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5. Addition Polymerization
II. CHAIN-REACTION POLYMERIZATION

As an important industrial method of polymer preparation, it involves the addition of
unsaturated molecules (e.g. vinyl monomers) to a rapidly growing chain.

The growing polymer in chain-reaction polymerization is an active species (e.g. free radical
and ions) and polymerization proceeds via chain mechanism.

Chain-reaction polymerization is induced by the addition of free-radical forming reagents or
by ionic initiators.

Like all chain reactions, it involves three fundamental steps: initiation, propagation, and
termination. In addition, a fourth step called chain transfer may be involved.
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Chapter 2

 

Polymerization Mechanisms

 

I. INTRODUCTION

 

As discussed in Chapter 1, under a scheme proposed by Carothers, polymers are classified as addition
or condensation polymers depending on the type of polymerization reaction involved in their synthesis.
This classification scheme, however, does not permit a complete differentiation between the two classes
of polymers. A more complete but still oversimplified scheme that is still based on the different
polymerization processes places polymers into three classes: condensation, addition, and ring-opening
polymers. This scheme reflects the structures of the starting monomers. Probably the most general
classification scheme is based on the polymerization mechanism involved in polymer synthesis. Under
this scheme, polymerization processes are classified as step-reaction (condensation) or chain-reaction
(addition) polymerization. In this chapter, we will discuss the different types of polymers based on the
different polymerization mechanisms.

 

II. CHAIN-REACTION POLYMERIZATION

 

Chain-reaction polymerization, an important industrial method of polymer preparation, involves the
addition of unsaturated molecules to a rapidly growing chain. The most common unsaturated compounds
that undergo chain-reaction polymerization are olefins, as exemplified by the following reaction of a
generalized vinyl monomer.

(2.1)

The growing polymer in chain-reaction polymerization is a free radical, and polymerization proceeds
via chain mechanism. Chain-reaction polymerization is induced by the addition of free-radical-forming
reagents or by ionic initiators. Like all chain reactions, it involves three fundamental steps: initiation,
propagation, and termination. In addition, a fourth step called chain transfer may be involved.

 

A. INITIATION

 

Initiation involves the acquisition of an active site by the monomer. This may occur spontaneously by the
absorption of heat, light (ultraviolet), or high-energy irradiation. But most frequently, initiation of free-
radical polymerization is brought about by the addition of small quantities of compounds called initiators.
Typical initiators include peroxides, azo compounds, Lewis acids, and organometallic reagents. However,
while initiators trigger initiation of the chain and exert an accelerating influence on polymerization rate,
they are not exactly catalysts since they are changed chemically in the course of polymerization. An
initiator is usually a weak organic compound that can be decomposed thermally or by irradiation to
produce free radicals, which are molecules containing atoms with unpaired electrons. A variety of
compounds decompose when heated to form free radicals. Dialkyl peroxides (ROOR), diacylperoxides
(RCO–O–O–CO–R), hydroperoxides (ROOH), and azo compounds (RN

 

›

 

NR) are typical organic com-
pounds that can be decomposed thermally to produce free radicals. Benzoyl peroxide, azobisisobutyroni-
trile, and di-

 

t

 

-butylperoxide are commonly used free-radical initiators, as illustrated in Equations 2.2–2.4.
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RADICAL POLYMERIZATION

A. INITIATION

Initiation involves the acquisition of an active site by the monomer. This may occur
spontaneously by the absorption of heat, light (ultraviolet), or high-energy irradiation.

Initiation of free-radical polymerization is brought about by the addition of small quantities of
compounds called initiators.

Typical initiators include peroxides, azo compounds, Lewis acids, and organometallic
reagents.

While initiators trigger initiation of the chain and exert an accelerating influence on
polymerization rate, they are not exactly catalysts since they are changed chemically in the
course of polymerization.

An initiator is usually a weak organic compound that can be decomposed thermally or by
irradiation to produce free radicals, which are molecules containing atoms with unpaired
electrons.
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A variety of compounds decompose when heated to form free radicals. Dialkylperoxides
(ROOR), diacylperoxides (RCO–O–O–CO–R), hydroperoxides (ROOH), and azo
compounds (RN≡NR) that can be decomposed thermally to produce free radicals.

The thermal decomposition of benzoyl peroxide, which takes place between 60-90 °C,
involves the homolytic cleavage of the O–O bond to yield benzoyl free radicals that may
react to yield phenyl radicals and carbon dioxide.

Photochemically-induced free-radical formation is the decomposition of azo-
bisisobutyronitrile by short-wavelength visible light or near-ultraviolet radiation at
temperatures as low as 0 °C, where no thermal initiation occurs.
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(2.3)

(2.4)

The thermal decomposition of benzoyl peroxide, which takes place between 60 and 90°C, involves the
homolytic cleavage of the O–O bond to yield benzoyl free radicals that may react to yield phenyl radicals
and carbon dioxide. An example of photochemically induced free-radical formation is the decomposition
of azo-bisisobutyronitrile by short-wavelength visible light or near-ultraviolet radiation at temperatures
as low as 0°C, where no thermal initiation occurs.

In free-radical polymerization carried out in aqueous medium, the decomposition of peroxide or per-
sulfate is greatly accelerated by the presence of a reducing system. This method of free-radical initiation
is referred to as redox initiation. The initiation resulting from the thermal decomposition of organic
compounds discussed above is appropriate only for polymerizations carried out at room temperature or
higher. The enhanced rate of free-radical formation in redox reactions permits polymerization at relatively
lower temperatures. Typical redox reactions for emulsion polymerization are shown in Equations 2.5–2.7.
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) reacts with a reducing agent such as a bisulfite ion (e.g., from
NaHSO

 

3

 

) to produce radicals for redox initiation (Equations 2.5 and 2.6). Ferric ion may also be used
as a source of radicals (Equation 2.7). Other redox reactions involve the use of alkyl hydroxides and a
reducing agent such as ferrous ion (Equation 2.8).

(2.8)

As indicated earlier, free-radical polymerization of some monomers can be initiated by heating or
exposing the monomers to light or high-energy irradiation such as X-rays, 

 

γ

 

-rays, and 

 

α

 

-rays. High-energy
irradiation of monomers can be carried out either in bulk or in solution. It is certainly not as selective
as photolytic initiation.

When choosing an initiator for free-radical polymerization, the important parameters that must be
considered are the temperature range to be used for the polymerization and the reactivity of the radicals
formed. The presence of certain promoters and accelerators and the nature of the monomer often affect
the rate of decomposition of initiators. For example, the decomposition of benzoyl peroxide may be
accelerated at room temperature by employing ternary or quaternary amines. Free-radical initiation
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As discussed in Chapter 1, under a scheme proposed by Carothers, polymers are classified as addition
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Typical initiators include peroxides, azo compounds, Lewis acids, and organometallic reagents. However,
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they are not exactly catalysts since they are changed chemically in the course of polymerization. An
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In free-radical polymerization carried out in aqueous medium, the decomposition of
peroxide or persulfate is greatly accelerated by the presence of a reducing system. This
method of free-radical initiation is referred to as redox initiation.

The initiation resulting from the thermal decomposition of organic compounds discussed
above is appropriate only for polymerizations carried out at room temperature or higher.

The enhanced rate of free-radical formation in redox reactions permits polymerization at
relatively lower temperatures (e.g. for emulsion polymerization):

S2O82– +  HSO3– →   SO42– +  SO4–
. +  HSO3

.

S2O82– +  S2O3– →   SO42– +  SO4–
. +  S2O3–

.

HSO3– +  Fe3+ → HSO3
. +  Fe2+

Persulfate ion initiator (e.g., from K2S2O8) reacts with a reducing agent such as a bisulfite
ion (e.g., from NaHSO3) to produce radicals for redox initiation.

Ferric ion may also be used as a source of radicals.
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Redox reactions involve the use of alkyl hydroxides and a reducing agent such as ferrous ion.

Free-radical polymerization of some monomers can be initiated by heating or exposing the
monomers to light or high-energy irradiation such as X-rays, 𝛾-rays, and 𝛼-rays.

High-energy irradiation of monomers can be carried out either in bulk or in solution. It is
certainly not as selective as photolytic initiation.

When choosing an initiator for free-radical polymerization, the important parameters that
must be considered are the temperature range to be used for the polymerization and the
reactivity of the radicals formed.
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The presence of certain promoters and accelerators and the nature of the monomer often
affect the rate of decomposition of initiators. For example, the decomposition of benzoyl
peroxide may be accelerated at room temperature by employing ternary or quaternary
amines.

Free-radical initiation processes do not require stringent exclusion of atmospheric moisture,
but can be inhibited by substances such as oxygen. Free radicals are inactivated by
reaction with oxygen to form peroxides or hydroperoxides.

For monomers such as styrene and methylmethacrylate that are susceptible to such
inhibition, initiation reactions are carried out in an oxygen-free atmosphere such as
nitrogen.

It must be emphasized also that organic peroxides, when subjected to shock or high
temperature, can detonate. Therefore these compounds must be handled with caution.
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The initiation of polymerization occurs in two successive steps. The first step involves the
formation of radicals:

The second step is the addition of the initiator radical to a vinyl monomer molecule:

Initiator fragments have been shown by end-group analysis to become part of the growing
chain. In commercial practice, 60 to 100% of all the free radicals generated do initiate
polymerization.

 

POLYMERIZATION MECHANISMS
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processes do not require stringent exclusion of atmospheric moisture, but can be inhibited by substances
such as oxygen. Free radicals are inactivated by reaction with oxygen to form peroxides or hydroper-
oxides. For monomers such as styrene and methylmethacrylate that are susceptible to such inhibition,
initiation reactions are carried out in an oxygen-free atmosphere such as nitrogen. It must be emphasized
also that organic peroxides, when subjected to shock or high temperature, can detonate. Therefore these
compounds must be handled with caution.

The initiation of polymerization occurs in two successive steps. The first step involves the formation
of radicals according to the processes discussed above. This may be represented broadly as:

(2.9)

The second step is the addition of the initiator radical to a vinyl monomer molecule:

(2.10)

Initiator fragments have been shown by end-group analysis to become part of the growing chain. In
commercial practice, 60 to 100% of all the free radicals generated do initiate polymerization.

