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Foreword 

I H E A C S SYMPOSIUM SERIES was first published i n 1974 to provide 
a mechanism for publishing symposia qu ick ly in book form. The 
purpose of this series is to publish comprehensive books developed 
from symposia, wh ich are usually "snapshots i n t ime" of the current 
research being done on a topic, plus some review material on the 
topic. For this reason, it is necessary that the papers be published as 
qu ick ly as possible. 

Before a symposium-based book is put under contract, the 
proposed table o f contents is reviewed for appropriateness to the topic 
and for comprehensiveness o f the collect ion. Some papers are 
excluded at this point, and others are added to round out the scope o f 
the volume. In addition, a draft o f each paper is peer-reviewed prior to 
f inal acceptance or rejection. This anonymous review process is 
supervised by the organizer(s) of the symposium, who become the 
editor(s) o f the book. The authors then revise their papers according to 
the recommendations o f both the reviewers and the editors, prepare 
camera-ready copy, and submit the f inal papers to the editors, who 
check that a l l necessary revisions have been made. 

A s a rule, only or iginal research papers and original review 
papers are included i n the volumes. Verba t im reproductions o f 
previously published papers are not accepted. 

ACS B O O K S D E P A R T M E N T 
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Preface 

U N T I L R E C E N T L Y , R A D I C A L P O L Y M E R I Z A T I O N has been considered 

as one o f the most mature areas o f polymer synthesis. M a n y commercia l 
polymers and copolymers are prepared by radical polymerizat ion because o f its 
undemanding conditions, the large number o f available monomers, and the 
facileness o f (co)polymerization. However , the main deficiency o f conventional 
radical polymerizat ion is a lack o f macromolecular control and the diff iculty o f 
mak ing well-defined (co)polymers. 

Af ter several years o f relatively s low progress i n controlled radical 
polymerizat ion, the field began to undergo nearly exponential development in 
1993, after the first disclosures o f styrene radical polymerizat ion mediated by 
nitroxide and several organometallic derivatives. M o s t recently, reports o f 
metal-catalyzed or atom transfer radical polymerizations have further enhanced 
development o f the field. 

The recent emergence o f controlled radical polymerizat ion in both academic 
and industrial laboratories is expected to be converted to commercia l practice in 
the near future. It is stimulating to be part o f the current growth o f this diverse 
field. This book comprises both the topical reviews and the contributions o f 
specialists at a symposium presented at the 213th Nat iona l M e e t i n g o f the 
A m e r i c a n Chemica l Society, titled "Advances in Free Rad ica l Po lymer i za t ion" , 
sponsored by the D i v i s i o n o f Polymer Chemistry, Inc., i n San Francisco, 
Cal i forn ia , A p r i l 13-17, 1997. The first five chapters provide a general 
introduction to radical reactions and controlled radical polymerizat ion. The next 
four chapters are focused on recent advances in the kinetics o f conventional 
radical (co)polymerization i n homogeneous and heterogeneous media and on 
direct measurements o f concentrations o f growing species. Topics related to 
controlled radical polymerizat ion are summarized in the remaining 18 chapters 
and are separated into four sections covering nitroxide-mediated polymerizat ion, 
metal-mediated polymerizat ion, and other systems, and the applicat ion o f 
controlled radical polymerizat ion to the synthesis o f new well-defined materials. 

The articles in this book give strong evidence that radical polymeriza t ion 
has entered a renaissance. M a n y new controlled radical systems have been 
discovered, and substantial progress has been achieved in understanding these 

x i 
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reactions and in quantitative measurement o f the rates, equi l ibr ia , and 
concentrations o f the species involved. It seems that a thorough understanding o f 
the reactions involved in controlled radical polymerizat ion, especially those 
carried out in the presence o f organometallic derivatives, requires a concerted 
effort in various areas o f chemistry, inc luding theoretical and computational 
chemistry; kinetics; physical organic chemistry; organic and bioorganic 
synthesis; and organometallic and coordination chemistry. 

This book is addressed to chemists interested in radical processes and 
especially in control led/ l iving radical polymerizat ion. It provides an introduction 
to the field and summarizes the most recent accomplishments in controlled 
radical systems. 
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Chapter 1 

Overview: Fundamentals of Controlled/Living 
Radical Polymerization 

Krzysztof Matyjaszewski 

Department of Chemisty, Carnegie Mellon University, 4400 Fifth Avenue, 
Pittsburgh, PA 15213 

The fundamentals of controlled/"living" polymerization are discussed and the 

effects of slow initiation, transfer, termination and slow exchange on rates, 

molecular weights, polydispersities and end-functionalities are described. 

Some special features of and requirements for controlled radical 

polymerization are presented. Historical evolution of concepts leading to 

controlled radical polymerization is reviewed. Developments of several basic 

concepts in this field are summarized. Potential prospects for controlled 

radical reactions are evaluated. 

Radical polymerization is a very important commercial process for preparing high 

molecular weight polymers because it can be used for many vinyl monomers under mild 

reaction conditions, requiring the absence of oxygen but tolerant to water, and large 

temperature ranges (-20 to 200 °C).(1) In addition, many monomers can easily 

copolymerize radically leading to an infinite number of copolymers with properties 

dependent on the proportions of the comonomers. The only disadvantage to conventional 

radical polymerization is the poor control of macromolecular structures including degrees of 

polymerization, polydispersities, end functionalities, chain architectures and compositions. 

Thus, it is desirable to prepare, by radical polymerization, new well-defined block and graft 

copolymers, stars, combs and networks that have not been previously prepared using ionic 

2 © 1998 American Chemical Society 
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living polymerizations.(2) Therefore, controlledTliving" radical polymerizations allow for 

the synthesis of new well-defined and functional materials from a larger range of 

monomers under simpler reaction conditions than are appropriate for ionic processes. 

This overview Chapter describes the fundamentals of controlledTliving" radical 

polymerization, discusses historical developments of several concepts in this field and 

attempts to show potential prospects for controlled radical reactions. 

Requirements for Controlled /"Living" Polymerizations 

Living polymerization was first defined by Szwarc (3) as a chain growth process 

without chain breaking reactions (transfer and termination). Such a polymerization 

provides end-group control and enables the synthesis of block copolymers by sequential 

monomer addition. However, it does not necessarily provide for molecular weight control 

and narrow molecular weight distributions ( M W D ) . Additional prerequisites to achieve 

these goals are that the initiator should be consumed at early stages of polymerization and 

that exchange between species of various reactivities is fast in comparison with 

propagation.(4-8) If these additional criteria are met, a controlled polymerization results. 

Polymerization can also be defined as controlled if side reactions occur, but only to an 

extent which does not considerably disturb the control of the molecular structure of the 

polymer chain. 

Recently, many new "living" polymerization systems, such as carbocationic, ring-

opening metathesis, group transfer, and radical polymerizations, have been developed. 

The term "living" (with quotation marks) indicates synthesis of well-defined polymers 

under conditions in which chain breaking reactions undoubtedly occur, as in radical 

polymerization, but polymerization systems which lead to well-defined polymers but are 

not completely free of termination or transfer, as are radical polymerizations, should be 

named controlled rather than living. Since many researchers are used to the term living, 

the term controlled/"living" may also describe the essence of these systems.(9) 

Ideally, controlled/"living" systems lead to polymers with degrees of polymerization 

predetermined by the ratio of the concentrations of consumed monomer to the introduced 

initiator DP n =A[M]/[I ] 0 , polydispersities close to Poisson distribution ( D P w / D P n = l + 

l / D P n ) , and with all chains end-functionalized. Experimentally, the best way to evaluate 

such systems is to follow the kinetics of polymerization and the evolution of molecular 

weights, polydispersities and functionalities with conversion. Well-controlled systems 

should provide: 
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a) linear kinetic plots in semilogarithmic coordinates (ln([M]o/[M] vs time), if the 

reaction is first order in monomer concentration; acceleration on such plots may indicate 

slow initiation whereas deceleration may indicate termination or deactivation of the catalyst, 

b) linear evolution of molecular weights with conversion; molecular weights lower 

than predicted by Δ[Μ]/[Ι] 0 ratios indicate transfer, molecular weights higher than predicted 

by Δ[Μ]/[ Ι ] 0 indicate inefficient initiation or chain coupling (at most, twice higher than 

predicted molecular weights can be formed by bimolecular radical coupling), 

c) polydispersities should decrease with conversion for systems with slow initiation 

and slow exchange; polydispersities increase with conversion when the contribution of 

chain breaking reactions becomes significant, 

d) end functionalities are not affected by slow initiation and exchange but they are 

reduced when chain breaking reactions become important. 

Typical dependencies for controlled/living systems and the corresponding deviations are 

illustrated schematically in Fig. 1. 

1.5 Steady State 
Living 

Transfer, OK A 

/ 

le/mjnaî.'on .^i Slaw. Initiation.... 

Time 

a 

iSlow Initiation 

S.... Constant. #.of.CJ3ainsJ 
/ ' · . Termination, OK 

ê.4 p.6 
onversion 

Fig. 1. Schematic effect of slow initiation, transfer, termination and exchange on: a) kinetics, 
b) molecular weigths. 

In the next sections, the effects of transfer, termination, slow exchange and slow 

initiation on polydispersities, molecular weights and functionalities are discussed more 

quantitatively. 

Effect of chain transfer and termination. Figures 2a and 2b show the effects of 

transfer and termination on the proportion of active chains and polydispersities in systems 

with instantaneous initiation as a function of monomer conversion for ratios of [M]o/[I]0 = 

100 and 1,000. The same ratios of k t ( t r )/k p=10" 3 were chosen to illustrate how 
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(pseudo)unimolecular transfer (k t r), transfer to monomer (k t r m ) and (pseudo)unimolecular 

termination (k t) affect the polymerization control for targeted D P = 100 and 1,000. Fig. 2a 

shows that for the arbitrarily chosen chemoselectivities (defined as the ratio of the rate 

constants of chain breaking to propagation) some chains lose their end-functionalities and 

polydispersities increase with the progress of the reaction. For example, if k t r m /k p =10" 3 , 

then 50% of the chains wil l have lost activity and the polydispersity wi l l have reached 

M w / M n = 1 . 5 at complete conversion. Nearly the same behavior is observed for 

(pseudo)unimolecular transfer, though the control at 80 to 90% conversion is much better 

than for transfer to monomer. The enhanced effect of unimolecular transfer at high 

conversions originates from the reduced rate of propagation and the constant rate of 

transfer. The effect of termination is even more surprising. At high conversions, chain 

termination has a minor influence on polydispersity, because chain growth is almost 

complete and only small redistributions of chain lengths can occur. In contrast, short 

chains formed by transfer at high conversions increase polydispersity significantly. 

Therefore, if transfer is the dominant chain breaking reaction, conversion should be limited 

to retain end functionality, an important consideration for the synthesis of end-

functionalized polymers or block copolymers. 

F ig . 2b shows that the synthesis of shorter chains with targeted DP=100 is much 

more successful. Although the conditions and chemoselectivities are exactly the same as 

for F ig . 2a, where only ill-defined polymers were formed, well-defined polymers with 

controlled functionalities and low polydispersities are obtained for shorter chains. 

0.2 0.4 0.6 0.8 
Conversion of M 

<0 
ϋ 60 
0) 

> 

< 
^ 20 

Λ 

2 

1.8 

0.2 0.4 0.6 0.8 1 
Conversion of M 

Fig. 2. Proportion of active chains and polydispersities as a function of monomer 

conversion for the ratios of k t( t r)/kp=0.001, [M]o=10 mol/L, (a): [I]o=0.01 mol/L and (b): 

[I]o=0.1 mol/L. 
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Thus, in many new controlledTliving" polymerizations (radical systems included) it 

is possible to prepare well-defined polymers which are, however, limited to a certain 

molecular weight defined by contributions of side reactions. 

Effect of exchange between species of different reactivities on 

polydispersities. Nearly all new controlledTliving" polymerizations (cationic, group 

transfer, and radical) are based on exchange between active and dormant species. The 

activation and deactivation process may take place uni- or bimolecularly: 

^act 

Pn-X (+Y) P„* + x-(Y) 
^deact^ 

(1) 

The dormant species P n - X can be activated either spontaneously (thermally) or in the 

presence of a catalyst (Y), the rate constant of activation being k a (or k a c t ) to form the active 

species P n * . This process is reversible and the active species are deactivated with the rate 

constant of deactivation being k d (or k d e a c t ) by the deactivator X (or X Y ) . Only active 

species propagate with the rate constant of propagation (k p ). In such systems, the 

polydispersities and molecular weight control are defined by the relative ratios of the rates 

of deactivation and propagation (k p). After all initiator ([I]0) is converted to growing 

chains, the polydispersites for many systems with slow exchange are defined by a very 

simple equation (2): 

M w / M = l + ([I] ok p)/([X]k d) (2/p -1) (2) 

where [X] is the concentration of deactivator (X or X Y ) and ρ is monomer conversion. If 

deactivation is unimolecular (ion pair, caged radicals), then [X] is omitted in eq. 2. Eq . 2 

is valid for systems in which the equilibrium is strongly shifted to dormant species, where 

sufficiently long chains are formed and polydispersities do not significantly exceed 2. For 

the degenerative transfer process (cf. equilibrium III in eq. 5) concentrations of deactivator 

and of chains are nearly identical and therefore eq. 2 simplifies to eq. 3: 

M w / M n = l + k p / k e x c h ( 2 / p - l ) (3) 

The evolutions of polydispersities and molecular weights with conversion for three 

systems with the ratios of ([I] ok p)/([X]k d) = 0.01, 0.1 and 1 are shown in F ig . 3. If the 

ratio is smaller than 1, then the rate of activation does not affect the polydispersities. 
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However, for ratios >1, a small effect of the rate of activation can be noticed. The overall 

polydispersities were calculated without taking into account the residual initiator and 

therefore are smaller than those with the initiator taken into account.(5) 

Figure 3a shows that the simulated polydispersities decrease with conversion (as 

observed in many "living" systems) and are lower for both smaller initiator concentrations 

(longer chains) and faster deactivation (higher [X] , higher k d / k p ) . Thus, polymers with 

lower polydispersities can be prepared for chains with the same length, provided that the 

deactivation process is faster. Deactivation rates can be increased by using either a higher 

concentration of deactivator or a more reactive deactivator (higher k d ) . The effect of slow 

exchange, discussed above, is valid for systems when slow exchange is the only reason for 

elevated polydispersities. If an additional side reaction (transfer, termination, etc.) occurs 

then the polydispersity should increase with conversion, leading to a certain "window" of 

polymerization degree at which well-defined polymers can be prepared. This is probably 

the most realistic case. A t a low range of molecular weights the polydispersities are higher 

than in ideal systems due to slow exchange but they increase at high D P due to 

progressively more noticeable side reactions. 

2.2 ι ' • 1 ! • • 1 ! • • • ? • • • ; • • · ι 1200i • 1 • ι ; 1 • • ι 1 • 1 ι 1 1 1 ι 

Convers ion of M Conversion of M 

a b 

Fig. 3. Dependence of polydispersities (a) and degrees of polymerization (b) on conversion 
for systems with slow exchange and with the ratio of ([I]0kp)/([X]kd) = 0.01 (- -), 0.1 
(variable ka: A · • ) and 1 (variable ka: + Δ • ) . 

Figure 3b shows the effect of slow deactivation on evolution of D P with 

conversion. If deactivation is relatively fast, D P increases linearly with conversion. 

However, for slow deactivation ([I] 0k p)/([X]kd) =1, D P is much higher than predicted. 

Control is better with faster deactivation or lower initiator concentration, meaning that 

longer chains are synthesized. This wil l be true until chain breaking reactions affect D P 

and polydispersites. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



8 

It must be noted that in some systems, slow exchange may lead to polymers with 

polydispersities M w / M n > 2 . This can happen even in systems in which a contribution of 

chain breaking reactions is insignificant. 

Initiation. Fast initiation is a prerequisite for the synthesis of polymers with degrees of 

polymerization predetermined by Δ[Μ]/[ Ι ] 0 ratios. In systems without exchange and 

without chain breaking reactions, the upper polydispersity limit is due only to slow 

initiation, M w /M n <1.35.(70) When both initiator and growing chains exist in dormant and 

active forms then polydispersities originating from slow initiation may be significantly 

higher. Slow initiation leads to slower polymerization, usually accompanied by induction 

periods and to molecular weights higher than predicted by Δ[Μ]/ [ Ι ] 0 . Slow initiation is 

especially dangerous when synthesizing low molar mass polymers. 

Other factors. Control of molecular weights and polydispersities may be additionally 

affected by the reversibility of propagation and by inhomogeneity of the system, such as 

would result from slow dissolution of the initiating system. Heterogeneous catalytic 

systems may also sometimes lead to higher polydispersities. However, i f the catalyst acts 

by the principle of activation/deactivation, then heterogeneity should not affect 

polydispersities unless exchange reactions are too slow (e.g. concentration of deactivator 

X or X Y is too low). 

Pecularities of Controlled Radical Systems 

The discussion in the previous section could lead to a pessimistic conclusion that 

conventional radical polymerizations can never be controlled,, due to slow initiation and 

unavoidable termination. Fortunately, the concept of exchange between active and dormant 

species has been very helpful in converting ill-defined radical systems to controlled 

polymerizations. 

Suppression of chain transfer and termination. Chain transfer is not the main 

obstacle for the synthesis of well-defined polymers by a radical mechanism. Monomer 

transfer coefficients are usually below k t r m/k p<10~ 4 . This means that half of the chains 

participate in transfer at the stage of DP= 10,000 but less than 10% of chains at DP=1,000. 

Thus, transfer to monomer should not interfere with the synthesis of polymers with 

DP n<1000 (M n~100,000). Of course, transfer to solvent, polymer and transfer agents will 
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operate as usual, but the proper choice of reaction conditions should lead to well-defined 

polymers, especially at lower ranges of molecular weights. 

In contrast, termination is impossible to avoid in homogeneous radical 

polymerization. Two radicals wil l recombine or disproportionate with nearly diffusion 

controlled rates. Fortunately, propagation is first order, whereas termination is second 

order with respect to the concentration of growing radicals. Thus, the contribution of 

termination decreases when the concentration of propagating radicals [P°] is reduced. For 

example, in the bulk polymerization of styrene at =100 °C, propagation is 1000 times faster 

than termination at [P° ]=10 7 M : 

R p / R t = ( k p [ P ^ [ M ] ) / ( M P ^ (4) 

R p / R ^ O O 3 ] ^ 1 s"1 1 0 M 1 0 ' 7 Μ ) / ( 1 0 7 Μ " 1 s"1 ΙΟ"7 Μ ΙΟ" 7 M ) - 1000 

This means that at [P° ]~10 7 M , relatively well-defined polymers with DP n =100 would 

contain less than 10% of terminated chains. In order to prepare well-defined polystyrene 

with DP=1000, concentration of growing radicals should be additionally a few times 

lower, e.g. [ P ° ] = 1 0 8 M . In acrylate polymerizations the concentrations of grovving 

radicals could be higher because of the higher kp/kt ratios. 

In conventional radical polymerization, a sufficiently low concentration of radicals 

is attained by slow initiation. However, as discussed above, slow initiation is incompatible 

with controlled polymerization. Thus, a low concentration of growing radicals must be 

achieved by other means. 

Exchange between active and dormant species. Thus, a requirement for 

controlled radical systems is that initiation should be completed at low monomer 

conversions; the concentration of propagating radicals should be low ([P°]=10~ M ) , but the 

total concentration of growing chains should be much higher, e.g. ΙΟ"2 M for bulk 

polymerization to obtain DP=1000. These requirements can be met through dynamic 

equilibration of minute amounts (ppm) of propagating radicals with some form of dormant 

chains. Three general equilibrium systems are shown schematically below: 

p n . + x . ^ _ - p n - x 

k a 

I 

P n . + Z ^ - { P n - Z } . 
k a 

II 

Kexch 

P n . + P m - X ^ 

III 

rpn-X + P m . 

(5) 
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The first system is based on the deactivation of growing radicals with relatively 

stable (persistent) radicals, X°, which may also be inorganic or organometallic species. 

The reversible activation process may be spontaneous (thermal) or catalyzed as in atom 

transfer radical polymerization. 

The deactivation in the second system involves species with even numbers of 

electrons forming stable (persistent) radicals. Ζ may be a nonpolymerizable vinyl 

monomer, or inorganic, or organometallic species, etc. In both systems, the equilibria are 

very strongly shifted towards the dormant species to reduce the concentration of growing 

radicals to [P°] -10" 8 ± 1 M . 

The last system employs the so-called degenerative transfer process which has an 

equilibrium constant of K = l . In this case, the protected group is never spontaneously 

cleaved but rather transferred in a bimolecular process from the dominating dormant species 

carrying the protecting group X (usually iodine) to a minute amount of propagating 

radicals. If exchange is faster than propagation, 'well-defined polymers can be prepared. 

This system can employ conventional initiators such as A I B N , B P O , etc, provided that 

their concentration is smaller than that of the transfer agent (R-X). 

In these systems, the prerequiste for the synthesis of controlled polymers is a 

sufficiently fast exchange process. As discussed in Section 1.2, polydispersities decrease 

with conversion and are lower for systems with higher concentrations of deactivator ( X · 

for system I, Ζ for system II), lower kp/kd ratios (relatively faster deactivation) and lower 

concentration of chains ([P n -X] or [{Ρ η -Ζ} · ] , respectively). In system III polydispersities 

depend only on conversion and kp/kexch. 

The thermodynamics and the dynamics of exchange in these reactions are the most 

important parameters affecting the control of radical polymerizations. Therefore, structures 

and reactivities of persistent radicals and catalysts which may accelerate exchange are 

among the most important features of these systems. 

Initiators. In systems I and II, the initiators can be either prepared in situ or synthesized 

in advance. Then, by either increasing temperature or adding catalyst/activator, initiation 

may start. As a rule of thumb, the structure of the initiator should resemble the dormant 

macromolecular species. For example, in the TEMPO-mediated polymerization of styrene, 

1-phenylethyl alkoxyamine is very successful///,) in atom transfer radical polymerization 

(ATRP) of acrylates 2-bromopropionates are good initiators,(72,/3) whereas 2-

bromopropionitrile is an efficient initiator for acrylonitrile po lymer iza t ion / /^ If the 

initiator is more difficult to activate than the polymeric species, initiation is usually slower 

than propagation. If, however, the initiator is more easily activated than dormant chains, it 
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may dimerize, reduce the initiation efficiency and significantly increase the concentration of 

persistent radicals, X . There are some exceptions to this rule. For example, sulfonyl 

halides(75) and 2-bromo-2-methylmalonates can be successfully applied to A T R P of 

several monomers because radicals derived from them dimerize relatively slowly, even 

though they are formed in high concentrations. 

Some initiation systems can be prepared in situ. For example, the T E M P O -

mediated styrene polymerization can be thermally self-initiated in the presence of 

TEMPO(76) or by using B P O / T E M P O f 17) or AroN/TEMPO(7<5) mixtures. Reverse 

A T R P can be initiated using A I B N / C u X 2 / b i p y mixtures (bipy =2,2'bipyridine).(79>) 

Contribution of thermal self-initiation. In the controlled polymerization of styrene 

and substituted styrenes, the thermal self-initiated polymerization of styrene occurs 

simultaneously with the controlled process (systems I, II, or III). The contribution of 

thermal self-initiation to the overall rate and to the total number of polymer chains in the 

system should be carefully assessed. 

The rate of thermal self-initiation has been studied and the rates of generation of 

new radicals are known at various temperatures.(20-22) The so-called Mayo dimer,(23,24) 

which is an intermediate in this process, is additionally responsible for the reduction of 

molecular weights since it has a very large transfer coefficient.(25) The overall rate of self-

initiated polymerization, however, should not be confused with the rate of radical 

generation. For example, approximately 1 M/hour (about 15%/hour) of styrene is 

consumed at 130 °C in bulk thermal polymerization, but less than 10"3 M/hour of radicals 

are generated (which correlates to M n=200,000). Thus, in ten hours less than ΙΟ"2 M 

radicals (equal to new chains) are generated. Usually this number may even be lower 

because the rate of self-initiation is second or third order in respect to monomer.(21,26) 

It has been reported that in some T E M P O and other nitroxide-mediated styrene 

polymerizations, the overall rate is very close to the thermal self-initiated process.(27-29) 

At the same time, molecular weights correlate relatively well with the amount of T E M P O or 

alkoxyamine present in the system. This behavior was attributed to comparatively small 

contribution of radicals generated by activation (dissociation) of dormant alkoxyamines to 

the overall propagation rate.(29) At the same time, newly generated chains were 

continuously trapped by the small excess of T E M P O which was present in the system. 

Therefore, this system can be considered as self-regulating, because without self-initiation 

the overall polymerization rate would be much smaller, which is actually the case for 

polymerizations of acrylates. The overall polymerization rate is defined by the total 

concentration of radicals, those resulting from self-initiation and those from the reversible 
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activation process. Since the exchange between them is fast, they all grow simultaneously 

yielding well-defined polymers. Since the equilibrium constants (cf. equilibrium I in eq. 

5) in T E M P O mediated styrene polymerization are low, e.g. Κ = 1 0 ~ π M , the contribution 

of radicals generated by dissociation of alkoxyamines is below 30% of the total 

concentration of radicals when [P-X] o=10 2 M , but this value increases to 50% when [P-

X] o =10 _ 1 M . Thus, potentially, at still higher concentration of alkoxyamines the rate of 

polymerization could start increasing, though this would lead to polymers with very low 

molecular weights. Another possibility to enhance the proportion of radicals formed from 

alkoxyamines is to increase the value of the equilibrium constant by either increasing 

temperature or using alkoxyamines which dissociate faster. Unfortunately, increasing 

temperature does not help because both dissociation and thermal self-initiation are 

accelerated. However, the second approach was quite successfully applied to 

polymerization of acrylates.(30j 

time (h) time (h) 

a b 

Fig. 4. Kinetics of (a) TEMPO-mediated and (b) ATRP bulk styrene polymerization at 130 
°C. Simulations are based on K=2.5 10" n M (a) and K=3 10"8 (b). In both systems parameters 
for the thermal self-initiation were taken from Ref. (29). For TEMPO-mediated systems, the 
concentration of alkoxyamines varied: 1, 0.1, 0.01 M . For ATRP, [CuBr/2dNbipy] 0 = [RBr] 0 

= 0.1, 0.01 and 0.001M. 

Similar behavior can be found in A T R P . However, when the concentration of alkyl 

halides and CuX/2bipy are high enough (both around 0.1 M ) , the polymerization rate is 

>10 times faster than the rate of thermal self-initiated polymerization. However, when the 

concentration of either catalyst or initiator is signifiacntly reduced ( A T R P is first order in 

respect to initiator and catalyst), the overall polymerization rate becomes comparable to that 

of a thermal process. A further decrease in the concentration of either reagent does not 

additionally reduce the polymerization rate which, under steady-state conditions, can not be 

smaller than that of a thermal self-initiation process! This minimum rate is not observed for 

(meth)acrylates which do not self-initiate. 

Figure 4 shows rate of thermal styrene polymerization at 130 °C together with the 
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rates of several TEMPO-mediated and A T R P styrene polymerizations at various 

concentrations of initiators and catalysts. A hypothetical rate is shown for systems without 

thermal self initiation. 

To summarize, self-initiation is important for the polymerization of styrene. It 

controls the polymerization rates for most TEMPO-mediated systems as well as some 

A T R P when low concentrations of either catalyst or initiator are used. Nevertheless, the 

exchange reactions provide for good control of molecular weights in both systems. 

Evolution of Controlled/"Living" Radical Polymerization. 

Table 1 illustrates development of fundamental concepts in organic radical 

processes, some concepts in living polymerization and advances in radical polymerizations 

which all have contributed to controlledTliving" radical polymerization and without which 

the present understanding and control of radical reactions would not possible. 

Radical addition reactions have for a long time been considered to be very difficult 

to control due to termination reactions which could not be avoided. Probably the first 

example of a successful addition of halogenated compounds to alkenes via radical 

intermediates (Atom transfer radical addition, A T R A ) was provided by Kharash (31) under 

photochemical conditions. This atom transfer radical process was subsequently converted 

to metal catalyzed reactions by Minisci,(32) Vofsi (33) and others during the 1960s. At 

approximately the same time, various nitroxides were prepared as stable radicals but 

without any application to organic synthesis at that time.(34,35) 

These reactions have found many synthetic applications as thoroughly summarized 

by Bellus in 1985.(36) At that time, it was not clear how these reactions occured until 

Fischer (37) provided the explanation based on the persistent radical effect for the observed 

unexpectedly high chemoselectivities. Numerous systems based on atom transfer reactions 

were used for structure-reactivity comparisons (38) and for refined organic/bioorganic 

synthesis (39) with many organometallic catalysts.(40,41) Atom transfer radical reactions 

gained increasing importance in organic synthesis because of their high chemo-, regio-, and 

stereoselectivities and tolerance to many useful functional groups.(39,42-44) Future 

progress in this area requires additional developments of new catalysts which could 

increase the rates and selectivities of the addition, elimination and rearrangement reactions. 

Radical addition reactions have for a long time been considered to be very difficult 

to control due to termination reactions which could not be avoided. Probably the first 

example of a successful addition of halogenated compounds to alkenes via radical 

intermediates (Atom transfer radical addition, A T R A ) was provided by Kharash (31) under 
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photochemical conditions. This atom transfer radical process was subsequently converted 

to metal catalyzed reactions by Minisc i /32) Vofsi (33) and others during the 1960s. At 

approximately the same time, various nitroxides were prepared as stable radicals but 

without any application to organic synthesis at that time.(J4,35) 

Table 1 

Evolution of Controlled/"Living" Radical Polymerization 

Organic 
Synthesis 

Living 
Polymerization 

Controlled 
Radical 
Polymerization 

1940's 1950's <1970's 

Kharash Szwarc Borsig, Braun 

First ATRA (hv) Living Anionic, Ar2CH, Ar3C 

Block Copolymers Minoura 

1960's Cr (II) Acetate/MMA 

Minisci, Vofsi 1970's 

CuX/RX/olefin Penczek/Matyjaszewski 1980's 

Rosantsev A*<=>DinCROP Otsu 

Nitroxides "1st" LRP, Iniferters 

Kochi 1980's Rizzardo / Solomon 

Free Radicals & OM Kennedy TEMPO 

Inifers, "U'Carbocationic Rizzardo 

1980's Higashimura, Sawamoto, Addn. /Fragmentation 

Fischer Sigwalt, Matyjaszewski 

Persistent Radical Effect "Living" Carbocationic 1990's 

Curran, Giese, Newcome DuPont, Muller, Quirk Georges 

Rl, RSnH, RSeAr GTP TEMPO / Styrene 

Barton Grubbs, Schrock, Novak Matyjaszewski 

Thiohydroxyamate Living ROMP & OM Degen.Transf., ATRP 

Kochi, Halpern, Giese Sawamoto 

Organocobalt 1990's ATRP + AI (cocat.) 

Matyjaszewski, Various Groups 

1990's Controlled & Ranking New nitroxides 

Various Mt in ATRA Muller Various Mt/RX in ATRP 

Stereocontrol... Exchange Reactions 

These reactions have found many synthetic applications as thoroughly summarized 

by Bellus in 1985.(36) At that time, it was not clear how these reactions occured until 

Fischer (37) provided the explanation based on the persistent radical effect for the observed 

unexpectedly high chemoselectivities. Numerous systems based on atom transfer reactions 
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were used for structure-reactivity comparisons (38) and for refined organic/bioorganic 

synthesis (39) with many organometallic catalysts.(40,47) Atom transfer radical reactions 

gained increasing importance in organic synthesis because of their high chemo-, regio-, and 

stereoselectivities and tolerance to many useful functional groups.(39,42-44) Future 

progress in this area requires additional developments of new catalysts which could 

increase the rates and selectivities of the addition, elimination and rearrangement reactions. 

Although radical polymerization has been known for a very long time, it was 

always difficult to control because of unavoidable termination between growing radicals. It 

was possible to control either rates or molecular weights or end groups but never all of 

these three parameters simultaneously. For example, several retarders or inhibitors were 

used to moderate polymerization rates, some of them can be used now as components of 

controlled/"living" radical systems; here both nitroxides or cupric halides can be 

cited/45,46) Molecular weights were controlled by transfer agents and again some of them 

can be now used in controlled systems. End functionalities were controlled by using either 

functional initiators or functional transfer agents leading to telechelic polymers.(47,48) 

Special initiating systems were developed based on organometallic compounds employing 

redox systems.(49) Some of them are not very far from A T R P . 

However, in none of these systems was it possible to prepare polymers with low 

polydispersities, to observe a linear increase of molecular weight with conversion or to 

convert the initiators to growing chains quantitatively. Thus, radical polymerization has 

always been very far from living systems. 

Living polymerization as a chain growth process without chain breaking reactions 

was discovered and developed by Szwarc /J ) Living anionic polymerization of non-polar 

monomers was the first technique used to synthesize macromolecules with controlled 

topologies, with predetermined molecular weight and nearly Poisson distribution molecular 

weights and novel block copolymers with very high efficiency.(50) This system was based 

on entirely ionic species though differences in reactivities of ion pairs and free ions were 

very significant. The first system in which both dormant and active species were clearly 

spectroscopically observed and both kinetics and thermodynamics of exchange reactions 

determined was the cationic ring-opening polymerization of tetrahydrofuran/57) A concept 

of equilibria between dormant and active species that arose from this work has 

subsequently been successfully used in carbocationic polymerization/6) though initially 

pseudocationic mechanism/52) invisible propagating species/53) and stretched-covalent 

bonds (54). were postulated. Nearly simultaneously, group transfer polymerization (55) 

and other approaches based on exchange between active and dormant chains were used in 

anionic polymerization. Some new organometallic catalysts may also act in a similar way. 
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It was realized at that time that most of these new systems were much less 

controlled than the original living anionic polymerization and that chain breaking reactions 

did occur. Using many of these systems, it was possible to prepare well-defined polymers 

with M n = 10,000 but it was not possible to make polymers with M n = 100,000. It was 

considered useful to rank such "living" systems and to provide precise kinetic data on 

transfer and termination coefficients which would define limits for control of molecular 

weights under particular condidtions.(56) An additional pecularity of some of these 

systems was that polydispersities decreased with conversion in contrast to general 

expectation for contribution of chain breaking reactions/7) The main reason for decreasing 

polydispersities was slow exchange between species of various reactivities. Kinetic 

treatment of such systems was very useful for better design of controlled/"living " radical 

polymerization systems.(57) 

A more detailed and systematic discussion of controlled radical reactions wil l be 

covered in the next section. Here, only a chronological development of some concepts 

depicted in Table 1 is described. The first evidence of controlling radical polymerization 

was reported by Borsig (58) who used diaryl and triaryl protected groups in 

polymerizations of M M A and observed increase of molecular weights with conversion and 

also the formation of block copolymers. This system was later extensively studied by 

Braun.(59) However, polydispersities were always relatively high, initiation efficiencies 

low and the molecular weights did not evolve linearly with conversion. A possible reason 

for such big deviations from living characteristics was a slow but continuous initiation by 

the bulky organic radicals. 

