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Preface to the First Edition

In recent years, the study of radical polymerization has gone through
somcthing of a rcnaissance.,  This has scen significant changes in our
understanding of the area and has led to major advances in our ability to control
and predict the oulcome of polymerizalion processes. Two major [actors may be
judged responsible for bringing this about and for spurring an intensified interest
1n all aspects ol radical chemistry:

Firstly, the classical theories on radical reactivity and polymerization
mechanism do not adequately explain the rate and specificity of simple radical
reaclions. As a consequence, they can nol be used o predict the manner in which
polymerization rate parameters and details of polymer microstructure depend on
reaction conditions, conversion and molecular weight distribution,

Secondly, new techniques have been developed which allow a more detailed
characterization of both polymer microstructures and the kinetics and mechanism
of polymerizations. This has allowed mechanism-structure-property relationships
to be more rigerously cstablished.

The new knowledge and understanding ol radical processes has resulted in
new polymer structures and in new routes to established materials, many with
commercial signilicance. For example, radical polymerization is now used in the
productien of block copolymers, narrow polydispersity homopolymers, and other
malterials ol controlled architecture that were previously available only by more
demanding routes. These commercial developments have added to the resurgence
of studics on radical polymcrization,

We believe 11 is now timely (o review the recent developments in radical
polymerization placing particular ecmphasis on the organic and physical-organic
chemistry of the polymerization process. In this book we critically evaluate the
findings of the last few years, where necessary reinterpreting earlier work in the
light of these ideas, and point to the arcas where current and future research is
being directed. The overall aim is to provide a framework for further extending
our understanding of free radical polymerization and create a definable link
between synthesis conditions and polymer structure and properties, The end result
should be polymers with predictable and reproducible properties.

The book commences with a general introduction outlining the basic concepts.
This 1s followed by a chapter on radical reactions that 1s intended to lay the
theoretical ground-work for the succeeding chapters on initiation, propagation, and
termination. Because of its importance, radical copolymerization is treated in a
separate chapter. 'We then consider some of the implications of these chapters by

xXXiil



Xxiv Preface to the First Edition

discussing the prospects for controlling the polymerization process and structure-
property relationships. In each chapter we describe some of the techniques that
have been employed to characterize polymers and polymerizations and which have
led to breakthroughs in our understanding of radical polymerization. Emphasis is
placed on recent developments.

This book will be of major interest 1o researchers in industry and in academic
institutions as a reference source on the factors which control radical
polymerization and as an aid in designing polymer syntheses. It is also intended to
serve as a text for graduate students in the broad area of polymer chemistry. The
book places an emphasis on reaction mechanisms and the organic chemistry of
polymerization. It also ties in developments in polymerization kinetics and
physical chemistry of the systems to provide a complete picture of this most
important subject.

{iraeme Moad
David H Solomon



Preface to the Second Edition

In the ten vears since the first edition appeared, the renaissance in Radical
Polymecrization has continued and gaincd momentum, The period has scen the
literature with respect to controlled and, in particular, living radical polymerization
cxpand dramatically. The end of 1995, saw the first reports on atom transfer
radical polymerization (ATRP) and in 1998 pclymerization with reversible
addition fragmentation chain transfer (RAFT) was introduced. The period has also
seen substantial development in nitroxide-mediated polymerization (NMP) first
reported in 1987 and discussed in the first edition. A new generation of control
agents has added greater versatility and new applications. The area of living
radical polymerization is now responsible for a very substantial [raction of the
papers in the field. [n this edition, we devote a new chapter to living radical
polymerization,

The 1nitial thrust of work in the area of living radical polymerization was
aimed at capitalizing on the versatility of radical polymerization with respect to
reaction conditions and the grealer range ol suilable monomers as compared 1o
anionic systems. Anionic polymerizations were seen as the standard. This has
now changed, and living radical polymerizations are now seen as offering
polymers with unique compositions and properties not achievable with other
methodologies. Living radical polymerization has also been combined with other
processes and mechanisms to give structures and architectures that were not
previously thought possible.  The developments have many applications
particularly in the emerging arcas of clectronics, biotechnology and
nanotechnology.

A small change has been made to the title and the text of this edition to reflect
the current TUPAC recommendation that radicals are no longer ‘free’. Of the
classical steps of a radical polymerization, while there remains some room for
improvement, it can be stated that we now have methodologies that give control
over the termination and initiation steps to the extent that specific structurces,
molecular weight distributions, and architectures can be confidently obtained. The
remaining *holy grail’ in the field of radical polymerization is control over the
stereochemistry and regiospecificity in the propagation step. Although some small
steps have been taken towards achieving this goal, much remains to be done.

The last ten years have also seen significant advances in other areas of radical
polymerization. Chapters one through eight have been updated and many new
references added Lo rellect these developments.

(Giracme Moad
David H Solomon
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1
Introduction

From an industrial stand-point, a major virtue of radical polymerizations is that
they can often be carried out under relatively undemanding conditions. In marked
contrast to ionic or coordination polymerizations, they exhibit a tolerance of trace
impurities. A consequence of this is that high melecular weight polymers can
often be produced without removal of the stabilizers present in commercial
monomers, in the presence of trace amounts of oxygen, or in selvents that have not
been rigorously dried or purified. Indeed, radical polymerizations are remarkable
amongst chain polymerization processes in that they can be conveniently
conducted in aqueous media.

It is this apparent simplicity of radical polymerizalion that has led Lo the
technique being widely adopted for both industrial and laboratory scale polymer
syntheses. Today, a vast amount of commercial polymer production involves
radical chemistry during some stage of the synthesis, or during subsequent
processing steps. These factors have, in turn, provided the driving force for
extensive research efforts directed towards more precisely defining the kinetics
and mechanisms of radical polymerizations. The aim of these studies has been to
define the parameters necessary for predictable and reproducible polymer
syntheses and to give better understanding of the properties of the polymeric
materials produced. With understanding comes control. Most recently, we have
seer radical polymerization move into new fields of endeavor where control and
precision are paramount requirements. Indeed, these aspects now dominate the
literature.

The history of pelvmers, including the beginnings of addition and of radical
polymerization, is recounted by Morawetz.! The repeat unit structure (1) of many
common polymers, including PS, PVC and PV Ae, was established in the latter half
of the 19" century. However, the concept that these were materials of high
molecular weight took longer to be accepled. Staudinger was one ol the earliest
and most strident proponents of the notion that synthetic polymers were high
molecular weight compounds with a chain structure and he did much to dispel the
then prevalent belief that polymers were composed of small molecules held
together by colloidal forces.” Staudinger and his colleagues are also often credited
with coming up with the concept of a chain polymerization. In an carly paper in
1520, he proposed that polymer chains might retain unsatisfied valencies at the
chain ends {2).° In 1929, it was suggested that the monomer unils might be
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connected by covalent linkages in large cyclic structures (3) to solve the chain end
problem.* In 1910, Pickles’ had proposed such a structure for natural rubber.
However, by 1935 it was recognized that polymers have discrete functional groups
at the chain ends formed by initiation and termination reactions.®

X X X

|

| |
CHp=Cr CHz=C1CH=G

X X X X X v

| | ) ) i Y Y g Y
CHE*(.I: ?*CHQ -CHE*CIF CHE*(.I: CHE*CIF'

v, Ly | ¥ vl, v

12 1b 2 3

In the period 1910-1950 many contribuled 1o the development ol [ree-radical
polymerization.! The basic mechanism as we know it today (Scheme 1.1), was
laid out in the 1940s and 50s.”” The essential features of this mechanism are
initiation and propagation steps, which involve radicals adding 1o the less
substituted end of the double bond ("tail addition"), and a termination step, which
involves disproportionation or combination between two growing chains.

In this early work, both initiation and termination were seen to lead to
formation of structural units different from those that make up the bulk of the
chain. However, the quantity of these groups, when expressed as a weight fraction
of the total material, appeared insignificant. In a polymer of molecular weight
100,000 they represent only ca 0.2% of units.” Thus, polymers formed by radical
polymerization came to be represented by, and their physical properties and
chemistry interpreted in terms of, the simple formula 1.

However, it is now quite apparent that the representation 1 while convenient,
and useful as a starting point for discussion, has serious limitations when it comes
to understanding the detailed chemistry of polymeric maierials. For example, how
can we rationalize the finding that two polymers with nominally the same chemical
and physical compaosition have markedly different thermal stability? PMMA (1,
X=CHs, Y=C0»CH3) prepared by anicnic polymerization has been reported to be
more stable by some 50 °C than that prepared by a radical process.”” The
simplificd represcntation, (1), also provides no ready explanation for the
discrepancy in chemical properties between low molecular weight model
compounds and polymers cven though beth can be represented ostensibly by the
same structure (1), Consideration of the propertics of simple models indicates that
the onsel of thermal degradation of PVC (1, X=H, Y=Cl) should occur al a
temperature 100 °C higher than is actually found."'

*  JUPAC recommendations suggest that polymers derived from [,1-disubstituted monomers

CXY=CH: (or CH,=CXY) bc drawn as 1b rather than as 1a. However, formula 1a follows
logically from the traditional way of writing the mechanism of radical addition (e.g. Scheme
1.1). Because of our focus on mechanism, the style 1a has been adopted throughout this
book.

Based on a monomer molecular weight of 100.
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Such problems have led to a recognition of the importance of defect groups” or
structural irregularities."”'® If we are to achieve an understanding of radical
polymerization, and the ability to produce polymers with optimal, or at least
predictlable, properties, a much more detailed knowledge of the mechanism of the
polymerization and of the chemical microstructure of the polymers formed is
required.’®

Initiation:
initiator initiator-derived radical
primary radical
I — - |*
X L )
! initiating radical
CHE:(F
Y X
I — I*CHQ'(‘J-
Y
Propagation:
¥ propagating radical
nCH,=C
X : 1. X
1-CHx G+ — — | CHE—(IJ CHg—(ID-
Y Yin Y
Termination:
combination [ X X X X

| | ] |
'CHQ‘C"CHQ‘C_C_CHQ C_CHQ (
| | 1 1
xS Lk vyl
- GHy~G{CHy =G+ ~C—CHa{C~Chy [
Yhn YV Yoo XI x X X
ITCH=CT0Ha=CH  C=CHTC-CHp—l

Y Y Y

disproportionation L In n

Scheme 1.1

Structural irregularities are introduced into the chain during each stage of the
polymerization and we must always question whether it is appropriate to use the
generalized formula (1) for representing the polymer structure. Obvious examples
of defect structures are the groups formed by chain initiation and termination.
Initiating radicals’ are not only formed directly from initiator decomposition
{Scheme 1.1) but also indirectly by transfer to monomer, solvent, transfer agent, or
impurities (Scheme 1.2).

‘Defect groups’ or ‘structural irregularities’ need not impair polymer properties, they are
simply units that differ from those described by the generalized formula 1

Initiating radicals are formed from those initiator- or transfer agent-derived radicals that add
monemer so as to form propagating radicals {(see 3.1).
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In termination, unsaturated and saturated ends are formed when the
propagaiing species underge disproportionation, head-to-head linkages when they
combine, and other functional groups may be introduced by reactions with
inhibitors or transfer agents (Scheme 1.2}. In-chain defect structures {within the
polymer molecule} can also arise by copolymerization of the unsaturated
byproducts of initiation or termination.

Chain Transfer:

propagating radical  transfer dead chain transter agent
agent derived radical
XX X X
| CHZ—(IJ CHZ—Cll- H—T —» | CHQ—(IB CHg_CI:_H T
Yin Y Yiq Y

Reinitiation:

)|( >.( new propagating radical
CH2:(|3 CHQZIC
Y Y ] X
T — T—CHg—CI)- —_— T CHQ—Q CHQ—Q-
Y Yin Y

initiating radical
Scheme 1.2

The generalized structure (1} also overestimates the homogeneity of the repeat
units (the specificity of propagation). The traditional explanation offered to
rationalize structure 1, which implies exclusive formation of head-to-tail linkages
in the propagalion step, is that the reaction is under thermodynamic control. This
explanation was based on the observaticn that additions of simple radicals to
mono- or 1,1-disubstituted olefins typically proceed by tail addition to give
sccondary or tertiary radicals respectively rather than the less stable primary
radical (Scheme 1.3) and by analogy with findings for ionic reactions where such
thermodynamic considerations are of demonstrable importance.

tail head
H,C é R o~ |:|‘c é” R !
e - PN
2 M head addition  * 5 lail addition R-CH, g

Scheme 1.3

Until the early 1970s, the absence of suitable techniques for probing the
detailed microstructure of polymers or for examining the selectivity and rates of
radical reactions prevented the traditional view from being seriously questioned,
In more recent times, it has been established that radical reactions, more often than
not, are under kinetic rather than thermodynamic control and the preponderance of
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head-to-tail linkages in polymers is determined largely by steric and polar
influences (see 2.2).'7

It is now known that a proportion of “head" addition occurs during the
iniliation and propagation stages ol many polymerizations (see 4.3). For example,
poly(vinyl fluoride) chains contain in excess of 10% head-to-head linkages.'®
Renzoyloxy radicals give ca 5% head addition with styrene (see 3.4.2.2)."%%
However, one of the first clear-cut examples demonstrating that thermodynamic
control is not of overriding importance in determining the outcome of radical
reactions is the eyclopolymerization of diallyl compounds (see 4.4.1).7'*

Monomers containing muliiple double bonds might be anticipated Lo initially
yield polymers with pendant unsaturation and ultimately crosslinked structures.
The pioneering studies of Butler and coworkers ™ established that diallyl
compounds, of general structure (4), undergo radical polymerization to give linear
saturated polymers. They proposed that the propagation involved a series of inter-
and intramolecular addition reactions. The presence of cyclic units in the polymer
structure was rigorously established by chemical analysis.™ Addition of a radical
to the diallyl monomer (4) could conceivably lead to the formation of 5-, 6- or
even 7-membered rings as shown in Scheme 1.4. However, application of the then
generally accepted hypothesis, that product radical stability was the most
important factor determining the course of radical addition, indicated that the
intcrmolecular step should proceed by tail addition (to give §) and that the
intramolecular step should afford a 6-membered ring and a secondary radical (7).
On the basis of this theory, it was proposed that the cyclopolymer was composed
of 6-membered rings (9) rather than 5-membered rings (8).

R head tail .
' x additionﬂi\j addition g~~~ < %, propagation
5y sy e
X X X
\ 4 head 5 tail
addilion'/ \ addition
R -
O oy
o .
: x s UA®
X X
6 7

¢ prapagation +

9
Scheme 1.4

It was established in the early 1960s ihal hexenyl radicals and simple
derivatives gave 1,5- rather than 1,6-ring closure under conditions of kinetic
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control.”®  However, it was not until 1976 that the structures of cyclopolymers
formed [rom 1,6-dienes (4) were experimenially determined and Hawthorne ef
al.”’ showed that the intramolecular cyclization step gives preferentially the less
stable radical (6} (5- vs 6-membered ring, primary vs secondary radical) - ‘e
299% head addition. Over the last two decades, many other examples of radical
rcactions which preferentially afford the thermodynamically less stable product
have come to light. A discussion of various lactors important in determining the
course and rate of radical additions will be found in Chapter 2.

The examples described in this chapter serve to illustrate two well-recognized,
though often overlooked, principles, which lie at the heart of polymer, and, indeed,
all forms of chemistry. These are:

(a) The dependence of a reaction (polymerizaticn, polymer degradation, etc.) on
experimental variahles cannot be understood until the reaction mechanism is
established.

(b) The reaction mechanism cannot be fully defined, when the reaction products
are unknowrn.

The recent development of radical polymerizations that show the attributes of
living pelymerization is a prime example of where the quest for knowledge on
polymerization mechanism can take us (Chapter 9). Living radical polymerization
relies on the introduction of a reagent that undergoes reversible termination with
the propagating radicals thereby converting them to a dormant form (Scheme 1.5).
This enables control of the active species concentration allowing conditions to be
chosen such that all chains are able to grow at a similar rate (if not simultaneously)
throughout the polymerization. This has, in turn, cnabled the synthesis of
polymers with low dispersity and a wide variety of block, stars and other structures
not hitherto accessible by any mechanism. Specificity in the reversible initiation-
termination step is of critical importance in achieving living characteristics.

Reversible Termination:

active spacies

propagating radical dormant species

X X X X
ITCHy=CACH=C+ -+ Z ~—=  I{CH,"C~CH,-C—Z
Y, v Y/, ¥

Scheme 1.5

The first steps towards living radical polymerization were taken by Otsu and
colleagues ™ in 1982. In 1985, this was taken one step further with the
development by Solomon er af.*" of nitroxide-mediated polymerization {NMP).
This work was first reported in the patent literature’ and in conference papers but
was not widely recognized until 1993 when Georges ef al.’' applied the method in
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the synthesis of narrow polydispersity polystyrene. NMP was described in detail
in a small section in the first edition of this book. Since that time the area has
expanded dramatically. The scope of NMP has been greatly extended™ and new,
more versatile, methods have appeared. The most notable are atom transfer radical
polymerization (ATRPY™ and polymerization with reversible addition
fragmentation (RAFT).>**®  From small beginnings pre-1995, this area now
accounts for a third of all papers in the field of radical polymerization. Moreover,
the growth in the field since 1995 is almost totally attributable to developments in
this area (Figure [.1).

2000——— ——+———+—+ :
g 1500 telal radical -
o
[u]
o
° 1000] .
@
£
IS
=
Z 500
living/controlled/mediated
ol ]

1975 1980 1985 1990 1995 2000
Publication Year

Figure 1.1 Publication rate of journal papers on radical polymerization and on
living, controlled or mediated radical polymerization for period 1975-2002 based
on SciFinder™ search (as of Mar 2005},

In the succeeding chapters we detail the current state of knowledge of the
chemistry of each stage of polymerization. We consider the details of the
mechanisms, the specificity of the reactions, the nature of the group or groups
incorporated in the polymer chain, and any byproducts. The intention is to create
an awareness of the factors that must be borne in mind in selecting the conditions
for a given polymerization and provide the background necessary for a more
thorough understanding of polymerizations and polymer propertics. In the final
chapters, we examine the current status of efforts to control polymerization using
either conventional technology or using the various approaches 1o living radical
pelymerization.

*  Does not distinguish forms of controlled radical polymerization. Includes most papers on
ATRP, RATT and NMP and would also include conventional (non-living) but contrelled
radical polymerizations. It would not include papers, which do not mention the terms
*living’, *controlled’ or *mediated’.
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1
Radical Reactions

1.1  Introduction

The intention of this chapler is te discuss in some detail the laclors that
determine the rate and course of radical reactions, Emphasis is placed on thosce
reactions maost frequently encountered in radical polymerization:

{a) Addition to carbon-carbon double bonds (e g. initiation - Chapler 3,

propagation - Chapter 4).

X : _ : k'1'urk1 « I <

{a) The sell-reaction of carbon-centered radicals (¢.g. termination - Chapter 5).

S
SO A

{a) Hydrogen atom transfer (e.g. chain transfer - Chapter 6).

ke
X- H — X—H >—

Other radical reactions not covered in this chapter are mentioned in the
chaplers that [ollow. These include additions (o systems other than carbon-carbon
double bonds [e.g. additions to aromatic systems (Section 3.4.2.2.1) and strained
ring systems (Section 4.4.2}], transfer of heterpatoms [e.g chain transfer to
disultides (Section 6.2.2.2) and halocarbons (Section 6.2.2.4)] or groups of atoms
[e.g. in RAFT polymerization (Section 9.5.3)], and radical-radical reactions
invelving heteroatom-centered radicals or metal complexes [e.g. in inhibition
{Sections 3.5.2 and 5.3}, NMP (Section 9.3.6) and ATRP (Section 9.4}].

Until the early 1970s, views of radical reactions were dominated by two
seemingly contradictory beliefs: (a) that radical reactions, in that they involve
highly reactive species, should not be expected to show any particular selectivity,

11
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and (b) that (as is ofien possible with ionic reactions) the outcome could be
predicted purely on the basis of the relative thermochemical stability ol the product
radicals. For condition (a) to apply, a reaction should have an early reactant-like
transition state and near-zero activation energy. For condition (b) to apply the
transition state should be late {or product-like) or the reaction leading Lo products
must be under thermodynamic control by virtue of being rapidly reversible. While
either of the above conditions may apply in specilic cases, for radical reactions in
general, neither need apply.

It is now recognized that radical reactions are, more often than not, under
kinetic rather than thermodynamic conirol. The reactions can nonetheless show a
high degree of specificity which is imposed by steric (non-bonded interactions),
polar (relative electronegativities), stereoelectronic (requirement for overlap of
frontier orbitals), hond-strength (relative strengths of bonds formed and broken)
and perhaps other constraints.' ™ In the following sections we discuss these factors,
consider their relalive importance in specific reactions and suggest guidelines {or
predicting the outcome of radical reactions.

1.1 Properties of Radicals

Radicals arc chemical species that posscss an unpaired clectron sometimes
called a free spin. The adjective “free”, often used to designate radicals, relates to
the state of the unpaired electron; it is not intended to indicate whether the
compound bearing the free spin is complexed or uncomplexed. In this seetion we
provide a brief overview ol the siructure, energetics and detection ol radicals.

1.1.1 Structures of Radicals

Moest radicals located on saturated bonds are m-radicals with a planar
configuration and may be depicted with the free spin located in a p-orbital (1).
Because such radical cenlers are achiral, stereochemical integrity is lost during
radical formation. A new configuration will be assumed (or a previous
configuration resumed) only upon reaction. Stereoselectivity in radical reactions is
therefore dependent on the environment and on remote substituents.

e F A

H

1 2 3

Radicals with very polar substiluents (e.g. irilluoromethyl radical 2), and
radicals that arc part of strained ring systems (e.g. cyclopropyl radical 3) are o-
radicals. They have a pyramidal structure and are depicted with the free spin
resident in an sp’ hybrid orbital. @-Radicals with appropriate substitution are
potentially chiral, however, barriers to inversion are typically low with respect to
the activation energy for reaction.
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Most radicals located on double bonds (e.g. 4, 5) or aromatic systems {e.g. 6}
are o-radicals. The free spin is located in an orbital orthogonal to the m-bond
syslem and it is not delocalized. The orbital of the vinyl radical {4) containing the
free spin can be cis- or frans- with respect to substituents on the double bond. The
barrier for isomerization of vinyl radicals can be significant with respeet to the rate
of reaction.

X X
o=y -
¥ ¥ Y

4a 4b S 6

Radicals with adjacent m-bonds [e.g. allyl radicals (7), cvclohexadienyl
radicals (8), acyl radicals (9) and cyanoalkyl radicals (10)] have a delocalized
structure. They may be depicted as a hybrid of several resonance forms. In a
chemical reaction they may, in principle, react through any of the sites on which
the spin can be located. The preferred site of reaction is dictated by spin density,
steric, polar and perhaps other factors. Maximum orbital overlap requires that the
atoms contained in the delocalized system are coplanar.

Py OO0 ey

>ﬁé;N
. Ne S NE S \N—é - N0
10 11 12

Radicals with adjacent heteroatoms bearing lone pairs (N, O, Cl, etc.), e.g. 11,
12 ¢can also be depicted as a resonange hybrid involving charged structures. The
free spin may also be delocalized into adjacent C-H and C-C single bonds through
a phenomenon known as hyperconjugation. Maximal hyperconjugative interaction
requires coplanarity of the p-orbital containing the unpaired electron and the C-H
and C-C bonds. Hyperconjugation is uscd to rationalize the relative stability and
the nucleophilicity of alkyl radicals (tertiary > secondary > primary).
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1.1.2 Stabilities of Radicals

Most radicals are transient species. They (e.g. 1-10) decay by self-reaction
with rates at or close to the diffusion-controlled limit (Section 1.4). This situation
also pertains in conventional radical polymerization. Certain radicals, however,
have thermodynamic stability, kinetic stability (persistence} or both that is
conferred by appropriate substitution. Some well-known examples of stable
radicals are diphenylpicrylhydrazyl (DPPH), nitroxides such as 2,2,6.6-
tetramethylpiperidin-~N-oxyl (TEMPO), triphenylmethyl radical (13) and
galvinoxyl (14). Some examples of carbon-centered radicals which are persistent
but which do not have intrinsic thermodynamic stability are shown in Section
1.4.3.2. These radicals (DPPI1, TEMPO, 13, 14) are comparatively stable in
isolation as selids or in solution and either do not react or react very slowly with
compounds usually thought of as substrates for radical rcactions. They may,
nonetheless, react with less stable radicals at close to diffusion controlled rates. In
polymer synthesis these species find use as inhibitors {to stabilize monomers
against polymerization or to quench radical reactions - Scction 5.3.1) and as
reversible termination agents (in living radical polymerization - Section 9.3).

G o PG

DPPH TEMPO

Hydrogen-other atom/group bond dissociation energies are often used as an
indication of radical stability. Substitution at a radical center almost invariably
increases stability as indicated by a reduced bond dissociation energy. Thus, for
alkyl radicals, stability incrcases in the order primary<sccondary<tertiary.
Fluorine substitution provides the exception to this rule. Radicals are inductively
destabilized by fluorine substituents ¢- or - to the radical center.” The greatest
stabilizing effeet is observed with substituents that are able to delocalize the free
spin (Ph, CN, C=C). Experimental gas phase bond dissociation energies are
tabulated in Table 1.1.° Bond dissociation cnergies can often be estimated with
reasonable accuracy using group additivity rules.’

While it is desirable and important Lo have some knowledge of radical
stabilities, the following sections will show that this is enly one, and often not the
major, factor in determining the outcome of radical reactions.

1.1.3 Detection of Radicals

In radical polymerization and in most radical reactions the radical species arc
present only in low concentrations (total concentration ~ 107°-107 M). Radicals are
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¢ither generated in a chain reaction in which the radical species altain a low sleady
state concentration or they are generated reversibly and their concentration is
controlled by an cquilibrium proccess.

Largely for these reasons, radicals are most often characterized indirectly by
examining the products of their reaction. Many of the methods used to study
radical reactions have been applied to study initiation of polymerization. Some of
these techniques are detailed in Section 3.5.

Table 1.1 Carbon-Hydrogen and Heteroatom-Hydrogen Bond Dissociation
Energies (D in kI mol )*®

C-H Bond D X-H Bond 3]
CFa-H 450 HO-H 497
CHa-H 439 CH,C(=0)C-H 442
CgHs-H 423 CH;0-H 436
i-CaHz-H 409 (CH3);CO-H 440
-CaHg-H 404 {CH3)sCCO-H 374
HOCH,-H 402 HOO-H 369
H(C=0)CHs-H 354 PhO-H 362
CHA{CNY-H 393
CCly-H 393 CH5S-H 365
PhCH,-H 376 PhS-H 349
CH;=CHCH,-H 362 PhSa-H 326
{CH3)C(CN)-H 362
CHsCH{Ph)y-H 357 NH,-H 453
{CH3):C(Ph)-H 353 CH5NH-H 418

PhNH-H 368
CH=C-H 556 NH;NH-H 366
Ph-H 473
CH,=CH-H 465 (CH3)sSi-H 378
cCsHsH 445 {CH3)sGe-H 339
QO=CH-H 369 {C4Hg)sSn-H 308

a All values rounded to the nearest integer,

Electron paramagnetic resonance spectroscopy (EPR), alsa called electron spin
resonance spectroscopy (ESR), may be used for direct detection and
conlormational and siructural characterization of paramagnetic species. Good
introductions to EPR have been provided by Fischer® and Leffler” and most books
on radical chemistry have a section on EPR. EPR detection limits arc dependent
on radical structure and the signal complexity. However, with modern
instrumentation, radical concentrations > 10" M can be detected and concentrations
>10"" M can be reliably quantified.

UV-visible spectrophotometry and {luorescence spectrophotometry are also
used for the direct observation of radical species and their reactions in some
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circumstances. Radical species typically absorb at significantly higher
wavelengths than similar saturated compounds (bathochromic shift),

Molecular orbital calculations (ab initio or semiempirical methods) are also
often used to provide a description of radical species and their reactions. High
levels of theory are required to provide reliable data. However, rapid advances in
computer power and computational methods are secing these methods more widely
used and with greater success (for leading references on the application of theory
1o descnibe radical addition reactions, see Section 1.2.7),

1.2 Addition to Carbon-Carhon Deuble Bonds

With few exceptions, radicals are observed to add preferentially lo the less
highly substituted end of unsymmetrically substituted olefins (ie. give
predominantly tail addition” - Scheme 1.1).

For a long time, this finding was correlated with the observation that
substitucnts at a radical center tend to cnhance its stability (Section 1.1.2). This in
turn led to the belief that the degree of stabilization conferred on the product
radical by the substitucnts was the prime factor determining the orientation and
rale of radical addition Lo olefins. That steric, polar, or other factors might lfavor
the same outcome was either considered to be of secondary importance or simply
ignored.”

tail head X
. H ket R*CHsz\- tail adduct
“ 4 % Y
R HaC=C

k k
Y i X
\ -CHQ-L:?—H head adduct

Y
Scheme 1.1

Indeed, while alternative hypotheses were entertained by some,'” there was no
serious questioning of the dominant role of thermochemistry in the wider
community until the 1970s, Many factors were important in bringing about this
change in thinking. Three of the more significant were:

(a) A few isolated examples appeared where “wrong way” addition (formation of
the less thermodynamically stable radical) was a significant, or even the major,
pathway. Notable examples are predominantly head addition in the
intramolecular step of cyclopolymerization of 1,6-dienes (Scheme 1.2)'" and in
the reaction of +-butoxy radicals with diffuoroethylene (Scheme 1.3)."

# The term tail addition is used to refer to addition to the less highly substituted end of the
double bond.

t To this day some texts put forward product stability as the sole explanation for preferential
tail addition.
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{b} Dcpendable mcasurements of rate constants for radical rcactions became
available which allowed structure-reactivity relationships to be reliably
assessed. "

{c) Data on bond dissociation cnergics were cvaluated to demonstrate that the
amount of stabilization provided Lo a radical center by adjacent alkyl
substituents is small. The relative stability of primary vs secondary vs tertiary
radicals, even if fully reflected in the transition state, is not sufficient to
account [or the degree of regioselectivily observed in additions to alkenes.'

It is now established that product radical stability is a consideration in
determining the outcome of radical addition reactions only where a substituent
provides substantial delocalization of the free spin into a n-system. Even then,
because these reactions are generally irreversible and exothermic (and
consequently have early transition states), resonance stabilization of the incipient
radical center may play only a minor role in determining rcaction rate and
specificity. " Thermodynamic factors will be the dominant influence only
when polar and steric effects are more or less evenly balanced.”*""

The importance of the various factors determining the rate and regiospecificity
of addition is illustrated by the data shown in Tabkle 1.2 and Table 1.3.

Table 1.2 Relative Rate Constants and Regiospecificities for Addition of Radicals
to Halo-Olelins®

Olefin (CHs) sCOY" CHys® CFy*° CCly®

;('[e] ;CH/:{CT k,rt.| kH/f('T k.—e| kHH(T krel f(’H/A'T
CH,=CH, 1.0 - 1.0 - 1.0 - 1.0 -
CH.,=CHF 0.7 0.35 1.1 0.2 0.5 0.12 .62 0.11
CH,=CF, [.1 4.0 - | 0.2 0.04 0.25 0.016
CHF=CF, 6.6 45 5.8 2 005 055 029 032

4 kpgis overall rate constant for addition (k,+47) relative to that fpr addition to eth?,"lene (=1.0).
All values have been rounded to 2 significant figures. h At60°C.>~ ¢ At164°C."
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Relative rate constants for reactien of methyl, trifluoromethyl,
T . - .
23 with the fluoro-olefins are summarized

22,2

trichloromethyl,” and r-butoxy radicals

in Table 1.2. Note the following points:

{a) Overall rates of addition for methyl and 7-butoxy radicals are accelerated by
fluorine substitution. In contrast, rates for trifluoromethyl and trichloromethyl
radicals are reduced by fluorine substitution.

(b) Trifluoromethyl and tnchloromethy] radicals preferentially add 1o the less
substituted end of trifluoroethylene. Methyl and #-butoxy radicals add
preferentially to the more substituted end.

{c) Trifluoromethyl and trichloromethyl radicals give predominantly tail addition
to vinylidene fluoride, methyl radicals give both tail and head addition, ¢-
butoxy radicals give predominantly head addition.

The overall trend of reactivities for r-butoxy radicals with the fluore-olefins more

closely parallels that for methyl radicals than that for the electrophilic
trifluoromethy! or trichloromethyl radicals.

Table 1.3 Relative Rate Constants for Reactions of Radicals with Alkyl-
Substituted Acrylate Esters CHR'=CR*CO,CH,"

Monomer R' R*  Phcox’ Phe’ (CH31:C0-°  c-CeHipss

ky kt ky kr kn ket ky kr
MA H H 0.2 1.0 0.03 1.0 0.02 1.0 0.002 1.0
MMA H CH, 0.35 4.5 =0.01 1.6 0 29 =0.001 0.71
Mc? CH, H 16 13 007 012 <003 03 0001 0011

a Rale constants relative to that o tail addition 1o hi{\_ {(—1.0). All data have been rounded o 2
significant figures. b At 60 °C.™ ¢ At 20 °C"  d Methyl trans-2-butenoate (methyl

crotonale).
R! R2
head I ; .
tail ' ke o—Cc—=C- lail adduct

i |
Ny 2
0 Ry
S A1 1 2
H COoCHa “\\ R R

b CO.CHy
N 1
',C_C.:—O‘~_ head adduct
H  CO,CH

3
Scheme 1.4

Outcomes from the reactions of radicals with substituted acrylate esters
depend on the attacking radical (refer Table 1.3 and Scheme 1.4). The results may
be summarized as follows (the methyl subsiituent is usually considered 1o be
electron donating — Section 1.2.2):
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(a) lrrespective of the attacking radical, there is preferential addition to the tail of
the double bond {to the end remote from the carbomethoxy group).

(b) For the nucleophilic cyclohexyl radicals (o-CgH, +). the rate of addition to the
unsubstituted end of the double bond 1s slightly retarded by alkyl substitution
(ca 30% for MMA vs MA). The rate of addition to the substituted end of the
double bond is dramatically retarded by alkyl substitution (ca 90-fold for MC
vs MA).”

(¢) For the slightly electrophilic phenyl and #-butoxy radicals [Phe, (CH;):CC]:
the rate of addition to the unsubstituted end of the double bond is enhanced (2-
3-feld) by alkyl substitution; the rate of addition to the substituted end of the
double bond is retarded (=3-fold for MC vs MA) by alkyl substitution.***®

(d) For the elecirophilic benzoyloxy radicals (PhCO,+): the rale of addilion 1o the
unsubstituted {tail) end of the double bond i3 enhanced (4.5-fold for MMA vs
MA) by alkyl substitution; the rate of addition to the substituted (head) end of
the double bond is slightly enhanced (75% lor MMA ws MA) by alkyl
substitution.™
The data of Table 1.2 and Table 1.3 clearly cannot be rationalized purely in

terms of the relative stabilitics of the product radicals.  Rather, “a complex

interplay of polar, steric, and bond strength terms” must be invoked.” In the
following sections, each of these factors will be examined separately to illustrate
their role in determining the outcome of radical addition.

1.2.1 Steric Factors

A clcar demonstration of the relative importance of steric and resonance
factors in radical additions to carbon-carbon double bonds can be found by
considering the cffect of (non-polar) substitucnts on the rate of attack of (non-
polar} radicals. Substituents on the double bond strongly retard addition at the
substituted carbon while leaving the rate of addition to the other end essentially
unaffected (for example, Table 1.3). This is in keeping with expectation if steric
factors determine the regiospecificity of addition, but contrary to expectation if
resonance factors are dominant.

It is possible to resclve steric factors into several terms:

{a) B-strain engendered by the change from sp® towards sp’ hybridization at the
site of attack.™" B-strain is a consequence of the substituents on the {planar)
a-carbon ol the double bond being brought closer together on moving towards
a tetrahedral disposition (Figure 1.1). This term is important in all radical
additions and is thought to be the main factor responsible for preferential
attack at the less substituted end of the double bond.

(b) Steric hindrance to approach of the atiacking radical o the site of atlack on the
olefin. This term is usually only a minor factor except where substituents on
the radical or on the olefin are very bulky.'*"
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(¢} Steric hindrance to adoption of the required transition state geometry. This is
not usually a determining factor in intermolecular addition of small radicals,
but is extremely important in intramolecular addition where the approach of
the reacting centers is constrained by the molecular geometry (Section 1.2.4).

3
planar so? S tetrahedral sp
.. UA_H H—="" \ ;
\\‘ H_ﬁ ‘~ H‘ “HH.u',
b — 2.281A 77~ 109.5° — ‘ﬁ"_\H
H, __ WH Vo Iy
H H i i HHH HH
18.6°% .-~} H
reactants transition state product

Figure 1.1 Transition state for methyl radical addition to ethylene. Geometric
parameters are {rom ab iritio calculation with QCISD(TY6-31GT(d) basis set.”’

Radical additions are typically highly exothermic and activation energies are
small for carbon®™ and oxygen-centered™" radicals of the types most often
encouniered in radical polymerization. Thus, according to the Hammond
postulate,” these reactions are expected to have early reactant-like transition states
in which there is little localization of the free spin on C. Ilowever, for steric
factors to be important at all, there must be significant bond deformation and
movement towards sp” hybridization at C,.

Various ab initio and scmi-cmpirical molecular orbital calculations have been
carried out on the reaction of radicals with simple alkenes with the aim of defining
the nature of the transition state (Section 1.2.7’).29‘35‘36 These calculations all predict
an unsymmetrical transition state for radical addition (i.e. Figure 1.1) though they
differ in other aspects. Maost calculations also indicatc a degree of charge
development in the transition state.

The rate of radical addition is most dramatically affected by substitucnts cither
at the site of attack or at the radical center. Remote substituents generally have
only a small influence on the stereochemistry and regiospecificity of addition
unless these groups are very bulky or the geometry of the molecules is constrained
(e.g. intramolecular addition — Section 1.2.4).

It is a common assumption that the influence of steric faciors will be
manifested mainly as a higher activation energy. Tn fact, there is good evidence’’
to show that steric factors are mainly reflected in a less favorable entropy of
activation or Arrhenivs frequency factor. This is due to the degrees of freedom

* A highly exothermic (low activation cnergy) teaction will gencrally have a transition state
that resembles the reactants™
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that are lost as the radical center approaches the terminus of the double bond and
the a-substituents on the double bond are brought closer together on
rehybridization.

1.2.2 Polar Factors

The rates of addition to the unsubstituted terminus of moenosubstituted and 1, 1-
disubstituted olefins (this includes most polymerizable morniomers) are thought o
be determined largely by polar factors.™'® Polymer chemists were amongst the
first to realize that polar factors were an important influence in determining the
rate of addition. Such factors can account for the well-known tendency for
monomer alternation in many radical copolymerizations and provide the basis lor
the O-e, the Patterns of Reactivity, and many other schemes for estimating
monomer reactivity ratios (Section 7.3.4).

The traditional means ol assessment ol the sensilivity of radical reactions to
polar factors and establishing the electrophilicity or nucleophilicity of radicals is
by way of a Hammett ¢ p correlation. Thus, the reactions of radicals with
substituted styrene derivatives have been examined to demonstrate that simple
alkyl radicals have nucleophilic character’™® while haloalkyl radicals’ and
oxygen-centered radicals™ have clectrophilic character (Table 1.4). It is
anticipated that electron-withdrawing substituents (e.g. Cl, F, CO;R, CN} will
enhance overall reactivity towards nucleophilic radicals and reduce reactivity
towards electrophilic radicals. Electron-donating substituents (alkyl) will have the
apposite effect,

Many researchers have applied similar approaches to develop or apply linear
free energy relationships, when the substituent is directly attached to the double
bond, with some success. Two of the more notable examples can be found in the
Patterns of Reactivity Scheme (Section 7.3.4) and the works of Giese and
coworkers.'*"’

While steric terms may be the most significant factor in determining that tail
addition is the predominant pathway in radical addition, polar factors affeet the
overall reactivity and have a significant influence on the degree of regiospecificity.
In the reaction of benzoyloxy radicals with MMA, even though there is still a
marked preference [or 1ail addilion, the methyl substituent enhances the rate
constants for attack at both head and tail pesitions over those scen for MA (Table
1.3}, With cyclohexyl radicals the opposile behavior is seen. Relative rate
constants arc reduced and the preference for tail addition is reinforced. For olefins
substituted with clectron-donor substituents, nucleophilic radicals give the greatest
tail vs head specificity. The converse generally also applies.

In the reactions of the fluoro-olefins, steric factors are of lesser importance
because of the relatively small size of the fluoro-substituent.”  Fluorine and
hydrogen are of similar bulk. In these circumstances, it should be expected that
polar factors could play a role in determining regiospecificity. Application of the
usual rules to vinylidene fluoride leads to a prediction that, for nucleophilic
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radicals, the rate of head addition will be enhanced. Similarly, for electrophilic
radicals, the rate of tail addition will be enhanced (Figure 1.2).

Table 1.4 Hammectt p and p' Parameters for Reactions of Radicals

Addition to styrenes H Abstraction from toluenes
radical o i pt P p!
A (CH3)3C' ].]u.?ﬂ _ ()_49h.4] _ _
c-CgHyqe 0.68&-sx - - - -
> n-CgHiar - - 0.45"% - -
G| nCiHae - - - 0.45%% -
Z| cHy - - .15 0,125 -0.21
3| (CHpcoe 02777 03157 0328 036 036
§ (CH33CO0r - - 0565 07827 073
(CHa)N» - - LOg™M 16" 096
CClge 04240 -0.43 1467 -1.46™7 167
n-CaF iz - -0.53% - - -
a 42 °C. b 80 °C. ¢ 100°C. d pvalues recalculated by Pryor et a/.* based on m-
substituted derivatives only. e (0 °C, benzene. f 45 °C, chlorobenzene. Value shows

solvent dependence. g 40°C. h 136°C. i 70°C. j 50°C.

- F
electrophilic _ 85 & nucleophilic
radicals ( radicals

Figure 1.2 Effect of polar factors on regiospecificity of radical addition.

The behavior of methyl and halomethyl radicals in their reactions with the
fluoro-olefins (Table 1.2), can thus be rationalized in terms of a more dominant
role ol polar (actors and the nucleophilic or electrophilic character of the radicals
involved.” Methyl radicals are usually considered to be slightly nucleophilic,
trifluoromethy! and trichloromethyl radicals are electrophilic (Table 1.4).

However, consideration of polar factors in the traditional sense does not
provide a ready explanation for the regiospecificity shown by the 7-butoxy radicals
(which are ¢lectrophilic, Table 1.3) in their reactions with the fluoro-olefing (Table
1.2).7"  Apparent ambiphilicity has been reported® for other “not very
electrophilic radicals™ in their reactions with olefins and has been attributed to the

polarizability of the radical.

1.2.3 Bond Strengths

The overriding importance of polar factors in determining rates of addition has
recently been questioned by Fischer and Radom” who argue that reaction enthalpy
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should be considered the dominant [aclor in delermining the rate of tail addition.
Tedder and Walton” have stated: “If an experimentalist requires a simple
qualitative theory, he should seek Lo eslimale the strength of the new bond formed
during the initial addition step...”. Historically, a perceptual problem has been that
the bond strength or reaction enthalpy term cannot be separated rigorously from
the polar and steric laclors discussed above since the latter both play an important
role in determining the strength of the new bond. Fischer and Radom’s’ rationale
is discussced below (1.2.7).

Jusi as steric factors may in some cases retard addition, factors that favor bond
formation should be anticipated to facilitate addition. A pertinent cxample is the
influence of a-fluorine substitution on C-X bond strength.” The C-C bond in
CH;-CF, is 46 kJ mol™ stronger than that in CH;-CH;.  Further fluorine
substitution leads to a propressive strengthening of the bond. The effect is even
preater for C-O bonds. The C-O bond dissociation energies in CF;—O-CF; and
CF;—0Oll are greater by 92 and 75 kJ mol™, respectively, than those in CEHR—O0—CH,
and CH;—QOH. This effect offers an explanation for the differing specificity shown
by oxygen- and carbon-centered radicals in their reactions with the fluoro-olefins
(Table 1.2).7°'** The finding, that butoxy radicals give predominantly head
addition with vinylidene fluoride (Scheme 1.3), can therefore be undersiood in
terms of the relative strengths of the CF.—O and CH,—O bonds.™

1.2.4 Stercoelectronic Factors

A sterecelectronic requirement in radical addition to carbon-carbon double
bonds first became apparent from studies on radical cyclization and the reverse
(fragmentation) reactions.™™® It provides a rationalization for the preferential
formation of the less thermodynamically stable exo-product {/.e. head addition)
from the cyclization of @m-alkenyl radicals (16 - Scheme 1.5),'%°7%

kem - = kendo .
(GHzlp {CHa)x {CHz)5

15 16 17
Scheme 1.5

It was proposed that the transition state requires approach of the radical
directly above the site of attack and perpendicular to the plane containing the
carbon-carbon double bond. An examination of molecular models shows that for
the 3-butenyl and 4-pentenyl radicals (16, #=1,2) such a transition state can only
be reasonably achicved in exo-cyclization (fe. 16—15). With the S-hexenyl and
6-heptenyl radicals (16, n=3,4). the transition state for exc-cyclization (16—15) is
morc casily achicved than that for endo-cyclization (i.e. 16—=17).

The mode and rate of cyclization can be medified substantially by the presence
of substituents at the radical center, on the double bond, and at positions on the
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contecting chain. As with intermolecular addition, substituents at the site of attack
on the double bond strongly retard addition. For the 3-hexenyl system {16, n=3)
the magnitude of the effect is such that methyl substitution at the 5-position causes
endo-cyclization to be favored. For the 5,6-disubstituted radical the rates for both
exo- and endo-addition are slowed and exo-cyclization again dominates. A {ull
discussion of substitucnt cffects on intramolecular addition can be found in the
reviews cited above.

Stereoelectronic factors may also become important in polymerization when
bulky substituents may hinder adoption of the required transition state. They may
help explain why rate constants for addition of monomeric radicals may be very
different from those for addition of dimeric or higher radicals.*

1.2.5 Entropic Considerations

The Arrhenius frequency factors [log{d/M 's")] for addition of carbon
centered radicals (o the unsubstituted terminus of monosubstituted or 1,1-
disubstituted olefins cover a limited range (6.0-9.0), depend primarily on the steric
demand of the attacking radical and are generally unaffected by remote alkene
substituents. Typical values of log(4/M's™Y are ca 6.5 for tertiary polymeric (e.g.
PMMA®), ca 7.0 for sccondary polymeric (PSs, PMAs®), and ¢« 7.5, 8.0 and &.5
for small tertiary (e g. -C4Hge), secondary (i-C3Hy+) and primary (CHse, C-Hse)
radicals respectively (Section 4.5.4).° TFor 1,2,2-trisubstituted alkenes the
frequencey factors arc about an order of magnitude lower.! The trend in values is
consislent with expectation based on theoretical calculations.

Frequency factors are often determined from data obtained within a narrow
temperature window. For this reason, it has been recommended” that when
extrapolating rate constants less error might be introduced by adopting the
standard values for frequency factors (above) than by using experimentally
measured values. The standard values may also be used to estimate activation
energies from rate constants measured at a single temperature,

1.2.6 Reaction Conditions

There is ample evidence to show that the outcome of radical addition 1s
dependent on reaction conditions and, in particular, the reaction temperature and
the reaction medium.

1.2.6.1 Temperature

Radical additions io double bonds are, in general, highly exolhermic processes
and rates increase with increasing temperature. The regiospecificity of addition to
double bonds and the relative reactivity of various olefins towards radicals are also
temperature dependent. Typically, specificity decreases with increasing
temperaiure {the Reactivity-Selectivity Principle applies). However, a number of
exceptions to this general rule have been reported.”*
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frequency factors should be similar to liquid phase numbers and the higher rate
constants should therefore be largely attributed to lower activation energies (by ca
6.5 kI mol ™.

Giese and Kretzschmar” found the rate of addition of hexenyl radicals to
methyl acrylate increased 2-fold between aqueous tetrahydrofuran and aqueous
ethanol. Salikhov and Fischer™ reported that the rate constant for t-butyl radical
addition to acrylonitrile increased 3.6-fold between tetradecane and acetonitrile.
Bednarek e o/.” found that the relative reactivity of § vs MMA towards phenyl
radicals was ca 20% greater in ketone solvents than it was in aromatic solvents,

More pronounced solvent effects have been observed in special cases where
substrates or products possess ionic character. Ito and Matsuda’® found a 35-fold
reduction in the rate of addition of the arenethivl radical 18 to c-methylstyrene
when the solvent was changed from dimethylsulfoxide o cyclohexane. Rates [or
addition of other arenethiyl radicals do not show such a marked solvent
dependence. The different behavior was attributed to the radical 18 existing partly
in a zwitterionic quinenoid form (Scheme 1.7).77

H3C . H3G, .
N@S +{N:<:>:S
HsC HaC

Scheme 1.7

1.2.7 Theoretical Treatments

There have been many theoretical studies of radical addition reactions using ab
nitio mr::thods,4‘35'3‘5"53’78'Rg semi-empirical calculations.®®® molecular
mechanics™ > and other procedures. While geometries do not vary substantially
with the level of theory, to obtain meaningful activation parameters with ab initio
methods, a very high level of theory is required.™™® Such calculations are, at this
stage, only practicable for small systems. However, computational power and
method efficiency have improved substantially over the past few years and there is
no evidence that this trend is leveling off. Heuts e/ of.** have argued that
rcliable Arrhenius /4 factors may be available using lower levels of theory.

The calculations nsing semi-empirical and low level ab initio methods do not
give good values of reaction enthalpics or activation parameters and appear to fail
dismally in some circumstances.! However, they have been shown to be useful in
predicting relative energies for structurally similar systems and can give useful
insights into mechanism. Methods for obtaining estimates of relative activation
energies by molecular mechanics have also been devised. ™

Various empirical schemes have also been proposed as predictive tools with
respect to the outcome of radical addition reactions.”"” Two-parameter schemes,
including the O-e scheme (Section 7.3.4.1), Patterns of Reactivity (Section 7.3.4.2)
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and another developed by Tto and Matsuda™ have been used with some success.
Bakken and Jurs have used an approach based on multiple regression and neural
networks and tested it by predicting rate constants for addition of methyl™ and
hydroxyl radicals” to various substrates. Denisov’ proposed the “parabolic
model” which involves eight descriptors.

Frontier Molecular Orbital (FMO) theory” may also be applied to provide
qualitative understanding.'™'® The fronticr orbital of the radical is that bearing the
free spin (the SOMOQ) and during radical addition this will interact with both the
n* antibonding orbital (the LUMO) and the n-orbital {the HOMO) of the olefin.
Both the SOMQO-HOMO and the SOMO-LUMO interactions lead to a net drop in
energy |ie 2(£:)-£5 or £ respectively - Figure 1.4]. The dominant interaction and
the reaction rates depend on the relative energies of these orbitals. Most radicals
have high cnergy SOMO’s and the SOMO-LUMO interaction is likely to be the
most important. However, with highly electron deficient radicals, the SOMO may
be of sufficiently low encrgy for the SOMO-HOMO interaction to be dominant.

A +E3 ’,"{,’—N:JEMO
sor\no{_\‘ soMCﬂ_(‘x %E
1 l,f"%ﬁomo s A

E.4r
b,

dical transition dical transition fefi
radical state  olefin radica state  Clefin

energy

Figure 1.4 SOMO-1IOMO and SOMO-LUMOQ orbital interaction diagrams,

For olefins with m-substituents, whether clectron-withdrawing or clectron-
donating, both the HOMO and LUMO have the higher coefficient on the carbon
atom remote trom the substituent. A predominance of tail addition is expected as a
consequence. However, for non-conjugated substituents, or those with lone pairs
{e.g. the halo-olefins), the HOMO and LUMO are polarized in opposile directions.
This may result in head addition being preferred in the case of a nucleophilic
radical interacting with such an olefin. Thus, the data for attack of alkyl and
fluoroalkyl] radicals on the fluoro-olefins (Table 1.2) have been rationalized in
terms of FMO theory.”® Where the radical and olefin both have near “neutral”
philicity, the situation is less clear.”’

The Staie Correlation Diagram (SCD) approach introduced by Shaik and
Pross”™ appears similar in some respects, However, the LUMO, HOMO and the
first two exciled stales are considered. (refer Figure 1.5 Thus, if we consider
the interaction of the radical with the olefin in its ground (singlet) state {R+ +
C=C'y and excited (triplet) state (Re + C=C’} and two charge transfer
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configurations (R* + C—C7) and (R~ + C—C"), the energy of ground statc
configuration increases while those of the excited state configurations decrease as
the reactants approach,. In the lransilion state, the various configuralions mix
according to their relative energics. A lucid description of the application of this
approach to rationalize rate constants to addition of carbon centered radicals to
olefins has recently been provided by Fischer and Radom.* Guided by the SCD
analysis, they decvised a scheme to predict absolute rate constants of radical
addition based on knowledge of the reaction enthalpy, the singlet-triplet energy
gap, the ionization potential and electron affinity of the olefin and the radical and
the Coulomb interaction energy.

Energy ——

Reaction Coordinate —»

Figure 1.5 Schematic state correlation diagram for radical addition to a carbon-
carbon double bond showing configuration energies as a function of the reaction
coordinate.

1.2.8 Summary

No single factor can bhe identified as determining the outcome of radical
addition. Nonetheless, there is a requirement for a set of simple guidelines to
allow qualitative prediction. This need was recognized by Tedder and Walton,”'”
Beckwith et a!.,” Giese,m and, most recently, Fischer and Radom.* With the
current state of knowledge, any such rules must be partly empirical and, therefore,
it 15 to be expected that they may have to be revised from time to time as more
results become available and further theoretical studies are carried out. Fowever,
this does not diminish their usefulness.

