rule. There are abundant reports on deviations
from the ideal relationship given by Eq. (3.102). A number of side effects or
additional reactions, not taken into consideration in the normal polymerization
scheme, have been put forward in order to explain the observed kinetic deviations,
and they are:

¢ Complex formation between monomer and initiator, and monomer depen-
dent initiation
* Cage effect
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¢ Initiator dependent termination: Primary radical termination and degradative
initiator transfer

* Retardation by solvents

* Enhancement of the rate of initiation by solvents or additives

* Solvent/additive influencing the propagation rate constant

* Retarded termination and dependence of termination rate on medium viscos-

ity
3.20.1 Non-ideal Chain Initiation

(a) Initiator—Monomer Complexation Initiator-monomer complexation leads to
non-ideal kinetic behaviour in many cases.”®®°

A simplified scheme of chain initiation based on this concept is given below:

I+M é C (initiator-monomer complex) (3.103)
C -l ,oR (3.103a)
R+M 5w (3.103b)

where K is the equilibrium constant of the initiator-monomer complexation reaction
(3.103) and C is the true source of initiating radicals. For usual conditions of [M] >
[C],

[C] = K (1], - [C]) [M] (3.104)
which on rearrangement gives:
_ K[M][1],
[C] = T+K[M] (1.104a)

where [I], is the initial concentration of the catalyst. The rate of polymerization R,
may then be expressed as

AIM] NG K 12

considering the usual bimolecular termination as the only prevailing mode of
termination. Equation (3.105) describes a change in the reaction order with respect
to monomer from 1.5 to 1.0 with increasing [M]. Equation (3.105) may be trans-
formed as follows:
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MP _ ko, kM

_ (3.106)
R? ki kg K[, k2 kg 11,

Equation (3.106) permits a plot of [M]*/ er, vs [M] to give a straight line such that
the quotient of the slope and the intercept is equal to K. There are many reports on
polymerization of different monomers showing different degrees of kinetic
complexity under undiluted or different solvent environments where the observed
effects are well explained and understood on the basis of equilibrium complex
formation between the initiator used and the monomer.**'*78183 Some of the
reports also give spectroscopic or other evidences for the complex formation.

(b) Cage Effect Matheson® suggested an alternative mechanism to reach a kinetic
equation much the same as Eq. (3.105). According to this concept, on decomposition
of an initiator molecule, the radicals formed stay close in the surrounding monomer
(monomer cage) where they may suffer many collisions leading to their mutual
deactivation before being finally separated or reacting individually with monomer.
Jenkins® considered the following scheme of reactions to develop the kinetic
relationship, neglecting chain transfer:

It 2R (3.107)

2R) - Q (3.107a)
R) + M — 5 M (3.107b)
R) — 5 R (3.107¢)

R +R s (3.107d)
R +M s M (3.107¢)
M+ M —e s M (3.107f)
M +M —&5 P (3.107g)

Here M® stands for chain radicals, R* for primary radicals derived from initiator
decomposition, Q and Q’ for products of reaction between a pair of primary radicals
within and outside the cage of their formation and P for dead polymer molecules.
Brackets indicate the species in the cage provided by the medium. For all practical
values of [M], reaction (3.107d) is negligible and considering that reactions generating
M are analogous, the rate of polymerization may be expressed as:

1/2 k ko IM 1/2
Ry = kp(',i—dj (#HE[]MJ [1"*M] (3.108)
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For k, > [M] k,, monomer exponent remains unity:

e p (R )T e
b = kp [k_t) (WJ [11*“ M] (3.109)
For k, < [M] k,, a rate expression, Eq. (3.110), similar to Eq. (3.105), is obtained:
(70 I (R N LSy
R, =k, [k_t) [mj (117 [M] (3.110)

The only difference is that here the ratio of (k,/k,) is used in place of K in Eq.
(3.105).

3.20.2 Non-ideal Chain Termination

(a) Unimolecular Chain Termination In heterogeneous polymerization, particularly
where the polymer being formed is insoluble in the monomer or the monomer-
solvent media, bimolecular termination gets highly restricted and unimolecular
termination by some obscure mechanism may assume prominence. For exclusive
unimolecular termination, the termination rate R, will be expressed as R, = k,, [M’]
where k, is the rate constant of unimolecular termination. The rate of poly-
merization may then be expressed as:

k
R, = k—p (fkq) [ M] (3.111)
t
Unimolecular termination is thus manifested through an initiator order >0.5 and in
the limiting situation of exclusive unimolecular termination, the initiator order
would be equal to one as shown in Eq. (3.111).

(b) Initiator Dependent Chain Termination

(i) Primary Radical Termination Primary radicals under ideal conditions would
contribute to chain initiation only. But it is not altogether unlikely in certain systems
and under special conditions in certain others that they also contribute to chain
termination, partly or exclusively, giving rise to significant deviations from the ideal
kinetics. In the extreme case of termination exclusively by primary radicals (R")
characterized by the rate constant k,, and

M+ R —, p (3.112)

giving rate of termination as kprt [M’] [R’], the rate of polymerization, R,, on the
basis of the steady-state concept, may be expressed as:
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R, =k, - 2 MP? 3.113

Thus, with significant primary radical termination, and considering other side
reactions as inconsequential, the initiator order would be less than 0.5 and the
monomer order greater than unity. In the limiting case of exclusive primary radical
termination, R, is independent of initiator concentration and it depends on the
square of the monomer concentration as shown in Eq. (3.113). 86-89

If bimolecular and primary radical terminations occur simultaneously, then
considering steady concentrations of [R] and [M] separately, one may obtain:

2k M Kk [RT][M] =k, [RT][M]

= 3.114
2k, [~ & [RIMI+ kyy[R TV (G114
Substituting (Rp/kp [M]) for [M’] and rearranging gives:
ko Ry
R? k> Kk, MP
il e Ll l e e U;{/I] (3.115)
(11[M] ke 14t
ki kp [M]2

The second factor in the right hand side of Eq. (3.115) is obviously <1 and it is
evidently clear that due to introduction of non-ideality as a result of significant
primary radical termination, the constancy of the parameter (R2 /I IM]P) is
disturbed”™ and it becomes dependent on R, or R,/ M]~ Con51der1ng that for vinyl
polymerization, (ky/kik,). (R,/ MP) < 1, and taking logarithm, Eq. (3.115) reduces
to the following simplified and useful form for the analysis of primary radical
termination effect:

R kp k. R
" mME Lk_t'f kd] -2 kipkp '[Ml]z (3.116)

Equation (3.116) permits a plot of the left hand side against (R,/ [M]?) and a negative
slope for the linear plot, as shown in Fig. 3.11 is indicative of primary radical
termination.’®®°! From the magnitude of the slope, a measure of the parameter
(kpr/ kiky,) is readily obtained.

(ii) Degradative Initiator Transfer The degradative process may be of two kinds:
(1) with little reinitiation effect, and (2) with reinitiation effect.
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10 + log (
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(Ry/IM1?) x 108

Fig.3.11 Plotof log Rzpl[M]2 ] vs RP/[M]2 for solution polymerization of
styrene at 60°C using A—benzoyl peroxide and B—
azobisisobutyronitrile as the initiators and pyridine as the sol-
vent’!: [Pyridine] in mol I are1.2,2.4,3.6,4.8 and 6.0 for Curves
1,2,3,4 and 5, respectively under A and 1.2, 2.4, 3.6 and 6.0 for
curves 6,7,8 and 9 respectively under B. A negative solpe is
indicative of primary radical termination (Ghosh and
Mukhopadhyay, 1979; Courtesy; Wiley-Interscience, New York)

For case (1), the initiator-dependent termination may be written as:

M +1—5 Polymer + Inactive radical
or non - radical (3.117)
product from I

The rate of termination by the degradative process given in Eq. (3.117) is equal to
kK. [M'] [I] where k’; is the corresponding rate constant. Using the steady state
concept for the chain radicals, and termination of the kinetic chains exclusively by
the degradative initiator transfer process, the polymerization rate, R, will be given

by:
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kP
Ry = o (2 fky) M (3.118)

Thus, with significant degradative initiator transfer and in the absence of primary
radical termination, the non-ideality is reflected in an initiator order < 0.5, and in
the limiting case of termination of the kinetic chains exclusively by the degradative
initiator transfer process, R, is independent of initiator concentration but it still
retains first order dependence on monomer concentration.

Again, under steady state, the following relationship holds good for simultaneous
occurrence of termination by the degradative process and by bimolecular
mechanism:

2k, [M']? + K [1] [M'] = 2fk, [1] (3.119)

On elimination of the radical concentration term ([M'] = Rp/kp [M]) and on
rearrangement, one obtains

2

L

K2 M

Ky Re
ko [M]

P = 2fky - (3.120)
Equation (3.120) allows a plot of left hand side against R,/[M], and a negative slope
of the linear plot is indicative of termination by the degradative initiator transfer
reaction, Fig. 3.12. The slope of the plot gives a measure of the parameter k’,/k, and
the value of fky can be calculated from the intercept.”" °**® When R, becomes
independent of [I] for a given [M], Eq. (3.120) is unsuitable for the analysis of the
degradative effect.

For case (2), i.e. for degradative initiator transfer with reinitiation effect, the
transfer reaction and other reactions that may follow as a consequence are shown
in the following reaction scheme:

(@ M +I EELUIING ) (transfer)
(b) I'+M' —= P  (termination by I') (3.121)
o I'+M BNV (reinitiation following transfer)

Degradative effect will be prominent due to the occurrence of reaction (b); in the
absence of reaction (b), consideration of reaction (c) becomes more relevant and
important; degradative effect would still be measurable and prominent for k; < k.
For significant termination via degradative initiator transfer of the above kind along
with the usual bimolecular termination and assuming absence of other chain transfer
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| |
% 1 2

(Ry/IM]) x 10%
Fig.3.12 Analysis of degradative initiator transfer with little reinitiation
effect” in the photopolymerization of methyl methacrylate using
poly (N-vinyl carbazole)—bromine complex as the photoini-

tiator, 1: Plot of 2k,R’ /I, [1] IMF’ vs R/[M] (Ghosh & Ghosh,
1984; Courtesy, Wiley-Interscience, New York)

reactions and primary radical termination, the following equation may be deduced
for analysis of the degradative effect”* where C; stands for k,;/ ky:

R? k> k. /k: -k K2
P _Pﬂ rtl/ ™M1 " Rp _ %
e {HCI M [H(km'Rp/kﬂkp[MF)]} R 61

For (Rp/[M]z) < < < 1, Eq. (3.122) reduces to:

Rz k2 k [I] k2
[ SN PSSO B 1 I S
(1] [M]? {H ke ky-k, G M] k, fkq (3.123)

On rearrangement of Eq. (3.123) and taking logarithms, a more useful expression,
Eq. (3.124) is obtained for kinetic analysis of the degradative effect:"” *>~

RZ k2 kz 3 [I]
P = 2. _ _P. rtl . .
In [I] [M]z =1In kt fkd kt kiI - kp CI —[M] (3124)
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The convenient form of Eq. (3.124) permits a plot of the left hand side against [I]/
[M] and a negative slope for the linear plot is indicative of the degradative initiator
transfer under consideration (Fig. 3.13). With a knowledge of the initiator transfer
constant, Cy, i.e. (ky/k,) and kp2 /k,, the plot gives a measure of the kinetic parameters
(kwa/kirky) and fiy from the slope and the intercept respectively.

1.0

08

06

[KVO,] [M]?

04

5+ log

02

| |
0 1.0 2.0 3.0

[KVO4)M]

Fig.3.13  Analysis of degradative initiator transfer with reinitiation effect
in the polymerization of methyl methacrylate at 50°C using
KVO, as the initiator in acidic (H,SO,) aqueous media: Plot of
log R,, | [KVO,] [MF vs [KVO,I/[M]. (Ghosh & Paul, 1983; Cour-
tesy, Marcel Dekker, New York)

3.20.3 Kinetic Non-ideality due to Abnormal Solvent Effect

Solvents used in polymerization may act normally as mere diluents and sometimes
also as chain transfer agents without affecting rate and thus featuring as inert
additives kinetically. But it is otherwise very likely that different solvents bring
about different degrees of deviation from normal kinetics for a given initiator—
monomer combination, depending on chemical nature of the solvents and level of
dilution, and in fact varied degrees of non-ideality caused or magnified by the
presence of solvents have been widely observed and reported.

(a) Solvent Influence on Chain Initiation Enhancement of rate of chain initiation
is manifested through an enhanced rate of polymerization and this may arise as a
consequence of solvent-induced increase in initiator efficiency,”” or due to the
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increase in the value of the initiator decomposition rate constant, kg, i.e., for solvents
causing an increase in rate of radical generation.®*%1%%-100

(b) Solvent Modification of Chain Propagation and Chain Termination Non-ideal
kinetics in polymerization more widely observed in diluted systems, have variously
been explained and understood on the basis of modification of the reactivity of
chain radicals to different degrees under different environments, i.e. monomer—
solvent combinations, both in kinds and in volume proportions for a given initiator
system. This solvent-modification of radical reactivity may arise due to complex
interactions between the macroradicals and solvent molecules or simply due to
solvation of the radical end and not necessarily of the whole macroradical. The
degree of interaction or solvation would certainly depend on monomer—solvent
combination and their volume proportions in a given combination. Solvent-
modification of monomer reactivity may also be a factor, but general experience and
observed effects do not firmly confirm this concept.'”%

It is also likely that the solvent modification of chain propagation reaction would
be differently blended with modification of the termination reaction causing k, to
have different values in view of the viscosity of the polymerization medium having
a major influence on the termination process, and termination being generally
recognized as a diffusion controlled process.” 103104

Perturbation of k, value under the influence of solvents, however, is generally of
more limited relevance or significance than of the k, value, k, having an inverse
relationship with medium viscosity.'®% Solvents may also effect retardation of
polymerization by directly causing degradative chain transfer and even limited
copolymerization.'”™'% Still more interesting cases may arise where solvents play
effective roles in modifying the initiator species and thereby bring into effect
prominent degradative chain transfer, more so in the higher range of solvent
concentrations,” even though the kinetic parameter kpz/ k. remains practically
unchanged over the whole range of dilution (from undiluted to highly diluted
systems).

D 3.21 Determination of Absolute Rate Constant
of Propagation Reaction

The value of the kinetic parameter k;/kt can be conveniently determined from
determination of rate of polymerization R, with a knowledge of R;, the rate of

initiation or X, the average degree of polymerization (See Secs. 3.12 and 3.15.1). But
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the measurement of the absolute value of k,, the rate constant of propagation is one
of the essential problems. A knowledge of the absolute rate constant of propagation
is required for a better appreciation and correlation of the reactivities of a monomer
and the derived radical with their molecular structures. Due to the lack of
convenient techniques, evaluation of k, remained an unsolved problem till about
1945.

In radical polymerization, the average lifetime of a growing radical, 7, under
steady state is given by the ratio of the steady state concentration of the radical and
the rate of its termination:

= ML 1 (3.125)
2k ML, 2k M)
Eliminating the radical concentration term using Eq. (3.17), one obtains
k., [M]
__p
T, = 2 (R.), (3.126)

Thus, measurements of 7, and (R); at a given [M] value enable calculation of k,/k,.
A knowledge of k;/ k; calculated from other approaches then permits evaluation of
the individual rate constants k, and k.

Measurement of average lifetime of a radical is conveniently done by photo-
initiated polymerization using a light source which blinks on and off at fixed
intervals in what is known as the rotating sector technique. A rotating opaque disc
from which one or more sectors of equal size and spacings are sliced out is placed
between the light source and the reaction vessel. The system passes alternately
through periods of light and darkness as the notched parts and solid parts of the
disc coming in the way of the light path permit the light to pass and block its
passage respectively. Variation of the notch area and velocity of rotation of the disc
admit variation and control of relative lengths of dark and light periods and the
frequency of blinking.

The relation between 7, and frequency of blinking is rather complex. The
polymerization rate depends on this frequency and also on the incident light
intensity, I,. A short but finite period of time of illumination, ¢ is required for the
radical concentration to reach the steady state concentration [M'],, ([M’]; = {¢L,/ kt}l/
2, See Sec. 3.10) and a short but finite period of time, t’ is required for it to drop
to zero after the light goes out.

During illumination period, the rate of radical generation is given by

d[M]/dt= 2k(IM']2" - [M°]) (3.127)
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which, on integration, gives:

. [(1 +HMY/IM'])
(1-[MV/IM])

} = 4k M1t - t,) (3.128)

Here, t, is the integration constant such that [M‘] = 0 for t = t,. Combining Eqs
(3.128) and (3.125) and rearranging, one obtains,

tanh™ (IM']/[M]) = (t - t.)7, (3.129)

The ratio of rate of polymerization over a period short of attainment of steady
state, (Rp) to the steady rate (Rp)s would then be given by the expression:

(Rp) M)

(Rp)s M

= tanh [(t - £,)/1,] (3.130)

since the rate is proportional to the radical concentration. In the above expressions
t refers to the time of illumination.

During the time period (t) of continued illumination and after radical
concentration has reached [M’], radicals are formed and terminated at equal rate.
If the light is turned off at this stage, the radical formation reaction stops in the
dark, but the radicals continue to undergo termination according to Eq. (3.16) and
the radical concentration [M’] falls from [M’]; value to zero over a finite time period
of darkness, t’. A qualitative sketch of how the actual radical concentration reaches
the stationary state value [M], during a long illumination period (t) and how the
radical concentration decays from the steady value to zero over a subsequent long
dark period (t') is shown in Fig. 3.14.

If the light source is switched on and off and held for long but equal time periods
of light and darkness, the radical concentration will alternately build up from zero
to [M’]; and decay from [M’]; to zero as can be conceived from repetition of the
sequence (t and t’) of illumination and darkness, (Fig. 3.14, Curve A), over which
the intensity of illumination is either I, or zero and the radical concentration is
either [M'], or zero with short zones of transition in between. The radical
concentration is consistent with I, but radicals are present only half of the time and
hence the rate of polymerization observed corresponds to one half of that to be
observed for the same intensity on the basis of continuous illumination.

When the frequency of blinking is high giving very short but equal light and dark
periods then, even if one starts with [M’] = 0 at the beginning of the first light
period, the radical build up is interrupted by the interception of light before it
reaches [M’],. [M’] reaches a maximum value, say, [M']; < [M’]; at the end of the
illumination period (t). The decay of radical concentration from the [M']; value
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Fig.3.14 Schematic representation of variation of (chain) radical concen-
tration [M'] over: A—cycles of long illumination period (t) and
dark period (t”), and B—cycles of short (intermittent) illumina-
tion period (t) and dark period (')

begins immediately thereafter as the dark period commences. At the end of the
short dark period (t'), radical concentration drops to a minimum value, say [M], >
0, and before it could drop to zero, the illumination is on again. With frequent
blinking, the concentration of radicals alternates between [M']; and [M’], as the
system passes through the end of a light period to the end of a dark period and
so on in successive cycles of illumination and darkness (Fig. 3.14, Curve B).

With progressive increase in the frequency of blinking the difference between
[M’]; and [M’], will be progressively narrow and in the limiting case of a very fast
flashing the radical concentration would reach a constant or plateau value below
[M’];. Under this limiting condition, the flashing is fast enough to cause little
fluctuation in radical concentration which in that event, virtually corresponds to a
continuous illumination of intensity I,/2, as only 50% of the irradiation is received
by the system.

Now, the rate of polymerization, Rp is proportional to the concentration of
radicals, [M’] present in a system. According to analysis and consideration detailed
above for photo-initiated polymerization, R, or [M’] can be varied by varying the
frequency of blinking. Under otherwise comparable conditions, the average rate
(Rp) at different flashing conditions for an intensity of illumination I, will show



The McGraw-Hill companies

128 Polymer Science and Technology

proportionality as follows: (a) For steady conditions under continuous illumination
(ie., no blinking), (R,), °< (10)1/ % (b) for slow blinking with equal light and dark

periods, (R p) o< %(Io)l/ 2, and (c) for very fast blinking with equal light and dark
periods, (R p) o< (I,/ 2)'/2 such that

(Ep) = & (for slow blinking) (3.131)
Ry 2 ® |
(R,) 1 L

and = —— (for very fast blinking) (3.132)

Ry)s (@7

For unequal light and dark periods such that ¢’ = rt, i.e. the dark period is r times
longer than the period of illumination in all successive cycles (r = 1, for the systems
considered above), the general expressions for the relative rates may be written as:

Case I

(R,) 1 L
®) = T (for slow blinking) (3.133)
p/s
Case II:
(R,) 1

&) = D7 (for very fast blinking) (3.134)
p’/s

The relative rate equals 1/4 and 1/2 for Case I and II respectively for a value of

r = 3. Thus, the average rate, (ﬁp) increases from one-fourth to one-half of the
steady-state rate (R,), as the frequency of flashing {1/(f + rf)} increases from a much
lower value to much higher value in comparison with (1/1,).