In the seventies, Minoura reported that M M A polymerization initiated by B P O in the 

presence of chromium (II) acetate led to a monotonous increase of molecular weight with 

conversion and also claimed the preparation of block copolymers.(60) He assigned these 

phenomena to propagation via radicals coordinated to chromium which were not able to 

terminate. Later, this system was criticized by Banderman (61) who clearly demonstrated 

that the system conforms to conventional radical polymerization, the apparent control being 

obtained by a combination of the dead-end and gel effects. Indeed, efficiency of initiation 

was very low, often well below 10%. 

In 1982 Otsu, for the first time, used the term living radical polymerization to 

describe a polymerization in the presence of dithiocarbamates.(62) In analogy with the 

inifers used in carbocationic systems,(63) he proposed that dithiocarbamates act as 

iniferters, i.e. agents which initiate, transfer and terminate. Unfortunately, as in the 

previously discussed systems, polydispersities were always relatively high, molecular 

weights did not evolve linearly with conversion and initiation efficiency was low. 
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A new system for controlling radical polymerizations based on nitroxides as stable 

radicals appeared in the patent literature in 1985.(64) Unfortunately, the work of Rizzardo 

and Solomon was not sufficiently recognized at that time. Rizzardo has subsequently 

proposed another approach to controlled radical polymerization based on addition-

fragmentation chemistry (65) which can be considered as a special case of degenerative 

transfer. 

It was not until 1993 when Georges published his first paper on controlling the 

bulk radical polymerization of styrene in the presence of T E M P O , that interest in radical 

polymerization revitalized//7) It now seems that TEMPO-mediated systems are among the 

most studied controlled radical polymerizations, but these systems have generally been 

limited to styrene and its copolymers. These limitations may be alleviated by the 

development of new nitroxides with higher equilibrium constants for the cleavage of the 

corresponding alkoxyamines. 

Simultaneously, our group was working on various systems to control radical 

processes and reported in 1993 the formation of block copolymers using a 

A l R 3 / b i p y / T E M P O system/66; Subsequently, we used T E M P O in the thermal (16) as well 

as A I B N and B P O initiated polymerization of styrene/67) used various substituted 

nitroxides, e.g. 4-phosphonoxy T E M P O derivative (18) and several nitronyl-nitroxides 

(68) to accelerate polymerization, and used various phosphites (69) and organometallic 

derivatives(70) to control the polymerization of several vinyl monomers. Another approach 

was based on degenerative transfer with alkyl iodides/77) It should be stressed that 

although we estimated at that time what values of rate constants and equilibrium constants 

for exchange between active and dormant species were needed/72) we were in a 

continuous search for better systems, hopefully catalytic, to control radical polymerization. 

In 1995 two very promising systems for controlling radical polymerizations were 

reported. They were based on catalytic systems used for atom transfer radical additions 

and therefore were named atom transfer radical polymerization (ATRP) . One of these 

systems was based on the RuCl 2 / (PPh 3 ) 2 catalyst which was used for polymerization of 

M M A initiated by CC\4.(73) However, this system appeared to be inactive alone and 

required activation by aluminum alkoxides. The exact nature of this activation is not clear 

but probably involves exchange of ligands on ruthenium. Another system was based on 

the CuX/2bipy catalyst used in many atom transfer radical addition reactions/72) The Cu 

based A T R P system has proved to be very successful for styrene, (meth)acrylates, 

acrylonitrile and several other monomers (74) and comonomers. Many different alkyl 

halides and pseudohalides (75) as well as sulfonyl halides (75) have been used as initiators. 

Originally, the bipy ligands led to heterogenous systems and were later replaced by 

substituted bipy with alkyl groups such as dHbipy (4,4'-diheptyl-2,2'-bipyridine) and 
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dNbipy (4,4'-di(5-nonyl)-2,2'-bipyridine) (76) to homogenize the catalytic system. This 

considerably improved control and provided polystyrenes with polydispersities below 

M w / M n < 1.05/76J polyacrylonitrile with M w / M n < 1.03,(74; poly(methyl methacrylate) with 

M w /M n <1.06,(77; and poly(methyl acrylate) with M w /M n <1.08 . (73 ; This system has been 

used for many functional monomers and was successfully used for end-functional 

polymers and macromonomers.f78,79) In addition, not only homopolymers but also 

statistical, gradient, alternating, block and graft copolymers have been prepared.(#0; It was 

also possible to prepare stars, combs, hyperbranched and branched (co)polymers.(81,82) 

An interesting possibility is offered by using polymers prepared by other mechanisms as 

macroinitiators for A T R P to prepare novel block and graft copolymers.(83-89) 

It seems that A T R P can be used for the synthesis of many functional (co)polymers 

taking advantage of its catalytic nature. However, it uses approximately 1 to 0.1% of 

redox active transition metal which should be removed from the final polymers. There are 

many potential ligands for Cu based A T R P , for example Schiff bases (90) and simple alkyl 

amines or cyclams;(9/; their role is discussed in Chapter 16. Not only can Cu and Ru 

based systems be used but also Fe,(92,93) Ni,(94,95) Rh (79) based systems and many 

others. The main requirement for a good catalyst is that it should be active in the atom 

transfer process with the appropriate equilibrium constant and fast exchange as well as high 

chemoselectivity. This field is expected to rapidly develop by combining many concepts 

from inorganic and coordination chemistry, as well as organic synthesis. 

Approaches towards Controlled/"Living" Radical Polymerization 

Table 2 presents main concepts and groups contributing to various areas of 

controlled/"living" radical polymerization. They can be divided into three subgroups based 

on three mechanistically different concepts as shown in eq. 5. The difference between the 

subgroups is related to the mechanism of exchange between active and dormant species: 

-reversible homolytic cleavage of covalent species 

(systems 1-5) 

-reversible formation of persistent hypervalent radicals 

(systems 6) 

-degenerative transfer 

(systems 7-8) 

A l l eight cases wi l l be discussed in detail below. 
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Table 2 

Major Concepts and Investigators of Controlled/"Living" Radical Polymerization 

No Concept Investigators 

1 A r 3 C / A r 2 C H Borsig , Braun, Crivello, Otsu 

2 R - M t Minoura , Way land , Harwood, Matyjaszewski , ... 

3 Iniferters Otsu , Sigwalt, Turner, Smets , Clouet 

4 Nitroxides R izza rdo /So lomon /Moad , Georges , Hawker , 

Matyjaszewski , Frechet, Priddy, Sogah , Fukuda ; 

Catala , Gnanou , Bon , Yamada , . . . 

5 A T R P Matyjaszewski , Sawamoto , Percec , Haddleton, 

Teyss ie , Hawker, Frechet, Kops , Boutevin, . . . 

6 Persistent Rad ica l Matyjaszewski , Harwood, Mul len , ... 

7 Degenerat ive Transfer Tatemoto, Matyjaszewski, ... 

8 Addit ion / Fragmentation Rizzardo, M o a d , DuPont , Haddleton, Chaumont 

Reversible Homolytic Cleavage of Covalent Species. The first five entries in 

Table 2 can be classified as belonging to group I in eq. 5. Thus, they all are based on the 

homolytic cleavage of covalent species. The first four entries rely on spontaneous thermal 

cleavage whereas A T R P is catalytic. It has to be, however, recognized that the 

concentration of the stable counter radical is much higher than that of the growing radical as 

a result of the persistent radical effect. This is the main reason why the polymerizations are 

controlled, since radicals do not react one with another but deactivate reversibly with a 

persistent radical present at a much higher (approximately 1000 times) concentration: 

~Pn-X (+Y) ^ ^ ~ P n ° + X.(Y) 
1 o-2-i o-1 0-1 o 1 10-9-10"7 10"5-10-2 

-X = -CAr 2L; -Cr'"Ln; -Co"(TMP); -Co"(DMG); -S-C(S)-NR2; -0-NR2 

-X = -CI; -Br; -I; -SCN Y = Cu'»Ln; Ru"»Ln; Fe"«Ln; Ni"»Ln 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



20 

System 1. Bulky arylalkyl radicals, though historically important, did not provide 

sufficient control to be considered as useful as some other systems. This system originally 

developed by Borsig (58) and Braun (59) was also later studied and partially improved by 

Otsu (96) and Crivello/97) Research in this area has recently been relatively inactive. 

System 2. The weak direct bond between a metalloradical and organic radical has been 

used successfuly for Co-based systems to moderate radical polymerization of acrylates. 

High molecular weight polyacrylates with very low polydispersities were prepared/9S, 99) 

In some cases photochemical activation was required. For high polymers it may be 

sometimes difficult to introduce useful functionalities to the chain ends. In addition, some 

metals may have a very high affinity towards Η-atoms and can result in transfer by 

elimination of β-Η atoms. Indeed, similar Co-based systems were successfully used as 

catalytic chain transfer agents in oligomerization of methacrylates.(700-702) Some other 

metals, such as Cr have also been used for the same purpose, but less successfully than Co 

based complexes.(103) In some cases, complexation of the growing radical with a metal 

rather than direct bonding was proposed. It is possible to imagine a large number of new 

organometallic species to mediate radical polymerization by this principle. A limitation 

might be that one organometallic center per chain is necessary. 

System 3. Dithiocarbamate iniferters have been used in many systems, both under thermal 

and photochemical conditions as relatively inexpensive and versatile initiators/62,704) The 

main disadvantages of dithiocarbamates are that they decompose to C S 2 and aminyl radicals 

which irreversibly form the corresponding amines, and that they not only deactivate 

growing chains but also slowly self-initiate.( 105) In addition, the exchange is not fast in 

comparison with propagation, resulting in polymers with higher polydispersities and poor 

control of molecular weights. It is also possible, that not only homolytic cleavage and 

degenerate transfer but also degradative transfer occurs in these systems/106) 

System 4. Nitroxides seem to be very efficient moderators for styrene (co)polymerization 

but especially designed structures are needed for polymerizations of acrylates and for 

methacrylates β-Η abstraction is an important side reaction which is very difficult to avoid. 

Current research in this area includes design of new nitroxides,(30,107) kinetic studies to 

better describe the nature of the exchange reactions/2 7,2&) spectroscopic studies to 

determine concentrations of free nitroxides (108) and application of alkoxyamines to 

preparation of new controlled macromolecular structures/709,7/0) 

System 5. The current research in A T R P systems is focused on the development of new 

catalysts, and the preparation of new materials, including polymers with novel topologies, 

compositions and functionalities (80) as well as new block/graft copolymers by combining 

controlled radical polymerization with other controlled processes/S5-#9) Model 
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spectroscopic and kinetic studies to better understand quite complicated structures and 

reactivities of activators and deactivators are necessary. Correlations of structures of 

initiators with their efficiencies and correlations with macromolecular species is needed. 

However, the design and preparation of new, more efficient and more selective catalysts is 

probably the most challenging research direction. 

Reversible Formation of Persistent Hypervalent Radicals. The second 

subgroup of systems employs persistent hypervalent radicals to control polymerization: 

—P n° + ζ - {~Pn-Z} 
10-9-10"7 10"2-1 10-2-1 

Ζ = Al R 2 L n ; PR 3; Cr"L n; stilbenes; TTF; S=CR2 

System 6. Based on kinetic evidence, however, without sufficient spectroscopic proof, it 

was originally proposed that such persistent radicals are formed in the presence of 

organoaluminum compounds complexed by several ligands.(777) However, it was later 

demonstrated that these systems are much more complex/772,) they are very sensitive to air 

and oxygen (113) and the formation of the hypervalent Al-based radicals is not very likely. 

Hypervalent phosphoranyl radicals are known in the literature (774) and can be used to 

partially control polymerization of vinyl acetate/69) However, some phosphites are 

incorporated into polymer chains, reducing control. Cr(II) species interact with organic 

radicals to form paramagnetic Cr(III) species/775) This system has not yet been applied in 

polymerization. Non -homopolymerizable stilbenes were used successfully to control 

polymerization of M M A presumably by reversible formation of stabilized but non-

copolymerizable radicals/776) Tetrathiafulvaline was also reported to control M M A 

polymerization, though the mechanism was not clear/777) It is possible that a persistent 

radical mechanism was responsible for the polymerization control. Finally, many other 

species such as thiocarbonyl compounds or phosphoranimines may also provide similar 

persistent radicals. It is important that this species reacts reversibly to form persistent 

radicals with high equilibrium constants, high exchange rates and high chemoselectivities. 

Potential side reactions in the presence of phosphites as moderators include the 

copolymerization and fragmentation such as Arbuzov rearrangement/69) 

4.3. Degenerative Transfer. This last subgroup is based on degenerative transfer 

reactions: 
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+ fp) «ΛΛΛ 1 η τ J και 
10"2-1 109-10-7 10-9-10"7 10-2-1 

Ζ = -I; -SeAr; -S-C(S)-NR2 ,ch2 

+ Addition/Fragmentation:^0^-^ 
* c o 2 R 

Typical radical initiators (AIBN, BPO, etc.) but Δ[Ι] « [R-Z]Q ( 8 ) 

System 7. In contrast to the previous two systems, equilibrium constant for the exchange 

reaction is K = l and there is no thermodynamic driving force for the exchange process. 

Protecting group Ζ should not cleave spontaneously but only in a bimolecular displacement 

process. This is also the only system which is compatible with slow initiation and can 

employ A I B N , B P O and other peroxides at their typical temperature regimes. However, 

the initiator concentration affects here only the polymerization rate but does not affect the 

total concentration of chains which are defined by the transfer agent, R - Z . Thus, the 

concentration of the decomposed initiator should be much smaller than that of the transfer 

agent. In fact, the concentration of dead chains is equal to the concentration of the 

consumed initiator. If the latter is relatively small in comparison with that of the transfer 

agent, well-defined systems can be obtained, provided the rate constant of exchange is 

faster than that of propagation. This sets special requirements for the lability of the C-Z 

bond. So far, the best Ζ group is iodine/7/) but organoselenium derivatives also have 

some potential.(43) Various alkyl iodides were used as transfer agents in polymerization of 

fluorinated alkenes (118) as well as in polymerization of styrene and acrylates///9) The 

structure of the transfer agent is very important and should, in principle, closely match that 

of the dormant chain. It has been previously proposed that degenerative transfer may also 

operate for dithiocarbamates/72) however it is accompanied by degradative transfer/106) 

It seems that the contribution of degenerative transfer in TEMPO-mediated systems is 

relatively low due to steric effects from the four 2,2,6,6-methyl groups. 

System 8. A special case of the degenerative transfer is the addition-fragmentation process 

in the polymerization of methacrylates/65,120) In this case, the growing radical (Ρ η · ) adds 

to the unsaturated chain end (P m

= ) , forms an intermediate radical with both chains coupled 

(Pn+m*) and then fragments either back to the starting species or to P m

e and P n ~. The 

exchange between growing and unsaturated chains enables continuous growth of all 

chains, although the exchange is usually not faster than propagation. 
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Future Outlook 

It seems that radical polymerization has entered a renaissance stage. After reaching 

a certain degree of maturity in the sixties, relatively slow progress was noted in this field 

during the last thirty years as major efforts were focused on cationic, anionic, ring opening 

and α-olefin polymerizations which allowed for better control of macromolecular structure 

and tacticity. However, recent discoveries of many controlled radical systems have 

refocused the interest of many synthetic chemists on radical polymerization. Indeed, 

substantial progress has been achieved in the preparation of new, previously unattainable 

materials, in the mechanistic understanding these reactions, and in the quantitative 

measurements of the rates and equilibria of the involved reactions and the concentrations of 

the species involved. It seems that thorough understanding of the reactions involved in 

controlled radical polymerization, especially those carried out in the presence of 

organometallic derivatives, requires concerted efforts in various areas of chemistry, starting 

from theoretical/computational chemistry, kinetics, physical organic chemistry, 

organic/bioorganic synthesis and organometallic/coordination chemistry. In addition, 

reliable kinetic measurements of conventional radical processes in homogeneous and 

heterogeneous media are extremely important for the determination of rate and equilibrium 

constants of controlled reactions (both for homopolymerization and copolymerizations). 

Direct observations of growing species and measurements of their concentrations are also 

very important. 

Current research in controlled radical polymerization can be divided into the 

development of new initiating/catalytic systems, expansion of the range of monomers, and 

the synthesis of new well-defined materials with novel and controlled architecture, 

composition and functionality. It seems that currently the most successful methods to 

control radical polymerization are nitroxide-mediated (mostly T E M P O but other nitroxides 

are being progressively introduced) and A T R P which are briefly compared below. 

The comparative advantage of A T R P is that it is catalytic, it can be used for a large 

number of monomers, it offers a nearly infinite number of initiators, not only those with 

low molar mass but also many macromolecular initiators containing activated 

(pseudo)halogen atoms. A T R P allows for the relatively easy replacement of terminal 

halogens by more useful functional groups using many many synthetic techniques such as 

nucleophilic or electrophilic displacement. On the other hand, it might be necessary to 

remove the redox active transition metal from the final polymer. 

The main advantage of the TEMPO-mediated systems is that they are metal-free. 

However, one relatively expensive nitroxide molecule per chain is needed; it is difficult to 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



24 

displace nitroxide from the chain end and introduce useful functional groups. At present 

T E M P O can be used only for preparation of polystyrene and copolymers, though 

substituted nitroxides can expand the range of monomers. Polymerization rates in 

TEMPO-mediated polymerization are usually quite low and there have been several reports 

describing the acceleration by destroying excess nitroxide with acids (121) and simple 

radical initiators.(122) 

Controlled/"living" radical systems are not limited to T E M P O and A T R P and there 

are many other interesting systems, for example those based on degenerative transfer, on 

addition-fragmentation chemistry and metalloorganic species and several others. 

It is expected that many new systems wil l be developed which may be transmitted 

from already successful or newly developed systems from organic/bioorganic synthesis. 

Three main parameters must be fulfilled for the initiating/catalytic system to be used in 

controlled radical polymerization. 

1. The proportion of growing radicals should be relatively low to suppress bimolecular 

termination. This wi l l depend on the targeted molecular weight and should be controlled by 

the corresponding equilibrium constant. Catalytic systems have a strong advantage because 

the position of equilibrium can be shifted by using more/less activator/deactivator. 

2. Exchange between active and dormant species must be fast to prepare polymers with 

low polydispersities. Exchange can be accomplished by degenerative transfer, however, 

most often by the reaction with deactivator. Higher concentrations of deactivator will 

accelerate deactivation and reduce polydispersities but wi l l also slow down the 

polymerization. 

3. High chemoselectivities. Some initiating and catalytic systems may lead to side 

reactions such as β-Η elimination or electron transfer and either oxidation or reduction of 

the radicals to carbocations or carbanions, respectively. Some other side reactions may 

take place with functional groups being a part of the monomer or end group. It must be 

noted that chemoselectivity of propagation should exceed 99.9%, meaning that propagation 

should occur 1000 times before such side reactions wil l happen. Thus, not all organic 

reactions can be transferred to polymer synthesis. Moreover, the polymer chemist can not 

separate the desired products from side product because both are incorportated to the same 

chain. 

Concerning some other directions of expanding controlled radical polymerization, it 

is expected to expand the range of monomers, probably down to ethylene and α-olefins, to 

move towards heterogenous media like emulsions, dispersions and suspensions and to 

attempt to control polymer tacticity. The author of this overview is, however, skeptical 

about the possibility of significant control of stereochemistry of polymerization. First, due 
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to the nearly sp hybridization of many organic radicals, and second due to the fact that in 

most systems monomer addition occurs to a free radical which is not in the solvent cage 

and it is probably not coordinated to a organometallic species. 

Many spectators, but also some researchers active in the field of controlled radical 

polymerization, expect that this technique can be used for the synthesis of nearly any 

(co)polymer of even very high molecular weight. I am again more skeptical, feeling that 

new controlled radical systems may first find application in the synthesis of relatively low 

molar mass species ( M n < 10,000) with controlled topology, composition and 

functionalities. Such materials may find applications as additives, surfactants, lubricants, 

dispersants and may be components of adhesives, solventless coatings and other 

specialties. It is difficult to expect that polystyrene-polybutadiene-polystyrene triblock 

copolymers which are now very successfully made anionically can be prepared better and 

cheaper radically. However, similar triblock copolymers based on acrylates and other polar 

monomers, especially those containing hydroxy and other hydrophilic groups may be more 

economically prepared via controlled radical polymerization. 

Thus, to summarize, controlled radical polymerization has a very bright future, a lot 

of new systems are expected to be developed soon but this also requires a lot of 

fundamental studies and the preparation of many new materials. 
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Chapter 2 

Radical Addition to Alkenes: 
A Theoretical Perspective 

Leo Radom1, Ming Wah Wong2, and Addy Pross3 

1Research School of Chemistry, Australian National University, Canberra, 
Australian Capital Territory 0200, Australia 

2Department of Chemistry, National University of Singapore, 10 Kent Ridge 
Crescent Singapore, 119260 

3Department of Chemistry, Ben Gurion University, Beer Sheva 84105, Israel 

A n account of the use of ab initio molecular orbital calculations to 
study the addition of free radicals to alkenes is presented. The studies 
involve three stages: (a) assessment of the various possible 
theoretical procedures, (b) application of a selected procedure to 
specific chemical problems, and (c) qualitative rationalization of the 
results. It is found that high levels of theory are required in order to 
obtain quantitatively useful results. Methyl radical addition to alkenes 
is found to be dominated by the reaction enthalpy while polar effects 
are also important for the additions of CH2OH˙, CH2CN˙ and t-butyl 
radicals. 

The addition of radicals to alkenes 

R- + C H 2 = C X Y - » R C H 2 C X Y e (1) 

has received extensive attention (see references 1-4 for recent reviews). Such 
reactions are of fundamental interest as carbon-carbon bond-forming reactions and are 
also of practical relevance as prototypes for the propagation step in free-radical 
polymerizations (see references 5 and 6 for leading references). 

The purpose of the present article is to briefly review our recent theoretical 
studies (7-72) in this area. Our approach is to use ab initio molecular orbital theory 
(13) to obtain quantitative information about the reactions under investigation. We 
then attempt to provide qualitative rationalizations within the framework of the curve-
crossing model (14,15). 

There are three key stages in our theoretical approach. The first stage is 
assessment. Here we test out many levels of ab initio molecular orbital theory with a 
view to answering the question: what level of theory is required to obtain usefully 
reliable results? Having chosen a suitable level of theory, we are then in a position to 
apply this level of theory widely and obtain quantitative results for the addition of a 

© 1998 American Chemical Society 31 
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variety of radicals to a variety of alkenes. Our aim here is to find out what factors are 
important in determining the reactivities for radical additions. And finally, we attempt 
to rationalize the results using the curve-crossing model. 

It is beyond the scope of this article to discuss the excellent contributions that 
have been made by other workers to the understanding of radical addition reactions. 
The reader should refer to the cited reviews (1-4) and to our original papers (5-72) 
for the appropriate references. 

Theoretical Considerations 

Quantitative information about radical addition reactions is provided by ab initio 
molecular orbital theory (13). The ab initio calculations enable us to obtain 
information of the type displayed in Figure 1. This shows a schematic potential 
energy profile corresponding to the reaction between a radical R* and an alkene 
C H 2 = C X Y , proceeding via a transition structure (TS) to produce the product radical 
R C t ^ C X Y * . The calculations allow us to obtain complete geometries, i.e. bond 
lengths, bond angles and torsional angles, of all species including the transition 
structure. W e can also determine vibrational frequencies which rigorously 
characterize stationary points as minima or first-order (or higher) saddle points on the 
potential surface and which also are useful in thermochemical and kinetic analyses. 
Note that obtaining experimental geometries and vibrational frequencies is difficult 
for radicals and virtually impossible for transition structures so theory is playing a 
particularly useful role here. We can also determine thermochemical quantities such 
as the reaction barrier and exothermicity. A n d we can obtain information on the 
direction and extent of charge transfer (determined using a so-called Bader analysis, 
based on the theory of atoms in molecules (76)). The ab initio calculations allow us 
to answer questions such as: are enthalpy effects important in radical addition 

Figure 1. Schematic energy profile showing the reaction of a radical R* with 
the alkene C H 2 = C X Y . 
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reactions? Are polar effects important? The beauty of the ab initio calculations is 
that we can calculate these effects directly. We can calculate explicitly the barrier 
height and enthalpy change in the reaction. We can calculate explicitly the charge 
transfer in the transition structure. 

It is important to note that there are a broad variety of ab initio calculations, 
ranging from cheap and (potentially) nasty to expensive and very accurate. The 
quality of an ab initio calculation depends on two things, namely the size of the basis 
set used in the calculation and the extent of incorporation of electron correlation. 
Better calculations are more expensive. In choosing the level of theory at which the 
calculations are to be performed, we need to strike a compromise between the 
accuracy that we require and the computational expense that we can afford. It is also 
important to note that the cost of an ab initio calculation goes up very rapidly with 
the size of the system that is being examined ... roughly between the 2nd and 7th 
power of the number of electrons (for a given basis set). 

A more explicit illustration of the range of levels of ab initio theory is shown in 
the Pople diagram (7 7) displayed as Figure 2. In the left-hand column are 
representative basis sets in order of increasing size. Thus, S T O - 3 G is a small basis 
set, 6-31G(d) is a medium-sized basis set, while large basis sets have names such as 
6-311+G(3df,2p). Increasingly refined correlation procedures are shown in the top 
row. These include procedures such as Hartree-Fock (HF) , M0ller-Plesset 
perturbation theory truncated at second (MP2), third (MP3) or fourth (MP4) order, 

Improvement of 
Correlat ion 
Treatment 

sm
en

t 
5 

Se
t HF MP2 MP3 MP4 QCISD(T) 

Full 
Conf igurat ion 
Interaction 

8 8 
Q.CÛ 
Ξ ο 

\ 
S T O - 3 G 

3-21G 

6-31 G(d) 

6-311+G(2df,p) 

6-311+G(3df,2p) 

Infinite 
B a s i s Set 

Exact Soin of 
S c h r ô d i n g e r 

Equat ion 

Figure 2. Pople diagram showing the dependence on basis set and level of 
incorporation of electron correlation of ab initio calculations. 
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and quadratic configuration interaction including single, double and (perturbatively 
calculated) triple excitations (QCISD(T)) . A n ab initio calculation requires the 
specification of a correlation procedure and a basis set. If we choose H F / S T O - 3 G , 
that represents a low level of theory. QCISD(T)/6-311+G(3df,2p) represents a high 
level of theory. In between are intermediate levels of theory. The ultimate level of 
theory corresponds to full electron correlation with an infinite basis set. This would 
yield the exact answer to the non-relativistic Schrôdinger equation and hence the 
answers to all our questions. Unfortunately, this is not accessible in practice for 
normal systems so we have to be content with an appropriate compromise. 

In order to approximate high levels of theory from lower-level calculations, we 
sometimes take advantage of additivity approximations. These are of the form shown 
as equations 2 and 3: 

AE[QCISD(T)/6-311G(d,p)] - AE[QCISD(T)/6-31G(d)] 

+ AE[RMP2/6-311G(d,p)] - AE[RMP2/6-31G(d)] (2) 

AE[QCISD(T)/6-311+G(3df,2p)] - AE[QCISD(T)/6-31G(d)] 

+ AE[RMP2/6-311+G(3df,2p)] - AE[RMP2/6-31G(d)] (3) 

There is an additional degree of freedom for calculations on open-shell systems 
such as the radicals involved in radical addition reactions. Calculations may be 
carried out using either a restricted (RHF) or unrestricted ( U H F ) Hartree-Fock 
starting point. In the restricted (RHF) procedure, the α and β orbitals are constrained 
to be the same. This has the advantage that the resultant wave function is a pure 
doublet, characterized by the spin-squared expectation value <S 2 > being 0.75. On 
the other hand, i f we allow the α and β orbitals to be different, leading to the 
unrestricted ( U H F ) procedure, the energy becomes lower. However, the wave 
function is no longer a pure doublet but is contaminated by states of higher spin 
mult ipl ici ty, as reflected in an <S 2 > value greater than 0.75. It is not clear 
beforehand which out of R H F or U H F is better. 

When electron correlation is introduced, the procedures can be based on either 
U H F or R H F starting points. For example, M0ller-Plesset perturbation theory can be 
based on U H F and is then denoted U M P . If there is severe spin contamination, there 
can be poor convergence in the M0ller-Plesset expansion so that it may be inadvisable 
to use the U M P procedure (see, for example, references 18-20). There is generally a 
significant improvement with the use of restricted M0ller-Plesset theory (RMP) (27) 
or projected M0ller-Plesset theory (PMP) (22) in such circumstances. For more 
sophisticated procedures such as quadratic configuration interaction (QCI) (23), the 
difference between the unrestricted (UQCI) and restricted (RQCI) approaches is 
generally much smaller. Calculations using variants of density functional theory (see, 
for example, reference 24 and references therein), e.g. U B - L Y P and U B 3 - L Y P , 
should be carried out in the unrestricted form (25). The " U " denoting the unrestricted 
procedure is often dropped for simplicity in the present article. 

Our qualitative approach is based on the curve-crossing model (14,15). A curve-
crossing representation of the potential energy profile for the reaction of methyl 
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radical plus ethylene is shown in Figure 3. The methyl radical (denoted C Î ) reacts 
with ethylene (denoted C Î - l C ) to produce the propyl radical (denoted C i î C - Î C ) . 
In the curve-crossing approach, the barrier for the reaction is considered to arise as a 
result of an avoided crossing between the reactant configuration and the product 
configuration. There are also higher-energy charge-transfer configurations that may 
contribute to the description of the reaction profile. These correspond either to 
electron donation from the radical to the alkene (leading to radical +/alkene~) or to 
electron donation from the alkene to the radical (leading to radieal~/alkene +). The 
energies of the charge-transfer configurations depend on the ionization energies and 
electron affinities of the radical and the alkene. For example, the lower-energy 
charge-transfer configuration shown in Figure 3 corresponds to methyl cation plus 
ethylene anion and has an energy relative to the ground-state reactants equal to the 
ionization energy of methyl radical minus the electron affinity of ethylene. 

Θ Θ 
c c=c 

Figure 3. Curve-crossing diagram for the addition of methyl radical 
(represented by C Î ) to ethylene (represented by C Î - i C ) to produce propyl 
radical (represented by C i î C - Î C ) . 

The curve-crossing model makes various predictions about radical addition 
reactions. Firstly, the barrier should decrease with increasing exothermicity. That is 
simply saying that the barrier decreases as the point corresponding to product 
(denoted C I Î C - Î C ) moves down in energy; this is consistent with Bell-Evans-
Polanyi. Secondly, the barrier should decrease as the charge-transfer states are 
lowered in energy, i.e. with decreasing difference between the ionization energy and 
electron affinity of the respective species. This follows because as one or other of the 
charge-transfer states comes down in energy, it w i l l mix in to a greater extent and 
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hence stabilize the transition structure. A n d finally, the barrier should decrease with 
decreasing triplet-singlet gap in the alkene. This is the energy gap between the 
ground-state reactants and the point corresponding to methyl radical plus triplet 
ethylene (denoted Ci C Î - Î C ) . A s the triplet energy comes down, the barrier 
decreases. Normally the exothermicity and triplet-singlet gap go together because 
substituents that stabilize the triplet alkene w i l l generally also stabilize the product 
radical. So the whole line corresponding to the product configuration is lowered and 
the barrier is lowered as a consequence. 

Assessment of Theoretical Procedures 

Previous studies have shown that radical addition reactions are not at all straight
forward theoretically. A n essential initial part of our investigation was therefore 
to assess which theoretical methods are suitable for studying radical addition 
reactions (77). 

The type of results obtained is exemplified by the barriers for methyl radical 
addition to ethylene, calculated with a wide variety of theoretical procedures (Table I). 
The experimental gas-phase barrier with which we should be making comparison 
(26,27), back corrected for temperature, zero-point energy and basis set effects, is 
28 kJ mol" 1. Our best level of theory, QCISD(T) , gives a barrier of 31.7 kJ mol" 1, 
respectably close to the experimental value. However, the calculated barriers at the 
other levels show a massive dependence on level of theory. The values range from 
about 5 kJ m o H using the U B - L Y P density functional theory procedure and 7.1 kJ 
m o l - 1 for the widely used A M I semi-empirical procedure to nearly 90 kJ m o l - 1 by 
R H F . The commonly used U M P 2 procedure also gives a very high barrier. 

These results are hinting that, of the procedures examined, only Q C I S D and 
QCISD(T) might be suitable for the prediction of quantitatively reliable absolute 
barriers. Often in chemistry, however, we don't need absolute quantities. It would 
often be sufficient i f we could reliably predict trends. So we ask now: what about 
relative barriers? Do the trends come out well with simpler levels of theory? 

Table I. Effect of Level of Theory on Calculated Barriers for the Addition of 
Methyl Radical (CH 3 *) to Ethylene ( C H 2 = C H 2 ) a ' b 

Level Barrier Level Barrier 

A M I 7 . I e R H F 89.7 
U H F 39.4 R M P 2 40.3 
U M P 2 60.1 R M P 4 8.2 
U M P 4 53.7 U B - L Y P 5.3 
P M P 2 20.1 U Q C I S D 35.5 
P M P 4 21.5 UQCISD(T) 31.7 

a 6-31G(d) basis set, kJ m o l - 1 , from ref. 77. 
b U H F / 6 - 3 1 G ( d ) geometries unless otherwise noted. 
C A M 1 geometries. 
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A selection of the results that enable us to examine the performance of theory in 
predicting relative barriers is shown in Table II. Aga in we believe that the 
QCISD(T) level is the most reliable and the substituents are ordered in Table II so that 
the QCISD(T) barriers decrease monotonically. We can then examine results at the 
other levels to see how they compare. U M P 2 is by far the worst. The trend, 
i.e. monotonically decreasing barriers, is not reproduced at all . If anything, it goes 
the other way. U H F is not particularly good but does much better than U M P 2 . A M I 
is also very poor. The other procedures - U B - L Y P , P M P 2 , R M P 2 and Q C I S D - are 
very respectable in reproducing the trends, even though the absolute values are poor, 
particularly for U B - L Y P . Q C I S D is the best of these, the absolute barrier always 
being about 4 kJ mol" 1 above the QCISD(T) value. 