 

B. PROPAGATION

 

During propagation, the initiated monomer described above adds other monomers — usually thousands
of monomer molecules — in rapid succession. This involves the addition of a free radical to the double
bond of a monomer, with regeneration of another radical. The active center is thus continuously relocated
at the end of the growing polymer chain (Equation 2.11).

(2.11)

Propagation continues until the growing chain radical is deactivated by chain termination or transfer as
discussed below.

The substituted carbon atom is regarded as the head and the unsubstituted carbon atom the tail of
the vinyl monomer. There are, therefore, three possible ways for the propagation step to occur: head-
to-tail (Equation 2.11), head-to-head (Equation 2.12), and tail-to-tail (Equation 2.13). A random distri-
bution of these species along the molecular chain might be expected. It is found, however, that head-to-
tail linkages in which the substituents occur on alternate carbon atoms predominate; only occasional
interruptions of this arrangement by head-to-head and tail-to-tail linkages occur. In addition, exclusive
head-to-head or tail-to-tail arrangements of monomers in the chain are now known.
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B. PROPAGATION

During propagation, the initiated monomer adds other monomers in rapid succession.

This involves the addition of a free radical to the double bond of a monomer, with
regeneration of another radical.

The active center is thus continuously relocated at the end of the growing polymer chain.

Propagation continues until the growing chain radical is deactivated by chain termination or
transfer.

The substituted carbon atom is regarded as the head and the unsubstituted carbon atom the
tail of the vinyl monomer.
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interruptions of this arrangement by head-to-head and tail-to-tail linkages occur. In addition, exclusive
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There are, therefore, three possible ways for the propagation step to occur: head-to-tail,
head-to-head, and tail-to-tail.

A random distribution of these species along the molecular chain might be expected.

It is found that head-to-tail linkages in which the substituents occur on alternate carbon
atoms predominate; only occasional interruptions of this arrangement by head-to-head and
tail-to-tail linkages occur.
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C. TERMINATION

In termination, the growth activity of a polymer chain radical is destroyed by reaction with
another free radical in the system to produce polymer molecule(s).

Termination can occur by the reaction of the polymer radical with initiator radicals. This type
of termination process is unproductive and can be controlled by maintaining a low rate for
initiation.

The termination reactions that are more important in polymer production are combination
(or coupling) and disproportionation.

In termination by combination, two growing polymer chains react with the mutual
destruction of growth activity.
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and disproportionation. In termination by combination, two growing polymer chains react with the mutual
destruction of growth activity (Equation 2.15), while in disproportionation a labile atom (usually hydro-
gen) is transferred from one polymer radical to another (Equation 2.16).
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Coupling reactions produce a single polymer, while disproportionation results in two polymers from the
two reacting polymer chain radicals. The predominant termination reaction depends on the nature of the
reacting monomer and the temperature. Since disproportionation requires energy for breaking of chemical
bonds, it should become more pronounced at high reaction temperatures; combination of growing
polymer radicals predominates at low temperatures.

 

D. CHAIN TRANSFER

 

Ideally, free-radical polymerization involves three basic steps: initiation, propagation, and termination,
as discussed above. However, a fourth step, called chain transfer, is usually involved. In chain-transfer
reactions, a growing polymer chain is deactivated or terminated by transferring its growth activity to a
previously inactive species, as illustrated in Equation 2.17.

(2.17)

The species, TA, could be a monomer, polymer, solvent molecule, or other molecules deliberately or
inadvertently introduced into the reaction mixture. Depending on its reactivity, the new radical, A·, may
or may not initiate the growth of another polymer chain. If the reactivity of A· is comparable to that of
the propagating chain radical, then a new chain may be initiated. If its reactivity toward a monomer is
less than that of the propagating radical, then the overall reaction rate is retarded. If A· is unreactive
toward the monomer, the entire reaction could be inhibited. Transfer reactions do not result in the creation
or destruction of radicals; at any instant, the overall number of growing radicals remains unchanged.
However, the occurrence of transfer reactions results in the reduction of the average polymer chain
length, and in the case of transfer to a polymer it may result in branching.
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Coupling reactions produce a single polymer, while disproportionation results in two
polymers from the two reacting polymer chain radicals.

The predominant termination reaction depends on the nature of the reacting monomer and
the temperature.

Since disproportionation requires energy for breaking of chemical bonds, it should
become more pronounced at high reaction temperatures; combination of growing
polymer radicals predominates at low temperatures.
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In disproportionation, a labile atom (usually hydrogen) is transferred from one polymer
radical to another.
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D. CHAIN TRANSFER

In chain-transfer reactions, a growing polymer chain is deactivated or terminated by
transferring its growth activity to a previously inactive species.

The species, TA, could be a monomer, polymer, solvent molecule, or other molecules
deliberately or inadvertently introduced into the reaction mixture. Depending on its reactivity,
the new radical, A·, may or may not initiate the growth of another polymer chain.

If the reactivity of A· is comparable to that of the propagating chain radical, then a new chain
may be initiated. If its reactivity toward a monomer is less than that of the propagating radical,
then the overall reaction rate is retarded. If A· is unreactive toward the monomer, the entire
reaction could be inhibited. Transfer reactions do not result in the creation or destruction of
radicals; the overall number of growing radicals remains unchanged.

The occurrence of transfer reactions results in the reduction of the average polymer chain
length, and in the case of transfer to a polymer it may result in branching.
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(7.4)

(7.5)

In 1,2 addition, the unsaturation is part of the pendant group. In 1,4 addition, however, the unsaturation
is part of the backbone. Two configurations are possible — 

 

trans

 

 or 

 

cis

 

. These considerations have
important consequences for the properties and hence end use of the resulting polymers.

 

C. TERMINATION

 

The propagation step would theoretically have continued until the consumption of all available monomers
but for the tendency of pairs of free radicals to react and annihilate their mutual activities. The termination
steps can occur by either of two mechanisms: combination (coupling) or disproportionation.

 

1. Combination or coupling — Two growing polymer chains yield a single polymer molecule terminated
at each end by an initiator fragment.

 

(7.6)

 

2. Disproportionation — This involves hydrogen transfer with the formation of two polymer molecules,
one with a saturated end and the other with an unsaturated terminal olefin and each with an initiator
fragment.

 

(7.7)

 

D. CHAIN TRANSFER

 

In addition to the three fundamental processes described above for chain-growth (addition) polymeriza-
tion, another important process, chain transfer, may occur. Chain transfer involves the transfer of radical
reactivity to another species, which may be a monomer, a polymer, a solvent, an initiator, or an impurity.
This creates a new species that is capable of further propagation but terminates the growth of the original
chain. The transfer reaction involves the transfer of an atom between the radical and the molecule. For
a saturated molecule like a solvent an atom is transferred to the radical:
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On the other hand, if the molecule is unsaturated, like a monomer, the atom can be transferred to either
the monomer or the chain radical:

(7.9)

It can be seen from this scheme that in chain transfer, radicals are neither created nor destroyed.
Consequently, the overall polymerization rate is unaffected by chain-transfer processes. However, as we
shall see presently, it does limit the obtainable molecular weight.

Chain transfer generally involves the cleavage of the weakest bond in the molecule. Consequently,
molecules with active hydrogens play important roles in chain polymerization. A material deliberately
added to the system to control molecular weight by chain transfer is called a 

 

chain-transfer agent.

 

 A
substance that, if added to the monomer, reacts with chain radicals to produce either nonradical products
or radicals with such low reactivity as to be incapable of adding monomer (and thus reducing the
polymerization rate) is called a 

 

retarder

 

. If a retarder is so effective as to completely suppress the rate
and degree of polymerization, it is referred to as an 

 

inhibitor

 

. Thus the distinction between the retarder
and inhibitor is merely that of degree. If an inhibitor added to a system is consumed by the radicals
generated within the system, an induction period during which no polymerization takes place ensues.
Thereafter, normal polymerization occurs. In some cases, added substances first inhibit the polymeriza-
tion process and then allow polymerization to occur at slower than normal rates. These phenomena are
illustrated in Figure 7.1.

Retarders and inhibitors generally operate by chain-transfer mechanism. These substances may be
impurities in the system or are formed by side reactions during polymerization. In some cases, they are
added deliberately to the system to prevent inadvertent polymerization during transportation or storage.
A typical example is hydroquinone, normally added to styrene must be subsequently stripped of the
inhibitor before polymerization.

 

IV. STEADY-STATE KINETICS OF FREE-RADICAL POLYMERIZATION

 

The overall mechanism for the conversion of a monomer to a polymer via free-radical initiation may be
described by rate equations according to the following scheme.

 

Figure 7.1

 

The influence of retarders and inhibitors on conversion.

CH2

CCH2

H

X

R • + CH2 CHX

CCH

H

X

R + CH3 C

H

X

•

R CH2X + CH2 C

X

•

Copyright 2000 by CRC Press LLC

if the molecule is unsaturated, like a monomer, the atom can be transferred to either the
monomer or the chain radical:

Retarders and inhibitors generally operate by chain-transfer mechanism. These substances
may be impurities in the system or are formed by side reactions during polymerization.

In some cases, they are added deliberately to the system to prevent inadvertent
polymerization during transportation or storage. A typical example is hydroquinone, normally
added to styrene must be subsequently stripped of the inhibitor before polymerization.
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E. DIENE POLYMERIZATION

 

Conjugated dienes such as butadiene (1), chloroprene (2), and isoprene (3) constitute a second group of
unsaturated compounds that can undergo polymerization through their double bonds.

(Str. 1)

These structures contain double bonds in the 1,2 and 3,4 positions, each of which may participate
independently in polymerization giving rise to 1,2 and 3,4 units. A further possibility is that both bonds
are involved in polymerization through conjugate reactions, resulting in 1,4 units. These structures are
shown in Equation 2.18.

