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INTRODUCTION

Free radical polymerization has been an important technological area for seventy
years. As a synthetic process it has enabled the production of materials that have
enriched the lives of millions of people on a daily basis. Free radical polymerization
was driven by technological progress, and its commercialization often preceded
scientific understanding. For example, polystyrene and poly(methyl methacrylate)
were in commercial production before many of the facets of the chain polymeriza-
tion process were understood.

The period 1940-1955 were particularly fruitful in laying down the basis of the
subject; eminent scientists such as Mayo and Walling laid the framework that still
appears in many textbooks. This success led some scientists at the time to conclude
that the subject was largely understood. For example, in the preface to Volume 3 of
the High Polymers Series on the Mechanism of Polymer Reactions in 1954, Melville
stated “‘In many cases it is true to say that the kinetics and chemistry of the reactions
involved have been as completely elucidated as any other reaction in chemistry, and
there is not much to be written or discovered about such processes.”

From 1955 through to 1980 scientific progress was incremental, bearing out (to
some limited extent) the comments made by Melville. The ability to measure rate
constants accurately was limited by scientific methods and equipment. Measuring
molecular weights by light scattering and osmometry was time-consuming and
did not provide a visualization of the shape of the molecular weight distribution.
Techniques such as rotating sector were laborious, and there were significant incon-
sistencies among propagation and termination rate data obtained from different
groups. Indeed an IUPAC working group set up under the leadership of Dr. Geoff
Eastmond had great difficulty in getting agreement among experimental rate data
(via dilatometry) from different laboratories. This inability to obtain accurate and
consistent kinetic data has been a major impediment to developing improved control
over conventional free radical polymerization, and has led to the cynical (though
amusing) labeling of the Polymer Handbook as the ‘book of random numbers.’
Despite these difficulties, some notable progress was made in understanding the
importance of diffusion control in termination reactions and in elucidating the
mechanisms of emulsion polymerization.

In the 1980s industrial and academic attention was focused on polymerization
mechanisms that offered the prospect of greater control, such as cationic and anionic
chain reactions. The scope of these reactions was expanded, and group transfer poly-
merization was invented and heralded as a major breakthrough. At that time, major
investments in research and scale up were made by polymer producing companies in

vii



viii INTRODUCTION

an attempt to exploit the greater control offered by these improved ionic polymer-
izations. However, the limitations of ionic processes—intolerance to functionality
and impurities—proved too difficult to overcome, and free radical polymerization
proved stubborn to displace as an industrial process. The commercial driving force
behind the search for control over the polymerization mechanism was the prospect
of improved materials. The ability to make specific (bespoke) polymer architectures
remained a powerful incentive to develop new polymerization methods. However,
the lesson learned from the failure to exploit ionic mechanisms was that improved
control could not come at the expense of flexibility. Consequently, free radical poly-
merization remained dominant because it was (relatively) easy to introduce on
an industrial plant, it was compatible with water, and it could accommodate a
wide variety of functional monomers.

From the mid-1980s step changes in the understanding and exploitation of free
radical polymerization began to occur. The mechanism of copolymerization came
under scrutiny and the general failure of the terminal model was demonstrated.
Advanced laser techniques were invented to probe propagation and termination
rate coefficients. This ability to accurately measure rate constants led to the estab-
lishment of IUPAC working parties to set benchmark kinetic values, and thus
enhanced the ability to create computational models to predict and control free radi-
cal polymerization reactions. The cost of computation reduced substantially, and
advanced modeling methods began to be applied to free radical polymerization,
leading to increased understanding of the important factors governing free radical
addition and transfer reactions.

Also in the 1980s the seeds were laid for an explosion in the exploitation of free
radical polymerization to make specific polymer architectures by using control
agents. Catalytic chain transfer (using cobalt complexes) was discovered in the
USSR and subsequently developed and exploited to produce functional oligomers
by a number of companies. The use of iniferters was pioneered in Japan and alkoxy-
amines were patented as control agents by CSIRO.

The major growth of living (or controlled) free radical polymerization occurred in
the 1990s, commencing around 1994 with the exploitation of nitroxide-mediated
polymerization, atom transfer radical polymerization, degenerative transfer with
alkyl iodides, and addition-fragmentation transfer approaches allowing for the facile
production of a multitude of polymer architectures from simple narrow polydisper-
sity chains to more complex stars, combs, brushes, and dendritic structures. More-
over, synthesis of block and gradient copolymers enabled preparation of many
nanophase separated materials.

This book aims to capture the explosion of progress made in free radical poly-
merization in the past 15 years. Conventional radical polymerization (RP) and living
radical polymerization (LRP) mechanisms receive extensive coverage together
with all the other important methods of controlling aspects of radical polymeriza-
tion. To provide comprehensive coverage we have included chapters on fundamental
aspects of radical reactivity and radical methods in organic synthesis, as these are
highly relevant to the chemistry and physics underpinning recent developments
in our understanding and exploitation of conventional and living free radical
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polymerization methods. The book concludes with a short chapter on the areas of
research and commercial development that we believe will lead to further progress
in the near future.

KRZYSZTOF MATYJASZEWSKI
THomas P. Davis
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1 Theory of Radical Reactions

JOHAN P. A. HEUTS
University of New South Wales, Sydney, Australia
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1.4.2  “Interactions of the Electrons”
1.4.3 Treating o and B Orbitals in MO Theory
1.4.4 Alternative Popular Quantum Chemical Procedures
1.4.5 Pitfalls in Computational Quantum Chemistry
1.4.6  Practical Computational Quantum Chemistry
1.5 Basic Theory of Reaction Barrier Formation
1.6 Applications in Free-Radical Polymerization
1.6.1 Radical Addition and Propagation
1.6.2  Atom Abstraction and Chain Transfer

1.7 Concluding Remarks

1.1 INTRODUCTION

Free-radical polymerization proceeds via a chain mechanism, which basically
consists of four different types of reactions involving free radicals:' (1) radical gen-
eration from nonradical species (initiation), (2) radical addition to a substituted
alkene (propagation), (3) atom transfer and atom abstraction reactions (chain trans-
fer and termination by disproportionation), and (4) radical-radical recombination
reactions (termination by combination). It is clear that a good process and product

Handbook of Radical Polymerization, Edited by Krzysztof Matyjaszewski and Thomas P. Davis.
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2 THEORY OF RADICAL REACTIONS

control (design) requires a thorough knowledge of the respective rates of these reac-
tions, and, preferably, a knowledge about the physics governing these rates.

In this chapter, the role that theoretical chemistry has played and can play in
further elucidating the physical chemistry of these important radical reactions will
be discussed. We often wish to answer questions that cannot be addressed directly
through experiments, such as “Why does this reaction follow pathway A instead of
pathway B?”” or “How will a particular substituent affect the rate of a reaction?” In
many cases, the required information needs to be extracted from elaborate experi-
ments that address the question in an indirect way, involving many assumptions and/
or simplifications; in other cases, the required information is simply impossible to
obtain by current state-of-the-art experimental techniques. In such instances, theo-
retical chemistry, and in particular computational quantum chemistry, can provide
the chemist with the appropriate tools to address the problems directly. This is
particularly true for radical reactions (where the reactive intermediates are very
short-lived) and for obtaining information about the transition state of a reaction;
the importance and difficulties in obtaining information regarding transition struc-
tures are evidenced by the award of the 1999 Nobel Prize for Chemistry to Zewail.>
The advent of increasingly powerful computers and user-friendly computational
quantum-chemistry software make computational chemistry more accessible to
the nontheoretician, and it is the aim of this chapter to provide the reader with
some insight into the theory and applications of theoretical chemistry in radical
polymerization. This chapter is not intended to be a rigorous introduction to theore-
tical chemistry, but rather aims at simple qualitative explanations of fundamental
theoretical concepts so as to make the theoretical literature more accessible to the
nontheoretician. The reader interested in more rigorous introductions is referred
to some excellent textbooks and reviews on the various topics: transition state
theory,®” statistical mechanics,'® quantum chemistry,''™'* and organic reactivity.'>°

First, the framework provided by the pioneers in free-radical polymerization will
be discussed, as this framework has been a guide to the polymer scientist for the past
decades and has provided us with a working understanding of free-radical polymer-
ization.*' This discussion will then be followed by an outline of chemical dynamics
and quantum-chemical models, which can provide us with a physically more realis-
tic picture of the physics underlying the reactions of concern. With the seemingly
ever-increasing computation power, these methods will become increasingly accu-
rate and applicable to the systems of interest to the polymer chemist. Unfortunately,
this ready availability may also lead to incorrect uses of theoretical models. With this
in mind, the chemical dynamics and quantum-chemical sections were written in
such a way to enable the nontheoretician to initiate theoretical studies and interpret
their results. Realizing that many quantitative aspects of this chapter may be
replaced by more accurate computational data within a few years (months?) after
publication of this book, the discussion will focus on general aspects of the different
computational procedures and in which situations particular procedures are useful.
Several different examples will be discussed where theory has provided us
with information that is not directly experimentally accessible and where future
opportunities lie for computational studies in free-radical polymerization.
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1.2 CLASSICAL THEORIES OF MONOMER AND
RADICAL REACTIVITY

Although great progress has been made since the early 1980s in understanding radi-
cal reactivity, there seems to be a tendency among polymer chemists to think in mod-
els about radical and monomer reactivity which were laid down in the sixties and
early 1970s.?' Since these models have greatly influenced our thinking and the
development of polymer science, they will be briefly discussed here.'*'

Traditionally, the reactivities of monomers and radicals have been studied by
means of copolymerization data. In a series of monomer pairs {A, B} with fixed
monomer A, the series of respective 1/r, values represents a series of relative reac-
tivities of these monomers B toward a radical ~A® (see Scheme 1.1).

These studies and early studies on small radicals have led to the current frame-
work in which we tend to think about radical and monomer reactivities. The factors
that govern the reactivity are generally summarized in the following four features:
(1) polar effects, (2) steric effects, (3) (resonance) stabilization effects, and (4) ther-
modynamic effects.'!

1. Polar Effects. From the numerous observations that nucleophilic radicals
readily react with electrophilic monomers (and vice versa), it is concluded
that polar effects can be very important in radical reactions. The importance
of polar effects has been well established since the early 1980s through both
experimental and theoretical studies.

2. Steric Effects. Perhaps the most convincing observations that steric effects
play an important role in radical reactions is that the most common
propagation reaction is a head-to-tail addition and that head-to-head additions
hardly ever occur. Furthermore, several studies to date indicate that 1,2-
disubstituted alkenes do not readily homopolymerize (although they might
copolymerize quite readily), which could possibly be attributed to steric
hindrance.

3. Stabilization Effects. These effects can arise if delocalization of the unpaired
electron in the reactant and product radicals is possible. If the reactant radical
has a highly delocalized electron, it will be relatively stable and have a
relatively low reactivity. On the other hand, if the addition of a monomer will
lead to a radical that has a highly delocalized electron, it is said that the
monomer is relatively more reactive. In general, the order of reactivity of a
range of monomers is the reverse of the order of reactivity of their respective
derived radicals.

~AT + A —— ~AA
A=

~A" + B ——> ~AB’

Scheme 1.1
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4. Thermodynamic Effects. These effects can be ascribed to differences in the
relative energies between reactants and products, lowering or increasing the
reaction barrier. For many reactions, including propagation and transfer
reactions, an approximate linear relationship exists between the activation
energy, E.., and reaction enthalpy, AH,, the so-called Bell-Evans—Polanyi
relation: >

Ey = pAHr +C (1)
where p and C are constants.

Attempts have been made to quantify the abovementioned concepts in several semi-
empirical schemes. These schemes were developed in order to predict the reaction
rate coefficients of propagation and transfer reactions, and particularly to predict
monomer reactivity ratios. Here, the two most interesting among these models
will be briefly described: the O—e scheme of Alfrey and Price*'***° and the “pat-
terns of reactivity”” scheme of Bamford and co-workers.*'2*2%

1.2.1 The Q-e Scheme

This scheme was one of the first to appear’’***> and is probably still the most

widely used for the semiquantitative prediction of monomer reactivity ratios. It is
based on the assumptions that a given radical ~A® has an intrinsic reactivity P,
a monomer A has an intrinsic reactivity Q4, and that the polar effects in the transi-
tion state can be accounted for by a factor e, which is a constant for a given mono-
mer (it is assumed that e in the radical derived from a particular monomer is the same
as e for that monomer). The reaction rate coefficients of the reactions shown in
Scheme 1.1 may then be represented as in Eqs. (1.2a) and (1.2b), which result in
the expression of Eq. (1.2c) for the resulting monomer reactivity ratio, ra:

kaa = PaQa exp(—e3) (1.2a)

kAB = PAQB exp(—eAeB) (12b)

A ZﬁzgeXp{—eA(eA—eB)} (1.2¢)
kap  Os

After defining styrene as a reference monomer, with standard Q = 1.00 and
e = —0.80,%° the Q and e values for other monomers can be obtained by measuring
the monomer reactivity ratios. This leads to a ““‘unique” set of O—e parameters for a
wide range of monomers (there are major solvent effects on these parameters),
which are relatively successful in predicting monomer reactivity ratios of any pair
of comonomers. Although the scheme is fundamentally flawed in that reaction rate
coefficients are not only composed of individual contributions from the two reac-
tants but also contain a large contribution from specific interactions in the transition
state of the reaction, the scheme is very successful in practical applications. The
reason for this lies partially in the fact that the transition states for all propagation
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reactions are rather similar, and that predictions involve the ratios of two rate
coefficients.

1.2.2 Patterns of Reactivity

This approach, which is applicable to both propagation and transfer reactions, is
based on Hammett-type relationships between the reaction rate coefficient and
certain electronic substituents.”'?**® As in the case of the O—e scheme, a general
reactivity is assigned to the radical. In this case, however, it is apparently better
defined and taken to be the rate coefficient, ki T, of the H abstraction from toluene
by the radical. The contribution by the substrate (i.e., a monomer or chain transfer
agent) to the reaction rate in the absence of polar effects is given by a constant f3.
Polar effects are taken into account by using two different parameters o and o, for
the substrate and radical, respectively (as compared to the single e for monomer and
radical in the Q—e scheme). The rate coefficient can now be expressed by

logk = log ki v + 0.0, + B (1.3)

Although this scheme does improve on some of the assumptions made in the O—e
scheme, it still suffers from the fundamental shortcoming that a rate coefficient is
not just composed of the separate individual contributions of the two reactants,
but contains their interactions in the transition state. As in the case of the Q—e
scheme, this scheme is rather successful in predicting monomer reactivity ratios,
but since the former scheme is much simpler, it seems to be more popular with
the general polymer community.

1.2.3 Beyond Classical Theories

It is clear that the “classical” theories have helped us greatly advance our under-
standing of free-radical polymerization and its development, however, these theories
are now too limited to answer our current questions. Many studies in small-radical
organic chemistry since the early 1980s have significantly improved our understand-
ing of radical reactions, and together with the use of fundamental theory outlined
later in this chapter, some general trends in barrier heights for radical additions
have been clearly identified. The interested reader is referred to an excellent recent
review article by Fischer and Radom on this topic.*® After analysis of the available
data on radical additions to alkenes to date, they identified the following trends in
reactivity:

e Enthalpy effects as given by the Bell-Evans—Polanyi relationship [Eq. (1.1)];
these effects are always present, but may be obscured by the presence of other
effects

e Polar effects, which can decrease the barrier beyond that indicated by the
enthalpy effect
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The authors further propose the following relationship between activation energy
(E,c) on the one hand and the reaction enthalpy (AH,), nucleophilic polar effects
(F,), and electophilic polar effects (F.) on the other:

Ew = (50 + 0.22 AH,)F,F. (1.4)

where the part between brackets corresponds to an ‘“‘unperturbed” Bell-Evans—
Polanyi-type relationship, and F, and F, are multiplicative polar factors with a value
between 0 and 1, which are given by

2
Fnzl—exp{—<w) } (1.5a)

and

Fe=1- exp{—(w>2} (1.5b)

Ve

where I and EA refer to ionization potential and electron affinity, respectively; A and
R, refer to the alkene and radical, respectively; C, and vy, are the Coulomb and inter-
action terms for nucleophilic polar effects, respectively; and C, and vy, are the
Coulomb and interaction terms for electrophilic polar effects, respectively. Whereas
the ionization potential and electron affinity are clearly properties of the individual
reactants, the Coulomb and interaction parameters are constants that can be applied
to wider ranges of radical—alkene pairs. These relationships describe the experimen-
tal observations well and are shown to have some predictive quality. Since this
approach is based on very fundamental aspects of reaction barrier formation (see
discussion below), it has a firmer theoretical basis than either of the O—e and Patterns
schemes. However, the actual forms of Eq. (1.4) and of F, [Eq. (1.5a)] and F,
[Eq. (1.5b)] still appear to be of an empirical nature.

It should now be clear that in order to answer some of our more fundamental
questions, we will need to resort to theoretical chemistry. In what follows we briefly
outline the more fundamental theories and the results obtained with these theories.

1.3 BASIC TRANSITION STATE THEORY

In order to introduce some of the concepts in chemical dynamics, it is useful to revi-
sit our ideas about chemical reactions.>”° First, we need to realize that atoms move;
that is, they translate and rotate. This occurs even within molecules, where this
motion leads to vibrations, rotations, angular distortion, and other activities, of which
the characteristic energies can be observed in an infrared spectrum of the molecule.
The atomic motions are governed by the potential energy field, which is determined
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by the electronic energy of the system. Since the electronic energy will depend on
the geometric arrangement of the atoms, the potential energy field in which the
atoms move will change with displacement of atoms.” Plotting the potential energy
as a function of the atomic coordinates yields the potential energy surface, which is
one of the most fundamental concepts in chemical dynamics.

Returning to a chemical reaction, we can now say that, simply speaking, a
chemical reaction involves the rearrangement of the mutual orientation of a given
set of atoms in which certain existing chemical bonds may be broken and new
ones formed; thus, we move from one spot on the potential energy surface to another.
This is probably best illustrated by a simple example, which is more rigorously, but
still very clearly, discussed by Gilbert and Smith.’

Let us consider the displacement of atom A by atom C in the diatomic mole-
cule BC:

AB+CEA+BC (1.6)

To simplify matters, the atoms are aligned in a linear fashion and will not move away
from this linear rearrangement. It is simple to see that the electronic energy is
determined by two coordinates, namely, the distance between atoms A and B,
rap, and the distance between atoms B and C, rgc. In the reactant configuration
(i.e., A—B + C), rop is small and at its equilibrium value, whereas rgc is rather large
(i.e., large enough for C not to be considered as part of the molecule). In the product
configuration (i.e., B—C 4 A), this situation is obviously reversed. Let us start with
the reactant configuration. Any motion of the atoms causes a change in energy; for
instance, compression of the A—B bond (i.e., a decrease in r5p) leads to an increase
in energy due to nuclear repulsion, and a stretch in the A—B bond (i.e., an increase in
rag) Will also lead to an increase in energy (i.e., we are trying to break a bond). Any
motions of C will not affect the energy of the system until C comes close to B. When
B starts to feel the electronic forces caused by the presence of C and bond formation
starts, the original A—B bond needs to be stretched. Clearly, this bond-breaking pro-
cess initially results in an increasing potential energy until the B—C bond-forming
process starts to dominate. The net result is a decrease in energy. This process con-
tinues until the stable BC molecule is formed and the A—B bond is completely bro-
ken. We are now in the product configuration. A further decrease in rgc would also
lead to an increase in the potential energy, due to nuclear repulsion. The potential
energy surface for this system is schematically shown in Fig. 1.1.

The potential energy surface shown in Fig. 1.1 reveals that there is a minimum
energy pathway that can be followed when going from {AB +C} to {A+BC},
namely, the “gully” in the figure. This minimum energy pathway, which in this par-
ticular case is a combination of rag and rgc, is called the reaction coordinate.>"°
In cases in which existing bonds are broken and new bonds are formed, the energy

This representation of atomic motion is based on the Born—Oppenheimer approximation in quantum
mechanics, which states that electronic and nuclear motion can be separated.
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transition structure; A---B---C

stable geometry
A+BC

stable geometry y
AB+C

reaction coordinate

'ec

Figure 1.1 Potential energy surface for a collinear triatomic system AB + C reacting to give
A+BC.

profile along the reaction will display a maximum. The structure that corresponds to
the coordinates at this maximum along the reaction coordinate is commonly known
as the rransition state (TS).>”° A plot of the potential energy against the reaction
coordinate yields the very familiar picture in undergraduate textbooks defining the
reaction barrier (AEI) and reaction energy (AE e ciion) (see Fig. 1.2).

Before continuing with examples that are more relevant to free-radical polymer-
ization, there is another point that deserves some attention. If we return our attention
to Fig. 1.1, it can be seen that the transition state is located on a saddle point, that is,
it displays a maximum in energy for only one of the coordinates (i.e., the reaction
coordinate), whereas it displays a minimum for the others (in this case a coordinate
perpendicular to the reaction coordinate). This is in contrast to the reactant and
product configurations, which have minimal energy for all their coordinates.

This simple picture can be extended to any system with N atoms. Instead of the
2 coordinates in the previous example, we will now have 3N — 6 internal coordi-
nates, and we will now have a (3N — 5)-dimensional potential energy surface, which
is obviously impossible to draw. However, the energy profile along the reaction
coordinate will still be a two-dimensional picture, but it is likely that the reaction
coordinate is now composed of several different internal coordinates. Figure 1.3
illustrates this point for a radical addition to an alkene. Although the reaction coor-
dinate largely comprises the forming C--C bond length, it also comprises the out-of-
plane bending of the hydrogen atoms attached to the C atoms forming the bond, and
to some extent stretching of the C=C bond, which will end up as a C—C bond in the
product radical.



BASIC TRANSITION STATE THEORY 9

>
2
[}
c
L
A--B-C
A
AE?¥
A-B C
A
AEreaction A B-C
v

Reaction Coordinate

Figure 1.2 Schematic representation of the potential energy along the reaction coordinate
for a collinear triatomic system AB + C reacting to give A + BC. Clearly indicated are the
reactant, product and transition state regions, as are the barrier (AEY) and reaction energy
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Figure 1.3 Schematic representation of the potential energy profile along the reaction
coordinate for a radical addition reaction. Note that the reaction coordinate largely consists of
the length of the forming C—C bond, but that it also contains some contributions from the
disappearing C=C bond length and the angles of the hydrogen atoms adjacent to the forming

bond.
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To summarize, we can state that atoms move in a force field that is determined by
the electronic energy, and that if a motion along the reaction coordinate contains
sufficient energy to overcome the barrier, a chemical reaction occurs. If the energy
is not large enough, then motion is still possible along the reaction coordinate, but it
will not lead to a reaction.

We can evaluate the reaction rate coefficient exactly (classically) by solving the
classical equations of motion of the atoms on the potential energy surface. This results
in the momenta and positions of atoms at any given time, namely, a trajectory.” If we
calculate a large number of trajectories, we can evaluate how many of these
trajectories start in the reactant region of the potential energy surface and end in
the product region on the potential energy surface in any given time. This is
a lengthy and computationally demanding process, which can be greatly simplified
by making the transition state assumption, which states that all trajectories passing
through a critical geometry (i.e., the transition state) and have started as reactants
will end up as products.® Evaluation of the mathematical description of this process
leads to a relatively simple expression of the bimolecular rate coefficient, k, which

depends only on the properties of the two reactants and the transition state:>’”’
ksT Of ( E, )
k=— expl ——— 1.7
h 010, P\ ke (1.7)

In this equation kg is Boltzmann’s constant; 7 is the absolute temperature in Kelvin;
h is Planck’s constant; QT, 01, and Q, are the molecular partition functions'? of the
transition state, reactant 1, and reactant 2, respectively; and E| is the critical energy
to reaction. In what follows, the concepts of partition functions and critical energy
will be briefly discussed.

First, we consider the critical energy, Ey, which is defined as the difference in
zero-point energies between reactants and transition state (see Fig. 1.4). Since there
is always a motion of the atoms within a molecule, that is, the zero-point vibration,
the energy of a molecule should not only be represented by the minimum ground-
state energy, but a small additional term due to the vibrations; specifically, the
zero-point vibrational energy (ZPVE), needs to be added.>”*"'° The ZPVE contains
a contribution from all 3N — 6 vibrations of the molecule (3N — 7 in the transition
state, i.e., the motion along the reaction coordinate is excluded—the corresponding
frequency is imaginary!), and is defined as:

3N-6
ZPVE = 5 > hv (1.8)

j=n

where n = 1 for a minimum-energy structure (e.g., reactants and products), n = 2
for a transition state, n = m + 1 for any mth order saddlepoint (e.g., a rotational
maximum in the TS has m = 1), and v; is the harmonic frequency of the jth normal
mode vibration. It is clear from this definition that the high-frequency modes (e.g.,
C—H bond stretches) dominate the ZPVE.

We also need to discuss the meaning of a partition function, a concept originating
from statistical thermodynamics,'® which serves as a bridge between the quantum
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Figure 1.4 Schematic representation of the potential energy profile along the reaction
coordinate. Indicated are the zero-point energy levels of the reactants and the transition state,
as is the critical energy to reaction, Ej, which is defined as the difference in zero-point energy
of the transition state and the reactants.

mechanical energy states of a macroscopic system and its thermodynamic proper-
ties. For example, we can express the enthalpy (H) and entropy (S) of a molecule
in terms of molecular partition functions:

_ kB all’lQ
S=kslnQ — 20 (1.9)
OlnQ

If we use these definitions of H and S in the TST expression for the rate coefficient,
we can relate the empirical parameters in the Arrhenius equation [Eq. (1.11)],
namely, the frequency factor A and the activation energy E,, to fundamental ther-
modynamic properties of the system

EﬂCt
k=A — 1.11
exp( ks T) ( )
First, we express E,. and A in terms of partition functions:
Qi
dlnk 01n (o)
Eut = _kBaT71 :EO_kaﬁ-kBT (1.12)

Oln(-2_ f
lnA:ln(ekBT> 1l (QIQZ) —|—ln( Q > (1.13)

T or-! 0,0,
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If we now define an enthalpy of activation, AH*, as
AH'=H' —H| — H, (1.14)

where H' is the enthalpy of the transition state, and H, and H are the enthalpies of
reactants 1 and 2, respectively, and we define an entropy of activation, ASE as

ASt =S8t -85, -5, (1.15)

where ST is the entropy of the transition state, and S; and S, are the entropies of

reactants 1 and 2, respectively, then we obtain the following expressions for the

: 3
Arrhenius parameters: >’

Ea = Eo + AHY + 2kgT (1.16)
ekBT ASi

A= —— 1.17

- eXP(kB) (1.17)

It is clear from these expressions that the activation energy is mainly determined by
enthalpic factors and the frequency factor by entropic factors.

Let us now return to the partition function and its definition. The canonical
(i.e., number of particles, volume and temperature constant) partition function Q
of a system is given by'’

Q:Zgi exp(—é—}) (1.18)

which is a summation over all energy levels, g;, all with a number of degenerate
states g;. In the TST expression of the rate coefficient the molecular partition func-
tion is required, but before considering this, we will first look at the simple example
of a harmonic oscillator, which is commonly used to represent a normal-mode
vibration. The values for €; can be obtained from solving the Schrodinger equation
for a particular problem:

Hp =¢ed (1.19)

where H is the Hamiltonian, or energy operator, ¢ the eigenfunction, and ¢ the cor-
responding eigenvalue, that is, the energy level. The energy levels ¢; of a harmonic
oscillator with a frequency of v; are given by (see Fig. 1.5):'°

g = <i+;>hvj (1.20)
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Figure 1.5 Schematic representation of the potential energy of a harmonic oscillator. The
allowed quantum states and corresponding energy levels are indicated.

Substitution of this expression of the energy levels into Eq. (1.18) then yields the
partition function for the harmonic oscillator, Qyip. j:lo

v\ 1!
Ovib,j = [1 — exp(—]qg—v}” (1.21)

Let us now return to the concept of molecular partition functions. It is clear that
the energy levels with corresponding energies are much more complex than those for
the simple problem of a harmonic oscillator. However, if we assume that the several
physical factors contributing to the overall energy—the electronic, translational,
rotational and vibrational energies—are independent, the molecular partition
function can be expressed as the product of the partition functions of the individual
contributions: '

Q - Qelec X Qtrans X Qrot X Qim (122)

where Qciees Quranss Orot» and Qjne are the electronic, translational, (external) rota-
tional, and internal vibrational partition functions, respectively. These individual
partition functions are simple and can be determined in a relatively straightforward
manner as shown below. We will consider the partition functions of ideal gas
molecules as a model for our current system.

The electronic partition function can be quite complex if more than one electronic
pathway of the reaction is possible, for example reactions involving excited
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molecules. However, the reactions that we will consider here, namely, ““ordinary”

radical additions and atom abstractions, do not involve excited molecules, but pro-

ceed through so-called ground-state intermediates (see section on quantum chemis-

try). This means that only a single energy level is accessible, and hence Qcjec = 1.
The translational partition function of an ideal gas molecule is given by'®

2umkp T >/
el ) (1.23)

Qtrans = V(T

where V is the reference volume and m is the mass of the translating molecule. In the
case of radical addition or abstraction reactions, the translational contribution to the
frequency factor is then given by

o 1 (m+m\*? w2 N o
(QlQZ)[rans_V< mymy ) <2ﬂkBT> (1.24)

For a reaction between a small molecule, for instance, monomer or chain transfer
agent, with mass m,,,;; and a long radical chain with mass m,,4, we have in the limit
of long chains that the masses of the radical and the transition state (m') are roughly
the same: m,.q ~ m'. Hence Eq. (1.24) will reduce to>!

o' 1 N2 2\
-_ ~— 1.25
(Qvery long Qsmall) trans Vv <msma]l> (anB T) ( )

All (nonlinear) molecules exhibit an external three-dimensional rotation, for which
the partition function is given by'®

2 3/2
Qrol = g <8nh]§BT) VIdpl, (126)
where G is the symmetry number of the molecule and /,,, [, and I.. are the principal
moments of inertia, given by I = Emiriz, where m; and r; are the mass and the distance to
the appropriate principal axis of rotation, respectively, of atom i. The principal
moments of inertia can be easily calculated if the geometry of the molecule is
known. In the case of a small radical adding to the monomer, the external rotations
of both reactants and the TS need to be considered, but in the long-chain limit, it
is only the external rotation of the small molecule that is important (since the
moments of inertia of the polymeric radical and the TS will not differ significantly
and will approximately cancel), leading to>'

f 1
(L) N (_> (1.27)
Qvery long Qsmall rot Qsmall rot
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Except for transition states, the geometry information required for the determination
of rotational partition functions can be obtained experimentally. However, as we will
discuss later, this information can also be adequately obtained by appropriate quantum-
chemical calculations, including the information about the transition state.

Finally, we have to consider the internal vibrational partition function. We have
already seen that the vibrational partition function of a single harmonic oscillator—
the model we use for an internal vibration—is given by the following equation
[=Eq. (1.21)]:"°

v\ 1!
Ovib, j = [1 — exp <— kB—VIT>] (1.28)

In a polyatomic, non-linear, molecule consisting of N atoms, we have 3N — 6 such
vibrations and we can write the overall vibrational partition function (Qyip) as the
product of the vibrational partition functions of separate vibrational modes:

3N—-6

Ovib = H Oviv, (1.29)
j=n

In this expression n is defined in the same way as for Eq. (1.8) (e.g., n =1 for
reactants and/or products, and n = 2 for the transition state).

It should be noted here that, in contrast to what we previously saw for the zero-
point vibrational energy (i.e., a contribution to the critical energy Ey; see above), the
low-frequency vibrations are most important, as can be seen from Eq. (1.28). Vibra-
tional frequencies can be determined experimentally (e.g., infrared measurements)
or theoretically. The experimental measurements, however, are very difficult for
radicals, and virtually impossible for transition structures, which leaves theory as
an important alternative. When applying theoretical methods to determine the vibra-
tional frequencies, two factors need to be considered: (1) experience has shown that
the harmonic frequencies calculated by a particular quantum-chemical method (see
below) tend to be systematically out (by less than ~10%) depending on the proce-
dure, and will require scaling by appropriate scale factors;**>* and (2) the calculated
frequencies are obtained by using the harmonic oscillator approximation for all the
determined ‘““vibrations.” Although this is indeed an appropriate and relatively accu-
rate description for most internal motions, it may lead to some errors for certain low-
frequency modes. The actual motions of some of these low-frequency modes, as
indicated by a normal-mode analysis, are better represented as internal rotations,
and should be treated either as hindered or unhindered rotors (depending on the bar-
rier to rotation).>>" As is shown in Fig. 1.6, the potential energy profiles of a harmo-
nic oscillator and a hindered rotor at small displacements can be quite similar, and it
is only this part that is calculated automatically by the quantum-chemistry
programs.'" These programs then automatically extrapolate with a parabola, which
confines the motion to relatively small displacements. However, if the motion is
really a hindered rotation, then the true potential energy profile is of a periodic
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Figure 1.6 Schematic representation of the potential energy surfaces of a hindered rigid
rotor and a harmonic oscillator. Note that for small displacements and energies below the
thermal energy at room temperature (R X Tyoom) both profiles are very similar.

nature and after overcoming a barrier, a new energy well is reached. Without going
into specific details, it should be noted that because of the different potential energy
profiles, the two treatments, namely, the harmonic oscillator and the hindered rotor,
give different partition functions and hence it is more appropriate to treat the internal
rotations as hindered rotors, rather than harmonic oscillators.>

The frequencies of these hindered rotors are then omitted from the vibrational
partition function and enter the internal rotational partition function (Qjnt ror)- It i
now possible to define the overall partition function of all internal motions (Qjn),
for a system that contains r internal rotations: >’

n+r 3N—-6
Ot = [[ Quirory [] Quivs (1.30)
j=n j=n+r+1

In this expression n is defined in the same way as for Eq. (1.8) (e.g., n =1 for
reactants and/or products, and n = 2 for the transition state).

Internal rotations may be described as hindered one-dimensional or two-dimensional
rotors, and the corresponding partition functions can be obtained by solving the
Schrodinger equation for an appropriate rigid rotor with corresponding rotational
potential. Without going into details of these calculations, it should be noted that
a higher barrier to rotation lowers the partition function, whereas a higher moment
of inertia (mass of rotating moieties) increases the partition function.'*

To conclude this section on transition state theory we should discuss the very
important so-called transitional modes.>>" We have already seen that the transition
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state has one imaginary frequency (which is a characteristic of the transition state),
corresponding to a motion along the reaction coordinate, and which is omitted from
the vibrational partition function and zero-point vibrational energy. It is clear that
this motion along the reaction coordinate, such as the stretching of the forming
C—C bond in radical addition, did not exist previously in the reactants (simply
because this bond did not exist). A detailed examination of the vibrational modes
in the transition state of a bimolecular reaction reveals that there are five more inter-
nal motions (with real frequencies) that did not exist previously in the reactants.
These six extra modes (with one imaginary and five real frequencies) are the
so-called transitional modes and arise because of the loss of three external rotational
and three translational degrees of freedom of the reactants when brought together in
the transition state (see Fig. 1.7).

All the other modes in the transition state correspond to modes that already
existed in the reactants (they will be slightly lower because of the higher mass of
the transition state). This implies that the overall contribution of the internal motions
to the reaction rate coefficient, namely, QiTnl /(01intQ2int), is determined mainly
by the frequencies of the five real transitional modes. These frequencies typically
lie below 1000 cm~! and the lowest frequencies often correspond to torsional
modes.>' Since the transition states of propagation reactions (or transfer reactions)
in different monomer systems will all have similar characteristics, the differences in
the overall vibrational contributions will be small.*!*> Sterically more crowded

Reactants Transition State

3 rotations, 3 translations, 3N-6 vibrations

3 rotations, 3 translations, 3(N+M)-6 vibrations

3 rotations, 3 translations, 3M-6 vibrations

Figure 1.7 Schematic representation of the transformation of 6 external modes into 6
transitional modes when two reactants combine to form a single transition state.
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monomers will probably show an increase in the frequency of a particular mode as
compared with a similar mode in a less crowded monomer. Although the observed
differences between different monomer systems will be significant, it is unlikely that
the internal contribution to the frequency factors will show variations exceeding one
order of magnitude from system to system; even an extremely large increase in fre-
quency from 200 to 600 cm ™' results in a decrease in the overall vibrational contri-
bution by a factor of only 1.6. It should be kept in mind, however, that all these small
changes appear in the frequency factor as a product, so several small changes can
quickly become a combined factor of, say, 5.

1.4 BASIC QUANTUM CHEMISTRY

In the previous section we saw that we need knowledge of the potential energy
surface, or at least of the reactants and transition states in order to determine the
reaction rate coefficient. The potential energy surface can be calculated by solving
the Schrédinger equation for every possible set of atomic coordinates. The Schrodinger
equation [Eq. (1.31)] is a numerical eigenvalue problem for which multiple solutions
can be found, each characterised by a certain wavefunction and corresponding

energy. =14

HU = EV (1.31)

In this expression, H is the Hamilton operator (which corresponds to the total energy
of the system), E is the numerical value of the energy (an eigenvalue), and U is the
wavefunction (an eigenfunction), which depends on the coordinates of all the
particles and the spin coordinates in the system. The solutions of the Schrodinger
equation are called stationary states and the state with the lowest energy is called
the ground state. Stationary states with higher energies correspond to so-called
excited states. These excited states are, for example, important in photochemical
reactions that play a role in photoinitiation processes; in this chapter, we will discuss
only the ground states, as the “ordinary” radical addition and transfer reactions
involve reactions between molecules in their ground state.

In only a few simple cases do analytic solutions of the Schrddinger equation exist,
and in order to solve this equation for systems of interest, certain approximations
need to be made, but before we will briefly discuss the most important features of
the involved calculational procedures, the actual results of quantum-chemical calcu-
lations will be discussed.

As stated before, solution of the Schrodinger equation yields the (ground state)
energy and corresponding wavefunction, from which the electronic configuration of
the molecule is deduced. With this information it is possible to calculate properties
such as ionization energies, electron affinities, charge distributions, and dipole
moments.'! If the energy is optimized with respect to all coordinates, one obtains
“stable” molecules. ‘“Normal molecules correspond to minima on the potential
energy surface and the transition state of a reaction corresponds to a maximum in
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the reaction coordinate and a minimum in all other coordinates, namely, a first-order
saddle point (see also Fig. 1.1). From the second derivatives of the energy with
respect to all the nuclear coordinates, the force constants of the 3N — 6 normal-
mode vibrations can be obtained for a molecule consisting of N atoms (3N — 5
for a linear molecule). The second derivatives, that is, the force constants, are all
positive in the case of minima on the potential energy surface, which leads to
3N — 6 real frequencies for the vibrations. In the case of a transition state of a
reaction, which is characterized by a maximum in the reaction coordinate, one of
the force constants is negative, and this “molecule” is now characterized by
3N — 7 real frequencies and 1 imaginary frequency for the motion along the reaction
coordinate.

To summarize, a standard quantum-chemical calculation will provide us with all
the required input for a TST calculation of the rate coefficient (i.e., geometries,
normal-mode vibrations and corresponding frequencies, rotational barriers, and
absolute energies) and with information about the electronic structure of a molecule
(i.e., important for the study of substituent effects on reaction barriers, e.g., polar
effects).'’ Let us now turn our attention to the assumptions and simplifications in
the actual computational procedures.

1.4.1 Ab Initio Molecular Orbital Theory

Among the procedures for obtaining (approximate) solutions to the Schrodinger
equation are the molecular orbital (MO)ll and valence bond (VB)14 theories.
Whereas both procedures yield the same results in the limiting case, MO theory is
much more easily implemented in computational procedures and hence forms the
basis of the great majority of theoretical studies. In this section we will focus
only on MO theory; we will encounter VB theory again in the section on barrier
formation.

In MO theory, the full wavefunction W is approximated by one electron functions,
the so-called spin orbitals (y); the exact nature of this approximation is beyond the
scope of this chapter. The spin orbitals are given by the product of molecular orbitals
(), which depend on the Cartesian coordinates x, y, and z of a single electron, and a
spin function (o or B):''~1*

x=V(xy,2)a or x=V(xyz)B (1.32)

It is difficult to picture the actual meaning of a molecular orbital (MO), but its
square, |\|/|2, can be interpreted as the probability of finding the electron in a
particular space. In practice, the MOs are expressed as linear combinations of M
one-electron functions, the so-called basis functions (¢). Then, each individual
orbital \; can be written in terms of the M basis functions ¢, as follows:''~'*

M
V= cud, (1.33)

p=1
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Figure 1.8 Representation of s, p, and d atomic orbitals as the boundary surface within
which there is a 90% probability of finding the electron.

where the c; are the molecular orbital expansion coefficients. The actual form of the
basis functions is based on the form of the atromic orbitals obtained analytically for
the hydrogen atom. The basis functions can then be classified as s, p, d, f, . . .-type
orbitals according to their angular momentum properties (see Fig. 1.8).''"'*

At this point it is useful to recall what we are trying to achieve. We wish to solve
an eigenvalue problem: the Schrodinger equation. This is basically a problem in a
vector space of infinite dimensions, which we try to approximate by a limited
number of basis functions. It is important to realize that the more basis functions
we use, that is, the better we approximate the real vector space, the more expensive
our calculations will be, and that we are therefore forced to use as few basis
functions as is possible. In what follows, only the Pople—Gaussian basis sets'' and
corresponding nomenclature will be discussed for no other reasons than simplicity
and their frequent usage.

We are used to thinking in such terms as that a hydrogen atom has one s electron,
and a carbon atom has two electrons in its inner-shell s orbitals, two electrons in its
valence s orbitals, and two electrons in its valence p orbitals. This suggests that if we
allow the electrons to occupy these particular orbitals (approximated by basis func-
tions of a similar ‘“‘shape’), then we should have a fairly good description of the
actual situation (i.e., the approximation of the infinite vector space), and we should
get fairly good results when solving the Schrodinger equation. The so-called mini-
mal basis sets (with names such as STO-3G), and to some extent the slightly better
split-valence basis sets (with names such as 3-21G, 6-31G) are based on this
philosophy.'!

Although these minimal and split-valence basis sets do a reasonable job in certain
applications, they have some major shortcomings, of which one will be briefly dis-
cussed here. These basis sets cannot take into account any distortion from atomic
symmetry when placing the atoms in a molecular environment. For example, if
we only allow the electron of hydrogen to occupy an orbital of s-type symmetry,
then this description is clearly better for a single hydrogen atom, than when this
hydrogen atom is placed in a molecule in which it forms a ¢ bond. In this case it
is likely that the electron will have a higher probability of being found in the region
of the bond, rather than away from it (which would be a consequence of the fully
spherical symmetry of the s orbital). Hence, a better description would result if we
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Figure 1.9 Effect of polarization functions. Above—addition of p function greatly enhances
the flexibility of an s-type orbital; below—addition of a d function greatly enhances the
flexibility of a p-type orbital.'!

allowed the electron to use orbitals of different shape to create a new orbital with
a better-suited shape.'' This process can be accomplished by the addition of
polarization functions to the basis set describing a particular atom. The effect of
the addition of p-type functions to s-type functions, and of d-type functions to
p-type functions is shown in Fig. 1.9. The much greater flexibility of the orbital
is immediately clear from this figure.

Basis sets containing polarization functions are often denoted by symbols such
as * or ** or by the addition of extra letters between brackets indicating the sym-
metry type of the polarization functions, such as, 6-31G(d) (=6-31G*), 6-311G(d,p)
(=6-311G**), and 6-311G(df,p).

Additional “freedom” to the electrons can be provided by the addition of diffuse
functions, which are very important for the description of long range behaviour with
energies close to the ionisation limit, such as anions.'' The terminology employed
here is the addition of a “+”” or “4-+"" to the basis set, such as 6-311 + G**.

To summarize, we can say that the approximate solution to the Schrodinger equa-
tion improves when we give a greater flexibility to where the electrons ‘‘are allowed
to go,” that is, the size of the basis set. However, we need to take into account that
the more basis functions we use, the more computationally demanding is our
problem. Hence, we will always be trading accuracy against cost. In Table 1.1,
the number of basis functions for hydrogen and first-row elements is given for
several commonly used basis sets. Generally we can state that the larger the name
of the basis set, the larger the basis set itself.

1.4.2 “Interactions of the Electrons”

We have already seen that the size of the used basis set affects the obtained results,
and in this section we will discuss briefly another factor that can greatly affect the
results.'! This factor is caused by the number of interactions between the electrons
that we take into account. For example, are we describing the electrons as each
individually experiencing a combined electronic field generated by the others or
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TABLE 1.1 Number of Basis Functions per Hydrogen Atom
and First-Row Element in Different Basis Sets

Hydrogen First-Row
Basis Set Atom Elements
3-21G 2 9
6-31G* = 6-31G(d) 2 15
6-31G** = 6-31G(d,p) 5 15
6-311G** = 6-311G(d,p) 6 18
6-311G(df.p) 6 25
6-311 + G(24df.,p) 6 34
6-311 + G(3df,2p) 9 39

will we also take into account individual interactions? If we consider the research
output of a graduate student as an analogy, it is probably very important to consider
the student’s interactions with members of the research group in great detail, the
interaction with the wider scientific community in some detail, and the student’s
night out in town as a ‘“‘background force field” (using the same analogy, the
research group, the wider scientific community and the nightlife can be considered
as the size of the basis set). If we wish to describe the student’s personal life accu-
rately, the amount of detail would probably require the reverse. A similar situation
exists for the description of electronic interactions; in certain cases, such as the
description of geometries of stable molecules, no detailed interactions are required,
whereas the description of absolute energies, and properties of transition structures
require more detail.

The starting point in the description of electronic interactions is Hartree—Fock
(HF) theory.''™"* This theory is used to evaluate the orbital expansion coefficients
cui in Eq. (1.33), without consideration of detailed interactions between the
electrons. The overall result of these calculations is a set of molecular orbitals (\r)
to which the electrons are assigned (there will also be unoccupied orbitals!); the
resulting many-electron wavefunction (V) now represents an electronic configura-
tion of the system.

Although Hartree—Fock theory does a decent job in describing most properties of
normal ground-state molecules, the limited interaction between the electrons leads
to absolute energies that are too high, and sometimes to incorrect descriptions of
more complex molecular systems. In order to take more interactions (i.e., electron
correlation) into account, one has to invoke configuration interaction."' Instead of
using a single electronic configuration to describe the many-electron wavefunction,
we now use several different electronic configurations. These additional electronic
configurations can be obtained by distributing the electrons over different molecular
orbitals than just the lowest-energy ones as we did to obtain the HF wavefunction.
Clearly, the more of these electronic configurations are added, the more accurate
the overall wavefunction. However, the cost of the computations will increase
dramatically.
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We can roughly distinguish two different ways of introducing electron correla-
tion; the first one is exactly the way described above, namely, configuration interaction,
and the second way is via perturbation theory.'! The best configuration interaction
method is full configuration interaction (FCI), which takes into account all possible
electronic configurations. This method, which in practice is possible only for very
small systems, would result in an exact solution of the Schrodinger equation if an
infinite basis set were used. Since this is in practice not possible, only a limited num-
ber of alternative configurations are often used. In general, the more alternative con-
figurations, that is, configurations in which certain molecular orbitals are substituted
for others, the better the result. Depending on the exact formulation of the procedure,
we distinguish methods such as (1) CIS, CID, and CISD (i.e., configuration inter-
action with single, double, and single + double substitutions, respectively);11
(2) CCSD, CCSD(T), and CCSD(T,Q) (i.e., coupled cluster with single and double;
single, double and triple; and single, double, triple, and quadruple substitutions,
respectively);36 and (3) QCISD, QCISD(T), and QCISD(T,Q) (i.e., quadratic config-
uration interaction with single and double; single, double, and triple; and single,
double, triple, and quadruple substitutions, respectively).”” The coupled cluster
(CC) and quadratic configuration interaction (QCI) methods are very similar in per-
formance for most problems, and can currently be regarded as the best practical pro-
cedures available to describe problems of interest to the polymer chemist.

The alternative method of taking into account electron correlation is Mgller—Plesset
perturbation theory.'""'? It is more difficult to provide a simple picture of the mathe-
matics involved in these procedures, but the outcome is similar to what is achieved in
the configuration interaction procedures. Instead of double substitutions, we have
now second-order Mgller—Plesset theory (MP2); instead of higher substitutions
we now have MP3, MP4, .... The Mgller-Plesset procedures are less expensive
than the corresponding CC or QCI procedures, and in many cases yield comparable
results. However, we will see below that certain formulations of these theories (e.g.,
UMP2, UMP3, UMP4, .. .) perform very poorly in radical reactions.**™*

We have seen that the quality of a calculation depends on both the size of the basis
set and the amount of electron correlation. Depending on the problem we wish to
describe, we will have to compromise on one aspect or the other, or both aspects.
A clear way of depicting the quality of a calculation is a so-called Pople diagram
(see Fig. 1.10),ll which shows the size (and improvement) of the basis set in the
left hand column, and the amount (and improvement) of electron correlation in
the top row. The combination of the best basis set (i.e., an infinite size basis set)
and full configuration interaction results in an exact solution of the Schrédinger
equation. We denote the overall level of theory as the combination of procedure
and basis set, for example, HF/3-21G, MP2/6-31G*, and QCISD(T)/6-311G(3df,2p).

1.4.3 Treating o and B Orbitals in MO Theory

So far, when discussing the electrons and molecular orbitals we have not paid much
attention to the fact that we have o (spin up) and B (spin down) electrons.''™'* In
radicals we have a single unpaired electron, a situation that is characterized by a spin
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Figure 1.10 Pople diagram showing the dependence of the performance of an ab initio
method on the basis set and the amount of electron correlation."’

quantum number S = %; the wavefunction should be a pure doublet (i.e., 25 + 1 =2)
and have an spin-squared expectation value (S?) = S(S + 1) = 0.75. We basically
have two ways of treating the o and B electrons in Hartree—Fock theory: (1) in a
restricted (RHF) or (2) in an unrestricted way (UHF).ll The former procedure,
RHF, restricts the o and B electrons to the same molecular orbital leading to a single
orbital with an unpaired electron and results in a wavefunction that is indeed a pure
doublet with (§?) = 0.75. Unrestricted Hartree—Fock allows the o and B electrons to
occupy different molecular orbitals, thus giving the electrons a bit more freedom,
and resulting in a wavefunction with a lower energy. However, because of this
additional freedom, the net effect is that more than one electron remains unpaired;
the wavefunction is said to be contaminated by states of higher spin multiplicity and
the spin-squared expectation value (S?) > 0.75 44746 This effect, which is called spin
contamination, is especially severe in radical addition transition states.>'*8~4347
Correlated procedures can use both UHF and RHF wavefunctions as a starting
point and for methods as quadratic configuration interaction (QCI: denoted as
UQCI or RQCI, respectively) and coupled cluster (CC: denoted as UQCI or
RQCI, respectively) the final results are generally not significantly different.
However, the situation is very different for the Mgller—Plesset procedures, which
generally show very poor convergence when UHF wavefunctions are used (these
Mgller—Plesset procedures are denoted as UMP2, UMP3, ...), and the results are
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often erratic when using this procedure, as will be shown in a later section.**** The
results of the UMP procedures can often be significantly improved by so-called
spin projection, a procedure that removes the contributions from the unwanted
higher spin states (the resulting procedures are denoted as PMP2, PMP3, .. .). %%
Mgller—Plesset procedures using the RHF wavefunction as a starting point (i.e.,
RMP2, RMP3, ... or ROMP2, ROMP3, .. )**7% also result in significantly better
results than the corresponding UMP procedures.

1.4.4 Alternative Popular Quantum Chemical Procedures

Finally, a short note should be added on two very popular alternatives to the ab initio
MO procedures that we have dicussed until this point: semiempirical MO proce-
dures®' and density functional theory (DFT).>*

The molecular properties that can be calculated with semiempirical MO procedures
are similar to those that can be calculated using conventional ab initio procedures.
However, the semiempirical procedures are less computationally demanding and
hence allow, in principle, for larger systems to be studied. The semiempirical
methods, for example, CNDO, INDO, MINDO, MNDO, AMI, and PM3, are
computationally less demanding because they neglect several difficult integrals
that need to be evaluated in the Hartree—Fock procedure;51 recall that this was the
procedure for determining the orbital coefficient and molecular orbitals. Depending
on the procedure, particular interactions between certain orbitals are either completely
neglected or replaced by parameters (unique for each atom) obtained by fitting
against (experimental) data.’’ Furthermore, the basis sets employed in these proce-
dures are often minimal basis sets, although some procedures try to correct for some
shortcomings by the addition of a few more basis functions.”" It is clear that the per-
formances of these procedures will highly depend on the application and that the
best results will be obtained for systems and parameters similar to those used for
the parametrization and that their performance will be worse for describing more
complicated electronic problems. This is not to say that semiempirical methods
always lead to results of inferior quality compared to ab initio methods. Indeed,
many problems, otherwise inaccessible to study using an initio methods, have
been successfully studied using these procedures. However, it is always very impor-
tant to establish the suitability of a method before using it to study unknown systems.
This is especially true for semiempirical procedures, and we will see later on in this
chapter that the AMI1 procedure, which is probably together with PM3 the best-
performing semiempirical procedure to date, dramatically fails in describing radical
addition reactions.**

The solution of the Schrodinger equation yields N-electron wavefunctions W,
which contain very detailed information about the electronic structure of the system.
However, for many properties of interest, such as the total energy, we do not require
this very detailed information, and we can obtain these properties if we know the
total electron density of the system, which in principle is much simpler to evaluate.>>
This realization has led to the development of density functional theory (DFT),
which has been quite successful in describing and explaining many-electron systems
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that have been too complicated to treat with conventional ab initio procedures,
including crystal structure, metals and polymers. Density functional theory has
undergone major developments since the early 1970s, and current procedures are
based mostly on solving the so-called Kohn—Sham equations, which can be com-
pared with, and are indeed similar, to the Hartree—Fock equations, which are used
to evaluate the MOs in ab initio MO theory. In the case of DFT the equations are
solved to obtain the electron density, and certain functionals of the electron density
are used to represent electronic interactions. This procedure is in principle exact, but
the exact forms of the functionals are not known and hence approximate functionals
need to be used. The very similar nature of the Hartree—-Fock and Kohn—Sham
procedures has led to the development of hybrid methods, which generally show a
great improvement over conventional Hartree—Fock procedures, because the DFT
procedure contains more electron correlation. Currently popular and successful
procedures are B-LYP”** and B3-LYP,>*> which perform very well in many appli-
cations and often produce results of similar or even better quality than several higher
level ab initio procedures. Since the computational demands of these procedures are
generally less than those of conventional correlated ab initio methods, and they scale
more favorably with increasing number of basis functions, it is likely that the popu-
larity of these procedures, including radical reactions, will continue to rise.

1.4.4.1 Summary From the theory outlined in this section, it is obvious that a
more accurate description of the system is obtained with a high level of theory and a
large and flexible basis set. It is also clear that the choice of basis set and level of
theory depend on the nature of the molecular property that needs to be described.
Both choices will always involve a compromise between desired accuracy and
computational resources (e.g., for nearly all correlated procedures, the required
amount of disk space scales as M*, where M is the number of basis functions).

1.4.5 Pitfalls in Computational Quantum Chemistry

It is clear that, in general, the higher the level of theory, the more reliable our results.
This is especially true if we wish to obtain accurate absolute energies. However,
often we are interested in energy differences or certain trends, and we need not resort
to these incredibly high-level and expensive methods. It is often possible to obtain
adequate results at much simpler levels of theory, but it is important to establish
before using these levels of theory whether they are appropriate. For example, a
particular simple level procedure can introduce errors in the absolute energies of
the reactants (AEy,c), transition state (AErs) and products (AEpq). This situation
is schematically shown in Fig. 1.11, where the calculated energies are indicated by
the full lines and the real energies by dashed lines. Also the calculated and real
barriers (Ep) and reaction energies (E;) are indicated.

The description of the reactants and products is often (but not always!) not too
difficult, and although we introduce an error in the absolute energies, the calculated
reaction energy will be similar to the real one (E; rcal = E calc) as long as the absolute
error introduced in the product energies is similar to the one introduced in the
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Figure 1.11 Schematic representation of the effect of computational errors on the calculated
potential energy surface: full lines represent calculated energies, dashed lines represent the
real energies (i.e., obtained using full CI and an infinite basis set). The situation depicted here
reflects the case where the absolute error introduced in the energy of the transition state is
much larger than the errors introduced in reactants and products.

reactant energies (AE,. ~ AEp,q). However, the description of the transition state
is often much more complicated than the description of the reactants, which will
result in different absolute errors for the transition state and reactant energies. In
Fig. 1.11 the situation is shown where the error in transition state energy is much
larger than that of the reactants and products (AE,. =~ AEp,q < AEts), and
although we found in this example that the calculated reaction energy was relatively
close to the real one, the calculated barrier will be significantly too high
(EO,calc > EO,real)~

A very relevant real example of this problem is shown in Figs. 1.12 and 1.13.
The data in these figures originate from an extensive study by Radom and co-
workers,**** who examined the effect of level of theory on the reaction energies
and barriers for a range of radical additions. They established that the results for
the barriers and reaction energies, respectively, converged at the QCISD(T) level
of theory;** hence we plot the data of two different procedures against the QCISD(T)
values. If the other procedures are equally good, then the data should lie on the diag-
onal. What we can see in Fig. 1.12 is that, except for two data points, the generally
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Figure 1.12 Plot of calculated UMP2/6-31G* (@) and AM1 (A) reaction energies against
calculated QCISD(T)/6-31G* reaction energies for the addition of CH3 radical to a range of
subsituted ethylenes CH,=CHY (Y = OH, F, H, CH3, NH,, SiH3, Cl, CHO, NO,). The
erroneous UMP?2 results are obtained for Y = CHO and CN, which both have UMP2/6-31G*
reaction energies of about —123 kJ/mol, whereas their QCISD(T)/6-31G* reaction energies
are about —151kJ/mol. (Data are taken from the extensive study by Wong and Radom.*?)

popular (and generally accurate) UMP2 reaction energies show a reasonable, but far
from perfect, agreement with the QCISD(T) results. However, the also popular
semiempirical AM1 procedure gives very erratic results. Since AM1 often gives
relatively good results for other types of organic reactions, we may conclude that
its parametrization is incapable of providing an adequate description of radical addi-
tion reactions. Methods such as PMP2, RMP2, and QCISD showed good agreement
with the QCISD(T) results.

When we consider the results for the reaction barriers obtained at the same levels
of theory, we observe dramatic failures of both methods (Fig. 1.13). Clearly, the
AMI barriers are all too low and do not show any particular trend. The UMP2 results
seem to look better, but all the barriers are significantly higher than those at the
QCISD(T) level of theory, and furthermore the trend is quite erratic.

This poor performance of UMP2 can be ascribed to spin contamination (see dis-
cussion above).*** If we have a ground state reaction such as in the reactions of
most interest to us, then the electronic state does not change in going from reactants
to products; in fact, it is exactly the same everywhere at the potential energy surface.
Hence, everywhere on the potential energy surface we should have a single unpaired
electron. However, the unrestricted procedures tend to ““spread out” this single elec-
tron, and whereas this effect need not be really large when we just have a radical
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Figure 1.13  Plot of calculated UMP2/6-31G* (@) and AM1 (A) reaction barriers against
calculated QCISD(T)/6-31G* reaction barriers for the addition of CH3 radical to a range of
subsituated ethylenes CH,=CHY (Y = OH, F, H, CH3;, NH,, SiH;, Cl, CHO, CN, NO,). Note
that all the UMP?2 results are too high, and that for Y = CHO and CN not even the trend is
reproduced adequately. (Data taken from the extensive study by Wong and Radom.*?)

[although several examples with severe spincontamination in simple radicals exist,
e.g., cyanovinyl radical has (S?) = 1.491,°°? this effect can be enormous in the
electronically more complicated description of the transition state. Hence the effect
of spin contamination on the calculated barrier may be huge, whereas it may be
small in the case of the reaction energies. The problem of spin contamination
does not exist for the restricted procedures.

In summary, it is of utmost importance to establish the suitability of the simpler
levels of theory for the calculation of properties one wishes to study. Certain proce-
dures may be cheaper and faster, and larger molecules can potentially be studied;
however, one should be aware of the fact that the results may be meaningless if
the chosen procedure is not appropriate. For example, the UMP2 procedure yields
excellent results for many organic reactions, but we have seen it performs very
poorly in radical reactions and its use should be avoided.

1.4.6 Practical Computational Quantum Chemistry

We saw in the previous part that it is essential to choose the appropriate level of
theory if reliable results are to be obtained. This does not necessarily mean that
one has to perform all calculations at the most expensive level of theory. For exam-
ple, accurate energies for the calculation of reaction energies or barriers often
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require high levels of theory, and often we cannot compromise much. However, the
first cost-saving lies in geometry optimization. Although the best geometries are
generally obtained at the highest levels of theory, the optimum geometries at simpler
levels of theory are often very close (this is not always the case, but this can be
considered as a general rule of thumb). This means that we can often optimize
the geometry at a simple level of theory and then calculate the energy at the high
level of theory for this geometry; this is a single-point energy calculation (often
denoted as level of theory of single point/level of theory of geometry optimization).
Naturally, one has to establish first that the geometries indeed converge with increas-
ing level of theory; this is essential as the potential energy surface obtained at
different levels of theory may differ significantly; for instance, spurious minima
or transition states may occur at lower levels of theory, or essential features might
be absent. This procedure of an energy calculation is shown in Fig. 1.14, in which I
have attempted to reduce N atomic coordinates to a single set of coordinates. In this
way we can plot the potential energy surface as a two-dimensional plot; the Y axis
represents the energy and the X axis, a given set of coordinates. Three potential
energy surfaces are shown, each corresponding to a different level of theory.
Ultimately, we wish to calculate the energy of the molecule corresponding to the
minimum on the high-level potential energy surface. However, we do not know
where to start in our geometry optimization.

Simple level

Energy

{ Intermediate level

v

Coordinate Set {x,, ¥4, Z;, ...... Xp: Yns Zn}

Figure 1.14 Schematic representation of the use of simple-level geometry optimizations and
single-point energy calculation to approximate the energy of a high-level miminum energy
conformation. Three different potential energy surfaces are shown, each at a different level of
theory.
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We start with the simplest level of theory and optimize until we reach the
minimum on its potential energy surface, which in this particular case involves
five optimization steps. Note that the potential energy surface was deliberately given
a different shape than the two higher levels of theory. Since this is the case, it is not
likely that the obtained geometry is sufficiently accurate, and indeed if we were to
use this geometry to calculate the energy at the high level of theory, we would get a
result that is significantly excessive. Hence we need to further optimize at a higher
level of theory. In this example, we need only one single optimization step. It should
be noted that the obtained geometry is indeed close to the optimum at the high level
of theory, but that the energy is significantly higher. Finally, we use this geometry to
calculate the energy at the highest level of theory, and it can be seen that the energy
is indeed very close to the optimal energy. In this example, we have reduced the
costs of a potentially very expensive problem significantly by not optimizing at
the high level of theory, which would have involved a high-level calculation for
every single optimization step; the geometry optimizations at the lower levels of the-
ory are often only a fraction of the cost of the single-point calculation. Hence, if the
same number of optimization steps at the high level of theory had been carried out as
at the simpler levels, we would have had a six times more expensive calculation.
Naturally, the required number of optimization steps and/or levels of theory will
vary significantly from problem to problem, and will depend on the initial geometry
guesses. It should be mentioned here that these procedures are often only required
for the calculation of accurate energies. For example, the other properties required in
a TST calculation, such as moments of inertia, rotational barriers and vibrational
frequencies are often sufficiently accurate at relatively simple levels of theory, as
was clearly shown for calculation of frequency factors in radical addition*” and
hydrogen abstraction reactions.®

The practical observations that certain properties can be adequately obtained at
simpler levels of theory have led to several different additivity schemes that approx-
imate the properties (especially the energy) at a very high level of theory by combin-
ing results obtained at simpler levels of theory. All these additivity schemes (e.g.,
Gl,61 G2,62 G3,63 CBS,64’65 CBS-RAD58) have the following assumptions in
common:

e Geometry at high level of theory ~ geometry at simple level of theory
HLG R SLG
e Scaled ZPVE at high level of theory ~ scaled ZPVE at simple level of theory

ZPVE-HL ~ ZPVE-SL

e Basis set effect at high level of theory & basis set effect at simpler level of
theory

HL/LB—HL/SB ~ SL/LB—SL/SB
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where HL = high level of theory, SL = simple level of theory, HLG = high-level
geometry, SLG = simple level geometry, LB = large basis set, SB = small basis
set, ZPVE-HL = zero-point vibrational energy at high level of theory, and ZPVE-
SL = zero-point vibrational energy at simple level of theory.

The energy calculated at a high level of theory of a geometry optimized at
the corresponding level of theory is then in general approximated by the following
equation:

HL/LB//HLG ~ (HL/SB//SLG) + (SL/LB//SLG)
— (SL/SB//SLG) + (ZPVE-SL) + Q (1.34)

where €) contains some empirical corrections.

Pople and co-workers have pioneered these additivity schemes and devised the
G1-G2-G3 family of theories,’'™®* in order to predict thermochemical properties
of molecules within experimental errors. Others have come up with similar schemes
such as the complete basis set (CBS) scheme by Petersson et al.**® and the infinite
basis extrapolation techniques by Martin.*® In particular Radom and co-workers
examined and optimized schemes to adequately describe radical thermochemistry
and reactions.*****"-**% Currently recommended procedures for the description
of radicals are CBS-RAD and G3(MP2)-RAD.**#3

1.5 BASIC THEORY OF REACTION BARRIER FORMATION

So far we have discussed ways of predicting rate coefficients via transition state
theory from molecular and electronic parameters, which we can calculate using,
for example, ab initio molecular orbital theory. We have seen that simple geometric
factors and vibrations govern the Arrhenius frequency factors and any temperature
corrections to the critical energy (i.e., the barrier at 0 K). However, we have not yet
discussed the factors that govern the height of a reaction barrier (and hence the acti-
vation energy) or possible ways of predicting it. A powerful theoretical framework
for the discussion of reaction barrier formation is the curve-crossing model, also
called the valence bond (VB) state correlation model, VB configuration mixing or
state correlation diagram. This model, which has been developed by Shaik and
Pross, is based on VB theory.ls_20

In VB theory, the focus does not lie on molecular orbitals, but on electron pair
bonds between atoms; VB theory assigns electrons to atomic orbitals, even in mole-
cules.'*!” In the limit, both VB and MO theories yield the same result; however
because of the greater computational difficulties associated with VB theory, MO
theory has become more interesting from a computational point of view. On the
other hand, the VB descriptions allow for simple, nonmathematical representations
of wavefunctions.'” Electronic configurations described in VB theory correspond in
nonmathematical terms just to the commonly used Lewis structures, and a full
wavefunction with configuration interaction just corresponds to mixing of simple
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resonance structures.'” We will encounter several examples in the course of this
section.