Table II. Effect of Level of Theory on Calculated Barriers for the Addit ion of 
Methyl Radical ( C H 3

# ) to Alkenes ( C H 2 = C H X ) a > b 

X A M 1 C U H F U B - L Y I * 1 U M P 2 P M P 2 R M P 2 QCISD QCISD(T) 

O H 3.3 50.3 13.1 62.8 24.7 40.4 36.5 32.2 
F 0.3 43.6 13.2 62.4 22.2 40.8 35.8 31.8 
H 7.1 39.4 13.2 60.1 20.1 40.3 35.5 31.7 
C H 3 5.5 42.2 13.4 60.6 21.0 38.3 34.8 30.7 
N H 2 0.3 48.2 9.9 59.4 21.9 37.1 33.7 29.2 
S i H 3 7.3 36.9 9.6 55.6 17.2 33.5 29.4 25.6 
CI 2.9 34.5 9.0 56.6 15.8 33.3 29.4 25.5 
C H O 2.5 21.6 1.3 73.8 9.6 23.7 23.3 18.8 
C N 2.1 19.9 1.1 68.6 6.8 21.3 20.6 16.7 
N 0 2 -0.1 26.5 -2.7 43.7 5.6 22.3 19.1 15.4 

a 6-31G(d) basis set, kJ m o l ' 1 , from ref. 77. 
b U H F / 6 - 3 1 G ( d ) geometries unless otherwise noted. 
c A M I geometries. 
d UB-LYP/6 -31G(d ) geometries. 

These observations are mirrored in calculated correlation coefficients (Table III). 
The R 2 values listed are for correlations of barriers calculated with the simpler 
methods against barriers calculated by QCISD(T) . QCISD(T) itself, of course, 
correlates perfectly with QCISD(T) and so gives a value of 1.000. Q C I S D is nearly 
perfect with an R 2 value of 0.998, as we anticipated from Table IL R M P 2 , P M P 2 
and U B - L Y P are all reasonably good while U M P 2 is hopeless, with a correlation 
coefficient of 0.004. A M I is also very bad. 

A s a result of the assessment work touched on here but described in detail 
elsewhere (77), we are able to select a standard level of theory to apply to specific 
problems. We have recommended in the first instance QCISD/6-31 lG(d,p) or 
QCISD(T)/6-311G(d,p) energy calculations on UHF/6-31G(d) geometries with 
(scaled) UHF/6-31G(d) zero-point vibrational energies. 
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Table III. Correlation Coefficients for Barriers for the Addition of Methyl Radical 
to Alkenes ( C H 2 = C H X ) Computed at Various Levels of Theory Against 

UQCISD(T) Values 3 

A M I U H F U B - L Y P U M P 2 P M P 2 R M P 2 U Q C I S D UQCISD(T) 

0.123 0.838 0.966 0.004 0.967 0.989 0.998 1.000 

a 6-31G(d) basis set, UHF/6-31G(d) geometries, kJ mol" 1 , from ref. 11. 

The performance of the QCISD(T)/6-31 lG(d,p)/ /UHF/6-3 lG(d) level of theory 
(evaluated using equation 2) can be tested immediately against the results of recent 
extensive experimental measurements in solution from Fischer's laboratory in Zurich 
(see, for example, references 28-30). In particular, we can make comparisons 
between our theoretical results and experimental results obtained by Zytowski and 
Fischer (30) for methyl radical addition to a wide variety of alkenes. 

Comparison of our calculated barriers with the experimental values determined in 
Zurich for the subset of 10 systems common to both investigations (Figure 4) gives a 
very respectable correlation coefficient of 0.856. The explicit results are displayed in 
Table IV and show that the experimental values are consistently smaller than the 
calculated values. It is not clear whether this difference is a solvent effect or a 
specific problem associated with theory or experiment. But the very encouraging 
feature is that the discrepancy is reasonably systematic and the differences between 
theory and experiment lie within a small range of about 3 to 11 kJ m o l - 1 . 

Experimental Barrier (kJ/mol) 

Figure 4. Comparison of calculated (QCISD(T) /6-31 l G ( d , p ) / / U H F / 6 -
31G(d), 0 K ) (from refs 8,12) and experimental (298 K) (from ref. 30) barriers 
for methyl radical additions to alkenes (CH2=CXY). 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

2

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



39 

In order to examine the effect of moving to still higher levels of theory, we have 
very recently obtained higher level QCISD(T)/6-31 l+G(3df,2p)//QCISD/6-31G(d) 
energies (using equation 3) with Z P V E s determined at the B3-LYP/6-31G(d) level for 
a subset of our systems (72). The barriers are found to slightly increase (compared 
with the standard values above) by 1.1-5.5 kJ m o l - 1 . The discrepancy between 
theory and experiment actually becomes a little larger with differences ranging from 6 
to 12 kJ m o l - 1 . However, the good correlation between theoretical and experimental 
barriers is maintained, with an R 2 value of 0.903 (Figure 5). 

Zytowski and Fischer also estimated reaction enthalpies in their work using 
Benson-type additivity rules. The reliability of such procedures depends both on the 
accuracy of the primary data and on the extent to which bond energies are additive. 
Both of these aspects carry with them significant uncertainty and the comparisons 
with theoretical values should be viewed in that light. Indeed, the correlation between 
theoretical and estimated experimental values of reaction enthalpies (Figure 6) is much 
poorer than for barriers, with an R 2 value of 0.760. 

Figure 5. Compar i son of calculated (QCISD(T) /6 -311+G(3df ,2p) / / 
QCISD/6-31G(d), 0 K ) (from ref. 72) and experimental (298 K ) (from ref. 30) 
barriers for methyl radical additions to alkenes (CH2=CHX). 

Addition of Methyl Radical to Alkenes 

We return now to the more chemical aspects of the addition of methyl radical to 
alkenes. Because the reaction is accelerated by electron-withdrawing groups X on the 
alkene substrate, it had been concluded previously (see, for example, references 1-3) 
that polar effects are important and, in particular, that the methyl radical is 
nucleophilic in such reactions. We wanted to critically assess such conclusions. The 
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Table IV. Comparison of Theoretical (QCISD(T)/6-311G(d,p)//UHF/6-31G(d), 
0 K ) a and Experimental (298 K ) b Barriers (kJ mol" 1) for the Addition of Methyl 

Radical to Alkenes (CH2=CXY) 

X Y Theory Expt Difference 

OCH2CH3 H 35.4 24.8 10.6 
H H 35.2 28.2 7.0 
C H 3 H 33.3 27.7 5.6 
S1H3 H 29.8 23.4 e 6.4 
CI H 28.5 23.9 4.6 
CI C H 3 26.8 22.5 4.3 
C H O H 24.1 15.0 9.1 
CI C l 22.3 17.9 4.4 
C N H 20.4 15.4 5.0 
C N C H 3 19.2 16.0 3.2 

a From refs 8 and 12. 
b From ref. 30. 
c Result for S i ( C H 3 ) 3 substituent. 

Figure 6. Comparison of calculated (QCISD(T) /6-31 l G ( d , p ) / / U H F / 6 -
31G(d), 0 K ) (from refs 8,12) and "expérimental" (298 K ) (from ref. 30) 
reaction enthalpies for methyl radical additions to alkenes (CH2=CXY). 
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questions we sought to answer include: are enthalpy effects important, is the methyl 
radical nucleophilic, and are polar effects important (7,8)1 

We can tackle quite straightforwardly the first question, namely the possible 
influence of reaction enthalpy on the reactivity of methyl radical with alkenes, by 
plotting barrier height against exothermicity for a range of substituents X (Figure 7). 
We observe a nice straight line correlation with an R 2 value of 0.973. This excellent 
correlation suggests that reaction thermodynamics has a very strong, i f not dominant, 
influence on the rate of methyl radical addition to alkenes, consistent with classical 
rate-equilibrium considerations. 

Reaction Enthalpy (kJ/mol) 

Figure 7. Influence of reaction enthalpy on barrier height for methyl radical 
additions to alkenes ( C H 2 = C H X ) (QCISD(T)/6-31 lG(d ,p) / /UHF/6-31G(d) , 
O K ) (from ref. 8). 

What about the question of whether the methyl group is nucleophilic, i.e. an 
electron donor? We have looked at two measures of the direction and extent of 
charge transfer in the transition structure (Table V ) . One measure comes from the 
calculated Bader charges in the transition structures, which predict that for most 
substituents (including H) methyl carries a negative charge; it is positive only for 
X = C H O , N 0 2 and C N . The second measure is the relative energy of the charge-
transfer states C H 3 + / C H 2 = C H X - and C H 3 " / C H 2 = C H X + . We observe that in most 
cases, again including the unsubstituted case, the energy of the charge-transfer state 
C H 3 - / C H 2 = C H X + is lower than the charge-transfer state C H 3 + / C H 2 = C H X - i.e. 
again showing that methyl prefers to be an electron acceptor rather than an electron 
donor. It is an electron donor only when there are strong electron-withdrawing 
substituents on the alkene. So our calculations on two counts suggest that the answer 
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to the second question is that methyl radical does not display general nucleophilic 
behavior, in contrast to the current conventional wisdom. It is nucleophilic only with 
alkenes such as acrolein and acrylonitrile that bear strong π-e lec t ron-wi thdrawing 
substituents. 

The remaining question we wished to address is whether polar effects have an 
important influence on reactivity in methyl radical addition reactions. The charges in 
Table V tell us that there is some charge transfer in the transition structure but they 
don't say anything about the energetic consequences. We want to know whether 
polar effects are important energetically. Do they influence barrier heights? 

Table V. Examination of Polar Effects in the Reaction of Methyl Radical ( C H 3

# ) 
with Alkenes ( C H 2 = C H X ) a 

X Energies (eV) of 
Charge-Transfer Statesb 

C H 3 + / C H 2 = C H X " C H 3 - / C H 2 = C H X + 

Charge on C H 3 in 
T S C 

F 11.4 10.3 -0.012 
H 11.6 10.5 -0.017 
O H 11.5 9.2 -0.029 
C H 3 11.6 9.8 -0.024 

N H 2 11.7 8.1 -0.039 

S1H3 10.7 10.1 -0.009 
CI 11.0 9.9 0.000 

C H O 9.7 10.2 +0.006 
N 0 2 9.0 11.8 +0.030 
C N 10.0 10.9 +0.012 

a From ref. 8. 
b G2(MP2) values. 
c Bader charges calculated at the UHF/6-31G(d) level. 

Because the direction of charge transfer is generally from the alkene to the methyl 
radical, we might expect that i f polar effects are important they would manifest 
themselves in a nice correlation of reaction barrier with the ionization energy of the 
alkene. However, when we plot our calculated barrier heights against the ionization 
energies of the alkenes (Figure 8) there is no correlation at all. 

On the other hand, when we plot the reaction barrier against the electron affinities 
of the alkenes (Figure 9), there is a reasonable correlation. This would not have been 
anticipated on the basis of the charge-transfer results. Only the π - e l e c t r o n -
withdrawing substituents C H O , C N and N 0 2 might have been expected to show a 
correlation but in fact they don't correlate particularly well on their own, as can be 
seen in Figure 9. What is the significance then of this correlation, mirrored also in 
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9 10 11 

Ionization energy (eV) 

12 

Figure 8. Influence of alkene ionization energy for methyl radical additions 
to alkenes ( C H 2 = C H X ) (QCISD(T)/6-31 lG(d,p)/ /UHF/6-31G(d), 0 K ) (from 
ref. 8). 

40 

Electron Affinity (eV) 

Figure 9. Influence of alkene electron affinity for methyl radical additions 
to alkenes ( C H 2 = C H X ) (QCISD(T)/6-31 lG(d,p)/ /UHF/6-31G(d), 0 K ) (from 
ref. 8).' 
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the experimental observation noted above that electron-withdrawing substituents in 
the alkene generally lead to lower reaction barriers? 

We believe that the answer, as also noted particularly in Fischer's work, is that 
π-electron-accepting groups such as C H O , NO2, and C N can enhance reactivity not 
only through stabilization of a polar transition structure but also through increasing 
the reaction exothermicity. We think that the exothermicity effect is more important in 
the addition reactions of methyl radical. The π-electron-accepting groups tend to 
increase reaction exothermicity because they stabilise the product radical 
( C H 3 C H 2 C H X e ) formed from the addition of methyl radical to the alkene. 

In summary, we believe that polar contributions to the reactivity of methyl radical 
with alkenes are generally small, the methyl radical does not show general 
nucleophilic behaviour, and it is reaction exothermicity that is the main factor that 
dominates reactivity. 

Addition of Other Radicals to Alkenes 

If we believe that polar effects are not very important in the reactions of methyl radical 
with alkenes, a logical question to ask at this stage is: under what circumstances do 
polar effects become energetically important in radical addition reactions (9)1 We l l , 
according to the curve-crossing model, we require that one or other of the 
charge-transfer states must lie low in energy, i.e. either the difference between the 
ionization energy of the radical and the electron affinity of the alkene, or the 
difference between the ionization energy of the alkene and the electron affinity of the 
radical, must be relatively small. This may give rise to charge-transfer states of 
sufficiently low energy so as to contribute significantly to the total wave function. 
The C H 2 O H * radical has a low IE - 7.43 eV vs 9.77 eV for methyl radical - and 
therefore, depending on the E A of the alkene, may satisfy the first of these 
requirements. Potentially it is a highly nucleophilic radical. The C H 2 C N * radical, on 
the other hand, has a high E A - 1.59 e V . v s 0.04 eV for methyl radical - and 
therefore, depending on the IE of the alkene, may satisfy the second of these 
requirements. Potentially it is a strongly electrophilic radical. 

The calculated energies for the possible charge-transfer states formed from each 
of the C H 3 e , CT^OH* and C H 2 C N * radicals with the set of alkenes is shown in 
Table V I . W e can see that the C H 2 C N * radical is always electrophilic, the r ad ica l -

/alkene"1- ( R ~ A + ) state being low in energy in an absolute sense and always lying 
below the radical+/alkene~ (R+A~) state. On the other hand, C H 2 0 H * is generally 
nucleophilic, the charge-transfer radical+/alkene~ state being low in energy in an 
absolute sense and generally lying below the radical~/alkene+ state. As we have seen 
before, the charge-transfer states involving the methyl radical are considerably higher 
in energy. These results suggest that polar effects in the addition reactions of the 
C H 2 0 H * and C H 2 C N * radicals should be considerably greater than for the methyl 
radical, where we concluded that they were generally energetically unimportant. 

A comparison of the enthalpy dependence of the barriers for methyl and C H 2 0 H * 

addition to alkenes is presented in Figure 10. The key observation is that the 
C H 2 O H 0 points lie below the methyl line, i.e. for a given enthalpy, the barrier for 
C H 2 0 H * addition is lower than the barrier for methyl addition. We attribute this 
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lowering to the polar effect. It amounts to about 5-15 kJ m o l - 1 and increases as the 
acceptor ability of the alkene increases. The larger slope of the C H 2 O H * line 
compared with the methyl line would conventionally be interpreted as indicating a 
later transition structure but we believe that it arises because of the growing 
contribution of transition structure stabilization from polar mixing for alkenes with 
more electron-withdrawing substituents ( C H O and C N ) . This growing polar 
contribution fortuitously preserves the linearity of the barrier-enthalpy plot. 

Table VI. Calculated Energies of Charge-Transfer States Related to C H 3 * , 
C H 2 O H e and C H 2 C N * Addition Reactions to Alkenes ( C H 2 = C H X ) ( e V ) a 

X C H 3 * C H 2 O H * C H 2 C N -

R + A - R - A + R + A - R - A + R+A~ R " A + 

F 11.4 10.3 9.1 10.5 11.8 8.8 
H 11.6 10.5 9.3 10.7 12.0 9.0 
N H 2 11.7 8.1 9.4 8.3 12.1 6.6 
C l 11.0 9.9 8.7 10.1 11.4 8.4 
C H O 9.7 10.2 7.5 10.4 10.1 8.6 
C N 10.0 10.9 7.7 11.1 10.4 9.4 

a G2(MP2) values from ref. 9. 

React ion Enthalpy (kJ/mol) 

Figure 10. Comparison of enthalpy dependence of barrier heights for 
additions of C H 3 * ( · ) and C H 2 O H * ( A ) to alkenes ( C H 2 = C H X ) (QCISD/6-
311G(d,p)//UHF/6-31G(d), 0 K ) (from ref. 9). 
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A plot of barrier height vs enthalpy for C H 2 C N - addition (Figure 11) shows that 
the C H 2 C N * points also lie below the methyl line, indicating polar stabilization. This 
time, however, we have lost the barrier height-enthalpy correlation that was 
fortuitously preserved for C F ^ O H * addition. We interpret these results as indicating 
that the reactivity of C F ^ C N * is also influenced by a combination of enthalpy and 
polar effects and that strong polar effects can upset a possible linear correlation. For 
example, the barrier for addition to C H 2 = C H N H 2 is lower by about 5 kJ m o l - 1 than 
the barrier for addition to CH2=CHC1, despite the fact that the enthalpies of reaction 
are similar. This may be attributed to a particularly large polar contribution, arising 
because the IE for C H 2 = C H N H 2 is particularly low (8.18 eV). 

React ion Enthalpy (kJ/mol) 

Figure 11. Comparison of enthalpy dependence of barrier heights for 
additions of C H 3 * ( · ) and C H 2 C N * ( • ) to alkenes ( C H 2 = C H X ) (QCISD/6-
31 lG(d ,p) / /UHF/6-3lG(d) , 0 K ) (from ref. 9). 

The i-butyl radical is even more nucleophilic than C H 2 0 H E : the ionization 
energies go from 9.77 eV for methyl to 7.43 eV for C t ^ O H * to 6.78 eV for i-butyl. 
We might expect i-butyl additions on this basis to have particularly low R+A~ states 
and therefore even greater polar stabilizations and lower barriers. In fact, it has 
previously been claimed that the reactivity of i-butyl radical depends only on polar 
factors and that reaction enthalpy is not important. However, based on the barrier 
height-enthalpy correlation for i-butyl radical addition shown in Figure 12, we 
certainly don't agree with this last assertion. Enthalpy plays a major role, as with the 
other radicals that we have examined. However, i f we compare the enthalpy 
dependence of the barrier heights for methyl, C H 2 0 H * and i-butyl addition to alkenes 
(Figure 12), we can see that for a given enthalpy, the barrier indeed decreases as we 
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go from methyl to C F ^ O H * to i-butyl, indicating progressively stronger polar 
contributions (10). 

Reaction Enthalpy (kJ/mol) 

Figure 12. Comparison of enthalpy dependence of barrier heights for 
additions of C H 3 * ( A ) , C H 2 O H e ( • ) and ί-butyl radical ( · ) to alkenes 
( C H 2 = C H X ) (QCISD/6-311G(d,p)//UHF/6-31G(d), 0 K ) (from ref. 10). 

Concluding Remarks 

Several important points emerge from the present study. Firstly, we have seen that 
obtaining quantitatively useful absolute barrier heights for radical addition reactions 
requires a high level of theory. Careful selection of the level of theory is also 
required for relative barrier heights. In particular, U M P can be very poor. The 
indications are that our calculated barriers at the present levels of theory may be 
slightly overestimated. We are continuing to work on doing better. Notwithstanding 
this result, there is a nice general correlation between theoretical and experimental 
barriers. Every now and then, there is a significant discrepancy but for the most part 
the difference between theory and experiment for a particular type of radical addition 
appears to be systematic. A point of difference between our position and that of some 
others in the field is that we believe that enthalpy effects are always important in 
radical addition reactions: other things being equal, more exothermic reactions wi l l 
have lower barriers. O f course, other things are not always equal and in particular 
we have seen that polar effects are important in some cases, in which case they are 
superimposed on enthalpy effects. Finally, it needs to be borne in mind that part of 
the difference between the theoretical and experimental results and the conclusions 
that derive from them may be associated with the effect of solvent in the experimental 
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results, since the theoretical treatment refers to the gas phase. However, the other 
side of this coin is that the remarkably good match between theoretical and 
experimental results suggests that the overall importance of solvent effects in radical 
addition reactions is generally relatively minor. 
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Chapter 3 

Factors Influencing the Addition of Radicals 
to Alkenes 

Anne Ghosez-Giese and Bernd Giese 

Department of Chemistry, University of Basel, St. Johanns-Ring 19, 
CH-4056 Basel, Switzerland 

The addition of radicals to alkenes is largely governed by polar and 
steric effects as well as, in some cases, stability effects. These 
factors play also an important role on the regio- and the 
stereoselectivity of the additions and in radical polymerization 
reactions. A n overview is presented on the basis of the data collected 
over the past 20 years. 

The question of the factors influencing the radical addition to alkenes is a major one 
in polymer chemistry since it concerns the parameters governing the propagation 
step during radical polymerization. In this report, we have summarized the rules 
controlling the radical addition to alkenes using data that were obtained mostly in the 
seventies and eighties. 

Propagation: 

Method 

The measurements of the radical additions to alkenes were performed using the 
„mercury method" (1) a chain reaction in which the radical precursor is an 
alkylmercury hydride 2 (2). Indeed, alkylmercury halides 1 react with N a B H 4 

giving alkylmercury hydride 2 which, after loss of metallic mercury, yields alkyl 
radical 3. In the presence of an alkene 4, radical 3 adds to the double bond and 
forms radical adduct 5 which abstracts a Η-atom from the alkylmetal hydride 2 to 
give the 1:1 addition product 6 and regenerates alkyl radical 3. The formation of 
polymers is observed only in special cases (3) because alkylmercury hydrides 1 trap 
alkyl radicals 3 with rate coefficients of at least 107 M ' V at room temperature (4). 

50 © 1998 American Chemical Society 
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Scheme 1 

This method is very useful in synthesis (5) as well as for kinetics studies (6) 
since the yields are high, the reaction conditions are mild (room temperature, no 
light) and the reaction times are short (in the order of minutes). Moreover, the 
separation of the products from metallic mercury is easy. 

The relative rates of radical addition to alkenes were determined by pseudo-
first order competition kinetics (6). The alkyl radicals 3 were treated with a pair of 
alkenes (A 1 5 A 2 ) and this led exclusively to the products P1 and P 2 . Since 
dimerization, polymerization, disproportionation, or oxygen trapping reactions can 
be suppressed, the quantitative conversion of the adduct radicals into the products 
P p P 2 allows the measurement of the relative addition rates. The competition 
constants k/k2 can be determined following a pseudo-first order kinetics if one 
works with a large excess of alkenes so that their relative concentration [Aj]/[A2] 
vary only negligibly during the reaction. 

[ A J / t A J 

Scheme 2 

The relative rates that we have measured are in accordance with the absolute 
rates obtained by H . Fischer in later work (7). 
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Polar and Stability Effects (8) 

The stability of the adduct radical 5 plays only a modest role in the addition rate. Not 
stability effects but polar effects are dominant when nucleophilic or electrophilic 
radicals 3 are involved. This can be illustrated by the correlation of the relative 
reactivities of raonosubstituted alkenes 4 (towards cyclohexyl radical 3a) with the 
Hammett σ " parameters of the substituent Y at the double bond (Figure l)(8). This 
plot shows that the variation of Y has a strong effect on the rate of addition: the 
better the electron withdrawing group Y , the faster the addition. Thus, the rate of 
addition is increased by 8500 in going from the electron rich 1-hexene (Y = C 4 H 9 ) to 
the electron poor acrolein (Y = CHO)(9). 

However, substituents Y which stabilize radicals very strongly, e.g. a 
phenyl group, deviate from linearity (9). Thus, styrene (Y = Ph) reacts faster as 
would be expected from the σ ~ values (Figure 1). However, it still reacts much 
more slowly than acrolein (Y = C H O ) , for instance, although radicals are better 
stabilized by a phenyl group than by a carbonyl substituent. 

Figure 1. Correlation of the relative reactivities of cyclohexyl radical 3a with the 
Hammett σ " parameters of the substituents at the monosubstituted alkene 4 (20°C). 

The variation of geminal substituents at 1,1-d/substituted alkenes 7 shows a 
good correlation of the relative reactivities with the Hammett parameters and no 
deviation is observed for stabilizing substituents like phenyl or capto-dative groups 
(Figure 2). This can be explained by a slight twisting of the substituent (especially 
the phenyl group) out of conjugation because of the presence of the geminal group. 
Thus, the stabilizing effect of the phenyl group is reduced and only the polar effects 
remain effective in these cases as well. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

3

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



53 

C 6 H n . + = ζ 

C 0 2 E t Ζ 

C0 2 Et 

3a 

2.0 

1.0 

0.0 

C N 
C 0 2 C H 3 V 

• C H 2 C 0 2 R 

/ C H 3 

r C ( C H 3 ) 3 

/ · O C H , 

0.0 0.5 
σ - -

Figure 2. Correlation of the relative reactivities of cyclohexyl radical with the 
Hammett σ " parameters of the substituent Ζ at the 1,1-d/substituted alkene 7 
(20°C). 

Substituents at the radical center also influence to a great extent the absolute 
(7) and the relative rates of the addition to alkenes. Radicals behave either as 
nucleophiles(4) (e.g. alkyl radicals) or as electrophiles (e.g. malonyl (4) radical 3b, 
malononitrile radical (10), perfluoroalkyl radicals (11)). Table I illustrates this 
phenomenon: the differences in relative rates for both nucleophilic (3a) and 
electrophilic (3b) radicals with alkenes of various polarities are very large and 
depend on the polarity of the alkene. Thus, cyclohexyl radical 3a react 5900 times 
faster with the electron deficient α-phenyl-acrylonitrile (X = C N ) than with an 
electron rich enol ether (X = OEt). On the other hand, the relative rate of addition of 
malonyl radical 3b to a nucleophilic enamine (X = morpholino) is 34 times larger 
than to the electrophilic α-benzoyl styrene (X = COPh)(72). 

Table I: Relative Rates of Addition of Radicals 3a-d to α-substituted Styrenes 9 
(20°C)(72). 

R* + = < • / ( · 
X R 10 x 

X C 6 H n - ( R ' 0 2 C ) 2 C H • C H 2 C N • C H 2 C 0 2 M e 
3a 3b 3c 3d 

/—V 
Q Ν 34 3.6 5.0 
M e O = 1.0 12 1.0 = 1.0 
M e 12 5.5 =1.0 1.1 
Ph 45 6.7 1.6 
C 0 2 E t 570 1.5 1.5 1.8 
C O P h 680 = 1.0 1.3 1.5 
C N 5900 
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The predominance of the polar effects can be explained by the F M O theory 
which predicts two extreme cases for the addition of R* to olefins (8): 1) the 
interaction between the S O M O of the radical and the L U M O of the alkene is most 
important, or 2) the interaction between the S O M O of the radical and the H O M O of 
the alkene is decisive (Scheme 3). When the S O M O / L U M O interaction dominates, 
the rate of addition of 3 is increased by the presence of electron withdrawing groups 
at the olefin. These radicals are nucleophiles (e.g. C 6 H n » 3a). On the other hand, 
strong electron withdrawing substituents at the radical center turn the radicals 
electrophilic (e.g. malonyl radical 3b). They react faster with electron rich olefins, 
and in this case the reaction is controlled by the S O M O / H O M O interaction. The role 
of polar effects can be described by plotting the reactivities versus the difference of 
the radical's ionization potential (IP) and the electron affinity of the alkene (EA) for 
nucleophilic radicals or versus the difference of the electron affinity of the radical 
and the ionization potential of the alkene for electrophilic radicals (7). 

\ / 
C = C 

/ \ 
L U M O 

SOMO 
-6 

3a 

Nucleophi le 
Scheme 3 

4 K ' 
H O M O 

Λ 
SOMO 

» ο 2 ς 

R 0 2 C 

\ · 
/ C H 

3b 

Electrophi le 

When the energy difference between the S O M O of the radical and the L U M O 
or H O M O of the alkene is too large to allow a good interaction, then the stabilization 
of the adduct radicals start to play a significant role. This is observed for instance 
with the cyanomethyl and methoxycarbonylmethyl radicals 3c and d. Table I shows 
that these radicals do not exhibit a strong variation in reactivity when going from 
electron rich to electron poor alkenes. They are on the borderline between 
electrophilic and nucleophilic radicals and their rates of addition depend mainly on 
the stabilization of the adduct radical (12,13). This becomes very clear in the 
experiments described in Scheme 4. 

kn I ku 

C 6 H 1 1 3 a | : 3.9 

N C - C H 2 3c 10.2 

Ph Ph Ph Ph Ph 
< 
Ph C H 3 C ( C H 3 ) 3 C 0 2 M e C F 3 

12 13 14 15 16 

12 k13/k14 
klS/k16 

1.5 3.3 

14.3 14.3 

Scheme 4 
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The pairs of alkenes Will, 13/14, 15/16 have similar polarities but 
different abilities to stabilize radicals. Thus, cyclohexyl radical 3a (nucleophilic) 
reacts with these olefins with similar rates. However, cyanomethyl radical 3c reacts 
10 times faster with 11 than with 12, since in 11 a methylene group maintains both 
phenyl groups in the plane of conjugation allowing a better stabilization of the 
adduct radical. A similar effect is observed in the pair 13/14 in which the tert-butyl 
group forces the phenyl group to rotate out of the plane thus reducing its stabilizing 
effect on the radical. But this decreases only the rate of reaction with radical 3c. In 
the pair of alkenes 15/16, a radical destabilizing group C F 3 has been introduced. 
Again, this has a large effect only on the reaction rate of the enthalpic radical 3c. 

Steric Effects (8) 

Substituents at the alkene exert not only polar effects but also steric effects on the 
reactivity of radicals. Our experiments demonstrated that a substituent Ζ at the 
attacked carbon has a major steric influence on the rate of addition whereas 
substituent Y at the remote carbon plays only a small role on the reactivity (Figure 
3). Thus, increasing the steric bulk of Ζ in a β-substituted aery late from Z=H to 
Z=tert-buty\ causes a decrease of the addition rate of cyclohexyl radical of 20 000, 
whereas by changing Y in the same way the addition is only 4.2 times slower when 
Y=teri-butyl. 

- 1 0 1 
E s • 

Figure 3. Correlation between the reactivities of cyclohexyl radical 3a with the E s 

parameters (Taft) for the alkene substituents Y ( · ) and Ζ (•). 

This can be explained by the unsymmetrical geometry of the transition state 
of the radical addition (14). The radical attacks the alkene following a tetrahedral 
angle β. The angles α and γ at the radical and at the attacked carbon of the olefin are 
already bent whereas angle δ at the remote carbon remains close to 180°. It is 
remarkable that the transition state structures for the addition of nucleophilic and 
electrophilic radicals are very similar. 
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• C ( C H 3 ) 3 
• C H ( C N ) 2 

2.23 À 2.14 Â 

r 2 1.37 Â 1.39 Â 

— • α 136° 139° 

β 110° 109° 

— • γ 156° 150° 

δ 176° 173° 

H Y 

Scheme 5 

Substituents at the radical center 17 exert also strong steric effects on the rate 
of addition. Bulky groups decrease the reactivity towards alkenes in a similar extent 
as the group Ζ at the attacked carbon atom of the olefin 18 (Scheme 6)( 15). 

Et0 2 C 

: c — Z | + 
^rel ^rel 

C 0 2 E t Radical 17 Alkene 18 

3a 

Scheme 6 

C H 3 260 

/ - C 3 H 7 29 

Î-C4H9 s 1.0 

220 

30 

= 1.0 

18 
C 0 2 M e 

Regioselectivity (8) 

The regioselectivity of the radical addition to alkenes is strongly influenced by steric 
effects. This can be illustrated by the regioselectivity of the addition of cyclohexyl 
radical to β-substituted acrylates 18 (Scheme 1)(8,16). 

C 6 H „ -

Scheme 7 

t \ 

18 

C 0 2 M e 

Η 99.8 0.2 =1000 =1000 
C H 3 92 8 11 710 

C 2 H 5 
88 12 6.6 550 

i - C 3 H 7 75 25 1.5 430 
Î-C4H9 20 80 0.05 240 
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Methyl acrylate (R=H) reacts mainly at the β-position (kjk^ - 500). 
However, while group R turns bulkier, the amount of α-attack increases and 
becomes predominant with very large groups like R=teri-butyl (Scheme 7). These 
steric effects are the main reason for the preferred attack at the less substituted (or 
less hindered) carbon of unsymmetrical alkenes. The influence of radical stabilizing 
effects is small. For example, if the preferred attack at the less substituted carbon of 
methyl maleic anhydride 19b would result from the higher stability of a tertiary 
radical (compared to a secondary radical) then 19b should react faster than 19a. 
This is not the case (Scheme 8). 

When the shielding substituents are very small (e.g. fluorine) or when the 
steric differences in 1,2-disubstituted olefins are minor, the orbital coefficients of the 
olefinic carbon atoms start to play a role in the regioselectivity (Scheme S)(8,17). 
For instance, in fluoro maleic anhydride 19c the radical attack occurs mainly α to 
the fluorine atom. Indeed, fluorine is not only small but it is also a mesomeric 
electron donating substituent which implies that the L U M O coefficient of the a -
carbon atom is larger than β to the fluorine. Another case in which the 
regioselectivity of the addition is also controlled by the orbital coefficients of the 
alkene is illustrated by olefin 18b. Although the ester group is bulkier than the 
nitrile, the radical attacks the alkene preferentially α to the ester because the nitrile 
group is a stronger electron withdrawing substituent and thus the L U M O coefficient 
α to the ester group is larger than α to the nitrile. 