The following set of guidelines is a refinement of those suggested by Tedder:*

(a) For mono- or 1,1-disubstituted olefins, there is usually preferential addition to
the unsubstituted (tail) end of the double bond. This selectivity can be largely



(b)

()

(d)

(e)
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attributed to the degree of steric compression associated with the formation of
the new bond which usvally overrides other influences on the regioselectivity.
Substituents with w-orbitals (e.g. -CH=CH., -Ph) that can overlap with the
half-filled atomic orbital of the incipient radical center may enhance the rate of
addition ai the remote end ol the double bond. However, substituenis with
non-bonding pairs of electrons (e.g. -F, -Cl, -OR) have only a very small
resonance effect. Most radical additions are exothermic and have early
transition states and delocalization of the unpaired electron in the adduct
radical is of small importance.

Polarity can have a major cffect on the overall rate of addition.  Electron
withdrawing substituents facilitate the addition of nucleophilic radicals while
electron donating substituents enhance the addition of electrophilic radicals.
The regioselectivity of addition to polysubstituted olefins is primarily
controlled by the degree of steric compression associated with forming the
new bond. However, if steric effects are small or mutually opposed, polarity
can be the deciding factor.

Even though the regioselectivity of addition to polysubstituted olefins is
governed mainly by steric compression, polarity can influence the magnitude
of the regioselectivity, making it larger or smaller depending on the relative
electronegativity of the radical and the substituents on the olefin. The net
result may be that the more reactive radical is the more selective.

1.3 Hydrogen Atom Transfer

Atom or radical transfer reactions generally proceed by a 542 mechanism

(substitution, homolytic, bimolecular) that can be depicted as shown in Figure 1.6.

This area has been the subject of a number of reviews.

1-3.27.97-0
The present

discussion is limited, in the main, to hydrogen atom abstraction from aliphatic
substrates and the factors which influence rate and specificity of this reaction.

planar sp®
tetrahedral sp?
reactants transiticn state products

Figure 1.6 Transition state for hydrogen atom abstraction.
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1.3.1 Bond Dissociation Energies

Simple thermochemical criteria can often be used to predict the relative facility
of hydrogen atom transfer reactions, Evans and Polanyi'” recognized this and
suggested the following relationship (the Evans-Polanyi equation, eq. 1) between
the activation cnergy for hydrogen atom abstraction (£,) and the differcnce
between the bond dissociation energies for the bonds being formed and broken
(AH®):

E.=aAH +§ (1

where ¢ and [} are constants, Tt follows that for hydrogen abstraction by a given
radical from a compound X-H, since the strength of the bond being formed is a
constant, there should be a straight line relationship between the activation energy
and the strength of the bond being broken [D{X-H)] (eq. 2):

F.=a' [PX-H]+ B (2)

where ' and [}’ are constants. Examples of the application of the Evans-Polanyi
equation can be found in reviews by Russell” and Tedder.”” In the absence of
severe steric constraints, straight line correlations between the relative reactivity of
substrates towards a given radical can he found for systams: (a} where there is little
polarity in the transition state, or (b) when the transition states are of like polarity.
Tedder™ has also stressed that, in these reactions, it is important to take note of the
strength of the bond being formed. If there is no polarity in the transition state, the
more exothermic reaction will generally be the less selective.

Bond dissociation energies qualitatively predict the order of reactivity of X-H
bonds shown in Figure 1.7 (for examples see Table 1.1). However, as will become
apparent, a variety of factors may perturb this order.

reactivity -

bond disscciationenergy

RoN-H ~ RO-H < RaC-H < R;Si-H <« ROO-H < R,P-H < RS-H < RSe-H
Figure 1.7 Predicted order of reactivity of X-H compounds.

1.3.2 Steric Factors

Steric factors fall into four main categories:”’

(1) The release or occwrence of steric compression due to rehybridization in the
transition state where the attacking radical and site of attack are each
undergoing rehybridization (from sp* — sp° and sp° — sp” respectively for
aliphatic carbons — reler Figure 1.6). As a consequence, substiluents on the
attacking radical are brought closer together while those at the site of attack
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move apart. Thus, depending on the nature of the substituents at these centers,
steric retardation or acceleration may accompany rehybridization.

{b) Stecric hindrance of the appreach of the attacking radical to the point of
reaction in the substrate. This is important for the attack of very bulky radicals
on hindered substrates.

{¢) Steric inhibition of resonance - important in conformationally constrained
molcecules {(Section 1.3.4).

{d) Steric hindrance to adoption of the required co-lincar arrangement of atoms in
the lransiiion state. This is important in intramolecular reacticns (Seclion
1.3.4).

The first term is of importance in all atom abstraction reactions, however,
since the reactions are often highly exothermic with consequent early transition
slates, the effect may be small.

1.3.3 Polar Factors

Polar factors can play an extremely important role in determining the overall
reactivity and specificity of homolytic substitution.”” Theoretical studies on atom
abstraction reactions support this view by showing that the transition state has a
degree of charge separation.”"'”

The traditional method of assessing the polarity ol reactive intermediates is to
examine the effect of substituents on rates and establish a linear free energy
relationship (e.g. the Hammett relationship). The reactions of numerous radicals
with substituted toluenes have been examined in this contexl. The value of the
Hammett p paramcter provides an indication of the sensitivity of the reaction to
polar factors and gives a measure of the electrophilic or nucleophilic character of
the attacking radical. For example, methyl radicals, usually considered to be
slightly nuclcophilic, have a slightly negative p value with respect to abstraction of
benzylic hydrogens (Table 1.4).* Other simple alkyl radicals typically have
positive p values. ™ Heteroatom-centered radicals (e.g. RyNe, RO+, Cl¢)
generally have negative p values.™*'™!"  However, care must be taken in
interpreting the results purely in terms of polar effects since ¢lectron withdrawing
substituents typically also increase bond dissociation energies. 1919

The basic lHammett scheme often does not offer a perfect correlation and a
number of variants on this scheme have been proposed to better explain reactivities
in radical reactions.” However, none of these has achieved widespread
acceptance. It should also be noted that linear free energy relationships are the
basis of the {J-¢ and Patterns of Reactivity schemes for understanding reactivitics
of propagating species in chain transfer and copolymerization.

A striking illustration of the influence of polar factors in hydrogen abstraction
reactions can be seen in the following examples (Figure 1.8) where different sites
on the Ig}lolecule are attacked preferentially according to the nature of the attacking
radical.
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CHye HO+ Gl CHy CgHs® Cl-

io i l io i i
RCHy GO CHz R HgG GH, G- OH HSCGCHQC\

Figure 1.8 Preferred site of attack in hydrogen abstraction by various radicals.

1.3.4 Stereoelectronic Factors

There is a demonstrated requirement for a near co-linear arrangement of the
orbital bearing the unpaired electron and the breaking C-H bond in the transition
state for hydrogen atom transfer.”*"'*"'""* This becomes of particular importance
for intramolecular atom transfer and accounts for the well-known preference for
these reactions to occur by way of a six-membered transition state. The adoption
of the chair conformation in the transition statc for 1,5-atom transfer allows the
requisite arrangement of atoms to be adopted readily. Such a transition state
cannot be as rcadily achicved in smaller rings without significant strain being
incurred, or in larger rings due o the severe non-bonded interactions and/or a less
favorable entropy of activation.'" '

Thus, for radicals 19, there is a strong preference for 1,5-hydrogen atom
transfer {Table 1.5).""" Although 1,6-transfer is also observed, the preference for
I,5-hydrogen atom transfer over 1,6-transfer is substantial even where the latter
pathway would afford a resonance stabilized benzylic radical.''"'™* No sign of
1,2-, 1,3-, 1,4-, or 1,7-transfer is seen in these cases. Similar requirements {or a
co-linear transition state for homolytic substitution on sulfur and oxygen have been
postulated. ™"

Table 1.5 Specificity of Intramolecular Hydrogen Abstraction'!!

R=CH, R=Ph

CHe
1,5~ Hﬁ\/ﬁ%
/’ G4 91%
» . H.
F‘M 6% 9%

It is expectled [rom simple thermochemical considerations that adjacent n-, o-
or lone pair orbitals should have a significant influence over the facility of atom
transfer reactions,  Thus, the finding thatl ~butoxy radicals show a marked
preference for abstracting hydrogens « to ether oxypens (Figure 1.9} is not
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surprising, The reduced reactivity of the hydrogens 3 to oxygen in these
compounds is attributed to polar influences.'"*'"*

The most direct evidence that stereoelectronic effects are also important in
these reactions follows from the specificity observed in hydrogen atom abstraction
from conformationally constrained compounds.'™® C-H bonds adjacent to
oxygen' " or nitrogen''? and which subtend a small dihedral angle with a lone
pair orhital (<30°) are considerably activated in relation to those where the
dihedral angle is or approaches 90°, Thus, the equatorial H in 20 is reported to be
12 times more reactive towards #-butoxy radicals than the axial 11in 21."?

1.4 1.0
1.4 1286 0.6 l ,L
v O
AN N
T 8.7/ ©

0.2

Figure 1.9 Relative reactivity per hydrogen atom of indicated site towards 7-
butoxy radicals.''*"*

CHg H
HaGC O’7LH H;ﬁ&%cm
H@QO < O
20 21

A further example of the importance of this type of stercoclectronic cffect is
seen in the reactions of /-butoxy radicals with spiro[2,n]alkanes (22) where it is
found that hydrogens from the position a- to the cyclopropyl ring arc specifically
abstracted. This can be attributed to the favorable overlap of the breaking C-H
bond with the cyclopropyl ¢ bonds.""®'*' No such specificity is seen with
bicyclo[n, |,0]alkanes (23) where geometric constraints prevent overlap.

1.3.5 Reaction Conditions

Even though dissociation energies for X-H bonds appear insensitive to solvent
122,123 . . L 70,71,124 .
changes, the nature of the reaction medium and the reaction



34 The Chemistry of Radical Polymerization

temperature” can significantly affect the specificity and rate of atom abstraction
reactions. One of the more controversial cases concerns the effect of aromatic
salvents on hydrogen abstraction by atomic chlorine.

It has been proposed that aromatic solvents, carbon disulfide, and sulfur
dioxide form a complex with atomic chlorine and that this substantially modifies
hoth its overall reactivity and the specificity of its reactions.'™ For example, in
reactions of Cl» with aliphatic hydrocarbons, there is a dramatic increase in the
specificity for abstraction of tertiary or secondary over primary hydrogens in
henzene as opposed to aliphatic solvents. At the same time, the averall rate
constant for abstraction is reduced by up to two orders of magnitude in the
aromatic solvent.'™ The exact nature of the complex responsible for this elfect,
whether Iao(rf:}complex (24) or a chlorocyclohexadienyl radical (25), is not yel
resolved.'**"'*

@CI- Q:I
24 25

Significant, though smaller, solvent elfects have also been reported for alkoxy
radical reactions (Section 3.4.2.1)."3"%7

1.3.6 Abstraction vs Addition

The relative propensity of radicals to abstract hydrogen or add to double bonds
i1s extremely important. In radical polymerization, this factor determines the
significance of transfer 1o monomer, solvent, efc. and hence the molecular weight
and end group functionality (Chapter 6). It also provides one basis for initiator
scleetion {Section 3.2.1).

Table 1.6 Bond Dissociation Energies (2 in kJ mol™y*’

Bond D Bond D Bond D Bond D

(a) C-rR bonds

CsHs-CaHs 343 iCiHCoHs 335 RCuHs-CoHs 326 allyl-CzHs 299
C2Hg-H 410 -CyH-H 395 tCiHgH 384 alyl-H 364
A" 67 60 58 65
(b) X-r bonds

HzN-C3Hs 351 HO-C:H. 381 CH0-CHS 339 CLCyHs 339
H,N-H 460 HO-H 498  C.Hs0-H 435 CikH 431
A" 109 117 96 92

a Values rounded to nearest kJ mol”' . b Difference between D(C-CzHs) and D{C-H) ¢ Difference
between D{X-CsHg) and D{X-H).
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The hydrogen abstraction:addition ratio is generzlly greater in reactions of
hetercatom-centered radicals than it is with carbon-centered radicals. One factor is
the relative strengths of the bonds being formed and broken in the two reactions
{Table 1.6). The difference in exothermicily (A) between abstraction and addition
reactions is much greater for heteroatom-centered radicals than it is for carbon-
centered radicals. For example, for an alkoxy as opposed 1o an alkyl radical,
abstraction is favored over addition by ca 30 kI mol™. The extent to which this is
reflected in the rates of addition and abstraction will, however, depend on the
particular substrate and the other influences discussed above.

A number of studies have found that increasing nucleophilicity of the attacking
radical favors abstraction over addition to an unsaturated systcm {benzenc ring or
double bond)."""**  Bertrand and Surzur'” surveyed the literature on the
rcactions of oxygen-centered radicals and obscrved that the ratio of abstraction to
addition increased as shown in Figure 1.10.

HO+ < PhCO, < CH3O+ < n-CiHgC+ < 5-C4HO» < {-CyHgOe < OF

nucleaophilicity

T
abhstraction: addition

Figure 1.10 Dependence of abstraction:addition ratio on nucleophilicity lor
oxygen-centered radicals.

They, and later Houk,"* attempted to establish a theoretical basis for this trend
in terms of MO theory. Pryor et of.*! have found a similar trend for a scries of
aryl and alkyl radicals (Figure 1.11).

p-NO;Ph+ < p-BrPhs < CHj* ~ Phr < i-CaHye < £C4Hg* ~ PhiC-

nucleophilicity

-
o

abstraction: addition

Figure 1.11 Dependence of abstraction:addition ratio on nucleophilicity for
carbon-centered radicals.

However, the situation is not as clear-cut as it might at first seem since a
variety of other factors may also contribute to the above-mentioned trend. Abuin
et al."™™ pointed out that the transition state for addition is sterically more
demanding than that for hydrogen-atom abstraction. Within a given series (alkyl
or alkoxy), the more nucleophilic radiczls are generally the more bulky (i e steric
factors favor the samc trends). [t can also be scen from Table 1.6 that, for alkyl
radicals, the values of [ decrease in the series primary>secondary>tertiary (i.e.
relative bond strengths favor the same trend).
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1.3.7 Summary

A simple unitying theory to explain rate and specificity in atom abstraction
rcactions has yet to be developed. However, as with addition reactions, it is
possible to devise a set of guidelines to predict qualitatively the rate and ouicome
of radical transfer processes. The following are based on those suggested by
Tedder:”

(ay When there is little polarity in the transition state (or where the polarity is
constant in a reaction series), the relative rates of atom transfer by a particular
radical (selectivity) will correlate with the strengths of the bonds being broken.

(b) The strength of the bond being formed will be important in determining the
absolute rate and the degree of sclectivity.

(¢} Steric strain relieved or incurred with formation of the new radical center may
be important particularly for endothermic or near thermoneutral reactions.

(d) Nucleophilic radicals will prefer to attack electron rich sites. Electrophilic
radicals will prefer to attack electron poor sites. It AT is small, polar factors
may override thermodynamic considerations.

1.4 Radical-Radical Reactions

The last comprechensive review of reactions between carbon-centered radicals
appeared in 1973.'" Rate constants for radical-radical reactions in the liquid phase
have been tabulated by Griller.'” The arca has also been reviewed by Alfassi'*
and Moad and Solomon.'”® Radical-radical reactions are, in general, very
exothermic and activation barriers are extremely small even for highly resonance-
stabilized radicals. As a consequence, reaction rate consiants often approach the
diftusion-controlled limit {typically ~10° M s™.

The reaction may lake several pathways:

(a) Combination, which usually but not invariably (Section 1.4.1), takes place by a
simple head-to-head coupling of radicals.

|
\ / I

(b) Disproportionation, which involves the transfer of a fi-hydrogen from one
radical of the pair to the other (Section 1.4.2),

/ /
; ~H7C— / -G
—C+, + +C— — = —C-H + ©C—
A\ / \ /
(¢) Electron transfer, in which the product is an ion pair.
/ N / N
.= —» —do+ oo—
hN / \ /
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The latter pathway is rare for reactions involving only carbon-centered radicals
and will not be considered further in this chapter,

1.4.1 Pathways for Combination

The combination of carbon-centered radicals usually involves head-to-head
{o,0-) coupling. Exceptions to this general rule occur where the free spin can be
delocalized into a a-system. The classic example involves the triphenylmethyl
radical (13) which combines to give exclusively the oc-para coupling product (26),
Scheme 1.8)."7 This chemistry is also seen in cross reactions of 13 with other
tertiary radicals.”*

Ph Ph Ph H Fh
Ph—C-C—Ph —f Ph-C —=—= Ph, )@zq
Ph Ph Ph L. Ph
Pr Ph
13 26
Scheme 1.8

Other benzyl radicals, ineluding the parent benzyl radical, give reversible
formation of quinonemethide derivatives (typically a mixture of «,p- and
a,o-coupling producis) in competition with o,c-coupling (see also Seclion
522,110 The kinetic product distribution appears to be determined by
steric factors: a-substitution favors quinonemethide formation; ring substitution
favors a,c-coupling. However, since quinonemethide formation is reversible, the
only isolable product is often that from a,c-coupling.

For combination processes involving cyanoalkyl radicals, reversible C,N-
coupling occurs in competition with C,C-coupling. Steric factors appear o be
important in determining the relative amounts of C,C- and C,N-coupling'™ and
exclusive C,N-coupling is observed when two bulky radicals combine.' For
cyanoisopropyl radicals, CN-coupling is the kinetically preferred pathway
(Scheme 1.9).'91%7 However, since the formation of the ketenimine is thermally
reversible, the C,C-coupling product is usually the major isolated product (Section
5.2.2.1.3).

[ \ . |
NEC—?—?—CEN - P }C*CEN H:C:C:N — NEC—?—N:C:C’\/

Scheme 1.9

An example of C,0-coupling of a-ketoalkyl radicals with reversible formation
of an enol ether has also been reported for a system where C,C-coupling is very
hindered (Scheme 1.10).'* However, this pathway is not observed for simpler
speeices (Section 5.2.2.1.2).
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N B A [
L-C-C-C_=— 2 :C—C ~= C=C == 0-C-0-C
i | | W W / Ly I |

O o o G- O

Scheme 1,10

1.4.2 Pathways for Disproportionation

For simple alkyl radicals, the product distribution appears to be predictable
using statistical arguments.

e

L fig
PN e

W*’A/*'/:\
5 : 3 : 1

Scheme 1.11

For example, disproportionation of but-2-yl radicals produces a mixture of
butenes as shown (Scheme 1.11)."*® Thermodynamic considerations suggest that
but-1-ene and but-2-enes should be formed in a ratio of ca 2:98. However, the
observed 5:4 ratio of but-1-ene:but-2-enes is little different from the 3:2 ratio that
is expected on statistical grounds (i.e. ratic of i-hydrogens in the 1- and 3-
positions).

FHa
74 o B
) HGC_C_GHE_C'
-~ ~CH ‘ )
HaC 3 COCHg CO,CH;g
27 28

For more highly substituted examples, it is clear that other factors are also
important. Substitution at the radical center has a profound effect. For example,
in disproportionation, radicals 27" and 28'*° show a marked preference for loss of
a hydrogen from the a-methyl substituent.

CHs

(CHa)sC

29
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With the radical 29, even though loss of an equatorial hydrogen should be
sterically less hindered and is favored thermodynamically (by reliel ol 1,3
interactions of the axial methyl), there is an 8-fold preference for loss of the axial
hydrogen (at 100 °C). The selectivity observed in the disproportionation of this
and other substituted cyclohexyl radicals led Beckwith'® to propose that
disproportionation is subject to stercoelectronic control which results in
preferential breaking of the C—H bond which has best overlap with the orbital
bearing the unpaired spin.

1.4.3 Combination vs Disproportionation

Reacrions hetween carbon-centered radicals generally give a mixture of
disproportionation and combination. Much effort has been put into establishing
the relative importance ol these processes. The ratio ol disproportionation Lo
combination (ku/k,) 15 dependent on the structural features of the radicals involved
and generally shows only minor variation with selvent, pressure, lemperature, efc.

N

H /

I

| \

F‘IL :lf ktd

N\ I
H----C— —C—
H*‘* 5 /;/ H t_l“,
o A N,
RERS TN AN

Scheme 1.12

Early workers in the area””""™ suggested the invelvement of a single 4-center

transition state or intermediate which could lead to either disproportionation or
combination (Scheme 1.12). The hypothesis fell from favor when it was
established that kgy/k, showed a small though measurable dependence on
temperature and pressure."™ It is now generally recognized that combination and
disproportionation should be considered as two separate reactions with distinet
transition states. This view is supported by theoretical studies," '

1.4.3.1 Sratistical factors

For a given series of radicals, the vatio £u4/k, increases with the number of §§-
hydrogen atoms. However, in general, there is no straight-forward relationship
between k4/k,, and the number of B-hydrogens and it is ¢lear that other factors are
involved.”™'"" It is usually observed that even after allowing for the different



40 The Chemistry of Radical Polymerization

number ot B-hydrogens, the importance of disproportionation increases with
increasing substitution at the radical center. For example, in the self-reaction of
simple primary, secondary, and tertiary alkyl radicals, the values of &,/k,# are ca
0.06, 0.2, and 0.8 respectively, where # is the number of p-hydrogens.””'*

1.4.3.2 Steric factors

It has been suggested that the discrepancies between the value of &k,
observed and that predicted on the basis of simple statistics may reflect the greater
sensitivity of combination to steric factors. Beckhaus and Riichardt'®! reported a
correlation between log(ky/k) (after statistical correction) and Taft steric
paramcters for a serics of alkyl radicals.

A graphic demonstration of the importance of steric factors on kg'k, is
provided by the contrasting behavior of radicals 30 and 31. The sclf-reaction of
cumyl radicals {30) affords predominantly combination while the radical 31, in
which an a-methyl is replaced by a neopentyl group, gives predominantly
disproportionation.'®

CHs

/CH3 /—%CHa
04 v
CHs CH

3
30 3

In extreme cases, suitably bulky substituents at the radical center can render a
radical persistent [e.g. di-t-buty]l methyl radical (32)]."°'"” This radical (32)
possesses no hydrogens on the a-carbon and therefore cannot decay by the normal
disproportionation mechanism.

Gy CH
CHICs ol 3
(CHyC” H CHy
HaC
32 33

The triisopropylmethyl radical (33) is another example of a persistent radical.
In this case, both disproportionation and combination are substantially retarded by
steric factors.'*'® In the preferred conformation shown, the p-hydrogens lic in a
plane orthogonal to the orbital bearing the free spin.

The examples considered in this section lead to three conclusions:

(a) Disproportionation and combination can both be dramatically slowed by large
- or y-substituents.

163

* In the original work " the neopentyl substitucnt is incorrcetly shown as a £-butyl substituent.
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{b) Combination is more scnsitive to the presence of bulky 3-substituents than
disproportionation (i.e. kg/k, is enhanced).

{c) Steric factors can outweigh simple statistical factors (e.g. cven though 31 has
fewer B-hydrogens, it gives more dispreportionation than 30).
Two quite scparate influences are important in determining the rate of

disproportionation:

{a) Steric hindrance to approach of the attacking radical (important for
combination and dispropottionation).

{b} Steric hindrance to rotation about the o,ff-bond (important for
disproportionation).
This latter term is considered in more detail under sterecelectronic factors

{Scction 1.4.3.4).

1.4.3.3 Polar facitors

Minato er ol.'® proposed that the transition state for disproportionation has

polar character while that for combination is neutral. The finding that pelar
solvents enhance k/k, for ethyl'” and t-butyl radicals (Section 2.5.3.5), the very
high k.. scen for alkoxy radicals with (:)L-hydrogcns,m and the trend in kg/k.
obscrved for reactions of a scries of fluoroalkyl radicals (Scheme 1.13, Table 1.7)
have been explained in these terms,'*1%

I(l(l

ke
CH3F;CoHs =~ CHy,F,» + CpHg —a CHyFy + CoHg
Scheme 1.13

Table 1.7 Values of 4 /%, for the Cross-Reaction between Fluoromethyl and
Ethy! Radicals (25 °C) '+

Radical kalkee ~ Radical kia'kie - Radical Ak,
CHae 0.039 CHF 0.068 CaF s 0.24
CH,F* 0.038 CFse 0.11

1.4.3.4 Sterevelectronic and other factors

The transition state for disproportionation requires overlap of the p C—H bond
undergoing scission and the p-orbital containing the unpaired clectron,'®  This
requirement rationalizes the specificity observed in disproportionation of radicals
29 (Seclion 1.4.2) and provides an explanation for the persistency of ihe
triisopropylmethyl radical (33) and related specics (Scetion 1.4.3.2).'°° In the case
of 33, the B-hydrogens are constrained to lie in the nodal plane of the p-orbital due
to steric buttressing between the methyls of the adjacent isopropyls.
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It has been noted by a number of workers that the presence of a-substituents
which delocalize the free spin favors combination over disproportionation,'™'**'™
For radicals of structure (CH;).C(*)-X, £4/k, increases as shown in Figure 1.12. A
correlation between the degree of exothermicity and the value of &y has also been
found but only for the case of resonance stabilized radicals.'**""*'7

X = alkynyl ~ alkenyl < aryl ~ nitrile < keto < ester << alkyl

exothermicity

delocalization

-"‘td"‘k [ o

Figure 1.12 Trend in k/k,. for radicals (CH3)oC(*}-X.

It has been suggested that benzylic radicals may form a dimeric association
complex which may easily collapse to the combination product but be
geometrically unfavorable for disproportionation.''” Even if this applics for the
aralkyl radicals, it cannot account for the behavior of systems with other p-
substitucnts.

Another explanation follows from the above discussion on stereoelectronic
factors.'” If overlap between the semi-occupied orbital and the breaking C-H
bond favors disproportionation, then substitucnts which delocalize the frec spin
will serve to reduce this mteraction and disfavor disproportionation. A proposal
along these lines was made originally by Nelson and Bartlett'*® who also noted
that diminishment of the spin density at C, could retard combination. However, it
is not necessary thal the two effects should cancel one another.

1.4.3.5 Reaction conditions

Values of kw'k, for simple alkyl radicals are sensitive to reaction conditions
(solvent, temperature, pressure}. However, the effects appear to be generally small
(<2-fold)."*'"*  values of ku/k, for r-butyl radicals in solution decrease with
increasing temperature {the magnitude of the dependence increases with increasing
solvent polarity - Figure 1.13} indicating a difference in activation energy of 3-12
kJ mol™'. Smaller differences (1-2 kJ mol™) are seen for ethyl radicals.'” For a
given solvent type {alkane or alcohol), a very small dependence on the viscosity of
the medium is also observed (Table 1.8). The temperature dependence of ku/k.
has been related to the rate of molecular reorientation and the dependence on
viscosity.'®™ A very small decrease in kg/k. with temperature is observed for 28
(Section 5.2.2.1.2)."%"*" This small dependence of gk, on temperature appears
in marked contrast with the significant increase in ky/%,. with temperature reported
for polymeric species (Section 5.2.2.2.2).

In studies of radical-radical reactions, radicals are typically generated pairwise
and the products come from both cage and encounter {non-cage) reactions.
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{¢) The importance of combination is increased by m—substituents at the radical
center and decreased by bulky groups at or near the radical center.
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3
Initiation

3.1 Intreduction

Initiation is defined as the series of reactions that commences with generation

of primary radicals and culminatcs in addition to the carbon-carbon double bond
o . . 12
of (he monomer so as (o lorm initiaring radicals (Scheme 3.1).

. primary
initiator radical y g
lp —= lo —= |—h —= |—M-M+ —=
initiating propagating
radicals radicals

M
secondany 1. Moy o e M

Scheme 3.1

Classically, initiation was only considered as the first step in the chain reaction
that constitutes radical polymerization. Although the rate and efficiency of
initiation were known to be extremely important in determining the kinetics of
polymerization, it was generally thought that the detailed mechanism of the
process could be safely ignored when interpreting pelymer properties.
Furthcrmeore, while it was recognized that initiation would lead to formation of
structural units different from those which make up the bulk of the chain, the
proportion of initiator-derived groups seemed insignilicant when compared with
total material.” This led to the belief that the physical properties and chemistry of
polymers could be interpreted purely in terms of the generalized formula - ie.
{CH,-CXY), (see Chapter 1).

This view prevailed until the carly 1970s and can still be found in some
current-day texts. It is only in recent times that we have begun to understand the
complextiies of the initiation process and can appreciate the full role of initiation

*  The term primary radical used in this context should be distinguished from that used when
describing the substitution pattern of alky! radicals.

1t For example, in PS the initiator-derived end groups will account for ca 0.2% of units in a
sample of malecular weight 100,000 {termination is mainly by combination).
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in influencing polymer structure and properties. Four factors may be seen as
instrumental in bringing about a revision of the traditional view:

(a) The realization that polymer properties (e.g. resistance to weathering, thermal
or photochemical degradation} are often not predictable on the basis of the
repeat unit structure but are in many cases determined by the presence of
"defect groups".>

(b) The development of techniques whereby details of the initiation and other
stages of polymerization can be siudied in depth (Section 3.5).

(c) The finding that radical reactions are typically under kinetic rather than
thermodynamic control (Section 2.1). Many instances can be cited where the
less thermodynamically favored pathway is a significant, or even the major,
pathway.

(d) The development of living or controlled radical polymerization (NMP', ATRD,
RAFT, see Chapter 9). Lack of specificity in initiation can lead to dead chaing
and in turn to impure block copolymers or defects in complex architectures
(stars, dendrimers, efc.).

It is the aim of this chapter to deseribe the nature, selectivity, and efficieney of
initiation. Section 3.2 summarizes the various reactions associated with initiation
and defines the terminology used in describing the process. Section 3.3 details the
types of initiators, indicating the radicals generated, the byproducts formed
(initiator efficiency), and any side reactions (e.z. transfer to initiator). Emphasis is
placed on those initiators that see widespread usage. Section 3.4 examines the
properties and reactions of the radicals generated, paying particular altention to the
specificity of their interaction with monomers and other components of a
polymerization system. Section 3.5 describes some of the techniques used in the
study of initiation.

The intention is to create a greater awareness of the factors that must be borne
in mind by the polymer scientist when sclecting an initiator for a given
polymerization.

3.2 The Initiation Process

The simple initiation process depicted in many standard texts is the exception
rather than the rule. The vield of primary radicals produced on thermolysis or
photolysis of the initiator is usually not 100%. The conversion of primary radicals
to initiating radicals is dependent on many factors and typically is not quantitative.
The primary radicals may undergo rearrangement or tfragmentation to afford new
radical species (secondary radicals) or they may interact with solvent or other
species rather than monomer.

The reactions of the radicals (whether primary, secondary, solvent-derived,
efe.) with monomer may not be entirely regio- or chemoselective. Reactions, such
as head addition, abstraction or aromatic substitution, often compete with tail
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addition. In the sections that follow, the complexities of the initiation process will
be 1llustrated by examining the initiation of polymerization of two commercially
important monomers, styrene (S) and methyl methacrylate (MMA), with each of
three commonly used initiators, azobisisobutyronitrile (AIBN}), dibenzoyl peroxide
{BPO), and di-r-butyl peroxyoxalate (DBPOX). The primary radicals formed from
these three initiators are cyanoisopropyl, benzoyloxy, and t-butoxy radicals
respectively (Scheme 3.2). BPO and DBPOX may also afford phenyl and methyl
radicals respectively as secondary radicals (see 3.2.2).

CHz=CH CHa
CH2=(|3
CO,CHs
S MMA
N oN e
HSC_Q_N_N_Q_CHS — 2 HSC_(P'
CHs  CHg CHg
AlIBN
Q o :
C-0-0-C — = 2 c-0
BPO
CHg Q0 CHs -2C0, CHy
HsC-C-0-0-C-C-0-0-C-CHy —» 2 H,C-G-0 .
I ] |
CHs CHg CHj
DBPOX
Scheme 3.2

3.2.1 Reaction with Monomer

First consider the interaction of radicals with monomers. Somce bchave as
described in the classic texts and give tail addition as the only detectable pathway
{(Scheme 3.3). However, tail addition to the double bond is only one of the
pathways whereby a radical may react with a monomer. The outcome of the
teaction is critically dependent on the structure of both radical and monomer.
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(IJN 5 CI:N
ch_(lz' I HsC_Q_CHQ'CH' . » N
CHg CH, tail addition 100%
Scheme 3.3

For reactions with S, specificity is found to decrease in the series
cyanoisopropyl~mcthyl~#-butoxy>phenyl>benzoyloxy. Cyanoisopropyl (Scheme
3.3),” t-butoxy and methyl radicals give exclusively tail addition.® Phenyl radicals
alford tail addition and ¢ 1% aromatic substitution.® Benzoyloxy radicals give
tail addition, head addition, and aromatic substitution (Scheme 3.4).%’

Ph—C~0-CHp-CH-

/ @ tail addition 80%

O O
S il
Ph-C-0.  ——=—® Ph-C-O—CH-CHp-
s head addition 6%
HQC:CH
-COy
O / | arematic subsitution 14%
Ph-C-0" =
L
S

PhHe —
[-scission 1%
Scheme 3.4

With MMA, these radicals show a quite different order of specilicity;
regiospecificity decrcases in the series cyancisopropyl-methyl=phenyl
=benzoyloxy=f-butoxy. Cyanoisopropyl and methyl radicals give exclusively Lail
addition. Benzovloxy and phenyl radicals also react almost exclusively with the
double bond (though benzoyloxy radicals give a mixture of head and tail
addition'"y and abstraction, while dctectable, is a very minor (<1%) pathway.'""!
On the other hand, only 63% of t-butoxy radicals react with MMA by tail addition
to give 1 (Scheme 3.5)."* The remainder abstract hydrogen, either from the a-
methy! (predominantly) to give 2 or the ester methyl to give 3" The radicals
1-3 and methyl (formed by f§-scission) may then initiate polymerization.
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These examples clearly show that the initiation pathways depend on the
struciures of the radical and the monomer. The high degree of specilicity shown
by a radical {e.g. {-butoxy) in its reactions with one monomer (e.g. §) must not be
taken as a sign that a similarly high degree of specificity will be shown in reactions
with all monomers (e.g. MMA).

Radicals can be classified according to their tendency to give aromatic
substitution, abstraction, double bond addition, or B-scission and further classified
in terms of the specificity of these reactions (see 3.4). With this knowledge, it
should be possible to choose an initiator according to its suitability for use with a
given monomer or monomer system so as o avoid the formation of undesirable
end groups or, alternatively, to achieve a desired functionality.

o ot
CH3—(I3-O-CH2-C' tail addition 63%

|
y/ CHz . CORCH3
CHs

| CHo»

CHy-C—0.  —MMa i
| T (CHg}sCOH  CH,p=C
CHsy

|
MMA , ©0CH;

Cho=G

- {CH3)00 CO,CH»-
3

abstraction 29%

abstraction 4%

/
\ MMA
CHyr ———

B-scission 4%
Scheme 3.5

The importance of these considerations can be demonstrated by examining
some of the possible consequences for radical-monomer systems. For the case of
MMA polymecrization initiated by a #-bufoxy radical source, chains may be
initiated by the radicals 1, 2 or 3 (Scheme 3.5). A significant proportion of chains
will therefore have an olcfinic end group rather than an initiator-derived end
group. These chain ends may be reactive, either during polymerization, leading to
chain branching, or afierwards, possibly leading to an impairment in polymer
properties (Section 8.2.2). Polystyrene (PS) formed with BPO as initiator will have
a proportion of relatively unstable benzoate end groups formed by benzoyloxy
radical reacting by head addition and aromatic substitution (Scheme 3.4).%° There
is evidence that PS prepared with BPO as initiztor is less thermally stable'*!® and
less resistant to weathering and yellowing'™"" than that prepared using other
initiators (Scction 8.2.1).
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3.2.2 Fragmentation

Many radicals undergo fragmentation or rearrangement in ¢competition with
reaction with monomer. For exampie, f-butoxy radicals undergo [3-scission to
form methyl radicals and acetone (Scheme 3.6).

Gt GHs

HeC-C-0* —= CHy + C=0

CH; CHs
Scheme 3.6

Benzoyloxy radicals decompose to phenyl radicals and carbon dioxide
(Scheme 3.7).

O -CO
Orie = O,
Scheme 3.7

The reactivity of the monomer and the reaction conditions determine the
relative importance of [3-scission. Fragmentation reactions are generally favored
by low monomer concentrations, high temperatures and low pressures. Their
significance is greater at high conversion. They may also be influenced by the
nature of the reaction medium.

Other radicals undergo rearrangement in competition with bimolecular
processes. An example is the 5-hexenyl radical {5). The 6-heptenoyloxy radical
(4) undergoes sequential fragmentation and cyclization (Scheme 3.8).""

Q .
T CO . A
S 2= - -
4 5
Scheme 3.8

The radicals formed by unimolecular rearrangement or fragmentation of the
primary radicals arc often termed sccondary radicals. Often the absolute rate
constants for secondary radical formation are known or can be accurately
determined. These reactions may then be used as "radical clocks",m‘:“ Lo calibrate
the absolute rate constants for the bimolecular reactions of the primary radicals
(e.g. addition to monomers - see 3.4). However, care must be taken since the rate
constants of some clock reactions (e.g. f-butoxy [-scission”) are medium
dependent (sce 3.4.2.1.1).
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3.2.3 Reaction with Solvents, Additives, or Impurities

A typical polymerization system comprises many components besides the
initiators and the monomers. There will be solvents, additives (e.g. transfer
agents, inhibitors) as well as a variety of adventitious impuritics that may also be
reactive lowards the initiator-derived radicals.

For the case of MMA polymerization with a source of #-butoxy radicals
{DBPOX) as initiator and toluene as selvent, most initiation may be by way of
solvent-derived radicals™* (Scheme 3.9). Thus, a high proportion of chains
(>70% for 10% w/v monomers at 60 °C*) will be initiated by benzyl rather than /-
butoxy radicals. Other entities with abstractable hydrogens may also be
incorporated as polymer end groups. The significance of these processes increases
with the degree of conversion and with the (solvent or impurity);monomer ratio,

Q—CHE'MI’ @‘CHQ—CHQ‘
f |

-CH,

GHa
(:I;.
CO,CHy

- (GH3);COH CHg (I:Hf3
toluene HBC'(I:'O'CHE'CI;'
MM CHg COsCHs
e MMA Oher
3 MMA COzCHgy

s
CHa=C
COQCHE‘

- {CHa);COH

- {GHa)CO

Y CHg
MMA ]
CHy ——— HC-CHp=Cr
CO,CHg

Scheme 3.9

There is potential for this behavior to be utilized in devising methods for the
control of the tvpes of initiating radicals formed and hence the polymer end
groups.

3.2.4 Effects of Temperature and Reaction Medium on Radical Reactivity

The reaction medium may also modify the reactivity of the primary, or other
radicals without directly reacting with them. For example, when #-butoxy reacts
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homolysis under the polymerization conditions. The peroxides derived from 7 and
8 may also be active as chain transfer agents.

X
Hzc:C
CN CN ' CN X
i 0. | Y [ i
HaC=G+ — = HaG-C-0-0+ — HyC-C-0-0-CHy G-
CH CH CH Y
3 6 3 3 "
RH
CN
HiC-C-0-0-H + R
CHg
8
Scheme 3.10

3.2.6 Initiator Efficiency in Thermal Initiation

The proportion of radicals which escape the solvent cage to form initiating
radicals is termed the initiator efficiency {f) which is formally defined as tollows
(eq. 1).”

{Rate of initiation of propagating chains
/= propagating

(D

n (Rate of initiator disappearance)

where # is the number of moles of radicals generated per mole of initiator.

The cifcetive rate of initiation (R;) in the case of thermal decomposition of an
initiator (I} decomposing by Scheme 3.11 is given by eq. 2

I LN [2]¢] —— I primary radical formation
[*+M —kl—> P initiation
[» — I’ secondary radical formation
['*+M —k"—> P initiation

Scheme 3.11
Ry = K[I=][M] + &’[1I"=][M] (2)

* In some texts the initiator efficiency (/) is defined simply in terms of the vield of initiator-
derived radicals (the fraction of radicals I+ that undergo cage escape - Section 3.2.8). This
number will always be larger than that obtained by application ot cq. 1.
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eq. 1 can then be written as follows (eq. 3)
_ (K SIIM] A [T *]IM )

! 2k [1,]

(3)

If, as is usual, the & are not rate determining the rate of initiation is given by
eq. 4.

B =2kyt[L] (4)

According to cq. 1, the term f should take into account all side reactions that
lead to loss of initiator or initiator-derived radicals. These include cage reaction of
the initiator-derived radicals (3.2.8), primary radical termination (3.2.9) and
transfer to initiator (3.2.10). The relative importance of these processes depends on
monomer concentration, medium viscosity and many other factors. Thus fis not a
constant and typically decreases with conversion (see 3.3.1.1.3 and 3.3.2.1.3).

3.2.7 Photoinitiation

It is worthwhile to consider some of the special features of photoinitiation.
The Jablonski diagram provides a convenient description of the events that follow
absorption of light (Figure 3.2}. A molecule in its ground state (Sy) absorbs a
photon of light to he excited to the singlet state (§,). As well as heing
clectronically excited, the molecule will be vibrationally and rotationally excited.
Certain reactions may take place from the excited singlet state. These will
compete with [luorescence, and other deaclivation processes thal return the
molccule to the ground state, and Intersystem crossing to the triplet state (T;). The
triplet state is iypically of lower energy than the excited singlet stale. Chemical
reaction then competes with phosphorescence and other deactivation processes.

Azo-compounds and peroxides undergo photodecomposition to radicals when
irradiated with light of suitable wavelength. The mechanism appears similar to
that of thermal decomposition to the extent that it involves cleavage of the same
bonds. The photodecomposition of azo-compounds is discussed in Section
3.3.1.1.2 and peroxides in Sections 3.3.2.1.2 (diacyl peroxides) and 3.3.2.3.2
(peroxyesters). Specific photoinitiators are discussed in Section 3.3.4. It is also
worth noting that certain monomers may undergo photochemistry and direct
photoinitiation on irradiation of monomer is possible.

Clearly, unless monomer is the intended photoinitiator, it is important to
choose an initiator that absorbs in a region of the UV-visible spectrum clear from
the absorptions of monomer and other components ot the pelymerization medium,
Ideally, one should choose a monochromatic light source that is specific for the
chromophore of the photeinitiator or photosensitizer. It is also important in many
experiments that the total amount of light absorbed by the sample is small.
Otherwise the rate of initiation will vary with the depth of light penetration into the
sample.
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———— intersystem
reaction A= crossing
————— AR A AN —————————
S reaction
absorption| [fluorescence Ty
phosphorescence
i 5

Figure 3.2 Jablonski diagram describing photoexcitation process.

In order to define the rate and efliciency of photoinitiation, consider the
simplified reaction Scheme 3.12.

hv

Scheme 3.12

The quantum yicld (@) is the yicld of initiating radicals produced per photon
of light absorbed (eq. 5)

_ (yield of imtiating radicals)

(5)
# (photons absorbed)
which can also be expressed in terms of the rate of initiation (cq. 6).
@ - (rate of initiation of propagating chains) R, 6)

# (intensity of incident irradiation absorbed) nf

where # is the number of moles of radicals generated per mole of initiator and £,
is the intensity of incident light absorbed.
The Beer-Lambert law (also often called Beer’s law) relates 7, to the total
incident light intensity ({;) (eq. 7).
ﬁ — 1 _ 1(]5('6! — 1 _eucd (7)
0

and if aed is small (<0.1 for <5% error) then this simplifies to eq. 8.

Tabs _ oedt (8)
[U
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where £ {=0/2.303) is the molar extinction coefficient at the given wavelength, ¢ is
the concentration of the absorbing substance, and ¢ is the pathlength. [t can be
seen that the term <P embraces the same factors as kyf in thermal initiation. Care
must be taken to establish how the molar extinction coefficient (& or o) was
determined since both decadic and natural forms are in common usage.

If the reaction with monomer is not the rate determining step, the vate of
radical generation in pholoinitiated polymerization is given by eq. 9

R'\ =2 [ﬂbS
=21y (1- ™1 y=2w1, (11050 (9

which for small ad[1-] simplifies to eq. 10.
Ry =2@)yaud[1;] (10

3.2.8 Cage Reaction and Initiator-Derived Byproducts

The decomposition of an initiator seldom produces a quantitative yield of
initiating radicals. Most thermal and photochemical initiators generate radicals in
pairs. The sell-reaction ol these radicals is ollen the major pathway for the direct
conversion of primary radicals to non-radical products in solution, bulk or
suspension polymerization.  This cage reaction 1S substantial cven in bulk
polymerization at low conversion when the medium is essentially monomer. The
importance of the process depends on the rate of diffusion of these species away
{from one anocther.

Thus, the size and the reactivity of the initiator-derived radicals and the
medium viscosity (or microviscosity) are important factors in determining the
initiator cfficiency. Thus, the extent of the cage reaction is likely to increase with
decreasing reaction temperature and with increasing conversion.”™ The cage
reaction, as well as lowering the initiation efficiency, can produce a range of
byproducts. These materials may be reactive under the polymerization conditions
or they may themselves have a deleterious influence on polymer properties.  For
example, the cage reaction of cyanoisopropyl radicals formed from the
decomposition of AIBN produces, amongst other products (Scheme 3.13), MAN,
which readily undergoes copolymerization to be incorporated into the final
polymer,””* and tetramethylsuccinonitrile (9), which is claimed to be toxic and
should not be present in polymers used for food contact applications.”™*

In other cases, the cage reaction may simply lead to reformation of the
initiator. This process is known as cage return and s important during the
decomposition of BPO (Section 3.3.2.1.1) and DTBP (Section 3.3.2.4). Cage
return lowers the rate of radical generation but does not directly yield byproducts.
It 18 one [actor contributing to the solvent and viscosily dependence of & and can
lead to 2 reduced %, at high conversion.
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A variety of methods may be envisioned to decrease the importance of the
cage reaction. One method, given the viscosity dependence of the cage reaction, is
to conduct polymerizations in solution rather than in bulk. Another involves
carrying out the polymerization in a magnetic field.”” This is thought to reduce the
rate of triplet-singlet intersystem crossing for the geminate pair.”®

CN CN
Hsc—g;N=N—g;CH3 oN oN
3 3 S
-Nj CHs; CHy
/ 9
oN  oN N cHy
HgC—C+ ++ C-CHy| === HyGC-C-N=C=C,
GHy  CHg CHy CHg
\\ 10
CN CN
CN HoC=C HC-CHy
HaC-C « CHy  CHa
GHy MAN 11

Scheme 3.13

3.2.9 Primary Radical Termination

The primary radicals may also interact with other radicals present in the
system after they escape the solvent cage. When this involves a propagating
radical, the process is known as primary radical termination. The term also
embraces the reactions of other initiator or transfer agent-derived radicals with
propagating radicals. Most monomers are efficient scavengers of the initiator-
derived radicals and the steady state concentration of propagating radicals is very
low (typically <10”"M). The concentrations of the primary and other initiator-
derived radicals are very much lower (typically £10°M). Thus, with most
initiators, primary radical termination has a very low likelihood during the early
stages of polymerization.

Primary radical tcrmination may involve combination or disproportionation
with the propagating radical. It is often assumed that small radicals give mainly
combination even though direct evidence for this is lacking. Both pathways are
abserved for reaction of cyanoisopropyl radicals with PSs (Scheme 3.14) (Section
7.4.3.2). The end group formed by combination is similar to that formed by head
addition to monomer differing only in the orientation of the penultimate monomer
unit.

if the rate of addition to monomer is low, primary radical termination may
achieve greater importance. For example, in photoinitiation by the benzoin ether
12 both a fast initiating species (13, high &) and a slow initiating species (14, low



62 The Chemistry of Radical Polymerization

k) are generated (Scheme 3.15). The polymerization kinetics are complicated and
the initiator elficiency is lowered by primary radical termination involving the
dimethoxybenzyl radical {14, see 3.3.4.1 .1).J°‘40

. CN combination QN
wGHp-CH-CHz=CH + » G-CHg ——»  wCHy-CH-CHy-CH-C~CHy
CHs CHg
Asproportonat'on\
~CH=CH «CHy~CHj

(IDN (I)N

+  HC-GHg * G=ChH
CHg CHg

11 MAN

Scheme 3.14
(_?Me
O Lovgn
5 OMe
O OMe 0 OMe ‘/; | @
o hv N ] i Slow
Oy ™= O <A
OMe OMe
12 13 14
o) l k; fast W\i’”
Q
Scheme 3.15

Primary radical termination is also of demonstrable significance when very
high rates of initiation or very low monomer concentrations are employed. Tt
should be noted that these conditions pertain in all polymerizations at high
conversion and In starved feed processes. Some syntheses of telechelics are based
on this process (Scetion 7.5.1). Reversible primary radical termination by
combination with a persistent radical is the desired pathway in many forms of
living radical polymerization (Section 9.3).

3.2.10 Transfer to Initiator

Many of the mitiators uscd in radical pelymerization arc susceptible to induced
decomposition by various radical species. When the reaction involves the
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propagating species, the process is termed transfer to initiator. The importance of
this recaction depends on both the initiator and the propagating radical.

Diacyl peroxides are particularly prone to induced decomposition (Scheme
3.16). Transfer to initigtor is of greatest importance for polymerizations taken to
high conversion or when the ratio of initiator to monomer is high. It has been
shown that, during the polymerization of § initiated by BPO, transfer to initiator
can be the major pathway for the termination of chains.”'

O
[l

i ? i
Ol — Qo oGO
BPO

.

Scheme 3.16

Transler to initialor introduces a new end group into the polymer, lowers
the molecular weight of the polymer, reduces the initiator efficiency, and increases
the rate of initiator disappearance. Methods of evaluating transfer constants are
discussed in Section 6.2.1.

3.2.11 Initiation in Heterogencous Polymerization

Many polymerizations are carried oul in heterogeneous media, usually waler-
monomer mixtures, where suspending agents or surfactants cnsure proper
dispersion of the monomer and control the particle size of the product.

Suspension polymerizations are often regarded as "mini-bulk” polymerizations
since ideally all reaction occurs within individual monomer droplets. Initiators
with high monomer and low water solubility are generally used in this application.
The general chemistry, initiator efticiencies, and importance of side reactions are
similar to that seen in homogeneous media.

Emulsion polymerizations most often involve the use of water-soluble
initiators {e.g. persulfate see 3.3.2.6.1) and polymer chains are imtiated in the
aqueous phase. A number of mechanisms for particle formation and entry have
been described, however, a full discussion of these is beyond the scope of this
book. Readers are referred to recent texts on emulsion polymerization by Gilbert"™
and Lovell and El-Aasser® for a more comprehensive treatment.

Radicals typically are generated in the aqueous phase and it is now generally
kelieved that formation of an oligomer of average chain length z (z-mer P,*) occurs
in the aqueous phase prior to particle entry.* The steps involved in forming a
radical in the particle phase from an aquecus phase initiator are summarized in
Scheme 3.17. The length of the z-mer depends on the particular monomer and is
shorter for more hydrophobic monomers.
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initiator(aq) —— I*(aq) (initiator-derived radical in aqueous phase)
M, Pi*(aq) (Initialing radical in aqueous phase)
M, P.*(aq) (z-1 monomer additions to give z-mer)
L L P,(p) (transfer to particle phase, entry)
Scheme 3.17

The concentration of monomers in the aqueous phase is usually very low.
This means that there is a greater chance that the initiator-derived radicals (1¢) will
undergo side reactions. Processes such as radical-radical reaction involving the
initiator-derived and oligomeric species, primary radical termination, and transfer
to initiator can be much more significant than in bulk, solution, or suspension
polymerization and initiator efliciencies in emulsion polymerization are olten very
low. Initiation kinetics in emulsion polymerization are defined in terms of the
entry coefficient (p) - a pseudo-first order rate coefficient for particle entry.

Microemulsion and miniemulsion polymerization differ from emulsion
polymerization in that the particle sizes are smaller (10-30 and 30-100 nm
respectively vs 50-300 nm)™ and there is no monomer droplet phase.  All
monomer is 1n solution or in the particle phase. I[nitiation takes place by the same
process as conventional emulsion polymerization.

3.3 The Initiators

Certain polymerizations (e.g. S, see 3.3.6.1) can be initiated simply by
applying heat; the initialing radicals are derived from reactions involving only the
monomer. More commonly, the initiators are azo-compounds or peroxides that are
decomposed to radicals through the application ol heat, light, or a redox process.

When initiators are decomposed thermally, the rates of initiator disappearance
(ky} show marked temperature dependence. Since most conventional
polymerization processes require that &, should lie in the range 10°-107 s (half-
life ¢a 10 h}, individual initiators typically have acceptable &y only within a
relatively narrow temperature range (cq 20-30 °C). For this reason initiators are
often categorized purcly according to their half-life at a given temperature or vice
versa.® For initiators which undergo unimolecular decomposition, the half-life is
relaled to the decomposition rate constant by eq. 11.

In2
f=— 11
;K (D

The Arrhenius relationship can be rearranged as follows (eq. 12) to enable
calculation of the temperature required to give a desired decomposition rate or

half-life.



Initiation 05

T(QC')=—273.15—L&}(=—273.15—i {12)
Rln( j) Rln In2

At.

The temperature at which the half-life is 10h is then given by the following
expression (eq. 13).