(2.18)

Diene polymerization thus gives rise to polymers that contain various isomeric units. With symmetrical
dienes such as butadiene, the 1,2 and 3,4 units are identical. The 1,4 unit may occur in the 

 

cis

 

 or 

 

trans

 

configuration. A diene polymer contains more than one of these structural units. The relative abundance
of each unit in the polymer molecule depends on the nature of the initiator, experimental conditions,
and the structure of the diene. The proportion of each type of structure incorporated into the polymer
chain influences both thermal and physical properties. For example, butadiene can be polymerized by
free-radical addition at low temperature to produce a polymer that consists almost entirely of 

 

trans

 

-1,4
units and only about 20% 1,2 units. As the temperature is increased, the relative proportion of 

 

cis

 

-1,4
units increases while the proportion of 1,2 structure remains fairly constant. Anionic diene polymerization
with lithium or organolithium initiators like 

 

n

 

-butyllithium in nonpolar solvents such as pentane or
hexane yields polymers with high 

 

cis

 

-1,4 content. When higher alkali metal initiators or more polar
solvents are used, the relative amount of 

 

cis

 

-1,4 units decreases. Stereoregularity can also be controlled
by the use of coordination catalysts like Ziegler–Natta catalysts. Heterogeneous Alfin catalysts — which
are combinations of alkenyl sodium compounds, alkali metal halides, and an alkoxide — give high-
molecular-weight polymers with high content of 

 

trans

 

-1,4 units.
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The double bonds in the 1,2 and 3,4 positions may participate
independently in polymerization giving rise to 1,2 and 3,4 units.

A further possibility is that both bonds are involved in polymerization
through conjugate reactions, resulting in 1,4 units.

E. DIENE POLYMERIZATION

Conjugated dienes such as butadiene (1), chloroprene (2), and isoprene (3) constitute a
second group of unsaturated compounds that can undergo polymerization through their
double bonds.
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Diene polymerization thus gives rise to polymers that contain various isomeric units. With
symmetrical dienes such as butadiene, the 1,2 and 3,4 units are identical.

The 1,4 unit may occur in the cis or trans configuration.

The relative abundance of each unit in the polymer molecule depends on the nature of the
initiator, experimental conditions, and the structure of the diene.

The proportion of each type of structure incorporated into the polymer chain influences both
thermal and physical properties.

For example, butadiene can be polymerized by free-radical addition at low temperature to
produce a polymer that consists almost entirely of trans-1,4 units and only about 20% 1,2
units.

As the temperature is increased, the relative proportion of cis-1,4 units increases, while
the proportion of 1,2 structure remains fairly constant.
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Anionic diene polymerization with lithium or organolithium initiators like n-butyllithium in
nonpolar solvents such as pentane or hexane yields polymers with high cis-1,4 content.

When higher alkali metal initiators or more polar solvents are used, the relative amount of
cis-1,4 units decreases.

Stereoregularity can also be controlled by the use of coordination catalysts like Ziegler–
Natta catalysts. Heterogeneous Alfin catalysts (combinations of alkenyl sodium
compounds, alkali metal halides, and an alkoxide) give high molecular-weight polymers with
high content of trans-1,4 units.

The structural unit in addition polymers is chemically identical to the monomer employed
in the polymerization reaction:
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As noted above, all chain-reaction polymerizations involve essentially the same number of steps. The
main distinguishing feature between chain-reaction polymerizations, however, is by the initiation mech-
anism, which may be a free-radical, ionic (cationic or anionic), or coordination. The time between
initiation and termination of a given chain is typically from a few tenths of a second to a few seconds.
During this time thousands or tens of thousands of monomers add to the growing chain.

The structural unit in addition polymers is chemically identical to the monomer employed in the
polymerization reaction, as exemplified by the following reaction of a generalized vinyl monomer:

(2.18A)

Here R and X are monofunctional groups, R may be a hydrogen atom (H), or an alkyl group (e.g.,
–CH

 

3

 

), while X may be any group (e.g., –Cl, –CN). The structural unit is evidently structurally identical
to the starting monomer. Monomers generally employed in addition polymerizations are unsaturated
(usually with double bonds). Because of the identical nature of the chemical formulas of monomers and
the polymers derived from them, addition polymers generally take their names from the starting
monomer — ethylene 

 

→

 

 polyethlene, propylene 

 

→

 

 polypropylene, etc. (Table 2.1). The backbone of
addition polymer chains is usually composed of carbon atoms.
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As noted above, all chain-reaction polymerizations involve essentially the same number of steps. The
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anism, which may be a free-radical, ionic (cationic or anionic), or coordination. The time between
initiation and termination of a given chain is typically from a few tenths of a second to a few seconds.
During this time thousands or tens of thousands of monomers add to the growing chain.

The structural unit in addition polymers is chemically identical to the monomer employed in the
polymerization reaction, as exemplified by the following reaction of a generalized vinyl monomer:

(2.18A)

Here R and X are monofunctional groups, R may be a hydrogen atom (H), or an alkyl group (e.g.,
–CH

 

3

 

), while X may be any group (e.g., –Cl, –CN). The structural unit is evidently structurally identical
to the starting monomer. Monomers generally employed in addition polymerizations are unsaturated
(usually with double bonds). Because of the identical nature of the chemical formulas of monomers and
the polymers derived from them, addition polymers generally take their names from the starting
monomer — ethylene 

 

→

 

 polyethlene, propylene 

 

→

 

 polypropylene, etc. (Table 2.1). The backbone of
addition polymer chains is usually composed of carbon atoms.

 

Table 2.1 

 

Some Representation Addition Polymers

 

R Monomer Polymer

 

H Ethylene Polyethylene
CH

 

3

 

Propylene Polypropylene
Cl Vinyl chloride Poly(vinyl chloride)
CN Acrylonitrile Polyacrylonitrile

Styrene Polystyrene

Vinyl acetate Poly(vinyl acetate)

Methyl acrylate Poly(methyl acrylate)

C

H

H

C

X

R

n C

H

H

C

X

R

monomer polymer

n

n
monomer

C

H

H

C

H

R

n

polymer

C

H

H

C

H

R

O

C

CH3

O

O

C

CH3

O

Copyright 2000 by CRC Press LLC

 

POLYMERIZATION MECHANISMS

 

31

 

Example 2.1:

 

Explain the following observations.

 

a.

 

α

 

-Methylstyrene polymerizes much less readily than styrene.
b. Chain-transfer reactions reduce the average chain length of the polymer.

 

Solutions:

 

a. The reactivity of a vinyl monomer depends on the nature of the substituents on the monomer
double bond. Substituents may either enhance the monomer reactivity by activating the double
bond, depress the reactivity of the resulting radical by resonance stabilization, or provide steric
hindrance at the reaction site.

(Str. 2)

The reactivities of 

 

α

 

-methylstyrene and styrene radicals are essentially the same due to their
similar resonance stabilization. However, the activation of the double bond by the phenyl group
is compensated somewhat by the presence of the electron-donating methyl group in 

 

α

 

-methylsty-
rene. The methyl group also provides steric hindrance at the reactive site. Consequently, 

 

α

 

-meth-
ylstyrene is less reactive than styrene.
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Methyl methacrylate Poly(methyl methacrylate)
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STEADY-STATE KINETICS OF FREE-RADICAL POLYMERIZATION
The overall mechanism for the conversion of a monomer to a polymer via free-radical initiation
may be described by rate equations according to the following scheme.

A. INITIATION

A two-step process involving:

1. The decomposition of the initiator into primary radicals

2. The addition of a monomer to the primary free radical
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The constants k

 

d

 

 and k

 

a

 

 are the rate constants for initiator dissociation and monomer addition, respectively.
Since initiator dissociation (eqn. 7.10) is much slower than monomer addition (eqn. 7.11), the first step
of the initiation step (initiator dissociation) is the rate-limiting step. Some of the initiator radicals may
undergo side (secondary) reactions, such as combination with another radical, that preclude monomer
addition. Therefore only a fraction, f (an efficiency factor), of the initial initiator concentration is effective
in the polymerization process. Also, decomposition of each initiator molecule produces a pair of free
radicals, either or both of which can initiate polymerization. Based on these observations, the rate
expression for initiation may be written as:

(7.12)

where [I] represents the initiator concentration.

 

B. PROPAGATION

 

The successive addition of monomers during propagation may be represented as follows:

(7.13)

In general, (7.14)

The above scheme is based on the assumption that radical reactivity is independent of chain length.
Essentially, this means that all the propagation steps have the same rate constants k

 

p

 

. In addition,
propagation is a fast process. For example, under typical reaction conditions, a polymer of molecular
weight of about 10

 

7

 

 may be produced in 0.1 s. It may therefore be assumed that the number of monomer
molecules reacting in the second initiation step is insignificant compared with that consumed in the
propagation step. Thus the rate of polymerization equals essentially the rate of consumption of monomers
in the propagation step. The rate expression for polymerization rate can therefore be written thus:

(7.15)

where [M*] = 

 

∑

 

 RM

 

x

 

• i.e., the sum of the concentrations of all chain radicals of type RM

 

x

 

.

 

C. TERMINATION

 

Chain growth may be terminated at any point during polymerization by either or both of two mechanisms:

 

• Combination (coupling)

 

(7.16)
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The constants kd and ka are the rate constants for initiator dissociation and monomer
addition, respectively.
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Since initiator dissociation is much slower than monomer addition, the first step of the
initiation step (initiator dissociation) is the rate-limiting step.

Some of the initiator radicals may undergo side (secondary) reactions, such as combination
with another radical, that preclude monomer addition. Therefore only a fraction, f (an
efficiency factor), of the initial initiator concentration is effective in the polymerization
process.

Decomposition of each initiator molecule produces a pair of free radicals, either or both of
which can initiate polymerization.

Based on these observations, the rate expression for initiation may be written as:

where [I] represents the initiator concentration.
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B. PROPAGATION

The successive addition of monomers during propagation may be represented as follows:

In general,

On the assumption, radical reactivity is independent of chain length, therefore the
propagation steps have the same rate constants kp.

Propagation is a fast process. For example, under typical reaction conditions, a polymer of
molecular weight of about 107 may be produced in 0.1 s.

The rate of polymerization equals essentially the rate of consumption of monomers in the
propagation step.

The rate expression for polymerization rate can be written:

where [M*] = ∑ RMx•, the sum of the concentrations of all chain radicals of type RMx.
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C. TERMINATION

Chain growth may be terminated at any point during polymerization by either or both of two
mechanisms:

• Combination (coupling)

• Disproportionation

If there is no need to distinguish between the two types of termination, which in any case are
kinetically equivalent, then termination may be represented as:

where kt(ktc + ktd), ktc, and ktd are the rate constants for overall termination process: termination
by coupling and termination by disproportionation, respectively.