Let us return to the curve-crossing model.'>*° We are interested in building up a
reaction profile using VB theory, which we have just seen must be described in terms
of electronic configurations that assign electrons to given atomic orbitals. It is clear
that, in a reaction, we start with the electronic configuration of the reactants. Moving
along the reaction coordinate, which involves geometric rearrangements, the elec-
trons will start to feel increasingly uncomfortable in the atomic orbitals to which
they have been assigned. The reaction involves the breaking of old and formation
of new bonds, so clearly the closer the geometry resembles the product, the more
the electrons wish to occupy different atomic orbitals (i.e., those making up the new
bonds). Because of this effect, it is clear that the energy associated with the reactant
electronic configuration (W,.,.) will continuously increase along the reaction coor-
dinate."” It is clear that the appropriate electronic configuration of the products is the
one in which the electrons are assigned to the atomic orbitals making up the new
bonds (V0q). If we were now to use the product electronic configuration and
move back along the reaction coordinate, we would observe the same as we did pre-
viously with the reactant electron configuration; the farther away we move from the
product geometry, the worse the description of the electrons becomes if we only use
the product electronic configuration (see Fig. 1.15).!” Hence it is clear that in going
from the reactants to the products along the reaction coordinate, we will, at some
point, need to “switch” from Wy, t0 Wpyroq. This will happen in the region where
the two curves ““cross,” and we can see that this happens at an energy that is higher
than that of either the reactant or product configuration, and that it happens for a

¥,

excited

I AH,

ground

reactants > products
Reaction Coordinate

Figure 1.15 Curve-crossing diagram of reaction barrier formation through the avoided
crossing of the reactant and product electronic configuration curves.
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conformation between that of the reactants and that of the products.'” Indeed, this
happens in the region of the transition state.

We know from quantum mechanics [see also the discussion around Eq. (1.31)]
that the ground-state wavefunction is always the lowest-energy wavefunction (for
any given atomic configuration), and hence that state wavefunctions do not cross.
Furthermore, we have seen in the section on configuration interaction that we often
need more than a single electronic configuration to describe the state wavefunction;
this situation is a very clear example of this need. The two configuration wavefunc-
tions Wre,e and ¥py0q combine to give two state wavefunctions: one for the ground
state (Wgrouna) and one for an excited state (\Ilemled).17 Since the ground state is of
more interest to us, we will now focus our attention to the ground-state wavefuntion,
which we can express in terms of the two configuration wavefunctions:'’

\Pground = Cl \Ijreac + CZ\IJprod (135)

where the coefficients C; and C, will depend on the position along the reaction
coordinate: C; > C, close to the reactant geometry, whereas C, > C; close to
the product geometry. Considering Fig. 1.15, we can also simply see that the
excited-state wavefunction in the reactant geometry is determined mainly by
Worod and in the product geometry by W ... In the transition region, where we expect
the electronic rearrangement to take place and where the energies of the two config-
urations are similar, we expect C; =~ C, and hence that the wavefunction in the
transition state can be described as'’

1
Urs & —= (\I/reac + \Ilprod) (136)

V2

We have seen before that configuration interaction leads to a lowering of the energy,
and hence the relative energy of the transition state; thus the barrier (AE?) is signifi-
cantly lowered as compared to the energy at which the two electronic configurations
cross. This lowering is indicated by the quantum-mechanical interaction parameter B
in Fig. 1.15. From Fig. 1.15, we can also see that the point where the two curves
cross is determined by the initial energy gap (G) between the energies of Wi,
and W,oq. In reality, the two configuration curves are not straight lines, and hence
their curvature, which is expressed in a factor (0 < f < 1), will determine the frac-
tion of the initial energy gap that contributes to the barrier height. We can now
express the barrier height as a function of these (quantum-mechanical) parameters:'’

AE'=f.G—B (1.37)

If we compare the barriers of related reactions, the interaction parameter B is often
considered to remain constant, and hence any differences in barrier heights are
explained by changes in the parameters f and G."”

In general, reaction exothermicity affects f; a reaction that is more exo-
thermic has a smaller f, and hence a lower barrier. This effect, which leads to
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Figure 1.16 Effect of reaction exothermicitly (expressed through f) and initial energy gap
(G) on barrier height and location of the transition state. For simplicity the configuration
wavefunctions are depicted as straight lines. The initial situation, the effect of f, and the effect
G, are characterized by the parameters with subscripts 1, 2, and 3 respectively.

Bell-Evans—Polanyi behavior,”*?* is schematically shown in Fig. 1.16; by making
the reaction more exothermic, the curves cross at a lower energy, thus lowering the
barrier. Furthermore, we see that the location of the transition state has moved closer
to the reactant geometry. Generally speaking, the transition state of an exothermic
reaction lies closer to the reactant configuration and is said to be early, whereas an
endothermic reaction lies closer to the product side and is said to be late.

A second effect on the barrier height is caused by the initial energy gap G, and we
can see in Fig. 1.16 that an increase in G results in a higher barrier. This effect, which
is general, need not be accompanied by a change in reaction exothermicity (see
Fig. 1.16). However, in the case of radical reactions, the initial energy gap is closely
related to the stability of the products (as we will see later) and hence is highly cor-
related with the reaction exothermicity.'’° This situation is depicted in Fig. 1.17,
and again we expect to see a change in the location of the transition state when G
changes.'”

To summarize the discussion of the curve-crossing model to this point, we can say
that in its simplest formulation, the barrier is considered to arise from an avoided
crossing of the electronic configurations that correspond to reactants and products,
respectively. However, it is obvious that the valence bond description in terms of
single reactant and product electronic configurations will become increasingly
poor on moving toward the transition state along the reaction coordinate. In order
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Figure 1.17 Effect of initial gap, G, on reaction barrier when G is highly correlated with the
reaction exothermicity (or stability of the products). This is often the case in radical reactions,
especially in radical addition reactions.

to provide a better description of the transition state region, other configurations
(which are, by definition, excited-state configurations at both the reactant and pro-
duct geometries) are often mixed with the ground-state descriptions of the reactant
and product electronic configurations.'” In the case of radical reactions, possible
important configurations are those corresponding to polar charge transfer (CT) con-
figurations, in which an electron has been transferred from the radical to the second
reactant or vice versa. If we denote the charge transfer configuration wavefunction
by ®cr, we can now express the ground state wavefunction as'’

\I/ground = Cl \I/reac + CZ‘I]prod + C3(I)CT (] 38)

and assuming that the extent of mixing of ®¢r into the state wavefunction does not
disturb the equal contributions of Wy, and ¥4 to the wavefunction describing the
transition state, then Upg can be written as'’

R

Urg =~ N

(\I]reac + \I!prod) + 7\f(I)CT} (139)

where N is a normalization constant and A is the mixing coefficient of ®ct. The
parameter vy in the model proposed by Fischer and Radom [Eq. (1.5)]* is related
to the mixing parameter A.
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Scheme 1.2

Let us now specifically look at radical addition and abstraction reactions,
beginning with radical addition reactions. In Scheme 1.2, the reaction of a radical
addition is given with the corresponding electron spin shifts that accompany the
reaction.'” These schematic representations of electron pairs and electron spins
are at the same time pictorial representations of the VB configurations of the reactant
and product. We denote the radical in this reaction as D (donor) and the alkene as A
(acceptor). Note that in the reactant configuration DA, the electrons in the  bond are
of opposite spin and hence form a bond, whereas the electrons on the radical and the
central carbon have the same spin (they form a triplet interaction), and do not form a
bond. In the product configuration, however, the electron of the radical and the cen-
tral carbon atom are paired (and have formed a new bond), whereas the electrons in
the original ®© bond now have the same spin (and the bond is broken). Hence, the
electronic configuration in the original alkene has been changed from a singlet in
the reactant configuration to a triplet in the product configuration. Since the triplet
is an excited state of the initial singlet, we denote the electronic state of the acceptor
molecule by >A* and the overall product configuration wavefunction by D>A*.
Hence, in its simplest formulation, the barrier in a radical addition reaction is gov-
erned by a DA-D*A* avoided crossing,'***! and it is furthermore clear that the
initial energy gap can be approximated by the singlet—triplet energy gap (AEsr)
of the m bond (G ~ AEsr =~ 2.5 — 4.5 eV = 240 — 440kJ/mol, depending on the
alkene substituents).”’”’39 It can also be understood now that the reaction exother-
micity and G are interrelated. If the alkene is monosubstituted, the substituent will
be on the carbon with the unpaired electron in the product radical and the unpaired
electron in the triplet state of the alkene. Hence, the effect of the substituent on the
energies of these two species is expected to be similar, and a near-parallel shift of
Worod is expected, as shown schematically in Fig. 1.17.

As stated before, the most important additional electronic configurations to radi-
cal reactions are the charge transfer configurations, which are shown in Scheme 1.3.
The D~ A™ configuration is generated by the electron transfer from the alkene to the
radical, whereas the D*A™ configuration is generated by the reverse reaction.

In Fig. 1.18, the curve-crossing diagram for a radical addition is shown, including
all contributing electronic configurations.

‘C—C* = ~CU *C—C" ~C* C'—C7 =~— ~C* "ic—C°
Dt =DA* Dt =DYA”

~C.

Scheme 1.3



38 THEORY OF RADICAL REACTIONS

Energy
‘.Pexc&ted
G
‘Preac =DA > \Ilprod = D3A*
T\IAHr
\Pgmund
reactants > products

Reaction Coordinate

Figure 1.18 Curve-crossing diagram for a radical addition, in which the barrier height is
largely determined by a DA-D?A* avoided crossing and a possible mixing of the D"A™ and
DTA™ charge transfer configurations lowers the barrier.

The shape of the two charge transfer configuration curves is explained as follows.
Both configurations are excited state configurations which are generated by the elec-
tron transfer between the donor and acceptor molecules, which are neutral in the
ground state. The relative energies of the charge transfer states as compared to the
ground state are determined by the electron affinities (EA) and the ionization poten-
tials (1) of the donor and acceptor molecules, which are defined as in Scheme 1.4.77

Hence the relative energies of DA™ and D~ A" with respect to the ground-state
energy of DA can be given by'’

E(D"A7) =1Ip — EAx (1.40)
E(D"A") =1, — EAp (1.41)

For the addition of methyl radical, which does not seem to be significantly affected
by polar effects, these energies, depending on the alkene substituent, lie roughly
M — M* + & AE=1
M + & —= M-~ AE =—EA

Scheme 1.4
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between 8 and 12eV (x~770-1150kJ/mol) above the ground-state energy.*® The
lowering of the energy of these configurations in the region of the transition state
is caused by the Coulomb interaction (C = ¢*/r) between the two ionic species
when they approach.'”**? Mixing of a charge transfer configuration into the
ground-state configuration becomes important if one or both of these charge transfer
configurations is low in energy. Hence it depends on the absolute values of
(I — EA — €% /r) in the region of the transition state (for radical addition reactions
r~22 1&; hence C =~ 6.5 eV = 630 kJ/mol; this value should be considered as
an upper limit as delocalization of electrons will lower €).*** In the extreme
case, where I — EA ~ C, the barrier is likely to be very low. At this point, we should
refer back again to the Fischer—Radom model [Eq. (1.5)],30 which accounts for the
polar effects using this term in their polar factors F, and F.. Finally, it should be
pointed out that if polar effects are important and E(D"A™) < E(D~A™), the radical
has an electron-donating, that is, a nucleophilic, character, whereas if polar effects
are important and E(D”A") < E(D"A™), the radical has electron-accepting, or an
electrophilic, character.

Let us now consider radical abstraction reactions (Scheme 1.5). We can see that
the barrier is governed by a similar DA-D?A* avoided crossing.!” Whereas the two
carbons in the alkene of the radical addition are still bound via a ¢ bond (we broke a
m bond), in this case we break the o bond (i.e., the only bond) between Y and Z.
Possible charge transfer configurations are shown in Scheme 1.6.

As was the case in radical addition reactions, the reaction exothermicity (through
G) and the magnitudes of the ionization potentials and electron affinities of the reac-
tants (through mixing of the charge transfer configurations into the ground state)
govern the height of the barrier in radical abstraction and transfer reactions.'’

To conclude this section, it is important to note that the curve-crossing model is
very useful and powerful in analysing computational results, but because it is not
always clear beforehand what configurations will be important, its predictive value
for unknown reaction types may be limited. Especially in the case of radical addition
reactions, it has clearly demonstrated its value as will be shown in the following sec-
tion, in which some of the results will be discussed on which the Fischer-Radom
model [Eq. (1.5)]30 is based.

X' +YZ — XY + Z°

oA A, T

Wieac = DA \Pprod =D3A*
Scheme 1.5

X [yezl* Xt [Y=z1

®cr; =DAY ®crp =DTA”

Scheme 1.6
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1.6 APPLICATIONS IN FREE-RADICAL POLYMERIZATION

In this section, the theoretical concepts outlined in this chapter so far will be applied
to problems of relevance to free-radical polymerization. Several different aspects of
radical addition and propagation will be discussed, followed by a discussion of some
problems in chain transfer reactions.

1.6.1 Radical Addition and Propagation

1.6.1.1 General Aspects As already eluded to at several occasions in this
chapter, radical additions have been widely studied using ab initio molecular orbital
theory. A large number of papers have appeared since the early 1980s, but without
denying the importance of many of the early papers, we will focus our discussion on
a series of papers by Wong et al.,**** Heuts et al.,>'>47:6067.68 Coote et al.,*"!
and Huang et al.”? The results in these papers were obtained with current state-of-
the-art levels of theory, and appear to be of most relevance to polymer chemistry. For
comparisons with other theoretical studies, I refer to the original papers of which the
results are discussed here. First some general aspects on suitable levels of theory will
be discussed,*****7 followed by a discussion of reaction barrier formation in (small)
radical additions,”®*""7*> which results in formulation of the model proposed by
Fischer and Radom [see Eq. (1.5)].>° Then we will have a look at the factors that
govern the frequency factors for radical addition reactions, and see how simple
geometric and steric arguments can explain particular observations in free-radical
polymerization.>'*>"? Finally, we will have a look at copolymerization reactions,
where theoretical chemistry has played an important role in justifying and describing
the penultimate unit effect.’”%°~7! However, before we can start with all of this, one
important point, which we have ignored so far, still needs to be addressed: the effect
of the reaction medium.

In our theoretical descriptions, we have thus far considered only gas-phase reac-
tions. All the described models and theories can incorporate the effect of solvents
(all in a different way), but this will make the descriptions naturally more compli-
cated. Fortunately, it is not likely that we need to incorporate medium effects for
most of our mechanistic studies, as experimental gas- and liquid-phase data of
radical reactions show similar trends for substituent effects with the absolute rate
coefficients differing by about a factor of 10.’* Careful analysis by Fischer and
Radom suggests that calculated barriers may be a few kJ/mol higher than those of
liquid-phase reactions and that frequency factors may differ by a factor of roughly
2-5. Solvent polarity can significantly affect the barrier if the charge transfer states
are relatively low in energy, as polar solvents will stabilize these states, which will
lead to a lowering in reaction barrier.!” However, all these effects are relatively small
compared to the effects we address using “simple” gas-phase reactions.*® Using
more complicated (and not necessarily more accurate) theories will only cloud the
picture, and hence we will only focus on gas-phase theoretical results.

We have seen in previous sections that we can use ab initio molecular orbital
theory to calculate all the parameters required in transition state theory to predict
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the rate coefficient for radical addition (or propagation) and that we can analyze the
components determining the reaction barrier formation via the curve-crossing
model. We have already discussed the fact that it is of utmost importance that all
the properties required in our predictions and analyses are calculated with appropri-
ate levels of theory. It was shown in a comprehensive assessment by Heuts et al.*’
that the properties required for calculating molecular partition functions, specifi-
cally, molecular geometries, harmonic frequencies, and rotational barriers, are
reliably obtained at relatively simple levels of theory, such as HF/6-31G*. Hence
Arrhenius frequency factors [Eq. (1.13)] and temperature corrections to the barrier
[Eq. (1.12)] and the reaction enthalpy [Eq. (1.8)] are reliably calculated at simple
levels of theory. However, the situation is very different for the calculation of
reaction enthalpies and reaction barriers, which need to be calculated using higher
levels of theory.*****” This is caused mainly by the effect of spin contamination
(see above) on the calculated energy rendering UMP methods unsuitable for ade-
quately describing radical addition reactions. Although UHF/6-31G* geometries
generally yield satisfactory results in single-point energy calculations of radical
reactions and the bulk of studies regarding radical reactivity is based on these geo-
metries, it was found that better results are obtained using B3-LYP/6-31G* geome-
tries.”*** Reliable absolute reaction enthalpies are obtained using the CBS-RAD
procedure, which agrees well with experimental data (showing a correlation coeffi-
cient R? of 0.93).30’43 Other procedures, including RMP2, PMP2, B3-LYP, and
QCISD (except for the AM1 and UMP2 procedures) yield satisfactory results
(although with greater deviations from experimental data) showing good correlation
with the CBS-RAD results (R> = 0.98-0.99). For barriers, methods such as CBS-
RAD and G3(MP2)-RAD are recommended,’®* but these procedures are too
expensive for many systems of interest and can currently be applied only to small
systems. Comparison of CBS-RAD data with available experimental data yields
good agreement, with a mean deviation of 1.7 kJ/mol.*® Reasonable alternatives
for larger systems were found to be B3-LYP/6-31G* (which gives surprisingly
good agreement with CBS-RAD), B3-LYP/6-311 + G(d,p), or B3-LYP/6-311 +
G(3df 2p).>** Good correlations with trends observed using the CBS-RAD procedure
are also observed for QCISD(T) and QCISD (both with R?> =0.99), RMP2
(R? = 0.98), and PMP2 (R?> = 0.96). The interested reader is referred to the original
papers for extended comparisons.’®**** In what follows, general trends will be
discussed.

In Fig. 1.19 a schematic representation is given for the addition of substituted
methyl radicals to substituted ethylenes. Four key geometric parameters are indi-
cated: r(C---C) (the length of the forming CC bond), ¢; and ¢aqack (the angles
that the two reactant fragments make with the forming bond), and ¢,,,. (the deviation
from planarity of the hydrogens attached to the alkene carbon forming the bond.

First we compare these parameters for the additions of methyl (X = H), ethyl
(X = CHj3) and propyl (CH,CH3) radicals to ethylene (Y = H), which are listed
in Table 1.2. It can be seen that except for #(C---C), which decreases slightly in going
from methyl** to ethyl radical,*” all other parameters are roughly constant (further
extension of the chain yields parameters very similar to those of the propyl radical
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Figure 1.19 Definition of key geometric parameters for the addition of a range of substituted
alkyl radicals to substituted ethylenes.

addition).*” This result is very positive in that it allows us to use small-radical
models to describe the reaction site of large polymeric radicals (see text below).

Also listed in Table 1.2 are the corresponding bond lengths and angles in the
product radicals. Again, it can be seen that increasing the chain length does not
significantly affect these geometric parameters. Furthermore, it can be seen that
all the angles are smaller than the corresponding parameters in the product radicals.
The behavior of these parameters, especially of ¢y, (which is roughly 0° in the reac-
tant and 56° in the product), clearly demonstrates that the reaction coordinate does
not solely consist of the forming CC bond length (see also Fig. 1.3).

A final note in this section should be made regarding the conformation of the tran-
sition structure. In Fig. 1.19, the substituent X is in an anti position as compared to
the substituted ethylene. However, in some cases a gauche conformation may have a
lower energy (e.g., in the case of the additions of ethyl and ethylbenzene radicals to
ethylene), and the pathway through this transition state structure will hence have a
lower barrier.*’

TABLE 1.2 Calculated Key Structural Parameters at the UHF/6-31G* Level of
Theory for the Anti Addition of Alkyl Radicals to Ethylene*

X HC—C) (A dypaer (deg) Bpyr (deg) $, (deg) Ref.
H 2.246 109.1 21.8 S 42
(1.537)° (113.1)° (55.9)° (110.9)°
CH; 2232 109.8° 228 105.9 47
(1.539)° (113.4)° (56.0)° (112.6)°
CH,CH,4 2.234 109.7¢ 227 106.4 47
(1.539)° (113.4)° (56.0)° (113.0)°

“Values within parentheses apply to product radicals. For definitions, see Fig. 1.19 (Y = H).
b Not reported.
“Not reported in given reference, but part of the overall output of reported results.®®
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TABLE 1.3 Calculated Lengths (UHF/6-31G*) of the Forming CC Bond in Transition
States for Addition of Four Different Substituted Methyl Radicals to a Range of
Substituted Ethylenes ¢

HC---C) (A)

Y CH3 CH,OH"* CH,CN*® C(CH5)3

F 2.246 2.226 2.173 2.207

H 2.246 2222 2.177 2.200
NH, 2.240 2.220 2.178 2.207
Cl 2.264 2.245 2.181 2215
CHO 2312 2291 2.230 2265
CN 2313 2.287 2219 2.267

“See Fig. 1.19 for definitions. CH3, CH,OH®, and CH,CN® data taken from Ref. 40; C(CH3)3 data, from
Ref. 41.

1.6.1.2 Barrier Formation The effect of different substituents in methyl radicals
and CH,=CHY have also been studied, and in Tables 1.3 and 1.4, the results of key
geometric parameters are listed for the transition states of the additions of CHS,
CH,OH", CH,CN®, and C(CH3)$ to CH,=CHY (Y = F, H, NH,, C1, CHO, CN).*0#!

From Table 1.3 it can be seen that the length of the forming CC bond lies roughly
between 2.17 and 2.31 A (UHF/6-31G*), and it is clear that this bond length is
affected by both the radical and the alkene substituent.

In Table 1.4, the calculated angles of attack and pyramidalization (UHF/6-31G*)
are listed, and although their values depend on the radical and the alkene, the differ-
ences are generally small and appear to be a bit more random. Values for ¢ack
range from 107.2° to 113.0°, and those for ¢y, have a slightly wider range from
18.6° to 28.8°.

TABLE 1.4 Calculated Angles of Attack and Pyramidalization” (UHF/6-31G*) in
Transition States for Addition of Four Different Substituted Methyl Radicals to a
Range of Substituted Ethylenes

¢attack (deg) (bpyr (deg)

Y CH3 CH,OH® CH,CN*®* C(CH3;)3 CHS CH,OH® CH,CN® C(CH;)3

F 109.9  108.2 109.3 112.1 25.0 259 28.0 28.2
H 109.1  108.7 107.4 111.6 21.8 223 245 25.7
NH, 111.0 109.8 109.5 113.1 25.8 26.5 279 28.8
Cl 1089  107.8 107.4 113.0 224 233 26.0 272
CHO 107.6 1074 106.6 110.3 18.6 19.0 22.1 224
CN 107.5  107.2 106.4 110.7 19.0 19.4 23.7 22.5

“See Fig. 1.19 for definitions. CH3, CH,OH®, and CH,CN"data taken from Ref. 40; C(CH3)3 data, from
Ref. 41.
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TABLE 1.5 Calculated Barriers and Enthalpies (QCISD/6-311G** + ZPVE) for
Additions of Four Different Substituted Methyl Radicals to a Range of
Substituted Ethylenes”

Barrier (kJ/mol) Reaction Enthalpy (kJ/mol)

Y CH3 CH,OH® CH,CN®* C(CH3;)3 CHS CH,OH® CH,CN® C(CH;)3

F 39.8 35.0 423 21.6 -942 =875 —63.2 —89.5
H 38.9 32.7 425 214 -935 -87.1 —63.3 —87.8
NH, 363 325 30.7 179 —-1002 -914 =72.1 -95.7
Cl 325 24.6 359 13.6 —1059 —-97.8 —74.5 -99.1
CHO 287 18.3 339 6.5 —120.7 —-118.6 -929 -120.5
CN 24.3 11.7 32.6 1.9 —-1293 -123.7 -93.4 —1245

“CHS3, CH,OH®, and CH,CN® data taken from Ref. 40; C(CH3);" data, from Ref. 41.

In Table 1.5, the calculated barriers and reaction enthalpies (QCISD/
6-311G** +ZPVE) are listed, and it should be noted that these values deviate in
an absolute sense from the better and recommended CBS-RAD procedure. However,
the used procedure here has proven to have an excellent correlation with the better
procedure and hence is expected to reproduce trends very well.

It can be seen from Table 1.5 that both the reaction barrier and the reaction enthal-
py are greatly affected by the substituents in both the radical and the alkene. Further-
more, these effects appear to be very systematic. In general, the barriers for CH,CN*®
addition are highest for a given alkene as compared to the addition of the other three
radicals, irrespective of the alkene substituent.*’ Similarly, the addition of C(CH3)3
always appears to have the lowest barrier.*' Finally, except for the addition of
CH,CN®, the barriers of these radical additions decrease with increasing reaction
exothermicity, as is more clearly illustrated by Fig. 1.20.*'

The data for the CH3, CH,OH®, and C(CHs)3, additions all show a linear correla-
tion between the barrier height and reaction enthalpy with good coefficients of deter-
mination (R > 0.95).*' It should be noted at this point that the line of the methyl
addition lies highest; for a given reaction enthalpy, the barrier is highest for methyl
radical addition. This means that the barriers of all the other radical additions experi-
ence additional stabilizing effects that lower the barrier at a given reaction enthalpy.
These stabilizing effects are provided by low-lying charge transfer states, which are
not significantly operative in the methyl radical additions.**~*!

The relative energies of the charge transfer states (DA~ and D~A™) for the radi-
cal additions are listed in Table 1.6, and it can immediately be seen that the charge
transfer states in methyl radical addition indeed lie very high (except for the D-A™
state of the addition to CH,=CHNH,)"* and are unlikely to play a significant role in
the barrier formation. Hence it can be concluded that polar effects are relatively
unimportant in the addition of a methyl radical to substituted ethylenes. For the
CH,OH"® and C(CHj5)3 additions, we observe that generally (again with the excep-
tion of addition to CH,=CHNH,) the D"A™ states are relatively low in energy and
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Figure 1.20 Plot of barrier height AE* against reaction enthalpy AH, (QCISD/6-311G**)
for the addition of CH3 (O), CH,OH® (H), CH,CN® (A), and C(CH3)3 (X) to a range of
substituted alkenes CH,=CHY, with Y = F, H, NH,, Cl, CHO, and CN. The solid regre-
ssion lines are given by AE! =77.4 4 0.41AH, (CH addition, R> =0.979); AE' =
82.6 + 0.56AH, (CH,OH® addition, R> = 0.950); AEY = 65.9 + 0.50AH, [C(CH3); addi-
tion, R> = 0.972]. Note that there is no apparent linear correlation between barrier and
reaction enthalpy for CH,CN*® addition. [CH3, CH,OH®, and CH,CN* data taken from Ref 40;
C(CH3)3 data taken from Ref 41.]

TABLE 1.6 Calculated Energies of Charge Transfer States (eV), [G2(MP2)]
for Additions of Four Different Substituted Methyl Radicals to a Range of
Substituted Ethylenes”

CHS CH,OH" CH,CN® C(CH3)3

Y DTA™ D A" D'A- D A" D'A” D A" D'A- D A"

F 11.39 10.33 9.05 10.51 11.78 8.78 8.40 10.36
H 11.63 10.54 9.30 10.72 12.03 8.99 8.64 10.57
NH, 11.69 8.14 9.35 8.32 12.08 6.59 8.70 8.17
Cl 11.05 9.94 8.71 10.12 11.44 8.39 8.06 9.97
CHO 9.74 10.17 7.46 10.35 10.13 8.62 6.75 10.20
CN 10.00 10.94 7.66 11.12 10.39 9.39 7.01 10.97

“CH3, CH,OH®, and CH,CN?® data taken from Ref. 40; C(CH3)3 data, from Ref. 41.
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lower than the DA™ states.'”%4#173 Thjs indicates that the charge transfer states,
in which charge has been transferred from the radical to the alkene, can interact with
the ground states and hence lower the barriers for these additions; CH,OH® and
C(CH3)3 display nucleophilic behavior in the addition reactions to the studied range
of substituted alkenes.'”**4%4!1:73 Simjlarly, the CH,CN® always displays electro-
philic behaviour for the studied addition reactions (D~ A" < D*A™). From the pre-
sented results, it has been concluded that energetically significant polar contributions
to the transition state in radical addition reactions arise when the relative energy of
one of the charge transfer configurations drops below ~9 —9.5 eV***"-" (Fischer
and Radom mention values of 7-8 eV in their review, which also discusses experi-
mental data).30

It is also interesting to investigate the structure of the transition state in the light
of the curve-crossing model. We saw previously that if the initial energy gap G
changes (see also Fig. 1.17), we expect to see a change in the location of the transi-
tion structure. Since the reaction exothermicity is directly correlated to G, we expect
to see a change in the location of the transition state with changing reaction enthalpy.'”
In Fig. 1.21, the length of the forming CC bond in the transition state is plotted
against the reaction enthalpy for all the reactions considered in this section
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Figure 1.21 Plot of C—C bond length (UHF/6-31G*) in the transition structure against
reaction enthalpy AH, (QCISD/6-311G**) for the addition of CH3 (()), CH,OH® (W),
CH,CN® (A), and C(CH3);3 (X) to a range of substituted alkenes CH,=CHY, with Y = F, H,
NH,, Cl, CHO, and CN. The solid regression line for #-butyl radical addition is given by
r=2.03-1.92-10"2AH, (R* = 0.975); the solid regression line for the addition of the
remaining three radicals is given by r=2.03 —2.21-1073AH, (R*> = 0.953). [CHj,
CH,OH® and CH,CN® data taken from Ref. 40; C(CH3)3 data taken from Ref. 41.]
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so far.'3%* It is immediately clear that there is a linear correlation, even if we
consider all the data points in a single set. The regression coefficient for the overall
data set is reasonable (R*> = 0.869), but better regressions are obtained when treating
the C(CH5)3 data individually.*' We now observe two very good regression lines,
with the terr-butyl line below that of the other studied radicals. This can be explained
by the fact that the contribution from the charge transfer configurations is largest
here, which leads to some additional stabilization of the transition structure (the
electrostatic attraction pulls the two fragments closer together).*! Furthermore, it
may seem surprising that the CH,CN® data lie on the same line as those of the
CH3 and CH,OH" radicals, whereas there was clearly no linear relationship between
the barrier and the enthalpy for these additions (see Fig. 1.20).

As an explanation for this observation, it has been proposed that mixing of charge
transfer configurations has an insignificant effect on the position of the barrier, but a
large effect on its height; only in cases of very strong polar effects, such as seen in
the C(CH3)3 reactions, deviations will start to occur.*! Arnaud et al.”> studied the
addition of methyl radical to a wider range of substituted ethylenes (including capto-
dative alkenes) at the B3-LYP/6-311G** level of theory and found a very similar
relationship, r = 1.981 — 0.0033 AH,; (R2 = 0.984), which further strengthens the
general arguments presented by Radom and co-workers.

To summarize this part on barrier formation in radical addition reactions, we can
clearly identify the following important factors which play a role in barrier
formation:'”

e Reaction Exothermicity. The larger the exothermicity, the lower the barrier.

o The Singlet-Triplet Energy Gap, G, of the Alkene. The smaller G, the lower
the barrier. The size of G and the reaction exothermicity are closely related, as
shown before; the smaller G, the larger the exothermicity. Together, they lead
to Bell-Evans—Polanyi-type behavior [Eq. (1.1)], and are incorporated in the
term (50 + 0.22 AH,) of the Fischer-Radom model [Eq. (1.4)]. Furthermore, the
overall exothermicity effects determine the position of the transition state;
the larger the reaction exothermicity, the larger the length of the forming C—C
bond in the transition state.

e Polar Effects. these effects are operative when [I(R) — EA(A)] or [I(A)—
FEA(R)] <9-9.5¢eV (or 7-8eV when including experimental data), and will
lower the barrier further than that given by the Bell-Evans—Polanyi relation-
ship. They are incorporated via the terms F,, and F, in the Fischer—Radom
model [Eq. (1.4)].

1.6.1.3 Frequency Factors In the previous section, the factors controlling barrier
formation in radical addition reactions were discussed, without any discussion of the
factors controlling the frequency factors for addition reactions. Since the barriers
(and hence the activation energies) can vary widely, they are in general the most
important factors determining the overall order of magnitude of the propagation rate
coefficient ki,
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Variations in frequency factors (for long-chain propagation) are in general
smaller, and from transition state theory arguments it can be concluded that they
are confined to a region of about 10°-10” dm® mol™' s™'. (Note: For a given
frequency factor, a range of activation energies from 10-35kJ/mol represents a
range of k, values over four orders of magnitude.) This has led most workers in
the field of small-radical additions to focus on the activation energies and pay less
attention to frequency factors; for example, Fischer and Radom lump all primary
radical additions together as having a log[A/(dm® mol ' s~")] = 8.5 and all tertiary
radical additions with log[A/(dm’ mol~' s~")] = 7.5.%° Considering the very small
variations in transition state structures, this is indeed justified, however, many smal-
ler effects (of interest to the polymer chemist) are overlooked in lumping the
frequency factors. In what follows we will discuss some of these aspects in detail.

We have seen in the section on transition state theory that the frequency factor A
is determined by the ratio of molecular partition functions of the transition state and
the reactants, and for simplicity we will equate A to the preexponential factor in
Eq. (1.7) [which means that we also equate the activation energy to the critical
energy; see Eqgs. (1.7), (1.12), and (1.13)]

_keT of

A ——m——— 1.42
h Qradical Qmonomer ( )

It was shown that the ratio of partition functions is governed by masses (Qyans) and
overall geometries (Q,,) of the reactants and transition state, and by the internal
vibrations and rotations (Q;,.). The latter contribution to A [Eq. (1.42)] was shown
to be dependent largely on the transitional modes, and since this is the only “non-
straightforward” contribution in Eq. (1.42), let us now look at the transitional modes
for propagation in more detail. In Fig. 1.22, the six transitional modes for the addi-
tion of ethyl radical to ethylene, namely, a model for the propagation step in ethylene
polymerization, and their respective UHF/6-31G* harmonic frequencies are
shown.*’

The first transitional mode (v ) is the motion along the reaction coordinate and its
imaginary frequency, which does not enter Q;,, reflects the magnitude of a C—C
bond stretch in a normal molecule. The lowest real frequency transitional mode
(vy) is the rotation of the monomer molecule about the axis through the two carbons
that are forming a bond, and arises from the loss of one of the external rotations of
the free ethylene molecule. This motion has been identified as the lowest real transi-
tional mode in all published studies on radical additions to date (although it is still a
limited number, i.e., the propagation reactions of ethylene,'>* acrolein,*® acrylo-
nitrile,”? methacrylonitrile,72 and the addition of ethylbenzene radical to ethylene).3 4
Hence it is conceivable that this mode is in general the lowest transitional mode. As
such, we should consider this motion in some more detail, as it will also be important
for discussions later in this chapter.

‘We have seen in the section on transition state theory that rotational motions have
a very different potential energy profile on displacement as compared to a harmonic
oscillator, and hence should be treated as internal rotations (see Fig. 1.6).” Especially
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Figure 1.22 Schematic representation of the six transitional modes in the transition state
for the addition of an ethyl radical to ethylene, and their respective harmonic frequencies
(UHF/6-31G*)."

the low-frequency transitional modes, corresponding to rotational motions, and with
harmonic frequencies lower than ~200cm ™" (i.e., the thermal energy at room tem-
perature) should not be treated as harmonic oscillators.' This means that we should
not use the vibrational partition functions, but rather the hindered rotor partition
functions; this latter approach requires us to calculate the rotational potentials,
and studies thus far indicate that the results obtained at the HF/6-31G* level of the-
ory (even within the transition state) are satisfactory,>'*>*’ but that semi-empirical
methods lead to erroneous potentials.>>’> The studies reported so far in the literature
all indicate that the frequency factors calculated by treating the low-frequency tor-
sional motions as hindered rotors are a factor of ~2-6 higher than those obtained by
treating all motions as harmonic oscillators.®'**3%72 The studies on ethylene poly-
merization suggest that this difference becomes smaller with increasing chain length
of the radical,®' and those on the addition of the ethylbenzene radical to ethylene that
the difference becomes smaller at lower temperatures.® The latter result is easily
explained by the fact that at lower temperatures the thermal energy is too low to
“escape out of the well” (see Fig. 1.6) and that the experienced potential energy
surface is very close to that of a harmonic oscillator.

The fact that the lowest real transitional mode is a rotation about the forming
C—C bond is very important, as it explains certain experimental observations.
Increasing the hindrance to this rotation via the introduction of substituents on the
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a carbon will increase the barrier to rotation and hence will lead to a reduction in the
partition function associated with this mode. However, introduction of the same sub-
stituents in the monomer will increase the moment of inertia of the rotation and
hence increase the partition function. The overall effect on the partition function
will be determined by the relative magnitudes of these two effects. However, in gen-
eral it is expected that the effect of increasing the rotational barrier is greater than
that of the increased moment of inertia, and hence a decrease in the partition func-
tion is expected, as illustrated for the propagation reactions in methacrylonitrile and
acrylonitrile.”?

The second lowest real transitional mode, i.e., a bending mode of the two frag-
ments (v3 = 178 cm™!) also seems to arise from the loss of external rotations of the
reactants.*’” Again, it seems that this mode is also very general, as both the metha-
crylonitrile/acrylonitrile propagation’” and the ethylbenzene addition to ethylene®*
studies report similar motions with low frequencies. Introduction of large substitu-
ents at the o position is likely to increase the steepness of the potential energy well
and therefore reduce the contribution of this motion to the partition function (and
hence the frequency factor).

The remaining three transitional modes are also likely to be general, but are more
complicated in additions of substituted radicals with substituted ethylenes. However,
the effect of larger substituents is likely to be smaller on these motions as the lower
ones do not directly involve the o substituents in the radical and are also relatively
high in frequency [the contribution to A from higher frequency modes is relatively
small; see Egs. (1.21) and (1.28)].

In the light of the preceding observations and the theory outlined in the section on
transition state theory, let us now summarize how different substituents in monomer
and radical will individually affect the magnitude of the frequency factors:

o Largersubstituents = monomermass| = Qyans. monomer| [EG- (1.25)] = A]
[Eq. (1.42)]

o Larger substituents = monomer size] = QOror, monomer| [Eq. (1.27)] = A|
[Eq. (1.42)]

e Larger substituents = moment of inertia in internal rotations and vibra-
tions] = Qi [Eq. (1.30)] = A7 [Eq. (1.42)]

e Larger substituents = hindrance transitional modes 7= O, | [Eq. (1.30)] = A|
[Eq. (1.42)]

e The overall effect depends on the relative magnitudes of the abovementioned
effects, but initial theoretical and experimental results suggest replacement of
H by CHj; in o position = A| (see below)

1.6.1.4 Chain-Length Dependence of k, So far, we have considered only
small-radical additions to substituted ethylenes, mainly because calculations on
large-radical systems are currently not feasible. A skeptical polymer chemist may
say that these additions are not relevant to polymer chemistry as the chain lengths are
much larger and to some extend this polymer chemist is correct. Indeed, the small
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radical system may not reflect the total physical picture, but it is still a very adequate
model for polymer propagation if we apply some “tricks’’ to introduce the polymer
chain.

With respect to the reaction barrier, we are in the fortunate situation that the poly-
mer chain is only to a small extend directly involved in the reaction, and that the
largest electronic effects determining the reaction barrier are caused by the monomer
and the substituents in the direct vicinity of the reaction site. This is not to say that
the substituents further away from the radical site do not affect the barrier (as we will
see later), but they are of minor importance as compared to the o substituent effects.
Hence to a first approximation, trends in barriers observed for small-radical
additions should be semi-quantitatively applicable to propagation barriers.*

The effect of chain length on the frequency factor is of a mechanical nature—it
influences the effects of mass and size. To incorporate these effects, we just “added”
a high mass to the end of the radical, which should mimic the effect of the mass of
the polymer chain on the moments of inertia for torsional and vibrational motions
(the higher mass of the chain will increase both Q.;, and QO o013 1t was found
that this procedure yields adequate results when the radical is of a dimeric or larger
nature, as effects of the penultimate unit in the radical on the hindrances of certain
internal motions in the radical and the transition state, and in particular some of the
transitional modes, cannot be taken into account when considering only a mono-
meric radical.*' Models for polymeric radicals used by Gilbert and co-workers
are schematically shown in Fig. 1.23.

This approach was tested for the propagation reaction in ethylene, where a range
of alkyl and their corresponding (high-mass model) polymeric radical additions to
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Figure 1.23 Schematic representation of the small-radical models used in transition state
theory calculations of long-chain propagation reactions. The @ hydrogen atom is replaced by a
high mass to mimic the mechanical effects of the polymeric chain.
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ethylene was studied.>' A decrease by a factor of 3 in frequency factor is observed
when increasing the alkyl radical from ethyl (1.7 x 10* dm® mol ' s ') to heptyl
(5.0 x 10" dm® mol ' s™') radical, and the polymeric frequency factor converges
(at a dimeric “polymer” radical) toward a value in the range of (1.0-2.2) x
107 dm® mol™" s™!, which is within the experimental uncertainty: 0.9 x 10’ < A <
1.9 x 107 dm> mol ' s71.7¢ These results, based on mechanical arguments within the
framework of transition state theory,’’*> thus support the idea that the rate
coefficient for propagation is chain-length-dependent and that the propagation rate
coefficient of the first step (kl],) is significantly larger than that for the propagation of
polymeric radicals (k, : k;) ~ 10 x kp).77_79

1.6.1.5 Steric Effects on the Propagation Rate Coefficient 1In Fig. 1.24, the two
most important low-frequency modes (<200cm™') in the transition state of the
propagation reaction are shown. The first, t;, corresponds to a rotation of the
monomer about the forming C—C bond, while 1, corresponds to a simultaneous
bending of the two angles associated with the forming C—C bond. These modes
were found to be important in all systems studied theoretically to date.

We have already seen that a different conformation of the transition state can lead
to a different energy and hence a different barrier. From the discussion on frequency
factors so far, we can now also conclude that different conformations could have
different hindrances of the internal modes, and hence will lead to different frequency
factors. It is therefore clear that syndiotactic and isotactic addition reactions may
have significantly different activation energies and frequency factors. A clear exam-
ple of the former is shown in the work by Huang et al.,”* who studied the propagation
reactions of methacrylonitrile and acrylonitrile. In the case of methacrylonitrile the
activation energies were found to be about 32.5 and 43.0 kJ/mol for the syndiotactic
and isotactic additions, respectively (B3-LYP/6-31G*, QCISD/6-31G*). For acrylo-
nitrile values of 26.9 and 33.2 kJ/mol (B3-LYP/6-31G*), and 38.3 and 44.7 kJ/mol
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Figure 1.24 Schematic representation of the transition state for the propagation reaction in
the free-radical polymerization of ethylene and its two most important low-frequency modes:
the transitional modes t; and 7,.
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(QCISD/6-31G*) for the syndiotactic and isotactic additions, respectively were
found. The results for both monomers indicate that the syndiotactic addition is
favored over the isotactic addition by about 10kJ/mol for methacrylonitrile and
about 6 kJ/mol for acrylonitrile (note that these differences can affect the rate coeffi-
cients by factors of about 40 and 10, respectively, assuming an unchanged frequency
factor).

A study of the effect on the frequency factor by the tacticity of the transition
structure has been reported by Heuts et al.,>> who found that the isotactic addition
in acrolein polymerization had a frequency factor (Ajstactic = 4.6 X 10° dm?® mol~'s™ !,
HF/3-21G) about 35% higher than that of the syndiotactic addition (Agndiotactic =
3.4 x 10° dm> mol sfl, HF/3-21G). It is conceivable that this effect will be smaller
for the propagation reaction of 1,1-disubstituted monomers (with substituents of
similar sizes), and larger for monosubstituted monomers with a large substituent
(or even 1,1-disubstituted monomers with one small and one very large substituent).
Combining this with the discussion above for methacrylonitrile72 (Asyndiotactic =
2.2 x 10° dm® mol™' s~!, HF/6-31G*) and acrylonitrile” (Agndiotactic = 6.8 X
10%dm® mol ' s 1, HF/6-31G*) it is indeed conceivable that the &, for syndiotactic
addition in these systems is a factor of 10—40 higher than that for isotactic addition.

These theoretical studies are in line with the experimental observation that the
propagating methyl methacrylate radical prefers syndiotactic over isotactic addition.
Another example in the literature that could be explained with the theoretical model
is the difference found between the k,, values of cis- and trans-4-tert-butylcyclohexyl
methacrylate (BCHMA),* as the ky, value for trans-BCHMA is higher than that
for the cis isomer. In a study on the polymerization behavior of cis- and trans-2-
cyclohexyl-1,3-dioxanyl methacrylate (CHDMA),®' however, only small differ-
ences in k; values were found whereas larger differences in the termination rate
were found.

Let us now explicitly look at the effect of an o substituent in the monomer, start-
ing our discussion with some of the experimental results shown in Table 1.7. First, it
is clear that the introduction of an o-methyl group in butyl acrylate®” (resulting in
butyl methacrylate)®® reduces the frequency factor by a factor of ~35, whereas an
increase in activation energy is observed of ~5kJ/mol. A further increase of the
size of the second o substituent (resulting in dimethyl itaconate)®* results in an addi-
tional 20-fold decrease in frequency factor and a small increase in activation energy
of about 2 kJ/mol. Moving on to the styrenic monomers, we see that the frequency
factor of styrene® is within the same order of magnitude as butyl acrylate (about 2
times higher) with a much higher activation energy; the latter is clearly caused by
different electronic substituent effects. The introduction of an o-methyl group,
resulting in o-methyl styrene,*® decreases the frequency factor by an order of mag-
nitude and increases the activation energy by about 4 kJ/mol (it should be noted that
the values reported for a-methyl styrene could not be established with great cer-
tainty, but it is expected that the reported values are indeed good estimates).*® We
can also compare the Arrhenius parameters of butyl acrylate further with those of
vinyl acetate®” and we observe a very similar frequency factor and a slightly higher
activation energy (3kJ/mol), again conceivably due to a different electronic
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TABLE 1.7 Comparison of Arrhenius Parameters of Some Typical Vinyl Monomers
Obtained by Pulsed Laser Polymerization

Monomer A (dm® mol ™' 571 E,. (kI/mol) Ref.
:§=o
o____ 1.8 x 107 17.4 82

Butyl acrylate

o 3.8 x 10° 22.9 83
o
Butyl methacrylate
O
O/
(0} 2.2 x 10° 24.9 84

0)
\

Dimethyl Itaconate

b 43 % 107 325 85

Styrene

1.5 x 109 36.7 86
a-Methyl Styrene
=
6]
o= 1.5 x 107 20.4 87
Vinyl Acetate
CN 2.7 x 10° 29.7 88

Methacrylonitrile

substituent effect. Finally, we can compare the Arrhenius parameters of butyl metha-
crylate with those of methacrylonitrile.®® Again, we observe very similar frequency
factors and a different activation energy due to different electronic substituent
effects.

To summarize the experimental observations, we can say that the results suggest
that (1) the introduction of an o-methyl group results in a 5-10-fold decrease in
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the frequency factor and possibly in an increase of the activation energy by about
5kJ/mol, (2) increasing the size of the second o substituent causes a further decrease
in frequency factor, and (3) monomers with similar size substituents have similar
frequency factors.

If we now compare these experimental observations with what is expected from
theory, we can say that indeed we expect the observed trends for the frequency fac-
tors; the situation for the activation energies is not as obvious at this moment, but the
satisfactory agreement between the activation energies of small-radical additions
with corresponding polymerization reactions as reported by Fischer and Radom
(E, for propagation is generally about 2 kJ/mol higher than that for corresponding
small-radical addition) suggests that the Fischer—-Radom model also has predictive
value for polymerization reactions.*”

The only study to the author’s knowledge that explicitly discusses the effect of the
introduction of an a-methyl group on the Arrhenius parameters of propagation is the
study by Huang et al.,”* and their results show a ~ 3-fold reduction of the frequency
factor in going from acrylonitrile (for which no experimental Arrhenius parameters
are available) to methacrylonitrile. As outlined before, the effect of the a-methyl
group is operative in several different contributions to the frequency factor, but
the authors conclude that the main reduction is caused by the difference in O, of
the monomers; in the studied system, the effect of greater hindrances decreasing Qi:rlt
is almost completely canceled by the effect of the greater moments of inertia increas-
ing Q;, The authors also tried to explain the difference in activation energy of the
two monomers, but this result is a bit ambiguous, because it is not clear from their
study whether the activation energy for acrylonitrile is larger or smaller than that for
methacrylonitrile. At the B3-LYP/6-31G* level of theory it is smaller by about 6 kJ/
mol, which seems to be in accordance with what is observed experimentally for the
(meth)acrylates and (o-methyl)styrene (see Table 1.7). However, the QCISD/6-
31G* result is exactly the opposite; it is higher by about 6 kJ/mol. Both procedures
were shown to correlate well with higher levels of theory, so it is not a priori clear
which result is more appropriate.*>** However, in the most recent studies by Radom
and co-workers, a clear preference for B3-LYP as a cost-effective alternative level of
theory seems to appear as for the addition of methyl radical to a wide range of sub-
stituted ethylenes the B3-LYP/6-31G* procedure yields results in very good agree-
ment with those obtained by the expensive and generally recommended CBS-RAD
procedure.*** In the light of this, the B3-LYP result, namely, the activation energy
for acrylonitrile, is about 6 kJ/mol lower, is probably more likely. An analysis by the
authors of the factors that possibly cause the difference in activation energies for the
acrylonitrile and methacrylonitrile systems leads to the conclusion that this differ-
ence is caused mainly by differences in steric effects, comprised of angle strain and
nonbonded interactions, and loss of electron delocalization in the transition state.”?

In summary, observed experimental trends in homopolymerization reactions are
well explained within the theoretical framework outline above.

1.6.1.6 Effect of Deuteration A small effect that can also be explained with our
current theoretical understanding of propagation is the rate-enhancing effect
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observed with deuterated monomers (excluding effects on the termination reaction,
which may also be important).*!> Perdeuteration will have a significant effect on
the frequency factor because of changes in the moments of inertia of the external
rotation of monomer (Eq. (1.26)] and in the internal rotations and vibrations
[Eq. (1.30)]. Since the hydrogen atoms are not involved in the reaction coordinate to
any significant extent, there will be no primary isotope effect, and perdeuteration
will conceivably affect only the frequency factor.?'-** This effect has been modeled
for the propagation reactions of ethylene/deuterated ethylene (A increases by
~16%)" and methyl methacrylate/deuterated methyl methacrylate (A increases by
~22%), both comparing favorably with experimental rate enhancements found in
the styrene/deuterated styrene (28%)% and methyl methacrylate/deuterated methyl
methacrylate (28%)90 systems.

1.6.1.7 Homologous Series The theory outlined above also rationalizes the
Arrhenius parameters for propagation in a homologous series of monomers. Of the
available experimental data, those of the methacrylates and substituted styrenes
are probably the most reliable. In the methacrylate series, the values of k;, seem to
generally increase with increasing size of the ester group, but the data do not allow
for an unambiguous conclusion whether this effect is mainly on the frequency factor
or the activation energy.”’ Either way, an effect on either parameter is likely to be
relatively small as the effect on activation energy should decrease with increasing
distance from the radical site (both from an electronic and steric point of view), and
possible hindrances of the transitional modes and an increase in Quonomer are
counteracted by the increased moments of inertia for these modes.” Overall, this
leads to a relatively narrow range of Arrhenius parameters for the methacrylates;
taking all data into account, with substituents R (see Scheme 1.7), including
susbtituents such as methyl, dodecyl, isobornyl, benzyl, and cyclohexyl groups, the
following ranges of Arrhenius parameters are obtained: A = (2-6) x 10° dm’®
mol ™' s7! and E...=?20.5-23.5 kJ/mol.”! A similar situation exists for the
parasubstituted styrenes, in which a slightly larger electronic effect exists; for
substituents X including methoxy, methyl, fluorine, chlorine, and bromine groups,
the Arrhenius parameters lie in the following range: A = (3-9) x 10’ dm® mol ' s~
and E,., = 31-35kJ/mol.”!

1.6.1.8 Penultimate Unit Effects in Copolymerization One of the most
important areas in free-radical polymerization in which the use of theoretical

chemistry has been very beneficial is the copolymerization of monomers M; and M;,
where it has yielded direct information on the existence and nature of the
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Scheme 1.7
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penultimate unit effect;*”**~’! this information has not been unambiguously and

directly accessible by experiment thus far.”>

It has been known since about 1980 that the failure of the terminal model for
free-radical copolymerization (Scheme 1.8) is due largely to neglect of the penulti-
mate unit effect on the propagation rate coefficient.”>** The penultimate model
takes the penultimate unit explicitly into account when considering the individual
propagation reaction (Scheme 1.9).

Within the terminal model, both the copolymer composition and average propa-
gation rate coefficient expressions require knowledge of the homopropagation rate
coefficients k;; and k; and the two monomer reactivity ratios r; and 7; (see Scheme
1.8).*°* The penultimate model requires the homopropagation rate coefficients
(ki;; and k;;) and the four monomer reactivity ratios (r, r/, r]’ , and r]’.) for the descrip-
tion of the copolymer composition and additionally the two radical reactivity ratios
(s; and s)) for the description of the average propagation rate coefficient (see also
Chapter 6).”>** Experimentally all these parameters are only accessible by fitting
experimental data to model expressions and because so many uncertainties are
involved, the physical meaning of the obtained parameters is often limited.”> This
difficulty has not facilitated the task of exploring the existence and possible causes of
the penultimate unit effect. As possible causes of a penultimate unit effect factors as
radical stabilization, steric and polar effects have been suggested,”*** but no direct
experimental proof has been available for a long time, and this is where theoretical
chemistry stepped in.

Let us first consider possible steric penultimate unit effects.*'*>%" It is clear from
the theory outlined above regarding the frequency factors for propagation that the
partition functions of the internal motions in the transition state are highly dependent
on the steric hindrances and conformation around the reaction site (see also
Fig. 1.24). It is clear that if we change the penultimate unit in the radical, we will
automatically change the hindrances of the internal motions and the conformation
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around the reaction site, and since all these (probably small) effects enter the overall
molecular partition function in a multiplicative way [see Egs. (1.22) and (1.30)],
changes in frequency factor by a factor of 2-3 are conceivable. Hence in general
it is conceivable that the following inequality is valid:®’

Ajik 75 Ajik with k=iorj (143)

It is clear that the closer M; and M; are in shape and size, the closer A is to Aj,
but that if they are very different in size and shape, that A;; and Aj; will be very
dissimilar. If we apply this to the penultimate reactivity ratios, we can make a
few predictions. Suppose that M; and M; are similar in size and shape; then the effect
of a different penultimate unit may cancel in the expressions of the frequency factors of
the monomer reactivity ratios, as the radical in both numerator and denominator of
the expression is affected to the same (small) extent:®’

’ =

A _Ai
o o A— (1.44)

iij

When we compare this to the situation of the radical reactivity ratios, then the
radicals in the numerator and denominator are not affected to the same extent:®’

Ajii
—#1 1.45
oa (1.45)

Hence, if small steric penultimate unit effects are present, it is conceivable that these
are most prominently present in the radical reactivity ratios rather than the monomer
reactivity ratios.®’ Let us now suppose that one of the monomers, say, M; is much
larger than M;. We will now be able to see a marked effect on both the radical and the
monomer reactivity ratios. A penultimate unit M; will now reduce the steric
hindrance and strain as compared to a M; penultlmate unit, and the overall effect
on the frequency factor is likely to be largest when the terminal unit and/or the
monomer are M;. The overall effect on the monomer reactivity ratios (at least their
frequency factors) is now given by®’

Ajii > Ajii Ajii Ay

’ }:>’> (r! > rl) (1.46)
Ajij > Aij Ajij - Ai
Ay < Ay Ay Ay

v } ST (> ) (1.47)
Aji L Ajji Ajjii  Aji :

‘We cannot directly compare this prediction with experimental data, but it is interest-
ing to note that for the system styrene/acrylonitrile (where it is conceivable that
strong polar effects also play a role) this behavior of the monomer reactivity ratios
is indeed observed.”>™° If we now turn our attention to the radical reactivity ratios,
it is clear that the effect of a changing penultimate unit is most prominent in the
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most congested system, that is, the system with both terminal unit and monomer
bei 67
eing M;:

S

Ajii
Ajii

>1(~s) and L <1 (~vs) (1.48)
Ajjj

Because of the problems associated with the determination of radical reactivity
ratios,”” this prediction is difficult to test. However, a experimental study on the
copolymerization of styrene with the highly hindered dimethyl itaconate indeed
suggests the relief of hindrances and steric strain on the propagation rate coefficient
of dimethyl itaconate radical when styrene is the penultimate unit.'®

It is clear that penultimate unit effects are likely to contain an entropic contribu-
tion. Furthermore, as Coote et al. have clearly shown, the penultimate unit effect is
also likely to contain a significant enthalpic contribution.®*~”! These workers studied
the y-substituent effect in the addition of o, y-substituted propyl radicals to substi-
tuted ethylenes, which is the smallest possible model for the study of a penultimate
unit effect.

First, the addition reaction of 3-X-propyl radicals to monosubstituted ethylenes
(all in extended conformations and anti-addition) was studied:®

X—CH,CH,CH; + CH,=CHY — XCH,CH,CH,CH,CHY"* (1.49)

In Table 1.8, the calculated reaction barriers are shown for several different
substituents, and it is immediately clear from these data that the penultimate unit
can affect the barrier and that the magnitude of this effect depends on both the y
substituent and the alkene. For the alkenes ethylene and fluoroethylene we do not
observe any significant penultimate unit effects on the barriers, whereas the other

TABLE 1.8 Calculated Radical Stabilization Energies and Reaction Barriers at 0 K
for Addition of 3-X-Propyl (XCH,CH,CH3) Radicals to Substituted Ethylenes
(CH,=CHY)

Barrier” (kJ/mol)

RSE“
X (kJ/mol) Y=H Y=F Y = NH, Y = CHO Y =CN
H 0.00 30.3 30.8 25.7 17.8 14.6
NH, 1.00 29.9 30.6 25.0 18.6 15.1
F 0.25 30.0 30.6 23.1 20.0 16.8
CN —1.54 29.6 30.2 21.1 20.7 17.8

“Calculated as the energy change in Eq. (1.50): RMP2/6-311 + G(3df,2p)//B3-LYP/6-31G* + ZPVE
(scaled B3-LYP/6-31G*).
b Estimated at QCISD(T)/6-311G**//HF/6-31G* + ZPVE (scaled B3-LYP/6-31G*).

Source: All data taken from Ref. 69.
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three alkenes clearly show the presence of penultimate unit effects. In order to ratio-
nalize these observations, these workers investigated whether radical stabilization
effects could possibly be a cause. Radical stabilization energies of the studied
radicals are also listed in Table 1.8, and are calculated as the energy change of
the reaction:®

X—CH,CH,CH} + CH3CH,CH; — X—CH,CH,CH; -+ CH;CH,CH;  (1.50)

We can see from Table 1.8 that both the NH, and F v substituents have a stabilizing
effect and that the CN 7 substituent has a destabilizing effect on the radical. How-
ever, none of these effects is particularly large, and hence are not expected to play a
significant role in the penultimate unit effect on the reaction barrier.’

In order to investigate whether polar effects possibly play a role, the curve-crossing
approach outlined before was chosen by Coote et al.,*” and adiabatic electron affi-
nities and vertical ionization potentials were determined for all the radicals and
monomers in this study (see Table 1.9).

From Table 1.9 it can be seen that both CH,=CHCHO and CH,=CHCN have a
relatively high electron affinity, and polar effects might be expected for reactions
with radicals with a relatively low ionization potential. Monomer CH,=CHNH,
has a relatively low ionization potential, and hence polar effects are expected in
reactions with radicals with a relatively high electron affinity. In Table 1.10, the
low-lying charge transfer states (i.e., I — EA <9-9.5¢eV) are shown, and it is imme-
diately clear from the data that the additions to CH,=CHNH,, CH,=CHCHO, and
CH,=CHCN all have polar contributions to the transition state energy. If we now
return to barriers listed in Table 1.8, we can see that all the reactions showing
significant penultimate unit effects in the barrier also have large polar contributions.
Hence we may conclude that polar effects contribute to the penultimate unit effect
and that any radical stabilization effects are negligible in these systems.®

In order to investigate the y-substituent effect in electronically more compli-
cated and interesting systems (so far, we only looked at y-substituent effects of a

TABLE 1.9 Calculated Vertical Ionization Energies (I) and Adiabatic Electron
Affinities (EA) for a Range of 3-X-Propyl (XCH,CH,CH3) Radicals and Substituted
Ethylenes (CH,=CHY)“

XCH2CH2CH2. CHZICHY
X, Y EA (eV) I (eV) EA (eV) I (eV)
H 0.01 8.40 —1.86 10.58
NH, 0.26 8.14 -1.92 8.18
F 0.40 8.68 —1.62 10.37
CN 0.68 9.06 -0.23 10.98
CHO — — 0.03 10.21

“Calculated at the G2(MP2) level of theory. Data taken from Ref. 69.
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TABLE 1.10 Nature and Energy Level (eV) of Relevant Charge Transfer States in
Addition of 3-X-Propyl (XCH,CH,CH3) Radicals to Substituted Ethylenes
(CH,=CHY)"

X Y=H Y=F Y = NH, Y = CHO Y =CN

H — — D AT =8.17 D'A™ =837 DA™ = 8.63

NH, — — D AT =792 DtA™ =8.11 DtA™ =8.37

F — — D A" =778 D'A™ = 8.65 D'A™ =891

CN — — DAY =750 DA™ =9.03 DA™ =929
D AT =953

“Calculated from data in Table 1.9.

propagating propyl radical), Coote et al. introduced o substituents in the y-substi-
tuted propyl radicals and studied their additions to ethylene (additional substitution
in ethylene would have made the calculations unfeasible at the time of study).”

X—CH,CH,CHZ* + CH,=CH, — X—CH,CH,CHZCH,CH; (1.51)

For these reactions, all calculated in fully extended conformations and anti addition,
reaction barriers were calculated and the effect of radical stabilization [now defined
as the energy change of the reaction shown in Eq. (1.52)] and polar contributions to
the transition state were investigated. The results of this study are summarized in
Table 1.11.7°

X—CH,CH,CHZ* + CH3CH,CH; — X—CH,CH,CH; + CH3;CH,CHZ® (1.52)

TABLE 1.11 Calculated Reaction Barriers, Radical Stabilization Energies, and
Relevant Charge Transfer States in Addition of 1-Z,3-X-propyl (XCH,CH,CHZ"®)
Radicals to Ethylene

Z=H Z=F Z=CN
X Ey* RSE’ CT¢ Ey® RSE? CT¢ Ey RSE®  CT*“
H 303 000 — 26.3 0.00 — 370 0.00 92
F 300 025 — 256 -253 — 370 —447 838

CN 296 -154 — 254 —450 — 345 —921 8.5

“Barrier at 0 K in kJ/mol, estimated at QCISD(T)/6-311G**//HF/6-31G* + ZPVE (scaled B3-LYP/6-
31G*).

bRadical stabilization energy (kJ/mol), calculated as the energy change in Eq. (1.52): RMP2/6-311+
G(3df,2p)//B3-LYP/6-31G* + ZPVE (scaled B3-LYP/6-31G*).

“Relative energy level of relevant charge transfer state (eV).

4 All charge transfer states are D”A™ states.

Source: All data taken from Ref. 70.
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As before, the addition reactions of y-substituted propyl radicals to ethylene do not
show any significant penultimate unit effect on the barrier, even though some
(de)stabilization effects in the radicals are present. A similar picture is also found
for the addition of y-substituted 1-F-propyl radicals to ethylene, where even larger
(de)stabilization effects are observed. The only relatively large penultimate unit
effect (—2.5 kJ/mol) that is observed is for the reaction between the 1,3-dicyanopro-
pyl radical and ethylene, which also has a large radical (de)stabilization energy
(—9.2kJ/mol). Hence, only ~27% of the penultimate unit effect in radical stabiliza-
tion seems to be carried over to the reaction barrier.”” However, this reaction also has
a large contribution from polar effects as evidenced by the low-lying DA™ state,
and hence we cannot unambiguously assign the penultimate unit effect on the barrier
to the radical stabilization effect. It is interesting to note that although polar effects
should also be operative in the addition of 3F,1CN-propyl radical (with a radical sta-
bilization energy of —4.5 kJ/mol, which is similar to that of 3CN,1F-propyl radical),
no penultimate unit effects in the barrier are observed.

Finally, Coote et al. studied the effect of reactant and transition state conforma-
tion on the penultimate unit effect for several y-substituted propyl radicals to mono-
substituted ethylenes.”' They found that the penultimate unit effect on the barrier is
highly dependent on the conformations of reactant and transition state. For the addi-
tion of a 3F-propyl radical to CH,=CHF they find a range of penultimate unit effects
from —3.6 to +2.9 kJ/mol, for the addition of 3CN-propyl to CH,=CHCN a range
from —2.1 to +5.8 kJ/mol and for the addition of 3CN-propyl to CH,=CHNH, a
range from —8.8 to —1.6kJ/mol.”" The results are explained by the fact that inter-
actions occur between the 7y substituent in the radical, the unpaired electron, and the
monomer.”" The interactions can be so strong that they can counteract the effects
expected from charge transfer states based on the reactants. Furthermore, it is clear
that these different conformations will all have different frequency factors, and that
the overall rate coefficient will be a weighted average of all the rate coefficients of
each individual pathway.”' At present it is unclear what the overall effect on the rate
coefficient will be. However, it is beyond doubt that penultimate unit effects are
caused by a wide range of causes, including steric effects in the frequency factor,®’
polar effects in the barrier,‘sg_71 intramolecular interactions in the transition
state,67’71 and possibly radical stabilization effects.”® Furthermore, models based
on just a single effect cannot provide an adequate representation of the physical
chemistry in free-radical copolymerization.®®~"!

1.6.2 Atom Abstraction and Chain Transfer

1.6.2.1 General Aspects Most theoretical studies on radical abstraction reactions
have focused on small radicals, such as hydroxyl radicals and small saturated
species, often containing fluorine atoms. In general, the relevance of these studies to
free-radical polymerization is limited, and for this reason the discussion of atom
abstraction reactions will be much shorter than that of the radical additions, and we
will focus on only two studies reported in the literature, i.e., chain transfer to

monomer®>®® and backbiting in the free-radical polymerization of ethylene.'®'
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Furthermore, we will discuss the broader impact of these limited studies on our
understanding of chain transfer in free-radical polymerization.

Let us start with some general aspects of the theoretical procedures involved in
these studies. In principle we can calculate the rate coefficient for a hydrogen trans-
fer reaction using conventional transition state theory, but we have to correct for a
process called quantum-mechanical tunneling,®'**~'%* which is important when the
reaction involves the transfer of light atoms. Tunneling allows the hydrogen atom to
some extent to be transferred through the barrier rather than over it, and hence
increases the rate coefficient. Many studies have and are still dealing with an accu-
rate description of this effect, but considering the complexity of this problem, which
is far beyond the scope of this chapter, we will consider only the simple Wigner tun-
neling correction.'® In this case we will need to multiply the rate coefficient
obtained by conventional transition state theory calculations [krsT; see Eq. (1.7)]
by a temperature-dependent correction factor k(7). The overall rate coefficient k,
is now given by'%*

k= K(T) . kTST (153)

where the Wigner tunneling correction is given by

K(T) = 1 _i (;%)2 (1.54)

In this expression V! is the imaginary frequency of the normal mode along the
reaction coordinate, which is normally left out of the expression of krgy. We will
see that the overall correction is relatively small in the studies that are discussed
in this chapter.