When the light is turned off, the radical concentration decays according to the
relationship d[M’]/dt’ = —Zkt[M']2 which, on integration gives:
(/M) - (1/IM,) = 2k (3.135)
Here, [M’]; is the radical concentration at the beginning of the dark period.
Combining with Eq. (3.125) and multiplying by [M’],, one obtains:
(M y/IM°] = [M°]/[M°]y) = t'/ 7, =1t/ (3.136)
Again, considering Eq. (3.129), if [M’] = 0 at t = O, then ¢, = 0; but for [M’] = [M’],,
where [M’], > 0 at the beginning of the illumination period, then
to/ 7, = ~tanh™ (IMT,/[M'],)
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and hence,
tanh™ ([M‘]/[M],) - tanh™ ([M],/[M’]y) = /1, (3.137)

The mathematical treatment of Briers et al., for chain reactions in gaseous systems
induced photochemically under intermittent illumination and involving bimolecular
termination'” is also applicable in the present case. The maximum and minimum
radical ratios, [M’];/[M’]; and [M'],/[M’],, are related to 7, by the following two
expressions similar in form as shown by Eqs (3.137) and (3.136) respectively:

tanh ' ((M*],/[M’],) — tanh™! ((M'],/[M’],) = t/z, (3.138)
and (M']/IM]) - (IML/IM]y) = ¥/ 1, = rt/ 7 (3.139)
Equations (3.138) and (3.139) allow evaluation of maximum and minimum radical
concentration ratios for a given value of r, (r = t'/t) and of t/1,. The average radical

concentration, [M’], over a complete light-dark cycle will be expressed as

[M] = Uot [M*]dt + jot [M']dt') /(t+rt) (3.140)

Here, [M’] in the first integral covering the period of illumination is given by Eq.
(3.137) and that in the second integral covering the dark period is given by Eq.
(3.136). Evaluation of the integrals yields the following expressionlloz

R) ™M _ 1 1+(£)1n MLAM L, +IMLAML || s
(Rp)s M], r+1 t 1+[M'],/IM"],

Thus, for a given ratio of dark period to illumination period (r = t'/t), values of

[M']/[M], or (R p)/(R,)s may be calculated for different values of t/7. A semilog
plot of relevant data for r = 3 is shown'! in Fig. 3.15. The average radical
concentration falls from one-half of the steady-state value for fast flashing (low t/
1,) to one-fourth of the same for slow flashing, as can be seen from Fig. 3.15, in full
conformity with Eqs (3.133) and (3.134).

The steady-state polymerization rate (R,); is measured without the use of the

e
rotating sector. Then the average rate (R p) is measured using the rotating sector at
increasing speed of sector rotation. The blinking frequency as well as ¢t and t’ are
controlled by controlling the speed of sector rotation. The polymerization is
conveniently followed by dilatometric technique. Thus, a number of rate ratios

(R P) / (Rp)s are obtained for a given sector ratio, r, the only variable being the sector
speed which in its turn varies the flash time. The rate ratios are then plotted against
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Fig. 3.15

log, t, (Fig. 3.16). The theoretical curve corresponding to the same value of r (r =
3, as in Fig. 3.15) is then superimposed on the experimental points by shifting it
along the time scale (log t) to obtain the best fit. The displacement of one curve
relative to the other along the abscissa yields log 7, since the abscissa scale for the

11

o
©

2 [MYM]g

o©
3

05 | | |
0.01 0.1 1.0 10 100 1000

t/zg

Semilog plot'"" of 2 [M']/[M '], vs. t/t, for the ratio of dark to
light intervals, r = 3 (Matheson et al., 1949; Courtesy, American

Chemical Society, Washington)

theoretical curve represents (log t — log ).

Fig. 3.16

Logt

The rate ratio for the polymerization of methyl methacrylate for
intermittent illumination with light periods of t seconds under
conditions of very high sector speed plotted against log t: (o),
experimental points: (—), theoretical curve (Dainton and Sisley,
1963; Courtesy, Royal Society of Chemistry, London)
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Evaluation of 7, then easily allows calculation of absolute rate constants k, and k,
and hence, k. and k, values, making use of Eq. (3.126) relating 7, with k,/k, and of
equations and approaches discussed in Secs 3.12 and 3.15 leading to evaluation of
the parameter k° /k. In radical polymerization, k, and k; for different systems
generally fall*®* in the range 10>-10* (1 mol™! - s7!) and 10°-10® (1 mol™ - s7),
respectively, and 7, values generally range between 0.1-10 s.

D 3.22 Olefin Metathesis and Metathesis Polymerization
3.22.1 Olefin Metathesis

Discovery of olefin metathesis (OM) reaction is recognized as a significant turning
point in organic reactions in recent decades.!’*™'® Olefin metathesis has many
applications in the low molecular weight range as well as in the field of oligomers
and polymers. The key point in this context is the use of catalysts with novel
selectivity and high potential for effective chemical transformations for olefin
metathesis and metathesis polymerization systems.

In relation to olefin chemistry, the term metathesis commonly means interchange
of carbon atoms between a pair of double bonds as illustrated below:

Ry Ry R, Ry
I I I I

A. R—CH + CH—R, = CH=CH + CH=CH (3.142)
SO | I ...
R,—CH CH—R,
+
CH,=CH, = R,—CH=CH, + R,—CH=CH,
(Olefin Metathesis, OM) (3.143)
CH,—CH,—CHy

B. nL)=>=CH CH=;,

or +CH= CH—CHz—CHz—CHﬁ—n

(Ring opening metathesis Polymerization, ROMP) (3.144)

C. (i) CEH = CH,=— C”3H JﬁHZ
H = CH, CH CH,

(Cyclization)
(Degradative metathesis, DM) (3.145)
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(ii) z
CH,=CH,

?
()= CH,—CH CH=CH,

(Cross metathesis, CM, involving ring opening) (3.146)

Reactions (A) and (C) are viewed as olefin exchange or olefin disproportionation
while reaction (B) is viewed as ring opening metathesis polymerization (ROMP) of
a cycloalkene."'”"1%

3.22.2 Mechanism

Olefin metathesis would seldom take place spontaneously. Catalysts in common use
are based on transition-metal compounds frequently in combination with a cocatalyst
and sometimes a third compound as a promoter. Catalysts based on W and Mo are
particularly effective and those based on Ti, Nb, Ta, Re, Os and Ir are also useful.
It is widely evidenced that a metal carbene complex of the type M = CR; R, acts as
the active species for OM and ROMP reactions. There may be other ligands present
round the central metal M forming the coordinatively unsaturated metal carbene
complex (C). The complex (C) gets further complexed with the olefins (O) used to
form an addition complex of the metallacyclobutane type (C;). C; subsequently
rearranges to yield a new metal carbene complex (C’;) which in turn propagates the
reaction by adding a further molecule of the olefin (O) in a manner as shown for
the ROMP of norbornene:

(A) Metal carbene/olefin adduct (C;) formation (initiation) and its rearrangement
(propagation) to a new metal-carbene complex:

R,

AN 1n1t1a— R, rearrange-

) =M1+ @ e e rearrange; |\ f—cH—_L_CH—=CRR,
2

metallacyclobutane
complex

© ©O) (<) (&)
Scheme-1
(B) Further olefin addition (initiation) and rearrangement (propagation) via ring
opening;:

(3.147)



The McGraw-Hill companies

Chapter 3: Addition Polymerization or Chain-Growth Polymerization 133
fresh rearrange-
initiation ment 3.148
C,+0 C, C’, (repetition of Scheme-I) ( )

The numerical subscripts denote the number of olefin (O) units
incorporated in the respective complex/propagating species.

The successive initiation and propagation reactions may be generally
written as follows according to Scheme I

Initiation
(fresh) Propagation
(C) C’n + O = = Cn+1 C,n+1
(Metal  (Olefin) (Metallacyclo- (Metal
carbene) butane complex) carbene)

3.22.3 Intramolecular Reaction and Formation
of Cycloolefins from Diolefins

Metal carbene-catalysed degradative metathesis (DM). (Equation 3.145) is viewed
as an intramolecular reaction (Eq. 3.149) that successively occurs via a back-biting
reaction mechanism involving the metal-carbene complex; the metal carbene complex

is formed in-situ as an intermediate by cross metathesis (CM) as shown in Eq.
(3.150).

/CHZ—CHZ
DM

gHz /CHz (OM) +M=CH, (3.149)
T

[M] CH,

CH,—CH CH,—CH

/ 2 \ 2 / 2 2 (:H2
QHZ CH,—CH=CH, (CM) QHZ §?H2+ [

— CH
CH=CH, C|I|rI (”’H ? (3.150)
+
[M]=CH, M]  CH,

By proper choice of ligands, the catalytic activity of the metal carbene catalyst can
be so controlled as to reduce the scope for the intramolecular reaction (DM) to
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insignificance, thus rendering the macromolecular species C;, truly “living” with a
capacity for unending linear propagation till complete monomer (olefin) depletion to
yield polymers of low polydispersity. Living metathesis polymerization is a late
edition of living polymerization earlier demonstrated for anionic polyrnerizatimn,121
cationic polymerization,'?* group-transfer polymerization'* and radical polymeriza-
tion.'**

3.22.4 Formation of Block and Graft Copolymers

Olefin metathesis polymerization achieved by admitting first a cycloolefin (O,), then
a second cycloolefin (O,) and finally again the cycloolefin (O,) may generate in turns
the respective propagating species from the admitted monomer in the given
sequence to finally form a tri block copolymer bearing units of O;, O, and O, again
in the structure of the type:

H{0,—0,—0;—O0;...0;—0, 34 0,—0,—0,—0,...0,—0, 3 0;—0,—O;...0;—O )

For use of first norbornene, then cyclopentene and again norbornene, synthesis
of such block copolymers with no lowering in the overall metal carbene concen-
tration was reported.125

Graft copolymers having a macromolecular backbone constituted of norbornene
units with grafted-on chains of polystyrene may be synthesized by the ring opening
metathesis copolymerization of norbornene and polystyrene having a norbornene
moiety as end group prepared from a sequence of reactions'?® shown below:

O & A G )
HCH—CH), —CH—CH Li = ¢CH.—CH)—CH—CHO i o
C.H, C.H, CH, 1
I+ ﬂb/coa — COO—CH,—CH,—(CH—CH,}— + LiCl
ﬁif | (3.152)

CoHs

3.22.5 Some Other Olefin Metathesis Reactions

Metathesis polymerization of acetylenes may likewise be propagated by metal-
carbene complexes as for olefin metathesis:
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H
R | R1 R1
N | |
ﬁ + (I@ —t c|— ﬁH—»wC:CH
[M] 1|z [M]—CR, [M]=CR, (3.153)

..... —> — — Polymer formation

However, the actual alkyne metathesis propagated by selected metal carbyne
complexes may be written as:

R, R,
IF lTl ETC/ RC=CR,
I
— M]=CR
e |c \R M] 2 (3.154)
2
R,
R, R
R T
cC + c—|ii —  +
Il [ [M]—C\ [M]=CR, (3.155)
(M] R,

Metathesis of unsaturated fatty acid esters has brightened the prospect of
synthesizing symmetrical unsaturated diesters and olefins'*’:

WCl,/Sn(CH,),

2CH,(CH,),—CH=CH—(CH,),—COOCH,

CH,—(CH,),—CH CH—(CH,), COOCH,
+
CH,—(CH,)—CH  CH—(CH,),COOCH, (3.156)

Metathesis of polyunsaturated fatty acid esters gives a variety of reaction
products, due to the presence of more than one double bond in each molecule:

. —COOR COOR
== — = ]+ )
MCOOR 3:/\j CCOOR (3.157)
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: COOR COOR
TN ~ —

Tr= S |+ = 3.158
— /"N _COOR D ({COOR ( )
wCOOR ROOC | (\;<:COOR (3.159)

=il — +1 = .

ROOC—/"V\_

s COOR COOR
A —_— —
0 ook (3.160)
COOR

Likewise, all types of polyacetylene can be polymerized by olefin metathesis
catalysts by ROMP of cyclo octatetraenes.'?®

CH CH CH CH
— N\ AN N\
n © cu”’  cw”’ v’ ew” n (3.161)

An important question may arise as to the nature of the initiating metal-carbene
complex formed in-situ from a non-carbene catalyst—cocatalyst—olefin system.
Often, an alkyl group attached to the cocatalyst becomes the source of the alkylidene
group attached to the metal and this is very much evidenced from the initial
products of OM or from the endgroups in the product of ROMP. In the absence of
a catalyst bearing an alkyl group, the olefin itself must be involved in generating
the initiating metal-carbene complex

H,C==CH.CH, H$=CH.CH3_>H(ﬁ.CH2.CH3

M

Me,Sn-activated MoO; catalysts on Al,O;, TiO,, SnO, or SiO, supports are usually
prepared by impregnation of the support with ammonium molybdate, molybdenum
tetraalkyl or Mo(CO), followed by heat treatment and alternate exposure to
reducing (CO/H,) and oxidising (O,/N,O) environments. [Mo]-carbene complex is
believed to be formed in-situ during propene metathesis by a 1,2 hydrogen shift
mechanism as above.'?

Polymer degradation by olefin metathesis may yield significant information about
structure of polymers, copolymers and technical products containing polymers. In
most cases, the test polymers are subjected to degradative olefin metathesis to yield
degraded products of lower molecular weight which are identified and
quantitatively determined employing gas chromatography and mass spectrometry.
Such investigations are also useful in finding evidence for cross-links, determination
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of fillers and characterization of blends. In some cases, metathesis degradation
studies are superior to investigations employing spectroscopic methods. However,
the destructive nature of the metathesis degradative process, its time consuming
and cost-intensive nature (catalysts and symmetrical olefins needed and the special
analytical equipments used are all expensive) obscure much of its advantages.
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CHAPTER

Copolymerization and Techniques
of Polymerization

[} 4.1 Concept of Copolymerization

A polymer whose chain molecules are composed of more than one kind of repeating
chemical units is commonly called a copolymer. A simple case of a step-growth
copolymer is the linear unsaturated polyester formed by intermolecular condensa-
tion of a mixture of phthalic acid (anhydride) (PA) and maleic acid (anhydride)
(MA) with a given diol, say ethylene glycol (EG) resulting in what may be termed
as a copolyester with at least two types of distinctly identifiable repeating units in
the chain molecules:
CcO

\ CH—C
x O+y | O>O+(x+y)HOROH

co/  Co—CO
PA MA EG

© o
—>HO—[OC COORO] ——[OC—CH=CHCOORO} —H
x y
PA—EG MA—EG
Equation (4.1), showing formation of a copolyester by a polycondensation process
clearly identifies two types of repeating chemical units, (PA-EG) and (MA-EG),
though in a very oversimplified manner. In the actual copolymer the two types of
distinguishable chemical units would normally appear at random along the chain,
and the overall composition would depend on the relative values of x and .
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Similarly, one can prepare step-growth copolymers with different interunit chemical
linkages by proper selection of combinations of different bifunctional monomeric
species bearing, —OH, —COOH, —NH,, —NCO or other functional groups, and
using two, three or all the functional species simultaneously or in a phased manner
in the presence or absence of a related polyfunctional and monofunctional species
during the synthesis. However, polycondensation leading to formation of copolymers
from this kind of complicated mixtures of monomeric species is of little or rare
practical importance or relevance. More relevant step-growth copolymerization
systems involve formation of copolymer structures with a specific interunit linkage
such as amide (—CONH—), ester (—COO—), urethane (—NHCOO—), etc.,
following the approach as in Eq. (4.1). It may also involve chain extension and/or
cross-linking reaction introducing similar or different kinds of interunit linkages,
using low molecular weight linear or branched polymers and selected bifunctional
monomeric species. Examples of this kind of step-growth copolymers are found in
the making of polyester urethanes or polyether urethanes, using low molecular
weight preformed linear polyesters or polyethers with hydroxyl end groups and
allowing them to further react with each other through diisocyanates leading to
chain extension and producing useful elastomeric products commonly known as

n HO-polyester—OH + n OCNRNCO

— ~—[polyester—OOCNHRNHCOO],, ~
(polyesterurethane) (4.2)

n HO-polyether—OH + n OCNRNCO

— ~—[polyether—OOCNHRNHCOOQO],, ~—
(polyetherurethane)

polyurethane rubbers, which may be vulcanized or cross-linked when heated with
excess diisocyanates in a mould, e.g.,

OCNRNCO+ ~—~RNHCOO—polyester ~—
— ~—RNCOO—polyester ~— (4.3)
\

CO
\
NH
\
R
\
NH
I

CO
\

~—polyester—OOCNR ~—
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An altogether different kind of copolymer is obtained by polymerization of two
or more vinyl and related monomers, all taken together in a reaction vessel. The
copolymer molecules contain segments of all the monomers used in their structure,
usually in a calculable proportion depending on many factors including the feed
monomer composition, the chain-growth mechanism and the inherent reactivities of
the monomers with a given chain carrying species.

The number of reactions to be necessarily considered to describe the copolymeri-
zation of more than one monomer increases geometrically with increase in the
number of participating monomers, giving increasingly varied and complicated
structures of the copolymer molecules at the same time. A case of a binary
copolymerization involving the two monomers M; and M, may be simply repre-
sented as:

an + mMZ - M(Ml)n_(M2)mm (44)
monomer copolymer
mixture

The structure of the vinyl copolymer shown in Eq. (4.4) is far too simplified,
however; the two monomer units appear in the copolymer structure in a random
sequence in general.

4.2 Binary Copolymerization of Vinyl Monomers
by Free Radical Mechanism

4.2.1 Analysis of the System and the Reactions Involved

In a free radical copolymerization, the number of chain radicals to be considered is
given by the number of monomers present and the reactivity of a chain radical is
practically determined by the free radical bearing terminal monomer unit and the
size and chemical nature of those preceding the radical bearing terminal unit in the
chain are considered to be of little consequence in this context.

In a binary copolymerization, therefore, two different chain radicals can be
identified and each radical being capable of adding both the monomers, though not
usually or necessarily with equal or comparable ease, the system is characterized by
four simultaneously occurring propagation reactions. With two different kinds of
chain radicals, and considering termination taking place only bimolecularly, the
process is associated with three different chain termination reactions along with the
possibility of several chain transfer reactions. Chain initiation takes place by reaction
of primary radicals (derived from decomposition of the radical initiator used) with
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either of the monomers present with almost equal ease and efficiency in general or
else, in the absence of an initiator, by thermal or photo activation of either monomer
with different relative ease depending on the chemical nature of the monomers
used.

4.2.2 Kinetics of Chain Propagation in Binary
Copolymerization and Copolymer Composition

The four chain-propagation reactions in a binary copolymerization may be described
by the reaction scheme (4.5) shown below:

M; + M; —21 5 M; ()
M+ M, —22 5 M; (i) (4.5
M; + M, —22 5 M; (i)
M; + M; —21 5 M; (iv)

Here, M, and M, are the two monomers, and Mj and M} represent the chain radicals
of all sizes with free radical bearing terminal units M; and M,, respectively. k; ; and
k,, are rate constants for homopropagation and cross-propagation reactions
respectively involving Mj; likewise, k,, and k,; refer to the homopropagation and
cross-propagation rate constants respectively involving M. For a given rate constant,
the first numeral is indicative of the reacting chain radical and the second numeral
indicates the reacting monomer. Homopropagation relates to reaction between like
radical and monomer and cross propagation relates to reaction between unlike
radical and monomer.