The termination rate is given by:
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• Disproportionation

 

(7.17)

If there is no need to distinguish between the two types of termination, which in any case are kinetically
equivalent, then termination may be represented as:

(7.18)
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, and k
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 are the rate constants for overall termination process, termination by
coupling, and termination by disproportionation, respectively. The termination rate is given by:

(7.19)

The factor of 2 arises from the fact that at each incidence of termination reaction, two radicals disappear.

Over the course of polymerization (at steady state), the total radical concentration remains constant.
This means that radicals are being produced and destroyed at equal rates (i.e., R

 

i

 

 = R

 

t

 

). It follows from
Equations 7.12 and 7.19 that

(7.20)

Since the overall polymerization rate is essentially the rate of monomer consumption during propagation,
substitution of Equation 7.20 into Equation 7.15 yields:

(7.21)

Note that Equation 7.21 predicts that rate of polymer formation in free-radical polymerization is first
order in monomer concentration and half order in initiator concentration. This assumes, of course, that
the initiator efficiency is independent of monomer concentration. This is not strictly valid. In fact, in
practice Equation 7.21 is valid only at the initial stage of reaction; its validity beyond 10 to 15% requires
experimental verification. Abundant experimental evidence has confirmed the predicted proportionality
between the rate of polymerization and the square root of initiator concentration at low extents of reaction
(Figure 7.2). If the initiator efficiency, f, is independent of the monomer concentration, then Equation 7.21
predicts that the quantity R

 

p

 

/[I]

 

1/2

 

 [M] should be constant. In several instances, this ratio has indeed been
found to show only a small decrease even over a wide range of dilution, indicating an initiator efficiency
that is independent of dilution. This confirmation of first-order kinetics with respect to the monomer
concentration suggests an efficiency of utilization of primary radicals, f, near unity. Even where the
kinetics indicate a decrease in f with dilution, the decreases have been invariably small. For undiluted
monomers, efficiencies near unity are not impossible.

 

Example 7.1:

 

The following are data for the polymerization of styrene in benzene at 60°C with benzoyl
peroxide as the initiator.
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The factor of 2 arises from the fact that at each incidence of termination reaction, two radicals disappear.
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Over the course of polymerization (at steady state), the total radical concentration remains
constant; the radicals are being produced and destroyed at equal rates (i.e., Ri = Rt):

Since the overall polymerization rate is essentially the rate of monomer consumption during
propagation:

According to the above equation, rate of polymer formation in free-radical polymerization is
first order in monomer concentration and half order in initiator concentration.

This assumes that the initiator efficiency is independent of monomer concentration.
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AUTOACCELERATION (TROMMSDORFF EFFECT)

Since the initiator concentration remains fairly unchanged in the course of vinyl
polymerization, first-order kinetics with respect to the monomer is expected (if the initiator
efficiency is independent of monomer concentration).

The polymerization of certain monomers shows a marked deviation from such first-order
kinetics. At a certain stage in the polymerization process, a considerable increase in both
the reaction rate and the molecular weight is observed. This observation is referred to as
autoacceleration or gel effect.

It occurs independent of an initiator and is observed even under isothermal conditions. As
there is no effective dissipation of heat, autoacceleration results in a large increase in
temperature.

To understand the physical phenomena during autoacceleration, the following rate equation
is considered:

190 POLYMER SCIENCE AND TECHNOLOGY

To understand the physical phenomena taking place during autoacceleration, let us look more carefully
at the rate equation:

Since autoacceleration is not a function of the initiator, an increase in the factor fkd does not provide
an explanation for the observation. Consequently the phenomenon of autoacceleration could be due to
an increase in the propagation rate constant kp and/or a decrease in the termination rate constant kt.
Trommsdorff attributed autoacceleration to a decrease in the termination rate. As the concentration of
polymer molecules generated builds up, the viscosity of the medium increases. This reduces the overall
diffusion rate of growing radical-bearing polymer molecules even though the intrinsic reactivity of the
radical remains unaffected. As a result, the bimolecular annihilation of radical reactivity becomes
diffusion-controlled. This reduction in termination rate, in turn, increases the concentration of active
radicals, and the rate of local consumption of monomers increases proportionately. The overall rate of
propagation, however, remains relatively unaffected since the diffusion of monomers is hardly affected
by the high medium viscosity. This reduction in termination rate with little or no change in the propagation
rate leads to a rapid rise in the molecular weight.

A further reference to Figure 7.4 shows that autoacceleration does not result in complete polymer-
ization of monomers. Also, the higher the dilution, the higher the extent of conversion. Pure poly(methyl
methacrylate) has a glass transition temperature of about 90°C. It therefore follows that when the
percentage of polymers formed reaches a certain high value, the reaction mixture is transformed into a
glass at temperatures below 90°C. Propagation becomes monomer diffusion-controlled, and there is a
virtual cessation of polymerization. There is ample experimental evidence to support the above expla-
nation for the phenomenon of autoacceleration.

VI. KINETIC CHAIN LENGTH
The kinetic chain length, ν, is defined as the average number of monomers consumed by each primary
radical. Obviously from this definition, the magnitude of the kinetic chain length will depend on the
rate of the propagation relative to the termination rate, i.e.,

(7.22)

Since at steady state the rate of initiation equals the rate of termination, Equation 7.22 can also be written
as

Figure 7.4 The course of polymerization of methyl methacrylate at 50°C in the presence of benzoyl peroxide
at different concentrations of monomer in benzene. (G.V. Schulz and G. Harboth, Macromol. Chem., 1, 106, 1947.)
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Since autoacceleration is not a function of the initiator, an increase in the factor fkd does not
provide an explanation for the observation. Consequently, the autoacceleration could be due
to an increase in the propagation rate constant kp and/or a decrease in the termination rate
constant kt.

Trommsdorff attributed autoacceleration to a decrease in the termination rate. As the
concentration of polymer molecules generated builds up, the viscosity of the medium
increases. This reduces the overall diffusion rate of growing radical-bearing polymer
molecules even though the intrinsic reactivity of the radical remains unaffected.

As a result, the bimolecular annihilation of radical reactivity becomes diffusion-controlled.

This reduction in termination rate, in turn, increases the concentration of active radicals, and
the rate of local consumption of monomers increases proportionately.

The overall rate of propagation remains relatively unaffected since the diffusion of monomers
is hardly affected by the high medium viscosity. This reduction in termination rate leads
to a rapid rise in the molecular weight.

Propagation becomes monomer diffusion-controlled.
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III. IONIC POLYMERIZATIONS

Ionic polymerizations involve chain carriers or reactive centers that are organic ions or
charged organic groups.

In anionic polymerization, the growing chain end carries a negative charge or carbanions,
while cationic polymerization involves a growing chain end with a positive charge or
carbonium ion.

The mechanisms of ionic polymerizations are more complex and are not as clearly
understood as those of free radical polymerization.

Initiation of ionic polymerization usually involves the transfer of an ion or an electron to or
from the monomer.

Many monomers can polymerize by more than one mechanism, but the most
appropriate polymerization mechanism for each monomer is related to the polarity of the
monomers and the Lewis acid–base strength of the ion formed.
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A. CATIONIC POLYMERIZATION 

Monomers with electron-donating groups like isobutylene form stable positive charges
and are readily converted to polymers by cationic catalysts.

Typical catalysts that are effective for cationic polymerization include AlCl3, AlBr3, BF3, TiCl4,
SnCl4, and sometimes H2SO4. With the exception of H2SO4, these compounds are all Lewis
acids with strong electron-acceptor capability. To be effective, these catalysts require the
presence of a Lewis base such as water, alcohol, or acetic acid as a cocatalyst.

Cationic polymerizations proceed at high rates in solutions and frequently at
temperatures as low as –80 to –100 °C at low temperatures. For example, the
polymerization at –100 °C of isobutylene with BF3 or AlCl3 as catalysts yields, within a few
seconds, a polymer with molecular weight as high as 106.

Both the rate of polymerization and the molecular weight of the polymer decrease with
increasing temperature. The molecular weights of polyisobutylene obtained at room
temperature and above are lower than those obtained through radical polymerization.
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Mechanism

The mechanism for cationic polymerization involves carbonium ion chain carrier.

1. During initiation, a proton adds to the monomer to form a carbonium ion, which forms an
association with the counterion.

The polymerization of isobutylene with BF3 as the catalyst can be represented thus:

First, the catalyst and cocatalyst (e.g., water) form a complex:
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catalyst, monomer, and growing chain. The polymerization mechanisms of these systems are complex
and not as clearly understood as the mechanism of radical polymerization. This is because the reactions
are generally heterogeneous, involving usually solid inorganic catalysts and organic monomers. In
addition, ionic polymerizations are characterized by extremely high reaction rates. High-molecular-
weight polymers are generated so fast that it is frequently neither possible to establish nor maintain
uniform reaction conditions, thus making it difficult to obtain kinetic data or reproducible results. Two
essential differences between free-radical and ionic polymerizations are apparent. First, in ionic poly-
merization, initiation involves the formation of an ion pair through the transfer of an ion or electron to
or from the monomer. This contrasts with the generation and addition of a radical to the monomer in
free-radical initiation reactions. Second, termination in ionic polymerization involves the unimolecular
reaction of a chain with its counterion or a transfer reaction with the remnant species unable to undergo
propagation. In contrast to radical chain polymerization, this termination process in ionic polymerization
is strictly unimolecular — bimolecular annihilation of growth activity between two growing chains does
not occur. The types of chain polymerization suitable for common monomers are shown in Table 7.1.

While many monomers can polymerize by more than one mechanism, it is evident that the polymer-
ization mechanism best suited for each monomer is related to the polarity of the monomer and the Lewis
acid–base strength of the ion formed. Monomers in which electron-donating groups are attached to the
carbon atoms with the double bond (e.g., isobutylene) are capable of forming stable carbonium ions (i.e.,
they behave as Lewis bases). Such monomers are readily converted to polymers by cationic catalysts (Lewis
acids). On the other hand, monomers with electron-withdrawing substituent (e.g., acrylonitrile) form stable
carbanions and polymerize with anionic catalysts. Free-radical polymerization falls between these structural
requirements, being favored by conjugation in the monomer and moderate electron withdrawal from the
double bond. The structural requirements for coordination polymerization are less clearly delineated, and
many monomers undergo coordination polymerization as well as ionic and radical polymerizations.