Assessment of levels of theory for the problems discussed in this section is lim-
ited, but we found that the following procedures, which roughly correspond to a
modified G2(MP2) level of theory,'®>'% were required for obtaining adequate
results: %%

e B3-LYP/6-31G* for geometry optimization, calculation of frequency factors,
and calculation of ZPVE

e QCISD(T)/6-311G** for the calculation of vibrationless barriers together
with a basis set correction from 6-311G** to 6-311 + G(3df,2p) at the PMP2
level of theory

1.6.2.2 Chain Transfer to Monomer in Ethylene Polymerization Chain transfer
to monomer is an important reaction in free-radical polymerization. For example, it
intrinsically limits the maximum attainable molecular weight,'"” is assumed to be
the kinetic event responsible for exit in emulsion polymerization,'®® and potentially
limits the applicability of living radical polymerization techniques for producing
narrow polydispersity polymers.'®"'? In many cases the chain transfer to monomer
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reaction is assumed to proceed via a hydrogen transfer or hydrogen abstraction
reaction between the growing radical and the monomer molecule. It is not always
clear which hydrogen atoms are abstracted and in which direction the hydrogen
transfer takes place. For example, it is often assumed that abstraction of vinylic
hydrogens, which have a very strong C—H bond, is unlikely to occur.' One
theoretical study published to date has explicitly investigated this problem for the
free-radical polymerization of ethylene using the model system of an ethyl radical
and ethylene.®® The two possible reactions are a hydrogen transfer reaction from
radical to monomer [Eq. (1.55), which is thermoneutral (reactants and products are
the same], and a hydrogen abstraction reaction from the monomer by the radical
[Eq. (1.56)]. This latter reaction involves the breaking of a strong sp> C—H bond
and the formation of a weaker sp3 C—H bond; the reaction is endothermic
(AH, = +40.1 kJ/mol calculated at a modified G2(MP2) level of theory):®®

CH;—CH} + CH,=CH, — CH,=CH, + CH;—CHj (1.55)
CH;—CH} 4 CH,=CH, —> CH;—CHj -+ CH,=CH® (1.56)

From the thermochemistry we would probably expect that the thermoneutral hydro-
gen transfer reaction is favored over the endothermic hydrogen abstraction reaction.
However, it was shown that the activation energy of the second reaction is about
50kJ/mol lower and hence the hydrogen abstraction of the vinylic hydrogen in
the monomer is the most likely pathway for chain transfer to monomer in ethylene
polymerization. This result will be discussed in more detail below. First some
general and important aspects of the transition structures for both reactions will
be discussed.

The transition states of the hydrogen transfer and hydrogen abstraction reactions
with some key geometric parameters calculated at the UHF/6-31G* level of theory
are shown in Fig. 1.25. Although there are significant differences in the conforma-
tions, the overall sizes of the transition states and the distances between the two
reactant moieties in the transition states (i.e., ~2.8 and ~2.7 A in the transfer
and abstraction transition states, respectively) are very similar.®*® This similarity
in overall geometry leads to similar overall external rotational contributions to the
frequency factor. Furthermore, the overall sizes are similar to that of propagation,
except that the chain transfer transition states are less tight (the two reactant moieties
in the propagation transition state are separated by ~2.3 A). It should also be noted
that the hydrogen transfer reaction proceeds through a symmetrical transition state,
whereas this is not the case for the hydrogen abstraction reaction. If we consider the
partial C—H bonds in the abstraction transition state (Fig. 1.25b), it is clear that the
forming C—H bond is shorter than the breaking C—H bond; that is, the transition
state is more productlike. This is in accordance with a late transition state for an
endothermic reaction.'’

The transitional modes in the two chain transfer transition states have also been
determined. Of the transitional modes, those with the lowest real frequencies are
shown in Fig. 1.26.°° As was the case in propagation, the lowest real frequency
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Figure 1.25 Transition structures for the hydrogen transfer (a) and hydrogen abstraction
(b) reactions between ethyl radical and ethylene with some key geometrical parameters
(UHF/6-31G*).*°
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transitional mode for both transition states is (roughly) a rotational mode in which
the monomer molecule rotates about an axis connecting the two carbon atoms
between which the hydrogen atom is being transferred (the partition functions for
these modes in the two chain transfer transition states are very similar). Since the
two reactant moieties have a greater separation in these transition states as compared
to the propagation transition state, these rotational modes are virtually unhindered.
This observation means that the partition functions for this rotation in the transfer
transition states are larger than that in the propagation transition state.*

Considering the other two low-frequency modes in the chain transfer transition
structures (both corresponding to external rotations in the reactants), we see again a
great similarity between the two cases. Furthermore, these modes are quite similar to
those previously seen in propagation (see Fig. 1.22).3>%°

The similarities between the transition states for the two chain transfer reactions
lead to very similar partition functions and frequency factors; the frequency factor
for the hydrogen transfer reaction is 3.2 x 108 dm® mol™' s', and that for the
hydrogen abstraction reaction is 7.6 x 10® dm® mol~' s™' (both values calculated
without tunneling corrections).®>®® These frequency factors are higher than that
for propagation because of the smaller hindrances of the transitional modes.>'*>%®
The critical energies for the hydrogen transfer reaction [Eq. (1.55)] is 128.1 kJ/mol,
and that for the hydrogen abstraction reaction [Eq. (1.56)] is 80.0kJ/mol [both
values calculated at a modified G2(MP2) level of theory]. Without tunneling correc-
tions, these critical energies lead to activation energies of 129.8 and 81.8 kJ/mol,
respectively. The effect of tunneling estimated by the Wigner tunneling correction
was found to be small. The final kinetic parameters of the two reactions are listed in
Table 1.12.°

Using the reaction between a heavy mass-substituted butyl radical (see Fig. 1.23)
and ethylene as a model for chain transfer to monomer in ethylene polymerization, a
frequency factor of 1.2 x 10® dm® mol ' s~ at 333 K is obtained.*® Similar to what
was discussed previously for propagation, we expect a chain length dependence for
ky. If we compare the theoretical results with experimental results, a reasonable
agreement is obtained. At 523 K, the calculated frequency factor is 3.8 x 10® dm’

mol ™" s7!,%° which compares favourably with the value reported by Buback and

TABLE 1.12 Calculated Kinetic Parameters for Hydrogen Transfer and
Hydrogen Abstraction Reactions between Ethyl Radical and Ethylene

Hydrogen Transfer Hydrogen Abstraction
Ey* (kJ/mol) 128.1 80
Eq* (kJ/mol) 125.7 77.6
A€ (dm® mol ' s7h 3.7 x 108 8.5 x 108
AH? (KJ/mol) 0 40.1

“Barrier at 0 K, calculated at a modified G2(MP2) level of theory.
b Activation energy at 298.15 K, with Wigner tunneling correction.
“Frequency factor at 298.15 K, with Wigner tunneling correction (HF/6-31G*).%®
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Figure 1.27 Schematic representation of the energy profiles along the reaction coordinates
for the hydrogen abstraction (full line) and hydrogen transfer (dashed line) reactions between

ethyl radical and ethylene.

co-workers, i.e., (0.4-5.2) x 10® dm® mol™' 57! (recalculated from C); data using
experimental k, data)."'" The activation energies also compare favorably at 523
K: experimental E, =74 +8 kJ/mol,''!  theoretical E, = 82kJ/mol (using

Wigner tunneling correction).*

The theoretical results clearly show that the endothermic hydrogen abstraction
from the monomer is kinetically favored over the thermoneutral hydrogen transfer
from radical to monomer (see Table 1.12 and Fig. 1.27). Although at first glance this
result is unexpected, it can be explained in a simple way using the curve-crossing
model.®®

In Egs. (1.57) and (1.58), the two reactions are represented in terms of the
involved electronic rearrangements. Comparison of these two electronic rearrange-
ments immediately shows why the hydrogen transfer reaction has a higher barrier.
The initial energy gap G for the hydrogen transfer reaction contains two contribu-
tions, namely, the singlet—triplet excitation energies of the sp° C—H bond of the

radical and of the m bond in the monomer; in other words, two bonds need to be

broken for this reaction. In the hydrogen abstraction reaction, only the sp* C—H

bond needs to be broken and G contains only the singlet—triplet energy gap of the
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sp* C—H bond. Hence, the much larger value for G in the case of the hydrogen-transfer
reaction causes the much larger barrier.®®

transfer

\CH,—CHoilH |CH,—CH%
CH;—CH,! H!!CH=CH,

!CH,—CH,! H|!CH,—CH,! (1.57)
CH;—CH,, !H!CH=CH, (1.58)

abstraction
This study clearly indicates the role that theory can play in elucidating mechanisms
which are difficult to access experimentally.

1.6.2.3 Chain Transfer Constants The discussion so far has focused on addition
and hydrogen transfer reactions between a radical and a monomer. When we now
consider the transition state theory expression for these two reactions, it is clear that
the only differences between the two expressions are the partition function and the
energy of the transition state; all reactant properties are the same. If we now consider
the transition state properties, we can see from Fig. 1.19, 1.22, 1.25, and 1.26 that
there are great similarities, including the overall geometries and the transitional
modes (see Fig. 1.28).%

The main difference between the two transition structures, however, is that the
transition state for hydrogen transfer is less tight; the transitional modes are less hin-
dered and hence lead to a greater Qimi', which in turn leads to a larger A (A for chain
transfer to monomer in ethylene polymerization ~10 x A for ethylene propagation).

Transition State of Propagation Transition State of Chain Transfer

Figure 1.28 Schematic representation of the transition states of propagation and chain
transfer to monomer in the free-radical polymerization of ethylene. The most important low-
frequency modes in both transition states are also depicted. Note the similarity of the
transitional modes in both cases.
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This implies that the preexponential factor of the chain transfer constant (Cy),
specifically, Achain transfer/Apropagations Should typically have a value between 1 and
10.*° It would be interesting to test this prediction against experimental data, but
unfortunately not many reliable experimental Arrhenius parameters for chain trans-
fer to monomer are available to date. Unfortunately, the only available reliable data
available to date suggest that Achain transfer < Apropagation- 1h€ preexponential factors
of Cy have been reported as ~0.02, ~0.2, and ~0.1 for butyl acrylate,''? styr-
ene,''? and methyl methacrylate,''* respectively. The main causes of these discre-
pancies are unclear; these results could indicate that the chain transfer to monomer
reaction does not involve a reaction similar to those studied here (this argument is
conceivable for styrene, where chain transfer to monomer is assumed to involve a
Diels—Alder product of styrene).''> Naturally, it could also mean that the theoretical
results obtained for ethylene polymerization are not as general as they seem. It is
clear that more theoretical and experimental studies are required to investigate
this problem.

Since it is unlikely that the activation energies for chain transfer to monomer will
significantly change within a homologous series (similar to what we have seen in
propagation), and the factors governing the frequency factors for chain transfer
and propagation are similar, we can expect similar behaviour of the chain transfer
and propagation rate coefficients in a homologous series. This implies that chain
transfer constants in a homologous series should not vary to a great extent, and
might, to a first approximation, be considered constant. Insufficient reliable experi-
mental data are currently available to test this prediction.

It is also of interest to consider what we would expect to see for chain transfer
constants to chain transfer agents. First, if we consider the chain transfer reaction
to dodecanethiol, we may conceivably expect a transition structure similar to the
ones we discussed in detail above. We may therefore expect that within a homolo-
gous series, the chain transfer constant to this chain transfer agent should not change
significantly.*®> An experimental result that indicates that this is indeed the case has
been reported for the chain transfer reactions of methyl methacrylate, ethyl metha-
crylate, and n-butyl methacrylate, respectively, with n-dodecane thiol. The chain
transfer constants at 60°C for these three systems were found to be 0.68 + 0.02,
0.71 + 0.02, and 0.65 =+ 0.02, respectively.' '

Finally, it is interesting to compare the chain transfer behavior with dodecanethiol
and CBr, of methyl methacrylate''” and dimethyl itaconate''® (DMI; see Table 1.7).
These two monomers have fairly similar activation energies for propagation®*'""
(and considering the nature of the two monomers, we conceivably expect similar
activation energies for chain transfer), but DMI has a much lower frequency factor
because of the steric crowding.®* For the chain transfer reaction to CBry, we expect
quite a crowded transition structure because of the large Br atom that is transferred,
and although the transition state of hydrogen transfer is less tight, we still expect that
the transitional modes will be affected by steric hindrances to an extent similar to
that for the transitional modes in propagation. This implies that the additional hin-
drances of the large DMI as compared to methyl methacrylate are likely to cancel in
the ratio A anster/Apropagation» T€SUlting in similar chain transfer constants to CBr, for
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methyl methacrylate and DMI. Experiment shows that they are indeed very similar;
Cs(MMA)~0.2'"7 and Cs(DMI)~20.3""® at 60°C. A different situation exists for
the chain transfer reaction with dodecanethiol, where we expect the transition state
to be less tight, and hence the additional hindrances in the propagation reaction of
DMI are now less felt in its chain transfer reaction. Hence the frequency factor of
propagation is conceivably affected to a much larger extent than that for chain trans-
fer, and the overall effect will be that the ratio A ansfer/Apropagation for DMI increases
as compared to that for MMA. Hence, we expect a larger Cs for DMI, and that is
indeed what we observe experimentally: Cs(MMA) ~ 0.8 + 0.1'""and C s(DMI) ~
2.8 £ 0.5'"® at 60°C.

1.6.2.4 Backbiting in Ethylene Polymerization As a final example of the
application of theoretical chemistry in free-radical polymerization, backbiting in
ethylene polymerization will be discussed.'®' This reaction, which is also very
important in the free-radical polymerization of acrylates, leads to short-chain
branching. A schematic representation of the overall mechanism is shown in
Scheme 1.10.

The first step in this mechanism is an intramolecular hydrogen abstraction reac-
tion from the fifth CH, unit in the polymer chain, leading to a midchain radical that
undergoes further reactions leading to several different branch sizes.'®" This first
step was investigated using transition state theory and ab initio molecular orbital theory
by Gilbert and co-workers.'?! These workers used two different model systems to
describe the reaction: a radical chain consisting of 6 and a radical chain consisting
of 7 carbon atoms. It was found that the 6-carbon system is not sufficiently large to
adequately describe the internal motions and hence the 7-carbon system was used to
model the backbiting reaction using transition state theory (see Fig. 1.29). It should

4 : |
ANV CH—CH—CH - CH, (CH)-H
H,C CH
: \CHZ/ ? propagation
s —CH—V
i |
intramolecular
hydrogen abstraction (CH2 );H
= backbiting
propagation, rearrangements + backbiting
nwnr——- CH— Vv
|
e CH, — CHy — IC'H CH; CH,
HC_~ CH, cle—( CHyH
CH, (CHy-H

propagation, rearrangements + backbiting

Scheme 1.10
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be noted that the ratio of partition functions in Eq. (1.7) contains the partition func-
tion of only a single reactant and that transitional modes do not occur in this system.
Evaluation of the partition functions for the polymeric backbiting reaction (using
a high-mass-substituted 7-carbon system) yields a frequency factor A = 10'27s™!
(calculated at HF/6-31G*).'"°" The size of the system limited the level of theory
that was applied to calculate the critical energy to reaction. For the 6-carbon system,
critical energies were calculated up to QCISD(T)/6-311G** and for the 7-carbon
system up to QCISD(T)/6-31G*. The availability of barriers at several different
levels of theory for both the 6-carbon and 7-carbon systems allows for a reasonable
extrapolation to a QCISD(T)/6-311G** barrier for the 7-carbon system. However,
there are some questions about the original method of extrapolation,'®' and a better
extrapolation would possibly be one of the two following approximations:

QCISD(T)/6_31 1G™ |7-carbon ~ QCISD(T)/6_31G* |7-carbon + AbﬁSiS set (1 59)
QCISD(T)/6-311G™ ~ QCISD(T)/6-311G™ |¢_ppon + Asysem  (1.60)

|7—carbon
where the subscripts 7-carbon and 6-carbon refer to the two model systems, Apgis set
is a basis set correction from 6-31G* to 6-311G** obtained at lower levels of theory,
and Agyem is the difference between the critical energies of the 7-carbon and 6-carbon
systems at lower levels of theory. If we use the following data (values in kJ/mol)

> 1.36 A 1.37A
Lﬁ ; /)HZ—TH TH2
H, H,
ave

Reaction Coordinate

Figure 1.29 Schematic representation of the potential energy profile along the reaction
coordinate for the backbiting reaction in ethylene polymerization. Indicated barrier was
estimated at the QCISD(T)/6-311G** level of theory.
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from the original work, ¢! namely, {QCISD(T)/6-31G*|;_ oibon = 64, Abasis set =
—10} and {QCISD(T)/6-311G**|¢_..on = 69, Agysem ~ —16}, then the extra-
polated QCISD(T)/6-311G** critical energy for the 7-carbon system is 50-53 kJ/
mol, which is ~10kJ/mol lower than the reported values. Using an experimental
value for the volume of activation, which accounts for the pressure dependence of
the rate coefficient, the activation energy for the 7-carbon system is given by E . =~
Ey+ 8,'%1 which, with the new estimate of Ey, would give a value ~60kJ/mol.

The calculated Arrhenius parameters for the branching rate coefficients allows for
the calculation of the branching ratio. Gilbert and co-workers compared their results
with experimental data and observed a significant overestimation by the theoretical
approach.'® Tt is conceivable that the activation energy was not calculated at a suf-
ficiently high level of theory (and the current theoretical value is too high) and that
the frequency factor is incorrect by a factor of 2-5. On the other hand, the experi-
mental procedures to determine branching ratios are very difficult, so it is not incon-
ceivable that there is a substantial experimental error. Either way, the very large
discrepancy between theory and experiment clearly indicates that additional work
on short-chain branching is required. The experimental difficulties render theory
to be a powerful alternative as the required information can be accessed directly.
However, in order to rely on theory to guide experimental work for this particular
problem, theory needs to be pushed further to its limits until we are certain that we
have reached convergence with level of theory or accurate experimental data need to
become available against which lower (but sufficiently high) levels of theory can be
calibrated.

1.7 CONCLUDING REMARKS

This chapter was meant to bridge the apparent gap between theoretical chemistry
and polymer chemistry and to highlight some successful theoretical studies of
problems in free-radical polymerization. Several applications were discussed with
a major emphasis on the propagation reaction. When we consider the work on
radical addition reactions, we see a very beneficial interplay between experiment
and theory. Although theory sometimes over- or underestimates particular effects,
the deviations are often systematic, and trends are adequately reproduced. Since the
underlying physics of a chemical reaction are often inaccessible by experiment,
theory can be used to study these underlying aspects. A good example is the study
of small-radical additions; using experimental and theoretical data, Fischer and
Radom®° were able to develop a relatively simple model for radical additions, which
is fully based on fundamental theory.

Furthermore, we have seen how steric factors affect frequency factors for pro-
pagation and chain transfer, and how, on the basis of these considerations, experi-
mental data show understandable patterns. Theory has also greatly enhanced our
understanding of copolymerization kinetics, where the precise nature of the penul-
timate unit effect could be studied explicitly.
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Some examples, of which the backbiting problem is representative, also show the
great potential of theory to be used to study problems that are difficult to investigate
by experiment, but for which the required computational power to push theory to its
limits is currently not available.

Overall we can see that theory is a great companion to experimental chemistry
and the increasing computational power will allow the study of more complex
systems. It is not likely that (in the near future) theory will replace experiment,
but it will be a great aid in interpreting and designing experiments that answer
some of our more fundamental questions. The further development of accurate com-
putational procedures (especially in density functional theory and hybrid semiempi-
rical/ab initio methods) and the availability of large amounts of accurate
experimental data will allow us to study more complex problems, including pro-
blems of relevance to transition-metal-mediated radical polymerizations.

In conclusion, theoretical chemistry should be considered as a helpful tool in
understanding and designing experimental chemistry, and not as a separate branch
of chemistry suitable only for philosophers speaking in their own language of
complicated theoretical procedures and basis sets.
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This chapter contains a brief overview of small radical chemistry focusing primarily
on carbon-centered radicals and their reactions.

2.1 STRUCTURES OF RADICALS

Most organic compounds are configurationally stable, and one is concerned mainly
with dynamic processes that interconvert the conformations of the species. For many
radicals, however, configurations interconvert by low-energy pathways. Thus,
although most useful reactions of radicals are fast, configurational interconversions
as well as conformational interconversions can be faster. Much of the current
research in applications of radicals in synthesis is focused on controlling radical
structure for diastereoselective reactions.

Radical configurations are described according to whether the odd electron is in a
p orbital (a m radical) or in a hybrid orbital (a o radical); examples are shown in
Fig. 2.1. A trivalent m radical is planar, and a trivalent ¢ radical is pyramidal.
Each configuration has staggered and eclipsed conformations that interconvert by
bond rotation as shown for the ethyl radical in Fig. 2.2. Staggered and eclipsed con-
formations of a pyramidal radical are similar to those in a hydrocarbon. For a planar
radical, the staggered and eclipsed terms refer to the positions of the substituents at
the radical center and not to the p orbital containing the odd electron.

©.CcH
B < o

F F H

Figure 2.1 Examples of &t (fop drawings) and o radicals. The transition state for inversion of
the vinyl radical is a « radical.

H
H H H H H
b =Bn gy 7@(
H o H 'H H | 'H
H

eclipsed staggered eclipsed staggered
n-radical n-radical o-radical o-radical

Figure 2.2 Possible conformations and configurations for the ethyl radical.
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A divalent radical can have either a linear (n-type) or bent (G-type) configuration.
As with the trivalent radical, the difference is that the odd electron is localized either
in a p orbital (linear) or in a hybrid orbital (bent). For radicals localized on an sp2
hybridized atom containing a lone pair, such as nitrogen or oxygen, two low-energy
electronic states exist. The odd electron can be in the p orbital (n-type radical) or in
an sp® hybrid orbital (c-type radical).

In carbon-centered radicals, the energy difference between planar and pyramidal
radical configurations is small. The methyl radical is planar (see Fig. 2.1), but alkyl
substitution leads to a slight preference for pyramidalization that increases for the
series of primary, secondary, and tertiary radicals as judged by the hyperfine cou-
plings of the '3C nucleus at the radical center. Ultimately, in the tert-butyl radical,
the deviation from planarity is about 10°, and the barrier for interconversion is about
0.5 kcal/mol."

Substitution of electronegative atoms on a trivalent carbon radical center favors
pyramidalization. For example, pyramidalization increases in the series mono-, di-,
and trifluoromethyl radicals, and various techniques resulted in estimates that the
trifluoromethyl radical is deformed from planarity by 13-18°, close to tetrahedral
(deformation of 19°). The effect is a result of the interaction between the semi-occupied
molecular orbital (SOMO) containing one electron and the lowest unoccupied
molecular orbital (LUMO). In a planar radical, SOMO and LUMO are orthogonal,
but they interact in a pyramidal radical. Electronegative substituents increase in the
energy level of SOMO by n-donation and decrease the energy level of LUMO by
o withdrawal. As the SOMO and LUMO approach one another in energy, pyrami-
dalization is increasingly favored. Substitution of a m conjugating withdrawing
group favors the planar radical structure (Fig. 2.3).

The conformational barriers in acyclic alkyl radicals are diminishingly small,
resulting in very fast bond rotations. For a simple single-bond rotation as in the ethyl
radical, various measurements give barriers in the range of 0.05-0.5kcal/mol.'”
Heteroatoms and conjugating groups increase the rotational barriers. For example,
the barrier to rotation in the methanol radical ("CH,OH) is 4.6 kcal/mol, and that in
the acetone radical [*CH,C(=0)CHs3] is 9.4 kcal/mol. A state of the art ESR and
computational study of a methacrylate-derived radical found a barrier for rotation
of 2.9kcal/mol.* The conformational barriers for radicals adjacent to a carbonyl
group are high enough that the rate of rotation can be slower than the rates of uni-
molecular or bimolecular radical reactions, as shown for an o-amide radical,5 and
this potentially has an effect on the stereoselectivity in reactions of these types of

O 0.0 9
8 O ---@
OO OO0
SOMO LUMO orthogonal interacting

Figure 2.3 SOMO and LUMO orbitals of a trigonal radical center do not interact in a planar
radical but do interact when the radical is pyramidal.
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radicals. One notes that modern computational methods appear to provide highly
reliable conformational barriers for radicals.®

The structures of cycloalkyl radicals have been studied by ESR spectroscopy.’
The cyclohexyl radical has a nearly planar radical center with a low barrier to inver-
sion (3.4 kcal/mol). Even the cyclobutyl radical has an essentially planar radical cen-
ter, although a pyramidalized structure should have less strain. In the case of the
cyclopropyl radical, a pyramidal structure is favored, but the rate of inversion
through the planar structure is fast as determined by ESR line broadening studies
that gave k = 1 x 10'2s~! at 70°C.® Heteroatoms adjacent to the radical center in
cyclic radicals result in anomeric effects; in the case of the 2-methyltetrahydropy-
ran-2-yl radical, the preferred structure has the methyl group in an axial position
such that the radical orbital overlaps with the oxygen lone pair.”

Bridgehead radicals in relatively small bicyclic structures are pyramidal by virtue
of the geometry of the molecules. The fact that these radicals are readily generated
from bridgehead halides is a reflection of the small energy difference between planar
and pyramidal carbon-centered radicals.

Carbon radicals at unsaturated centers are G-type radicals. That is, they are bent
with an sp? hybridized carbon atom. This structure is enforced for the phenyl radical.
In the case of the vinyl radical, a bent structure is determined by ESR spectroscopy
with a low barrier for inversion of 3 kcal/mol (k = 4 x 10'9s~! at 300 K).10 Compu-
tational work on vinyl radicals indicates that sigma substituents give bent structures
and pi substituents at the radical center (vinyl, phenyl, formyl) give linear vinyl radi-
cals."! Formyl radicals are bent.'?

Simple nitrogen-centered radials (dialkylaminyl, dialkylaminium) are m-type
radicals. Aniline radicals are m-type unless the aromatic ring has electron-withdrawing
substituents that favor m donation from nitrogen. The electronic structures of
oxygen-centered radicals are quite close in energy.

2.2 RADICAL STABILITIES

2.2.1 Stabilities Evaluated by Hydrogen Atom Bond Dissociation Energies

Knowledge about the stabilities of radicals is important for understanding how readily
radical reactions will occur. Hydrogen atom bond dissociation energies (BDEs)
can be used to gauge the stability of a particular radical type. The BDE is the energy
for homolytic cleavage of a bond at 25°C. Table 2.1 contains a list of BDE values for
representative organic compounds. Most of these values are from recently published
works.'*™'® For carbon-centered radicals, any type of substitution at the radical cen-
ter results in increased stability as judged by a reduction in the BDE value for the
parent compound. This phenomenon is a feature of the unpaired electron in a semi-
occupied molecular orbital (SOMO) and the electron deficient nature of a radical.
Any group that provides an orbital that can mix with the SOMO will result in sta-
bilization. In the case of donors, a filled HOMO is close in energy to the semi-occupied
MO of the radical (SOMO), and the newly formed orbitals will contain a pair of
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TABLE 2.1 Bond Dissociation Energies for Selected Compounds®

Molecule BDE Molecule BDE
CH, 1049 £+ 0.1 H—H 104.2
CH;CHj; 101.1 £ 04 H,0 119.30 + 0.05
(CH;),CH—H 98.6 + 0.4 H,0, 88
(CH3);C—H 96.5 + 04 CH;0—H 1042 +£0.9
c-CsHg 106 RCO,—H ca. 105
H,C=CH, 111.2 £ 0.8 PhO—H 87
Ph—H 111.2 4+ 0.8 CH;S—H 87.4+0.5
HC=CH 132.8 £ 0.7 PhS—H ca. 80-82
H,C=CHCH,—H 88.2 + 2.1 PhSe—H 78 + 4
PhCH,—H 88.5+ 1.5 NH;3 108.2 +£0.3
HOCH,—H 96.06 £+ 0.15 Et;Si—H 95.1
HC(O)CH,—H 943 +22 (Me;Si);Si—H 87.5
CH,O 88.04 £ 0.16 Bu;Ge—H 88.6
CH;C(O)—H 89.4+0.3 BusSn—H 78.6
HOC(O)-H >89.5

NCCH; 94.8 + 2.1

“Bond dissociation enthalpies at 298 K. Values from Refs. 13—15. PhSeH value from Ref. 16.

electrons in the lower-energy orbital but only a single electron in the higher-energy
orbital. In the case of acceptors, the LUMO orbital is close in energy to the SOMO,
and a single electron will occupy the lower energy combination orbital. Delocaliza-
tion of the radical center with m bonds also results in stabilization, and alkyl groups
stabilize a radical by interaction of the electron pairs in the ¢ bonds with the radical
center in m-type bonding.

2.2.2 Stability versus Persistence

Despite the stabilization afforded by various groups, most radicals react with one
another with diffusion-controlled rates. Some radicals are long-lived, however,
and this can be a result of either thermodynamics, sterics that prevent coupling reac-
tions, or both. Examples of some long-lived radicals are shown in Fig. 2.4. The tri-
phenylmethyl (or trityl) radical, the radical identified by Gomberg in 1900 in work
that is typically regarded as the beginning of radical chemistry, is stabilized by
extensive conjugation. If trityl radicals coupled to give hexaphenylethane, the pro-
duct would be highly strained, and the actual trityl dimer is the quinoid compound
shown in the figure. At equilibrium, enough trityl radical is present to give solutions
a yellow color that Gomberg observed. Nitroxyl radicals, represented by 2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPO), are thermodynamically favored in compar-
ison to their dimers because of the very low energy of the O—O bond. Nitroxyl
radicals with no hydrogens in the B positions to the nitroxyl are long-lived, and
TEMPO is commercially available. Galvinoxyl is another well-known stable radical
that is often used to calibrate signal intensities in ESR studies.
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Figure 2.4 Examples of persistent radicals.

2.3 RADICAL REACTIONS

2.3.1 Elementary Radical Reactions

The elementary reactions of small-radical chemistry can be divided into three
classes of reactions: those that produce radicals (initiation reactions), those in which
a radical reacts to give a radical product (propagation reactions), and those in which
radicals are lost (termination reactions). In most synthetic applications of radical
chemistry, the propagation steps are the ones that form the desired products, but
some useful radical sequences exist wherein the desired products are produced in
termination steps as discussed later.

There is an important difference in the nomenclature of reactions in small-radical
chemistry and those in polymer radical chemistry where reactions are divided into
four elementary groups. Initiation and termination are the same in both, but the pro-
pagation reactions of small-radical chemistry are divided into two types of polymer
reaction: propagations and transfers. A “propagation” reaction in polymer chemis-
try is one that increases the chain length of the growing polymer, whereas a ““trans-
fer”” reaction is one that terminates the polymer chain but does not result in loss of
radicals. Examples of polymer transfer reactions are atom and group transfer
processes and radical fragmentations.
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2.3.2 Initiation Reactions

Various methods can be used to initiate radical reactions, and they can be divided
into the broad areas of thermolyses, photolyses, and electron transfer reactions.
Most often in organic synthetic sequences, initiation involves a thermolysis reaction
of an initiator that contains a weak bond, especially an azo or peroxy compound.
Photolysis of many compounds will initiate radical reactions either by homolytic
cleavage of a weak bond or by production of an excited state that reacts by electron
transfer or atom abstraction, but synthetic chemists seldom use this method except in
select cases. Electron transfer processes are involved in many reactions of metals
with organic substrates, but strong reducing agents will also reduce radicals
to anions or organometallic species; therefore, the method is most useful when the
reductant or oxidant is not strong enough to intercept the radical rapidly.

Many thermal initiators are available commercially, and these are commonly
used in synthetic conversions. In the case of chain reactions, only a small amount
of initiator may be required, typically 1-5 mol% relative to substrate. A radical con-
version is usually conducted in refluxing solvent (benzene or toluene have been
widely used) with the initiator selected to have a half-life of about 1 hour at the reac-
tion temperature. Figure 2.5 shows some of the more common thermal initiators and
lists the approximate temperature for decomposition half-lives of 1 h."”~'* Di-rert-
butyl peroxide, tert-butyl peroxybenzoate, benzoyl peroxide, and AIBN have long
shelf lives and are commercially available. The more reactive thermal initiators, di-
tert-butyl peroxyoxalate®® and di-terr-butyl hyponitrite?' are usually used soon after
preparation. Radical chain reactions are often conducted at temperatures within
10°C of the temperatures shown in Fig. 2.5 for a 1-h half-life of the initiator, but

(0}
O O. _Bu' O. -N_ _Bu
Bu'” O)J\[( o] Bu'” N7 O
(0)
di-fert-butyl peroxyoxalate (45 °C) di-tert-butyl hyponitrite (55 °C)
(0}
C=N
>( -N - o
N=c” "N 7< o}
(6}
azo-bis-isobutyrylnitrile (AIBN) (81 °C) benzoyl peroxide (91 °C)
O
PION
o) But BUI\O/O\ Bul
tert-butyl peroxybenzoate (125 °C) di-tert-butyl peroxide (150 °C)

Figure 2.5 Common thermal initiators. The temperatures in parentheses are those at which
the initiator has a half-life of 1h.
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one can operate at higher temperatures by adding the initiator slowly over the course
of several hours.

A relatively new thermal initiation procedure can be employed over a wide
range of temperatures and has rapidly gained popularity. Admission of a small
amount of oxygen and catalytic amounts of Et;B into a reaction mixture will result
in initiation.”? In fact, adventitious oxygen often is sufficient for initiation such that
Et;B is the only necessary additive. The method has been used at temperatures rang-
ing from —78 to 110°C, and it appears to be especially attractive when low reaction
temperatures are necessary in order to obtain high stereoselectivity in radical func-
tionalization reactions.

Photochemical initiation of radical reactions is possible with a wide range of
compounds. The photochemical event either creates a reactive state or cleaves a
weak bond homolytically to produce radicals. Photochemical initiation is quite
popular in polymer radical chemistry because it is readily controlled and allows
the production of commercial formulations with room-temperature stability, and
photoinitiators used in polymer chemistry represent a multi-million-dollar business.
Many of the commercial initiators are aryl ketones and phosphine oxides that are
tuned for specific wavelength initiation. Somewhat ironically, these initiators are
not commonly used in small radical chemistry, despite the large amount of photo-
chemical information available.

Photoinduced electron transfer (PET) processes are more common in small-radical
chemistry.**** In these reactions, an excited state is produced photochemically
that is either a strong oxidant or reductant, and this excited-state species then reacts
in an electron transfer reaction with another molecule. For example, chloranil is an
oxidant in the ground state with an oxidation potential of 0.32 V versus NHE,* but
triplet chloranil is a much more powerful oxidant. Irradiation of a stable solution of
chloranil and an enol ether in acetonitrile with 355-nm laser light gives the chloranil
triplet (lifetime of several microseconds) that oxidizes the enol ether to the corre-
sponding radical cation in a diffusion-controlled process (Fig. 2.6).2*’ Much of
PET chemistry involves reactions of the radical cations and radical anions that are
formed in the ET step, but some of these species are capable of fragmenting to give
radicals. When that occurs, the PET reaction can result in the same type of initiation
as one would have in a homolysis reaction.

(@) (@) 0] O
|
Cl Cl 255 m Cl Cl O Cl al +©
—_— —_— o|i
Cl Cl Cl Cl Cl al
(6] (6] o°

chloranil

Figure 2.6 An example of photochemically induced electron transfer (PET). Chloranil is
excited photochemically to give a relatively long-lived triplet state that oxidizes an enol ether
to the corresponding radical cation. The chloranil radical anion is the byproduct of the
reaction.
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Redox initiation of radical reactions can be divided into two types of processes.
One type involves either reduction or oxidation of a substrate to give a radical that
reacts in one or more radical functionalization steps before a second reduction or
oxidation reaction occurs. These types of processes consume two equivalents of
reductant or oxidant when chemical redox is involved or are overall two-electron
processes when performed electrochemically. They are discussed later in the section
on nonchain radical reactions.

The second type of redox initiation also involves nonchain reactions, but the
initiator serves as a catalyst. For example, a copper(I) complex will react with an
alkyl halide to give a copper(Il) complex and an alkyl radical in a process that is
not thermodynamically favored [Eq. (2.1)]. The alkyl radical can react in a function-
alization reaction, and the newly formed radical product can react with the copper(Il)
complex to return the thermodynamically favored copper(I) complex and a new,
functionalized, alkyl halide. The reaction sequence can be employed in small-radical
chemistry in, for example, formation of cyclic product from an acyclic alkene,?® and
it has been incorporated into a powerful ““living radical polymerization” sequence
[atom transfer radical polymerization (ATRP)]***? that is discussed in Chapter 11.

Ligated Cu(I) + R—X = ligated Cu(Il)X + R° (2.1)

2.3.3 Elementary Propagation Reactions

Radical reactions in nature, in synthesis, and in polymerizations inevitably involve a
sequence of reactions. A wide range of unimolecular and bimolecular elementary
radical propagation reactions are possible, and some common ones are shown in
Fig. 2.7. Note that some reaction types can occur in either a homolytic or heterolytic
version, such as for the B-fragmentation reactions shown in the figure. In some cases,
differentiation between homolytic and heterolytic pathways might not be obvious,
and the pathway might change as a function of solvent polarity. Some concerted
radical reactions (migrations and 1,3-eliminations) are implicated from computa-
tional work,>' but they have not been documented experimentally. The concerted
reactions result in the same products that would arise from a fragmentation followed
by recombination or substitution, respectively, or from the stepwise rearrangement
shown in Fig. 2.7, and differentiation between concerted and ion pair or radical pair
reactions is subtle.

24 RADICAL CHAIN REACTIONS

Most useful radical processes involve a complex series of elementary reactions. In
synthetic applications and in polymerizations, these sequences typically constitute
chain reactions. The characteristic features of a chain reaction are (1) a series
(two or more) of propagation steps exists wherein the radical product in one step
is a reactant in another step and (2) the velocities of the propagation steps are fast



86 SMALL-RADICAL CHEMISTRY

(A — O ¥ oren,
—

homolytic addition
cyclization

E N RAIAR — = R—I R

- . homolytic substitution
ring opening

2 0 o) :

# S )J\ «CH; )\. R — Ph/x X-
Ph

homolytic B-fragmentation heterolytic B-fragmentation

o oV
[0)
V) —
O R R
02N 02N

heterolytic addition

Mo — Yoo A

stepwi Se rearrangement

Figure 2.7 Some common radical propagation reactions.

relative to the velocity of radical-radical reactions that result in termination. The
latter property is critically important; if it does not hold, the chain reaction collapses,
and the reaction sequence is comprised of initiation and termination steps and may
or may not contain propagation reactions. These non-chain reactions are discussed
in Section 2.5.

2.4.1 Tin Hydride Radical Chain Reactions

The various components of a radical chain reaction are illustrated in one of the more
common types of radical chain reactions, the tin hydride protocol, shown in Fig. 2.8.
The method is named after Bu3SnH, the reagent used almost exclusively in early
studies. In this example, initiation is accomplished by thermolysis of AIBN that
gives radicals that react with BuzSnH. In the propagation sequence, the stannyl radi-
cal reacts with an alkyl halide, pseudohalide, or other radical precursor to give
Bu;3SnX and a carbon- or heteroatom-centered radical. A radical functionalization
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Figure 2.8 Elementary processes in the tin hydride reaction protocol.

reaction or multiple functionalization reactions follow. The final step in the propa-
gation sequence is reaction of a radical with BuzSnH to generate another stannyl
radical.

Radical-radical coupling and disproportionation reactions terminate the chain
sequence. In principle, stannyl radicals could be involved in the termination reac-
tions, but the velocities of the termination reactions are controlled by the radical con-
centrations, and, as discussed later, the stannyl radical usually is present in much
smaller concentrations than alkyl radicals.

Many radical chain reactions involve halogen or pseudohalogen transfer steps
that give the initial radical from a halide or pseudohalide precursor and hydrogen
atom transfer steps that give the final product of the chain reaction. Bu3;SnH provides
a nearly ideal combination of high reactivity of the stannane with carbon-centered
radicals and high reactivity of the stannyl radical with halide and pseudo-halide pre-
cursors, but concerns about the toxicity of tin compounds resulted in a number of
alternative H-atom donors that can be used in the “‘tin hydride”” method. The success
of a radical chain process is dependent on the velocities of the propagation steps that
must be greater than those of the termination steps, and this places a practical limit
on the alternatives to tin hydride. For example, germanium- and silicon-centered
radicals will react with halides even faster than tin-centered radicals, so germanes
and silanes will efficiently replace stannanes for the reactions that produce carbon-
centered radicals. Bu3GeH reacts about 4% as fast as Bu;SnH with alkyl radicals
at room temperature, and trialkylgermanes can be used successfully in chain reac-
tions with alkyl radicals'* (see Section 2.6.4.1 for rate constants). On the other hand,
Et;SiH reacts nearly four orders of magnitude less rapidly with alkyl radicals than
does Bu3SnH, and simple trialkylsilanes cannot be used for chain reactions with
alkyl radicals. The slow reactivity of Et;SiH with alkyl radicals is in part a
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consequence of high Si—H bond energy of this silane (95 kcal/mol), and reduction of
the Si—H bond energy by replacing the alkyl groups with thio and silyl groups gives
silanes that react fast enough with alkyl radicals to propagate chain reactions.'* One
popular alternative to Bu3SnH is tris-(trimethylsilyl)silane, (TMS)3SiH,32 which has
an Si—H bond energy of 84 kcal/mol and reacts with alkyl radicals about 20% as fast
as does BusSnH.

Chain reactions also will fail if the halogen abstraction reaction (or other radical
generation reaction) is not fast. For example, thiols and selenols react with alkyl
radicals faster than Bu3SnH, but the thiyl and selenyl radicals do not abstract halo-
gen atoms rapidly from alkyl halides and cannot be used in chain reactions with
alkyl halides. There is a modification that will allow the use of thiols and selenols
as reducing agents in radical chain reactions with alkyl halides, however. One can
successfully use a combination of a silane and a thiol (or a stannane and selenol). For
example, when -BuSH and Et;SiH are used together, an alkyl radical reacts rapidly
with the thiol to give a thiyl radical, the thiyl radical reacts rapidly with the silane to
give a silyl radical, and the silyl radical rapidly abstracts halogen from an alkyl
halide. Thus, although neither Et;SiH nor -BuSH would successfully propagate a
chain reaction with an alkyl halide, the combination of them would (Fig. 2.9).

A variety of radical precursors can be used in the general tin hydride protocol.
Alkyl radicals can be produced from alkyl chloride or, better, alkyl bromides; the
highly reactive alkyl iodides could be used but are not necessary. One can substitute
the pseudohalogens RSPh and RSePh for alkyl halides where phenyl sulfides react
about as rapidly as alkyl chlorides and phenyl selenides react about as rapidly as
alkyl bromides. The use of a phenyl sulfide (PhSR) instead of a dialkyl sulfide
(RSR’) assures one of the desired regioselectivity of the group transfer reaction
due to the “instability’” of the phenyl radical. When aryl radicals are desired, aryl
iodides can be employed.

2.4.2 Alkylmercuric Halide Protocol

A number of early radical studies were accomplished with alkylmercuric halides as
the radical precursors reacting with NaBHy. The relative ease in preparation of the
precursors is an advantage of the method, but concerns about the toxicity of mercury

R+ + Et3Si—H — R—H + Et;3Si. (A, slow)

t-BuS. + R—X —> BuSX + R- (B, slow)

R+ + +BuS—H — R—H + tBuS. (C, fast)
t-BuS. + Et38i—H —> BuS—H + Et3Sie (D, fast)

Et3Si. + R—X —> EuSi—X + Re (E, fast)

Figure 2.9 Sequenced reactions involving a thiol and a silane. When a thiol and silane are
present in a mixture with an alkyl halide, the sequence of reactions C-E permits an efficient
chain reaction.
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RHg—Cl + NaBH;y — RHg—H + NaBH;Cl polar reaction
RHg—H —> RHg + 7? initiation

RHge — R+ + Hg(0)

radical
R. —> functionalization — R"% propagation
steps

R» + RHg—H — R-H + RHg

Figure 2.10 Initial steps in mercuric halide chain reactions.

compounds have limited its use. The radical chain sequence involved is shown in
Fig. 2.10. Mercuric halides are reduced to mercuric hydrides by borohydride in a
polar reaction. The radical reactions are initiated by adventitious radical production,
possibly involving decomposition of the mercury hydride. Once the chain is
initiated, the major reaction sequence involves reaction of a radical with an alkyl-
mercury hydride to give an alkylmercury radical that decomposes to an alkyl radical.
Radical functionalization reactions followed by radical trapping by another alkyl-
mercury hydride complete the chain sequence. Details of this mechanism were
poorly understood originally, and a speculative pathway involving electron transfer
steps and reduction of radicals by NaBH, existed, but later studies found that NaBH,
reacts much too slowly with alkyl radicals for this pathway to be important.*?

2.4.3 Thione Radical Precursors

Thiones also react readily with a number of radicals such as stannyl and silyl radi-
cals, and xanthates and related thione derivatives can be used as radical precursors in
the tin hydride protocol. Successful propagation of radical chain reactions with
thiones is the basis of the Barton—-McCombie deoxygenation reaction shown in
Fig. 2.11 as well as the Barton PTOC esters discussed in Section 2.4.4. These pre-
cursors can be used in chain reactions because the © bond in a thione is weak, the

S , SHBU3
S
R )J\ + BusSne ——
> R 0
(6] SMe ~ O)\ SMe
, SnBu3 , SHBU3
S S
—> Re +
R _~
o)\ SMe O)\SMe

R + BusSnH — R—H + BusSne

Figure 2.11 Propagation steps in the Barton—-McCombie deoxygenation reaction sequence.
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Figure 2.12 A radical chain reaction containing a ‘‘degenerative” xanthate transfer step.

o bond between sulfur and the propagating radical atom (Sn or Si) is strong, and the
addition reaction of the group 14 radical to the thione is fast.

One can also use the general scheme of the Barton-McCombie deoxygenation
reaction in synthetically constructive sequences. When radical R* reacts with an
alkene faster than it reacts with tin hydride, it is possible to incorporate a radical
functionalization step into the sequence as in the conventional tin hydride protocol.
Furthermore, one can eliminate the tin hydride completely, in which case the radical
functionalization sequence in Fig. 2.12 would be possible.>* This sequence, termed
“degenerative” xanthate transfer, has been incorporated into “living” radical
polymerization reactions in a procedure known as radical addition fragmentation
transfer (RAFT), described in Chapter 12.

2.4.4 Barton’s PTOC Esters

In the mid-1980’s the late Derek Barton’s group introduced a new class of radical
precursors based on the high reactivity of thiones with many types of radicals.?>>°
The most commonly used precursors in this group are mixed anhydrides of a
carboxylic acid and the thiohydroxamic acid N-hydroxypyridine-2-thione. These
compounds are often referred to as PTOC esters where the acronym PTOC is for
pyridine-2-thione-N-oxycarbonyl. These carboxylic acid derivatives are readily pre-
pared by typical acid functionalization procedures such as reaction of an acid chlor-
ide with the sodium salt of N-hydroxypyridine-2-thione or dicyclohexyl
carbodiimide (DCC) coupling of a carboxylic acid with N-hydroxypyridine-2-
thione. PTOC esters are isoelectronic with peroxides, but they are also activated car-
boxylic acid derivatives that will react reasonably efficiently with nucleophiles.
Therefore, they are often prepared and immediately used in a synthetic reaction
without isolation. Nonetheless, many PTOC esters have adequate stability to permit
purification by silica gel chromatography.

The initiation and propagation steps in a typical chain reaction using a PTOC
ester are shown in Fig. 2.9. The weak C—S © bond in the thione and the aromatiza-
tion of the pyridine provide the driving force for formation of the highly unstable
acyloxyl radical intermediate. Rapid decarboxylation of the acyloxyl radical gives
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Figure 2.13 Initiation and propagation steps in reactions of a PTOC ester.

the alkyl radical in a process that will compete successfully against diffusion-
controlled reactions. The alkyl radical then reacts with the H-atom donor -BuSH
in the example in Fig. 2.13 to give the thiyl radical. Of course, radical functionaliza-
tion reactions, such as addition to an alkene, can be incorporated in the chain
reaction. Finally, the thiyl radical adds to another PTOC ester molecule to complete
the chain sequence.

The PTOC esters are reactive enough such that radical chain reactions can be
conducted with thiols or selenols; that is, thiyl and selenyl radicals add efficiently
to the thione group to propagate the chain sequence. In fact, chain reactions even
can be propagated by addition of a carbon-centered radical to the thione. In this
case, the product of the reaction sequence is an alkyl 2-pyridyl sulfide that can be
further functionalized. Derivatives related to PTOC esters can be used as precursors
to nitrogen-centered radicals (aminyl,”” amidyl,*® iminyl*°) and to oxygen-centered
radicals (hydroxyl,** alkoxyl,*' oxycarbonyloxyl*?). PTOC esters and related
thiones cannot be used for production of vinyl or aryl radicals, however, because
the corresponding acyloxyl radicals do not decarboxylate fast enough.

One attractive feature of PTOC esters and other thione derivatives is their
instability both thermally and photochemically. This might be seen as a disadvan-
tage, but the instability is useful because it removes the need for a radical initiator.
Heating a solution containing a PTOC ester to a temperature of 60—70°C will result
in thermolysis reactions (cleavage of the weak N—O bond) that initiate the chain
reaction sequence. In addition, the PTOC esters have a long-wavelength absorbance
centered at about 360 nm that extends into the visible spectrum, and photolysis of a
solution containing a PTOC ester with visible light from a common tungsten fila-
ment bulb will also initiate reactions. The latter method of initiation allows one to
perform reactions at very low temperatures in order to improve selectivity. In either
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case, thermal or photochemical initiation, depletion of the PTOC ester will result in
a termination of all radical processes because no initiator remains. This reduces the
possibility of undesired secondary radical reactions of the products, which could be
a problem when an initiator such as AIBN is used.

2.4.5 Atom and Group Transfer Chain Reactions

Another type of radical chain reaction employed in synthesis involves atom or group
transfer steps in the propagation sequence. The atom can be a hydrogen atom as was the
case in the earliest examples of this sequence, but in more recent applications it is
commonly a halogen atom (or pseudohalogen group). A representative example is
shown in Fig. 2.14. Initiation often involves a photochemical step as shown in the
figure, but the Et;B /O, initiation protocol also can be employed. The unusual fea-
ture of this sequence is that one of the steps is thermodynamically unfavored, in this
example the addition of the diethyl methylmalonyl radical to the alkene. The
sequence is successful despite the unfavorable step because few competing radical
reactions are possible, and, eventually, the adduct radical abstracts a halogen atom
from an iodomalonate molecule to complete the synthetic transformation. A
sequence such as that shown in Fig. 2.14 would fail in the tin hydride protocol
that would result in reduction of the diethyl methylmalonyl radical, but, importantly,
one could follow up the atom or group transfer chain reaction with a tin hydride radi-
cal chain reduction of the crude products to achieve the addition and reduction steps.

The reversible step in the atom transfer protocol not only precludes highly reac-
tive H-atom transfer agents such as Bu;SnH but also requires that the atom (or
group) transfer reaction be inherently fast. In the case of simple transfer reactions
such as shown in Fig. 2.14, therefore, the transferred group would be an iodine or
bromine atom or an aryltelluryl or arylselenyl group. As with xanthate transfers, this
method has been incorporated into polymerization chemistry as described in
Chapter 12.

hv
BuzSn—SnBuz; — BusSn.

Et0,C_ COEt CO,Et initiation
BusSnS \ A —> BusSn—I |
3 I EtO,C )\

CO,Et EtO,C
EtO,C Bu

Et0,C T\, 4 N Bu

CO,Et I CO,Et
EtO,C /g?;c\ ? . EtO,C 2
EtO,C Bu I EtO,C Bu Et0,C~ "

Figure 2.14 Initiation and propagation steps in an atom transfer chain reaction sequence.
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Figure 2.15 A radical anion chain reaction sequence.

2.4.6 Radical Ions in Chain Reactions

A number of radical chain reactions with synthetic potential involve radical ions in
some or many of the chain propagation reactions. These can be either radical anions
or radical cations. The earliest known of this general class of chain reactions
involves aromatic radical anions; an example is shown in Fig. 2.15. Initiation
involves an electron transfer reduction process (either thermally activated or
photo-stimulated) that gives a radical anion. In the propagation reactions, the radical
anion fragments heterolytically, the radical thus formed adds to a nucleophile to give
a product radical anion, and the product radical anion reduces another molecule of
the aromatic reagent. Depending on which step in the propagation sequence is rate
controlling, the rates of these types of reactions could be independent of nucleophile
concentration (first-order overall) or dependent on nucleophile concentration
(second-order overall), and they have been termed Sgn1 and Sgn2 reactions, respec-
tively.*?

In radical anion chain reactions, an electron transfer (reduction) step precedes a
heterolytic fragmentation. It is also possible to have chain reactions wherein a het-
erolytic fragmentation step precedes an electron transfer step; in such a case, radical
cations are involved in the propagation sequence. The propagation steps in one
example are shown in Fig. 2.16, where the radical precursor is a PTOC ester.**
The initially formed radical contains a good leaving group in the [ position, here
a phosphatoxy group. Heterolysis of that radical gives a radical cation intermediate
that reacts with a nucleophilic alcohol. Proton transfer from the adduct gives a pro-
duct radical that reacts with thiol, and the thiyl radical adds to the PTOC ester radical
precursor to complete the propagation sequence. The key reaction in these
sequences is the heterolytic fragmentation step; it is facilitated by a good polar
leaving group and radical cation stabilizing elements such as the aryl group shown
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Figure 2.16 A radical chain sequence containing a radical cation.

in Fig. 2.16 or alkoxy groups that give styrene and enol ether radical cations,
respectively.

2.5 NONCHAIN RADICAL PROCESSES

Radical chain reactions are the most common reaction types in synthetic applica-
tions, but some nonchain radical reactions also are useful in synthesis of small
compounds and polymers, and nonchain reactions are widespread in biological radi-
cal processes. One can divide nonchain radical reactions into two classes. In one
type, a persistent radical is formed in what would otherwise appear to be chain
reaction conditions. The other class involves redox chemistry where a radical is pro-
duced under reductive or oxidative conditions that are adequately mild to permit a
radical reaction to occur before further reduction or oxidation steps, respectively,
intercept the radical.

2.5.1 Persistent Radical Effect

The persistent radical effect is the foundation of most useful nonchain radical
reactions. If all possible termination reactions occur at diffusion-controlled rates,
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nonchain processes inevitably lead to a mixture of products. However, if one of the
termination reactions is not fast, then the concentration of one radical will accumu-
late, and this radical at high concentration will “‘steer’” the reaction to give mainly
the product of radical cross-termination. This phenomenon was described by
Ingold45 and by Fischer*® and is often referred to as the Ingold—Fischer effect.

The persistent radical effect works in the following way. Assume that radicals X*
and Y" are produced in a radical reaction sequence. The possible radical termination
steps are self-termination of two X* or two Y* radicals or cross-termination of an
X* radical and a Y* radical. Further assume that self-termination of Y* and cross-
termination are diffusion-controlled reactions, but self-termination of X* is much
slower than diffusion or is thermodynamically unfavorable. In this situation, radical
X* is a persistent radical, and the concentration of X* will build up early in the reac-
tion. As the X* concentration becomes large, the velocity of the cross-termination
between X* and Y* (occurring with a diffusion-controlled rate constant) increases
because of the high X* concentration such that this process overwhelms the self-ter-
mination reaction of two Y* radicals. When this occurs, the products formed by radi-
cal-radical reactions will effectively be only those of the cross-termination reaction
of X* with Y*.

2.5.2 Nonchain Sequences Involving Persistent Radicals

One well-known example of the persistent radical effect is the Barton reaction invol-
ving the photolysis of nitrite esters to give an alkoxyl radical and NO (Fig. 2.17); the
persistent radical is NO that will not couple with another NO radical. The alkoxyl
radical can abstract an H atom from carbon to give a carbon-centered radical that

(N~
cH; YOO SO 4y CHy O

O N

C\i;j)
H N
) ~ <
O=N- u o) UH
_N .
(0} OH HO™ N OH
—_—
polar

tautomerization

Figure 2.17 The Barton reaction, a nonchain radical process. The NO radical is persistent
and effectively traps all carbon-centered radicals to give the nitroso product that rearranges to
the oxime.
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Figure 2.18 Persistent radical reactions mediated by cobalt compounds (A) and nitroxyls (B).

subsequently reacts with NO to give a nitroso compound that rearranges in a polar
reaction to the oxime product.

Other nonchain radical reactions involving persistent radicals that have synthetic
potential include photolyses or thermolyses of alkyl cobalt(II) species and reactions
of hydroxylamine ethers (Fig. 2.18). In example A, homolytic cleavage of the Co—C
bond in the RCo(dmgH),py complex gives a Co(Il) species and an alkyl radical; the
Co(ID) species will not self-couple. The alkyl radical adds to styrene, and the adduct
radical is trapped by the Co(Il) species to give a Co(IIl) species that reacts by
B-hydride elimination to give the product. The reaction in example B in Fig. 2.18
is similar; homolysis of the hydroxylamine ether gives the persistent nitroxyl radical
and an alkyl radical. The nitroxyl-mediated reaction has been adapted to polymer-
ization reactions in the form of “living” radical polymerizations as discussed in
Chapter 10.

2.5.3 Nonchain Radical Sequences Involving Redox Processes

Radicals are intermediates in chemical and electrochemical reduction and oxidation
processes. For example, formation of an alkyllithium reagent or Grignard reagent
from reaction of an alkyl halide with lithium or magnesium metal, respectively,
involves an initial reduction of the alkyl halide to give an alkyl radical and a halide
anion. In these reactions, the alkyl radical is rapidly reduced to the ““‘carbanion” or
organometallic product, but, if a poorer reducing agent is used, the intermediate radi-
cal can react in a typical radical reaction before it is further reduced. The same situa-
tion applies in an oxidation reaction of, for example, an enolate anion; if the
oxidizing agent is relatively poor, the intermediate radical will have time to react
before a second oxidation occurs, taking the radical to a cation. Both reductive
and oxidative reactions have been used in synthetic sequences where the intermedi-
ate radical reacts, often in an intramolecular reaction, to give a product radical that is
then further reduced or oxidized, respectively. These nonchain processes require
2 equiv of reductant or oxidant.
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Figure 2.19 Synthetic applications of samarium diiodide.

One of the most popular reductive processes involving reaction of a radical inter-
mediate is the samarium diiodide protocol (Fig. 2.19).*”*° Samarium diiodide
(Sml,) will reduce alkyl chlorides or bromides and aryl iodides. The reaction is typi-
cally conducted in THF with hexamethylphosphoramide (HMPA) as an additive.
Under typical conditions, a primary alkyl radical is reduced by Sml, to an alkylsa-
marium reagent with a rate constant of about 7 x 100M g 10 Thus, if the ave-
rage Sml, concentration in a reaction is about 0.1 M, a radical reaction occurring
with a first-order or pseudo-first-order rate constant greater than 1 x 10°s~! would
compete effectively with the second reduction step. In practice, such fast radical
reactions are possible for an intramolecular process where the alkyl radical adds
to an electron-deficient group such as an acrylate as shown in example A in
Fig. 2.19. The adduct a-ester radical will be reduced rapidly to a samarium enolate,
and this relatively stable intermediate can be functionalized by an electrophile add-
ing to the synthetic potential of the reaction. In example B in Fig. 2.19, the aryl radi-
cal cyclization is exceptionally fast, and this sequence could be obtained with even
stronger reducing agents than Sml, because the second reduction step must be at
least diffusion-limited irrespective of the oxidation potential of the reducing agent.
Pinacol couplings and ketyl addition reactions (example C in Fig. 2.19) are also
possible with Sml,.
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Figure 2.20 A manganese(IlI)-mediated radical cyclization reaction sequence.

A popular oxidative radical sequence involves manganese(Ill) oxidations of
organic acid or, more commonly, B-keto esters; the reaction sequence for a keto ester
is shown in Fig. 2.20.%" Reaction of Mn(OAc); with the keto ester gives a manganese
enolate that is oxidized to the radical by loss of Mn(Il), and the stabilized radical
cyclizes to give an alkyl radical product. The cyclization reaction shown is probably
reversible, but the alkyl radical is selectively trapped. Mn(III) will not oxidize a pri-
mary or secondary alkyl radical, but the reaction is typically conducted with
Cu(OAc), present, and Cu(Il) oxidizes the alkyl radical to the alkene product. Other
oxidizing agents that have been used in similar reaction sequences include Co(III),
Fe(III), Ce(IV), Cu(Il), Ag(), Ti(IV), and V(V).

2.6 RADICAL KINETICS

2.6.1 Radical Kinetics and Chain Reactions

In order to employ radical chain reactions successfully in synthesis, one needs some
information concerning the kinetics of radical reactions. In many cases, a desired
reaction will compete with an unwanted one, and the yields of products can be
affected by controlling the velocities of the various steps. In the case of bimolecular
processes, this involves controlling the concentrations of reagents. For example,
consider the reactions involved if one wished to produce the nitrile target product
shown in Fig. 2.21 using the tin hydride protocol. The desired reaction sequence
involves formation of the alkyl radical from an alkyl halide, addition of the alkyl
radical to o-methylacrylonitrile, and tin hydride trapping of the adduct radical.
Undesired reactions include reduction of the initial alkyl radical by Bu;SnH and
reaction of the adduct radical with another molecule of the acrylonitrile in a telomer-
ization or polymerization reaction. Other undesired reactions exist, such as addition
of the stannyl radical to the acrylonitrile, but those would not necessarily result
in reduced yields of the desired product. Approximate second-order rate constants
for each reaction at 25°C are shown in the Fig. 2.21. A high concentration of the



RADICAL KINETICS 929

desired reactions

_______________ -
BusSne )\CN Bu3SnH \)\
RCH,Br — RCH! —— — > |RCH
2 2 k=5x10° RCH, SCN k=3x10° 2 CN

target product

unde§ired BusSnH j k=2 x10° )\ j k=1x103
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Figure 2.21 Competing reactions in a radical chain reaction.

f

acrylonitrile relative to that of the Bu3SnH is desired so that reduction of the initial
radical is prevented. However, if the concentration of acrylonitrile is too high, the
telomerization reaction could become a major side reaction. In practice, maintaining
a Bus;SnH concentration that is only 3% that of the acrylonitrile (possibly by
employing the tin hydride in catalytic amounts with regeneration from a sacrificial
metal hydride) will give high yields of the desired product.

The preceding example represents one of the more difficult synthetic radical
chain reactions that would be attempted synthetically because all competing pro-
cesses are second-order. If the radical functionalization sequence contained a uni-
molecular process (such as a 5-exo cyclization), control of the reaction would be
much easier because the reactant that gives the radical that undergoes the unimole-
cular radical reaction can be used in very low concentrations such that competing
second-order trapping reactions are essentially eliminated.

2.6.2 What Is Fast and What Is Slow in Radical Reactions

Simple radicals react with one another with effectively no activation energy; that is,
self- and cross-coupling reactions usually occur in diffusion-controlled processes.
These background processes set a practical limit for the rates of desired radical reac-
tions and suggest why an increased understanding of radical kinetics paralleled the
growth of radical-based methods in synthetic applications.

In general, one can assume that radical reactions must have first-order or pseudo-
first-order rate constants greater than 1 x 10*s~! at room temperature to give high
yields of a desired product. If a radical reacts less rapidly than this, undesired reac-
tions with the solvent will become important, and radical-radical reactions will start
to dominate at radical concentrations as low as 1 x 10~/ M. In principle, one could
employ radical reactions that are slower by using highly unreactive solvents and
adding an initiator slowly to maintain low radical concentrations, but the reaction
time would become painfully long (see Section 2.6.6 on the kinetics of radical chain
processes).
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2.6.3 Kinetic Methods

Rate constants for radical reactions have been determined by both direct and indirect
methods. Early direct kinetic studies involved photochemical radical generation
under continuous irradiation conditions, usually with ESR detection. This method
requires a relatively high concentration of radicals that is achieved by studying reac-
tions at low temperatures. The result was that many of the early kinetic determina-
tions were at temperatures far from those that were used in applications, and the rate
constants extrapolated to ambient or high temperatures contained large errors. The
introduction of lasers permitted fast generation of relatively high radical concentra-
tions (10°-10~* M) at ambient temperatures, and many of the more recently mea-
sured rate constants were obtained by laser flash photolysis (LFP) methods, most
commonly with UV-visible detection.

An alternative approach to measuring radical kinetics directly is to determine rate
constants indirectly in competition kinetic studies. In this method, the reaction that is
being calibrated competes with another reaction with a known rate constant. The
experimental design is shown in Fig. 2.22. In this example, the 5-hexenyl radical
(1) can cyclize to give the cyclopentylmethyl radical (2) or react with agent X-Y
to give acyclic product 3. Radical 2 also can react with agent X-Y to give the cyclic
product 4. After the reaction is complete, the yields of products 3 and 4 are deter-
mined by a conventional method such as gas or liquid chromatography or NMR
spectroscopy, and the unknown rate constant (kxy) is calculated from the product
ratio, the concentration of agent X—Y and the known rate constant k. by the expres-
sion in the figure. In the simplest case, with irreversible reactions and a large excess
concentration of agent X-Y such that pseudo-first-order reaction conditions are
maintained, the unknown rate constant can be determined with acceptable precision
from a single experiment. More complicated situations, with reversible reactions and
reactants that are not employed in large excess, can be studied, but multiple reactions
with varying concentrations of reactants are necessary when a reaction is reversible.'”

Because common instrumentation can be used for determining product ratios, as
opposed to sophisticated laser kinetic units, the indirect kinetic method has been
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Figure 2.22 A radical clock study using the 5-hexenyl radical cyclization.
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quite popular. Most of these studies are conducted in a manner similar to a synthetic
sequence in that they are radical chain reactions. Rate constants for reactions of tin
hydride (Bu;SnH) and other group 14 hydrides with many types of radicals are avail-
able,]4 and it is convenient to use radical reactions with these common H-atom trans-
fer agents as the ‘“‘basis” reactions in the kinetic study. The major operational
differences between experiments designed for indirect kinetic studies and synthetic
conversions are that a large excess of the radical trapping agent usually is used in the
kinetic studies to maintain pseudo-first-order kinetic conditions and the trapping
agent cannot be added slowly over the course of an indirect kinetic study because
the concentration of trapping agent will not be known.

One common indirect kinetic method employs a calibrated unimolecular radical
reaction as the basis reaction. Such unimolecular reactions have been termed “‘radi-
cal clocks.””** The example in Fig. 2.22 illustrates a typical radical clock study.
The major advantages in using a radical clock is that one only needs to control
the concentration of one reagent, and pseudo-first-order versus first-order reaction
conditions are easy to achieve. A minor drawback is that the velocity of the uni-
molecular process cannot be controlled by adjusting a concentration; thus, any par-
ticular clock can be used only in a relatively limited kinetic range. For that reason,
one prefers to have a large number of radical clock choices. A large repertoire
of clocks is available for alkyl radicals,'® but clocks for other types of radicals
are more limited. Some representative radical clock reactions are shown in
Fig, 2.23 37:38:54-62

Absolute rate constants have an aesthetic appeal, but relative rate constants often
are just as useful. In fact, the early evolution of radical methods in fine chemical
synthesis was based largely on precise relative rate constants that were determined
in simple competition reactions. Subsequent refinements of the absolute kinetics of
important basis reactions, such as the rate constants for reactions of BuzSnH with
alkyl radicals,” have greatly improved the accuracy of radical kinetics since the
early 1980s, but the precisions of relative alkyl radical rate constants generally
have not improved since the fundamental works in the 1960s and 1970s.

2.6.4 Kinetics of Elementary Radical Reactions

2.6.4.1 Substitution and Atom or Group Transfer Reactions Substitution or
group transfer reactions are involved in the initial production of the reactant radical
and in the “trapping” of the final product radical. These reactions can occur by one-
step displacement processes or by addition followed by fragmentation; the
difference is whether an adduct with a finite lifetime is produced. Hydrogen atom
transfer reactions are examples of displacement reactions, and allyl group transfers
are examples of additions that give intermediates. Simple halogen atom and
chalcogen group transfers might involve formation of adducts when the atoms or
groups are large, such as with iodine or phenyltelluryl, but this is not firmly
established. Large leaving group rate effects in substitutions at selenium atoms
suggest that the reactions do not involve intermediates.®> The existence of an
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Figure 2.23 Representative radical clocks. Rate constants are for reactions at 20°C unless
noted.

intermediate adduct radical is seldom of consequence in a synthetic reaction because
the lifetimes of the putative intermediates would be very short.