10 : 90 17 : 83 52 : 48 

P h C H = C H C 0 2 E t N C C H = C H C 0 2 E t C1CH= C H C 0 2 M e 

18a 18b 18c 

A:: 150 30 0.94 32 55 

+_ H ,CH 3 H F 

O ^ y ^ O O ^ ^ O O ^ ^ O 

19a 19b 19c 

( H 2 C = C H C 0 2 M e = 1.0) 

Scheme 8 

Since maleic anhydride is an important monomer in polymer chemistry, 
some more data on the reactivity of derivatives or analogues of this alkene might be 
interesting. The examples of Scheme 9 illustrate the influence of the polarity effects 
on the reactivity of the radical addition. For example, maleic anhydride reacts 25 
times faster than the corresponding 1,4-cyclopentendione and 2100 times faster than 
2-cyclopentenone. 
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C 6 H 1 1 

o ^ o ^ o 

X X ^rel 
B u ' 10 
O A c 20 
M e 30 
F 32 
H 150 
Ph 440 
Br 500 

( H 2 C = C H C 0 2 M e = 1.0) 

Scheme 9 

C 6 H „ ' 

C 6 H „ -

ο 

Y *rel 
C (Me) 2 6.1 
N M e 25 
N P h 48 
S 145 
O 150 

fcrel = 0.07 

Stereochemistry 

The control of stereochemistry in the radical addition to alkenes involving cyclic 
radicals is mainly influenced by steric effects (18). Since cyclic systems (radicals or 
alkenes) are relatively rigid, it is often easy to predict the stereoselectivity of their 
reactions on the basis of the different shielding of the two faces by the substituents. 
In five-membered ring radicals, for instance, addition mostly occurs at the face anti 
to the substituent neighboring the radical center. Steric effects are also responsible 
for high stereoselectivities in the addition of radicals to cyclic alkenes (18). 

On the other hand, acyclic radicals are very flexible, nevertheless very high 
levels of stereoselectivity can also be achieved in these systems. The control of 
stereochemistry is made possible because the radicals can adopt preferred 
conformations on the basis of 1,3-allylic strain, for instance (Scheme \0)( 19,20). 

Scheme 10 H J 

Chiral auxiliaries have also been used to shield the two faces of the radicals 
or alkenes to a different extent so that the addition occurs preferentially at the less 
hindered side (Scheme 11)(79,20). Furthermore, metal complexation has proven to 
be an excellent way to control the stereochemistry of radical additions to alkenes. In 
this context, the first example of enantioselective radical addition under catalytic 
conditions was achieved recently (21). 

C = C H - C - N ^ J M e 0 2 C - H C = C H - C ~ N v Λ ~ 

M e 0 2 C - H C = C H - C — 

Scheme 11 

Ο , 

•θ7 <vSr°>/M Xn 
/ V N N ^ / / 
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Generally, one can say that the rules which control the stereochemistry in 
ionic chemistry in most cases also apply in radical chemistry. The concepts and 
guidelines to the problem of controlling the stereoselectivity of radical reactions have 
been collected recently in a book (20). 

Radical Polymerization 

The substituent effects which direct the addition of radicals to alkenes are very 
important for the radical polymerization. Indeed, the rates of addition of cyclohexyl 
radical to olefins correlate well with the parameters of the Alfrey-Price equation 
(z)(22,23). 

Alkene X Υ Ζ t 
20 C H , 

Η 
Η C 0 2 M e 0.067 

21 
C H , 

Η Η / 7 - M e O C 6 H 4 0.53 
22 Η Η / ? - M e C 6 H 4 0.84 
4a Η Η Ph =1.00 
23 Η C l C l 1.2 
24 Η Η P - C 1 C 6 H 4 1.6 
25 C 0 2 E t C 0 2 E t H 3.3 
7a Η C H , 

Η 
C 0 2 M e 5.0 

4b Η 
C H , 

Η C 0 2 M e 6.7 
26 Η C H 3 C N 13 
4c Η Η C N 24 
27 C 0 2 E t 

methyl 
Η C 0 2 E t 

anhydride 
30 

19a 
C 0 2 E t 
methyl maleic 

C 0 2 E t 
anhydride 140 

28 Η C l C N 200 
4d Η C 0 2 E t C 0 2 E t 270 
29 C N Η C N 310 

Figure 4. Correlation between the relative reactivities (log fcrel) of cyclohexyl radical 
3a and the Q} and e- values of various alkenes. 

It is also possible to measure the Qi and et values of alkenes eben if one r 
value approachs zero as in the case of the copolymerization of methyl oc-
trifluoromethylacrylate 30 with methyl methacrylate 31. From the correlation 
between the reactivity of the cyclohexyl radical with polymerization parameters and 
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the value r2 = 2.36, we could determine Q. and e. of 30 as being 0.74 and 0.4, 
respectively (24). 

n = 0 r2 = 2.36 

radical addition • log fcrel - log β · 0.5 + 0.825 ej 

r2 = Q1/Q2t-e2^2-e1) 

Scheme 12 Qj = 0.74 ej = 0.40 
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Chapter 4 

Cascade Radical Reactions in Organic Synthesis: 
An Overview 

Dennis P. Curran 

Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260 

Abstract: This lecture wi l l provide an overview of the past decade of developments of 
cascade radical reactions in organic synthesis that is targeted towards a polymer 
audience. Many of the principles in play in today's small molecule cascades emerged 
from polymer chemistry and were modified accordingly. Indeed, the lecture might 
instead be titled "How to Start a Radical Polymerization and Then Stop It Before It 
Really Gets Going". The similarities between polymer chemistry and small molecule 
synthesis w i l l be apparent. The key difference is that the goal of a radical 
polymerization is to get every radical to do the same thing while the goal of a cascade 
radical reaction is to get every radical to do a different thing. Prototypical sequences of 
inter- and intramolecular radical reactions wi l l be discussed along with the methods 
that are used to conduct them. 

I. Introduction 

Cascade reactions are now commonly used by synthetic organic chemists to fashion 
complex molecules from simpler precursors in the fastest and most efficient way 
possible. 1 Cascade radical reactions (sometimes called sequential or tandem radical 
reactions) are an important subclass that has played a central role in the growth in 
popularity of cascade reactions. The key features that impact on the design of cascade 
radical reactions are now relatively well understood, and it has become possible to 
design and execute an astounding assortment of useful reactions. This lecture w i l l 
provide an overview of the criteria for planning tandem radical reactions and show 
how these criteria are applied to the design and execution of large, important classes of 
cascade radical reactions. Given the increasing popularity of the field, comprehensive 
coverage is not possible. Instead, work from our laboratory w i l l be used to highlight 
key lessons that have been learned over the past fifteen years or so. There is no recent 
comprehensive review of this fast moving field, but older overviews and more recent 
treatments of some aspects of the field are available. 2 

The introduction of radical reactions to the synthetic repertoire has provided 
significant new options that both supplement and complement synthetic methods based 
on ionic and pericyclic reactions.^ Radical-based methods to form carbon-carbon 
bonds have been especially useful because they occur under such mild conditions that 
high selectivity is often possible. Tributyltin hydride and tris(trimethylsilyl)silicon 
hydride 4 are the most popular reagents that are currently available for mediating radical 
reactions, but a new fluorous tin hydride is now providing new options as well (see 

62 © 1998 American Chemical Society 
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Figure l ) . 5 Although reactions based on tin hydride remain the most popular for 
synthetic applications, there are a number of other fundamentally different strategies that 
offer unique advantages for synthetic applications. 3 One of the most useful of these is 
the atom transfer method, summarized in Figure 2 . 6 

Figure 1. Radical Reactions with Tributyltin Hydride 

Bu3SnH 
R — X • R — H 

-or-
(C 6F 1 3CH 2CH 2)3SnH 

(TMS)3SiH 

Figure 2. A Typical Atom Transfer Cyclization 

In a very real sense, even the simplest radical reactions such as reductions of 
halides by tin hydrides are sequential reactions because they occur in multi-step chains. 
However, for synthetic purposes, radical reactions are generally only considered 
sequential i f more than one bond forming or breaking process occurs between 
generation of the initial radical and removal of the final radical. 7 Thus, the atom transfer 
cyclization shown in Figure 2 is not a tandem radical reaction; only one bond is formed 
between radical generation and trapping. 

Radical reactions are ideal for sequencing for a very simple reason: the product 
of every radical-molecule reaction is a radical. ' This, the generation of a radical from 
an initial precursors by the tin hydride method, the atom transfer method, or any other 
method can set off a cascade of events. Controlling the cascade is the key to developing 
a successful tandem radical reaction. Each individual radical must react selectively, 
which is a special challenge because radicals are transient. This generally means that 
cascades cannot be conducted "one step at a time" by sequential addition of reagents. 
Instead, once started, they go from beginning to end. A whole collection of different 
radicals is present in the same reaction medium and exposed to the same reaction 
conditions at the same time. A s the sequence becomes more and more complex, it 
becomes more and more difficult to control the selectivities of the individual intermediate 
radicals. 

Perhaps the most important step in a radical cascade from a selectivity standpoint 
is the last one. It is this step which draws the line between a cascade to make a small 
molecule in general steps and a polymerization of many steps. Even i f a l l the 
intermediate radicals react as planned to complete a cascade, the product is still not 
formed until the last radical in the cascade is removed to provide a closed shell product. 
When chain chemistry is used, this radical is removed by the chain transfer reaction. 
Controlling the chain transfer step is a crucial design element in any tandem reaction; 
ideally, only the last radical in the cascade should suffer chain transfer. Reaching this 
ideal situation can be more or less difficult depending on the types of radical reactions in 
the sequence and the method by which they are conducted. 
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II. Sequences of Intramolecular Reactions 

Among the easiest kinds of radical sequences to conduct are those that contain only 
intramolecular reactions. In these kinds of sequences, the selectivities of the radicals are 
determined by the structures of the substrates. In general, each individual radical only 
has one reaction of reasonable rate that is can be expected to undergo. The large body 
of knowledge about rate constants of radical reactions and the many examples of 
indiv idual intramolecular reactions serve as guides for planning successful 
intramolecular sequences. In general, the last radical in a sequence is not given a good 
intermolecular option, and therefore it suffers chain transfer by default. The only 
requirement is that this chain transfer must be faster than radical-radical or radical-
solvent reactions. Given this, the sequence w i l l succeed provided that the slowest 
reaction along the way is still faster than chain transfer. 

In short, the requirements for designing sequences of intramolecular reactions 
are not that much more stringent than those for conducting a single intramolecular 
reaction. In both cases, selectivity is imposed by intramolecularity. 

The three most popular types of intramolecular radical reactions are cyclization, 
ring opening (the reverse of cyclization) and 1,5-hydrogen transfer. These reactions are 
often combined under the tin hydride method, although many of the other methods can 
and have been used to conduct sequences containing only intramolecular reactions. 
Prototypical examples of three representative sequences selected from among many are 
shown in Figure 3. Figure 3a shows now classic examples of tandem cyclizations to 
form vicinal carbon-carbon double bonds. 8 This is by far the most popular kind of 
tandem radical reaction, and many imaginative double, triple, and even tetracyclizations 
have been executed. In these types of tandem cyclizations, the number of new C - C 
bonds formed equals the number of steps between radical generation and chain transfer. 

Figure 3a. Early Tandem Cyclizations 

+ methyl epimer silphiperfolene 

Figure 3b shows an example of a so-called Dowd-Beckwith ring expansion 9 that 
is capped off with another cyc l iza t ion . 1 0 A sequence of cyclization-fragmentation-
cyclization occurs between radical generation and chain transfer. In one sense, this type 
of sequence is less powerful than straight tandem cyclization: only one net C - C bond is 
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gained in this process (the other is "lost" in the fragmentation). However, as the 
example in Figure 3b clearly shows, the complexity of a tandem process cannot be 
measured simply by the number of bonds gained. 

Sequences of radical reactions can also involve radical translocations. In these 
reactions, the first-formed radical is "translocated" from a site where it is easy to 
generate to one where is not, and a reaction or series of reactions then fo l lows . 1 1 The 
most popular types of radical translocations are hydrogen transfers, and these allow the 
indirect use of a C - H bond as a radical precursor. A n example is shown in Figure 3c. 

Figure 3b. A Cyclization-Fragmentation-Cyclization Sequence 

Br 

Figure 3c. A Radical Translocation-Cyclization Sequence 
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III. Radical Annulations 

Sequences that combine inter- and intramolecular reactions become more difficult to 
conduct. In general, it is easier to conduct the intramolecular reaction first (because it is 
fast and can handily beat out a competing bimolecular reaction), and there are many 
examples of sequences of cyclization-addition. It is also relatively easy to conduct 
reactions in the reverse order (addition-cyclization) when radicals are added to dienes 
and related molecules. 

The most interesting type of sequence in the "inter/intra" class is a "radical 
annulation" because a new ring is formed from two acyclic precursors by a sequence of 
addition (brings the two pieces together) and cyclization (forms the ring). In this 
sequence, both pieces are integrated into the new ring. This is in contrast to the above 
sequences, where all of the atoms of the ring are present in the cyclization component, 
and the addition component is tacked on before or after cyclization. 

A radical annulation also presents a unique selectivity problem: it is especially 
difficult to differentiate the initial radical from the final radical. T i n hydride is a 
relatively poor reagent for differentiating many kinds of radicals, and therefore the tin 
hydride method is not the most popular method for conducting radical annulations. 
Instead, these reactions are conducted either by atom transfer methods or by 
unimolecular chain transfer methods (see below). The iodine atom transfer method is 
especially useful. Almost all exothermic iodine atom transfer reaction are very fast, so 
the timing of iodine transfer can be controlled by the design of the intermediate radicals. 
In general, atom transfer can be timed to stop a sequence (and, because this is a chain 
transfer step, start the next one) whenever an intermediate radical is formed that: 1) is 
less stable than the starting radical, and 2) has no rapid unimolecular option. Several 
representative examples are shown in Figure 4a. In each case, the iodides were 
removed in the end by tin hydride. However, the annulations cannot be conducted with 
tin hydride directly. ^ 

Figure 4a. Atom Transfer Annulations 

1) 0 3 

2) D B U 

The malononitrile class of reactions is especially interesting because the radical 
annulation can be followed by a nitrile transfer reaction, as shown by the examples in 
Figure 4 b . 1 3 Two simple molecules come together to selectively form complex, 
substituted rings in one operation by a sequence of addition-cyclization (to the alkene)-
cyclization (to the nitrile) and fragmentation. 
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Figure 4b. Addition-Cyclization-Cyclization-Fragmentation 

+ isomers 

75% 

NC 

Alkenes serve as natural reagent equivalents 7 for the "two atom" components of 
"n + 2" radical annulations. But by using carbon monoxide, isonitriles or a few other 
reagents, it is possible to conduct "n + 1" radical annulations. 2^ For example, the 
sequence of addition-cyclization-cyclization shown in Figure 5 is a powerful way to 
make cyclopenta-fused qu inol ines , 1 4 as has been shown by a recent synthesis of 
camptothecin and more than two dozen members of the camptothecin family of anti
tumor agents. 1 5 

Figure 5a. A n Addition-Cyclization-Cyclization 
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Figure 5b. Application to Camptothecin 

ο 

ο 

Me3SnSnMe3 

hv 

,0 

OH Ο 

Camptothecin 45-63% 

IV. Sequences of Intermodular Reactions Only 

Sequences of intramolecular reactions are the most difficult to conduct because they 
come dangerously close to polymerizations. It is possible to use alternating electronic 
requirements to control selectivity in a double addition. For example, i f a nucleophilic 
radical is generated in the presence of both an electron rich and an electron poor alkene, 
it w i l l add to the electron poor alkene first. The resulting electrophilic radical wi l l add to 
the electron rich alkene, so that the order of the double addition is controlled. But there 
now is a major problem because the last radical is also nucleophilic, and appears 
destined to repeat the fate of the first radical. The result is a well known alternating 
copolymerization. How can a chain transfer reaction rescue the double addition 
sequence from polymerization? 

The general solution to this fundamental selectivity problem is simple—the chain 
transfer reaction should be rendered unimolecular.16 Indeed, this is the logical reversal 
of the popular synthetic mode of operation, which involves conducting intramolecular 
radical additions (radical cyclizations) by using bimolecular chain transfer reactions. 
The same kinds of selectivity benefits can be gained by using unimolecular chain 
transfer reactions ( U M C T ) to conduct intermolecular radical addition reactions or other 
types of radical sequences. 

Previous work has focused on using allyl stannanes and related molecules as 
U M C T reagents. But hydrogen transfer is the most popular chain transfer reaction, so 
we have been developing silicon hydrides as U M C T reagents. Normal silicon hydrides 
have C - H bonds that are too strong to function as hydrogen donors in bimolecular 
reactions with radicals; 1 7 however, intramolecular hydrogen transfer reactions w i l l still 
occur. Thus, the problem of competing bimolecular reactions is solved by choosing a 
chain transfer reaction that w i l l only work intramolecularly; chain transfer cannot occur 
until the radical with the U M C T option is produced. 

A n example of a U M C T reagent that has been synthesized and used in Giese 
reactions is shown in Figure 6 . 1 6 These reactions give high yields without the usual 
requirements for excess alkene (only 1 equiv is used) or high dilution (0.5-1.0 M are the 
typical reaction conditions). B y using (TMS)4Si as an initiator, tin-free reactions can be 
conducted. Beyond these practical improvements, the U M C T method can be used to 
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selectively conduct bimolecular reactions that would be considered impossible by 
standard methods. This is illustrated by the last example in Figure 6. In this case, both 
the initial radical and the adduct radical are tertiary ester-substituted radicals, and they 
could never undergo competing bimolecular reactions (addition/hydrogen transfer) at 
different rates—selectively is impossible and ratios of adducts (reduced, mono, di , tri, 
etc.) would be statistical. However, by using U M C T methods, control is 
straightforward because only the adduct radical can undergo intermolecular hydrogen 
transfer. 

Figure 6. Examples of Giese Reactions Conducted by the U M C T Method 

SiPho 

1 equiv 

C02Me 

10% (Bu3Sn)2 

-or-
• 

10% (TMS)4Si 
'BuOH, 2% H 2 0 

80°C, 12h 
0.5M 

1 equiv 

75% - 85% isolated yields for other Γ - and 2°-radicals 

C02Me 

1y 
OH 
I 
S i P h 2 

-80% isolated yield 

e 1 u i v 1 equiv 69% 

V . Conclusions and Outlook 

Over the past 15 years, many of the basic concepts of how to plan and conduct tandem 
radical reactions have been laid out. But the types of transformations that can be 
conducted by radical reactions continues to expand rapidly, and imaginative new 
combinations of reactions continue to be introduced regularly. Thus, the prospects for 
research in this area continue to be very bright. 
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Chapter 5 

Selective Product Formation with Organometallic 
Radicals of Nickel and Zinc 

Gerard van Koten, Robert A. Gossage, David M. Grove, 
and Johann T. Β. H . Jastzebski 

Debye Institute, Department of Metal-Mediated Synthesis, Utrecht University, 
Padualaan 8, 3584 CH Utrecht, Netherlands 

A summary is presented of the mechanistic study of the 1 : 1 
Kharasch addition reaction of polyhalogenated alkanes to olefins 
catalyzed by mononuclear or dendrimer-bound a r y l - N i 
complexes . These compounds contain the terdentate 
monoanionic aryldiamino ligand, [ C 6 H 2 ( C H 2 N M e 2 ) 2 - 2 , 6 - R -
4]- or " ( N C N ) " . The catalysis occurs via inner sphere single 
electron transfer (SET) wi th the formation of a NiIII 

organometallic radical and a polyhalogenated alkane radical. This 
study is also relevant to the use of such compounds for the 
controlled radical polymerization of alkenes. A review is also 

given of the chemistry of α -d i imine containing organozinc 
radicals that are also formed by a S E T process. These metal– 
based radicals are useful for a variety of highly selective group 
transfer reactions in organic synthesis. 

Moses Gomberg was the first to isolate an organic radical, the triphenylmethyl 
radical, almost 100 years ago (7). It is unlikely that he could have forseen the 
important role that such organic and organometallic radicals play in modern 
synthetic chemistry. Radicals are key intermediates in many important chemical 
processes including addition, polymerization and group transfer reactions. 
Research in our group has been aimed at controlling these reactions by the use of 
isolable, paramagnetic (i.e. radical) organometallic complexes. 

Homogeneous Catalysis with Organonickel Complexes; Reactions 
and Mechanism. 

Catalysis. W e have designed and synthesized a vast array of main-group and 
transition metal complexes of the general structure 1 (Figure 1) incorporating the 
monoanionic diaminoaryl ligand [C6H2(CH2NMe2)2-2,6-R-4]" , abbreviated as 
"(NCN)".(2, 3) This organic fragment generally enforces a rigid trans disposition 
of the Ν donor atoms in relation to the metal-aryl group, an arrangment which 

72 © 1998 American Chemical Society 
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generally constrains an overall meridonal geometry around the metal centre (2,3). 
N i X n ( N C N ) complexes have been isolated for the formally N i ^ (X = halide; η = 1) 
and N i 1 1 1 (X = halide; η = 2) oxidation states (Figure 1). The trivalent compounds 
were the first organometallic N i 1 1 1 compounds to be isolated and structurally 
characterized (2-4). It has been shown that when [NiH(NCN)] complexes are used 
as pre-catalysts, that the active species (discussed below) is a highly active 
promoter not only for addition reactions but also in the controlled radical 
polymerization of alkenes. The mononuclear N i complex l a is an excellent 
homogeneous catalyst for the 1 : 1 Kharasch addition reaction of halocarbons to 
olefins via an inner sphere electron transfer process (also referred to as "atom 
transfer", see Scheme 1), when a large excess of halocarbon is used. This reaction 
occurs readily at ambient temperature and pressure (5). 

Kharasch addition is important in specialty chemical synthesis, as the 
trichloromethyl group can be readily converted into a variety of useful functional 
groups (6). W e have carried out an extensive investigation of the factors that 
control this process (i.e. catalytic 1 : 1 Kharasch addition) and by so doing have 
identified that during catalysis a paramagnetic, d^, Ni(III) organometallic complex 
(i.e., a radical) is formed. 

Mechanistic Studies of Nickel-Catalyzed Kharasch Addition. W e have 
carried out a detailed study of the catalytic mechanism using [ N i X ( N C N ) ] as 
catalyst. The systematic adjustment of the ligand environment and reaction 
conditions during catalysis was carried out by: (i) varying the ligand X bound to N i 
(5), (ii) varying the R group on the para-position of the ( N C N ) ligand (Figure 1) 
(8), (iii) substitution of the methyl groups attached to nitrogen by bulkier and more 
electron rich fragments (5, 6, 9, 10) and (iv) adjustment of the reagents (catalyst, 
alkene and polyhalogenated alkane) used and their concentrations under controlled 
catalytic conditions. 

Early Work. Early experiments had indicated that the type of the halide 
anion (CI, B r or I) coordinated to N i had little effect on the overall reaction profile 
for the catalytic Kharasch (i.e. 1 : 1 ) addition of CCI4 to methyl methacrylate 
( M M A ) or other alkenes (4). Replacement of this halide by a neutral donor ligand 
results in the formation of a N i ^ cation as the catalyst precursor, such as the 
complex [ N i ( N C N ) ( M e C N ) ] B F 4 (4, 5). These cationic species are completely 
inactive as catalysts for the Kharasch addition reaction, a result which clearly 
demonstrates the necessity of a halide ligand in the catalytic cycle and not the 
availability of an open coordination site(s). 

Ligand Modification. The effect of replacing the proton as the R group 
on the para position of the ( N C N ) ligand was also investigated. Catalytic reaction 
rates were found to increase with electron donating substituents while electron 
withdrawing groups have the opposite effect. A linear relationship was found 
between the Hammett (substituent) parameters of the R group and the reaction rate. 
This result indicates that there is an electron demand at or just before the rate 
determining step. It was also observed that this modification of the rate of catalysis 
could be directly related to the value of the N i ^ / N i ^ redox couple. This suggests 
that oxidation of the metal is an essential part of the catalysis and that N i ^ 
complexes are probably formed (8,11). 
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The increase in the catalytic rate as a result of the introduction of electron 
donating R groups led us to investigate i f this effect could be further enhanced by 
the replacement of the methyl groups attached to nitrogen. Modified (NCN) ligands 
incorporating electron-rich (e.g. isopropyl) groups were used to synthesize the 
corresponding N i * 1 catalyst precursors. These complexes have greatly reduced (or 
no) catalytic behaviour. The effect seems to be steric in nature and indicates that the 
N M e 2 groups are a necessary component of this catalytic system. This also 
provides evidence that the initial process involves the formation of an innersphere 
activated complex between [NiX(NCN)] and the polyhalogenated alkane. Increased 
steric congestion at the Ν donor atoms w i l l interfere with the production of this 
complex and hence the reaction rate wi l l be retarded. 

Concent ra t ion Effects on Catalysis . Catalytic studies have also been 
performed using different concentrations of catalyst, alkene and halocarbon. The 
rate law is distinctly first order in relation to catalyst and alkene concentration. This 
indicates that the activated complex is a mononuclear one and that alkene activation 
is rate determining. Varying the concentration of the polyhalogenated alkane shows 
that the reaction rate has a dependence that is typical of saturation kinetics. The 
inference here is that the reaction of this alkane with the N i complex is reversible. 
Furthermore, cross-over experiments with mixtures of CCI4 and C B r 4 indicate that 
an equilibrium, such as that shown in Scheme 2, is probably operating (i.e. in step 
1, k i and k - i are reversible and " X " can be readily exchanged for a halide atom 
from CCI4 or CBr4) . 

Spect roscopic Studies D u r i n g Ca ta lys i s . Spectroscopic studies 
(IR, N M R ) of the catalytic and stoichiometric reaction of [NiBr(NCN)] with M M A 
revealed no evidence for r | 2-coordination of the olefinic C=C bond to the metal 
centre. Measurements by E S R spectroscopy taken during catalysis confirm the 
formation of a N i 1 1 ! complex of very similar structure to that of the previously 
isolated [ N i X 2 ( N C N ) j compounds (4, 11). 

These data suggest the presence of radicals, similar to those that have been 
proposed in the mechanism of Kharasch addition mediated by inorganic halides and 
RuCl2(PPh3)3 (72, 75). Two main factors also point to the production of radicals 
in the coordination sphere of the metal. First, none of the reaction products that 
have been detected are consistent with the bulk release of free radicals into the 
reaction medium under the conditions of study, e.g., the formation of 
hexachloroethane from the addition reaction of two free *CCl3 radicals. Secondly, 
the observation of N i 1 1 1 radical complexes indicates directly that inner sphere single 
electron transfer (SET) has occurred from the interaction of the N i 1 1 pre-catalyst 
and the polyhalogenated alkane. 

P roposed M e c h a n i s m . Based on all of the above observations, we have 
proposed a catalytic cycle (see Scheme 2) based on a non-chain mechanism with a 
mononuclear N i species. During or just prior to the rate determining step, oxidation 
of the N i 1 1 metal centre to a d 7 N i 1 1 * organometallic radical occurs via S E T 
(complex C , Scheme 2; cf., Β represents the possible case of oxidative addition of 
C C I 4 to the N i center). This step leads to the generation of both a [ N i X 2 ( N C N ) ] 
centre and a polyhalogenated organic radical in the coordination sphere of the metal 
atom where it reacts, in the rate determining step, with the alkene. Following this, 
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Figure 1. 
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Scheme 2. The proposed mechanism of the 1 : 1 Kharasch 
addition reaction of polyhalogenated alkanes to olefins. 
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rapid halide transfer (atom transfer) is mediated by the N i ^ halide moiety to the 
adduct radical. The 1 : 1 addition product is then eliminated from the vicinity of the 
metal with regeneration of the [ N i X ( N C N ) ] complex, see Scheme 2 (77). W e 
believe that the organic radicals that are involved in this chemistry remain in the 
coordination sphere of the metal complex. This is suggested by the reaction profile 
and the products thus formed, vide supra (7, 77, 72). A n interesting feature of this 
system is the role of the N i - X fragment as an anchoring site for the formation of an 
innersphere activated complex A in the absence of a free coordination site. This is a 
previously unrecognized concept in homogeneous catalysis that could be of 
fundamental significance in systems that comprise elementary steps involving SET 
and metal species with an odd number of electrons (i.e. radicals). 

Other Catalytic Applications (Controlled Radical Polymerization). A 
common feature of all metal-based Kharasch addition catalysts is a low inherit 
redox couple. For example the R u 1 1 / R u 1 1 1 and C u 1 / C u 1 1 redox couples are -0.08 
and approximately +0.16 V respectively for RuCl2(PPh3)3 and C u halide systems 
(72, 13). Our [ N i X ( N C N ) ] complexes have an average redox couple of about 
+0.20 V (2, 8-10). Typical values for the N i 1 1 / N i n i redox couple are on the order 
of +0.70 to +1.2 V (14). A n interesting recent observation by Teyss ié and 
coworkers is that complexes which possess this low oxidation potential can be 
tuned to perform polymerization reactions by adjusting the conditions. This switch 
of reactivity occurs at elevated temperatures in the presence of a large excess of 
alkene i f the polyhalogenated alkane (e.g., CCI4) is used in stoichiometric amounts 
relative to the catalyst (75). Teyssié's group has shown that our [NiBr(NCN)] (R = 
H) complex combined with a slight excess of CCI4 and a large (>1000 fold) excess 
of olefin is a highly active catalytic system for the controlled radical polymerization 
of M M A (75). This area has been the focus of pioneering studies by Matyjaszewski 
and collaborators who have produced polymers with very narrow polydispersities 
( M n < 1.05) from a variety of olefins using a number of different catalysts (7r5, 
77). A n immediate consequence of Teyssié's work is the realization that controlled 
radical polymerization can be "switched" over to a 1 : 1 Kharasch polymer 
"capping" addition reaction. This could be performed in situ simply by quenching 
the l iving polymer with a large excess of polyhalogenated alkane with concurrent 
lowering of the reaction temperature. This implies that kinetic control of the reaction 
can be achieved by varying the reagent concentrations. In other words, the rate of 
polymerization (kp) would have to be much less then the corresponding rate of 
Kharasch addition (kx) in the presence of a large excess of halocarbon (i.e., kp « 
k K i f [CCI4] » [catalyst]). Teyssié 's results clearly show that this reactivity is 
inverted i f the concentration of catalyst and halocarbon are similar (i.e., kp » k K i f 
[CCI4] « [catalyst]) and the reaction is performed above ambient temperature. A 
recent example of this in situ adjustment of catalytic reactivity has been 
demonstrated by Coca and Matyjaszewski. In this case a C u halide / amine catalyst 
system was used to mediate the formation of block copolymers of styrene and 
(methyl)acrylates via ini t ial ly l iv ing carbocationic then later l iv ing radical 
polymerization (18). 

Dendrimer Catalysts. Fo l lowing our early success with the [ N i X ( N C N ) ] 
series as Kharasch addition catalysts (79), we also wished to expand this chemistry 
to include macromolecules incorporating the active N i unit. This can lead to the 
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M e 2 N M NMe> 
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C l 

Figure 2. A n example of a carbosilane dendrimer catalyst. 
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formation of soluble species that can be easily removed from the reaction stream by 
filtration or other techniques. In this regard, we designed and tested the first 
"dendrimer catalyst" (20) Dendrimers are large monodispersed molecules that are 
generally synthesized by a repetitive reaction sequence (21, 22). B y using an 
appropriate R group attached to the (NCN) moiety (Figure 1), the grafting of the 
[NiX(NCN)] catalytic site on to the exterior of a carbosilane dendrimer (23, 24) has 
been achieved, see Figure 2. Catalytic activity per N i site is maintained relative to 
the monomelic complex and the dendrimer unit is highly soluble in most solvents 
(20, 25) W e are currently expanding these investigations to include the use of 
ultrafiltration technology to faciliate dendrimer (i.e., catalyst) recovery from the 
reaction medium (25). 

Heterogeneous Catalysts and New Materials. Our work on homogeneous 
and dendrimeric catalysis with the [N iX(NCN)] system has also been expanded to 
include heterogeneous catalysis. Using a similar methodology as has been shown 
in the dendrimer synthesis, the attachement of the N i moiety to siloxane polymers 
has also been demonstrated (26). These polymeric materials containing the 
immobilized catalyst show good catalytic activity in the Kharasch addition reaction 
that is of the same order of magnitude as that observed with the homogeneous 
mononuclear complex (26). 

Our involvement in the synthesis of new materials is not restricted to the 
design and use of dendrimers. We have also shown that the [ N i X ( N C N ) ] fragment 
is a useful starting material for the incorporation of paramagnetic (i.e., radical) N i 
ions into inorganic colloids (27). Thus, N i ( N C N ) complexes have been used to 
produce magnetic silica particles and this presents an opportunity to study model 
colloidal materials that contain a covalently bound paramagnetic surface layer. 

Organozinc Radicals. 

Thus far we have described our work (and the work of others) in radical based 
catalysis (both homo- and heterogeneous) for selective addition and polymerization 
reactions. W e have also shown that N i complexes can be used to form stable 
paramagnetic materials. In separate studies we have also explored the use of 
selective group transfer reactions in organic synthesis. This chemistry involves the 
employment of organozinc complexes and substrates containing the oc-diimine 
- N = C H - C H = N - skeleton. These reactions occur via radical pathways involving 
persistent organozinc oc-diimine radical species. Reports on this chemistry can be 
found in the literature in references 28-32. Although these reactions are extremely 
useful for the "one-pot" synthesis of rather complex organic molecules, it is 
particularily the mechanistic aspects and the intermediacy of organozinc oc-diimine 
radicals that make this chemistry interesting. 

Group Transfer Reactions. Selective group transfer reactions can be 
performed wi th d i a l k y l z i n c s containing a coordinated o c - d i i m i n e s 

R ' N = C H C H = N R ' . If the oc-diimine used has R ' = t - B u , this reagent reacts with 
Z n R 2 with high regioselectivity to form either the nitrogen-alkylated product, 
Z n R ( t - B u N ( R ) C H C H N t - B u ) (R = primary alkyl group) or the carbon-alkylated 
product, Z n R ( t - B u N C H ( R ) C H N t - B u ) (R = tertiary/benzylic a lkyl group) (57). 
Two possible mechanisms for this alkylation reaction have been put forward, i.e. a 
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radical and a polar mechanism, see Scheme 3. Earlier studies have shown that in 
both mechanisms the initial step is the formation of a thermally unstable 1:1 
coordination complex Z n R 2 ( t - B u N C H C H N t - B u ) (2), which undergoes an 

intramolecular single-electron transfer (SET) reaction to give radical pair, [R* / 
Z n R ( t - B u N C H C H N t - B u ) » ] (3), in a solvent cage. In the radical mechanism, 3 
collapses in the solvent cage, resulting in the nitrogen- (6) and carbon-alkylated (7) 
products. In the polar mechanism, a steady state concentration of the free 
organozinc radical is formed. The latter transfers its unpaired electron to the initial 
1:1 coordination complex Z n R 2 ( t - B u N C H C H N t - B u ) (2), to give a organozinc 
cation / diorganozinc radical-anion pair, [ Z n R ( t - B u N C H C H N t - B u ) + ] [ Z n R 2 ( t -
B u N C H C H N t - B u ) * - ] (8). Nucleophil ic attack of an a lky l group of the 
diorganozinc radical-anion [ Z n R 2 ( t - B u N C H C H N t - B u ) * ] ~ on the organozinc 
ca t ion [ Z n R ( t - B u N C H C H N t - B u ) + ] gives the alkylat ion products and 
simultaneous regeneration of the free organozinc radical (4). In the polar 
mechanism 6 and 7 can be regarded as 1,2- and 1,4-addition products, 
respectively. 