B. CATIONIC POLYMERIZATION
Typical catalysts that are effective for cationic polymerization include AlCl3, AlBr3, BF3, TiCl4, SnCl4,
and sometimes H2SO4. With the exception of H2SO4, these compounds are all Lewis acids with strong
electron-acceptor capability. To be effective, these catalysts generally require the presence of a Lewis
base such as water, alcohol, or acetic acid as a cocatalyst. As indicated in Table 7.1, monomers that
polymerize readily with these catalysts include isobutylene, styrene, α-methylstyrene and vinyl alkyl
ethers. All of these monomers have electron-donating substituents, which should enhance the electron-
sharing ability of the double bonds in these monomers with electrophilic reagents.

Cationic polymerizations proceed at high rates at low temperatures. For example, the polymerization
at –100°C of isobutylene with BF3 or AlCl3 as catalysts yields, within a few seconds, a polymer with
molecular weight as high as 106. Both the rate of polymerization and the molecular weight of the polymer
decrease with increasing temperature. The molecular weights of polyisobutylene obtained at room
temperature and above are, however, lower than those obtained through radical polymerization.

1. Mechanism
Based on available experimental evidence, the most likely mechanism for cationic polymerization
involves carbonium ion chain carrier. For example, the polymerization of isobutylene with BF3 as the
catalyst can be represented thus:

First, the catalyst and cocatalyst (e.g., water) form a complex:

(7.47)

The complex then donates a proton to an isobutylene molecule to form a carbonium ion:

(7.48)
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The complex then donates a proton to an isobutylene molecule to form a carbonium
ion:
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In general, the propagation reaction can be written as:

Since cationic polymerization is generally carried out in hydrocarbon solvents that have low
dielectric constants, separation of the ions would require a large amount of energy.

The cation and the counterion in cationic polymerization remain in close proximity. If the
association between the ion pair is too strong, monomer insertion during propagation will
be prevented. The choice of solvent in cationic polymerization has to be made carefully.

A linear increase in polymer chain length and an exponential increase in the reaction
rate usually occur as the dielectric strength of the solvent increases.

198 POLYMER SCIENCE AND TECHNOLOGY

The carbonium ion reacts with a monomer molecule in the propagation step.

(7.49)

In general, the propagation reaction can be written as

(7.50)

Since cationic polymerization is generally carried out in hydrocarbon solvents that have low dielectric
constants, separation of the ions would require a large amount of energy. Consequently, the anion and
cation remain in close proximity as an ion pair. It is therefore to be expected that the growth rate and
subsequent reactions (e.g., termination and chain transfer) are affected by the nature of the ion pair.

Termination occurs either by rearrangement of the ion pair to yield a polymer molecule with an
unsaturated terminal unit and the original complex or through transfer to a monomer.

(7.51)

(7.52)

Unlike in free-radical polymerization, the catalyst is not attached to the resulting polymer molecule, and
in principle many polymer molecules can be produced by each catalyst molecule.

2. Kinetics
For the purpose of establishing the kinetics of generalized cationic polymerization, let A represent the
catalyst and RH the cocatalyst, M the monomer, and the catalyst–cocatalyst complex H+ AR–. Then the
individual reaction steps can be represented as follows:

(7.53)

The rate of initiation Ri is given by

(7.54)
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The carbonium ion reacts with a monomer molecule in the propagation step.

(7.49)

In general, the propagation reaction can be written as

(7.50)

Since cationic polymerization is generally carried out in hydrocarbon solvents that have low dielectric
constants, separation of the ions would require a large amount of energy. Consequently, the anion and
cation remain in close proximity as an ion pair. It is therefore to be expected that the growth rate and
subsequent reactions (e.g., termination and chain transfer) are affected by the nature of the ion pair.

Termination occurs either by rearrangement of the ion pair to yield a polymer molecule with an
unsaturated terminal unit and the original complex or through transfer to a monomer.

(7.51)

(7.52)

Unlike in free-radical polymerization, the catalyst is not attached to the resulting polymer molecule, and
in principle many polymer molecules can be produced by each catalyst molecule.

2. Kinetics
For the purpose of establishing the kinetics of generalized cationic polymerization, let A represent the
catalyst and RH the cocatalyst, M the monomer, and the catalyst–cocatalyst complex H+ AR–. Then the
individual reaction steps can be represented as follows:
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The rate of initiation Ri is given by

(7.54)
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2. Propagation involves the consecutive additions of monomer molecules to the carbonium
ion at the growing chain end.
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3. Termination in cationic polymerization usually involves rearrangement to produce a
polymer with an unsaturated terminal unit and the original complex or chain transfer to a
monomer and possibly to the polymer or solvent molecule.

Unlike free-radical polymerization, termination by combination of two cationic polymer
growing chains does not occur.

Also, unlike in free-radical polymerization, the catalyst is not attached to the resulting
polymer molecule, and in principle many polymer molecules can be produced by each
catalyst molecule.
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The carbonium ion reacts with a monomer molecule in the propagation step.
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In general, the propagation reaction can be written as
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Since cationic polymerization is generally carried out in hydrocarbon solvents that have low dielectric
constants, separation of the ions would require a large amount of energy. Consequently, the anion and
cation remain in close proximity as an ion pair. It is therefore to be expected that the growth rate and
subsequent reactions (e.g., termination and chain transfer) are affected by the nature of the ion pair.

Termination occurs either by rearrangement of the ion pair to yield a polymer molecule with an
unsaturated terminal unit and the original complex or through transfer to a monomer.
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Kinetics

For cationic polymerization, the individual reaction steps can be represented as follows:

A represents the catalyst and RH the cocatalyst, M the monomer, and the catalyst–
cocatalyst complex H+AR–.

The rate of initiation Ri is given by
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The carbonium ion reacts with a monomer molecule in the propagation step.
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In general, the propagation reaction can be written as
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Since cationic polymerization is generally carried out in hydrocarbon solvents that have low dielectric
constants, separation of the ions would require a large amount of energy. Consequently, the anion and
cation remain in close proximity as an ion pair. It is therefore to be expected that the growth rate and
subsequent reactions (e.g., termination and chain transfer) are affected by the nature of the ion pair.

Termination occurs either by rearrangement of the ion pair to yield a polymer molecule with an
unsaturated terminal unit and the original complex or through transfer to a monomer.

(7.51)

(7.52)

Unlike in free-radical polymerization, the catalyst is not attached to the resulting polymer molecule, and
in principle many polymer molecules can be produced by each catalyst molecule.
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For the purpose of establishing the kinetics of generalized cationic polymerization, let A represent the
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If the complex H+AR– is the rate-limiting step, then the rate of initiation is independent of the
monomer concentration. Since AR– remains in the close vicinity of the growing center, the
termination step is first order:

where [M+] is the concentration of all the chain carriers [HMn
+AR–].

Assuming that steady state holds, then Ri = Rt and

The overall rate of polymerization, Rp is given by

CHAIN-REACTION (ADDITION) POLYMERIZATION 199

As usual, the square brackets denote concentration. If the complex H+ AR– is readily converted in the
second step of Equation 7.48 (i.e., if the complex formation, step 1 Equation 7.48) is the rate-limiting
step, then the rate of initiation is independent of the monomer concentration. Since AR– remains in the
close vicinity of the growing center, the termination step is first order

(7.55)

where [M+] is the concentration of all the chain carriers [HM+
n AR–]. The retention of the terminating

agent AR– in the vicinity of the chain carrier is responsible for the primary difference between the
kinetics of cationic polymerization and that of free-radical polymerization. Assuming that steady state
holds, then Ri = Rt and

(7.56)

The overall rate of polymerization, Rp is given by

(7.57)

The number-average degree of polymerization, assuming predominance of termination over chain trans-
fer, is

(7.58)

If, on the other hand, chain transfer dominates, then

(7.59)

In this case, the average degree of polymerization is independent of both the concentration of the monomer
and the concentration of the catalyst. Available kinetic data tend to support the above mechanism.

Example 7.7: Explain why in the cationic polymerization of isobutylene, liquid ethylene or propylene
at their boiling points are normally added to the reaction medium as a diluent. How will an increase in
the dielectric constant of the reaction medium affect the rate and degree of polymerization?

Solution: Both the rate of polymerization and the molecular weight decrease with increasing temperature
in cationic polymerization. These liquids help to prevent excessive temperature increases because part
of the heat of polymerization is dissipated through the heat of evaporation of the liquids. In other words,
the liquids act essentially as internal refrigerants.

Using the general relation between the rate of reaction and activation energy (k = Ae–E/RT), we note that
a decrease in the activation energy, E, increases the rate of reaction while an increase in E has the
opposite effect. An increase in dielectric constant increases the rate of initiation, ki, by reducing the
energy required for charge separation. On the other hand, an increase in the dielectric constant decreases
kt by increasing the energy required for the rearrangement and combination of the ion pair. Since both
Rp and Xn are directly proportional to ki/kt, an increase in dielectric constant increases both quantities.

C. ANIONIC POLYMERIZATION
Monomers with electronegative substituents polymerize readily in the presence of active centers bearing
whole or partial negative charges. For example, a high-molecular-weight polymer is formed when
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As usual, the square brackets denote concentration. If the complex H+ AR– is readily converted in the
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where [M+] is the concentration of all the chain carriers [HM+
n AR–]. The retention of the terminating
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(7.59)
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Example 7.7: Explain why in the cationic polymerization of isobutylene, liquid ethylene or propylene
at their boiling points are normally added to the reaction medium as a diluent. How will an increase in
the dielectric constant of the reaction medium affect the rate and degree of polymerization?
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As usual, the square brackets denote concentration. If the complex H+ AR– is readily converted in the
second step of Equation 7.48 (i.e., if the complex formation, step 1 Equation 7.48) is the rate-limiting
step, then the rate of initiation is independent of the monomer concentration. Since AR– remains in the
close vicinity of the growing center, the termination step is first order

(7.55)

where [M+] is the concentration of all the chain carriers [HM+
n AR–]. The retention of the terminating

agent AR– in the vicinity of the chain carrier is responsible for the primary difference between the
kinetics of cationic polymerization and that of free-radical polymerization. Assuming that steady state
holds, then Ri = Rt and
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The overall rate of polymerization, Rp is given by
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The number-average degree of polymerization, assuming predominance of termination over chain trans-
fer, is

(7.58)

If, on the other hand, chain transfer dominates, then
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In this case, the average degree of polymerization is independent of both the concentration of the monomer
and the concentration of the catalyst. Available kinetic data tend to support the above mechanism.