Neglecting monomer consumption in the initiation step, the rates of consumption
of the two monomers are written as

—(d[M;]/dt) = ky ) [Mi]IMy] + Ky 1[M3][M;] (4.6)
—(d[Mp]/dt) = ki )[Mil[My] + k;,[M3][M,] (4.7)

An expression describing relative incorporation of the two monomeric units in the
copolymer may be conveniently obtained by elimination of the radical concentration
terms using the steady-state concept for each chain radical and then combining Eqs
(4.6) and (4.7). Under steady state, the concentration of Mj and M) remaining
constant, the rates of interconversion of chain radicals must be equal, which
prescribes that rates of reactions (ii) and (iv) of scheme (4.5) are equal, i.e.

ki ,IM3lIM,] = k;1[M31[M; ] (4.8)
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Now, combining Eqs (4.6) and (4.7) and expressing [M]] in terms of [Mj3] (or vice
versa) with the help of Eq. (4.8), one obtains:

dM;] ki1 IMiTIM; 1+ k; 1 M5 ][M; ]

_ 4.9
dM,] Ky, IM31IM, 1+ k; , [M}11M, ] 42
kyp ko IM31IM, TP .
d[M, | k1> [M, ] +la Me]IM:]
o1, d[M,] - ki o ka1 [M5][M; ][M, ]
ky o [M5][M, ]+ — /kl,z[Mz]
ki [My]
(SRR SR
N dMy] _ M] 2 k Mp] ! (4.10)
/ aM,] - M1, M '
2,2 2,1 [MZ]

Dividing the numerator and the denominator of the right hand side of Eq. (4.10) by
ky1, one obtains

Fua M ]
dM,] _ IMy] K [M]
d[M,] M,] kz_z M, ]

+
k2,1 [MZ]

+1

(4.11)

In Eq. (4.11), the left hand side represents relative molar increment of the two
monomers in the copolymer. For copolymerization to low conversions, this may be
taken as the molar ratio of the two monomer units incorporated in the copolymer,
ie, (IMi]l/[Mz])copolymer» While the ratio [M;]/[M,] on the right hand side of the
equation relates to the feed monomer ratio, i.e. molar ratio of the two monomers
in the feed monomer mixture, ([M;]/[M;])feeq- Expressing the ratio of the rate
constants by the parameters r; and r, as shown below:
ki, ks,

—= =1, and —= =r (4.12)
ki, ! ks, ?

one may readily express Eq. (4.11) as

n (%) +1
— ([Ml]) . [ 2] feed (413)
feed

[m _
[M] “+UMJJ
[M2 ] feed

[M2 ] j copolymer
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Equation (4.13) is known as the copolymer composition equation or simply the
copolymer equation relating the copolymer composition and feed monomer
composition with the help of the kinetic parameters r; and r,, commonly called the
monomer reactivity ratios. Equation (4.13) clearly expresses that the copolymer
composition is dependent on the molar ratio of the two monomers in the feed (but
not actually on the absolute concentrations of the two monomers) and on the kinetic
parameters r; and r,, i.e. the monomer reactivity ratios. The copolymer equation
may also be expressed as:

([Mll
[M,]

_ M, ] _ 1 [M;]+[M,]
M,]  n[M,]+[M]

) (4.14)
copolymer

where [M;] and [M,] on the right hand side stand for molar concentrations of
monomer M; and M, in the reactant or feed monomer mixture.

The copolymer equation may also be alternatively expressed using copolymer and
monomer compositions as mole fractions instead of mole ratios. If F; and F, are the
mole fractions of the monomer segments M; and M, respectively in the copolymer
formed (F; = 1 - F,) and if f; and f, are the mole fractions of the monomers M; and
M, in the reactant monomer mixture (f; = 1 — f,) then one obtains from Eq. (4.11)
or (4.13) the following useful expression:

_ (nWfE+hh) (4.15)
(7’1f12 +2fi f> +”2f22)

1

4.2.3 Significance of Monomer Reactivity Ratios

Examination of one or the other forms of copolymer equation clearly shows that
with a knowledge of the feed monomer composition, the copolymer composition
may be easily calculated if the monomer reactivity ratios r; and r, are known. The
value of r; > 1 means that the chain radical Mj has a preference to add the like
monomer, i.e. M; over the unlike monomer, M,, and r; value < 1 means just the
opposite. The same concept applies to r,, which gives relative preference of chain
radical Mj to add the like monomer (M,) over the unlike monomer (M,).

The absence of the initiation and termination rate constants in the copolymer
composition equation, makes it readily apparent that the (instantaneous) copolymer
composition is independent of rate of initiation and hence of the overall rate of
polymerization and of initiator concentration. The composition is also not
measurably affected in most cases due to the presence of solvents or other additives,
indicating that the kinetic factors controlling the copolymer composition, i.e. the
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monomer reactivity ratios r; and r,, remain unaffected by variations in initiator
concentration, the overall rate of reaction and by the presence of various additives
and solvents. They also usually remain unaffected even in heterogeneous systems as
long as the reacting monomers are evenly distributed between the phases. However,
the composition of copolymer would vary for differential distribution of monomers
between phases.'” The values of r; and r, also change significantly for a drastic
change in the mechanism of chain propagation from free radical to ionic, and even
for ionic mechanism, from cationic to anionic mode of chain propagation.3 The
copolymer equation has been found applicable to almost all comonomer combina-
tions and equally applicable and relevant to radical, cationic and anionic systems,
despite wide variations in r; and r, values depending on the mode of chain propaga-
tion. In radical copolymerization, the effect of temperature on monomer reactivity
ratios is small or marginal in view of relatively low activation energies of radical
propagation reactions and small differences in activation energies of different
propagation reactions.

D 4.3 Types of Copolymerization
4.3.1 Ideal Copolymerization

It is the widespread observation and experience that the mole fraction F, is seldom
equal to f; and as a consequence of this feature, both f; and F; keep on changing
with progress of copolymerization. The copolymer produced over a specified time
period or range of conversion will consist of a mixture of copolymer molecules
differing progressively in their compositions (F,).

A copolymerization is said to be ideal when each of the two radicals exhibits the
same preference to add one of the monomers over the other, i.e.

kl,l/ k1,2 = kz,l/ kz,z
or rr, =1 (4.16)

Equation (4.14) then reduces to:

([Mll) - (%) (4.17)
[MZ] copolymer [M2] feed

and Eq. (4.15) takes the form:

Fy=nrfi/(rnfi + 1) (4.18)
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In Fig. 4.1, plots of F; vs f; for several cases of ideal copolymerization are shown
and the values of r(= 1/r,) for each curve are given. For r; = 1, the composition
curve reduces to a straight line given by the diagonal and representing a special case
in which r; = r, =1 and hence F; = f;. For r; =1, = 1, ky; = ky, and k,, = ky; or in
other words, the two monomers are equally reactive with each radical and the
copolymer composition, arising out of a random placement of the two monomers
along the chain molecule, is equal to the feed monomer composition over the full
range of monomer composition. In case of r; or r, # 1, i.e. for r;, > 1 and r, < 1, or
r; < 1 and r, > 1, one of the reacting monomers is more reactive than the other
toward the two propagating species, and consequently, the copolymer formed will
incorporate randomly a higher proportion of the more reactive monomer in its chain
structure. The copolymer is proportionately richer in M; in comparison with the
feed monomer mixture for r; > 1, and just the opposite composition characteristics
would result for r, > 1, ie., for r; < 1. With large differences in the reactivities of
the two monomers, (i.e., in the r; and r, values) the formation of copolymer
sequences becomes progressively difficult as a consequence of very fast depletion of
the more reactive monomer from the monomer mixture. Thus, for r; = 0.1 and r, =
10, giving rr, = 1.0 copolymers incorporating good amounts of M, in its structure
is difficult to obtain.

Copolymer composition (F;)

0
0 0.2 0.4 0.6 0.8 1.0
Monomer feed composition (f;)

Fig.4.1 Plot of instantaneous copolymer composition (mole fraction F,)
as a function of monomer feed composition (mole fraction f,) for
indicated values of r, for ideal copolymerization giving rir, = 1;
values of r; shown



The McGraw-Hill companies ‘.

150 Polymer Science and Technology

4.3.2 Alternating Copolymerization

The other typical case of copolymerization of widespread practical relevance is
given by rr, < 1. In radical copolymerization, one would seldom experience an
instance for which r;r, > 1. Although, one finds limited instances of copolymerization
approaching ideal behaviour (r#, = 1), the product of the reactivity ratios, i.e. rir,
is less than unity in most cases.

At one extreme, a real case of radical copolymerization may be such as to give
very small or even negligible values for r; and r,, which, in other words, means that
the system is characterized by very low or negligible values of k; ; and k,,. The shift
in the value of the r;r, product from unity to very close to zero leads to higher
trends toward alternation, i.e. alternate sequence of the two monomer units in the
copolymer structure. The alternation is perfect for both r; and r, being equal to zero,
where homopropagation is strictly prohibited and chain growth takes place only by
cross propagation. In this limiting case, the copolymerization equation reduces to:

(% -1 or F =05 (4.19)

[M 2 ] jcopolymer

The copolymer then assumes a 1 : 1 alternating structure as
—M,—M,—M;—M,—M,—M,—M,—M,— (4.20)

shown in chain sequence (4.20) irrespective of the feed monomer composition.
Copolymerization of stilbene (C;H;—CH = CH—CHs) or of allyl acetate with maleic
anhydride may be cited as examples closely resembling the case of alternation in
copolymerization.*” Almost a perfect brand of alternation is shown by copolymers
of sulphur dioxide and certain olefins, cycloolefins or vinyl compounds; they are
commonly known as polysulphones and are obtained by radical polymerization of
the respective monomer in liquid sulphur dioxide.® The alternation is thought to
arise as a consequence of self-polymerization of the 1 : 1 complex formed in situ
between the olefin or related monomer (donor) and sulphur dioxide (acceptor), (See
also Eq. (4.31) in Sec. 4.7.4).

4.3.3 Azeotropic Copolymerization

Some theoretical curves showing copolymer compositions (F;) for various feed
monomer compositions (f;) corresponding to different r; and r, values, where rir, <
1 (and also for some hypothetical cases given by r;r, > 1), are shown in Fig. 4.2. It
may be seen that for both r; and r, < 1 (or > 1), the curves intersect the diagonal,
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i.e. the line representing F; = f;. The point of intersection for a given system
corresponds to a condition in which polymerization proceeds without change in
composition and the composition of the polymer being formed is just the same as
that of the monomer mixture at that point. Copolymerization of these critical
mixtures of monomers is commonly known as azeotropic copolymerization. The
critical monomer composition is then given by:

[Ml] — 1- 0] 4.21
([MQ])feed 1-n @20
1-
or, (fe = ﬁ (4.22)

The calculated value of (f;). is obtained within the premissible range of 0 < (f}), <
1 only when both r; and r, are less than unity (representing the real azeotropic
systems) or greater than unity (representing hypothetical systems). No critical
composition exists for r; > 1 and r, < 1 or vice versa (Fig. 4.2).

1.0 T T T T
7,
7,
7
08 | s /|
7/
Vs
Z
— 7 pas
- 0.5/0.0 7
R
Q
N 4N
04 &S 3 .
Q S 7
o
20
0.2 - G .
Q- %
4 Qb\
0 | | | |
0 0.2 0.4 0.6 0.8 1.0
fi

Fig.4.2 Plot of instantaneous copolymer composition (inole fraction F,)
as a function of monomer feed composition (imole fraction f,) for
indicated values of r,/r,. The broken line or the diagonal is for F;
= f, corresponding to rir, = 1
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D 4.4 Average Copolymer Composition

The average composition of a binary copolymer obtained by polymerization of the
two monomers M; and M, together over a finite range of conversion is conveniently
calculated following the method and approach of Skeist.” If [M] is the total or
overall moles of the two monomers in the initial mixture, then [M] = [M;] + [M,],
and initially [M;] is f;[M]. For d[M] moles of monomers converted to polymer, the
number of moles of M; polymerized is F;d[M]. As during the process f; changes by
df;, and considering F; > f,, i.e., the copolymer formed is richer in M; than the feed
monomer mixture, the unreacted monomer mixture will contain (f; — df;) ([M] -
d[M]) moles of monomer M;. The moles of M; going into the copolymer structure
being equal to the difference in the moles of M, in the monomer mixture before and
after the reaction, one readily obtains

AIM] = (f; = dfy) (IM] - d[M]) = F,d[M] (4.23)
On simplification (neglecting the very small term df,d[M]), Eq. (4.23) reduces to:
dIM1/IM] = df,/(F, - f,) (4.24)

The integral form of Eq. (4.24) from initial feed composition (f;), to the value f; is
given by:

M

[ apr/ivy = i avi/il = [° s/ - £ (4.25)

Mlo (D)o
calculation of F; as a function of f; may be readily done with the help of Eq. (4.15)
for a given set of values of r; and r,. A knowledge of (F; — f;) then permits graphical
integration of Eq. (4.25) to give the required degree of conversion {([M], - [M])/
[M],} where [M], is the initial value of [M], for a change in the feed composition
from (f;), to f;. By successive application of this method for different values of f; a
relationship between f; and degree of conversion may be obtained. The integral
composition of the cumulative mass of copolymer formed during a given conversion
stage is readily calculated from the shift in the value of f; over the corresponding
time span. This allows graphical expression of the instantaneous composition of the
copolymer as a function of conversion.

Figure 4.3 shows how the average composition of the copolymer changes with
degree of conversion'” for the styrene (M,)-methyl methacrylate (M,) system for a
case specified by (f;), = 0.80 and (f,); = 0.20 and r; = 0.53 and r, = 0.46. The
instantaneous value of F is seen to follow f to unity (for M,) or to zero (for M,),
but the average copolymer composition is seen to change marginally in comparison,
becoming slightly but progressively richer in styrene with conversion.
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06 Average M, in copolymer |

Mole fraction
|

oE Average M, in copolymer 1

0 0.2 0.4 0.6 0.8 1.0
Degree of conversion

Fig.4.3 Plot of copolymer and monomer feed composition as a function
of conversion™ for styrene (M)-methyl methacrylene (M), sys-
tem with (f;)y = 0.80 and (f,), = 0.20 and r; = 0.53 and r, = 0.46
(Meyer and Chan, 1967)

For laboratory experiments, copolymerizations done to low conversions (within
5%) are better understood with the help of Eq. (4.15), in view of f and F values as
well as the average copolymer composition remaining practically unchanged over
the limiting conversion zone. But this is impractical for an industrial process where
replacement or replenishment of the depleting monomer at regular intervals is
usually practised to minimize or eliminate variations in the monomer composition.
For styrene-methyl methacrylate system, the reactivity ratios are quite close; so, it
gives rise to rather limited variations in the average copolymer composition. But
even such systems are also subject to the question as to just how much variation in
the average composition can be tolerated without detrimental effects on the useful
or desirable properties of the copolymer product. The replenishment of the
depleting monomer (i.e. the more reactive monomer) often through continuous
addition is usually worth the added cost that it entails.

D 4.5 Determination of Monomer Reactivity Ratios

For experimental evaluation of the monomer reactivity ratios, r; and r,, copoly-
merization of the two monomers M; and M, at a number of feed compositions are
done to low conversions, usually within 5%; the copolymers formed are then
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isolated, purified usually by repeated precipitation and finally analyzed for their
compositions employing elemental analysis, determination of reactive groups, tracer
(radioactive) technique, spectroscopic methods, etc. The feed and copolymer
composition data may then be treated according to the following approaches for
evaluation of r; and r,.

(i) Trial and error or curve-fitting method The method utilizes the experimental data
on theoretical curves (F; vs f;) to find which theoretical curve gives the best fit on
trial selection of r; and r, values. This turns out to be a poor and tedious approach
and precise determination of r; and r, is often difficult in view of insensitiveness of
the composition curve to small changes of r; and r,.

(if) Method of intersection For this method Eq. (4.13) is rearranged to express r, in
terms of r; by the linear relationship given by Eq. (4.26):

y, = [[Ml]j . ([Mﬂ) J14n [[Ml]j -1 (4.26)
[MZ] feed [MZ] copolymer [MZ] feed

Plot of calculated values of r, for assumed values of r; or vice versa for each
experiment with a given feed composition gives a straight line. Theoretically,
different linear plots for different experiments would intersect at a common point
to allow evaluation of the r; and r, values for the given monomer pair from the
intersection point, Fig. 4.4. In case there are experimental errors, the lines may not

rp ——

Fig.4.4 Nature of plots, r; vs r, for evaluation of monomer reactivity
ratios (method of intersection)
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intersect at a single point and in that event the actual r; and r, values are obtained
by averaging or from the central point of the contour given by the different points
of intersection.

(iii) The Method of Fineman and Ross™ This method allows a straightforward analysis
of the copolymerization data. Equation (4.15) is rearranged to the linear form, Eq.
(4.27) where the mole fraction f, is replaced by (1 - f)):

f(1-2F) fi(F-1)
Fa-f) - - {—Fl(l—fl)z} 2 (4.27)

With known values of f; and corresponding F, values determined by experimental
analysis, left hand side of Eq. (4.27) when plotted against the coefficient of r; would
yield a linear plot and the r; and r, values for the monomer pair would be given
by the slope and intercept of the plot, respectively.

(iv) The method of limiting feed composition’'? Success of this method depends on

finding very sensitive method of analysis of composition of copolymer prepared
under conditions of very low values of ([M;]/[M,])feq such that the feed ratio
progressively approaches zero. Equation (4.13) or its alternative form, Eq. (4.26),
would then reduce to a more simple form given by Eq. (4.28). Likewise, the ratio
given by feed composition ([M,]/[M;])teeq

Lt([Mll) =0, (M] = ok . ([Mllj (4.28)
[MZ] feed [M2] copolymer $ [MZ] feed

to copolymer composition ([M]/[M;])copolymer May be equated to ry for [M,] — 0.
Plot of the left hand side of Eq. (4.28) against the feed ratio, ([M;]/[M;])feq yields
a straight line passing through the origin and r, is calculated from the slope of the
linear plot. Calculation of r; then readily follows from a knowledge of r,.

Monomer reactivity ratio of some selected binary copolymerization systems are
listed in Table 4.1.

D 4.6 Rate of Copolymerization

For treatment of copolymer composition, it was sufficient to consider the four
propagation reactions or the two relative propagation rate constants, i.e. the
monomer reactivity ratios, r; and r, for a binary system. Evaluation of overall rate
of copolymerization requires consideration of the rates of initiation (R;) and
termination (R,) at the same time. Primary radicals released into the monomer
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= Table 4.1 Monomer reactivity ratios” for some binary copolymerization
induced by free radical mechanism

M; M, T°, C 14 T,
Acrylic acid Acrylonitrile 50 1.15 0.35
Styrene 60 0.25 0.15
Vinyl acetate 70 2 0.1
Acrylonitrile 1,3-Butadiene 40 0.02 0.3
Methyl acrylate 50 1.5 0.84
Methyl methacrylate 80 0.15 1.22
Styrene 60 0.04 0.40
Vinyl acetate 50 4.2 0.05
Methacrylic acid Styrene 60 0.7 0.15
Vinyl acetate 70 20 0.01
2-Vinyl pyridine 70 0.58 1.55
Methyl Styrene 60 0.46 0.52
methacrylate Vinyl acetate 60 20 0.015
Vinyl chloride 68 10 0.1
Vinylidene chloride 60 2.53 0.24
Styrene Isoprene 50 0.8 1.68
Maleic anhydride 50 0.04 0.015
Vinyl acetate 60 55 0.01
2-Vinyl pyridine 60 0.55 1.14

mixture through initiator decomposition react with each monomer with nearly the
same ease and efficiency so that consideration of two separate types of initiation is
not necessary. Three types of termination must be considered assuming bimolecular
mechanism involving all possible pairs of radical types, as has already been
mentioned in Sec. 4.2.1. Under steady state condition of all the chain radicals, R;
being equal to R, one may write:

R; = 2k, [M;]* + 2k, [M;l[M3] + 2k, [M3]? (4.29)

11 1,2 2,2
where kt1 ) and kt22 are termination rate constants involving pairs of like radicals and
ki, is the rate constant for cross-termination. The overall rate of propagation, R, is

expressed as:

R, =

i (d[Mll . d[le)
dt dt

kl,l[Mi][Mﬂ + kz,l[Mil[Mﬂ + kl,z[Mi][le + kz,z[Mil[le (4.30)
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Eliminating radical concentrations from Eq. (4.30) by taking help of Eqs (4.8) and
(4.29) and using the concept of r; and r, one may express R, as

— (n [M1]2 + 2[M1 ] [MZ] +1, [M2 ]2) Ril/z
R, = {2 82 M, 1 +2¢1,1,6,8, M, 1[M, ] + r283[M, A} 2 (4.30a)

h 51 2kt1 1 " 52 Zktz 2 "
where = - , = -
ki k3

and

t1,2

k
= —Z(k kt“)l/z

ty,q

o

The & values simply represent the reciprocals of the well-known kinetic parameter
k,/ (2k)"? for homopolymerization of the individual monomers and ¢ represents the
ratio of half the cross-termination rate constant to the geometric mean of the
termination rate constants for like radicals; ¢ > 1 indicates that cross-termination is
favoured and ¢ < 1 means just the opposite. The factor 1/2 appearing in the ratio
indicates that termination involving pairs of unlike radicals is statistically favoured
by a factor of two compared with termination involving pairs of like radicals.