Radical Mechanisms in Group Transfer. Thus far, both mechanisms are 
supported by the isolation of the 1:1 coordination complex Z n M e 2 ( t -
B u N C H C H N t - B u ) (2a) (30) and of [ Z n R ( t - B u N C H C H N t - B u ) ] 2 (R = M e (5a), 
Et (5b)), which exist in solution in equilibrium with the corresponding neutral 
organozinc radicals [ Z n R ( t - B u N C H C H N t - B u ) ] (4), see Scheme 4 (28-32). 
Although the radical mechanism has been used as a working hypothesis for the 
reaction of t - B u N C H C H N t - B u with ZnR2, the proposal of an alternative, polar 
mechanism seemed justified by the EPR-detect ion of an unprecedented 
paramagnetic species during the alkylation reaction in T H F solution ( T H F = 
tetrahydrofuran). 

Recent results provide indirect evidence for a radical mechanism in the 
alkylation reactions of t - B u N C H C H N t - B u with diorganozinc compounds. The 
paramagnetic species detected during this alkylation reaction in T H F is tentatively 
assigned to be the solvated neutral organozinc radical complex [ZnR( t -
B u N C H C H N t - B u ) ( T H F ) ] . This conclusion is further corroborated by the 
observed stability of the 1:1 coordination complex 2a toward reduction by 4a. We 
have also investigated the use of the stable dimeric zinc species 5a (and its 
derivatives) to generate alkylzinc(oc-diimine) radicals (e.g., 4a, see Scheme 4) in 
the radical polymerization of alkenes. 

Conclusions. 
So far we have been unable to initiate polymerization with these organozinc oc-
diimine radicals. It should be noted that Matyjaszewski et al have successfully 
polymerized M M A with Culx(oc-d i imine) compounds ( α - d i i m i n e = 2,2'-
bipyridine) via controlled living radical polymerization. The coordinated a-diimine 
ligand has a low lying π* orbital that can readily accommodate a single electron. 
This is also the case with our organozinc complexes (28-32), whereas in the case of 
the [ N i m X 2 ( N C N ) ] radical the single electron resides on the metal in a H O M O 
directed towards the apical halide atom (4, 9, 10). It is this latter property that 
makes the [ N i n i X 2 ( N C N ) ] species a highly efficient single electron acceptor and 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

5

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



80 

Radical mechanism: 

Polar mechanism: 

R = prim, alkyl group R = tert./benzylic alkyl group 

Scheme 3. 

Scheme 4. 
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halide donor to a radical species. Thus, these characteristics make this compound 
both an excellent atom transfer (Kharasch addition) catalyst (5, 6, 20, 26) as wel l 
as an effective mediator of controlled radical polymerization (75). 
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Chapter 6 

Pulsed Laser Experiments Directed Toward 
the Detailed Study of Free-Radical Polymerizations 

Sabine Beuermann and Michael Buback1 

Institut für Physikalische Chemie der Georg-August-Universität, 
Tammannstrasse 6, D-37077 Göttingen, Germany 

Pulsed-laser polymerization (PLP) in conjunction with either molecular 
weight analysis of the polymeric product or time-resolved 
measurement of monomer conversion induced by a single pulse or by 
pulse sequences allows for the reliable determination of rate 
coefficients in free-radical polymerization. This article is primarily 
concerned with the application of P L P methods toward measuring 
propagation rate coefficients, kp, and chain-length averaged termination 
rate coefficients, <Kt>, as a function of temperature and partly up to 
high pressure. Termination rate coefficients may significantly vary 
during the course of a free-radical bulk polymerization. P L P 
experiments allow to study these changes. They also provide access to 
the investigation of a chain-length dependence of kt. Moreover, chain 
transfer rates may be derived from P L P experiments. 

Over the past ten years, since the introduction of pulsed laser techniques into the 
detailed study of free-radical polymerization, a considerable amount of accurate rate 
coefficient data has become available. The principal types of pulsed laser 
polymerization (PLP) experiments are illustrated in Figure 1. Among them, the P L P -
S E C (size exclusion chromatography) technique, pioneered by Olaj and coworkers 
{1,2). is of primary importance. An evenly spaced sequence of laser pulses is applied 
onto a monomer/photoinitiator system and a small initial monomer conversion, 
typically of one per cent, is reached. The almost instantaneous production of free 
radicals by each laser pulse causes an enhanced termination probability for radicals 
from the preceding pulse(s). This situation gives rise to a characteristic structure of the 
molecular weight distribution ( M W D ) , as is illustrated by a simulated (see below) 
polymer size distribution in Figure la . where the weight fraction w is plotted vs. the 
logarithm of molecular weight, \og\oM. As will be shown in Section I. the propagation 
rate coefficient, kv. may be directly obtained from the structured M W D . 

'Corresponding author. 

84 © 1998 American Chemical Society 
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a PLP - SEC experiment —* k (Olaj, Bitai, Hinkelmann 1987) 1 2 

0 0.1 0.2 0.3 3,5 4 4,5 5 5,5 
Ms) l o g 1 0 M 

b SP - PLP experiment —• kjk (Buback, Hippler, Schweer, Vôgele 1986)3 

11 s î I s 

C PS - PLP experiment —• (Buback, Huckestein. Leinhos 1987) 4 

Figure I: Pulsed laser methods used to evaluate rate coefficients for free-radical 
polymerization. 

The application of the P L P - S E C technique is restricted to studies at low monomer 
conversions up to a few per cent. Information about kinetics during the course of a 
polymerization is available from the single pulse (SP)-PLP experiment (Figure lb) 
which may be performed at any time during polymerization (5). The monomer 
conversion induced by the laser pulse, which usually has a width of about 20 ns, is 
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recorded by online vibrational spectroscopic analysis with time resolution in the micro-
and millisecond range. From the measured conversion-time trace the ratio of rate 
coefficients. k{/kr, becomes available for the rather narrow conversion interval of the 
experiment, extending typically over no more than 0.1 to 0.5 per cent. With kp from 
P L P - S E C analysis, the S P - P L P experiment thus provides direct access to a chain-
length averaged termination rate coefficient, <&,>, for a well-defined narrow 
conversion region. The S P - P L P and PS-PLP experiments are carried out such that the 
entire sample is irradiated and that significant gradients in free-radical concentration 
are avoided (3-5). 

The S P - P L P experiment may be performed at several stages during a 
polymerization in order to map out the conversion dependence of <k{> over a wide 
range. An important point to note is that the S P - P L P experiment in addition to 
providing <A,> (for each of the narrow conversion intervals where an experiment has 
been carried out) may also be used to investigate chain-length dependent £,(/,/) for a 
given conversion (interval). This is easily understood from the r.h.s. plot in Figure lb. 
The measured change in conversion, AU, with the time t (after applying the laser 
pulse) is brought upon by small radicals at low t, by medium-sized free-radicals at 
intermediate t and by large radicals after extended times t. The size of the free radicals 
which are created by the laser pulse at t = 0 linearly increases with time t unless chain 
transfer events come into play. As a consequence, the S P - P L P experiment provides a 
unique access to measuring kt(iJ) where / characterizes chain-length. The sizes / for 
each pair of terminating radicals in an S P - P L P experiment are almost identical as both 
species are generated at the same time. kt(ij) characterizing termination of two 
radicals differing in size is not easily accessible from this type of experiment. If not 
stated otherwise, the subsequent discussion addresses the chain-length averaged 
termination rate coefficient, <kt>, which wil l be referred to as kx. 

The SP-PLP experiment, in order to achieve a reasonable signal to noise of the AU 
vs. t trace (Figure lb), requires a considerable propagation rate of the monomer under 
investigation. It is for this reason that SP-PLP studies until now have been restricted to 
high Ap monomers, such as acrylic esters and to ethene at high temperature. For the 
slowly propagating monomers, e.g. methacrylic esters and styrene, where conversion 
per pulse is small, the pulse sequence (PS)-PLP procedure has been derived (4,5). The 
monomer conversion induced by a precisely known number of laser pulses is 
measured. In order to introduce some kind of time resolution within the experiment, 
the technique is mostly applied with pulse repetition rate alternating between 
subsequent pulse packages. In situations where both kp and kx remain constant over 
extended initial ranges of monomer conversion, as found for the methacrylates and for 
styrene. kyjk{ is directly obtained from such an alternating P S - P L P experiment as 
depicted in Figure 1c. 

Within the subsequent text, applications of these three basic types of P L P 
experiments (Figs, la-c) will be demonstrated. Section I illustrates the potential of 
P L P - S E C procedures mainly for kp analysis, but also for the measurement of chain 
transfer and of termination at low conversion and thus at low levels of polymer 
concentration. Section II primarily addresses the investigation of conversion dependent 
*, via S P - P L P and PS-PLP techniques. 
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I. P L P - S E C Experiments 

The principle underlying the measurement of k? via P L P - S E C experiments has already 
been outlined in the previous section. The method has been extensively used during 
recent years and detailed discussions of the procedure are given in the literature(6,7) 
including publications by the IUPAC-Working Party "Modeling of Polymerization 
Kinetics and Processes" (8,9). The S E C trace shown on the r.h.s. of Figure l a is a 
simulated curve which has been obtained by P R E D I C I simulation (10) for a styrene 
P L P at 70 P C (7). The PREDICI program allows for a simulation of the full distribution 
of free-radical and polymer chain lengths (10). The structure of S E C traces from real 
experiments is less pronounced, in most cases only two maxima or one maximum with 
a shoulder are observed. This is a consequence of imperfections of the experiment, 
such as polymerization that is not induced by pulsed laser light, chain transfer activity, 
gradients of free-radical concentration in space and in time and, most importantly, 
axial broadening during gel permeation chromatography (GPC, SEC) . 

The propagation rate coefficient kp is derived from a characteristic degree of 
polymerization. LQ. which is directly available from the S E C trace, via eq 1 : 

where CM is the monomer concentration and ν the laser pulse repetition rate. There 
has been quite some debate about whether to identify LQ with the location of the point 
of inflection on the low molecular weight side of the maximum (according to the 
suggestion by Olaj et al. (1,2) or whether to read LQ from the peak maximum position. 
This latter procedure has been advocated by Sarnecki and Schweer ( / / ) . A detailed 
study (7). on P L P - S E C curves, simulated (via PREDICI) for a wide range of P L P 
conditions, revealed that under conditions of c R ° , the free-radical concentration 
generated by a single laser pulse, being not too high, the determination of kP from the 
inflection point position constitutes the far more reliable general procedure. In 
addition, at low and moderately high CR° values, the internal consistency check of 
observing a second or even third point of inflection at degrees of polymerization 
around 2 Ln and 3 LQ may be performed. 

Figure 2 shows an example of data from this study (7) of simulated styrene P L P -
S E C curves. The pulse laser induced free-radical concentration c R ° has been 
significantly varied. The kp value introduced into this particular P R E D I C I simulation is 
499 L m o l ' s ' . As can be seen, analysis (via eq 1) based on point of inflection 
positions yields this value back within ± 2 per cent. Moreover, the analysis is almost 
insensitive toward the type of M W D : number distribution. f(M), weight distribution, 
\\(M). or logarithmic weight (or SEC) distribution, M'(logmA/), from which the point of 
inflection is derived. At low levels of CR°, the maximum position (from all these 
M W D s ) significantly fails to reproduce the true kp value (Figure 2). On the other hand, 
at fairly high values of c R ° , situations may be reached where the peak maximum 
position provides a better measure for LQ (Figure 2). 
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5 8 0 ^ 

pulse laser induced free-radical concentration c R

0 / mol L 1 

Figure 2: Influence of free-radical concentration cR° on the accuracy of kp 

determination by P L P - S E C ; data obtained from simulation via P R E D I C I . 
(Reproduced with permission from ref. 7. Copyright 1996 from Hiithig & 
Wepf Publishers, Zug, Switzerland.) 
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Figure 3: Variation of propagation rate coefficient kp with temperature for styrene 
bulk polymerization at ambient pressure. (Partly reproduced from ref. 9 
with permission. Copyright 1996 from Hiithig & Wepf Publishers. Zug, 
Switzerland.) 

It is beyond the scope of the present paper to review in any detail the influence of 
several other experimental parameters, e.g. of gradients in free-radical concentration 
and of axial broadening in S E C analysis, on the quality of kp measurement. The 
interested reader is referred to ref. 7. If the recommendations put forward by the 
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I U P A C Working Party (9) are considered and the internal consistency checks are 
performed, the P L P - S E C experiment turns out to be very robust. As the M W D of 
polymer material produced by P L P depends in a rather complex way on experimental 
parameters, it is certainly useful to accompany P L P studies by simulation. 

Figure 3 demonstrates the enormous impact of P L P - S E C on the reliable estimate 
of kr for styrene homopolymerization over a wide temperature range at ambient 
pressure. The data on the l.h.s. of Figure 3 are the entries from the Polymer Handbook 
( 12). The data on the r.h.s. are the results from independent P L P - S E C experiments 
performed in eight laboratories. 

8.0 

4.5 J
 1 1 1 1 1 1 

2.75 3.00 3.25 3.50 3.75 4.00 

1 0 3 · Γ ' / Κ"1 

Figure 4: Temperature dependence of the propagation rate coefficient kp at ambient 
pressure for methyl methacrylate (circles), butyl methacrylate (squares) 
and dodecyl methacrylate (triangles); open symbols are data from ref. 13 
and full symbols from ref. 14. 

Very satisfactory agreement is also obtained for kp data of the methacrylate family 
with the experiments, however, coming from a smaller number of groups. Figure 4 
shows ambient pressure kp data reported by Hutchinson et al. (13) and by our group 
(14) for methyl methacrylate ( M M A ) , butyl methacrylate ( B M A ) , and dodecyl 
methacrylate ( D M A ) . Due to the high quality of kp data from P L P - S E C , finer details 
such as the slight increase of kp with the size of the ester group are clearly detected 
from the data. The temperature dependence of kp for these methacrylates (at ambient 
pressure) is given by the relations: 

M M A (15): ln[* p / (L · mo l " 1 · s - 1 )j= 14.79 - 2686(7' / Κ ) - 1 

B M A (14): ln[* p / ( L - m o l " 1 = 1 4 . 7 9 - 2 6 3 8 ( Γ / K ) " 1 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

6

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



90 

D M A (14): ln[* p / ( L m o l - 1 · s - 1 )] = 14.71 - 2 5 3 6 ( Γ / Κ) 

styrene (9): | Η [ * Ρ / ( L · mo l " 1 · s - 1 )] = 17.57 - 3910(Γ / Κ ) 

The Arrhenius relations for B M A and D M A are constructed from the combined 
data sets of Hutchinson et al. (13) and Buback et al. {14). In Table I kp values of 
M M A . B M A . D M A . and styrene are listed for 30 °C and ambient pressure. 

monomer ^ / ( L m o l ' s 1 ) 

styrene 106 

methyl methacrylate 373 

butyl methacrylate 439 

dodecyl methacrylate 567 

Table 1: Propagation rate coefficients kp at 30 °C and ambient pressure as 
calculated from the Arrhenius relations given above. 

5.00 

4.75 

4.50 -

4.25 

4.00 

3.75-

3.50-

3.25-

3.00-

2.75 

2.50 

2.25 

2.00 

DA (+15 °C) 

MA (+15 °C) 

DMA (+30 °C) 

BMA (+30 °C) 

M M A (+30 °C) 

0 500 1000 

ρ I bar 
1500 2000 

Figure 5: Pressure dependence of the propagation rate coefficient kp for acrylates 
studied at 15°C and for methacrylates at 30°C. Monomers are as follows: 
methyl acrylate ( M A ) , dodecyl acrylate (DA) , methyl methacrylate 
( M M A ) , butyl methacrylate ( B M A ) and dodecyl methacrylate ( D M A ) ; 
methacrylate data from ref. 14; acrylate data from ref. 16. 
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In addition. P L P - S E C studies have been performed at high pressures. Such 
experiments are attractive, because only the P L P part of the experiment needs to be 
carried out under pressure. As an example of such investigations, the pressure 
dependence of kp for M M A . B M A . and D M A is plotted together with data for methyl 
acrylate ( M A ) and dodecyl acrylate (DA) (16) in Figure 5. 

As with the methacrylates. kp is seen to increase with ester size for the acrylate 
family. The propagation rate of acrylates is significantly above kp of the methacrylates. 
The clear difference in kp suggests a "family-type" behaviour for acrylic acid alkyl 
esters and methacrylic acid alkyl esters, respectively. Also significant differences are 
seen between the activation energies, 15 and 17 kJ-mol"1 for the acrylates and 21 to 23 
kJ-mol 1 for the methacrylates, and between the activation volumes AV(/ r p ) = 
R-T-id \nkp/d p)T> -10 and -12 cnV-mol"1 for the acrylates and -16 to -17 cm 3 m o l 1 for 
the methacrylates. 

P L P - S E C investigations of acrylate kp in extended ranges of temperature and 
pressure are less easily performed. As a consequence of the high propagation rates, 
molar masses may be controlled by chain transfer processes whereas kp measurement 
via P L P - S E C requires that termination resulting from laser pulses is the major chain-
stopping event. The associated problems may be partly circumvented by using high 
pulse repetition rates. 

In situations where propagation is not too fast, by a special choice of the laser 
pulse pattern, kP and chain transfer rate coefficients ktT may be derived from a single 
experiment. Figure 6 illustrates a suitable pulse sequence. 

I ι , , , ι ι , ' Τ 1 ' 

4 5 6 7 8 

l o g 1 ( ) M 

Figure 6: Laser pulse sequence as used for the determination of the propagation rate 
coefficient kp and of the transfer rate coefficient ku from a single P L P - S E C 
experiment. For further details see text. (Reproduced with permission from 
ref. 18. Copyright 1996 from Hiithig & Wepf Publishers. Zug. Switzerland.) 

Three laser pulses separated by a time interval of t = v"1 are followed by an 
extended dark time t<\. The packages of three pulses are sufficient to create the P L P 
structure I, shown on the r.h.s. of Figure 6. Chain stopping during the dark time 
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period, t(\. is dominated by chain transfer and yields the molecular weight contour II. 
Analysis of the high molecular range of component II, e.g. by plotting the logarithm of 
the number distribution vs. molecular weight, according to the procedure introduced 
by Clay and Gilbert (17). yields the transfer rate coefficient. The feasibility of this 
procedure for simultaneous kv and transfer rate measurement has been shown by 
simulations elsewhere ( 18). 

Within the P L P - S E C experiments described so far. data analysis is restricted to 
measuring the positions of the first point of inflection, LQ, on the low molecular weight 
side of the M W D peak maximum and of the higher order inflection points and to 
calculate kv from this data via eq 1. Comprehensive kinetic analyses based on an 
inspection of the entire M W D for P L P samples are rare, although several groups 
(1,2,19) pointed out that e.g. termination rate coefficients may be accessible from an 
analysis of the M W D if additional information on overall polymerization rate (or on 
pulse induced free radical concentration) is available. Olaj and Schnôll-Bitai (2) were 
the first to illustrate such a procedure. They used the classical expression (20). eq 2, 

k i =

 k t ± ^ l ( 2 ) 

Av * 'Ό 

for the k{ determination from a styrene P L P experiment, after having shown that 
this relation is valid for arbitrary pseudo-stationary polymerization (/) (in the absence 
of chain transfer and for kx being independent of chain-length), δ is the relative 
contribution of disproportionation to overall termination, L w is the weight average 
degree of polymerization, and r 0 is the overall polymerization rate (under pseudo-
stationary conditions). The method is reliable and (when calculating L w from a G P C 
trace) is almost insensitive toward axial broadening of S E C analysis, as was confirmed 
by P R E D I C I simulation (2/.22). Difficulties in kt analysis via eq 2 may. however, 
result from uncontrolled polymerization (20), from polymerization subsequent to P L P , 
and from chain transfer processes. These reactions may give rise to high molecular 
weight material which significantly influences the size of L w . To partially circumvent 
such problems, the high molecular weight part of the M W D may be cut off or may be 
suitably modified. This procedure obviously introduces some arbitrariness into kx 

analysis. 

Alternative procedures of estimating k{ from P L P - S E C data have been introduced 
by Lammel (22). He used the P R E D I C I program (10), based on an adequate kinetic 
scheme, to simulate both the entire M W D and the conversion for a P L P experiment. 
Termination rate coefficient kx and laser induced free-radical concentration c R

( ) are 
obtained by fitting the measured M W D and the experimental conversion. This 
procedure may be rather time consuming. In addition, problems associated with non 
laser-induced polymerization (that gives rise to high molecular weight polymer) 
interfere also with this type of analysis. To avoid such difficulties, Lammel suggested 
to consider the M W D trace only within the range of characteristic P L P structures. 
From the simulations, he recommended fitting the ratio of areas, RA. under the number 
M W D curve, e.g. the area between the second and third point of inflection divided by 
the area between the first and second point of inflection. Fitting of experimental RA 
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and conversion data via PREDICI or. with a significant reduction of the number of 
differential equations, by adopting a lumping scheme (2/,22), yields kt and c R ° It 
should be noted that the application of this procedure requires δ, the contribution of 
disproportionation to overall termination, and the extent of G P C axial broadening to 
be (at least approximately) known. The fitting procedure according to the lumping 
scheme is easily and effectively performed. 

In Figure 7 is illustrated a comparison of low conversion kx values of styrene at 
1000 bar and various temperatures deduced from three independent types of analysis. 
The full circles indicate data from fitting RA and conversion by the lumping scheme 
technique (22). The stars are derived from an analysis viaeq 2 (23). The open triangles 
are results from P S - P L P work (23,24) (see Section II). These latter data are 
considered to be accurate. The rather close agreement of all three sets of kt values 
(Figure 7) shows that the procedures via L w (eq 2) and via RA are also capable of 
producing reasonable estimates of termination rate coefficients. 

Further study is needed to see if these methods of deriving kx from P L P - S E C 
traces are generally applicable. In situations where conversion data are not available, 
the RA method may also be used to derive, from a given value of k{ at ambient 
pressure and temperature, the variation of k{ with ρ and Τ (22). Irrespective of these 
promising aspects, it needs to be realized that the k{ determinations from P L P - S E C are 
restricted to situations of low monomer conversion. While kp stays constant over 
extended conversion ranges, kt is diffusion controlled and has to be measured as a 
function of monomer conversion. The P L P methods which enable this kind of analysis 
are illustrated in the subsequent section. 

19h 

18 

17 

Δ 
Δ 

Δ 

I 1 1 1 1 1 1 1 I I I I I I I 1 1 1 1 1 1 1 1 — ι — ι — I — ι — ι — ι — ι — I 

2.7 2.8 2.9 3 3.1 3.2 
1000 T] I K" 1 

Figure 7: Temperature dependence of the termination rate coefficient k{ for styrene 
polymerization at 1000 bar as deduced from P L P experiments. Rate 
coefficients were determined by three alternative procedures: P S - P L P (Δ), 
P L P - S E C according to eq 2 (*), and fitting RA and conversion for P L P -
S E C samples by the lumping scheme technique ( ·) . For further details see 
text. 
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II. Single-Pulse and Pulse-Sequence Experiments with Online Spectroscopic 
Analysis of Monomer Conversion 

The basic features of S P - P L P and PS-PLP experiments have already been described in 
the introduction. The application of an excimer laser pulse to a polymerizable system 
leads to the almost instantaneous production of an initial concentration c R ° of 
photoinitiator-derived free radicals: 

2 . 0 . ^ ( 1 - 1 0 " ^ ) 

V Ε, 
(3) 

is the amount of laser photons (in mol-L"1) absorbed by the photoinitiator, Φ 
denotes the fraction of these photons that yields polymerization-starting free-radicals. 
c-;,K may be estimated from the measured laser pulse energy, £ p U | S , incident upon the 
reaction volume V for known photoinitiator absorbance Α(λ) at the laser wavelength 
λ. E\ is the energy of one mole of photons. 

0.980 

Figure H: Variation of relative monomer concentration with time for a S P - P L P 
experiment of dodecyl acrylate performed at 40°C, 500 bar and a polyDA 
content of 40 per cent; cM°: monomer concentration before the pulse 
arrives at t = 0. 

Within the S P - P L P experiment, the monomer conversion induced by a single laser 
pulse and thus resulting from an instantaneously created cR° is directly measured via 
infrared or near-infrared spectroscopy on the C - H stretching modes at olefinic or at 
saturated carbon atoms [3,25). The experimental set-up basically consists of an IR-
NIR light source, a monochromator. and a rapid (MHz) detection unit, e.g. a liquid 
nitrogen cooled InAs detector. The time interval between successive data points may 
be adjusted to the time required for one propagation step. Thus the growth of a 
Poisson ensemble of free radicals created by the laser pulse at time t = 0 may be 
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directly monitored. Figure 8 shows the concentration - time S P - P L P profile measured 
for a dodecyl acrylate (DA) polymerization at 40 °C and 500 bar. The polyDA content 
of the sample prior to applying the laser pulse at t = 0 was 40 per cent. The monomer 
conversion induced by a single pulse is fairly large in the D A system. As a 
consequence, the noise on the S P - P L P signal is relatively low. Fitting of the 
experimental trace to eq 4 yields the coupled parameters kxJkx and kx- c R ° : 

where CM° is the monomer concentration at / = 0. It should be noted that kx in eq 4 
and throughout this paper refers to the I U P A C preferred defining equation of 
termination rate: dcR/âî = -2 / r , c R

2 . The kx value in eq 4 holds, for the termination rate 
coefficient being independent of chain length. Fitting procedures that take chain-length 
dependent &,(/./') into account have also been used (26,27). 

The intense single pulse signal in Figure 8 is essentially due to the appreciable 
propagation rate of D A (kp = 34000 L-moF'-s"1 in this particular case (16)). For 
methacrylates at similar ρ and Γ, kv is by about two orders of magnitude smaller (see 
Figure 5). This leads to an enormous decrease in signal to noise and makes 
quantitative S P - P L P analysis rather difficult. Under such conditions, a series of 
subsequently measured S P - P L P traces may be co-added, e.g. as many individual SP-
P L P curves as are required to yield the same extent of monomer conversion as within 
the (true) single pulse experiment depicted in Figure 8. 

The more common strategy for kjkx analysis of slowly propagating monomers 
consists of the application of laser pulse packages at a constant pulse repetition rate. 
As has been shown in detail elsewhere (5), the change in monomer concentration per 
pulse, ΔΓΜ. is given by eq 5: 

i'R.nax, which differs from c R ° in eq 4, denotes the maximum free-radical 
concentration that is reached immediately after the arrival of a laser pulse under 
pseudostationary conditions. c R m a x is directly available from v, c*abs, Φ and kx (5). 
Usually between 100 and a few thousand laser pulses are applied per pulse package. 
The pseudo-stationary situation underlying eq 5 is reached after a very few. mostly 
after less than 10 pulses. The monomer conversion per pulse. AcM. in eq 5 is very 
small. Nevertheless this quantity may be accurately derived from the change in 
monomer conversion brought upon by the entire sequence consisting of a precisely 
known number of laser pulses. cM in eq 5 refers to the arithmetic mean of the 
spectroscopically measured monomer conversions before and after applying a pulse 
sequence. 

Even with cuhs and ν being known, the experimentally accessible quantity àcM/cM 

(eq 5) depends on the three unknown parameters: &p, kx and Φ (or c R °) . Under 

(4) 

Ac, 
(5) 
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conditions where kv and kx remain constant over a range of monomer conversion which 
is sufficiently large to apply (at least two) pulse sequences, with repetition rates V | O W 

and V|, i pi,. Αρ·Φ and &,·Φ (or kp/kx) are available from AcM/cM values measured at these 
two pulse repetition rates (5). Another restriction toward P S - P L P experiments 
performed in this alternating pulse sequence mode comes from chain-length dependent 
kx. Obviously in situations where kx significantly varies with chain-length, (overall) 
termination rate will not be the same for pseudostationary polymerization at quite 
different "dark time" intervals, V|O W~' and Vhigh"'- Thus prior to alternating P S - P L P 
experiments, pulse sequence measurements at constant laser repetition rate should be 
carried out. With kv and Φ being obtained by separate experiments, kx is found (via eq 
5) for a particular dark time situation and thus for a certain range of chain lengths. 
From several such experiments for a different, but constant value of ν (during the 
course of a single polymerization) a chain-length dependence of kx may be detected. 

19 , 1 

j ^ I , I , I ι I ι I ι I 

0.0 0.1 0.2 0.3 0.4 0.5 

monomer conversion 

Figure 9: Variation of termination rate coefficient kx with monomer conversion in 
laser-induced styrene bulk polymerizations at 50°C, 2000 bar carried out 
at different laser pulse repetition rates, ν = 0.9 and 13 Hz; ν stays constant 
within each experiment. The lines are fitted according to eq 6. 
(Reproduced with permission from ref. 24. Copyright 1996 from Hiithig & 
Wepf Publishers, Zug, Switzerland.) 

Figure 9 shows an example of such an analysis. The termination rate coefficient kx 

for the bulk homopolymerization of styrene at 50°C and 2000 bar has been measured 
by P S - P L P experiments at two pulse repetition rates, 0.9 and 13 Hz {23,24) for 
monomer conversions up to 50 per cent. Actually, for each of the two repetition rates 
data from several independent measurements are contained in Figure 9. The kp and Φ 
values required for kp determination via eq 5 are separately measured (23). A t 
conversions below 20 per cent, kx data from experiments with ν = 0.9 Hz and ν = 13 
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Hz arc rather close to each other which suggests that kx does not or not significantly 
depend on chain length in this initial polymerization range. Above 20 per cent 
monomer conversion. kx for the higher repetition rate (which corresponds to a lower 
chain length) is clearly above the k{ values found for ν = 0.9 Hz. This observation is 
indicative of some chain-length dependence of termination rate coefficient, it must, 
however, be noted that the larger free-radical size (within the ν = 0.9 Hz experiment) 
necessarily leads to the production of higher molecular weight polymer. Such material, 
at an identical degree of monomer conversion, is associated with a larger viscosity of 
the polymerizing medium. This may also affect the diffusion-controlled termination 
kinetics. The P S - P L P experiments at different pulse repetition rates (Figure9) thus 
indicate an influence of both free-radical size and polymer size on the termination rate 
in styrene polymerization (50°C / 2000 bar) at monomer conversions between 20 and 
50 per cent. 

It is important to note from Figure 9, that pulse repetition rate (and thus chain 
length) may influence termination rate to quite different extents in different ranges of 
monomer conversion. During bulk polymerization, viscosity may increase by several 
orders of magnitude. These changes vary from monomer to monomer and they are 
strongly dependent on polymer molecular weight and architecture. An increase by a 
factor of 10 with 10 per cent monomer conversion is not untypical and different 
mechanisms of diffusion-controlled termination become operative with the enormous 
increase in viscosity during bulk free-radical polymerization to high conversion. 

ο 
Β 

Si) 
ο 

0.2 0.4 0.6 

m o n o m e r convers ion 

Figure 10: Conversion dependence of the termination rate coefficient k{ for 
polymerizations of methyl methacrylate at ambient pressure. Experimental 
data are from ref. 29. The line is fitted according to eq 6. (Reproduced 
with permission from ref. 31. Copyright 1996 from Hiithig & Wepf 
Publishers, Zug, Switzerland.) 
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The conversion dependence of kx has been intensively studied for methyl 
methacrylate ( M M A ) by several groups (28-30). There is general agreement that the 
variation of kx with conversion U is of the type illustrated in Figure 10. A plateau 
region of kt at low conversion is followed by a steep decrease in kx. Above 40 per cent 
monomer conversion. kx is only slightly lowered upon further polymerization until, at 
around 75 per cent conversion, kx strongly decreases again. The transitions from 
plateau-type behaviour to significant changes of kx with conversion, and back again, 
indicate transitions in the type of diffusion control. The initial plateau range is assigned 
to segmental diffusion, followed by translational diffusion. The subsequent weak 
decrease of k{ is explained by reaction diffusion control with termination occurring via 
propagation. At the highest conversions even propagation may become diffusion-
controlled and, as a consequence, also reaction-diffusion controlled k{ is significantly 
lowered with conversion. These variations of kx with U are described and discussed in 
more detail elsewhere (31). Depending on the monomer under investigation and on the 
specific polymerization conditons, different types of In kx vs. U behaviour are 
measured. The observed conversion dependencies may be reasonably fitted by eq 6 
(31): 

k{ - —- : Ϊ Γ ~ + ^ ϊ n~~ ( ο ) 

A'so. A'TD° and fcp.0 denote the rate coefficients of segmental diffusion, translational 
diffusion at zero conversion, and propagation at low conversion, respectively. kpv° 
refers to diffusion-controlled propagation at zero conversion and η Γ is the relative bulk 
viscosity (η, = η / η ( ) with η 0 being the pure monomer viscosity). CRD is an empirical 
constant which relates reaction-diffusion controlled termination rate, kx.RD, to kp and to 
the fraction of unreacted monomer, 1-i/, according to eq 7: 

* t . R D = C R D - * p ( l - l / ) (7) 

The second term on the r.h.s. of eq 6 represents the contribution of reaction 
diffusion. fc.Rn. to kx. The only difference between this term and the expression for fc,.RD 

in eq 7 consists in the replacement of kp by (kp.0

l + η , / kpv)~* which allows to take 
diffusion control of kp explicitly into account. The first term on the r.h.s. of eq 6 
considers diffusion control (31) of kx by segmental diffusion and by translational 
diffusion (fcT n = ATTF/VTV). Joining together the individual contributions to yield the 
simple relation for kx (eq 6) is described in ref. 31. 