0.120277E,

T(C)y=-273.15- (13)

-10.8578 ln{ : )
4

The initiator in radical polymerization is often regarded simply as a source of
radicals. Little attention is paid to the various pathways available for radical
generation or to the side reactions that may accompany initiation. The preceding
discussion (see 3.2) demonstrated that in selecting initiators (whether thermal,
photochemical, redox, etc.) for polymerization, they must be considered in terms
of the types of radicals formed, their suitability for use with the particular
monomers, solvent, and the other agents present in the polymerization medium,
and for the properties they convey to the polymer produced.

Many reviews detailing aspects of the chemistry of initiators and initiation
have appeared.”">"® A non-critical summary of thermal decomposition rates is
provided in the Polymer Handbook.'™ The subject also rceeives coverage in
most general texts and reviews dealing with radical polymerization. References to
reviews that detail the reactions of specific classes of initiator are given under the
appropriate sub-heading below.

Some characteristics of initiators uscd for thermal initiation are summarized in
Table 3.1. These provide some general guidelines for initiator selection. In
general, initiators which afford carbon-centered radicals {e.g. dialkyldiazenes,
aliphatic diacyl peroxides) have lower efficiencies for initiation of polymerization
than those that produce oxygen-centered radicals. Exact values of efficiency
depend on the particular initiators, monomers, and reaction conditions. Further
details of initiator chemistry are summarized in Sections 3.3.1 (azo-compounds)
and 3.3.2 (peroxides) as indicated in Table 3.1. In these sections, we detail the
factors which influence the rate of decomposition {i.e. initiator structure, solvent,
complexing agents), the nature of the radicals formed, the susceptibility of the
initiator to induced decomposition, and the importance of transfer to initiator and
other side reactions of the initiator or initiation system. The reactions of radicals
produced from the initiator arc given detailed treatment in Scction 3.4,
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Table 3.1 Guide to Properties of Polymerization Initiators

Initiator Class [xample Section
QN (IZN
dialkyldiazenes HzC-C—N=N-C-CHy 3.3.1.1
CHy  CHz  AIBN
¢y §Hs
hyponitrites H3G-C-0O-N=N-0-C-CHs 33.1.2
CHy CHs
Q Q
diacyl peroxides CHa(CH,)aCH,—C-0-0-C-CHo{CH2)CH: PO 3.3.2.1
2 e
diaroyl peroxides Ph-C-0-C-C-Fh BPO 3320
HsC ? 9 CH;
peroxydicarbonales LH-0-C-0-0-C-0-CH 3322
ch CHG
GHa @ Chs
peroxyesters HyC-C-0-0-C—C-CHy 3323
G 99 ¢
peroxyoxalates HC-C-0-0C-C-0-0-C-CH;, 3323
CHy CH; DBPOX
il Gl
dialky] peroxides HyC-C-0-0-C-CH, 3324
CH; CH; DTEBP
dialky] ketone O~0~CiCHa) .
des 3.32.5
peroxl 0-0-C(CHy)s
oH
hydroperoxides H,C-G-0-0-H 3325
GCHy
2 ?
persulfate “0-8-C-0-5-0° 3326
o o
o G, § B CoHs .
disulfides _N-C-8§-8-C-N_ 333
CZHS C2H5
a [° = primary radical trom initiator decomposition, 2° = secondary radical-derived by

fragmentation of 1° radical. Species shown in parentheses may be formed under some conditions
but are seldom observed in polymerizations of common monomers.
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Table 3.1 {continued)

Radicals generated” Efﬁciencyh Transfer’
1 alkyl low low
1% alkoxy .
high low
2% alkyl
1% acyloxy
( yloxy) low high
2% alkyl
1% aroylox
v high high
2° aryl
1° alkoxycarbonyloxy
yearbonyiony high high
(27 alkoxy)
1° alkoxy, acyloxy
v AR med. med.
2° alkyl
1° alkoxy ‘
high med.
2% alkyl
1° alkoxy .
high low
2°  alkyl
19 alkoxy
med. low
2% alkyl
[* hydroxy, alkoxy )
high high
29 alkyl
19 sulfate radical anion low low
[¢ thiyl high high
b Efficiency decreases as the importance of cage reaclions increases. ¢ Susceptibility 1o

radical-induced decomposition.
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3.3.1 Azo-Compounds

Two peneral classes of azo-compound will be considered in this section, the
dialkyldiazenes (15) (3.3.1.1) and the dialkyl hyponitrites (16){3.3.1.2).

R—N=N—FR' R—O—N=N—O—R'
15 16

Polymeric azo-compounds and multifunctional initiators with azo-linkages are
discussed elsewhere (see 3.3.3 and 7.6.1) as are azo compounds, which find use as
iniferters (see 9.3.4).

3.3.1.1 Dialkyldiazenes

The kinetics and mechanism of the thermal and photochemical decomposition
of dialkyldiazenes (15) have been comprehensively reviewed by Engv:e].49 The use
of these compounds as initiators of radical polymerization has been covered by
Moad and Solomon’ and Sheppard.”® The general chemistry of azo-compounds
has also been reviewed by Koga ef al.,”' Koenig,™ and Smith.*

Dialkyldiazenes (15, R—alkyl) are saurces of alkyl radicals. While there is
clear cvidence for the transicnt existence of diazenyl radicals (17; Scheme 3.18)
during the decomposition ol certain unsymmetrical diazenes™' and ol cis-
diazenes,” all isolable products formed in thermolysis or photolysis of
dialkyldiazenes {15) are attributable to the reactions of alkyl radicals.

B—N=N—R'" ——=» [ R—N=N-
15 17
Scheme 3.18

+ *R" —» R- + N=N + R

In the decomposition of symmetrical azc compounds the intermediacy of
diazenyl radicals remains a subject of controversy. Ilowever, it is clear that
diazenyl radicals, if they are intermediates, do not have sufficient lifetime to be
trapped or to initiate polymerization. Ayscough ef af.”” photolyzed AIBN in a
matrix at -196 °C and observed EPR signals which were attributed to the diazenyl
radical, (CH;)-(CN)YC N=N¢ [this assignment has been questioned”'|. However
for AIBN decomposition in solution, at temperatures normally encountered in
polymerizations, the finding, that the rate of decomposition is independent of
solvent viscosity (i.e. no cage return) is evidence for concerted 2-bond cleavage.”'
Commercially available dialkyldiazenes initiators (15) tend to be symmetrical and
the R groups arc gencrally tertiary with functionality to stabilize the incipicnt
radical [e.g. cyano AIBN, (18-29), ester (AIBMe), amidinium salt (22, 23), amide
(24, 25) or phenyl (21}]. Those most commonly encountered are the azonitriles,
these include 2,2'-azobis(2-methylpropanenitrile) [better known as azobis-
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{isobutyronitrile} or AIBN], 2,2"-azobis(2-methylbutanenitrile) (19}, 1,1-azobis(1-
cyclohexanenitrile) (20)). The initiator 18 exists as a mixture of diastereoisomers
that have differing &y (Table 3.2). Azoisooctane 26 and azo-t-butane 27 are high
temperature initiators.

CN CN CN CN
HaC-CH-CH,-C-N=N-C-CH,~CH-CHj HaC—C~N=N-C-CHj
CHg CHy  CHs  CHs CHz  CHa

18 AIBN
CN GN CN CN
H3C’CH2’C‘:7N:N7970H270H3 MN=N
CHy  CHj Ej tj
19 20
COLCHy  GOLCH o ph
HoG— G—N=N—C—ChHy HeC— G N=N—C—CHs
AlBMe 21
Cl™ H+ QHS (FHS H"’ Cl Cl Hgﬁ“ (;’H3 CFHS;’mHg Cl~
E S—C-N=N-C— ] LmCN=N-G-C,
1 |
N CHs CHs HeN CH323 CHZ NH>
22 *
G-N=N-C-C,
C CHy  CHyQ
24
HO—(CHzlg-NH GHa GH3 NH—(CHz)a-OH
JrCNN-CC,
O CHy  CH©O
25
CH;  CHy  GHg  GHg CHy  CHg
H3C~C—CHa-C-N=N-C-CH,~C—CHj HaC—C-N=N-C-CHg
CH; CHy CHg CHg CHy  CHa

26 27
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Table 3.2 Selected Kinetic Data for Decomposition of Azo-Compounds®

Initiator R {, R" Solvent Temp. rangeb
°C
diazenes (15}

21 {CH23)2C{Ph) toluene 40-70(17)
18 {CH3)2CHCH,G{CHa)(CN)® tolucne 60-70(2)
18 {CH3)2CHCH,CIGHa)(GN)Y® toluene 70-80(2)

AIBN {CH2)2G(CN) benzene/toluene 37-105(13)

AIBMe  {CH3)2C{CO2CHa) benzene 50-7004)
19 {CH3)(CoH5IC(CN) ethylbenzene 80-100(3)
20 {c-CsH10)C(CN]) toluene 80-100(3)
26 (CH3)3CHCHC(CHa)2 diphenyl ether 130-160(7)
27 (CH3)3C diphenyl ether 165-200(6)
30 (Ph)sC, Ph benzene/toluene 25-75(9)

hyponitrites (16)
34 (CH3)3C isooclane 45-75(4)
35 (CH332(PRIC cyclohexane 40-70(12)

a Arrhenius parameters recalculated from original data taken from the indicated references.
Values of £, and 4 rounded to 4 and 3 significant figures respectively. b Number of data points
given in parentheses. ¢ Calculated from the Arrhenius parameters shown and rounded to 2
significant figures. d  Temperature for ten hour hall-life calculated with cq. 13,
e Diasterecisomers.
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Table 3.2 {continued)

E, Ax 105 hyx 10°(60°C) 10hy." Ref, Initiator
kI mol’ g 5! oC

126.7 12.2 170 45 3 21
118.9 0.376 86 49 37 18°
123.7 1.39 36 52 37 18°
131.7 431 9.6 65 A25%0] AIBN
124.0 0.248 8.9 66 6263 AIBMe
137.8 20.3 5.0 69 o 19
149.1 71.0 0.30 88 és 20
137.0 0.10 0.033 109 i 26
180.4 91.7 ~5x10¢ 161 o7 27
114.6 0.486 522 35 6870 30
119.5 1.17 214 42 7 34

113.9 0.99 1370 29 & 35
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Water-soluble azo compounds include 4,4"-azobis(4-cyanovaleric acid) (29)
and the amidinium hydrochlorides (22 and 23}).

CI:N (IJN
HOH2C*CH2'CH2*CI;7N:Nfgchgchg’CHon
CH3 CH3
28

CI?N (IZN
HO5G—CHs-CHa~C—N=N-C-CHs—CHa-COsH
CHy  CHs
29

Unsymmetrical azo-compounds find application as initiators of polymerization
in special circumstances, for example, as imitiators of living radical polymerization
[e.g. triphenylmethylazobenzene (30) (see 9.3.4)], as hydroxy radical sources [e.g.
o-hydroperoxydiazene (31) (see 3.3.3.1)], for enhanced solubility in organic
solvents |e.g. #-butylazocyclohexanecarbonitrile (32)], or as high temperature
initiators [e.g. {-butylazoformamide (33)]. They have also heen used as radical

precursers in model studics of cross-termination in copolymetization (Scction
7.4.3).

HyC~C—N=N-C—CHj
GCHy  CHs

30 31
Cl)H3 CN ?Hs (HJ
H3C*(?*N=N H3C—Q—N:N—C—NH2
CHB CH3
32 33

3.3. 1. 1.1 Thermal decomposition

While some details of the kinetics of radical production from dialkyldiazenes
remain to be unraveled, their decomposition mechanism and behavior as
polymerization initiators are largely understood. Kinetic parameters for some
common azo-initiators are presented in Table 3.2.

Thermolysis rates (kq) of dialkyldiazencs (15) show a marked dependence on
the nature of R {and R". The values of %, increase in the series where R (=R'} is
aryl<primary<secondary<tertiary<allyl. In general, k4 is dramatically accelerated
by a-substituents capable of delocalizing the free spin of the incipient radical.*
For example, Timberlake™ has found that for the case of dialkyldiazenes,
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X-C{CH3)2-N=N-{"(CH;).-X that k, increases in the series where X is CH;<-OCH;
<-SCH;3<-COxR~-CN<-Ph<-CH=CH, (see also Table 3.2). These results can be
rationalized in terms of the relative stability of the radicals gencrated (Re, R's).

However, steric factors are also im}'mrtan‘[.74 Riichardt and coworkers showed,
for a series of acyclic alkyl derivatives, that a good correlation exists between iy
and ground state strain.”’® Additional factors are important for bicyelic and other
conformationally constrained azo-compounds.®”"”"  Wolf™ has described a
scheme for calculating %, based on radical stability (HOMO n-delocalization
cnergics) and ground state strain (steric paramcters).

There have been numerous studies on the kinetics of decomposition of AIBN,
ATBMe and other dialkyldiazenes.46 Solvent effects on 4, are small by
conventional standards but, nonctheless, signiticant. Data for AIBMe is presented
in Table 3.3. The data come from a variety ol sources and can be seen Lo increase
in the series where the solvent is: aliphatic < ester (including MMA) < aromatic
(including styrene) < alcohol. There is a factor of two difference between &y in
methanol and 44 in ethyl acetate. The value of ky for AIBN is also reported o be
higher in aromatic than in hydrocarbon solvents and to increase with the dielectric
constant of the medium.*""*%  The bk, of AIBMe and AIBN show no dircct
correlation with solvent viscosity (see also 3.3.1.1.3}, which is consistent with the
reaction being irreversible (i¢ no cage return).

Thermolysis rates are enhanced substantially by the presence ol cerlain Lewis
acids (e.g. boron and aluminum halides), and transition metal salts (e.g. Cu™,
Ag").* There is also evidence that complexes formed between azo-compounds
and Lewis acids (e.g. ethyl aluminum sesquichloride) undergo thermolysis or
photolysis to give complexed radicals which have different specificily to
uncomplexed radicals.®'*

Table 3.3 Solvent Dependence of Rate Conslants for AIBMe Decomposition®

kaxl o Solvent Temperalure Reference
S-I oC
0.58 cyclohexane 60.0 ff‘
0.72 ethyl acetate 60.0 6
0.74 methyl isobutyrate 60.0 b3
0.83 1:1 MMA/S 60.0 M
1.18% aliphatic esters 60.0 &
0.88 benzene 60.0 6
0.91 benzene 60.0 62
1.01 acetonitrile 60.0 62
1.13 S 60.0 %
1.20 methanol 60.0 63
1.44 methanol 60.0 62

a Caleulated from the expression given: In{ks)=33.1-(14800/T); said to be valid for a range of
aliphatic ester solvents including MMA.
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3.3.1.1.2 Photochemical decomposition

The frans-dialkyldiazenes have A, 350-370 nm and & 2-50 M em™ and are
photolabile. They are, therefore, potential phatoinitiators.*” The efficiency and
rate of radical generation depends markedly on structure.® Dialkyldiazenes are
often depicted without indicating the stereochemistry about the nitrogen-nitrogen
double bond. However, except when constrained in a ring system, the
dialkyldiazenes can be presumed to have the frans-configuration.

Alicyclic cis-dialkyldiazenes are very thermolabile when compared to the
corresponding frans-isomers, often having only transient existence under typical
reaction conditions. It has been proposed” that the main light-induced reaction of
the dialkyldiazenes is trans-cis isomerization. Dissociation to radicals and
nitrogen is then a thermal reaction of the cis-isomer (Scheme 3.19).

N=N —_— A B
N=N

Scheme 3.19

Theretore, the quantum yield for photoisomerization approximates that for
nitrogen formation and both are typically ca 0.5. Where the cis isomer is
thermally stable, quantum yields for initiator disappearance are low (¢p<0.1).%

An important ramification of the photolability of azo-compounds is that, when
using dialkyldiazenes as thermal initiators, care must be taken to ensure that the
polymerization mixture is not exposed to excessive light during its preparation.

3.3.1. 1.3 Initiator efficiency

The proportion of 'useful' radicals generated from common dialkyldiazenes is
never quantitative; typically it is the range 50-70% in media of low viscosity (i.e.
in low conversion polymerizations).” ** The main cause of this inefficiency is
loss of radicals through sclf-rcaction within the solvent cage.

For dialkyldiazenes where the «-positions are not fully substituted,
tautomerization to the corresponding hydrazone may also reduce the initiator
efficiency™ (Scheme 3.20). This rearrangement is catalyzed by light and by acid.

i i
R—C—N=N—R" ——= R—C=N—N—FR"
R R'

Scheme 3.20



Initiation 75

There is also evidence for a radical-induced mechanism involving initial
hydrogen abstraction (Scheme 3.21).

x-_\
H
by . XH < , o
ROCTN=N-R' —= R-GON=N-R' == R C=N-N-R
R| R\ Rl

Scheme 3.21

Conflicting statements have appeared on the sensitivity of f to the nature of
the monomer involved. Braun and Czerwinski”' reported that for low conversion
polymerizations, f is essentially the same in MMA, S, and NVP. Fukuda er al.””
reported that f varies between MMA and 8. The solvent dependence of &y may
account for this apparent conflict {Table 3.3).

While the rate of azo-compound decomposition shows only a small
dependence on solveni viscosily, the amount of cage reaction (and hence f) varies
dramatically with the viscosity of the reaction medium and hence with factors that
determine the viscosity {(conversion, temperature, solvent, elc.).“

Most values of f have been measured at zero or low conversions. During
polymerization the viscosity of the medium increases and the concentration of
monomer decreases dramatically as conversion increases {/.e. as the volume
fraction of polymer increases). The wvalue of f is anticipated to drop
accordingly.””** For example, with § polymerization in 50% (v/v) toluene at
70 °C initiated by 0.1 M AIBN the 'instantaneous' f was determined Lo vary [rom
76% at low conversion to <20% at 90-95% conversion (Figure 3.3).”> The
assumption that the rate of initiation (&, f) is invariant with conversion (common to
most pre 1990s and many recent kinctic studics of radical polymerization) cannot
be supporied.

The viscosity dependence of f may lead to the initiator efficiency being
dependent on the molecular weight of the polymer being produced. This, in tum,
is a function of the initiator and monomer concentration. For example, initiator
elficiencies are expecled to be higher during oligomer synthesis than in
preparation of high molecular weight polymer. Initiator efficiency has also been
shown to depend on the size of the initiator-derived radicals.™ There is an inverse
relationship between the rate of escape from the solvent cage and radical size.

Initiator elficiency increases wilh reaclion temperature (Table 3.4). It is also
worth noting that apparent zero-conversion initiator efficiencies depend on the
method of measurement. Belter scavengers trap more radicals. The data in Table
3.4 suggest that monomers (MMA,, S) are not as effective at scavenging radicals as
the inthibitors used to measure initiator efficiencies. The finding suggests that in
pelvmerization the initiator-derived radicals have a finite probability of
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Another concern, is the potential reactivity of 10 as a transfer agent under
polymerization conditions (see 3.3.1 .1.4).”)3 Tetramethylsuccinonitrile (9} appears
to be essentially inert under polymerization conditions.” However, the compound
is reported to be toxic and may be a problem in polymers used in tood contact
applications.”™® Methacrylonitrile (MAN) formed by disproportionation readily
copolymerizes.”** The copolymerized MAN may affect the thermal stability of
polymers. A suggestion'” that copolymerized MAN may be a "weak link™ in PS
initiated with ATBN has been disputed."”

Some of the complications associated with the use of AIBN may be avoided
by use of alternative azo-initialors. Azobis(methyl isobutyrate) (AIBMe) has a
decompaosition rate only slightly less than AIBN and has been promoted for use in
laboratory studies of polymerization® because the kinetics and mechanism of its
decomposition kinetics are not complicated by ketenimine formartion.

The azonitrile 19 also shows similar decomposition kinetics to ATBN (Table
3.2). The initiators 19 and AIBMe also have greater solubility in organic solvents
than AIBN.

3.3.1. 1.4 Transfer to initiator

Dialkyldiazenes are often preferred over other (peroxide) initiators because of
their lower susceptibility to induced decomposition. The importance of transfer to
initiator during pelymerizations initiated by AIBN has been the subject of some
controversy.  While the carly work of Baysal and Tobolsky,' Bevington and
Lewis'” and others suggested that transfer to iniliator was insignificant during
polymerizations of MMA or S, a number of subscquent studies on polymerization
kinetics report a significant transfer constant (C, ca 0.1,/ Studies of S
polymerization initiated by "*C-labeled AIBN demonstrate that transfer to initiator
has little importance in that system.” Thus, other explanations for those
irregularities in polymenization kinetics previously attributed to transfer to initiator
have to be considered: for example, failure to allow for the variation of initiator
efficiency with conversion (see 3.3.1.1.3). There is some evidence that transfer to
initiator may be of importance during AIBN-initiated vinyl acetate
polymerization.'"?

Even though AIBN has a low transfer constant, the ketenimine formed by
combination of cyanoisopropyl radicals (Scheme 3.13) is anticipated to be more
susceptible to induced decomposition (Scheme 3.22).'%

R./‘*H—C\H% ) CN HG o GN HoG, oN
L=C=N-C-CHy —— C=C=N-C-CHy —™ C-C=N ~ .(‘;ch3
HqC CHa HiC GCHy HsC CHg
10 MAN
Scheme 3.22

104

“  Pryor and Fiske'* have determined ¢4=3.7x 107 for 9 at 60 °C in $ polymetization.
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3.3.1.2 Hyponitrites

The hyponitrites (16), esters of hyponitrous acid (HO N=N OH), are low
temperature sources of alkoxy or acyloxy radicals. A detailed study of the cffect
of substituents on k4 for the hyponitrite esters has been reported by Quinga and
Mendenhall,'

tHs CHa GHs GHa
HaC-C-O-N=N-0-C~-CHs @q—o—mzw—o—g@
CH, CHs CHs CHs
34 35

While di-+-buty] (34) and dicumyl hyponitrites {(35) have proved convenient
sources of -butoxy and cumyloxy radicals respectively in the laboratory, /=11
the utilization of hyponitrites as initiators of polymerization has been limited by
difficultics in synthesis and commercial availability. Dialkyl hyponitrites {16)
show only weak absorption at A>290 nm and their pholochemistry is largely a
neglected area. The triplet sensitized decomposition of these materials has been
investigated by Mendenhall e af.''®

The hyponitrites generally appear somewhat more efficient with respect to
radical generation than the dialkyldiazenes (see 3.3.1.1). However, a proportion of
radicals is lost through cage reaction with formation of the corresponding dialkyl
peroxides or ketone plus alcohol (Scheme 3.23)."'"'*® The disproportionation
pathway is open only to hyponitrites with a-hydrogens. Kicfer and Traylor'™!
showed that the extent of cage reaction was strongly dependent on the medium
viscosity.

H H H H

Y 'l 1 I
HeC—G-0-N=N-0-G-CHy — = |HsC—G-0-% +0-C—CHa [ + Ny
CHg CHg CHg CHz
T
HaC-C=0 + H3G-G-OH 2HC-G-0-
CH CHy H H CHg
H3C~C-0-0-C~CHy
CHy  CHg
Scheme 3.23

Approximately 5% of radicals undergo cage recombination when dicumyl
hyponitrite (35) is decomposed in bulk MMA or § at 60 °C.”* Dicumyl peroxide,
the product of cage recombination is likely to be stable under the conditions where
hyponitrites are usually employed. Nonetheless, its formation is a concern since
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conlamination ol a product polymer with peroxide may impair its longer term
durability.

Tertiary hyponitrites are not particularly susceptible to induced decomposition.
However, the same is not true of primary and secondary hyponiltrites." Isopropyl
hyponitrite is reported'™ to undergo induced decomposition by a mechanism
involving initial abstraction of a a-hydrogen (Scheme 3.24).

H-N )

I | |
CHy=GYONINB-C=CHy —= RH + GHy-0=0 + N; + +O-C-CHy
CHg CHy CHy CHs

Scheme 3.24

3.3.2 Peroxides

The general chemistry of the peroxides has been covered in many books and
reviews.” 2123 Readers are referred in particular to Swern's Trilogy'?”'**for
an excellent background and a comprehensive coverage of the literature through
1970. The chemistry associated with their use as initiators of polymerization was
reviewed by Moad and Selomon.”

Many types of peroxides (R-0-0-R) are known. Those in common use as
initiators include: diacyl peroxides (36), peroxydicarbonates (37), peroxyesters
{38), dialkyl peroxides (39), hydroperoxides (40), and inorganic peroxides [e.g.
persulfate (41)]. Multifunctional and polymeric initiators with peroxide linkages
are discussed in Sections 3.3.3 and 6.3.2.1.

29 g 9 :
R-C-0-0-C-R* R-0-C-0-0-C-0-R' R-C-O0-0-R'
36 37 38
_ 9 Q.
R-0-0-R' R-0-0-H O-§70707%0
o o
39 40 41

Peroxides are used most commonly either as thermal initiators or as a
component in a redox system. While peroxides are photochemically labile, they
seldom find use as photoinitiators other than in laboratery studies because of their
poor light absorplion characteristics. They generally have low exlinctlion
coefficients and absorb in the same region as monomer. Kinetic parameters for
decomposition of some important peroxides are given in Table 3.5.
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Table 3.5 Selected Kinetic Data for Decomposition ol Peroxides®

class initiater R R' solvent  temp, range”
°C
diacyl peroxides (36)
BPO Ph- Ph- benzens®  38-80(17)
LPO nCyiHzz- nCyHaz-  benzene 35-70(8)
peroxydicarbonates {37)
47 (CHa),CH-  (CH3),CH- benzene®  35-60(10)
peroxyesters (38)
BPB Ph- (CH3)3C- benzene 110-130(3)
DBPOX benzene 35-55¢(3)

dialkyl peroxides (39)

DTBP {CH3}5C-  (CHg)4C- benzene 100-135{4)
alkyl hydroperoxides (40)

59 (GHa}sG- - benzene 155-175{4)

inorganic peroxides _
41 K5S:0g - NaOll! 50-90¢3)

a Kinetic parameters recalcnlated from original data taken from the references indicated. Values
rounded to 3 significant figures. b Number of data points given in parentheses. ¢ Calculated
from Arrhenius parameters shown and rounded ro two significant figures.  d Temperature for
ten hour half life — see footnote d to Table 3.2. e [n the presence of inhibitor added to prevent
induced decomposition.  f 0.1 M aqueous NaOll.
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Table 3.5 (continued)
E, Ax 10" fa x 10° 10 h 1,57 Ref, Initiator
kJ mol™ 5! s (60 °C)° oC

134.0 9.34 1.5 78 132 BPO
125.3 0.393 8.9 66 133 LPO
126.7 975 130 16 134 47
144.0 1.53 0.04 105 135 BPB
110.0 0.310 1800 26 136 DBPOX
152.7 2.16 0.0025 125 13713 DTBP
174.2 7.97 168 ¥ 59
148.0 709 44 69 140 41
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3.3.2.1 Diacyl or diaroyl peroxides

Diacyl or diaroyl peroxides (36, R— alkyl or aryl respectively) are given
specific coverage in reviews by Fujimori,'"! Bouillion e7 of.,"* and Hiatt.'"” They
are sources of acyloxy radicals which in tumn are sources of aryl or alkyl radicals.
Commercially available peroxides of this type include dibenzoyl peroxide (BPO),
didodecanoyl or dilauroyl peroxide (LPO), didecanoyl peroxide {42) and succinic
acid peroxide (43).

O O

1] 1 (I:I) (I:I) 9 (I?
G-0-0-C GC11Hp3~C~0-0-C~CyyHsa CoHas~C-0-0-C~Cghay

BPO LPO 42

0 0
HOC™ S —G-0-0-C—""CO.H
43

3.3.2. 1.1 Thermal decompaosition

The rates ol thermal decomposition of diacyl peroxides (36) are dependent on
the substituents R. The rates ol decomposition merease i the series where R 1s:
aryl-primary alkyl<secondary alkyl<tertiary alkyl. This order has been variously
proposed to reflect the stability of the radical (R+) formed on g-scission of the
acyloxy radical, the nucleophilicity of R, or the steric bulk of R. For peroxides
with non-concerted decomposition mechanisms, it seems unlikely that the stability
of R+ should by itself be an important factor.

For diaroyl peroxides (36, R=aryl), m- and p-electron withdrawing substituents
retard the rate of decomposition while m- and p-celectron donating and all o-
substituents enhance decomposition rales. The o-substiluent elTect has been
attributed to the sensitivity of homolysis to steric factors.

Only a few diacyl peroxides see widespread use as initiators ol
polymerization. The reactions of the diaroyl peroxides (36, R=aryl) will be
discussed i terms of the chemastry of BPO (Scheme 3.25). The rale of p-scission
of thermally generated benzoyloxy radicals is slow relative to cage escape,
consequently, both benzoyloxy and phenyl radicals are important as initiating
species. In solution, the only significant cage process is reformation of BPO (cu
4% at 80 °C in isooctane);"™ only minute amounts of phenyl benzoale or
biphenyl are formed within the cage. Therefore, in the presence of a reactive
substrate (e.g. monomer), the production of radicals can be almost quantitative (see
33.2.1.3).

One of the most commonly encountered aliphatic diacyl peroxides (36,
R=alkyl) is LPO. Lower diacyl peroxides {e.g. diacetyl peroxide) cannot be
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conveniently handled in a pure state due to their susceptibility to induced
decomposition. They are shock sensitive and may decompose explosively.

2 oo : 0 Q 2
bool () — | (Oborel (| =+ Ot

BP(} l

G Q _ ?
O (O torn O~ O te O

— | O oo 2 )

Scheme 3.25

In general, aliphatic diacyl peroxide initiators should be considered as sources
of alkyl, rather than ol acyloxy radicals. With few exceptions, aliphalic acyloxy
radicals have a transient existence at best. For certain diacyl peroxides (36) where
R is a sccondary or tertiary alkyl group there is controversy as to whether loss of
carbon dioxide ocours in concert with (-0 bond cleavage. Thus, ester end groups
observed in polymers prepared with aliphatic diacvl peroxides are unlikely to arise
dircetly from initiation, but rather from transfer to initiator (scc 3.3.2.1.4),

The high rate of decarboxylation of aliphatic acyloxy radicals is also the prime
reason behind low initiator efficiencies (see 3.3.2.1.3). Decarboxylation occurs
within the solvent cage and recombination gives alkane or ester byproducts. Cage
return for LPPO is 18-35% at 80 °C in n-octane as compared to only 4% for BPG
under similar conditions."*

Observed rates of disappearance for diacyl peroxides show marked
dependence on solvent and concentration.'*® In part, this is a reflection of their
susceptibility to induced decomposition (sce 3.3.2.1.4 and 3.3.2.1.5). Tlowever,
the rate of disappearance is also a function of the viscosity of the reaction medium.
This is evidence for cage return (see 3.3.2.1.3)."* The observation'* of slow
scrambling of the label in benzoyl-carbonyi-'*O peroxide between the carbonyl
and the peroxidic linkage provides more direct evidence for this process.

3.3.2.1.2 Photochemical decomposition

Diacyl peroxides have continuous weak absorptions in the UV to ¢ 280 nm (e
ca 50 M em™ at 234 nm).'""" Although the overall chemistry in thermolysis and
photolysis may appcar similar, substantially higher yiclds of phenyl radical
products are obtained when BPO is decomposed photochemically. It has been
suggested that, during the photedecomposition of BPO, [3-scission may occur in
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concert with O-0 bond rupture and give rise to formation of one benzoyloxy
radical, one phenyl radical, and a molecule of carbon dioxide (Scheme 3.26).'%
Time resolved EPR experiments™ have shown that photochemical decomposition
of BPO docs produce benzoyloxy radicals with discrete existence. It is,
nonetheless, clear that the photochemically generated benzoyloxy radicals have
substantially shorter life times in solution than those generated thermally."" " In
these circumstances cage products also assume greater importance'”’ and initiator
elficiencies are anticipated 1o be lower,

(IJI 9 v Q
Oboot ) o [Orbononn
BPO

Scheme 3.26

It has also been suggested that photoexcited benzoyl peroxide is somewhat
more susceptible to induced decomposition processes involving electron transfer
than the ground state molecule. Rosenthal er ol.'” reported on redox reactions
with certain salts (including benzoate ion} and neutral molecules (e.g. alcohols).

3.3.2.1.3 Initintor efficiency

Ideally all reactions should result {rom unimolecular homolysis of the
relatively weak O-0 bond. However, unimolecular rearrangement and various
forms of induced and non-radical decomposition complicate the kineties of radical
generation and reduce the initiator efficiency.” Peroxide decomposition induced
by radicals and redox chemistry is covered in Sections 3.3.2.1.4 and 3.3.2.1.5
respectively.

Cage recombination is also a major factor limiting the efficiency of radical
production from aliphatic diacyl peroxides. Initiator cfficiency depends on the rate
of B-scission of the acyloxy radical formed. If P-scission is slow, the only
significant cage reacticn involves regeneration of the diacyl peroxide
(e.g thermolysis of diaroy] peroxides). Cage return leads to a lowering of the rate
of decompesition without reducing the initiator efficiency (see 3.3.2.1.1).
However, it J-scission is rapid and decarboxylation occurs within the solvent cage,
then combination of the alkyl or aryl radical with another radical to form an ester
or alkane will reduce the initiator efficiency (e.g. thermolysis or photolysis of
aliphatic diacyl peroxides and photolysis of all diacyl peroxides).

The importance of the cage reaction increases according to the viscosity of the
reaction medium. This contributes to a decrease in initiator efficiency with
conversion.” Stickler and Dumont'™® determined the initiator efTiciency
during bulk MMA polymerization at high conversions (ca 80%) to be in the range
(.1-0.2 depending on the polymerization {emperature. The main nibator-derived
byproduct was phenyl benzoate.
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Diacyl peroxides may also undergo non-radical decomposition via the carboxy
inversion process 1o form an acylcarbonate (Scheme 3.27).*° The reaction is ol
greatest importance for diaroyl peroxides with electron withdrawing substituents
and for aliphatic diacyl peroxides (36) where R is secondary, tertiary or benzyl."’
The reaction is thought to involve ionic intermediates and is favored in polar
solvents'™” and by Lewis acids.”™ Other heterolytic pathways for peroxide
decomposition have been described.'™

O O G O

R-C-0-0-C-R —» R-0-G-C-C-R
36
Scheme 3.27

3.3.2.1.4 Transfer to initiator and induced decomposition

Transfer to initiator can be a major complication in polymerizations initiated
by diacyl peroxides. The importance of the process typically increases with
monomer conversion and the consequent increase in the [initiator]:[monomer]
ratio.>" %1% 11 BPO initiated S polymerization, transfer to initiator may be the
major chain termination mechanism. For bulk § polymerization with 0.1 M BPO
at 60 “C up to 75% of chains are terminated by transfer to initiator or primary
radical termination (<75% conversion).” A further consequence of the high
incidence of chain transfer is that high conversion PS formed with BPO initiator
tends to have a much narrower molecular weight distribution than that prepared
with other initiators {e.g. AIBN) under similar conditions.

The mechanism of transfer to BPO involves homolytic attack on one of the
oxygen atoms of the peroxidic linkage (Scheme 3.16) with [ormation of an ester
end group and expulsion of a benzovloxy radical. The end group formed (a
secondary ester} is distinct from that formed in initiation. Such end groups may
contribute to the reduced thermal stability of high conversion BS prepared with
benzoyl peroxide (Section 8.2.1)."' In the case of VAc or VC polymerizations
the chain end will be a hydrolytically unstable ketal or a-chloroester group
respectively (Scetion §.2.3).

QOther radicals present in the reaction medium may also induce the
decomposition of BPO and other diacyl peroxides. These include initiator-
derived'® and stable radicals (e.g. galvinoxyl,"”” triphenylmethyl' ™' and
nitroxides'**)

3.3.2. 1.5 Redox reactions

The decomposition of diacyl peroxides (36) is catalyzed by various transition
metal salts,**'® for example, Cu' (Scheme 3.28).181%% A gide reaction is
oxidation of alkyl radicals by the oxidized form of the metal salt (e.g. Cu’™).
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R- + Cu®* —= R + cu
T-COQ
Q Q Q _ 6
R-C-0-0-C-R + Cut —» R-C-0- + O-C-R + Cu2*+
36
Scheme 3.28
170,171

Nitro- and nitroso-compounds, amines, and thiols induce the
decomposition of diacyl peroxides in what may be written as an overall redox
reaction. Certain monomers have been reported to cause induced decomposition
of BPO. These include AN,'” N-vinylcarbazole,'™ "7’ N-vinylimidazole'™ and
NVP.'7

The mechanism proposed for the production of radicals from the N, AN-
dimethylaniline/BPO couple'™™ involves reaction of the aniline with BPO by a
Si2 mechanism to produce an intermediate {(44). This thermally decomposes to
benzoyloxy radicals and an amine radical cation (46) both of which might, in
principle, initiate polymerization (Scheme 3.29). Pryor and Hendrikson'™' were
able to distinguish this mechanism from a process involving single clectron
transfler through a study of the kinetic isotope effect.

H3C_N_CH3

o) 0 CHy © 0
1l - + 1l - 1l
BPO 44

N-O
CHs
CHz s GHa Q
N et
CHg CHq
45 46

Scheme 3.29

It has been suggested that the amine radical cation (46) is not directly involved
in initiating chains and that most polymerization is initiated by benzoyloxy
radicals.'””  However, Sato et al."™ employed spin trapping (3.5.2.1) to
demonstrate that the anilinomethyl radical (45) was formed [rom the radical cation
(46} by loss of a proton and proposed that the radical 45 also initiates
polymerization. Overall efficiencies for initiation by amine-peroxide redox
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couples are very low; Imoto and Choe'™ report f ca 25%; Walling'”

f=2-5%.

reports

3.3.2.2 Dialkyl peroxydicarbonates

The chemistry ol peroxydicarbonates (37) and their use as initiators of
polymerization has been reviewed by Yamada er of.,”" Hiatt'" and Strong.”®

O O HaC @) H4G
HSCCH—O—&—@—’@—&-OC@CHS — 2 ; CH-C o Sl—ml ? (:DH—O- + £0O,
H3C CHy HsC HaC

47 48 49
Scheme 3.30

Dialkyl peroxydicarbonates have been reported as low temperature sources of
alkoxy radicals (Scheme 3.30)'™ '™ and these radicals may be formed in relatively
inert media. However, it is established, for primary and secondary
peroxydicarbonates, that the rate of loss of carbon dioxide is slow compared 1o the
rate of addition to most monomers or reaction with other substrates.'**'® Thus, 1in
polymerizations carried cut with diisopropyl peroxydicarbonate {(47), chains will
be mitiated by isopropoxycarbonyloxy (48) rather than isopropoxy radicals (49)
(see 3.4.2.2).'%

A slow rate of 3-scission also means that the main cage recombination process
will be cage return to reform the peroxydicarbonate. Dialkyl peroxides are
typically not found amongst the products of peroxydicarbonate decomposition. In
these circumstances, cage recombination is unlikely to be a facter in reducing
initiator cfficicney.

Laboratory studies have generally focused on the diisopropyl, dicyclohexyl
and di-f-butyl derivatives. These and the s-butyl and 2-cthylhexyl derivatives are
commercially available.'™ The rates of decomposition of the peroxydicarbonates
show significant dependence on the reaction medium and their concentration. This
dependence is, however, less marked than for the diacyl peroxides (36) {sece
3.3.1.1.4). Induced decomposition may involve a mechanism analogous to that
described for diacyl peroxides. However, a more important mechanism for
primary and secondary peroxydicarbonates involves abstraction of an a-hydrogen
(Scheme 3.31)."

CHy O O CHg CHy O CHs

R ¥ HC 0CL00-C-0-C-H —= R-H + C=0 +CO, + -0-C-0-C-H

CHs CHg CHa CHs
Scheme 3.31

Crano'! has investigated the reaction between diisopropyl peroxydicarbonate
and tertiary amines. These experiments indicate the formation of radicals by loss
of a hydrogen from the ©-CH, of the amine. Tt scems likely that the mechanism of
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radical formation is analogous to that observed for diacyl peroxide-amine systems
(see 3.3.2.1.5).

3.3.2.3 Peroxyesters

The chemistry of peroxyesters (38) also commonly called peresters has been
reviewed by Sawaki,'” Bouillion ef of.'” and Singer.'”™ The peroxyesters are
sources of alkoxy and acyloxy radicals (Scheme 3.32). Most commonly
encountered peroxyesters are derivatives of f-alkyl hydroperoxides (e.g. t-butyl
peroxybenzoate, BPB).

O
GHa O CHy 0 e
HsC-C-0-0-C — HC-C-0. * -O—C—@ cH
3
CHy N oy

CHa
BPB
Scheme 3.32

Aryl peroxvesters are generally unsuilable as initiators of polymerization
owing to the generation of phenoxy radicals that can inhibit or rctard
polymerization

3.3.2.3.1 Thermal decomposition

The rates of decomposition of peroxyesters (38) arc very dependent on the
nature of the substituents R and R'. The variation in the decomposition rate with R
follows the same trends as have been discussed for the corresponding diacyl
peroxides (see 3.3.2.1.1}.

Peroxyesters derived [rom secondary (e.g peroxyisobulyratle esters) and
tertiary acids (e.g. peroxypivalate esters) are believed to undergo concerted 2-bond
cleavage leading (o direct production of an alkoxy and an alkyl radical and a
molecule of carbon dioxide.'**'** On the other hand, primary (e.g. peroxyacetate
and peroxypropionate esters) and aromatic peroxyesters (e.g. BPB, Scheme 3.32)
are thought to undergo I-bond scission to generate an acyloxy and an alkoxy
radical." "% Evidence for the transient existence of acyloxy radicals includes the
observation of substantial cage return.

For #-buty] peresters there is also a variation in efficiency in the series where R
1y primary>>secondary>tertiary. The efficiency of r-buty] peroxypentanoate in
initiating high pressure ethylene polymerization is >90%, that of /-buty] peroxy-2-
ethylhexanoate ca 60% and that of t-butyl peroxypivalate ca 40%.'™ Inefficiency
is due to cage reaction and the main cage process in the case where R is secondary
or tertgggy is disproportionation with f-butoxy radicals to form f-butanol and an
olefin,
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Di-z-butyl peroxyoxalate (DBPOX) is a clean, low temperature, source of #-
butoxy radicals (Scheme 3.33)."*® The decomposition is proposed 1o take place by
concerted 3-bond cleavage to form two alkoxy radicals and two molecules of
carbon dioxide.

Ghs O Q CHs 5o, CHy GHs

CHy=G-0-0-C-C-0-0-C-CHy ———> 2 CHy=G-0- —» G=0 + CHy>
CHg GHy CH CH
DBPOX 5 N

Scheme 3.33

The low conversion initiator cfficicney of di-f-butyl peroxyoxalate (0.93-
0.97)"" is substantially higher than for other peroxyesters [r-butyl peroxypivalate,
0.63; (-butyl peroxyacetate, 0.53 (60 °C, isopropylbenzene}'*’]. The dependence of
cage recombination on the nature of the reaction medium has been the subject of'a
number of studies.'”"""***™ The yield of DTBP (the main cage product) depends
not only on viscosity but also on the precise nature of the solvent. The effect of
solvent is to reduce the vield in the order: aliphatic>aromatic>protic. [t has been
proposed'”” that this is a conscquence of the solvent dependence of f-scission of
the 7-butoxy radical which increases in the same series (Section 3.4,2.1.1).

Transfer to initiator is generally of lesser importance than with the
corresponding diacyl peroxides. They are, nonctheless, susceptible to the same
range of reactions {see 3.3.2.1.4). Radical-induced decomposition usually occurs
specifically 1o give an alkoxy radical and an ester (Scheme 3.34).

@ . GHe @ GHa

C-0 0-C-CHy —> QC—O—R + -0-C-CHg

R- CHS CH3
BPB

Scheme 3.34

Peroxyesters may undergo non-radical decomposition vie the Criegee
rearrangement (Scheme 3.35). This proeess is analogous to the carboxy inversion
process described for diacyl peroxides (see 3.3.2.1.3) and probably involves icnic
intermediates.

? ?
R-C-0-O-R' — = RA-0-C-O-R

38
Scheme 3.35
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The reaction is facilitated when R is clectron withdrawing, when R has a high
migratory aptitude (ability to stabilize a carbonium ion), and by polar reaction
media.

3.3.2.3.2 Photochemical decomposition

Peroxyesters scldom find use as photoinitiators sinee photodecomposition
requires light of 250-200 nm, a region where many monomers also absorb. This
situation may be improved by the introduction of a suitable chromophore into the
molecule or through the use of sensitizers.™ % The peroxyester (50) is reported
to have A, 366 nm and ¢ near unity.””’

Q Q
QCQC—O—O—C(CHS)S

50

3.3.2.4 Dialkyl peroxides

The chemistry of the dialkyl peroxides (39) has been reviewed by Matsugo
and Saito,”™ Sheldon™ and Hiatt.”® Dialkyl peroxides are high temperature
sources of alkoxy radicals. Dialkyl peroxides commonly used as initiators have
tertiary alkyl substituents. Those available commercially include di-7-butyl
(IDTBP) and dicumy! (51} peroxides, sources of f~butoxy and cumyloxy radicals
respectively, 52 and a variety of dialkyl peroxyketals (e.g. 53-55).7""" These
latter initiaters, including 1,1-di--butylperoxycyclohexane {53), have
decomposition rate constants &, that are an order of magnitude greater than simple
di-r-alkyl peroxides (e.g. DTBP, 51, 52)°® and can be shock sensitive. The
peroxides 56-58 find application when velatility is an issuc. For example, they arc
used in graft copolymerization by reactive extrusion {Section 7.6.4).”’

Gy o oty e oy g
H3C*(I3*O*O*Q*CH3 Q*O*O*Cﬁ‘@ Hsc*CHQ*CI;*O*O*CI:*CHQ’CHa
CHs CH3 CHs CHg CHs CH3
DTBP 51 52
<:><O‘O‘C(CH3)3 <:><O‘O‘C(CH3)202H5 0-0-C(CHg)a
O-0-C{CHg); O-0-C(CH3}sCoHs O0-0-CG{CHg)3

53 54 55
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OHy  OHy .\ Gy s

Hac—g—o—o—g@q—o—o—g—CHS

CHy  CHy CHy  CHs

56
GHs  GHs CHs G (He  OHs CHs Ghs
HyC~C~0-0-C~CHy=CH,~C-0-0-C~CHy HyC-C-0-0-C-C=C-C-0-0-C-CHy
CHy  CHg CHy  GHs CH; CHy CHs  CHg
57 58

The decomposition of the peroxyketals (53) follows a stepwise, rather than a
concerted machanism. Initial homolysis of one of the 0-O bonds gives an alkoxy
radical and an a-peroxyalkoxy radical (Scheme 3.36).%**'" This latter species
decompases by [-scission with loss of either a peroxy radical to form a ketone as
byproduct or an alkyl radical to form a peroxyester intermediate. The peroxyester
formed may also decompose o radicals under the reaction conditions. Thus, four
radicals may be derived from the one initiator molecule.

o . "O-C(CHg)s
R. B-0-C(CHg)s R, O R,
/C\ - > }’C\. - /C:O
R 0-0-C(CHa)y R™O-0-C(CHy)s R
¢ -O-0-C(CHs)s
R 5 Q
_,C\ - /C\
R" 'O-C-C(CHg)s R* 0+ +O-G{CHaa
Scheme 3.36

The relative importance of the various pathways depends on the alkyl groups
(R). The rate constants for scission of groups (Re+) from f-alkoxy radicals
(R'R'R*C-0-) increase in the order isopropyl<ethyl</-butylperoxy<methyl.”'’
Thus, the pathway affording peroxyester and an alkyl radical is less important
when R is methyl than when R is a higher alkyl group. |If the pathway Lo
alkylpcroxy radicals is dominant, the resultant polymer is likely fo have a
proportion of peroxy end groups.**""

Solvent dependence of &4 for di-f-alkyl peroxides is small when compared to
most other peroxide initiators.”™*'* For di-r-butyl peroxide,"™ k, is slightly greater
{up to two-fold at 125 °C) in protic (f-butanol, acetic acid) or dipolar aprotic
solvents than in other media {cyclohexane, triethylamine, tetrahydroluran}.

The chemistry of the di-f-butyl and cumyl peroxides is relatively
uncomplicated by induced or ionic decomposition mechanisms, However, induced
decomposition of di--butyl peroxide has been observed in primary or secondary
alcohols™ " (Scheme 3.37) and primary or secondary amines.”"” The reaction
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involves oxidation of an oa-hydroxyalkyl or o-aminoalky] radical, to the
corresponding carbonyl- or imino-compound and apparently requires coordination
of the hydroxyl or aminy] hydrogen to the peroxidic oxygen.

oM CHy Gy o GHy GHs
R-C- HiC-C-0-0-C—CHz — > R-C HiC-C-O-H  +0-C-CH,
R CH; CH; R CH, CHy
DTBP
Scheme 3.37

The radical yield from simple di-z-alkyl peroxides (i.e. dicumyl, di-#-butyl) is
reported to be almost 100%. The only significant cage reaction is reformation of
the peroxide. The efficiencies of dialkyl peroxyketals and primary and secondary
peroxides are lower.™ Lower efficiencies arise when the initially formed radicals
undergo f-scission before cage escape or, in the case where primary or secondary
alkoxy radicals are formed, by disproportionation within the solvent cage. Primary
and secondary peroxides are also susceptible to a variety of induced and non-
radical decomposition mechanisms. The initiator efficiency of di-r-butyl peroxide
in styrene polymerization is reported to remain constant at close to 100% until ¢«
80% when il undergoes a dramatic reduction by more than an order ol
magnitude™'®  An explanation was not provided. It is possible, that at this
conversion the rate of cage escape is slowed such that [-scission to give methy]
radicals occurs within the sclvent cage.

3.3.2.5 Alkyl hydroperoxides

The chemistry of alkyl hydroperoxides (40) has been reviewed by Porter,?”
Sheldon™ and Hiatt.”®  Alkyl hydroperoxides are high temperature sources of
alkoxy and hydroxy radicals.”” They are often encountered as components of
redox systems.

The common initiators of this class are t-alkyl derivatives, for example, ~butyl
hydroperoxide (59), t-amyl| hydroperoxide {(60), cumene hydroperoxide (61), and a
range of peroxyketals (62). Hydroperoxides formed by hydrocarbon autoxidation
have also been used as iuitiators of polymerization.

H,O*O 010,070,

¢Ha CH3 G H

CHz-G-0-O-H  HaG—CHy-C-0-0-H Qg—o—o—H

GHa CHa GHa
n

59 60 6l 62

The ROO-H bond of hydroperoxides is weak compared to mast other X-H
bonds.  Thus, abstraction of the hydroperoxidic hydrogen by radicals is usually an

¥ I)H[')['}—H —~ 375 k.l I‘[’]()l_l.?“10
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exolhermic process. The hydroperoxides can therelore be efficient transfer agents
and radical-induced decomposition may be a major complication in their use as
initiators.”*

Primary and secondary hydroperoxides are also susceptible to induced
decomposition through loss of an a-hydrogen. The radical formed is usually not
stable and undergoes P-scission to give a carbonyl compound and hydroxy
radical. ™ It is reported that these hydroperoxides may also undergo non-radical
decomposition with evolution of hydrogen.'”’

Hydroperoxides react with transition metals in lower oxidation states (Ti’ ,
Fe™, Cu’, erc.) and a variety of other oxidants to give an alkoxy radical and
hydroxide anion (Scheme 3.38).%¢24**

CHs CHs
CHB—(?—O—O—H + Feg2t —= CHS—CIJ—O- + OH + Fel
CHs CHg
59

Scheme 3.38

With some syslems, the hydroperoxide is reduced to hydroperoxy radical by
the metal ion in its higher oxidation state (Scheme 3.39). Thus, it 1s possible to set
up a catalytic cycle for hydroperoxide decomposition.

GHa CHs
CHg=C—0-0-H * Cu* ——* CHy=¢-0-0- + HY + cu
|
CHs CHs
59
Scheme 3,39

With Ti'" and Fe'" this latter pathway is thought not to occur. The formation
of ROO., observed at high hydroperoxide concentrations, is attributed to the
occurrence of induced decomposition.””

3.3.2.6 Inorganic peroxides

9 1 OH QH
HeO-0-H 050050 O-P-0-0PO"
¢! o o
63 41 64

inorganic peroxides [hydrogen peroxide (63), persulfate {41},
peroxymonosulfate and peroxydiphosphate (64)] generally have limited uselulness
as initiators in bulk or solution polymerization due to their poor solubility in

Dric-r: ~ 385, Draca-n ~ 396, Drers-n ~410, Dro-n ~ 435 kI mol™ !
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organic media. This means that the main use of these initiators is in aqueous™’ or
in part-aqueous heterogeneous media (¢.g. in emulsion polymerization). They are
often encountered as one component in a redox initiation system. The history of
these systems has been reviewed by Bacon™ and Sosnovsky and Rawlinson.™
Their use is also described by Sarac.™

The following discussion concentrates on the chemistry of the two most
common inorganic peroxides, persulfale and hydrogen peroxide.

3.3.2.6.1 Persulfate

Photolysis or thermolysis of persulfate ion (41) (also called peroxydisulfate)
results in homeoelysis of the O-O bond and formation of two sulfate radical anions.
The thermal reaction in aqueous media has been widely studied. ™" The rate of
decomposition is a complex function of pH, ionic strength, and concentration.
Initiator efficiencies for persulfate in emulsion polymerization are low (0.1-0.3)
and depend upon reaction conditions (i.e. temperature, initiator concentration),™

A number of mechanisms for thermal decomposition of persulfate in neutral
aqueous solution have been proposed.”™  They include unimolecular
decomposition (Scheme 3.40} and various bimolecular pathways for the
disappearance of persulfate involving a water molecule and concomitant formation
of hydroxy radicals (Scheme 3.41). The formation of polymers with neghgible
hydroxy end groups is evidence that the unimolecular process dominates in neutral
solution. Heterolytic pathways for persulfate decomposition can be important in
acidic media.