The values of 8, and §, can be conveniently obtained from the studies of rates
of homopolymerization of M; and M, using the general relation (—d In[M]/dt
= Rli/ 2/8). The monomer reactivity ratios r; and r, are readily determined from
studies of copolymer composition. A measurement of rate of copolymerization, then,
allows calculation of ¢ using Eq. (4.30a). A falling trend in the rate of
copolymerization as compared to the mean of the rates of homopolymerization of
the two monomers used follows as a consequence of the usual preference for cross-
termination in copolymerization. Figure 4.5 shows how rate of copolymerization
varied with feed monomer composition for a binary monomer system involving
styrene and methyl methacrylate for (a) ¢ = 1, showing the theoretical curve and (b)
¢ = 13, showing the experimental points and the theoretical curve.'* The widespread
experience is that the experimental rates of copolymerization fall below the ¢ = 1
line," =¥ indicating that ¢ is usually > 1 and that the cross-termination rate exceeds
the geometric mean for rate of termination involving like radicals.
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Fig. 4.5 The rate of copolymerization of styrene and methyl methacrylate
at 60°C in presence of azobisisobutyronitrile as a function of
mole fraction of styrene.'* (Walling, 1949; Courtesy, American
Chemical Society, Washington)

D 4.7 Structure and Reactivity of Monomers and Radicals

Nature and number of substituents and the site of the substituents in case the
unsaturated (olefinic) monomer bears more than one substituent on the unsaturation
have decisive roles to play in determining the reactivity or stability of a specific
monomer and the corresponding radical. The substituents influence or modify
reactivity or stability by three basic approaches: (i) by activating or deactivating the
7 bond and thus rendering the monomer less stable and hence more reactive or vice
versa, (ii) by imparting enhanced or reduced stability to the derived radical
depending on better or limited prospects for resonance, and (iii) by providing
different degrees of steric hindrance at the reaction site.

4.7.1 Structure and Reactivity of Monomers

A relative order of reactivities of a series of monomers (M,) is conveniently obtained
by comparing the reciprocal monomer reactivity ratio (1/r; = k; ,/k; 1) for each of the
monomers in the given series with a specific chain radical, Mj. If the rate constant
for the reaction of the reference radical with its own monomer is taken as unity,
relative monomer reactivities can be readily examined and compared. Related data
for a few monomer-radical combinations are listed in Table 4.2. Thus, the first
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column under polymer radical of Table 4.2 compares reactivities of different
monomers toward a chain radical having styrene unit as the radical bearing terminal
unit, the second column gives a comparative idea of the reactivities of different
monomers toward butadiene chain radical and so on. In view of different basis
taken for each radical, values for different radicals given in different columns cannot
be compared. The order of monomer reactivities is roughly parallel for all radicals,
with some exceptions, here and there. The general order of enhancement of
reactivity of a monomer by a substituent toward radical attack is as follows:

—C¢H;, —CH = CH, > —COR, —CN > —COOH, —COOR
> —Cl > —OCOR > —OR

= Table 4.2 Relative reactivities of monomers with different polymer radicals™ at

60°C
Monomer Polymer Radical
Styrene  Butadiene Methyl Acryloni- Vinyl Vinyl
methacry- trile chloride acetate
late
Styrene (1.0) 0.4 2.2 25 50 100
Butadiene 1.7 (1.0) 4.0 50 29 —
Acrylonitrile 2.5 3.3 0.82 (1.0) 25 20
Methyl methacrylate 1.9 1.3 (1.0) 6.7 10 67
Vinyl chloride 0.059 0.11 0.10 0.37 (1.0) 44
Vinyl acetate 0.019 - 0.05 0.24 0.59 (1.0)

4.7.2 Resonance Stabilization

The relative order of monomer reactivities toward a radical generally corresponds
to the relative resonance stabilization of the radical formed on addition of the
monomer. The more reactive monomer generally yields a radical of higher stability
through resonance. A second substituent on the same carbon atom usually leads to
an additive effect on the monomer reactivity or on the resonance stabilization of the
corresponding radical.

Comparison of reactivities of different radicals toward the same monomer is
conveniently done by making use of the absolute propagation rate constant, k; ; and
the reactivity ratio r;. Division of k;; by r; gives an indirect measure of the rate
constant k;, for reaction between radical Mj and monomer M,. Absolute
(propagation) rate constants for several radicals with each of the respective
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monomers are listed in Table 4.3. It is clearly seen that the reactivity of the radicals
is in the reverse order of that for the monomers. Among the vinyl monomers
shown, styrene is the most and vinyl acetate is the least reactive, while styrene
radical is the least and vinyl acetate radical the most reactive. The styrene radical
owes a high order of stability due to the possible existence of three quinonoid
resonance structures, and as

MX—CHZ—ﬁH MX—CHz—ﬁH MX—CHZ—(ﬁH
Do Oe U

= Table 4.3 Rate constants™ for radical-monomer reactions at 60°C (1 mol™ s™7)

Monomer Radical
Butadiene  Styrene Methyl Acryloni-  Methyl Vinyl
methacrylate trile acrylate acetate
Butadiene 100 250 2,820 98,000 42,000 —
Styrene 74 145 1,550 49,000 14,000  2,30,000
Methyl methacrylate 134 276 705 13,000 4,100 1,50,000
Acrylonitrile 330 435 578 2,000 2,500 46,000
Methyl acrylate 132 205 370 1,300 2,100 23,000
Vinyl acetate — 2.6 35 230 520 2,300

a consequence, the radical stability corresponds to a resonance energy of nearly 20
kcal/mol. In comparison, substituents having no unsaturation in conjugation with
the ethylenic or vinylic double bond, such as —Cl or —OR, produce radicals of
resonance energy as low as 1-4 kcal/mol, as because only polar or nonbonded forms
contribute to resonance.'®

H H

MX—CH2—C/:(—) and Mx—CHz—C/
\ \
ClI'(+) O R

The substituents also tend to stabilize the monomer, but the degree of
stabilization is much smaller for the monomer than for the radical. The resonance
stabilization due to conjugation amounts to only about 3 kcal/mol for styrene and
butadiene as against a resonance stabilization to the tune of about 20 kcal/mol for
the corresponding radicals.
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4.7.3 Radical Reactivity and Steric Effects

The reactivities of different radicals toward a given monomer and vice versa can be
judged and appreciated from a comparison of the respective reaction rate constants
listed in Table 4.3. Quite expectedly, a substituent rendering the monomer more
stable confers on the corresponding radical higher reactivity and vice versa. A
substituent’s role in enhancing the reactivity of a radical is much greater than its
effective role in depressing the reactivity of the monomer. Thus, the vinyl acetate
radical is apparently 500-1500 times more reactive than the styrene radical toward
a given monomer, but the styrene monomer is only about 50-100 times more reactive
than the vinyl acetate monomer. If R* and R} represent an unstabilized and a
stabilized radical and M and M, represent an unstabilized and a resonance-stabilized
monomer, then the radical monomer reactivity follows the order:

R +M) >R +M) >R + M) >R, + M)

Substituents are also known to influence the radical monomer reaction rate
constants from the viewpoint of steric hindrance. This can be well appreciated by
considering some of the related rate constant data for monomers such as vinyl
chloride (monochloroethylene), vinylidene chloride (1,1-dichloroethylene), 1,2-
dichloroethylene and polychloroethylenes, given in Table 4.4. The effect of a second
substituent on the monomer reactivity produces roughly an additive or reinforcing
effect for the 1,1-disubstituted monomer, but in the case of a 1,2-disubstituted
monomer, there is a significant decrease in reactivity principally due to steric
hindrance.

= Table 4.4 Rate constants k;, for some radical-monomer reaction at 60°C showing
steric effect of substituents in copolymerization (1 mol™ s™)

Monomer (M,) Radical (M3)

Vinyl acetate Styrene
Vinyl chloride 43,000 10.35
Vinylidene chloride 1,00,000 (68°C) 95.14
cis-1,2-Dichloroethylene 1,580 0.83
trans-1,2-Dichloroethylene 9,900 4.75
Trichloroethylene 15,200 11.0
Tetrachloroethylene 1,470 0.95

ki (= ki1/1,) values were calculated using k; ; i.e. k, value for vinly acetate! as about 10,000

and for styrene® as 176 and the respective r; values from the literature."
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Among the two 1,2-dichloroethylenes, the cis-isomer is much less reactive than
the trans-isomer toward reaction with a given radical in copolymerization because
the cis-isomer is less stable and also because the cis-isomer is unable to achieve a
completely coplanar conformation in the transition state during reaction with a
radical, thus impairing resonance stabilization of the derived radical by the
substituent.”!

The lower reactivity of tetrachloroethylene in comparison with that of
trichloroethylene is analogous to the difference in reactivities between vinyl chloride
and 1,2-dichloroethylene. Trichloroethylene is more reactive than 1,2-dichloroethylene
but is less reactive than the 1,1-dichloro derivative, i.e. vinylidene chloride.

4.7.4 Polar Effects and Alternation

Examination of Tables 4.2 and 4.3 reveals that the reactivities of a given monomer
to different radicals or of a given radical to different monomers do not exactly
follow the same order for different reference monomers or for different reference
radicals respectively. Monomer and radical reactivities are interdependent.
Deviation of the product r-r, from unity and its closeness to zero is taken as a
measure of alternating tendency and this enables one to tabulate monomers in order
of their r;r, values with other monomers, as shown in Table 4.5 in a diagonal

= Table4.5 Product of reactivity ratios, r;r, in radical chain copolymerization™ for
monomer pairs arranged in order of increasing alternating tendency by
placing them farther apart

Vinyl acetate

— Butadiene
0.55 0.98 Styrene
0.39 0.31 0.34 Vinyl
chloride
0.30 0.19 0.24 1.0 Methyl
methacrylate
0.6 0.1 0.16 0.96 0.61 Vinylidene
chloride
0.35 — 0.10 0.83 — 0.99 Methyl vinyl
ketone
0.21 0.0006  0.016 0.11 0.18 0.34 1.1 Acrylo
nitrile
0.0049 — 0.021 0.056 — 0.55 — — Diethyl

fumarate
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manner such that further apart the two monomers are the greater in their tendency
to alternate. Monomers with electron releasing type of substituents are placed at the
top and those with electron withdrawing substituents at the bottom part of the
table. Thus, a specific nature of radical-monomer reaction manifested through
alternation is favourably achieved for monomer pairs with dissimilar polarization
properties of the substituents.

Thus, acrylonitrile copolymerizes randomly (ideal copolymerization) with methyl
vinyl ketone (r7, = 1.1) while it undergoes alternating copolymerization with alkyl
vinyl ethers (r;7, = 0.0004) or butadiene (r;#, = 0.0006). Monomers which do not
homopolymerize will readily copolymerize with strict regularity of alternation, as
exemplified by the copolymerization of stilbene (electron donor) and maleic
anhydride (electron acceptor). Such copolymerization stands as a fine illustration of
polar effect and alternation.

Alternating or 1 : 1 copolymer may also result more as a consequence of 1 : 1
donor-acceptor complex formation between electron-donor and electron-acceptor
monomers and homopolymerization of the complex by a head to tail mechanism
than due to the alternate addition of the donor and acceptor monomers to the
propagating radical. Catalyzed or spontaneous polymerization of suitable olefins or
cycloolefins (donor) in liquid sulphur dioxide (acceptor) to produce 1 : 1 olefin/
cycloolefin—sulphur dioxide copolymers is believed to proceed via initial 1 : 1 donor—
acceptor complexation and homopolymerization of the complex in the subsequent
step 5223

| N,/ o
nC=C+nS0, n/c%c—»— —C—C—S—|—
||

n

D 4.8 The Q-e Scheme

In an attempt to correlate structure and reactivity of radical-monomer systems,
various approaches have been developed and tried, including the Hammett o—p
approach, with fair degree of success. The Q—e scheme of Alfrey and Price
developed for this correlation is of more general applicability. According to this
scheme, the rate constant k;, for copolymerization involving reaction between
radical Mj and monomer M, is written as

ki, = P1Q; exp (= e1e;) (4.32)
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where P; and Q, relate to the general reactivities and e; and e, give measures of the
polarities of the radical M | and monomer M, respectively. Resonance effects in the
radical and the monomer are defined and expressed by the P and Q terms and
assuming that the same e value applies to both monomers, M and its radical, M* one

can write?*:

ki, = P1Q; exp (- e%) (4.33)
kyp = PoQ, exp (- ¢3) (4.34)
kyq1 = PQp exp (- exe) (4.35)
1 = (Q1/Qy) exp [~ ey(e; — )] (4.36)
1, = (Qy/Qq) exp [- ey(e; — ey)] (4.37)
1r, = exp [- (e, — ep?)] (4.38)

Thus the Q—e scheme correlates monomer-radical reactivities using the parameters
Q1, Q,, €; and e,. Reactivity ratios for copolymerization of any pair of monomers can
be computed by assigning appropriate Q and e values to each set of monomers.
However, because of its semiempirical approach and the associated uncertainties in
the assignments of Q and e values, the Q—e¢ scheme is subject to much criticism on
theoretical grounds. The assumption that the same e value applies to both the
monomer and the radical derived from it is made without much justification.
Moreover, the concept that alternation in copolymerization is electrostatic in origin
is not largely supported by experiments, as the alternating effect does not generally
depend on the reaction medium. Thus, the electrostatic basis or polarity concept
behind the Q—e¢ scheme and the equations based on the scheme should be judged
and used with all these limitations in view. Despite all criticisms, the Q—e scheme
has proved quite useful as a basis for correlating a wide expanse of otherwise
incoherent kinetic data (ry, r,, k;, and ry1,) relating to radical monomer reactions in
a satisfactory and even splendid manner. The Q—e scheme may be considered to be
an effective transcription to equation form of the reactivity and polarity series of
Tables 4.2 and 4.5. The scheme has also been conveniently employed for correlation
of data relating to chain transfer involving a transfer agent and a radical.”>?°

In conclusion it may be said that irrespective of the approach or basis of analysis
and interpretation adopted, the reactivity of a monomer in copolymerization
depends primarily on two factors: (i) The first factor relates to the intrinsic
behaviour of the monomer (resonance factor). The order of reactivity of the
monomer is determined most significantly by its capacity for resonance stabilization
in the transition state. (ii) The second factor is, however, connected with the specific
interaction between a monomer-radical pair (polar effect). The second factor
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modifies the first in a manner that depends roughly on the degree of dissimilarity
in the polarization of the two reacting species—the higher the dissimilarity, the
more favourable the reaction.

D 4.9 Technical Significance of Copolymerization

The modification of a polymer by introducing a second monomer during the
polymerization process has long been used to alter its physical properties and
sometimes to achieve improved processing characteristics. Incorporation of a second
monomer structure as repeating units in the polymer, i.e. the copolymer molecules,
reduces overall molecular symmetry leading to lowering (or loss) of degree of
crystallinity and of softening temperature. Copolymerization is therefore, considered
as a case of internal plasticization. The modification of poly(vinyl chloride) (PVC)
by taking small proportions of vinyl acetate (VA) monomer with vinyl chloride (VC)
during polymerization to make more flexible and soluble resins of easier process-
ability is well known. Similarly, straight polybutadiene has many technical
disadvantages arising from its poor tack and difficult processability. But
copolymerization of butadiene with styrene, acrylonitrile and other monomers has
led to many technically important resinous and rubbery products. There is
practically unlimited scope for variation in polymer structure and polymer
properties through copolymerization. In fact, the number of technically important
copolymers far surpasses that of important homopolymers. Besides the synthesis of
copolymers having random or alternate sequences of monomeric units which have
so far been considered and discussed, it is also possible to recognize and synthesize
copolymers having two other different kinds of sequences, and they are commonly
known as block and graft copolymers.

D 410 Block and Graft Copolymers

The probability of finding long sequences of one monomer in an ordinary random
copolymer is very remote except in the trivial case where one monomer is present
in a large excess. Methods of synthesis of polymer containing such long sequences
of specific monomer units are of great interest, since they often lead to polymers
with properties widely different from those of the two homopolymers or the
corresponding random copolymers or their blends. Polymers with long sequences of
two monomers can have two distinctive arrangements of chains:
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(i) “Block copolymers”—where the sequences follow one another along the polymer
chain axis:

~—~ AAABBB ~——BBBAAA ~—~AAABBB —
(ii) “Graft copolymer”—where long or short sequences of one monomer appear as

grafted or pendent chains linked to a “backbone” of long sequences of another
monomer:

~—~AAA —~——~AAA ~—AAA —

b

B B B
B B B
B B B

b

The ultimate aim in preparing a graft or block copolymer is to obtain the desired
copolymer free from homopolymers as far as practicable. Although the copolymer
structures resulting from the graft and block copolymerization processes are quite
different, the former being a chain-branching process and the latter a chain extension
process, both may be considered as a chain modification process differing only in
direction. They are usually prepared by polymerizing a second monomer in presence
of the preformed polymer of a different kind of monomer, and the process generally
depends on the presence of labile sites particularly sensitive to radical attacks at
different points along the chain axis or at chain ends of the reactant macromolecule.
Reactive groups, according to their presence as end groups or as side groups along
the chain may also lead to formation of block or graft copolymers by appropriate
design of the overall process. Polymer—polymer reaction through selected functional
groups present or incorporated on them may also lead to block or graft copolymer
structure.

Studies of block copolymers are very much limited in comparison with those of
graft copolymers because formation of block copolymers solely depends on the
presence of reactive groups or labile atoms at chain ends of linear polymers. The
physical properties of high polymers containing blocks of two or more repeat units
with two, three or many blocks in a chain have not been studied and examined
extensively, even though modification of polymers to block copolymer structures is
being used commercially. A commercial product commonly known as “thermoplastic
elastomer” is a triblock copolymer containing a middle block of polybutadiene or
polyisoprene linked in a linear fashion to two end blocks of polystyrene and is
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prepared by anionic polymerization. Formation of polyurethane rubbers by chain
extensions of different polyesters or polyethers as depicted by Eq. (4.2) also involves
an approach to block copolymerization.

Graft copolymerization usually involves polymerization of a monomer onto a
different polymer backbone; the various reactions associated with polymerization
processes can be utilized for the synthesis of graft copolymers. Most graft
copolymers are formed by free radical polymerization, and often the major
activation involves chain transfer. The reaction shown involves generation of a
radical site on the preformed polymer by a chain-transfer mechanism and then
growth of a new polymer structure from that new radical site:

X X
| |

~—CH, — C~— + R* - ~—~CH,—C ~— + RH
|
H

Monomer
A

CH, — C~— (4.39)

> > — 0 — X

(Graft Copolymer)

D 4.11 Techniques of Polymerization

For laboratory and industrial purposes, polymerization is practised by a variety of
approaches and techniques that require different design considerations with respect
to recipe of polymerization and with respect to physical conditions for the process
and process equipment. Generally, polymerizations are studied and practised by
four different techniques:

Bulk or Mass Polymerization
Solution Polymerization
Suspension Polymerization and

=W N e

Emulsion Polymerization
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Of the four techniques, the last two are essentially heterogeneous polymerization
systems containing a large proportion of a non-solvent, usually water, acting as a
dispersion medium for the immiscible liquid monomer. Bulk and solution
polymerization may be either homogeneous all the way or homogeneous to begin
with, but becoming heterogeneous with progress of polymerization due to the
polymer formed being insoluble in its monomer (for bulk polymerization) or in the
solvent used to dilute the monomer (for solution polymerization). Polymerization of
monomers used in the gaseous phase, to begin with, also usually ends up in a
heterogeneous system. Most condensation polymerizations are conveniently done
by employing bulk or the solution techniques.

4.11.1 Bulk Polymerization

Polymerization in bulk, i.e. of undiluted monomer is apparently the most obvious
if not the most simple method or technique of polymer synthesis. In terms of
polymerization recipe, this obviously provides the most simple system, requiring
the use of a very low concentration of an initiator as the only additive in the
monomer and that again decomposes and reaches almost a vanishing concentration
at the end of the polymerization process. For uncatalyzed vinyl polymerization
(using no catalyst or initiator) done thermally, photochemically or otherwise, the
polymer produced would be the most pure, free from any (additive) contaminants
except probably traces of unreacted monomer.