Hydrogen atom transfer reactions are the most important in this group because so
many radical sequences are completed with these reactions. The most commonly
employed agents are group 14 hydrides (stannanes, germanes, silanes) and group 16
hydrides (thiols, selenols), but other H-atom donors (hydrocarbons, phosphines)
have been used. The selection of the appropriate hydrogen transfer agent for a syn-
thetic sequence is dictated mainly by the kinetics of H-atom transfer agent and the
properties of the product radical with respect to the chain reaction employed. The
group 14 hydrides BusSnH, Et;SiH, and (Me;Si);SiH have been most widely
used as H-atom donors when the radical precursor is an alkyl halide because the
stannyl and silyl radicals readily abstract halogen atoms. The group 16 hydrides
t-BuSH, PhSH, and PhSeH have been employed frequently when halogen atom
abstractions are not necessary in the radical chain sequence (as in the case of
PTOC esters) or in mixtures with a group 14 hydride where the H-atom transfer
is accomplished by the group 16 hydride and the thiyl or selenyl radical then reacts
with the group 14 hydride.®*%



RADICAL KINETICS 103

TABLE 2.2 Rate Constants for Reactions of H-Atom Donors with Various Radicals at
20°C in Units of M ' s~

H-Atom Donor RO°  RC(O)N(R) Ph’ R;CF; RCH; RC(O’ R,N"
Et,SiH 5x10° — — 5x10° 3x10° — 3

(MesSi);SiH 1.1 x 108 — 3x108 5x107 4x10° 2x10* 30

Bu;SnH 2x 108 13x10° 8x10® 2x10® 25%x10° 4x10° 4x10°
+~BuSH — — — — 6% 10° — 6 x 10°
PhSH — 9x 107 — — 9x 107 — 1.1 x 10®
PhSeH — — — —  12x10° (5x10°) 2x10°

“Group 14 hydride values from Ref. 14. Aminyl radical values from Ref. 37. Amidyl radical values from
Ref. 38. Alkyl radical values with group 16 hydrides from Ref. 56. Acyl radical value with PhSeH
estimated from data in Ref. 66.

Table 2.2 lists some typical kinetic values for reactions of representative radicals
with common H-atom transfer agents.'*?7-3%% Ap extensive tabulation of rate
constants for reactions of group 14 hydrides with radicals has been published and
should be consulted for a more detailed listing of kinetic values for this class of
donors." Tt is interesting to note the apparent “polar” contributions to rate con-
stants. The radicals on the left side of Table 2.2 are electron-deficient or “‘electro-
philic,” whereas the carbon- and nitrogen-centered radicals on the right side are
electron-rich or “nucleophilic.” The H-atom donors are listed in order of increasing
electronegativity of the H-atom donor from the top to the bottom, and the H atoms in
this series are increasingly electron-deficient and acidic as one proceeds down the
table. The ‘“‘electrophilic” radicals react rapidly with the electron-rich H atom
of group 14 hydrides, and “‘nucleophilic” radicals react rapidly with the electron-
deficient H atom of group 16 hydrides.

Other synthetically important substitution reactions of carbon-centered radicals
are halogen atom transfer reactions and chalcogen group transfer reactions. These
reactions are involved in atom or group transfer chain reactions that give products
with functionality at the former radical center (see Fig. 2.14). Table 2.3 contains rate

TABLE 2.3 Rate Constants at 50°C for Reactions of Primary Alkyl Radicals with
Halides and Chalcogens in Units of M~ s~ '

Compound Cl Br I SMe SPh SePh TePh
RCH,X — 6 x 10? 2x10° — — — —
R,CHX — 1x10° 5% 10° — — — —
R;CX 6 x 10% 4.6 x 10° 3% 10° — — — —
EtO,CCH,X — 7 x 10* 3 x 107 — — 1x10° 2.3 x 107
NCCH,X — — 2x10° — — 2% 10° —
(Et0,C),C(Me)X — 1.0 x 10° 2% 10° — — 8 x 10° —
(NC),C(Me)X — — — 8 x 10** 5% 10° 8 x 10° —
X—x* — — — 6x10*  2x10° 2.6x10 1.1x 108

“Rate constants at 50°C unless noted otherwise. Values from Refs. 19, 63, 67, and 68.

b Rate constants at 25°C.
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constants for halogen atom and chalcogen group transfers to primary alkyl radi-
cals.®*978 Reactivity increases down a column of the periodic table, and it is inter-
esting to note that PhSe and PhTe group transfers are similar in rates to bromine and
iodine atom transfers, respectively. These rate constants display a high degree of
sensitivity to the stability of the radical leaving group.

Many radical chain reaction sequences employ alkyl halides and pseudohalides
as the radical precursors. Halogen atom and chalcogen group transfer reactions of
these precursors with propagating radicals from the group 14 metal hydrides must
be fast enough to support the chain reactions, and one usually prefers that they are
very fast. The tributylstannyl radical (Bu3Sn®) reacts rapidly with alkyl iodides and
alkyl bromides (k > 1 x 10’ M~! s~! at room temperature), but reactions with alkyl
chlorides are sluggish (k = 7 x 10> M~!s~! for a 1° alkyl chloride at room tempera-
ture).® The tributylgermyl radical (Bu;Ge*) reacts slightly faster than the stannyl
radical with these halides, and the triethylsilyl radical (Et3Si*) reacts about an order
of magnitude faster.® Rate constants for reactions of Et;Si* with aryl chlorides, bro-
mides, and iodides are similar to those of the corresponding alkyl halides, and PhBr
and PhI can be used in chain reactions with BusSn°’. The fris-(trimethylsilyl)silyl
radical reacts with alkyl halides with rate constants similar to those of BusSn®.”
As a general rule of thumb, alkyl phenyl sulfides (RSPh) and alkyl phenyl selenides
(RSePh) react with the group 14 trialkylmetal radicals with rate constants similar to
those for RCI and RBr, respectively.71

Additions of alkyl radicals to the sulfur atom in thiones occurs with xanthate
esters and other thione derivatives such as Barton’s PTOC esters, and these reactions
can be considered thio group transfers. The reactions are efficient, but few kinetic
values are available. Primary alkyl radicals add to the thione group in a Barton
PTOC ester with rate constants of about 1 x 10°M~!s~1.72

2.6.4.2 Radical Additions to Alkenes The facile formation of carbon—carbon
bonds, especially in cyclizations, via radical reactions was the impetus for synthetic
chemists to embrace radical chemistry as a conventional methodology in the 1970s
and 1980s. In radical addition reactions, fine chemical synthesis requires that the
adduct radical be successfully trapped in competition with oligomerization
reactions. This is easy to accomplish in unimolecular cyclizations reactions by
controlling concentrations of radical precursors. Bimolecular addition reactions are
more problematical, but one generally can take advantage of the polar character of
the radicals involved. That is, addition of a “‘nucleophilic” radical to an electron-
deficient alkene, such as an acrylate ester, gives an o-ester radical product that is
electron-deficient. The initial addition reaction is accelerated by polar effects,
whereas addition of the product radical to a second molecule of the electron-
deficient alkene will be retarded. Thus, although the kinetics of radical addition
reactions can be understood mainly in terms of the thermodynamics of the overall
reaction, rate enhancements due to polarized transition states exist when there is an
appropriate polarity match between radical and the alkene. For example, a
nucleophilic alkyl radical adds to an acrylate more rapidly than one might expect
from the thermodynamics of the reaction because the favorable polarity match in the
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TABLE 2.4 Second-Order Rate Constants in Units of M~ s ~! for Radical Addition
Reactions to Substituted Alkenes at ~24°C*

Alkene (Me),(OH)C* H;C’ NC—H,C’ t-BuOC(O)H,C*
CH,=CHR 1.1 x 10° 4%10° 1.1 x 10* 5.4 x 10*
CH,=CHOAc 7.5 % 10° 1.4 x 10* 1.3 x 10* 6.5 % 10*
CH,=CHOEt 3.2 x 10? 1.4 x 10* 43 x10* 1.5 x 10°
CH,=CHCl — 2x10* 1.2 x 10* 7.1 x 10*
CH,=CHCN >1x 108 6 x 10° 1.1x10° 5.4 % 10°
CH,=CHCO,Me >1x 107 5x10° 1.1 x10° 4.9 % 10°
CH,=CHCHO — 7% 10° 2.4 x 10* 3.8 x 10°
CH,=CHPh 2.2 % 10° 2.6 x 10° 3.8x10° 1.9 x 10°

“Values for 1-hydroxy-1-methylethyl radical from Ref. 73. Values for methyl radical from Ref. 74.
Values for cyanomethyl radical and (tert-butyloxycarbonyl)methyl radical from Ref. 75.

transition state indicated by resonance contributor C below. Table 2.4 contains
kinetic data that illustrates this effect for addition reactions of the nucleophilic
isopropyl and methyl radicals and the electrophilic acetonitrile and tert-butyl acetate

radials.”>™"?
. ©
Re OMe Re. OMe Re, OMe
S G G ¢
(6] (0] (0]
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2.6.4.3 Radical Additions to Other Unsaturated Centers Table 2.5 lists relative
rate constants for additions of an alkyl radical to various unsaturated centers using an
unsubstituted alkene as the reference point.'*°>’*"® The controlling influence is
clearly the thermodynamics of the reactions. Additions to alkynes and nitriles give
relatively high energy adducts, and addition to an aldehyde gives an alkoxyl radical
product. Dialkylaminyl radicals formed by addition to imines are relatively stable as

TABLE 2.5 Relative Rate Constants at 20°C for Alkyl
Radical Additions to Unsaturated Compounds

Compound Relative Rate Constant Ref. ¢
RCH=CH, 1.0 —
R—C=CH 0.075 76
RC=N 0.025 76
RCH=0 0.56 62
RCH=NR 3.75 77
C=0 18 12
RCH=NOMe 24 78
RCH=NNR, 39 78
Allyltrimethyltin 40 79

“Reference for original kinetic data.
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judged by the slow reactions of these radicals with H-atom donors, and the adducts
from radical additions to oximes and hydrazones are further stabilized by the
substituents on the nitrogen radical center.

The rate constant for alkyl radical addition to allyltrimethyltin is quite interesting.
Addition of an alkyl radical to this compound gives an intermediate that expels
the trimethylstannyl radical, and the overall conversion accomplishes allylation of
the radical center. This sequence would not be possible if the addition reaction
were not considerably faster than radical addition to an alkene. The enhanced
reactivity apparently reflects a polar effect of the stannyl group, producing a more
electrophilic alkene that is polarity-matched with the nucleophilic alkyl radical.

2.6.4.4 Radical Cyclizations Radical cyclizations contain an additional element
that affects the kinetics profoundly, the size of the ring being formed. In principle,
cyclizations can occur in an exo or endo fashion, but only exo cyclizations are
observed for small rings due to geometric constraints of these systems. In the case
of unsubstituted systems, the endo cyclization product, a secondary radical, is
thermodynamically favored over the exo cyclization product, a primary radical, and
the amount of endo product increases as the ring size increases. Figure 2.24 lists
rate constants for cyclizations of simple radicals at room temperature that show both
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Figure 2.24 Ring size effects in alkenyl radical cyclizations. Rate constants at room
temperature are listed. Data from Refs. 57, 69, 80, and 81 have been adjusted by the author for
the now accepted rate constant for reaction of Bu;SnH with alkyl radicals.
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TABLE 2.6 Rate Constants at 20°C for 5-exo
Cyclizations of 6-Substituted 5-Hexenyl Radicals

6-Substitutents Rate Constant (s7!) Ref. ¢
H, H 2% 10° 55
H, Me 2% 10° 82
Me, Me 5% 10° 82
H, OMe 1.4 x 10° 83
H, Ph 2% 107 56
Ph, Ph 4% 107 56
H, CN 1.6 x 10% 83
CN, OMe 2.5% 108 83

“Reference for kinetic data.

the ring strain and steric constraint effects.>”***8! Note that the cyclizations of the
3-butenyl and 4-pentenyl radicals are thermodynamically unfavorable; that is,
the cyclopropylcarbinyl and cyclobutylcarbinyl radicals ring-open to give these
radicals.

Cyclizations of 5-hexenyl radicals to give 5-membered ring products are com-
monly employed in synthesis and have been extensively studied. The rate constants
for these cyclization reactions can be used to evaluate the effects of substituents on
the cyclization reactions. In the case of substitution on position C6 of a 5-hexenyl
radical, the rate constants for cyclization follow patterns similar to that seen in
additions to alkenes (Table 2.6).7%%283 These reactions are primarily enthalpy-
controlled, but a polar transition state effect is apparent in cyclizations of the
cyano-substituted systems.

The rate constants for cyclizations of 1-substituted 5-hexenyl radicals show
kinetic effects of substitution at the radical center that might at first seem counter-
intuitive (Table 2.7).°%3%%487 Iy the case of cyclizations of secondary radicals, the
rate constants are nearly invariant although the stability of the reacting radical center
is increased by substituents as evaluated by BDE values. This demonstrates that

TABLE 2.7 Rate Constants in Units of s ! for Cyclizations of 1-Substituted 5-Hexenyl
Radicals at Room Temperature *

X X
X X .
. N Me
X Me
C/\ i\/\ N Fh A Fh
A A
Ph Ph
H 2% 10° 1x10° 4% 107 2% 107
CH; 1x10° 1x10° 2 x 107 1x107
OCH;,4 2x10° — 4% 10’ 6 x 107
CO,Et 2% 10° 1x10* 5% 107 3% 10°
C(O)NEt, 1x10° — 2 x 107 1x10*
CN — — — 2% 10°

“Kinetic data from Refs. 56, 80, and 84-87.
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electronic effects on the cyclizations are minimal. For tertiary systems, however,
substitution with a conjugative electron-withdrawing group results in dramatic
kinetic reductions, and this applies even for the very “small”’ cyano group. These
kinetic reductions in cyclizations of the substituted tertiary radicals have been
ascribed to steric effects, apparently involving the forced planarity of the radical
center.

2.6.4.5 Radical Fragmentations and Ring Openings Homolytic fragmentations
and ring-opening reactions of radicals are the reverse of additions and cyclizations.
Fragmentations of radicals are often coupled with addition reactions and result in
group transfer sequences (see text below). Cleavage of C—C bonds is not common
for carbon-centered radicals except for ring opening reactions of strained cyclopro-
pylcarbinyl and cyclobutylcarbinyl radicals, but they occur in reactions of highly
reactive oxygen-centered radicals. These ring-opening reactions demonstrate the
same types of enthalpic, polar, and steric effects seen in radical addition and
cyclization reactions. For example, the substitution of a radical stabilizing group at
C2 of a cyclopropylcarbinyl or cyclobutylcarbinyl radical results in accelerated ring-
opening reactions as shown in Table 2.8 for the cyclopropylcarbinyl radical.*¢->*8-3
Substitution at the radical center by simple radical-stabilizing groups (Me, OMe) has
a small retarding effect, and substitution at the radical center by an ethoxycarbonyl
group results in acceleration of the ring opening because the transition state is
polarized. A phenyl group at the radical center slows the ring-opening reaction due
to enthalpic effects and shifts the equilibrium in favor of the cyclic product. Phenyl
groups at both the radical center and C2 effectively cancel one another’s effect as
expected.

TABLE 2.8 Kinetic Effects of Substituents on
Cyclopropylcarbinyl Radicals ¢

- kopen
>/} — Y/\/\./X

keycle

X
Y X Kopen Keyele Ref.?
H H 7 % 107 6x10° 56,57
H Me 1x10% — 89
H OMe ~1x10° — 88,92
H CO,Me 7 x 10'° — 90
H Ph 1.5%x 10" — 58
Me H 4% 107 — 89,93
OMe H ~2 %107 — 88
CO,Et H 2x 108 — 91
Ph H 6 x 10* 5% 10° 57
Ph Ph 3% 10° — 59

“Rate constants in units of s~ ! at 20°C.
b Reference for kinetic data.
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Figure 2.25 Allylation and vinylation of alkyl radicals.

2.6.4.6 Group Transfers and Group Migrations Involving Addition—-Elimination
Reactions with © Bonds Radical additions to unsaturated groups can be followed
by elimination reactions to give group transfer reactions (bimolecular processes) or
group migration reactions (unimolecular processes). Unlike atom and group transfer
reactions at saturated atoms that likely occur in concerted processes, these reactions
give intermediate radicals. Synthetically useful addition—elimination reactions
include allylations and vinylation reactions such as shown in Fig. 2.25.”*°° Addition
of an alkyl radical to an allylstannane gives the intermediate adduct that eliminates
the relatively stable stannyl radical. A large number of X groups at C2 of
allylstannanes have been used. The reaction also works well when the leaving group
is a trialkylsilyl or alkyl- or arylthiyl. The allylation reaction has been more widely
applied than the vinylation reaction that is effectively limited to substituted acrylates
(as shown in Fig. 2.25) or styrenes.

When the leaving group in an allylation reactions is a stannyl or silyl radical, a
chain reaction can be propagated with alkyl halides and pseudohalides just as in the
case when the group 14 hydrides are used in chain reactions. Thus, in principle, ally-
lations and vinylations can be substituted for radical reduction steps, but the rate of
the initial addition reaction can be a limiting feature of this chemistry. Few rate con-
stants for these addition reactions have been determined, but addition of an alkyl
radical to allyltrimethylstannane was found to have a rate constant of about
3 x 10° M~!s~! at 50°C with is about 40 times faster than an alkyl radical adds
to a terminal alkene.”®

Intramolecular versions of the addition—elimination reaction result in group
migrations. For example, the series of radicals shown in Fig. 2.26 rearrange by addi-
tion of the primary radical to the unsaturated group to give a 3-membered ring fol-
lowed by ring opening to give the tertiary radical. Relative rates for the overall
migrations are listed in the ﬁgure.97 Note that migration of a phenyl group in the
neophyl radical rearrangement involves formation of the spiro intermediate. The
addition—elimination sequence in cyclic ketones is a convenient method for ring
expansions as shown in Fig. 2.18 for a 1-carbon atom expansion; ring expansions
for 2-carbon atoms and 4-carbon atoms also are known.”®

2.6.5 Kinetics of Termination Reactions

Radical termination processes are involved in any composite radical reaction.
Radical-radical reactions generally have very low activation energies, and most of
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Figure 2.26 Examples of group migration reactions.

these termination processes (couplings and disproportionations) occur with diffusion-
limited rate constants. When self-termination of a particular radical is slow, selective
cross-coupling reactions can occur as described in Section 2.5.1.

The rates of diffusional processes are affected by the viscosity of the solvent and
the size of the particular species. Generally, one can approximate diffusional rate
constants for a particular solvent from self-diffusion rate constants (i.e., rate con-
stants for diffusion of the molecules of the solvent), several of which are available.
Diffusional rate constants for a specific radical R* would be more accurately esti-
mated by determining the rate constants for its parent (R—H)" in the solvent of
choice using sample broadening in a flowing stream or line broadening in a pulse
gradient NMR experiment.'®*'°! The latter can now be achieved readily on modern
NMR instruments that include gradient methods.

It is noteworthy that the rate constants for reactions of organic radicals with one
another will be smaller than the rate constants for diffusion-limited collision of the
radicals. Two radicals with spin % in a radical pair will have either a singlet or a triplet
alignment of spins. The triplet radical pair will not couple because that would form
an electronically excited product. As long as intersystems crossing (involving a spin
flip) is slow relative to the diffusion processes, a triplet radical pair can only diffuse
apart. Because the probability of formation of a singlet radical pair is one in four
combinations (one singlet and three triplet states), the radical-radical termination
reactions will have rate constants that are 25% of the diffusional rate constants.

The abovementioned phenomenon, known as “spin statistical selection,”'*
has some interesting ramifications. For example, if a highly exothermic radical—
molecule reaction is diffusion controlled, then that radical-molecule reaction would
be 4 times faster than radical-radical reactions. In addition, if one of the radicals in
the radical pair is “organic” and the other “metallic,” then the large difference in
gyromagnetic ratios could result in “‘fast’” intersystems crossing that, if it were faster
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than diffusion, would permit selective radical cross-termination reactions without a
persistent radical effect.

2.6.6 Overall Kinetics of Chain Reaction Processes

With an understanding of the kinetics of the elementary radical reactions, one can
determine the velocity of the chain reaction sequence. The key simplifications that
are involved are the following: (1) because each propagation step in the chain
sequence gives a product radical that is the reactant radical in another propagation
step, the velocities of all propagation steps must be equal; and (2) during the course
of the chain reaction, the radicals reach steady-state concentrations, and the velocity
of the initiation sequence is equal to the velocity of the termination sequence. These
equalities in velocities permit the application of steady-state kinetic assumptions
that eventually yield the rate law for the overall process in terms of a few key rate
constants for elementary reactions.

The analysis is readily explained in the context of a simple example. Consider the
tin hydride reduction of an alkyl bromide. The elementary reactions are those shown
in Fig. 2.8 with the exception that no radical functionalization steps are involved.
That is, the propagation sequence involves only bromine atom abstraction from
RBr by the Bu;Sn® radical and H-atom abstraction from Bu;SnH by the R*® radical.
The rate constant for bromine atom abstraction by the tin radical is about 100 times
greater than that for H-atom abstraction from the tin hydride. If the initial concen-
trations of RBr and Bu3SnH are equal, it follows that during the reaction the concen-
tration of R* must be 100 times greater than the concentration of Bu;Sn° to attain
equal velocities for the two propagation steps. The slower reaction in the propaga-
tion sequence is known as the “‘rate-controlling step’” because the rate constant for
this reaction (but not the rate constants for faster steps) appears in the rate law.
Furthermore, because the R* concentration is so much greater than the BusSn°® con-
centration, the only important termination reaction for this sequence is the bimole-
cular reaction of R°.

The rate of the chain process is solved starting from the simple rate law for for-
mation of product R—H in the rate-controlling step of the chain sequence [Eq. (2.2)],
where ky is the rate constant for reaction of the alkyl radical with tin hydride. A
series of steady-state approximations for [R°] eventually leads to an equality for
this concentration that contains the rate constant for the initiation reaction (kiu;)
and the rate constant for the termination reaction (k); the latter is usually
diffusion-controlled. Substitution of that equality into the simple rate expression
of Eq. (2.2) gives Eq. (2.3), where [Init] is the concentration of the initiator and
f is the fraction of radicals that successfully escape the radical pair formed in the
initial homolysis reaction of the initiator.

d[RH]
dt

d[RH] _ kinit f[Init]"*kss[Bus SnH] )3
dr (2kierm)'"? 23)

= kn[R"][BusSnH] (2.2)
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For the specific example of the tin hydride reduction of an alkyl bromide in refluxing
benzene, one might have the following conditions: initial concentration of Bu;SnH
and RBr = 0.2 M, concentration of AIBN = 0.005M, and f= 0.5. The rate con-
stants at 80°C are the following: ki, = 2 X 107 4s 1, kg =64 x 10°M- s,
and keerm = 1 % 10'° s 71, In this case, the velocity of the chain reaction is about
3 x 10~ * M/s. Thus, the reduction reaction would be complete in about 15 minutes.
If the slower reacting (Me;Si)sSiH (ky = 1.3 x10° M~ 's™' at 80°C) were
substituted for tin hydride, the reduction reaction would take somewhat more
than 1h.

Rate laws for other radical chain reactions are similar to that for the tin hydride
reduction discussed above. The characteristic features are that the initiator concen-
tration is % order, the only rate constant for an elementary process in the chain
sequence that appears in the rate law is that for the ‘“‘slow” propagation step, and
the termination rate constant is typically that for a diffusion-controlled process.
When the reactions are initiated photochemically instead of thermally, the rate
constant for homolysis of the initiator is replaced by the photon flux, the quantum
efficiency of the photochemical reaction, and the fraction of photons absorbed.
Photochemical initiation with opaque solutions are difficult to treat because the
radical concentration is not uniform throughout the solution.

It is noteworthy that these radical chain rate laws also apply to polymerization
reactions but only up to a point. As long as the termination velocity is large (in a
low-viscosity medium), the steady state approximations used in solving the rate
laws apply. As the viscosity of the polymer mixture becomes high and the velocity
of the termination reactions decreases; however, the steady-state approximation for
radial concentrations no longer applies. With continued initiation, the velocity of the
chain reaction will thus increase with an increase in viscosity. Eventually, termina-
tion reactions become so slow that they effectively cease as the solution “gels,” and
the overall chain reaction becomes very fast. The phenomenon is known as a “gel
effect” or “Trommsdorf effect.”

2.7 WHAT IS NOT IN THIS OVERVIEW

This overview touches on several aspects of small radical chemistry, but much of
that chemistry obviously is not included. For example, most of the discussion has
focused on carbon-centered radicals to the exclusion of heteroatom-centered radi-
cals. Chemoselectivity and regioselectivity of radicals reactions are illustrated by
examples and rate constants, but stereoselectivity, an increasingly important aspect
of small radical chemistry, is not discussed; a 1995 book nicely summarizes work
involving control of stereoselectivity in radical reactions.'®® Radical chemistry is
becoming increasingly important for organic synthetic conversions, and the inter-
ested reader is referred to a two-volume monograph that addresses the state of the
art in this area.'®
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118  GENERAL CHEMISTRY OF RADICAL POLYMERIZATION
3.1 INITIATION

3.1.1 General Features

The initiator-derived free radicals that initiate polymerization are generated by thermal
or photochemical homolytic cleavage of covalent bonds, or by a redox process.
These primary radicals add to carbon—carbon double bonds of monomer resulting
in primary propagating radicals that in turn propagate further. Initiation generally
occurs by tail addition to monomer of the primary radicals. However, the primary
radicals do not always react with monomer in a regio- and/or chemoselective fashion,
and side reactions are known to occur in many cases. The fraction of primary radicals that
actually initiate a polymer chain through formation of primary propagating radicals,
the initiator efficiency (f), depends on a number of factors. A low value of fis an
intrinsic disadvantage as the initiator is used inefficiently, and also indicates a rela-
tively high rate of formation of undesired byproducts, in some cases even suggesting
the unsuitability of a particular compound as an initiator. Branching, crosslinking,
and graft copolymerization may occur as a result of hydrogen abstraction by primary
oxygen-centered radicals such as terr-butoxy radicals. In general, the addition of
primary radicals to monomer is faster than initiator decomposition, and the rate of
initiation is thus determined by the rate of decomposition of the initiator.

It has been realized that the nature of the initiator not only influences the rate of
polymerization and the molecular weight of the polymer formed but also affects the
polymer structure and thereby possibly polymer properties as well. The environmen-
tal stability of polymers often depends on the nature of the end groups.' As a direct
result of the relative reactivity of the primary radicals toward different monomers,
the choice of initiator in a copolymerization will determine not only the nature of the
end groups but also which monomer is the most likely to be in the position next to
the initiator-derived fragment at the chain end.”

3.1.2 Radical Generation
3.1.2.1 Homolysis

3.1.2.1.1 Azo Initiators This class of initiators, covered in several 1reviews,3*5
generate carbon-centered and oxygen-centered radicals by the homolysis of the
C—N (dialkyl diazenes) and O—N (dialkyl hyponitrites) bonds. A major driving
force for the dissociation is the formation of the stable nitrogen molecule. Dialkyl
hyponitrites (not commercially available) are generally used at lower temperatures
than dialkyldiazenes, and cannot be employed as photosensitizers.

The vast majority of commercially available aliphatic azo initiators are sym-
metric, and the substituted alkyl radicals generated on decomposition are usually
resonance stabilized tertiary radicals to facilitate initiator decomposition. Some of
the most commonly used dialkyl diazenes include 2,2'-azobisisobutyronitrile [AIBN
(1)], dimethyl 2,2'-azobisisobutyrate (MAIB), 1,1’-azobis(1-cyclohexanenitrile) (2),
2,2'-azobis(2,4,4-trimethylpentane), and azobis-2,4-dimethylvaleronitrile.®
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The decomposition of AIBN has been shown to produce the ketenimine in sig-
nificant amounts.”*? However, confirmation of diazenyl radicals as intermediates in
the case of symmetric dialkyldiazene initiators is not possible as they do not have
sufficiently long lifetimes for reaction with monomer to occur or for radical trapping
to be feasible.’

The rate of decomposition increases with increasing delocalization of the
unpaired electron of the generated radical,®* and it has been found that the stabiliza-
tion energies of the primary radicals generated on initiator decomposition correlate
fairly well with the decomposition rates.'” Steric factors also affect the rate of
decomposition; increased bulkiness of and branching on the y-carbon results in
significantly higher rates of decomposition.” The polarity of the solvent generally
only exerts a marginal effect on the value of the rate constant for decomposition
(kq); kq for MAIB is approximately twice as high in methanol as in cyclohexane.®
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Macroazoinitiators,' ™' polymeric or oligomeric compounds containing one or more

—N=N-— units, are useful for the synthesis of block copolymers. By use of macro-
azoinitiators, it is possible to prepare block copolymers containing polymer blocks
that have been formed by different polymerization mechanisms. Macroazoinitiators
are generally prepared by polycondensation of low molecular weight azoinitiators
with prepolymers of suitable molecular weight and end-group functionality. An
example of this synthetic strategy is the preparation of polyurethane macroazoinitia-
tors by the polycondensation of 2,2'-azobis(2-cyanopropanol) with isocyanate-
terminated prepolymer,'” which can subsequently be employed to initiate free-radical
polymerization of a vinyl monomer.

An additional interesting feature of polymers containing azo moieties along the
backbone is that they are thermodegradable.'” The thermal decomposition of macro-
azoinitiators proceeds by first-order kinetics, but the rate of decomposition may dif-
fer from that of the parent low molecular weight azoinitiator.'® Both the frequency
factor and the activation energy of the rate constant for the thermal decomposition of
a series of azo-containing polydimethylsiloxanes have been reported to increase
with increasing chain length of the polydimethylsiloxane segments.”® Macroazoini-
tiators have also recently been employed in nitroxide-mediated living/controlled
polymerization'® and multimode polymerization (cationic to radical transforma-
tion).'® For the synthesis of block copolymers of precise structure using macroini-
tiators in tandem with the concept of 2,2,6,6-tetramethylpiperidine-1-oxyl
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(TEMPO)-based nitroxide-mediated living/controlled free-radical polymerization,
azo initiators are preferred over peroxide initiators because the latter tend to
undergo reaction with TEMPO, thereby altering the desired macromolecular
architecture. !

Attempts have been made to initiate polymerization by the generation of a dira-
dical species, which would result in a macroradical where both chain ends are active.
This type of initiation would be a significant stride forward from an industrial point
of view as high molecular weight polymer could be produced at considerably higher
rates.”” Attempts so far, usually based on cyclic azo and peroxy compounds, have
met with limited success mainly as a result of the initiator efficiency being inherently
low when both radical centers are located on the same molecule.”> One study has
shown that diradicals generated from bicyclic azo compounds were not successful
in initiating polymerization of neither styrene nor acrylonitrile.?® There is however
experimental evidence indicative of a diradical species being involved in the spon-
taneous thermal copolymerization of certain electron donor and acceptor monomer
pairs (Section 3.1.2.2.3). This finding is not to be confused with the situation in
living/controlled systems (atom transfer radical polymerization and nitroxide-
mediated living/controlled systems), where multifunctional initiators yielding
chains that propagate via two or more active chain ends are readily prepared.

3.1.2.1.2 Peroxide Initiators A wide range of peroxy compounds are being
employed as initiators: acyl peroxides, alkyl peroxides, dialkyl peroxydicarbonates,
hydroperoxides, peresters, and inorganic peroxides.®** Examples of commonly
employed peroxide initiators of each subclass are benzoyl peroxide (BPO), di-tert-
butyl peroxide, di-n-propyl peroxydicarbonate (3), cumene hydroperoxide (4),
di-tert-butyl peroxalate, and persulfate.

The oxygen-centered radicals generated on peroxide initiator decomposition can
react further via the pathway of B-fragmentation. The decomposition of BPO thus
results in the formation of benzoyloxy radicals, phenyl radicals, and carbon dioxide.
Alkyl hydroperoxides possess a labile hydrogen atom and can therefore act as
efficient chain transfer agents as well as initiators. Inorganic peroxides such as per-
sulfate and hydrogen peroxide are used mainly in water-based applications because
of their high water solubility and poor solubility in organic solvents.?

The rate of decomposition of peroxide initiators is a function of their chemical
structure. The k4 of diacyl peroxides and peresters increase as the nature of the sub-
stituents change as in the series aryl, primary alkyl < secondary alkyl < tertiary
alkyl.?® Alkyl peroxyesters (peresters) decompose by either one-bond homolysis
of the O—O bond, resulting in the formation of an acyloxy and an alkoxy radical,
or by a concerted two-bond scission mechanism leading to the formation of carbon
dioxide, an alkyl and alkoxy radical.?” The nature of the substituents on the carbon
connected with the (CO)O, moiety affect both the rate and the mode of decomposi-
tion. Experimental data for the decompositions of fers-butyl peroxyacetate (where the
carbon connected with the (CO)O, moiety is primary), fert-butyl peroxyisobutyrate
(secondary carbon), and fert-butyl peroxypivalate (tertiary carbon) show that the
rate of decomposition increases in the order primary < secondary < tertiary carbon,
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and that concerted decomposition appears to occur in the case of secondary and ter-
tiary carbons.?’

The nature of the solvent may also affect kq; for example, the rate of thermal
decomposition of fert-butyl peroxide is somewhat higher in acetonitrile than in cyclo-
hexane. The rate of decomposition of the diacyl peroxide bis(3,5,5-trimethylhexa-
noyl)peroxide has been reported to be 7 times faster in n-pentadecane than in
acetonitrile at 80°C and 1500 bar.*® The rate of decomposition of diethyl peroxydi-
carbonate has been reported to be similar in organic solvents and supercritical
carbon dioxide.”'

The various types of peroxide initiators are suitable for different temperature
ranges depending on their rates of thermal decomposition. The dialkyl peroxides
and hydroperoxides are most suited for higher temperatures, whereas dialkyl pero-
xydicarbonates are used mainly in the lower-temperature regions.

Oxidation products of alkyl-9-borabicyclononane dissociate into alkoxyl radicals
and borinate radicals at ambient temperature (in contrast to regular peroxides).>**?
The alkoxyl radicals readily initiate polymerization, whereas the borinate radicals
are relatively stable and instead tend to couple reversibly with propagating radical
species, thereby inducing the characteristics of living/controlled free-radical
polymerization in a manner similar to that of nitroxide-mediated living/controlled
free-radical polymerization systems (Chapter 10). The polydispersity was, however,
not as low as what would normally be associated with living/controlled polymerizations.
A possible reason for this may be that the oxidation of alkyl-9-borabicyclononane
was carried out in situ in the polymerization mixture, thereby causing chains to start
growing at different times.

3.1.2.1.3 Initiators Yielding Persistent and Captodatively Substituted Radicals
Certain initiators generate persistent radicals, usually formed as a result of thermal
homolysis of a C—C bond**™*° or decomposition of azo compounds such as
phenylazotriphenylmethane (5).*'*** These persistent radicals exhibit relatively low
reactivity toward vinyl monomers, and therefore exhibit a tendency to engage in
primary radical termination to an unusually large extent. Because of the weakness of
the covalent bonds thus formed at the polymer w-ends, thermal dissociation can
occur, and the polymerization might (depending on monomer type and polymeriza-
tion conditions) exhibit living/controlled character as the propagating radical chain
ends are reversibly end-capped by the persistent radicals.**™** This type of
compounds are generally referred to as iniferters.*> This concept, including a
description of iniferters that also undergo extensive chain transfer (mainly dithiuram
disulfides), will be treated in the section on chain transfer.

One of the first compounds to be used as a thermal iniferter was phenylazotriphe-
nylmethane,*'*> which on decomposition produces phenyl radicals and trityl
radicals. Initiation is believed to occur by the phenyl radicals, whereas the less
reactive trityl radicals partake predominantly in reversible coupling reactions with
propagating radicals. The majority of thermal iniferters are 1,2-disubstituted tetra-
phenylethanes derivatives (6)34’35"”’43*47 such as X =CN, C,Hs, OCgHs, and
OSi(CHj3)3. The decomposition of a compound of this type generates two identical
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radical species, and it is thus an inherent disadvantage of the system that both may
add to monomer and thereby giving less control (this also applies to dithiuram

disulfides).

| |
X X

5 6

Coupling products of captodatively substituted carbon radical species dissociate
at relatively low temperatures as a result of radical stabilization, and are capable of
initiation of vinyl polymerization exhibiting living/controlled character similar to
the 1,2-disubstituted tetraphenylethane-based systems.”***>! Initiation by ethanes
with captodative substituents, such as captodatively substituted morpholinosuccino-
nitrile, results in higher polymerization rates of styrene and methyl methacrylate
than for tetraphenylethanes.***>° The use of various selenium compounds such
as benzyl phenyl selenides has also been reported.’*"

The systems described above tend to work fairly well with 1,1-disubstituted ethy-
lenic monomers (e.g., methyl methacrylate), but not for 1-substituted ethylenic
monomers (e.g., styrene)* as the end-capping for such monomers appears irrever-
sible. Although a degree of living/controlled character is manifested (in the case of,
e.g., methyl methacrylate) in linear M), versus conversion relationships and the fact
that it is possible to employ the prepolymer as a polymeric iniferter for block copo-
lymer synthesis, fairly significant chain deactivation is believed to occur during the
process. This gives rise to polydispersities considerably higher than those obtained
in other living/controlled free-radical polymerization processes such as atom
transfer radical polymerization (Chapter 11) and nitroxide-mediated (Chapter 10)
and RAFT systems (Chapter 12).

3.1.2.2 Thermal Initiation

3.1.2.2.1 Styrene The mechanism behind the thermal polymerization of styrene
has been the subject of research for decades. The two main theories are those
proposed by Flory and Mayo,’* of which the latter has received the most support. It
involves the formation of the Mayo dimer by the Diels—Alder reaction of two
molecules of styrene and the subsequent hydrogen transfer to styrene to yield two
radicals that can initiate polymerization (Scheme 3.1). The Mayo dimer has to date
not been isolated, but a considerable body of evidence is in favor of this mechanism,
including its detection as an end group.”>>>~3® The presence of an acid catalyst
results in a decrease in the rate of initiation and formation of trimer, consistent with
the expectation that the Mayo dimer, unlike the Flory dimer, would not be stable to
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Scheme 3.1

acid.>® The thermal initiation rate, a function of monomer concentration and
temperature, can be predicted from the molecular weight of the polymer formed.

3.1.2.2.2 Acrylates Several acrylates and methacrylates have been reported to
undergo thermal polymerization, although significantly slower than styrene and
styrene-related compounds.” It has been argued that this may in fact partly be
caused by impurities present (speculated to be peroxides®®®"), as suggested by the
difficulty in obtaining reproducible data.°® In the case of methyl methacrylate, a
mechanism involving a dimeric 1,4-diradical formed by reaction of two monomer
molecules is consistent with considerable experimental evidence, including the
identification of dimer byproducts and the scavenging and detection of the diradical
by use of a large amount of a strong transfer agent.®”®* Certain captodatively
substituted acrylates, including methyl o-acetoxyacrylate and methyl o-methoxy-
acrylate, undergo spontaneous polymerization, and some experimental evidence is
consistent with initiation via a diradical species.®>

3.1.2.2.3 Copolymerization Certain pairs of electron-donor and electron-accep-
tor olefins undergo spontaneous copolymerization in the absence of an added
initiator. Examples include the monomer pairs styrene/acrylonitrile,®”®® vinyl
sulfides/maleic anhydride and acrylonitrile,’” and styrene/maleic anhydride.”® The
styrene/acrylonitrile system was previously thought to undergo initiation via a
mechanism analogous to that of the thermal homopolymerization of styrene and the
Mayo initiation mechanism. However, experimental results have shown that presence of
an acid catalyst (Section 3.1.2.2.1) has no effect on the rate of copolymerization,
thus strongly indicating that the Mayo mechanism is not predominant in the styrene/
acrylonitrile copolymerization.°® Experimental support in favor of bond-forming
initiation via a tetramethylene diradical species has been reported for the
copolymerizations of trisubstituted acceptor olefins such as dimethyl cyanofumarate
with various electron donating substituted styrenes such as 4-methoxystyrene.”"’>
Experimental results that may indicate initiation via an electron/hydrogen transfer
mechanism have also been reported.®®"°

3.1.2.3 Induced Decomposition Induced decomposition refers to the reaction of
a radical species with an initiator molecule, resulting in a new radical species that
in turn is able to initiate a chain. The net effect is that one initiator molecule is
consumed while the number of radicals remains constant. The process may lead to
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Scheme 3.2

the introduction of new end groups, and it lowers the molecular weight of the
polymer formed. The attacking radical may be a propagating radical, and in this case
the process is referred to as chain transfer to initiator. If the solvent molecules
possess hydrogens easily abstractable by the primary radicals or propagating radicals,
the solvent radicals thus generated may induce further initiator decomposition.

Diacyl and diaroyl peroxide initiators are particularly prone to induced decom-
position. For example, it has been reported that for polystyrene initiated by 0.10 M
BPO at 60°C, at least 75% of the chain terminating events comprise transfer to initia-
tor (Scheme 3.2) or primary radical termination.® Dialkyl diazenes on the other hand
only exhibit induced decomposition to a negligible extent. In the case of styrene
polymerization initiated by AIBN, transfer to initiator accounts for less than 5%
of the end groups at low conversion.® Di-ferr-butyl and cumyl peroxide are not very
prone to induced decomposition, although it has been reported to occur in the
case of di-fert-butyl peroxide when the solvent is a primary or secondary alcohol.”>7+
The rate of thermal decomposition of alkyl hydroperoxides is known to partly
proceed in an induced fashion. Primary and secondary hydroperoxides can un-
dergo induced decomposition by abstraction of the o-hydrogen, resulting in B-
fragmentation forming a hydroxy radical and a carbonyl compound. Peresters
may undergo induced decomposition in analogy with the diacyl peroxides, although
to a lesser extent.”

3.1.2.4 Electron Transfer This mode of initiation refers to a redox reaction that
is accompanied by the formation of a radical species that can initiate chain
propagation.’® A distinct difference, and often an advantage compared to initiation
by the thermal decomposition of an azo or peroxide initiator, is the fact that a single
initiating system can be used over a much wider temperature range because of
the significantly lower activation energy of these processes. However, control of the
rate of generation of primary radicals is often difficult, and dead-end polymerization
is sometimes obtained. These systems can often be used at ambient temperatures or
even below, and they see extensive use in emulsion and aqueous free-radical
polymerization processes.

Peroxides are readily reduced by various transition metal salts resulting in the
generation of an anion and a primary radical; an example is the reaction of hydrogen
peroxide with Fe*". Persulfate is often used in redox formulations with transition
metal ions, and generates a radical anion (SO, *) as the initiating species. Because
of the low solubility in organic media, this system is used mainly in aqueous or
emulsion polymerizations. Other similar systems include HSO5, SO3~, and
S,03%". Organic peroxides may form complexes with tertiary amines in nonaqueous
solution generating radicals’® and radical cations, such as N,N-dimethylaniline/BPO.
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This form of induced decomposition has also been reported to occur with various
monomers, including N-vinylimidazole’” and N-vinylcarbazole.”® The initiation
system organic peroxide/tertiary amine is of significant practical importance in den-
tistry and orthopaedic surgery, for example, in the curing of acrylic resins employed
in total hip replacement operations.” A high-viscosity mixture of poly(methyl
methacrylate) and acrylic monomers (usually methyl methacrylate) is injected
into the cavity, and subsequently cured at room temperature, usually by BPO and
a tertiary amine such as N,N-dimethylaniline and N, N-dimethyl-4- toluidine.

Several oxidizing metal ions [e.g., Mn(III), Ce(IV), V(V), and Co(III)] in combi-
nation with reducing agents such as alcohols, thiols, ketones, aldehydes, amines, and
amides constitute redox pairs suitable for initiation in free-radical polymerization.”®
Organometallic derivatives of transition metals [e.g., Mn,(CO);g9, Mo(CO)g] in low
oxidation states can undergo redox reaction with, for example, an organic halide to
initiate polymerization.®* An electron is transferred from the transition metal to the
halide, generating a primary alkyl radical and a halide ion.

3.1.2.5 Photoinitiation The rapidly growing field of UV-visible light (250—
450 nm)-induced polymerization refers to molecules absorbing energy from photons
resulting in the formation of radical species capable of initiating free-radical
polymerization, and finds the most extensive use in crosslinking processes.®'*° This
mode of initiation has a wide range of industrial applications and is also of great
importance from an academic viewpoint since the rate of initiation can be conven-
iently controlled through the intensity and location of the light source, and high rates
of initiation can be readily achieved. In addition to the photoinitiators mentioned in
this section, azo and peroxy initiators also decompose photochemically.®®

The photoinitiators are usually classified as type I and type II initiators according
to the mechanism by which primary radicals are generated.®' Photoinitiators of type I
decompose via a direct unimolecular photofragmentation process, usually o-
fragmentation (i.e., bond breakage occurs at a bond adjacent to the carbonyl group, as
for benzoin ethers and acyl phosphine oxides) or B-fragmentation (a-haloketones).
These initiators are usually aromatic carbonyl compounds with substituents that
facilitate direct photofragmentation. Examples of type I photoinitiators include
benzoin derivatives such as benzoin ethers, o-aminoalkylphenones, and acyl phos-
phine oxides. Benzoin ethers readily undergo a-fragmentation on exposure to near-
UV light (Scheme 3.3) in a process that is not quenched by oxygen, thereby making
them suitable for curing in air.®” Some experimental evidence for the benzoin isobutyl
ether photoinitiated polymerization of styrene suggests that initiation is occurring
predominantly by benzoyl radicals at low temperature, high light intensity, and/or low
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monomer concentration.®® The alkoxy substituted benzyl type radicals mainly en-
gage in primary radical termination, presumbly as a result of slow addition to styrene.

Aromatic ketones such as benzophenone and thioxanthone are typical photoini-
tiators of type II. Type II photoinitiators normally generate radicals by (1) abstract-
ing hydrogen from the environment (e.g., the solvent, an ether or an alcohol) or
(2) undergoing photoinduced electron and hydrogen transfer with a coinitiator
resulting in radical ions that fragment to generate radicals (Scheme 3.4). The
most commonly employed coinitiators for aromatic ketones are tertiary amines,
the ionization potential of which is thought to be of crucial importance for the elec-
tron transfer process along with steric factors.®***~°! The tertiary amine functional-
ity may also be located on the aromatic ketone itself; an example is Michler’s ketone
(7). Reaction product analysis after the irradiation of a typical type II system, ben-
zophenone/N, N-dimethyl aniline, in the presence of a non-polymerising model sub-
strate indicated that the main initiating species is the o-aminoalkyl radical, with a
small contribution from the ketyl radical remaining a possibility.”> Likewise, the
alkyl radicals generated on hydrogen abstraction are believed to be the main species
that initiate polymerization when alcohols or ethers are present instead of tertiary
amines; the ketyl radicals undergo predominantly coupling reactions.®>* In the
case of the system camphorquinone/amine, it has been shown that the rate of poly-
merization increases in the order primary < secondary < tertiary amine; the poly-
merizations are very slow for primary amines and amines lacking an o-hydrogen.”

O
i
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It is common practice in industry to employ combinations of photoinitiators of
both types I and II for optimum initiator performance, for example with regards
to oxygen inhibition.*

Considerable effort has been directed toward the development of polymeric and
macromonomeric photoinitiators:”>~°7 initiators that are covalently bonded to larger

structures. These types of initiators are believed to offer advantages in food
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packaging applications where migration of unreacted initiator molecules can pose a
problem. An example is the synthesis of poly(methacrylate) containing camphorqui-
none as part of the side chain.”” This photoinitiator was subsequently used to cure
the system hexanediol diacrylate/n-butyl acrylate employing a tertiary amine as
pendant functionality of a polymer chain. The photocuring rate was higher when
low molecular weight tertiary amine was used as a coinitiator, presumably for steric
reasons.

3.1.3 Primary Radical Reactions

Once a primary radical has escaped the solvent cage, it may undergo a variety
of reactions depending on the type of the primary radical; tail’/head addition to
monomer, hydrogen abstraction (from monomer, solvent or polymer), aromatic
addition (in the case of monomer bearing an aromatic ring), fragmentation, or pri-
mary radical termination. The relative rates of these reactions are specific to each
initiator/monomer system and the reaction conditions.

By use of the nitroxide trapping technique,”® the initiation pathways have been
elucidated for a number of polymerizing systems,”®~'" including copolymeriza-
tions.'*>~'%* In the polymerization of styrene initiated by BPO, the benzoyloxy radi-
cals undergo tail addition, head addition, and aromatic addition. A small fraction of
the benzoyloxy radicals fragment through B-scission to yield carbon dioxide and
phenyl radicals, which react with styrene predominantly by tail addition
(Scheme 3.5).”® tert-Butoxy radicals also fragment by B-scission to generate acet-
one and methyl radicals that can initiate polymerization.'®*'%*!% The situation in a
binary copolymerization is more complex; the rates of addition of primary radicals
to different vinyl monomers depend on the nature of the monomer, and the relative
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rates of addition of primary radicals to the two monomers will affect the distribution
of end groups obtained.'” In the case of the copolymerization of styrene and acry-
lonitrile in bulk initiated by tert-butoxy radicals at 60°C, the rate of addition of tert-
butoxy radicals to styrene is approximately 5 times greater than to acrylonitrile,
whereas the addition of methyl radicals (generated from B-fragmentation of ferz-
butoxy radicals) to acrylonitrile is about 4 times more rapid than to styrene.'®’
This behavior can be explained in terms of the electrophilic (tert-butoxy) and
nucleophilic (methyl) nature of the radicals towards the electron-rich styrene and
electron-poor acrylonitrile monomers.

Certain initiators generate two different types of radicals with considerably dif-
ferent reactivities toward vinyl monomers. These include the already mentioned
photoinitiators benzoin ethers and acyl phosphine oxides (Section 3.1.2.5) and
the thermal iniferter phenylazotriphenylmethane (Section 3.1.2.1.3). The absolute
rate constants for the addition of diphenylphosphonyl radicals to vinyl monomers
have been estimated by time-resolved ESR spectroscopic studies of the decom-
position of (2,4,6-trimethylbenzoyl)diphenylphosphine oxide (8) (Scheme 3.6) in
the presence of a variety of vinyl monomers.'® ' The phosphorous centered
radicals add to vinyl monomers about one to two orders of magnitude more
rapidly than most carbon-centered radicals; the rate constant for addition is of the
order 1057 M~'s™!, while the 2,4,6-trimethylbenzoyl radicals also generated on
decomposition of these asymmetric initiators do not undergo vinyl monomer addi-
tion rapidly enough for observation to be possible on this timescale.

Dialkyl fumarates initiated by MAIB polymerize considerably faster than when
AIBN is employed, although there is only a negligible difference in kq.""""'* This
contrasts the generally observed behavior where the rate of initiator decomposition
is the rate-determining step in initiation, and has been ascribed to the difference in
the rates of addition of the primary radicals to monomer.

The initiator-derived radicals may also react directly with the solvent, oxygen, or
adventitious impurities. Solvents bearing easily abstractable hydrogen atoms are
prone to undergoing hydrogen abstraction in the presence of mainly oxygen-
centered radicals such as tert-butoxy radicals. In the polymerization of methyl
methacrylate in toluene initiated by di-fert-butyl peroxalate (generating fert-butoxy
radicals), hydrogen abstraction followed by initiation of the benzyl radical leads
to a significant proportion of polymer chains with benzyl end groups.'%>'% It has
been reported that 29% of fert-butoxy radicals react with methyl methacrylate by

(6]
CH; C—P. — CH;j; C. + P

Scheme 3.6
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hydrogen abstraction from the a-methyl group, and 4% by abstraction from the ester
methyl group.''* The radicals thus generated are capable of chain initiation, giving
rise to a rather significant proportion of unsaturated end groups. The presence of
oxygen will affect the initiation process as it reacts with carbon-centered radicals
at close to diffusion-controlled rates,''” resulting in formation of the corresponding
alkyl peroxy radical. This radical may itself react with monomer, or alternatively
abstract a labile hydrogen creating another radical and a hydroperoxide.

Depending on the nature of the particular monomer/initiator system and the reac-
tion conditions, the type of solvent may exert a considerable effect on the reaction
rates of the various reactions involved in the initiation process.'®>"'°® In the polymer-
ization of methyl methacrylate initiated by di-fert-butyl peroxalate or di-zert-butyl
hyponitrite (both yielding terz-butoxy radicals), major changes in the product distri-
bution and solvent-derived products have been observed for different solvents.'®> An
increase in the polarity of the solvent was found to increase the rate of hydrogen
abstraction relative to fert-butoxy radical addition to methyl methacrylate, and the
rate of B-scission of zert-butoxy radicals relative to both hydrogen abstraction and
monomer addition.'® Another example of solvent effects is the ratio of the rate con-
stants for the addition of fers-butoxy radicals to ethyl vinyl ether and methyl metha-
crylate, which is less than one in both cyclohexane and acetonitrile, but
approximately six in rerz-butanol.'*

3.1.4 Initiator Efficiency

As an initiator molecule decomposes, the resulting geminate radicals can either react
with one another inside the ‘“‘solvent cage” or diffuse out of the cage to participate in
other reactions, mainly addition to monomer. This so called “cage effect”''® is the
main reason that the initiator efficiency f is lower than unity (another reason is
primary radical termination), and usually lies somewhere between 0.3 and 0.8.""”
Inside the cage, the initiator fragments can either recombine, undergo disproportiona-
tion, or engage in other reactions. Recombination of primary radicals resulting in the
regeneration of the initiator, which causes a decrease in the effective rate constant
for decomposition while not affecting f, is referred to as ‘““cage return.” The cage
reaction of primary radicals generated from the decomposition of AIBN leads to
the formation of small amounts of methacrylonitrile, which may copolymerize
with the monomer of the system.''®'?* Attempts have been made to measure the
amount of recombination inside the cage by use of initiator that has been specifically
labeled with '*C'*! and deuterium.'?* These studies have indicated that the products
from the self-reactions of the cyanoisopropyl radicals generated from AIBN (the
ketenimine and tetramethylsuccinonitrile) are formed almost exclusively within
the solvent cage in the presence of styrene monomer. However, in the absence of
styrene (60°C in benzene), 55% of the products were formed outside the cage,'*!
indicating that the addition of cyanoisopropyl radicals to styrene is sufficiently rapid
to compete with the self-reaction of the radicals under these conditions.

In the case of peroxy ester initiators, the mode of decomposition will have an
effect on f. Concerted two-bond scission results in an alkoxy radical and an alkyl
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radical, which may couple inside the cage, leading to lower f. If concerted decom-
position takes place, an alkoxy radical and an acyloxy radical are formed, the recom-
bination of which will not affect f (cage return).?” The application of an external
magnetic field is believed to reduce the significance of the cage effect by causing
a lower rate of triplet-singlet intersystem crossing of geminate radical pairs.'>>71%
Experimental determination of f is most commonly carried out by use of radical
scavenging techniques'?® or product and end-group analysis by NMR'?! or infrared
spectroscopy.'?’

If the primary radicals can escape out of the cage, they are likely to react with
monomer and initiate chain growth. The extent of cage reaction for a given initiator
is a function of the rate at which the initiator fragments can diffuse apart from one
another, and will thus depend on the viscosity''!"121:126=130 ad thereby also on fac-
tors affecting the viscosity such as degree of conversion, temperature, and solvent
type. In the polymerization of trans-4-tert-butylcyclohexyl methacrylate initiated
by AIBN in benzene at 60°C, it was shown that an increase in the viscosity from
0.726 to 1.47 cP resulted in a decrease in f from 0.46 to 0.22.'%¢

A strong conversion dependence can be observed in bulk polymerization; f
decreases gradually until a critical point at approximately 70—80% conversion in
the case of styrene and methyl methacrylate, where it falls dramatically by several
orders of magnitude.'?”'?*131:132 Ag the viscosity increases with conversion, the
rate of diffusion of primary radicals out of the cage decreases, resulting in a lowering
of f. At very high conversion, the decrease in monomer concentration further con-
tributes to the fall in f. There are some data to support that the onset of the dramatic
fall in f at high conversion can be correlated with the size of the diffusing initiator
fragments (larger fragments diffuse at lower rates).'*® A conversion dependence of f
can also be observed in solution polymerization,'?""'?”-!2% although it is not as
dramatic as in bulk systems.

Measurements of the effect of temperature on f are rare; it has been reported that
in the AIBN initiated bulk polymerization of styrene at a pressure of 1000 bar, a
temperature increase from 40 to 80°C leads to an increase in f by approximately
50% in the conversion range 20-40%.'” The same study also revealed that
f decreases as the pressure is increased, with f decreasing by approximately one-
third in the conversion range 20-60% as the pressure increased from atmospheric
to 2000 bar at 70°C."*’

The situation is entirely different in emulsion and suspension polymerization sys-
tems since the decomposition of the initiator occurs in the continuous water phase
when water-soluble initiators are used. The value of f is governed by processes
occurring in the water phase, resulting in close to independence of the monomer con-
version. Even at very high conversion, there is no increased tendency for radical
pairs to undergo geminate recombination, and they do no enter the latex particles
as pairs.'* In emulsion polymerization employing water-soluble initiators,
initiation occurs in the water phase where the monomer concentration is much lower
than in bulk, and this is the main reason why fis generally significantly lower than in
bulk polymerizations.
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The primary radicals may also undergo various side reactions outside the cage.
Primary radical termination may also occur and contribute to a decrease in f, espe-
cially under conditions of high initiator concentration and low monomer concen-
tration.''*'3713¢ The fraction of the primary radicals that manage to escape the
cage that undergo side reactions is a function of monomer concentration and mono-
mer type. The side reactions and addition to monomer are competitive reactions, and
as a consequence f decreases with decreasing monomer concentration and decreasing
values for the rate constant of the addition to monomer. In the case of styrene initiated
by AIBN, this dependence on monomer concentration is observable for monomer
concentrations lower than ~0.1-0.01 M."*” Induced initiator decomposition and
chain transfer to initiator from propagating radicals also contribute to lowering f.
Initiation systems that do not produce radicals in pairs (such as redox initiation sys-
tems) do not exhibit the cage effect as geminate recombination is not possible.

3.2 PROPAGATION

3.2.1 General Features

Primary radicals generated by the decomposition of initiator add to monomer to
yield primary propagating radicals. This is followed by a succession of rapid propa-
gation steps that proceed with high regioselectivity to form radical centers bearing a
substituent. The reaction rates of primary propagating radicals and oligomeric radi-
cals have been separately determined for some monomers in specially designed
experiments.'**~'#? The results suggest that the rate constants decrease with increas-
ing chain length for the first few addition steps, but remain approximately constant
for tetramers and longer radicals.'*®'*! Recent data from pulsed-laser polymeriza-
tion (PLP) have indicated a weak long chain-length dependence of the propagation
rate constant (k,) extending over several hundred degrees of polymerization.'*?
Although the instantaneous degree of polymerization increases considerably with
conversion during the bulk polymerization of styrene, no significant dependence
of k;, on the chain length has been observed.'** ESR quantification of the propagat-
ing radical concentration'* and analysis of kinetic and GPC data from PLP'4¢-'47
have been employed as modern techniques for the determination of k, and the rate
constant for termination (k).

The ESR spectra of various propagating radicals such as styrene and substituted
styrenes,'*> 148149 methacrylic esters,'*™'>% acrylic esters,'>*!'>> vinyl chloride,'*®
a-substituted acrylic esters,m’ms’l”_159 and other monomers'*'°° have revealed
spin delocalization and/or the conformation of the radical with respect to the C,—Cp
bond. In general, propagation proceeds in a highly regioselective manner to yield a
polymer main chain consisting of head—tail linkages. In exceptional cases, monomer
bearing a nonconjugate substituent forms small amounts of head-head or tail-tail
linkages because of a smaller difference in the activation energies between the
head-tail and head-head or tail-tail additions. The addition of the shallow pyrami-
dal radical center to the planar or almost planar carbon—carbon double bond cannot
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be a stereospecific reaction. Consequently, propagation is not a highly stereospecific
reaction except for the polymerization of monomers with sophisticated structural
design.

In order for high polymer to be formed, the propagation step must occur at a
sufficiently high rate in comparison with the other elementary reactions. However,
several factors may prevent propagation to high molecular weight. B-Substituted
vinyl monomers are in general reluctant to homopolymerize as a result of steric
hindrance between the approaching radical center and the B-carbon of the
monomer. Degradative chain transfer, the formation of a low reactivity radical by
rapid chain transfer followed by slow reinitiation, is the main reason why allylic
compounds polymerize at very low rates. The resonance stabilized radical resulting
from hydrogen abstraction of the allylic hydrogen does not add to monomer
because of its stability. Addition—fragmentation chain transfer'®® is responsible
for the nonhomopolymerizability of a-(substituted methyl)vinyl compounds such
as o-alkylthiomethylacrylate and o-bromomethylacrylate as summarized in
Table 3.1.'°'"'7? The radical formed by addition to the carbon—carbon double
bond readily undergoes B-fragmentation to form a carboalkoxy-substituted allylic
end group and a small radical that rapidly reinitiates. Some of the acrylates may
simultaneously behave as homopolymerizable monomers and addition—fragmenta-
tion chain transfer agents. This illustrates how the structural features of these mono-
mers affect the chain transfer and propagation processes in different ways. The steric
hindrance arising from the o-substituent suppresses propagation but facilitates
fragmentation, which is one of the steps of the chain transfer process.

From a thermodynamic point of view, propagation is required to be exothermic
leading to a sufficiently high ceiling temperature (7,) for polymerization to occur.'”
T, is governed by the thermodynamical difference between the monomer and the
polymer regardless of the polymerization mechanism. a-Substituted styrenes tend

TABLE 3.1 Competition between Polymerization and AFCT of a-(Substituted
methyl)acrylate [CH,=C(CH,X)CO,R]

X Polymerization AFCT Ref.
OH Yes No 162
OR’ Yes No 163
OCOR’ Yes No 164
CH(CO,Me), Yes No 165
F Yes No 166
CH,CO,Me Yes Yes 167
CH,C(CO,Me)CH,CH,CO,Me Yes Yes 168
OPh Yes Yes 169
Cl Yes Yes 170
Br No Yes 171
SO,Ar? No Yes 172
SBu-t No Yes 161

“ Ar = CgHs or CgHy-Me-p.
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to have low T, values, and polymerization is only possible at low temperatures, if at
all. The T, values of certain o-substituted acrylic esters'''1®*174717 have been
shown to be considerably lower than for methyl methacrylate by use of a convenient

: 174
procedure to estimate 7: !

d(Ink,/k®)  k4Eq/RIM] — kyE,/R E

a(y/Tty ky — ka/[M] 2R (3-1)
_d(Ink,/k>)
TILHTIC W =00 (3.2)

where k4 denotes the rate constant for depropagation, and E with the subscripts of p,
d, and t refer to the activation energies for propagation, depropagation, and termina-
tion, respectively; T and R are the polymerization temperature and the gas constant,
respectively. An apparent rate constant for propagation, k;, is defined by Eq. (3.3). A
plot of In k;, /K>3 versus 1/T normally gives a linear relationship with a negative
slope. As the temperature approaches T, the plot deviates from the straight line
and T, can be determined as the temperature at which the value of the slope becomes
infinity. A decrease in the monomer concentration brings about a lowering of 7
according to

K=k — % (3.3)

Arrhenius plots of the k, values for methacrylic esters determined by the PLP
method at 100°C or below gave straight lines with negative slopes, but downward
deviations (the magnitude of which increased with increasing temperature) from the
straight lines were observed at temperatures above 140°C as a result of depropaga-
tion becoming increasingly significant.'”’

The limitation of the extent of polymerization at a certain temperature in terms of
the equilibrium monomer concentration ([M],) can be estimated from polymeriza-
tion data by use of Eq. (3.4):'**

M]

[M]e A4 4 M (1 — e P4 (3-4)

+Ar t

where [M] with the subscripts fert and ¢ + At denote the monomer concentration at
times fert and ¢ + Atr. A and B are constants defined by the following relationships:
A =R}’ and B = k,/k>. Although a plot of [M],, ,, versus [M], should give a
linear relationship through the origin at [M], = 0, [M], can be estimated as the inter-
section of the linear relationship with the line showing [M],, ,, = [M], at [M], > 0.
For the polymerization of substituted quinodimethides, high equilibrium monomer
concentrations of the order of 10° mol/L were obtained at 50-60°C in conformity
with incomplete polymerization of these monomers.'”®

The propagating radical must not be too stable in order for addition to monomer
to proceed at a sufficiently high rate. When the radical center bears electron donating
(dative) and electron withdrawing (capto) substituents, extra stabilization due to
the capotodative effect would be expected.'” Primary radicals readily add to
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captodative substituted monomers such as o-fers-butylsulfenyl acrylonitrile
[CH,=C(CN)SBu-tert] where the SBu-fert and CN groups may function as the elec-
tron donating and withdrawing groups, respectively. However, the reactivity of the
resulting adduct radical is too low for propagation to occur, and the adduct radical is
in equilibrium with its 4-membered cyclic dimer.**-'80:18!

A number of different strategies can be used in order to enhance the polymeriz-
ability. Exomethylene cyclic monomers corresponding to o-substituted styrene (9—
11),'®*  o-alkylacrylate (12,13),'®* and N,N-disusbtituted methacrylamide
(14,15)"3+185 homopolymerize in spite of significant steric hindrance and low T
of the open-chain monomers. Furthermore, the internal strain arising from the
bond angle and planar structure of the cyclic structure involving the carbon—carbon
double bond of the exomethylene monomer can be relieved as a result of
polymerization.

0
-0 P CH,=C
CH,=C CH,=C o CH,=C ¢} 2= \
O
o}
9 10 11 12
AN
CH,=C ) CH,=C_ N—Ph CH2=C/E
>0 N N
(0] o) (0] CH;3

13 14 15

The lack of homopolymerizability arising from a low value of 7, may be over-
come by decreasing the temperature and increasing the monomer concentration. The
value of k, increases with increasing pressure since propagation as a bimolecular
reaction would be accelerated under conditions of high pressure.'®® However, the
increase in the overall rate of polymerization may not be as significant as prediction
based from the increase in the k;, value with increasing pressure as a result of simul-
taneous changes in the rates of initiation and termination.

Alternating copolymerizations of donor—acceptor monomer pairs are predicted to
proceed readily almost regardless of the respective homopolymerizabilities of the
monomers. For example, in the copolymerizations of maleic anhydride (a strong
electron-accepting monomer) with a-olefins, allylic compounds, vinyl ethers, and
other compounds (electron-donating monomers), the rate of cross-propagation is
sufficiently fast to overcome the effect of degradative chain transfer and the lack
of homopolymerizability.

3.2.2 Factors Affecting Propagation

3.2.2.1 Polar Effects The rates of addition of propagating radicals to monomers
are affected by polar, resonance, and steric factors resulting from the substituents
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bound to the reacting carbon—carbon double bond and the radical center. When the
monomer reactivity ratios of a binary copolymerization are available (r; =
ki1 /kiz and ry = kpa/ka1), the quantity 1/r; = kj2/k11 denotes the reactivity of M,
toward the poly(M,) radical relative to monomer M;. Comparison of the 1/r; values
for copolymerizations with different M, monomers allows consideration of the
substituent effect on monomer reactivity of M,. The rate constants ki1, k12, k21, and
ky, correspond to the propagation steps in a binary copolymerization system as
shown in Scheme 3.7.