Scheme 3.41

Normally, persulfate (41) can only be used to initiate polymerization in
aqueous or part aqueous (emulsion) media because it has poor solubility in most
orgamic solvents and monomers. However, it has been reported that
polymerizations in organic solvent may be initiated by crown ether complexes of
potassium persulfate. >’ Quaternary ammonium persulfates can also serve as
useful initigtors in organic media.”*”"" The rates of decomposition of both the
crown ether complexes and the quaternary ammonium salts appear dramatically
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greater than those of conventional persulfate salts (K, Na™, NIL,7) in aqueous
solution. The crown cther complex can be used to initiate polymerization at
ambient temperature.”*

In part, the accelerated decomposition might be attributed to the occurrence of
induced decomposition and primary radical transfer.™” Persulfate (41) is also
known to be a strong oxidant and, in this context, has been widely applied in
synthetic organic chemistry.”® It is established that the rate of disappearance of
persulfate in aqueous media is accelerated by the presence of organic
compounds™ ' and induced decomposition is an integral step in the oxidation of
organic substrates (including cthers) by persulfate.”!

Persulfate (41) absorbs only weakly in the UV (& ca 25 M™ cm™ at 250 nm}.**
Nongctheless, dircet photolysis of persulfate ion has been vsed as a means of
gencrating sulfate radical anion in laboratory studies.™***

Persulfate (41) reacts with transition metal ions (e.g. Ag', Fe*'. Ti'") according
to Scheme 3.42. Various other reductants have been desceribed. These include
halide ions, thiols (e.g. 2-mercaptoethanol, thioglycolic acid, cysteine, thiourea),
bisulfite, thiosulfate, amines (triethanolamine, tetramethylethylenediamine,
hydrazine hydrate), ascorbic acid, and solvated electrons (¢ ¢ in radiolysis). The
mechanisms and the initiating species produced have not been fully elucidated for
many S),/slf:ms.244

O O
‘O—#—O—O—js:—O‘ + Fe?*t —= -0—:SJ—0— + —o—::—o— + Fa¥
O 0 0
41

Scheme 3.42

Various multicompanent systems have also been described. Three component
systems in which a second reducing agent (e.g. sulflile) acts to recycle the
transition metal salt, have the advantage that less metal is used (Scheme 3.43).

SO~ + Cud* — = S0 + Cu'
Scheme 3.43

Redox mitiation 1s commonly employed in aqueous emulsion polymerization.
[nitiator efficiencies obtained with redox initiation systems in aqueous media are
generally low. One of the reasons for this is the susceptibility of the initially
formed radicals to undergo further redex chemistry.  For example, potential
propagating radicals may be oxidized to carbonium ions (Scheme 3.44). The
problem is aggravated by the low solubility of the monomers (e.g. MMA, 8} in the
aqueous phase.
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w4 Fet — - annn + Fa2*

Scheme 3.44

3.3.2.6.2 Hydrogen peroxide

Homolytic scission of the O-O bond of hydrogen peroxide may be effected hy
heat or UV irradiation.™” The thermal reaction requires relatively high
temperatures (90 °C). Photolytic initiation generally employs 254 nm light.
Reactions in organic media require a polar cosolvent {¢.g. an alcohol).

Hydrogen peroxide also reacts with reducing agents (transition metals, mctal
complexes, solvated electrons, and some organic reagents) to produce hydroxy]l
radicals. Tt reacts with oxidizing agents 1o give hydroperoxy radicals. The
reaction between hydrogen peroxide and transition metal ions in their lower
oxidation state is usually represented as the simple process first described by
Haber and Weiss (Scheme 3.45).”* However the mechanism is significantly more
complex.

H:0,  + Fe?* — HO- + "OH + Fed*
Scheme 3.45

1t has been suggested that the reactive speceics are metal complexed hydroxy
radicals rather than "free" hydroxyl radicals.” **® The reactions observed show
dependence on the nature of the metal ion and quite different product distributions
can be obtained from reaction of organic substrates with Fe™ -11,0, (Fenton’s
Reagent) and Ti*"-H>0,. However, it is nol clear whether these findings reflect the
involvement of a different active species or simply the different rates and/or
pathways for destruction of the initially formed intermediates.™' Metal jons in
their higher oxidation states (e.g. Fe®™) can bring about the destruction of hydrogen
peroxide according to Scheme 3.46.

H:0, + Fe¥* —= HOO- + Ht + Fe**

Scheme 3.46

The Ti*'-H,0- system is preferred over Fenton’s reagent because Ti'' is a less
powerful oxidizing agent than Fe'* and the above mentioned pathway and ather
side reactions are therefore of less consequence.”™ Much of the discussion on
redox initiation in Section 3.3.2.6.1 is also relevant to hydrogen peroxide.

3.3.3 Multifunctional Initiators

Multifunctional initiators contain two or more radical generaling funciions
within the one molecule. They can be considered in two distingt classes according
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to whether they undergo concerted (see 3.3.3.1) or non-concerted decomposition
(see 3.3.3.2).

3.3.3.1 Concerted decomposition

Multifunclional initiators where the radical generating functions are in
appropriatc proximity may decomposc in a concerted manncr or in a way such that
the intermediate species can neither be observed nor isolated. xamples of such
behavior are peroxyoxalate esters (see 3.3.2.3.1) and a-hydroperoxy diazenes (e.g.

31), derived peroxyesters (65)*** and bis- and multi-diazenes such as 66, =
0-OH CHs 0-C,CR CHs CHg  GHg CHg CHg

CH3-(I3—N:N—(I3—CH3 CHS‘Q—NZN—Q—CH3 CH3*(|)*N:N*(|37CI)*N:N*(‘3*CH3
CH;  CHy CHs CHs CHs CHg CHz  CHs

31 65 66

The initiators (31) and (65) are low (emperalure sources of alkyl and hydroxy
or acyloxy radicals respectively (Scheme 3.47).7%"**  The a-hydroperoxy
diazenes (e.g. 31) are one of the few convenient sources of hydroxy radicals in
organic solution.***

*OH
O-OH CHjg Ny 0 CHa
HSC_(I)_N:N_(I)_CHS — -~ H3C*C .CI;_CHS
1
CHy  CHy CHy CHj

31
Scheme 3.47

It has been reported that the a-hydroperoxy diazenes may undergo induced
decomposition either by OH or H transfer.”*

3.3.3.2 Non-concerted decomposition

Initiators where the radical generating functions are sufficiently remote from
each other break-down in a non-concerted fashion. [xamples include the azo-
peroxide (68)™ and the bis-diazene (67).°' Their chemistry is often
understandable in terms of the chemistry of analogous moncfunctional initiators.”*
This class also includes the dialkyl peroxyketals (see 3.3.2.4) and
hydroperoxyketals (see 3.3.2.5).

GHs  GHs Ca CHa
Hacfng:Nfg@ng:Nfgfcm

CHy  CHg GH;  CHg

67
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The use of initiators such as 68 has been promoted for achieving higher
molecular weights or higher conversions in conventional polymerization and for
the production of block and graft copolymers. The use and applications of
multifunctional initiators in the synthesis of block and graft copolymers 1s briefly
described in Section 7.6.1.

3.3.4 Photochemical Initiators

Photoinitiation is most commonly used in curing or crosslinking processes and
in iniliating gralt copolymerizalion. Major applications include inks and adhesives
and the techneclogies such as laser direct imaging, holography and
stereolithography. Photoinitiation also finds wtility in small scale kinetic and
mechanistic studies {e.g. pulsed laser polymerization, Section 4.5.2). Some
approaches to living radical polymerizztion also make use of photoinitiation
(Sections 3.3.4.2, 9.3.2 and 9.3.3).

General concepts have been discussed in Scetion 3.1.8. General reviews on
photeinitiation include those by Pappas,”** Bassi,” Mishra™’ and Oster and
Yang™ and Gruber.”™ The applications of azo-compounds and peroxides as
photoinitiators are considered in the sections on those initiators {see 3.3.1.1.2,
3.3.2.1.2, & 3.3.2.3.2). References to reviews on specific photoinilialors are given
in the appropriate section below.

3.3.4.1 Aromatic carbonyl compounds

Many reviews have been written on the photochemistry of aromatic carbonyl

b Vo I9G-275 .

compounds®® and on the use of these compounds as photoinitiators.”’**"* Primary
radicals are generated by one of the following processes:

(a) A unimolecular fragmentation involving, most commonly, either a-scission
(Scheme 3.48; ¢ g benrzoin ethers, acylphosphine oxides)

o M 9 _,. o0
—C—X —(_:;i_)j *(} X
Scheme 3.48

or fi-scission {Scheme 3.49; e.g. t-haloketones).



Initiation 99

? 9 6 0
X ATy
X- Xe
Scheme 3.49

Examples of scission of bonds separated from the carbonyl group by a double
bond or an aromatic ring are also known. Thus, the benzil monooxime (69)
undergoes y-scission {Scheme 3.50) (possibly by consceutive a- then B-scissions),

Q
J +0-C-R
0-C-R
O N Q
non % 1]
OO = Ot O
69

Scheme 3.50

(b} A bimolecular process involving direct abstraction of hydrogen from a suitable
donor (Schieme 3.51; e.g. with hydrocarbons, cthers, alcohols),

H-R ‘R
Q hwv - -H
1] — - (|3 —-— (?
Scheme 3,51

or sequential electron and proton transfer (Scheme 3.52; e g with amines,
thiols). The reaction pathway followed depends on whether H-donors or
electron acceptors are present and the relative strengths of the bonds to the a-
and p-substituents.

H
RoN—CH,R' um )
20 2 RQM CHR HngcHHr
h . _
¢ e 9 — ? — o
—C— —C— —C— —C—

Scheme 3.52

3.3.4.1.1 Benzoin and related compounds

Benzoin and a wide variety of related compounds (e.g. 12, 70-74) have been
extensively studied both as initiators of polymerization and in terms of their
general photochemistry.” '~ The acetophenone chromophore absorbs in the near
UV (300-400 nm). In the absence of hydrogen atom donors the mechanism of
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radical generation is usually depicted as excitation to the §,(n,7") state followed by
intersystem crossing to the Ty(n, ) state and fragmentation; typically by «a-
scission (Scheme 3.53).

0O CH

O OH C—C—CH, T 9
OLED e e O,
g 3

70 71 72

H3C\N,CH3

o
) o]

o N QC_C_CH2 O OCH
Oe PTRD 00
CH i
HyC—S ? (_ 3
73 74 12

The benzoin ethers (75, R—alkyl; R'—H) and the a-alkyl benzoin derivatives
(75, R=11, alkyl; R'=alkyl) undergo c.-scission with sufficient facility that it is not
quenched by oxygen or conventional triplet quenchers.”®  This means that the
initiators might be used for UV-curing in air. Unfortunately, it does not mitigate
the usual efTecis of air as an inhihitor (Section 5.3.2). The products of w-scission
(Scheme 3.53) are a benzoyl radical (13) and an a-substituted benzy] radical (76)
both of which may, in principle, initiate polymerization.*’*~"

0 OR . o) OR
OO = O $0
R — R
75 13 76

Scheme 3.53

It should be pointed out that not all benzoin derivatives (75) are suitable for
use as photoinitiators. Benzoin esters (75, R=acyl) undergo a side reactlion
leading to furan derivatives. Aryl ethers (75, R=arvl) undergo B-scission to give a
phenoxy radical (an inhibitor) in competition with a-scission (Scheme 3.54).
Benzoin derivatives with a-hydrogens (75 R'=I[) are readily autoxidized and
consequently can have poor shelf lives.

There are contradictory reports that phenyl glycolate esters {e.g. 72} undergo
photochemistry analogous to the benzoin derivatives. However, a recent study™
suggests that the a-scission pathway is not significant. Photoinitiation with 72
generally involves hydrogen abstraction from solvent, monomer or other
molecules of the initiator to form an initiating species and a relatively unreactive
ketyl radical that decays by dimerization.””
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Scheme 3.54

Depending on the nature of the substituent R', the radical 76 (Scheme 3.53)
may be slow to add to double bonds and primary radical termination can be a
severe complication (see 3.2.9)."*"" The problems associated with formation of
a relatively stable radical are mitigated with certain a-alkoxy (77) and .-
alkanesulfonyl derivatives (79).™° In both cases the substituted bensyl radicals
formed by a-scission (78 and 80 respectively) can themselves undergo a facile
fragmentation to form a more reactive radical which is less likely to be involved in
primary radical terminaiion (Scheme 3.535, Scheme 3.56}.

0 oR 0 R0 R 0
|
(OO (e ol
OR RO RO

77 13 78
Scheme 3.55
0 oA 0 OH o
OO -0l fo —~ 30
(I:Hg CHy -CHs
OSO.R 0SO;R RSOsH
79 13 80
Scheme 3.56

The acyl phosphonates, acyl phosphine oxides and related compounds (e.g. 81,
82) absorb strongly in the near UV (350-400 nm} and generally decompose by -
scission in a manner analogous to the benzoin derivatives.”™'™® Quantum yields
vary from 0.3 to 1.0 depending on structure. The phosphinyl radicals are highly
reactive towards unsaturated substrates and appear te have a high specificity for
addition vs abstraction (see 3.4.3.2).
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OCH, OCHs
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Klos et al”™ described a range of polymerizable benzoin derivatives as
photoinitiators (e.g. 83, 84). These and other polymeric photoinitiators have
advantages as initiators over low molecular weight analogs in circumstances where
migratory stability is a problem. ™%

3.3.4.1.2 Carbonyl compound-tertiary amine systems

Photoredox systems involving carbonyl compounds and amines are used in
many applications. Carbonyl compounds employed include benzophenone and
derivatives, a-diketones |e.g. benzil, camphoroquinone (85),”*"" 9,10-
phenanthrene quinone], and xanthone and coumarin derivatives. The amines are
tertiary and must have a-hydrogens [e.g. N, N-dimethylaniline, Michler's ketone
(86)]. The radicals formed are an ¢-aminoalkyl radical and a ketyl radical.

O
° CHgeN—{ N6 ) NCH,
85 86

The reaction between the photoexcited carbonyl compound and an amine
occurs with substantially greater facility than that with most other hydrogen
donors. The rate constants for triplet quenching by amines show little dependence
on the amine a—C-H bond strength. However, the ahility of the amine to release
an electron is important.”™ This is in keeping with a mechanism of radical
generation which involves initial electron (or charge) transfer from the amine to
the photoexcited carbonyl compound. Loss of a proton {rom the resuliant complex
(exciplex) results in an c-amincalkyl radical which initiates polymerization. The
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concurrently formed kety!l radicals are generally slow to initiate polymerization
and consequently primary radical termination is a common complication with
these initiator systems.

The electron transfer step is typically fast and efficient. Griller ef al.””
measured absolute rate constants for decay of benzophenone triplet in the presence
of aliphatic tertiary amines in benzene as solvent. Values lie in the range 3-4x10°
M s™ and quantum yields are close to unity.

Br Br
0. O 0] E OH
Br Br
' COgNa

87

Visible light systems comprising a photoreducible dye molecule {(e.g 87y or
an a-diketone {e.g. 85)390 and an amine have also been described. The mechanism
of radical production is probably similar to that described for the ketone amine
systems described above (ie. electron transfer from the amine to the photoexcited
dye molecule and subsequent proton transfer). Ideally, the dye molecule is
reduced to a colerless byproduct.

More efficient systems can be constructed by having the two components of
the photoredox system in the one molccule. ™

3.3.4.2 Sulfur compounds

The S-S linkage of disulfides and the C-S linkage of certain sulfides can
undergo photoinduced homolysis. The low reactivity of the sulfur-centered
radicals in addition or abstraction processes means that primary radical termination
can be a complication. The disullides may also be exiremely susceplible lo
transfer to initiator (C, for 88 is ca 0.5, Sections 6.2.2.2 and 9.3.2). However, these
features are used to advanlage when the disulfides are used as initiators in the
synthesis of telechelics™ or in living radical polymerizations.”® The most
common initiators in this context are the dithiuram disulfides (88) which are both
thermal and photochemical initiators. The corresponding monosulfides [e.g. (89)]
are thermally stable but can be used as photoinitiators. The chemistry of these
initiators is discussed in more detail in Section 9.3.2.
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CoHs 5 T CoHs § CoHs
/N*C*S*S*C*N\ CHp-S—C—-N,_
CoHg CoHg CoHs

88 89

3.3.5 Redox Initiators

The early history of redox initiation has been described by Bacon.™ The
subject has also been reviewed by Misra and Bajpai,”’ Bamford™ and Sarac.””
The mechanism of redox initiation is usually bimolecular and involves a single
clectron transfer as the essential feature of the mechanism that distinguishes it
from other inttiation processes. Redox initiation systems are i common use when
initiation is required at or below ambient temperature and they are frequently used
for initiation of emulsion polymerization.

Common components of many redox systems are a peroxide and a transition
metal ion or complex. The redox reactions of peroxides are covered in the sections
on those compounds. Discussion on specific redox systems can he found in
sections on diacyl peroxides (3.3.2.1.5), hydroperoxides (3.3.2.5), persulfate
(3.3.2.6.1) and hydrogen peroxide {3.3.2.6.2).

Numerous redox systems have been described which do not involve peroxides
including many metal ion free systems such as the photoredox reaction involving
carbonyl compounds and tertiary amines {3.3.4.1.2). The following iwo sections
describe redox systems based on the use of metal complexes and simple organic
molecules. Various transilion metal salts or complexes oxidive or reduce organic
substrates by single electron transfer and radicals formed from the organic
compound may initiate polymerization.””® We focus on metal complex-organic
halide (3.3.5.1}, and ceric ion-organic substrate systems {3.3.5.2).

3.3.5.1 Metal complex-organic halide redox systems

Metal complex-organic halide redox initiation is the basis of ATRP. Further
discussion of systems in this context will be found in Scetion 9.4, The kinctics and
mechanism of redox and photoredox systems involving transition metal complexes
in conventional radical polymerization have been reviewed by Bamford.*”®

One photoredox system which has seen significant use comprises a transition
metal in a low, typically vero, oxidation state {e.g. Mo(CQ),, Re(CO)) and an
organic halide. Radical production invelves single electron transfer from the metal
to the halogen substitucnt of the alkyl halide which then fragments to form a halide
ion and an alkyl radical.”” Accordingly, the organic fragment of the alkyl halide
should be a good electron acceplor, [or example, CCl,, CHCls, a-halokelones, o-
haloesters. The use of polymeric halo compounds allows this chemistry 1o be used
in the preparation of block and grafi copolymers (Section 7.6.2).7°%

The metal complexes most commonly used in these photoredox systems are
manganese and thenium carbonyls. The proposed mechanism of the photoredox
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regction involving Mn.(CQ),, is represented schematically as follows {Scheme
3.57). Quantum yields for photoinitiation are high.”® Redox couples involving
similar metal complexes and an electron deficient monomer (typically a fluoro-
olefin) have also been deseribed.™”

h *
Mny(COlp —  Mnp(COlg  — =  (CO)sMn—s—Mn(CO)s

(CO)sMn—s  + Mn{CO)g
fast lHX slowl RX

MR(COJsX + R-

s = solvent, monomer or coordinating additive (e.g. acetylacetone)

Scheme 3.57

3.3.5.2 Ceric ion systems

Ceric ions oxidize various organic substrates and the mechanisms typically
involve radical intermediates.”™ When conducted in the presence of a monomer
these radicals may initiate polymerization.

The reaction of ceric ion with alcohols,”” amides and urethanes™ is thought
to involve single electron transfer (o the ceric ion and loss of a proton 1o give the
corresponding oxygen- or nitrogen-centered radical (Scheme 3.58). The reaction
may involve ligation of cerium. Mechanisms for ceric ion oxidation of alcohols
which yield a-hydroxyalkyl radicals as initiating species have also been proposed.

XH + GCe™ » X o+ Ce™ + H*

Scheme 3.58

Ceric ions react rapidly with 1,2-diols. There is evidence for chelation of
cerium and these complexes are likely intermediates in radical generation.***%
The overall chemistry may be understoed in terms of an intermediate alkoxy
radical which undergoes p-scission o give a carbonyl compound and a
hydroxyalkyl radical (Scheme 3.59). However, 1t is also possible that there is
concerted electron transfer and bond-cleavage. There is little direct data on the
chemical nature of the radical inlermediates.

The specificity for reaction with 1,2-diols over mono-ols and 1,3-diols
accounts for the finding that oxidation of PVA gives specific cleavage of the 1,2-
diol groups present as a consequence of head addition to monomer (see 4.4.3.2).
The 1,3-glycol units in PVA also complex ceric ion and, while these complexes
dccomposce only slowly under normal conditions, they undcrgo a facile
photoinduced decomposition to generate initiating species.™’
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The reaction ol ceric ions with polymer-bound [unciionalities gives polymer-
bound radicals. Thus, one of the major applications of ceric ion initiation
chemistry has been in grafting onto starch, cellulose,’*>**® polyurethanes and
other polymers.’®™ The advantage ol this over conventional initiating systems is
that, ideally, no low molecular weight radicals which might give homopolymer
contaminant are formed.

The ceric ion alse is also known to trap carbon-centered radicals (initiator-
derived species, propagating chains) by single electron transfer (Scheme 3.60).

ey + GV wnnn g 4+ e

Scheme 3.60

3.3.6 Thermal Initiation

This section describes polymerizations of monomer(s) where the initiating
radicals are formed from the monomer(s) by a purely thermal reaction (i.e. no
other reagents are involved). The adjectives, thermal, sell-initiated and
spontaneous, are used interchangeably to describe these polymerizations which
have been reported for many monomers and monomer combinations, While
homopolymerizations of this class typically require above ambient temperatures,
copolymerizations involving certain electron-acceptor-electron-donor moencmer
pairs can occur at or below ambient temperature.

Aspects of thermal initiation have been reviewed by Moad et af.,*” Pryor and
Laswell,’'® Kurbatov,”' and Hall?® It is often difficult to establish whether
initiation is actually a process involving only the monomer. Trace impurities in
the monomers or the reaction vessel may prove to be the actual initiators. Purely
thermal homopolymerizations to high molecular weight polymers have only been
demonstrated unequivocally for § and its derivatives and MMA. For these and
other systems, the identity of the initiating radicals and the mechanisms by which
they are formed remain subjects of controversy.
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3.3.6.1 Styrene homopolymerization

The thermal polymerization of § has a long history.>'® The process was first
reported in 1839, though the involvement of radicals was only proved in the 1930s.
Carcfully purified S undergoes spontancous polymerization at a rate of ca 0.1%
per hour at 60 *C and 2% per hour at 100 “C. At 180 °C, 80% conversion of
monomer to polymer occurs in approximately 40 minutes. Polymer production is
accompanied by the formation of § dimers and trimers which comprise ca 2% by
weight of total products. The dimer fraction consists largely of ¢is- and trams-1,2-
diphenylcyclobutanes (90 and 91) while the stereoisomeric tetrahydronaphthalenes
(92 and 93) arc the main constituents of the trimer fraction,*”

9 g
s s g

90 91
The two most widely accepted mechanisms for the spontancous gencration of
radicals from S are the biradical mechanism (lop hall of Scheme 3.61) [irst
proposed by Flory’™ and the Mayo®” or MAH (molecule assisted homolysis)
mechanism (lower part of Scheme 3.61).

90 and 91
©/\ H-donor O
~ | |
O initiating radicals

94

R4
e

byproducts inc. 92 and 93 25
Scheme 3,01
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The Mayoe mechanism involves a thermal Diels-Alder reaction between two
molecules of S to generate the adduct 95 which donates a hydrogen atom to
another molecule of S to give the initiating radicals 96 and 97. The driving force
for the molecule assisted homaolysis is provided by formation of an aromatic ring.
The Diels-Alder intertmediate 95 has never been isolated. However, related
compounds have been synthesized and shown to initiate $ polymerization.”"

b
%6~ 5%

Scheme 3.62

The identification of both phenyvlethyl and 1-phenyl-1,2,3,4-
tetrahydronaphthalenyl end groups in polymerizations of siyrene relarded by
FeCly/DMF provides the most compelling evidence for the Mayo mechanism.*'®
The l-phenyl-1.2,3 4-tetrahydronaphthalenyl end group is also seen amongst other
products in the TEMPO mediated polymerization of styrene.’'™'® However, the
mechanism of formation of radicals 96 in this case involves reaction of the
nitroxide with the Diels-Alder dimer (Scheme 3.63). The mechanism of nitroxide

mediated polymerization is discussed further in Section 9.3.6.
L

95

H

Scheme 3.63
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The Diels-Alder intermediate (95) is also rapidly trapped by aromatization in
the presence of acids (Scheme 3.64). Thus, the observation by Buzanowski et
al " of dramatically lower rates for S polymetizations carried out in the presence
of various acid catalysts, is circumstantial evidence for the Mayo mechanism,

D e (U
H

95
Scheme 3.64

Despite the body of evidence in favor of the Mayo mechanism, the formation
of diphenyleyelobutanes (90, 91) must sull be accounted for. [t 1s possible that
they arise via the 1,4-diradical 94 and it is also conceivable that this diradical is an
intermediate in the formation of the Diels-Alder adduct 95 {(Scheme 3.64) and
could provide a second (minor) source of initiation. Direct initiation by diradicals
is suggested in the thermal polymerization of 2,3,4,5.6-pentafluorostyrene where
transfer of a fluorine atom from Diels-Alder dimer to monomer seems highly
unlikely (high C-F bond strength) and for derivatives which cannot form a Diels-
Alder adduct.

Thermal initiation of styrene has been shown to be third order in monomer.
The average rate constants for third order initiation determined by Hui and
Hamielec is k= 10" 9D (M7 The rate constant for formation of the
Mayo dimer determined in trapping experiments with nitroxides (Scheme 3.63) or
acid (Scheme 3.64) as ko = 10 ™" (A7 g substantially higher than is
required 1o account for the rate of initiation. [t has been postulated that radical
production proceeds mainly through the isomer of 95 in which the phenyl group is
axial”*** Both isomers of 95 can give rise to the trimers 92, possibly by an ene
reaction between 95 and 8. However, the trimers 92 could alse be formed by cage
combination of radicals 26 and 97.

3.3.6.2 Acrylate homopolymerization

Various acrylates, methacrylates and related compounds have been reported to
undergo spontaneous polymerization.”'" A complication in studying thermal
polymerization of MMA is the difficulty in eliminating impurity initiated
polymerization, The monomer is extremely difficult to purify or retain in a "pure”
state. These problems have led some to question whether there 1s any true
spontaneous initiation.”” It is, in any event, clear that the rate of thermal
polymerization of MMA is substantially less than that of S at the same temperature
(at least 70-fold less at 90 °C). "™
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Scheme 3.65

Dimer and trimer byproducts have been isolated from MMA polymerizations
and these are suggestive of 1,4-diradical intermediates.”””** Lingnau and
Mcyerhoff*™ found that rates of spontancous polymcrization of MMA werc
substantially higher in the presence of transfer agents (RH). They were able to
isplate the compound (98) that might come from (rapping of the hiradical
intermediate (Scheme 3.65).

3.3.6.3 Copolymerization

Monomers thalt are strong electron donors may undergo sponlaneous
copolymerizaton with strong electron acceplor monomers by a radical mechanism.
In certain cases homopolymers formed by an ionic mechanism accompany
copolymer formation.*'*"*

Examples where radical initiation is believed to be dominant include:

(a) S with MAITLP05 A4 332 AN 32355 vinylidene (:y'cmid(:,335 or dimethyl 1,1-
dicyanoethane-2,2-dicarboxylate.”’*

(h) p-Methoxystyrene with trimethyl ethylenetricarboxylate’> or dimethy]
cvanofumarate.™*

(c) 1,2-Dimethoxyethylene with MAH.”’

(d) Vinyl sulfides with a range of electrophilic monomers.”"

Various mechanisms have been proposed to explain the initiation processes,
The self-initiated copolymerizations of the monomer pairs S-MMA and S-AN
proceed at substantially faster rates than pure S polymerization. For S-AN** and
S-MAH™' the mechanism of injtiation was proposed to be analogous to that of $
homopolymerization (Scheme 3.62) but with acrylonitrile acting as the dicnophile
in the formation of the Diels-Alder adduct (Scheme 3.66).

Various oligomers formed by Diels-Alder/ene reactions are chserve
For S-MAH polymerization Sato ef o' used spin trapping to identify the
iniliating species. On the other hand, in the case of S-AN copolymerization, the

d .333.334
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finding that acid catalysts do not affect the rate of polymerization argues against
the involvement of this species in the initiation mechanism. ™ Acid catalysts,
which effectively trap the Diels-Alder intermediate (95) by aromatization (see
3.3.6.1), have been lound to lower the rale of thermal S homopolymerizalion

dramatically.”"”
-
~ H

CN \ / CN

CN

Scheme 3.66

Other postulated mechanisms for spontancous initiation include clectron
transler followed by proton transfer 1o give two monoradicals,”™ hydrogen atom
transfer between a charge-transfer complex and solvent,”™ and formation of a
diradical trom a charge-transfer complex.™”

Hall’'*** has proposed a unifying concept based on tetramethylenes
{resonance hybrids of 1.4-diradical and zwitterionic limiting structures - Scheme
3.67) to rationalize all donor-acceptor polymerizations. The predominant
character of the tetramethylenes (zwitterionic or diradical) depends on the nature
of the substituents,”'***" However, more evidence is required to prove the more
global application of the mechanism.

A
. — = free radical
A copolymerization
—/ D
A

—» anionic or cationic
homopolymerization

A = acceptor
D = donor

Scheme 3.67

3.4 The Radicals

[n this section, the reactions undergone by radicals generated in the initiation
or chain transfler processes are detailed. Emphasis is placed on the specificity of
radical-monomer reactions and other processes likely to take place in
polymerization media under typical polymerizalion conditions. The various
factors important in determining the rate and selectivity of radicals in addition and
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substitution processes have already been discussed in general terms in Sections 2.3
and 2.4 respectively.

3.4.1 Carbon-Centered Radicals

Carbon-centered radicals are produced as primary radicals in the
decompaosition of azo-compounds (¢.g. Scheme 3.68),

CHg Oty CHs
CHy~C~N=N-C~CHy No CH3—C-
Ph Ph Ph
Scheme 3.68

as secondary radicals from peroxides by fi-scission of the initially formed acyloxy
or alkoxy radicals {¢.g. Scheme 3.69),

9 0 Q COp
CHg(CHa)1g-C-0-0-C~(CHp)1oCHg — | CHa(CHp)rg-G-O+| —— CH3(CHa)gCHz»
LPO

Scheme 3.69

and by transter reactions (e.g. Scheme 3.70).

R+ + PhCHy —PH o~ phcH,
Scheme 3.70

In this section we consider the propertics and reactions of three classes of
carbon-centered radicals: alkyl radicals (3.4.1.1), aryl radicals (3.4.1.2) and acyl
radicals (3.4.1.3).

3.4.1.1 Alky! radicals

Primary radical termination involving alkyl radicals is described in Sections
2.5 and 7.4.3. Their reactions with monomers are also discussed in Sections 2.3
(fundamental aspects) and 4.5.4 (mode!l propagation radicals). Their chemistry has
been reviewed by Fischer and Radom,” Giese, ™ Tedder,”" Beckwith,*”
Riichardt,”® and Tedder and Walton>***%

Alkyl radicals, when considered in relation to heteroatom-centered radicals
(e.g. -butoxy, benzoyloxy), show a high degree of chemo- and regiospeeificity in
their reactions. A discussion of the factors influencing the rate and regiospecificity
of additien appears in Scction 2.3, Significant amounts of hcad addition arc
observed only when addition to the tail-position is sterically inhibited as it is in
«,p-disubstituted monomers. For example, with p-alkylacrylates, cvclohexyl
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radicals give head addition and the proportion can be correlated with the steric size
of the B-substituent.**

Rate constants for reactions of carbon-centered radicals for the period through
1982 have been compiled by Lorand™® and Asmus and Bonifacic®*® and for 1982-
1992 by Roduner and Crocket.' The recent review of Fischer and Radom should
also be consulted.™  Absolute rate constants for reaction with most monomers lie
in the range 10°-10° M s, Rate data for reaction of representative primary,
secondary, and tertiary alkyl radicals with various monomers are summarized in
Table 3.6.

In the absence of heteroatom containing substituents (e.g. halo-, cyano-), at or
conjugated with the radical center, carbon-centered radicals have nucleophilic
character. Thus, simple alkyl radicals generally show higher reactivity toward
clectron-deficient monomers (e g. acrylic monomers) than towards clectron-rich
monomers (e.z. VAc, 8) — Table 3.6.

Simple alkyl radicals thus scem ideal as initiating specics:

{a) They show a high degree of regiospecificity for tail vy head addition.
{b) They show a high specificity for addition vs abstraction. Rate constants for

hydrogen abstraction from monomers and solvents {e.g. toluene) are generally
much smaller (ca 100-fold less) than those for addition to double bonds.

{c) They react rapidly. Side reactions such as primary radical termination are thus
minimal.
Thus alkyl radicals do not give unwanted end-group functionality and the
kinetics of initiation arc comparatively uncomplicated. However, this situation can
be perturbed by substitution at or near the radical center.

3.4.L1.1 a-Cyanoalkyl radicals

Thermal or photochemical decomposition of azonitriles {e.g. AIBN) affords a-
cyanoalky! radicals (Scheme 3.71).%

ON  CN CN
HsC-C-N=N-C-CHy ——> HzC~C-
CHy  ChHs CHg
AIBN
Scheme 3.71

The reaclions ol cyanoisopropy! radicals with monomers have been widely
studied. Methods used include time resolved EPR spectroscopy,”™ radical
trap]:)irlgm'355 and oligomerm‘m and polymer end group determination.”®*
Absolute™' and relative reactivity data obtained using the various methods (Table

3.6) are in broad general agreement.
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Table 3.6 Kinetic Data for Reactions of Carbon-Centered Radicals

Radical Temp ksx10° kil
°C M'g! AMS MA MMA AA MAA
CHa0H 25 0.23 12 3 26 - -
CHoPh 25 0.011 0.77 0.39 1.9 - -
e 69" 3.2° 0.6 3.5 - A7 44
CH.- 65 - 1.16 1.3 1.8 - -
CH,» 25 2.6 1.2 1.3 1.9 - -
SHLC(=0)C(CHy)s  25° 19 2.1 0.26 0.68 - -

GHLCN 25 3.8 1.7 0.29 0.63 - -
CHsCHPh 1000 - 1.1 1.5 1.9 - -
(GHa)2CH 60 4.7 . . 0.3 ; ]

Oy 200 - 093 67 5.0 ; ;
(CH3),COH 25 7.3 0.27 47 22 - -
(CH3)3C - 25 1.3 ¢.45 8.5 5.1 - -
(CHg)aCCORCHs 60" - - 0.7 ) i
(CHa)GCOLC(CHg)y 25 0.055 11 0.21 0.67 - -
PhCH-C(COLEY, 607 - - 0.0071 - - .
(CHa)2CON 30¢ - 1.06°5 - 0.56 - -
(CHa)2CCON 60" 0.03 095 03 0.56 - -
(CHa)»CCN 1000 - 0.87 - 0.36 - -
(CHa),GCN 25" 0.024 096 015 0.66 - -
<) 25 1100 - - 1.6 - -
<) 60" - L3101 073 L6 - -

clg p 25t - - 0.66 1.03 - -

a ln acetic acid. b In acetonitrile. ¢ 40 °C intoluene. d In benzene. Value based on the
reported rate constant for addition to MANY and the value of kyariks shown. e 453°C.  In
toluene, g 30 °C, in ethyl acetate. h Reported values corrected using a more recent rate

constant for the 5-hexenyl clock.”®

tetrachloride. | [n aqueous acetone.

i In methylene chloride. jIn Freon 113. k In carbon
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Table 3.6 (continued)

Ktk _ Rels. Radical
AN MAN VAc PAC Vi Phi“H;
47 29 0.025  0.029¢ 1.2 - 1 CHaOH
2.0 6.0 0.013  0.042 - - 41366 CH,Ph
75 - - - - - * S
2.2 2.7 0.038 - - 0.000015 #7208 CHyr
2.4 3.0 0.053  0.046 0077 - il CHye
028 049 0034 0046 0037 - 1569 CHyC(=0)C(CHg)y
020 045  0.034 0031 0031 - i EH,CN
5.0 - - - - - e CHCHPh
- - - . - - 7 (CH)2CH
24 13 012 - 0.016 - 342 @)
205 62 0.010  0.0066 - - i (CH3)2CGOH
40 13 0.032 0013 0.12 - AT (CHg)C +
_ : 0.03" - - B (GH3)2CC0,CH;
045 081 00032 0011 - - FITAT GG C0aC(CHg)
0.0088 - 0.0074 - - - 76 PHGHC(COLEN,
) ) 0.02 ) ) ) 357,358 (CHaplCN
044 034 003 - 0.04° - 00.357-563 (CHg)CON
- 049 005 - - - 98362364 (CHg),CCN
0.84 044 0017 0033 025 - 341352 (CHgloGCN
- - - - - 0.015 37 <)
14 130 014 014 018 - e P2

379

0.68

Cl
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Absolute rate constants for addition reactions of cyanoalkyl radicals are
significantly lower than for unsubstituted alky! radicals falling in the range 10°-10°
M's? 2" The relative reactivity data demonstrate that they possess some
electrophilic character. The more electron-rich VAc is very much less reactive
than the electron-deficient AN or MA. The relative reactivity of styrene and
acrylonitrile towards cyanoisopropyl radicals would seem to show a remarkable
temperature dependence that must, from the data shown (Table 3.6), be attributed
to a variation in the reactivity of acrylonitrile with temperature and/or other
conditions.

Cyanoisopropyl radicals generally show a high degree of specificity in
reactions with unsaturated substrates. They react with most monomers {e.g. S,
MMA) exelusively by tail addition (Scheme 3.4). However, Bevington ef aol.' '
indicated that cyanoisopropyl radicals give ca 10% head addition with VAc at 60
°C and that the proportion of head addition increases with increasing temperature.

a-Cyanoalkyl radicals show relatively little tendency to abstract hydrogen
from monomer, solvent, or polymer even in relation lo other alky! radicals.’®
However, these radicals, like other carbon-centered radicals,” react with oxygen at
diffusion controlled rates (Scetion 3.2.3). For polymerizations carried out in
poorly degassed media, it has been proposed™" that abstraction products,
peroxide linkages, and other defect structures may arise through the intermediacy
of a alkylperoxy radical (Scheme 3.10).

The a-cvanoalkyl radicals can, in principle, react with substrates either at
carbon or at nitrogen (Scheme 3.72). However, reaction at nitrogen to give a
ketenimine is usually only observed in cases of reactions with other radicals
(Section 5.2.2.1.3) or organometallic reagents.”® There is a report of a ketenimine
structure being formed in a radical substitution reaction (Section 4.4.2). There is
as yel no evidence for ketenimine being produced in reactions with monomers or
spin traps™* despite scveral studies aimed specifically at detecting such
processes. It is anticipated thai reaction through nitrogen would be lavored by
steric hindrance at the site of attack "and by electron donating substituents on the
substrate, It is also likely that addition via the nitrogen will be readily reversible
(i.e. rapid and irreversible trapping of the initial adduct will be required to observe
this pathway).

A number of reports indicate that primary radical termination can be
important during polymerizations initiated by azonitriles. However, for the case of
S polymerization initiated by AIBN, NMR end group determination’ shows that
primary radical termination is of little importance ¢xcept when very high rates of
initiation are employed (e.g. with high initiator concentrations at high
temperatures).  (yanoalkyl radicals give a mixture of combination and
disproportionation in their reactions with other radicals (see also Sections 2.5,
7.4.32, 7433 and 7.4.3.5). This finding is signilicant for those who use
azonittiles as mnitiators in producing telechelics (Section 7.5.1).

104,108,383
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on woonox
H3C_(F""_" ch—Q:C:N‘ Tﬁ- HaC_Q‘CHQ‘?‘ — Pn-
CHg CHs p CHg Y

cN k""l N N

HsG-C Py + HiG-G=C=N—-P,  HsC-C=C=N-CHp-C-
CHy CHj CHg Y

+ dispropertionation

Scheme 3.72

3.4.1.2 Ayl radicals

Aryl radicals are produced in the decomposition of alkylazobenzenes and
diazonium salts, and by p-scission of aroyloxy radicals (Scheme 3.73). Aryl
radicals have been reported to react by aromatic subsitution (e.g. of $*) or abstract
hydrogen (e.g. from MMA'") in competition with adding to a monomer double
bond. However, these processes typically account for <1% of the total. The
degree of specificity for tail vs head addition is also very high. Significant head
addition has been observed only where ail addition 1s retarded by steric factors
(e.g. methyl crotonate'® and p-substituted methyl vinyl ketones™ ™).

CHa N CHg
Ph-N=N-C-CH, — 2 = Ph + HaC-C-
CHg CHg
9 -CO,
Ph-C-O- ——= Ph

Scheme 3.73

Absolute rate constants for the attack of aryl radicals on a variety of substrates
have been reported by Scaiano and Stewart (Ph+)'"" and Citterio et al.
{(p-CIPhe)}"**" The reactions are extremely facile in comparison with additions of
other carbon-centered radicals [e.z. k(8 = 1.1x10° M s at 25 °C].*77 Relative
reactivities are available for a wider range of monomers and other substrates
(Table 3.6).°7773% Phenyl radicals do not show clear cut clectrophilic or
nucleophilic behavior.

3.4.L3 Acyl radicals

IPhenacyl radicals are produced by photodecompaosition of initiators containing
the phenone moiety (Scheme 3.74). These initiators include benzoin derivatives
and acylphosphine oxides (see 3.3.4.1.1). Acyl radicals can be formed by
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hydrogen abstraction from aldehydes. Varicus other sources have been
described

Scheme 3.74

The general chemistry of acyl radicals has been recently reviewed.™ Acyl
radicals have nucleophilic character. Absolute rate constants for substituted
phenacy! radical addition to BA have been reported to be in the range 1.3-5.5x10°
M's" at25°C.%%

Acyl radicals undergo decarbonylation. For aliphatic acyl radicals the rate
constant for decarbonylation appears to be correlated with the stability of the alkyl
radical formed. Values of the decarbonylation rate constant range from 4 s ' (for
CH;C()0) to 1.5x10% 57" [Tor (CH3),C(Ph)C(+)O] at 298 °C.*™ The loss of carbon
monoxide from phenacyl radicals is endothermic and the rate constant is extremely
low (ca 107 7 at 298 °C).*** Consequently, the reaction is not observed during
polymerization experiments.

34.2 Oxygen-Centered Radicals

Oxygen-centered radicals are arguably the most common of initiator-derived
species generated during initiation of polymerization and many studies have dealt
wilh these species. The class includes alkoxy, hydroxy and acyloxy radicals and
the sulfate radical anion (formed as primary radicals by homolysis of peroxides or
hyponitrites) and alkylperoxy radicals {produced by the interaction of carbon-
centered radicals with molecular oxygen or by the induced decomposition of
hydroperoxides).

There is an cxcellent, if non critical, compilation of absolute and relative rate
data for reactions of oxygen-centered radicals covering the literature through
19827 and for 1982-1992. Selected data from these and other sources are
summarized in Table 3.7 and Table 3.8. The reactions of oxygen-centered radicals
and their use in organic synthesis has been recently reviewed by Hartung et af.””'

The pathways whereby oxygen-centered radicals interact with monomers show
marked dependence on the structure of the radical (Table 3.8}. For example, with
MMA the proportion of tail addition varies from 66% for /-butoxy to 99% for
isopropoxycarbonyloxy radical. The reactions of oxygen-centered radicals are
discussed in detail in the following seclions,

3.4.2.1 Alkoxy radical

Alkoxy radicals are frequently encountered as initiating species in
polymerizations and have been the subject of numerous laboratory studies. Most
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work has concentrated on the chemistry of -butoxy radical and relatively little
attention has been paid to the chemistry of other alkoxy radicals. The chemistry of

alkoxy radicals has been the subject of several reviews.”™ "

Table 3.7 Selected Rate Data for Reactions of Oxygen-Centered Radicals”

Radical  Temp Asx10° klks
“C M-IS-I AMS MA MMA AN MAN VAc PhCII; refs.

{CHy),COe 60 ~9% 1.3 006 0.28 005 012 006 0.19 B
(CH.),(PRYCO- 60 ~30° - -0l - - - .oon

Ho- 60 - 12 034 063 - . - . W

HO- 25 200000 - - 1.0 027 09 - .

PhCO,- 24 5100 - - - - - - .

PhCO,» 60 - - 005 012 <005 - 036 - ¥
PhCOQ' 60 _ _ 002 01 1 002 _ 026 _ 10.11.22.4040.41

a Owverall reactivity. Rcaction pathways arc shown in Table 3.8. b Based on rate constant tor
[-scission as clock reaction' and the yield of methy! radical-derived products ebserved in bulk §
nolymerization.® ¢ Based on the analévsis of Rizzardo er al.”” but assuming a rate constant for
f3-scission for cumyloxy radical of 1.5x 10" at 60 °C,

3.4.2. 1.1 t~-Butoxy radicals

The reactions of f-butoxy radicals are amongst the most studied of all radical
processes. These radicals are generated by thermal or photochemical
decomposition of peroxides or hyponitrites (Scheme 3.75).

Gy GHg
HyC~C-0-0-C~CHz
CHz  CHg
DTBP
M GHs OHs Q@ Ot
HgC~G-O-N=N-0-G-CHy HyC-G-0-0-C-C-0-0-C~CHy
CHa CHs CHa CHg
34 DBPOX
Ny cH 2 CO,
HgC-C -0
CHs

Scheme 3.75
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Table 3.8 Specificity Observed in the Reactions of Oxygen-Centered Radicals
with Various Monomers al 60 °C

Monomer Radical Pathway'
H (CH3)3CO'h‘C‘g 100 . i _
(CHa)chzo.b.c.J(lz 100 ) i ]
CH,= C -“— B CHacHgO'h'c'm 100 i ) -
/ (CH%)Z(Ph)co-“-‘-73 100 - . i
HO--397 %7 5 ] ;
PhCO,"** 80 6 . 14
(CHS)ZCHOCOE.ILC‘JU.S 05 _ é
c (CH%)%CO_b_u‘r.s% 25 ) T -
P4 ke oo
CH,
/
CHy=( -— B .
A
H (CHaleCO: heto 83 2 s
CHQ:C\ B PRCO,-4!" 34 16 ) -
/ C—O —CH,
A I
C (CH,),CCH;C ,vﬁ(-t,% _ 338 0
/ (CH3),CO- 66 - 30 4
CH (CHg) O 70 - 26003
/e o (CHa)o(PR)CO"7 88 - 12 )
CH,=C =— 8 / (CH) CHOW123 92 6 g )
/ \C—O —CH CH :54 QD4 87 7 s 3
|| 3 Ho?h.iqg 93 _ <]5 _
A 0 PhCOE-c‘d'I“ =G0 R i

(CHa)oCHOCO ™'
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Table 3.8 (continued)

Monomer Radical Pathway®
A B C D
H (CHZ),COm > 100 - - -
PhCO2'C'd'4m 9] 2 - -
CH,=C_ == °
CN
A
/ o (CHS)SCD_E‘J,;:A(E 74 _ 26 _
CH4
/
CH2=C\ -8
CN
A
H (CHg),CO-"*1 79 15 - 6
c.d 401 - -
PhCO,+ 76 24

A
c (CHS)GCO_b.c.I'.S‘JG 4% _ 48 4
CHg'/
CH,=( =— B D
O—C—CH,
: ]

a Relative yields of products formed by pathway indicated. All data rounded to nearest 1%. A
dash indicates that the product was not detected. b In bulk monomer. ¢ Yields have been

normalized to exclude P-seission products. d In 30% w/v acetone/monomer. e Total

abslraction b‘y benzavloxy and phenyl radicals. f Addition:abstraction ralio shows solvent
2[.3¢ . . . . . A

dependence 2% g Valucs approximale. Radical gives mainly P-scission and 1,5 H alom

wwansfer  h Product detected
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In a polymerization reaction they may:
(a) Initiate a chain by adding to the double bond of a monomer.

(b) Abstract a hydrogen atom from the monomer, solvenl, or another component
of the reaction mixture to afford a new radical species and {-bulanol (primary
radical transfer).

(c) Undergo f-scission to give methyl radicals and acetone (e.g. Scheme 3.6).

The relative impeortance of these processes depends strongly on the particular
monomer(s} and the reaction conditions.

In contrast to most other oxygen-centered radicals [e.g. benzoyloxy (3.4.2.2.1),
hydroxy {3.4.2.3}], +-butoxy radicals and other f-alkoxy radicals (3.4.2.1.2) show
relatively high regiospecificity in reactions with carbon-carbon double bonds
(Table 3.8). Nonetheless, significant amounts of head addition are observed with
the halo-oleting,”*** simple alkencs,™” vinyl acctate and methyl acrylate.*™* Head
addition is generally not observed with 1,1-disubstituted monomers. The
exception is vinylidene luoride™*" where head addition predominates (Section
2.4). With allyl methacrylate (99)*° and allyl acrylate (100),** r-butoxy radicals
give substantially more addition 1o the acrylate double bond than to the allyl
double bond (see Figure 3.4).

Studies of the relative reactivity of #-butoxy radicals with substituted
styrenes,”” toluenes®'""'* and other substrates (see 2.3.3) indicate thal they are
slightly electrophilic in character. However, Sato and Otsu ° found that the order
of reactivity of f~-butoxy radicals towards a scrics of monomers was different from
that of the more electrophilic benzoyloxy radicals. They concluded that product
radical stability was important in determining reactivity. Cuthbertson e af.*
examined the reactions of f-butoxy radicals toward fluoro-olefins and found a
pattern of reactivities more characteristic of a nucleophilic species. The strength
ol the bond being formed plays an important role in delermining regiospecificity.
The factors influcncing the specificity and rate of addition are discussed in greater
detail in Section 2.3.2.

/ 0.9

CH, 10 / 1.1
CHZ_Cic_O / /31 /CHE_C\I‘-IC_O / 28
TR o T~
32.8 0 f - O f
4.2 81.5
99 100

Figure 3.4 Rclative reactivity of indicated site towards #butoxy radicals for allyl
methacrylate (99} and ailyl acrylate (100}
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Many investigations'*"*?"?#413414 have shown that the reaction of #-butoxy
radicals with monomers bearing sp® hydrogens invariably produces a mixture ol
initiating radicals arising from hydrogen abstraction and addition {Table 3.8).
Simple alkenes {e.g. butenes),’™ vinyl ethers'"” and higher acrylates (e.g. BMA -
Figure 3.5)%'° may give predominantly abstraction. The specificity seen in attack
on the ester group has been attributed to polar factors.*'® The positions a- and p-
to the ester oxygen are strongly deactivated towards attack by r-butoxy radicals.

18.1

88 317
BMA

Figure 3.5 Relative reactivity of indicated site towards 7-butoxy radicals.

t-Butoxy radicals also undergo unimolecular fragmentation to produce acctone
and methyl radicals (Scheme 3.6). Significant amounts of the B-scission products
are obtained in the presence of even the most reactive monomers (e.g. S%. The
reactions of methyl radicals have been discussed ahove (see 3.4.1.1).

The relative amounts ol double bond addition, hydrogen abstraction and p-
scission observed are dependent on the reactivity and concentration of the
particular monomer(s) emploved and the reaction conditions. Higher reaction
temperatures are reported to favor abstraction over addition in the reaction of ¢-
butoxy radicals with AMS*" and cyclopentadiene.'’ However, the opposite trend
is seen with isobutylene.™’

Pioncering work by Walling’™ cstablished that the specificity shown by -
butoxy radical is solvent dependent. Work™ """® on the reactions of /-butoxy
radicals with a scrics of a-methylvinyl monomers has shown that polar and
aromalic solvenls favor abstraction over addition, and f-scission over either
addition or abstraction. Recently, Weber and Fischer'® and Tsentalovich ez al.*"
reporied absolute rate constants for f3-scission of 2-butoxy radicals in various
solvents. These studies indicate that fi-scission is strongly solvent dependent
while abstraction is relatively insensitive to solvent.
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Table 3.9. Kinctic Data tor Reactions of +-Butoxy Radicals in Various
Solvents. "'

[F-Scission Abstraction from cyclohexane
solvent ky E log(A/s)  kax107 Fa log(AM s
' kI mol Mt K mol
Fiigen 1137 8050 527 32 8.3 1.9 3.0
DTBI 12000 305 129 - - -
CeHs 20300 487 12.8 26 12.1 85
CoHsF 21400 475 12,7 9.8 14.0 8.2

a 1,1, 2-trichloro-1,2,2-tei Muoroethane. b Temperature 298 K.

3.4.2. 1.2 Other t-alkoxy radicals

Various #-alkoxy radicals may be formed by processes analogous o those
described for (-butoxy radicals. The data available suggest that their propensities
for addition vs abstraction are similar.” Ilowever, rate constants for B-scission of
t-alkoxy radicals show marked dependence on the nature of subslituents ¢ o
oxygen (Figure 3.6).” """ Polar, steric and thermodynamic factors are all
thought to play a part in favoring this trend.*

+o et 7<—’~c3 o (fo o

1 252 254 2670 3300 28000 86400
Figure 3.6 Relative rate constants for B-scission of r-alkoxy radicals at 60 °C.*!