Vinyl polymerizations are highly exothermic. Again, to obtain polymer at
convenient rates, temperature in the range 80-200°C is needed. For dissipation of
the heat liberated with progress of polymerization, continuous stirring of the
monomer—polymer mixture is essential. But the stirring process and heat dissipation
become progressively difficult with conversion due to gain in the medium viscosity
due to solubilization or precipitation of polymer in the monomer, more so in the
high conversion zones. The autoacceleration or gel effect often makes the problem
more acute. If left uncontrolled, excessive rise of temperature at local points known
as “hot spots” may lead to discolouration, thermal degradation, branching,
development of chain unsaturation or even cross-linking, thus giving rise to
irreproducible and often inferior product quality. Because of these problems and
disadvantages, bulk polymerization technique finds rather limited use in commercial
production of vinyl polymers, e.g. in the production of poly-(methyl methacrylate)
as acrylic castings (sheets), and in the making of certain grades of polystyrene, poly
(vinyl chloride) and (low density) polyethylenes. The heat dissipation problem
in such cases is kept to a minimum and within tolerable limits by two approaches:
(i) by carrying out the polymerization to low conversions as in high pressure
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polymerization of ethylene using narrow but long tubular reactor at temperatures
far higher than the melting temperature of the polymer; and (ii) by accomplishing
the polymerization in stages—first up to about 20-30% conversion in a stirred
reactor at 80-100°C and subsequently allowing the monomer—polymer syrup (viscous
mass) poured in an appropriate mould assembly to polymerize to (near) completion
at progressively higher temperatures in stages (e.g. preparations of acrylic castings
from methyl methacrylate monomer) or allowing the monomer-polymer syrup,
called the prepolymer to flow under gravity aided by some positive pressure down
a vertical tower reactor with appropriate design for heat transfer or heat dissipation
and having a temperature gradient with increasing temperature zones downward
for the reaction mixture till it reaches a stage of near-complete conversion
(manufacture of polystyrene from styrene monomer).

4.11.2 Solution Polymerization

Solution polymerization, i.e. polymerization of a monomer in the presence of a
diluent miscible in all proportions with the monomer and usually with the ability to
dissolve the polymer is conceived as a means to overcome much of the problems
and disadvantages of the bulk method. The solvent reduces the viscosity gain with
conversion, allows more efficient agitation or stirring of the medium, thus effecting
better heat transfer and heat dissipation and minimization or avoidance of local
overheating or heat accumulation. Although the solution technique allows much
better control of the process, it has its own demerits. The solution method often
requires handling of flammable or hazardous solvents and removal or recovery of
the solvent to isolate the polymer after the polymerization is over. Chain transfer
to solvent may also pose a problem and purity of the polymer may suffer due to
retention of last traces of solvent in the isolated product. Solution polymerization
is, however, advantageous if the polymer formed is to be applied in solution by
brushing or spraying as in the case of making of coating (lacquer) grade poly
(methyl methacrylate) resins from methyl methacrylate and related monomers. In
certain cases, the solvents generally used may not be able to dissolve the polymer
being formed and so, the system becomes heterogeneous in character with polymer
formation (polymerization of acrylonitrile in water or in some common organic
solvents).

4.11.3 Suspension Polymerization

This is a case of heterogeneous polymerization right from the beginning. This
technique is designed to combine the advantages of both the bulk and solution
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techniques, and it is one of the extensively employed techniques in the mass
production of vinyl and related polymers. This technique primarily involves
breaking down or dispersion of the liquid monomer mass into separate tiny droplets
in a large continuous mass of a nonsolvent commonly referred to as the dispersion
or suspension medium, by efficient agitation. Water is invariably used as the
suspension medium for all water insoluble monomers because of many advantages
that go with it, viz. ready availability at low cost, non-toxic nature, ease of storage
and handling without the necessity of recovery, etc. Moreover, the boiling
temperature of water is a convenient upper limit for radical vinyl polymerization
and in aqueous suspension system the rise in temperature in any location due to
exothermic nature of polymerization cannot go beyond the boiling temperature of
the medium.

The size of the monomer droplets usually range between 0.1-5 mm in diameter.
Continuous agitation is allowed to prevent coalescence of the droplets. Low
concentrations of suitable water-soluble polymers such as carboxymethyl cellulose
(CMC) or methyl cellulose, poly(vinyl alcohol) (PVA), gelatin, etc., are used to raise
the medium viscosity and they play the role of suspension stabilizers particularly in
the intermediate stages of conversion when the tendency of the suspended droplets
to coalesce together becomes high as the polymer beads become sticky. The water-
soluble polymeric stabilizers form a thin layer on the monomer—polymer droplets
and stabilization is effected due to repulsion between like charges thus gathered on
different droplets. Finely divided suspended clay particles such as kaolin or china
clay in small amounts is sometimes used to interfere mechanically with the
agglomeration of beads. In suspension polymerization, oil-soluble initiators such as
organic peroxides, hydroperoxides or azocompounds are used and thus, each tiny
droplet behaves as a miniature bulk polymerization system. At the end of the
process, polymers appear in the form of tiny beads or pearls and hence, the process
is also known as bead or pearl polymerization. The polymers are filtered, washed
profusely with water to remove the water soluble stabilizer as far as practicable,
and dried. They, however, usually retain traces of stabilizers besides the residual
initiator as contaminants. A typical recipe for suspension polymerization is given in
Table 4.6.

4.11.4 Emulsion polymerization

(a) Description of the System The use of water as a medium of polymerization by
the solution and suspension techniques has been described and discussed above. A
special feature about water is that it provides us with a medium characterized by
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= Table 4.6 A typical recipe for suspension polymeriza-
tion of a vinyl monomer

Ingredients Parts by Weight
Monomer 100
Water 200-400
Initiator

(peroxides, azo compounds) 0.2-0.5
Stabilizers

(CMC, PVA, gelatin, etc.) 0.02-1.5

zero chain transfer constant.”” Another polymerization technique, in which water is
used as the medium, is the “emulsion polymerization”. Polymers from water-
insoluble monomers are usually obtained at faster rates in the aqueous medium by
the emulsion technique using water soluble initiators. For efficient making of an
emulsion, it is necessary to agitate the monomer—-water mixture in presence of a
measured dose of an emulsifying agent, i.e. a soap or a detergent. To minimize
fluctuations in surface tension of the emulsion as polymerization progresses, small
proportion of a surface tension regulator (usually a long chain fatty alcohol such as
cetyl alcohol) is used. Small volume of a selected buffer solution is added to
minimize or eliminate variations of pH of the system due to hydrolysis or other
reactions. A chain length regulator or chain transfer agent of high transfer constant,
such as dodecyl mercaptan is often used in low concentrations to permit optimum
control of polymer chain length. A selected inhibitor, known as a short-stop may be
added in small amounts late into the system in order to stop the reaction at a
desired extent of polymerization.

A low concentration of a water-soluble polymer such as carboxymethyl cellulose
(CMCQ), poly(vinyl alcohol) (PVA), gelatin, dextrin, etc. is normally used in the
emulsion polymerization system not to control the polymerization process with
respect to rate or degree of polymerization but with the purpose of obtaining stable
emulsion and to prevent emulsion break-down with progress of polymerization; this
ingredient is commonly called a protective colloid or (emulsion) stabilizer.

In principle and practice, and as a physical system, emulsion polymerization is
distinctly different from suspension polymerization. It is associated with almost all
the advantages of suspension polymerization and moreover, using selected efficient
redox initiator systems, emulsion polymerization is conveniently accomplished at
ambient or slightly elevated temperatures giving very high rates and degrees of
polymerization at the same time. The rate and degree of polymerization in the
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emulsion system can be varied in a large measure independently of each other. The
emulsion technique is extensively employed for the polymerization of dienes such
as isoprene and butadiene, and vinyl compounds such as vinyl chloride, vinyl
acetate, styrene, various acrylates and methacrylates and for making various
copolymers of these and other related monomers. A typical recipe for emulsion
polymerization of a vinyl monomer is shown in Table 4.7.

= Table 4.7 A typical recipe for emulsion polymerization
of a vinyl monomer

Component Parts by Weight

Monomer 100

Water 180-200

Surfactant/Emulsifier

(soap/detergent) 4-8

Initiator: (i) K,S,04 0.1-0.25
(i) NaHSO, 0.1-0.2

Surface tension regulator

(octanol/lauryl alcohol) 0.5

Emulsion stabilizer

(CMC/PVA, etc.) 0.5-1.5

Buffer solution 5-10

Chain length regulator
(a mercaptan) 0.3-0.8

(b) Principle and Theory The surfactant or the emulsifier plays an important role.
When soap or detergent is taken in an aqueous system in excess of a low critical
concentration, micellar or layered aggregates consisting of 50, 100 or even more
soap/detergent molecules are formed. They may be lamellar micelles or spherical
micelles with their polar ends (heads) facing water remaining in the outer surface
and the long hydrophobic hydrocarbon ‘tails’” meeting at the central or interior part
of the micelle®®”. The diameter or thickness of the initial micelles approximates
twice the length of the soap/detergent molecules (40-80 A). When water insoluble
monomer is present, part of it gets “solubilized” and finds room within the micelles,
presumably among the hydrophobic tails of the soap/detergent molecules forming
the micellar aggregates. The solubilization leads to some swelling of the initial
micelles. A major part of the monomer taken, however, remains initially in
macroscopic droplets. The micelles offer a far greater total surface area than the
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droplets, even though the total volume of the micelles is significantly lower than
that of the monomer droplets. A schematic representation of micelles with or
without solubilized monomer, surfactant molecules or ions in aqueous solution and
monomer droplets is given in Fig. 4.6.

Micelle with solubilized monomer

"8

%

% . / 4
{ & Eié";‘éSJZ?;LZ‘é’L?SEL?Z
4 o1
% £ A
= ) C‘TC\ v Db

Monomer swollen polymer particle

Monomer
droplet

Fig.4.6  Schematic representation of an emulsion system in an emulsion
polymerization

Experiments clearly demonstrate that polymer is not formed in the monomer
droplets. This leaves the aqueous phase and the micelles as the locus of
polymerization in the emulsion system. Aqueous polymerization can be readily
effected without the use of an emulsifier and without having excess monomer as
droplets (i.e. using the monomer within its solubility limit in water), though at much
lower rates. But this alone is far insufficient to account for the bulk of the polymer
formed in a typical emulsion system. In presence of a surfactant, the polymerization
rate increases with surfactant concentration.

Polymerization begins in the aqueous phase as that is where the initiators occur
and react or decompose into radicals. The primary radicals immediately pick up
monomers dissolved in water to bring about chain initiation. With very low
concentration of monomer in the aqueous phase, chain growth at relatively low
rates proceeds till the radicals enter micelles which are present abundantly in the
system. It is also not altogether unlikely that the primary radicals would find
straight entry into the micelles being attracted by their high monomer reserve.
Within the micelles, polymerization or chain growth takes place much rapidly in
view of high monomer concentration due to accumulation of solubilized monomer
there. As polymer is formed due to monomer depletion in the micelles, more
monomer is transferred to the micelles from the reservoirs of monomer droplets.
The former expands at the expense of the latter.



The McGraw-Hill companies I

174 Polymer Science and Technology

Soon after a low conversion stage (a few per cent) in the emulsion system, the
low surface tension of the initial emulsion rises quite sharply evidently as a
consequence of a fall in surfactant concentration in the aqueous phase of the
emulsion, leading to breakdown or disruption of the micelles and consequent
instability of the monomer droplets. Micelles give way to numerous polymer
particles which at this stage average to not more than 200-400 A in diameter. Nearly
all of the surfactant used get adsorbed on the surfaces of the polymer particles. A
redistribution of surfactant in favour of polymer particles makes the monomer
droplets unstable at this stage. If agitation is discontinued, the monomer droplets
cluster together into a continuous phase with zero polymer content. Monomer is
now fed to the growing polymer particles by diffusion through the aqueous
medium. As polymerization proceeds further, the polymer particles swell and grow
in size even though they remain sensibly constant in their number. The rate of
polymerization is practically constant over most part till about 60-80% conversion,
excepting the initial zone up to several per cent. From the stage the monomer
droplets completely disappear, the rate follows a fast decreasing trend with further
conversion. In the final analysis, the emulsified polymer particles grow to a size in
the range 500-1500 A in diameter which is much larger than the size range of
micelles initially formed but much smaller than the size of initially formed monomer
droplets (> 10,000 A). After polymerization to optimum conversion, appropriate
dose of a short-stop or inhibitor is added to stop further conversion. The polymer
is isolated by breaking the emulsion using salt or acid, coagulating, filtering,
washing and drying.

(c) Rate of Emulsion Polymerization Under general conditions employed in
emulsion polymerization, the radicals are generated from the aqueous initiator at
rates of the order of 10" per cubic centimetre per second. The number of polymer
particles amount to about 10'* per cubic centimetre. If all the radicals generated
eventually enter polymer particles, the rate of radical entry in a particle will average
out to about one every 10 seconds. The equilibrium radical concentration in the
aqueous medium [R’],, has been shown to be about 10°® radicals per cubic centimetre.
Judging against the radicals being generated at a rate of 10" per cubic centimetre
per second, the average lifetime® of a radical [R*],q till its entry into a polymer
particle comes out to only about 10™s. Rate of radical termination in the aqueous
phase (Ry),q, expressed as (Ry,q = 2 k, [R']iq, calculated using literature value of the
termination rate constant k, comes out to be of the order of 10° radicals per cubic
centimetre per second which is less than the rate of radical generation by many
orders of magnitude. Thus, radical termination in the aqueous phase must be
negligibly small, indicating with good degree of certainty that almost every radical
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generated finds entry into a micelle or a polymer particle. Diffusion currents are
quite adequate to permit fast diffusion of radicals into the polymer particles.

Calculation using known k; values also predicts that two radicals cannot coexist
long in the same polymer particle and they would terminate mutually within a few
thousandths of a second. Over a given time period, a particle must bear either one
free radical or none, and in any case, the very short intervals in which a particle
may have two radicals are negligible. Subsequent to termination by capture of a
second radical, a specific particle will remain dormant for an average interval of
about 10 s until another radical finds entry into it and the particle becomes active
again. After another interval of equal average time period a second radical will
enter the particle and mutual annihilation of the radical pair will follow almost
instantly. At any time, therefore, one-half of the polymer particles remains active for
having only one radical in each of them while the other half remains dormant for
having no radical in them.*" The rate of polymerization per cubic centimetre of the
aqueous phase is then given by

R, = k, (N/2) [M] (4.40)

where N is the number of polymer particles per cubic centimetre of the aqueous
phase, and [M] denotes the monomer concentration in the polymer particles. Thus,
the rate, R, primarily depends on the number of particles, N, as [M] is practically
invariable as long as excess monomer droplets remain, and R, is independent of the
rate of radical generation, R;. An increase or decrease in R; simply causes an increase
or decrease in the frequency of alternation of active and inactive periods for each
polymer particle. R, increases with the surfactant concentration since N increases as
the concentration of the surfactant increases.

Once inside the polymer particle, a radical propagates at a rate v, given by

v, =k, [M] (4.41)
and the rate v; at which a primary radical enters a polymer particle is given by
R;
u= N (4.42)

v; is also equal to the rate of termination of a polymer chain since termination takes
place as soon as a radical enters an active polymer particle, i.e. in which a polymer
chain is propagating. Hence, the degree of polymerization X, will be given by

= _ Vp _ k,N [M]
72 R.

1 1

(4.43)

assuming, however, that chain transfer of any kind is negligible.
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Thus, the degree of polymerization, X, like the rate of polymerization R, is
directly dependent on the number of polymer particles, but unlike R, which is
independent of R;, X, has an inverse relationship with R;. Examination of Eqs (4.40)
and (4.43) shows that unlike polymerization by the (homogeneous) bulk and solution
techniques and by the suspension technique, that by the emulsion technique permits
increase in both rate and degree of polymerization simultaneously by increasing the
number of polymer particles, N at a fixed rate of initiation.*> The number of micelles
initially formed is determined by the emulsifier concentration and the number of
polymer particles formed depends on the number of micelles initially present and
on the rate of radical generation. Smith and Ewart’ deduced the relationship given
by Eq. (4.44):

25
N =k [R—) (ac)’® (4.44)
u
where k is a constant having a value between 0.37 and 0.53, u is the rate of increase
in the volume of a polymer particle, c, is the concentration of the surfactant in
g/cm® and a, represents the area occupied by a gram of surfactant at the time of
exhaustion of micellar surfactant and their distribution as a continuous monolayer
over polymer particles, ac, is the total surface area of the particles when this
happens. Most observed effects in emulsion polymerization are explained and
understood on the above quantitative relationships [Eqs (4.40), (4.43) and (4.44)]
with some deviations, here and there, however. Styrene and vinyl acetate are the
two widely used monomers in the studies of emulsion polymerization.
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CHAPTER

Ionic and Stereo-regular Polymerization

D 5.1 lonic Polymerization: Introduction

Different features of ionic polymerization will be taken up for discussion and
analysis in this chapter. Unlike free radical polymerization, ionic polymerization is
associated with what may be termed as monomer selectivity. Generally, monomers
with electron-releasing substituents such as alkoxy, 1,1 dialkyl or aryl-alkyl, phenyl
and vinyl groups exemplified by isobutyl vinyl ether, isobutylene or o-methyl
styrene, styrene and butadiene are readily susceptible to cationic polymerization
and not really or not as readily to anionic polymerization. The comparatively basic
character of their double bonded carbon atoms induces them to share a pair of
electrons with an electrophilic reagent, and the propagation takes place by a
carbocationic or carbonium ion mechanism. Monomers with electron-withdrawing
substituents, such as nitrile, carboxyl, ester groups, etc. (exemplified by acrylonitrile,
acrylic acid, methyl acrylate, etc.), are readily susceptible to anionic polymerization.
Phenyl and vinyl substituents also make the monomer (styrene, butadiene, etc.)
capable of polymerizing anionically. Mayo and Walling' gave the following order of
reactivity: Vinyl ethers > isobutylene > o -methyl styrene > isoprene > styrene >
butadiene for cationic polymerization, and acrylonitrile > methacrylonitrile > methyl
methacrylate > styrene > butadiene for anionic polymerization. Interestingly, styrene
and the dienes, capable of polymerizing by radical means are also polymerized by
both cationic and anionic routes.! However, they are placed low in each series in the
order of reactivity.

Polarity differences of monomers play more significant roles in their reaction
with an ionic chain-propagating centre than with a free radical centre. The relative
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reactivities for different monomers are nearly independent of terminal unit carrying
the charge, as the charge on the propagating centre is much the same for different
terminal units.

Thus, monomer reactivities can be understood without reference to the specific
unit bearing the carbonium ion or carbanion and ideal copolymerization is
approached more closely by the ionic propagation than by free radical propagation.
Bimolecular termination as prevalent in the free radical polymerization is totally
prohibitive in the ionic polymerization, as like charges repel each other and cannot
come close enough for mutual interaction and annihilation. Unimolecular termination
or termination due to transfer to monomer or solvent are the consequential
mechanisms of termination of ionic polymerization. Ionic polymerizations are
generally not favoured or rather inhibited or strongly retarded in aqueous medium,
although traces of moisture have sometimes been reported to produce significant
cocatalytic effects in some cationic polymerization. Basic solvents or additives
prevent or inhibit the cationic propagation while acidic solvents or additives inhibit
anionic growth. Solvents of such polarity as to favour formation of ion-pairs and as
not to permit large scale ion dissociation offer different degrees of stability and
reactivity for the propagating ion centres; often very low temperatures, usually in
the range of —40 to -100°C, are needed for ionic polymerization at desirable or
optimum rates and to obtain optimum or high degrees of polymerization. Methyl
chloride, ethylene dichloride, pentane, hexane, nitrobenzene offer good media for
ionic polymerization. Usually, a counter ion stays close to the propagating ion
throughout its lifetime. Initially, limited separation between the two ions of the ion
pair helped by increased polarity or solvating power of the medium becomes more
favourable for ionic polymerization, but a highly polar medium or additive such as
water, alcohol, etc., reacts with and destroys most ionic catalysts or reduces their
catalytic activity to insignificance.

D 5.2 Cationic Polymerization

Protonic acids such as H,SO, and HCIO, or Lewis acids such as BF;, SnCl,, AlICl,,
AlBr;, TiCly, etc., which are strong electron acceptors, readily induce polymerization
of monomers having electron releasing substituents by cationic (carbonium ion)
mechanism. Almost all Lewis acids or Friedel-Crafts catalysts become effective in
presence of a cocatalyst which complexes with the catalyst and acts as a proton
donor. The cocatalyst may be water, alcohol, organic acid, alkyl halide or even a
hydrocarbon. Early studies on cationic polymerization were done using boron
trifluoride, BF; as the catalyst for the polymerization of isobutylene CH, = C(CHj;),.
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Polymerization occurs almost instantaneously at —100°C to give polymers of high
degrees of polymerization (~10°). Cationic polymerizations of this kind are
characterized by a low or negative temperature coefficient—both rate and degree
of polymerization dropping down sharply with rise in temperature in some cases.”