Hammett’s polar substituent constant °’ (o) has been employed as a measure of
polar factors of substituted monomers and propagating radicals. Figure 3.1 shows
the Hammett plot of the reactivities of nuclear substituted styrenes toward
poly(styrene) radicals relative to styrene (M), where the reactivities were calculated
from compiled copolymerization data.'®® The plot for the m-substituted monomers
seems to indicate an increase in the reactivity with increasing electron-withdrawing
character of the substituent, although the reactivities of the p-substituted styrenes
cannot be correlated to o, indicating difficulty in separation of the resonance and
polar effects.

The relative reactivities of nuclear substituted styrenes toward tert-butoxy radi-
cals have been evaluated using the nitroxide trapping technique.'®® A plot of the
reactivities of all the monomers versus o resulted in a linear relationship with
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Figure 3.1 Plot of the relative reactivities of m-(O) and p-substituted styrenes (@) toward
poly(styrene) radicals versus Hammett’s polar substituent constant.



136 GENERAL CHEMISTRY OF RADICAL POLYMERIZATION

negative slope of —0.329, indicating the electrophilicity of the fert-butoxy radical.
The correlation coefficient (r) was 0.74. The same plot for only the m-substituted
styrenes gave a linear relationship with a slope of —0.309, and r was 0.98. Further
improvement of the r value were observed when the reactivities of the m-substituted
monomers were plotted against the o' constants in conformity with the electrophilic
nature of the fert-butoxy radical; slope = —0.313 and r = 0.99. However, the
Hammett plot gives no linear relationship for the &, values of substituted styrenes.'’
It is anticipated that the k;, values are affected to different extents by the substituents
of both the monomer and the propagating radical.

In conformity with the definition of e according to the O—e scheme, a linear
relationship between the electron density of the B-carbon and the e value has been

191,192

established in accordance with'%*'%*
d8Cp — 1135
e(vinyl) = BT (3.5)
0Cp — 1155
e(styrenes) = 13375 (3.6)

Furthermore, a linear relationship between the e values of vinyl and vinylidene
monomers versus Hammett’s polar substituent constant, G, has also been obtained
by157

e =2.13(c, + 6,) + 0.264 (3.7)
CH, =CXY

In order to estimate the polar effect on the reactivities of substituted ethylenes
toward a low molecular weight radical, the e values calculated from copolymeriza-
tion data have been successfully employed. The rate of addition of cyclohexyl
radicals to olefins was found to correlate linearly with the e values after subtraction
of the Q values from the logarithm of the reaction rates to correct for the resonance
effect.'”?

The addition of small carbon-centered radicals to substituted alkenes is featured
by early transition states. The correlation between the activation energy and the
enthalpy change is known as the Evans—Polanyi—Semenov equation, which dis-
regards any polar effects. More sophisticated analyses and predictions of rate con-
stants for the addition of carbon-centered radicals to alkenes have been reported on
the basis of a large number of rate constants evaluated by modern techniques.'®® The
activation energy can be calculated from the reaction enthalpy and additional factors
such as polar effects, which are functions of the ionization potential and the electron
affinity of the radical and the alkene, and the alkene triplet energy. Comparison of a
large number of the activation parameters revealed that the frequency factors depend
on whether the radical is primary, secondary, and tertiary. The activation energy, on
the other hand, is a function of the substituents of both the radical and the alkene.
According to these considerations, the polar effect may cause a negative deviation
from the line obtained by a plot of the activation energy versus the reaction enthalpy.
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This line is given by Eq. (3.8), and the polar effect can be taken into account by
superimposing multiplicative polar factors as in Eq. (3.9):

E, = 50 + 0.22H, (3.8)
E, = (50 + 0.22H,)F, F.

where E, and —H, are referred to as the activiation energies and the addition
exothermicities, respectively. F,, and F. (the values of which are restricted between
0 and 1) denote the nucleophilic and electrophilic factors, respectively.

The validity of this approach to predict the activation energy was confirmed by
the excellent agreement obtained between the predictions with experimentally
obtained values for more than 200 reactions. Furthermore, the rate constants
calculated from the predicted activation energies and the frequency factors were
in excellent agreement with the experimental values. However, the transition state
for the addition of a polymeric radical to monomer seems to be closer to the product
radical, and the resonance and steric effects of the substituents of the double bond
and the radical center are more important than for the addition of an alkyl radical to
an alkene.

3.2.2.2 Resonance Effects Both the monomer and the propagating radicals have
the same substituent in homopolymerization, and the resonance effect of
the substituent may stabilize both species, affecting their reactivities in opposite
directions. The resonance stabilization is more significant in the case of the radical
as exemplified by the much higher reactivity of styrene than vinyl acetate in their
copolymerization. A large difference in reactivity of the radicals with styrene and
vinyl acetate terminal units results in copolymer containing significantly more
styrene than vinyl acetate. According to the O—e scheme,'®! the cross-propagation
rate constant can be expressed as

kij = P,'Qj exp(—eiej)

where k;; is the rate constant for addition of M; to M;, and P and Q are parameters
related to resonance factors of the radical and the monomer, respectively. The values
Q = 1.0 and e = —0.8 for styrene have been adopted as a standard, and the Q and e
values for any monomer can be calculated from copolymerization data using the
following equations:

k

1= (G)ewrat—e
k

n= = (G)swiata o

However, P does not have a practical meaning because consistent k;, or k; values
are available only in limited cases. The Q value of a monomer would increase by
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the introduction of a substituent to ethylene in the order Ph>CN >C=C >
C=0 > COOR, and nonconjugative substituents such as alkyl, OCOR, Cl, and Br,
cause considerably smaller increases in the Q value.'>”'*!

The moderate captodative effect can facilitate propagation of a-acyloxyacrylates,
of which the Q and e values should be discussed separately from those of common
monomers.'*'”” The Q—e scheme is undoubtedly one of the most convenient and
reliable methods to predict monomer reactivity in free-radical copolymerization.
However, the Q and e values calculated from copolymerization with different refer-
ence monomers are not in good agreement, suggesting that the substituent effect
depends on the monomer pair. Styrene appears to be the most preferable reference
monomer for evaluation of Q and e.

The Q values for nuclear substituted styrenes primarily depend on the resonance
effect of the substituent. However, the ESR hyperfine coupling constants of the o and
B protons of their propagating and benzyl-type radicals are in narrow ranges,'*®!%
although an increase in the Q value would signify enhanced delocalization of the
unpaired electron, leading to a decrease in the coupling constants. Only a weak
dependence of the coupling constants on Q has been observed.'”® The Q and e values
can be calculated when 1, < 1, and a significant steric effect would bias the Q and
e values thus calculated.

3.2.2.3 Steric Effects

3.2.2.3.1 Rate of Propagation Some o-substituted acrylates with substituted
methyl groups larger than the ethyl group are polymerizable although the steric
hindrance of the bulky substituents is undoubtedly present as evident from the
reluctance of o-ethylacrylic ester to homopolymerize.'”> According to the kp and k;
values summarized in Table 3.2, these substituents exert significant steric hindrance

TABLE 3.2 Absolute Rate Constants for Polymerization of a-Substituted Acrylic
Esters and Fumaric Ester at 60°C

k, kex 107°
Monomer Lmol™'s™  (Lmol™"s™h Ref.
Ethyl a-(hydroxymethyl)acrylate 550 (THF)- — 201
1860 (xylene) ¢
Ethyl a-(benzoyloxymethyl)acrylate 990 2.9 203
Methyl o-(pivaroxymethyl)acrylate 230 0.59 164
Methyl a-(benzyloxymethyl)acrylate 182 1.6 200
Methyl o-(2-carbomethoxyethyl)acrylate 19 0.51 167
Methyl a-ethylacrylate 8.6 21 204
Methyl o-[2,2-bis(carbomethoxy)ethyl]acrylate 4.0 0.038-0.042 165
Methyl o-[2,4-bis(carbomethoxy)butyl]acrylate 24 0.07 168
Dimethyl itaconate 275.2 —, 0.36 205,206
N-tert-Butylmaleimide 100 0.021 207
Dicyclohexyl fumarate 0.60 40 213

“ Depends on solvent.
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for both propagation and bimolecular termination, and the favorable balance of slow
propagation and termination allows polymer formation,'¢*!65:167.168.200-207
However, the a-substituent should not be too 121rge.208

The k, value for ethyl o-(benzoyloxymethyl)acrylate,”*® which is similar to that
of methyl methacrylate, is higher than what might be expected from the bulkiness of
the substituent, thus suggesting the k; value is increased as a result of some other
effect. Figure 3.2 shows Arrhenius plots for k, of common monomers and sterically
congested monomers covering the approximate temperature range from 50 to
120°C. The Arrhenius plots for dimethyl itaconate and methyl methacrylate were
obtained from the equations given in the respective references.?>>%” The kp values
for methyl methacrylate and diisopropyl fumarate differ by a factor of approxi-
mately 3000.2°%2'° The plots for a-substituted acrylate monomers appear between
the two extreme lines for methyl methacrylate and the fumarate. The two lines are
almost parallel with each other, indicating that the intercept on the ordinate governs
the magnitude of k, in this temperature range.

As a mechanistic model of propagation suffering from steric hindrance, it has
been proposed that the propagating radical and the monomer would attain the
maximum overlapping of the orbitals of the m electron and the unpaired electron
at a certain angle between the C,—Cp bonds of the monomer and the propagating
radical.*'' Bond formation is not energetically suppressed, but the possibility that
the radical and the monomer approach each other such that bond formation can
occur is reduced. Comparison of the k;, values for different alkyl methacrylates by
inspection of the Arrhenius plots reveals differences in the A factor. However, an in-
crease in the size of the ester alkyl group of methacrylic esters results in an increase
in the kp value.?'? This increase is much smaller than the decrease in the kp value
with increasing steric hindrance that is displayed in Fig. 3.2.
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Figure 3.2 Arrhenius plots of k, for sterically hindered monomers: ——, methyl
methacrylate;?® O, methyl o-acetoxyacrylate;'> @, methyl a-butyroxyacrylate;'>® [,
methacrylonitrile;139 - - -, dimethyl itaconate;?*> A, methyl a-(2-carbomethoxyethyl)acry-
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late;

[, methyl a-[2,4-bis(carbomethoxy)butyl]acrylate; " M, diisopropyl fumarate.
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The homopolymerization of dialkyl fumarates®'%'>?'* and N-substituted malei-
mides?'>?"7 are characterized by steric hindrance and the favorable balance
between slow propagation and slow termination as can be seen in Table 3.2. Crotonic
ester, which is usually classified as a nonpolymerizable monomer because of the
steric hindrance of the B-methyl group, may yield homopolymer when termination
is effectively suppressed by a bulky ester alkyl group.*'® Although a similar balance
arising from small k, and k; values is observed in the polymerization of macromo-
nomers,”'?~2% no acceptable rationalization for the decrease in the rate constants is
available. If the Arrhenius parameters for k, of macromonomers exhibit essentially
the same tendency as those in Fig. 3.2, it can be concluded that steric hindrance in
the propagation step when a resonance-stabilized radical center is surrounded by
polymer chains as substituents is the cause of the low values of k.

Propagation of sterically congested monomers involves the propagating radical
of which the radical center surrounded by the substituents and the monomer bearing
the bulky substituents both contribute to the steric hindrance in the propagation step.
The monomer reactivities, 1/r|, toward polystyrene and poly(methyl methacrylate)
radicals can be calculated from the monomer reactivity ratios for the copolymeriza-
tions with styrene and methyl methacrylate (M;) as summarized in Table 3.3.

Most of the sterically congested monomers in Table 3.3 exhibited higher re-
activities than methyl methacrylate toward polystyrene radicals because of the
electron-withdrawing characters of the substituents bound to the a-methylene group
and the carboalkoxy group. The smaller 1/r; values than those for methyl methacry-
late toward poly(methyl methacrylate) radicals in Table 3.3 can be accounted for by

TABLE 3.3 Monomer Reactivity Ratios for Polymerization of Styrene or Methyl
Methacrylate (M;) with Sterically Congested Monomer (M,) at 60°C

M, = Methyl
M, = Styrene Methacrylate
M, r 7 1/r r 7 1/r Ref.
Methylmethacrylate 052 046 192 1.00  1.00 1.00 188
Ethyl a-(benzoyloxymethyl)- 030 027 370 — — — 203
acrylate
Methyl o-(methoxymethyl)- 042 069 238 1.20 052  0.88 162
acrylate
Methyl o-(acetoxymethyl)- 034 019 294 091 0.24 1.10 163
acrylate
Methyl o-(benzyloxymethyl)- 042 029 239 — — — 200
acrylate
Methyl o-(2-carbomethoxyethyl)- 0.69  0.18 1.15 221 044 045 166
acrylate
Methyl o-ethylacrylate 0.82 0.21 1.22 2.23% 0.14° 0.45 188,204
Methyl o-[2,2-bis- 0.58  0.09 1.72 370 004 0.27 28

(carbomethoxy)ethyl]acrylate

“M, = ethyl methacrylate.
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more significant steric hindrance to addition of poly(methyl methacrylate) radicals.
However, the differences between the largest and smallest values of 1/r; of the
monomers toward both polymer radicals, less than a factor of 3—4, are much smaller
than the differences in the values of k;, given in Table 3.2. The homopolymerization
of a-(substituted methyl)acrylates is subject to more severe steric hindrance arising
from the substituent of the monomer and the radical in comparison to attack of
polymer radicals of styrene and methyl methacrylate.

3.2.2.3.2 Tacticity and Steric Structure The structure of the radical center of the
propagating radical appears to be a shallow pyramidal inverting readily, and no
decisive factor to discriminate between above and below the pyramid can be
anticipated. The monomer has close to a planar structure with respect to the reacting
carbon—carbon double bond, and tacticities of radical polymers from common
monomers are usually close to that of random propagation or that of slightly
prevailing syndiotactic propagation. It is known that methyl methacrylate yields
poly(methyl methacrylate) consisting predominantly of syndiotactic triad or rr
structure, and that the syndiotacticity increases with decreasing temperature.?° The
tacticity of the polymer from w-methacryloyloxyethyl polystyrene macromonomer
was examined after removal of the polystyrene chain followed by methyl
esterification to obtain poly(methyl methacrylate).?*’ The tacticity of the resultant
poly(methyl methacrylate) was similar to that obtained from polymerization of
methyl methacrylate, showing that the polymer chains surrounding the radical center
do not have any significant effect on the stereochemistry of propagation.

Detailed studies revealed nearly complete isotactic propagation of triarylmethyl
methacrylates, particularly phenyldibenzosuberyl (16) and pyridyldibenzosuberyl
methacrylates, at room temperature or above.”*®** The isotacticity of these poly-
mers (>99%) has been noted to be as high as for anionically prepared polymers.
Almost completely isotactic polymer (mm, 98.1; mr, 1.6; rr, 0.3%) of triphenyl-
methyl methacrylate (17) has been obtained at higher temperature and a lower
monomer concentration because these conditions facilitate formation of the more
stable structure of the propagating radical.>*® In contrast to the case of triphenyl-
methyl methacrylate, the tacticity of the polymers from methyl methacrylate and
phenyldibenzosuberyl methacrylate was not affected by changes in the reaction con-
ditions. In the case of methyl methacrylate, no configurational stable structure of
poly(methyl methacrylate) exists, and the configuration of poly(DBSBA) is already
fixed to yield highly isotactic polymer.

CH; CH; CH;

pe

HZC H2C
O O
| Y

R =iPr, tBu, Ph

16 17 18 19
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Optically active polymers of triarylmethyl methacrylates having an excess of
single-handed helicity can be prepared using chiral initiators or chiral chain transfer
agents. Based on GPC data, it was strongly suggested that helix-sense selection takes
place during primary radical termination.””*~>*' The polymerization of 18 gave
polymer with an almost completely isotactic structure regardless of the enantiomeric
excess (e.e.) of the monomers, and enantiomer selection during its polymerization
has been observed.”**> Compound 16 can be polymerized via an asymmetric
mechanism using a chiral Co(Il) complex, probably as a result of some interaction
between the Co complex and the propagating radical.”****> The resultant polymer
was optically active and contained a completely single-handed helical structure. The
Co complex was also employed for the polymerization of N-substituted maleimides
to give optically active polymers of which chiroptical properties are ascribed to the
configurational chirality of the main chain.** Polymerizations of N-phenylmetha-
crylamide,®* N,N-disubstituted acrylamides,”*® fluoroalkyl acrylate,”” a-(alkoxy-
methyl)acrylate,”*® and fluorine-containing vinyl ester*>® have been studied to
examine the structural effect of the substituent in relation to the tacticity of the
polymers formed.

Polymerization of acrylamide having a chiral auxiliary group such as in 19 as the
substituent has been shown to control the configuration of the polymer main chain.
A strong tendency to maintain the coplanarity of the carboamido group with the
carbon—carbon double bond and the radical center is the dominant factor for
the control of the configuration of the a-carbon in the main chain. The addition of
the radical to the monomer is effectively controlled to yield highly isotactic polymer
(diad isotacticity >99%) as a result of facial selectivity in the propagation step
(Chapter 13).24°

The steric interaction between the monomer and the nearest terminal unit is the
dominant factor regulating the stereochemistry of propagation, and the resultant
isotactic polymer would consist of carbons with the same configuration (chiral
auxiliary controlled polymerization).>**~** Interestingly, the polymerization of
acrylamide with a chiral auxiliary group was found to exhibit higher selectivity of
the rr structure than telomerization.>*' Chiral auxiliary control is also effective in
alternating copolymerization.”** When the chiral auxiliary of acrylamide has a car-
bonyl group, interaction of the carbonyl groups in penultimate and penpenultimate
units of the propagating radical prefers rr configuration.**

3.2.2.4 Medium Effect Although solvent effects in radical reactions are usually
much less significant than for ionic reactions, the k,, values of vinyl acetate and vinyl
benzoate have been known to significantly decrease in aromatic solvents depending
on the nuclear substituent.”*>*® The ky, value became smaller with increasing
electron-withdrawing character of the substituent. The k, values in cyanobenzene
were smaller than in benzene by factors of 11 and 7 for vinyl acetate and benzoate,
respectively. These tendencies were explained by complex formation of the electron-
donating propagating radicals with the solvent resulting in reduced reactivities.
Furthermore, the solvent effects on the k, values of various monomers without
strong interaction of their substituents and solvents have been examined and
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discussed.?03:217:245.247-254 Mgt of the solvent effects observed are minor, but not
negligible, and can be explained by interaction of the solvent with the propagating
radical. The k, values for the polymerizations of methacrylic and acrylic acids in
water are significantly affected by the solvent and monomer concentrations.*>> >’
The solvent effect on the polymerization of macromonomer can be accounted for by
the solubility of the polymer in the solvent.?**

Supercritical carbon dioxide (scCO,) and hybrids with organic media have also
been employed for polymerization of common monomers. Smaller &, values than for
the corresponding bulk polymerizations were obtained when the local monomer
concentration for propagation was decreased by lower monomer solubility in
s¢CO,.2%%7262 In the case of styrene (nonpolar) and vinyl acetate (yields polymer
soluble in scCO,), the same k, values were obtained in bulk and in scCOz,263 sug-
gesting that in these cases the local monomer concentration may not be affected by
the scCO,.

A Lewis acid can coordinate to a site of a Lewis base in a monomer, and different
reaction behaviors of the complexed monomer and the propagating radical are
anticipated.®®2°*2%5 The polymerizations of 1 : 1 host guests complexes of methyl
B-cyclodextrin with methyl methacrylate and styrene were initiated in water, a
significant acceleration of the polymerizations was observed. The polymers were
produced by unthreading of the complexes.?**?’" Cyclodextrin in the emulsion
polymerization of hydrophobic monomers has been noted to facilitate the transfer
of monomer from droplet to the particle through the aqueous phase.>”!

The effects of solvents on the tacticity of the polymers from 17 have been
reported.”*” In the case of fluoroalcohols, the stereochemistry of the polymerizations
of vinyl esters was affected to different extents depending on the structure of the acyl
group.?’>"> The polymerization of methacrylates and vinyl acetate gave syndiotac-
tic-rich polymer up to rr = 50% and r = 70%, and heterotactic- and isotactic-rich
polymers were obtained from different vinyl esters. Hydrogen bonding between
the fluoroalcohol and the ester groups of the monomer and the radical has been
proposed.

Although bimolecular termination is suppressed in viscous media such as in the
high conversion range in bulk polymerization, the limiting conversion observed in
bulk polymerizations suggests that k, and/or the initiator efficiency also decrease to
an extremely small value at the final stage of polymerization. In the case of the bulk
polymerization of methyl methacrylate, both the k;, value and the initiator efficiency

decrease dramatically at high conversion in the solidified polymerization mixture at
60°C. 131.132.276

3.2.3 Reactions of Propagation

3.2.3.1 Cyclopolymerization and Ring-Opening Polymerization 1,6-Dienes
containing two nonconjugated low- or nonhomopolymerizable carbon—carbon
double bonds can form polymer consisting of the repeating units involving a 5- or
6-membered ring without the occurrence of crosslinking. In cyclopolymerization,
intramolecular cyclization followed by intermolecular addition of the cyclized
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radicals is faster than the homopropagation of the individual carbon—carbon double
bonds.?”” N-Substituted dimethacrylamide is a typical cyclopolymerizable mono-
mer, and the nonpolymerizability of each N,N-disubstituted methacrylamido group
results in the formation of the 5-membered cyclic structure involving head—head
linkage instead of the more commonly formed head—tail linkage.?’®*”® When one of
the carbon—carbon double bonds is too severely hindered to cyclopolymerize, a
linear polymer with pendant double bonds is formed.”** o-Hydroxymethylacrylate
and o-halomethylacrylate have been employed as precursors of various 1,6-dienes
(20) for cyclopolymerization. For example, an ether dimer of the hydroxymethyl-
acrylate (X = O in Scheme 3.8)**!*%? undergoes cyclopolymerization when the
ester alkyl groups of the dimer are sufficiently large to suppress the homopolymer-
ization of each a-(substituted methyl)acryloyl group leading to the formation of a
6-membered cyclic unit by intramolecular head-tail addition in propagation
(Scheme 3.8).

Additional cyclopolymerizable monomers have been derived.”**~*% Allyl com-
pounds can homopolymerize as constituents of 1,6-dienes such as N-alkyl-N-allyl-
2-(methoxycarbonyl) allylamines in cyclopolymerization, although they seldom
homopolymerize separately, and 5- or 6-membered cyclic units are formed as
confirmed by NMR spectroscopy.?*®

Cyclopolymerization is one of the most efficient ways to achieve structural
control in radical polymerization. The copolymerization of a diacryloyl monomer
involving the chiral template, 3,4-O-cyclohexylidene-p-mannitol, may result in
the formation of new stereogenic centers and possibly four different stereoisomers.?®’”
Although addition of the propagating radical from the reference monomer exhibited
low selectivity, the intramolecular addition to the acrylate moiety of the difunctional
monomer to form a cyclic unit was highly stereoselective, resulting in a copolymer
exhibiting significant optical activity.288 In the case of a dimethacryloyl monomer
bound to the optically active tartarate template, the poly(methyl methacrylate)
obtained by hydrolysis followed by methylation exhibited high isotacticity suggest-
ing helix formation.”® The effect of complex formation with B-cyclodextrin on
asymmetric cyclopolymerization has also been studied.?*°

Ring-opening polymerization is accompanied by lower shrinkage than normal
vinyl polymerization, and is comparable with polycondensation as a polymerization
process to form main chains involving hetereoatoms. The advantages of ring-opening
polymerization over polycondensation include the fact that no small molecules
are formed and milder reaction conditions. Polymerizations of 2-methylenedithiacy-
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cloalkane, 2-methylene-1,3-dioxepane, vinyl cyclopropane, and other monomers
undergo polymerization consisting of addition to the carbon—carbon double bond
followed by ring opening of the cyclic radical to the linear radical.'®"*'=2%%> A
radical directly attacks bicyclobutanes*® and the S—S bond involved in cyclic struc-
ture,?*”?*® Jeading to ring-opening polymerization. The driving force for the ring
opening polymerization of these monomers and some other monomers has been
reviewed.?”

3.2.3.2 Isomerization during Propagation Common monomers such as styrene
and methyl methacrylate give polymer consisting of the corresponding monomer
units connected by head-tail linkage. However, propagating radicals from some
monomers prefer to intramolecularly react with the substituent to shift the radical
center to the side chain. If the newly formed radical smoothly adds to the carbon—
carbon double bond of the monomer, the main chain of the resulting polymer
involves the moiety from the side chain.***** As an example, the polymerization of
3,3-bis(ethoxycarbonyl)propyl vinyl ether (21) via an addition—abstraction mecha-
nism accompanying isomerization during propagation is shown in Scheme 3.9; the
isomerisation results in 1,5-shift of the radical 3%

During polymerization of vinyl chloride, the highly reactive poly(vinyl chloride)
radical abstracts hydrogen through backbiting leading to C4 branch formation. If
addition of the resultant radical of backbiting to vinyl chloride is followed by back-
biting, two C, branches might be formed.**>% The polymerization of acrylic esters
tends to be accompanied by the formation of midchain radicals primarily by
backbiting.'**'>> The lower reactivity and p-fragmentation of the midchain radical
would affect the overall rate of polymerization and main-chain branching.*”>%
Copolymerizations of acrylic ester with ethylene and vinyl acetate exhibited rapid
backbiting to the acrylate unit incorporated in the respective copolymers.**'°

3.2.3.3 Chain Extension and Block Copolymer Formation Chain transfer is
employed in order to reduce the degree of polymerization and/or to introduce a
certain end group as described in Section 3.3.4. If polymerization is carried out
under the conditions to minimize the contribution of bimolecular termination as an
end forming reaction, the end group introduced may be used for further reaction
including extension of chain and block copolymer formation.

CH,=CH R+ R—CH,CH-
| —_— |
OCH,CH,CH(CO,C,Hs), OCH,CH,CH(CO,C,Hs),
21
R—CH,CH, Y GO2C2Hs
— ! CHyCH,OCH,CH,C

. —
OCH,CH,C(CO,CoHs)y —
C02C2H5 n

Scheme 3.9
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Mercaptans (RSH) function as effective chain transfer agents yielding polymer
bearing RS— and H— as the o and w-end groups, respectively. Although these groups
are not highly reactive, thioacetic acid instead of mercaptan may result in two types
of polymers having the HS— end group through hydrolysis of the thioester linkage
depending on reaction conditions as shown in Scheme 3.10.*"!

Polymeric mercaptan admitted to the polymerization mixture is involved as
a chain transfer agent to produce block copolymer through reinitiation by the
macrothiyl radical. Trichloromethyl end groups, introduced by chain transfer to
carbon tetrachloride or bromotrichloromethane, can be employed for further
reaction with Mn(CO);9, Mo(CO)s, ferrocene, cobaltcene, or other compounds to
generate macroradicals for block copolymer formation or chain extension.>'?

Iniferters (Section Chain Transfer) can form photochemically or thermally
dissociable labile bonds to the polymer end. Dissociation of the C—S bond, which
is introduced using tetramethylthiuram disulfide in the presence of monomer differ-
ent from the polymer chain bound to the thiocarbamoyl group [-SC(S)NR;], can
give A-B block copolymer. The block copolymer possesses a dissociable C—S
bond, and photochemical dissociation of this bond can be utilized to form A-B-C
block copolymer. Polyfunctional iniferter such as 22—24 have been employed to pre-
pare branched, star polymer and graft copolymers.**3!3-313

S S H,C=CH
(C2H5)2N88H2C CHZSEN(CzHS)2 CH;
(CH3)NCSH,C CHySCN(CoHs), (':00CstﬁN(C2H5)2
S S CH,SCN(CHs), S
S
22 23 24

Poly(butyl acrylate) bearing a dithiocarbamate w-end group can generate active
propagating radicals, leading to increased molecular weight until reaction with the
dithiocarbamyl radical results in temporary loss of activity.>'®

Some substituted tetraphenylethanes dissociating into the substituted diphenyl-
methyl radical initiate the polymerization of methyl methacrylate and styrene.
The substituted diphenylmethyl radical, which may be less reactive than the propa-
gating radical from conventional monomers such as methyl methacrylate and styr-
ene, participates in primary radical termination. The bond between the poly(methyl
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methacrylate) chain end and the substituted diphenylmethyl group cleaves to give
an active propagating radical to extend the polymer chain at polymerization
temperature.®>>%*4¢317 Although primary radical termination introduces the
diphenylmethyl group at the ®-end group of polystyrene, no dissociation and chain
extension have been confirmed up to 80°C.***!%

The unsaturated end group can be introduced by catalytic chain transfer of
methacrylic ester (Chapter 12) or addition—fragmentation chain transfer of o-(sub-
stituted methyl)acrylate (Section Chain Transfer).'””'®" Although poly(methyl
methacrylate) radicals can add to this carbon—carbon double bond, the adduct radical
rapidly expels the polymer radical through B-fragmentation. Initiation by the poly-
mer radical expelled may yield block copolymer.®'? The polymerizations of methyl
methacrylate and styrene in the presence of methyl o-bromomethylacrylate,
functioning as an effective addition fragmentation chain transfer agent, gave low
molecular weight polymers bearing the CH,=C(CO,CH3)CH,— end group. An
increase in conversion leads to an increase in the molecular weight of the polystyr-
ene bearing the unsaturated end group because of the reaction of the end group with
the polymer radical. However, the molecular weight of poly(methyl methacrylate)
remained almost constant irrespective of conversion, showing no contribution of
the polymer chain bound to the end group.’’

3.2.3.4 Crosslinking A crosslinked polymer consists of a three-dimensional
network, formed by the homo- or copolymerization of a system where at least one of
the monomers has two or more free-radically polymerizable double bonds.**' %
Typical monovinyl/divinyl systems include styrene/divinyl benzene and methyl
methacrylate/ethylene glycol dimethacrylate. Multivinyl compounds such as unsatu-
rated polyesters,’** usually containing approximately 10 unsaturations per chain,
also find widespread commercial application. Bulk polymerization of multi-
functional monomers leads to polymers with high crosslink density that exhibit high
mechanical strength and good resistance to solvent penetration.

A large body of experimental evidence suggests that the development of the
polymer network during the copolymerization of a monovinyl and divinyl monomer
proceeds in a nonideal manner,”>?’ deviating from the classical Flory—Stockmeyer
theory,**®2%° which assumes that all polymerizable double bonds in the system
exhibit identical and conversion-independent reactivities. This is clearly manifested
in the underestimation of the level of conversion at the gel point by the Flory—
Stockmeyer theory. This discrepancy is believed to have originated in (1) intra-
molecular cyclization,330’331 (2) reduced reactivity of pendant unsaturations,
(3) intramolecular crosslinking, and (4) microgelation—phenomena that are not
accounted for in the Flory—Stockmeyer theory. For the system methyl methacrylate/
ethylene glycol dimethacrylate, it has been reported that approximately 30% of the
pendant vinyl groups take part in cyclization reactions.”®' Several studies have
aimed at evaluation of the magnitude of the reduction in reactivity of the vinyl
groups on incorporation in the polymer network.>?”-33%3% For the system styrene/
divinylbenzene, the reactivity ratio of pendant to monomer vinyls has been reported
to decrease with increasing divinylbenzene content, and reach a value as low as
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approximately 0.05 at 12% divinylbenzene content.>*® This suggests that the bulki-
ness of the chain attached to the pendant vinyl reduces its reactivity by steric hin-
drance. %7 It follows that if the reactivity of the pendant vinyl is low, crosslinking
will occur only late in the reaction. Different reactivities of the double bonds of the
monomers and pendant unsaturations result in conversion dependence of the degree
of crosslinking and the composition of the network. The deviation from classical
theory increases with the amount of divinyl compound in the feed in a monovinyl/
divinyl system, and at low divinyl monomer contents, the traditional predictions
approach the experimental values. In the case of the copolymerization of methyl
methacrylate with 0.03% butylene dimethacrylate in the presence of a small amount
of the chain transfer agent lauryl mercaptan, the gel point occurs at approximately
70% conversion, and there is only a 5% discrepancy between the Flory—Stockmeyer
theory value and the actual value.>** These nonidealities lead to a crosslinked
network of inhomogeneous nature, manifested, for example, by the existence of
multiple glass transition temperatures*>>**¢ and residual unreacted pendant vinyl
groups,>*”*% and are undesirable features as they lead to a reduction in the strength
of the material.

3.2.3.5 Surface Grafting On many occasions in materials technology it is
desirable to modify polymer surfaces, such as by transforming the usually
hydrophobic surface exhibited by most industrially produced polymers into a
hydrophilic one. This can be achieved by a variety of means,”* one of which is
surface grafting.**® Most polymeric surfaces are chemically inert, and for grafting to
take place, reactive groups must to be introduced, or radicals have to be generated on
the polymer surface. Within the field of surface grafting, there are several vastly
different techniques available: direct chemical methods,*~**? photoinitiation using
a sensitizer such as benzophenoneﬁ“f345 ozonization,346 use of y—rays,340’347 and
plasma treatment.***4

The techniques mentioned have the basic principle of operation in common;
generation of radicals that are attached to the polymer to be grafted on, followed
by polymerization with vinyl monomers (only surface grafting involving radical
processes is discussed here). The methods above mainly differ in the sense that
the radical generation processes are different. An example of direct chemical modi-
fication is the treatment of polymers such as polypropylene, polystyrene, polyacry-
lonitrile, and polyamide with an oxidizing agent such as potassium peroxydisulfate,
giving hydroxylated polymer.**' Subsequent application of a ceric salt (Ce*") redox
initiation system yields oxygen-centered radicals attached to the polymer, which can
initiate polymerization of vinyl monomers. In the application of photoinitiation, the
photoinitiator is usually adsorbed on the polymer surface, where it initiates grafting
by hydrogen abstraction from the polymer in its excited state, creating grafting
points.***=33% An example is the grafting of acrylamide onto a copolymer of styrene
(ethylene-co-butene)styrene, which proceeded under irradiation at 350 nm in
contact with an aqueous solution of monomer and a water-soluble derivative of
benzophenone as photoinitiator.*”*
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Pretreatment of polymer surfaces with ozone results in formation of hydroper-
oxides that decompose under UV irradiation, thereby initiating grafting in the pre-
sence of suitable vinyl monomers.>>**>° Grafting processes can also be induced by
irradiation with y-rays and electron beams, either in a one-step process where graft-
ing and radical generation takes place simultaneously, or by employing irradiation
pretreatment.*****7 Cold plasma treatment can be employed for surface modifica-
tion, introducing reactive groups that can be grafted and the generation of radicals
on the polymer surface. This is a two-step process, where plasma treatment is
followed by a grafting step in the absence of plasma.**0-48-%

3.3 CHAIN TRANSFER

3.3.1 General Features

Chain transfer in radical polymerization is the reaction of a propagating radical (P;*)
with a transfer agent (T) to yield dead polymer (P;) and a small radical (T+) as shown
by reactions (a) and (b) in Scheme 3.11.

The radical center is transferred from the polymer end to another molecule, and
the number of unpaired electrons thus remains unchanged. By comparing the value
of the rate constant for propagation (kp) with ki and ky, ideal chain transfer can be
identified when k; > k; and k; is sufficiently large.312’356

Figure 3.3 shows schematically ideal chain transfer in which the kinetic chain
length is identical in the presence and absence of T. The degree of polymerization
decreases and the number of polymer molecules increases as a result of chain trans-
fer. Furthermore, a decrease in the degree of polymerization by chain transfer should
not be confused with the effect of a decrease in monomer and increase in initiator
concentration, both of which cause a reduction in the kinetic chain length, leading to
a decrease in degree of polymerization. The contribution of initiation and bimolecu-
lar termination as end-forming reactions are reduced by chain transfer. The frag-
ments from T are bound as o- and w-end groups instead of the end groups
otherwise resulting from initiation and termination. However, an increase in the effi-
ciency of introduction of the end group from T always brings about a decrease in
chain length, and an efficiency of 100% cannot be attained because of premature
bimolecular termination.

Chain transfer can occur to all the substances present in a polymerization system,
and T can be employed to effectively reduce the molecular weight or to introduce
designated end groups. Allylic compounds (CH,=CHCH,X) are usually reluctant to
homopolymerize because a highly reactive radical may be formed by addition to the

Ky

Pi* + T P, + T. (a)

ki

T + M P (®)

Scheme 3.11
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Chain length in the absence of transfer agent
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Figure 3.3 Schematic description of chain transfer: > and < denote end groups in the
absence of transfer agent, and O and @ denote end groups in the presence of transfer agent.
The polymer obtained in the presence of T is also polydisperse.

allylic double bond. These highly reactive radicals tend to abstract hydrogen
from the methylene group adjacent to the double bond to give allylic radicals
stabilized by delocalisation of the unpaired electron. The abstraction reaction com-
petes well with propagation, resulting in only short polymer chains. The process of
catalytic chain transfer, which is much more effective than conventional chain trans-
fer to monomer, particularly to o-methyl vinyl monomers, will be described in
Chapter 12.

3.3.2 Chain Transfer Constant

The effectiveness of T to reduce the degree of polymerization is given by the
chain transfer constant (C), which is the ratio of k; (the overall rate constant for
chain transfer) to k,: Cy, Cy, Cp, and Cr denote C of initiator, monomer, polymer,
and transfer agent, respectively. Cr is given by the following equation, and Cy, Cy,
and Cp are expressed in the same way:

ktrT
kP

Cr =

The Mayo equation [Eq. (3.10)] can be employed to determine Ct based on the
change in the degree of polymerization on addition of T:

11 G
PRt M 210
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where P, and P are the degrees of polymerization of the polymers obtained in the
presence and absence of T, respectively, and 1/Py is given by

I kR G ColP)
- + 2y oy
Po MP T MMM
R Ra Rom Re
R Ra Rou R )

Ry Ry Ry Ry

where R, denotes the overall rate of polymerization, and k; is the rate constant for
termination. If P,y > P, [Eq. (3.10)], the value of Ct can be calculated from the
dependence of P, on [T]/[M].

In order for the Mayo equation to be applicable, the propagating radical concen-
tration and R, must not change on the addition of T to the system. When R,
is changed in the presence of T, the Mayo equation might not give a correct Ct value.
However, R;, is usually lower in the presence of T, and the determination of Cr is
therefore normally carried out using low concentrations of T. If the radicals resulting
from chain transfer reinitiate new chains slowly, R, may decrease. A second require-
ment is that the rate constants for the elementary reactions must remain constant
irrespective of the chain length of the propagating radicals. Particular attention is
required when the Ct determination is carried out under conditions yielding oligo-
meric or shorter products. Although it has been reported that the values of &, for the
first few propagation steps are larger than the global k; value,"**'*? any dependence
of chain transfer reactivity on chain length has not been systematically investigated.

If the polymer w-end is predominantly formed by chain transfer or dispropor-
tionation, the chain length distribution (CLD) is related to Cr as in!33-338-361

li { ktrM [M] + ktrT [T]}
m piXexpy————— —
i—00,[1]—0 kp (312)
dlIn i
P — —{Cu+Cr/M)

where kiy\ and ky are the rate constants for transfer to monomer and to T, respec-
tively. p; denotes the number fraction of chains of length i. Comparisons of the Mayo
and the CLD procedures have shown that they yield essentially equivalent Cy and
Cw values.**3¢® Cross-chain transfer rate constants of copolymerizations have also
been estimated using more complex procedures.****%> When the molecular weight
of T is similar to that of the resultant polymer, the Mayo equation cannot be used
since the molecular weight change arising from chain transfer cannot be accurately
estimated. Although Ct determination based on end-group quantification by MALDI-
TOF has been attempted, this procedure has not yet been established.>*®

Except for the case when Ct = 1, M and T will be consumed at different rates as
the polymerization proceeds leading to conversion dependence of [T]/[M]. Conse-
quently, Ct should be obtained at the early stage of the polymerization when [T]/[M]
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can be approximated by [T]y/[M]o. The concentration of T as a function of conver-
sion (x) at constant [M-], is given by Eq. (3.13):367

[T], = [Tlo(1 — )" (3.13)

/M, _ g pyert (3.14)

The ratio [T]/[M] is dependent on Ct according to Eq. (3.14), where the subscripts O
and x denote the initial concentrations and the concentrations at fractional conver-
sion x. The molecular weight of the polymer formed in the presence of T is a func-
tion of [T]/[M] as already given by Eq. (3.10). Equation (3.15) which takes the
change in [M]/[T] with conversion into account, can be employed to calculate chain

transfer constants at nonzero conversion levels:>®’

ln{l _ Mpx, (i— ! )} = Cr In(1 —x) (3.15)

[T] 0 P n P n0

3.3.3 Chain Transfer to Initiator, Monomer, Polymer, Solvent,
and Transfer Agent

Chain transfer to peroxide initiators, usually by induced decomposition, might
accelerate the generation of initiating radicals. Chain transfer to AIBN has been
detected in styrene polymerization, whereas chain transfer to aliphatic azo initiators
is believed to be negligible.*'

The photosensitizer tetraalkylthiuram disulfide (25) is feasible to attack by pro-
pagating radicals at the S—S bond, resulting in polymer with an R,NC(S)S group at
the w-end and the radical R,NC(S)S-. The thiyl radical would either reinitiate a new
chain or react with a propagating radical, leading to polymer with R,C(S)S groups at
the o- and o-terminals.***®**% The C—S bond at the m-chain end in photochemi-
cally dissociable, and the regenerated macroradical can propagate further until cou-
pling with a thiyl radical or another propagating radical (minor pathway).>’® The
cycle of dissociation of the C—S bond, propagation, and the C—S bond formation
would be repeated. By generating the relatively stable thiyl radical, 25 functions
as initiator, T, and terminator simultaneously, and is known as an iniferter as shown
in Scheme 3.12.4°%

The reversible reaction between propagating radicals and the thiyl radicals leads
to a reduction in the contribution of irreversible bimolecular termination as an end-
forming event. The main process leading to loss of activity (i.e., formation of
dormant species) of the propagating radicals may be reaction with thiyl radicals.

The Cy values of several monomers have been determined by use of the
CLD procedure. The Cy for styrene has been shown to involve chain transfer
to the Mayo dimer of styrene produced in the course of thermal initiation.>*
Although Egs. (3.12) and (3.15) gave Cy values for methyl methacrylate and styrene
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Scheme 3.12

polymerizations in agreement with those already known,*”" the value determined for
tert-butyl acrylate was smaller than previously reported.*”? Determination of ky, for
acrylic esters employing the technique of pulsed laser polymerization has resulted in
considerable scatter among the reported values, and one of the reasons is considered
to be chain transfer occurring during the polymerization.>’*>’* The time interval
between pulses needs to be sufficiently short in order to minimize the influence of
chain transfer as an end-forming reaction. However, the exact nature of the chain
transfer reaction has not been elucidated, and the reactivity of the reinitiating species
has not been estimated.

The Mayo equation cannot be employed for the evaluation of Cp. Polymerization
in the presence of polymer yields a mixture of the polymer initially present and the
polymer formed, and the increase in M), as a result of chain transfer cannot be accu-
rately estimated. The frequency of chain transfer to polymer can however be deter-
mined by structural analysis of the polymer, provided the units arising from the
chain transfer process can be identified and quantified.>”> A typical example is the
evaluation of chain transfer to the side chain of poly(vinyl acetate) based on a
decrease in M,, after cleavage of the side chains by saponification. Detailed structural
analysis of poly(vinyl acetate) by 'H and '>C-NMR has revealed that hydro-
gen abstraction from the acetyl groups is the predominant chain transfer mechanism
and abstraction from the methine groups of the main chain leads to a small amount
of branching.>’®*"

The polymerization of acrylic ester is characterized by a rapid increase in mole-
cular weight with conversion and crosslinking, probably related to the presence of
midchain radicals. The midchain radical of acrylic acid and a linear tetramer have
been detected by ESR spectroscopy using the flow technique with a monomer con-
centration low enough to prevent the formation of high polymer.*’® The midchain
radical, generated by hydrogen abstraction of the o-hydrogen with respect to the
carboalkoxy group, has been detected by ESR spectroscopy during the solution
polymerization of acrylic esters.'>*'5® The midchain radical, which is predicted
to be less reactive than the propagating radical,”’® is believed to participate in
branching reactions®***** and to undergo B-fragmentation.*®'=*? Intramolecular
hydrogen abstraction by a propagating radical species results in a new radical center



154 GENERAL CHEMISTRY OF RADICAL POLYMERIZATION

H,C=CH

Iy ¥ CH,CH— CH,CH—CH,CH -

\{ X X X \

X .
! _— —
ICHZCH- NCHZ(II CHz(IZH CH2(|IH2
#CH,C —~ CH,CH—CH,CH, X X X
X X X

o Y,
) (

H,C= (IIH o CHz(I: =CH, + °+*CH-— CH,CH,
| |
X X X X

Scheme 3.13

on the same molecule and can therefore not be classified as chain transfer. Further
propagation of this species would lead to the formation of a short branch. The reac-
tions of the radicals involved in acrylate (X = CO,R) polymerization are illustrated
in Scheme 3.13.

Midchain radicals may be formed by intermolecular hydrogen abstraction from
the polyacrylate main chain (Scheme 3.14). This pathway is favored under the con-
ditions of low monomer and high polymer concentration such as during emulsion
polymerization where the particles consist of a large amount of polymer and a small
amount of monomer, and at high conversion during solution/bulk polymerization.

B-Fragmentation of this type of midchain radical is supported by the observed
behavior of the structurally similar propagating radicals of the dimer and the trimer
of methyl acrylate [CH,=C(CO,Me)CH,CH,(CO,Me) and CH,=C(CO,Me)-
CH,CH(CO,Me)CH,CH,CO,Me, respectively). However, the ESR spectra of the
midchain radical and that during homopolymerization of the methyl acrylate dimer
and trimer were observed as three- and five-line spectra, respectively,'>*135-167.168
The apparent three-line spectrum of the midchain radical can be explained by cou-
pling with two of the B-methylene protons among the four, and the remaining two
B-hydrogens are close to the nodal plane of the m-orbital because of the conforma-
tional requirement to intramolecular hydrogen abstraction (backbiting).?”-%

A large number of solvents have been subjected to determination of Cy. Conju-
gated and nonconjugated monomers have Cr values of the order 10~> and 10,

" CH;CH—CHyCH—CH,CH \N‘CHZCI ~CH,CH—CH,CH
X X X X X X

— NCHzQ:CHz + -H(IJ—CHZCIJHN
X X X

Scheme 3.14
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respectively, in most solvents commonly used for polymerization.*®> End-group
analysis of the moiety from the solvent by NMR spectroscopy can be used to directly
estimate chain transfer to solvent.*****’ Solvents with large Ct values have been
used for telomerization to synthesize oligomers with functional end groups.**®

Most conventional T, such as mercaptans and carbon tetrachloride, possess labile
hydrogen and halogen atoms that are easily abstracted by propagating radicals, with
reinitiation occurring by the resulting radicals from these compounds to yield poly-
mers bearing fragments from T (Scheme 3.15). Chain transfer can also proceed via a
bimolecular homolytic substitution mechanism;*'? the reaction of polymer radical
and diphenyl disulfide is shown as an example.

The Cr values for a variety of T have been compiled.*®’ In order to be able to
directly compare Ct values for different polymerizations, the difference in kp
must be considered. Although the k, values for methyl methacrylate and styrene
are relatively similar, the Ct value for carbon tetrabromide in styrene polymeriza-
tion, 1.36, is larger than that in methyl methacrylate polymerization, 2.7 x 1072, by
a factor of ~50.3% The value of k, or the Cr value for the reaction of an electron
accepting T with poly(methyl methacrylate) radical should be lower than that for
reaction with the electron-donating polystyrene radical as a result of the polar effect
on chain transfer. The enhancement of the chain transfer reactivity may be caused by
a resonance effect to a limited extent because of the opposite influences on the reac-
tivity of T and the reinitiation reactivity. The Ct value for the same compound in
vinyl acetate polymerization has been evaluated to be 739,*®° indicating that the
poly(vinyl acetate) radical abstracts bromine from carbon tetrabromide at a much
higher rate than the radicals of styrene and methyl methacrylate. However, the extra-
ordinary large Ct value observed in vinyl acetate polymerization suggests that chain
transfer is more significant during polymerization of nonconjugated monomers.

3.3.4 Addition-Fragmentation Chain Transfer

This type of chain transfer proceeds as shown in Scheme 3.16, where X is Br, SR, SnR3,
SO,Ar, and so on, forming a labile allyl-X bond,'60:16!-171.172.294.299.320.389-400
The substituent Y is normally CO,R, Ph, CN, and so forth to enhance the reactivity
of the C=C toward propagating radicals. According to reaction (a) in Scheme 3.16,
CH,=C(Y)CH,X and X may be T-and T, respectively. The activation of the reacting
carbon—carbon double bond by Y = CH,SR is not sufficient, and Cy values of the
olefinic dithioethers (X = Y = CH,SR) are not as high as those of T bearing conju-
gative groups.*®' The generalized structure of an addition—fragmentation chain
transfer (AFCT) agent (appearing in Scheme 3.16) is a 1,1-disubstituted ethylene.
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It is believed that significant steric hindrance against propagation may increase
the rate of fragmentation relative to that of propagation. The polymer formed in
the presence of an AFCT agent will have X and a substituted allyl group
(—CH,CY=CH,) as a- and m-end groups, respectively. The introduction of the
unsaturated end-group is readily confirmed by 'H-NMR spectroscopy as the meth-
oxy and methylene protons of the monomeric units adjacent to the end groups and
the end group itself exhibit different chemical shifts (ppm). This is illustrated below
for poly(methyl methacrylate) bearing fragments from methyl o-(bromomethyl)-
acrylate.'”!

3.15-3.65 2.49 6fo
l CH CH CH j
P [ P \ Qe JH
BrCH, —C { CHy ~C——)— CHy~C = CHy—C=C_
"
CO,CH; CO,CH; CO,CH; COQCH3H\
T T T 570 and 5.50
3.69 3.63 372

The chemical shifts of the unsaturated methylene protons depend on the adjacent
monomeric unit. Copolymers prepared in the presence of chain transfer have also
been structurally analyzed by NMR spectroscopy, revealing that the propagating
radicals in copolymerization exhibit different reactivities toward T and that the frag-
mentation rate of the adduct radical depends on the penultimate unit.'’%3%4%% ¢
values for AFCT agents are usually of the order 107'-10° as summarized in
Table 3.4 for several AFCT agents,'60-161:171.172.:202.389.394.395.403 rpeir presence in
a polymerizing system sometimes results in a slight reduction in R, because addition
to the carbon—carbon double bond of T is sterically hindered by the a-(substituted
methyl)acryloyl structure. Although o-(substituted methyl)acrylate can be regarded
as an allylic compound, examination of R, and structural analysis indicate that no
significant degradative chain transfer is taking place.
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TABLE 3.4 Cy Values of Various AFCT Agents at 60°C

Cr
Methyl Methyl

Chain Transfer Agent Methacrylate Styrene  Acrylate Ref.

CH,=C(CH,Br)CO,C,Hs 1.45 — 2.33 160,161
CH,=C(CH,Br)CO,CHj; 0.93 2.34 2.93 171
CH,=C(CH,Br)CO,CH; 1.28¢ 11.44¢ — 389
CH,=CHCH=CHCH,Br 3.4 — — 394
CH,=C(CH,SC4Ho-tert)CO,C,Hs 0.74 0.95 — 160,161
CH,=CHCH=CHCH,SC,Hq-tert 0.92 0.34 — 395
CH,=C(CH,SO,Ph)CO,C,Hj; 0.72 4.21 1.69° 172
CH,=C(CH,SO,C¢H4CH3-p)CO,C,Hs 1.09 6.80 2.31° 172
CH,=CHCH=CHCH,SO,Ph 3.0 — — 394
CH,=C(Ph)CH,OCH,Ph 0.76 0.26 5.7 403
CH,=C(CN)CH,0OCH,Ph 0.081 0.036 0.3 403
CH,=C(CO,CH3)CH,0OCH,Ph 0.16 0.046 0.54 403

“70°C.
b Butyl acrylate.

A bifunctional AFCT agent (26) consisting of two a-(alkylthiomethyl)acryloyl
groups was synthesized in order to prepare polymer bearing carbomethoxyallyl
groups at both ends.***

However, the radical from 26 readily undergoes intramolecular addition to give a
7-membered cyclic radical without fragmentation (Scheme 3.17). This type of unde-
sired reaction can be avoided by increasing the number of methylene groups
between the sulfur atoms. In conventional chain transfer, an increase in the stability
of X may facilitate cleavage of the C—X bond, leading to slower reinitiation with a
significant decrease in R,,. 169,395 Contrary to the case of conventional chain transfer,
the main and the smaller moieties of the AFCT agent may be introduced at the o- and
o-ends, respectively. When X and Y contain functional groups, this type of chain
transfer can be an effective method for the introduction of functional end

397,405
groups.

CO,CH; CO,CH;

R
26
S
CO,CH; )
—— R \/& + CO,CHj;
S

Scheme 3.17
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The CH,CY=CH, w-end groups do not homopolymerize, and the adduct radicals
formed on addition of propagating radicals appear to self-terminate at a much lower
rate than the bimolecular reaction of propagating radicals. GPC analysis of the poly-
mer formed during styrene polymerization in the presence of an AFCT agent showed
that the elution curves shifted to higher molecular weight with increasing conversion
since propagating radicals add to the unsaturated end groups formed by AFCT,
thereby connecting polymer chains to the end groups.’?® In the case of methyl
methacrylate, however, the molecular weight remained close to independent of
the level of conversion, indicating the absence of any significant gel effect and addi-
tion of propagating radicals to the unsaturated end groups. The adduct radicals can
be expected to either couple with propagating radical or fragment to yield polymer
bearing allylic end groups, or undergo slow addition to monomer.*2%4%¢

A radical structurally similar to the adduct radical has been detected by ESR
spectroscopy as a persistent radical during the decomposition of methyl 2,2'-azobi-
sisobutyrate.**” Therefore, the polymerization of vinyl acetate, which is less reactive
than styrene and methyl methacrylate, is strongly retarded in the presence of an
AFCT agent when Y is a conjugative group such as CO,Me. In order to avoid this
decrease in R, a nonconjugative substituent such as Cl should be introduced as Y. 160
However, a decrease in the reactivity of the double bond of the AFCT agent and an
increase in the reactivity of the polymer radical may bring about a higher extent of
hydrogen abstraction from the o-methyl group.

a-Methylstyrene dimer [X = C(CHj3),Ph and Y = Ph] can be an effective AFCT
agent at 100°C or above, resulting in the generation of a carbon-centered radical and
an unsaturated end group from cleavage of the C—C bond of the adduct radical to
introduce the phenylallyl end group.**® When propagation, a bimolecular reaction, is
in competition with fragmentation, a unimolecular reaction, a temperature increase
would cause the rate of fragmentation to increase relative to that of propagation. The
fragmentation process of o-methylstyrene dimer appears to be too slow for it to act
as an AFCT agent at lower temperatures.**® The unsaturated dimers and oligomers
of methacrylic ester [27: X = [C(CH3)(CO,CH3)CH,],H and Y = CO,CHj; as
AFCT agent] are feasible to radical addition, and persistence of the adduct radi-
cals results in regeneration of the C=C as a result of fragmentation at a temperature
lower than that of the a-methylstyrene dimer.*®’

The Cr for the polymerization of methyl methacrylate in the presence of methyl
methacrylate oligomers has been shown to depend on the chain length of the unsa-
turated oligomeric methacrylic ester (27): Cr = 0.008 +0.002 (n = 1),0.20+
0.03 (n =2),0.34 +0.03 (n = 3), and 0.14 4 0.003 (macromonomer).®” The sig-
nificant difference in Cr value between n = 1 and the higher oligomers has been
explained by slower fragmentation of the adduct radical from the dimer because

cr
CH2=|C—CH2~€?—CH2>;H
CO,CH; CO,CHj
27
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of less steric hindrance arising from the substituent bound to the radical center.
During polymerization of a methacrylic ester in the presence of polymer of different
methacrylic esters bearing unsaturated end groups, the polymethacrylate radicals
expelled by fragmentation could initiate new chains, leading to the formation of
block copolymer consisting of two different segments of polymethacrylate with
My /M, < 1.5.314%9 1t follows that the dimer of functional methacrylates can be uti-
lized as an AFCT agent to introduce the corresponding functional end groups.*'%*!!
However, the Ct value of the dimer of methyl methacrylate (27, n = 1) is not suffi-
ciently large to attain highly efficient introduction of the end group.

a-Substituted vinyl benzyl ether (CH,=CYOCH,Ph, Y = CO,CHj3;, CN, Ph,
CONHj,) undergoes another type of AFCT to form substituted ketones as the
o-end groups and benzyl radicals, which can readily initiate a new chain
(Scheme 3.18).2°%*!" A conjugative group is required as Y to enhance the reactivity
of the C=C toward polymer radical. The Cr values determined for the benzyl vinyl
ether are relatively large, as shown in Table 3.4.

Carboxylic dithioester can undergo reversible AFCT involving addition to the
C=S bond if the leaving radical is properly stabilized by the substituent. Addition
to the C=S bond is followed by fragmentation of the adduct radical to regenerate the
C=S bond.*"**!* The reversible addition of propagating radicals to the C=S bond
is the basis for the reversible addition—fragmentation chain transfer (RAFT) process,
which will be discussed in detail as one of the living free radial polymerization
processes in Chapter 12.

3.3.5 Addition—Substitution—-Fragmentation Chain Transfer

The first step in this type of chain transfer is addition to the C=C activated by Y as in
AFCT followed by 1,3-intramolecular substitution and fragmentation to yield an end
group that differs from the substituted allyl end group. A typical example of an
addition-substitution—fragmentation chain transfer (ASFC) process is given in
Scheme 3.19, in which oxirane and small radical OX are produced.zg“"us’416
When X is tert-butyl group, the butoxy radical may add to monomer to initiate a
new chain. Typical ASFC agents are 28-32.

Some of the oxygen-centered radicals expelled from the adduct radical may
undergo further fragmentation to convert to carbon centered radicals as shown in
Scheme 3.20 using 30 as an example. Cy values for typical ASFC agents are
summarized in Table 3.5.4'"~*%
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The rate of decomposition of most peroxide type ASFC agents is considerably
lower than their reactions as T, and no homo- or copolymerization occurs sponta-
neously. However, permethacrylic esters of which ASFT yields an o-lactone can
function both as T and initiators simultaneously, and consequently Eq. (3.16) should

TABLE 3.5 Cy Values for ASFC Agents 27-30 at 60°C

Cr
ASFC Agent Methyl Methacrylate Styrene Butyl Acrylate Ref.
27 0.63 1.64 — 416
28 0.102 1.02 0.88 417
29 0.096 0.97 1.02 418

30 0.086 0.91 0.63 419
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be used for determination of Cr instead of the conventional Mayo equation
[Eq. (3.10)].4%°

= 4 Cpo (3.16)

where P, and P, denote the degree of polymerization in the absence of T and the
presence of T at 0% conversion. It should be noted that the Ct values for alkyl per-
oxides (2-3 x 10 via direct attack of propagating radical to the O—O bond) are
much smaller than those for most of the perester-type AFCT. ASFC through the
mechanism of 1,5-intramolecular substitution has also been investigated.**!

3.3.6 Temperature Dependence of Chain Transfer Reactivity

a-Methylstyrene dimer functions as an AFCT agent at temperatures of 100°C or
above.**® o-Substituted acrylates bearing CH,Cl, CH,OPh, CH,CH,CO,Me, and
other compounds as the o-substituent simultaneously undergo polymerization and
at least a detectable amount of AFCT at lower temperatures such as 60°C.'®” The
ratio of the rate constant for the fragmentation of the propagating radical, ki, to k,
(Scheme 3.21) can be determined by quantification of the unsaturated end groups
and monomeric units of the polymer formed by "H-NMR spectroscopy. Although
bimolecular termination through disproportionation might produce the same unsatu-
rated end group, chain transfer is the main end-forming reaction under conditions
yielding sufficiently short kinetic chain lengths.

An Arrhenius plot of &, k¢ gives a positive value of (E; — Ep) and a value of A JA¢
smaller than unity: E;—E, =58.5 kJ/mol and A/A, =9.72 x 10°mol/L for
X = CH,CH,CO,Me and Y = CO,Me.'"” In other words, E;> E, and A;> A, as
expected since fragmentation is a unimolecular reaction, whereas propagation is
bimolecular. However, considerably smaller Atr/Ap =0.16—-0.41 and E,—
E, =1.72 —7.41kJ/mol were calculated from the Arrhenius plot of Cr for 27
(n=1,2,3 and macromonomer) in MMA polymerization.367 These tendencies
indicate that the addition of the propagating radical to the sterically hindered

CH,—=C—CHxX

or CH,X  CHyX
——— “wCH,C—CHC-
k
" CO,R CO,R
|CH2X fragmentation
~CHCe  —p———— ~CHC=CH,
k
CO,R ' COR
termination

——— > polymer

Scheme 3.21
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carbon—carbon double bond of 27 is the rate-determining step in the chain transfer
process.

The temperature dependence of the Ct values for the polymerization of methyl
methacrylate in the presence of the ASFC agent 28 can be expressed by E —
E, = 11.5kJ/mol and A,,/A, = 7.2, in accordance with significant steric hindrance
against addition of the polymer radical to the carbon—carbon double bond of T.*'¢
Polymerization of styrene in the presence of 32 resulted in E, = 46.0kJ/mol
and A, =3.87 x 10°Lmol 's™', to be compared with E, = 12.4kJ/mol and
Ay =0.163Lmol 's™! in the case of methyl methacrylate.*** More significant
steric hindrance in the addition step for the chain transfer in the polymerization of
methyl methacrylate is predicted particularly on the basis of the small A, value.
These reaction rates of ASFC appear to be affected by the addition and the fragmen-
tation steps depending on the attacking radical, and the reaction of poly(methyl
methacrylate) radical is susceptible to more significant steric hindrance than is the
polystyrene radical.

3.4 TERMINATION

3.4.1 General Features

Free-radical polymerization consists of the elementary reactions of initiation, propa-
gation, and termination. Termination refers to the bimolecular reaction of propagat-
ing radicals by combination or disproportionation that leads to the deactivation of
propagating radical chain ends. Primary radical termination, the reaction between
a primary radical and a propagating species, may also contribute to the loss of pro-
pagating radicals. Reversible termination, as present in living/controlled free-radical
processes, is discussed in Chapters 9—12.

Termination is perhaps the most complex of the elementary reactions in free-
radical polymerization as it constitutes the consecutive events of polymer radicals
undergoing translational diffusion to come into relative proximity of one another,
segmental diffusion whereby the chain ends approach one another, and finally che-
mical reaction.'*® The rate constant for bimolecular reaction between two small
carbon-centered radicals in liquid is of the order of 10° M~ s™!.#** The termination
process in a polymerizing system is usually diffusion-controlled with a rate constant
significantly lower than that for small radicals in liquid.'*®****> Certain monomers
exhibit severe steric hindrance'*™!57:165:168:204.210.220.222.426-429 1 consequently
terminate orders of magnitude more slowly than conventional monomers such
as styrene and methyl methacrylate. In most cases the chemical reactivity toward
termination is not expected to affect the degree of polymerization or molecular
weight distribution, except through the relative rates of termination by combination
and disproportionation. Since polymer radicals may diffuse at different rates
depending on the chain length, especially in viscous media, the termination rate
coefficient will exhibit chain length dependence.*****°~*3? Furthermore, since the
termination reaction occurs between two polymer radicals that are most likely of
different degrees of polymerization, the termination rate coefficients measured by
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experimental techniques currently available represent some sort of average values.
The detailed kinetic aspects of termination will be discussed in Chapter 4.

The mode of termination is of great importance as it affects the molecular archi-
tecture of the polymer formed, and thereby some of its properties. The molecular
weight distribution and the polydispersity are functions of the mode of termination;
the polydispersity M,,/M,, is equal to 1.5 if termination is by combination only, and 2
if by disproportionation only.*** The nature of the end groups is affected by the
mode of termination; combination yields chain ends consisting of initiator frag-
ments, whereas disproportionation results in additional chain ends in the form of
unsaturated and saturated ®-end groups. The unsaturated end groups resulting
from disproportionation may in some cases undergo further reaction leading to
branched structures.?'?*¢743443¢ Combination usually results in a head—head link-
age in the polymer backbone,*’ and these linkages along with terminal unsatura-
tions from disproportionation are in some cases believed to contribute to thermal
instability of the polymer.**7#343 At a heating rate of 10°C/min, the unsaturated
portion of poly(methyl methacrylate) degrades at 230-300°C, whereas the saturated
portions remain thermally stable up to 300°C.**°

3.4.2 Bimolecular Termination

3.4.2.1 Combination versus Disproportionation The relative extents of the two
different modes of bimolecular termination, disproportionation and combination
(Scheme 3.22), often expressed as the ratio of their respective rate coefficients
ky/ki, is difficult to measure as manifested by the spread in the data reported
in the literature.**' The techniques most commonly employed to study the mode
of termination include quantification of initiator-derived end groups by
NMR24437442445 and model compound studies.''®44°**° Termination occurs
mainly by combination for most vinyl monomers, although disproportionation
usually makes a significant contribution when the propagating radical is sterically
hindered or possesses easily abstractable B-hydrogens. It follows that styr-
ene,!19:437:441.442.448450 5 orvlonitrile,*' and methyl acrylate®>* mainly terminate
by combination, whereas disproportionation significantly contributes to the

ﬁHz (|IH3
NCH2—$ + \N‘CHz—ICH
cn "/d, CO,CH3 CO,CH3;
~CH,— (:: . ’ o disproportionation
COCH; CH; CH,
\N‘CHZ—(::—(:I—CHZN

CO,CH; CO,CHj
combination

Scheme 3.22
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termination step for o-methylvinyl monomers such as methyl methacry-
late.!'?#41:442:445 The gystems that have been the most widely studied with regard
to determining the dominant mode of termination are by far the polymerizations of
styrene and methyl methacrylate.

A large number of termination studies involving model compounds have been
carried out, often with azoinitiators employed as sources of radicals as models of
propagating species.!'®44~49 For example, cyanoisopropyl radicals generated on
the decomposition of AIBN can be considered as models for poly(methacrylonitrile)
radicals (Scheme 3.23). The ratio ky/k, as obtained from quantification of the
amounts of the disproportionation products [methacrylonitrile (33) and isobutyroni-
trile (34)] and the combination product [tetramethylsuccinonitrile (35)] indicates
that the cyanoisopropyl radicals terminate mainly by combination.**® The reaction
system in question also involves the reversible formation of the ketenimine (36),
which does not affect the kinetic analysis with regard to the ratio k.q/k... Model
studies are useful, but caution is warranted as model systems are inherently different
from polymerizing systems in a number of respects, and sometimes different results
are obtained from model-polymerization investigations.' 8441448

Studies of the termination reactions of oligostyryl radicals,**® as models of the
polystyryl radical, have indicated that combination is the main mode of termination
(kwa/kie 2 0.1). The ratio ky/k, was found to be independent of chain length, thus
providing some justification for concluding that polystyryl radicals are likely to
terminate in the same manner. Fewer data are available regarding a possible tem-
perature dependence of the termination mode. Model studies of oligostyryl radicals
have suggested that Ecqmp > Egisp, that is, ki/ki, decreases with increasing tempera-
ture.**® This result is, however, in disagreement with those obtained by polymeriza-
tion studies, which indicate the opposite trend, and a stronger temperature
dependence. 1448

Several studies based on end-group analysis of polystyrene have indicated
termination predominantly by combination.®!'%#42#44453 Inyestigations using
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13C_enriched BPO,441 4C_enriched AIBN,444 fluorinated derivatives of BPO**? and
an azoinitiator,443 and deuterated monomer*** all pointed toward termination mainly
by combination. The application of matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry to the determination of the mode
of termination by end group detection has been reported,' again indicating predo-
minant termination by combination (ky/ki. = 0.057). The head-head linkages
resulting from termination by combination have been detected by 2D-inadequate
NMR, although the accuracy was not sufficiently high for the estimation of kq/k
to be possible.**’

The termination mode of poly(alkyl methacrylate) radicals has also been the sub-
ject of much research.**! Model compound studies of the bimolecular reactions of
I-methoxycarbonyl-1-methylethyl radicals and the higher esters ethyl and butyl
have resulted in k/ki 22 0.70 for methyl methacrylate, 0.72 for ethyl methacrylate,
and 1.17 for butyl methacrylate.**"**” Application of MALDI-TOF to the end-group
analysis of low-molecular-weight poly(methyl methacrylate) initiated by AIBN
yielded ky/ki. = 4.37."° The use of fluorinated derivatives of BPO in connection
with '’F NMR analysis of poly(methyl methacrylate) also indicated that termination
occurs mainly by disproportionation in this system.***

Quantification of initiator-derived end groups using totally deuterated methyl
methacrylate and direct observation of the terminal unsaturations from disproportio-
nation using 'H-NMR showed that approximately 80% of the polymer chains have
formed by disproportionation, which translates to a value of k4/k. of approximately
2.*3 The termination mechanisms in the homopolymerizations of both styrene and
methyl methacrylate have been investigated by employing ultrasonic scission of
polymer chains followed by termination in the presence and absence of a radical
trap.*** Comparison of the molecular weights thus obtained revealed that the
dominant termination modes were disproportionation for poly(methyl methacrylate)
and combination for polystyrene.