‘Thus, even if f-amyloxy radicals (101) show similar specificity for addition vs
abstraction to -butoxy radicals, abstraction will be of lesser importance.”™*” The
reason is that most f~amyloxy radicals do not react directly with monomer. They
undergo {3-scission and mitiation is mainly by ethyl radicals. Ethyl radicals are
much more selective and give addition rather than abstraction. This behavior has
led to f-amyl pcroxides and pcroxyesters being promoted as superior to the
corresponding +butyl derivatives as polymerization initiators,*

CHy OHy
CQH5_C_O' Ph—C-0O-
1 I
CHy CHg
101 102

1,5-H atom transfer is another important unimolecular pathway for f-alkoxy
radicals that have a suitably disposed hydrogen atom (Scheme 3.76). 4%+
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Scheme 3.76

The rate constant of p-scission of cumyloxy radicals (102) is also significantly
greater than that for r-butoxy radicals.™**  p-Scission gives exclusively
acetophenone and methyl radicals. For the case of 5 or MMA poelymerization
initiated by cumyloxy radicals at 60 °C, the proportion of methyl radical initiation
is six-fold greater than is seen with #-butoxy radicals.”” The absolute rate constant
for B-scission of 102 has been shown to be solvent dependent. The absolute rate
constant (2.6)-:1()5 s at 30 °C in CCly) increases ca seven-fold over the series CCly,
CiH;, C,H:Cl, (CH;);CQOH, CH;CN, CH;COOH.““ The rate constant for
abstraction from cyclohexane remains at 1.2 £ 0.1x10° M s in all solvents. For
cumyloxy, and other f-alkoxy radicals, pP-scission is much more sensitive to
temperature than either addition or abstraction (Figure 3.1) such that at high
temperatures it is likcly to be the major process ¢ven in the presence of very
teactive substrates.

3.4.2.1.3 Primary and secondary alkoxy radicals

Relatively few studies have dealt with the reactions of primary and secondary
alkoxy radicals (isopropoxy, methoxy, erc.) with monomers. These radicals are
conveniently generated from the corresponding hypenitrites (Scheme 3.77)./*%%

GHs CHa N CHz
H-C-O-N=N-0-C-H ~ ——  H-C-O
CHs CH, CHg
Scheme 3.77

Primary and secondary alkoxy radicals generally show a reduced tendency to
abstract hydrogen or to undergo B-scission when compared to the corresponding /-
alkoxy radical ' This has been correlated with the lesser nucleophilicity of
these radicals.**’

It has been suggested! that primary and sccondary alkoxy radicals may
reacl with § by donation of a hydrogen atom (o the monomer and production ol an
aldehyde.

23,402

3.4.2.2 Acyloxy and alkoxycarbonyloxy radicals

Aroyloxy radicals are formed by thermal or photochemical decomposition of
diaroyl peroxides (see 3.3.2.1) and aromalic peroxyesters (3.3.2.3} (Scheme 3.78);
alkoxycarbonyloxy radicals are similarly produced from peroxydicarbonates
(3.3.2.2).
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Aliphatic acyloxy radicals undergo facile fragmentation with loss of carbon
dioxide {Scheme 3.69) and, with few exceptions,“‘q’ do not have sufficient litetime
to enable direct reaction with monomers or other substrates. The rate constants for
decarboxylation of aliphatic acyloxy radicals are in the range 1-10x10° M s at
20 °C.™ Tister end groups in polymers produced with aliphatic diacyl peroxides
as initiators most likely arise by transfer to initiator (see 3.3.2.1.4). The chemistry
of the carbon-centered radicals formed by p-scission ol acyloxy radicals is
discussed above (sea 3.4.1).

@ Q Q
Dot O — Oke
CH; O O CH S 9
H-C-0-C-0-0-C-0-C-H ——= H-C-0-C-0
CHs CHs CHy

Scheme 3.78

3.4.2.2.1 Benzoyloxy radicals

Benzoyloxy radicals are electrophilic and show higher reactivity towards
electron-rich (e.g. S, VAc) than electron-deficient (e.g. MMA, AN} monomers
(Table 3.7).""*" Product studics on the reactions of benzoyloxy radicals with
simple olefins and monomers™'*1o% #4083 (ho that they have remarkably
poor regiospecificity when adding to carbon-carbon double bonds. Their reactions
invariably give a mixture of products from head addition and tail addition (Scheme
3.4 and Table 3.8).%'%%"% They also display a marked propensity for aromatic
substitution.*** On the other hand, compared with alkoxy radicals, they show
little tendency to abstract hydrogen.'”

0 ;@ o - 0
o7 ;_QAO/@LOAOQ

Scheme 3.79

Additions of benzoyloxy radicals to double bonds™**** and aromatic rings

(Scheme 3.79)* are potentially reversible. For double bond addition, the rate
constant for the reverse fragmentation step is slow (k-107-10° 5™ at 25 °C) with
respect to the rate of propagation during polymerizations, Thus, double bond
addition is effectively irreversible. However, for aromatic substrates, the rate of
the reverse process 18 extremely fast. While the aromatic substitution produets
may be trapped with efficient scavenging agents (e.g. a nitroxide™' or a transition
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metal'®), they are generally not observed under polymerization conditions.” A
different situation may pertain when redox initiation is nsed, as the oxidants
cmploved may be effective radical traps. A small proportion of aromatic benzoate
residues can be detecled in high conversion PS prepared with benzoyl peroxide.
However, it is likely that these arise through attack on PS rather than S.*'**

The rate of p-scission of benzoyloxy radicals is such that in most
polymerizations initiated by thesc radicals both phenyl and benzoyloxy end groups
will be formed (Scheme 3.4). A reliable value for the rate constant for B-scission
would enable the absolute rates of initiation by benzoyloxy radical to be estimated.
Various values [or the rale constanl [or -scission have appeared. Many ol the
early estimates are low. The activation parameters (in CCly solvent) determined
by Chateauneuf e al % are logiy 4 = 12,6 and E, = -35.97 kJ mol! which
corresponds 10 a rate constant of 9x10°s™ a1 60 °C.

The rate constant for {3-scission is dependent on ring substituents. Rate
constants for radicals X-CH,C 0.+ are reported to increase in the series where X is
p-F<p-CH,0<p-CH3~p-Cl<H<m-C1.***  There is qualitative cvidence that the
relative rates for (3-scission and addition are insensitive 1o solvent changes. For
benzoyloxy radicals, similar relative reactivities are obtained from direct
competition experiments'” as from studies on individual monomers when {3-
scission is used as a clock reaction.” !

The rate constants for benzoyloxy and phenyl radicals adding to monomer arc
high (> 10" M s' for § at 60 °C - Table 3.7). In these circumstances primary
radical termination should have little importance under normal polymerization
conditions. Some kinetic studies indicaling subslantial primary radical termination
during S polymerization may need to be re-gvaluated in this light.'®' Secondary
benzoate end groups in ’S with BPO initiator may arise by head addition or
transfer to initiator (Section 8.2.1).

3.4.2.2.2 Athoxycarbonyloxy radicals

The chemistry of alkoxyecarbonyloxy radicals in many ways parallels that of
the aroyloxy radicals {e.g. benzoyloxy, see 3.4.2.2.1). Products attributable to the
reactions of alkoxy radicals gencrally are not obscrved. This indicates that the rate
of p-scission is slow relative to the rate of addition to monomers or other
substrates,'***!

The alkoxvcarbonyloxy radicals show little fendency to abstract
hydrogen."™"" For example, in the reaction of isopropoxycarbonyloxy radicals
with MMA, hyvdrogen abstraction, while observed, is a minor pathway (<1%).
When isopropoxycarbonyvloxy radicals abstract hydrogen, isopropanol is the
cxpected byproduct since the intermediate acid undergoes facile decarboxylation.
Formation of isopropanol is not evidence for the involvement of isopropoxy
radicals (Scheme 3.80).
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slow

0
}C?\_O. —_— - O + GOy
Y {
0
>_o>_OH N on e o,

Scheme 3.80

Isopropoxycarbonyloxy radicals underge facile reaction with aromatic
substrates {e.g. toluene) by reversible aromatic substitution.'®**
Isopropoxyearbonyloxy radicals react with S to give ring substitution {ca 1%) as
well as (he expecled double bond addition.™”

3.4.2.3 Hydroxy radicals

Hydroxy radicals are produced by redox reactions involving hydrogen
peroxide (see 3.3.2.6.2). They can also be generated in organic solution by
thermal decomposition of a-hydroperoxydiazenes (see 3.3.3.1).

The transient radicals produced in reactions of hydroxy radicals with vinyl
monomers in aqueous solution have been detected directly by EPR®* or UV
spectroscopy.”“**!  These studies indicate that hydroxy radicals react with
monomers and other species at or near the diffusion-controlled limit (Table 3.7).
However, high reactivity does not mean a complete lack of specificity. Hydroxy
radicals are electrophilic and trends in the relative reactivity of the hydroxy
radicals toward monomers can be explained on this basis.””’

Grant e af. ™" examined the reactions of hydroxy radicals with a range of vinyl
and c-methylvinyl monomers in organic media. Hydroxy radicals on reaction
with AMS give significant yields of products trom head addition, abstraction and
aromatic substitution (Tablc 3.8) ¢ven though resonance and steric factors combine
to favor "normal” tail addition. However, it is notable that the extents of
abstraction {with AMS and MMA) arc less than obtained with #-butoxy radicals
and the amounts of head addition (with MMA and §) are no greater than those
seen with benzoyloxy radicals under similar conditions. 1t is clear that there is no
direct correlation between reaction rate and low specificity.

Yields of aromatic substitution on S and AMS obtained by Grant ez af.””’
should be regarded as minimum yields until the efficiency of trapping of the
cyclohexadienyl radicals under their reaction conditions is known. This may help
reconcile the finding that, in aqueous media, aromatic substitution is reported to be
the main rcaction pathway.""' Grant et a/*"" also found that aromatic substitution
on S proceeded by preferential para attack. This preference agrees with the
calculated relative reactivity of the ring carbons based on frontier clectron
densities, but is otherwise Lm}‘)re:cederlled.442
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3.4.2.4 Sulfute radical anion

The sulfate radieal anion is formed by thermal, photochemical or redox
decomposition of persulfate salts {41, sec 3.3.2.6.1). Conscquently, it is usually
used in aqueous solution. However, crown ether complexes or alkylammonium
salts may be used lo generale the sulfale radical anion in organic sclulion (see
33.2.6.1).

Two pathways [or the reaction of sulfate radical anion with monomers have
been described (Scheme 3.81).7" These are: (A) direct addition to the double bond
or (B) clectron transfer to gencrate a radical cation. The radical cation may also be
formed by an addition-elimination sequence. It has been postulated that the radical
calion can propagate by either cationic or a radical mechanism {(both mechanisms
may occur simultancously). However, in aqucous media the cation is likely to
hydrate rapidly to give a hydroxyethyl chain end.

0 X
A O-5-0-CHp=C
0 X O Y
0-§-0 + CHEQ ¢
Y

- - + J
O-8-0 + CHyC-
O Y

Scheme 3.81

The preferred initiation pathway is dependent on the particular monomer
involved and the reaction conditions. Generally radical cation formation (by either
mechanism) is facilitated by low pH. The failure to detect an intermediate sulfate
adduct led workers to propose that reactions of the sulfate radical anion with
electron-rich alkenes and S derivatives proceeded by pathway (B) over a wide
range of pH and reaction conditions.”**” However, other workers rationalized
similar data by allowing the initial formation of a sulfate adduct (pathway A).**¢
Detection of an intermediate in the reaction of sulfate radical anion with $** or
with cyclohexene™ ¢learly points to addition being a major pathway in those
cases. Moreover, PS formed with persulfate imitiation is known to possess a high
proportion of sulfate end groups.”™ "' Thus, the bulk of available evidence
suggests that in initiation of § polymerization there is initial formation of a sulfate
adduct (pathway A) and that, radical cations, if formed, are produced by
subsequent elimination (Scheme 3.81).

[n the case of electron-deficient monomers (e.g. acrylics) it 15 accepted that
reaction occurs by initial addition of the sulfate radical anion to the monomer.
Reactions of sulfate radical anion with acrylic acid derivatives have been shown
to give rise to the sulfate adduct under neutral or basic conditions but under acidic
conditions give the radical cation probably by an addition-elimination process.
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Hydroxy radical and sulfate radical anion, though they may semetimes give
rise to similar products, show quite different selectivity in their reactions with
unsaturated substrates. In particular, the sulfate radical anion has a somewhat
lower propensity for hydrogen abstraction than the hydroxyl radical. For example,
the sulfale radical anion shows litille tendency to absiracl hydrogen from
methacrylic acid.

Sulfate radical anion may be converted to the hydroxyl radical in aqueous
solution. Evidence for this pathway under polymerization conditions is the
formation of a proportion of hydroxy end groups in somec polymcrizations.
However, the hydrolysis of sulfate radical anion at neutral pll is slow (,=10" M’
") compared with the rate of reaction with most monomers (==10°-10° M ¢,
Table 3.7Y* under typical reaction conditions. Thus, hydrolysis should only be
competitive with addition when the monomer concentration is very low. The
forination of hydroxy end groups in polymerizations initiated by sulfate radical
anion can also be accounted for by the hydration of an intermediate radical cation
or by the hydrolysis of an initially formed sulfale adduct either during the
polymerization or subsequently.

3.4.2.5 Alkylperoxy radicals

Alkylperoxy radicals are generated by the reactions ol carbon-centered
radicals with oxygen and in the induced decomposition of hydroperoxides
(Scheme 3.82). Their reactions have heen reviewed by Iloward*™ and rate
constants lor their sell reaction and for their reaclion with a variely of subsirates
including various inhibitors have been tabulated.”

CHy CHa
HSC_CI; - 4+ 02 —_— HSC*Q*O*O -
CHs CHa
s R THis
HG-C-0-0-H ——— HG-C-0-0:
CHs CHg
Scheme 3.82

Because of the importance of hvdroperoxy radicals in autoxidation processes,
their reactions with hydrocarbons are well known, Ilowever, reactions with
monomers have not been widely studied. Absolute rate constants for addition to
common monomers are in the range 0.09-3 M' s' at 40 °C. These are
substantially lower than k; for other oxygen-centered radicals (Table 3.7).**

Epoxide formation may be a side reaction occurring during initiation by ¢-
butylperoxy radicals. The mechanism proposed for this process is as follows
(Scheme 3.83).7"
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Other Heteroatom-Centered Radicals
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Various other heteroatom-centered radicals have been generated as initiating

species.

phosphorus-centered species (see 3.4.3.2).

radicals with monomers is summarized in Table 3.10.

3.4.3.1 Silicon-centered radicals

These include silicon-, sulfur-, selenium- (see 3.4.3.1), nitrogen- and
Kinetic data for reactions of these

Silicon centered radicals can be generated by transfer to silanes and by
photolysis of polysilanes. Rate constants for addition to monomer are several

orders of magnitude higher than similar carbon centered radicals.

radicals have nucleophilic character.

455456 -

I'he

Table 3.10 Selected Rate Data for Reactions of Heteroatom-Centered Radicals

Radical Temp. ks klkes®

o M's'  AMS MA MMA AN MAN  VaAc Refs.
{c-CoH-2)25i ¢ 20x10% - -2l - - - e
(C>Hs),Sie ¢ lex10® . - 48 063 47 - i
CzHsSe 60 - - 0.036 - - - - !
+CyHg S 60 - - -1 - 063" 0.13° 38
CH(CH,:CH,5* 60 - - - 017 - - - e
PhSs 23 20x107 - - 016 - - - o
PhS: 60 - - - 02 -1 0002 61
p-CIPhS- 27 Sk - - 0.0 00090 0.045 0.0009 4
PhC(O)S+ 22 - - 003 012 00091 - 0.0025 %
PhSes 23 22x10° 076 0.007%8 0.019 0.0064 0.012 0.0005 ¢
PhsP(O) ¢ 60x10" - 058 133 033 083 0027
PhaF(O) 20 1x107 127 - 145 - - 025 00
(CH30),P(O) e 2ax0f - 0077 026 026 042 0.013 a3
a Data rounded to two significant figures. b Aifuma. © Room temperature. d Similar

relative reactivities for VAc and AN have been reported at 60 *C.*"
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3.4.3.2 Sulfur- and selenium-centered radicals

Thiyl radicals are formed by transfer to thiols or by thermal or photochemical
decomposition of disulfides (Scheme 3.84).

] 3 3

Q )tssed p —= { )pts
e —= s

Scheme 3.84

Most studies have concerned the kinetics of arenethiyl radicals with monomers
including S and its derivatives™"* and MMA.****"  The radicals have
clectrophilic character and add more rapidly to clectron-rich systems (Table 3.10).
Relative reactivities of the monomers {owards the benzoylthiyl radical have also
been examined.*”

It is established that the initial reaction involves predominantly tail addition to
monomer.’” There is no evidence that abstraction competes with addition. [t
should be noted that the addition of arcnethiyl] radicals to double bonds is readily
reversible.

A study on the kinetics of the reactions of phenylseleno radicals with vinyl
monomers has also been reported.

3.4.3.3 Phosphorus-centered radicals

Phosphiny] radicals (e.g. 103-107) arc gencrated by photodecomposition of
acyl phosphinates or acyl phosphine oxides (see 3.3.4.1.1)"747 or by
hydrogen abstraction from the appropriate phosphine oxide.*®’

0 il (':') o (e8]

11 o Ph_P. _ non
Ph—p Ph—P- ! CHC P+ Ar=G—pe
Ph OCH(CHg)s o OCH3 Ph
103 104 105 106 107

The reactivities of the various phosphinyl radicals with monomers have been
examined (Table 3.10). %4747 “Apgolute rate constants are high, lying in the
range 10°-10° M s and show some solvent dependence. The rate constants are
higher in aqueous acctonitrile solvent than in methanol. The high magnitude of the
rate constants has been linked to the pyramidal structure of the phosphinyl
radicals.®

The phosphinyl radicals (103-107) all show nucleophilic character (e.g. VAc is
substantially less reactive than the acrylic monomers). However, the
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nucleophilicity varies according to the number of oxygen substituents on
463.467
phesphorous.*®

3.5 Techniques

The low concentration of initiator residues in polymers formed by radical
polymerization means that they can usually only be ohserved directly in
cxceptional circumstances or in very low molecular weight polymers {Scction
3.5.3). Thus, the study of the reactions of initiator-derived radicals with monomers
has seen the development of some novel techniques. Three basic approaches have
been cmployed. These involve:

(a) Kinetic studies involving the observation of the disappearance of reagtants
and/or appearance of products using some time resolved spectroscopic
technique (most often EPR spectroscopy or UV-visible spectophotometry
Scction 3.5.1).

{b) Isolation of the initiator-monomer reaction by employing a reagent designed to
trap the first-formed adduct. This usually involves conducting the
polymerization in the presence of an appropriate inhibitor {Section 3.5.2).

{c) Labcling the initiator such that the initiator-derived residues in the polymer
can be more readily detected and quantified by chemical or spectroscopic
analysis (Scction 3.5.4).

3.5.1 Kinetic Studies

Time resolved EPR spectroscopy and UV-visible spectophotometry have
proved invaluable in determining the absolute rate constants for radical-monomer
reactions. The results of many of these studies are summarized in the Tables
included in the previous scction (3.4). Absolute rate constants for the rcactions of
carbon-centered radicals are reported in Table 3.6. These include -butyl’™ and
cyanoisopropyl”™” radicals.

3.5.2 Radical Trapping
Radical traps used for the study of radical monomer reactions should meet a

number of crileria:

(a) The trap should ideally show a degree of specificity for reaction with the
propagaling species as opposed to the initialor-derived radicals.

(b} All products [rom the reaction with moenomer should be trapped with equal
efficiency.

{c) The trapped products should be stable under the reaction conditions,

Various rcagents have been employed as radical traps. Those most commonly
encountered are summarized in Table 3.11. The advantages, limilations and
applications of each are considered in the following sections.



134 The Chemistry of Radical Polymerization

3.3.2.1 Spin traps

In spin rapping, radicals are trapped by reaction with a diamagnetic molecule
to give a radical product.*’”® This fcaturc (i.e. that the free spin is retained in the
trapped product} distinguishes it from the other trapping methods. The technique
involves EPR detection of the relatively stable radicals which result from the
lrapping ol the more transienl radicals. No produci isclalion or separation is
required. The use of the technique in studies of polymerizaticn is covered in
reviews by Kamachi'”” and Yamada et al.*™

Table 3.11 Radical Trapping Agents for Studying Initiation

Trap Initiating radicals trapped Secetion
gpin traps:

nitroso-compounds most radicals 3.5.2.1

nitrones most radicals 3.5.2.1
transition metal 1ons:

cupric ions nucleophilic carbon-centered radicals 3.52.32

ferric ions nucleophilic carben-centered radicals 3.5.2.2

titanous fons clectrophilic carbon-centered radieals 3522
metal hydrides:

mercuric hydride electrophilic carbon-centered radicals 3523

Group V1 hydrides carbon-centered radicals 3.5.23
nitroxides carbon-centered radicals 3524
AMS dimer most radicals 3.5.2.5

The two most commonly employed spin traps are 2-methyl-2-nitrosopropane
(108) (more commonly known as nitroso-f-butane) and phenyl #-butyl nitrone
(109); both trap radicals to yield nitroxides (Scheme 3.85, Scheme 3.86).

CHy R. CHz R
HaC— C N=C ——= HSC—Q—N—O‘
CH3 CHs

108

Scheme 3.85

O CHy o CHy
QCH N- c CHa A @—CH N- c oH3
CHg
109

Scheme 3.86
Chalfont er af.*" were the first to apply the spin trapping technigue in the
study of radical polymerization. They studied radicals produced during §
polymerization initiated by f-butoxy radicals with 108 as the radical trap. Since



Initiation 135

that time many other systems have been studied using this trap (108).”74® The
use of 2.4, 6-tri-z-butylnitrosobenzene (111) in the study of polymerization, has
been advocated by Savedoff and Ranby™ and by Lanc and Tabner.™  This
nitroso-compound is reported to be more thermally and photochemically stable
than 108. However 111 reacts with propagating radicals to give a mixture of
anilino radicals (110) and nitroxides (112) as shown in Scheme 3.87.%*  The
ratio of 110 to 112 depends on the structure of the propagating radical. Formation
of 110 is favored when the radical trapped is more hindered and/or more electron
rich.

X . x X0
WCHE_Q_O_N - WCHE_(‘:' O=N — WCHz_C‘:_N
Y i Y
~—
110 111 112

Scheme 3.87

Nitrones are generally more stable than nitroso-compounds and are therefore
easier to handle. However, the nitroxides formed by reaction with nitrones [e.g.
phenyl #-butyl nitrone {10931 have the radical center one carbon removed
from the trapped radical (Scheme 3.86). The EPR spectra are therefore less
sensitive 1o the nature of that radical and there is greater difficully in resolving and
assigning signals, Nitrones are generally less efficient traps than nitroso-
compounds.””

There are several limitations on the vse of the spin trapping technique when

quantitative results are required. These are:

{a) Not all radicals are trapped at equal rates or with equal efficiency.*

(b) The product nitroxides may not be stable under the reaction conditions.
Nitroxide stability is strongly dependent on the nature of the trapped spegics.
Nitroxides react with radicals at or near diffusion contrelled rates and they can
also undergo B-scission either Lo regenerale the trapped radical or o [orm a
new radical.

(¢) Side reactions involving the trap and the monomer may give rise to products
which complicate the interpretation of the EPR spectra. Various side reactions
have been described in the literature:”™® the nitroso-compound (108) reacts
with a—methylvinyl monomers by an ene reaction (Scheme 3.88);'® ¢-hutyl
radicals produced by thermal or pholochemical decomposition of (108) are
trapped as di--butylnitroxide.

Many of the above-mentioned complications can be avoided or allowed for by
carrying out appropriate control experiments. A further difficulty lies with the
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sensitivity of the method. Minor initiation pathways (5%) arc extremely difficult
to determine.

H
CH; O !
HAC-C—N H CHs O ox CHs O
’ “H ~FH2 HaC-C—N  CH, HeC-G—N  CH,
CHs oyt GHs CHy € CHy CHaC
CO2CH3 COQCHS COzCHS
108 MMA

Scheme 3.88

3.5.2.2 Transition metal salts

Certain transition metal salts can be used as radical traps (Scheme 3.89,
Scheme 3.90)."%" These include various cupric (e.g. Cu(OAc), CuCl,
CU{SCN),), #3329 farric (e g F eCly), "™ and titanous salts (e. g TiCl:).*™
These traps react with radicals by ligand- or electron-transfer to give products
which can be determined by conventional analytical techniques.

R-CHp-CH-  + ™+ HY = R-CHz-CHz 4+ Ti**
(Igzo CIIZO
CHg CHy

Scheme 3.89

The rate of oxidation/reduction of radicals is strongly dependent on radical
structure. Transition metal reductants (e.g. Ti') show sclectivity for electrophilic
radicals (e.g. those derived by tail addition to acrylic monomers or alkyl vinyl
ketones - Scheme 3.89)3?9 while oxidants (:Cu", Fe'"y show selectivily for
nucleophilic radicals (e.g. those derived from addition to § - Scheme 3.90).'% A
consequence of this specificity is that the various products from the reaction of an
nitiating radical with monomers will not all be trapped with equal efficiency and
complex mixtures can arise.

R-CHpCH: + FeCly — = R-CHy CH-Cl + FeCly

Scheme 3.90

The [acile and reversible reaction of propagating species with transilion metal
halide complexes to form a polymeric halo-compound is one of the key steps in
atom transfer radical polymerizalion (ATRP, see Section 9.4).
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3.5.2.3 Metaf hydrides

Metal hydride trapping agents have been used extensively in studying the
reaction of alkyl radicals with monomers.***"

CHy CHy CH,
NaBH i =18 ]

HiG-G-HgOl ——= HaC-C-HgH —= HgC-C- + RH + Hg°
CHa CHs CHs

Scheme 3.91

Alkyl mercuric hydrides are generated in situ by reduction of an alkyl
mercuric salt with sodium borohydride (Scheme 3.91). Their usc as radical traps
was first reported by Hill and Whitesides™' and developed for the study of radical-
olefin reactions by Giese,™ " Tirrell*” and coworkers. Careful choice of
reagents and conditions provides excellent vields of adducts of nucleophilic
radicals (e.g. n-hexyl, cyclohexyl, f-butyl, alkoxyalkv]) to electron-deficient
monomers (e.g. acrylics).

A consequence of the selectivity for electrophilic radicals is that not all
products are trapped with equal efficiency. With electron-rich monomers (e.g. S)
oligomerization may complicate analysis. Other possible complications in the
utilization of this method have been discussed by Russell *”

Group 1V hydrides (R;SnH, RsGeH) have also been used as trapping
reagents.” " The reduction of alkyl halides by stannyl or germyl radicals affords
alkyl radicals. These react with the group IV hydrides to set up a radical chain
(Scheme 3.92)."% The alkyl radicals may react with a substrate (e.g. monometr} in
competition with being trapped by the hydride. Absolute rate constants for the
reactions of group IV hydrides with radicals are known. Thus the H-atom transfer
step may be used as a radical clock to calibrate radical-monomer reactions.” This
technique has seen widespread use in the study of intramolecular radical
reactions.”*  One limitation of the use of the group IV hydrides as radical traps in
the study of polymerization is that the stannyl and germyl radicals may themselves
add monomer, alheit reversibly.

CHz CHj
Hacf(:}l BusSn H30—(:3' + BuzSnl

CHy CH
3 w{an QHS

AN Hg,C—CI)H + BusSn-
CHs

CHy  BugsnH CHa
HeC-C—CH,-CH  — = HaC-C-CHyCH,  + BugSn-
CHg  ON CHy  CN

Scheme 3.92



138 The Chemistry of Radical Polymerization

3.5.2.4 Nitroxides

A well-known feature of the chemistry of nitroxides (e.g. 113-115) is that they
combine with carbon-centered radicals at near diffusion-controlled rates to give
alkoxyamines. This [eature led to the use of nitroxides as the reagents of choice in
the inhibitor method for the determination of initiator efficiency.” Rizzardo and
Solomon** applicd this chemistry to develop one of the most versatile techniques
for examining the initiation step of polymerization. The method is reliant on the
initiator-derived radicals cither not rcacting or reacting only slowly with the
nitroxide while the propagating radicals arc cfficiently scavenged to vield stable
alkoxyamines (Scheme 3.93). The lechnique has been successfully used by
several groups to study the reactions of heteroatom-centered (ethoxy,'™
isopropoxy, P92 fhutoxy, 5101221221 T7IBEI604A06-41049699T i Tox g T other
r-alkoxy, ™' benzoyloxy,® ¢S Gohbropoxycarbonyloxy, ™ hydroxy, ™"
thiyl,***"** phosphiny ) and more reactive carbon-centered radicals
(methyl, undecyl, 7-butyl, pheny)™'"+#11 7744830039 wivh monomers.  The
reaction has also been employed to detect radical intermediates in organic
reactions and to identify primary radicals produced from photoinitiators.*™*

0 O
113 114

TEMFPO

]4()?,474.499

115

Busfield and coworkers extended the technique to the study of less reactive
carbon-centered radicals (e.g. cyanoisopropyD)™™* and short propagating
radicals™™ ", The very low concentration of nitroxide required to allow limited
propagation was maintained by leeding with a syringe pump.

The reaction between nitroxades and carbon-centered radicals occurs at near
(but not at) diffusion controlled ratcs. Rate constants and Arrhenius paramcters for
coupling of nitroxides and various carbon-centered radicals have been
determined.” ™" The rate constants (20 °C) for the reaction of TEMPO with
primary, secondary and tertiary alkyl and benzyl radicals are 1.2, 1.0, 0.8 and
0.5x10° Mg respectively. The corresponding rate constants for reaction of 115
are slightly higher. If due allowance is made for the afore-mentioned sensitivity to
radical structure’'® and some dependence on reaction conditions,”"' the reaction
can be applicd as a clock rcaction to cstimate rate constants for rcactions between
carbon-centered radicals and monomers™™****"*!* or other substrates.™

Major advantages of this method over other trapping techniques are that
typical conditions for solution/bulk polvmerization can be employed and that a
very wide range of initiating systems can be examined. The application of the
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technique is greatly facilitated by the use of a nitroxide possessing a UV
chromophore (¢.g. 113-115) which simplifies product analvsis by liquid
chromatography with UV detection.

Nitroxides have the property of quenching fluorescence. Thus radical trapping
with nitroxides containing ﬂuorophores {e.g. 114) can be monitored by observing
the appearance of fluorescence.” ™" The method is highly sensitive and has been
applied to quantitatively determine radical yields in PLP experiments (Section

4.5.2).
PhCO,~CHo-CHe T PhCOgCHgCHOT@
PRCOs* —= » PhCO,-CH-CHyr T PhCO,CH-CH,O-N_|
e D
-cozl \
Phe HoG=CH CHy=CH H
> # 0-N
- @ [ ]+ |
PhCO4 PhCDz
Ph,
O-N |

Scheme 3.93 (T=115)

Some limitations of the method arise due 1o side reactions involving the
nitroxide. However, such problems can usually be avoided by the correct choice
of nitroxide and reaction conditions. Nilroxides, while stable in the presence of
most monomers, may act as oxidants or reductants under suitable reaction
conditions.”'®  The induced decomposition of certain initiators (e.g. diacyl
peroxides) can be a problem (Scheme 3.94)."*'"  There is some evidence that
nitroxides may disproportionate with alkoxy radicals bearing a-hydrogens.'” Side
reactions with thiols have also been identified **

N-O-
P, —
0

Crloody  (Orto 0c)

Scheme 3.94
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Various lighi-induced reactions including hydrogen atom abstraction, electron
transfer and B-scission occur under the influence of UV light.”'""?!  Certain
radicals, for example cyclohexadienyl radicals (Scheme 3.93), are trapped by
disproportionation rather than coupling.® Nitroxides are also reported to react by
hydrogen abstraction with molecules that are extremely good hydrogen donors

[e.g. S dimer (957" and the ketenimine (10).*]
o[k

OH
R

S

Scheme 3.95

|

The reaction of radicals with nitroxides is reversible.”® This means that the

highest temperature that the technique can reasonably be employed at is cg 80 °C
for tertiary propagating specics and ca 120 °C for sccondary propagating species.™
These maximum temperatures are only guidelines. The stability of alkoxyamines
is also dependent on selvent (polar solvents favor decomposition) and the structure
of the trapped specics. This chemistry has led to certain alkexyamines being
useful as initiators of living polymerization (Section 9.3.6). At elevated
temperatures nitroxides are observed to add to monomer albeit slowly.”'®+*%

3.5.2.5 a-Methystyrene dimer

Watanabe e al 277 applied AMS dimer (116) as a radical trap to examine
the reactions of oxygen-centered radicals (e.g. #-butoxy, cumyloxy, benzoyloxy).
AMS dimer {116} is an addition fragmentation chain transtfer agent (see 6.2.3.4)
and reacts as shown in Scheme 3.96. The reaction products are macromonomers
and may potentially react further. The reactivity of oxygen centered radicals
towards 116 appears to be similar to that of $.* Cumyl radicals are formed as a
byproduct of trapping and are said to decay mainly by combination and
disproportionation.
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Scheme 3.96

3.5.3 Direct Detection of End Groups

In favorable circumstances initiator-derived end groups may be detected by
spectroscopic methods or by chemical or chromatographic analysis. Most of the
methods are sensitive only to a given type of end group in a given class of
polymer. However, they have the advantage that no special chemistry or isolation
steps are required. The main disadvantages associated with these methods are that
they require forcknowledge of what the end groups arc likely to be and, in general,
they can only be applied to low molecular weight polymers.

3.5.3.1 Infra-red and UV-visible spectroscopy

UV and IR spectroscopy”**""' have been used for polymer end group
determination and to study the kinetics and efficiency of initiation of
polymerization. These techniques are not universally applicable. Ideally, it is
required (a) that the chromophores are in a clear region of the speetrum and (b)
that the positions of the absorptions are sensilive (o the chemical environment of
the chromophore such that end groups can be distinguished from residual initiator
and initiator-derived byproducts.

Garcia-Rubio er af.'* examined $ and MMA polymerizations initiated by
BPO and have shown that UV can be used to distinguish and quantitatively
determine aliphatic and aromatic benzoate groups in MMA and S polymerizations.

Buback er af.***'*** applied FTIR to follow the course of the initiation of §
polymerization by AIBN and to determine initiator efficiency. Contributions to
the TR signal due to cyanoisopropyl end groups, AIBN, and the ketenimine can be
separated using curve resolution techniques.
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3.5.3.2 Nuclear magunetic resonance Spectroscopy

The sensitivity of modern NMR allows initiator residues to be determined
directly in polymers of moderate molecular weight where the desired signals are
discrete from those of the backbone carbons.™® Many examples can be found in
the literature.”****™* The molecular weight limit is imposed both by sensitivity
and the dynamic range of the spectrometer. Both resolution and sensitivity
improve with field strength of the NMR spectrometer. Thus, one strategy for
mmproving the ease of end group detection is to use the highest practicable field
strength, "

In some cases, it is possible to suppress NMR signals due to backbone carbons
or hydrogens thus allowing obscured end group resonances to be observed.
Several basic metheds have been described in the literature. These are:

(a) Subtraction of the spectrum of an exactly similar polymer but without the
defact structure being sought.””™® The procedure has the disadvantages that
noise is added to the spectrum and that it requires preparation of a reference
polymer. The method does not alleviate the dynamic range problems
discussed above.

(b) Use of a Hahn spin echo experiment Lo suppress signals from backbone atoms.
It has been demonstrated”* that end group signals usually persist longer than
backbone signals because of longer T, relaxation times. Moad ef af.” have
applied the method to detect obscured cyanoisopropyl end groups in PMMA,

(¢} Use of pulse sequences that select for the number of attached hydrogens. Tor
example, for PS prepared with AIBN a 'quaternary only' pulse sequence can be
used to better visualize signals due to the quaternary carbons of the ATBN-
derived residues.’

(d) Analysis of polymers prepared from NMR-inactive monomers. Hatada ef al.
used 'H NMR to determine end groups in perdeuleraled PS$*™' and
PMMA,**** Similarly, the usc of NMR-inactive ‘C cnriched monomers hdb
been envisaged as an aid in detecting end groups in “C NMR experiments.*

(e) Use of two (2I2) or three dimensional (3D) NMR methods. For example,
Bevington and Huckerby™> applied "“C-'H correlation spectroscopy to
advantage to evaluate end groups when “C signals are discrete yet 'H signals
are overlapping. Rinaldi and coworkers™ ™" examined the end group

structures of and define the initiation mechanism for polystyrene prepared with

an acyl phosphine oxide initiator using 31 NMR.

These five techniques rely on suppressing signals due to the backbone carbons.
The end group signals are not enhanced. Therefore, the sensitivity problems
associated with detecting end groups in high molecular weight polymers are not
entircly solved. However, the mcthods (b-d) do allow acquisition at higher
spectrometer gain settings and assist in overcoming spectrometer dynamic range
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problems. A drawback of the pulse scquence methods is that quantification may
not be a straightforward exercise.

Selective labeling of the initiator with C allows substantial enhancement of
the signals of the initialor residues relative to signals due to the backbone in "*C
NMR spectra. Initiators labeled with or containing NMR active nuclei such as "°F
or ”'P can also be applied. These methods are described in Section 3.5.4.2.

3.5.3.3 Electron paramagneric resonance spectroscopy

The application of EPR in the detection and quantification of species formed
by spin-trapping the products of radical-monomer reactions is described in Scction
3.5.2.1. The application of time-reseolved [PR spectroscopy to study
intermolecular radical-alkene reactions in solution is mentioned in Section 3.5.1.

3.5.3.4 Mass spectromefry

Some discussion on the use of mass spectrometry for end group determination
can be found in recent texts. ™% Traditionally mass spectromelric (echniques
have required polymers of relatively low molecular weight. Meisters ef af.™
reported that fast atom bombardment mass spectrometry (FAB-MS) can be applied
in the analysis of MMA oligomers to at least hexadecamer. For polymers that
degrade by unzipping, pyrolysis GCMS has provided extremely useful data on
initiation processes. Thus, Farina ef of. """ and Ohtani et af "> described the
application of pyrolysis GCMS to determine end groups in PMMA, PS and
copolymers.

Twa relatively new lechniques, mairix assisted laser desorption
ionization—time of flight mass spectrometry (MALDI-TOF) and electrospray
ionization (ES1), offer new possibilities for analysis of polymers with molecular
weights in the tens of thousands. P8 molecular weights as high as 1.5 million have
been determined by MALDI-TOF. Recent reviews on the application of these
techniques to synthetic polymers include those by Hanton™ and Nielen.™ The
methods have been much used to provide evidenee for initiation and termination
mechanisms in various forms of living and controlled radical polymerization.”™
Some examples of the application of MALDI-TOF and ESI in end group
determination are provided in Table 3.12. The tfable is not intended to be a
comprehensive survey.

MALDI-TOF can be applied to estimate molecular weights of very high
molecular weight polymers. However, with the mass resolution of current
instruments, molecular weights of less than 5000 are desirable for end groups to be
rcliably distinguished and determined. There arc also issucs with sensitivity
dependence on molecular weight and composition. Sensitivity depends on
volatility and the ease of cationization.™ Tor homopolymer samples MALDI-
TOF is able to duplicate GPC distributions with reasonable precision when
polydispersitics are less than about 1.2, For broader molecular weight
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distributions MALDI-TOF tends to undcrestimate the moelecular weight and the
polvdispersity. Discrimination according to ease of cationization for low
molecular weight polymers may be mitigated by end group derivatization. This,
however, requires foreknowledge of the end groups.

Table 3.12 Application of MALDI-TOF or ESI Mass Spectrometry to Polymers
Preparcd by Radical Polymerization

Polymerization Method Technique Polymer

Conveniional - AIBN MALDI-TOF  PMMA,™ p§*’
Conventional - with catalytic chain  MALDI-TOF  PMMA, copolymers
transter

Conventional, AIBN - with transfer MALDI-TOF ~ PNVP™

336,558,559

1o solvent

Conventional - phetoinitiation FSI PMA™

RAFT MALDI-TOF  PNIPAM, 2% PS** other™®
RAFT ESI PMA,

ATRP MALDI-TOF  PEA, PMMA,™

NMP MALDI-TOF  PBA, ™ pgimaT!

NMP ESI PAN, pg*’

3.5.3.5 Chemical methods

Chemical analysis often allows end groups to be determined with high
precision though the process is painstaking. A number of techniques have been
develaped for the chemical derivatization of polymer end groups so they can be
more readily measured by spectrophotometric methods. One of the most used is
the dye-partition method introduced by Palit.*'=*"™  Variants of this method
have been applied to detect hydroxy,”™" quaternary ammonium and sulfate end
groups.”™™" A two step dealkylation-derivatization procedure’”® was successfully
used for determining #-butloxy end groups in PS. In that case the t-butoxy ends
were first cleaved with trifluoroacetic acid to give hydroxy chain ends. This
method was not applicable to PMMA. It was found the #-butoxy ends of PMMA
could be determined by measuring the release of ¢-butyl chloride formed on
treating the polymer with boron trichloride.*™

Where the polymer end groups possess reactive functionality, for cxample
hydroxy, amino, thiol or carboxy groups, posi-polymerization derivatization may
be used to facilitate detection and identification with NMR spectroscopy. Thus,
trichloroacetyl isocyanate undergoes a facile reaction with protic end groups when
added in slight excess to a solution ol the polymer in an NMR tube {Scheme
3.97).”7°" The imidic hydrogens of the derivatives have a distinctive chemical
shift in the region 8-11 ppin depending on the particular functional group. There s
also a shift of the hydrogens a-to the chain end.
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Scheme 3.97

3.5.4 Labeling Techniques

Various methods have been described whereby polymers are formed with an
initiator that contains chromophores or other functionality to permit ready
detection of initiator-derived end groups by chemical or spectroscopic
methods.” ™ A potential disadvantage of this procedure is that the initiator is
chemically modified and the specificity shown by the initiator-derived radicals
may be different from that of the corresponding unlabeled species.

The best labeling system in this regard is isolopic labeling since it involves the
minimum change from the standard initiator. Methods based on radiolabeling and
stable isotopes detectable by NMR are described i Sections 3.5.4.1 and 3.5.4.2
respectively.

3.5.4.1 Radiolabeling

Polymer formed using radiolabeled initiators may be isolated and analyzed to
determine the concentration of initiator-derived residues and calculate the initiator
cfficiency. Radiolabeled initiators have also been used extensively to establish the
relative reactivity of monomers towards radicals,**'*"=*%

Radiolabeling offers grealer sensilivily than most other labeling methods.
However, the technique has the disadvantage that end groups formed by initiation
cannotl be directly distinguished from initiator residues produced by other
processes (e.g primary radical termination or copolymerization of initiator
byproducts) or from residual initiator. In general, the method gives the total
initiator residues in the polymer. Analysis of the kinetics of polymerization can
help to resolve these problems. A further disadvantage is that polymer isolation
and purification is required.

For the case of initiators that produce both primary and secondary radicals
(e.g. BPO) usc of a doubly labeled initiator allows the different types of end
groups Lo be distinguished [¢.g. 117 and 118 - Scheme 3.98] and the reactivities ol
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monomers towards the primary radicals to be readily established by using the

~ . . 399 583
fragmentation step as a clock reaction.”™

O
@140 0— OMCAC/\ \ ‘4c”—o' — /// N, o+ g0,
3H 3H 3H — B N—
7, N 14 . 7N
SHQ ¢—0 3H/—

117 118
Scheme 3.98

3.5.4.2 Stable isotopes and nuclear magnetic resonance

NMR methods can be applied to give quantitative determination of initiator-
derived and other end groups and provide a wealth of information on the
polymerization process. They provide a chemical probe of the detailed initiation
mechanism and a greater understanding of polymer properties. The main
advantage of NMR mcthods over alternative techniques for initiator residue
detection is that NMR signals (in particular ’C NMR) are extremely sensitive to
the structural environment of the initiator residue. This means that functionality
formed by tail addition, head addition, transfer to initiator or primary radical
termination, and various initiator-derived byproducts can be distinguished.

Sclective labeling of the initiator allows substantial cnhancement of the signals
of the initiator residues relative to the signals due to the backbone. Various stable
isotopes have been employed in this context (including D, F, "N and *'P),
howcver, most work has involved the use of “C-labeling (Table 3.13). The
method has been reviewed.” "% The power of the technique is illustrated by
the tact that one experiment allows the determination of:

(a) The total fate of the initiator as a function of conversion (initiator efficiency,
nature and amount of byproducis).

(b) The chain ends (reactivity of primary radicals towards monomers, head vy tail
addition, efc.}).

(¢} The rate of polymerization.

(d) The number average molecular weight — ([end groups]/[manomer used]).

The use of "“C-labeled initiators in assessing the kinetics and efficiency of
initiation™'"***** requires that the polymer end groups, residual initiator, and
various initiator-derived byproducts should cach give rise to discrete signals in the
NMR spectrum.  So far this method has been demonstrated for homo- and
copolymerizations of $ and MMA prepared with AIBN-a-""C, AIBMe-a-"’C or
BPO-carbonyl-"C/BPO-ring-"C {1:1} as initiator.
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Table 3.13 Radical Polymerizations Performed with Initiators Labcled with

Stable Isotopes

Initiator

Polymer

o

BPO-carbonyl-"C

APE-¢-''C
APE-a-"C/EASC?
CN eN
_13 — 13—
CHg13C N=N SG—CH;
H H
APN-g-*C
CN CN
CH39C—N"N-"SC—CHj
CHg CHy
AIBN-o-*C
1BCN 13CN
CHy=C-N=N-C—GHy
CHy CHg
AIBN-pitrite-C
015N CT5N
1
CHa-C-N=N—G—CHy
1 i
CHy CHy
AIBN-"N

CN CN
BGH,- c N=N— c:—”cH3
BoH;  TICH,

AIBN-BB-""C
AIBN-pp-""C/EASC"

SV MMA,"  MMA-co-8,' other ™ 56394

Sltl

. 5035 59550 - 24
8,556 MMAL P MM A—co-8.%" other™

MAY MMA,™ MPK,™ VA AN-co-$,” B-co-
MMA,*° MAIl-co-8,%"" MMA-co-8,%7 other® 4%

B-co-MMA*" MMA-co-8*

AN-co-§"™

MMA¥ 8.7 VA ™Y MMA-co-8,%7 MMA-co-
VA

VAC.,HS VvF'?

l'\fIl\/[A—(:o-S,383 other®™”

AMS’BSS EA’BGU MMA,BE‘J.GUG MAN’BS‘) S’SS‘)‘GOG \;C’361
VP, ™ AN-co-MMA,™ B-co-MMA,"" EA-co-5**" MAN-
c0-5,"" MMA-MPK.*” MMA-MVEK," MMA-co-§,*
MMA-c0-VC, 7 §op0-VC I pther8-600.605.608609

B-co-MMA "™ MMA-co-8"!
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Table 3.13 (continued)

Initiator
CN N
CD3-G-N-N-G—CD;
CDs  ODs
AIBN-D

WSQN 0

CHa-C N=N C NH;
CHa

AZOF-sitrife-"'C
N0
130H3—(‘3*N—N*C*NH2
130H3
AZOE-Rp-"C
CO0H;  CO,CH;
CHy"3C-N=N-"3C—CH,
CH, CHa
AlBMe-at-°C

AIBMe-o-"C/EASC"

COaCH; COsCH;
3CHz-C N=N C-"3CHy
BCH;  T8CHy

AIBMe-Bp-"'C
AIBMe-pp-""C/EASC"

Polymer

EA™ EA-co-8*% MMA-co0-§*%

VAe'"”

MMA-co-$,"! MAN-c0-8,% S-co-VAS™

MMA Y §
VAC,JJ?

357
a

VA, MMA-co-8, 557 MMA -co-

MMA-co-S§

AN MA®T, MMAT 8.7 Boco-MMA S MMAco-§Y,
other™™

B-co-MMA,**° MMA-co-S$%

a

EASC = ethyl aluminum sesquichloride

Labeled initiators have been used in evaluating the relative reactivity of a wide
range of monomers towards initiating radicals.” The method involves
determination of the relative concentrations of the end groups formed by addition
to two monomers {e.g. 119 and 120) in a binary copolymer formed with use of a

labeled initiator.

For example, when AIBMe-o-"C is used to initiate

copolymerization of MMA and VAc (Scheme 3.99),% the simple relationship {eq.
14} gives the relative rate constants for addition to the two monomers.
Copolymerizations studicd in this way arc suminarized in Table 3.13.

kA

 [VAcC]. [119]

kVAc

- [MMA] . [120]

(14
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MMA GO:CHg OHg
HzC—13C-CH,—C+
3 i 2y 119
CHy COLCHy
CO,CH;  COuGHy 302
A3 =y 13 — » HC-18C
HaC—'3C—N=N-1"C~CHg g i VAc COxCHg
CHy  CHg ChH 3¢ ¢
A I U T
AIBMe-o’C CHy  OCOCH,
Scheme 3.99
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4
Propagation

4.1 [Introduction

The propagation step of radical polymerization comprises a sequence of
radical additions to carbon-carbon double bonds. The lactors that govern the rate
and specificity of radical addition have been dealt with in general terms in Section
2.3. In order to produce high molecular weight polymers, a propagating radical
must show a high degree of specificity in its reactions with unsaturated systems. It
must give addition to the exclusion of side reactions that bring about the cessation
of growth of the polymer chain. Despite this limitation, there is considerable
scope for structural variation in homopolymers.

The asymmetric substitution pattern of most monomers means that addition
gives rise 1o & chiral center and their polymers will have tacticity (Section 4.2).

rx )l(

H.C=C — — CHg-(IB
v /’ Yin

chiral center

Addition tc double bonds may not be completely regiospecific. The
predominant head-to-tail structure may be interrupted by head-to-hcad and tail-to-
tail linkages (Section 4.3).

tail-to-tall linkage

xx | ox
= OHy-G~G-GHy-OHy ~Go

\ ‘\‘( ¥
head-to-head linkage
Intramolecular rearrangement of the initially formed radical may occur
occasionally (e.g. backbiting - Section 4.4.3) or even be the dominant pathway
{e.g. cyclopolymerization — Scetion 4.4.1, ring-opening polymerization — Section

4.4.2). These pathways can give rise to branches, rings, or internal unsaturation in
the polymer chain.
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CHy o mCHy o H| ~CHp  &OHL
CH CH, backbiting CH CHo CH

| i —_— i | —_— V
CHa CHy ,CHa CHp
CHj CH, CHo

GHa
CH,

This chapter is primarily concerned with the chemical microstrueture of the
products of radical homopolymerization. Variations on the general structure (CH>-
CXY), are described and the mechanisms for their formation and the associated
rate parameters are examined. With this background established, aspects of the
kinetics and thermodynamics of propagation are also considered (Section 4.5).

4.2 Stercosequence Isomerism - Tacticity

The classical representation of a homopolymer chain, in which the end groups
are disregarded and only one monomer residue 15 considered, allows no possibility
for structural variation. Howcever, possibilitics for stercosequence isomerism arise
as soon as the monomer residue is considered in relation to its neighbors and the
substituents X and Y are different. The chains have tacticity (Section 4.2.1).
Experimental methods for tacticity determination are surnmarized in 4.2.2 and the
tacticity of some common polymers is considered in 4.2.3.

The following discussion is limited to polymers of mono- or 1,1-disubstituted
monomers.  Other factors become important in describing the types of
stereochemical isomerism possible for polymers formed from other monomers
(e.g. 1,2-disubstituted monomers).'

4.2.1 Terminology and Mechanisms

Detailed discussion of polymer tacticity can be found in texts by Randall,”
Bovey,"* Koenig,"” Tonelli® and Hatada.” In order to understand stereoisomerism
in polymer chains formed from mono- or 1,1-disubstiluted monomers, consider
four idealized chain structures:

(a) The isctactic chain where the relative configuration of all the substituted
carbons in the chain is the same.

XX X Y X Y X XX Y X YX Y

For the usual diagrammatic representation of a polvmer chain, this correspends
(o the situation where similar substituents lie on the same side of a plane
perpendicular to the page and containing the polymer backbone.

T N A
"““’""""?_CHZ_C[:_CHQ_?_CHg_cl)_CHQ_?_CHQ_?_CHQ_?W
Y Y Y Y Y Y Y
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{b) The syndiotactic chain where the relalive conliguration of centers alternates
along the chain,

D S A SN S S
oG G =G CHy— 0= CHy— 0 CHy— 0= CH— O CHy— Gy
\ X ¥ X \ X Y

{c) The heterotactic chain where the dyad configuration alternates along the chain.

S S S R
-’"W"“(‘:*CHg*(l.}*CH;;*(?*CHQ*(E*CHQ*?*CHQ*(F*CHQ*(EM
Y Y X X h Y X

{d) The alactlic chain where there is a random arrangement of centers along the

chain.*
o L kT
-MMM-C—CHQ—(ll—CHE—(.‘?—CHE—?—CHQ—('?—CHQ—(-|3_CH2_(|3“M“””
Y Y X Y X X Y

For polymers produced by radical polymerization, while one ol these
structures may predominate, the idealized structures do not occur. It is necessary
to define paramcters to more preciscly characterize the tacticity of polymer chains.

[t should be stressed that this treatment of polymer stereochemistry only deals
with relative configurations; whether a substituent is "up or down" with respect to
that on a neighboring unit. Therelore, the smallest structural unit which contains
stereochemical information is the dyad. There are two types of dyad; meso (m),
where the two chiral centers have like configuration, and racemic (), where the
centers have opposite confliguration (Figure 4.1}

X X )‘( Y
Y Y Y X
meso (m) racemic {(#)

Figure 4.1 Representation of meso () and racemic {r} dyads with polymer
chains.

Conlusion can arise because of the seemingly contradictory nomenclature
established for analogous model compounds with just two asymmetric centers.® In
such compounds, the diastercoisomers are named as in the following example
{Figure 4.2).