Example 7.7: Explain why in the cationic polymerization of isobutylene, liquid ethylene or propylene
at their boiling points are normally added to the reaction medium as a diluent. How will an increase in
the dielectric constant of the reaction medium affect the rate and degree of polymerization?

Solution: Both the rate of polymerization and the molecular weight decrease with increasing temperature
in cationic polymerization. These liquids help to prevent excessive temperature increases because part
of the heat of polymerization is dissipated through the heat of evaporation of the liquids. In other words,
the liquids act essentially as internal refrigerants.

Using the general relation between the rate of reaction and activation energy (k = Ae–E/RT), we note that
a decrease in the activation energy, E, increases the rate of reaction while an increase in E has the
opposite effect. An increase in dielectric constant increases the rate of initiation, ki, by reducing the
energy required for charge separation. On the other hand, an increase in the dielectric constant decreases
kt by increasing the energy required for the rearrangement and combination of the ion pair. Since both
Rp and Xn are directly proportional to ki/kt, an increase in dielectric constant increases both quantities.

C. ANIONIC POLYMERIZATION
Monomers with electronegative substituents polymerize readily in the presence of active centers bearing
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The number-average degree of polymerization, assuming predominance of termination over
chain transfer, is

If chain transfer dominates, then

In this case, the average degree of polymerization is independent of both the concentration
of the monomer and the concentration of the catalyst.
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As usual, the square brackets denote concentration. If the complex H+ AR– is readily converted in the
second step of Equation 7.48 (i.e., if the complex formation, step 1 Equation 7.48) is the rate-limiting
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where [M+] is the concentration of all the chain carriers [HM+
n AR–]. The retention of the terminating

agent AR– in the vicinity of the chain carrier is responsible for the primary difference between the
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If, on the other hand, chain transfer dominates, then
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In this case, the average degree of polymerization is independent of both the concentration of the monomer
and the concentration of the catalyst. Available kinetic data tend to support the above mechanism.

Example 7.7: Explain why in the cationic polymerization of isobutylene, liquid ethylene or propylene
at their boiling points are normally added to the reaction medium as a diluent. How will an increase in
the dielectric constant of the reaction medium affect the rate and degree of polymerization?

Solution: Both the rate of polymerization and the molecular weight decrease with increasing temperature
in cationic polymerization. These liquids help to prevent excessive temperature increases because part
of the heat of polymerization is dissipated through the heat of evaporation of the liquids. In other words,
the liquids act essentially as internal refrigerants.

Using the general relation between the rate of reaction and activation energy (k = Ae–E/RT), we note that
a decrease in the activation energy, E, increases the rate of reaction while an increase in E has the
opposite effect. An increase in dielectric constant increases the rate of initiation, ki, by reducing the
energy required for charge separation. On the other hand, an increase in the dielectric constant decreases
kt by increasing the energy required for the rearrangement and combination of the ion pair. Since both
Rp and Xn are directly proportional to ki/kt, an increase in dielectric constant increases both quantities.
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As usual, the square brackets denote concentration. If the complex H+ AR– is readily converted in the
second step of Equation 7.48 (i.e., if the complex formation, step 1 Equation 7.48) is the rate-limiting
step, then the rate of initiation is independent of the monomer concentration. Since AR– remains in the
close vicinity of the growing center, the termination step is first order

(7.55)

where [M+] is the concentration of all the chain carriers [HM+
n AR–]. The retention of the terminating

agent AR– in the vicinity of the chain carrier is responsible for the primary difference between the
kinetics of cationic polymerization and that of free-radical polymerization. Assuming that steady state
holds, then Ri = Rt and

(7.56)

The overall rate of polymerization, Rp is given by

(7.57)

The number-average degree of polymerization, assuming predominance of termination over chain trans-
fer, is

(7.58)

If, on the other hand, chain transfer dominates, then

(7.59)

In this case, the average degree of polymerization is independent of both the concentration of the monomer
and the concentration of the catalyst. Available kinetic data tend to support the above mechanism.

Example 7.7: Explain why in the cationic polymerization of isobutylene, liquid ethylene or propylene
at their boiling points are normally added to the reaction medium as a diluent. How will an increase in
the dielectric constant of the reaction medium affect the rate and degree of polymerization?

Solution: Both the rate of polymerization and the molecular weight decrease with increasing temperature
in cationic polymerization. These liquids help to prevent excessive temperature increases because part
of the heat of polymerization is dissipated through the heat of evaporation of the liquids. In other words,
the liquids act essentially as internal refrigerants.

Using the general relation between the rate of reaction and activation energy (k = Ae–E/RT), we note that
a decrease in the activation energy, E, increases the rate of reaction while an increase in E has the
opposite effect. An increase in dielectric constant increases the rate of initiation, ki, by reducing the
energy required for charge separation. On the other hand, an increase in the dielectric constant decreases
kt by increasing the energy required for the rearrangement and combination of the ion pair. Since both
Rp and Xn are directly proportional to ki/kt, an increase in dielectric constant increases both quantities.

C. ANIONIC POLYMERIZATION
Monomers with electronegative substituents polymerize readily in the presence of active centers bearing
whole or partial negative charges. For example, a high-molecular-weight polymer is formed when
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B. ANIONIC POLYMERIZATION

Monomers that are suitable for anionic polymerization generally contain electron-
withdrawing substituent groups. They polymerize readily in the presence of active centers
bearing whole or partial negative charges.

Typical electron-withdrawing substituents that permit the anionic polymerization of a
monomer include –CN, –COOR, –C6H5, and –CH=CH2. The electronegative group pulls
electrons from the double bond and consequently renders the monomer susceptible to attack
by an electron donor.

For example, a high-molecular-weight polymer is formed when methacrylonitrile is added to a
solution of sodium in liquid ammonia at –75 °C.

The initiator in anionic polymerization may be any compound providing a strong nucleophile,
including Grignard reagents, organometallic compounds (e.g. organosodium compounds),
alkali metal amides, alkoxide, and hydroxides.
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Mechanism

1. Initiation involves the addition of the initiator to the double bond of the monomer:
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the addition of the initiator to the double bond of the monomer, as illustrated for styrene and butyllithium
in Equation 2.20.

(2.20)

The reaction produces a carbanion at the head end to which is associated the positively charged lithium
counterion. Propagation occurs by the successive insertion of monomer molecules by anionic attack of
the carbanion. No chain transfer or branching occurs in anionic polymerization, particularly if reactions
are carried out at low temperatures. Termination of the growth activity of the polymer chain takes place
either by the deliberate or accidental introduction into the system of oxygen, carbon dioxide, methanol,
water, or other molecules that are capable of reacting with the active chain ends. We note that in anionic
polymerization as well as free-radical polymerization, the initiator or part of it becomes part of the resulting
polymer molecule, attached to the nongrowing chain end. This contrasts with cationic polymerization
where the catalyst is necessary for initiation and propagation, but is regenerated at the termination step.

In some systems, termination can be avoided if the starting reagents are pure and the polymerization
reactor is purged of all oxygen and traces of water. This produces polymer molecules that can remain
active even after all the monomer molecules are consumed. When fresh monomer is added, polymer-
ization resumes. Such polymeric molecules are referred to as “living polymers” because of the absence
of termination. Since the chain ends grow at the same rate, the molecular weight of living polymers is
determined simply by the ratio of monomer concentration to that of the initiator (Equation 2.21).

(2.21)

Polymers produced by living polymerization are characterized by very narrow molecular weight distri-
bution (Poisson distribution). The polydispersity D is given by Equation 2.22

(2.22)
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are the weight-average molecular weight and number-average molecular weight,
respectively.

As discussed in Chapter 7, the absence of termination in living polymerization permits the synthesis
of unusual and unique block polymers — star- and comb-shaped polymers. Living polymerization can
also be employed to introduce a variety of desired functional groups at one or both ends of polymeric
chains both in homo- and block polymers. In particular, living polymerization techniques provide the
synthetic polymer chemist with a vital and versatile tool to control the architecture of a polymer;
complicated macromolecules can be synthesized to meet the rigid specification imposed by a scientific
or technological demand.

 

C. COORDINATION POLYMERIZATION

 

As we shall see in Chapter 4, monomers with side groups asymmetrically disposed with respect to the
double bond are capable of producing polymers in which the side groups have a specific stereochemical
or spatial arrangement (isotactic or syndiotactic). In both cationic and anionic polymerizations, the
association of initiating ion and counterion permits a preferential placement of asymmetric substituted
monomers, the extent of which depends on the polymerization conditions. Unbranched and stereospecific
polymers are also produced by the use of Ziegler–Natta catalysts. These are complex catalyst systems
derived from a transition metal compound from groups IVB to VIIIB of the periodic table and an
organometallic compound usually from a group IA or IIIA metal. A typical catalyst complex is that
formed by trialkyl aluminum and titanium trichloride as shown below:
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The reaction produces a carbanion at the head end to which is associated the positively
charged lithium counterion.

Initiation may occur in two ways: a direct attack of a base on the monomer to form a
carbanion or by transfer of an electron from a donor molecule to the monomer to form an
anion radical:
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methacrylonitrile is added to a solution of sodium in liquid ammonia at –75°C. Typical electron-
withdrawing substituents that permit the anionic polymerization of a monomer include –CN, –COOR,
–C6H5, and –CH› CH2. The electronegative group pulls electrons from the double bond and consequently
renders the monomer susceptible to attack by an electron donor. Catalysts for anionic polymerization
include Grignard reagents, organosodium compounds, alkali metal amides, alkoxide, and hydroxides.

1. Mechanism
Propagation in anionic polymerization proceeds according to the following reactions:

(7.60)

Here, M+ represents a counterion that accompanies the growing chain. In most cases, M+ is an alkali
metal ion, whereas X and Y are either electron-withdrawing groups or unsaturated groups capable of
resonance stabilization of the negative charge.