Termination in copolymerization occurs by combination and disproportionation
in complete analogy with homopolymerization systems. A study of the behavior of
model radicals of polystyrene and poly(methyl methacrylate) radicals generated
from the decomposition of an asymmetric azoinitiator (37) resulted in kq/ki. = 0.56
at 90°C for the cross-termination reaction, which lies in between the values obtained
for the self-reactions of the two individual radicals: 0.13 for the polystyrene and
0.78 for the poly(methyl methacrylate) model radical.**' Application of the techni-
que of pyrolysis gas chromatography to the copolymerization of styrene and methyl

e
H3C—|C—N:N—C—CH2—CH2
CO,CH;

37
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methacrylate resulted in ky/k values in the range 0.21-0.64, inferring that combi-
nation was favored over disproportionation at 60°C.**>

3.4.2.2 Primary Radical Termination Primary radical termination refers to the
bimolecular reaction between a propagating radical and a primary radical. This
process leads to lower rates of initiation and propagation, thus causing a deviation
from the prediction of classical kinetics (i.e., the rate of polymerization is
proportional to the square root of the initiator concentration). In analogy with the
termination reactions between propagating radicals, primary radical termination can
also occur by either combination or disproportionation. It has been shown that
primary radical termination between cyanoisopropyl radicals and polystyryl radicals
occurs mainly by combination at 98°C during conditions of exceptionally high
initiator concentration yielding polymers with degrees of polymerization of
approximately 10 or lower.**® For conventional free-radical initiators such as AIBN
and BPO, primary radical termination normally occurs to an appreciable extent
only when the concentration of primary radicals is unusually high and/or when the
monomer concentration is low. In other words, the contribution of primary radical
termination can be expected to be more significant at high conversion and high
dilution.''>!19-134430457 1t hag been demonstrated that even under experimental
conditions that would favor primary radical termination (high initiator concentration
and low monomer concentration), more than 85% of termination events occur by
bimolecular reaction between polymeric radicals for the styrene/AIBN system at
100°C.® For normal bulk polymerization conditions in the same system (initiator
concentration 0.01-0.02 M), <2% of the end groups originated from primary radical
termination at low conversion. In the case of BPO-initiated styrene bulk
polymerization (initiator concentration 0.04 M), 8% of the chain ends had been
formed through transfer to initiator or primary radical termination.*>®

Many industrial photopolymerization processes exploit unusually high initiation
rates in order to achieve a rapid cure and a high final degree of conversion, and this
may lead to an unusually high contribution of primary radical termination.'** Cer-
tain primary radicals exhibit a relatively high stability and are quite unreactive
toward vinyl monomers, and instead tend to engage mainly in primary radical ter-
mination reactions. This is often observed with photoinitiators such as benzoin
ethers that generate two types of radicals: reactive benzoyl radicals that initiate poly-
merization and relatively stable benzyl ether radicals that are consumed in primary
radical termination.®® The concept of reversible primary radical termination is taken
advantage of when preparing polymers and copolymers with well-controlled
architecture by use of techniques such as the iniferter method and initiators yielding
persistent and captodatively substituted radicals (Section 3.1.2.1.3). Another exam-
ple of how comparatively low rates of addition of primary radicals to monomer may
lead to higher rates of primary radical termination is the polymerization of fumarates
(1,2-disubstituted ethylenes) initiated by AIBN.'''='!3

3.4.2.3 Sterically Hindered Monomers The propagating radicals of certain
monomers that exhibit considerable steric hindrance terminate exceptionally slowly,
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TABLE 3.6 Termination Rate Coefficients of Sterically Hindered Monomers
Compared with Styrene and Methyl Methacrylate at 60°C

Monomer kM tsh Ref.
Styrene (bulk) 1.1x108 111
Methyl methacrylate (bulk) 2.1x 107 458
Methyl a-(2-carbomethoxyethyl)acrylate (bulk) 2.6 % 10° 459
Diethyl itaconate (benzene) 3.2 % 10* 214
Diethyl fumarate (benzene) 280 460
N-tert-Butylmaleimide (benzene) 1.2 x 10* 456
Polystyrene macromonomer with methacryloyl 1500 457

end group ¢ (benzene)

“Monomer concentration 0.220 M, M,, = 2700, M,,/M,, = 1.07.

leading to an extraordinarily high propagating radical concentration in the steady
state.'*> These types of monomers polymerize to high molecular weight despite
significant steric hindrance as a result of a favorable balance in the magnitudes of k,
and k;; thus, the quantity kp/kt”2 is high enough for polymerization to occur.
Examples of monomers of this type include o-(substituted methyl)acrylic
esters,165’167’168’204 dialkyl itaconates,“zg’429’458 N—alkylitaconimides,‘%’459 dialkyl
fumarates,168’210’213’214’427’460 and N-substituted maleimides.??”*°1462 The values of
k, for many sterically hindered monomers are several orders of magnitude lower than
for common monomers such as styrene and methyl methacrylate (Table 3.6).

Macromonomers*®® are oligomeric or polymeric species that contain a polymer-
izable group. They are usually derivatives of methacrylate esters or styrene such as
polystyrene with methacryloyl end groups,?*>*?*> poly(methyl methacrylate) with
styryl end groups,”° and methacryloyl-terminated poly(ethylene glycol methyl-
ether).*** These monomers exhibit rates of bimolecular termination that are orders
of magnitude lower than conventional monomers.>'?-*20-22223465 This behavior is
believed to originate from low rates of segmental diffusion, which is a consequence
of an excluded volume effect resulting from the multibranched structure of the pro-
pagating radicals.??**2%2234%6 The tacticity of poly(methyl methacrylate) macromo-
nomers has been reported to influence the rate of termination by affecting the
segmental mobility of the chain (the glass transition temperature of isotactic poly
(methyl methacrylate) is significantly lower than that of the syndiotactic version),
the iso-macromonomer terminating (and propagating) more rapidly than the syn-
macromonomer.”*° The macromolecular nature of these monomers also results in
a significant monomer concentration dependence of the termination rate coefficient,
since an increase in the monomer concentration leads to an increase in the viscosity
of the medium. For example, a reduction in monomer concentration of polystyrene
macromonomer with a methacryloyl end group (M,, = 2700; see Table 3.6) from
0.220 to 0.0370 M in benzene at 60°C causes the termination rate coefficient to
increase by approximately a factor of 125.%*
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3.4.2.4 Effect of the Medium The bimolecular termination process is normally
diffusion-controlled from zero conversion onward, and for conventional vinyl
monomers such as styrene and methyl methacrylate where the termination rate
coefficient at zero conversion is of the order 1078 M~ s7!,46746 the mode of
diffusion control is a function of conversion. ***’* At low conversion, segmental
diffusion of the radical chain ends may be the rate-determining step. As the viscosity
increases with conversion, the rate of center-of-mass diffusion of polymer radicals
decreases to eventually become the rate-determining step. At intermediate to high
conversion levels in bulk polymerization, the polymer radicals become so immobile
that they are unable to diffuse together for bimolecular termination to take place.
Under these circumstances the dominant mode of termination is thought to be that of
reaction diffusion (residual termination); this refers to when the radical chain ends
come into close proximity as a result of successive addition of monomer
molecules.'***7%47! For some rapidly propagating monomers such as butyl acrylate,
reaction diffusion may be the dominant mode of termination starting at conversion
levels as low as approximately 10%.*”' The rate of termination for most bulk
polymerization systems decreases by several orders of magnitude throughout the
polymerization process. Both k; and k, have been observed to increase with the
initiator concentration in the highest conversion regime in the bulk polymerization
of styrene at 70°C, probably as a result of higher monomer mobility in a matrix
consisting of shorter polymer chains.*’**"* In this conversion regime, both the rate
of termination (by reaction diffusion) and propagation are controlled by the rate of
monomer diffusion.

Free-radical polymerization in supercritical carbon dioxide (scCO,) has received
considerable attention because of its unique nature and the fact that it offers envir-
onmental advantages at low cost.*’**”> Single pulse pulsed-laser polymerization
experiments for styrene and butyl acrylate have shown that the value of k, increases
with scCO, content; the termination rate coefficient in scO, is significantly higher
than in bulk for these two monomers.”°"*’® This has been attributed to the poor
solubility of the monomer in this solvent, leading to a reduction in coil size, which,
in turn, results in higher rates of segmental diffusion.?¢'#7¢477

3.5 INHIBITION AND RETARDATION

3.5.1. General Features

In order for the quality and purity of monomer to be maintained, polymerization
must not be initiated during monomer preparation, nor during the purification
process and storage. However, premature radical formation from pure monomer,
monomer contaminants, or impurities sometimes induces initiation to give polymer.
If a substance can quantitatively scavenge the initiating radical, further propagation
cannot occur. When the polymerization after consumption of the substance proceeds
as rapidly as does the polymerization in its absence, such a compound is referred to
as an inhibitor."'®*'? The induction period, the time required for complete consump-
tion of the inhibitor, is often measured in order to calculate the initiation rate. The
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ratio of the initiation rate to the decomposition rate of initiator is generally used as
the definition of initiation efficiency. A retarder is a substance that in low concen-
tration effectively suppresses the overall rate of polymerization without induction
period.''®3!? The distinction between retarders and inhibitors is not always clear.
Inhibition is one of the elementary reactions in chain reaction polymerization;
however, the radical reaction of inhibition of autooxidation processes has also
been studied in detail.*”®

3.5.2 Inhibition and Retardation Reactions

Stable free radicals are frequently employed as inhibitors.*’® The most commonly
used species for measuring the induction period are 2,2,6,6-tetramethylpiperidinyl-
l-oxyl (TEMPO) (38) and 1,3,5-triphenylverdazyl (39). During the induction
period, TEMPO and the verdazyl quantitatively and rapidly scavenge the carbon-
centered primary radicals to form C—O and C—N bonds, respectively. Nitroxides
such as TEMPO react with carbon-centered radicals at close to diffusion-controlled
rates.****3 The coupling of these stable radicals with carbon-centered radicals are
reversible, and the coupling products dissociate into the component radicals on
heating.**'**+4%>  The verdazyl is less thermally stable than TEMPO.**
Nitroxides and verdazyl do not react with oxygen-centered radicals and oxygen.
If an initiator generates oxygen-centered radicals in the presence of a nitroxide,
the carbon-centered radical resulting from addition of the oxygen-centered radical
to monomer will be trapped by a nitroxide such as 1,1,3,3-tetramethylisoindoline-2-
oxyl (40). Galvinoxyl (41) and 1,3-bisdiphenylene-2-phenylallyl (Koelsch’s radical)
(42) can also be used as inhibitors. Diphenylpicrylhydrazyl (43) is used much less
frequently because of its complicated reaction mode of inhibition.

The polymerization rate decreases with increasing amount of retarder, and as
mentioned, an induction period is seldom observed. Addition to or hydrogen
abstraction from the retarder by an initiating radical or a propagating radical results
in a less reactive radical, leading to a decrease in the polymerization rate. The most
commonly employed stabilizers of monomer are retarders such as substituted phe-
nols (e.g. p-methoxyphenol and fert-butyl catecohol). Substituted phenols readily
undergo abstraction of the labile phenolic hydrogen to yield low reactivity phenoxy
radicals. The extent of retardation may depend on monomer type since the radical
resulting frrom the retarder is likely to add to different monomers at different rates.
An acrylic ester bearing a hindered phenol structure (44) has been shown to function
as a retarder for the polymerizations of methyl methacrylate through addition
of the propagating radical to the acrylic double bond.**> However, 2,6-di-tert-
butylphenol does not affect the rate of methyl methacrylate polymerization because
the propagating radical of methyl methacrylate cannot abstract the sterically
hindered phenolic hydrogen. The polymerization of vinyl acetate is inhibited
by 44.*%°

Benzoquinone, which may behave as a retarder, readily gives phenoxy radical as
a result of rapid radical addition to the C=0 bond; the addition is facilitated by aro-
matic stabilization.*®”~**! The relative reactivities of alkyl- and methoxy-substituted
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R =iso -C3H7

43 44

benzoquinones have been correlated to their redox potentials and a steric factor
of the substituents.**®**° The reaction of 2,6-disubstituted benzoquinones with 2-
cyano-2-propyl radicals gave the monoether (1: 1 adduct) by addition to the C=0
bond followed by hydrogen abstraction of the resulting phenoxy radical, and
diethers (1:2 adduct) by addition to the C=0 bond and coupling of the resulting
radical with a cyanopropyl radical (Scheme 3.24).

R R R
ct ct ct
o} 0 ——= CH;—C-0 OH + CH;—C—0 0-C—CHj
CN CN CN
R R R

Scheme 3.24
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Similarly, the 1:2 adduct was isolated as the reaction product of 1,1-di( p-tolyl)
ethylene with cyanopropyl radicals.*®> However, the reaction of 2,5-di-fert-
butylbenzoquinone gave no detectable reaction products, presumably as a result
of extremely slow reaction due to the steric hindrance of the substituents.**?

Transition metal salts such as halides or pseudohalides function as inhibitors by
undergoing rapid reactions with carbon-centered radicals by an electron transfer or a
ligand transfer mechanism. The carbon carrying the unpaired electron is converted
to a o-bonded carbon or ionic species.

Emulsion polymerization, which exhibits a higher polymerization rate and gives
polymer of higher molecular weight than solution and bulk polymerizations, is
affected by additional factors since it is a heterogeneous system. The addition of
stable free radicals, such as those described, to an emulsion system would probably
not lead to significnat inhibition or retardation since these water-insoluble radicals
would not be able to quantitatively trap the primary radicals, including oxygen-
centered radicals generated in the aqueous phase. However, water-soluble inhibitors,
notably inorganic salts such as cupric chloride and sodium nitrate, can be
employed. 749449 Although homogeneous polymerization for quantitative analy-
sis is usually carried out after deaeration or under vacuum, a small amount of oxygen
is considered to remain in emulsion polymerization systems. The effect of oxygen
on emulsion polymerization has been investigated.****®

The polymerization rate of vinyl esters is remarkably reduced by a small amount
of an additive such as styrene or toluene; highly reactive propagating radicals from
vinyl acetate readily form styrene radicals and benzyl radicals because of resonance
stabilization. These benzyl-type radicals are less reactive toward vinyl esters,
because of resonance stabilization.*”® However, these compounds are not generally
classified as retarders.

Buckminsterfullerene (Cgp) has attracted interest not only because of its structure
and physical properties but also because of its versatile reaction behavior exhibiting
inhibition and retardation effects. It is known that Cg reacts rapidly with radicals to
yield ESR-detectable radical species (Cgo*).”” The polymerization of vinyl acetate
in benzene is effectively inhibited by Cg, and all Cg molecules consumed were
confirmed to be incorporated into the poly(vinyl acetate).’®' During the course of
the polymerization, the color of the polymerization mixture gradually changed
from violet to brown and dark brown. Dark brown polymer was precipitated by pour-
ing the polymerization mixture into n-hexane, on which the supernatant solution
turned colorless. The violet polymerization mixture did not exhibit any color change
in hexane prior to heating. The ESR-detectable Cgo* (singlet spectrum) concentra-
tion increased with time during the induction period, reaching a threshold level
corresponding to trapping of 15 radicals by each Cgy molecule. However, a Cgq
molecule is able to react with at least 34 methyl radicals or 15 benzyl radicals.**®
The rate of polymerization of methyl methacrylate and styrene, and the molecular
weight of the polymer formed, have been shown to be significantly reduced in the
presence of Ceo.>*>'" The formation of Cgo+ was confirmed by ESR spectroscopy
during the polymerizations of methyl methacrylate and styrene, and a short induc-
tion period, or in some cases none at all, was observed. The concentration of Cg*
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increased with increasing time up to the threshold concentration corresponding to
that arising from trapping of 15 radicals per Cgy molecule. The number of Cgy mole-
cules per polymer molecule increased with increasing concentration, suggesting
coupling of polymer-Cgp* to give polymer-Cgo-Ceo-polymer.>*>10

3.5.3 Practical Use

Distillation is one of the most important purification methods for liquid monomers.
An inhibitor that can effectively suppress premature polymerization during distilla-
tion is required. A suitable inhibitor for this purpose should remain in the distillation
pot, and the distilled monomer as the final product should not be contaminated by the
inhibitor. Furthermore, the inhibitor itself should be thermally stable. The nitroxides
45-49 are known to be suitable inhibitors for acrylate and methacrylate monomers
as described in several patents.’'''> In addition to these nitroxides, hydroquinone,
phenothiazine, p-methoxyphenol, and other compounds have been employed as
inhibitors to prevent polymerization during distillation.
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188  THE KINETICS OF FREE-RADICAL POLYMERIZATION
4.1 INTRODUCTION

The kinetic understanding of free-radical polymerization processes is of fundamen-
tal importance for efficiently generating polymeric products for a wide variety of
applications. The study of the kinetic principles involved has been a central research
theme since the formulation of Hermann Staudinger’s Macromolecular Hypothesis
in the 1920s. The evaluation and analysis of reaction rates and molecular weight dis-
tributions resulting from free-radical polymerizations is far from simple, due to the
coupled nature of the different reactions. The process may be described via a sim-
plified set of fundamental reactions as given in Scheme 4.1.

Each reaction given in Scheme 4.1 is associated with a kinetic rate law expression
that contains a specific rate coefficient. It is the central task of all kinetic experiments
to assess the size of these rate coefficients via a variety of experimental approaches. The
experiments carried out to determine the kinetic rate coefficients can be divided into
two areas, which are, however, closely linked to each other. The first approach cen-
ters on the accurate measurement of the overall polymerization rate, whereas the
second one concentrates on the analysis of the resulting molecular weight distribu-
tions. If all the rate coefficients for a polymerizing system are known, it is possible to
predict the kinetics of the overall polymerization process, including the full mole-
cular weight distributions. In addition, with the increased availability of powerful
computers, the simulation of complex polymerization processes contributed consid-
erably toward a deeper understanding of the reaction kinetics.

This chapter focuses almost exclusively on the kinetic aspects of the free-radical
polymerization process and to a lesser extend on chemical considerations. Chemical
principles will be introduced only when an understanding of the kinetic picture
without them is impossible.

4.2 INITIATION

The initiation process constitutes the first reaction step in free-radical polymeriza-
tion leading to the generation of (primary) radicals. The kinetics of the initiation

Initiator Decomposition I, — 2T
ki
Chain Initiation I" + M —— Rj
kP
Chain Propagation R; + M —— R/
ke
Chain Transfer Rf + S —— R} + P
kica
Chain Termination R + R — P;; or Pi+P;

Where R; is a radical of chain length i, 1, is the initiator, M is the monomer, S is a transfer agent,
and P is polymer

Scheme 4.1
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ka
Initiator — I + I
hv, A

Scheme 4.2

process—its rate and effectiveness—are of fundamental importance in both theore-
tical studies and commercial applications. Commercial procedures rely mainly on
the formation of primary radicals via thermal decomposition processes using azo-
and peroxy-type compounds. Investigative kinetic studies are—to a large extent—
carried out using photoinitiators, which decompose on irradiation with UV or visible
light. The main reason for this choice is the possibility to define exact starting and
end times of the initiation and subsequently the polymerization process.

The decomposition scheme (Scheme 4.2) is common to both thermal and photo-
initiators. The measurable decrease of the initiator concentration [I] in a polymeriz-
ing systems is given by

dlj _
—E—kd[l] (4.1)

However, the rate of the formation of primary radicals is of greater interest in kinetic
studies. The rate of generation of radicals that are capable of initiating the polymer-
ization process, Ry, is described via the following general first-order rate law

Ry =T op g 42)

where kq corresponds to the rate coefficient of initiator decomposition and f'is the
initiator efficiency (see below). It should be noted that in the case of photoinitiation,
kq is a composite of various variables. This will be discussed in detail in Section
4.2.2. Integration of Eq. (4.1) leads to Eq. (4.3), an expression that describes the
decreasing initiator concentration as a function of time.

1] = (1] - e (4.3)

In order to initiate the polymerization process via reaction with a monomer unit, the
generated primary radicals, 1] and 13, have to leave the solvent cage that surrounds
them. The ability of the primary radicals to leave the solvent cage unreacted and to
start the polymerization process is quantified by the initiator efficiency, f, with the-
oretical values between zero and unity. Not all generated primary free radicals initi-
ate polymer growth. Shortly after decomposition, the free radicals are very close to
each other and recombination can occur. In addition, they can also react in alterna-
tive ways before they can react with a monomer unit. An efficiency of zero corre-
sponds to no initiation taking place, whereas f = 1 indicates that every generated
primary radical escapes the solvent cage and subsequently initiates polymerization.
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Typical values of f are between 0.5 and 0.8, depending on the viscosity of the reac-
tion medium, indicating that the escaping process is diffusion-controlled. It should
be noted that in the case of an unsymmetric initiator molecule, I and I3 do not neces-
sarily display the same reactivity toward the monomer unit.'* Hence, the initiation
process may be described by Scheme 4.3:

ku(”
Il- + M —— Rl.

@
L'+ M —— R/

Scheme 4.3

where I} , represents either initiator fragment 1 or 2, M indicates a monomer unit, R}
corresponds to a macroradical of chain length 1, and ki(l) and ki(z) refer to the indi-
vidual initiation rate coefficient of the respective fragments. The overall rate of
initiation, R;, is given by

Ro= M A0 kM (@)

Because [I]] = [I3] = [I']/2, the overall rate coefficient of initiation, &;, is a composite
of the individual rate coefficients of initiation for the initiator fragments 17 and I3:

(
R =KkM][I']  with k=" (4.5)

4.2.1 Thermal Initiation

Thermally decomposing initiators (mainly) fall into two classes: azo- and peroxy-
type molecules. The general structures of azo- and peroxyinitiators are given in
Scheme 4.4.

An important quantity of a thermal initiator is its half-life, # », (at a certain tem-
perature), given by Eq. (4.6); the half-life is the time period during which half of the
initiator molecules initially present are decomposed:

In2
Hyp=—— (4.6)
/ kq
7 R2 ya RZ
N=N 0-0

’ 7/
Ry Ry
Azoinitiator Peroxyinitiator

Scheme 4.4
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There is an initiator for virtually any desired decomposition rate in a given solvent
(or monomer). An initiator is often characterized by the temperature at which its
half-life is 10h. These temperatures range from 20 to 120° C, depending on the
structure of the initiator. Extensive data on initiator decomposition rates and their
activation parameters can be found in the Polymer Handbook.” When choosing an
initiator for a specific application, it is important to also consider possible side reac-
tions that monomer and initiator can undergo, as well as the transfer ability of the
initiator molecule, which may limit the accessible molecular weight range (see
Section 4.4).

4.2.2 Photoinitiation

An attractive alternative to thermally decomposing initiators are photoinitiators that
decay on irradiation with UV or visible light. The use of photoinitiators is (in most cases)
restricted to applications involving accurate kinetic measurements, whereas their
usage in industrial processes is very limited because of the technical problems asso-
ciated with the uniform irradiation of large reaction volumes. Some exceptions are
applications involving coatings and surface polymerizations. The main advantage of
photoinitiator use in polymerizing systems is the possibility to define exact start- and
endpoints of the polymerization process via the duration of the irradiation period. In
addition, the rate of (most) photoinitiator decomposition is almost independent of
the reaction temperature, but depends strongly on the (UV) light intensity. However,
weak temperature dependencies of the primary quantum yield (see text below) have
long been known for the photoinduced decomposition of azoalkanes.* The weak
dependence of the rate of decomposition on the reaction medium temperature is
due to the large amount of energy that is deposited into the initiator molecules via
the light source. This energy exceeds the thermal energy of the surrounding medium
by orders of magnitude. An ideal photoinitiator for a specific polymerization may be
defined via the following criteria:

1. The photoinitiator should decompose on iradiation with the (UV) light
source; For instance, an absorption should coincide with the radiation
wavelength. The monomer(s) used in the specific polymerization process
should not absorb light at the selected wavelength.

2. The efficiency of the initiator should be high, preferably close to 1, which
says that all radicals generated start a growing chain.

3. At best, there should be only one type of free-radical species that is formed on
laser irradiation.

According to the mechanism by which initiating radicals are formed, photoinitiators
are generally divided into two classes: type I photoinitiators, which undergo a unim-
olecular bond cleavage upon irradiation to yield free-radicals; and type II photoini-
tiators, which undergo a bimolecular reaction where the excited state of the
photoinitiator interacts with a second molecule (a coinitiator) to generate free-
radicals. However, visible light photoinitiators belong almost exclusively to the
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Scheme 4.5

type II class of photoinitiators. Within the type I initiator class, there are several
structural variations. The most widely used class are photoinitiators containing a
benzoyl group as the effective initiating moiety (acetophenone type). Their general
formula and primary decomposition products are given in Scheme 4.5.

It is standard practice to show the processes that can take place on irradiation (i.e.,
assuming that each photoinitiator molecule absorbs a certain dose of energy) in a
so-called Jablonski diagram. Such a diagram is a simplified portrayal of the relative
positions of the electronic energy levels of a molecule.

On (UV) irradiation, the molecule is converted from its (singlet) ground state to
its first exited state. The Jablonski diagram given in Fig. 4.1 shows that there is more
than one possibility to deactivate an excited initiator molecule. This multitude of
deactivation modes is summarily quantified in the quantum yield for the primary
free-radical production, ®, which is composed of three parts that can be assigned
to the following reactions:

(Ia) Sp 2% S,

(Ib) S — T, with ®gc
(H) T,— R’ with ®r
(I R* 2L RM® with $ry

where ® = q)ISC . (I>R . (I)RM S 1.

E
S, — \(mSC
T “< > Deactivation

I‘DR ™ Monomer quenching

hv R;‘ ~~~> Deactivation (e.g. cage effects)
l RM

RM'

| ko k,

Sy — Polymer

Figure 4.1 Simplified Jablonski diagram of the photochemically initiated acetophenone
type initiator decomposition.
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The quantum yield for intersystem crossing (Ib) is rather high for ketones,” so
that to a good approximation ®gc can be set to 1. Thus, the overall quantum yield
of the initiation process depends only on ®r and Pry. From the T triplet state par-
allel reactions can lead to a decrease in the quantum yield ®g. In free-radical poly-
merizations these reactions are deactivation by molecular oxygen and deactivation
by the monomer.® This is one of the reasons why the monomer mixture should be
thoroughly degassed prior to the polymerization process. The longer the lifetime of
the triplet state, the higher the chances that deactivation processes can reduce the
quantum yield. For example, 2,2-dimethyl-2-phenylacetophenone (DMPA) has a
rather short-lived T; state (t < 0.1 ns,” whereas the respective value for 1,1-
dimethoxy-1-hydroxyacetophenone (Darocur 1173) is close to 20 ns®), which results
in a high ®y value. The quantum yield of the third reaction, which leads to the for-
mation of macroradicals, has been termed initiator efficiency, f = ®rym. The initiator
efficiency is influenced by the ability of the radicals formed by the laser pulse to
diffuse from the solvent cage to the reaction site, and its definition is analogous to
that for the efficiency factor for thermally decomposing initiators. This process has
been termed the ‘““cage effect”. The initiator efficiency of the typical acetophenone
initiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) (at 30°C and ambient pres-
sure) is close to 0.4.” However, the situation in the case of most acetophenone-type
initiators is more complex than for a photoinitiator that yields only a single type of
free-radical, R*, on irradiation. It is generally accepted that most acetophenone-type
initiators (e.g., DMPA, Darocur 1173, or benzoin) decompose into two radical spe-
cies, R] and R, as detailed in Scheme 4.5. Generally, both species are distinctly dif-
ferent in their character. The carbonyl radical is very efficient in terms of starting
macromolecular growth, whereas the additional radical is not (for the example of
DMPA, see the article by Fischer et al.'®). Fischer and co-workers suggested
that—in the case of DMPA—the methoxy type radical is only involved in termina-
tion steps. Initial radicals that come from a common initiator molecule, but have
clearly different efficiencies, may be termed ‘“‘effective” and ‘‘ineffective” (pri-
mary) initial radicals, respectively. The sum of both radical concentrations will be
termed “overall” radical concentration and is 2 times p, where p is the concentration
of primary radicals that are capable of starting macromolecular growth. The concen-
tration of effective and ineffective initial radicals is the same and is equal to p. The
occurrence of primary radicals with markedly different reactivities may have serious
consequences for the polymerization kinetics.

Another widely used structural variation of class I photoinitiators are azoinitia-
tors, which are also employed as thermal initiators. However, their mechanism of
photodecomposition is markedly different from acetophenone-type initiators.
Scheme 4.6 shows the UV induced decomposition of the widely used azoinitiator
2,2-azobisisobutyronitrile (AIBN).

On irradiation by laser light, the initiator molecule changes its stereochemical
configuration from the cis to the trans isomer. This cis/trans isomerism becomes
of importance if azoinitiators are employed in pulsed laser experiments (see
Section 4.9). The time at which the laser pulse hits the reaction mixture is no longer
identical with the generation of the primary radicals. The time delay is usually in the



194 THE KINETICS OF FREE-RADICAL POLYMERIZATION

CHs
NC /C\ - CH3 m CH3 CH3
e \C,N:N CN — H;C _C—CH;
= NC N=N N
CH;
j 7N2
CHj
2

NC CH;

Scheme 4.6

order of microseconds and may be observed in time resolved pulsed laser experi-
ments.

It is possible to calculate the effective primary free-radical concentration, p, gen-
erated by monochromatic irradiation of a reaction mixture containing a photoinitia-
tor. The radical concentration, p, which is generated by a specific number of
absorbed photons, is given by

Nabs

Vv

p =25 (4.7)

where ¢ is the primary quantum yield (see text above), n,,s is the number of
absorbed photons, and V is the irradiated volume. According to Beer—Lambert’s
law, the number of absorbed photons may be calculated by

E
Nabs = = (1 - 1078‘0(1) (48)
E),

where E, = energy deposited
E; = energy of one mole of photons at the irradiation wavelength A

€ = molar absorption coefficient of the initiator molecule at the laser
wavelength A

¢ = photoinitiator concentration
d = optical pathlength

The rate of photochemical initiation is given by the product of the intensity of
absorbed light (in moles of light quanta per liter and second) and the primary quan-
tum yield. A good survey on different photoinitiators and their photo-decomposition
by UV light has been given by Gruber."!

4.2.3 Self-Initiated Polymerization

Free-radical polymerizations can also be initiated by the monomer itself or peroxy
compounds that are formed via exposure of the reaction mixture to molecular
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So-Go=dod

Scheme 4.7

oxygen. The processes (mainly) take place at high temperatures. However, under
very pure conditions in exhaustively purified reaction vessels, few monomers tend
to polymerize spontaneously by increasing the temperature. Styrene is one of the
rare monomers that—also in its purest state—does exhibit initiation processes with-
out additionally added initiator. The self-initiation of styrene has been studied in
great detail with respect to its kinetics and mechanism.'?~'* The underlying reaction
is a self-Diels—Alder cycloaddition of two styrene moieties as shown in Scheme 4.7.

The self-initiated polymerization of styrene has a substantial activation energy, a
50% monomer conversion needs 400 days at 29°C, but only 4 h at 127°C. However,
the produced styrene is very pure due to the absence of initiators and other additives.
Methyl methacrylate was also thought to undergo self-initiated polymerization, but
increasing evidence indicates that this may not be the case.'

4.2.4 Other Methods of Initiation

Apart from the abovementioned methods of initiating free radical polymerizations,
there are several more alternatives which can be selected from if required for the
specific application. These techniques include (1) ionizing irradiation, (2) plasma
initiation, (3) electroinitiation, (4) redox initiation, and (5) ultrasonic initiation:'®

1. Radioactive sources and ionizing particles are used to initiate free-radical
polymerization processes, such as gamma irradiation, electrons,'” neutrons, and o-
particles. The interaction of these radiations with matter are—compared to the
interactions of less energetic irradiation (such as UV or visible light)—much more
complex. High-energy radiation applied to vinylic monomers usually results in the
formation of anions, cations, and primary free radicals. These species may then
initiate chain growth. Whether this growth is of the free-radical type depends
largely on the reaction conditions. Ionic chain initiation is predominant at low
reaction temperatures, because the formed ions tend to dissociate into free radicals
at higher reaction temperatures. High-energy radiation initiated free-radical
polymerizations are much less applied in scientific and commercial applications,
which is due mainly to the complex initiation mechanism and the safety issues
associated with the usage of this type of irradiation.

2. When a gaseous monomer under low pressure is exposed to a high-voltage
electric discharge, plasma polymerization may occur.'® The plasma consists of
ionized molecules. A large number of monomers undergo plasma polymerization
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and form high-molecular-weight products. The polymerization process appears to
be rather complicated but seems to involve both ionic and free-radical species.
Plasma polymerization is especially attractive for the generation of thin polymer
films for a variety of applications.

3. Electroinitiation—which is not to be confused with initiation by an electron
beam—is done by direct electrolysis of the reaction mixture. The reaction mixture
usually contains an organic solvent, the monomer and an inorganic compound that
allows one to conduct the current or participates in the ionization process itself.'” The
polymerization proceeds via either free radicals or ions, depending on the reaction
conditions and the substances present in the reaction mixture.

4. Redox-initiating systems consist of a reducing agent and an oxidizing agent.
The reaction between those compounds generates intermediate free radicals that
can initiate free-radical polymerization processes. A typical redox initiation system
is given in Scheme 4.8.

ROOH + M{" —— RO® + Mt"*' + OH-

Scheme 4.8

If a monomer is present in such a system, the polymerization is initiated by reac-
tion of the alkoxy radical with a monomer unit. A typical redox system of the above-
mentioned type consists of hydrogen peroxide and an iron(Il) salt. It should be
mentioned that there exist more possible redox initiating systems. Other water-solu-
ble redox systems consist of K,S,0g and catalytic amounts of iron(Il) ions, perox-
ides, and glucose. An alternative to these relatively oxygen-sensitive systems are
peroxides in combination with amines, such as the system dibenzoyl peroxide and
dimethylaniline. The decomposition of the peroxide is induced by the amine, and
care has to be taken when handling this explosive mixture. Redox initiating system
are of some industrial importance, because they exhibit relatively low activation
energies for radical formation (on the order of 40 kJ/mol) and are therefore applic-
able at low and intermediate reaction temperatures.

4.3 PROPAGATION

The propagation step in free-radical polymerization has been specifically in the cen-
ter of scientific interest since 1990, due to the advent of novel methods for the accu-
rate determination of the propagation rate coefficients (for details, see Sections
4.11.2 and 4.7.3). The addition of a macroradical to a monomer unit may be
described via the following rate law expression:

dM] i e
~a Z K, [R][M] (4.9)
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where ki) is the propagation rate coefficient of a macroradical with chain length i, R;.
It is generally accepted that the propagation reaction is chemically controlled up to
high monomer conversions i.e. high viscosities of the reaction medium. This implies
that the propagation rate coefficient is independent of monomer conversions <80%.
The chemical control of the propagation step is impressively demonstrated when
comparing the average collision frequency in the liquid phase at room temperature
of 10'>s7! to the frequency of successful propagation reactions (typically close to
103 s~1). These numbers indicate that (approximately) only every 10° collision leads
to a successful addition of a monomer unit to a macroradical. The propagation rate
coefficient given in Eq. (4.9) carries the index i (representing the chain length of the
growing chain), because it is beyond doubt that kj, is a true chain-length-dependent
rate coefficient. This is especially true for the first few addition steps, which proceed
at a markedly increased rate compared to long-chain propagation. In the case of
methyl methacrylate, for example, the first propagation step at 60°C is approxi-
mately 16 times faster than the long-chain propagation limit.® In addition, recent
evidence points toward a pronounced chain length dependence of the product of
k,, times the monomer concentration, [M], up to chain lengths of hundreds of mono-
mer units.?! Unfortunately, up to this date there is no method to determine ky, inde-
pendently from the monomer concentration. It is thus quite possible that the apparent
chain length dependence of k, reflects a structuring of the monomer concentration at
the propagating chain end.

The absolute size of the propagation rate coefficient is governed by the nature of
the monomer unit and the reactivity of the propagating radical. Both entropic and
electronic factors influence the absolute value of the propagation rate coefficient
and its activation parameters, E5 and A. It is important to notice that the reactivity
of the propagating radical and the reactivity of the monomer units are close to oppo-
site to each other. For example, ethene is a very unreactive monomer, but an ethene
macroradical is highly reactive. On the contrary, styrene is a rather reactive mono-
mer, but its propagating radical is extensively stabilized by the adjacent phenyl
group. For polymerization and chain growth to take place, it is mandatory that
the free macroradical lives long enough to survive the abovementioned 10° ineffec-
tive collisions. The addition of the monomer in a propagation reaction has to take
place before any possible decomposition reaction or other side reaction. For exam-
ple, acetone can not be polymerized at ambient reaction conditions—besides ther-
modynamic reasons, which make the polymerization unfavorable—because the
associated free radicals quickly decompose into methyl free radicals and a ketone.

The substituent that is introduced into the ethene molecule to facilitate polymer-
ization via activation of the double bond and stabilization of the propagating radical,
respectively, also has the effect of adding steric hindrance to the propagation step. It
is thus evident that it is close to impossible to completely separate enthalpic from
entropic effects.

A separation of individual contributions using different monomers is illustrated in
Scheme 4.9. While electronic effects should be reflected in the activation energy, Ea,
steric effects are associated with the preexponential factor, A. When going from
methyl methacrylate (MMA) to dimethyl itaconate (DMI),22 a substantial decrease
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Tlustrating the effect of different contributions (i.e steric and electronic) to the
activation parameters using different monomers

Scheme 4.9

in the preexponential factor of about one order of magnitude is observed (r.h.s. of
Scheme 4.9). This decrease is due to the sterically more demanding nature of the
propagating DMI radical. When going from MMA to ethyl o-hydroxy methacrylate
(EHMA), the preexponential factor remains unchanged, but the activation energy is
reduced due to the electronic effect of the additional B-oxygen atom (lLh.s. of
Scheme 4.9). Both effects may be combined in one monomer (ethyl o-acetoxy-
methyl acrylate, bottom of Scheme 4.9) with a resulting decrease in the activation
energy and the preexponential factor. The propagation rate coefficients of some
monomers are very similar, which allows them to be arranged in groups or families.
This is the case for structurally similar monomers such as acrylates or methacrylates.
The homologous series of acrylates with linearly increasing ester groups, such as
methyl, ethyl, butyl, and dodecyl acrylate, have approximately the same &, value,
as do the corresponding methacrylate systems. The propagation rate coefficients
and Arrhenius parameters (determined via the PLP-SEC method) for these and addi-
tional monomers are given in Table 4.1 (data taken from Ref.?3).

It should also be mentioned that the propagation rate coefficient for most mono-
mers is strongly pressure-dependent with large negative activation volumes; thus an
increase in pressure leads to an increased k;, value. Typical activation volumes for
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TABLE 4.1 Activation Parameters for the Propagation Step for Various Monomers,
Obtained via PLP-SEC“

ky at 60°C
Monomer Ex (kJ/mol) A (Lmol s~ (Lmol~!s~1)
Methyl methacrylate 22.3 2.65 x 10° 833
Ethyl methacrylate 234 4.07 x 10° 873
Butyl methacrylate 229 3.80 x 100 976
Isodecyl methacrylate 20.8 2.19 x 10° 1,590
Dodecyl methacrylate 21.0 2.51 x 106 1,280
Methyl acrylate ® 139 3.61 x 10° 24,000
Butyl acrylate 17.4 1.8 x 107 33,700
Dodecyl acrylate 15.8 1.09 x 107 36,400
Styrene 325 4.27 x 107 341
p-Me-styrene 32.4 2.84 x 107 236
p-Cl-styrene 32.1 4.48 x 107 415
p-F-styrene 32.0 3.50 x 107 336
2-Ethylhexyl methacrylate 204 1.87 x 10% 1,190
Cyclohexyl methacrylate 22.3 4.88 x 10° 1,560
Dimethyl itaconate ¢ 249 2.20 x 10 27
Dicyclohexyl Itaconate® 22.0 1.74 x 10* 6
Glycidyl methacrylate 219 4.41 x 10° 1,620
Hydroxyethyl methacrylate 21.9 8.89 x 100 3,270
Hydroxypropyl methacrylate 20.8 3.51 x 108 1,900
Isobornyl methacrylate 22.5 4.28 x 10° 1,290
3-[Tris(trimethylsilyloxy)silyl] 19.9 1.44 x 10° 1,092
propyl methacrylate 4
Vinyl acetate 20.4 1.49 x 107 9,460

¢ All numbers are from A. M. van Herk, Macromol. Theory Simul. 9,433 (2000) unless otherwise indicated.
b Experiments carried out at 100 bar.

¢L.H. Yee, M. L. Coote, T. P. Davis, and R. P. Chaplin, J. Polym. Sci.; Part A: Polym. Chem. 38,2192 (2000).
4. M. Muratore, M. L. Coote, and T. P. Davis, Polymer 41, 1441 (2000).

“P. Vana, L. H. Yee, and T. P. Davis, Macromolecules 35, 3008 (2001).

some common monomers are given in Table 4.2. It should be noted that the termina-
tion rate coefficient is in contrary decreasing with increasing pressure (see Section 4.4).
The opposite behavior of k;, and k; with respect to an increase in pressure results in
markedly increased overall polymerization rates at higher reaction pressures.
Since the propagation reaction is chemically controlled (up to high monomer
conversions of <80%), there is little to no solvent influence on the propagation
rate coefficients. Extensive studies have been carried out, which mainly confirm
this small influence of the solvent on the propagation rate coefficient.”*® Larger
effects in solvents have only been observed for specific monomers, including ethyl o-
hydroxy methacrylate (EHMA),?” or specific solvents such as supercritical CO,.%*!
In the case of the solvent effects on EHMA, where k;, falls between 580 (tetrahydro-
furan) and 1860 (xylene) L mol ! s~!, it was proposed that the solvent is playing a
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TABLE 4.2 Typical Activation Volumes, AV *, for the Propagation Step for
Some Common Monomers

Methyl Dodecyl Methyl Butyl Dodecyl
Acrylate  Acrylate Methacrylate ~ Methacrylate Methacrylate

AV (em®mol™)  —11.7¢ —11.7¢ —15.8% —16.5¢ -16.0¢

M. Buback, C. H. Kurz, and C. Schmaltz, Macromol. Chem. Phys. 199, 1721 (1998).
b S. Beuermann, M. Buback, and G. T. Russell, Macromol. Rapid Commun. 15, 351 (1994).
¢M. Buback, U. Geers, C. H. Kurz, and J. Heyne, Macromol. Chem. Phys. 198, 3451 (1997).

specific role in the transition state of the reaction by possibly affecting the geometry
of the transition state via specific interactions. This suspicion is underpinned by the
observation that the solvent also affects both the activation energy and the preexpo-
nential factor. However, it should always be kept in mind that any existing technique
to asses the propagation rate coefficient (see Section 4.11.2), is only capable of mea-
suring the product of &, and the monomer concentration. Results obtained from free-
radical polymerizations carried out in supercritical CO, suggest that the actual
monomer concentration at the reaction site is somewhat different from the solution
concentration, that is, that a structuring of the solution occurs. Since at present there
is no methodology to separate the propagation rate coefficient from the monomer
concentration, these interpretations are somewhat speculative.

It has been shown that for conversion exceeding 80%, the propagation reaction
becomes diffusion controlled, which leads to a marked decrease of k,. However,
exact measurements in this highly viscous reaction regime are extremely difficult
to carry out, and thus reliable data are scarce.

4.4 TRANSFER

The measured average molecular weights, such as those obtained from molecular
weight distributions, of macromolecules generated by free-radical polymerization
processes are often lower than predicted by accounting for initiation, propagation,
and termination processes. This experimental observation can be attributed to chain
stoppage via a chain transfer reaction. The transfer reaction can be described via
Scheme 4.10.

Z, Z5 ke Z, Z3
var—{o + X I Z4 A%, { X + .}—24
Z Zs Z, Zs
+M j Krein
R{

Scheme 4.10
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The propagating macroradical of chain length i, R;, abstracts a weakly bonded
atom (e.g., a hydrogen or halogen, X) from the transfer agent, T. A dead polymer
with a saturated end group is generated as well as a new free-radical, which
in turn might react with monomer units. The transfer agent may be the monomer
itself, the initiator, the solvent, or any other deliberately added transfer agent. The
rate of this displacement reaction is expressed by the equation

dr _ ., .
- 7 = ktr[R HT] (4'10)

where k. is the transfer rate coefficient and [T] is the concentration of the transfer
agent. The transfer rate coefficient is often reported in a ratio with the propagation
rate coefficient. The resulting quantity is called the transfer constant, C:

c=" (4.11)

If the chain transfer reaction has a measurable effect on the overall rate of polymer-
ization, R, this rate depends on the size of the propagation, reinitiation, and transfer
rate coefficients. Four cases can be distinguished: (1) k, > ki and kpe-in & kp leads
to “normal” chain transfer, decreasing M,, and no measurable effect on R,; (2)
kp < ki and kee_in ~ kp, leads to telomerization, a large decreasing effect on M,,
and no measurable effect on Ry,; (3) k, > ky and kre-in < k;, leads to retardation, a
decrease in M,, and a decrease in R,; and (4) Finally, k, < ki and kpe_in < kj, results
in degenerative chain transfer, a large decrease in M,, and a large decrease in R,,. It
can thus be easily inferred that chain transfer may alter the properties of the poly-
meric product in an undesirable way, or—in contrast—may be used advantageously
to specifically reduce the molecular weights obtained in a specific polymerization
process. The first case discussed above (which refers to the kinetic concept of chain
transfer) is assumed for the derivation of the Mayo equation, which is frequently
used to derive chain transfer rate coefficients (see Section 4.11.3). This specific
case does not alter the overall rate of the polymerization system because it does
not change the overall free-radical concentration, but rather influences the molecular
weight distribution.

The only transfer reaction that cannot be avoided is transfer to monomer. Thus,
the maximum upper limit of the molecular weight that can be reached under a given
set of reaction conditions is given by the transfer to monomer reaction, assuming the
absence of all other transfer events (Section 4.7.1.1). Fortunately, the transfer to
monomer rate coefficients are usually rather low, approximately between
3 x 1075 and 20 x 107> L mol~'s~!. It is important to notice that the transfer to
monomer reaction cannot be decreased via a decrease in monomer concentration
because the average number degree of polymerization is independent on the mono-
mer concentration for the transfer to monomer step. This is, because the transfer to
monomer effect is governed by the ratio of the transfer rate to propagation rate and
both the denominator and numerator of this ratio contain the monomer concentration.
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Consequently, the monomer concentrations cancel. This is illustrated in Eq. (4.55).
However, the activation energy of propagation and transfer differs for most of the
common monomers. Thus a decrease of the temperature normally lowers the mono-
mer transfer constant, Cy;. Table 4.3 gives the transfer to monomer constants, Cy;,
for some common monomers.

Also unavoidable is the transfer to the initiator molecule used to induce polymer-
ization. However, this form of chain transfer is somewhat controllable via the choice

TABLE 4.3 Transfer Constants to Monomers Cyy

Monomer 7(°C) Cm x 10°
Acrylamide 60 6.0¢
Acrylonitrile 60° 3.3-10.2%
1-Butene 60 73
Butyl acrylate 60 3.33-12.5
o-Chlorostyrene 50 2.5-2.8
Ethyl acrylate 60 5.79
Ethylene 60°¢ 4-42°¢
110 11-90
130 16-112
Methacrylonitrile 60 58.1
Methyl acrylate 609 0.36-3.25¢
Methyl methacrylate 0 1.28-1.48
30 1.17-2.6
50¢ 5.15¢
100 3.8
a-Methylstyrene 50°¢ 412¢
Styrene 25/ 3.5
60 7.8-8.7
90 1.5-16.5
Vinyl acetate 0 5.0-9.6
25 9.0-107
40 12.9-13.2
60 188
Vinylidene chloride 60 380"

¢ C. F Jasso, E. Mendizabal, and M. E. Hernandez, Rev. Plast. Mod. 62, 823 (1991).
b1, Capek, Collect. Czech. Chem. Commun. 51, 2546 (1986).

¢B. Erussalimsky, et.al., Makromol. Chem. 104, 288 (1967).

4V. Mahadevan and M. Santhappa, Makromol. Chem. 16, 119 (1955).

¢D. Kukulj, T. P. Davis, and R. G. Gilbert, Macromolecules 31, 994 (1998).
fH. Kapfenstein-Doak, C. Barner-Kowollik, T. P. Davis, and J. Schweer,
Macromolecules 34, 2822 (2001).

¢ S. P. Potnis and A. M. Deshpande, Makromol. Chem. 153, 139 (1972).

" K. Matsuo, G. W. Nelb, R. G. Nelb, and W. H. Stockmayer, Macromolecules 10,
654 (1977).

Source: Data from A. Brandrup, E. H. Immergut, and E. A. Grulke, Polymer
Handbook, 4th ed., Wiley, 1999, unless other reference is noted.
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TABLE 4.4 Transfer Constants to Initiators, Cy at 60°C

G
Initiator Styrene Methyl acrylate Methyl methacrylate
2,2'-Azobis 0.09-0.14¢ — 0.02°
(isobutyronitrile)
t-Butyl peroxide 0.00023-0.0006 ¢ 0.00047 (65°C) 0.0001¢ (20°C)
2-Butanone peroxide 0.46 (50°C) 0.05 (65°C) 0.0025-0.00698 (65°C)
t-Butyl hydroperoxide 0.035 0.01 —
Ethyl peroxide 0.00066 — —
2,2'-Azobis(2,4,4-trimethyl  0.59 (25°C) — —
valeronitrile)
Benzoyl peroxide 0.101°¢ 0.0246/ 0.02¢

“J. G. Braks and R. Y. M. Huang, J. Appl. Polym. Sci. 22, 3111 (1978).

b G. Ayrey and A. C. Haynes, Makromol. Chem. 175, 1463 (1974).

¢W. A. Pryor, A. Lee, and C. E. Witt, J. Am. Chem. Soc. 86, 4229 (1964).

41, M. Bel’govskii, L. S. Sakhonenko, and N. S. Enikolopyan, Vysokomolekul. Soedin. 8, 369 (1966).
¢J. A. May and W. B. Smith, J. Phys. Chem. 72, 216 (1968).

/V. Mahadevan and M. Santhappa, Makromol. Chem. 16, 119 (1955).

¢ S. Henrici-Olive and S. Olive, Fortschr. Hochpolymer. Forsch. 2, 496 (1961).

Source: Data from A. Brandrup, E. H. Immergut and E. A. Grulke, Polymer Handbook, 4th ed., Wiley,
1999, unless other reference is noted.

of the employed initiator. In addition, the effects on the overall polymerization
kinetics and on the molecular weight distribution are small, if low concentrations
of initiator are employed. Typical transfer to initiator constants, Cy, are presented
in Table 4.4.

In contrast to the transfer to monomer and initiator, the transfer to a solvent mole-
cule is of considerable importance, because solvents are used in high concentrations
in most industrial polymerization processes. Many organic solvents exhibit transfer
constants similar to those found for common monomers, and their significant
transfer effect can be attributed largely to their usage in high concentrations. There
are a few solvents that show significantly higher transfer constants, such as carbon
tetrachloride. In the case when the transfer constant of a solvent is too high, it may
not be used as a solvent but rather as a modifier, namely a “‘conventional” chain
transfer agent. Chain transfer agents with chain transfer constants greater than one
are very useful, as they can be employed in low concentrations. These agents are
important for industrial processes, because they allow for the regulation of the mole-
cular weight of the generated polymer and thus significantly reducing the viscosity
of the reaction medium and allowing for an optimum heat transfer. A similar mole-
cular weight control can be achieved via an increase in the initial initiator concen-
tration (see Section 4.7.1). However, such an increase in initiator concentration is
associated with a considerable increase in the rate of polymerization according to
Eq. (4.20), which may lead to a loss over the control of the polymerization. Typical
agents with very high transfer constants are thiols and halogenated compounds such
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TABLE 4.5 Transfer Constants to Solvents and Additives, Ct, at 60°C

Cr x 10*
Transfer Agent Styrene Methyl Methacrylate
2-Butanone 4.98 0.45
Acetaldehyde 8.5 6.5
Acetic acid 2.22 (40°C) 0.24 (80°C)
Acetone 0.32¢ 0.195
Acetonitrile 0.44 —
Aniline 2.0 4.2
Benzaldehyde 4.5-5.5 0.86-2.5
Benzene 0.018-0.04 0.04-0.83
Carbon tetrabromide 2,500,000° 1500-2700
Carbon tetrachloride 69-148 0.5-20.11
Chloroform 0.41¢ 0.45-1.77
Cumene 0.8-3.88 1.9-2.56
Cyclohexane 0.024-0.063 0.1-0.2 (80°C)
Ethyl acetate 15.5 0.1-0.46
Ethyl ether 5.64 —
Heptane 0.42 1.8 (50°C)
Iron(III) chloride 5,360,000 —
Isopropanol 3.05 0.583
Methanol 0.296-0.74 0.2
N, N-Dibenzylhydroxylamine 5000 —
N, N-Dimethyl acetamide 4.6 —
N, N-Dimethyl formamide 4.0 —
n-Butanol 1.6 0.394
n-Butanthiol 220,000 6600
n-Dodecanethiol 150,000 9700-12,300¢
Pentaphenylethane 20,000 —
Phenyl ether 7.86 9.13
Pyridine 0.6 0.176 (70°C)
Tetrahydrofurane 0.5 (50°C) —
Toluene 0.105-2.05 0.17-0.45
Triethylamine 1.4-75 8.3
Water 0.006-0.31 —

“N. Y. Kaloforov and E. Borsig, J. Polym. Sci., Polym. Chem. Ed. 11, 2665 (1973).
b G. Gleixner, J. W. Breitenbach, and O. F. Olaj, Makromol. Chem. 178, 2249 (1977).
¢J. P. A. Heuts, T. P. Davis, and G. T. Russell, Macromolecules 32, 6019 (1999).

Source: Data from A. Brandrup, E. H. Immergut, and E. A. Grulke, Polymer Handbook, 4th ed., Wiley,
1999, unless other reference is noted.

as carbon tetrabromide. A considerable disadvantage of these transfer agents is their
often very unpleasant odor. The application of effective transfer agents in very high
concentrations leads to so-called telomerization, namely, the formation of almost
exclusively dimer and trimer species. The kinetics of such telomerizations is far
from simple, due to the disparate radical reactivities displayed by the very short
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TABLE 4.6 Transfer to Polymer Constants, Cp

Polymer T(°C) Cp x 10*
Poly-1,3-butadien 50 11
Polyacrylonitrile 50 4.7
Polyethylene 175 108.4
Poly(methyl methacrylate) 50 0.22-1.5
Poly-N, N-dimethyl acrylamide 50 0.61
Polystyrene 50 1.9-16.6
Polyvinylacetate 50 0.06-10.2

Source: Data from A. Brandrup, E. H. Immergut, and E. A. Grulke,
Polymer Handbook, 4th ed., Wiley-Interscience, New York, 1999.

radicals involved; the shorter radicals show a smaller reactivity towards propagation
and transfer reactions than the larger ones. In the case of carbon tetrachloride-
mediated polymerizations, this has been attributed to the stabilizing effect of the
CCl; end group.®* A summary of the most important chain transfer agents and sol-
vents capable of chain transfer can be found in Table 4.5.

It should be mentioned that an attractive alternative to these conventional chain
transfer agents is provided by catalytic chain transfer agents. Such agents were dis-
covered in the late 1970s and are now commonly used in industrial applications.
Because of their catalytic nature, they can be employed in ultralow concentrations.
At higher monomer conversion, transfer processes to the formed polymer are
becoming significant. Interestingly, the transfer to polymer rate constants are consid-
erably higher (by a factor of ~10) than those observed for the corresponding mono-
mer. Transfer to polymer is resulting in so-called long-chain branching, if the
reaction takes place intermolecularly. In the case of intramolecular transfer to poly-
mer, the reaction is described as ‘‘backbiting,” leading to short-chain branching
(observed in ethylene polymerizations). Typical values for the transfer to polymer
constant, Cp, of some common monomers are collected in Table 4.6.

The methods commonly applied for the determination of chain transfer constants
are extensively described in Section 4.11.3.

4.5 TERMINATION

The termination reaction in free-radical polymerization is the most complex reaction
in the polymerization process. Its termination rate coefficient, &, is influenced by
a multitude of different factors, which are not easily separated. Only since the
mid-1980s have new methods become available that allow for an accurate measure-
ment of this rate coefficient. The scatter of the termination rate coefficients given in
the Polymer Handbook™ reported for the same monomer at the same reaction tem-
perature is a direct manifestation of the influence of these various parameters on k.
This appreciable disagreement is explainable partly by the frequent use of incorrect
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values for the propagation rate coefficient, kp,, which is always needed to determine
k, from the coupled form of the two coefficients. However, the situation has improved
greatly with the invention of the pulsed laser polymerization—size-exclusion chroma-
tography (PLP-SEC) method (see Section 4.11.2.1).

It is generally accepted that the termination rate coefficient depends on the
following factors and experimental parameters: (1) the system viscosity, (2) the
chain length of the terminating free macroradicals, (3) the temperature, (4) the pres-
sure, and the (5) monomer conversion.

The rate law expression for the termination step reads

dR’] T
-~ Z,Z% [R;][R;] (4.12)

The indices i and j indicate the individual chain lengths of the terminating macro-
radicals. There has been considerable confusion in the past on whether to incorpo-
rate the factor 2 from the rate law expression into the termination rate coefficient.
The factor 2 is necessary if the rate law describes the rate of the loss of macroradicals
but unnecessary if only termination events are considered. Nevertheless, the [UPAC
ruling on this is clear, termination rate coefficients are to be reported without the
incorporated factor 2. All termination rate coefficients given in this chapter are in
accordance to the IUPAC guideline.

There are two modes of termination: (1) direct coupling (combination) of two
free macroradicals to give a dead polymer chain of chain length i +j, with the
rate coefficient k,.; and (2) so-called disproportionation, where a hydrogen atom
is abstracted from one of the radical chain ends, yielding two stabilized polymer
chains, one of which carries a double bond, with the rate coefficient k, 4. The process
is illustrated in Scheme 4.11 on the example of polyethylene macroradicals. It
is important to notice that—in the case of macroradicals derived from other
monomers—in principle any B-hydrogen may be abstracted.

Which termination mode dominates depends largely on the structure of the
monomer unit, but also—however to a lesser extent—on the reaction temperature
and pressure. Disproportionation is (slightly) favored at higher reaction tempera-
tures. The reasons for this behavior have yet to be clarified, but there is some evidence
pointing toward a different temperature dependence of the corresponding preexpo-
nential factors in the Arrhenius expression for k. and k4. However, the observed
effects are small and associated with a large experimental scatter as indicated
in Fig. 4.2 in the example of the temperature dependence of the contribution of

H H B ky H H M H wH 4
2 _— 7 +
2 H H H
H H H H H

Scheme 4.11
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Figure 4.2 Temperature dependence of the contribution of disproportionation to the overall
termination process, 9, for a methyl methacrylate polymerization at ambient pressure. [M. D.
Zammit, T. P. Davis, D. M. Haddleton, and K. G. Suddaby, Macromolecules 30, 1915 (1997)
and references cited therein.]

disproportionation to the overall termination process, 9, for a MMA polymerization
at ambient pressure.

kia
= ——"° 4.1
(ko + ke) (413)

It should be noted that the mode of termination has no influence on the rate of
the free-radical polymerization process. However, the generated molecular weight
distributions are strongly influenced by the termination mode. Since some methods
(see Section 4.11.4.2) for the determination of the termination rate coefficient rely
exclusively on the analysis of the full molecular weight distributions, it is mandatory
to have reliable data on the termination mode of a specific monomer. Table 4.7 gives
data on termination modes for various monomers at ambient pressure and various
temperatures. A comprehensive review of the literature known data on combination—
disproportionation modes for various monomers can be found in Ref. 34.

Because of the abovementioned chain length dependence of the termination rate
coefficient and its strong dependence on the monomer conversion, it is rather diffi-
cult to report tabulated values for k.. However, its is possible to give chain length
averaged k, values for a specific monomer conversion, (k). It is important to note
that for many of the reported chain length averaged k&, values, it is unclear to which
chain length region they correspond. Since most measurements of the termination
rate coefficient have been carried out at low monomer conversion, it is sensible to
report k; values for the low conversion regime (see below for a discussion of high
conversion k; data).
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TABLE 4.7 Contribution of Disproportionation to the Overall
Termination, 6, for Different Monomers

Monomer T(°C) 3
Butyl methacrylate 80¢ 0.54¢
Ethyl methacrylate 80¢ 0.42¢
Methacrylonitrile 80° 0.091°
Methyl methacrylate 0¢ 0.61¢
254 0.67¢
604 0.73¢
901 0.81°¢
a-Methyl styrene 55¢ 0.091¢
Styrene 20-50/ 0.17/
50¢ 0.2¢
60" 0.1-0.2"
90! 0.054¢

¢8S. Bizilj, D. P. Kelly, A. K. Serelis, D. H. Solomon, and K. E. White, Aust. J.
Chem. 38, 1657 (1985).

b A. K. Serelis and D. H. Solomon, Polym. Bull. (Berlin) 7, 39 (1982).

¢J. C. Bevington, H. W. Melville, and R. P. Taylor, J. Polym. Sci. 14, 463 (1954).
4. H. Bamford, G. C. Eastmond, and D. Whittle, Polymer 10, 771 (1969).

¢R. C. Neuman, Jr. and M. J. Amrich, Jr. J. Org. Chem. 45, 4629 (1980).
fO.FE Olaj, J. W. Breitenbach, and B. Wolf, Monatsh. Chem. 95, 1646 (1964).
¢ K. C. Berger and G. Meyerhoff, Makromol. Chem. 176, 1975 (1983); K. C.
Berger, Makromol. Chem. 176, 3575 (1975).

" G. Moad, D. H. Solomon, S. R. Johns, and R. I. Willing, Macromolecules 17,
1094 (1984).

‘M. D. Zammit, T. P. Davis, D. M. Haddleton, and K. G. Suddaby,
Macromolecules 30, 1915 (1997).

Average termination rate coefficients have been reported over several orders of
magnitude, ranging from approximately 50 to 10° Lmol~'s~!.?>> This impressive
range may be explained by a shift in the rate determining step when going from
one monomer to another. The termination reaction can be broken down into a three
stage process:*°

1. The center-of-mass diffusion of the individual macroradical coils toward each
other through the reaction medium.

2. The so-called segmental diffusion of the radical chain ends toward each other.
This segmental diffusion process brings the chain ends into a position that
enables them to react.

3. The chemical reaction of the two radicals that yields the polymeric
product(s).

The slowest reaction step—in a sequence of reaction steps—will always deter-
mine the rate of the overall reaction. Because of the extremely fast reaction rate
of the radical combination/disproportionation reaction (i.e., strictly speaking, the
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termination itself) in the order of 10'° L mol~!s~!, the center-of-mass and segmen-
tal diffusion steps are (in almost all the cases) the rate-determining steps. At low
monomer conversions, the rate-determining step for reasonably high-molecular-
weight macroradicals (of length >50) is believed to be almost exclusively segmental
diffusion. Typical examples for high k, monomers are methyl methacrylate (MMA)
and styrene: (k) ~ 108 L mol~!' s~!. Differences in the (average) termination rate
coefficient that can be observed when comparing different monomers are most
likely due to differences in segmental diffusion coefficients. However, lower values
of k, as observed, for example, for dodecyl methacrylate, specifically (k) ~ 10°L
mol~!' s~!, have been attributed to the sterically demanding substituents, leading to a
(partly) chemically controlled termination process.®’ For reported ultralow k, mono-
mers, such as the fumarates, specifically (k) ~ 500Lmol's713%% 4 chemically
controlled termination process may also be envisaged, but evidence for this hypoth-
esis is nonexistent, and other explanations can by no means be ruled out.

As indicated above, for most common monomers, the termination reaction is
believed to be segmental diffusion controlled at low and intermediate monomer con-
versions and center-of-mass diffusion controlled at high conversion. If the diffusion-
controlled nature of the termination reaction is accepted, this has the immediate
consequence that the termination rate coefficient should be chain-length-dependent.
However, the chain length dependence of k is markedly different for the two diffu-
sion mechanisms.

The chain length dependence of k, is normally quantified by the following equa-
tions. Macroscopic k, values may be obtained by the following averaging procedure:

oy = SRR s

(CiR:))?

The microscopic k, value, ki’j , corresponds to the individual termination rate coeffi-
cient involving two free macroradicals with the chain lengths i and j. The averaging
procedure is advantageous because the chain length distribution of the macroradicals
in free-radical polymerization is normally highly disperse. The chain length depen-
dence of the macroscopic k; is often expressed via the following power law

(k) =k"-P* (4.15)

This power law correlates the average value for the termination rate coefficient (k)
with the number average degree of polymerization, P,. The chain length dependence
of k; is now easily described and quantified by the exponent o in Eq. (4.15).

If center-of-mass diffusion is the rate-determining step in the termination reac-
tion, an exponent of 0.5-0.6 results, depending on the quality of the solvent. This
result can be explained by considering the translational diffusion properties of the
polymer coil. The diffusion coefficient of the polymer coil is inversely proportional
to its hydrodynamic radius. If the hydrodynamic radius is equated with the radius of
gyration, (s2)*, it can be inferred* that for a theta solution (s?) o< i and for an
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athermic solution (s?) o i"7®_ This leads directly to the chain lengths dependence
of the diffusion coefficient of D oc i =" for theta solutions and D o< i~ for ather-
mic solutions. According to various theories for diffusion controlled reactions, the
diffusion coefficient is directly proportional to the termination rate coefficient.
The segmental diffusion coefficient is generally chain-length-independent. How-
ever, a slight chain length dependence of the termination rate coefficient of close to
a = 0.16 is predicted for athermic solvents, due to thermodynamic shielding effects
of the chain. The chain shields its own reactive center because of its size from the
second chain, which displays a similar shielding effect. The exponent of —0.167 has
been confirmed in various theoretical studies applying the scaling theory,*' as well as
in chain statistic simulations.** The chain length dependence of k, is almost negli-
gible in theta solvents for the segmental diffusion controlled regime, where o is close
to 0.05. Experimentally, evidence has been gathered for both exponents, 0.1-0.2 for
segmental diffusion and 0.5-0.6 for center-of-mass diffusion, depending on the size
of the macroradicals undergoing termination. Consequently, the chain length depen-
dence of the termination rate coefficient is best described by a function featuring two
(main) domains of different chain lengths dependencies as depicted in Fig. 4.3.
Domain A in Fig. 4.3 is associated with center-of-mass diffusion-controlled ter-
mination, due to the small size of the macroradicals (i.e., o ~ 0.5-0.16), whereas
domain B is controlled by segmental diffusion processes (i.e., o ~ 0.05-0.16).
The C domain represents an intermediate region associated with the change in
mechanism. These numbers have been confirmed experimentally by various
research groups in the past.*> Styrene and methyl methacrylate (MMA) have been
studied particularly extensively with respect to the chain length dependence of the

010g(k,)

10

log(1)

Figure 4.3 General function for the termination rate coefficient as a function of the chain
length of terminating macroradicals.