BF; was found to be ineffective to induce polymerization of isobutylene when the
reactants were taken in a high degree of purity and free from moisture. The catalyst
is however very effective in the presence of traces of moisture or similar polar
additives as a cocatalyst.>*

Traces of moisture (H,O) react with BF; to form the catalyst-cocatalyst complex,
i.e., boron trifluoride monohydrate, BF; - H,O. The mechanism of polymerization of

isobutylene in the presence of BF,-H,O is as follows:>®
(i) Chain initiation:
BF; - H,O = H'(BF; - OH)" (5.1)
(ion pair formation)
CH,
|
(protonation of monomer) |
CH,
(ii) Chain propagation:
CH,
| TICH2= C(CH3)2
CH;—C" + (BF;-OH)™ - .- ——
| P
CH,4
CH; CH;
| |
H— | CH,—C— |CH,—C" + (BF;-OH)~ (5.3)
| |
CH; CH;

counter ion remaining close to the growing carbonium ion

(iii) Chain termination:

CH, CH,
| I

(@) ~—~CH,—C* + (BF;-OH) —s ~—CH,—C + BF;-H,0 (5.4)
| |
CH, CH;

proton abstraction by the gegen ion
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CH, CH,
(b) ~v-CH2—(:2+ + (BF,- OH)™ + CH2=|(|Z
CH, CH,
CH, (|ZH3
LN mCHz—!Z + CHy—C* + (BF;- OH)" (5.5)
cn,  cm,

monomer transfer

The catalyst—cocatalyst complex releases a proton (or some other cation as the
case may be) that adds to the monomer to generate a carbonium ion and leaves
the counter ion or gegen ion in the vicinity of the carbocationic centre [Eq. (5.2)].
As the solvent media generally used are of low dielectric constant, the gegen ion
stays close to the carbonium ion centre throughout the growth process [Eq. (5.3)].
Cessation of the growth of a given chain usually takes place by abstraction of a
proton by the gegen ion [Eq. (5.4)] or by monomer transfer [Eq. (5.5)], and in
either case, unsaturation arises at the terminating end. The mechanism is also
substantiated by evidences for the presence of (CH;);—C— and —CH,—C(CH;) =
CH, end groups in the polymers as obtained from analysis employing infrared
spectroscopy [Dainton and Sutherland, (1949)]°. Low proportions of end groups,
such as —CH = C(CHj;),, formed by proton abstraction from the S-methylene

g
group, andwCHZ—?—OH, resulting from transfer of a hydroxyl ion from the

CH,
closeby counter ion, may also be present in the polymers formed. The cocatalyst
fragments only get incorporated into the polymer as end groups, but the catalyst
does not combine with the polymer and usually, a large number of polymer
molecules are formed for each catalyst-cocatalyst complex species taken. A more
active catalyst is usually less active as a chain terminator.

D 5.3 Kinetics of Cationic Polymerization

Cationic initiator systems (catalyst—cocatalyst complex C) may be either soluble or
insoluble in the monomer—solvent media used. The kinetics of polymerization is
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better studied and understood using soluble catalyst complexes and homogeneous
systems. A generalized overall reaction scheme may be written as:

A+ SH ——= A.-SH — H*AS (a)

(H* AS) A-SH + M —5 5 HM" + AS (b)
MY+ AS + M —% 5 M’ + AS © (56

M+ AS" —% 5 P+ A-SH (d)

M+ AS + M —% 5 P+ HM' + AS (e)

Here, A represents the catalyst, SH the cocatalyst and P,, the polymer molecule of
degree of polymerization n, and all other terms have their usual significances.
Initiation of polymerization involves a proton transfer from the complex A - SH (or
H'AS") to the monomer M. Termination of a growing chain may take place by
abstraction of a proton from the terminal unit by the counter ion AS™ or by monomer
transfer. The exact nature and concentration of the complex are often uncertain, and
for kinetic purposes, the concentration of the catalyst component or the cocatalyst
whichever is present in stoichiometric deficiency is taken to represent the
concentration of the complex formed. The rates of initiation, propagation and
termination are given by

_dM'] _
Ri=—F—= KICIM] (5.7)
R, = - % = k,[M*][M] (5.8)
d +
R, =- [Zf L kM'] (5.9)

In view of the presence of the counter ion AS™ in the vicinity of the cationic centre
throughout its growth and at the point of termination as conceived in the reaction
scheme (5.6), the concentration of AS™ is not considered in the expressions for R,
and R, and [C] in Eq. (5.7) would be given by [C] = K[A]-[SH]. In case the
initiating complex A - SH is largely split into ions as in Eq. (5.6)(a), R; would be
independent of [M] and the overall kinetics should be modified accordingly.

Despite some uncertainty about attainment of steady state, one may find a
simple and workable expression for R, assuming a steady state concentration of
M" such that



The McGraw-Hill companies I

Chapter 5: Ionic and Stereo-regular Polymerization 183

q_k
[M*] = Z-[CIM] (5.10)

t

and hence,
kikp 2
R, = i [CIM] (5.11)
t

The average degree of polymerization X
expressed as

n’

assuming little chain transfer, may be

— R k, [IMT][M] &
X,=-fL=2—" """ -"P M] 5.12
TR k [M*] ki 12
On the other hand, for termination exclusively by monomer transfer [Eq. (5.6)(e)],
one may write:
— k,MIIM] Kk
X,="+t———-=-"F (5.13)
ke [MTIIM] ke
Therefore, for cationic polymerization, the overall rate of polymerization is
proportional to the first power of catalyst concentration and to the square of
monomer concentration. Thus, in respect of rate-dependence on catalyst or initiator
concentration, cationic polymerization differs from the free radical polymerization
for which R, normally follows a square root dependence. The difference arises as
a consequence of the difference in their termination mechanism which is second
order in the growing species in free radical polymerization and first order in ionic
polymerization.

The degree of polymerization in cationic polymerization is independent of the

catalyst concentration and for true termination, X, is directly proportional to [M],

while for termination exclusively by monomer transfer, X, is a constant given by the
ratio of propagation rate constant and the rate constant for the transfer reaction.
The rate of cationic polymerization is determined by the ratio k,/k, (or k,/kg, as the
case may be), while that of radical polymerization is determined by the parameter
ky/ k% The k, and k values in cationic polymerization of a monomer are far less
than those in free radical polymerization. However, the rates of polymerization in
cationic systems, are usually much faster than those in radical polymerization. The
former represents a case favouring polymerization at a high rate and the
concentration of the propagating species (carbonium ions) in cationic polymerization
(10~% molar) is generally much higher than the same (concentration of radicals) in the
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case of a radical polymerization (10° molar). In ionic polymerization, large increases
in the rate and degree of polymerization are usually effected through increases in
the solvating power of the polymerization medium.

In cationic polymerization, the effective catalyst or initiator species and the
actual propagation centres are mostly ion pairs (closely bound or solvent
separated) and existence and role of free ions must be very limited. Mean
separation or the binding energy between the propagating ion and the gegen ion
is largely dependent on the nature of the reaction media and the gegen ion and
on the temperature of reaction. Propagation through monomer entry between the
carbonium ion and the gegen ion is facilitated by a lowering in the binding energy
between the two associated ions.

The activation energy for the overall rate and degree of polymerization is given
by [(E; + E,) — EJ] and (E, - E,) respectively where the subscripts i, p and t relate
to initiation, propagation and termination respectively. For termination by transfer
reaction, E,, would be used in place of E,. Propagation involving addition of an ion
to a neutral monomer in a medium of low polarity is characterized by a low or very
little activation energy, and in most cases E; and E; are higher than E,,. The activation
energy of overall polymerization”® ranges between +10 kcal/mol. The activation
energy for the degree of polymerization is, however, always negative irrespective
of mode of termination since E; > E,. Since E is usually greater than E, the
magnitude of the negative activation energy for the degree of polymerization is
higher for termination by transfer reactions than when it is a case of true
termination, either partly or exclusively. Limitations or restrictions to chain growth
becomes more severe with rise in temperature due to shifts in mode of
terminations—from true termination to transfer or from one transfer mode to
another.’

D 5.4 Anionic Polymerization

Basic compounds such as amides, alkoxides, alkyls and aryls of alkali metals and
different Grignard reagents have been used as catalysts for anionic polymerization
of monomers having electron-withdrawing substituents. The catalysts (BA) break up
into cations (B*) and anions (A7) under the reaction conditions. In anionic
polymerization, the anion adds to the double bond of the monomer to generate a
carbanion as the active centre for chain-growth.

(=)
CH, = CHX + BA - A—CH,—CHX + B® (5.14)
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Different catalysts exhibit different reactivities depending on their basicities
producing different rates of chain initiation in the presence of an appropriate
monomer. The ease of polymerization is dependent not only on the catalyst system
used for a given monomer, but also on the structure of the monomer for a given
catalyst.

The propagation occurs by addition of monomer molecules, M, to the carbanion
by the entry of successive monomers between the ions of the active species:

(=) =)
A—CH,—CHX + B® + (n - )M — A—(CH,—CHX), ,—CH,—CHX + B® (5.15)

The nature of the medium is highly influential at this stage as it determines the
distance of separation between the ions at the active site. Termination often takes
place by chain transfer involving solvent or some other additive (SH) used such as
water, alcohol, etc.

()
A~ CH,—CHX + B® + SH - A — CH,—CH,X + BS (5.16)

The kinetics of anionic polymerization may be considered and appropriate
expressions for rate and degree of polymerization may be deduced using the
following scheme of polymerization for an appropriate monomer, say styrene, using
potassium amide catalyst in liquid ammonia."

KNH, —— K* + NH;
NH; + M — H,N—M-"
k
H,N—M" + (1 — )M —>— H,N—(M),_,—M"

H,N—M; + NH, —* H,N—M,—H + NI (5.17)

The rates of initiation (R;), propagation (Rp) and termination by solvent transfer (Ry,)
may then be expressed as

kKIMI[KNH, ]

R; = KINH][M] = K] (5.18)
R, = kP[M_][M] (5.19)
Ry = ky[MT][NH;] (5.20)

Using the steady state assumption for the active chain ends (M"), and combining the
Eqs (5.18-20):
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_ Kk, [MF [KNH,] _ kk, [MJ [NH; ]

= 5.21
P ke [KTINH, k, [NH 62D
The number average degree of polymerization X, is given by (Rp/Ry), ie.,
— k,IM~][M k
JMIIMI k] 52

Tk IMTI[NH,] k&, [NH;]

The gegen ion, K", has not been included in the reaction scheme (5.17) in view of
high dielectric constant of the liquid ammonia medium. Termination of a given chain
essentially involves chain transfer with solvents, thereby releasing a new anionic
centre at the incidence of termination of each growing chain.

D 5.5 Living Polymers

There are many cases of anionic polymerization which are not associated with
termination reaction and for which propagation continues till complete consumption
of the monomers. The carbanions would remain active without termination in such
solvents as tetrahydrofuran and dioxane, because of non-occurrence of termination
due to proton transfer from the solvent. The polymers thus obtained are termed
as ‘living polymers’. The propagating carbanions are sometimes coloured and the
colour and its intensity remain undiminished throughout polymerization and even
beyond complete conversion. Addition of more monomer to the living polymer
system leads to its polymerization also quantitatively causing further increase in
degree of polymerization, the number of growing species remaining unchanged.
Polymerization of methyl methacrylate with metal alkyls produces such
enhancement of molecular weight with conversion through the second stage
polymerization on fresh monomer addition after complete conversion in the first
stage.11

5.5.1 Initiation by Sodium Naphthalene

An interesting case of living polymerization is provided by such organometallic
initiators as sodium naphthalene.'”'® Sodium naphthalene in tetrahydrofuran (THF)
solution readily forms naphthalene radical anions by an electron transfer mechanism.
Studies of living polymer system have been made in detail in the context of
polymerization of styrene by sodium naphthalene in THF at low temperatures.
Formation of the active catalyst, i.e. the naphthalene radical-ion may be written as:
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Na + —>|i}_ Na* (5.23)

(naphthalene anion

-radical, green)
The solution looks green due to the green colour of the naphthalene anion-radical.
On addition of styrene, the colour of the medium turns orange due to formation of

orange coloured styryl radical anions by transfer of an electron to the styrene
monomer from the naphthalene anion-radical.

[Cot

CH,
—OOfern |
Na (5.24)
CH5
(orange)

The styryl (radical) anion formed in the initiation step may carry on chain
propagation by anionic mechanism at one end and by radical mechanism at the
other. It is, however, usual and more likely that the radical anions initially formed
dimerize by coupling of the radical ends to form dianions which then allow anionic
propagation at both ends.

CH,—CH . . | CH—CH,—CH,—CH .
2 | Na'— Na | Na (5.25)
CH; CH; CeH;
(orange) (orange)

"CH—CH,—CH,—CH )
| | Na“ + (m + n) CH2=(|IH

— Na
C.H. C.H, Ln
. | CH—CH,—|{cH—CH,|_ [CH,—CH—|—CH,—CH |
—> Na" | | Na (5.26)
C6H5 C6H5 m C6H5 n C6H5

(orange)
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Absence of radical centres, evidenced by results of electron spin resonance studies
of the living polymer system largely substantiates the dimerization concept.

5.5.2 Initiation by Solvated Electron

Polymerization of methacrylonitrile or styrene initiated by sodium or potassium in
liquid ammonia proceeds in much the same manner as for initiation by alkali metal
amides in liquid ammonia, as described earlier (initiation by amide ion). However,
polymerization of methacrylonitrile using lithium metal in liquid ammonia has been
reported to take place at a much faster rate than that induced by the corresponding
amide (LiNH,) in liquid ammonia."* The polymerization by metallic lithium is
initiated through the agency of solvated electrons formed in the ammonia solution
which assumes a typical deep blue colour due to the presence of the solvated
electrons. The solvated electron is then captured by the monomer to form the
corresponding radical anion:

Li + NH; — Li* (NH3) + ¢ (NH,) (5.27)

CH, = CHX + ¢ (NH;) » CH,— EHx (NH,) (5.28)
Propagation follows in much the same manner as in the case of polymerization
initiated by sodium naphthalene discussed earlier in this section. Dispersion of
alkali metals in hydrocarbon solvents also brings about polymerization of
appropriate monomers by a similar mode of initiation involving electron transfer.
In the hydrocarbon media of low polarity, however, it is required to consider the
presence of the gegen ion (i.e., the metal ion) in the vicinity of the propagating
carbanion.

In cases where anionic propagation at two ends follows, the average degree of

polymerization X, is equal to 2V, when V is the average kinetic chain length, in
view of the dimerization by radical combination following the chain initiation
step.

5.5.3 Initiation by Metal Alkyls and Metal Aryls

Of the various organometallic compounds used for studies of anionic polymeri-
zation, metal alkyls and metal aryls occupy the most prominent position.’> Among
the metal alkyl initiators, butyl lithium has received wider attention and has been
used most extensively.'®'®,
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Polymerization by a metal alkyl such as butyl lithium proceeds as follows:

(a) Chain initiation
BuLi + CH,= CHX — Bu—CH,—CHX (Li") (5.29)
(b) Chain propagation
Bu—CH,—CHX (Li*) + n CH,=CHX
— Bu—(CH,—CHX),—CH,—CHX (Li") (5.30)

Butyl lithium-initiated vinyl polymerization takes place at unusually slow rates in
nonpolar media and studies by well designed experiments indicate initiator
association of the following kind, where the value n may be as high as 6.

n BuLi = (BuLi), (5.31)

Similarly, in non-polar media there are indications for association of the
propagating centres in pairs. The immediate consequence of the association of the
butyl lithium catalyst and of the corresponding propagating species in non-polar
media such as in benzene or toluene is a much slower polymerization rate and a
much longer time to complete conversion when compared with similar
polymerization using some other anionic initiators, such as sodium naphthalene.
However, in presence of a polar solvent, such as tetrahydrofuran, partly or fully
replacing the non-polar solvent, the association of butyl lithium catalyst or of the
propagating centres becomes less consequential or they are totally eliminated,
allowing the polymerization to take place much more rapidly.

5.5.4 Living Ends and Their Termination

The living polymerizations considered above do not involve spontaneous
terminations of any kind. A direct consequence of the absence of terminations is the
production of a near monodisperse polymer of a remarkably narrow molecular
weight distribution. The sharpness results from almost simultaneous initiation of all
chains and continuance of simultaneous growth of all chains as long as the monomer
is not fully consumed. Even after a long period of storage, injection of a fresh dose
of pure monomer leads to further growth by addition of the monomer molecules
at the living ends.

It is, however, essential that such polymerizations are done in virtual absence of
all reactive impurities. The presence of such impurities as water, oxygen or carbon
dioxide, even in traces, will transform the situation to obscurity by causing
termination of the kinetic chains and thus limiting the growth in size of the
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molecular chains by turning the propagating anions unreactive or annihilating the
carbanions by proton transfer, as the case may be. On the other hand, living
polymers, formed in pure and uncontaminated systems, can be terminated after
complete conversion of a monomer as and when desired by the addition of water
or other proton transferring agents.

D 5.6 lonic Copolymerization

The copolymerization equation derived and discussed in the context of radical
polymerization of mixture of two monomers is equally applicable to cationic and
anionic copolymerization. The copolymerization equation is not dependent on the
initiation and termination rate constants and consequently, the copolymer
composition is independent of rates of initiation, termination or chain transfer and
related reactions and in most cases, of the 10
degree of polymerization. For a given type
of chain initiation and chain propagation
(radical, cationic and anionic), the copolymer
composition is practically independent of the
nature of the initiator. The monomer
reactivity ratios (r; and r,) and hence the
copolymer composition for a specific
composition of a monomer pair suffer
changes, significantly or even drastically
depending on the propagation mode. The
difference in copolymer composition curves

0.8 Cationic
0.6

04 Radical

0.2
Anionic

Mole fraction (styrene) in copolymer

| | |
0 0.2 0.4 0.6 0.8 1.0

for styrene (Ml) and methyl methacrylate Mole fraction (styrene) in monomer feed

(M,) to be obtained by radical, cationic and Fig.5.1 Copolymer composition (mole
anionic copolymerizationslg'20 are shown in fraction F;) as a function of
Fig. 5.1. The r, and r, values for the monomer monomer feed (mole fraction f;)
pair are 0.52 and 0.46 for free radical composition using styrene (My)

and methyl methacrylate (M,)
for polymerization by radical,
cationic and anionic mecha-
nisms (Schematic)

copolymerization, 10 and 0.1 for cationic
copolymerization and 0.1 and 6 for anionic
copolymerization. Even polymerization by a
complex radical mechanism may produce
measurable differences in copolymer composition in comparison with that produced
by the usual free radical mechanism.?** The selective nature of ionic polymerization
should be viewed against the universal character of free radical polymerization to
appreciate the difference. Methyl methacrylate monomer expectedly shows much
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higher order of reactivity than styrene in anionic copolymerization and the order of
reactivity is just the opposite in cationic copolymerization. The selective nature of
ionic copolymerization is a major consideration that goes against their widespread
practical exploitation.

D 5.7 Stereo-Regular Polymerization

Stereo-regularity in olefin or vinyl polymerization that proceeds anionically is
largely dependent on the physical conditions of the reaction and the chemical
environment including the solvent and the positive counterion.

The statistical nature of polymers and the polymerization reaction is important in
relation to stereo-regularity, and for quantitative purposes it is required to describe
a polymer in terms of relative orders or percentages of isotactic, syndiotactic and
atactic sequences.

Stereo-regular polymerization is mostly characterized by (a) anionic propagation,
(b) hair-like growth, and (c) exclusive head-to-tail arrangement of repeating
monomer units. The features have been widely studied and better understood using
the so-called Ziegler catalysts or Ziegler-Natta catalysts. Such catalysts are prepared
by interaction between an aluminium alkyl, such as aluminium triethyl, AI(C,Hs);
and a transition metal halide, such as titanium tetrachloride, TiCl,. The exact nature
of the catalyst activity is contingent upon the tendency of the transition metal and
aluminium to operate with coordination valencies. Usually, the Ziegler-Natta
catalysts are of high activity allowing low temperature initiation and imparting
stability to the growing chain end. This is a prerequisite for the production of
polymers of very high molecular weight.

In polymerization with Ziegler-Natta catalysts, a radical mechanism is not tenable
as it cannot explain the stereo-regularity and formation of isotactic polymers. An
ionic mechanism is, of necessity, widely favoured and accepted.

In a truly anionic initiation, the anion from the initiator system would have to
add an additional electron to the already existing 7 electron pair of an olefin, say
ethylene, to generate a carbanion that may lead to chain propagation. In a system
of poor resonance, such as with ethylene, this is energetically unfavourable under
normal or moderate conditions. Thus, metal alkyl catalysts do not favourably initiate
polymerization of ethylene and related monomers by their carbanions but do so by
their metal cations.

Alkali metals would polymerize monomers only when they are able to form
polar or ionic adducts through establishment of polarized or ionized metal-
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carbon (M-C) bonds which would permit addition of large number of monomer
units in quick succession to yield polymers. Li and Na fail to polymerize ethylene
in view of their reactivity (i.e. electropositivity) being not strong enough to
produce M-C bonds of adequate reactivity and the resulting carbanion is rather
unstable due to poor resonance. Other alkali metals also behave in much the
same manner.