In the literature the term alactic is sometimes used to refer to any polymer that is not entirely
isotactic or not entirely syndiotactic.
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T T
HSC—C‘I—CHQ—(‘S—CHg H3C—C|3—CH2—C—CH3
Y Y Y X

racemic () meso (#7)

Figure 4.2 Representation of meso (#7) and racemic {+) diastereoisomers of low
molecular weight compounds.

It is usual to discuss triads, tetrads, pentads, etc. in terms of the component
dyads. For example, the mrrro heplad is represented as shown in Figure 4.3,

nmvrm hexad —————

—— prtetrad —

H
— rdyad — :
.
H

-

r. r

ri triad

m m r
S T T
NWVWC—CHQ—C|—CHQ—C|2—CHQ—C]}—CHQ—(I'}—CHQ—?—CHQ—CW
Y Y X Y X, X %

— rrim pentad ——

nereramy heptad
Figure 4.3 Representation of mrrrmr heptad identifying component #-ads.

It is informative to consider how tacticity arises in terms of the mechanism for
propagation. The radical center on the propagating specics will usually have a
planar sp2 configuration. As such it is achiral and it will only be locked into a
specific configuration after the next monomer addition. This situation should be
contrasted with that which pertains in anionic or coordination polymerizations
where the active center is pyramidal and therefore has chirality. This explains why
stereochemical control is more easily achieved in these polymerizations.

The configuration of a center in radical polymerization 1s established in the
transition stale for addition of the nexi monomer unit when it is converted to a
tetrahiedral sp3 center. If the stercochemistry of this center is established at random
(Scheme 4.1; &, = k,) then a pure atactic chain 15 formed and the probability ol
finding a meso dyad, P(m), is 0.5.

Polymers formed from manosubstituted monomers (X—H) under the usual
reaction conditions {e.g. 60 °C, bulk) appear almost atactic with only a slight
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preference for syndiotacticity and values of P(m) in the range 0.45-0.52 (Table 4.1,

Section 4.2.3).
panultimate terminal
unit unit

—_—
m

|
‘“"’CHE C— CHE

| Ky
¥ \
Scheme 4.1

If the reaction center adopts a preferred configuration with respect to the
conliguration of the penultimate unit in the chain {Scheme 4.1; &£, # £,) then
Bernoullian statistics apply. The stereochemistry of the chain is characterized by
the single parameter, P(m) or P(r) [= 1-P(m}]. The n#-ad concentrations can be
calculated simply by multiplying the concentrations of the component dyads. Thus
the relative triad concentrations are given by the following expressions (eq. 1-3)

mm = P(m) (1
mr = rm =2 P(m) P(ry=2 Pim) (1 - P(m)) {2)
rr= Py =(1 - Py’ (3)

Higher n-ads are calculated similarly. Thus for the mrrrmr heptad:

mrrrmr =2 P(nr) PUr) P(r) P(r) P(im) P() = 2 P(m)” P(’

The factor 2 is introduced in the case of asymmetric #-ads which can be
formed in two ways (mrrrmr = rinvivm).

penpenultimate penultimate terminal

unit unit unit
,A_\ —e e — kH'IIT[
« X /////,/4'
| \ .““.‘Y
mCHg*Cl:*CHQ*C*CHQ*C\X K
Y Y \

X Y kr m
oY /

I I =
wrGHy—C—CHz—C—CHo—C.,
2 2 b O
Y X

>

Scheme 4.2

Where the nature of the preceding dyad is important in determining the
configuration of the new chiral center (Scheme 4.2), first order Markov statistics
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apply. Propagation is subject to a penpenultimate unit effect {(also called an
antepenultimate unit effect). Two parameters are required to specify the
stereochemistry, P(m|r) [=1-P(m|m)] and P(rjr} [=1-P(#|m1)], where P(ilj) is the
conditional probability that given a j dyad, the next unit in the chain will be an J
dyad.” It can be shown that

P(my= P(mlr) ! (Pm|r)t Plr|n)) (4

The relative triad concentrations are then given by the following expressions
(eq. 5-7)

mm = P(m) P(m|m) (5)

mr=rm=2 Plm) P{rlm}=2 P(m} (| - P(m|m)) (6)

rr = P(r) P(r|r) (N
Again the higher r-ads are calculated similarly. Thus for the mrermr heptad:

mrermre = 2 P(m} Pirlm) P(rr) P(rlr) Plm|r) P(rm)

We can also write expressions to calculate P(m|#) and P(r|m) from the triad
concentrations {eq. §, 9).

P(m|r) = mr/(2 nim | mmr) (8)
P(rim)y —rmi(2 vitrm) )]

The Coleman-Fox two state model describes the situation where there is
restricted rotation about the bond to the preceding unit (Scheme 4.3). If this is
slow with respect to the rate of addition, then at least two conformations of the
propagating radical need to be considered each of which may react independently
with monomer. The rate conslants associated with the conlormational equilibrium
and two values of P(l’r;() are required to characterize the process.

X
] Y i« I v X
MCHQ*C])*CHQ*C\ W\"CHQ—(|3—CH2—CL,~
X Y
Y Y
i’y/ &1 V Y{E

Scheme 4.3

More complex situations may also be envisaged and it should always be borne
in mind that the fit of experimental data to a simple model provides support for but
does not prove that model. The power of the experiment to discriminate between
models has to be considered.

¥ Intexts by Bovey' " and Tonelli® P(i[j) is written Pj/i.
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4.2.2 Experimental Methods for Determining Tacticity

The application of NMR spectroscopy to tacticity determination of synthetic
polymers was pioneered by Bovey and Tiers.” NMR spectroscopy is the most used
method and often the only technique available for directly assessing tacticity of
polymer chains."*”*'“'"" The chemical shift ol a given nucleus in or allached to
the chain may be sensitive to the configuration of centers three or more monomer
units removed. Other forms of spectroscopy (e.g. IR spectroscopy'™") are useful
with some polymers and various physical properties (e.g. the Kerr effect') may
also be correlated with tacticity.

The ambiguity of the NMR peak assignments may cause problems in tacticity
determination. The usual method of assigning peaks to configurational sequences
involves matching expected and measured peak intensities. There are obvious
problems inherent in this approach and these are being redressed by the application
of 2D NMR mecthods which in many cascs ¢an provide unambiguous
assignments.”” These methods have been applied to make absolute tacticily
assignments for PAA,' PMMA,'™° PMAN,” PVA,™ PVC™” and PVF.™" In
some cases, an g priori assignment of chemical shifts using theoretical methods
{making use of the rotational isomeric state model and the y-gauche effect) may
also bc possible.® Such methods have been shown usctul for polypropylenc, PVC
and PVF.

Attention must also be paid to sample preparation methods.”” The number
average molecular weight of the polymer must be sufficiently high that signals duc
to sequences near the chain ends make no significant contribution to the spectrum.
For PMMA with heptad resolution, this requires that M, is in excess of 30,000,
Similarly, one must be concerned about structural irregularities introduced through
head addition, backbiting and other processes.

4.2.3 Tacticities of Polymers

Many radical polymerizations have been examined from the point of view of
establishing the stercosequence distribution. For most systems it is claimed that
the tacticity is predictable within experimental error® by Bernoullian statistics [/.e.
by the single parameter P(m) — see 4.2.1].

Tacticity is most often determined by NMR analysis and usually by looking at
the signals associated with the -CXY- group (refer Figure 4.3). The analysis then
provides the triad concentrations (mim, s and ) and the value of m or Prai} s
given by cq. 10.

Pimj = mm - 0.5 mr {10)

1t should be noted that, in some studies, deviations of 5-10% in expected and measured NMR

peak intensities have been ascribed to experimental error. Such error is sufficient to hide
- . - . N g8

significant departurcs from Bernoullian statistics. ™™
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Most polymers formed by radical polymerization have an excess of
syndiotactic over isotactic dyads [{.e. P(m) < 0.5]. P(m) typically lies in the range
0.4-0.5 for vinyl monomers and 0.2-0.5 for |, 1-disubstituted monomers. Tt is also
generally found that P(m) (the fraction of isotactic dyads) decrecases with
decreasing temperature.’®  Data on tacticity for some common polymers are
presented in Table 4.1,

There are cxeeptions to this general rule. For example, polymetizations of
methacrylales with very bulky ester substituents (1-4) show a marked preference
for isotacticity’’ whereas polymerizations of MMA show a significant preference
for syndiotacticity (Table 4.1). Polymerization of the acrylamide derivative 5
which has a bulky substituent on nitrogen also provides a polymer that is highly
isotactic.™** AM and simple derivatives (NIPAM, DMAM) give polymers that
are slightly syndiotactic (Table 4.1). Tacticity can be influenced by solvent and
I.ewis acids (Section 8.3).34

CHg CHs

| |
CHQ:(|: O CHQ:(|:
0% 0 o

1 2 3 4
CH.=CH
2 é )( CI:HS (?HS
- H,C=CH N CHa=C =
Hc=CH  HaG=GH 27 © P I CH=¢
i .C =G - =C. .G
O o” N O N 7\ O7 NH o7 N
0% "NH, H | | H
AM NIPAM DMAM 5 6 7

An cxplanation for the preference for syndiotacticity during MMA
polymerization was proposed by Tsuruta ef «l.” They considered that the
propagaling radical should exist i1 one of two conformations and showed, with
models, that attack on the less hindered side of the preferred conformation (where
steric interactions between the substituent groups are minimized) would lead to
formation of a syndiotactic dyad while similar attack on the less stable
conformation would lead to an isotactic dyad.

MMA pelymerization is one of the most studicd systicms and was thought to
be explicable, within experimental error, in terms of Bernoullian statistics. Moad
et al’® have made precise measurements of the configurational sequence
distribution for PMMA prepared from "*C-labeled monomer. It is clear that
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Bernoullian statistics do not provide a satisfactory description of the tacticity.”
This finding is supported by other work.™ " First order Markov statistics
provide an adcquate fit of the data. Possible cxplanations include: {a)
penpenultimate unit effecis are important; and/or (b) conformational equilibrium is
slow (Section 4.2.1). At this stage, the experimental data do not allow these
possibilities (o be distinguished.

It seems likely that other polymerizations will be found to depart from
Bernoullian statistics as the precision of tacticity measurements improves. One
study'® indicated that vinyl chloride polymerizations are also more appropriately
described by first order Markov statistics. However, there has been some
rcassignment of signals since that time ***

The triad fractions for PVAc™ seem to obey Bernoullian statistics.
However, the concentrations of higher order #-ads cannot be explained cven by
first (or second} order Markov statistics suggesting either thal ambiguities still
remain in the signal assignments at this level or that there are unresolved
complexities in the polymerization mechanism. Tacticilies have been shown to be
solvent and temperature dependent with the degree of syndiotacticity heing
significantly enhanced in fluoroalcohol solvents and by ]ower temperatures. 4041
Tacticity of vinyl esters is also dependent on the ester group.”

Table 4.1 Taclicities ol Selecled Homopelymers

Monomer Temp. P{m)? P{m|m)  P{rjm) solvent Conv. Refll
eC %
AN 35 0.52 - - H,0 - +
MA 60 0.49 - - toluene <50  M¥
AM 0 ca 0.46° - - methanol 60 i
DMAM 60 ca0.46° - - methanol 73 -”
NIPAM 60 ca 0.45° - - methanol %2 E
) 80 0.46 - - henzene 92 ro-td
VAc - 0.46 1 01° - - d - e
vV 90 (0.454) 0.437 0465 e - 12
A8 5 (0.406) 0391  0.424 e - 2
VC -30 (0.377) 0.33 0.391 d - 12
MAN 60 0.406 - - bulk 15 -
o 60 ca 0.14° - - methanol 97 3
6 60 ca 028 . - toluene 95 o
7 60 <0.1° - - methanol 50 !
MMA 60 (0.202) 0.159  0.212 benzene 5 i
a Best fit number for P(m). The polymerization is believed to follow first order Markov
statistics. b Bernoullian statistics not established. Values of P{m} estimated from triad

distributions given. ¢ Sce text. d Commercial samples or conditions of preparation unstated.
¢ Suspension polymerization.
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Further discussion on the effects of the reaction media and Lewis acids on
lacticily appears in Seclion 7.2. Altempls to conlrol lacticily by lemplate
polymerization and by enzyme mediated polymerization are described in Section
7.3. Devising effective means for achieving stereochemical control over
propagation in radical polymerization remains an important challenge in the tield.

4.3 Regiosequence Isomerism - Head vs Tail Addition

Most monomers have an asymmetric substitution pattern and the two ends of
the double bond are distinct. For mono- and 1,1-disubstituted monomers (Section
4.3.1) it is usual to call the less substituted end “the tail" and the more substituted
end "the head". Thus the terminology evolved for two modes of addition: head
and tail; and for the three types of linkages: head-to-tail, head-to-head and tail-to-
tail. For 1,2-di-, tri- and tetrasubstituted monomers definitions of head and tail are
necessarily more arbitrary. The term "head” has been used for that end with the
most substlituents, the largest substituents or the best radical stabilizing substituent
(Scheme 4.4).

With 1.3-diene based polymers, greater scope for structural variation is
introduced because there are two double bonds to attack and the propagating
species is a delocalized radical with several modes of addition possible (see 4.3.2).

g
tail addition MCHZ—(li—CHz—(lI .
X X Y Y
| | T=
»»CH;-C+ + CHp=C
o i
head addition MCH2*(|3*(|3*CH2-
Y O Y
H-

Scheme 4.4

4.3.1 Monoene Polymers

Various terminologies for describing regiosequence isomerism have been
proposed."* By analogy with that used to describe stereosequence isomerism
(Section 4.2), it has been suggested that a polymer chain with the monomer units
connected by "normal” head-to-tail linkages should be termed isoregic, that with
alternating head-to-head and tail-to-tail linkages, syndioregic, and that with a
random arrangement of connections, arcgic.

For mono- and 1,1-disubstituted monomers, steric, polar, resonance, and bond-
strength terms (see Section 2.3} usually combine to favor a preponderance of tail
addition; e an almost completely 1soregic structure. However, the oceurrence of
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head addition has been unambiguously demonstrated during many
polymerizations. During the intramolecular steps of cyclopolymerization, 100%
head addition may be obtained (Scction 4.4.1).

The tendency for radicals to give lail addition means that a head-to-head
linkage will, most likely, be followed by a tail-to-tail linkage (Scheme 4.5}. Thus,
head-1o-head linkages lormed by an "abnormal” addition reaction are chemically
distinet from those formed in tennination by combination of propagating radicals
{Scheme 4.6).

)I( head-to-hsad linkage
T S L S
wrGHy~C—C—CHyt ————» o CHy~C—C-CHa-CHz—C -
¢ "|{ Y Y T Y

tail-to-tall linkage

He
Scheme 4.5
head-to-head linkage
X X o X X l X X
| I combination | | | |
2 mCHg—L‘:—CHE—LF - mCHg—clj—CHg—(lz—C—CHg—(|3—CH2m
Y Y Y Y Y Y
Te
head-to-1ail linkages
Scheme 4.6

In view of the potential problems associated with discriminating between the
various types of head-to-head linkages, it is perhaps curious that, while much
effort has been put into finding head-to-head linkages, relatively little attention has
been paid 10 applying spectroscopic methods to detect tail-to-1ail linkages where
no such difficulty arises.

Even allowing for the above-mentioned complication, the number of head-to-
head linkages is unlikely to equate exactly with the number of tail-to-tail linkages.
The radicals formed by tail addition (T*) and those formed by hcad addition {He)
are likely to have different reactivities.

Consideration ¢f data on the rcactions for small radicals (Scction 2.3) suggest
that the primary alkyl radical (H») is more likely to give head addition than the
normal propagating species (T=) [or three reasons:

{a) The propensity [or head addition, which usually corresponds with attack at the
more substituted cnd of the double bond, should deercasc as the steric bulk of
the attacking radical increases. Note that He {(a primary alkyl radical in the
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case of mono- and 1,1-disubstituled monomers) will usually be less sterically
bulky than Te.

(b) Most common monomers have some dipolar character. He and T+ will usually
be polarized similarly to the head and tail ends of the monomer respectively.
This should favor T» adding tail and He adding head.

(¢} The primary alkyl radical (He)} will be more reactive than T+ with no a-
substituent to stabilize or delocalize the free spin.

However, head addition is usually a very minor pathway and is difficult to
determine experimentally. Analysis of the events which follow head addition
presents an even more formidable problem. Therefore, there is little experimental
data on polymers with which 1o test the above-mentioned hypothesis. Data lor
fluoro-olefins indicate that He gives less head addition than T+ (Section 4.3.1.3).
No explanation for the observation was proposed.

The primary alkyl radical, He, is anticipated to be more reactive and may
show different specificity to the secondary or tertiary radical, T+, Tn VAe and VC
polymerizations the radical He appears more prone (o underiake intermolecular
(Scctions 4.3.1.1 and 4.3.1.2) or intramolccular (4.4.3.2) atom transfer reactions.

4.3.1.1 Poly(vinyl acetate)

It is generally agreed that ca 1-2% of propagation steps during VAc
polymerization involve head addition. There is some evidence that, depending on
reaction conditions, a high proportion of the head-lo-head linkages may appear at
chain cnds {(Scheme 4.7} and that the number of head-to-head linkages may not
equate with tail-to-tail linkages. The extenlt of head addiiion in VAg¢
polymerization increases with the polymerization temperature.

The classic method for establishing the proportion of head addition occurring
in VAc polymerization involves a two step process.”” The PVAc is converted to
PVA by exhaustive hydrolysis and the number of 1,2-glycol units is determined by
periodate cleavage.

The reliability of the chemical method has been assessed by Adelman and
Ferguson.” They showed that, for low molecular weight PVA, a significant
proportion of the 1,2-glycol units appear at chain ends as 2,3-dihydroxybutyl
groups (ca 20% for M, = 5,000, PVAc prepared in methanol at 75 °C). The
inference is that the radical formed by head addition is particularly active in inter-
or intramolecular transfer and/or termination reactions. The result suggests that
measurements of the decrease in molecular weight caused by periodate cleavage
could underestimate the amount of head addition.™

Analysis of Be NMR spectra of PV A provides a direct estimate of the extent
of head addition occurring in VAc polymerizations.”” >  Another advantage of
the NMR mcthod over chemical methods is that both head-to-head and tail-to-tail
linkages can be observed. The polymers examined in these studies’* were of
relatively high melecular weight and prepared by emulsion polymerization. They
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possessed an equal number of head-to-head and tail-to-tail linkages. We have
found that NMR can also be used to determine the fraction of head-to-head
linkages in PV Ac directly.

~eGHy~CH—CHa—CH » tail addition =0 CHy~CH—CHa—CH—CHa—CH
QAc OAc VAc OAc OAc QAc

VAc l head addition

20 CHy~GH=CHy=CH—CH~—Chy: RH, "rOHp=GH-CH=CH—CH-CHy o

OAc OAc QAc OAc OAc OAc

VAC l tail addition

WGHZ‘?H—CHZfCl:H*(l}H*CHQ*CHQ*C‘)H .
QAc OAc OAc OAC

Scheme 4.7

The reaction conditions (solvent, temperature) may also influence the amount
of head addition and determine whether the radical formed undergoes propagation
ar chain transfer.

4.3.1.2 Polv(vinyl chloride)

Establishment of the detailed microstructure of PVC has attracted considerable
interest. This has been spurred by the desire to rationalize the poor thermal
stability of the polymer (Chapter 1). Many reviews have appeared on the chemical
microstructure of PVC and the mechanisms of “defect group” formation.”®*

Although head addition oceurs during PVC polymerization to the extent of ca
1%, it is now thought that PVC contains few, if any, head-to-head linkages
(<0.05%).°"*  Propagation from the radical formed by head addition is not
competitive with a unimolecular pathway for its disappearance, namely, 1,2-
chlorine atom transfer (sec Scheme 4.8).

Rigo et al.”’ were the first to propose that head addition does occur but is
immediately followed by a 1,2-chlorine atom shift. The viability of 1,2-chlorine
atom shifts is well established in model studies and theoretical calculations.”
Experimental support for this occurring during VC polyvmerization has been
provided by NMR studies on reduced PYC.*® Starnes ef af.” proposed that head
addition is followed by one or two 1,2-chlorine atom shifts to give chloromethyl or
dichloroethyl branch structures respectively (Scheme 4.8). There also is kinetic
data to support this hypothesis.
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VC

wGHy = CH=CHp —Ch - = = awnCHy,—CH—CHy—CH—CHy—CHw

| | tail addition | [ |

Cl Cl Cl Cl Cl

VG l head addition
~eCHy~GH- CHa ~CH—CH—CHy-
g
cl ¢ c ~wOHa~GH-CHz~CH—CHCHy

1,2 Cl shift VG / cl Cl ol
/ chloraomethyl branch

MCHZ—?H*CHQ—C‘H—E}H—?HE

Cl Cl Cl
~~CHy— CH—CHy~ CH=CH—CH,
l 1,2 Cl shift 4 &
mCHE—(‘)H—CHQ—(}‘H—ClH—ClHQ / chlorgallyl end [ . CI-}
Cl cl Cl
w |
l Ve i
mCHft"JH—CHQ—(E:chlef?HE CHy~ChHwror
Cl Cl Cl cl Cl
dichloroethyl branch dichloroethyl end

Scheme 4.8

Starncs ef al.®’ have also suggested that the head adduct may undergo p-
scission to eliminate a chlorine atom which in turn adds VC to initiate a new
polymer chain. Kinetic data suggest that the chlorine atom does not have discrete
existence.  This addition-climination process is proposed to be the principal
mechanism for transfer to monomer during VC polymerization and it accounts for
the reaction being much more important than in other polymetizations. The
reaction gives rise to terminal chloroallyl and 1,2-dichlorocthyl groups as shown
in Scheme 4.8.

The presence of 1,2-dichloroethyl end groups and branch structures is likely to
confusc attempts to determine head-to-head linkages by chemical methods (e.g.
iodometric titration®).

4.3.1.3 Fluoroe-olefin polymers

Propagation reactions involving the fluoro-olefins, vinyl fluoride (VF)®7*

vinylidene fluoride (VF2)*™™ and trifluoroethylene (VF3),” show relatively
poor regiospecificity. This poor specificity is also scen in additions of small
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radicals to the fluore-olefins (see 2.3). Since the fluorine atom is small, the major
factors affecting the regiospecificity of addition are anticipated to be polarity and
bond strength.

The fraction of head-to-head linkages in the poly(fluoro-olefins) increases in
the series PVF2 < PVYF ~ PVF3 (Table 4.2). This can be rationalized in terms of
the propensity of electrophilic radicals to add preferentially to the more electron
rich end of monomers (i.e. that with the lowest number of fluorines). This trend is
also seen in the reactions of trifluoromethyl radicals with the fluoro-olefins (see
2.3).

The proporiion of head-lo-head linkages in fluoro-olefin polymers also
depends on the polymerization temperature®’*>7(Table 4.2).

Table 4.2 Temperature Dependence of Head vs Tail Addition for Fluoro-olefin

Monomers
temperature % head addition

oC VE3”® vE2? vH™
100 13.0
20 13.8 5.7 12.5
70 12.5
60 12.5

0 11.8 3.45 -

-80 10.0 3.0 -

19F NMR studies have allowed regiosequence information (o be determined at
the pentad (VF) or heptad (VF2) level. Early studies™ found that polymers formed
by radical polymerization could be adequalely described by Bernoullian statistics.
However, Cais and Sloane’* found that it was more appropriate to use first order
Markov statistics 1o interprel regiospecilicity. Their analysis suggests that the -
CH>* radical (formed by head addition) is much less likely to add head than the -
CFXe radical [by a factor of ~14-18 for VF2 (depending on the polymerization
temperature} or ~4 for VF]. No explanation for this selectivity was offered. The
findings for fluore-olefin propagation appcar at variance with the considerations
discussed above (see 4.3) and observations made for simple models. For example,
with VF2, methyl radical is known to give much morc hcad addition than
trifluoromethyl radical (see 2.3).

4.3.1.4 Allyl polymers

Matsumoto ef al.”"®" have reported that substantial amounts (5-20%) of head
addition occur during polymerization of allyl esters and that the proportion
increases with polymerization temperature. They report that the proportion of
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head-to-hiead linkages in poly(allyl esters} is also dependent on the molecular
weight of the polymer chain. For short chains, the [raction is reporled 1o be ca
10% irrespective of the nature of the ester group. For longer chains the proportion
of head-to-head linkages decreases and the molecular weight dependence of this
fraction incteases according to the size/polarity of the ester group.

The very high levels of head addition and the substituent effects reported in
these sludies are inconsislent with expectations based on knowledge of the
reactions of small radicals (see 2.3) and are at odds with structures formed in the
intermolecular step of cyclopolymerization of diallyl monomers (see 4.4.1.1)
where overwhelming tail addition is seen.

4.3.1.5 Acrylic polymers

Before the advent of NMR spectroscopy, a number of reports appeared
suggesting the possibility of substantial head addition during polymerization of
acrylate ester derivatives. Marvel er ol.™ reported chemical degradation
experiments that suggested that a-haloacrylate polymers contain halogen
substituents in a 1,2-relationship. On this basis they proposed that these monomers
polymerize in a head-to-head, tail-to-tail fashion. McCurdy and Laidler™
suggested that irrcgularities in the heats of polymerization of methyl and higher
acrylates and methacrylates could be rationalized if a fraction of units were
arranged in head-to-head, tail-to-tail arrangement.

Since that time, many studies by NMR and other techniques on the
microstructure of acrylic and methacrylic polymers formed by radical
polymerization have proved their predominant head-to-tail structure.

There is, however, some evidence that a small amount of head addition duting
propagation occurs in the polymerization of acrylic monomers. On the basis of
chemical analysis, Sawant and Morawetz" suggested that 4.6% of amide groups in
PAM may be present as head-to-head linkages. Minigawa®™ has indicated the
presence of a small percentage ol head-to-head linkages in PAN.

4.3.2 Conjugated Diene Polymers

There is greater scope for structural variation in the diene based polymers than
for the monoene polymers already discussed. The polymers contain units from
overall 1,2- and c¢is- and frans-1,4-addition. Two mechanisms (or overall 1,2-
addition may be proposed. These are illustrated in Scheme 4.9 and Scheme 4.10:

(a)} The delocalized allyl radical produced by addition to the 1- {or 4-) position
may react in two ways (o give overall 1,2-addition or 1,4-addition (Scheme
4.9).

(b) By analogy with the chemistry seen with monoene monomers the propagating
species could, in principle, add to one of the iniernal {2- or 3-} positions of the
diene (Scheme 4.10).



Propagation 183

Analyses ol polymer microstructures do not allow these possibilities to be
unambiguously distinguished. However, EPR cxperiments demonstrate that
radicals add exclusively to one of the terminal methylenes.®’

trans-1.4- cis-1,4-

Scheme 4.9

N A T
Scheme 4.10

When used in conjunction with unsymmetrical dienes with substituents in the
2-position, the term 'tail addition’ has been used to refer to addition to the
methylene remote from the substituent. "Head addition” then refers to addition to
the methylene bearing the substituent (i e. head addition = 4,1- or 4, 3-addition, tail
addition = 1,4- or 1,2-addition) as illustrated below for chloroprene (Scheme 4.11).
Note that 1,2- and 4,3-addition give different structures while 1,4- and 4, -addition
give equivalent structures and a chain of twoe or more monomer units must be
considered to distinguish between head and tail addition.

Tacticity is only a consideration for units formed by 1,2-addition. However,
units formed by 1,4-addition may have a ¢is- or a frans-configuration.

In anionic and coordination polymerizations, reaction conditions can be
chosen to yield polymers of specific microstructure.  However, in radical
polymerization while some sensilivity (o reaction conditions has been reported, the
product is typically a mixturc of microstructures in which 1,4-addition is favored.
Substitution at the 2-position {(e.g. isoprene or chloroprene - Section 4.3.2.2) favors
1.4-addition and is attributed io the inlfuence of steric laciors. The reaction
temperature does not affect the ratio of 1,2:1,4-addition but does influence the
conliguration of the double bond lormed in 1,4-addition. Lower reaction
temperatures lavor frany-1,4-addition (Sections 4.3.2.1 and 4.3.2.2).

Early work on the microstructure of the diene polymers has been reviewed.'
While polvmerizations of a large number of 2-substituted and 2,3-disubstituted
dienes have been reported,” little is known about the microstructure of diene
polymers other than PB,* polyisoprene,” and polychloroprene.”*
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Scheme 4.11

4.3.2.1 Polvbutadiene

The mechanism of B polymerization is summarized in Scheme 4.9. 1,2-, and
cis- and trans-1,4-butadiene units may be discriminated by IR, Raman, or 'H or
¢ NMR spectroscopy.'®™ PB comprises predominantly 1,4-trans-units. A
typical composition formed by radical polymerization is 57.3:23.7:19.0 for #rans-
1,4-:cis-1,4-:1,2-.  While the ratio of 1,2- to 1,4-units shows only a small
temperature dependence, the effect on the cis-frans ratio appears substantial. Sato
et al.” have determined dyad sequences by solution '3C NMR and found that the
distribution of isomeric siructures and tacticity is adequately described by
Bernoullian statistics. Kawahara et al.*! determined the microstructure (ratio
trans-1,4-:¢is-1,4-:1,2- and dyad ratios) by performing "*C NMR measurements
directly on PB latexes and obtained similar data to that obtained by solution "*C
NMR, They™ also characterized crosslinked PB.

4.3.2.2 Polychloroprene, polyisoprene

The mechanism of chloroprene polymerization is summarized in Scheme 4.11.
Coleman e af.”**® have applicd 13C NMR in a detailed investigation of the
microstructure of poly(chloroprene) alse known as neoprene. They report a
substantial dependence of the microstructure on temperature and perhaps on
reaction conditions (Table 4.3). The polymer prepared at —150 °C essentially has a
homogeneous 1,4-trans-microstructure. The polymerization is less specific at
higher temperatures. Note that different polymerization conditions were employed
as well as different temperatures and the influence of these has not been
considered separately.
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Table 4.3 Microstructure of Poly(chloroprenc} vs Temperature

temperature unit
°C 4, 1-trans 1, 4-trans 1, 4-cis® 1,2-0 4.3-
QL 75.1 10.3 7.8 2.9 41
4d 81.6 9.2 52 2.5 1.4
od 90.4 5.5 1.8 2.1 1.1
-4y 93.2 4.2 0.7 1.4 0.5
-150¢ 98.0 2.0 <0.2 <0.2 <().2

a 1,4- and 4,1-cis not distinguished. b 25-30% of 1,2- arc isomerized. ¢ Reaction conditions
notstated.  d Emulsion pelymer. e Polymer prepared by irradiation of crystalline monomer.

Poly(isoprene) can also be prepared by radical polymerization.”” Although the
ratio of 1,4-:1,2-:4,3- units is stated to be ca 90:5:5 irrespective of the
polymerization temperature {(range -20-50 °C), the proportion of ¢is-1,4-addition
increases Irom 0 at =20 °C 1o 17.6% at 50 °C. EPR sludies indicale that radicals
add preferentially to the 1-position.®’

4.4 Structural Isomerism - Rearrangement

During most radical polymerizations, the basic carbon skeleton of the
monomer unit is maintained intact. However, in some cases the initially formed
radical may undergo intramolecular rearrangement leading to the incorporation of
new structural units into the pelvmer chain. The rearrangement may take the form
of ring closure (see 4.4.1), ring-opening (se¢ 4.4.2) or intramolecular atom trans(er
{scc4.4.3).

The unimolecular rearrangement must compete with normal propagation. Asa
consequence, for systems where there is <100% rearrangement, the concentration
of rearranged units in the polymer chain will be dependent on reaction conditions.
The use of low monomer concentrations will favor the unimolecular process and it
follows that the rearrangement process will become increasingly tavored over
normal propagation as polymerization proceeds and monomer is depleted (f.e. at
high conversion). Higher reaction temperatures generally also favor
rearrangement.

4.4.1 Cyclopolvmerization

Diene monomers with suitably disposed double bonds may undergo
intramolecular ring-closure in competition with propagation (Scheme 4.12). The
term cyclopolymerization was coined to cover such systems. Many systcms which
give cyclopolymerization to the exclusion of “normal” propagation and
crossliglskli(gg are now known. The subject is reviewed in a series of works by
Butler, ™™
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Scheme 4.12

Intramolecular cyclization is suhject to the same factors as intermolecular
addition (see 2.3). However, stereoelectronic factors achieve greater significance
because the relative positions of the radical and double bond are constrained by
being part of the one molecule (see 2.3.4) and can lead to head addition being the
preferred pathway for the intramoleeular step.

Geometric considerations in cyclopolymerization are optimal for [,6-dienes
(see 4.4.1.1). Instances of cyclopolymerization involving formation of larger rings
have also been reported (see 4.4.1.4), as have examples where sequential
intramolecular additions lead to bicyelic structures within the chain (see 4.4.1.2).
Various 1,4- and 1,5-dienes are proposed to undergo cyclopolymerization by a
mechanism involving two sequential intramolecular additions (see 4.4.1.3).

4.4.1.1 1,6-Dienes

The polymerization of nonconjugated diene monomers might be expected to
afford polymer chains with pendant unsaturation and ultimately. on further
reaction of these groups, crosslinked insoluble polymer networks. Thus, the
finding by Butler et af., '“'" that polymerizations of diallylammonium salts, of
general structure 8 [e.g. diallyldimethylammonium chloride (9)] gave linear
saturated polymers, was initially considered surprising.

Ty 1)
NT oz /N+\ C
v' Ny CHs CHj
8 9
The explanation proposed involved sequential inter- and intramolecular

addition steps. The presence of cyclic structures within the polymer chain was
soon confirmed by degradation experiments.’”® However, these experiments did
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not unambiguously define the precise nature of the cyclic units. Their nature was
inferred on the basis of the then prevailing theory, that radical additions proceed so
as to give the more stable product {a six-membered ring and a secondary radical).
As a consequence, the structure ol these cyclopolymers was not [irmly established
until the 1970s when spectroscopic studies showed that five-membered ring
formation is the preferred (kinetic) pathway during cyclopolymerization of simple
diallyl compounds (10).'%"

Cyclopolymerizations of other 1,6-dienes afford varying ratios of five- and
six-membered ring products depending on the substitution pattern of the starting
diene. Substitution of the olefinic methine hydrogen (e.g. 11, R— CH;) causes a
shift from five- to six-membered ring formation. More bulky R substitucnts can
prevent efficient cyclization and cross-linked polymers may result.

NN YY"
X\Y/Z X\Y/Z

10 11

A vast range of symmetrical and unsymmetrical 1,6-diene monomers has now
been prepared and polymerized and the generality of the process is well
established.”™ A summary of symmetrical 1,6-dicne structures, known to give
cyclopolymerization, is presented im Table 4.4 [n many cases, the structure of the
repeat units has not been rigorously established. Often the only direct evidence for
cyclopolymerization is the solubility of the polymer or the absence of residual
unsaturation. In these cases the proposed repeal unit structlures are speculative.

The understanding of the mechanism of cyclopolymerization has been one of
the initial driving forces responsible for studies on the lactors controlling the mode
of ring closure of 5-hexenyl radicals and other simple model compounds.'

. 1y :;/6
- —
z 4
3

Scheme 4.13

The prelerential 1,5-ring closure of unsubstituled 5-hexenyl radicals has been
attributed to various factors; these are discussed in greater detail in Section 2.3.4.
The mode and rate of cyclization is strongly influenced by substituents, The
results may be summarized as follows (Scheme 4.13):

{a) Methyl substitution at €-1 slows the rate of both 1,5 and 1,6-ring closure.
Substituents which delocalize the spin into a m-system (CN, CO;Me) may
result in a predominance of six-membered ring products by rendering
intramolecular addition readily reversible.



188 The Chemistry of Radical Polymerization

(h) Substitution at C-5 dramatically retards 1,5-ring closure to the extent that 1,6-
ring closure may predominate.

(¢) Substitution at C-6 retards 1,6-ring closurc, If both the 5 and 6 positions arc
substituted 1,5-ring closure predominates.

(d) Substitution at C-2, C-3, or C-4 facilitates both 1,5- and 1,6- ring closure.

(e) Increased reaction temperatures tavor 1,6-ring closure at the expense of 1,5-
ring closure,

The presence of hetcroatoms and the inclusion of sp? centers are also known to
aftect the rate and mode of cyclization.

Thus, on the basis of model studies, it is possible to reconcile the observation
that diallyl monomers that are unsubstituted on the double bond (10, X-Z—-CH,,
Y=CR; NR, O, e¢fc.) give predominantly five-membered rings flor the
intramolecular step. Dimethallyl monomers and other similarly substituted
monomers (11, R#H) generally give predominantly six-membered rings (e.g. 11,
X=/=CH., R=CH; or C(:R - Table 4.4). Dimethacrylic anhydride (11, Y=0,
X=7Z=C=0, R=CH;) gives six-membered rings.''* It is surprising that
dimethacrylic imides (11, Y=N-alkyl, X=7=C=0, R= CHj;) are reported to give
five-membered rings.''"'"”

xﬁ/}q— \Lj agg'?'g"\L] addltlon #Ij . Jf\[l
NN SN

Y Y Vo {
13 14 15 16

Scheme 4.14

The observation by Matsumoto e af. (see 4.3.1.4) that significant amounts of
head addition occur in polymerization of simple allyl monomers brings into
question the origin of the small amounts of six-membered ring products that arc
formed in cyclopolymerization of simple diallyl monomers (Scheme 4.14). If the
intermelecular addition step were to involve head addition, then the intramolecular
step should give predominantly a six-membered ring product (14) (by analogy
with chemistry seen for 1,7 dienes — see 4.4.1.4). Note that the repeat units 14 and
16, like 12 and 17 are the same; however, they are oriented differently in the chain.
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I there is significant intermolecular head addition, the formation of seven-
membered units (13) might occur.'

The stereospecificity of the cyclization step has been examined both for model
systems'™""7 and in a lew cyclopolymerizations."”"""®*'"* In formation of either
five- or six-membered rings, there is a preference for the polymeric residues to end
up c¢is- 1o each other. Note that for cyclopolymers with six-membered ring units,
the ring stereochemistry is established in the intermolecular addition step {Scheme
4.15). In the case of five-membered ring units, ring stercochemistry is established
during the intramolecular step {Scheme 4.16).

2
T —"tr—1)

Scheme 4.15

W

Scheme 4.16

Unsymmetrical 1,6-dienes known Lo underge cyclopolymerization include
allyl (meth)acrylate (18 X=II, CH,; Y=I1,"" (18 X=CIl;; Y=Ph}"*' and
(meth)acrylamide derivatives (19 X=H, CH;)"""'**"'* and o-allyl (20 X=H)"*® and
o-isopropenylstyrene (20 X=CH,).""" With these eyclopolymerizations initial
addition is to the double bond with the a—phenyl or carbonyl group and residual
double bonds are isopropenyl or allyl groups.'**'* For these examples, the
cyclization step is relatively slow and reaction conditions are extremely important

in obtaining soluble (uncrosslinked) polvimers.

oo

18 19 20
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Table 4.4 Ring Sizes Formed in Cyclopolymerization ol Symmeirical 1,6-Diene

{a} all carbon
skeleton

(b) 4-nitrogen

(¢} 4-oxvegen

(d) 3,5-oxygen

(¢} other
heteroatom
substituciits

mMoenomer
X X

Oj\XFI\IIXO
L
7
T
he

v
si
R R
S S

HaC-Si.._ _.Si~CHs
HiC X CH,
Y
0. O
\:Ge
CHy "CH,

Monomers

substituents

X=Fh; ¥Y=/=H

X=CO,H, CO,R, CN; Y=Z=H
A=C0,:Me; Y=Z=CN
X:COEF{] Y:Z:COZR‘

X=H

X=CHy

x=H
X=CH;

X=H
X=CH,

X=CO,R

X=Y=H
X=H; Y=C4H,

X=H
X=CH,

X=0, NH, NCH,

5

5+6+77

h

ring size?

6

th O D O

(=2}

—6

refs.
128,129
136.151
18
132

98.98.107,110.133

134
[NE NN

80,135-137

138-140

[EY RS
142

143145
145

1

[

146
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Table 4.4 (continued)

monemer substituents ring sized refs.
147

() other X X X=H

X=CH,
heteroatom

. =4 z

substituents v \

X=H [RENEY

\E j« XeCH, 148,150

ﬁ”“rx

O 0
/\‘\\

a Predominant ring size. Ii not hpcciﬁcd, it has not been unambigucusly determined.

Propagation in cyclopolymerlzatmn may be substantially faster than for
analogous monoene monomers."”~ The various theorles put forward to account for
this observation are summarized in Butler’s review.”™ A recent theoretical study
by Tiiziin et ol looks at the effects of substituents on the rate of the cyclization
step.

One contributing factor, which scems to have been largely ignored, is that the
ring closed radical (in many cases a primary alkyl radical) is likely to be much
more reactive towards double bonds than the ally] radical propagating specics.
This specics will also have a different propensity for degradative chain transfer (a
particular problem with allylamines and related monomers - see 6.2.6.4) and other
processcs which complicate polymerizations of the monocnes.

4.4.1.2 Triene monomers

Triallyl monomers [e.g. (21} or salts thereot] can potentially undergo two
successive intramolecular cyclizations.'™'** However, in practice these materials

give insoluble products.
T}( j/ X
N
x%

21
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A model study has demonstrated the pathways shown in Scheme 4.17. The
first cyclization step gave predominantly five-membered rings, the second a
mixture of six- and seven-membered rings.””” Relative rate constants for the
individual steps were measured. The first eyelization step was found to be some
five-fold faster than for the parent 3-hexenyl system. Although originally put
forward as evidence for hyperconjugation in 1,6-dienes, further work showed the
rate acceleration to be steric in origin.'"™'?

//%;(: LK

P
Scheme 4.17

The first cyclization gives a mixture of ¢is- and frans-isomers and only the ¢iy-
isomer goes on to give bicyclic products. The relatively slow rate of the second
cyclization step, and the formation of frans-product which does not cyclize,
provides an explanation for the observation that radical polymerizations of triallyl
monomers often give a crosslinked produet.

4.4.1.3 I.4- and 1,5-dienes

Geometric considerations would secem to dictate that 1,4- and 1,5-dicnes
should not underge cyclopolymerization readily. However, in the case of 1,4-
dienes, a 5-hexenyl system is formed after one propagation step. Cyclization via
1,5-backbiling generates a second 3-hexenyl system. Homopolymerization of
divinyl ether {22) is thought to involve such a bicyclization. The polymer contains
a mixture of structures including that formed by the pathway shown in Scheme
4,18,

It has been suggested that certain 1.5-dienes including ¢-divinylbenzenz
(23}, vinyl acrylate (24, X=H) and vinyl mcthacrylate (24, X=CH;)""" may also
underge cyclopolymerization with a monomer addition occurring prior 1o
cyclization and formation of a large ring. Howcver, the structures of these
cyclopolymers have not been rigorously established.
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Scheme 4.18

Bicyelo[2,2,1Theptadicne derivatives (25) are set up to undergo ring closure to
form a three-membered ring and it is proposed that polymers formed from (25)
contain predominantly nortricyclene units.””"*

| X
by oS

23 24 25

R

4.4.1.4 1,7- and higher 1,n-dienes

Several polymerizations of 1,7- and higher diene monomers have been
reported. Cyclization to large rings (> six-membered) has been postulated.”*'*
However, in many examples, cyclization is nol quantitative and crosslinked
polymers are formed. Evidence for ring formation comes from kinetic data and, in
particular, from the delay in the gel point from that expected {(based on the
assumptions that no cyclization occurs and that all pendant double bonds are
available for crosslinking reactions). One common monomer that is thought to
show such behavior is methylene-bis-acrylamide (ring structure not proven).'*®

1,7-dienes give six-membered rings in prelerence 1o seven-membered rings;
examples include ethylene glycol divinyl ether (26) and bis-acryloylhvdrazine
(27)."°" This preference is also seen with model 6-heptenyl radicals.’” One of the
first reported examples of a ‘cyclopolymerization® was that of the 1,11-diene,
diallyl phthalate (28). A significant fraction (30-40%) of repeat units in the low
conversion polymer was postulated to have a cyclic structure.”'" NMR studies
on polymers [ormed by exhaustive hydrolysis suggest the cyclopolymer contains
eleven-membered rings.'™

Various dimethacrylates have been polymerized in an effort to synthesize a
poly(methacrylate} with head-to-head linkages.""™'"  Various 1,6- (e.g.
dimethacrylamides - sce Table 4.4), 1,7- {e.g. dimcthacrylhydrazines) and 1,8-
dienes (e.g. dimethacryloylureas) are reported to give head-to-head addition (five-,
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six- or seven-membered rings respectively) or a mixture of head-to-head and head-
to-tail addition. The [,9-diene, o-dimethacryloylbenzene (29)'* and the 1,10-
diene 2,4-pentanediol dimethacrylate (30) give 100% cyclopolymerization and
only hecad-to-tail addition (nine- and ten-membered rings respectively).
Methacrylate derivatives of oligo- and polyhydroxy compounds analogous to 30
have been shown to undergo cyclopolymerization to give ladder polvmers. These
polymerizations are considered further in the section on template polymerization
(see 8.3.5.2).

\ /

) ¢ TY

o 0 O
NS HNNH

26 29 30

4.4.1.5 Cyclo-copolymerization

In this section we consider systems where the radical formed by propagation
can cyclize to yield a new propagating radical. Certain 1,4-dienes undergo cyclo-
copolymerization with suitable olefins. For example, divinyl ether and MAH are
proposed to undergo alternating copolymerization as illustrated in Scheme 4.19.'%
These cyelo-copolymerizations can be quantitative only for the case of a strictly
alternating copolymer. This can be achieved wilh certain electron donor-electron
acceptor pairs, for example divinyl ether-maleic anhydride.

R T O H/\\/O\/ O\/ H O *
—
7 5 -

Scheme 4.19

4.4.2 Ring-Opening Polymerization

Much of the interest in ring-opening polymerizations stems from the fact that
the polymers formed may have lower densities than the monomers from which
they are derived (i.e. volume expansion may accompany polymerization). *'"
This is in marked contrast with conventional polymerizations which typically
involve a nelt volume contraction. Such polymerizations are therefore of

particular interest in adhesive, mold filling, and other applications where volume
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contraction is undesirable. Their use i dental composite and adhesive
compositions has attracted recent attention.'”'

Ring-opening polymerizations and copolymerizations also offer novel routes
to polycsters and polyketones (Scetion 4.4.2.2). These polymers are not otherwisc
available by radical polymerization. Finally, ring-opening copoelymerizalion can
be used to give end functional pelymers. For example, copolymerization of ketene
acetals with, for example, 5, and basic hydrolysis of the ester linkages in the
resultant copolymer ofTers a route 1o g,m-difunctional polymers (Section 7.5.4).

% s g “H_/.W k|5
4’; —_——
ke

W‘\a > » VW

Scheme 4.20

Reviews on radical ring-opening polymerization include those by Sanda and
Endo,'”” Klemm and Schultz,'”* Cho,""* Moszner ef al.,'” Endo and Yokozawa'”®
Stansbury'™ and Bailey.'”” A review by Colombani'™ on addition-fragmentation
processes is also relevant. Monomers used in ring-opening are typically vinyl (e.g.
vinylcyclopropane - Scheme 4.20; Section 4.4.2.1) or methylene substituted cy¢lic
compounds {e.g. kectene acctals - Scection 4.4.2.2) where addition to the double
bond is followed by p-scission.

However, there are also examples ol addilion across a strained carbon-carbon
single bond, as occurs with bicyclobutane'™ and derivatives (Scheme 4.21,
Scheme 4.22)."*"8! Interestingly, l-cyano-2,2,4,4-ietramethylbicylobutane (31} is
reported to provide a polyketenimine (Scheme 4.22)."" This is the only known
examples of a a-cyanoalkyl radical adding monomer vie nitrogen.

CN - M’V&CN —_— ~w<>\~w
CN

Scheme 4.21
31
Scheme 4.22

For ring-opening to compete cffectively with propagation, the former must be
extremely facile. For example with 4,~102-10° M- 5! the rate constant for ring-
opening (ky) must be at least ~105-10% s-! to give >99% ring-opening in bulk
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polymerization. The reaction conditions can be chosen so as to favor ring-
opening. Ring-opening will be favored by dilute reaction media and, usually, by
higher polymerization temperatures.

The ring-opening reaction usually results in the formation of a new unsaturated
linkage. When this is a carbon-carbon double bond, the further reaction of this
group during polymerization leads to a crosslinked (and insoluble) structure and
can be a serious problem when networks are undesirable. In many of the
applications mentioned above, crosshinking 1s desirable.

4.4.2.1 Vinyl substituted cyclic compounds

There must be considerable driving force for ring-opening if it is to compete
with propagation. In the case of vinylcyclopropane and derivatives (Scheme 4.20)
this is provided by the relief of strain inherent in the three-membered ring. Rates
of ring-opening of cyclopropylmethyl radicals are reported to be in the range 10°-
108 571 depending on the substitution pattern, **'*7

W Ph
WY %W
X z
32 33

Many polymerizations of vinyleyelopropane and substituted derivatives {32)
have now been reported.'™' 7520 ANl examples give 100% opening of the
cyclopropanc ring. However, conversions and polymerization rates are often low,
even when the double bond is activatled towards addition by a phenyl substituent
(331.7°*" For this example, the explanation for low polymerization rates probably
lies with the reversibility of ring-opening. The reversibility of cyclopropylmethyl
radical ring-opening has been established even for the parent system. The «-
phenyl substituent reduees the rate of ring-opening by some two to three orders of
magnitude'™ and the equilibrium lies in favor of the ring-closed radical.™’
Even though the rate constant for ring-opening is slow in the case of 33, the
monomer is unlikely to undergo polymerization without ring-opening. Such a
polymerization should have a low ceiling lemperalure since 33 is structurally
analogous to AMS (Section 44.5.1).

In the case of asymmetrically ring-substituted vinylcyclopropane derivatives
(32, Y and/or Z#H), two pathways for ring-opening are available (Scheme 4.23).%
There have been a number of studies on substituent effects on ring-opening of
cyclopropylmethyl radicals.”™ ' Steric, polar and stereoelectronic factors are all
important in determining the kinetics and preferred mode of ring-opening. Since

this is a reversible process, the kinetic and thermodynamic products may be
different,'*’
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Scheme 4,23

[t has alsc been proposed that the rin%-opcncd radicals may undergo ring-
closure to a cyclobutane (Scheme 4.23).2°% At this stage the only evidence for
this pathway is observation of signals in the NMR spectrum of the polymer that
cannot be rationalized in terms of the other structures. There is no precedent for
1,4-ring-closure of a 3-buteny! radical in small molecule chemistry and the result
is contrary to cxpcetation based on stercoclectronic requirements for
intramolecular addition (Section 2.3.4). However, an alternate explanation has yet
to be proposed. The possibility of carbonium ion intermediates should not be
discounted.

1,2,2,3 3-Pentafluorovinyleyelopropane (34, Scheme 4.24) undergoes facile
ring-opening polymerization exclusively as shown (zrans double bond).”™™

F : F F F F F
4 e
R R R
FF EF F FF F F FN
34
Scheme 4.24

The vinyloxirane (35, Scheme 4.25) undergoes ring-opening polymerization o
give a polyether structure’®”'"” with specific cleavage of the C-C bond. Other
oxiranylmethyl radicals (without the phenyl substituent) are reported to give
specific cleavage of the C-O bond.”"”
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Scheme 4.25

Rate constanis for ring-opening of cyclobutylmethyl radicals®' are less than
those for the corresponding cyclopropylmethyl radicals by a factor of ca 104.'%
This is consistent with the smaller degree of ring strain inhcrent in the four-
membered ring. Model studies have shown that cis-B-substtuents on the
cyclobutane ring lead to a markedly enhanced rate constant for ring-opening and a
high specificity for cleavage of the more substituted bond.”'* The substituted
vinyleyclobutane (36, stereochemistry unspecified) is reporied Lo give >90% ring-
opening on polymerization in bulk at 60 °C and a single ring-opened product as
shown in Scheme 4.26.7"°

CO.CHs CO,CHg
ey » R e
COuCH3 COxCHj5

,ij:L [T P A"‘\P/—j:L
— —~ —
HaCOLC CO,CHg  HaCOLC COLCH;3 HaCO5C CO,CHz
36

Scheme 4.26

2-Phenyl-1-vinylcyclobutane (37} is also reported to give partial ring-
opening'’* while the vinylpropiolactones 38 and 39 give 100% ring-opening with
loss of carbon dioxide.'™

%jj /j:fo P
Ph Py O g ©
37 38 3
For vinyleyclopentane (cyclopentylmethyl radical) and vinyleyelohexane
(cyclohexylmethyl radical) derivatives, ring-opening is generally not a favorable
process (Section 4.4.1). However, a number of ring-opening polymerizations
involving five- or larger-membered rings have been reported where appropriate
substitution is present to provide the driving force for the (-scission step.
Examples arc the vinylsulfones (40, n=0,1,2),"*"® which undergo ring-opening
polymerization by scission of a relatively weak C-S bond and loss of sultfur
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diexide, and the spiro derivatives 41°'7, 427" and 43-44"" where ring-opening is
facilitated by the concomitant aromatization of a cyclohexadiene derivative.

-:‘ /t

Polymerization of 42 gives between 43% (85 °(; bulk) and 98% (130 °C,
bulk) ring-opening dependmg on reaction temperature.”™ Near quantitative ring-
opening has been obtained in the case of polymerizations of 43 and 44 where
further driving force for ring-opening is provided by formation of a benzylic
radical ™' These monomers, 43 and 44, also undergo ring-opening in
copolymerization with S.