Initiation may occur in two ways: a direct attack of a base on the monomer to form a carbanion
(Equation 7.61) or by transfer of an electron from a donor molecule to the monomer to form an anion
radical (Equation 7.62).

(7.61)

(7.62)

M+B– may be a metal amide, alkoxide, alkyl, aryl, and hydroxide depending on the nature of the monomer.
The effectiveness of the catalyst in the initiation process depends on its basicity and the acidity of the
monomer. For example, in the anionic polymerization of styrene, the ability to initiate reaction decreases
in the order –CH2

––NH –
2> NH–

2@OH–. Indeed, OH– will not initiate anionic polymerization of
styrene. Where the anion is polyvalent, such as tris(sodium ethoxy) amine N(CH2CH2O– Na+)3, an
equivalent number of growing chains (in this case, three) can be initiated simultaneously.

The donor molecular in Equation 7.58 represents, in general, an alkali metal. In this case, transfer
results in the formation of a positively charged alkali metal counterion and an anion radical. Pairs of
anion radicals combine to form a dianion.

(7.63)

In carefully controlled systems (pure reactants and inert solvents), anionic polymerizations do not
exhibit termination reactions. As we shall see shortly, such systems are referred to as living polymers;
however, because of the reactivity of carbanions with oxygen, carbon dioxide, and protonic compounds,
termination occurs according to Equation 7.64.
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M+B– may be a metal amide, alkoxide, alkyl,
aryl, and hydroxide depending on the nature
of the monomer.
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The effectiveness of the catalyst in the initiation process depends on its basicity and the
acidity of the monomer.

If the donor molecular is an alkali metal, the electron transfer results in the formation of a
positively charged alkali metal counterion and an anion radical. Pairs of anion radicals
combine to form a dianion.
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2. Propagation occurs by the successive insertion of monomer molecules by anionic attack
of the carbanion.
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M+ represents a counterion that accompanies the growing chain. X and Y are either electron-
withdrawing groups or unsaturated groups capable of resonance stabilization of the negative
charge.
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3. Termination of the growth activity of the polymer chain takes place either (a) by the
deliberate or accidental introduction into the system of oxygen, carbon dioxide, methanol,
water, or (b) other molecules that are capable of reacting with the active chain ends.

CHAIN-REACTION (ADDITION) POLYMERIZATION 201

(7.64)

The terminal groups in Equations 7.64a and 7.64b cannot propagate and, consequently, effectively
terminate polymer growth. Equations 7.64c–7.64e involve proton transfer from the solvent to the growing
chain resulting in a dead polymer. This is exemplified by the sodium-catalyzed polymerization of
butadiene in toluene:

Other possible termination reactions include (1) the transfer of a hydride ion leaving a residual terminal
unsaturation (this, however, is a high-energy process and therefore unlikely); (2) isomerization of the
carbanion to give an inactive anion; and (3) irreversible reaction of the carbanion with the solvent or
monomer. In general, termination by transfer to the solvent predominates in anionic polymerization.

2. Kinetics
Available kinetic data for the polymerization of styrene by potassium amide in liquid ammonia support
the following steps in the mechanism of anionic polymerization.

(7.65)

Considering the relatively high dielectric constant of the liquid ammonia medium, the counterion K+

can be neglected. Assuming steady-state kinetics:
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The terminal groups in Equations a and
b cannot propagate, and can effectively
terminate polymer growth.

Equations c–e involve proton transfer
from the solvent to the growing chain
resulting in a dead polymer.
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Other possible termination reactions include:

(1) the transfer of a hydride ion leaving a residual terminal unsaturation (a high-energy
process and therefore unlikely);

(2) isomerization of the carbanion to give an inactive anion;
(3) irreversible reaction of the carbanion with the solvent or monomer.

In general, termination by transfer to the solvent predominates in anionic polymerization.

No chain transfer or branching occurs in anionic polymerization, particularly if reactions
are carried out at low temperatures.

In anionic and free-radical polymerizations, the initiator or part of it becomes part of the
resulting polymer molecule, attached to the nongrowing chain end. This contrasts with
cationic polymerization where the catalyst is necessary for initiation and propagation, but it is
regenerated at the termination step.



39

Polymers produced by living polymerization are characterized by very narrow molecular
weight distribution (Poisson distribution), where D, Mw, and Mn are the polydispersity,
weight-average molecular weight, and number-average molecular weight, respectively:
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the addition of the initiator to the double bond of the monomer, as illustrated for styrene and butyllithium
in Equation 2.20.

(2.20)

The reaction produces a carbanion at the head end to which is associated the positively charged lithium
counterion. Propagation occurs by the successive insertion of monomer molecules by anionic attack of
the carbanion. No chain transfer or branching occurs in anionic polymerization, particularly if reactions
are carried out at low temperatures. Termination of the growth activity of the polymer chain takes place
either by the deliberate or accidental introduction into the system of oxygen, carbon dioxide, methanol,
water, or other molecules that are capable of reacting with the active chain ends. We note that in anionic
polymerization as well as free-radical polymerization, the initiator or part of it becomes part of the resulting
polymer molecule, attached to the nongrowing chain end. This contrasts with cationic polymerization
where the catalyst is necessary for initiation and propagation, but is regenerated at the termination step.

In some systems, termination can be avoided if the starting reagents are pure and the polymerization
reactor is purged of all oxygen and traces of water. This produces polymer molecules that can remain
active even after all the monomer molecules are consumed. When fresh monomer is added, polymer-
ization resumes. Such polymeric molecules are referred to as “living polymers” because of the absence
of termination. Since the chain ends grow at the same rate, the molecular weight of living polymers is
determined simply by the ratio of monomer concentration to that of the initiator (Equation 2.21).

(2.21)

Polymers produced by living polymerization are characterized by very narrow molecular weight distri-
bution (Poisson distribution). The polydispersity D is given by Equation 2.22
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are the weight-average molecular weight and number-average molecular weight,
respectively.

As discussed in Chapter 7, the absence of termination in living polymerization permits the synthesis
of unusual and unique block polymers — star- and comb-shaped polymers. Living polymerization can
also be employed to introduce a variety of desired functional groups at one or both ends of polymeric
chains both in homo- and block polymers. In particular, living polymerization techniques provide the
synthetic polymer chemist with a vital and versatile tool to control the architecture of a polymer;
complicated macromolecules can be synthesized to meet the rigid specification imposed by a scientific
or technological demand.

 

C. COORDINATION POLYMERIZATION

 

As we shall see in Chapter 4, monomers with side groups asymmetrically disposed with respect to the
double bond are capable of producing polymers in which the side groups have a specific stereochemical
or spatial arrangement (isotactic or syndiotactic). In both cationic and anionic polymerizations, the
association of initiating ion and counterion permits a preferential placement of asymmetric substituted
monomers, the extent of which depends on the polymerization conditions. Unbranched and stereospecific
polymers are also produced by the use of Ziegler–Natta catalysts. These are complex catalyst systems
derived from a transition metal compound from groups IVB to VIIIB of the periodic table and an
organometallic compound usually from a group IA or IIIA metal. A typical catalyst complex is that
formed by trialkyl aluminum and titanium trichloride as shown below:
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In carefully controlled systems (pure reactants and inert solvents), anionic polymerizations
do not exhibit termination reactions. Such systems are referred to as “living polymers”
because of the absence of termination.

This polymer molecules can remain active even after all the monomer molecules are
consumed. When fresh monomer is added, polymerization resumes.

Since the chain ends grow at the same rate, the molecular weight of living polymers is
determined simply by the ratio of monomer concentration to that of the initiator.
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The absence of termination in living polymerization permits the synthesis of unusual and
unique block polymers— star- and comb-shaped polymers.

For example, if a living polymer with one active end from monomer A can initiate the
polymerization of monomer B, then an A–AB–B type copolymer can be obtained (e.g.,
styrene–isoprene copolymer).

The potential versatility of living polymers is demonstrated by the possibility of formation of
polymers with complex shapes by employing polyfunctional initiators or terminating
monodisperse living polymers with polyfunctional linking agents.

For example, star-shaped poly(ethylene oxide) can be prepared with the trifunctional initiator
trisodium salt of triethanolamine, N(CH2CH2O– Na+)3.

Another possible area of utilizing living polymers is in the introduction of specific end
groups by terminating the living polymer with an appropriate agent.

For example, termination of living polystyrene with CO2 introduces terminal carboxylic groups,
while reaction with ethylene oxide introduces hydroxy end groups.
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The ability of living polymers to resume growth with the addition of fresh monomer provides an
excellent opportunity for the preparation of block copolymers. For example, if a living polymer with
one active end from monomer A can initiate the polymerization of monomer B, then an A–AB–B type
copolymer can be obtained (e.g., styrene–isoprene copolymer). If, however, both ends of polymer A are
active, a copolymer of the type B–BA–AB–B results. Examples are the thermoplastic rubbers polysty-
rene-polyisoprene-polystyrene and poly(ethylene oxide)-polystyrene-poly(ethylene oxide). In principle,
for fixed amounts of two monomers that are capable of mutual formation of living polymers, a series
of polymers with constant composition and molecular weight but of desired structural pattern can be
produced by varying the fraction and order of addition of each monomer.

The potential versatility of living polymers in chemical synthesis is further demonstrated by the
possibility of formation of polymers with complex shapes by employing polyfunctional initiators or
terminating monodisperse living polymers with polyfunctional linking agents. For example, star-shaped
poly(ethylene oxide) can be prepared with the trifunctional initiator trisodium salt of triethanol amine,
N(CH2CH2O– Na+)3. Another possible area of utilizing living polymers is in the introduction of specific
end groups by terminating the living polymer with an appropriate agent. For example, termination of
living polystyrene with CO2 introduces terminal carboxylic groups, while reaction with ethylene oxide
introduces hydroxy end groups. The utilization of these two approaches (synthesis of block copolymers
or functional-ended polymers) provides the synthetic polymer chemist with a powerful tool for producing
polymers with fascinating architectural features and properties (Table 7.4).
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Kinetics

Polymerization of styrene by potassium amide in liquid ammonia:

Considering the relatively high dielectric constant of the liquid ammonia medium, the
counterion K+ can be neglected.