In contrast, styrene and conjugated dienes can be polymerized with the alkali
metals as the adducts formed are associated with enhanced mesomeric
possibilities, thereby conferring stability to the resulting carbanion to a level
allowing less frequent termination and carrying the propagation to yield high
polymers.

In presence of a cation centre as the initiator, there would be attractions between
the cation centres and the 7 electrons of the olefinic monomers and under a
favourable situation an anchorage of the monomer on the cation would create a
carbonium ion at the remote end of the monomer segment due to acceptance of a
7 electron by the cation.

CH CH

— I |
CH, — (ltH2 (5.32)
Mt M

The strength of the carbonium ion would depend on how strongly the cations
(M) can bind the 7 electrons. Transition elements offer high resonance to accepted
electrons because not only the outer electron shell but also the inner orbitals can
participate in resonance stabilization. A cation of a transition metal would, therefore,
have an exceptionally high ability to bind the electrons of the monomer and to
induce a strong carbonium ion.

The M—C bond in alkali metal alkyls such as lithium alkyl (Li*...R") has a salt-
like character. Its strong reactivity permits ethylene to polymerize to limited extents,
involving cationic initiation and anionic propagation. Only higher olefins or low
polymers are obtained, as the Li cation frequently intercepts propagation by hydride
(H") extraction causing termination.

CH, CH,
(=) |
CH, —— CH,
|
Li*.. R Li.. R
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+ —
—— Li... CH,—CH,—R (5.33)

Li. .. CH,—CH,—(CH,—CH,)—R
l

LiH + CH,=CH—(CH,—CH,) —R

The lifetime of the ions during migration is very short due to poor resonance. A
similar mechanism is involved in the Ziegler aluminium alkyl process. Aluminium
has an additional driving force to react with the 7 electrons of ethylene leading to
the formation of an electron octet.

The individual components of the Ziegler-Natta catalyst system for stereo-
regular polymerization can separately induce polymerization of some form but
cannot account for the stereo-regularity. The role of metal alkyl has already been
discussed above. TiCl, can readily initiate cationic polymerization. The stereo-
regulating influence of the catalyst combination is derived from a coordination
mechanism, whereby both the growing chain and the monomer coordinate with
the catalyst.

The catalyst combination forms ionic complexes that precipitate out when the two
components are mixed together in a hydrocarbon solvent. The initial complex
formation using aluminium triethyl (AlEt;) and titanium tetrachloride (TiCly) or the
trichloride (TiCl;) may be written as:

TiCl, + AlEt; — (TiCly)*(AIEt,Cl)”
TiCl, + AlEt; — (TiCl,)*(AIEt,Cl)” (5.34)

When a non-polar monomer such as an « -olefin is used, initiation of polymerization
is performed by the transition metal cation; propagation then follows in the negative
complex ion of aluminium and only heterogeneous Ziegler-Natta catalysts yield
isotactic polymers. Titanium based complexes are the most common of the
heterogeneous catalysts. Among the other transition metal, vanadium has been more
widely used, and vanadium-based systems commonly provide homogeneous
catalysts.

For stereo-regular polymerization, the catalysts must not only initiate
polymerization, but they must also effectively regulate: (a) the entry and orientation
of the successive monomer units during initiation (anchorage) on the cation site and
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(b) the migration and propagation of the successive incoming monomer units on the
anionic site. The prerequisite for a constant specific orientation of the monomer is
a fixed location of both cation and anion; if either is soluble or dispersible, poor
steric regularity, or atactic poly («-olefin) structures would result. Syndiotacticity is
obtained in a few instances also by soluble catalysts. The chain propagation via the
anionic coordination mechanism involves insertion of an oriented monomer molecule
at a carbanion centre permitting head-to-tail addition and hair-like growth on the
anionic site, the rate determining step being the electrophilic attack by the catalyst
fragment.

Mechanisms proposed for different systems are based on the overall principle
detailed above but often they are so specific in detail that they can seldom be
generalized beyond the systems for which they are suggested. The course of
isotactic placement of successive monomer units during polymerization of propylene
using a bimetallic catalyst complex may be depicted in a simplified manner by
reaction steps in Fig. 5.2, highlighting bimetallic mechanism.

CH CH
| - | % CHs

CH CH,— CH
1 +

(TICly)* (AIR4CIY™
0] (1)

(Monomer anchorage (Orientation of the
cationic initiation) incoming monomer)

CH
3™ cH—rR
LH QU

CH 2

o CH; ‘CH—R

Ch, CHy—CH _~CH,
(TiCly)* (AIR,CI)™ (TiCl,) (AIR,CI)~
(V1) V)

(Similar to structure Il
showing migration and
propagation)

(Similar to structure Il
showing orientation)

Gl ~ ('iTCI2)+ (AIR5CI)~ Y Gl

(TiCly)* (/I\IRZCI)‘
)

(Migration and
anionic propagation)

My cn,
ﬁH TH —R
CH,  CHy

| ;-

(TiCly)* (AIR,CI)~
(V)

(Similar to structure I, showing

monomer entry)

Fig.5.2 Formation of isotactic polypropylene using the catalyst system

AlEt;—0~TiCl; (bimetallic mechanism)
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The catalyst complex of TiCl; and AlEt; essentially acts as a template for the
successive orientation and isotactic placements of the incoming monomer units. The
crystal structure of the catalyst surface and the chemical structure of the catalyst
complex determine the orientation(s) permitted to a given monomer as it adds to
a propagating chain. One concept ascribes isotactic placement of monomers during
chain propagation to steric and electrostatic interactions between the substituent of
the incoming monomer and the ligands of the transition metal at the reactive site
of the crystal surface, while another concept attributes the isotactic placement to the
interactions between the incoming monomer and the Group I-III metallic part of the
bimetallic catalyst. There can be little reservation about either concept if both
bimetallic and monometallic mechanisms are involved in the Ziegler-Natta
polymerization. The monometallic mechanism describes the transition metal (in the
present case, titanium) part of the catalyst complex as the only active site for overall
polymerization. The monomer is coordinated to the vacant orbital of the transition
metal complex and then inserted into the polymer chain at the transition metal—
carbon bond giving rise to regeneration of the vacant orbital with a different
orientation. Propagation with the species would result in a syndiotactic sequence.
Isotactic polymerization is allowed by migration of the polymer chain to its original
location causing regeneration of the original vacant orbital, as shown in reaction
scheme in Fig. 5.3, using TiCl, complex for the polymerization of propylene, where
the (vacant) square indicates a vacant orbital of the transition metal.

R R R- - -CH—CH,
| X enmone | o | @
H, = CH(CHj)
Cl—TiC= [ —2—— 3 & ¢)—TiC = “CHICH; — Cl—TiC=<CH,
i i /|
A ¢ Ao om, él
R~ CH—CHj .
i
THZG ' Cl CH—CH,
Cl—Ti% - -0 =——— Cl—Tie—CH,
/| 7
a ¢, A ¢

Fig.5.3 Monometallic mechanism for stereo regular (isotactic) poly-
merization of propylene (O indicates vacant orbital)

Non-polar monomers, such as the o-olefins, having poor coordinating powers
with the catalyst, require such catalysts as would specifically hold them in place
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with strong stereo-regulating influence to give isotactic sequences for the polymer,
thus necessitating the use of heterogeneous catalysts. For polar monomers (acrylates,
methacrylates, vinyl ethers, etc.) with strong coordinating powers with the catalyst,
heterogeneity of the catalyst is not a prerequisite for isotacticity. When non-polar
solvents are employed, the polymerization for polar monomers proceeds by anionic
coordination mechanism, the gegen ion directing the orientation of each approaching
monomer unit into the polymer chain and the ability of the gegen ion to coordinate
determining the steric regularity. In polar solvents, the gegen ion is removed from
the vicinity of the propagating centre and so the stereochemical influence on the
approaching monomer unit is lost resulting in random structures. For such systems,
rise of temperature favours atacticity, while lower temperature favours
syndiotacticity.”?*

D 5.8 Stereo-Structures of Polymers of
Disubstituted Ethylenes

Stereo-regularity or lack of it for polymers of disubstituted ethylenes is dependent
on the position and identity of the substituents. For polymers of 1, 1-disubstituted
ethylene, stereoisomerism is non-existent when the two substituents are identical
such as for vinylidene chloride, CH,=CCl, or isobutylene, CH,=C(CH,),. In case
the substituents are different, such as in methyl methacrylate, CH,=
C(CH;)(COOCH;), the possibility of stereo-isomerism in the polymer is just the
same as for monosubstituted olefins, and the introduction of the second substituent
makes no difference as steric disposition of one substituent instantly fixes that of the
other. If a structure is isotactic for the first substituent, it is so for the second; if it
is syndiotactic or atactic for the first substituent, it is automatically syndiotactic or
atactic for the second.

Polymers of 1,2-disubstituted ethylenes, CHX=CHY provide two sites of steric
isomerism in view of the presence of two asymmetric carbon atoms in each of the
H H
I

repeat units ~C—C~ with the capacity to display ditacticity. Four different
lo

XY
stereo-regular structures indicating the placements of the substituents can be written
and identified as: (a) erythro-di-isotactic, (b) threo-di-isotactic, (c) erythro-di-
syndiotactic and (d) threo-di-syndiotactic structures as shown in Fig. 5.4.
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XYXYXYXY XY XY
XY XY
(a) Erythro-di-isotactic (c) Erythro-di-syndiotactic
Y Y Y Y X Y X Y
X X X X Y X Y X
(b) Threo-di-isotactic (d) Threo-di-syndiotactic

Fig.5.4 Four major stereo-regular structures for polymers of
1, 2-disubstituted ethylene, —(CHX-CHY),—

D 5.9 Geometrical and Optical Isomerism of
Polymers of 1,3-Diene Monomers

The common 1,3-dienes used to produce industrial polymers are butadiene, isoprene
and chloroprene and the related polymers may

CH, Cl
I |
1 2 3 4 1 2 3 4 1 2 3 4
1, 3-butadiene isoprene chloroprene

feature both optical and geometrical isomerism. When one of the double bonds is
involved in polymerization (1, 2 or 3, 4 polymerization) leaving the other intact, the
polymer shows only optical isomerism. For butadiene, 1, 2 and 3, 4 polymerization
produces identical structures —[CH,—CH(CH=CH,)],—, much alike the structure
of an «a-olefin, thus allowing three stereo-structural possibilities for the polymer
(isotactic, syndiotactic and atactic). For the 2-substituted polybutadienes (e.g.,
beginning with isoprene or chloroprene as the monomer), there are larger
possibilities of isomerism since polymerizations through (a) 1,2 and (b) 3,4
unsaturations yield two different structures, Fig. 5.5, with three stereo sequences in
either case corresponding to isotactic, syndiotactic and atactic placements giving a
total of six possible structures. 1,4-polymerization of a conjugated diene such as
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isoprene is, however, associated with

a rearrangement of bonds leading to (|:H3

a polymer structure with an unsatu- ‘ECHz—?&‘n ‘ECHZ_ClH +
ration along the chain backbone in the CH C—CHjg
2,3 position in each repeat unit, which gH gH

for 1,4-polyisoprene may be repre- @ . b) 5

sented as —[CH,—C(CH;)=CH—
CH,],—. The reformed unsaturation Fig.5.5 Structure of (a) 1, 2 polyisoprene and
in each repeat unit of the chain (b) 3, 4-polyisoprene

molecule provides a centre of steric

isomerism giving either cis or trans configuration as shown below. Natural rubber
and gutta percha are mainly (a) 1,4-cis-polyisoprene and (b) 1,4-trans-polyisoprene
respectively.

N S A
& N . Y
(@ (b)

Fig.5.6 Structure of a segment of (a) 1,4-cis-polyisoprene,
and (b) 1,4-trans-polyisoprene

[7) 5.10 Polymerization of 1,3-Dienes

Polymerization of 1,3-dienes can be carried out by radical or ionic initiators. Radical
initiators favour formation of 1,4-trans structure mostly, at low temperatures.”>
Delocalization of the radical over the 2-4 carbon atoms of the terminal (radical

bearing) monomer unit (~ Clj H, —CZZ C

hindrance at carbon 2 than at carbon 4, more so for 2-substituted 1,3-dienes, leads
to predominance of 1,4-propagation over 1,2-propagation and also over 3,4-
propagation (for the 2-substituted monomers). Furthermore, in view of
predominance of (a) s-trans conformation of the monomer against (b) s-cis
conformation as shown in Fig. 5.7 for 1,3 butadiene, and in view of retention of the
monomer conformation as the diene monomer adds to the propagating radical, the
radical polymerization results in predominance of the 1,4-trans configuration.”

H—EHZ) and a higher degree of steric
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CH,
CH—CH CH— CH
/ 7\
CH, CH, CH,
s-trans s-cis

Fig.5.7 Conformations of 1,3-diene (e.g. butadiene)

Different anionic catalysts may allow polymerization of 1,3-dienes with
different degrees of coordination between the propagating centre and the gegen
ion, yielding different polymer structures. For isoprene, polymerization in a
nonpolar solvent using metallic lithium or butyl lithium as the catalyst, gives
overwhelming predominance of 1,4 cis structure, producing what may be termed
as “synthetic natural rubber”. It is believed that the lithium ion is co-ordinated
simultaneously with the approaching monomer and the propagating carbanion
chain end.” The monomer—Li*—propagating end coordinating species
schematically shown in Fig. 5.8, then leads

to chain extension by addition of the gH éR
monomér to the carbanion centre b.y 1.,4— . / ,\1
mechanism. The monomer coordination CH, . ,~" CH,
locks the diene into a cis-structure before \\ _+"
and after its addition to the propagating ,,L' . O
chain.®® For strong coordination, such as in ~——CH, - CH,
non-polar solvents, rotation about the bond 4¥\‘ /,y1
linking carbon atoms 2 and 3 of the pro- CH —— CcR

3 2

pagating chain end is not permissible, thus
largely favouring, cis-1,4-polymerization. Fig.5.8 Schematic representation of
For relatively weak coordination, trans-1, 4- the monomer and the propagat-
polymerization also assumes significance, ing carbanion coordinating
while for very weak coordination linkage §1mt.41taneously Wl,th tl'zegegen
between carbon 4 of the monomer and ror m'the P olymer'zzatwn of 2-
) ) . substituted-1, 3-diene

carbon 3 of the allylic carbanion is favoured

resulting in primarily 3,4-polymerization. Most Ziegler-Natta catalysts produce
very sharp or exclusive stereo specificity for diene polymers.

1,3-dienes can also be polymerized by cationic catalysts which usually yield
polymers of lower molecular weight, often with condensed cyclic structures. Such
cyclopolymerization of conjugated dienes proceeds by a Diels—Alder type reaction
via charge transfer mechanism. The formation and structure of the cyclopolymer
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viewed essentially as a ladder-type polymer® and showing high thermal stability
may be represented by the reaction shown in Fig. 5.9.

X
| +@n+1) | —
AN = AN
n

Fig.5.9 Structure of a ladder polymer from cationic polymer-
ization of a 1,3-diene monomer

D 5.11 Electroinitiated Polymerization

Electrochemical or electrolytic initiation of polymerization is conveniently carried
out in a conducting medium in an electric field in presence of different additives.
It was a natural outcome of electro-organic chemistry and the first monomer to be
studied being the one bearing a carbonyl group (i.e., methyl methacrylate). The
electro-initiated polymerization is rather complicated in the sense that simple
hydrogenation of olefinic unsaturation, reduction of other functional groups,
decomposition of electrolytes present, etc., usually take place in addition to the
desired polymerization of the monomer employed.*

The electrode material, current density, electrolyte additives should therefore be
properly selected for a given monomer system so as to enable control of the
electrolytic process to give high yield of the desired product.

There can be at least two types of electrochemical initiation of polymerization—
direct and indirect. By the direct process the active initiating species from the
monomer or additive is formed in the system by an electrode reaction, cathodic or
anodic, such as shown in reactions below:

Cathodic
H" + ¢ — H* (5.35)
RCOR’ + H,0O + ¢ — RC*(OH)R" + OH~ (5.36)
Anodic
RCOO™ — RCOO’ (or R* + CO,) + ¢ (5.37)

_o-_. ——o‘+ ¢ (5.38)
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The radicals generated at the electrodes initiate polymerization. It is also possible
that an electrode behaves as a Lewis acid or base of different strengths and initiates
polymerization by ionic mechanism. Even if ionic polymerization in aqueous medium
is not altogether unlikely, such polymerization by electro-initiation would favourably
occur where the monomer or a nonaqueous compound is the solvent; the cathode
may initiate anionic polymerization and the anode cationic polymerization if
appropriate monomer is used and right conditions are maintained. A chemical
initiating species formed in situ by the electrochemical process gives rise to what is
known as the indirect initiation. A good example of indirect electrochemical
initiation is the electrolytic reduction of O, to H,O, which then polymerizes the
monomer used.*

A large number of useful polymers are insoluble in water, while water is the most
suitable solvent for the ionic additives which provide the much desired
electroconductivity. Monomer emulsions or protonic solvents such as alcohols have
been used by many to improve miscibility. Emulsions of monomers lead to
deposition of polymer coatings on the electrode, thereby greatly reducing
conductivity and the protonic solvents often interfere with the reactions at the
electrode. Related problems are solved more satisfactorily using nonprotonic, water-
miscible solvents such as dimethyl sulphoxide, propylene carbonate, dimethyl
formamide, etc. It is generally experienced by quantitative kinetic analysis and other
studies that in many electrochemical systems, polymerization is initiated by both
radical and ionic means, sometimes by both mechanisms, at the same time.3*®
Mechanism of polymerization in a given electrolyte-solvent-monomer system is
adjudged® ™ by examining the effect of radical scavengers, zone of polymer
formation (cathodic or anodic zone), variation of temperature, copolymer
composition using binary monomer combination, and doing polymerization in
special divided cells and noting the formation of colour due to generation of
carbanions from specific monomers.
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CHAPTER

Polymer Characteristics and
Polymer Characterization

D 6.1 The Structure of Vinyl and Related Polymers

The selective nature of ionic polymerization in respect of the nature of monomer,
solvents and additives, the complexities and variations in the mechanistics and kinetics
depending on the nature and identity of the ionic catalyst including the different
structural (steric) sequences imparted under the influence of different gegen ions
are generally established and widely recognized. For all these and associated reasons,
ionic polymerization is not favoured and widely adopted for industrial polymeriza-
tion. It is employed only in a few instances where the objective is the synthesis of
a polymer of high structural (steric) regularity. Most industrial polymerizations of
vinyl and related monomers are done by free radical means because of many practical
and economic advantages and versatility associated with the free radical process.

D 6.2 Prevalence of Head-to-Tail Structure in Vinyl Polymers

Addition of a free radical R* (primary radical or chain radical) to a vinyl monomer
may take place according to either of the two ways shown below:

1
R - CH,—CH 6.1)

R +CH, = CHX< m
R—CH—CH, 6.2)

X
(In)
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The relative stabilities of the product radicals I and II determine the relative rates
of reactions (6.1) and (6.2). In structure I, the presence of the substituent X on the
radical-bearing carbon atom (a-carbon atom of the monomer) offers a much higher
scope for stability of the radical and the degree of stabilization would depend to
a large extent on the capacity of the substituent for resonance. The scope for such
stabilization is poor in structure II in view of the non-availability of the substituent
for taking part in resonating structures involving the lone electron as the substituent
is attached to the carbon atom in the B-position with respect to the radical site.
Moreover, on consideration of steric hindrance to the approaching radical offered
by the substituent X of the vinyl monomer, reaction (6.1) appears to be more
consequential than reaction (6.2). The steric factor would, however, be dependent
on the size of the substituent. Successive addition of monomers exclusively by the
favoured reaction route (6.1) in the propagation step would result in a head-to-tail
structure, i.e., the polymer formed would exhibit 1,3 structure with respect to the
placement of the substituent, X, along the chain axis. For monomer addition
exclusively by reaction route (6.2), the resultant polymer would also exhibit head-
to-tail or 1,3 structure (III):

--CH2—(|3H—CH2—(|ZH—CHZ—(|3H—CH2—(|ZH--
X X X X

head-to-tail structure (IIT)

On the other hand in an extreme case where monomer addition is permitted

alternately by routes (6.1) and (6.2), the resultant polymer would appear as having

head-to-head, tail-to-tail or 1,2-1,4 structure (IV).
--CHZ—(|3H—CH—CHZ—CHZ—CH—(iH—CHZww

| |
X X X X

head-to-head, tail-to-tail structure (IV)

But from different theoretical considerations, the head-to-tail structure is expected
to be the prevalent structure for all cases where the monomer structure is such as
to permit addition of the chain radical to the monomers by only one route to the
virtual exclusion of the other. For monomers with a substituent X producing little
directive influence, random addition giving all kinds of possible arrangements of
the repeat units in the polymer chain (1,3 and 1,2-1,4 arrangements) may take place.