4.4.2.2 Methylene substituted cyclic compounds

The ring-opening polymerization of kelene acelals (45, X=0) provides a novel
route to polyesters and many examples have now been reported (Scheme 4.27).2%
7 A disadvantage of these systems is the marked acid sensitivity of the
monomers which makes them relatively difficult to handle and complicates
%}}araclerization. This area is covered by a series of reviews by Bailey er al.'™*

The main driving force for ring-opening in polymerizations of these
compounds is formation of a strong carbon-oxygen double bond. The nitrogen
{45, X N-CH;, n—0) and sulfur (45, XS, n—0) analogs undergo ring-opening
polymerization (Table 4.5) with selective cleavage of the C-O bond to give
polyamides or polythioesters respectively (Scheme 4.27). The specificity is most
likely a reflection of the greater bond strength of C—O vs the C-S or C-N double
bonds. The corresponding dithianes do not give ring-cpening even though this

232,333

would involve cleavage of a weaker C-S bond.™

N SN N “‘"J\rf X (CHy —> TW \,(CHz)nT

Dw(CHZ)n \,(CHZ)n n
45

Scheme 4,27

The competition between ring-opening and propagation is dependent on ring
size and substitution pattern. For the five-membered ring ketene acetal (45, X=0,
n=0j ring-opening is not complete excepl al very high temperatures. However,
with the larger-ring system {45, X=0, n=2} ring-opening is guantitative. This
observation (for the n=2 system) was originally attributed to greater ring strain.
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However, it may also reflect the greater ease with which the larger ring systems
can accomnodate the stereoelectronic requirements for [$-scission (Section
2.3.4)."" Substituents (e.g. CH;, Ph) which lend stabilizalion to the new radical
center, or increasc strain in the breaking bond, also favor ring-opening (Table 4.5).

Table 4.5 Extent of Ring-opening During Polymerizations of
2-Methylene-1,3-dioxolane and Related Species

monomer % ring-opening conditions refd
yo 100 160 *C, bulk, rBu20:
87 120 °C
0
e 50 60 °C
VO A bond A 61b 110 °C, bulk, {Bu0- 4
OB\)\R bond B 27
Q, bond A 100¢ 120 °C, bulk, Bu:0; s
OB\)\ Ph 30°C hy 236
Q. bond B 100 120 °C, bulk, /Bux0; =7
OB\)\
\—O 100 120 *C, bulk, Bux0s
C}?\CH:;
CHa
-0 100 120 C, bulk, Bu;0; s
C Ph
P
:Q ] 100 65-125 °C, benzene 2
0O various initiators
S0 <100 120 °C, bulk, /M,0;
O
\(O\/ 100 120 °C, bulk, /Buz0;
OT/
O ap - 237
Y <100 120 °C, bulk, B0 2
O
ﬁ\/o 100 120 °C, bulk, BusOs 2230
e
100 120 °C, bulk, Bu:0; 0
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Table 4.5 (continued)

MONMMEer % ring-opening conditions refs
‘ﬁ/o\b 100 120 °C, bulk., Bu.O- 240
@]
,NfCHa 100 80 °C, bulk, (PhCO); -
0./
8 45 120 °C, bulk, Bu:O: i

a Where no reference is given, the examples are taken from Bailey’s review."”” b Data for R=n-

decyl. Specificity dependent on R, temperature, and monomer concentration. ¢ Racemization
. ' - . . a7

accompanies polymerization of optically active monomer™*

SN 0 —»-{\/\T Ph
\/?:)\Ph g OOV%L

Scheme 4.28

The diene shown in Scheme 4.28 is also reported to give 100% ring-
openingFH However, polymerization had to be carried out in very dilute solution
to give a soluble (not crosslinked) product.

Rate constanis for ring-opening of dioxolan-2-y! radicals have been measured
by Barclay e of.™ as 103104 51 at 75 °C (Scheme 4.29). There is also evidence
that ring-opening is reversible,”*** Thus, isomerization of the initially formed
product to one more thermodynamically favored is possible if propagation is slow.

J\ k=78x10%57 /k
— w0

oo 0
Ph Ph
k=1.0x10%g"
oy Krexetst A

Scheme 4.29

Bailey er al.'’"** observed that ring-opening polymerization of the monomers
(39) and (40), which can potentially give rise to the same ring-opened radical, give
different polymers. That formed from {39} has pendant vinyl groups, whilc that
from {40) has in-chain double bonds. They proposed that, in radical
polymerization of ketene acetals, ring-opening might be concetted with addition of
the nexl monomer unil and various experimenis were suggested o tesl the
hypothesis.”” One of these was carried out by Acar ef af.,”" who showed that ring-
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opening polymerization of optically active 4-phenyl-1,3-dioxolane was
accompanied by racemization. This is evidence against concerted ring-opening.

It was proposed'” that radical addition o 46 or 48 should occur exclusively at
the respective methylene group to generate radicals 47 {Scheme 4.30).

SO RS O PR SRy
46

47 48
Scheme 4.30

If, however, radicals add preferentially to the vinyl group of 48, ring-opening
polymerization would give the polymer with in-chain double bonds specifically via
resonance structure 49 (Scheme 4.31). Thus, the two pathways are readily
distinguishable. No other ring-opening polymerizations of vinyl dioxolane
derivatives appear to have been reported to date.

RaBEHD o Wy L §
O/E O): O): O)X—c
48 49

Scheme 4.31

4-Mcthylencdioxolane derivatives also undergo ring-opening. However, the
ring-opened radical may undergo a further -seission (e.g. 50, Scheme 4.32).77
=** The extent of the sccond f3-scission step depends on the nature of substituents

at the 2-position and the reaction conditions (Table 4.6).

Q
+ Ph-C-Ph
0] e o 0 i O 9
)(,ph — - /'(Ph — — CHz-C-CHg
O Pn O Ph ’

50
Scheme 4.32

Of the 4-methylene-1,3-dioxolanes reported thus far (Table 4.6), only the 2,2-
diphenyl derivative (50) is reported to give the polyketone quantitatively (Scheme
4.32). This requires temperatures in excess of 120 °C in bulk polymerization.™***
The 2-phenyl-2-alkyl derivatives give <100% ring-opening but still give 100%
elimination of the ring-opened product at 120 °C.*** The 2-phenyl derivative is
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reported to afford ring-opening without climination of benzaldehyde at
temperatures less than 30 °C (photochemical initiation).™ At higher temperatures
terpolymers are tormed that comprise units that are non-ring-opened, ring-opened,
and ring-opened with p-scission.

Table 4.6 Lxtent of Ring-Opening During Polymerizations of
4-Methylene-1,3-dioxolane and 2-Methylene-1,4-dioxane Derivatives

monomer 9% ring-opening % climination  condilions. refa
O 7
} ) 30 100 130°C, bulk 7
0
Q 73 36 120 °C, bulk 77330
O)\Ph 100 0 <30 °C, hv 249
0
Y )(CHC'! 23 100 120 °C, bulk b,223
S Pn
T%Ph 18 100 60 °C, bulk 28
O Pn 100 100 120°C, bulk P
(i\/CHa o . 0-120°C, bulk 77
o0 ns 140°C, bulk 2"

0O
z. 40 0 140 °C, bulk
O O)\ Ph
G
j :l 20 0 80 °C, benzene
o7 0
Q.. .CHa
j I 40 0 80 °C, benzene
o7 0 CH

3

Q Ph
i I 100 0 80 °C, benzene
0 0 Ph

a Where no reference is given, the examples are taken from Bailey's review.'” b Other 2-
phenyl-2-alky! derivatives are also reported 1o give <100% ring-opening and 1002 ¢limination at
120 °C.

The structurally analogous five-membered ring a-alkoxyacrylates (Scheme
4.33) are slow to ring-open and do not undergo B-scission to form an acyl radical
propagating species.'’ "> This latter observation is probably a reflection of a
higher bond strength for the bond «- to the carbonyl group. More ring-opening is
obscrved for six-membered ring systems (Table 4.6).
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Scheme 4.33

Table 4.7 Extent of Ring-Opening During Polymerizations of
2-Methylenetetrahydroluran and Related Compounds

mononer % ring-opening conditions refld

242

40 120 °C. bulk, Bu:0:

5 120 °C, bulk, Bus0- 238

15-20 120 °C, bulk, Bu:0O;

120 °C. bulk, Bu;O:

30 120 °C, bulk, BumO: 256

4-8 120 °C, bulk, BuO;

& Where no reference is given, the examples are taken from Bailey’s review.”

Meonomers with only a single ring oxygen-alom give less facile ring-opening,
For example, the 2-methylenetetrahydrofuran derivatives give substantially less
ring-opening than the corresponding 2- or 4-methylene-1,3-dioxolanes (Table 4.7).

Scven- and cight-membered ring cyelic allyl sulfide derivatives (51, 52, 54-36)
are stable in storage and handling and do not show the acid sensitivity of the cyclic
acetal monomers above. They undergo facile ring-opening polymerization even at
relatively low temperatures™ ~*° with quantitative ring-opening (Scheme 4.34,
Scheme 4.35). The monomers also undergo facile ring-opening copolymerization
with MMA and $.' The corresponding six-membered ring compound (53)
appears unreactive in homopolymerization.

Ring-opening provides a thiyl radical propagating species.  Although the
polymers have a double bond on the backbone there is little or no crosslinking
{Scheme 4.34, Scheme 4.33). There is, howcever, cvidence of reversible addition
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and addition-fragmentation involving this double bond.™ Monomers containing

multiple double bonds have been designed to provide ring-opening polymerization
with crosslinking.”’

fCQ e 1”*/@9 — 111/(;8; . m)wsx/\sw

Scheme 4.34°°°
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Scheme 4.35
s
5 R
S \)\ R=CH,*" 49\)
:CS>_ e R=CH,O{C=0)CH, "% . 4 0
53700 54 R=CH,O(C=0)G(CH,)=CH,™ 55757
R! 25
R, B2, R2=H"
S R 260,262
R', R°=H, R*=CH,"*"*"
Re R RSH, R=0(C=0)CH, %
56 S R' Ri=H,R’=0(C=0}Ph-""

4.4.2.3 Double ring-opening polymerization

While many factors affect the degree of volume change which accompanies
polymerization, any volume increase is directly related to the number of rings
opened in the propagation step and is inversely related to the size of the rings
being broken. Consideration of these factors leads to the conclusion that
appreciable volume expansion on polymerization should ouly be expected when
two or more rings are opened'’”” and substantial effort has been put into designing
systems where two or more rings are opened on polymerization.

It should also be noted that for many of the applications where volume
expansion is required (adhesives, composites, etc.) a crosslinked product is
desirable and some monomers have been designed with this in mind. This does,
however, make the products diflicult (o characlerize. Some monomers with
potential for double ring-opening are reported in Table 4.8.
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Scheme 4.36

Various methylene derivatives of spiroorthocarbonates and spiroorthoesters
have been reporled to give double ring-opening polymerization {¢.g. Scheme 4.36).
Like the parent monocyclic systems, these monomers can be sluggish to
polymerize and reactivity ratios are such that they do not undergo ready
copolymerization with acrylic and styrenic monomers. Copolymerizations with
VAc have been rcportcd.170 These monomers, like other acetals, show marked
acid sensitivity.

The vinyleyclopropane derivatives substituted with a five- or six-membered
acetal ring give single ring-opening with differing regiospecificity (Scheme
4.37°9%* and Scheme 4.38°77%).

Scheme 4.37 (double bond stercochemistry not specified)

0 v A o’j O’j 5

R e B D L P
Scheme 4.38 (double bond stereochemistry not specified)

Systems with substituents on the acelal ring™ or with larger acetal rings may
give double ring-opening (e.g Scheme 4.39).%**"

DA D G

'
MOM ‘7‘7%/\\0;9

8]

Scheme 4.39 (double bond stereochemistry not specified)
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Table 4.8 Extent of Double Ring-Cpening During Polymerization of Polyeyelic
Monomers

Monomer % ring-opening conditions ref.@

spiroorthocarbonates
0><0> 100 130 °C, bulk, 30%
= b
o0 COoNnv.
:COXCJ}: 5-100 130 °C, PhCl, <50% 1711.206.265
b
o D conv.

TOXO 0 165 °C, PhC] 200
O O

spiroorthoesters

TO@ 10¢ 120 °C, hulk, 267,268

o o tBu-0a

\Y\OO 10f 120 °C, bulk, 26
C O fBUgOE

100 120 °C, bulk,
o) O fBuzOz

0

other systems

o O high 100 °C, AIBN e
= X =

TOOOL 100 130 °C, bulk, 271
o 0 tBus()

vinylcyclopropanes
P ¢ 60 °C. bulk, AIBN 202,203
/v\v\s ) , bulk,
O
O/j oc 60 °C, bulk, AIBN 202,203.263
=
@]

o 46 60 °C, bulk, ATBN 202203
/"\v?\
9]

a Where no reference is given, the examples arc laken from Bailey's review."” b Insoluble and
presumably crosslinked polymer farmed at higher conversions. ¢ 50:50 mixture single and

double ring-opened products. d =50% double ring-opened product. e Single ring-opened
product only.
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Analogous systems with six-, seven-, or eight-membered spirodithioacetal
rings are reported to give single ring-opened products with no olefinic residues. A
mechanism involving consecutive cyclopropane ring-opening and cyclization was
proposed to rationalize this result.””

The spiro monomers 57-59 are reported to give single rirlga-n:)peni11g.m'2
Solution polymerization of 57" and 58 {R—CH;, R’*C;H;)274 provided soluble
preducts.

= =
T e
0. 0O
hig O}(O o o
0 RR ,
o 58 (R, R'=alkyly"™* 59°7

75

57

4.4.3 Intrameolecular Atom Transfer

It has been known for some time that intramolecular atom transfer, or
backbiting, complicates polymerizations of E (Scheme 4.40 - Section 4.4.3.1},
VAc and VC (see 4.4.3.2). Recent work has shown that backbiting is also
prevalent in polymerization of acrylate csters (Scction 4.4.3.3) and probably
occurs Lo some extent during polymerizations of most monosubstituled
monomers.” >

Viswanadhan and Mattice®™ carricd out calculations aimed at rationalizing the
relative requency of backbiting in these and other polymerizations in terms of the
ease of adopting the required conformation for intramolecular absiraction {see
2.4.4). More recent theoretical studies generally support these conclusions and
provide more quantitative estimates of the Arrhenius parameters for the
process, 2920

Cuases of “addition-abstraction™ polymerization have also been reported where
propagation occurs by a mcchanism involving sequential addition and
intramolecular 1,5-hydrogen atom transfer steps (Section 4.4.3.4).

[HY A H._R
?l;/f backbiting W
— =

R R

Scheme 4.40

4.4.3.1 Polyethylene and copolymers

The extent of short-chain branching in PE may be quantitatively determined
by a variety of techniques including IR,”"*** pyrolysis-GC,™ and y-radiolysis.”™
The most definitive information comes from *C NMR studies.™=*" The typical
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concentration of branch points in PE formed by radical polvmerization is 8-25 per
1000 CH,.™¥ These are made up of: ethyl, 1.2-11.3; butyl, 3.9-8.5: pentyl (amyl),
0.6-2.2; hexyl and longer, 0.5-2.8. The range of values for extent and type of
short-chain branches arises because the branching process is extremely dependent
on the polymerization conditions.”*” High reaction temperatures and low pressures
{(monomer concenirations) favor the backbiting process.

The backbiting reaction first proposed by Roedel®” (Scheme 4.40) is generally
accepted as the mechanism for short chain branch formation during polymerization
of E (for discussion on alternative mechanisms see®~°). The preferential
formation of butyl [vs propyl, pentvl, or longer branches] branches can be
rationalized in terms of the stereoclectronic requirements imposed on the transition
state (Section 2.4.4). The preferred coplanar arrangement of atoms is most readily
achicved in a six-membered chair-like transition state.”* 1-Undceyl radicals arc a
simple model of the PE propagating species and give 1,5- and 1,6-H transler in the
ratio 3:1. Other intramolecular H transfers were not detected.”” Theoretical
studies provide a picture of the transition stale and a reasonable estimate of the
Arrhenius parameters for backbiting.”” Both enthalpic and entropic factors favor
1,5-H transter.

Direct formation of an ethyl branch would require backbiting via a highly
strained four-membered transition statc and, thercforc, should have a low
probability.*****  The relatively large numbers of ethyl branches in PE is
accounted for by the occurrence of two successive 1,5-H transfers which leads to
gither a pair of ethyl branches (Scheme 4.41) or a 2-ethylhexyl branch depending
on the site of abstraction.””’ This mechanism for cthyl branch formation requires
that the radical formed by backbiting (secondary alkyl) should be substantially
more prone to undertake backbiting than the normal propagating species (primary
alkyl). This suggests that the former has a reduced rate of propagation (more
sterically hindered radical) and/or an increased rate of intramolecular abstraction
{Thorpe-Ingold cffect).

Backbiting also occurs in ethylene copolymerizations with AN,
(meth)acrylate esters™ and VAe. 7% The struetures identified in E-BA
copolymerization include 60-63 (X=BA). Structure 60 is formed when the BA
terminated chain backbites. Structure 61 is formed when backbiting occurs across
a BA unil. Structure 62 and 63 are from backbiting (o a BA unit {63 15 [rom
double backbiting). ‘The concentration of comonomer is such that there are few
COMONOMET Sequences.

The incidence of the various structures depends strongly on the comonomer.,
In copolymerization with adcrylates structures 62 and 63 dominate. In
copolymerization with VAc structure 61 dominates and 62 and 63 are not
observed. Structure 60t may be present in VAce copolymers to a very small extent
but is not observed in acrylate copolymerizations. Structures 62 and 63 arc not
observed and cannot be formed in methacrylate copolymerizations.:[’)0 The results

268
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propensity for backbiting. This scems incomsistent with the observation of the
products of backbiling during VA¢ homopolymerization (Section 4.4.3.2)."' The
data might also be rationalized in terms of the influence of polar and enthalpic
faclors on the [acility of the various abstraction reactions (Section 2.4),

GH,=CH,

2-ethylhexyl
- > branch
Tbackbiling
\ig)
2HT, " .H - GH,=CH
W\I/\J backbiting \b CHe=GH, Il ZF%  butyl branch
"
lbackbiting
. SM=CH. oyl branches
i -

Scheme 4.41

Table 4.9 Structures Formed by Backbiting in Ethylene Copolymerizations®

H H X X
: y ‘H/\b(“w
X 63
al 01 62

E/BA |
EIAA 0 + it N
E/VAc | C 0 0
[/BMA

E/MAA 0 * 0 0

a Legend: —+ prevalent — weak 0 absent.
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4.4.3.2 Finpl polymers

There is evidence for backbiting during the polymerizations of VC % and
VA 2 The mechanism is believed to be analogous to that discussed for
PE above and should lead to the formation of 2,4-dichlorobutyl or 2.4
diacetoxybutyl branches (Scheme 4.42) respectively.

AcO
CH) O . H. -OAc Ohc
AcQ backbiting AcO VAC VAc AcO
I —_—
OAc OAc Ohc

Scheme 4.42

The process is favored by low monomer concentrations as occurs at high
conversions and in starved feed polymerizations.”” Theoretical calculations
suggest that the incidence of backbiting should be strongly dependent on the
tacticity of the penultimate dyad.”™ Double backbiling in VC or VAc
polymerization will lead to 2-chloroethyl or 2-acetoxy ethyl branches respectively
(as for E in Scheme 4.41).%"

There are no proven examples of 1,2-hydrogen atom shifts; this can be
understood in terms of the stereoelectronic requiremenis on the process. The same
limitations are not imposed on heavier atoms {(¢.g. chlorine). The postulate® that
ethyl branches in reduced PVC are all derived rom chloroethyl branches lormed
by sequential 1,5-intramolecular hydrogen atom transfers as described for PE
(Section 4.4.3.1) has been questioned.”™” It has been shown that many of these
ethyl branches are derived from dichloroethyl groups. The latter are formed by
sequential 1,2-chlorine atom shifts which follow a head addition (Section 4.3.1.2).

4.4.3.3 Acrylate esters and other monosubstituted monomers

Recent work has shown that backbiting is prevalenl in polymerizations and
copoelymerizations of acrylate esters 2’20103 e g 150 observed in styrene
polymerization at high temperature®™ and probably occurs to some exlent during
polymerizations of most monosubstituted monomers. At high temperatures, and at
low temperatures in very dilute solution, backbiting may be followed by
fragmentation (Scheme 4.43) 27271218 AL lower temperatures short chain
branch formation dominates.”™'® The backbiting process complicates the
measurement of propagation rate constants for acrylates.”
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HY _CO.R . H. _CO.R
ROCO backbiting ROCO
E— ]

COzR CO:R \ short chain
branchmg

fragmentation

ROCO
NWCOQH COQR CO2R COZR
X HOCD>H/|/ ROCO
CC.R

CCzR CO.R
64 65
Scheme 4.43

The high temperature polymerization ol acrylates with the backbiling-
fragmentation process has been used to synthesize macromonomers based on
acrylate csters.* ™" Interestingly, fragmentation shows a strong preference for
siving the polymeric macromonomer 64 and a small radical 65.7°°77  An
cxplanation for this speeificity has yet to be proposcd.

4.4.3.4 Addition-abstraction polymerization

Several examples of addition-abstraction polymerization have been reported.
In these polymerizations, the monomers are designed to give quantitative
rearrangement of the initially formed adduct via 1,5-hydrogen atom transfer
(Scheme 4.44), The monomers {66) are such that the double bond is electron rich
(vinyl ether) and the site for 1,5-H transfer is electron deficient. This arrangement
favors intramolecular abstraction over addition. Thus compound 66a
undergoes™' " quantitative rearrangement during homopolymerization. For 66b,
where the site of intramolecular attack is less electron deficient, up to 80% of
propagation sieps involve iniramolecular abstraction. As expected, higher reaction
tempceratures and lower monomer concentrations favor the intramolccular
abstraction pathway.

H._.R! H._R' H._.R' R!
Y . . .

66 a R'=CN, R’=CO,Et
b R'= R*=CO,Et
Scheme 4.44
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4.5 Propagation Kinetics and Thermodynamics

In this scction, we consider the kinetics of propagation and the features of the
propagating radical (P,*} and the monomer (M) structure that render the monomer
polymerizable by radical homopolymerization (Section 4.5.1). The reactivities of
monomers towards initiator-derived species (Section 3.3} and in copolymerization
{Chapter 6) arc considered clsewhere.

P -~ M — P-- k (D[P, [IM]

Pe = M — Pye k(2P IM]

P» = M — Py k,(3)[P,1[M]

P - M — Py k()P *][M]
Scheme 4.45

In the literature on radical polymerization, the rate constant for propagation,
kp, 13 often taken to have a single value (i.e. &,(1) — &(2) — & (3) — &(#) - refer
Scheme 4.45). However, there is now good cvidence that the value of &, is
dependent on chain length, at least for the first few propagation steps (Section
4.5.1), and on the reaction conditions (Section 8.3).

4.5.1 Polymerization Thermodynamics

Polymerization thermodynamics has been reviewed by Allen and Patrick,’
Ivin,™ Ivin and Busfield,™ Sawada®™® and Busfield.” In most radical
polymerizations, the propagation steps are facile (&, typically > 102 M- 51 -
Scction 4.5.2) and highly exothermic. Ileats of polymerization (Af,) for addition
polymerizations may be measured by analyzing the equilibrium between monomer
and polymer or from calorimetric data using standard thermochemical techniques.
Data for polymerization of some common monomers are collected in Table 4.10.
Entropy of polymerization (AS,) data are more scarce. The scatter in experimental
numbers for AH, obtained by different methods appears quite large and direct
comparisons are often complicated by effects of the physical state of the monomer
and polymers (i.e whether for solid, liquid or solution, degree ot crystallinity of
the polymer).

The addition of radicals and, in particular, propagating radicals, to unsaturated
svstems 15 polentially a reversible process (Scheme 4.46). Depropagation is
entropically favored and the extent thercfore increases with increasing temperature
(Figure 4.4). The temperature at which the rate of propagation and depropagation
become equal is known as the ceiling temperature (7;). Above T, there will be net
depolymerization.

Ko
P.» — M = P,
Scheme 4.46
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Table 4.10 Thermodynamic Parameters for Polymerization of Selected Monomers

(CH,=CRX)
monomer X R AH, (kKT mol ') AS, ¢ 7. d

a b c Jmol!' K °C

L

AA CO.H H 67 - - - -
MAA COH CHy 43 65 - - -
MA COLH; H 78 - - - -
MMA COCH,  GH, 56(58) 35 565 1187 a2
EMA COCH;  CH, 60 (58) - 60 1247 211
BMA CO,CHy; CH; 38 {60} - - - -
MEA™'  CO,CHy;  GoHe 32¢ - - - 22
AN CN H 750 - - 1097 413
MAN CN GH, 57 - 64> 142832 177
S Ph H 69(73) 70 73 1047 428
AMS Ph CHy - 35 45+ 14874 31
VAc 0,CCH, H 88 (90 - - - -
VC cl H 96 112 - - -

a From calorimetry - data are for liquid monomer to amotphous solid polymer or for liquid
monomer to polymer in monomer (in patentheses) and arce taken from the Polymer 1landboaok
unless otherwise indicated . All data are rounded to the nearest whole number. b From heat
of combustion monomer and polymer - data are for liquid monomer to amorphous solid polymer
and arc taken from the Polymer Handbook.™  All data are rounded to the nearest whole number.
¢ From studies of monomer-polymer equilibria - data are for liquid monomer to amorphous salid
polymer. All data are rounded to the nearest whole number.  d Caleulated from numbers of Aff,
{column ¢ except for AN) and AS;, shown and [M] = 1.0. e Based on a measured i; of 82 °C in

bulk monomer and an assumed value for AS, of 105 J mol”! K'*!' A more reasonable value of

ASpof 120 mol” K™ would suggesl a AHp of 40 kJ mol'. T Partially crystalline polymer. g In
benzonitrile solution.

Note that the value of 7. is dependent on the monomer concentration. In the
literature, values of T, may be quoted for [M] = 1.0 M, for [M] = [M] or for bulk
monomer. Thus care must be taken to note the menomer concentration when
comparing values of 7., One problem with using the abeve method to calculate
Keq or T, is the paucity of data on AS,. A further complication is that literature
values of AH, show variation ¢f +2 kJ mol-! which may in part reflect medivm
effects.”™ This "error” in AH, corresponds 1o a signilicant uncertainty in 7.

Steric factors appear to be deminant in determining A, and AS,. The
resonance encrgy lost in converling monomer to polymer is of sccondary
importance for most commaon monomers. [t is thought to account for A7/, for VAc
and VC being lower than for acrylic and styrenic monomers.

Evidence for the importance of sterie factors comes from a consideration of
the effect of w-alkyl substituents. It is found that the presence ol an a-methyl
substituent raises AH, by at least 20 kJ mol-! (Table 4.10, compare entries for AA
and MAA, MA and MMA, AN and MAN, 5 and AMS). The higher AH, probably
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reflects the greater difficulty in forming bonds to tertiary centers. This view is
supported by the obscrvation that higher alkyl substituents further increase AH,
[e.g. ethyl in MEA,”' Table 4.10). Increasing the chain length of the a-substituent
from methyl to ethyl should not greatly increase the thermodynamic stability of the
radical, but steric factors will make the new bond both more difficult to form and
easier to break.

Limited data suggest that the cntropic tcrm may be as important as the
enthalpic term in determining polymerizability. The value of AS, is lowered >20 ]
mol! K- by the presence of an a-melthyl substituent (Table 4.10, compare entries
for AN and MAN, S and AMS). This is likely to be a consequence of the
polymers [rom a-methyl vinyl monomers having a more rigid, more ordered
structure than those from the corresponding vinyl monomers,

There have been many studies on the polymerizability of a-substituted acrylic
monomers.”"* 8 1t is established that the ceiling temperature for
a-alkoxyacrylates decreases with the size of the alkoxy group.™ However, it is of
interest that polymerizations of a-(alkoxymethyDacrylates (67)° and
a-(acyloxymethyl)acrylates (68Y" and captodative substituted monomers (69,
70y appear to have much higher ceiling temperatures than the corresponding
a-alkylacrylates (e.g. methyl ethacrylate, MEA). For example, methyl -
ethoxymethacrylate™ readily polymerizes at 110 °C whereas MEA™' has a very
low ceiling temperature (Table 4.10). However, values of the thermodynamic
parameters for these pelymerizations have not yet been reported.

OR O,0R OR “NCOCH;
Ty D

CO4CH, CO,R CO.R CO.R COLR

MEA 67 68 69 70

4.5.2 Measurement of Propagation Rate Constants

Methods for measurement of 4, have been reviewed by Stickler,”™*! van

Herk *** and more recently by Beuermann and Buback.” A largely non critical
summary of values of &, and & obtained by various methods appears in the
Polymer Handbook.™  Literature values of k., for a given monomer may span lwo
or more orders of magnitude. The data and methods of measurement have been
critically assessed by IUPAC working parties” "' and reliable values for most
common monomers are now available.”” The wide variation in values of k,
(and %) obtained from various studies docs not reflect experimental crrer but
differences in data interpretation and the dependence of kinetic parameters on
chain length and polymerization conditions.

Traditionally, measurement of 4, has required determination of the rate of
polymerization under steady state (to give kr,/kf) and non-steady state conditions
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(to give k/k). The classical techniques in this context arc the rotating scetor 358355
and related methods such as spatially intermittent polymerization (SIP).**¢

EPR mcthods that allow a more dircet determination of &, have been
developed. These enable absolule radical concentralions to be determined as a
function of conversion. With especially sensitive instrumentation, this can be done
by direct measurement.”” " An alternative method, applicable at high
conversions, involves trapping the propagating species in a frozen matrix’®"** by
rapid cooling of the sample to liquid nitrogen temperatures.

The radical concentration, when coupled with information on the rate of
polymerization, allows &, (and £,) to be calculated. The EPR methods have been
applied to various polymerizations including thosc of B, DMA, MMA 2%
§*7% and VA" Values for ky are not always in complete agreement with those
obtained by other methods {(e.g. PLP, SIP) and this may reflect a calibration
problem. Problems may also arise because of the heterogeneily of the
polymerization reaction mixture,”® and insufficient sensitivity for the radical
concentrations in low conversion polymerizations™ or very low molecular
weights. Some data must be treated with caution. However, the difficulties are
now generally recognized and are being resolved.”*

Pulsed laser photolysis (PLP) has emerged as the most reliable method for
extracting absolute rate constants for the propagation step of radical
polymerizations.”” The method can be traced to the work of Aleksandrov ef of. *™
PLP in its present form owcs its cxistenec te the cxtensive work of Olaj and
cowarkers’ ' and the efforts of an TUPAC working party.”*>*' The method has
now been successfully applied to establish rate constants, k,(overall), for many
polymerizations and copolymerizations.

In PLP the sample is subjected to a series of shorl (<30 ns) laser pulses at
intervals T. Analysis of the molecular weight distribution gives the length of chain
formed between successive pulses (v) and this yields a value for &, (eq. 13).

v =k M| T (13)

A molecular weight distribution for a PS sample obtained from a I’LP
experiment with 8§ is shown in Figure 4.5, Olaj et al.””' found empirically that v
was best estimated from the points of inflection in the molecular weight
distribution. Kinetic modeling of PL.P has been carried out using Monte Carlo
methods’ =" or by numerical integration.”’ ™" These studics confirm that the
point of inflection in the molecular weight distribution is usually a good measure
of v. With choice of polymerization conditions the values of v arc rclatively
insensilive to the termination rate and mechanism and the occurrence of side
reactions such as transfer to monomer. Some difficulties are experienced with
high &, monomers {acrylates, VAc) bul appear to have been resolved through the
use of low reaction temperatures and dilute media.”” These difficulties may arise
through interference trom backbiting.”™® Independent determination of the rate of
polymerization allows k,/k and hence & to be evaluated (Section 5.2).°7%






Propagation

219

Table 4.11 Kinetic Parameters for Propagation in Selected Radical

Polymerizations in Bulk Monomer

monomer ke, (60°C) A E, reference
M-1g-1 M-ls-1x10° k] mol’l
a-H
MA 28000 16.6 17.7 377
BA 31000 15.8 17.3 378
DA 39000 17.9 17.0 A
VAe 8300 14.7 207 Rl
g 340 427 32.5 348
B 200 80.5 35.7 350
o -methyl
MAA 1200 - - 28l
MAA(MeQH)! 1000 0.60 17.7 38
MAA(H,0¥ 6700 1.72 15.3
MMA"® 8§20 2.67 224 a8
LEMA® 8§70 4.06 23.4 47
nBMAS 970 3.78 229 47
iBMA 1000 2.64 21.8 e
EHMA 1200 1.87 200.4 382
DMA® 1300 2.50 21.0 3
HHEMA 3300 8.88 21.9 383
GMA 1600 4.41 219 383
MAN 59 2.69 26.7 38
o -other
71 25 0.20 24.9 383
72 30 1.25 295 386

a Values are calculated from the Arrhenius parameters shown and given to two significant

figures.

water.

b Values given to three significant figures.
vol% MAA in methanol. Values are dependent on solvent and on concentration.

¢ [UPAC benchmark value.
e 15 vol% in

d 33

{c) Within the series of alkyl acrylates and methacrylates there is a clear tendency
for increase in &, with increase in the length of the alkyl chain. The elfect is
small and, on the basis ol the data shown in Table 4.11, cannot be assigned to
a variation in 4 or E,. [lowever, there are reasonable theoretical grounds to
expecl this effect could be assigned (o changes in the frequency factor.

{d) The methacrylic monomers with protic substituents (MAA, HEMA) are
associated with higher &, values that are solvent and concentration dependent.
The effect 13 suggestive ol monomer-polymer and/or monomer-monomer
association through hydrogen-bonding.
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The lowering of &k, with the increase in size of the a-substituent
(MA>MMA>T1~T72) is associated with an increasc in 4 and a decrcase in £,.

COsCH
CO.CHa 2-s
COLGH, CO,CH
71 72

4.5.4 Chain Length Dependence of Propagation Rate Constants

(4p)

It is usually assumed that propagation rate constants in homopolymerization
arc independent of chain length and, for longer chains (length >20), there is

experimental evidence to support this assumption.””**®’ However, there is now a
body of indireet evidence to suggest that the rate constants for the first few
propagation steps ky(1), k,(2), efc. can be substantially different from k(overall)
(refer Scheme 4.45). The effect can be seen as a special case of a penultimate unit
effect (Section 7.3.1.2). Evidence comes from a number of sources, for example:

(a)

(b)

(c)

(d)

Chain transler constants (ky/k,) often show a marked chain length dependence
for very short chain lengths (Section 5.3) indicating that k., &, or both are
chain length dependent.”®’

The absolute rate constanls [or the reaction of small model radicals with
monomers are lypically at least an order of magnitude greater than the
corresponding valucs of &, (Table 4.12).*

Aspecets of the kinctics of emulsion polymerization™ can be explained by
invoking chain length dependence of &,.

The apparent chain length dependence of & (average) in PLP cxperiments
(Section 4.5.2) can be interpreted in this light.”™ However, Olaj ef al.*™ have
interpreted the same and similar data as suggesting a smaller decrease in k&,
over a much longer range of chain lengths. They proposed that chain length
dependence was a consequence of a change in the degree of selvation of the
polymer chain and thus in the effective monomer concentration in the vicinity
of the chain end. The explanation is analegous to that proposed to explain the
bootstrap effect in copolymerization. Beuermann® has questioned these
intcrpretations pointing out that the interpretation of PLP data can be
problematical due to the dependence of the shape of the molecular weight
distribution on experimental parameters.

There have been allempts al direct measurements ol these imporlant kinetic

- 1 3407 - .
parameters in AN”' MA 7 MAN ™ MMA™ and $* polymerizations.
When the reaction is compared to a reference reaction care must be taken to
establish the influence of chain length on the reference reaction.
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Frequency factors for addition of small radicals to monomers are higher by
maore than an order of magnitude than those for propagation (Table 4.12).
Activatlion energies are Lypically lower. However, trends in the dala are very
similar suggesting that the same factors are important in determining the relative
reactivities for both small radicals and propagating species. The same appears to

be true with respect to reactivities in copelymerization (Section 7.3.1.2).°*
. . CH
wnCHy~CH HCH GG SR
CO:CHg CO,C(CHg)y CO,CH, CO:CHy
PMA- 73 PMMA- 74

Table 4.12 Rate Constants (25 “C) and Arrhenius Parameters for Propagation of
Monomers CH,=CR'R” Compared with Rate Constants for Addition of Small

Radicals*®

monomer k' logA E. model k.t logA” E,
M CkImol! Mgt k) mol”

E 77 7.27 34.3 CHyr 12000 8.5 282

S 340 7.63 325 FhCH,- 4700 8.5 308

MA 28000 7.22 177 73 1100000 8.5 156

AN CH,CN- 410000 85 184

MMA 820 6.43 22.4 74 9700 7.5 224

MAN 59 642 29.7 C{CH;),CN- 2300 7.5 264

a Values at 60 °C caleulated from the Acrheniug parameters shown and %HOTEC] to two significant
figures. b Log 4 values based on recommendations of Fischer and Radom™ § (refer Section 2.3.7).
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5
Termination

5.1 Intreduction

In this chapter we consider reactions that lead to the cessation of growth of one
or more polymer chains. Three processes will be distinguished:
(a) The self-reaction of propagating radicals by combination and/or
disproportionation {e.g. Scheme 5.1) (Section 5.2).

combination ~wCHy- CH CH CHywnn
/ Ph Ph
~CHp~CH 4  GH-CHgas

Ph Ph \:GquH +  CHy-CHy~e
disproportionation Ph Ph
Scheme 5.1

(b) Primary radical termination (Sections 3.2.9, 3.4, 5.2.2.1 and 7.4.3); the
reaction of a propagating radical with an initiator-derived (I=, Scheme 5.2) or
transfer agent-derived radical. The significance of this process is highly
dependent on the structure of the radical {I+).

combination
~CHs- CH + | E— "CHQ*CIIH*I
Ph
Aspropomonatlon\‘
‘MCH _ "“‘CH2 CH2
Ph + H Ph + I(-H)
Scheme 5.2

{¢) Inhibition (Section 5.3); the reaction of a propagating radical with another
specics (Ze, Scheme 5.3) to give a dead polymer chain, Z» is usually of low
molecular weight. Examples of inhibitors are "stable" radicals (e.g. nitroxides,
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oxygen), non-radical species that react to give "stable" radicals (e.g. phenols,
quinones, nitroso-compounds) and transition metal salts.
. inhibition
wCHp"CH + 7o ———=  ~CH,"CH-Z
Ph Ph

Scheme 5.3

Chain transfer, the reaction of a propagating radical with a non-radical
subsirate 1o produce a dead polymer chain and a new radical capable of initiating a
new polymer chain, is dealt with in Chapter 6. There are also situations
intermediate between chain transfer and inhibition where the radical produced is
less reactive than the propagating radical but still capable of reinitiating
polymerization. In this case, polymerization is slowed and the process is termed
retardation or degradative chain transfer. The process is mentioned in Section 5.3
and, when relevant, in Chapter 6.

5.2 Radical-Radical Termination

The most important mechanism for the decay of propagaling species in radical
polymerization is radical-radical reaction by combination or disproportionation as
shown in Scheme 5.1. This process is sometimes simply referred to as bimolecular
termination. llowever, this term is misleading since most chain termination
processes are bimolecular reactions.

Before any chemistry can take place the radical centers of the propagating
species must conme into appropriate proximity and it is now gencerally aceepted that
the self-reaction of propagating radicals is a dilTusion-controlled process. For this
reason there is no single rate constant for termination in radical polymerization.
The average rate constant usually quoted is a composite term that depends on the
nature of the medium and the chain lengths of the two propagaling species.
Diffusion mechanisms and other factors that affect the absolute ratc constants for
termination are discussed in Section 5.2.1.4

Even though the absolute rate constant for reactions between propagating
species may be determined largely by diffusion, this does not mean that there is no
specificily in the lermination process or that the activalion energies [lor
combination and disproportionation are zero or the same. [t simply means that this
chemistry is not involved in the rate-determining step of the termination process.

The relative importance of combination and disproportionation in relevant
model systems and in polymerizations of some common monomers is considered
in Sections 5.2.2.1 and 5.2.2.2 respectively. The significance of the termination
mechanism on the course of palymerization and on the properties of polymers is
discussed briefly in Section 5.2.2 and is further discussed in Section 8.2.
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5.2.1 Termination Kinetics

A detailed treatment of termination kinetics is beyond the scope of this book.
However, some knowledge is important in understanding the chemistry described
in subsequent sections. There are a number of reviews of the kinetics of radical-
radical termination of propagaling species. Those by North' and O'Driscoll’
provide a uscful background. Significant advances in our knowledge of
lermination kinetics came with the development of pulsed laser methods. Recent
reviews include those by Buback er af.,” Russell*” and de Kock e of.®” Many of
the issues surrounding termination have been summarized by one IUPAC working
party.'™"* Values of, and methods of delermining, lermination rate constants are
currently being critically assessed by another working party.’

In Section 5.2.1.1 we provide an overview of the classical treatment of
polymerization kinetics. Some aspects of termination kinetics are not well
understood and no wholly satisfactory unified deseription is in place, Nonetheless,
it remains a fact that many features of the kinetics ol radical polymerization can be
predicted using a very simple model in which radical-radical termination is
characterized by a single rate constant, The termination process delermines the
molecular weight and molecular weight distribution of the pelymer. In section
5.2.1.2, we define the terminology used in describing molecular weights and
molecular weight distributions. In Section 5.2.1.3, we provide a simple statistical
trcatment based on classical kinetics and discuss the dependence of the molecular
weight distribution on the termination process. Some of the complexities of
termination associated with diffusion contrel and the dependence on chain length
and on conversion are deseribed in Scetion 5.2.1.4.

Termination in heterogensous polvmerization is discussed in Section 5.2.1.5
and the more controversial subject of termination during living radical
polymerization is described in Section 5.2.1.6. Termination in copolymerization is
addressed in Section 7.3.

5.2.1.1 Classical kinetics

The overall rate constant for radical-radical termination can be defined in
terms of the rate of consumption of propagating radicals. Congider the simplified
mechanism for radical polymerization shown in Scheme 5.4.

Ideally, as long as the rate consiants for reinitiation (41, kn) are high with
respect to that for propagation (%), the transfer reactions should not directly affect
the rate of polvmerization and they need not be considered further in this section.
The overall rate constant for radical-radical termination (k;) can be defined in terms
of the rate of consumption of propagating radicals as shown in eq. 1:

Ry= 2k[P] (1)

where |P+| is the total concentration of propagating radicals and &=, | k.
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In many works on radical polymerization, the lactor 2 is by convention
incorporated into the rate constant.'*'™ In this case R, — -&[P+]". The termination
rate constant is then sometimes expressed as £=k,/2+kq to reflect the fact that only
one polymer chain is formed when two propagaling radicals combine whilst two
are formed in disproportionation. In reading the literature and when comparing
values of k,, care must be taken to establish which definitions have been used.” In
accord with the current IUPAC recommendation,' in the following discussion, eq.
1 and k=k,+kqare used.

initiation
I — 2]e Ri—2ky/11-]
[*++M  — DPye kzk,
propagation
PetM — P Ry=ky[M][P+]
termination by disproportionation
P, +P,* — P, +P, R=2kd[P*T R=R.+ Ry
termination by combination
Po+Pn® = Poim R=2k[P*]
termination by chain transfer
Ppetl, — DPytle Ryr=kea[L2][I*] Ry=RyH Ry it Rt
PpetM — Pyt DPye Rum=kua[M][ ']
PetT — P,ITe Ry 1=kt [T][P*]
Me+M — P, kim 2K,
Te+M — ' ki =k,

Scheme 5.4

Application of a steady state approximation (that R, = R, eq. 2} and a long
chain approximation (negligible monomer consumption in the initiation or
reinitiation steps) provides @ number of usctul relationships.

-d[P+]

- R —R =2k, f11,]-2k|P]" =0 (2)

(a) The total concentration of propagating radicals ([P+]) (¢q. 3):

[Pe] (k ] [L,1 (3)
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(b) The mean lifetime ol a propagating radical {1) (eq. 4):

{5
= (24, /1L 1, ] ()
(¢) The average kinctic chain length (¥) (eq. 3):
R R k |M
SRRk -

RoR ok k)"

(d) The number average degree of polymerivation in the absence of chain transfer
(eq. 6):
k M]
kld o) " v
e Y 2k A1 0K

1

}H =

(%)

(e) The initiator efficiency (eq. 7):
R
kl Xﬂ kd [IE ]

It also enables elimination of the radical concentration in the expression {or
rate of polymerization (eq. 8):

_ —d[M] _ .
Ry~ M ey
—h(’jj—f) (L1 M) ®)

In eq. 8, the rate of polymerization is shown as being half order in initiator (I.).
This is only true for initiators that decompose to two radicals both of which begin
chains. The form of this term depends on the particular initiator and the initiation
mechanism. The equation takes a slightly different form in the case of thermal
initiation (8), redox initiation, diradical initiation, ¢te, Side reactions also causc a
departure from ideal behavior.

Eq. 8 can be recast in terms of the fractional conversion of monomer to
polymer as in eq. 9:

dr k

1

_din([M}/[M],) _ [kd gk, } 0, (9)
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From this we can see that knowledge of ky and R, in a conventional
polymerization process readily vields a value of the ratio kpszt. In order to obtain
a valuc for & wce require further information on k. Analysis of R, data obtaincd
under non-steady state conditions (when there is no continuous source of initiator
radicals) yiclds the ratio kp/k. Various non-steady state methods have been
developed including the rotating sector method, spatially intermittent
polymerization and pulsed laser polymerization (PLP). The classical appreoach for
dertving the individual values ol k; and & by combining values for k}f/kt. with &,/k,
obtained in separate experiments can, however, be problematical because the
values of & are strongly dependent on the polymerization conditions (Section
5.2.1.4). These issues are thought to account for much of the scatter apparent in
literature values of k,.“b PLFP and related methods yield absolute values of &,
dircetly {the methods used for extracting &, arc discussed in Scction 4.5.2). Thesc
values may be combined with either ,*/k, or ko/ki 10 give k.

The SP-PLP*'"'® und PS-PLP”"E techniques involve following the monomer
conversion induced by a single laser pulse or a sequence of laser pulses. These
experiments are usually conducted at high pressure because rates of termination
are lower and sensitivities are somewhat higher.'’

EPR methods can be used to determine the radical concentration [Pe] either
directly™*' or via trapping methods.”” F luorescence experiments have also been
designed to give [P+] for a particular conversion.”™ Given [P+] and the rate of
polymerization, £, can be evaluated using eq. 8. Given the rate of initiation and
[Ps], &, can be calculated using eq. 3.7 It is also possible to estimate &, from
the molecular weight distributions given &, and [P'+] using kinetic simulation.”***

For low conversions, valucs of the rate constants & for monosubstituted
monomers (S and acrylates) are ~10" M™'s and those for methacrylates are ~107
M's” and activation energies are small and in the range 3-8 kJ mol'."" These
aclivation energies relate to the rate-determining dilfusion process (Section
5.2.1.4) rather than to radical-radical coupling.

Values of termination constants [or sterically hindered monomers may be
several orders of magnitude lower than those for § and (methacrylates). Such
monomers include various a-substituted methacrylates, itaconates, fumarates, and
N-substituted ilaconimides and maleimides. Values of k; {or these monomers have
been reported to lic in the range 10-10° M's? depending on the particular
structure.”

3.2.1.2 Molecular weights and molecular weight averages

The degree of polymerization of a polymer (X]) is equal to the chain length /
(the number of monomer units in the chain). If we negleet end groups,* the
number molecular weight (M) is given by eq. 10:

* By definition, the molar mass of the end groups should be included in the molecular weight of
a polymer but the corresponding quantity is not included in the degree of polymerization.
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M, =X M, (10)

where M, is the molecular weight or molar mass of the monomer or repeat unit.”
The number average molecular weight ( A/ ) is the average molecular weight
of all of the polymer chains that make up a sample and is given by eq. 11:

TR LEY) (an

S

where s is the concentration of chains of length i/ (monomer units)
The weight average molecular weight ( M) is given by eq. 12:

M“ =MMU=MMD (12)
EW; Ean;

where w; is the weight of chains ol length i,
The Z average molecular weight ( M) is provided by eq. 13:

3
YA LESRY) (13)
E NJX{‘-

This term gives some information about the asymmetry of the molecular weipght
distribution and is important in analyzing scdimentation bchavior in
ultracentrifugation.

It is also useful to define the moments of the chain length distribution. The /th
moment is defined in eq. 14

; f
}.,’=En,-X,- (14)

The zeroth moment 2’ =¥ n,can be recognized as the total concentration of

polymer chains and the first moment A' = > X; =3 w, is the lolal concentration

of repeat or monomer units in those chains. The moments can be related to the
molecular weight averages as follows:

o }LI . ;LE o 3

M =2M, M =2 M, M =-2M

n ;\,0 o u, ;lj 0?2 }\,2 ]

The breadth of the molecular weight distribution is often discussed in terms of the
dispersity (D)* and is expressed in terms of the moments as shown in eq. 15:

+ In this book, in accord with common usage, we use the term molecular weight rather than
molar mass when referring to polymers,
*  The dispersity is also commonly called the polydispersity index or the polydispersity.
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X, M, ¥

(15)

XMy

In calculations the moments can he treated as concentrations. Kinetic
simulation of radical polymecrization to cvaluate dispersitics typically involves
evaluation of the moments rather than the complete distribution. This method of
moments is accurate as long as the kinetics are independent of chain length.

5.2.1.3 Molecular weight distributions

The simple statistical trcatment of radical polymecrization can be traced back to
Schullz.”" Texts by Flory™ and Bamford ef al.” are uselul references.
The probability of a propagation event (¢) can be delined as shown in eq. 16:

R
$=—PF
RP +R + R,

— (16
K M1 26, [P*]+ oy L 1+ kg (M1 oy 1] )

A given chain will undergo -1 propagation steps (each with probabilily ¢) belore
terminating {with probability 1-¢). Thus, if termination is wholly by chain transfer
ot disproportionation, the chain length distribution is given by ¢q. 17 (Figure 5.1):

no=¢"(1-¢) (17)

This distribution is known as the Schultz-Flory or most probable distribution.®
The moments of the molecular weight distribution are:

A=1, A =(0-¢)", ¥ =(1+}1-¢)~
and the average degrees of polymerization and dispersity are:

f»:=L$ }’".=ﬂ alld D: _“'=I+¢
I-¢ 1-¢

Be

H

and for leng chains as ¢—1, {—2.
If termination is wholly by combination it can be shown™ that the number
distribution is given by eq. 18 (Figure 5.1):

R T B R (18)
The moments of the molecular weight distribution are:

Ul A =2(1-) ", A =@ +2¢)(1-9) "
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In dealing with radical-radical termination in bulk polymerizalion il is
commaon practice to divide the polymerization timeline into three or more
conversion regimes.”> The reason for this is evident from Figure 5.3. Within
each regime, expressicns for the termination rate coefficient are defined according
to the dominant mechanism for chain end diffusion. The usval division is as
follows:

(a) Low conversion - prior to the onsct of the autoacccleration phenomenon

known as the gel or Norrish-Trommsdorff effect’®® and characterized by
highly mobile propagating species. Center of mass and/or segmental dilTusion
are the rate-determining mechanisms for chain end movement. Initiator

efficiencies are high and approximately constant.

(b) Medium tc high conversion immediately after the onset of the gel effect.
The diffusion mechanism is complex. Large chains become cffectively
immobile (on the timescale of the lifetime of a propagating radical) even
though the chain ends may move by segmental diffusion , reptation or reaction
diffusion. Monomeric species and short chains may still diffuse rapidly.
Short-long termination dominales. Iniliator efTiciencies may reduce wilh
conversion.

(¢} Very high conversion - the polymerization medium is a glassy matrix. Most
chains arc immobile and reaction diffusion is the rate-determining diffusion
mechanism. New chains are rapidly terminated or immohilized. Initiator
efliciencies are very low.

The precise conversion ranges are determined by a variety of factors including
the particular monomer, the molecular weight of the polymeric species and the
solvent (if any). For bulk polymerization of § and MMA (a} is typically <20%, (b)
is 20-85% and (c) is »85%. In solution polymerization, or for polymerizations
carried out in the presence of chain transfer agents, the duration of the low
conversion regime is exlended and the very high conversion regime may not occur.
Cage escape is also a diffusion controlled process, thus the initiator efficiency ()
and the rate of initiation (kg generally decrease with conversion and depend on
the conversion regime as indicated above (Sections 3.2.8, 3.3.1.1.3, 3.3.2.1.3.

3.3.24)

5.2.1.4.1 Termination af low corversion

Most in depth studies of termination deal only with the low conversion regime.
Logic dictates that simple center of mass diffusion and overall chain movement by
reptation or many other mechanisms will be chain length dependent. At any
instant, the overall rate coefTicient for termination can be expressed as a weighted
average of individual chain length dependent rate coefficients (eq. 20}
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S S kPP,
;(l =.5:|j:| - (20)
[P’

where k" is the rale coefTicient for reaction between species of chain lengths 1 and
j. and [P+] is the total radical concentration.

Mahabadi and O'Driscoll™ considered that segmental motion and center of
mass diffusion should be the dominant mechanisms at low conversion. They
analyzed data for various polymerizations and proposed that & should be

dependent on chain length such that the overall rate constant obeys the expression:
ko x, (21

where X , is the number average degree of polymerization and o —0.5 for short X
reducing 0 0.1 for large X ,..