TERMINATION 211

termination rate coefficient in the segmental diffusion region. These chain length
dependencies may be described by the following equations:**

MMA(ZSOC): <kt>i —756-107 ;018
Styrene(25°C): (k), = 1.21-10% . ;7016

where (k); denotes the average experimental termination rate coefficient for a mean
chain length i.

Although the termination rate coefficient of a particular monomer is influenced
by the system viscosity and the chain length of the terminating free macroradicals, it
is important to notice that the pressure and to a lesser extent the reaction temperature
have a significant effect on its value. Especially the reaction pressure influences
the absolute value of the termination rate to a far greater extent than the change
in k, associated with its chain length dependence. Table 4.8 gives activation energies
and activation volumes for selected acrylate and methacrylate termination rate coef-
ficients along with its value at 1000 bar and 40°C at low monomer conversions. The
numbers given in Table 4.8 were derived mainly from SP-PLP experiments (see
Section 4.11.4.1).

Inspection of Table 4.8 shows that the activation energies are rather low and
between 3 and 8 kJ/mol. This observation is consistent with the diffusion (either
segmental or translational) controlled nature of the termination reaction. Strictly
speaking, these activation energies correspond to temperature dependence of the
inverse system viscosity. To this date, there is no data on the activation energy of
the actual termination reaction itself. However, it is very likely that the termination
reaction itself has a close to zero activation energy. This conclusion may be deduced
from the activation parameters observed for small-radical termination.® It is inter-
esting to note that the activation volume of the termination reaction is positive, that
is, that the value of k is reduced at higher reaction pressures. The activation volumes

TABLE 4.8 Activation Parameters of the Termination Step for Various Acrylates
and Methacrylates

Monomer En /(kJ/mol) AV /(cm?/mol) log[k (L mol~! s~ 1)]
MA 8.0 (1000 bar)“ 16.0 (30°C)¢ 8.13¢
BA 6.0 (1000 bar)” 16.0 (40°C)> 7.55"
DA 3.0 (1000 bar)“ 20.0 (40°C)* 6.38¢
MMA 6.0 (1000 bar)“ 15.0¢ (40°C)° 7.39¢
BMA — — 6.70¢
DMA — 10.8 (30°C) 6.22

“C. H. Kurz, Ph.D. thesis, Gottingen, 1995.

bs. Beuermann, M. Buback, and C. Schmaltz, Ind. Eng. Chem. Rez. 38, 3338 (1999).

“C. Kowollik, Ph.D. thesis, Gottingen, 1999; M. Buback and C. Kowollik, Macromolecules 31, 3211
(1998).

4This activation volume is pressure-dependent; the value is valid for the pressure range from 1000 to
1500 bar.
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of a given reaction is defined by

dlnk AV#
=-_— 4.16
dp RT ( )

where AV# is the activation volume and p the pressure.

This experimental observation can also be connected with the pressure depen-
dency of the viscosity. The reaction medium tends to be more viscous at higher
reaction pressures, thus slowing the rate of termination; the activation volume of
the termination rate coefficient is very close to the corresponding activation volume
that characterizes the pressure dependence of the inverse of the monomer viscos-
ity.** It is important to note that the pressure dependencies of the termination and
propagation rate coefficients display opposite behavior, allowing for increased rates
of polymerization at elevated pressures.

As has been indicated above, the termination rate coefficient is—depending on
the monomer in question—strongly dependent on the overall monomer conversion.
The conversion dependencies of the (average) termination rate coefficient have been
reported for several monomers, with most measurements being done via the SP-PLP
technique, which allows one to pointwise probe the kinetics of the polymerization
reaction up to high overall monomer conversions. A typical k/monomer conversion
dependence is given in Fig. 4.4 on the example of methyl acrylate (MA) and dodecyl
acrylate (DA). The data are taken from Ref. 37.

Inspection of Fig. 4.4 shows that both monomers behave very differently.
Whereas in the case of methyl acrylate different regions for the change of the termi-
nation rate coefficient with conversion can be identified, dodecyl acrylate exhibits a
constant (average) k, value up to high conversions. The different regions in the
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Figure 4.4 Termination rate coefficients in bulk methyl acrylate (MA) and dodecyl acrylate

(DA) homopolymerizations as a function of monomer conversion. The reaction conditions
were 40°C and 1000 bar.
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methyl acrylate &, versus conversion dependence may be attributed to segmental dif-
fusion (from 0 to ~15%), followed by translational diffusion and the onset of the so-
called ““gel effect,” which is characterized by a strong auto-acceleration of the reac-
tion. At very high monomer conversions, the reaction medium is highly viscous and
the macroradicals are no longer capable of movement via translational diffusion.
Instead, the addition of new monomer units to the chain end results in a change in
the position of the radical chain end. This process has been termed reaction diffu-
sion. Buback has introduced a model for the abovementioned dependence of the ter-
mination rate on the monomer conversion, which considers segmental, translational,
and reaction diffusion processes.*® This model has been extremely successful in
describing a large set of data up to high monomer conversions.*’ In the case of dode-
cyl acrylate, the segmental diffusion region seems to extend to high monomer con-
versions, although the system viscosity changes by orders of magnitude when going
from 0 to 80% conversion. Up to this point, it has not been conclusively clarified if
with a monomer behaving like dodecyl acrylate (1) the entire conversion range is in
the segmental or translational diffusion-controlled regime and (2) what the exact
cause for a nonchanging (average) termination rate coefficient is. Figure 4.5 shows
the (possible) different regimes of the termination rate coefficient in general, as out-
lined above.

It should be noted that it has been observed that the average k, value slightly
increases up to 5-10% conversion and then starts to decrease.”’** An explanation
for such behavior was first offered by North and Reed who assumed faster segmental
diffusion to be responsible.*® The initial increase of k, with increasing monomer con-
version has also been associated with a change in solvent quality: &, increases when
going from a good to a poor solvent, either because of diminishing coil sizes (which

log k,

Segmental Diffusion

Translational Diffusion

Reaction Diffusion

Conversion

Figure 4.5 Schematic dependence of the (average) termination rate coefficient on the
overall monomer conversion indicating different regimes of reaction control.
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increases the segmental diffusion coefficient) or decreasing repulsions between
macroradicals. This behavior of k; not only has been observed experimentally but
is also predicted theoretically.*’

The question of the conversion dependence of the termination rate coefficient is
linked to the abovementioned autoacceleration effect of the polymerization, which
can be observed with some monomers at increased conversion, such as methyl
methacrylate, styrene, vinyl acetate, and methyl acrylate. Also known as the
Trommsdorff, Norrish—Smith, or Norrish—Trommsdorff effect, this effect can cause
problems within both an industrial and scientific context ranging from a product
mixture to reactor explosion, due to its exothermic nature.’®>" It is important not
to confuse the gel effect with the autoacceleration that is observed when a polymer-
ization is carried out under nonisothermal conditions, so that the reaction tempera-
ture increases with increasing monomer conversion, due to the exothermic nature of
the polymerization reaction. The gel effect is observed under isothermal reaction
conditions. The cause of the gel effect has been debated over 50 years and various
theories have emerged that can explain all or part of the experimental data (excellent
reviews on the topic can be found in Refs. 52 and 53). In theory, any given model that
links the termination rate coefficient to the increasingly difficult diffusion of macro-
radicals through the reaction mixture as the monomer conversion increases and thus
accounts for a decrease in the termination rate, is capable of explaining the gel
effect, without introducing a drastic change in the physical chemistry of the poly-
merizing system. The debate focuses not so much on the fact that the termination
reaction becomes increasingly hindered as the mobility of the polymer chains
decreases, than on the details of exactly what type of mobility is important. The
main explanation for the gel effect that is offered concentrates on the formation
of chain entanglements that hinders the diffusion of the macroradicals thus causing
a decrease in the rate of termination.

4.6 RATE OF POLYMERIZATION

4.6.1 Stationary Polymerization

A stationary polymerization system is characterized by a constant free radical con-
centration as given by

oo (4.17)

In the past it has been standard practice to derive a simple but general expression for
the rate of polymerization, Rp. This expression correlates the rate of polymerization
with the initiator and monomer concentrations on the one side and the kinetic rate
coefficients kg, kp,, and k on the other side. Although this expression contains many
approximations, it is surprisingly successful in describing the experimental reality.
Detailed kinetic studies have revealed the shortcomings of this equation. However, it
remains the basis of standard free-radical polymerization kinetics. The approxima-
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tions that are made in its derivation are

1. Chain-length- and conversion-independent rate coefficients & and k.
2. The instantaneous establishment of a steady-state free-radical concentration.

3. The assumption that monomer is consumed only by chain propagation and
not via the initiation process or chain transfer. This assumption allows one to
equate the rate of the loss of monomer with the rate of polymerization.

4. All reactions are irreversible.

5. The effective concentration of initiator derived free radicals is constant
throughout the polymerization.

The core of the deviation for the rate of polymerization expression is the assumption
that the rate of initiation equals the rate of termination, Eq. (4.12) in its simplified
form.

This assumption is mandatory for the establishment of a constant free-radical
concentration

2f kall] = 2k [R7[R (4.18)
Rearrangement of this equation and insertion into the simplified form of Eq. (4.9)

Ry = _% — kpM][R] (4.19)

yields the final expression for the rate of polymerization, R,:

dM] kg

Ry=—"2 =k ( fE> O‘S[M] m°s (4.20)

Equation (4.20) indicates a first-order dependence of the rate of polymerization on
the monomer concentration and a square-root dependence on the concentration of
the initiator. These dependencies have been confirmed on the example of many poly-
merizing systems. It should be pointed out that deviations from Eq. (4.20) (such as
chain-length-dependent rate coefficients or primary radical termination) are mani-
fest in a change in the exponent 0.5 associated with the initiator concentration.
Extreme dilution of monomer can also change the exponents of monomer and initia-
tor concentration. Equation (4.20) is easily integrated to yield an expression which
directly correlates the monomer conversion with the observed kinetic rate coeffi-
cient, kgps:

1 k 0.5
ln<1_p> = keps -1 where kobszkp<f?‘:[l]) (4.21)

where p is the conversion of monomer to polymer. The temperature dependence of
the polymerization rate is given by the temperature dependencies of the individual
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rate coefficients. Each rate coefficient follows its own Arrhenius law, k =
A - exp(—Ea/RT), where A is the preexponential factor and E denotes the activa-
tion energy. The overall activation energy of the rate of polymerization, EoRP, equals
the sum of the weighted activation energies of the elementary reactions, propagation
(ER), initiation (Eg), and termination (E\,).

EN = ER + %E; - %E; (4.22)
Activation energies for commonly used thermal decomposing initiators, E\, are in
the order of 120~150 kJ/mol. The EY values for most common monomers lie within
the range of 20-40kJ/mol, and E', is generally in the range of 4-10kJ/mol. Hence,
typical values for overall activation energies for the rate of polymerization initiated
by a thermally decomposing initiator are close to 80 kJ/mol. This corresponds to a
two or threefold rate increase for a 10°C temperature increase. Photochemical
polymerization rates have a much lower activation energy of about 20kJ/mol,
according to close to zero activation energy of the photoinitiation process (see
Section 4.2.2).

4.6.2 Dead-End Polymerization

To reach a steady state in free-radical polymerization, it is important that the initiator
concentration is constant over a significant time span to ensure a constant rate of
initiation. However, the initiator is decomposing according to Eq. (4.3) and its con-
centration is unavoidably decreasing. This can often be neglected when the decom-
position rate of the initiator is very small in comparison to the rate of polymerization. To
perform a steady-state experiment, an appropriate initiator should be chosen with a
rate coefficient of decomposition, kq, (at the given temperature) that ensures a
maximum decrease in initiator concentration of no more than 10% over the entire
reaction time. Especially for fast decomposing initiators or very long reaction times
the decreasing initiator concentration has to be accounted for. If all initiator
molecules are decomposed before the end of polymerization, the reaction ceases.
However, the polymerization can be reinitiated by adding new initiator. Insertion
of Eq. (4.3) in Eq. (4.20), separation of the variables and integration from [M], to
[M] and from ¢t = 0 to ¢t = ¢ yields

M] _ [0, \* ~(kat
_lnmf —1In(1 —p) 2kp<fmi> (1 e /z>) (4.23)

where p is the extent of monomer conversion to polymer and is defined by
p = (M], — M])/[M],. At long reaction times (t — oo, the monomer concentration
and conversion reach the limiting values of [M],, and p..

Ml _ o (™
—1In Y In(1 — pso) = 2k, <kdk‘:) (4.24)
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The example for polymerizations of styrene using AIBN at 60°C shows how the
maximum conversion depends on the concentration of the initiator: (k, = 341L
mol 's~!, k,=5x 10"Lmol's™!, kg =1.35 x 10>Lmol~'s~!, f = 0.5)

[AIBN] = 0.001 mol/L Doo = 44.4%
[AIBN] = 0.01 mol/L Do = 84.4%
[AIBN] = 0.1 mol/L Poo = 99.7%

A higher initiator concentration results in a higher polymer yield However, the mole-
cular weight of the polymer produced decreases at the same time (see Section 4.7.1).

4.6.3 Instationary Polymerization

Especially at the beginning and at the end of the polymerization process, the steady-
state principle does not hold true. The generation of new free radicals by the initiator
decay exceeds their consumption via termination events at early reaction times
(preeffect). After the initiation process ceases, the free-radical concentration
decreases according to the termination rate law expression (aftereffect). Conse-
quently, the rate of polymerization is not constant over the entire time period of
the polymerization. Measurement of the polymerization rate in the pre- and afteref-
fect regions allows for the determination of the coupled form of termination and pro-
pagation rate coefficients, k,/k, whereas in the steady-state region, they can be
accessed only as the ratio kp2 /k.. The individual propagation and termination rate
coefficients can be calculated by combining the preceding two ratios. The determi-
nation of k,/k and kp2 /kq via the pre- and aftereffects and stationary polymerization
experiments, respectively, has long been the only possibility to determine propaga-
tion and termination rate coefficients. However, more recent studies reveal that ser-
ious problems are associated with this approach, due to the chain length dependence
of k,,>* which is not accounted for. This may be the reason for the large discrepancies
observed when comparing values for k, and k from different sources. The situation
has improved drastically by the invention of the pulsed laser polymerization (PLP)
method, which has been introduced by Olaj and co-workers in the late 1980’s (see
Section 4.11.2.1). This improvement is impressively demonstrated when comparing
more recent data for the propagation rate coefficient in styrene homopolymerizations
with earlier data (see Fig. 4.6).

Although the steady state is reached within a couple of seconds after starting the
initiation process, the generation of free radicals exceeds their loss by termination
(i.e., the preeffect) in this period. Therefore, the concentration of free-radicals [R*] is
not constant but a function of time. The rate of free-radical production is the rate of
initiation minus the rate of termination as given by

d[R’]

R — 2[R 4.2
0 ki[R°] (4.25)
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Figure 4.6 Comparison of propagation rate coefficients for bulk styrene homopolymeriza-
tions from two generations: PLP-SEC data from an IUPAC benchmark publication
[M. Buback, R. G. Gilbert, R. A. Hutchinson, B. Klumperman, F.-D. Kuchta, G. B. Manders,
K. F. O’Driscoll, G. T. Russell, and J. Schweer, Macromol. Chem. Phys. 196, 3267 (1995)] full
circles (@), and data compiled from A. Brandrup, E. H. Immergut, and E. A. Grulke, Polymer
Handbook, Wiley-Interscience: New York, 1998, stars (vs).

Assuming a constant rate of initiation, integration leads to
[R*] = [R]gtanh[(2kR;)*1] (4.26)

where [R°]g represents the steady-state free-radical concentration. The example
for the polymerization of styrene using AIBN at 60°C shows how fast the steady state
is reached: (k, =341Lmol 's™!, k=5 x 10"Lmol 's™!, kg =1.35x 10°L
mol~! s~ f =0.5):

t=05s 52% of steady-state free-radical concentration
t=1s 82%

t=2s 98%

t=3s 100%

After stopping the initiation process, no new free radicals are available and the con-
centration decreases according to a second-order rate law. Integration of Eq. (4.25)
with R; = 0 yields the concentration of free radicals as a function of time in the
so-called aftereffect region:

R = R = 2kt (4.27)
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Insertion into the rate law of propagation, Eq. (4.19)—assuming that the rate of loss
of monomer equals the rate of polymerization, R,—gives

kp[M]

pETr (4.28)

Ry

which contains the individual rate coefficients k, and k; in a combination differ-
ent from that obtained via steady-state experiments. Thus, the ratio k,/k; is accessible
by Eq. (4.28) via the measurement of the polymerization rate in the aftereffect
region.

4.6.4 Pseudostationary Polymerization

Conversions in the pre- and aftereffect regions are rather low, making it experimen-
tally challenging to determine them accurately. To overcome this problem, a struc-
tured continuos initiation profile is chosen by which the system is facing pre- and
aftereffects in sequences. This can be achieved by a photopolymerizable system,
which is exposed to a succession of light and dark periods leading to a pseudosta-
tionary state, which provides a continuos polymerization of a system being in a
nonsteady state. It is characterized by a constant mean free-radical concentration,
averaged over one cycle period, but a permanently changing actual concentration
of the reactive intermediates. Whereas the technique was introduced by using a
rotating sector™> (light periods are considerably long, i.e., about one-fourth of the
whole cycle time #;) the technique improved by using a pulsed laser as light source.
The extremely short duration of the laser flash (on the order of nanoseconds) allows
to assume an instantaneous formation of free radicals. Strictly speaking, instanta-
neous radical generation is equivalent to neglecting the preeffect and termination
during the laser pulse, respectively. Figure 4.7 shows a typical time profile of the
free-radical concentration in a pulsed laser experiment.

The maximum free-radical concentration, [R}], is reached immediately after the
laser pulse has been applied. It is the sum of the radical concentration formed at each
laser flash, p, and the amount of free radicals still in the system, which are produced
by former pulses, [R”]. This value is identical to the minimum free-radical concen-
tration in the polymerizing system. Radical formation during the dark time is
neglected. Assuming that termination is not dependent on the chain length, the
rate law for termination can be written as

dR7] .
——g = 2R )2 (4.29)

Integration of Eq. (4.29) over the whole pulse period, f, yields

R = [RY ™! = 2k (4.30)
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t/t,

Figure 4.7 Typical radical concentration profile generated by the pulsing action of a laser on
a reaction mixture of photoinitiator and monomer. The maximum free-radical concentration
[R%] is reached immediately after the laser pulse has been applied. It is the sum of the radical
concentration formed at each laser flash, p, and the amount of free radicals still in the system
produced by former pulses, [R®].

The pseudostationary state is defined by the exact compensation of the loss of free
radicals during the dark period via termination by the radical formation of the laser
pulse.

p=[RY—[RY] (4.31)

Combination of Eq. (4.30) and (4.31) leads to

0.5
[RY] = p{% + G + ﬁ) } (4.32)

The free-radical concentration at any moment during the pulse period is

g (L Ry
[R] = ([RH +2ktt) = T 2Rk (433)

Averaging over the whole pulse period leads to a mean value for the free-radical con-
centration:

R = 1r’ R = a1 + 2[R k) (4.34)
n t() 0 1 + Z[R;]ktt n Zk[t() HH0 '
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By insertion of Egs. (4.32) and (4.34) in Eq. (4.19), the expression for the polymer-
ization rate in pseudostationary pulsed laser polymerizations is obtained:

1t (1 4 p]im)oj] } (4.35)

This expression contains the ratio of k,/k, which is typically derived from instation-
ary polymerizations. However, the major advantage of pseudostationary polymeri-
zation does not lie within the possibility to separate the ratio of k2/k; into its
individual components, but to generate structured chain length distributions. These
structured distributions allow for the accurate determination of the propagation and
termination rate coefficients (see Sections 4.7 and 4.11).

A special case of the pulsed laser polymerization is the single pulsed laser poly-
merization technique, which was introduced by Buback and co-workers in the late
1980°s.°° The equations needed to analyze the monomer conversion—time traces
obtained from single-pulse—pulsed laser experiments are easily derived. Integration
of the rate law expression for termination assuming a non-chain-length-dependent,
average termination rate coefficient, k;, [Eq. (4.29)] yields

k, M
R Mln{l +pktt()

P~ Dkito

1\ !
R'] = | 2kt + —) 4.36)
)= 200+ g (
Substitution of this equation into the rate law expression for the propagation step
[Eq. (4.19)] and subsequent integration yields the change in relative monomer con-
centration after a single laser pulse:
(M]

™M, (2[R + 1)/ (4.37)

This expression can be fitted to time-resolved monomer conversion—time traces
obtained from SP-PLP experiments (see Section 4.11.4.1), where the two fit vari-
ables are & - [RY] and k,/k,. With knowledge of the primary free-radical concentra-
tion, [R%], it is possible to determine k, and k, from a single conversion—time trace.
Unfortunately, in reality, [R] is often not known (due to insufficient knowledge
about initiator efficiencies) and k; can be assessed only via knowledge of the propa-
gation rate coefficient from independent experiments (e.g., PLP-SEC). However, in
more recent studies the accurate determination of primary radical concentrations
produced by a laser flash have been reported in nonpolymerizing systems,”’ giving
promising results for future work.

4.7 THE CHAIN LENGTH DISTRIBUTION

The kinetic rate coefficients of the various steps involved in the polymerization
reaction are controlling the rate of polymerization, Ry, and the overall free-radical
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concentration. Keeping in mind that the polymerization is a chain mechanism
leading to macromolecules, it is self-evident that the same kinetic parameters
may be employed to calculate the sizes of polymeric intermediates and the polymer
generated. For this purpose it is necessary to solve the complete set of coupled
differential equations, one equation for each chain length plus one for the initiation
step.

The rate law for the concentration change of a macroradical with chain length i
can be written as

d[Rj]
dt

=k 'M][Ri1] — (kf) M] + K4 M] + 3 KT T
k

+2 f:k;*f [R}]) - [R}] (4.38)

This rate law reflects a polymerization process during which a free-radical with
chain length i is solely formed by a propagation step from the free-radical with chain
length i — 1. The free macroradical has then the possibility to grow by reaction with
either a monomer molecule M, giving a chain length of i 4 1, or it can undergo a
transfer reaction with the monomer or any other transferring molecule Ty (e.g.,
transfer agent, solvent, initiator, polymer). Alternatively, it may be terminated by
another free-radical. The analytical solution of this problem is obviously very
difficult. However, numerical solutions of this set of equations became possible
due to the rapid increase in computer power and simulations of chain length distri-
butions of polymers are of increasing importance for academic and industrial
applications.”®

The chain length distribution of a polymer is defined as the fraction of molecules
xp that contains P basic monomer units. It should be noted that the degree of poly-
merization P is equivalent to the chain length i. The living macroradicals by which
the dead polymer is generated through any chain stopping event show a chain length
distribution, too. Both distributions are closely related to each other and the chain
length distribution of the dead polymer can be calculated via the derivative of the
distribution of the living macroradicals.

Like any other distribution function, the chain length distribution is described by
its statistical moments, which are defined as

m* =3Pt xp (4.39)
P=1

By combination of such moments one can easily calculate mean values for the degree
of polymerization, P, which characterize the chain length distribution. The distribu-
tion is only fully described if all moments are known. However, in practice there are
two mean values calculated by the first three statistical moments, which are exten-
sively used. The number average degree of polymerization, P,, and the weight
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average degree of polymerization, Py.

mD - SN Pexp P m® S P? . xp

g = e = P=lT P = — = =1 2F 4.40
m(©) Dpo1 ¥p m 3Tl Pexp (440

4.7.1 Stationary Polymerization

4.7.1.1 Average Degree of Polymerization To calculate the number average
degree of polymerization, P,, of a polymer produced by a steady-state poly-
merization, it is mandatory to know how many propagation steps occur before the
chain mechanism is stopped. It has to be distinguished between the term ‘“‘chain”
used in a molecular sense and ““chain” used as a kinetic concept. The kinetic chain
length, v, (assuming that every radical I" initiates polymerization) is defined as

total number of polymerized monomer units
V= EITIOT
total number of initiation steps

[ 4 wan

In a system that has reached the steady state, the integrands of Eq. (4.41) may be
constant over a significant timespan. By substituting with Egs. (4.2) and (4.9)—with
the assumption of chain-length-independent rate coefficients—Eq. (4.41) can there-
fore be rewritten as

_ Ry k[R]M]
v = 175 = m (4.42)

Elimination of [R°’] by means of Eq. (4.18) leads to an expression for the kinetic
chain length, v, that shows the dependence of the different kinetic parameters.
One important characteristic of the free-radical polymerization is well illustrated
here—the sizes of the macromolecules produced are inversely proportional to the
square root of initiator concentration. Increasing the initiator concentration leads
to smaller-size polymer molecules:

kp[M]

=— (4.43)
2(f kaki{1)"?

Disregarding any transfer effect as a first approximation correlates the kinetic

chain length with the number average degree of polymerization, P,. In the case of

termination by disproportionation, one polymer molecule is produced per every

kinetic chain:

Pa=v (4.44)
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Termination by combination leads to one polymer molecule per two kinetic chains,
reflecting the combination mechanism:

Py =2v (4.45)

Any mixture of these both mechanisms can be described by using the value J [see
Eq. (4.13)], the contribution of disproportionation to the overall termination process:

= 2

The mean kinetic chain length can be experimentally determined by using marked
initiator molecules (e.g., "*C radiolabeled, per-fluorinated). By these means the
number of initiator fragments per weight of polymer can be measured, and therefore
the number of monomer units polymerized by each initiator step may be calculated.
This represents one method to determine the mode of termination (see Section
4.11.4.4). The transfer process (see Section 4.4) as a kinetic concept does not change
the free-radical concentration, but the chain length of the polymer produced. This
holds true when the free-radical generated by transfer has the same reactivity as
the radical that is lost. Other reactivities lead to retardation or acceleration, which
will be described later (see Section 4.8).

Without changing the free-radical concentration, “normal” chain transfer pro-
cesses remain hidden in any experiment measuring the rate of polymerization alone
(see Section 4.4). The kinetic chain length is also unaffected by the transfer process,
because the growing free-radical center generated by the initiation step stays alive
after any chain transfer event, although more than one polymer chains are produced.
For this reason Eq. (4.46) does not hold true any longer if chain transfer reactions are
taken into account. In many kinetic measurements based on the analysis of the mole-
cular weight distributions, transfer processes are neglected and are seen as disturbing
factors. However, determination of the chain length distribution of a polymer
remains the only possibility of measuring the rate coefficients for transfer processes.

Taking chain transfer into account, the number average degree of polymerization,
P,, can be described as

5 _ total number of polymerized monomer units
=

4.47
half the number of formed end groups ( )

The various reactions within the polymerization process generate different amounts
of end groups per initiation step:

Initiation 1 end group
Propagation 0 end groups
Transfer 2 end groups
Termination by disproportionation 1 end group

Termination by combination 0 end groups
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Again the steady state with its general approximations (see Section 4.6.1) is assumed
in which the concentrations of the reactants, such as the monomer, free radicals, and
transfer agent, do not vary with time. Hence, in Eq. (4.47) the number of polymer-
ized monomer units can be substituted with the rate of polymerization and the
numbers of end groups by the rate of their formation:

_ R,

= 4.48
" (R + Ra +2Ry) (445
Insertion of the simplified rate laws of the different processes
Initiation Ry = 2fkg[l] = 2(kua + ko) [R')? (4.49)
Propagation R, = k,[M][R"] (4.50)
Termination(disproportionation) Rig = 2k d[R‘]2 (4.51)
Chain Transfer Z ket [Te][R*] + k' [M][R°] (4.52)
and subsequent inversion leads to
1 2kl d + k[ C t k Tk
== + —r + — 4.53
R e M 9

where [Ty] is the concentration of any molecule that is capable of taking part in a
chain transfer reaction, including solvent S, initiator I, polymer P, and added chain
transfer agent T. It is usual to define chain transfer constants C for the different mole-
cules

M kS k! kP kL
Cu=-L Ci=Y (=2 ="~ Cr=-2" (4.54)
kp ’ kp kp kp kp
Thus Eq. (4.53) becomes
1 2k q + kic [S] 1] [P] [T]
==—"—"Ry+ O+ Cs—+ Crrr+ Cp— + Cr sy (4.55)
Po M [M] M] [M] M]

This equation gives the fundamental correlation of the number average degree of
polymerization with the rate of polymerization and the various chain transfer con-
stants. It constitutes the basis for determining the various chain transfer constants
(see Section 4.11.3.1).

Performing a polymerization experiment with only low conversion of monomer
to polymer, the concentration of polymer is often too low to show significant chain
transfer. The same holds true for the initiator, which is used mainly in the range of
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low concentrations. Without addition of solvent and additional chain transfer agent,
Eq. (4.55) reads, after introduction of Eq. (4.13)

1 (1 + )k,
S iy 4.

Hence, a plot of the inverse number average degree of polymerization P, against the
rate of polymerization R,,—the rate of polymerization can easily varied by the con-
centration of the initiator—yields the monomer chain transfer constant Cy; as inter-
cept and the ratio (1 + d)k,/ (k; [M]?) as slope of a linear plot. The value of Cy
entails an inevitable limit for the maximum number average degree of polymeriza-
tion, P,™*. The value for P, is increased by lowering the rate of polymerization R,,
according to Eq. (4.56). The limit is reached when R, becomes zero:

lim (—) =Cwu (4.57)

Hence, the maximum number average degree of polymerization, P}, which is
feasible, is given by

Pgmx = Cl\jll (4.58)
Methyl methacrylate, for instance, has a monomer chain transfer constant of about
Cum =5 x 1072 at 60°C, leading to a maximal mean chain length of about 20,000,
whereas in a free-radical polymerization of vinyl acetate with a monomer chain
transfer constant of Cyy = 2 x 10~ at 60°C, the limit is already reached at a number
average degree of polymerization of 5000.

4.7.1.2 The Full Chain Length Distribution So far, only the average degree of
polymerization has been considered. To calculate the distribution function itself for a
steady-state polymerization it is convenient to chose a statistical approach based on
kinetic parameters. A probability factor o of propagation is defined as the probability
that a radical will propagate rather than terminate. The factor o is the ratio of the rate
of propagation over the sum of the rates of all possible reactions the macroradical
can undergo:

Ry

o=—-——
Ry + Ry + R,

(4.59)

First, we assume that termination is solely by disproportionation and that the propa-
gation probability factor is equal for each chain length. The probability for the
occurrence of a polymer chain—hence its distribution function—with the length
P is given by the probability of P — 1 propagation steps and the probability of
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one chain stopping event (termination or transfer):
.
Xpg = o (1 — O() (460)

The molecular weight averages can be evaluated by calculating the moments of this
distribution function by insertion of Eq. (4.60) into Eq. (4.39)

m“)) = ZXP"I =1 (46])
P=1

m) :Zp.xﬁd: (1—a)" (4.62)
P=1

m? =3 P xpg = (1)1 — )2 (4.63)

Poy=——=(1-a)" Pyg=—=(1+00)(1—a)" (4.64)

The ratio of the weight average and the number average degree of polymerization,
P,,/P,, describes the polydispersity of a chain length distribution. It becomes unity
if all chains have the same length—called a monodisperse distribution—and values
greater than one, if the distribution exhibits a broader shape:

Pog  m@m®
Py = i = L1 (4.65)

It should be noted that the propagation step must be highly favored over chain stop-
ping events to produce polymers with a significant chain length and the value of
o must be near 1. Hence, Eq. (4.65) shows that for a chain length distribution of a
polymer produced in a stationary experiment, where chain stopping events are ter-
mination by disproportionation or transfer, the polydispersity becomes nearly 2.
This holds true for chain length distributions that are controlled by termination
via disproportionation and also for distributions where chain transfer is the dominant
chain-stopping event. Expressions may also be derived for the chain length distribu-
tion produced when the termination process is by combination. The expression
for the probability of the occurrence of a chain with the chain length P is now given
by the contributions of two chains with the chain length n and m, which form the
desired molecule by combination. Hence, the auxiliary condition n + m = P must
be valid:

Xpe=y o M1 —a) 0" (1 —0) = (P— 1)a" (1 —a)? (4.66)
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Evaluating the moments of this distribution function by insertion of Eq. (4.66) into
Eq. (4.39) as above

o0
m® =N "xp. =1 (4.67)
P=1
o0
) =3 P e =2(1 3 (4:68)
P=1
m® =3P xpo = (4+20)(1 —0) (4.69)
P=1
leads to
_ m(l) _ _ m® _
Pre=—g=20-0" Pye=—m=0Q+a)(1-0)""  (470)

(4.71)

Keeping in mind that o has a value close to 1, Eq. (4.71) leads to a polydispersity of
1.5 for a polymer produced in a polymerization process where termination is by
combination. The corresponding chain length distribution is somewhat narrower
than that generated by disproportionation, because of the statistical coupling of
two chains with different sizes.

Almost every polymerization system shows both disproportionation and combi-
nation modes. In order to combine the two modes, the general expression for the
polydispersity of any given termination controlled chain length distributions reads

1

(3-8)(1+3) (4.72)

P
o]

Because the value of a is close to 1, the expression In(a) ~ oo — 1 does hold true,
leading to o =~ exp[—(1 — o)]. With this correlation in mind the combination of
Eq. (4.60) with the Lh.s of Eq. (4.64) gives

1o,y 1 P-1] 1 P
_ m~—expl = o Lexpl— = 4.73
Xp o B CXP [ P P, exp P, (4.73)

with the factor (P — 1) substituted by P, because the chain length P is assumed to be
much larger than 1 (i.e., P > 1). Equation (4.73) demonstrates that the chain length
distribution of the polymer formed by disproportionation or chain transfer follows an
exponential function in the limit of infinite chain length.
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The same calculation procedure, starting with Eq. (4.66), also leads to an
exponential expression for the chain length distribution for termination by com-
bination:

Xp = —5exp [— ——} (4.74)

However, Eq. (4.74) has the independent variable, the chain length P, in the preex-
ponential factor, giving the chain length distribution of the polymer formed by com-
bination a different shape.

Evaluation of Eq. (4.59) immediately leads to

— ky[M]
o ko [M] + 2(f kake[1))™ + ke[ T] (4.75)

All derived distribution functions and average degrees of polymerization may now
be expressed via the kinetic coefficients.

4.7.2 Instationary Polymerization

Calculation of chain length distributions of a polymer formed via an instationary
polymerization is reasonable only, if the instationary process is not linked to another
polymerization process, such as the pre- and after-effect of a steady state polymer-
ization. One possibility to perform such an uncoupled instationary polymerization is
the so-called single-pulse experiment (see Section 4.11.4.1). A single laser pulse
produces a free-radical concentration, p; the polymerization process is started,
and no new free radicals are generated. The kinetic equations for such an experiment
can be solved analytically, even if a chain-length-dependent termination rate coeffi-
cient is assumed. This is the case, because in such an experiment all macroradicals
have the same chain length—within a narrow Poisson distribution and neglecting
chain transfer—at any given time. The free-radical concentration formed by the laser
pulse, p, decays according to the termination rate law expression:

dR°] a2
— =g = 2k[R] (4.76)

Assuming a perfect correlation of time and the degree of polymerization, P = © - ¢
with © = k;, - [M], the average frequency of the propagation steps (see Section 4.7.3)
and the postulated law for the chain length dependence of k, k, = k" - P2,
Eq. (4.76) can be written as

AR e
—E ke (R (4.77)
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Solving this differential equation yields the concentration of free radicals as function
of time, whereas p is the free-radical concentration at = 0:

1 200 N\
R], = (5+ lt—oc ! ) (4.78)

The termination process by disproportionation transforms the living macroradicals
in dead polymer chains with exactly the same chain length. This transformation pro-
cess can be written as

d[R’]
dt

L= [Pp] - © (4.79)

because the loss of free radicals must equal the generation of dead polymer. The fac-
tor O allows for the transformation of time to chain length. The concentration of
dead polymer with chain length P, [Pp], is the chain length distribution in terms
of concentrations. Division of [Pp] by the free radical concentration at the beginning,
p, according to xp4 = [Pp]/p—with > [Pp] = p—insertion of Egs. (4.77)-(4.79)
and rearrangement yields the number chain length distribution for a single-pulse
experiment with termination by disproportionation:

_2Kp 2K i\
Xpd = o) P l+mp (480)

The combination process gives a dead polymer chain with exactly double the chain
length of the living macroradical, because all macroradicals have the same size at
any given time. The transformation process from time to chain length therefore reads

d[R]
dt

L= 4[Pyp]O (4.81)

Because two free radicals are leading to one dead polymer, Y [P2p] = p/2 must hold
true. With this in mind and insertion of Egs. (4.77), (4.78) and, (4.81) and subsequent
rearrangement gives the number chain length distribution for a single-pulse experi-
ment with termination by combination:

-2
2k (P\* 260  (P\'™*
e =36 (2) (”u_a)@ 2 (482)

According to the different termination modes the overall number chain length dis-
tribution can be calculated via

2
Xp = m (S.XP’d + (l — S)XP_C) (483)
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where O is the contribution of disproportionation to the overall termination
process.

4.7.3 Pseudostationary Polymerization

Throughout many decades the pseudostationary polymerization was carried out—
mainly with a rotating sector—to measure a ratio of the individual rate coefficients
ky, and k. (see Section 4.6.4) different from that obtained from steady-state experi-
ments. The rate of polymerization was the only measured value, and the chain length
distribution of the polymer produced during such an experiment was not evaluated,
mainly because of the lack of suitable analytic techniques. The invention and
improvement of size-exclusion chromatography paved the way for detailed investi-
gations of the chain length distribution formed throughout a pseudostationary poly-
merization experiment. This improvement eventually lead to the invention of the
pulsed laser polymerization—size-exclusion chromatography (PLP-SEC) method,”
which turned out to be the best improvement in polymerization kinetic measure-
ments long since. This technique allows for the direct measurement of the individual
propagation rate coefficient k.

The principle of the pulsed laser technique is simple but ingenious. A monomer/
photoinitiator mixture is irradiated by a pulsed laser beam. Each laser flash generates
free radicals that initiate a polymerization process. No new free radicals are formed
during the dark time periods. All growing macroradicals formed by one specific laser
pulse have the same chain length within a narrow Poisson distribution. As the free-
radical concentration decreases due to termination processes, the rate of termination
decreases according to Eq. (4.12), too. After the dark period, 7y, the next laser flash
irradiates the system and instantaneously increases the free-radical concentration.
Hence, the termination rate is suddenly highly increased, too, leading to a significant
amount of dead polymer with the chain length L, where L, is the chain length of a
macroradical that grew for one dark time period, #,. Taking into account that the
radicals have a certain probability to survive the laser flash and to terminate at
any later pulse, the relative concentration of polymer with the chain lengths
2Ly, 3Ly, ... is increased, too. The described polymerization conditions therefore
produce a well-structured chain length distribution with additional peaks at the chain
length of L, and its multiples. The radicals that are formed at the laser pulse are very
small. The mode of termination is therefore not overly important for the formation of
the additional peaks of the chain length distribution.

Assuming a low conversion of monomer to polymer, the monomer concentration
can be expected to be constant. The propagation rate coefficient and the monomer
concentration can therefore be combined into a new rate coefficient, I~<p =kp M],
which is associated with the following pseudo first-order rate law:

Ry =k,[R]  with k&, = k,[M] (4.84)

The average timespan between two first-order reaction steps, T, is given by

T=k! (4.85)
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where k is the first-order rate coefficient. Insertion of Eq. (4.84) into Eq. (4.85) yields
the time of an average propagation step T,, assuming that the monomer concentra-
tion is constant:

1
LR (4.86)

Tp =
The chain length Ly, of a macroradical that grows n laser periods, n - fp, is now
easily correlated with the propagation rate coefficient, &p:

Lo, = nky[M]to (4.87)

The evaluation of the additional peaks occurring in the chain length distribution of a
pulsed laser polymerization experiment and the corresponding values of Ly, by
means of size exclusion chromatography enables the calculation of k,, because
the monomer concentration and the laser frequency are known.

Because of the statistical process of the chain growth, the macroradicals produced
by the same laser pulse do not exhibit the same chain length at any given time, but
rather show a narrow Poisson distribution where L is the mean value

_ L

xp=e oy (4.88)

The theoretical chain length distribution is therefore subject to a broadening, losing
its discontinuities (see Fig. 4.8b). It turned out that the inflection point on the low-
molecular-weight side of the additional peak is in most cases the best measure for
the real value of L0.60 Only at the so-called high termination limit, where the free-
radical concentration produced by each laser pulse is extremely high, may the max-
imum of the additional peak be a better choice.®’ However, second or higher points
of inflection can often be evaluated, even when there is no peak maximum visible. In

XpeLy Xp+Ly
0.84 (a) 0.8 b)
0.6 0.5
0.44 0.44
0.2] 0.2]
0.0 . ! 0.0 . ;
0 i 2 0 i 2 3
L, L,

Figure 4.8 Simulated and normalized number distribution for a pulsed laser experiment with
termination exclusively via disproportionation (a) without and (b) with Poisson broadening.
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addition, for a point of second order, the inflection point is less affected by baseline
errors occurring during the size-exclusion chromatography.

Analytic solutions for the chain length distribution generated by pulsed laser poly-
merization® are very complex, even in their simplest form, assuming no Poisson
distribution, no transfer, and no initiation process during the dark time period.
The chain length distribution for assuming a strict coupling of time and degree of
polymerization for termination by disproportionation can be written as

C C -
Xy = p(LO~ [1 L (P-— nLo)} (14 C)”) (4.89)
0<P<IL forn=0

nLy <P <(n+1)Ly forn=1,23...

with the definitions

coc. [’

c=c. = (4.90)
C = 2pkito (4.91)
Ly = kp [M]f() (492)

The value C is especially important, because it governs the overall shape of the chain
length distribution. A typical value of C is 0.5-10, whereas higher values of C yield
more pronounced first additional peaks (high termination limit). The shape of a PLP
distribution can be (in principle) held constant by balancing the product of the laser
period, fo, and the free-radical concentration produced by each laser pulse, p, to
give constant values of C. It should be noted that the extra peaks are the sharper
the greater the value for L.

The expression for the chain length distribution for termination by combination
reads

p X —(n— c N\ —n X —nLy,c
xﬁ,’fizp(n(l—l—C)"+1~%+(n+1)(1+6') x”TL) (4.93)

-2
. p C ~ P
PR S R, 4.94
e =500, < + 2L0) (4.94)

The statistical moments of the chain length distribution in the long chain limit can be
calculated by insertion of Egs. (4.89) and (4.93) into Eq. (4.39). For termination by
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disproportionation

0 _P
mc 2
In(1+C
mgl) = p(LO . ( C )>

(4.95)

(4.96)

(4.97)

(4.98)
(4.99)

(4.100)

The number and weight average degree of polymerization can be calculated via
combination of these moments according to Eq. (4.40). For termination by dispro-

portionation
_ In(1+C
_ 1
PW,d = 2L0 i ——
In(1 +C)
For termination by combination
_ In(1 +C
Phe=2Lg- n( +C)
’ C
P =3Lo ——
W,d - 0 ln(l + 6)

(4.101)

(4.102)

(4.103)

(4.104)

The polydispersity of the chain length distribution of a polymer produced via a

pulsed laser experiment for disproportionation reads

and for combination

< 3 c
Poe 2 (In(1+0C))?

(4.105)

(4.106)
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As can be easily seen, the breadth of the PLP distribution is dependent not only on
the termination mode, as this is the case for steady state experiments. The polydis-
persity is additionally controlled by the polymerization conditions such as initiator
concentration and laser intensity, which both influence the value of the free-radical
concentration which is produced at each laser flash, p. The polydispersity is also
different for different pulse periods, 7.

4.8 INHIBITION AND RETARDATION

The chain transfer process stops the chain growth process via abstraction of a hydro-
gen atom or some other species from another molecule. This molecule itself
becomes a radical, capable of reinitiating polymerization. If the reactivity of the gen-
erated radical toward the monomer is on the order of that of the macroradical, and if
the time necessary for the chain transfer process is within the range of one propa-
gation step, ‘“‘normal’’ chain transfer occurs. This normal or conventional chain
transfer does not lead to any change in the polymerization rate (see Section 4.4).
However, a generalized view of this reaction type makes the concepts of retardation
and inhibition necessary. If the generated radical is less reactive than the propagating
radical, retardation takes place, which is characterized by a decrease in the rate of
polymerization. If the retardation is very effective, the polymerization process is
completely suppressed and this is referred to as inhibition. Inhibition leads to an
induction period where no polymerization takes place at all, until the inhibitor is
completely consumed. The reaction then starts with the normal rate of polymeriza-
tion. The kinetics of the retardation effect for a stationary polymerization can be ana-
lyzed by adding an additional reaction to the common scheme of polymerization,
including initiation, propagation, and termination:

Ri +Q-%P; 4+ Q° (4.107)

where Q is the retarder or inhibitor and kq is the rate coefficient of the retardation
reaction.

The kinetics are simplified by assuming that the generated radical, Q°, neither
reinitiates nor show any transfer behavior. There are other models that allow for
reinitiation of Q°. The steady-state assumption—which is only a very rough
approximation until all inhibitor is consumed®—can now be written as

dR*
- % = R; — 2k[R*)* — ko[R*][Q] = 0 (4.108)
which yields in combination with Eq. (4.19), again assuming that the rate of the loss
of monomer, —d[M]/dt, equals the rate of polymerization, Ry:

_ ZkIR}Z’ _ kQRp[Q]
M* k]

=0 (4.109)

i
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TABLE 4.9 Inhibition Constants, z, of Various Inhibitors to Selected Monomers at 50°C

Inhibitor Monomer Z
Nitrobenzene Methyl acrylate 0.00464
Styrene 0.326
Vinyl acetate 11.2
1,3,5-Trinitrobenzene Methyl acrylate 0.204
Styrene 64.2
Vinyl acetate 404
Chloranil Methyl methacrylate (44°C) 0.26
Styrene 2040
Oxygen Methyl methacrylate 33000
Styrene 14600
Phenol Methyl acrylate 0.0002
Vinyl acetate 0.012
TEMPO Styrene 3357124

Source: Data from A. Brandrup, E. H. Immergut, and E. A. Grulke, Polymer Handbook, 4th ed., Wiley, 1999.
“D. Ereszta and K. Matyjaszewski, Macromolecules 29, 7661 (1996).

The ratio of the rate coefficients for retardation, kg, and propagtion, kp, is often
referred to as the inhibition constant, z = kq/ kp, which reflects the ability of a mole-
cule to cause inhibition. Table 4.9 gives selected values for the inhibitor constants of
some inhibitors in conjunction with a specific monomer.

If the inhibition constant is large (z > 1), the second term of the lLh.s. of
Eq. (4.109) will become much smaller than the third one. In this case, the rate of
inhibition is much larger than the rate of termination. Equation (4.109) then reads

| = kMR, (4.110)
kq[Q]

This equation (4.110) shows that the polymerization rate is inversely proportional to
the inhibitor concentration. It should be kept in mind that the inhibitor concentration
will decrease during the reaction. Each free radical generated by the initiation pro-
cess will consume one inhibitor molecule. If the inhibitor concentration finally
becomes sufficiently low, propagation can become competitive with the inhibition
reaction. Dividing the rate law for the loss of inhibitor, —d[Q]/dt = ko[R"][Q], by
the rate law of propagation, —d[M]/dt = k,[R*|[M], leads to

dQ] _ Z[Q]

aM] M (4.111)
and subsequent integration where [Q], and [M], are the concentration of inhibitor
and monomer at the beginning of the reaction:

(i) == () @.112)

It is apparent from this equation that, if z is large, the monomer conversion remains
nearly zero until the inhibitor is consumed.
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A special type of inhibitors are stable free radicals, like nitroxides such as 2,2,6,6-
tetramethylpiperidine- 1-oxyl (TEMPO). They are far too stable to be able to initiate
polymerization, but they are reactive enough to undergo reaction with other free
radicals. These compounds are not a special type of chain transfer agent, because
the reaction product is not a radical. Nitroxides are very efficient inhibitors, capable
of producing induction periods when present in concentrations of less than
10~*mol/L. The stoichiometry between the number of the chains terminated and
the number of the nitroxide molecules consumed is 1 : 1, making these compounds
very useful for quantitative measurements of free-radical concentrations.”’ The cou-
pling process of the nitroxide with the propagating radical is reversible, especially at
elevated temperatures. This equilibrium enables a living free-radical polymerization
by capping the reactive chain ends. The free-radical concentration is therefore extre-
mely decreased, suppressing the termination process. Temporarily uncapped free
radicals are adding monomer leading to a very slow but controlled polymerization
process.

4.9 DEPROPAGATION

Especially at elevated temperatures the propagation step can no longer be considered
irreversible. The propagation step is in fact reversible, leading to a thermodynamic
equilibrium. This equilibrium can be described by the magnitude of the free-energy
difference, AG, between the polymer and the monomer. The polymerization process
is thermodynamically favored if AG is negative. The value of the free-energy
difference is given by the following fundamental equation:

AG = AH — TAS (4.113)

The polymerization heats, AH, of most free-radical polymerizations are negative
with typical values ranging from —30 to —80 kJ/mol. The values for the polymeriza-
tion entropies are negative, too, reflecting the loss of degrees of freedom of the
monomer becoming a part of the polymer chain. Typical values for the polymeriza-
tion entropies are —100 to —120J K~! mol~!. Hence, the two terms on the r.h.s. of
Eq. (4.113) are antagonistic. Under normal temperature conditions, the exothermi-
city of the reaction exceeds the entropic term and AG becomes negative. However,
at elevated temperatures the entropic term becomes significantly larger and finally
equals the enthalpic term at the so-called ceiling temperature, T, = AH/AS. At this
temperature the free-energy difference is zero, and no polymerization process occurs.

The kinetic interpretation of this effect describes the propagation step as reversi-
ble with a propagation and depropagation step:

k,

R; +M—> R} (4.114)
k.

R — Ri+M (4.115)

The rate coefficient of depropagation is written as kpq.
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For many typical free-radical polymerization systems and conditions, depropaga-
tion does not occur to any appreciable extent. However, for some 1,1-disubstituted
ethylene monomers, it is possible to polymerize at conditions where the effects of
the reverse reaction cannot be neglected. The classic example of such a monomer is
a-methylstyrene (AMS), with a bulk monomer ceiling temperature of 60°C. Metha-
crylate and styrene monomers also exhibit depropagation, although at much higher
temperatures (220 and 310°C, respectively, for bulk polymerizations). The depropa-
gation process lowers the rate of polymerization according to

k i
Ry = kp[MI[R'] — kgp[RY] = (kp - M) MR] =K MR]  (4.116)
The effective rate coefficient of propagation is therefore defined as
kq
=k, — & 4.117
P P [M] ( )

The depropagation effect is inversely proportional to the monomer concentration
because it is part of the thermodynamic equilibrium. The effective propagation
rate coefficient can be determined via the pulsed laser polymerization—size-exclu-
sion method (see Section 4.11.2.1). Figure 4.9 shows the deviation of kgff from the
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Figure 4.9 Temperature dependence of the effective propagation rate coefficient, k;"f,
observed in the bulk polymerization of dodecyl methacrylate (DMA). The data are taken from
R. A. Hutchinson, D. A. Paquet, Jr., S. Beuermann, and J. H. McMinn, Ind. Eng. Chem. Res.

37, 3567 (1998).
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linear slope of an Arrhenius plot at higher temperatures, where depropagation
becomes important.®

The kinetic expression for the equilibrium constant, K, is the ratio of the rate
coefficient of the forward reaction to the rate coefficient of the backward reaction.
This can be set equal to the thermodynamical definition of K:

_E_ﬁ_ Rig 1
Kk RIML, ML, (4.118)

where [M]. is the equilibrium monomer concentration (e.g., 1074 mol/L for styrene
at 25°C) By combining Eqs. (4.117) and (4.118) it can be seen that when the mono-
mer concentration equals the equilibrium monomer concentration, the effective pro-
pagation rate coefficient, kgff, becomes zero, which is the definition for the ceiling
temperature. This implies that there exists a specific ceiling temperature for every
given monomer concentration. The maximum ceiling temperature is reached for
the bulk polymerization system. It has been recently demonstrated that effective
molecular weight control in copolymerizations may be achieved by the judicious
selection of monomers that display a low ceiling temperature.®

4.10 RING-OPENING POLYMERIZATION

Studies on the kinetics of ring-opening polymerizations are quite limited, and there
is a paucity of data on values for absolute rate coefficients in these types of reactions.
Radical ring-opening monomers may be codified according to the position of the
double bond relative to the ring: vinyl, and exomethylene. The polymerizations pro-
ceed by two contiguous reactions whereby radical addition to the double bond
occurs to form a ring-closed radical followed by a ring-opening isomerization to
generate the propagating ring-opened radicals. This is shown in Fig. 4.10.

The relative magnitudes of &y, and k, determine the extent of ring-opening poly-
merization at any given temperature. Moad and Solomon®* have tabulated ring open-
ing coefficients for a variety of monomers. Clearly, thermodynamics play an
important role in the ring-opening process. Unfortunately it is very difficult to access
ky and k;, individually in polymerization reactions. Two attempts have been made to
evaluate k; using pulsed laser polymerization.®® However, in both cases, chain trans-
fer reactions were shown to play an important role in the overall kinetics, and this
confounded accurate analysis of the data.

The kinetics of steady state ring-opening polymerizations can be easily ana-
lyzed.®” The treatment is simpler if 100% ring opening can be assumed, leading
to the following rate expression:

N N
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In the most recent works an extensive study was reported on chain transfer reactions
in the sulfur-centered free-radical ring-opening polymerization of 3-methylene-6-
methyl-1,5-dithiacyclooctane.®® (See also Scheme 4.12.) The work showed signi-
ficant differences in chain transfer activity between carbon- and sulfur-centered
radicals. Currently there are very little kinetic data available on chain transfer or
termination reactions in radical ring-opening polymerizations.

>

SN

Scheme 4.12

4.11 EXPERIMENTAL METHODS

The aim of most kinetic experimental methods has always been to determine accu-
rate values for the individual rate coefficients that govern the free-radical polymer-
ization process, especially k, k,, and k. Up to the late 1980s termination and
propagation rate coefficients were accessible only in their coupled form, k,/k>,
or individually via combination with pseudo flickering techniques like the rotating
sector or spatially intermittent polymerization methods in combination with station-
ary polymerization measurements (see Section 4.6.3). The only exception has been
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the direct determination of the propagation rate coefficient via the measurement of
the steady-state free-radical concentration by electron spin resonance (ESR) experi-
ments in combination with rate measurements. However, the detection of such low
free-radical concentrations (typically close to 1078 mol /L) has always been subject
to large uncertainties, leading to a large scatter in the values for the rate coefficients.
The situation has dramatically improved with the invention of the pulsed laser poly-
merization (PLP) technique in the late 1980s. Since then, this technique [and its
spinoffs such as single pulse—pulsed laser polymerization (SP-PLP)] has been exten-
sively used to collate propagation and termination rate coefficients for various
homo- and copolymerizations. Today, the PLP method is used almost exclusively
to determine propagation and termination rate coefficients and has been recom-
mended by the Union of Pure and Applied Chemistry (IUPAC) for the measurement
of propagation rate coefficients. In contrast, the methods available for the determi-
nation of the chain transfer rate coefficient have not changed significantly. It should,
however, be mentioned that the interpretation of the transfer controlled molecular
weight distributions generated in stationary free-radical polymerizations have
been somewhat refined with introduction of the Clay—Gilbert method (for details,
see Section 4.11.3.2).

4.11.1 Methods for the Measurement of kq

4.11.1.1 Direct Measurement of the Initiator Concentration as a Function of
Time The rate coefficients of initiator decomposition, k4, can be assessed by
various methods. A straightforward approach is to directly assess the thermal decay
of the initiator via the measurement of its concentration as a function of the reaction
time by Eq. (4.3). The concentration can be measured via any quantity to which it is
directly proportional, such as a spectroscopic infrared absorption that can be easily
followed with reaction time. The connectivity of the initiator concentration and the
intensity of the absorption (at a specific wavelength) is given by the Beer—Lambert
law. Infrared spectroscopy has been used extensively in the past to study the decay of
organic peroxides in various reaction media (including supercritical CO,). Organic
peroxides are widely used to initiate polymerizations, and knowledge about their
rate of decomposition at various temperatures and their mechanism of decomposi-
tion is vital for optimizing polymerization processes.®

4.11.1.2 Dead-End Polymerization Dead-end polymerization refers to a poly-
merization process where the initiator concentration significantly decreases to a very
low value during the polymerization (see Section 4.6.2). Measurement of the
conversion of monomer to polymer, p, according to such an experiment, allows
one to determine for the rate coefficient of initiator decomposition kg4, and for the
calculation of the efficiency factor, f. Dividing of Eq. (4.23) by Eq. (4.24),
rearranging and subsequently taking the logarithms of both sides yields

ol A =p) |kt
1{1 ln(l—poc):| 5 (4.120)
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The value of kg can now be easily evaluated from a slope of a plot of the L.h.s. of
Eq. (4.120) against the polymerization time ¢. If the ratio of k; /kq is known from
other studies, a value for the frequency factor f can be estimated by insertion into
Eq. (4.20) or (4.24).

4.11.2 Methods for the Measurement of k,

The determination of propagation rate coefficients was revolutionized in the late
1980s by introduction of the pulsed laser polymerization-size exclusion chromato-
graphy (PLP-SEC) method by Olaj and co-workers.”

4.11.2.1 Pulsed Laser Polymerization—Size-Exclusion Chromatography (PLP-
SEC) The careful determination of the chain length distribution of the polymer
produced via a pseudostationary pulsed laser experiment allows one to obtain
accurate values for the propagation rate coefficient, k,. The polymerizable system—
containing monomer and photoinitiator, occasionally solvent and transfer agents—is
irradiated by a pulsed laser beam, and the chain length distribution formed is
subsequently analyzed by size-exclusion chromatography. The determination of the
additional peaks (see Section 4.7.3) and its points of inflection on the low-molecular-
weight side, respectively, gives a value for L, that can be easily inserted into

Lo, = nky[M]to (4.87)

The propagation rate coefficient k, is now available because the monomer concen-
tration [M] and the time interval between laser pulses, #j, are known. This method
has developed into the IUPAC recommended method for &, determination.”®

Prior to the PLP experiment, the monomer should be purified to remove the sta-
bilizer that is added to most of the commercially available monomers. This can be
achieved by either distillation or column chromatography. Both methods have
different advantages—distillation removes small amounts of polymer dissolved in
the monomer, but many inhibitors are very volatile and distillation does not comple-
tely remove them. However, PLP experiments without cleaning the monomer were
reported and have shown the robustness of this method. Photoinitiators are added in
typical concentrations of mmol/L. Degassing the samples by a number of freeze—
pump—thaw cycles on a high vacuum line or purging with inert gases such as
nitrogen or argon makes sure that the dissolved oxygen, which disturbs the kinetic
measurements by an inhibition effect, is removed.

For a successful PLP experiment, care must be taken to ensure a homogeneous
intensity profile over the whole optical cross section of the reaction cell to produce
homogenous reaction conditions. In addition, absorption of the laser light by initia-
tor and monomer molecules should be accounted for. Accurate temperature control
is necessary to dissipate the heat of reaction and any possible temperature increase
induced by absorbed laser energy. Typical laser sources are pulsed Nd:YAG solid
state lasers (355 or 532nm) or XeF excimer lasers (351 nm) with a pulse energy
of <80ml/pulse and a pulse width of 5-20ns. Laser repetition rates between 100
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and 0.1 Hz have been used in the past. The value of p (i.e., the free-radical concen-
tration generated by each laser pulse) can be varied by the initiator concentration and
the laser pulse energy. Samples are exposed to pulsed laser irradiation to allow for a
maximum conversion of monomer to polymer of about 1-3%, with typical pulsing
times between 1 min and 5 h. It should be noted that a pulsed lamp or even a rotating
sector in combination with a continuous lamp as a pulsed radiation source leads to
well-structured molecular weight distributions allowing for the determination of k.
However, optimum results are obtained by the use of a pulsed laser.

After the monomer solution has been irradiated, the produced polymer is ana-
lyzed by a size-exclusion chromatography system, which is calibrated by narrow
polymer standards or by absolute molecular weight detection methods. The values
of Ly, can be easily determined by differentiating the chain length distribution. The
use of different types of distribution (size exclusion, mass, or number distribution)
leads to slightly different values for k. Figure 4.11 shows a typical data sheet for
styrene bulk polymerization.

4.11.2.2 Electron Spin Resonance Spectroscopy-Stationary Polymerization
(ESR) The experimental determination of k, data usually proceeds via the
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Figure 4.11 Typical data sheet detailing the outcome of a successful PLP-SEC experiment
for a styrene bulk polymerization at 25°C.
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IUPAC-recommended PLP-SEC procedure (see discussion above). However, under
certain circumstances, k, data are also available by direct determination of the
concentration of propagating free radicals via electron spin resonance (ESR)
spectroscopy accompanied by the measurement of the overall polymerization rate.
The calculation of k, then proceeds via either the differential [Eq. (4.19)] or the
integrated form of the propagation rate law expression:

M,

IHM

= kp . [R'} . (ll — lz) (4121)

where [M]; and [M], are the monomer concentrations at the reaction times #; and ¢,
respectively. Determination of the monomer conversion at various reaction times
can proceed via independent experiments (under the same experimental conditions
as the ESR measurements) using, for example, NMR spectroscopy, infrared spectro-
scopy, gravimetry, or chromatographic methods.

Inspection of the existing literature indicates that k,, values derived from ESR are in
poor agreement with k, data from PLP-SEC measurement.”'~’* Only a few studies
indicate a somewhat better agreement,”>’® which is due partly to a significant
increase in the quality of the ESR signals by using optimized ESR cavities and spec-
trometers.”’ The studies indicating better agreement seem to have been carried out
under specific experimental conditions, allowing for a reliable measurement of the
long-chain limit of the propagation rate coefficient. These studies indicate that par-
ticular attention needs to be paid to the size of the steady-state free-radical concen-
tration, which should be in an intermediate range. The type of initiator also seems to
be important, as is the fact that the only free-radical in the system is the propagating
species. This point is of special importance in photochemically induced polymeriza-
tions, where, in addition to the photoinitiator, the monomer may also be excited.
Furthermore, the experimental conditions must be such that the majority of propa-
gating radicals are of sufficiently large size to avoid determination of untypically
high-propagation-rate coefficients, which are known to occur with free radicals of
short chain lengths. Because of this limitation, studies into higher k, monomers
may be advantageous (unless polymerization rates become too fast to allow precise
determination of monomer conversion—time profiles). Moreover, it should be veri-
fied whether high-molecular-weight material is indeed produced. A specific problem
of ESR spectroscopy is calibration of the spectrometer. Usually, calibration proceeds
via the measurement of the signal of a known concentration of a stable radical [e.g.,
2,2,6,6- tetramethylpiperidine-1-oxyl (TEMPO)] in the same medium in which the
polymerization is carried out. The calibration may be the most serious drawback of
the ESR method for k,, determination, since (1) it is very likely that the two different
radicals—the radical used for calibration purposes and the propagating radical—are
not comparable in terms of their detector signal and (2) the calibration is—strictly
speaking—valid only for the hypothetical case of 0% conversion and is immediately
invalidated as the polymerization process changes the bulk viscosity of the reaction
medium. It should also be noted that—similar to the PLP-SEC technique—only the
product of the propagation rate coefficient and the monomer concentration is the
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measured quantity. To this date, no technique exists that allows the direct
measurement of ki,

With these problems kept in mind, the ESR technique remains problematic for the
reliable determination of propagation rate coefficients and may be applicable in only
very specific cases. However, the ESR technique also has the indisputable advantage
of actually probing the propagating radicals directly and—in contrast to the PLP-
SEC method—does not rely on the interpretation of secondary data material such
as a molecular weight distribution. Valuable insight into the polymerization process,
particularly at high conversion rates, has been deduced from ESR spectra recorded at
different monomer conversions.

It should be briefly mentioned that the ESR technique may [via Eq. (4.29)] also be
applied toward the measurement of termination rate coefficients. There are several
publications reporting on the k; measurements via ESR. However, these measure-
ments are associated with same problems as the k, determinations (for examples,
see Refs. 78-80).

4.11.2.3 Quenched Instationary Polymerization Systems (QUIPS) Quenched
instationary polymerization systems®' are characterized by the complete deactiva-
tion of all radicals by reaction with an inhibitor after a certain time. A
photopolymerizable mixture passes through a capillary system, is irradiated at a
specific location, and polymerizes in the capillary during a well-defined dark period
until it drops into a quenching bath. The parameters determining the type of QUIPS
are the duration of the initiation period (#;) and an eventually following dark period
(tp). The method is based on the intentional limitation of the maximum active chain
length L, max that the radicals can achieve. For this purpose all radicals present at a
certain time in the system are deactivated by reaction with an inhibitor. Therefore,
the kinetic scheme for the free-radical polymerization is extended by the quench
reaction with the rate constant k4. A number of stable free radicals are known to
fulfill the conditions of an extremely fast and efficient quench reaction (e.g., nitroxyl
radicals below 100°C). It is essential that the products of the quench reaction be
stable and not be mediators for consecutive reactions. Experimental conditions can
be chosen to ensure that the quench reaction is complete within the timespan
necessary for an ordinary propagation step, namely, 1/(k,[M]). Under these
conditions the radical spectrum present at the beginning of (the short) quench period
is immediately converted into inactive products. Measuring the chain length
distribution by size-exclusion chromatography reveals a structured shape that allows
determination of k, in accordance with the same equation as Eq. (4.87) used in PLP-
SEC, which relates the active lifetime of a growing macroradical to its maximum
active chain length.

4.11.3 Methods for the Measurement of k.

The evaluation procedures and theoretical basis for the determination of transfer
constants, C, have been extended and perfected since the early 1990s, and a great
number of transfer constants have been determined by various research groups (for
examples, see Refs. 82 and 83 or the multiple entries in the Polymer Handbook™").
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The transfer constant is defined by Eq. (4.54) as the ratio of the transfer rate coeffi-
cient, ky, to the propagation rate coefficient, k,:

c=tu (4.122)
kP

The standard procedure for transfer constant measurement (to the monomer itself,
any other added substance or deliberately added transfer agent, such as a thiol or a
catalytic chain transfer agent) has always been the Mayo method.®® However,
Gilbert has introduced the chain length distribution (CLD) method®® as an alterna-
tive way to determine transfer constants. The Mayo and CLD methods in themselves
also provide different choices of data analysis. Both methods have been carefully
compared and thoroughly discussed with the conclusion that both are theoretically
equivalent.®’

In terms of applied experimental procedures, there are only two conceptually dif-
ferent methods available. The first one is the conventional or typical polymerization
via thermal polymerization experiments with specific amounts of thermally decay-
ing initiator present in the reaction mixture. Various groups have used this technique
to determine transfer constants as the impressive collection of data in Ref. 84 indi-
cates. Kukulj et al.,®® for example, investigated the transfer to monomer constant of
methyl methacrylate (MMA), styrene, and a-methyl styrene (AMS) at 50°C using
thermal polymerization. To generate a sufficiently low radical flux to achieve trans-
fer-dominated reaction conditions, the stock solution of the initiator in the monomer
is successively diluted. This gives a series of solutions with decreasing initiator con-
centrations yielding increasing molecular weights on polymerization. In many cases
and when the initiator concentrations are chosen correctly, a limiting molecular
weight is reached, which may then be used to determine the transfer to monomer
constant via either the Mayo or the CLD method.