However, the structural pattern of vinyl polymers, as confirmed by different
experiments using polymers of different monomeric origin, appears to be mostly
head-to-tail in nature. Pyrolysis or destructive distillation of polystyrene at about
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300°C produced 1,3-diphenylpropane (V), 1,3,5-triphenylpentane (VI) and 1,3,5-
triphenyl-benzene (VII).

CH,—CH,—CH, CH,—CH,—CH—CH,—CH,

57878

V)
@

(VII)

In these products the phenyl groups are attached to alternate carbon atoms as in
polystyrene having head-to-tail structure and no products having phenyl groups on
adjacent carbon atoms are obtained.!

Treatment of a dilute solution of poly(vinyl chloride) in dioxane with zinc dust
leads to removal of chlorine producing cyclopropane rings along the chain. However,
a maximum of about 84-86% of chlorine can be normally removed in this manner.
The retention of nearly 14% chlorine on extended reaction is attributed to the
occasional isolation of a lone chlorine substituent between neighbours that have
paired at random and reacted:

—CHZ—(IEH—CHZ—(|2H—CH2—(|ZH—CH2—(IZH—CHz—(|ZH—

:Cl Cl Cl - Cl Cl
: /n ; ' /n :
l —7nCl,
CH, CH,
7 AN 7 N
—CHZ—CH—CH—CHZ—ClH—CHZ—CH—CH— (6.3)
Cl

The observed extent of halogen removal is in good agreement with the value
(86.5%) obtained by statistical calculations assuming head-to-tail structure®™.
Successive head-to-head, tail-to-tail structure (IV) without a break in the sequence,

on the other hand, would have produced a polyene structure (—CH,—CH = CH—
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CH,—CH,—CH = CH—CH,—); for a random structure, however, theoretical
calculation predicts that 18.4% of chlorine should escape elimination and would be
retained in the polymer, considering that chlorine atoms in 1,2 and 1,3 positions
only are removable in pairs by zinc.

Likewise, poly(methyl vinyl ketone) transforms into a product consisting of long
sequence of condensed cyclohexene rings interrupted by statistically isolated groups
at random intervals through internal aldol condensation, much in conformity with
a head-to-tail structure for the polymer. Extended reaction results in progressive
removal of oxygen for which the experimental upper limit® is about 79-85% against
a calculated value of 81.6% for intramolecular reaction of the kind in a head-to-tail
polymer. For 1,2 placements of all successive pairs of the substituents leading to
formation of 1,2 and 1,4 diketone structures (IV), the intramolecular reaction
should, expectedly, yield furan ring structures with only 50% loss of the total
oxygen.

CH, CH, CH, CH,
7 \(le/ \(|:H/ \(|:H/ \(|:H/

AN AN S
CH,0C CH,O CHCH] O

(6.4)

CH, CH, CH, CH,
7 \$H/ \$H/ \ICH/ \CIH/

C C C

Z = = A
ZN\ cu? Ncu? \CH3CH3/C\

—CHZ—(liH—ClH—CHz— —CHz—ﬁ—ﬁ—CHz—

/AN A S ENEVAN 6.5)
ci, 0 & cH, ch, "o cH,

In a similar manner, poly(vinyl acetate) also appears to be largely characterized
by a head-to-tail arrangement of the repeating units in the chain molecules as
revealed by treatment of the hydrolyzed polymer, i.e., poly(vinyl alcohol) with
periodic acid reagent which attacks only the 1,2-glycols and gets consumed in the
process. Experimental reports, however, indicate little consumption of the reagent
substantiating successive monomer addition by head-to-tail mechanism despite the
fact that the substituent —OCOCH; offers very limited stability to the free radical
through resonance.® At the same time, periodic acid or periodate ion treatment in
aqueous solution causes rather notable lowering in molecular weight of the
poly(vinyl alcohol) within a few minutes at room temperature, giving evidence for
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a minor proportion of head-to-head/tail-to-tail structure. It is important to bear in
mind that even for head-to-tail propagation sequences, termination by combination
results in a break in the monotony of the 1,3 structure and causes appearance of a
1,2 structure at the point of radical combination.

{] 6.3 Branching in Vinyl Polymers

Consideration of an olefinic unsaturation as equivalent to bifunctionality leads one
to ordinarily presume the vinyl and related polymerizations as processes yielding
linear macromolecules. But in radical polymerization both the monomers and the
polymers being formed or present in the system are subject to attack by propagating
radicals through what may be termed as monomer transfer and polymer transfer
reactions, thereby leading to formation of some branched polymer molecules in the
product, and this aspect has been discussed with some specific examples in Chapter
3. In certain cases, such as in vinyl acetate, chain transfer with the monomer may
lead to a polymer molecule with a terminal unsaturation as shown in Eq. (6.6):

XH X’

|
M, + CHy=CH —~—~M,—H + CH,—CH ~M» CH,—CH—X—M (6.6)

~~~X—CH=CH , + ~—~M?, - ~~X—CH—CH, — M
(6.6a)

The terminal unsaturation may then be picked up by another propagating radical
during its growth process, thus yielding a branched polymer molecule, [Eq. (6.6a)].
Similarly, branching may occur through chain-end unsaturation arising from
termination by disproportionation detailed in Chapter 3.

—~———e M'
~~CH=CHX —— " M|CH—CHX--
M, (6.7)

Polymer transfer during polymerization of a given monomer may sometimes lead
to different degrees of branching; and in selected systems extensive chain transfer
with the monomer and with the polymer formed may lead to extensive branching
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and even to limited cross-linking, particularly when the polymerization is allowed
to proceed to high conversions. Among the common monomers widely studied,
extensive long-chain branching is the characteristic feature of vinyl acetate
polymerization. Polymerization of ethylene by the high pressure (free radical)
process leads to extensive short-chain branching as a consequence of intramolecular
chain transfer as discussed in Chapter 3.

The polymerization of conjugated diolefins and related diene monomers tends to
yield partly insoluble or even largely insoluble polymer products due to limited or
extensive cross-linking involving the residual or rearranged unsaturation in the
repeat units. It is quite obvious that the proportion of insoluble polymer or the gel
content increases with degree of conversion. Soluble and industrially useful
polymers are usually prepared by limiting the degree of conversion and often by
controlling the chain length using calculated molar proportions of a chain transfer
agent commonly known as a regulator.

One sure means of producing cross-linked polymers is the use of small or large
proportions of a divinyl compound as a comonomer with a (mono)-vinyl monomer,
typically exemplified by the copolymerization of styrene with a small amount of
divinyl benzene.” Examples of other bi-or polyfunctional (olefinic) monomers used
as cross-linking agents are ethylene glycol dimethacrylate, triethylene glycol
dimethacrylate, glyceryl trimethacrylate, triallyl cyanurate, diallyl sebacate, etc.3 1

D 6.4 Polymer Degradation

By the term degradation, we generally mean breaking down of chemical structure
of a given material to smaller fragments, and with respect to polymeric materials it
simply implies a decrease in molecular weight or chain length. But sometimes, we
may even see a polymer lose its useful or desirable properties and in the process
it gains in molecular weight. It is difficult to give a close definition of polymer
degradation. In a broad perspective, any deterioration of properties of polymers
which make them variously useful as rubbers, plastics or fibres should be considered
as a case of degradation. Discolouration or embrittlement of a polymer is a
degradation process even though it may not lead to chain breakage or any fall in
molecular weight. A degradation process may result in no measurable change or
different degrees of decrease or increase in molecular weight, depending on the
nature of the polymer and its environments.

In most degradation studies, however, the focus of attention is on: (a) change in
molecular weight, (b) change in physical and mechanical properties, (c) evolution of
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volatiles and their chemical identity, and (d) the chemical structure of the residual
polymer vis-a-vis the same of the original polymer. Almost in all practical
applications, it is our objective and desire that the polymer performs up to
expectations and in tune with its potential without degradation due to the various
agencies inherent or infused in its environments, such as heat, light and other
radiation, atmospheric oxygen, moisture, acid, alkali, and other chemicals,
mechanical forces, microorganisms, etc. Even if a polymer material degrades, the
degradation process can be possibly prevented or delayed and the polymer made
more resistant to the degrading agent with the use of certain additives only if one
has a precise understanding of the mechanism of the degradation reactions. As for
example, when the role of oxygen was recognized in the deterioration of polymers,
the relevance and importance of antioxidant additives were better realized and
appreciated.

The backbone structures of different polymers tend to degrade by two distinct
mechanisms by thermal or hydrolytic means, i.e., by a chain mechanism or by a step
mechanism. Condensation or step-growth polymers are generally prone to
hydrolysis (or thermal splitting) of the condensed interunit linkages, such as the
ester and amide linkages and the like, by a step mechanism (much like the
mechanism of their formation) to yield low molecular weight degraded products.
Addition or chain-growth polymers, on the other hand, are usually prone to
degradation under heat, light, high energy radiations or otherwise by a chain-
mechanism to yield low molecular weight products.

The hydrolytic degradation of condensation polymers takes place randomly and
it follows a pattern similar to that known for related low molecular weight
compounds and hence, such degradations of specific condensation polymers are not
taken up for discussion here. Drop in molecular weight is quite severe and drastic
even for limited hydrolytic degradation of condensation polymers.

6.4.1 Thermal Degradation

Degradation of polymers at elevated temperatures has been most widely studied.
The degradation mechanism for different polymers does not follow a uniform
pattern. The thermal stability and mode of decomposition of a polymer are largely
dependent on the chemical structure of the chain segments or repeat units. It is
interesting to note that the degradation characteristics of a polymer cannot be
precisely predicted on the basis of those exhibited by low molecular weight model
compounds. Even though the mode of decomposition is much the same, the
polymers degrade or decompose at temperatures far lower than those of the



The McGraw-Hill companies

210 Polymer Science and Technology

corresponding model compounds. The degradation may primarily lead to chain
scission or involve non-chain scission reactions to begin with. The chain scission or
depolymerization reactions result in cut down in chain length or molecular weight
due to breaking of main polymer chain backbone. For a degradation of this nature,
the products at any intermediate stage of the reaction are very much similar to the
parent polymer in the sense that the characteristic monomer units can still be
distinctly recognized. The non-chain scission reactions are basically substituent
reactions in that the substituents attached to the main polymer chain backbone are
partially or totally modified or eliminated. This leads to major changes in the
chemical nature of the repeat units in the macromolecular structure and the volatiles
liberated in such cases are chemically unlike the monomer.

6.4.2 Depolymerization

Depolymerization brought about thermally may be manifested as depropagation
with elimination of monomers only as the volatile or by random breaking of the
chain backbone giving rise to low molecular weight volatiles other than the
monomer with or without the elimination of monomer in part. Poly(methyl
methacrylate) provides an example of one extreme system where depolymerization
yields monomer almost quantitatively, and for such a system, decrease in molecular
weight proceeds very slowly with the beginning of degradation and the fall in
molecular weight is measurable only at some advanced stages of degradation or
volatilization. Polyethylene, on the other hand, represents another extreme system
that yields little monomer on depolymerization while resulting in a sharp fall in the
molecular weight to low values at quite small extents of volatilization.

The depolymerization mechanisms are far from simple and a number of reactions
presumably take place simultaneously and consecutively. The initiation of chain
degradation process may occur by random chain scission or it may be a case of
chain-end initiation. The initiation reaction is followed by a depropagation reaction
in selected systems, forming monomer. The overall depolymerization process may
be schematically represented as follows:

1. Initiation of depolymerization
(a) Random chain scission
P, - R, + R;
(b) Chain-end initiation

P, - R,; + R} (6.8)
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2. Depropagation
R, >R ,;+M
3. Chain transfer involving random chain scission
R, +P,—>P,+P,; +R;
4. Termination
R, = P, unimolecular (obscure mechanism)
R, +R;, > P,., bimolecular (radical coupling)

R}, + R}, = P, + P,, bimolecular (radical disproportionation)

In scheme (6.8), P, R* and M denote polymer, radical and monomer respectively and
the subscripts, as usual, signify chain length or degree of polymerization. The
monomer content in the volatiles obtained on depolymerization of several polymers
are listed in Table 6.1 from which one can well appreciate how significantly the
course of depolymerization is dependent on the structure of the repeat units of the
polymer. Substituents modify the reaction course profoundly even if the main chain
scission reactions prevail. For ethylene and 1-substituted ethylenes, non-chain
scission reactions are predominant, producing either little or up to 50% monomer as
volatiles. 1,1-disubstituted repeat units apparently favour 100% monomer yield.
Monomer yield is negligible for the presence of chlorine substituent.

6.4.3 Substituent Roles

Substituents control the degradation process in many polymers containing labile -
hydrogen in the repeating units. Substituent reaction or substituent elimination
often spares the main-chain C—C links from breakdown in such polymers.
However, the substituent reactions have little comparable uniformity; each kind of
substituent has its characteristic chemical nature and reactivity. The substituent
reactions assume prominence if only they are initiated and accomplished at
temperatures lower than that at which main chain bonds are broken. Evidently,
then, substituent reactions are normally observed at comparatively low tempera-
tures.

One of the more common polymers showing characteristic substituent reaction is
the poly(vinyl chloride), PVC. Had PVC in reality corresponded to the idealized
concept of regular repeating units it would have been expected to be a polymer of
high inherent stability based on evidences available from studies of low molecular
weight model compounds such as 1,3,5-trichlorohexane.”” Thermal dehydro-
chlorination of PVC begins slowly at 80-100°C but it becomes quite rapid at >140°C.
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Table 6.1 Depolymerization of several polymers

Polymer Repeat Unit Monomer in
Volatiles (%)
Polyethylene —CH,—CH,— Negligible
Poly(vinyl chloride) —CH,—CH— Negligible
&
Poly(trifluorochloroethylene) —CF,—CF— 0
&
Polystyrene —CH,—CH— 42
Poly(m-methyl styrene) —CH,—CH— 52
\CH3
Poly(o-methyl styrene) —CH,—C(CH;)— 100
Poly(methyl methacrylate) —CH,—C(CH,)— 100
C|OOCH3
Polytetrafluoroethylene —CF,—CF,— 100

Evidences from many studies indicate that the dehydrochlorination of PVC is due
initially to a loss of HCl molecule which takes place at a site on the molecule either
containing or adjacent to a tertiary or (terminal) allylic chlorine atom (arising in the
polymer due to chain transfer by different mechanisms or termination by
disproportionation), each of which potentially functions as an activating group or
centre. Radical detection in the electron spin resonance spectra of dehydrochlorinated
PVC is indicative of a radical mechanism for thermal degradation of PVC.'*!*
However, it is unlikely that a radical chain process of any great propagation length
is involved. It is more likely that a radical reaction of short chain length is involved
as follows:
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~—CH,—CHCl—CH,—CHCl—CH=CHCI

'
~—~CH,—CHCl—CH,—CH—CH=CHCI +Cl

'
~—CH,—CHCl—CH=CH—CH=CHCI + HCl (6.9)

The elimination of the first molecule of HCI and consequent formation of a double
bond on PVC chain subsequently activates the neighbouring chlorine atom which
assumes the nature of an allylic chlorine, causing elimination of another hydrogen
chloride molecule, with the process continuing to repeat itself, finally producing a
conjugated polyene structure (VIII) by an autocatalytic effect.

~—~CH=CH—CH=CH—CH=CH ~—
(VIII)

Certain features of thermal dehydrochlorination of PVC, not compatible with a
radical mechanism, can be explained and appreciated on the basis of ionic
mechanism. Evidences in the studies of HCl “unzippering” from PVC lend support
to the currently held theory that both radical and ionic processes may be at work
simultaneously.”” The most effective and widely adopted means of arresting PVC
degradation is through incorporation of chemical additives such as basic lead
carbonate, tribasic lead sulphate, etc., which are basically HCI scavengers. They
effectively react with HCl as and when liberated under processing or service
conditions and inhibit the HCl unzippering. Inverse proportionality of PVC
decomposition rate to molecular weight stands in evidence for chain-end initiation.

Another good example of substituent reaction is found in the colouration of
polyacrylonitrile or polymethacrylonitrile thermally at temperatures near and above
175°C. The colour reactions are mostly due to intramolecular linking of nitrile groups
to form conjugated unsaturation of carbon nitrogen sequences (IX), forming ladder-
type structure:

CH CH CH CH

2 2 2 2
s \(IZH/ \(IjH/ \lCH/ \(le/
C C C C
\N/\N/\N/\ N/\

(X)

The reaction leading to colour formation is catalyzed by carboxylic acid, more
particularly for polymethacrylonitrile. For polyacrylonitrile, the intramolecular
reaction is occasionally intercepted by intermolecular reaction leading to insolubilization
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of the product even before development of visible colour. Polymethacrylonitrile,
however, remains soluble even when extensively coloured, indicating exclusive or
near-exclusive occurrence of intramolecular reaction for this polymer.

6.4.4 Mechanochemical Degradation

Breakdown of molecular chains under shear or mechanical force, often aided by a
chemical reaction (oxidation) is called mechanochemical degradation. Mastication of
rubber leading to chain breakage and development of plasticity under shear is a
good example of mechanochemical degradation of polymers. It is a widespread
experience that mastication of natural rubber at ordinary temperatures in an
atmosphere of nitrogen brings about no appreciable change in molecular weight and
development of plasticity. In air or oxygen, however, degradation is immediate and
rapid. Under mechanical shear, the rubber molecules break into radicals, and
oxygen, a radical scavenger, readily reacts with them leading to permanent chain
breakage. In nitrogen, however, the primary radicals formed under shear
immediately recombine to give no effective chain breakage. If benzoquinone, also a
radical scavenger, is used in small concentrations (1 phr), rapid degradation even in
nitrogen is observed, while little additional effect is exhibited in oxygen.

In natural rubber, the weakest bonds are those linking the different isoprene
units as shown below, and scission of each such bond results in generation of two
relatively unreactive radicals stabilized notably by allylic resonance.

CH, CH,

| : |
~~~ CH,—C =CH—CH,~CH,—C=CH—CH,~—~

The radicals thus derived are so unreactive as to be practically unable to take part
in disproportionation reaction required to lead to permanent chain breakage in
absence of radical acceptors. For polymers having no backbone unsaturation,
stabilization of primary radicals formed under shear in this manner are remote such
that radicals formed due to bond scission under shear are very much more reactive
and effective chain degradation takes place even in nitrogen.

6.4.5 Aging or Oxidative Degradation

Almost all polymers are subject to limited oxidative degradation, i.e., chain breakage
subsequent to reaction with oxygen, particularly when processed at elevated
temperatures, often under high pressure for short time intervals. Saturated
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hydrocarbon polymers, such as polyethylene, are very much more resistant to aging
or oxidative degradation as compared to unsaturated hydrocarbon polymers, such
as natural rubber or synthetic diene polymers under ambient conditions. Polymers
bearing tertiary hydrogens in the repeat units or methylene groups in the o-position
with respect to chain unsaturation are usually more prone to aging. The primary
attack by oxygen leads to hydroperoxidation and the hydroperoxides formed
subsequently decompose radically under heat/light with the onset of a chain process
that ultimately results in chain degradation.

For unsaturated polymers such as natural rubber, the mechanism of oxidation is
more complicated and the process turns out to be an autoxidation process. Here, the
hydroperoxidation by primary oxygen attack takes place in the co-methylenic
position. Subsequent sequence of reactions involve (a) decomposition of the
hydroperoxide into radicals and onset of an ill characterized chain degradation or
cross-linking process, and (b) epoxidation involving double bonds and the primarily
formed hydroperoxides. Subsequent decomposition of the reactive epoxides and
further oxidation by oxygen cause chain breakage at olefinic bonds or even
saturation of double bonds without chain rupture. The net result is incorporation of
oxygenated polar groups such as —OH, —COOH, —CO— and —O— in the
polymer. In any event, the loss of unsaturation does not follow oxygen intake
quantitatively.
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6.4.6 Photodegradation

Polymers are also subject to photodegradation to different extents depending on
their chemical structures and certain contaminants that may be present in them.
Degradation by light is rather selective in nature. Specific groups would absorb light
of specific wavelengths and induce degradation. The power to photodegrade
increases as the wavelength of the incident radiation decreases, i.e., as the energy
of the quanta increases. Light of wavelength 2800 A corresponds approximately to
a bond energy of 100 kcal/mol, and the wavelength region of 3000-4000 A
corresponding to bond energy of nearly 90-70 kcal/mol is considered as the
threshold. For light above this wavelength range, photodegradation scarcely occurs
(a C—C single bond has energy in the region 80 kcal/mol and the C—H bond
strength is in the region 80-100 kcal/mol depending on environment).
Photodegradation is widely recogn