Various expressions have been proposed for estimating how the overall rate
coefficient &, and the individual rate coefficients ' vary with the chain lengths of’
the reacting species,™” " simple relationships of the following forms are the most
often applied:’ %"

{a} The harmonic mean is said to be of the functional form expecied if chain end
encounter or coil overlap is rate-determining:

) "Ny T
k! =km(ﬂ) (22)

f+J

(b) The Smoluchowski mean is of the functional form expecled il translational
diffusion is rate-determining; it is known to provide a reasonable description
of the termination kinetics of small radicals:

K 0.5k (71§ (23)
or:
k(ilj _zﬂropbpin(Di"'Dj) (24)

where & is a capture radius, pg, is a spin multiplicity term, and 1 and 1Y are
chain length dependent diffusion constants. When a=1, the Smoluchowski
mean and the harmonic mean approximations are the same

(¢} The geometric mean has no physical basis but has been suggested to best
approximate the functional form of the segmental ditfusion process:

K= gl ) (25)

where « and k&, are constants.
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Table 5.1 Parameters Characterizing Chain Length Dependence of Termination
Rate Ceefficients in Radical Polymerization of Common Monomers”

Monomer T (°C) P (bar} kM'sy k(M) « ref
S 40 1000 1600 TxI0 0.16 E
MMA 40 2000 1700 Ax 1 0.14 52
DMA 40 1000 1400 IxI0° 0.15 5
MA 40 1000 28600 2x10° 0.13 5
BA 40 1000 35600 6x 107 0.14 5
DA 40 1000 39800 gx 107 0.43 o

a Determined by the SP-PLP technique. Values apply to bulk polymerization at low conversion
(up to 15% conversion),

For the situation where the chain length of one or both of the species is "small”
{not entangled with itself or other chains) and conversion of monomer to polymer
is low, the terminalion kinelics should be dominated by the rate ol dilTusicn of the
shorter chain. While the chain remains short, the time required for the chain
reorganization to bring the reacting centers together will be insignificant and
center of mass diffusion can be the rate-determining step.  As the chain becomes
longer, segmental diffusion will become maore important. Thus, it is expected that
k' should lie between an upper limit predicted by the Smoluchowski mean (eq.
23) and a lower limit predicted by the geometric mean {(¢q, 25) with the value
being closer (o the geometric mean value lor higher chain lengths as shown in
Figure 5.5.

Smith er al.”® have recently suggested a composite model based on similar
considerations to predict &£ over the entire chain length range. Experimental data
for &' for dodecyl methaerylate polymcrization consistent with such a model have
been provided by Buback ez al.

Since shorter, more mobile, chains diffuse more rapidly (by center of mass
diffusion or other mechanisms), they are more likely to be involved in termination.
For this reason, most termination involves reaction ol a long species with a short
species. The lower mobility of long chains ensures that they are unlikely to react
with cach other. Cardenas and O'Driscoll™ proposcd that propagating specics be
considered as two populations; those with chain length below the entanglement
limit and those above. This basic concept has also been adopted by other
authors.”*>>* Russell™ has provided a detailed critique of these concepts. Direct
experimental evidence for the importance of the dispersity of the propagaling
radicals on termination kinetics has been reported by Faldi e of.”® O’Neil and
Torkelson questioned the chain entanglement concept pointing out that for low
conversions chain entanglements are unlikely even for chain lengths > 100.
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Tto,”” Tulig and Tirrell,”" and de Gennes™ have proposed expressions for
based on a reptation mechanism. More recently, the manner in which the
lermination rate coeflicientl scales with chain length for entangled systems has
been censidered in some detail in studies by O'Shaughnessy and
coworkers.” %" For the situation where both chains are long (entangled), the
way in which the termination coefticient (or diffusion rates) should scale with
chain length means that a long chain is unlikely to terminate by reaction with
another long chain. Short-long termination is dominant. Measurements of the
diffusion rate constants of oligomers and polymers provide some support [or this
theory.

The concept of reaction diffusion (also called residual termination) has been
incorporated into a number of treatments.” " Reaction diffusion will occur in all
conversion regimes. However at low and intermediate conversions the process is
not of great significance as a dilTusion mechanism. Al high conversion long
chains are essentially immobile and reaction diffusion becomes the dominant
diffusion mechanism (when 1 and j are both "large” >100). The termination rate
conslant is determined by ihe value of k, and the monomer concentration. In these
circumstances, the rate constant for termination k' should be independent of the
chain lengths i and j and should obey an expression of the form:”

kY —kukn[M] {26)
where & is a constant.

5.2 1.5 Termination in heterogeneouns polymerization

The kinetics of termination in suspension polymerization is generally
considered to be the same as for solution or bulk polymerization under similar
conditions and will not be discussed further. A detailed discussion on the kinetics
of termination in emulsion polymerization appears in recent texts by Gilbert’”” and
Lovell and El-Aasser’® and readers should consult these for a more comprehensive
treatment.

The steps involved in entry of a radical into the particle phase from an aqueous
phase initialor have been summarized in Section 3.1.11. Aqueous phase
termination prior to particle entry should be described by conventional dilute
solution kinetics (Section 5.2.1.4.1). Note that chain lengths of the aqueous
soluble species are short (typically <10 units).

Even though the chemical reactions are the same (i.¢. combination,
disproportionation), the effects of compartmentalization are such that, in emulsion
polymerization, particle phase termination rates can be substantially different to
those observed in corresponding solution or bulk polymerizations. A critical
paramcter is 7, the average number of propagating specics per particle. The value
of # depends on the particle size and the rates of entry and exit.
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Many emulsion polymerizations can be described by so-called zero-one
kinetics. These systems are characterized by particle sizes that are sufficiently
small that entry of a radical into a particle already containing a propagating radical
always causes instantaneous termination. Thus, a particle may contain either zero
or one propagating radical. The value of 7 will usually be less than .4, In these
systems, radical-radical termination is by definition not rate determining. Rates of
polymerizalion are determined by the rates of particle entry and exit rather than by
rates of initiation and termination. The main mechanism for exit is thought to be
chain transfer 1o monomer, It follows thal radical-radical lermination, when 1t
occurs in the particle phasce, will usually be between a short speeics (one that has
just entered) and a long species.

‘Treatments (Smith—]:‘wart,w pseudo—bulk”) have been devised which allow for
the possibility of greater than one radical per particle and for the cffects of chain
length dependent termination. Further discussion on these is provided in the
references mentioned above,”’

Microemulsion and miniemulsion polymerization processes differ from
emulsion polymerization in that the particle sizes are smaller (10-30 and 30-100
nm respectively vs 50-300 nm)” and there is no discrete monomer droplet phase.
All monomer is in solution ot in the particle phase. Initiation usually takes place
by the same process as conventional emulsion polymetization. As particle sizes
reduce, the probability of particle entry is lowered and so is the probability of
radical-radical termination. This knowledse has been used to advantape in
designing living polymerizations based on reversible chain transfer {e.g. RAFT,
Scetion 9.5.2).5%

5.2.1.6 Termination during living radical polymerization

It remains a common misconception thal radical-radical termination is
suppressed in processes such as NMP or ATRP. Ancther issue, in many people’s
minds, is whether processes that invelve an irreversible termination step, even as a
minor side reaction, should be called living. Living radical polymerization appears
to be an oxymoron and the heading to this section a contradiction in terms (Section
9.1.1). In any processes that involve propagating radicals, there will be a finite
rate of termination commensurate with the concentration of propagating radicals
and the reaction conditions. The processes that fall under the heading of living or
controlled radical polymerization (e.g. NMP, ATRP, RAFT)} provide no
exceptions,

In conventional radical polymerization, the chain length distribution of
propagaling species is broad and new short chains are [ormed contlinually by
initiation. As has been stated above, the population balance means that,
termination, most frequently, involves the reaction of a shorter, more mobile, chain
with a longer, less mobile, chain. In living radical polymerizations, the chain
lengths of most propagating species are similar (i.e. i ~ ;) and increase with
conversion. ldeally, in ATRP and NMP no new chains are formed. In practice,
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some new chains may be formed, as, for example, from thermal initiation in §

polymerization. In processes such as RAFT new small radicals are continuously

formed by initiation as in the conventional process but form a much smaller part of

the population as they undergo rapidly equilibration with longer dormant chains.
Diffusion mechanisms depend on chain length as follows:

(a) Very short chains (X <10 units). Translational diffusion is the most
important diffusion mechanism.

(b) Chains of moderate length ( X ~10-100 units). Segmental motion of the chain
ends is the rate-delermining dilTusion mechanism.

{c) Long chains. Chains immobile, reaction diffusion is rate-determining.

On this basis it might be expected that at low conversions the extent of
termination would be higher than in a conventional polymerization since all chains
are short. Similarly, for higher conversions the extent of termination should be
lower than in a conventional polymerization because most chains are long.™ It has
also been proposed that the molecular weight distribution in living radical
polymerization might be analyzed to provide values of £ as a function of
molecular weight. Recently, Vana ef o/ have analyzed RAFT polymerization in
this context. Their data suggests a chain length dependence in general agreement
with that supgested by other methods. It can also be noted that the SP-PLP
experiment is, in some respects, a good model of a living radical polymerization
and also provides values of k.7

[t can also be noted that reversible chain transfer, in RAFT and similar
polymerizations, and reversible activation-deactivation, in NMP and ATRP,
provide other mechanisms for reaction diffusion.

5.2.2 Disproportionation vs Combination

Even though the rate of radical-radical reaction is determined by diffusion, this
docs not mean there is no sclectivity in the termination step.  As with small
radicals (Section 2.5), se¢lf-reaction may occur by combination or
disproportionation. In some cases, there are multiple pathways for combination
and disproportionation. Combination involves the coupling of two radicals
(Scheme 5.1). The resulting polymer chain has a molecular weight equal to the
sum of the molecular weights of the reactant species. If all chains are formed from
initiator-derived radicals, then the combination product will have two initiator-
derived ends. Disproporiionation involves the transfer of a p-hydrogen from one
propagating radical to the other. This results in the formation of two polymer
molecules. Both chains have one initiator-derived end. One chain has an
unsaturaled end, the other has a saturated end (Scheme 5.13.

Since the mode of termination clearly plays an important part in determining
the polymer end groups and the molecular weight distribution, a knowledge of the
disproportionation:combination ratio (k/k.} is vital to the understanding of
structure-property relationships. Unsaturated linkages at the ends of polymer
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chains, as may be formed by disproportionation, have long been hought to
contributc to polymer instability and it has been demonstrated that both head-to-
head linkages and unsaturated ends are weak links during the thermal degradation
of PMMA (Section 8.2.2).%* Polymer chains with unsaturated ends may also be
reactive during polymerization. Copolymerization of macromonomers formed by
disproportionation is a possible mechanism for the formation of long chain
branches.***" Such macromonomers may also function as transfer agents (Section
6.2.3.4 and 9.5.2).”"

Knowledge of k/k,. is also important in designing polymer syntheses. For
example, in the preparation of block copolymers using polymeric or
multifunctional initiators (Section 7.6.1), ABA or AB blocks may be formed
depending on whether termination involves combinatien or disproportionation
respectively. The relative importance of combination and disproportionation is
also important in the analysis of polymerization kinetics and, in particular, in the
derivation of rate parameters.

5.2.2.1 Model studies

The delermination of &y, by direcl analysis of a polymerization or the
resultant polymer often requires data on aspects of the polymerization mechanism
that are not readily available. For this reason, 1t 1s appropriate to consider the sclf-
reaclions of low molecular weight radicals which are siructurally analogous to the
propagating species. These model studies provide valuable insights by
demonstrating the types of reaction that are likely to occur during pelymerization
and the factors inlluencing £g/k.. These have been discussed in general lerms in
Section 2.4,

In these model studies, evaluation of &,/k,. 1s simplified because reactions that
compete with disproportionation or combination are more readily detected and
allowed for. However, by their very nature, moedel studies cannot exacily simulate
all aspects of the polymerization process. Consequently, a number of factors must
be borne in mind when using model studies to investigate the termination process.
These stem from differences inherent in polymerization vs simple organic
reactions and include:

(a) There may be additional pathways open to the poly- or oligonieric radicals
which are not available to the simple model species.”

(b) In polymerization particular propagating species have only transient existence
since they arc scavenged by the addition of monomer or other reactions.
Model studies are usually designed such that the self-reaction is the only
process. This can lead 1o a very dilferent and sometimes misleading product
distribution. A knowledge of the reaction kinetics is extremely important in
analyzing the results.

(¢) Reaction conditions {solvent, viscosily, efc.) chosen for the model experiment
and the polymerization experiment are often very different.
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Model carbon-centered radicals are conveniently generated from azo-
compounds. These have the advantage that radicals are generated in pairs and that
transfer to initiator is generally not a serious problem. All of the major products
from thermal or photochemical decomposition in an inert solvent are the products
from radical-radical reaction. Onc frequently observed complication is
polymerization of the unsaturated byproducts of disproportionation. This problem
may be circumvented by conducting experiments in the presence of an inhibitor,
the concentration of which can be chosen such that all radicals which escape the
solvent cage are trapped and reactions of the initiator-derived radicals with other
species are eliminated.®® The value of ko'k, is determined by analyzing the
products of cage reaction. Most data indicate no difference in specificity between
the cage and encounter (i.e. non-cage) processes.”

5.2.2.1.1 Polystyrene and devivatives

The self reaction of substituted phenylethyl radicals (1) has been widely
investigated.” ™ The findings of these studies are summarized in Table 5.2.
Unless R is very bulky (e.g. t-butyl, sce below), combination is by far the
dominant process with the value k4/k, typically in the range 0.05-0.16. Thus, a
small amount of disproportionation is always observed.

HQ
1
R1-CH,—C -

The value of ky/'k, shows no significant dependence on chain length for
oligostyryl radicals (4a, b).%‘% On the basis of these findings, ky'4, for PSe
should also be small and non-zero.

CHy  H,C CH,

by

|
CHy-CH+ CHyCH,CHe  H{CH-CH}CH-  HiC-C+  HaC-C-CHp-C-

HaC i

2 3 dan—1 5 6
4b n=2

For radicals 1, k4%, shows a marked dependence on the bulk of the substituent
(R7). While phenylethyl radicals (2) and cumyl radicals (5) aftord predominantly
combination, there are indications of a substantial penultimate unit effect. The
radicals 6, with an a-neopenty! substituent, give predominantly disproportionation,
Termination in AMS polymerization might therefore also give substantial
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disproportionation (However, AMS does not polymerize readily due 1o a very low
ceiling temperature - Section 4.5.1}.

Table 5.2 Values of k/k,. for Polystyryl Radical Model Systems

System  Structure  Temp. ke System  Structure Temp. kolk,
°C) (°C)

87 2 20 0.073 5% 4a 141 0.090
8% 2 80 0.081 g% da 161 0.078
8% 2 118 0.097 §% 4b 80 0.159
8% 3 20 0.141 g% 4b 90 0.150
g% 3 8D 0.146 % 4b 100 0.134
g 3 118 0.107 S db 120 0.119
g% 4a 80 0.156 g% ab 141 0.097
g% 4a 90 0.146 g 4b 161 0.082
g% 4a 90 0.141  AMSY 5 20-60 0.05
g% 4a 100 0.130 AMS™ 5 33 0.1
g% 4a 120 0.109  AMS™ 6 35 o

The value of ky'k, for oligostyryl radicals {4) is reported to decrease with
increasing temperature. With 1,3,5-triphenylpentyl radicals (4b) ko/k halves on
increasing the temperature from 80 °C to 160 °C (Table 5.2).%°

The result indicates that the activation energy for combination is higher than
that for disproportionation by c¢a 10 kJ mol”. A similar inverse temperature
dependence is seen far other small radicals {Section 2.5). However, markedly
different behavior is reported for polymeric radicals (Section 5.2.2.2.1).

Benzyl radicals and - and p- substitluted derivatives also undergo
unsymmetrical coupling through the aromatic ring (Section 2.5). The formation of
the a—o and a—-p coupling products is reversible. Consequently, these materials
are often only observed as transient intermediates.

L0 QO

. H ) b
7
Scheme 5.6

Direct aromatization of the quinonoid intermediates is a photochemically
allowed but thermally forbidden rearrangement (Scheme 5.6). When phenylethyl
radicals are generated photochemically at 20 °C there is evidence™ of a—o¢
coupling by way of the aromatized product 7. The products derived from these
pathways can be trapped in thermal reactions by radical®™ or acid'® catalyzed



Termination 255

aromatization. With benzyl radicals the ratio of at—o:0-p and [a-o + a—plia—o
has been shown to increase with increasing temperature.'™ A transient species,
presumed (o be a quinonoid intermediate, has also been observed when oligomeric
radicals 4 are generated thermally.”®

The formation of the quinonoid species is favored by substitution at the radical
center (Section 2.4). Cumyl radicals (5)""**'"" are reported to give w—o, a—o and
a—p coupling products in the ratio 77:8:15. Several studies have examined the
reactions of p-substituted phenylethyl radicals. Electron withdrawing substitucnts
lavor disproportionation over combination. However, the eflect is small.

A report by Businelli ¢f a/. suggests a remarkable solvent dependence for the
combination:disproportionation ratio.'” These authors found that 1-phenylpentyl
radicals (concentration, temperature unspecified) gave only combination in
benzene solvent but combination:disproportionation products in a 1:1 ratio in
acectonitrile solvent.

5.2.2.1.2 Poly(atkpi methacrylates)

The self-reactions of 2-carboalkoxy-2-propyl radicals (8-10) have been
examined.* '™  The results of these studies are reported in Table 5.3.
Combination is slightly favored over disproportionation. The value of &4/k, for 8
was [ound 1o be essentially independent of temperature.

CHy CHg CHa CHa CH,

HaC—C HaC—C- H3C-Cr HiC-G—CHp—Ce
COaCHa CO=CaHs COC4Hg CO,CHy CO,CH;,
8 9 10 11

Table 5.3 Values of ky/k,. for Mcthacrylate Ester Model Systemns

System Structure Temperature (°C) falke rel.
MMA 8 70-90 0.78 e
MMA 8 90 0.62 13
MMA 8 s 0.61 §9.103
MMA 8 140 0.60 K103
MMA 8 165 0.59 103
MMA 11 80 <1 85 8
EMA 9 80 0.72 5
BMA 10 80 1.17 8
MMA-co-BMA 8, 10 80 1.22 10

Disproportionation increases in the series where the ester is
methyl<ethyl<butyl suggesting that this process is favored by increasing the bulk
of the ester alkyl group. This trend is also seen for polymeric radicals (Section
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oligomeric radicals. While combination products were uncquivoeally identificd,
analytical difficulties prevented a precise determination of the disproportionation
products. Aceordingly, they were only able to state a maximum value ot A/
Their data show that &4/k;. <1.85 for the self reaction of 11 and <1.50 for rcaction
between 8 and 11.

An early report'™ indicated that the self reaction of 2-carbomethoxy-2-propyl
radicals (8), like cyanoisopropyl radicals (15) (Section 5.2.2.1.3), affords an
unstable coupling product (analogous to a ketenimine). Precedent for a reversible
unsymmetrical C-O coupling mode for radicals with a a-carbonyl group has
recently been established for the case where normal C-C coupling is sterically very
hindered.'”” However, the more recent studies on reactions of 2-carbomethoxy-2-
propyl radicals (8) and related species provide no evidence for this pathway.™'”
Bizilj et o/ also demonstrated that during disproportionation of oligomeric
radicals 12, the abstraction of a methyl hydrogen (to generate a terminal methylene
group - 13, Scheme 5.7) is preferred = 10-fold over abstraction of a methylene
hydrogen (to afford an internal double bond 14). One explanation is that the
methyl hydrogens are more sterically accessible than the methylene hydrogens.

CHy Gt Chs Oty
H_CHE_CI' + 'q_CHE’H — R_CHQ_CI Q_CH27H
CO4CH; CO4CH; CO4CH; COuCHg
12
GH CHa CHg CH3
R-CH"C +  CH-CHp-R R-CH=C +  CH-CH,-R
COCHy  CO,CHy COuCH;  CO.CHs
13 14
Scheme 5.7

5.2.2.1.3 Poly(methacrylonitrile)

A simple model for the propagating species in MAN polymerization is the
cyanoisopropyl radical (15). The reactions of these radicals (from AIBN; Scheme
5.8) have been extensively studied. In contrast with the analogous esters 8-10
(Section 5.2.2.1.2), combination is by far the dominant process (Table 5.4).

Serelis and Solomon'® found that primary radical termination of oligo{ MAN)
radicals {(16) with 15 also gives predominantly combination. The ratio k/4,. was
found to have little, if any, dependence on the oligomer chain length (n<4). As
with PMMA-«, disproportionation involves preferential abstraction of a methyl
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hydrogen and chains terminated in this way will, therefore, possess a potentially
reactive tenminal methylene (17).

CHy  GHs GHa  GHs
HgC‘C" + ‘IC'CH{_:, HGC_CI_N:C:C_CHS
CN  ON CN
15
CHs CHy ¢Ha GHs
CHa=C + CH-CHy H3C-C—C~CHs
&N en EN CN
Scheme 5.8
CHy|  CHs GHs|  GHe
H{CHe~C—CH, C- H{GHe~C—FCH, C
EN | CN EN | CN
16 17

Table 5.4 Values of k4/k,. for Reactions involving Cyanoisopropyl Radicals

Svstem Structure Temperature (°C) kil ref,
MAN 15 80 0.05-0.1 111
MAN 16 80 0.1 1o

MAN-co-$ 4a 90 0.61 i
MAN-co-§ PSe 98 a 12
MAN-co-BMA PBMA- 25 b B
MAN-co-E e 80 b 1

a Predominantly combination. b Predominantly disproportionation.

Cyanocisopropyl radicals (15) undergo unsymmetrical C-N coupling in
preference to C-C coupling.'”” The preferential formation of the ketenimine is a
reflection of the importance of polar and steric influences.''® However, the
ketenimine is itself thermally unstable and a source of 15, thus the predominant
isolated product is often from C-C coupling.

Preferential C-N coupling is also observed for oligomeric radicals (Scheme
5.9).""7 A ketenimine (21) is the major product from the reaction of the "dimeric"
MAN radical 18 with cyanoisopropyl radicals (15). Only onc of the two possible
ketenimines was observed; a result which is attributed to the thermal lability of
ketenimine 19. If this explanation is correct then, although C-N coupling may
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occur during MAN polymerization, ketenimine structures are unlikely to be found
in PMAN by self-reacilion of propagating radicals.

/ disproportionation products

CHs CHa CHg CHz  CHg CHs
CHS'Q'CHZ(‘:' + 'IC_CH;J CH3'?'CH2'9_N:C:C_CH3

CN CN CN CN CN
18 15 19
GHo  OHiCHs Gty Gy CHy
CHB-(}:_CHE-(F_Q_CHB CHQ‘Q'CHE'C:C:N_Q_CH:E,
CN CN CN CN CN
20 21

Scheme 5.9

5.2.2.1.4 Polyethylene

The self reaction of primary alkyl radicals gives mainly combination.'® For
primary alkyl radicals [CH:(CH;),CHse], k/k,. is reported to lie in the range 0.12-
0.14, apparently independent of chain length (n=0-3).'"*!"?

5.2.2.2 Polymerization

A substantial number of studies give information on &4/k, for polymerizations
of § (5.2.2.2.1) and MMA (5.2.2.2.2). There has been less work on other systems.
One of the main problems in assessing & /%, lies with assessing the importance ol
other termination mechanisms (i e. transfer to initiator, solvent, etc., primary
radical termination).

Techniques applied in assessing the relative importance of disproportionation
and combination include:

(a) The Gelation technique. This method was developed by Bamford ef ol.'™ In
grall copolymerizalion, lermination by combination will give rise 1o a
crosslink while disproportionation (and most other termination reactions) will
lead to graft formation. The initiation system based on a polymeric halo-
compound [poly({vinyl trichloroacetate)/Mn{CO)/hv] was used to initiate
polymerization and the time for gelation was used to calculate & /k,.. Tn the
original work, the results were calibrated with reference to data for §
polymerization for which a /%, of 0.0 was assumed. Recent studies suggest
that, in S polymerization, disproportionation may account for 10-20% of



(b)

(c)

(d)

(e)
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chains (Section 5.2.2.2.1). Thus the data may require minor adjustment.
Syslems studied with this technigue include AN, MAN, MA, MMA,, and S.

Molecular weight measurement. The mode of termination can be calculated
by comparing the kinetic chain length (the ratio of the rate of propagation to
the rate of initiation or termination) with the measured number average

: 121-123
molecular weight.

Molecular weight distribution evaluation. This method relies on a precise
evaluation of the molecular weight distribution.'*'*’ The mode of termination
has a significant influence on the shape of the molecular weight distribution
with the instantaneous dispersity (D being ~2.0 if termination occurs
cxclusively by disproportionation of propagating radicals and ~1.5 if
termination involves only combination (Section 5.2.1.2)."** Values of D are
conversion dependent so the method should only be applied to very low
conversion samples. Truncation of the ends of the distribution as a result of
baseline selection difficulties will lead to the dispersity being
underestimated.”™ A more precise but relaled method is to fit the entire
molecular weight distribution using kinetic modeling methods.

End group determination. Polymer chains lerminated by combination possess
two initiator-derived chain ends. Disproportionation affords chains with only
one such end. The value ol 44k, can therefore be determined by evaluating
the initigtor-derived polymer end groups/melecule by applying eq. 27

kalke = (2-)/2(x-1) (27)

where x is the number of initiator fragments per molecule. The errors inherent
in this technigue can be large since the polymer end groups typically comprisc
only a very small fraction of a polymer sample. The initiator-derived ends
may be labeled for case of detection. These techniques are described in
Section 3.6. [t is necessary to allow for side reactions. If there is transfer to
monomer, solvent, ¢fc., the value of &gk, will be overestimated. The
occurrence ol transfer 1o nitiator, primary radical termination, or
copolymerization of initiator byproducts will lead to kyk,. being
underestimated.

Mass spectrometry. Matrix-assisted laser desorption ionization time-of-flight
mass spectroscopy (MALDI-TOFY has been used to determine &4k, in S and
MMA polymerization."” Chains formed by disproportionation and chains
formed by combination form two distinct distributions. Mass spectrometric
end group determination is described in Section 3.5.3.4.

Evaluation of molecular weights after ultrasonic scission of high molecular

weight polymers (PMMA and PS} in the presence of a radical trap has been
claimed to provide evidence of the termination mechanism."®' However, scission
gives radicals as shown in Scheme 5.10.
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. CH-CHp~Chan scission M¢H éHz_?H.M
Ph Fh Ph FPh

Scheme 5.10

5.2.2.2.1 Polystyrene

Hensley ef al.'” reported the only direct experimental observation of head-to-
head linkages in PS by 2D INADEQUATE NMR on “C-enriched PS. The
method did not enable these groups to be guantified with sufficient precision for
evaluation of ky/k.. Zammit e7 al."° studied chain distribution of low molecular
weight PS prepared with AIBN initiator by MALDI-TOF. Scparate distributions
of chains formed by combination and disproportionation were obscrved. They
estimated &'k, at 90 °C to be 0.057.

A wide range of less direct methods has been applied o determine ky/k, in S
polymerization. Most indicate predominant combination.'**'*"***'"*  However,
distinction between a kg/k. of 0.0 and one which is non-zero but <0.2 is difficult
even with the precision achievable with the most modern instrumentation.
Therefore, it is not surprising that many have interpreted the experimental finding
of predominantly combination as meaning exclusively combination.

Olaj er al'™ proposed that termination of S polymerization involves
substantial disproportionation. They analyzed the molecular weight distribution of
PS samples prepared with either BPO or AIBN as initiator at lemperatures in the
range 20-90 °C and estimaled &'k, 1o be ca 0.2. In a more recent study, Olaj e#
al."™ determined the molecular weight distribution of P$ samples prepared with
photoinitiation at 60 and &5 °C and estimated values of ky/k, of 0.5 and 0.67
respectively. Dawkins and Yeadon'” discussed the problems associated with
estimating k,/k,. on the bhasis of dispersity measurements and determinred that kg /&,
should be "substantially smaller" than suggested by Olaj et ol.'”

Berger and Meyerhoff'™ also reported that termination involves substantial
disproportionation. They determined the initiator fragments per molecule in PS
prepared with radiolabeled AIBN and conducted a detailed kinetic analysis of the
syslem. They also found a marked temperature dependence for ky/k,.. Values of
ka'ky ranged from 0.168 at 30 °C to 0.663 at 80 °C.

Other determinations ol ky/k,. based on end group delterminalion are at
variance with these findings. End group analyses by NMR,"""" radiotracer
techniques, **'** or chemical analysis'™” on PS formed with appropriately labeled
initiators all indicate predominantly combination. Moad et al."**'*" used "*C NMR
1o defing and quantily the end groups in samples ol PS prepared at 60 °C with
either C-labeled BPO or AIBN as initiator. This method has the advantage that
the end groups from primary radical termination, transfer to initiator, residual
initiator and any copolymerized imitiator byproducts can be distinguished from the
end groups formed by initiation (Section 3.5.3.2). They showed that, under the
conditions employed (60 °C, bulk), there are 1.7+0.2 initiator-derived end groups
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corresponding to a gk, of ce 0.2, Other NMR end group determinations have
yielded similar data. Barson er al."' analyzed PS prepared with “C-labeled
AIBN bv "C NMR. Bevington ef «/.'™ analyzed P$ prepared with fluorinated
BPO by °F NMR. In each case there were ¢a 1.6 initiator-derived end groups per
molecule (kake ca 0.3). Yoshikawa er of."> formed PSe from narrow dispersity
(M =1500, M_/M=1.09) low molecular weight m-bromopolystyrene by atom
transfer to Cu(l} at 110 °C. They used NMR to estimate the fraction of chains
formed by disproportionation as 0.07 (k,y/k ca 0.08) and by GPC peak resolution
to be 0.09 (ka'kie ca 0.1).

The influence of substituents {p-Cl, p-OMe) on k/k,. was investigated by
Ayrey ef al.'™ They found disproportionation was favored by the p-OMe
substituent and that the extent of disproportionation increased with increasing
temperature.  This result is contrary to the model studies (Section 5.2.2.1.1) that
show &4/, has little dependence on substituents and, indced, suggest the opposite
trend.

5.2.2.2.2 Poly(alkypl methacrylates)
Table 8.5 Determinations of k4%, for MMA Polymerization

Temperature Method?
(°C) EIB R g Gl pI3T pBk gl a0 pRe0 gie  pis]
25 . W VU S
0 150 - - S0s0 - - oo
15 - - - 016 - - - .
25 23 - - 20 - - S .
30 - .- LT
40 - 045 - . .
45 - - - - - w - - - - -
60 567 135 075 27 262 - 2,57 044 128 - 4.5
80 - - 1.32 4.0 - - - - - - -
90 - - - - - - - - - 437 -
100 - - - - - - - - 1.5 - -

a Methods used (Section 5.2.2.2): G-gelation technique, M-molecular weight measurement, I-
dispersily evaluation, E-end group delermination, S-MALDI-TOF mass spectrometry

The naturc of the termination reaction in MMA polymerization has becn
investigated by a numbcer of groups using a wide range of techniques (Table 5.5).
There is general agreement that there is substantial disproportionation. However,
there is considerable discrepancy in the precise values of &gk, In some cases the
difference has been atiribuled io varialions in the way molecular weight data are
interpreted or to the failure to allow for other modes of termination under the
polymerization conditions {chain transfer, primary radical termination}."”* In other
cases the reasons for the discrepancies are less clear.,  MALDI-TOF mass
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spectrometry provides a dircet measurement of &y/k, for low molccular weight
MMA and this indicates a value of 4.37 at 90 °C.""

Four studics suggest that k./4, has a significant temperature dependence
(Table 5.5). Although nol agreeing on the precise value of ky'k,, all lour studies
indicate that the proportion of disproportionation increases with increasing
temperature, These results are at variance with model studies that suggest that
gk 1s independent of temperature. It was also proposed that the preferred
termination mechanism is solvent dependent and that disproportionation is favored
in more polar media.'®

Hatada ef al.'*™'®" showed that the disproportionation-derived unsaturated ends
in PMMA can be determined directly by 'H NMR. For PMMA prepared with
BPO in toluene at 100 °C they found the number of chain ends per molecule
formed from initiation reactions {from BPO and toluene-derived radicals) to be ca
125" suggesting a ku/'ke of ca 1.5. They also demonstrated the preference for
transfer of a methyl vy a methylene hydrogen in disproportionation. This is in line
with the studies on model radicals (Section 5.2.2.1.2).

Values of kyk, for polymerizations of EMA and BMA and higher
methacrylate esters have been determined.'™ ™™  The extent of
disproportionation increases with the size of the ester alkyl group.

5.2.2.2.3 Poly(methacrylonitrile)

Bamford er al.'™ cxamined MAN polymerization (25 °C, DMSO) using the
gelation lechnique (Section 5.2.2.2) and have estimaled that termination occurs
predominantly by disproportionation (kg/k, = 1.86). This result is at variance with
the model studies (Section 5.2.2.1.3).

5.2.2.2.4 Poly(alky! acrylates}

The termination mechanism in MA polymerization has been variously
determined to be 3predominantly disproportionation””"*” or predominantly
combination,””*"**'®

Ayrey e al.'® suggested that transfer reactions may have led to erroneous
conclusions being drawn in some of the earlier studies. They concluded that
termination is almost exclusively by combination (25 °C, henzene). Bamford et
al."** came 1o a similar conclusion using the gelation technique (25 °C, bulk) and
determined that the polymerizations ol higher acrylate esters also lerminale
predominantly by combination.

5.2.2.2.5 Poly(acryionitrile)

There appears to be general agreement that termination in AN polymerization
under a variety of conditions (10-90 °C, DMSQ, DMF, H,(}) involves mainly
combination.” """ 11 was suggested that this may involve either C-N
(ketenimine formation) or C-C coupling.'®
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5.2.2.2.6 Poly(vinyl acetate)

Early reports """ suggested that termination during VAe polymerization

involved predominantly disproportionation. However, these investigations did not
adequately allow for the occurrence of transfer to monomer and/ot pelymer, which
are extremely important during VAc polymerization (Sections 6.2.6.2 and 6.2.7 4
respeetively). These problems were addressed by Bamford er al.'™ who used the
gelation fechnique (Section 5.2.2.2) to show that the predominant radical-radical
lermination mechanism is combination (25 °C).

5.2.2.2.7 Poly(vinyl chloride)

Studies on VC polymerization are also complicated by the fact that only a
small proportion of termination events may involve radical-radical reactions. Most
ternmination is by transfer to monomer (Sections 4.3.1.2 and 6.2.6.3). Early studies
on the termination mechanism which do not allow for this probably overestimate
the importance of disproportionation,'**'*

Park and Smith '"® attempted to allow for chain transfer in their examination of
the termination mechanism during VC polymerization at 30 and 40 °C in
chlorobenzene. They determined the initiator-derived ends in PVC prepared with
radiolabeled AIBN and concluded that &/k. = 3.0. Howcever, questions have been
raised regarding the reliability of these measurements.””"”  Atkinson et al.'™
applied the gelation technique (Section 5.2.2.2) to VC polymerization and
proposed that termination involves predammantly combimation,

5.2.2.3 Summary

Unequivocal numbers for /4, are nol yet available {or most polymerizations
and there is only qualitative agreement between values obtained in model studies
and real polymerizations.

It is tempting to attribute problems in reconciling data from model studies and
actual polymerizations to difficulties associated with data interpretation. The
polymerization experiments are often complicated by other termination pathways,
in particular chain transfler, which must be allowed for when assessing the results.
It is notable in this context that the discrepancies are most evident for reactions
carried out at higher temperatures {(Sections 5.2.2.1.1 and 5.2.2.1.2).

However, some of the differences may be explicable in terms of an effect of
molecular size. For many of the model systems at least one of the reaction
partuers is monomeric (Le. 2, 5, 8-10, 15). Since combination is known to be more
sensitive to steric factors than disproportionation (Section 2.4.3.2), ky/k, may be
anticipated to be higher for the corresponding propagating species. The values of
kio'ke reported for 3 or 4 are significantly greater than those for 2. Similarly, 6
gives much more disproportionation than 5. Thus, values of £4/k, seen for systems
involving monomeric meodel radicals (2, 5, 8-10, or 15} should be considered only
as a lower limit for the polymeric system.
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Despite these problems in assessing gy/ke, 1t is possible to make some
generalizations:

(a) Termination of polymerizations invoelving vinyl monomers (CH,=CHX)
invalves predominantly combination,

(b) Termination of polymerizations involving o -methylvinyl monomers
(CH.=C(CH;)X) always involves a measurable proportion of
disproportionation.

(¢} During disproportionation of radicals bearing an a—mcethyl substituent (for
example, those derived [rom MMA), there is a strong preference [or transfer ol
a hydrogen from the ct—methyl group rather than the methylene group.

(d) Within a series of vinyl or a-methylvinyl monomers, &gk, appears 10
decrease as the ability of the substituent to stabilize a radical center increases.
Thus, ky'k. lor radicals —~C{*)(CH;)X or ~C(-)HX decreases in the
series where X 1s CO,R>>CN>Ph.

5.3 Inhibition and Retardation

Inhibitors and retarders are used to stabilize monomers during storage or
during processing {e.g. synthesis, distillation). They are often used to quench
polymerization when a desired conversion has been achieved. They may also be
used Lo regulate or control the kinelics of a polymerization process.

Inhibitors have been defined as species which, when added to a
polymerization, react to consume and deactivate the initiator-derived radicals.'™
Retarders have been similarly defined as species which deactivate the propagating
radicals.'” According 1o this definition, a nitroxide added to a -butoxy radical-
initiated polymerization of S should be called a retarder since the #-butoxy radicals
appear not 1o react with the nitroxide. However, the initiator-derived and
propagating radicals often show similar selectivity in their reactions and the
distinction between inhibitors and retarders becomes blurred. In a cyanoisopropyl
radical-initiated polymerization of 5, an added nitroxide would be called an
inhibitor when used in high concentration and a retarder when used at very low
concentration. Generally the term inhibitor 1s used without reference to which
radicals are scavenged. With many experimental techniques it is not possible to
discriminate between scavenging of initiator-derived and oligomeric propagating
radicals. Thus an inhibitor has come to mean any specics that is able to rapidly
and elfliciently scavenge propagaling and/or initiator-derived radicals and thus
prevent polymer chain formation, The term retarder is commonly used to define
species that slows rather than prevents polymerization.

Inhibitors or retarders that give inert products are called ‘idea The term
‘ideal inhibitor’ has also been used to describe a species that stops all
polyvmerization until such time as it is completely consumed (ie the induction
period) and then allows polymerization to proceed at the normal rate. However, in
many cases the products formed during inhibition or retardation are not inert. Four

I’ 173
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main pathwayvs for [urther reaction lollowing the initial reaction with inhibitor or

retarder are distinguished:

{(a} Slow reinitiation with reference to propagation following chain transfer (see,
for example, Seetion 5.3.4).

{b) Slow propagation with reference Lo normal propagation following addition
(see, for example, Section 5.3.3).

{c} Further reaction of the initially formed specics as an inhibitor or retarder (scc,
for example, Sections 5.3.4, 5.3.5,5.3.7).
{d) Reversal of the reaction associated with inhibition or retardation (see, for

example, Section 5.3.1 and Chapter 9).

The kinetics and mechanism of retardation and inhibition has been reviewed by
Bamford,m Tiidos and F()'Ides—]3@1132511icl’1,174 E::istm::md,l-"5 Goldfinger ef al."™ and
Bovey and Kolthoff.'”’

Commeon inhibitors include stable radicals (Section 5.3.1), oxypen (5.3.2),
certain monomers (5.3.3}, phenols (5.3.4), quinones (5.3.3), phenothiazine (5.3.6),
nitro and nitreso-compounds (5.3.7) and certain transition metal salts (5.3.8).
Some inhibition constants (k/4,) are provided in Table 5.6. Absolute rate
constants (k) for the reactions of these species with simple carbon-centered
radicals are summarized in Table 5.7,

Table 5.6 Inhibition constants (k,/4, 60 °C, bulk) for Various [nhibitors with
Some Common Monomers®

Inhibitor Lk,

MMA MA AN S VAc
CuCls 1030 - 100° 10000 -
FeCly 5000 k,° 6800 k,° 3.33° 536 2300000 &,
p-benzoguinone 45 <0.154° 091 520 -
nitrobenzene 0.00464" 0.00464" - 0.326 11.2"
DPPH 2000 - - - -
oxygen 33000 - - 14600 -
anthracene - 0.098" 2.67° 2 27.8
p-hydroquinone - - - - 0.7
phenol - 0.0002° - - 0.06
styrene - - - - 40,87

a Data taken from Eastmond” unless otherwise stated and are rounded to three significant
figures, b 50°C. ¢ inDMF. d 44.4°C.

Whether a given species functions as an inhibitor, a retarder, a transfer agent
or a comonomer in polymerization is dependent on the monomer{s) and the
reaction conditions. For example, oxygen acts as an inhibitor in many
polymerizations yet it readily copolymerizes with S, Reactivity ratios for VAc-S
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copolymerization arc such that small amounts of S arc an effective inhibitor of
VAc polymerization (r¢=0.02, rya.=22.3). The propagating chain with a terminal
VAc adds to 8 preflerentially even when VAg is present in large excess over S.
The resultant propagating radical with a terminal § adds to VAc only slowly. The
reactions of many inhibitors with propagating radicals may become reversible
under same reaction conditions. In these circumstances, the reagent may find use
as a control agent in living radical polymerization (Chapter 9).

Table 5.7 Absolute Rate Constants (4,) for the Reaction of Carbon-Centered
Radicals with Some Common Inhibitors

Inhibitor Radical Temp. (°C) &, (M's))  refs.

TEMPQ (23) prim. alky] 60 ~1x10° 178- 150
oxXygen benzyl 27 2.9 x 10° 181
p-benzogquinone (38) prim. alky] 69 20x 107 182
Cully prim. alkyl 25 6.5x10° 182

The effectiveness of inhibitors is measured in terms of the rate constant ratio
k,/k, and the stoichiomeiric coellicient. The stoichiomelric coeflicient is the moles
of radicals consumed per mole of inhibitor. These parameters may be determined
by various methods. A brief description of the classical kinetic treatment for
evaluating 4,/k, follows. Consider the reaction scheme shown which describes
ideal inhibition and retardation (Scheme 5.11).

initiation

I — 2]- Ri=2 iyf1 15|

[++M — Py kizk,
inhibition

Ie+Z  — IZ (dead) R~k | Z][1°]
propagation

PetM — P, * R~k [M][P*]
disproportionation

Pyt Ppe— PP, R=2 [P R=Ret Ry
combination

Ppot Pt = Pooy R =2k [Pe]
retardation

P*+7Z — P.Z(dead polymer) Rk, [Z][P*]

Scheme 5,11
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With the omission of the reinitiation reaction, this scheme i1s the same as that
for polymerization with chain transfer and an expression (eq 28) for the degree of
polymerization similar in form to the Mayo cquation can be derived.

k 0.5
1+i)(zkd,f[12]kt)
_l=( kl + kz[z] (28)
X, kM K [M]

[f the amount of termination by radical-radical reaction is neglected the degree of
polymerization and the kinetic chain length are given by eq. 29:

v %}n = kp[M]
k7]

(29)

If chains are very short we must include an additional term in the numerator for
monomer consumption in the initiation step {eq. 30):
kM

Xu= k?lZJ +1 (30)

Data on the rate of consumption of the inhibitor as a function of conversion
may alse be used to obtain &,/k, (eq. 31):

k, _[M1d[7] _ dlogIm]

Z

k, [Z] d[M] dlogl|Z]

(3D)

It is clear that many procedures used to evaluate chain transfer constants can
also be usced to cvaluate the kinctics of inhibition. The following scctions will
show that the mechanism for inhibition is often more complex than suggested by
Scheme 5.11.

5.3.1 'Stable' Radicals

The kinetics and mechanism of inhibition by stable radicals has been reviewed
by Rozantsev et af.'™ Tdeally, for radicals to be useful inhibitors in radical
polymerization they should have the following characteristics:

(a) Theyv should not add to, abstract from, or otherwise react with the monomer,
solvent, efc.
(b) They should not undergo self reaction or unimalecular decomposition.

{c) They must react rapidly with the propagating and/or the initiator-derived
radicals to terminate polymer chains.
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Examples of radicals which are reported to meet these criteria are
diphenylpicrylhydrazyl [DPPH, (22)], Koelsch radical (26}, nitroxides [e.g.
TEMPO (23), Fremy’s Salt (24)], triphenylmethy! (25), galvinoxyl (27}, and
verdazyl radicals [e.g. triphenylverdazyl (28)]. These reagents have seen practical
application in a number of contexts. They have been widely utilized in the
determination of initiator efficiency (Section 3.3.1.1.3) and in mechanistic
investigations (Section 3.5.2).

Stable radicals can show selectivity for particular radicals. For example,
nitroxides do not trap oxvgen-centered radicals yet react with carbon-centered
radicals by coupling at or near diffusion controlled rates.'”'*" This capability was
utilized by Rizzardo and Solomon'® to develop a technique for characterizing
radical reactions and has been extensively used in the examination of initiation of
radical polymerization (Section 3.5.2.4). In contrast DPPH, while an efficient
inhibitor, shows little selectivity and its reaction with radicals is complex.'™

K+ 058, 804 K*

N C
S OO
24 25

27 28

The efficiency of these inhibitors may depend on reaction conditions. For
example: the reaction of radicals with stable radicals (e.g. nitroxides) may be
reversible at elevated temperatures (Section 7.5.3); wriphenylmethyl may initiate
polymerizations (Section 7.5.2). A further complication is that the products may
be capable of undergoing [urther radical chemistry. In the case of DPPH (22) this
is attributed to the fact that the product is an aromatic nitro-compound (Section
5.3.7). Certain adducts may undergo induced decomposition to form a stable
radical which can then scavenge further.

5.3.2 Oxygen

The role of oxygen in radical and other polymerizations has been reviewed by
Bhanu and Kishore.'"®” Rate constants for the reaction of carbon-centered radicals
with oxygen are extremely fast, generally »10° M s™."*'% The initially formed
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specics are peroxy radicals 29, These may abstract hydrogen or add monorner

(Scheme 5.12).

X
rarGHg-G-0-0-H
RH I
/v’ Y
1 02 )\( M )|( )I(
wGHy=Cr —* ~CHp~C-0-0+ —* ~CHy~C-0-0-CH,-Cr
Y Y y Y
29
Scheme 5.12

Thus, while polvmerization may proceed in the presence of oxygen, it is an
efficient scavenger of both initiating and propagating species in radical
polymerization and usually steps must be taken to exclude oxygen or to minimize
its efteets. Typically, this involves conducting the experiment under vacuum or an
inert atmosphere (e.g. nitrogen) or in a refluxing solvent. Oxygen may act as an
inhibitor or rctarder of polymerization, copolymerize (e.g. S polymcrization),
and/or facililate chain transfer (e.g. VAc poelymerization) or inhibition with other
species (¢.g. phenols — Section 5.3.4).

The effect observed is dependent on the reactivity of the monomer and other
agents present in the polymerization medium towards hydroperoxy radicals 29. If
addition of 29 to monomer is slow, In relation to normal propagation, then
retardation or inhibition will be observed. It should alse be noted that, polymeric
peroxides, one ol the products of reaction with oxygen are potentially sources of
additional radicals. These may complicate polymerization and can impair the
properties of the final polymer (Section 8.2).

5.3.3 Monomers

Certain monomers may act as inhibitors in some circumstances. Reactivity
ratios for VAc-5 copolymerization  (rs=0.02, ry4=22.3) and rates of cross
propagation are such that small amounts of S are an effective inhibitor of VAc
polymerization. The propagating chain with a terminal VAc is very active towards
8 and adds even when § is present in small amounts. The propagating radical with
S adds to VAc only slowly. Other vinyl aromatics also inhibit VAc
polymerization.'™

Ph SR OR
H,C=C HaG=G HC=G¢
Ph COR' CO.R

30 31 32

1,1-diphenylethylene (30) acts as a reversible inhibitor in polymerizations of S
and MMA (Section 9.3.6)." Olefins with captodative substitution such as 31
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rapidly scavenge radicals to give new radicals 33 which are unable or slow to
reinitiate polymerization (Scheme 5.13).”""®'" Termination is believed to occur
exclusively by combination, thus telechelic polymers are available by appropriate
choice of the initiator. The head to head coupling product 34 is stable at normal
polymerization temperatures. [lowever, at higher temperatures 34 undergoes
reversiglll]egqhomolysis and radicals 33 may initiate polymerization (Section
93.5).7 "

(I:H3 $R (I3H3 ISR
‘N"CH2 (I: - H2C:(I: - MCHQ’(IJ*CHQ—? .
COCHy GO’ CO,CHz COLR'
31 33
CHy, SR SR CHg

a4+ CHy = G—CHy— C——G-GHy—G—CHpmw
COsCH; GOR' COR' GOsCHy
34
Scheme 5.13

The chemistry is dependent on the particular substituents. Oxygen analogs of
31, c-alkoxyacylates (32), do not inhibit polymerization but readily polymerize
and copolymerize with reactivity ratios similar to methacrylate esters.”” '

5.3.4 Phenols

Phenolic inhibitors such as hydroquinone (35), monomethylhydroquinone (p-
methoxyphenol) (36) and 3,5-di-s-butylcatechol (37) are added to many
commercial monomers Lo prevenl polymerizalion during transport and storage.

OH OH OH

CH
OH OMe
35 30 37

Studies with simple radicals show that carbon-centered radicals react with
phenols by abstracting a phenolic hydrogen (Scheme 5.14). The phenoxy radicals
may then scavenge a [urther radical by C-C or C-O coupling or (in the case of
hydroquinenes) by loss of a hydrogen atom to give a quinone. The quinone may
then react further (Section 5.4.4). Thus two or more propagating chains may be
terminated for every mole of phenol.'”
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R.
R: + OH RH + O o 0 o
i - i R i i
— — + +
OMe OMe OMe OMe R OMe
Scheme 5.14
196-198

However, by themselves, phenols are poor polymerization inhibitors (see
also Table 5.6) and are reported to act as accelerants in the ATRP of MMA.'®
They (eg. hydroquinone) are more effective inhibitors in the presence of
oxygen. 1% The mechanism for inhibition is shown in Scheme 5.15. The
reaction of carbon centered radicals (including iniliating and propagating radicals)
with oxygen is very fast in relation to propagation. Phenols are excellent
scavengers ol hydroperoxy radicals.

ArOH

ESt P—0-0 o
7 M
ow

P sl
~u Pi-0-0-M
slow P
Scheme 5.15

5.3.5 Quinones

Quinones may react with carbon-centered radicals by addition at oxygen or
carbon, or by electron transfer (Scheme 5.16)./7%/8!%20L30% The wreferred
reaction pathway depends beth on the attacking radical and the particular quinone
(halogenated quinones react preferentially by electron transfer). The radical
formed may then scavenge another radical. There is also evidence that certain
quinones |e.g. chloranil, benzoquinone (38)] may copolymerize under some
conditions.*”

The absolute rate constants for attack of carbon-centered radicals on p-
benzoquinone (38) and other quinones have been determined to be in the range
107-10° M ¢71."%% This rate shows a strong dependence on the electrophilicity
of the attacking radical and there is some correlation between the efficiency of
various quinones as inhibitors of polyvmerization and the redox potential of the
guinone. The complexity of the mechanism means that the stoichiometry of
inhibition by these compounds is often not straightforward. Measurements of
moles of inhibitor consumed for cach chain terminated for common inhibitors of
this class give values in the range 0.05-2.0.'"
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R.
F{‘O FLO 0]
0 0 O-

O- T 0 0 O

R R

R - - R o+ —- e
o 0 D ok

38

a

Scheme 5,16

sos

5.3.6 Phenothiazine

In contrast to phenels (Scction 5.3.4), phenothiazine (39) is reported to be an
excellent scavenger ol both carbon-centered and oxygen-centered radicals by
hydrogen atom transfer and is also used to stabilize monomers in storage.'”

5.3.7 Nitrones, Nitro- and Nitroso-Compounds

Many nitrones and nitroso-compounds have been exploited as spin traps in
clucidating radical reaction mechanisms by EPR spectroscopy (Section 3.5.2.1).
The initial adducts are nitroxides which can trap further radicals (Scheme 5.17).

R.
¢Hs R- @ GHs R Q CHs
O=N-C-CHg —= R-N-C-CH; —» R-N-C—CHj,
CHg CH, CHg

Scheme 5.17

Aromatic nitro-compounds have also seen use as inhibitors in polymerization
and as additives in radical reactions. The reactions of these compounds with
radicals are very complex and may invelve nitroso-compounds and nitroxide
intermediates.” " In this case, up to four moles of radicals may be consumed per
mole of nitro-compound. The overall mechanism in the case of nitrobenzene has
been written as shown in Scheme 5.18. The alkoxyamine 40 can be isolated in
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good yield from the decompeosition of AIBN in the presence of nitrobenzene
(Scheme 5.18, R=cyanoisopropyl).'®

O‘\N’O A. Q. o R N’O

- RN | 2 R- Rn-C R- AR
40
5.3.8 Transition Metal Salts

Scheme 5.18

Transition metal salts trap carbon-centered radicals by electron transfer or by
ligand transfer. These reagents often show high specificity for reaction with
specific radicals and the rates of trapping may be correlated with the
nucleophilicity of the radical (Table 5.6). For example, PS+ radicals are much
more reactive towards ferric chloride than acrylic propagating species.””

Various transition metal salts have been applied in quantitative determination
of initiation reactions (Section 3.5.2.2). Under some circumstances, the ligand
transfer may be reversible under the polymerization conditions. This chemistry
forms the basis of ATRP (Section 9.4).
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