The capability of eq 6 to represent experimental kx vs. U behaviour is 
demonstrated by the curve plotted in Figure 10 which is a fit by eq 6 of experimental 
data from ref. 29. Eq 6 has also been used to model the conversion dependence of 
termination rate coefficient of the other methacrylates (33) and of styrene (23,24). 
Thus the fits to the data in Figure 9 are also made via eq 6. The monomers mentioned 
so far. methacrylic acid esters and styrene, seem to be within one class, where an initial 
plateau value of kx is followed by a strong decrease of kx from a certain monomer 
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conversion onwards. The subsequent weak decrease of kx with conversion (e.g. above 
50% in M M A polymerizations, see Figure 10) is also observed for styrene (Figure 11) 
and will probably also occur with some of the other methacrylates. 

18 Y 

I . ι . ι • ι . ι • ι • ι . ι • I 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

monomer conversion 

Figure II: Variation of termination rate coefficient kt with monomer conversion in 
laser-induced bulk polymerization of styrene at 50°C and 2800 bar; data 
from three independent experiments are shown. The line is fitted according 
to eq 6. (Reproduced with permission from ref. 24. Copyright 1996 from 
Hiithig & Wepf Publishers, Zug, Switzerland.) 

8.0 π 1 

- 7 .5 -

D.J 1 ' 1 1 1 1 1 « 1 1 

0 0.2 0.4 0.6 0.8 1 

monomer conversion 
Figure 12: Conversion dependence of the termination rate coefficient kt for butyl 

acrylate polymerization at 25°C and 2000 bar. The line is a fit according to 
eq 6. 
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With respect to their A, behaviour acrylic acid esters and ethene seem to belong to 
another class. The measured A, vs. U dependencies are, however, also adequately fitted 
by eq 6. Figure 12 shows A, of butyl acrylate (BA) during the course of a B A bulk 
polymerization at 25°C and 2000 bar {34). k{ decreases from the very beginning of the 
polymerization. The change in k{ even up to 80% conversion is however small 
compared to what is seen with M M A (Figure 10) or with styrene (Figure 11 ). Because 
of the rather high propagation rate of acrylic ester monomers (see Figure 4) 
termination by reaction diffusion is a very efficient chain-stopping event. In order to 
see whether reaction diffusion, according to eq. 7, is capable of describing overall 
termination, it appears rewarding to plot experimental rate data as log(/rf/AP-( \ -U)) vs. 
conversion. A particular advantage of this type of presentation is that kjkp (or k^lkx) is 
a primary experimental quantity from S P - P L P experiments. Subjecting fcp/fc, data for 
B A (35) to this treatment yields the plot shown in Figure 13. Over a very extended 
conversion raoge. reaction diffusion seems to be operative and a single value of CRD = 
A,/Ay( \ -U) is sufficient to fit the measured termination rate coefficient. The surprisingly 
large conversion range where eq 7 describes termination behaviour is characteristic of 
a second class of monomers. Common to these so-called type A monomers (35) is a 
rather high propagation rate coefficient and a lower hindrance to segmental mobility 
(which is associated with a low glass transition temperature of the resulting polymer). 
On the other hand, for type Β monomers, such as methacrylics and styrene, low values 
of Ap and an appreciable restriction toward segmental motion are characteristic. 

4.0 

^ 3.5 

S 
C 3.0· 

^ 2.5 H 

Ο 
2.0 

ο ο ° ° ° 

ο ο 

0.2 0.4 0.6 

monomer conversion 

—ι— 
0.8 

Figure 13: Variation of k{/kp-(\-U) with monomer conversion U for butyl acrylate 
polymerizations at 25°C and 2000 bar. The line is a fit according to eq 7. 
For details see text. 

It goes without saying that eq 6 is capable of representing also kx vs. conversion 
behaviour that is intermediate between the situations for M M A (Figure 10) and for B A 
(Figure 12). It is, however, beyond the scope of this article to comment in any detail 
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the potential of eq 7 toward modeling or even predicting termination kinetics for 
arbitrary polymerization conditions. As a matter of fact, the different types of diffusion 
mechanisms that control termination are associated with quite different dependencies 
on temperature, pressure, free-radical chain-length, and various other properties of the 
polymerizing medium. With respect to the important question concerning chain-length 
dependence several trends became clear from the preceding results and discussion: For 
type Β monomers. A, is not very sensitive toward chain length in the initial reaction 
period whereas the size of radicals and of polymer molecules strongly influences k{ in 
the translation diffusional range. In this regime, where kx dramatically changes with 
conversion, the modeling of termination rate is particularly difficult as A> is dependent 
on the history of the polymerization {31,32). Polymer size and architecture control the 
viscosity of the polymerizing medium and thus translational diffusion of kx. Under 
conditions where reaction diffusion dominates ku no influence of free-radical size on 
termination rate is expected to occur as propagation rate is independent of chain 
length. 

It is a matter of priority to investigate kt for the more common monomers over 
extended ranges of temperature, pressure, and up to high conversion. The initiation 
mode should be significantly varied, by changing the type and the amount of initiator 
and by using both chemical and photochemical initiators. The impact of these changes 
on A, should provide information about the extent of chain-length dependent 
termination. 

Detailed studies of this type have primarily been performed for the initial range of 
styrene homopolymerization (23,24). The plateau value of k{ for monomer conversion 
up to about 20 per cent is found to vary with temperature and pressure in almost 
exactly the same way as does the inverse of styrene (monomer) viscosity. This 
observation is consistent with the idea of segmental diffusion controlling kx in this early 
polymerization range. It needs to be studied whether alternative models for conversion 
dependent A,, which e.g. have been reviewed by Kaminsky and Litvinenko (36). are 
capable of describing this type of behaviour. 

In conclusion: The introduction of pulsed laser techniques into studying rate 
coefficients has enormously improved the situation with kp. For an appreciable number 
of monomers accurate values for kv are becoming available, partly within fairly 
extended ranges of temperature and pressure. These A p values have been and will be 
critically reviewed and benchmark data will be published by the I U P A C Working Party 
"Modeling of Polymerization Kinetics and Processes". The beauty of such kP data is 
that the propagation rate coefficient stays constant during the course of a 
polymerization up to fairly high degrees of monomer conversion even in bulk free-
radical polymerization. For the termination rate coefficient, on the other hand, 
extended conversion ranges of a constant kx are less typical. The sensitivity of free-
radical termination toward the physical properties of the polymerizing medium poses 
problems toward establishing k{ values over wider ranges of /?, Γ, and monomer 
conversion. Nevertheless, P L P methods turned out to be very important for identifying 
the major influences on A, and for measuring accurate termination rate coefficients. 
Research into diffusion-controlled termination will be a matter of priority in the near 
future as will be studies into rate coefficients in free-radical copolymerization. 
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Chapter 7 

Termination Rate Coefficients from Molecular 
Weight Distributions 

Paul A . Clay, David I. Christie, and Robert G . Gilbert 

Chemistry School, Sydney University, New South Wales 2006, Australia 

A n extended Mayo method is deduced to obtain rate coefficients and 
mechanistic information from molecular weight distributions 
( M W D s ) , using the high molecular weight part of the full instantan
eous number M W D , P(M), together with rate data. P(M) is readily 
obtained from the G P C M W D . The method can yield the following 
rate coefficients (a) termination, <kt> (the average of chain-length 
dependent termination rate coefficients over the chain lengths of the 
radical population) (b) transfer, and, for emulsion polymerizations, (c) 
entry; all of these can be obtained over a wide range of conversion. 
The technique is applied in an extensive series of experiments on 
styrene seeded emulsion polymerizations (persulfate initiator, stabi
lized by anionic surfactant), wherein M W D s are obtained at successive 
conversions, from which instantaneous M W D s are obtained by suc
cessive subtraction. Values for <kt> as a function of conversion are 
in moderate but imperfect accord with those obtained from data on re
laxation kinetics; the difference, which is within experimental uncer
tainty but seems real, may arise from chain-length dependent termin
ation, since the different radical fluxes in the two means of measuring 
<kt> affect the radical populations over which the average is taken. 
Either set of <kt> values can be reproduced by a priori theory based 
on diffusion control, with minor adjustment of parameters. Results for 
entry and transfer rate coefficients had large uncertainty but were con
sistent with the literature. An excess of low molecular weight species 
seen at high conversion is ascribed to surface-anchoring effects caus
ing increased termination as entering radicals are confined to a shell. 

The Mayo method for obtaining rate coefficients from rate and molecular weight dist
ribution ( M W D ) in free-radical polymerizations suffers from certain disadvantages: 
e.g, it is often difficult (7) to obtain accurate number-average molecular weights, ren
dering the required extrapolation difficult. This paper derives and employs an exten
sion of the Mayo method whereby M W D data in free-radical polymerizations can be 
treated in a way which separates radical creation, transfer and termination rate coeffi
cients. A n objective of this paper is to obtain values of the termination rate coefficient 
over a wide range of conversion, including at relatively high polymer fractions where 
many traditional methods are difficult to apply. The method is applied to data from 
seeded emulsion polymerizations, whereby one can have excellent temperature 

104 © 1998 American Chemical Society 
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control and can cover a wide range of conversion. The data for the dependence of the 
rate coefficients so deduced are then compared with models for these quantities, thus 
providing tests of theories for radical termination. 

Theory for MWDs and for termination rate coefficients. 

There is good reason to suppose that termination is diffusion-controlled, with the 
possible exception of some systems with very low polymer concentrations (say, 
below 10% (2)). Given diffusion control, it is l ikely that the termination rate 
coefficient, fct> depends on the degrees of polymerization Ν and N' of the two 
terminating radicals (3). Any experimental measure of termination must therefore 
give an average < & t > , where this average is over the (possibly time-dependent) 
radical distribution in the particular system. We here give a brief summary of a theory 
(4-8) for diffusion-controlled kt(N,N') and M W D s . A novel extension to this approach 
is then deduced which provides means of treating M W D s so that one can separate the 
various chain-stopping and starting events. Although the treatment is general, we 
present it here in the form applicable to emulsion polymerization systems. 

Zero-one and Pseudo-Bulk Kinetics. Subdividing emulsion polymerization into 
two classes provides a convenient means of categorizing kinetics in emulsion poly
merizations (9). Zero-one kinetics are applicable when intra-particle termination is 
very rapid compared with other kinetic events (e.g. propagation, radical desorption, 
transfer). When termination is not rate-determining, two radicals cannot coexist in 
any given particle. Hence any given particle w i l l contain either zero or one free 
radical (hence the name zero-one). As a result of these conditions, it can be seen that 
the maximum average number of radicals per particle, η, w i l l be ! / 2 for a zero-one 
polymerization. Moreover, in systems where zero-one kinetics apply, entry of a 
radical into a particle that already contains a radical w i l l lead to mutual annihilation 
of both radicals. Thus radical entry into a particle, normally considered to a radical 
gain event, can lead to a subsequent loss of radical activity. The kinetics are highly 
compartmentalized (i.e., show strongly the effect of the isolation of radicals into 
separate particles). Pseudo-bulk kinetics are applicable when compartmentalization 
has no effect, e.g., when intra-particle termination is slow compared with other 
kinetic events. A s a result of relatively slow termination, radicals may co-exist within 
a particle, and therefore η may take any value. Pseudo-bulk kinetics always hold for 
systems where η appreciably exceeds V 2 (Smith-Ewart Case 3). It also applies in low-
n systems where there is extensive exit (desorption) and the desorbed radicals always 
undergo re-entry and re-escape until eventually terminated (9). 

Model for kt(N,N') With the possible exception of low conversion (2), it seems that 
termination in free-radical polymerizations is diffusion-controlled, and therefore the 
rate coefficient can be estimated from a Smoluchowski model, as follows (5-7): 

kt(N,N') = 2np(N,N')(D(N)+D(N'))aNA ( 1 ) 

where D(N) is the diffusion coefficient of an N-meric radical, σ is the encounter 
distance at which an N- and an ΛΓ-mer are assumed to always react (σ is taken as the 
van der Waals radius of a monomer unit, although that may not be the case at low 
conversion (2)). The quantity p(N,N) is the probability of reaction upon encounter 
between these species; p(N,N) may be less than unity because of spin multiplicity 
(the radicals must have opposite spin) and hindrance, and one expects ]U <p < 1. The 
reason for the lower bound being i / 4 and not i / 2 is that two unpaired spins belong to a 
triplet surface, while two paired spins belong to a singlet; the upper bound is 1 to 
allow for spin flip while the radicals are in proximity, which becomes more likely at 
high weight-fraction polymer. In the present treatment, it is assumed that ρ(Ν,Ν') is 
independent of the two degrees of polymerization, and its value may be adjusted 
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between 0.25 and 1. The diffusion coefficient is broken up into a center-of-mass and 
reaction-diffusion (JO) term, the latter not depending on the degree of polymerization: 

D(N) = D ( A O c o m + D r d = D m ° " ( U ; P ) + ^ kOC? a2 (2) 

Here Dmon = diffusion coefficient of a monomeric radical, kp = propagation rate co
efficient, wp = weight-fraction of polymer, u expresses how the diffusion coefficient 
scales with degree of polymerization, Cp = concentration of monomer in the polymer
ization locus (which for an emulsion polymerization is the interior of the particles) 
and a = root-mean-square end-to-end distance per square root of number of monomer 
units in a polymer chain. Reaction-diffusion only becomes significant at relatively 
high conversion (10,11). Simulations (discussed later) show that reaction-diffusion has 
no effect on calculated M W D s for the range of vvp used in the present systems. 

Molecular weight distributions. These are expressed in terms of the instantaneous 
number M W D P(M): the number of chains of molecular weight M = NMQ (where Mo 
is the molecular weight of monomer). The instantaneous M W D at time t is in turn the 
time derivative of the cumulative molecular weight distribution P(M,t). P(M,t) is 
related to the more familiar G P C trace G(V), where V i s elution volume, by (8,12): 

P ( M ( ^ ) ) = M - l G ( V ) ^ (3) 

where V(M) is the G P C calibration curve. If the calibration curve is linear in logM, as 
is often the case, ^(M) = a\ogM + b. In this case, one has simply: 

P(M) = G(V)/M2 (4) 

where now G(V) is also the " G P C distribution", often denoted w(\ogM). The number 
and_weight average molecular weights <M n > = \MP(M)àM I \Ρ(Μ)άΜ and < M W > = 
\M2P(M)dM I \ΜΡ(Μ)άΜ are respectively the first moment, and the ratio of the 
second to the first moment, of this distribution. 

For zero-one systems without chain branching, P(M) is (8,13): 

W = e x p { - ( | + ^ ) ^ J (5) 

where kir is the rate coefficient for transfer to monomer (for simplicity, we assume 
absence of chain-transfer agent, although its inclusion is straightforward) and ρ the 
total rate coefficient for entry of radicals into particles (which, by the definition of a 
zero-one system, results in chain stoppage through instantaneous termination). 

For a pseudo-bulk system, the M W D is more complex (8). One starts by writing 
down the evolution equations for the concentration R(N) of radicals of degree of 
polymerization N, taking into account all chain-length dependences (5). The corre
sponding equations for the kinetics of chain stoppage (including both kt(N,N') and 
transfer) then yield P(M). While numerical solution of these equations poses no diffi
culties (at least for unbranched chains!), what is important is that analytic approxi
mate solutions can be obtained for certain regions, provided that termination is 
diffusion-controlled. Diffusion-controlled termination in rubbery systems is predomi
nantly between a long, entangled polymeric radical and a small, highly mobile radical 
(short-long termination) (5-7). Since the diffusion coefficients of small species are 
much larger than those of the large species, termination in rubbery systems is domi
nated by contributions to the diffusion coefficient from the small species. Moreover, 
short-long termination implies that, for longer chains, the molecular weight of the 
resulting dead chain is essentially that of the long radical. These results are indepen-
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dent of the mode of termination (combination or disproportionation). One then 
obtains, for longer chains, the following analytic approximation: 

f ktTC? + (<k{>Ji/NAVs) M \ 

where N& is Avogadro's constant, Vs is the swollen volume of a latex particle, and 
<k{> is the average termination rate coefficient: 

oo oo 

J jkt(N,N')R(N)R(N') dNdN' 

R(N)on\ 

<k{> = ^ (7) 
\2 

V° J 
Equations 5 and 6 imply that the instantaneous number M W D , when plotted as 
\nP(M) against Af, should be linear at higher molecular weights. Exact simulations of 
the M W D s support the accuracy of the approximations which lead to this result (<S), 
assuming the correctness of the underlying models. 

Means of obtaining rate coefficients from M W D data. We now derive a new 
method for using the high-molecular-weight part of the M W D to obtain kinetic 
information. We define (2) the slope of the linear region of a \nP(M) curve as A: 

l im AnP(M)\ A m 

M^oo [ Μ ρ M0

 W 

Consider now an emulsion polymerization in Interval 3, i.e., in the absence of 
monomer droplets. Samples of M W D s taken at successive conversions (and hence 
different w p ) w i l l therefore correspond to different monomer concentrations Cp and 
different polymerization rates Rp. Equation 5 then implies: 

zero-one system: A = γ- + (9) 

i.e., for a zero-one system, a plot of A against C p - 1 should have slope p/kp and inter
cept ktr/kp, assuming that all these quantities are independent of conversion. This 
conversion independence wi l l indeed be the case for ktT/kpy even in the glassy regime 
(14). Consider now the conversion independence of the entry rate coefficient. While 
the most accepted mechanism for entry (involving competing propagation and 
termination in the aqueous phase until a critical degree of polymerization for entry, z, 
is reached (75)) suggests that ρ might depend on conversion in Interval 3 (since the 
concentration of monomer in the aqueous phase is changing), simulations (76) suggest 
that the dependence wi l l usually be weak until relatively high conversion. 

A similar relationship for A can be obtained for a pseudo-bulk system as follows. 
The polymerization rate per particle, Rp, is 

Rp = kpC?n (10) 

One has also, for pseudo-bulk kinetics: 

α/ι 2<k{>-~ 

Equations 6, 10 and 11 in the steady-state (dn/di = 0) then yield: 
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M ^ J n W = - ^ + 2 ^ j M 0

 ( 1 2 ) 

Analogous to the preceding result for a zero-one system, equation 12 then implies: 

pseudo-bulk system: A = £ + ̂  <= ( 1 3 ) 

i.e., for a pseudo-bulk system, a plot of A against l /2/? p for successive samples in a 
given run should have slope ρ and intercept kiTlkp (again assuming that ρ is independ
ent of conversion). Equation 13 is also valid for bulk or solution polymerizations 
(with Rp and ρ being replaced by the appropriate terms). 

These simple slope-intercept relations for the high-M slope of lnP(M), equations 
9 and 13, comprise the data reduction method of the present paper: they enable one 
(in principle) to obtain the transfer, entry (equivalent to initiator efficiency) and 
average termination rate coefficients from M W D and rate data obtained at successive 
conversions in a zero-one or pseudo-bulk system. These expressions are not novel in 
themselves, and indeed equation 13 and the resulting treatment is essentially the 
familiar Mayo method, and can be derived from chain statistics (7); however, such a 
treatment does not take complete account of the dependence of rate coefficients on 
chain length. What is novel in the present approach is that this is deduced rigorously 
from the full evolution equations for radical populations, taking into account 
dependence of all quantities on chain length. This treatment shows that it is by using 
the high molecular weight part of the full MWD that the complexities of this chain 
length dependence can be avoided and a simple Mayo-type treatment employed. This 
is especially important as it is often difficult to obtain an accurate value of <M n > for 
use in the conventional Mayo method, and there can be extensive chain-length-
dependent contributions to <M n > at low M. 

It has been pointed out (7,77) that a real problem with the application of equation 
8 (and hence equations 9 and 13) is identifying the true linear region in an 
experimental lnP(M). P(M) must be found by successive subtraction, i.e., one has 
really a pseudo-instantaneous distribution (18) which is subject to some uncertainty, 
particularly at very high molecular weights where not much polymer is formed. 
Uncertainties are apparent in the scatter in the resulting P(M) curves. Moreover, the 
occurrence of effects such as very small amounts of branching could vitiate h igh-M 
data. As has been noted out elsewhere (77) and is also seen here, there may not even 
be an obvious h igh-M linear region in a lnP(M) plot, and under those circumstances 
there is some arbitrariness in the value of A. Where extensive nonlinear regions of 
lnP(M) are seen in the present work, we follow the recommendation of others (7,77) 
and take the value of A from the region where there is extensive polymer formed and 
a good G P C signal, namely around either the maximum in w( logM) (the "peak 
molecular weight") or at <M W >. 

Experimental 

In order to obtain suitable data to test the various hypotheses given here, M W D and 
rate data were obtained for seeded styrene emulsion polymerization, with the pseudo-
instantaneous M W D being obtained by successive subtraction of appropriately 
normalized G P C traces. Styrene was chosen because many aspects of its free-radical 
polymerization are wel l understood, including the availability of highly accurate 
values for kp (79), and because it is well established that termination is dominated by 
combination. Reactions were carried out at 50°C using potassium persulfate as 
initiator, with unswollen seed radii 44 and 130 nm, designed to go from zero-one (44 
nm) to pseudo-bulk (130 nm) conditions. Particles were stabilized with sodium 
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dodecyl sulfate. Samples were taken at different conversions, from which rates were 
obtained using gravimetry and M W D s using G P C . Especial care was taken with G P C 
procedures (including duplicate runs) to avoid artifacts and uncertainties due to base
line subtraction, day-to-day variability of the G P C equipment and error inherent in 
the subtraction of M W D s . Ful l details of techniques have been given elsewhere (2) in 
a corresponding study on low-conversion bulk polymerization. Uncertainties in P(M) 
are greatest for very low and very high values of M , especially the latter where there 
is little polymer. 

Figure 1 shows some G P C distributions for the 130 nm particles. The G P C trace 
at the lowest polymer fraction shown is dominated by the M W D of the seed, whereas 
at higher conversion, the second-stage growth progressively dominates. Some of the 
resulting pseudo-instantaneous distributions are shown as \nP(M) in Figure 2. Figures 
3 and 4 show corresponding results for the 44 nm particles. 

0.5 

3 4 5 6 7 
M 

Figure 1. Cumulative and pseudo-instantaneous G P C distributions (with 
baseline subtracted), w(logM), for seeded styrene emulsion polymerization 
at 50°C, 10~3 mol d m - 3 persulfate initiator. Particle concentration = l x l O 1 5 

d m - 3 , unswollen particle radius = 130 nm. The maximum value of η is about 
15. Samples taken at the following w p : 0.36 (which is the seed without any 
second-stage polymerization), 0.41, 0.45, 0.47, 0.50, 0.54, 0.61, 0.67, 0.75, 
0.79, 0.81, 0.84; the pseudo-instantaneous w(logM) are for the indicated 
ranges of w p . 
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-2CT 

6x106 

0 2x105 4x105 6x105 8x105 106 

Μ 

Figure 2. Some data of Figure 1 converted to instantaneous number distrib
utions, for samples taken over the indicated ranges of w p , showing the entire 
range of molecular weights, and the range near the peak molecular weight 
(see lower panel in Figure 1) from which the values of Λ were obtained. 

Figure 2 shows that, for the 130 nm particles, the predicted linearity in \nP(M) at 
higher M is indeed observed (except occasionally for the highest range of vvp). Does 
the observed linearity in \nP(M) imply that termination must be chain-length 
dependent (since this was used to infer the existence of this linearity)? It is inform
ative to plot the data as appropriate for chain-length independent termination by com
bination. The number M W D for this mechanism has the functional form P(M) 
M e x p ( - 2 M / <Mn>) — see, e.g., (20). Figure 5 shows a plot of \r\(M~xP(M)) for the 
same data as in Figure 2; such a plot would be linear i f termination were by combin
ation with a size-independent kt. It can be seen that linearity also holds for such a plot 
over about the same range as for a InP plot. This is not surprising, since the difference 
between the two modes of displaying the data, which is InM, becomes unimportant at 
higher molecular weights. Hence one can only say that the number M W D data are 
consistent with either chain-length dependent or independent termination. 

Rate data show that η for the 44 nm seed systems are all below i / 2 , consistent 
with the expectation that this is a zero-one system. The \nP(M) for this system, 
exemplified in Figure 4, also show moderate linearity over the range of M near and 
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0.6 

Figure 3. Cumulative and pseudo-instantaneous G P C distributions (with 
baseline subtracted) for zero-one seeded styrene emulsion polymerization at 
50°C, 9.48x10~ 5 mol d m - 3 persulfate initiator. Particle concentration = 
2 x l 0 1 6 d m - 3 , unswollen particle radius = 44 nm. Samples taken at the 
following vv p: 0.36 (the seed without any second-stage polymerization), 
0.45, 0.50, 0.55, 0.60, 0.82; the pseudo-instantaneous w(logAf) are for the 
indicated ranges of w p . 

above the peak in the corresponding instantaneous w(logAf), and an upturn at low 
molecular weights at higher conversion; this last point is discussed later. 

Figure 6 shows the variation of the linear part of the \nP(M ) data with C p - 1 or 
l /2/? p , as suggested by equations 9 and 13. Since equation 9 assumes a constant value 
of p, and since this quantity depends on C w (the monomer concentration in the water 
phase), points for the zero-one values were confined to a range of w p where there was 
only a slight change in C w : particle-water phase partitioning relationships (/5) for this 
system predict a change of ca. 40% in C w over the range of Cp shown, which should 
not lead to a significant change in p. The intercepts and slopes of these plots should 
yield the transfer constant and entry rate coefficients, and the latter for the pseudo-
bulk system then yield <kt>. The <k{> values so obtained are shown in Figure 7. 
The entry rate coefficients obtained form these slopes are as follows: for the zero-one 
system, ( 2 . 1 ± 1 . 8 ) x l 0 " 2 , ( 8 . 7 ± 5 . 6 ) x l 0 " 2 and ( 1 . 9 ± 1 . 6 ) x l ( H s"1 for 0.02, 0.1 and 1 
m M persulfate, and for the pseudo-bulk system, 0 .15±0.1 , 0.34±0.31 and 0.90±0.14 
s- 1 for 0.013, 0.1 and 1 m M persulfate. The results for ktT are ( 2 . 6 ± 2 . 0 ) x l 0 " 2 (from 
the zero-one data) and ( 1 . 9 ± 1 . 3 ) x l 0 - 2 s _ 1 (from the pseudo-bulk data). 
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-20" 

-251 

\nP(M) 
-3CH 

-35H 

-40 

\nP[M) 
-2&H 

-32. 

2x106 4x106 6x106 8x106 

0.45-0.50 

, , M , , < l « « - . l M M 

•••t., 
0.36-0.45 

0 2x105 4x105 6x105 8x105 106 

Μ 
Figure 4. Some pseudo-instantaneous M W D s , Ρ(Λί), for 44 nm unswollen 
radius particles, from the data in Figure 3, for the indicated ranges of w p , 
showing both the whole range of M and the range near the peak molecular 
weight (see lower panel in Fig . 3) from which the values of A were obtained. 

Figure 5. Data of Figure 2 re-plotted as \n(P(M)/M)), which should be linear 
i f all termination were by chain-length-independent combination. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

7

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



113 

Comparison with <k{> values from relaxation experiments 

A n alterative method for obtaining <k{> is from time-varying polymerization, part
icularly relaxation experiments where the source of radicals is switched off. For 
emulsion polymerization systems, the optimal method for this purpose is γ-radiolysis 
relaxation (21,22). However, caution must be used when comparing <k\> values so 
obtained with values from the present technique: radical fluxes are different in each 
case, and (because <k\> is an average over radical distributions R(N), as in equation 
7) hence the <k\> values may differ even though the individual kt(N,N') are the 
same. However, as suggested by simulations (5,25), this effect is unlikely to be large. 
The largest variation one might expect in the non-stationary flux of a γ relaxation is 
the variation in <k{> at the highest and lowest fluxes present during the experiment. 
The calculations of <k{> for different radical fluxes discussed in a later section and 
presented in Figure 7 suggest an expected variation between the γ and steady-state 
M W D <&t> of at worst a factor of 3 for the present system. 

Given the time evolution of conversion, and hencen, in a y relaxation experi
ment, the value of <k{> can be found by fitting to equation This can be done in 
two_ways: either the integrated form, i.e., fitting the observed n(t) to the explicit form 
for n(t) found by integrating equation 11, or the differential form, by numerical dif
ferentiation of the experimental n(t) to yield an/at; the latter involves fitting to noisier 
data and is therefore subject to higher uncertainty (21). Some <k\> values for styrene 
have been reported in the literature (21), for large particles (178 nm unswollen 
radius). For large particles, there is the possibility of invalidation of the assumption of 
a uniform particle implicit in all the kinetic treatment (through the surface anchoring 
effect discussed later in this paper), and hence we carried out similar experiments for 
the present paper but with particles of unswollen radius 130 nm. These new, and the 
earlier, γ-relaxation results for <&t> are shown in Figure 7. The new data have been 
fitted by both the integral and differential method to give different values of <k\> 
(except for lower values of w p , where the uncertainty in differential <k{> values was 
too large for the results to be meaningful). 

10 4A 

0.0 0.1 0.2 0.3 0.4 0.50 2x10^ 4x10"4 6x10"4 8x10-4 10~3 

Cp" 1 (dm3 mol"1) (2flp)-1 (s) 

Figure 6. Dependence of h igh-M slope of InP on C p

_ 1 (zero-one system) and 
(2Rp)~ 1 (pseudo-bulk system) for different initiator concentrations for 44 
(zero-one) and 130 nm latexes (pseudo-bulk; 1 m M data are triplicate runs); 
each point represents a sample taken at different conversion. Literature value 
of ktT/kp (24) is also shown. Lines are least-squares fitted to appropriate data. 
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Figure 7. Points: <k{> values as a function of Wp from the M W D data of 
Figure 6, for different initiator concentrations (those for 1 m M are from 
triplicate runs), and from γ relaxation data (both new results from the present 
work and earlier results of Adams et al. (21)). Lines: model predictions for 1 
and 0.01 m M initiator, using the parameter values described in the text, both 
expected (lower pair of lines) and using slightly adjusted values for ρ and 
Anon (upper pair of lines). 

It can be seen that the values of <&t> inferred from the γ-relaxation data for two 
different-sized latexes are consistent, except at the lowest values of w p . Moreover, the 
< & t > values found from the relaxation and M W D data appear consistent within 
experimental uncertainty, except for the lower vvp values from Adams et al. The 
expected decrease in <k\> with increasing w p is seen (this decrease is of course 
ultimately responsible for the gel effect in free-radical polymerizations). However, 
the values from M W D s appear to be consistently larger than those from relaxation. 
This may or may not be significant. A similar anomaly between <&t> values from 
kinetic and M W D measurements has also been reported by Tefera et al. (25). This 
difference, i f it is real, may arise from the differences in radical flux between the γ 
and chemical initiation ( M W D ) measurements, since as is seen from Figure 7, 
calculations (to be discussed later) show that the high-to-low radical flux from the γ 
experiment should produce a lower value of <k{>. 

The <k{> values from the M W D data in Figure 7 seem to show a dependence 
on radical flux, with those at high initiator concentration being greater than those at 
lower; although this apparent trend is still within experimental uncertainty, it seems 
to be real. This is as expected from theory, and indeed the apparent initiator-
concentration dependence seen in the data is in quantitative accord with that predicted 
from modelling (with minor parameter adjustment, as discussed in the next section), 
as shown by the upper pair of lines in Figure 7. 

Comparing theory and experiment. 

Model calculations of values of <k{> were performed (a) to see what variation might 
be expected with radical flux, and (b) to compare with those inferred from 
experiment. The calculations used the following parameters. The value of the entry 
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rate coefficient ρ was calculated using the model put forward by Maxwel l et al 
(75,26), whereby a new initiator-fragment radical propagates with monomer in the 
aqueous phase until it reaches a critical degree of polymerization z, whereupon it 
enters irreversibly; this aqueous-phase propagation competes with aqueous-phase 
termination. The parameters used are those cited in (27). As now established to be the 
case for styrene, it was assumed that exited radicals undergo complete re-entry (26). 
The value of ktT has been reported in the literature (24) as 9 x l 0 - 3 d m 3 m o l - 1 s - 1 ; 
however, this quantity is subject to some uncertainty and is also sensitive to the 
presence of trace impurities which can act as adventitious chain transfer agents; we 
here take ktr = 1 . 8 x l 0 - 2 d m 3 m o l - 1 s - 1 (see later). The value of ρ is taken as 1/4. The 
value of kp is taken from the I U P A C recommended Arrhenius parameters (79) as 
2 . 4 x l 0 2 d m 3 m o l - 1 s - 1 . Values of kp for oligomers, which can have a significant 
effect on rate and M W D s (since short chains dominate termination) are taken as k^ = 
4kp and all other kp1 being given by the long-chain value. 

The diffusion coefficients of oligomeric species were taken to be given by 
equation 2, with the exponent u being that found from an extensive new study (28) of 
oligomeric M M A , B M A and styrene (29) species in various polymer matrices over a 
wide range of vvp and over the temperature range 25 - 40°C: 

D W " p ) % 0 . 6 % T l . 7 7 w p <14> 

Equation 14 is obtained from data with w p above c* and up to 40%; it is here taken as 
valid over the entire w p range of interest (although it is essential to note that it cannot 
be valid when the system becomes glassy, which occurs for w p > 0.85 for poly
styrene/monomer systems at 50°C). Values of Dmon(wp) for styrene at 50°C are not 
available. Instead, literature data for similar penetrants were fitted to a polynomial, as 
shown in Figure 8, giving: 

log io(Anon/cm 2 s"1) = - 4.5018 - 0.42414w p - 8.5097w p

2 + 29.624w p

3 

- 46.223w p

4 + 22.889w p5 (15) 

Calculated values of <k{> are given in Figure 7 for 1 and 0.01 m M persulfate at 
50°C, covering the concentration range used in the present M W D experiments, and 
also the range of radical flux during a γ relaxation experiment. 

10 S 1 

^mon 

10 

10 

10 

^ : ι 

0.0 

• Toluene 55°C 
• Toluene 45°C 
A Benzene 50°C 
• Cyclohexane 50°C 
Ο Methyl Red 50°C 

polynomial fit 

0.2 

e u V . 
• Χ 

0.4 0.6 0.8 

Figure 8. Measured diffusion coefficients of styrene-like penetrants in poly
styrene, as shown: toluene at 45 and 55°C (30), benzene, cyclohexane and 
methyl red at 50°C (31-33). The polynomial fit of equation 15 is also shown. 
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(a) Using the "expected" values of the various rate parameters as just listed, the 
agreement between predicted and experimental <k{> is poor. However, acceptable 
accord can be obtained by taking ρ (the spin factor) as 0.5 rather than 0.25 (recall the 
expected range is V 4 < ρ < 1), and increasing D m o n ( w p ) by a factor of 2 (it is apparent 
from Figure 8 that this is within the uncertainty of the data). Naturally, other 
parameters could also be varied within experimentally reasonable limits. Being able 
to obtain acceptable accord with experiment for <fct> with quite acceptable 
parameter values is consistent with, but does not prove, the basic tenets of the 
Smoluchowski model used to predict these quantities. 