A second and more recent experimental technique became possible with the
advent of pulsed laser systems: pulsed laser polymerization (PLP) in combination
with subsequent size-exclusion chromatography (SEC) of the resulting polymer is
the standard and IUPAC-recommended technique for determination of propagation
rate coefficients, kp.70 However, several research groups have used PLP to determine
transfer rate constants to a range of chain transfer agents. For example, Hutchinson
and co-workers® determined the transfer coefficients for transfer to n-dodecyl mer-
captan in methyl methacrylate (MMA), styrene, ethyl methacrylate (EMA), and
butyl methacrylate (BMA) homopolymerizations in the temperature range between
20 and 80°C. By adding sufficient transfer agent, these authors were able to generate
transfer-dominated conditions, as seen by the loss of the PLP characteristics in the
molecular weight distributions (MWDs) obtained by SEC analysis of the polymers.
In addition, Buback and co-workers”® designed a method to determine the value of
the propagation rate coefficient, kp, and the transfer to monomer rate coefficient (kM
from a single PLP experiment. Packages of high-frequency pulses separated by long
dark time intervals gave rise to two polymer distributions. This procedure has been
termed the “railroad” experiment, due to the characteristic pulse profile of the light
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source that resembles the sounds pattern generated by a moving train. The polymer
produced during the high-frequency pulse packages may be used to determine k,,
while the polymer produced in the longer dark time may be used to determine Cy;.”"”"

Pulsed laser polymerization, however, is seldom the method of choice for mea-
suring transfer to monomer rate coefficients via the CLD method, because the CLD
method requires termination to be an unimportant or even absent route of radical
chain stoppage as compared to transfer to monomer. In addition, the CLD method
is, like the Mayo method, derived for steady-state polymerizations. Moreover, the
radical flux must be low enough so that transfer, rather than termination, is the
main chain-stopping event, and the polymerization is truly transfer dominated.
PLP is essentially used as a flickering termination rate technique, that is, as a tech-
nique that makes essential use of effective termination. PLP can, however, be made
applicable for even studying transfer to monomer, if combined with a rotating reac-
tor/cuvette assembly.”” This assembly permits time-efficient experiments with very
long pulse periods and thus enables high-molecular-weight material to be produced
at very low radical concentrations or termination rates, respectively. The rotating
reactor/cuvette allows for acceptable polymerization rates even for slowly propagat-
ing monomers such as styrene.

The mathematical methods used to analyze molecular weight distributions gen-
erated in transfer-controlled free-radical polymerization experiments, specifically,
the Mayo and chain length distribution (CLD) methods, are discussed below.

4.11.3.1 Mayo Method The overall chain transfer constant, C, is defined as the
ratio of the chain transfer and propagation rate coefficient, k/k,. For example, Cr is
the ratio of the rate coefficient for chain transfer to chain transfer agent, 7, and the
rate coefficient for propagation. It is a measure for the reactivity of a chain transfer
agent. The higher the value of Cr, the lower the concentration of the chain transfer
agent required for a particular molecular weight reduction. This effect on the
molecular weight of the polymer is quantitatively described by the Mayo equation,
Eq. (4.55), which expresses the reciprocal of P,, the number average degree of
polymerization, as a function of the rates of chain growths and chain-stopping
events. Neglecting chain transfer to solvent, initiator, and polymer, this assumption
is nearly fulfilled in bulk polymerizations at low overall monomer conversions; Eq.
(4.55) reads, after insertion of Eq. (4.13)

1 (1+8)k T]

—=—5Ry+Cy + Cr— 4.123
1Y R V] (4123)

The usual procedure for measuring the chain transfer constant Cr—henceforth
referred to as the Mayo procedure—involves determination of the number average
degree of polymerization for a range of [T]/[M] values and plotting the data as
(Pn)_' versus [T]/[M], that is, a Mayo plot. The value of Cr is then determined
as the straight-line slope of this plot. This procedure assumes that the intercept is
independent of the variation of [T]/[M]. However, the chain-length-dependent ter-
mination rate coefficient implies that the first term on the r.h.s. of Eq. (4.123) is in
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general not a constant, and therefore a Mayo plot is not necessarily linear. This is a
principal weakness of the Mayo method. However, in practice, this effect does not
seem to be significant, which suggests that in systems with added chain transfer
agent, the first term on the r.h.s. of Eq. (4.123) generally makes a negligible contri-
bution to (P,) "

4.11.3.2 Chain Length Distribution (CLD) Method The transfer process shifts
the chain length distribution generated by the polymerization process to lower
molecular weights. The Mayo method, described above, relies on the accurate
determination of the number average degree of polymerization, P,. Especially if the
chain length distribution shows considerable amounts of low-molecular-weight
material, application of the Mayo method is problematic. In the cases when size-
exclusion chromatography is chosen to measure the number average degree of
polymerization, P,, baseline errors in the low-molecular-weight region show a
significant influence on its value.

To overcome this problem, Gilbert and co-workers introduced a method, that
places more emphasis on the high-molecular-weight region of the polymer chain
length distribution.”?

The general rate law for the polymerization process reads as

= kp[M][R}_1] — (kp[M] + AM[M] + kT [T] + 2 Z KIRS)) - [Rf]  (4.124)

Introducing the steady-state principle, d[R°]/dr = 0, yields an recursive expression
for the concentration of macroradicals with chain length i:

M T 0o pijmper\ !
R = (Hkn M] + Ky [T+ 250 K [RA) R (4.125

kp[M]

A repeated substitution leads to an expression of this free-radical concentration as a
function of the concentration of radicals being composed of one monomeric unit, [R ]:

R (1 LRI+ AT 23 ké"’[R}]) .

" (4.126)

The rate law for radicals of chain length 1, [R]], combines the rate of formation
of these radicals via the initiation process, R;, the rate of their formation by transfer,
and the rate of their loss by propagation, transfer and termination events:

dRi]
dt

— R+ (RM[M] + KT [T]) - o — (ko [M] + KM [M] + £7[T] +2Zk”

(4.127)

where py = > 7, [R}] is the overall free-radical concentration.
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Introducing the steady-state assumption and insertion of Eq. (4.127) into
Eq. (4.126) leads to

a_ (Ri+ kMg + kg [Tk KM+ KET) 25702, KR
= (SR <” WM )

(4.128)

If transfer and termination events are much less probable than propagation, specifi-
cally, ky < kp,and 2 3%, ki [Rj] < ky[M], the r.h.s. of Eq. (4.128) can be rewritten
as a progression with only two terms, using e* = 1 4 x:

RYIM) + KE(T) + 2 55, KRy l.) (4.129)

SRR

For transfer-dominated systems, the shape of the polymer distribution is the same as
that of the free-radical distribution, [R;] = [Pp], keeping in mind that the chain
length i equals the degree of polymerization, P. It turns out that this situation is in
fact more general: Clay and Gilbert”® have shown that also for partly termination-
controlled distributions, the following equation holds true, in which the slope of the
logarithmic number distribution (xp = [Pp]/ > p_([Pp]) is correlated with the
kinetic parameters:

dinxy Ky M) +&J[T] +2377 k7 R)]
ar kyM]

(4.130)

A plot of the logarithmic slope against the ratio of the transfer agent to monomer
concentration, [T]/[M], allows one to calculate the transfer constant, C = ki / kp.
It should be kept in mind that as a result of the chain-length-dependent termination
process, Eq. (4.130) is valid only in the long-chain limit. However, reasonable
results are achieved at lower molecular weights as well. This method has been stu-
died extensively”* and is now frequently used as an alternative to the classical Mayo
method. Although it was shown that both methods are in essence the same,’” there
may be situations in which the CLD method is preferable over the Mayo method.

As mentioned earlier, the number average degree of polymerization, P,, is asso-
ciated with a certain degree of error. This is a difficulty of the Mayo method that
therefore encounters problems with low-molecular-weight polymers. Another situa-
tion when the CLD procedure is more advantageous than the Mayo method is when
one must analyze a contaminated polymer sample. A contamination (of an arbitrary
nature) may alter the molecular weight distribution and will therefore significantly
change the molecular weight averages, rendering the Mayo procedure useless.
However, if a region in the molecular weight distribution can be identified in which
the distribution is less affected by the contaminant, this region can still be used in the
CLD procedure. The CLD procedure is also expected to be more robust when one
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has systematic errors in SEC calibration, because then the obtained molecular
weight averages will not be accurate, but the systematic error in values of xp can
be expected to cancel out to some extent when the slope of a In (xp) plot is taken.

4.11.4 Methods for the Measurement of k;

4.11.4.1 Single-Pulse—Pulsed Laser Polymerization (SP-PLP) Applying pulsed
laser-polymerization (PLP) in conjunction with infrared or near-infrared spectro-
scopic measurement of monomer conversion induced by a single laser pulse
(SP-PLP) allows for the determination of the ratio of termination to propagation rate
coefficients, k/k,, in wide ranges of temperature; pressure; and monomer
conversion. The SP-PLP technique was pioneered by Buback and co-workers in
the late 1980’s.”° The monomer conversion induced by a single laser pulse, typically
of 20 ns width, is measured by online IR/NIR (near-infrared) spectroscopy with a
time resolution of microseconds. The distribution of free-radical chain lengths after
a single laser pulse is close to a Poisson distribution where chain length is linearly

1.004

1.000

=]

Nl

el

[=3}
1

en(@®len’®

0.992 -

0.988

0.0005

res

-0.0005 : , : , .
0.2 0.0 0.2 0.4 0.6 0.8

time /s

Figure 4.12 Monomer concentration versus time trace of a methyl methacrylate (MA)/
dodecyl acrylate (DA) copolymerization at equimolar amounts of both monomers measured
in a reaction mixture at 40°C, 1000 bar and 5 wt% polymer concentration. The difference
between measured and fitted data [Eq. (4.37)] is illustrated by plotting the residuals (res) in the
lower part of the figure. The data ae taken from reference 37.
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Figure 4.13 Experimental setup for the single pulse (SP)-pulsed laser polymerization
(PLP). The diagram is after C. Kowollik, Ph.D. thesis, 1999.

correlated to time, unless chain transfer interferes. As a consequence, SP-PLP
experiments may provide access to investigations into the chain length dependence
of k. SP-PLP was first used for studies in ethene kinetics*® and subsequently to
measure free-radical termination of methyl acrylate (MA), butyl acrylate (BA), and
dodecyl acrylate (DA).”*?” Because of the high academic and technical interest in
detailed k; studies on slowly propagating monomers, the technique has also been
applied to methyl methacrylate (MMA),”® butyl methacrylate (BMA), and dodecyl
methacrylate (DMA) and various acrylate/methacrylate binary and ternary
copolymerizations.””” Figure 4.12 shows the spectroscopically measured relative
monomer concentration-time profile of a methyl acrylate/dodecyl acrylate
copolymerization at equimolar amounts of both monomers in the reaction mixture.
The relative change in overall monomer concentration induced by the single laser
pulse in this particular experiment is 1% after about 600 ms. Equation (4.37) has
been used to evaluate the kinetic trace. The difference between measured and fitted
data is illustrated by plotting the residuals (res) in the lower part of the figure,
indicating the excellent applicability of Eq. (4.37) to represent the kinetic data. The
principal experimental setup for SP-PLP experiments is illustrated in Fig. 4.13.
For the initiation of the photopolymerization, laser pulses of an excimer laser
(typically) operated on the XeF line at 351 nm are reflected on the optical axis of
the sample cell by UV mirrors (S) transparent in the infrared region. A detector
(D), which has to be calibrated prior to each measurement, is used to determine
the intensity of the laser irradiation in front of the optical (high-pressure) cell. If
needed, a second detector can be installed behind the optical high pressure cell
for the measurement of the amount of photons absorbed by the sample. A photoshut-
ter FV directly in front of the optical cell is used to intercept laser test pulses. This
shutter is, just as the laser, controlled by a computer. Test pulses are used to ensure a
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constant laser energy output, which is achieved only at pulse frequencies above
0.1 Hz. A tungsten—halogen lamp (La) serves as a source of infrared and near-infra-
red radiation. The lamp is powered by two lead accumulators to achieve a noise-free
signal. A second photoshutter (FV), directly in front of the monochromator, is used
to block out the analyze light to measure the detector signal without NIR radiation.
Preinitiation processes by UV parts in the spectrum of the tungsten—halogen lamp
are suppressed by a UV cutoff filter (F1). The analyze light is focused by a lens
(L1) on the sample contained in the optical high-pressure cell. A second lens (L.2)
focuses the analyze light onto the lid of a monochromator.

The light is then diffracted on an interference grating and reflected on a fast NIR
detector by an ellipsoid mirror (E). A silicium filter (F2) ensures that only one grat-
ing order hits the detector. The analog detector signal is recorded by a transient
recorder and transferred to a computer for further evaluation. To reduce potential
vibrations of the building, the entire setup is placed on solid granite board, which
is supported by rubber tubes.

The majority of SP-PLP experiments reported in the literature have been carried
out under high pressure to increase the conversion per single pulse. “True” single-
pulse experiments can be readily carried out for the acrylates (e.g., methyl acrylate,
butyl acrylate, or dodecyl acrylate). However, for slowly propagating monomers
such as MMA and styrene, the signal to noise ratio of a “true” single-pulse experiment
is too poor to allow a meaningful kinetic analysis of the monomer conversion—time
trace. Nevertheless, slowly propagating monomers may be studied by enhancing the
signal-to-noise ratio by coaddition of a larger number of individual SP-PLP signals
recorded under virtually the same conditions with only a minor decrease in both
monomer and photoinitiator concentration between ‘‘true’ single-pulse experi-
ments. As the concentration of free radicals originating from the previous pulse
decays to a very low level and as small primary radicals are generated by each pulse,
the range of chain length covered during successively recorded individual concen-
tration—time traces is identical. The number of coadded signals is limited by the
requirement of deriving k,/k,, for a small range of monomer conversion extending
over no more than ~2% to stay close to the intention of “pointwise’ probing the
kinetics. To effectively probe the kinetics of a given monomer, a minimum of
0.001% monomer conversion per single laser pulse is required for a sufficient
signal-to-noise ratio after approximately 100 coadditions of single-pulse signals.

4.11.4.2 Chain Length Distribution Methods The shape of the chain length
distribution of a polymer is directly governed by the kinetic parameters of the
polymerization process by which the distribution is generated. It is therefore self-
evident to try to extract these parameters from such a distribution, which is
convincingly realized by measuring k, by PLP (see Section 4.11.2.1) or determining
the chain transfer constant C via the Mayo or CLD methods (see Section 4.11.3).
Determining the rate coefficient of termination, k;, via the evaluation of the chain
length distributions is possible only in combination with polymerization rate
measurements. However, these methods also allow for determination of the chain
length dependence of k.. The chain length dependence of the termination rate
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coefficient should always be taken into account if reasonable results are to be
achieved.

The termination rate coefficient is, strictly speaking, not a constant, but is proven
to vary with the chain length of the two radicals involved in the termination
processmo (see Section 4.4):

ki o F (i, ) (4.131)

where kf’j is the rate constant of termination between radical chains of lengths i and j.
F(i) is usually represented by a power law of the type

F(i,j) = (i,j)" (4.132)

where 7,/ denotes some average (e.g., the harmonic'®' or the geometric'®* mean) of
the two chain lengths i and j involved and o a positive constant. As a consequence,
the problem of determining k; is not solved by evaluation of one specific value but
rather represents the evaluation of an entire functional dependence.

Most of the methods employed to deduce k; and k,, are based on the assumption of
a chain-length-independent termination rate coefficient and yield &, and k; in some
combination (k; /kior kf, /ky, respectively). In the past, before k;, could be determined
directly, the usual procedure was to use two different ratios of k, and k; and to split
them into their individual components via combination. In view of the chain length
dependence of k, it is clear that any (single) experiment aiming at the determination
of k. will render only an average value k; that is defined by the method used and the
experimental conditions chosen (e.g., monomer and initiator concentration, type of
initiation). Combination of k,/k and k; /kq ratios, which are invariably taken from
different experiments, therefore always involves averages of k, that are not consis-
tent with each other.

Any serious approach aimed at the determination of &, should therefore avoid the
shortcomings outlined above. This implies that one should (1) preferentially refer to
single-point measurements, (2) avoid combinations of two different ratios of k, and
k, (3) take advantage of the possibility of determining k;, directly (e.g., by PLP-SEC)
and (4) make sure that the average of k, is a fair replicate of the true average (k) [see
Eq. (4.14)], which is operative in the respective experiment.

With these premises fulfilled, it is possible to treat a k, value originating from an
experiment dealing with reactions between radicals of different chain lengths, as an
average k, specific for the experimental conditions chosen. Assuming this average k;
to be physically correct, a power law of the form

kg =k0- v~ (4.133)

with the same exponent o as in Eq. (4.132) will be obtained. In order to establish the
correct chain length dependence of k;, the averages of k; have to be correlated with a
quantity characteristic of the population of terminating radicals in each experiment.
The best solution to this problem appeared to chose a quantity V' that marks the
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number average chain length of the radicals at the moment of their termination. v/,
which is proportional to the number average degree of polymerization P, of the
polymer formed

v = —P“(l; %) (4.134)

thus in itself is independent of the mode of termination (combination or dispro-
portionation). The preexponential factor in Eq. (4.133), k_, is not to be confused
with the termination rate coefficient of two radicals of chain length 1, but is rather
a proportionality factor with no physical meaning associated with it.

Two successful approaches, designed for systems with negligible chain transfer,
are (1) analysis of the second moment of the chain length distribution, represented
by the product of the rate of polymerization R, and the weight average degree of
polymerization, P; and (2) the formal solution for & of the rate equation for poly-
merization with periodic laser pulses (see Section 4.6.4). Both methods were origin-
ally derived for chain-length-independent termination.'®'** In both cases
additional quantities have to be known; apart from k,, the quantity & (contribution
of disproportionation to overall termination) must be available in the first case and
the quantity p (the concentration of new radicals formed in each laser pulse) in the
second (implicitly the knowledge of o is necessary, t0o).

The two averages of k;, l_cin and l_cl* , are calculated as follows:

1. l_cin from the product of rate of polymerization R, and weight average degree
of polymerization P, (which represents the second moment of the chain
length distribution per time)

2

Pu Ry — -2 (M3 - 5) (4.135)
W R = '

2. I_ct* from the rate of polymerization under the same conditions given by

1+ (1 + pkz;%)o‘s] } (4.136)

As indicated above, both equations were originally developed for chain-length-
independent termination; their use in the context of chain length dependence,
however, is permissible only if the k; data obtained are explicitly treated as averages.

The quantity p can be determined as follows. In systems with negligible chain
transfer, the following relation holds:

kp[M -
R, M1n{1+pk;ro

- 2];:1‘0

2Rpl0

P01 (4.137)

p:
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Once P, is known, p can be calculated for a given 8. A reasonable estimate of & is
sufficient because & never appears as an isolated factor in the calculation [as either
(3—10) or (1 + 3)]. However, errors in & do not significantly influence absolute
values of k.. The values for o, representing the chain length dependence of k,
remains nearly unchanged.

The polymerization is performed via a PLP-SEC experiment (see Section
4.11.2.1), which allows one to control the number average degree of polymerization
easily by choosing different laser frequencies and gives the exact chain length dis-
tribution of the produced polymer. The value of the propagation rate coefficient, kp,
can be obtained by the same experiment. Measuring the rate of polymerization, Ry,
by determining the conversion of the polymer produced per time, and the number
and weight average degree of polymerization, P, and P,, allows calculation of
the absolute values of average k, according to Eqgs. (4.135) and (4.136). Insertion
into Eq. (4.133) gives values of o, which is a measure for the chain length depen-
dence of the termination rate coefficient for macroradicals of sufficiently large size
(according to region B in Fig. 4.3).

Another method used to measure the chain length dependence of k, via evaluation
of the chain length distribution of the polymer formed in a single-pulse experiment
uses Eq. (4.138) to measure model-independent values of the termination rate coef-
ficient k, at any given chain length'®

i Vi, M Vi, M
[ — ol ]XPZP o= OOP[ ]x2p2 (4.138)
(JO Xop dP — IO Xop dP) (J‘P Xop dP)

where x,p is the differential number distribution for termination by combination and
Van arbitrary volume.

There are two uncertainties in this development that prevent a direct application
of Eq. (4.138). The first one is the quantity V, which plays the role of a scaling factor;
the second refers to the fact that the integration of x,p cannot be carried out to infi-
nity in practice, due to the effect of chain transfer in the high-molecular-weight
region. This implies that some maximal chain length, P,,.x, has to be introduced
that corresponds to a specific residual radical concentration [R°] ., present at the
moment at which integration is stopped. The calibration problem as a whole might
be solved by estimating values for [R°], as well as for [R"] ... They may be calculated
via ktl’1 from the Smoluchowski equation or from literature data and by combination
with average k, data linking [R*]; and [R°] ., or alternatively from SP-PLP traces.

The chain length dependence of k, can also be assessed by fitting a chain length
distribution obtained from a single-pulse experiment to the theoretical distribution
given by Eq. (4.83).'°° However, with this method it is also not possible to measure
absolute termination rate coefficients, because of unknown absolute scaling factors.

4.11.4.3 Stationary Polymerization Methods Determination of the kinetic rate
coefficients k. and k, in their coupled form kpz/k[ has long proceeded via
measurement of the rate of polymerization and the calculation of the Icp2/1<t via
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Eq. (4.20). With the advent of pulsed laser techniques that allows to obtain much
more accurate and detailed information about the kinetic rate coefficients (such as
chain length dependencies), these techniques became less important. Nevertheless,
measurements of the rate of polymerization are still widely performed and are used
especially for systems where the novel techniques are not applicable. This is
especially true for measurements of the termination rate coefficient, k;, where rate of
polymerization measurements, in combination with independent experiments for the
k, determination, are sometimes the only possibility to get an estimate for k..
However, it should always be kept in mind that determination of termination rate
coefficients from stationary polymerization experiments yields only an average and
approximate value for k,, as has been outlined in Section 4.5. The polymerization
rate can be measured via any quantity that it is directly proportional to. Possible
quantities are the density (dilatometry), the refractive index (refractrometry), the
heat of polymerization (calorimetry), the polymer mass (gravimetry), or a spectral
absorption (IR/NIR and NMR spectroscopy).

The most two common methods are dilatometry and spectroscopic methods.
Dilatometry has the advantages of being easy to perform and having low equipment
costs. This technique utilizes the volume change that occurs on polymerization to
follow monomer conversion versus time. It is applicable to free-radical polymeriza-
tion, due to the large difference in the densities of polymer and monomer. For exam-
ple, the density of methyl methacrylate changes by approximately 22% when going
from its monomeric to its polymeric form. The density changes in other polymeriz-
ing systems are of the same order of magnitude. The density change is followed in a
volume calibrated dilatometer. In modern dilatometers the volume change is fol-
lowed by the computer-controlled observation of the meniscus of a solvent in a
capillary on top of the reaction mixture. It is important that the solvent does not
mix with the reaction mixture.

The spectroscopic measurement of the rate of polymerization is inherently more
elegant than any other of the abovementioned methods, since it directly probes the
reaction mixture on a molecular level and does not rely on the interpretation of a
secondary quantity. In addition to providing the rate of polymerization, spectro-
scopic methods provide real-time insight into the reaction process. The major dis-
advantage of spectroscopic methods is the relatively large price of, for example,
NMR or Fourier-transform infrared spectrometers. Kinetic spectroscopic measure-
ments normally proceed via the recording of a part of the spectrum where a spectro-
scopic absorption is directly associated with the monomer in the reaction mixture.
Care has to be taken that during the course of the reaction no formed product dis-
plays an absorption in the same frequency region as the monomeric species. This
requirement is met for most monomers in kinetic '"H NMR spectroscopic investiga-
tions, where the vinylic absorption(s) can be easily used to probe the progress of the
reaction.'”” However, NMR spectroscopic investigations are limited in their time
resolution. For faster proceeding reactions, NIR/IR Fourier- transform spectroscopy
has been successfully performed to follow free-radical acrylate and methacrylate
polymerizations, using the first overtone of the C—H stretching vibration on the
double bond at roughly 6200 cm~".%’
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4.11.4.4 Determining the Mode of Termination: Disproportionation versus
Combination Several experimental approaches have been taken to determine the
mode of chain termination in free-radical polymerization. These have been
extensively reviewed by Moad and Solomon.'”® In the case of termination by
disproportionation, a chain is generated with one initiator fragment, whereas in the
case of combination, a chain with two initiator fragments is formed. Determination
of the number of end groups to the number of monomer units consumed by the
polymerization process allows for the calculation of 8, via the additional knowledge
of the number average degree of polymerization, P,. Unfortunately, identification
and quantification of chain ends are not simple as they give only small signals
(relative to the rest of the polymer chain) in a spectroscopic analysis. This can be
overcome to some extent by isotopic labeling of the initiator end groups by '*C or by
using initiator fragments containing fluorine or phosphorus as NMR-sensitive
molecules. Other complications in the analysis include isolation of the long-chain
termination process from other chain-stopping mechanisms such as chain transfer
and primary radical termination. Because of these experimental difficulties, there
remains considerable uncertainty in existing termination mode measurements, and
there is a large scatter in the obtained results. The application of the matrix-assisted
laser desorption ionization time-of-flight mass spectroscopy (MALDI-TOF-MS) to
the problem of end-group analysis of polymers brought some promising results to
this field of polymerization kinetics.'®
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5.1 INTRODUCTION

In free-radical copolymerization a mixture of two or more monomers are polymer-
ized in order to produce polymers consisting of units from each constituent mono-
mer. This provides an extremely powerful synthetic route to a diverse range of
materials. The copolymers exhibit properties combining those from the parent
homopolymers. The basic kinetic model describing propagation in copolymerization
was developed in the early 1940s, and scientific research into copolymerization has
almost exclusively focused on a model-based approach; a model is often assumed
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and then model-dependent parameters are deduced and then reported and discussed.
The drawback with this approach is that the model-dependent parameters can easily
be overinterpreted. By definition, a model is not reality, and therefore some attention
needs to be devoted to the shortcomings of models and where they fail. It is also
clear that using models as a route to understanding fundamental reaction kinetics
can often be flawed as the adoption of the model and its presumptions can limit
the outcomes. The general adoption of the terminal model has occurred because
of its overall utility in industrial applications. However, with the advent of pulsed
laser polymerization, ESR methods, and ab initio calculations it has become clear
that the terminal model is a crude representation of radical copolymerzation
reactions, and that the widely used reactivity ratios are in fact model-dependent
parameters that do not represent ratios of elementary rate constants. In this chapter,
the basic models for copolymerization kinetics are outlined and a pragmatic discus-
sion is included as a guideline on measuring and interpreting the model-dependent
parameters that can be accessed via indirect approaches. The most recent advances
in experimental approaches to determining termination rate coefficients in copoly-
merization have also led to a much clearer understanding of the important mechan-
istic aspects that influence kinetics of cross-termination reactions, and these are also
discussed.

In essence, it is important to recognize that the years of research since the early
1940s, with the inception of the terminal model and the ensuing cross-termination
factor based on chemical-controlled termination reactions, have seen considerable
advances in experimental techniques for probing copolymerization kinetics. This
has resulted in a more complex but richer understanding of the mechanistic features
of copolymerization than that proposed in the earliest kinetic models.

5.2  GENERAL FEATURES OF POLYMERIZATION KINETICS

As in hompolymerization, free-radical copolymerization proceeds via initiation,
propagation, and various types of chain-stopping reactions (such as chain transfer
to various types of substrate and radical-radical termination via combination or
disproportionation) (see Scheme 5.1).

Initiation: I—I — 2I-

Propagation: e + M — I—M:-
I—M- + M — [—M-M-
I—M-M- + M — I-M-M-M-
I—-M-M-M+« + M — [—M-M-M-M-

—= R—MH + S+ or
—= R=M + M-

Transfer:

+
Zwn

+

R'™—M+ — R—M-M-R’" or
+ R*—M+ — R=M + M-V’

Termination:

mR R
28 25

Scheme 5.1 General reaction scheme for free-radical polymerization.
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As in homopolymerization, the overall steady-state polymerization rate and
related quantities such as molecular weight and molecular weight distribution are
a function of the rates of these individual steps, although the rate coefficients for
the individual steps have to be replaced by averages over the composition of the dif-
ferent possible polymeric radicals. For instance, in the simplified case of no chain
transfer, equations for the overall polymerization rate and number average molecular
weight in terms of the average rates of the initiation, propagation and termination
steps, are as follows:'

N 12
Ry = M) (7 5.

_ R
M, = Mofp (for termination by disproportionation)
i
R, o o
= 2M, = (for termination by combination) (5.2)
i

Even in homopolymerization, these equations can be difficult to use as there are
chain length effects on the various termination rate coefficients and hence k; has
to be replaced by the average value (k)—a weighted average of the termination rates
of radicals of all different chain lengths:

<kl> = zoo:l zoo:l kl(n,m) % (53)

As can be seen in this equation, the chain-length-dependent (k) is a function of the
molecular weight distribution of the living chains and, since this is itself a function
of (k;), this already makes modeling very complicated. The problems of modeling
polymerization rates and molecular weight distributions while taking into account
the chain-length-dependence of k; were discussed in Chapter 4. In this chapter we
will concentrate primarily on the additional problems posed by the presence of more
than one type of monomer in the polymerization system.

In copolymerization the presence of more than one type of monomer adds an
extra degree of complexity to the reaction kinetics, as can be seen in Scheme 5.2.
At each propagation step, there is a choice of two different monomers that can be
incorporated into the growing polymer radical and this, as is clear from Scheme 5.2,
can rapidly give rise to countless different propagating radicals, each differing in
their overall composition and sequence distribution and, perhaps even more impor-
tantly, their active chain-end composition. Since the rate constants of the various
initiation, propagation, termination, and transfer reactions depend on the composi-
tion of the radical and (where relevant) monomer, in a free-radical copolymerization
system, these various reactions may simultaneously proceed via a variety of different
rate constants. Hence, for copolymerization, the kinetic equations for homopolymer-
ization need to be modified by replacing the homopolymerization rate constants with
expressions for their average values in copolymerization.
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I—M,—M Mi d
—M,—M,+ +
o s 1—M M,
=M + V1 ~
e M,
M \ Ml /
1 I—M|—M,+ +
M,
I- + N
P
M; —My—Mp +
AN el e M,
I—M, + M; N
M,
\ M] /
I—M,—M,s +
M,

/

Scheme 5.2 Possible propagation sequences in free-radical copolymerization.

It is also clear from Scheme 5.2 that the presence of more than one type of struc-
tural unit adds an extra dimension to the range of possible polymers that might be
assembled from a given monomer mixture. In addition to chain length and stereo-
chemistry, copolymers can differ in their

e Composition—the relative amounts of each monomer unit incorporated into

the copolymer.

Sequence distribution or microstructure—the way in which these monomer
units are arranged within a polymer chain. Depending on the selectivity of the
propagating radicals (and the polymerization conditions), a wide range of
microstructures are possible, ranging from strictly alternating copolymers
(i.e., ABABABABABAB...) to block copolymers (i.e., AAAABBBBBBAA
AAAA...) with any number of different random or semirandom structures
(e.g., BAAABBABABBB. . ) in between.

Chain-end composition—which monomer unit (or sequence of monomer
units) is at the active chain end when it is terminated via a disproportionation
reaction or via chain transfer. This is important if, as is often the case, a
specific end functionality is required.

Since these quantities can have an enormous effect on the chemical and physical
properties of copolymers, it is important to be able to model and hence control
them. Hence, copolymerization kinetics are complicated by the need to derive
expressions not only for the average values of the different primary rate constants
but also for additional quantities such as copolymer composition, sequence distribu-
tion, and chain-end compositions. Expressions for these additional quantities follow
directly from the kinetics of the various individual steps (see Table 5.1).

The key to copolymerization kinetics is thus to derive expressions for the average
rates of the different mechanistic steps (i.e., initiation, propagation, termination, and
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TABLE 5.1 Role of the Different Mechanistic Steps in Copolymerization in
Determining Copolymer Properties

Initiation Propagation Termination Transfer
Overall polymerization rate v v v 4
Molecular weight distribution v v v v
Composition v
Sequence distribution v
Chain-end composition v v v
Oligomer composition v 4 v v

transfer) as this enables modeling of not only the overall polymerization rates and
resulting molecular weight distributions but also modeling (and hence control) of
other important copolymer properties such as composition, sequence distribution
and chain-end composition. In theory, such expressions are weighted averages of
the rates of all the different possible variations on the particular mechanistic step
in question, as corresponding to all the possible compositions of the radical(s),
monomer(s), and/or substrate(s) involved in the reaction. However, as is clear
from Scheme 5.2, in practice, such expressions would be too complicated to use
as, in any given free-radical polymerization system, there are countless different
possible radicals present, all of which might react with each other in any combina-
tion (in the case of termination) or with either monomer or substrate, in the case of
propagation and transfer. In order to address this problem, and hence derive useful
models for copolymerization kinetics, simplifying assumptions must be made as to
the fundamental influences of reactivity in a given reaction.

For example, in deriving a propagation model it might be assumed that only sub-
stituents on the end unit of the propagating radical and on the monomer can affect
the propagation rate. Hence, although there may be countless types of propagating
radicals present in the system, it is necessary to consider only the reactions of two
types of radical: those ending in each of the possible monomer units. An assumption
such as this enables a family of simple equations to be derived, consisting of expres-
sions for the average rate of the type of step (in this case a propagation rate) and
expressions for any other copolymer properties that depend directly on the kinetics
of this step (in the case of propagation, such properties include copolymer composi-
tion, microstructure, and radical concentrations). Such families of equations are
known as a copolymerization model.

In this chapter we show how to derive expressions for the average initiation, pro-
pagation, termination, and transfer rate coefficients in copolymerization. These
expressions can be then be substituted into the homopolymerization equations for
overall polymerization rate and molecular weight distributions. We also show how
these can be used in expressions for predicting copolymer composition, sequence
distribution, and chain-end distribution. As noted above, to derive these expressions,
various assumptions have to be made about the fundamental influences on the reac-
tion in question, with each set of assumptions giving rise to a family of equations,
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known as a copolymerization model. Especially in the case of the propagation reac-
tion, many different copolymerization models have been derived, some or all of
which may be applicable for certain types of copolymerization systems. In this
chapter we describe some of the main copolymerization models and discuss their
likely applicability to the various types of copolymerization system. We then con-
clude with a discussion of how such models, and other mechanistic information, may
be used to achieve control of overall composition and chain-end composition,
sequence distribution, and possibly even stereochemistry in free-radical copolyme-
rization.

5.3 PROPAGATION KINETICS

Copolymerization propagation kinetics have perhaps the most significant impact on
copolymer properties, for they not only form an important component of the overall
rate and molecular weight distribution equations but also directly govern the copo-
lymer composition and microstructure, and the chain-end composition of the living
radicals (which, in turn, affects the chain-end composition of the dead polymer).
Furthermore, it is the geometry of the transition structure in the propagation reaction
that governs the stereochemistry of the resulting polymer. The ability to understand
the fundamental influences on the propagation reaction (from both kinetic and
mechanistic points of view) thus enables these important properties to be modeled
and hence controlled, simply by manipulating the reaction conditions (such as
solvent type, monomer feed composition, and temperature).

5.3.1 How to Derive Copolymerization Propagation Models

In order to model the overall propagation rate of a copolymerization, and the
composition and sequence distribution of the resulting copolymer, it is necessary
to kinetically model each individual propagation step. This would appear (from
Scheme 5.2) to involve numerous kinetic expressions, and hence, not only would
the development of an overall model be very complicated, but the resulting model
would also contain numerous characteristic parameters (corresponding to the
numerous kinetic constants) and would thus be of little practical value. To address
this problem it is necessary to reduce the number of reactions that need to be char-
acterized. This is achieved by making simplifying assumptions as to the fundamental
influences on radical reactivity, which thereby enable the large set of chemically dif-
ferent reactions to be grouped into a small number of sets of kinetically different
reactions. Three types of such simplifying assumptions that are made in deriving
a copolymerization model are as follows:

1. Long-Chain Assumption. Provided the chain length of the propagating
radical is greater than around three units in length, the rate of the propagation step
can usually be assumed to be chain-length-independent.” It is thus possible to treat
the reactions of long radicals that differ only in their chain length as being
kinetically equivalent. However, in any free-radical polymerization the initiation
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and other small-radical addition steps will nevertheless occur. For the contribution
of these kinetically different steps to be ignored, the ‘““long-chain assumption™ is
frequently made. In other words, it is assumed that the average chain length of
polymer radicals is long enough for the contributions of the short-chain reactions to
be negligible. On the basis of this same assumption, it can also be assumed that the
effect of selective termination or transfer reactions on the relative radical
concentrations is negligible. The assumption is usually valid for polymers whose
average chain length is greater than around 10 monomer units. Finally, for linear
polymers, the long-chain assumption directly implies the quasi-steady-state
assumption.” This latter assumption, which states that the relative radical
concentrations are constant, is used explicitly in some of the methods for deriving
copolymerization models.

2. Unimportance of Remote Substituent Effects. Although the rate of the
propagation reaction depends on the composition and sequence distribution of the
radical, in practice the effect on radical reactivity of all except those substituents
near to the active chain-end can be considered to be negligible. Thus, by assuming
that substituent effects beyond some remote position on the polymer radical are
insignificant, it is possible to treat the reactions of radicals differing only in their
remote substituents as being kinetically equivalent. If, for instance, it is assumed
that only the terminal unit of the polymer radical can affect its reactivity, then in
any free-radical copolymerization it is necessary to consider only two types of
radical—corresponding to the two types of terminal units. Alternatively, if it is
assumed that both the terminal and penultimate units of the polymer radical can
affect its reactivity, then four types of radical need to be considered, corresponding
to the possible combinations of the two types of terminal and penultimate units.
And so forth.

3. Side Reactions. A number of side reactions may also affect the rates of
propagation of the different types of monomer and radicals. In deriving a
copolymerization model, these reactions must be taken into account. Some of the
types of side reactions that may affect the copolymerization kinetics include
depropagation, monomer partitioning, and various forms of complex formation.
Rather than include all of these side reactions (and thus end up with an absurdly
complex model containing countless characteristic parameters), simplifying
assumptions as to the importance or unimportance of these various types of side
reactions are made. If, for instance, spectroscopic data indicate that complex
formation does not occur, side reactions involving complexes can be ignored.
Alternatively, if thermodynamic data indicate that the comonomers are ideally
mixed, monomer partitioning may be ignored, and so forth. Some models, such as
the terminal model, ignore all of these side reactions, while other models may take
into account several different side reactions.

In this section we deal with copolymerization models for which the long-chain
assumption is always made—models for oligomeric systems in which this assump-
tion is not valid will be discussed in a subsequent section. Although the alternative
copolymerization models all make (1) the long-chain assumption, they differ in the
particular assumptions they make with respect to (2) which substituents are capable
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of affecting the propagation reaction and (3) which (if any) side reactions can occur.
Once these assumptions are made, it is possible to derive expressions for the overall
propagation rate constant in a free-radical copolymerization, the concentrations of
the different types of radicals, and the composition and sequence distribution of the
resulting copolymer, as a function of the monomer concentrations (frequently
expressed as molar feed fractions) and some characteristic constants (i.e., the rate
coefficients or, where relevant, equilibrium constants of the individual reactions).
The general procedure for deriving such equations is outlined in the Appendix,
where the derivation of the terminal model equations is used as an example.

5.3.2 Examples of Copolymerization Propagation Models

5.3.2.1 Terminal Model 1In the terminal model it is assumed that the terminal
unit of a propagating polymer radical is the only factor influencing its reactivity, and
that side reactions are not significant. As a result, there are only four types of
propagation reactions in the free-radical copolymerization of any two given
monomers (M; and M,):

kij ..
RM; + M; — RM;M; (i,j=1or2)

From this assumption, Jenkel,* Mayo and Lewis,” and Alfrey and Goldfinger® all
independently derived an expression for copolymer composition (F /F,) as a func-
tion of the monomer feed fractions (f; and f>) and the reactivity ratios (r; and r;,) of
the monomers:

Fi fi nfith ki, . .
—=—-———= where rp=— i and i,j=1or2 54
F,~ f rf+h 7 ’ G4)

Alfrey and Goldfinger® also derived expressions for the sequence distribution and
the number average degree of polymerization expected for a copolymerization obey-
ing the terminal model. They later extended the terminal model to describe polymer-
izations involving three or more monomers.”® Fukuda et al.® derived the following
expression for the copolymerization propagation rate constant (k,) under the
terminal model:

 nfi 20k +nf
o) = [rifi/kut] + [rafa/kaa] 5-5)

This equation follows from the kinetic analysis of copolymerization by Melville et
al.'® and Walling,'" who arrived at an expression for the overall rate of copolymer-
ization, assuming a terminal model for both propagation and termination.

5.3.2.2 Explicit and Implicit Penultimate Models 1In the explicit penultimate
model, it is assumed that both the terminal and penultimate units of a polymer
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radical may affect the rate of the propagation reaction. As in the terminal model, side
reactions are considered to be insignificant. The explicit penultimate model was first
suggested in 1946 by Merz et al.,'? who derived equations for predicting the
composition and sequence distribution under this model. A full description of the
model—including an expression for (k,)—has since been provided by Fukuda
et al.,13 whose notation is used in what follows.

In the presence of a penultimate unit effect, there are eight different types of
propagation reactions to characterize:

RM;M; + M, — RM;M;M; i,j k=1 or?2

From their eight different propagation rate constants, four different monomer
reactivity ratios (r; and r{) and two radical reactivity ratios (s;) can be defined as fol-
lows:

Kiii ki ki

o r Wi _ WKjii . . ..

= = s; =-— Wwhere i#j and i,j=1or2
iij vjij iii

These are used to calculate the adjusted parameters, 7; and kit

_ firi +f; . .,

F=r (fir,'- +]é' where i,j=1or2 and i#j (5.6)

- rifi + f ) .. .

ki =kijj| ————— ] where i,j=1or2 and i#] 5.7
(Vifi +fi/si 5:7)

These are used in place of r; and k; in the terminal model expressions for
composition and (k) [i.e., Egs. (5.4), (5.5), and above).

The implicit penultimate model was first suggested by Fukuda et al. in 1985, in
order to describe their observation that the terminal model could be fitted to the com-
position data for the copolymerization of styrene with methyl methacrylate,
although it could not simultaneously describe the propagation rate coefficients. In
this model, the following restriction is placed on the explicit penultimate model:

kiii kii\ _ ki . .
ri <: —) =7 <: L) =" where i#j and i,j=1or2 (5.8)
kiij ki) ki

The penultimate unit effect is thus assumed to be absent from the monomer reactiv-
ity ratios, which are equivalent to their terminal model forms, and exist only in the
radical reactivity ratios (i.e., through values of s; # 1). This amounts to assuming
that the magnitude of the penultimate unit effect on reactivity is independent of
the type of monomer with which it is reacting (since the equality kj;/ki; = kj;; /kijj
follows directly from the assumption that r; = r}). In other words, it assumed that
there is a penultimate unit effect on reactivity but not selectivity. According to
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this assumption [i.e., Eq. (5.8)], Eq. (5.6) collapses into

kjii kiji kii . ..
?i:rlf(: L) :r,(: —) =" where i#j and ijj=1or2 (59)
kiij kij) ki

Thus the adjusted monomer reactivity ratios of the penultimate model are replaced
simply by their corresponding terminal model values. However, since the penulti-
mate unit effect can remain in the radical reactivity ratios (i.e., through values of
s; # 1), Eq. (5.7) does not collapse to its equivalent terminal model form (i.e.,
ki; # ki;;). Since the composition and triad/pentad fraction equations contain only
7; terms, they collapse to the corresponding terminal model equations. However,
since it contains both 7; and k;; terms, the propagation rate equation, unit effect on
the propagation rate but not the composition or sequence distribution.

5.3.2.3 Polarity Effects When polar interactions are important in the transition
structure of the propagation reaction, the polarity of the solvent may affect the
propagation rate. This may be explained as follows. Polar interactions are said to
occur when the transition structure is stabilized by charge transfer between the
reacting species.14 The amount of charge transfer, and hence the amount of
stabilisation, is inversely proportional to the energy difference between the charge
transfer configuration and the product and reactant configurations that combine to
make up the ground-state wavefunction of the transition structure. Now it is known
that polar solvents can stabilize charged species, as seen in the favorable effect of
polar solvents on both the thermodynamics and kinetics of reactions in which charge
is generated.'® Thus, when charge transfer in the transition structure is important, the
relative stability of the charge transfer configuration, and thus of the transition
structure, will be affected by the polarity of the solvent. Hence, when polar
interactions are important in a propagation reaction, a polar solvent can stabilize the
transition structure and hence lower the reaction barrier.

When such effects are important, the polarity of the solvent affects radical
selectivity as well as radical reactivity. This is because the extent to which charge
transfer stabilization can occur, and hence the extent to which polar solvents can
further enhance these effects, depends on both reacting species. For instance, in a
free-radical copolymerization, it is likely that polar interactions would be more
important in the cross-propagations (when the monomer and radical bear different
substituents and thus have different electronic properties) than in the homopropaga-
tions (when the monomer and radical bear the same substituents). Hence the effect of
solvent polarity on the stability of the transition structure (and thus the propagation
rate) would generally be expected to be greater in the cross- than in the homopro-
pagation reactions. Thus, there would be a net effect of solvent polarity on the reac-
tivity ratios of the copolymerization (regardless of whether these polar interactions
are influenced by the penultimate unit, or merely by the terminal unit).

There are two cases to consider when predicting the effect of solvent polarity on
copolymerization propagation kinetics:
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1. The solvent polarity is constant as a function of the monomer feed composi-
tion for the given copolymerization system, as would be the case if the
solvent polarity is dominated by an added diluent, or if the comonomers have
similar dielectric constants (such as in the bulk copolymerization of styrene
with methyl methacrylate'?).

2. The solvent polarity varies with the comonomer feed mixture for the given
system, as would be the case in a bulk copolymerization of monomers with
significantly different dielectric constants (such as in the bulk copolymeriza-
tion of styrene with acrylonitrile').

In case 1, the effect on copolymerization kinetics is simple. The various reactivity
ratios would vary from solvent to solvent, but, for a given copolymerization system,
they would be constant as a function of the monomer feed ratios. The copolymeriza-
tion kinetics would simply follow the appropriate base model for that system
(according to which side reactions were assumed to be important, and which units
were assumed to affect radical reactivity).

In case 2, the effect of the solvent on the copolymerization kinetics is more com-
plicated since the various reactivity ratios would not be constant as a function of the
monomer feed. To model such behavior, it would first be necessary to select an
appropriate base model for the copolymerization (based on the usual assumptions).
It would then be necessary to replace the various reactivity ratios (included in the
base model as constants) by functions of the composition of the comonomer feed
mixture. These functions would need to relate the reactivity ratios to the solvent
polarity, and then relate the solvent polarity to the comonomer feed composition,
and would thus vary depending on the particular chemical properties of the mono-
mers. It is therefore difficult to suggest a general kinetic model to describe these
systems, but it is clear that such effects would result in deviations from the behavior
predicted by their appropriate base model.

5.3.2.4 Radical Complexes Solvents can also interfere with the propagation step
via the formation of radical-solvent complexes. When complexation occurs, the
complexed radicals are generally more stable than their corresponding uncomplexed
radicals as it is this stabilization that drives the complexation reaction. Thus, in
general, one might expect complexed radicals to propagate more slowly than their
corresponding uncomplexed radicals, if indeed they propagate at all. However, in the
special case that one of the comonomers is the complexing agent, the propagation
rate of the complexed radical may instead be enhanced if propagation through
the complex offers an alternative less energetic reaction pathway. In any case, the
complexed radicals would be expected to propagate at a rate different from their
corresponding free radicals; thus, the formation of radical-solvent complexes would
affect the copolymerization propagation kinetics.

A terminal radical-complex model for copolymerization was formulated by
Kamachi,'® who proposed that a complex is formed between the propagating radical
and the solvent (which may be the monomer), and that this complexed radical pro-
pagates at a different rate to the corresponding uncomplexed radical. Under these
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conditions (and assuming that the terminal unit is the only unit affecting radical
reactivity), eight different propagation reactions are used to characterize a binary
copolymerization:

kij ..

RM; +M; — RM;M; or RM;M;S where i,j=1or2
keij ..

RM;S +M; — RM;M; or RM;M;S where i,j=1 or2

There are also two equilibrium reactions for the formation of the complex (assuming
that only one complexing agent can complex with either radical):

RM,’—|—S<£>RM§S where i,j=1or?2

On the basis of these reactions, Kamachi'® derived expressions for the copolymer
composition under this model. Later, Fukuda et al.'” derived expressions for the
composition, triad/pentad fractions, and propagation rate, by deriving expressions
for 7; and k;;, which could be used in place of r; and k;; in the terminal model equa-
tions [Eqgs. (5.4) and (5.5)]:

i =k, Lt 5aKilS]
1+ K;[S]
. 1 + 5K;[S]
! 1 + (Vi/?cil')EC,‘K,‘[S]

(5.10)

ri =

(5.11)

where
kii — krii — kcii
ri=-; Fie=7—; Sq=-—; Lj=1lor2 and l#.]
i cij il

Variants of this model may be derived by assuming an alternative basis model (such
as the implicit or explicit penultimate model) or by making further assumptions as to
the nature of the complexation reaction. For instance, in the special case that the
complexed radicals do not propagate (i.e., 5,; = 0 for all i), the reactivity ratios
are not affected (i.e., 7; = r; for all i), and the complex formation serves only to
remove radicals (and monomer, if monomer is the complexing agent) from the
reaction, resulting in a solvent effect that is analogous to a bootstrap effect (see
Section 5.3.2.6).

5.3.2.5 Monomer Complexes A solvent may also interfere in the propagation
step via complexation with the monomer. As was the case with radical-solvent
complexes, complexed monomer might be expected to propagate at a rate different
from that of free monomer, since complexation might stabilize the monomer, alter
its steric properties, and/or provide an alternative pathway for propagation. In
examining the effect of such complexation on copolymerization kinetics, there are
five different mechanisms to consider:
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1. The monomer—-monomer complex propagates as a single unit, competing with
the propagation of free monomer.

2. The monomer—monomer complex propagates as a single unit, competing with
the propagation of free monomer, but the complex dissociates during the
propagation step and only one of the monomers is incorporated into the
growing polymer radical.

3. The monomer-monomer complex does not propagate, and complexation
serves only to alter the free monomer concentrations.

4. The monomer-solvent complex propagates, but at a rate different from that of
the free monomer.

5. The monomer-solvent complex does not propagate.

Mechanisms 1-3 could apply when the complex is formed between the comonomers
and mechanisms 4 and 5 should be considered in cases where the complex is formed
between one of the monomers and an added solvent.

Models based on mechanisms 1 and 2 are known respectively as the monomer—
monomer complex participation (MCP) and dissociation (MCD) models. Mechan-
isms 3 and 5 would result in a solvent effect analogous to a bootstrap effect (see
discussion below), while mechanism 4 would result in a model similar to the
MCD model, although it would be based on a slightly different equilibrium expres-
sion. The MCP and MCD models are outlined in the following paragraphs.

The monomer—monomer complex participation (MCP) model was first suggested
by Bartlett and Nozaki,'® later developed by Seiner and Litt,' and refined by Cais
et al.?° In this model, it is assumed that the two monomers can form a 1: 1 donor—
acceptor complex and add to the propagating chain as a single unit in either
direction. Assuming that the terminal unit is the only unit affecting radical reactivity,
eight addition reactions and an equilibrium constant are required to describe the
system:

ki’
RM; + M7 — RM;M; where i,j=1or2

kiyj
RM; + M;M; — RM;M;M; where i,j=1or2 and i#j

kiji .. . .
RM; + M;M; — RM;M;M; where i,j=1or2 and i#j

M3+ M —— MM,

The composition and the propagation rate can be expressed in terms of the following
parameters: "'’

Fi _ ff (ABinfy + (AG)fy

Fy  f5 (AiB)nfs + (A2Ch)ff
() = (4B () + (AiB)R(£5) + (A1Cy + A CfSfs
P (Aarif? [kir) + (Airafs [k2)

(5.12)

(5.13)
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where

A =14 rs1.0ff and A =1+ rns:0f;
By =1+s5.(1+r N0f; and By=1+s.(1+7r")0f
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fi = feed composition of M; and f7 = [M;]/[M]
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As with all the models, variations are possible by making a different assumption as
to which units can affect radical reactivity. For instance, Brown and Fujimori*' have
derived expressions for composition and sequence distribution for the “comppen”
model, a complex-participation model that is based on the penultimate model.

In the monomer—monomer complex dissociation (MCD) model it is assumed that
the monomer—-monomer complex described in the MCP model dissociates on addi-
tion to the chain, with only one unit adding.”* A model based on this mechanism was
first formulated by Karad and Schneider™ and later generalized by Hill et al.**
Assuming that only the terminal unit of the radical affects the propagation step, eight
rate constants and two equilibrium constants are required to describe the system:

ki -
RM; +M; — RM;M; where i,j=1or2
RM; +M,;C — RM;M; where i,j=1o0r2

M; +C LM,-C where i,j=1 or 2
As with the penultimate and radical-complex models, it is possible to express the

model in terms of equations for 7; and k;;, which could be used in place of r; and
k;; in the terminal model equations [Eqs. (5.4) and (5.5)]:"7

T I+ SicKi[C]
kii = kiji————— 5.14
1 + K;[C] ( )
_ 1 + 5:K:[C]
=7 5.15
4 g 1 + (r[/ric)siCKi[C] ( )
where
kii kiic kiic .. ..
ri:E; ric=@; Sie = iij=1lor2 and i#]

This form of the model is for monomer—solvent complexes generally. Under the
MCD model, the complexing agent C is the other monomer (M;). As with all the
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solvent effects models, variations are possible by making a different assumption as
to which units can affect radical reactivity.

5.3.2.6 Monomer Partitioning: The Bootstrap Effect In the bootstrap model,
solvent effects on the propagation rate are attributed to solvent partitioning and the
resulting difference between bulk and local monomer concentrations. In this way, a
solvent could affect the measured propagation rate coefficient without changing the
reactivity of the propagation step. Bootstrap effects may arise from a number of
different causes. As noted above, when radical-solvent or monomer—solvent
complexes form and the complexes do not propagate, the effect of complexation is to
alter the effective radical or monomer concentrations, thereby causing a bootstrap
effect. Alternatively, a bootstrap effect may arise from some bulk preferential
sorption of one of the comonomers around the growing (and dead) polymer chains.
This might be expected to occur if one of the monomers is a poor solvent for its
resulting polymer. A bootstrap effect may also arise from a more localized form of
preferential sorption in which one of the comonomers preferentially solvates
the active chain end rather than the entire polymer chain. In all cases, the result is the
same—the effective free-monomer and/or radical concentrations differ from those
calculated from the monomer feed ratios, leading to a discrepancy between
the predicted and actual propagation rates.

Copolymerization models based on a bootstrap effect were first proposed by
Harwood® and Semchikov.”® Harwood suggested that the terminal model could
be extended by the incorporation of an additional equilibrium constant relating
the effective and “‘bulk” monomer feed ratios. Different versions of this so-called
bootstrap model may be derived depending on the baseline model assumed (such as
the terminal model or the implicit or explicit penultimate models) and the form of
equilibrium expression used to represent the bootstrap effect. In the simplest case, it
is assumed that the magnitude of the bootstrap effect is independent of the comono-
mer feed ratios. Hence, in a bulk copolymerization, the monomer partitioning may
be represented by the following equilibrium expression:

S o (fipuk
A K(fz,bulk) (5.16)

The equilibrium constant K may be considered as a measure of the bootstrap effect.
Using Eq. (5.16) to eliminate the effective monomer fractions (f] and f>) from the
terminal model equations [Eqgs. (5.4) and (5.5)], replacing them with the measurable
“bulk” fractions (fi puk and f> pui), the following equations for composition27 and
(k,) may be derived:*®

B (Kfl,bulk) (rlel,bulk +f2,bu1k> (5.17)
F> Fovuk /) \"2/2puik + Kfi puik -

(k) = < 1 ) rlefﬁbu1k + 2K fi puik frpuik + 72/ 5 uii (5.18)
P S2,puik + Kf1 pulk ("1 K fi puic/k11] + [r2/f2.buik/k22] '
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It should be noted that these equations are applicable to a bulk copolymerization.
When modeling solution copolymerizations under the same conditions, the same
equations may be used for predicting copolymer composition since it is only the
relationship between bulk and local monomer feed ratios that determines the effect
on the composition and microstructure of the resulting polymer. However, some
additional information about the net partitioning of monomer and solvent between
the bulk and local phases is required before the propagation rate can be modeled.
It should be observed that in a low-conversion bulk copolymerization, knowledge
of the monomer feed ratios automatically implies knowledge of the individual
monomer concentrations since, as there are no other components in the system,
the sum of the monomer fractions is unity. However, in a solution copolymerization
there is a third component (the solvent), and the monomer concentrations depend
on not only their feed ratio but also the solvent concentration. Modeling of the
propagation rate in a solution copolymerization could be achieved by rewriting
the preceding equilibrium expression in terms of molar concentrations (rather
than comonomer feed ratios), and including the solvent concentration in this
expression.

The bootstrap model may also be extended by assuming an alternative model
(such as the explicit penultimate model) as the baseline model, and also by allowing
the bootstrap effect to vary as a function of monomer feed ratios. Closed expressions
for composition and sequence distribution under some of these extended bootstrap
models may be found in papers by Klumperman and co-workers.?”

5.3.2.7 Depropagation All of the models discussed thus far have assumed that
the propagation steps are irreversible. However, while this is usually a reasonable
assumption, at high temperatures (and, for some bulky or exceptionally stable
monomers, even at low temperatures) the depropagation reaction is significant.
Consideration of the depropagation reactions leads to kinetic models that are quite
different from the terminal model, and thus some deviations from the terminal model
may be caused by the reversibility of one or more of the propagation steps. A large
number of depropagation models are possible, depending on both the basis model
assumed and the assumptions that are made as to the nature of the depropagation
reaction (such as which units can depropagate, and which units of the polymer
radical can affect the depropagation rate). Early depropagation models were derived
by Barb®® (who incorporated depropagation into a simplified terminal MCP model),
and Walling®' (who incorporated depropagation into a simplified penultimate
model). Lowry>? and later Wittmer>>** derived composition equations for a number
of different sets of assumptions concerning the depropagation reaction, assuming the
terminal model for propagation. Howell et al.*> later generalized these equations,
and provided corresponding expressions for the sequence distribution. Expressions
for the propagation rate coefficient for some of these cases have been published by
Martinet and Guillot®® and by Kukulj and Davis.*’ Given the large number of
possible depropagation models, the various equations will not be reproduced here
but can be found in the original papers.



PROPAGATION KINETICS 279

5.3.3 Model Discrimination: Which Model to Use for a Given System

The choice of copolymerization model for any given system is often one of great
debate in the polymer literature. This, to a large extent, is caused by the fact that
all the alternative models contain a number of characteristic constants (such as
monomer and radical reactivity ratios). Since these are difficult to measure directly,
they are usually (if not always) estimated by treating them as adjustable parameters
and fitting the copolymerization model to the available data. As a result, many
different models can often be made to fit the same experimental data. If the purpose
of the model is merely to provide a shorthand for the existing experimental data,
then, provided the model provides a good fit to that data, any of the fitted models
are appropriate to use. If, however, the estimated parameters are then to be used
to make other model predictions or to deduce something about the reaction mechan-
ism, then it is necessary to select the copolymerization model with the correct
assumptions.

In this section we concentrate on which assumptions are likely to be valid for dif-
ferent types of copolymerization system. In doing this, we make a distinction
between what we refer to as a ‘““basis model”—a model containing the set of
assumptions likely to be applicable to most of the copolymerization systems—
and models for “‘exceptional systems” in which additional system-specific influ-
ences are likely to be operating in conjunction with those accounted for by the basis
model. We have reviewed and assessed the experimental evidence for the different
copolymerization models for both “basis” systems>® and exceptional systems>® and
will not attempt to reproduce these reviews here. Instead, we merely outline the main
conclusions of this work and make some general comments concerning the
applicability of the alternative models.

5.3.3.1 Basis Model For many years people believed that the terminal model was
the basis of copolymerization propagation kinetics because it could be fitted to the
composition data for most systems tested. However, in 1985 Fukuda et al.’
demonstrated that the terminal model failed to predict the propagation rate
coefficients for the copolymerization of styrene with methyl methacrylate—a system
for which the composition data had been widely fitted by the terminal model (see
Fig. 5.1) These results were later confirmed by several independent groups for both
the styrene/methyl methacrylate system (under a wide range of different conditions)
and several other copolymerizations—indeed for almost all systems so far tested.”®
It now appears likely that the failure of the terminal model to describe
simultaneously the composition and propagation rate coefficients of ordinary free-
radical copolymerization systems is general—where the terminal model is
applicable only to those exceptional systems in which the comonomers have very
similar reactivities.

Although there is strong evidence against the terminal model, there has been
much reluctance to abandon this model since this would also entail abandoning
the 50 years of terminal model reactivity ratios that have been and continue to be
published (see, e.g., the large listing of terminal model reactivity ratios in the
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Figure 5.1 Shown here is (a) Fukuda’s 40°C (kp) data and (b) Fukuda’s 40°C composition
data.” The solid line on each graph represents the terminal model predictions using the
reactivity ratios that provide the best fit to the composition data (rsty = 0.523 and
rvma = 0.460), while the dotted line in each graph represents the terminal model predictions
using the reactivity ratios that provide the best fit to the (k,) data (rsvy = 2.5724 and
rvma = 0.7973). Clearly the terminal model can fit the composition or the (kp) data but not
both simultaneously.
Polymer Handbook™®), and the various empirical schemes (such as the Patterns*! and
O—-e schemes*?) that have been developed for predicting these parameters. The
implicit penultimate model was proposed as a solution to this problem. As seen
above, by assuming that the penultimate unit affected only the reactivity but not
the selectivity of the propagating radical, it is possible to obtain a copolymerization
model that retains the terminal model composition equation but includes a nonterm-
inal model (kp) equation. This thus enabled the failure of the terminal model (k,)
equation to be accounted for without abandoning the terminal model composition
equation and the accompanying large database of reactivity ratios.
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However, experimental and theoretical work has shown that the assumptions of
the implicit penultimate model are unlikely to be applicable to the majority of copo-
lymerization systems. We have published a review of this evidence,*®** which draws
on direct experimental and theoretical measures of reactivity ratios, model testing in
a range of copolymerization systems, and other tests of the mechanism of the pro-
pagation step via, for example, the examination of solvent effects on reactivity
ratios. These studies provide strong evidence for penultimate unit effects but, in
all cases where penultimate unit effects have been measured directly, effects on radi-
cal selectivity have been shown to be significant. In other words, all available
evidence contradicts the assumption of the implicit penultimate model that the
penultimate unit affects reactivity but not selectivity.

Furthermore, the most recent theoretical studies have provided a rationalisation
for this result, which suggests that it is likely to be a general feature of free-radical
polymerization. As noted earlier, for a penultimate unit effect in the reaction barrier
to be implicit, it is necessary for this penultimate unit effect to occur in the absence
of polar, steric, or other forms of direct interaction that, by their very nature, are
dependent on and will thus vary with the chemical structure of the reacting mono-
mer. As Fukuda argued,'® an implicit effect could occur if the penultimate unit
affected radical stability and hence the reaction enthalpy, since this radical stabiliza-
tion effect would also appear in the barrier via the Evans—Polanyi rule. However,
high-level ab initio molecular orbital calculations of a representative range of model
propagation reactions have shown that, although penultimate unit effects in radical
stability are significant, these effects largely cancel from the reaction barrier—owing
to the early transition structure in these exothermic reactions.** As a result, for such
a penultimate unit effect in the barrier to be significant, the corresponding effect on
radical stability has to be enormous and thus requires substituents with very strong
electron-withdrawing or electron-donating properties—substituents that are thus
susceptible to polar interactions and lead to explicit penultimate unit effects. Given
that the majority of copolymerization systems have highly exothermic propagation
steps and thus early transition structures, it would seem that, in general, implicit
radical stabilization penultimate unit effects are unlikely to occur in the absence
of explicit polar or steric penultimate unit effects. An experimental paper*’ has rein-
forced this point by identifying significant entropic factors playing a role in the
penultimate unit effect confirming predictions made in an earlier theoretical study.*®

Finally, it should be noted that both the implicit and explicit penultimate
models—and any number of other models with a suitable number of adjustable
parameters—can be made to fit existing data. Hence, owing to their adjustable para-
meters, it is not possible to test the physical validity of these and other alternative
models in this way.*”*® Nonetheless, some direct evidence against the physical basis
of the implicit penultimate model has been provided in simple model-fitting studies
of para-substituted styrene systems*® Fukuda’s radical stabilisation model'*—the
theoretical justification of the implicit penultimate model—makes the further
prediction that the products of the monomer and radical reactivity ratios are equal.
However, in copolymerizations of sterically similar but electronically different para-
substituted styrene monomers, these products were shown to be significantly
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different from each other, thereby providing direct evidence against the physical
basis of the implicit model in these copolymerization systems.*’

To summarize, we know first from simple model-testing studies spanning the last
two decades that, for almost all systems tested, the terminal model can be fitted to
(k) or composition data for a copolymerization system, but not both simulta-
neously. More recent experimental and theoretical studies have demonstrated that
the assumption of the implicit penultimate model—that the penultimate unit affects
radical reactivity but not selectivity—cannot be justified. Therefore, on the basis of
existing evidence, the explicit penultimate model should replace the terminal model
as the basis of free-radical copolymerization propagation kinetics, and hence the
failure of the terminal model (k,) equation must be taken as a failure of the terminal
model and hence of the terminal model composition equation. This means that the
terminal model composition equation is not physically valid for the majority of
systems to which it has been applied. As will be discussed in detail in the following
section, this result has profound implications for the status of the large database of
terminal model reactivity ratios that have been and continue to be published. For the
remainder of the current section the likelihood of further deviations from the term-
inal model—arising from more system-specific side reactions—will be discussed.

5.3.3.2 Exceptional Systems 1t is likely that side reactions are important in a
large number of copolymerization systems. As seen above, their presence further
complicates the copolymerization kinetics by adding extra parameters to the
copolymerization models, thereby making model discrimination even more difficult.
Indeed (with the possible exception of those few systems that have been shown to
obey the terminal model in all respects), it is very difficult to find any copoly-
merization system for which there is consensus about the type of copolymerization
model that should be applied. There is, however, strong independent evidence for the
various types of side reaction in specific copolymerization systems and hence for
these systems, such side reactions need to be incorporated into copolymerization
models and taken into account when studying the propagation reaction. Indeed, for
some systems, the presence of side reactions such as complexation may provide a
means of controlling the composition and microstructure of the copolymer and, in
some cases, even its stereochemistry. In what follows, we make a few general
comments about the types of system in which the various side reactions are likely to
be occurring.

Depropagation is known to become significant with increasing polymerization
temperature 