Assuming steady-state kinetics:
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(7.64)

The terminal groups in Equations 7.64a and 7.64b cannot propagate and, consequently, effectively
terminate polymer growth. Equations 7.64c–7.64e involve proton transfer from the solvent to the growing
chain resulting in a dead polymer. This is exemplified by the sodium-catalyzed polymerization of
butadiene in toluene:

Other possible termination reactions include (1) the transfer of a hydride ion leaving a residual terminal
unsaturation (this, however, is a high-energy process and therefore unlikely); (2) isomerization of the
carbanion to give an inactive anion; and (3) irreversible reaction of the carbanion with the solvent or
monomer. In general, termination by transfer to the solvent predominates in anionic polymerization.

2. Kinetics
Available kinetic data for the polymerization of styrene by potassium amide in liquid ammonia support
the following steps in the mechanism of anionic polymerization.
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Then

The rate of polymerization becomes

Given the predominance of transfer reactions, the degree of polymerization Xn is given by
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The rate of polymerization becomes

(7.69)

Given the predominance of transfer reactions, the degree of polymerization Xn is given by

(7.70)

Example 7.8: Polymerization of styrene in liquid ammonia gave high yield of low-molecular-weight
polystyrene, whereas methacrylonitrile gave high conversion of high-molecular-weight polymethacrylo-
nitrile. Explain.

Solution: Since the reaction is carried out in liquid ammonia, proton transfer from the solvent (ammonia)
is the possible termination reaction. The relevant carbanions are

(Str. 4)

Since the –CN group is more electronegative than the phenyl group, the styrene carbanion will be more
basic than the methacrylonitrile carbanion and as such more susceptible to proton transfer from ammonia.
Transfer reactions generally lead to low-molecular-weight polymers.

D. LIVING POLYMERS
The absence of the termination step in anionic polymerizations with carefully purified reactants in inert
reactions media results, as indicated above, in living polymers. In such systems, the growing species
remain dormant in the absence of monomers but resume their growth activity with a fresh monomer
supply. With adequate mixing, the monomer supplied to the system is distributed among the growing
centers (living polymers). As a result, the number-average degree of polymerization is simply the ratio
of the number of moles of monomer added to the total number of living polymers. That is,

Unlike other chain reactions where the growing chains undergo spontaneous termination, the reactive
end groups in living polymers may be annihilated (“killed”) by a choice of suitable reactants by the
experimenter at a desired stage of the polymerization process. Thus living polymers offer fascinating
potentials for the development of novel polymer systems. We discuss a few examples.

Spontaneous termination is governed by the laws of probability. Therefore, in polymerization involv-
ing spontaneous termination, the resulting polymers have a distribution of molecular weights since the
lifetimes of the growing centers vary. But with living polymers where termination is lacking, a polymer
with a nearly uniform molecular weight (monodisperse) can be obtained if the system is devoid of
impurities and is well mixed.

R k NH M M

k k
k

NH M
NH

p p n

p
i

tr

= −[ ] [ ]

=
[ ] [ ]

[ ]

−

−

2

2
2

3

X
R
R

k
k

M
NHn

p

t

p

tr

= = [ ]
[ ]3

CH3

CH2 C

H

and CH2 C

CN

Xn =
[ ]
[ ]
monomer
catalyst

Copyright 2000 by CRC Press LLC

202 POLYMER SCIENCE AND TECHNOLOGY

The rate of polymerization becomes

(7.69)

Given the predominance of transfer reactions, the degree of polymerization Xn is given by

(7.70)

Example 7.8: Polymerization of styrene in liquid ammonia gave high yield of low-molecular-weight
polystyrene, whereas methacrylonitrile gave high conversion of high-molecular-weight polymethacrylo-
nitrile. Explain.

Solution: Since the reaction is carried out in liquid ammonia, proton transfer from the solvent (ammonia)
is the possible termination reaction. The relevant carbanions are

(Str. 4)

Since the –CN group is more electronegative than the phenyl group, the styrene carbanion will be more
basic than the methacrylonitrile carbanion and as such more susceptible to proton transfer from ammonia.
Transfer reactions generally lead to low-molecular-weight polymers.

D. LIVING POLYMERS
The absence of the termination step in anionic polymerizations with carefully purified reactants in inert
reactions media results, as indicated above, in living polymers. In such systems, the growing species
remain dormant in the absence of monomers but resume their growth activity with a fresh monomer
supply. With adequate mixing, the monomer supplied to the system is distributed among the growing
centers (living polymers). As a result, the number-average degree of polymerization is simply the ratio
of the number of moles of monomer added to the total number of living polymers. That is,

Unlike other chain reactions where the growing chains undergo spontaneous termination, the reactive
end groups in living polymers may be annihilated (“killed”) by a choice of suitable reactants by the
experimenter at a desired stage of the polymerization process. Thus living polymers offer fascinating
potentials for the development of novel polymer systems. We discuss a few examples.

Spontaneous termination is governed by the laws of probability. Therefore, in polymerization involv-
ing spontaneous termination, the resulting polymers have a distribution of molecular weights since the
lifetimes of the growing centers vary. But with living polymers where termination is lacking, a polymer
with a nearly uniform molecular weight (monodisperse) can be obtained if the system is devoid of
impurities and is well mixed.

R k NH M M

k k
k

NH M
NH

p p n

p
i

tr

= −[ ] [ ]

=
[ ] [ ]

[ ]

−

−

2

2
2

3

X
R
R

k
k

M
NHn

p

t

p

tr

= = [ ]
[ ]3

CH3

CH2 C

H

and CH2 C

CN

Xn =
[ ]
[ ]
monomer
catalyst

Copyright 2000 by CRC Press LLC



44

C. COORDINATION POLYMERIZATION

Unbranched and stereospecific polymers are also produced by the use of Ziegler–Natta
catalysts.

Since polymerization processes utilizing these catalysts result in stereoregular structures,
they are sometimes called stereospecific or stereoregular polymerization.

However, the term coordination polymerization is used to reflect the mechanism, which is
believed to govern the reaction involving these catalysts.

Monoolefins such as propylene and dienes such as butadiene and isoprene can be
polymerized using Ziegler–Natta coordination catalysts.
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Mechanisms

Ziegler–Natta catalysts are complex catalyst systems derived from a light element of groups
IA–IIIA of the periodic table (e.g., Li, Be, Mg, Al) as organometallic compounds, and
halides derivatives of transition metals of groups IVB–VIIIB (e.g., Ti, V, Cr, Mo, Rh, Rn, Co,
and Ni).

A typical example is the product(s) of the reaction between triethylaluminum and titanium
tetrachloride. The composition of the product is not well defined but is believed to be either
an alkylated metal halide (monometallic I) or a bimetallic complex involving a bridge
between the two metals (II).
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E. COORDINATION POLYMERIZATION
A major development in polymer chemistry was the development in 1953 of new catalysts leading to
the formation of polymer with exceptional structural regularity. The first catalysts were described by
Ziegler7 for the low-pressure polymerization of ethylene. These were modified by Natta8 and his asso-
ciates and used for the highly stereospecific polymerization of α-olefins, diolefins, and other monomers.
As indicated in Chapter 1, Ziegler and Natta were awarded the Nobel prize in chemistry in 1963 for
their work in this area. These catalysts are usually referred to as Ziegler–Natta catalysts, and since
polymerization processes utilizing these catalysts result in stereoregular structures, they are sometimes
called stereospecific or stereoregular polymerization. However, the term coordination polymerization is
used here to reflect the mechanism which, as we shall see presently, is believed to govern the reaction
involving these catalysts.

1. Mechanisms
The metals that are more frequently found as components of Ziegler–Natta catalysts are some light
elements of groups I–III of the periodic table (e.g., Li, Be, Mg, Al), present as organometallic compounds
and halides, or other derivatives of transition metals of groups IV–VIII (e.g., Ti, V, Cr, Mo, Rh, Rn, Co,
and Ni). A typical example is the product(s) of the reaction between triethylaluminum and titanium
tetrachloride. The composition of the product is not well defined but is believed to be either an alkylated
metal halide (monometallic I) or a bimetallic complex involving a bridge between the two metals (II).

(Str. 5)

While coordination polymerization may be anionic or cationic, relatively fewer examples of cationic
coordination polymerization leading to the formation of stereoregular polymers currently exist. These
are limited almost exclusively to the polymerization of monomers containing heteroatoms with lone
electron pairs such as oxygen or nitrogen. In any case, the growth reaction in coordination polymerization
is considered to be controlled by the counterion of the catalysts, which first coordinates and orients the
incoming monomer and then inserts the polarized double bond of the monomer in the polarized bond
between the counterion and the end of the growing chain. Coordination involves the overlap of the
electrons of the monomer with a vacant sp orbital in the case of groups I–III metals or a vacant d orbital
in the case of transition metals. The proposed propagation mechanisms for both the monometallic and
bimetallic catalyst are shown below.
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Monomettalic catalyst
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The catalysts function by forming transient 𝜋-complexes between the monomers and the
transition metal species.

It can be involved the overlap of the electrons of the monomer with a vacant sp orbital in the
case of groups I–III metals or a vacant d orbital in the case of transition metals.

The initiating species is a metal–alkyl complex and propagation involves the consecutive
insertion of monomer molecules into a polarized titanium–carbon bond.

Coordination polymerizations may be terminated by introducing poisons such as water,
hydrogen, aromatic alcohols, or metals like zinc into the reacting system.

The dominant feature of the coordination polymerization mechanism is the presence of
forces that orient and insert each incoming monomer into the growing polymer chain
according to a particular steric configuration.
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The surface of the crystalline salts of the transition metals that constitute part of the
catalyst system is thought to play a vital role in this function.

With Ziegler–Natta catalysts, ethylene is polymerized to a highly linear chain compared
with the branched products from the high-pressure process (radical polymerization).

By a convenient choice of catalyst system, isotactic and syndiotactic polypropylene can be
obtained. Higher α-olefins yield isotactic polymers with heterogeneous catalyst systems.

The versatility and selectivity of Ziegler–Natta catalysts are demonstrated even more
sharply in the polymerization of conjugated dienes.

By a suitable choice of catalyst system and reaction conditions, conjugated dienes like
butadiene and isoprene can be made to polymerize into any of their isomers almost
exclusively: trans-1,4; cis-1,4; or isotactic or syndiotactic 1,2.