(b) The variation of the calculated values of <k{> with radical flux over the range 
used here (corresponding to 10~ 5 - 1 0 - 3 mol d m - 3 persulfate) is significant but 
within the scatter of the experimental <&t> values. 

(c) The " Λ " plots, Figure 6, show the linearity predicted by assuming short-long 
termination. One sees also that the data for duplicate experiments are consistent, and 
the scatter among these results indicates the experimental uncertainty. The values of ρ 
from these results are given above, and can be compared with those predicted from 
the above-cited a priori model for this quantity (75), which performs adequately for 
many anionically stabilized systems such as the present, although not for 
electrosterically stabilized latexes (34). Using parameters obtained by fitting extensive 
data for ρ for styrene (27) and literature data for other parameters, this model predicts 
ρ = 0.2 and 0.08 s _ 1 for [persulfate] = 1 and 0.1 m M respectively, for the 130 nm 
latex system, compared with the values inferred from the M W D data of Figure 6 of 
0.90±0.14 and 0.34±0.31 s - 1 : a large discrepancy. The reason for this is not apparent. 
It can be postulated that this might be due to induced initiator decomposition, but 
such speculation could only be confirmed by further experiment. 

(d) The literature value of ktr/kp (24) is consistent with the value of this quantity in
ferred from the intercepts of the data in Figure 6, although these intercepts are subject 
to high uncertainty and hence an acceptable estimate of kir cannot be obtained from 
them. Despite the high uncertainty, the apparent values of ktr seem consistently higher 
than the literature value: the A plots give apparent values of ktr = ( 2 . 6 ± 2 . 0 ) x l 0 - 2 

(from the zero-one data) and ( 1 . 9 ± 1 . 3 ) x l 0 _ 2 s _ 1 (from the pseudo-bulk data) 
compared to 0 .9x l0~ 2 d m 3 m o l - 1 s _ l inferred from the literature (24). The reason for 
this is not apparent, although one can postulate the presence of adventitious transfer 
agents. Because of this possibility, it was decided to use in simulations a value of ktr 

that is twice the literature value. 

M W D at higher conversions: surface anchoring 

Figures 1-4 show that the M W D data at higher conversions all show unexpected 
behavior: an excess of low molecular weight species. M W D simulations with values 
of the input parameters that reproduce the experimental <k{> do not predict this 
effect: all predicted \nP(M) are linear down to quite low molecular weights (typically, 
the model predicts a slight maximum at M = 10 4) and the calculated slope of this 
linear region decreases with increasing wp. Since the experimental data show instead 
an increase at the very highest wp (while also showing the expected decrease with 
increasing wp for lower conversion), the disagreement is qualitative, not quantitative. 
Moreover, this excess of l o w - M species is clearly not an artifact of the way the G P C 
data are treated to yield the pseudo-instantaneous P ( M ) , since it can also be dis
tinguished (although not as obviously) in the G P C distributions such as shown in 
Figures 1 and 3. A similar effect has been reported in M M A emulsion polymerization 
(35). Furthermore, both the M M A work (35) and recent studies on butyl methacrylate 
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emulsion polymerization at relatively high conversion (76) suggest that this effect 
may also be associated with a drop in η with increasing conversion (which goes 
against the trend expected from the gel effect). 

It has been suggested (9,36,37) that this phenomenon may be due to a spatial 
inhomogeneity arising from surface anchoring. When an oligomeric radical enters a 
latex particle, it is likely that the initiator-derived sulfate end group is anchored on the 
surface due to its hydrophilicity. At intermediate conversions, where monomer con
centration is relatively high, the radical end can grow rapidly by propagation away 
from the surface of the particle. Any transfer w i l l increase this spatial randomization, 
by the rapid diffusion of the short species derived from transfer, prior to its propag
ation. However, at relatively high conversion, Cp is much lower, and so the radical 
cannot grow as quickly away from the surface; the transfer rate wi l l also be reduced. 
This causes a larger radical concentration in the outer portion of the particle comp
ared to that deep within the particle. This would lead to an increased rate of terminat
ion by an entering radical in the shell of the particle, causing an overall drop in η and 
an increase in the amount of low molecular weight species. This effect has also been 
suggested by simulations of the spatial distribution of radicals in particles (38). 

Conclusions 

The method of simultaneously treating both M W D and rate data encapsulated in 
equations 9 and 13 is an extension of the traditional Mayo method, by using more 
information in the M W D than just the average molecular weight. Effectively, the 
method finds the kinetic chain length required in the Mayo method from the high 
molecular weight part of the full M W D (or more explicitly, from that part of the 
M W D near <M W >), and is a useful alternative to other procedures (e.g., (39)) which 
make use of more than just the value of <Mn>. The new method looks at that part of 
the distribution where the molecular weight of the dead chain depends only upon that 
of the parent long radical, irrespective of whether the dead chain is formed by a 
combination, disproportionation or transfer reaction. In addition, the utility of disp
laying M W D data as the logarithm of the number distribution is apparent from the 
present method, as it can reveal hitherto unsuspected mechanisms. 

In these styrene emulsion polymerization systems, the weight fraction of poly
mer always exceeds ca. 35%. Experimental data, in the form of the observed linearity 
of plots of the slope of \nP(M) with (rate) - 1 at higher molecular weights, support the 
supposition that termination in this region is chain-length dependent, being domin
ated by combination between short and long radicals (at least for chains formed at 
higher molecular weights). The variation of <k{> with polymer fraction (i.e., con
version) clearly shows the decrease with increasing polymer fraction which is 
ultimately responsible for the gel effect. There seems to be a significant dependence 
of <k{> on radical flux (although this is still within experimental uncertainty), in 
accord with predictions from modelling the full chain-length dependence of 
individual kt(N,N'). The chain-length dependence of <k{> in these systems (well 
above c*) contrasts to information gleaned from corresponding studies at low 
conversion (2), which suggest a large chain-length-independent component. The 
values of the average termination rate coefficients are consistent with those obtained 
by γ-radiolysis relaxation studies, although the relaxation values (where radical flux 
decreases in time) may be slightly but significantly smaller than those from the 
chemically-initiated M W D data (with steady radical flux). The explanation for this 
apparent discrepancy, i f it is real, may arise from the chain-length dependence of the 
termination rate coefficient. 
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The apparent value for the rate coefficient for transfer to monomer obtained from 
these studies is significantly greater than that reported in the literature. This suggests 
that an adventitious chain transfer agent may be present in these emulsion polymeriz
ation systems. 

A n important inference from the present studies is that surface anchoring effects 
at relatively high conversion cause an excess of relatively low molecular weight (ca. 
10 5 ) species to be formed in the outer region of the latex particle. This could 
influence film-forming and water-resistance properties of the latex, especially since 
these species have sulfate end-groups. 
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Chapter 8 

The Measurement and Meaning of Radical 
Reactivity Ratios 

Johan P. A. Heuts, Michelle L . Coote, Thomas P. Davis1, 
and Lloyd P. M. Johnston 

School of Chemical Engineering and Industrial Chemistry, University 
of New South Wales, Sydney, New South Wales 2052, Australia 

Problems in the current experimental determination of radical reactivity 

ratios (i.e., 's values') in free-radical copolymerization and the resulting 

limited physical meaning of these reactivity ratios are highlighted in the 

present work. It is exemplified that the radical reactivity ratios obtained via 

fitting of average propagation rate coefficients are very sensitive to small 

uncertainties in monomer reactivity ratios and homopropagation rate 

coefficients. Furthermore, the failure to select an appropriate modelling 

method, and to design experiments so as to satisfy its assumptions, may 

lead to incorrect parameter estimates. These problems result in large 

uncertainties in the measured values of the radical reactivity ratios, which 

in turn lead to large uncertainties in calculated ratios of propagating radical 

concentrations. This suggests that experimental determinations of the 

relative radical concentrations may lead to complimentary means for 

obtaining information on radical reactivity ratios, and possible ways of 

obtaining this information through catalytic chain transfer experiments are 

discussed. 

1Corresponding author 

120 © 1998 American Chemical Society 
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1. Introduction 

It has been established for more than a decade that, although copolymer 

composition and sequence distribution are well described by the terminal model, its 

predictions of average propagation rate coefficients are generally incorrect1 and several 

models have been proposed as possible alternatives.2 A l l these alternative models 

accept the terminal model as a basis and then invoke factors, such as preferential 

solvation, 3 complex formation4 or penultimate unit effects1'5 in order to account for the 

deviations of the terminal model predictions. These models all contain more adjustable 

parameters than the terminal model and hence wi l l provide better fits to the experimental 

data, as was previously discussed in detail by Maxwell et al . 6 

It has been shown in several studies that it is very likely that penultimate unit 

effects are operative in free-radical copolymerization 5 ' 7 ' 8 and therefore we adopt the 

penultimate model 9 as promoted by Fukuda and co-workers 1 as a physically realistic 

model for the description of free-radical copolymerization kinetics. Within the 

penultimate model, the reactivity of a radical is assumed to be affected by both the 

terminal and penultimate monomer units, which leads to 8 distinct propagation steps to 

be considered: 4 different radicals (i.e., - M J M J " , ~ M 2 M , \ ~ M 2 M 2 \ and ~ M 1 M 2 " ) react 

with 2 different monomers (i.e., M j and M 2 ) . 

In this paper we wi l l use the implicit penultimate model, as proposed by Fukuda 

and co-workers, 1 in which it assumed that the magnitude of the penultimate unit effect 

is independent of the monomer (i.e., there is no penultimate unit effect in the monomer 

reactivity ratios) and hence it affects the average propagation rate coefficient, (k p ) , but 

not copolymer composition and sequence distributions. The equations for describing 

the fraction of monomer 1 in the copolymer, F p and (k^) as a function of the fraction of 

monomer 1 in the monomer feed, f, are as follows. 

F = ( D 
r,f,2 + 2f tf 2 + r 2f 2 

(2) 

11 k, 22 

r i f i + -
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In this model there are six characteristic constants: the homopropagation rate coefficient 

( k l u and k 2 2 2 ) , the monomer reactivity ratios (r, and r 2); and the radical reactivity ratios 

(s t and s2). These latter four reactivity ratios are defined as follows: 

η = ^ ( i , j = l o r 2 , i * j ) (4) 
k u 

S i = ^ ( i , j = l o r 2 , i * j ) (5) 

In Eqs 3-5, k ( x ) y z denotes the rate coefficient for the addition of a monomer ζ to a 

propagating radical with terminal unit y and penultimate unit x. 

The better performance of the implicit penultimate model as compared with the 

terminal model lies in the introduction of the two radical reactivity ratios which appear 

in the expression for (kp). These radical reactivity ratios are commonly determined by 

fitting the implicit penultimate model to (k p) data, but previous (simplistic) statistical 

analyses indicate that large uncertainties are associated with the radical reactivity ratios 

obtained by this procedure. 2 1 0 Furthermore, the general absence of radical reactivity 

ratios with values greater than unity is very remarkable and no convincing chemical 

reason has been found to explain this observation.8 Overall, we may conclude that, 

although there are enough chemical and physical reasons to assume that penultimate 

unit effects exist, the physical meaning of the point estimates of radical reactivity ratios 

measured to date is very limited. 

The main aim of this work is to investigate this problem in a statistically more 

rigorous manner and to investigate how the use of (possibly incorrect) values of the 

radical reactivity ratios affects the ratio of radical concentrations, [~M,"]/[ ~ M 2 " ] , which 

in principle determines most of the kinetics. 

2. Problems with the Current Determination of Radical Reactivity Ratios 

Values of the radical reactivity ratios (s{ and s2) are typically measured by fitting 

the implicit penultimate model to a set of kinetic data that consists of measured overall 

propagation rate coefficients (k p) (of a given copolymerization system at a given 

temperature) as a function of the molar fraction of one of the comonomers in the feed 

(f^. The implicit penultimate model predicts values of (kp) as a function of f, and a set 
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of six characteristic constants: the monomer reactivity ratios (η and r 2 ) , the 

homopropagation rate coefficients ( k i n and k 2 2 2 ) and the two radical reactivity ratios. 

To obtain estimates of these six parameters, their values are varied so as to maximise 

the agreement between the measured and predicted (k p) data. However, since fitting a 

model with six parameters to relatively small data sets generally leads to indeterminate 

results, a two parameter analysis procedure has been favoured by most 

w o r k e r s . 1 ' 2 , 6 1 0 1 1 In this approach, the monomer reactivity ratios are separately 

determined from composition or sequence distribution data and the homopropagation 

rate coefficients are also measured separately. These four coefficients are then fixed at 

their measured values, and only the two radical reactivity ratios are varied as the implicit 

penultimate model is fitted to the (kp) data using a statistical modelling procedure, such 

as non-linear least squares analysis. At the optimum parameter estimates, the difference 

between the predicted and measured (k p) values (generally measured as the sum of 

squares of residuals) is used as an indication of the uncertainty in the s values. This is 

often reported as a two-dimensional 95% joint confidence interval —an elliptically 

shaped plot of s 2 vs s, that encloses a region in which there is a 95% probability of 

finding the two values. 

There are three main problems associated with this method of measuring radical 

reactivity ratios, and these are as follows: 

(i) Since radical reactivity ratios are measured indirectly (that is, by fitting a model 

to (k p) data), their accuracy is dependent on the validity of this model (the 

implicit penultimate model) as a physical description of copolymerization 

kinetics. Until this validity is independently verified, these model based 

assumptions wi l l remain as a source of uncertainty in s values that are measured 

in this way. 

(ii) Implicit in any statistical modelling procedure are assumptions about the error 

structure in the data. Failure to select an appropriate modelling method, and to 

design experiments so as to satisfy its assumptions, leads to incorrect parameter 

estimates. This can be seen in many of the previously published studies of 

radical reactivity ratios. 

(iii) The technique of fixing four of the parameters and regressing for only two of 

them is valid only if there is no uncertainty in the fixed parameters. However, 

the fixed parameters in the implicit penultimate model do contain significant 

uncertainty of their own. This therefore invalidates the '95% joint confidence 

intervals' for S! and s 2 that are obtained from this modelling procedure. When 

the uncertainty in the fixed parameters is taken into account, the true uncertainty 
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in the radical reactivity ratios that are measured in this way is so large as to 

preclude the attachment of any physical significance to their point estimates. 

Clearly some direct means of measuring radical reactivity ratios would avoid these 

problems, and perhaps facilitate accurate and precise estimation of these physically 

meaningful parameters. We examine possible alternative measurements of radical 

reactivity ratios in section 3 of this article. For the remainder of this section, we wi l l 

assume the validity of the implicit penultimate model for common copolymerization 

systems such as styrene (1) with methyl methacrylate (2) ( S T Y - M M A ) . We wi l l thus 

be ignoring problem (i), and instead we wil l explore problems (ii) and (iii), suggest 

possible means of dealing with them, and discuss their implications. 

Assumptions in the Statistical Analysis. When parameter estimates are 

obtained by fitting a model to experimental data, a statistical modelling procedure is 

used. These procedures are typically based on the principle that the optimum set of 

parameters are those for which the agreement between the measured values and those 

predicted by the model is maximised. However, the way in which this 'agreement' is 

quantified may vary from one method to another, according to the different 

assumptions that may be made about the error structure in the data used. Now, the 

method used wi l l affect the optimum parameter estimates obtained. Hence the validity 

of the parameter estimates is contingent upon the validity of the assumptions inherent in 

the method used. In what follows we wil l firstly outline a typical modelling method 

(weighted non-linear least squares analysis) and then briefly explore some of its 

assumptions and their implications for the accurate and precise measurement of radical 

reactivity ratios. 

Weighted Non-Linear Least Squares. The procedure used in this work is 

weighted non-linear least squares. 1 2 In this method, the optimum parameters are those 

which minimise the weighted sum of squares of residuals (SS), as given by: 

In Eq 6, η is the number of data points and G[ is the standard deviation of the error 

distribution in each measured value y\. Provided the measurement error is 

independently random and normally distributed about the true model, the minimum of 

SS is equivalent to the maximum likelihood estimation of the parameters. The 

y j - y ( X j ) ss = Σ (6) 
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approximate (1-α) 100% joint confidence interval for the parameters obtained is defined 

by the following formula 1 2 

SS(9) < SS(9 0 ) 
V n " P 

F(p,n-p,l-a) (7) 

In this formula θ is a vector of ρ parameters, θ 0 is the vector of the ρ parameters that 

minimise SS, and the F function is defined from statistical tables. Parameter 

combinations θ that satisfy this formula lie inside the joint confidence interval, and 

those that do not lie outside. It should be noted that Eq 7 defines only an approximate 

joint confidence interval for the parameters because it implicitly assumes that the model 

provides a good fit to the data and hence that the true error variance may be 

approximated as SS(0 o)/(n-p). 

Implicit in this modelling method are the following assumptions: (1) the error in 

the independent variable is negligible compared to that in the dependent variable and (2) 

the error is independently random and normally distributed about the true model. 

Furthermore, in order to implement this method a further assumption is often made. 

Namely, (3) that the error variance of each data point (σΟ can be approximated by some 

(known) function of the dependent variable (yi). The validity of each of these 

assumptions for the measurement of radical reactivity ratios from k p data are examined 

below. 

(1) Error in the Independent Variable. In selecting the above modelling method, 

the error in the independent variables is ignored. Now, in any real experimental data 

there wi l l always be some error in the independent variable, and so, ideally, methods 

that take this error into account should be used. Such procedures are known as 'error-

in-variables' methods ( E V M ) . 1 3 However, provided it can be shown that the sizes of 

the errors in the independent variables are vanishingly small relative to those in the 

dependent variables, E V M s are not necessary and an ordinary non-linear regression 

procedure, such as that outlined above, may be used. If an E V M is to be used, it is 

necessary to estimate both the error structure of the independent and dependent 

variables, and also their relative sizes. These are then used to weight the contribution 

of each error to the overall sum of squares of residuals. Failure to weight these errors 

correctly (through, for example, the use of arbitrary values for the relative sizes) may 

lead to incorrect parameter estimates. Hence it may be seen that, whether or not an 

E V M is used to model data, a realistic estimate of the relative sizes of the errors in the 
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independent and dependent variables is required in order either to (a) demonstrate that 

the error in the independent variable is negligible compared to that in the dependent 

variable and therefore show that an E V M is not necessary, or (b) weight the residuals in 

the E V M correctly. Hence, the correct estimation of this relative error size is important 

for the determination of accurate radical reactivity ratios from (kp) data. 

Unfortunately, measurement of the error in the independent variable is often 

difficult because, unlike the measurement of the error in the dependent variable, the 

study of replicate samples does not provide an accurate estimate of the error in the 

independent variable. For, in measuring the difference between two replicate samples a 

secondary measurement error is automatically introduced. Hence, in practice, the 

expected size of the error in the independent variable is not usually measured, but 

instead is merely estimated on the basis of some prior knowledge of the experimental 

procedure. As the estimated errors wi l l affect the values of the parameters obtained 

from the selected modelling procedure, the uncertainty in these estimated errors should 

be taken into account when estimating the true uncertainty in the parameters obtained 

from a model fitting procedure. 

A n E V M has not been selected for the analysis presented in this article. This is 

because typical low conversion copolymerization data (consisting of (k p) or copolymer 

composition data, measured as a function of f,), such as that data analysed in this 

work, might reasonably be expected to satisfy the assumption that the errors in the 

independent variables are negligible compared to the errors in the dependent variables. 

The measurement error in dependent variables such as copolymer composition or (kp) is 

typically of the order of 5-20%, while, provided the comonomers are carefully 

weighed, the error in the independent variable, f,, is likely to be less than 1%. 

Naturally, more specific knowledge of how the experiments were performed would be 

required to fully justify this assumption, and we recommend that, in future, more 

attention is given to this issue when estimates of radical reactivity ratios are published. 

(2) Independent Normally Distributed Error Variance. The non-linear least 

squares method is based upon the assumption that the measurement error in the data is 

independent and normally distributed about the true model. This assumption may be 

invalidated by the presence of systematic error in the data (as such error often varies as 

some function of one of the variables), and by carelessly performed experiments (since 

data with normally distributed measurement errors wi l l not contain Outliers'). When 

values of the radical reactivity ratios are measured by fitting the implicit penultimate 

model to the measured (k p) data, these assumptions are often invalidated. N o w , 
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previous measures of radical reactivity ratios have utilised values of (kp) measured by 

one of two techniques: rotating sector (RS) —or its flow analogue, spatially intermittent 

polymerization (SIP)— and pulsed laser polymerization (PLP). Both of these 

techniques are susceptible to sources of systematic error. In this section we wi l l first 

discuss some of the sources of systematic error in the previously measured (k p) data, 

and then we wi l l compare previously measured radical reactivity ratios for the same 

system ( S T Y - M M A ) in order to show that these sources of error may result in widely 

differing estimates of radical reactivity ratios for the same system. 

In the technique of RS (or SIP), values of k p and the average termination rate 

coefficient, (k t), are determined by combining separate measurements of k p/(k t) and 

k p 2 / ^ ) , respectively obtained from a series of non-steady and steady state experiments. 

The validity of this procedure depends on the constancy of k p and (k t) throughout the 

set of experiments. Unfortunately, the chain-length dependence of the diffusion-

controlled (k,) renders it difficult, i f not impossible, to maintain a constant (k) between 

the non-steady and steady state experiments. Errors arising from this technique are 

often systematic, since the quantities affecting (k) tend to vary systematically across a 

range of monomer feed ratios. It should also be noted that the technique of RS is no 

longer recommended by I U P A C for the low conversion measurement of k p . 1 4 

In the technique of P L P , as introduced by Olaj et a l . , 1 5 k p is determined from 

the molecular weight distribution of the polymer produced in a single non-steady state 

experiment. While this procedure is potentially very accurate, in practice its accuracy is 

limited by the accuracy of the molecular weight analysis, which is usually performed 

using size exclusion chromatography (SEC). Two calibration steps are required in 

order to analyse an unknown polymer for which narrow standards are not available. 

Firstly, a universal calibration curve —which relates elution volume of a polymer 

sample to its hydrodynamic volume — is constructed for a given piece of equipment by 

eluting narrow standards of known hydrodynamic volume. Secondly, some calibration 

equation is required to convert the measured hydrodynamic volume of the unknown 

polymer to its molecular weight. This second calibration step can be a major source of 

systematic error in the analysis of copolymers since information on the solution 

properties of copolymers as a function of their compositions is rarely available, and 

thus unverified assumptions are often made. For instance, previous P L P 1 0 (or ' P L P -

l ike ' 1 1 ) studies of S T Y - M M A made the assumption that the calibration curves for 

different compositions of S T Y - M M A copolymers were a weighted average of those for 

their respective homopolymers. Such an assumption is yet to be verified and thus 
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remains as a possible source of systematic error in the radical reactivity ratios measured 

from this data. 

These systematic errors are likely to be a cause of the discrepancy between 

previously published estimates of the radical reactivity ratios for the most widely 

studied system, S T Y - M M A . These previous studies comprise four data sets: [1] a 

40°C RS study by Fukuda et al., 1 [2] a 25°C P L P study by Davis et a l . 1 0 and [3] 25°C 

and [4] 40°C studies by Olaj et al . 1 1 in which P L P analysis was applied to RS data. To 

illustrate the difference between the radical reactivity ratios obtained from the different 

data sets, we reanalysed each of these data sets for sx and s 2 using the method of 

weighted non-linear least squares analysis. For each data set, we used the same 

monomer reactivity ratios (those published by Fukuda et a l . , 1 ^=0.523 and r 2=0.460) 

and the same assumption for weighting the residuals (constant relative error). In this 

way, differences between the estimates arising from these variables in the analysis were 

eliminated, enabling the differences in the data sets to be compared more clearly. The 

four 95% joint confidence intervals for s, and s 2 that were obtained from this analysis 

are illustrated in Figure 1, and in examining this figure large differences between the 

different estimates are evident. The possible temperature effect on the s values cannot 

account for the differences between these alternative estimates — as estimates at the 

same temperature are as different to each other as to those at different temperatures. 

Hence we may conclude that there is such inaccuracy in the (k p) data obtained in the 

previous studies of S T Y - M M A as to render the uncertainty in estimates of the radical 

reactivity ratios based on these data too large to attach any physical significance to their 

values. 

In a forthcoming publication 1 6 we wi l l address this problem of uncertainty in the 

measured (k p) data of S T Y - M M A by combining the technique of P L P with direct 

molecular weight analysis. The advantage of these molecular weight sensitive detectors 

is that the need to invoke a calibration assumption for converting hydrodynamic volume 

into molecular weight is avoided —thus eliminating this source of systematic error. 

(3) Weighting of Residuals. In the method of weighted non-linear least 

squares, the sum of squares of residuals is weighted by the inverse of the variance of 

the error in each data point, so that samples with a large error variance do not unfairly 

bias the analysis. This uncertainty should be measured by replicating all samples. 

Unfortunately this has rarely been done in previous studies: often no replicates are 

included at all or, at best, only a selection of the samples are replicated. Unless every 
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F igu re 1. 95% Joint Confidence Intervals for values of s, and s 2 for S T Y - M M A , 

obtained from the reanalysis of the data of [1] (40°C) Fukuda et a l . , 1 [2] (25°C) Davis 

et a l . 1 0 and [3] (25°C) and [4] (40°C) Olaj et al . 1 1 A l l data sets were analysed using the 

same monomer reactivity ratios1 (^=0.523 and r2=0.460), but using homopropagation 

rate coefficients determined in the respective studies. Constant relative error was 

assumed for all data sets. 

sample is replicated, it is not possible to individually weight each term in the sum of 

squares of residuals and it is thus necessary to make an assumption about the error 

structure in the data. Typically it is assumed either that the absolute error is constant (in 

which case all residuals are equally weighted, and σι=1 in Eq 6) or that the relative 

error is constant (in which case the residuals are weighted according to the size of y , 

and Oi=yi in E q 6). Although some prior knowledge of the experimental technique, or 

the comparison of a selection of replicates, is sometimes used to justify such an 

assumption, frequently these assumptions are made without any justification at all. In 

what follows, we wi l l show that the radical reactivity ratios that are obtained from a 

given set of data depend heavily upon which of these two assumptions is made. Hence 

we wi l l show that it is necessary to fully justify any assumption made about the error 

structure in experimental data, as failure to do so wil l contribute to the uncertainty in 

measured radical reactivity ratios. 
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To illustrate the effect of the weighting method on the radical reactivity ratios 

obtained from a given set of data, we reanalysed the 25°C data of Olaj et a l . 1 0 twice, in 

order to obtain two different estimates for the ratios. In the analysis we held the values 

of the fixed parameters and the (k p) data constant, and varied only the weighting 

method: assuming in case [1] that the absolute error was constant and in case [2] that 

the relative error was constant. A plot of the 95% joint confidence intervals for these 

two analyses are given in Figure 2, in which it is evident that the s values obtained from 

the two analyses are different. 

τ · 1 1 1 • 1 1 r 

οίο ' ÔS ' OS ' OS ' ôSë ' oSo 

S1 

Figu re 2. 95% Joint Confidence Intervals for values of s, and s 2 for S T Y - M M A , 

obtained from reanalysis of the 25°C data of Olaj et a l . 1 1 A l l data sets were analysed 

using the same reactivity ratios1 (r,=0.523 and r2=0.460) and the same km values 

(k i n =89.1 d n A n o l V 1 and k 2 2 2=299.2 d n A n o l ' V 1 ) . In case [1] constant absolute 

error was assumed and in case [2] constant relative error was assumed. 

It might also be noted here that in the case of this P L P data set, neither 

assumption is likely to be correct. In a forthcoming publication 1 6 we wi l l show that the 

error in PLP-measured kp values is best approximated as being proportional to the laser 

repetition rate. This quantity is typically varied throughout a copolymerization study, 

but not in some regular manner according to the size of f p thus rendering the error 

variance neither constant nor proportional to the size of (k p ). Hence, it is apparent that 
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a further uncertainty in measured radical reactivity ratios is introduced when it is 

necessary to make an unverified assumption about the error structure in the data. To 

eliminate this source of error it is necessary to thoroughly study the error structure of a 

data set by means of several replicates of every data point measured. 

Uncertainty in the Fixed Parameters. One very important source of 

error in the measured s values is the uncertainty in the fixed parameters (the monomer 

reactivity ratios and homopropagation rate coefficients) that are used when analysing 

(kp) data for s values. Strictly speaking, the uncertainty in the s values obtained from 

fitting the implicit penultimate model to (k p) data would be better represented as a six-

dimensional 95% joint confidence interval, obtained from a simultaneous regression for 

all of the six parameters. However, as was noted above, this is impractical and a two-

parameter analysis for the s values is favoured. However, it is still necessary to take 

into account the uncertainty in the fixed parameters when measuring the true uncertainty 

in the s values. In what follows, we wil l illustrate, using sensitivity analysis, the 

generally overlooked effect of small uncertainties in these fixed parameters on the 

estimated values of the radical reactivity ratios. A thorough analysis of this kind would 

involve simultaneous variation of each of the four parameters; however, for the sake of 

clarity we wi l l demonstrate the effects of the homopropagation rate coefficients and 

monomer reactivity ratios separately. 

(1) Effect of Homopropagation Rate Coefficients. Taking the 25°C data of Olaj 

et a l . 1 1 for S T Y - M M A , we regressed for values of the radical reactivity ratios using the 

monomer reactivity ratios of Fukuda et al . 1 (η=0.523 and r2=0.460), making the 

assumption of constant relative error. The analysis was performed five times: once for 

each of five possible different combinations of k m and k 2 2 2 values. Ranges of k^ were 

taken from a publication by Olaj et a l . 1 7 in which values of the 25°C homopropagation 

rate coefficient of styrene were given in the range 84-95 d n i m o l ' V 1 , and a single value 

of 299.2 dn^mol 'V 1 was given for M M A at 25°C. For M M A , a range of ± 5 % was 

taken (284-314 d n A n o l ' V 1 ) . Combinations of these homopropagation rate coefficients 

were then selected as follows: 

[1] k m = 8 9 dm 3mor 1s" 1 and k 2 2 2=299 d n A n o l V (the average of each value) 

[2] k l u = 8 4 dm 3mol' 1s' 1 and k 2 2 2=284 d n r W l V 1 (the two lowest values) 

[3] k m = 9 5 dm 3mor 1s" 1 and k 2 2 2=314 d n A n o l ' V 1 (the two highest values) 

[4] k 1 H =84 dm3mol"1s"1 and k 2 2 2=314 d n A n o l V 1 (the lowest k m and highest k 2 2 2 ) 

[5] k m = 9 5 dm3mol"1s"1 and k 2 2 2=284 d n A n o l ' V 1 (the highest k l u and lowest k 2 2 2 ) 
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The five 95% joint confidence intervals obtained (corresponding to the five different 

analyses) are plotted in Figure 3. 

F igu re 3 . 95% Joint Confidence Intervals for values of s, and s 2 for S T Y - M M A , 

obtained from reanalysis of the 25°C data of Olaj et a l . 1 1 A l l data sets were analysed 

using the same monomer reactivity ratios1 (Γ,=0.523 and r2=0.460), and constant 

relative error was assumed for all. Five different combinations of k H i values were used 

(see text above). 

These show clearly that the effect of the homopropagation rate coefficients on the 

measured values of s{ and s 2 is quite large. Hence, i f the uncertainty in the 

homopropagation rate coefficients were to be properly taken into account, the observed 

size of the 95% joint confidence intervals for s, and s 2 would be much larger than the 

size of those usually published. 

(2) Effect of Monomer Reactivity Ratios. Before examining the effect of the 

monomer reactivity ratios on measured values of the radical reactivity ratios, an estimate 

of the uncertainty in the monomer reactivity ratios is required. Estimating the true 

uncertainty in monomer reactivity ratios is a problem in itself, owing to the widely 

differing values that can be found in the literature for a given system. However, as a 
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more detailed analysis of these reactivity ratio data wi l l be included in a forthcoming 

publication, 1 8 for the purpose of this article, the composition data of Fukuda et a l . 1 wi l l 

be used to estimate the monomer reactivity ratios of S T Y - M M A and their uncertainty. 

Using the same non-linear regression method as used for the estimation of radical 

reactivity ratios, we fitted the implicit penultimate model to the composition vs f { data, 

assuming that the relative error in this data was constant (since in Fukuda's paper1 it is 

stated that the composition data is subject to a relative error of 1.5%). A plot of the 95% 

joint confidence interval for the monomer reactivity ratios is given in Figure 4. 

0.52. 

0.50 

0.48 

0.46 

0.44 

0.40 

F i g u r e 4. 95% Joint Confidence Intervals for values of η and r 2 for S T Y - M M A at 

40°C, obtained from reanalysis of the composition data of Fukuda et al. 1 

In order to illustrate the effect of this uncertainty in the measured r values on 

measured s values, we again reanalysed the 25°C data of Olaj et a l . 1 1 — this time 

holding the k m and k 2 2 2 values constant at their optimum values, using the same 

weighting method (assuming constant relative error) but allowing the monomer 

reactivity ratios to vary. Five pairs of reactivity ratios were chosen for the analysis: the 

optimum pair ([1]: ^=0.523 and r2=0.460) and four other pairs, each selected from 

within the 95% joint confidence interval for the data. These latter four pairs were:[2] 

r,=0.45 and r2=0.45;[3] r,=0.46 and r2=0.49; [4] ^=0.60 and r2=0.45; [5] r 1 = 0.65 and 

r 2=0.50. The 95% joint confidence intervals for the five estimates of the radical 
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reactivity ratios are plotted in Figure 5, in which it is again evident that the values of the 

fixed parameters (in this case the monomer reactivity ratios) have a large effect on 

measured values of s, and s 2. In particular, the s 2 value becomes indeterminate when 

the full uncertainty in the monomer reactivity ratios is taken into account. Hence, as in 

the case of the homopropagation rate coefficients, if the uncertainty in the monomer 

reactivity ratios was properly taken into account, the observed size of the 95% joint 

confidence intervals for sï and s2 would be much larger than those usually published. 

S1 

Figu re 5. 95% Joint Confidence Intervals for values of s, and s 2 for S T Y - M M A , 

obtained from reanalysis of the 25°C data of Olaj et a l . 1 1 A l l data sets were analysed 

using the same k^ values (kM 1=89.1 d n r W l ' V 1 and k 2 2 2=299.2 d n A n o l ' V 1 ) , and 

constant relative error was assumed for all data sets. Five different combinations of η 

values were used (see text above). 

Impl ica t ions of these P r o b l e m s . Based on the studies above, it is 

apparent that the true 95% joint confidence interval for the radical reactivity ratios — as 

measured by fitting the implicit penultimate model to (k p) data — is much larger than 

the 95% joint confidence intervals obtained from a two parameter analysis. When the 

uncertainty in the fixed parameters, in the assumptions inherent in the modelling 
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method used, and in the measured (k p) data itself is taken into account, it is clear that 

the true uncertainty in published s values is so large as to preclude attaching any 

physical significance to their point estimates. To some extent these problems may be 

addressed by improving the accuracy of both the experimental data and the fixed 

parameters used in estimating these s values, and by designing experiments so as to 

satisfy the assumptions inherent in the modelling procedure selected. However, given 

the extreme sensitivity of s values to small changes in any of these variables, it is 

unlikely that the two parameter analysis of (k p) data wi l l enable accurate and precise 

estimation of s values. Furthermore, the possibility of systematic error in s values 

measured in this way can never be ruled out unless the implicit penultimate model can 

be independently verified as a true and complete description of copolymerization 

kinetics. For these reasons, it is necessary to look for complementary means of 

measuring radical reactivity ratios. 

3. Relative Propagating Radical Concentrations 

Background. In order to find alternatives for measuring radical reactivity 

ratios one needs to identify a different parameter that depends on the radical reactivity 

ratios. A parameter which is relatively sensitive to the values of the radical reactivity 

ratios, is the ratio of the two propagating radicals, A 1 2 , which can be expressed as 

follows for the terminal and penultimate models: 1 9 

[~M 2 *] k n r , f 2 

This expression is derived from the steady-state assumption in the radical 

concentrations and directly results from the notion that the formation of ~ M , " radicals 

through cross-propagation of ~ M 2 " radicals equals the formation of ~ M 2 " radicals 

through cross-propagation of - M , ' radicals. 1 9 This is shown in Eq 9. 

k 1 2 [ ~ M / ] [ M 2 ] = k 2 1 [ ~ M 2 - ] [ M J (9) 
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It can be seen that the expression for A 1 2 contains the average homo-

propagation rate coefficients k n and k 2 2 which in turn depend on s, and s 2 (see E q 3). 

Hence, the calculated value for A 1 2 may vary for different sets of radical reactivity ratios 

which fit the average propagation rate coefficient data equally well. A good example of 

this effect is found in the copolymerization of styrene and methyl acrylate, 2 0 where 

equally good fits to the experimental (k p) are obtained with the penultimate unit model 

using {s s = 0.59, s M A = 0.02} and {s s = s M A = 0.41}. However, the values for A S M A 

obtained with the former set of s values are approximately 40 times smaller than those 

obtained with the latter set (which are similar to those obtained with the terminal 

model). This observation is important, because it implies that values for the radical 

reactivity ratios can possibly be obtained from the relative propagating radical 

concentrations, which has also been suggested previously by Schoonbrood. 2 0 

However, direct measurements of A 1 2 (in principle obtainable from E S R experiments) 

have never been performed and wi l l be very difficult. 

Chain Transfer in Copolymerization. It is obvious from the example 

given above that modelling results for any process that involves the ratio of propagating 

radical concentrations wi l l heavily depend on the values used for the radical reactivity 

ratios. This is very important in cases where kinetic analyses depend on the fractions 

of the respective propagating radicals, such as in the determination of cross-transfer to 

monomer rate coefficients. 2 1 , 2 2 The experimentally accessible transfer rate coefficient 

wi l l be a (weighted) average of the rate coefficients of all possible transfer reactions, 

and these, naturally, depend on the nature of the reacting radicals. 7 ' 2 3 In the case of 

transfer reactions with a chain transfer agent, the situation is simplified compared to the 

transfer to monomer situation as the radicals wi l l predominantly react with only one 

substrate. Thus measurements of average chain transfer constants (i.e., (C s) = 

(k t r S)/(kp)) should reveal information about A I 2 . A simple expression for the average 

transfer rate coefficient to chain transfer agent S, (k^X can be derived in the absence of 

penultimate unit effects in the transfer reaction (Eq 10). 

In this equation, k t r l s and k t r 2 S are the transfer rate coeffcients of the two 

homopolymers with chain transfer agent S and φ! is the fraction of - M / radicals simply 

related to A 1 2 (Eq 11). 

(10) 
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* - r r f c < » » 

Hence, measurements of the average transfer constant as a function of monomer feed 

composition, should lead to values for φ 1 as a function of monomer feed composition. 

However, as stated before, such measurements may be complicated by possible 

penultimate unit effects in the transfer reaction. Evidence of such effects were observed 

by Bamford and Basahel in their moderated copolymerization studies,7 where they 

found that the transfer constants to C B r 4 of styryl radicals with a styrene or a methyl 

acrylate penultimate unit were about 5 times larger than the one obtained with methyl 

methacrylate as penultimate unit. This appearance of a penultimate unit effect in the 

transfer constant need not necessarily imply that penultimate unit effects are present in 

the transfer reaction, but strongly suggests this is the case. A stronger indication is 

found in the case of the transfer reaction of these three radicals with butane thiol, where 

no penultimate unit effect in the transfer constants is found.7 This result may be caused 

by two different effects: (1) penultimate unit effects do not exist for both the 

propagation and the transfer reaction or (2) the penultimate unit effect on transfer is of 

similar magnitude as that on the propagation reaction. Concerning the second point 

there have been some interesting discussions in the literature, where Bamford 2 4 

strongly disagrees with this explanation on the basis of differences in transition states 

for the two reactions. This argument has been disputed by Fukuda and co-workers, 

who argued that having similar penultimate unit effects in transfer and propagation is 

the only way to explain the experimental results. 2 5 In contrast to Bamford's earlier 

assumptions about the nature of the transition structures, recent theoretical 

investigations of propagation and transfer reactions in free-radical polymerization, 2 6 

indicate that the transition structures for propagation and (hydrogen) transfer are very 

similar in nature, suggesting that possible penultimate unit effects may affect the 

propagation and (hydrogen) transfer rate coefficients to a similar extent. Taking this 

into consideration, transfer agents which have different transition structures or react via 

a different mechanism may be useful, because these may cause the penultimate unit 

effects in transfer to become negligible. 

Cata ly t ic C h a i n T rans fe r . A n interesting system in which the transfer 

reaction may proceed via a different transition state is a copolymerization in the 

presence of low-spin Co(II) complexes, which are known to act as catalytic chain 

transfer agents.27 These complexes abstract a hydrogen atom from the growing radical 
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chain and then this hydrogen atom is transferred to a monomer. In the case of a methyl 

methacrylate radical, a hydrogen is abstracted from the α-methyl group, whereas in the 

case of styrene a β-hydrogen wi l l be abstracted from the polymer backbone (see 

Scheme 1). 

Co(ll) • R - C — C + Co(lll)H 

Co(ll) • R - C — C + Co(lll)H 

Scheme 1 

Although the available experimental data suggest the existence of a Co(III)-H 

intermediate, 2 7 , 2 8 no experimental evidence exists concerning the mechanism by which 

the hydrogen abstraction takes place. There is a large body of experimental data that 

suggests that the radical and the Co complex can (reversibly) form a bond, which may 

imply that the abstraction reaction is not a pure free-radical one, as is the case with 

ordinary chain transfer agents. If this is indeed the case, then it is very likely that the 

penultimate unit effect wi l l be operative in a different quantitative way than in the case 

of ordinary propagation and transfer reactions. However it is not possible at this stage 

to make an a priori prediction of the magnitude of a possible penultimate unit effect. 

However, considering the different hydrogen atoms that are abstracted from the two 

different radicals, it is likely that, no matter how the actual abstraction reaction 

proceeds, the penultimate unit effect on the abstraction from the styryl radicals wi l l be 

greater than the penultimate unit effect in the methyl methacrylate radical. Furthermore, 

transfer constants for the homopolymerizations of styrene and methyl methacrylate with 

cobaloxime boron fluoride at 60°C are 1,500 and 36,000, respectively, which 

corresponds to a factor of 60 difference between transfer rate coefficients. Since the 

penultimate unit effects in methyl methacrylate are likely to be much smaller than in 

styrene, and the transfer rate coefficient for methyl methacrylate is about 60 times larger 

than that for styrene, it is clear that the second term in Eq 10 wi l l dominate at small 
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fractions of styrene in the monomer feed. Hence ignoring penultimate unit effects in 

the catalytic chain transfer reaction need not lead to significant errors. Making this 

assumption, the effect of radical reactivity ratios on the calculated average transfer 

constant and the fraction of unsaturated styrene end-groups (both experimentally 

accessible) wi l l be investigated in the remainder of this section. 

Effect of Radical Reactivity Ratios. In Figure 6, the effect of an 

increasing s M M A (sM M A=0.6, 0.7, 0.8, 0.9, 1.0 and 2.0) is investigated, keeping all 

other parameters constant. 

Fraction Styrene in Monomer Feed 

Figure 6. Effect of increasing s M M A on the calculated average propagation rate 

coefficient of a conolymerization of styrene and methyl methacrylate at 40°C. ( ^ ~ ) 

calculated using k<,ss = 125 dm 3 mol"1 s"1, k M M M = 440 dm 3 mol"1 s"1, r s = 0.48, r M M A = 

0.42, s s = 0.367, s M M A = 0.524. 6 , 1 6 Curves indicate penultimate model predictions with 

increasing s M M A values, where s M M A = 2 ( ) is the largest value used (see text). 

It can be seen that even a large value of 2 gives a reasonable agreement with the 

prediction which is based upon using the point estimates obtained from fitting the 

average propagation rate coefficients at 4 0 ° C . 1 6 Furthermore, this figure clearly 

illustrates the point made in the previous section concerning the large uncertainties in 

radical reactivity ratios. Although the value of 2 for s M M A does not neatly fit the data, its 
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predictions are not too far out from those obtained with s M M A = 0.524. However, the 

value of 2 suggests that a styrene penultimate unit increases the reactivity of a - M M A * 

radical by a factor of two, whereas a value 0.524 suggests it is decreased by a factor of 

two. It is obvious from this example that one cannot attach any physical meaning to 

these values for the radical reactivity ratios. 

Average Chain Transfer Constants. Let us now have a look at how similar 

changes in s M M A to those shown in Figure 6 affect other measurable parameters. Firstly 

we wi l l investigate the effect on the predicted average chain transfer constant, ( C C o ) of 

the tetra phenyl derivate of cobaloxime boron fluoride (COPhBF) in the free-radical 

copolymerization of styrene and methyl methacrylate at 40°C, which is given by E q 12. 

In this equation, (k t r C o ) is the average transfer rate coefficient with C O P h B F given by 

E q 10 (assuming negligible penultimate unit effects in the transfer reactions). The 

calculated average transfer constants with different values used for s M M A (the same as 

those in Figure 6) are shown in Figure 7, and it is immedicatley clear from this figure 

that the average transfer constant, ( C C o ) , is much more sensitive to the value of s M M A 

than is the average propagation rate coefficient. 

Given the results shown in Figure 7, measurements of average transfer 

constants may be used in further studies to tighten the physically meaningful confidence 

intervals in which the true values of the radical reactivity ratios may lie (provided that 

penultimate unit effects in transfer may be neglected). 

Fractions of Unsaturated End-Groups. A further parameter that is 

experimentally accessible is the fraction of unsaturated styrene end-groups in the same 

copolymerization. As shown in Scheme 1, both the styrene and methyl methacrylate 

terminated propagating radicals wi l l form a terminal double bond after reaction with 

C O P h B F , which may be measurable with nuclear magnetic spectroscopy. 

The fraction of unsaturated styrene end-groups firstly depends on the fraction of 

styryl radicals (as given by Eq 11). Furthermore, it depends upon the probability, 

P(SICo), that these radicals react with the catalytic chain transfer agent. This 

probability is straightforwardly given as the ratio of the rate of transfer and the total rate 

involving these radicals. The fraction of unsaturated styrene end-groups is then given 

as the product of the fraction of styryl radicals and the probability that these react with 

(12) 
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15000 

Fraction Styrene in Monomer Feed 

F i g u r e 7. Effect of increasing s M M A on the calculated average transfer constant of a 

copolymerization of styrene and methyl methacrylate in the presence of the catalytic 

chain transfer agent C O P h B F at 40°C. ( • • " ) calculated using the same 

copolymerization parameters as used in Figure 6, 1 6 and using transfer constants of 130 

and 14,000 for styrene and methyl methacrylate, respectively. 3 0 Curves indicate 

penultimate model predictions with increasing s M M A values, where s M M A = 2 ( ) 

is the largest value used. 

the catalytic chain transfer agent, normalized by the overall probability of creating an 

end-group (Eq 13). 

Φ = 4»,P(SiCo) ( 1 3 ) 

s <|>SP(S I Co) + ( 1 - φ 8 ) P ( M M A I Co) 

Again, assuming that no penultimate unit effects are important in the catalytic chain 

transfer step, the results are shown in Figure 8. 

This figure again clearly depicts the very large effect of the value used for s M M A . 

The terminal and penultimate models based upon all the point estimates both predict a 

relatively small fraction of unsaturated styrene end-groups over the whole range of 

monomer feed compositions, whereas using a value of 2 for s M M A predicts that the 

fraction of unsaturated styrene end-groups is approximately equal to the fraction of 

styrene in the monomer feed. This latter result was found experimentally by Greuel 
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Fraction Styrene in Monomer Feed 

Figure 8. Effect of increasing s M M A on the calculated fraction of styrene endgroups in 

a copolymerization of styrene and methyl methacrylate in the presence of the catalytic 

chain transfer agent C O P h B F at 40°C. calculated using the same parameters as 

used in Figure 7 , 1 6 , 3 0 Curves indicate penultimate model predictions with increasing 
S M M A values, where s M M A = 2 ( ) is the largest value used. 

and Harwood 3 1 for a copolymerization of styrene and methyl methacrylate at 70°C 

using cobaloxime/pyridine as the catalytic chain transfer agent. This result suggests 

that this larger value for s M M A may indeed be closer to the "true" physical value. 

4. C o n c l u d i n g R e m a r k s 

In this article, we have highlighted some of the problems in the current 

experimental determination of radical reactivity ratios (i.e., s values), which increase 

the uncertainty in their measured values and thus limit their physical meaning. This 

limited physical meaning was illustrated by studies of two parameters that are also 

determined by the radical reactivity ratios — the average transfer constant and the 

fractions of unsaturated end-groups in catalytic chain transfer experiments. It was 

shown that (provided penultimate unit effects are negligible in the transfer reaction), 

these two parameters are more sensitive to the actual s values and may thus provide a 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

8

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



143 

complimentary method to propagation rate coefficient measurements for obtaining 

physically realistic radical reactivity ratios. 

A c k n o w l e d g m e n t . Useful discussions relating to this work with Takeshi Fukuda, 

Bob Gilbert, Alex van Herk, Dax Kukulj , Ken O'Driscoll and Harold Schoonbrood, 

the award of an Australian Postgraduate Award to M L C , and financial support by the 

Australian Research Council and ICI are all gratefully acknowledged. 

References and Notes 
(1) Fukuda, T.; Ma, Y.-D.; Inagaki, H. Macromolecules 1985, 18, 17. 
(2) Fukuda, T.; Kubo, K.; Ma, Y.-D. Prog. Polym. Sci. 1992, 17, 875. 
(3) Harwood, H.J. Makromol. Chem., Macromol. Symp. 1987, 10/11, 331. 
(4) Kamachi, M. Adv. Polym. Sci. 1981, 38, 56. 
(5) Fukuda, T.; Ma, Y.-D.; Inagaki, H. Makromol. Chem., Rapid Commun. 

1987, 8, 495. 
(6) Maxwell, I.A.; Aerdts, A.M.; German, A.L. Macromolecules 1993, 26, 1956. 
(7) (a) Bamford, C.H.; Basahel, S.N. J. Chem. Soc., Faraday Trans. I 1978, 74, 

1020. (b) Bamford, C.H.; Basahel, S.N. J. Chem. Soc., Faraday Trans. I 
1980, 76, 112. 

(8) Heuts, J.P.A.; Gilbert, R.G.; Maxwell, I.A. Macromolecules 1997, 30, 726. 
(9) Merz, E.; Alfrey, T.; Goldfinger, G J. Polym. Sci. 1946, 1, 75. 

(10) Davis, T.P.; O'Driscoll, K.F.; Piton, M.C.; Winnik, M.A. J. Polym. Sci., 
Polym. Lett. 1989, 27, 181. 

(11) Olaj, O.F.; Schnöll-Bitai, I.; Kremminger, P. Eur. Polym. J. 1989, 25, 535. 
(12) See, for example: (a) Draper, N.R.; Smith, H. Applied Regression Analysis; 

John Wiley & Sons: New York, 1981. (b) Van Herk, A.M. J. Chem. Educ. 
1995, 72, 138. 

(13) Britt, H.L.; Luecke, R.H. Technometrics 1973, 15, 223. 
(14) Buback, M. ; Gilbert, R.G.; Russell, G.T.; Hill, D.J.T.; Moad, G.; O'Driscoll, 

K.F.; Shen, J.; Winnik, M.A. J. Polym. Sci., Polym. Chem. 1992, 30, 851. 
(15) Olaj, O.F.; Bitai, I.; Hinkelmann, F. Makromol. Chem. 1987, 188, 1687. 
(16) Coote, M.L.; Zammit, M.D.; Davis, T.P.; Willett, G.D. submitted to 

Macromolecules. 
(17) Olaj, O.F.; Kremminger, P.; Schnöll-Bitai, I. Makromol. Chem., Rapid 

Commun. 1988, 9, 771. 
(18) Coote, M.L.; Johnston, L.P.M.; Davis, T.P. submitted to Macromolecules. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

8

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



144 

(19) See, for example, Odian, G. Principles of Polymerization; 2nd Ed; Wiley: New 
York: 1981. 

(20) Schoonbrood, H.A.S. Emulsion Co- and Terpolymerization, PhD Thesis, 
Eindhoven University of Technology, The Netherlands, 1994. 

(21) Schoonbrood, H.A.S.; German, A.L.; Gilbert, R.G. Macromolecules 1995, 
28, 34. 

(22) Schoonbrood, H.A.S.; Pierik, S.C.J.; Van den Reijen, B.; Heuts, J.P.A.; 
German, A.L. Macromolecules 1996, 29, 6717. 

(23) Tsuchida, E.; Kitamura, K.; Shinohara, I. J. Polym. Sci., Polym. Chem. Edn. 
1972, 10, 3639. 

(24) Bamford, C.H. Polymer Commun. 1989, 30, 36. 
(25) Fukuda, T.; Ma, Y.-D.; Kubo, K.; Inagaki, H. Macromolecules 1991, 24, 

370. 
(26) (a) Heuts, J.P.A.; Gilbert, R.G.; Radom, L. Macromolecules 1995, 28, 

8771. (b) Heuts, J.P.A.; Sudarko; Gilbert, R. G. Macromol. Symp. 1996, 
111, 147. (c) Heuts, J.P.A.; Pross, Α.; Radom, L. J. Phys. Chem. 1996, 
100, 17087. (d) Heuts, J.P.A.; Gilbert, R.G.; Radom, L. J. Phys. Chem. 
1996, 100, 18997. 

(27) Davis, T.P.; Kukulj, D.; Haddleton, D.M.; Maloney, D.R. Trends Polym. Sci. 
1995, 3, 365. 

(28) Gridnev, A.A.; Ittel, S.D.; Wayland, B.B.; Fryd, M. Organometallics 1996, 
15, 5116. 

(29) Davis, T.P.; Haddleton, D.M.; Richards, S.N. J. Macromol. Sci., Rev. 
Macromol. Chem. Phys. 1994, C34, 243. 

(30) Heuts, J.P.A.; Kukulj, D.; Forster, D.J.; Davis, T.P. to be submitted. 
(31) Greuel, M.P.; Harwood, H.J. Polym. Prepr. (Am. Chem. Soc., Div. Polym. 

Chem.) 1990, 32(1), 545. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
00

8

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



Chapter 9 

Electron Spin Resonance Studies of Radical 
Polymerization 

Mikiharu Kamachi 

Department of Macromolecular Science, Graduate School of Science, 
Osaka University, Toyonaka, Osaka 560, Japan 

Well-resolved E S R spectra assigned to the propagating radicals for 
several vinyl and diene monomers were observed in a single scan 
without the aid of the computer accumulation and a special cavity. 
Accordingly, direct information on the structure, properties, and 
concentration of propagating radicals could be obtained. Furthermore, 
the E S R measurements were found to be possible in the steady state of 
the concentration of the propagating radicals if the optimum conditions 
are chosen in the initiator concentration and irradiation light intensity. 
Accordingly, apparent propagation rate constants (kp) for vinyl and 
diene compounds were directly determined by the E S R spectroscopy. 
In the course of the determination of kp for styrene, we found a 
difference in kp between photo- and thermally-initiated polymerizations 
of styrene, although the origin of the difference still remains unsolved. 
Moreover, application of the time-resolved E S R spectroscopy to the 
elucidation of the mechanism of initiation process in the radical 
polymerization wi l l be described. In this review, I wi l l mention recent 
advance in ESR study on radical polymerization. Highly resolved E S R 
spectra of propagating radicals were observed in the radical 
polymerization of vinyl and diene compounds by choosing the 
optimum experimental condition. The structure of the propagating 
radicals was investigated from hyperfine splitting constants. The 
propagation rate constants for vinyl and diene compounds were 
determined on the basis of the time-dependence of the radical 
concentration, especially the confirmation of the steady state on the 
radical concentration, although there remain unsolved problems for the 
accurate determination of the kp values. The stereoregular chain effect 
or hydrophobic chain effect on the kp values was clearly shown in the 
macromonomers. Radical/cation transformation polymerization was 
performed for the preparation of the block polymer on the basis of the 
E S R study on the electron transfer reaction from model radicals of 
propagating radical end to electron acceptor. In addition, application 
of time-resolved E S R spectroscopy to initiation process wi l l be 
described. 

© 1998 American Chemical Society 
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Much attention has been paid to electron spin resonance (ESR) studies on the radical 
polymerization of vinyl or diene compounds, because E S R spectroscopy can, in 
principle, provide direct information on the structure, properties, and concentration 
of free radicals (1,2). Accordingly, application of E S R spectroscopy to radical 
polymerization began in the early 1950s. Unfortunately, the radical concentration of 
the propagating radicals was too low to be detected in practical conditions (in liquid 
states) of the radical polymerization by conventional C W - E S R spectrometry. Since 
no signal could be detected in usual radical polymerizations in the liquid state, E S R 
detection of the propagating radical in usual radical polymerization of vinyl and diene 
compounds had been limited to such special conditions as the frozen or crystalline 
states, or had employed such special techniques as the flow method. The signals 
observed in the frozen state were usually too broad for a clear understanding of the 
structure and the electronic state of the propagating radicals on the basis of hyperfine 
splitting constants. In order to detect the propagating radicals, specially designed 
cavities and flow technique have been necessary for the detection of the propagating 
radicals in the liquid state. Several groups succeeded in the detection of the 
propagating radicals by the flow technique (3). However, the conditions for the 
measurement are very different from those in practical radical polymerization. 
Although Bresler et al. (4) observed E S R spectra of propagating radicals of styrene 
and M M A by a specially designed cavity, the resolution of the spectra was insufficient 
for an understanding of the structure and the electronic state of the propagating 
radicals due to their hyperfine splitting constants. More than ten years ago, Kamachi 
et al. (2) also observed well-resolved spectra of the propagating radicals in the 
photopolymerization of several vinyl monomers such as methacrylates and vinyl 
esters by means of a specially designed TM-mode cavity, and showed that more 
detailed information of their propagating radicals by their hyperfine splitting constants 
and the line shapes of the spectra. However, well-resolved E S R spectra of the 
propagating radicals of styrene and diene compounds could not be observed even by 
the TM-mode cavity. In 1992, Yamada et al. (5) found that an application of a 
computer to the E S R measurements led to higher sensitivity on E S R observation, and 
that well-resolved E S R spectra of propagating radicals of styrene and substituted 
styrènes were observed at room temperature. 

Recently, we found that the well-resolved E S R spectra of the propagating 
radicals of vinyl and diene compounds could be observed even in a single scan 
without the aid of computer accumulation and that the E S R measurements were 
possible in the steady state of the concentration of the propagating radicals if the 
optimum conditions are chosen in the initiator concentration and irradiation light 
intensity (6-8). Accordingly, we determined propagation rate constants of vinyl and 
diene compounds by an E S R method. In order to get information on the reliability of 
the resulting kp values, the rate constants for styrene were compared with ones 
determined by P L P methods (9). In the course of the determination of kp for styrene, 
we came across the finding that there was an apparent difference in kp between photo-
and thermally-initiated polymerizations of styrene (8). Difference in reactivity 
between excited and ground-state radicals in the electron transfer reactions has been 
found and reported (10). 

Furthermore, we applied, for the first time, time-resolved E S R spectroscopy to 
the elucidation of the mechanism of initiation process in the radical polymerization 
(11,12). In this review, I wi l l mention results obtained in my laboratory over the last 
ten years 

E S R Detection of Propagating Radicals 

Highly Resolved E S R Spectra. We recently found that well-resolved 
spectra can be observed even with a single scan at room temperature by control of the 
measurement conditions: concentrations of monomer and initiator, amount of 
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solvents, intensity of Hg-light, and diameter of sample tube (6). Figure 1 shows 
well-resolved E S R spectra in the photo-initiated radical polymerization of several 
vinyl and diene compounds with i B P O . Higher initiator concentrations than those in 
usual radical polymerizations were necessary to obtain highly resolved spectra enough 
to investigate the behavior of the propagating radical. 

E S R measurements of photo-initiated polymerization systems of styrene were 
performed in the temperature region between -20 and 70 °C, although an E S R 
spectrum of propagating radical of styrene initiated with i B P O (0.2 M ) under U V -
irradiation at 5 °C are shown in Figure 1. Similarly, E S R spectra were detected in 
other temperatures. E S R spectra of the propagating radicals of various vinyl 
compounds were also observed by similar methods. The E S R spectra observed in the 
radical polymerization of vinyl acetate and vinyl chloride are shown in Figures 2 and 
3. To our knowledge, there has been no paper on E S R observations of the 
propagating radical in the polymerization of vinyl chloride. 

E S R spectra taken during U V irradiation on neat diene compounds such as 1,3-
butadiene, 2-methyl-l,3-pentadiene, and isoprene are shown in Figure 4. These 
spectra were satisfactorily simulated by using proper hyperfine splitting constants 
(hfc), as shown in Table I. The characteristic point of this simulation is the same 
coupling constant due to two protons attached to both sides of the allyl structure. 
From the coupling constants, we can conclude that the propagating radical is a 
delocalized allyl type radical. In 1967, Yoshida and Rânby (13) observed short-lived 
free radicals formed by addition of H O to 1,3-butadiene in aqueous solution by 
means of a rapid flow method (3). Although the pattern of the spectrum is very 
similar to that of our spectrum, hfc's due to non-allyl protons of butadiene of our 
signal are larger than those reported by Yoshida and Rânby (13). Usually, hfc's of 
the polymeric radicals have been found to be different from those of the monomeric 
radicals (3), indicating that our data is due to higher molecular weight radicals. 

Table I. Hyperfine Splitting Constants (mT) 
Diene an1 αχ tfH3 αγ OH 5 az 

1,3-butadiene 1.605 1.461 0.412 1.605 1.350 1.353 
2,4-hexadiene 1.30 0.95 0.30 1.30 1.10 0.95 
2-methyl-l,3-pentadiene 1.50 1.25 0.31 1.25 1.60 1.50 
isoprene 1.31 1.29 0.43 1.29 1.42 1.17 
allyl radical 1.48 1.38 0.41 1.48 
1.3- Butadiene: X=H; Y=H; Z=H. Y H 1 

2.4- Hexadiene:X=CH3; Y=H;Z=CH 3. . C • C a 

2-Methyl-l,3-pentadiene: X=CH 3 ; Y=CH 3 ; Z=H. Y^C^ 
Isoprene: X=H; Y=CH 3 ; Z=H. H5* \ u3 

Addition Modes in Unsymmetrical Diene Compounds. Usually, the 
attack of a radical to vinyl compounds is controlled by the steric effect of the 
substituent of monomer and the stabilization of the resultant radical by the substituent. 
Accordingly, head to tail addition is quite usual in the polymerization of vinyl 
compounds. However, the two possibilities (a and b attacks in the following scheme) 
are considered in attack of a radical to unsymmetrical diene compounds such as 
isoprene (6). 

In the case of isoprene, a doublet of 0.43 mT shows the presence of allylic β-
proton. Since the presence of allylic ^-proton is not considered in B-type structure 
shown in Scheme 1, we can conclude that the propagating radical is mainly composed 
of the A-type structure in Scheme 1. This finding shows that radical attack to 
isoprene mainly took place at the 1-position of isoprene. The reason why attack at the 
1-position of isoprene is more predominant than at the 4-position is probably 
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326 331 336 341 

Magnetic Field, mT 
346 

Figure 2. E S R spectrum observed in the photo-initiated polymerization of vinyl 
acetate with B P O at 25 °C. 

observed 

s imu la t ion 
1 m T 

Propagating Radical of 
Vinyl Chloride 

1.95 mT 

2.1 mT H 

' w w * C H 2 — C · 

2.1 mT (L, 

0.28 mT 

Figure 3. E S R spectrum observed in the photo-initiated polymerization of vinyl 
chloride with B P O at 25 °C. 
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(a) ( b ) 

Figure 4. E S R spectra of the propagation radicals of isoprene (a) and 
2-methyl-1,3-butadiene (b) observed at 20 °C: (A) observed spectrum at 0.125 
mT modulation and 1 scan (32 min) (neat); (B) computer-simulated spectrum. 

CH 3 

A Β 

Scheme 1. 
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ascribable to the stabilization of the propagating radical with hyperconjugation of the 
methyl group. The values of hfc's of 2-methyl-l,3-pentadiene show that an unpaired 
electron in the propagating radical is delocalized in an allylic form, because the hfc 
due to the α-methyl protons is in agreement with that due to y-methyl protons and, in 
addition, the hyperfine structure due to β-proton of allyl-type radical is observed in the 
E S R spectrum. If the attack at the 4-position is predominant, the hfc due to ^-proton 
(0.3-0.4 mT) is not observed in the E S R spectrum. These findings show that radical 
attack is more predominant in the 1-position of diene bond than in the 4-position. The 
reason why the attack in 1-position of 2-methyl-l,3-pentadiene is more predominant 
is also ascribable to the steric effect of the methyl group bound to its 4-position. 

Determination of Rate Constants. In the previous section, we showed 
that well-resolved spectra of the propagating radical of several vinyl and diene 
monomers could be observed with a single scan by the control of the measurement 
conditions. 

Accordingly, if the steady state could be confirmed, the kp value would be 
determined directly from 

/? p (=-d[M]/dr) = * p [ P n - ] [ M ] (1) 

where Rp and [ Ρ η · ] are the rate of polymerization and the concentration of the 
propagating radical, respectively. 

In order to confirm a steady state, the time dependence of signal intensity was 
investigated during irradiation in all cases. Examples are shown in Figure 5. The 
steady state radical concentrations were estimated by the double integration of this 
spectrum and calibrated with that of TEMPOL-radical in the same media. The rate of 
polymerization was estimated as a rate of consumption of monomer by gas-
chromatography. Examples of first-order plot of rate of consumption of monomer are 
shown in Figure 6. The apparent values of kp for photopolymerizations of various 
kinds of monomers were determined by equation 1 using the slope and the radical 
concentration estimated. The obtained kp values are shown in Table II. A n activation 
energy of the radical polymerization of several monomers was also able to be 
estimated from the kp values at different temperatures. 

Table II. Apparent Propagation Rate Constants 
of Radical Polymerization of Monomers 

Monomers Initiation Temp., °C ko, M - V 1 

Styrene Thermal 70 190 
Styrene Photo 70 420 
Styrene Photo 5 180 
M M A Thermal 60 370 
M M A Photo 60 500 
Viny l Chloride Photo 25 5800 
Viny l Acetate Photo 5 4500 
1,3-Butadiene Photo 5 150 
Isoprene Photo 5 125 
2-Methyl- 1,3-pentadiene Photo 5 35 

The kp values for styrene have been internationally estimated by pulsed-laser 
polymerization (PLP) method (14). Although the apparent kp value for styrene at 70 
°C (481 M - V 1 ) agreed with that (479 M ' V 1 ) obtained by P L P method, there were 
some deviations in the kp values estimated in other temperatures, because the 
activation energy (18 kJ/mol) determined by E S R method is smaller than that (29.5 
kJ/mol) estimated by pulsed-laser polymerization (PLP) method (14). The reason 
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turn on turn off 

2min 
Figure 5. Time-dependence of signal intensity of E S R spectrum of butadiene at 
constant field. 

30 

Time, min 

60 

Figure 6. First-order plot of decrease in monomer concentration of dienes during 
radical polymerizations: 1,3-butadiene ( · ) , isoprene (O) , 
2-methyl-l,3-pentadiene ( • ) , 1,3-hexadiene ( • ) , and 2,4-hexadiene ( Δ ) . 
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why the activation energies are different is a problem to be solved in future. The 
chain length dependence of the kp value might be a factor of the origin of the 
difference. The kp values are generally considered to be due to the reactivity of the 
propagating radical and monomer. However, kp values for vinyl and diene 
monomers can be usually correlated with the Q-values which reflect the resonance 
stabilization of the substituents (15), suggesting that the kp value of monomer, whose 
propagating radial is more stable, is smaller. The order of the Q-values among 
isoprene (1.99), 1,3-butadiene (1.70) and styrene (1.00) was in agreement with the 
decreasing order of apparent kp values for these monomers as shown in Table II. 
Accordingly, the propagating radicals of these dienes are more delocalized than that of 
styrene. This suggestion is in agreement with the conclusion from the hfc's that the 
propagating radicals of butadiene and isoprene are delocalized allyl type radicals. 

Comparison of Apparent Propagation Rate Constants between 
Thermally- and Photo-Initiated Radical Polymerizations. The E S R 
spectrum of the propagating radical of styrene has been observed with a single scan in 
thermally-initiated polymerization at 70 °C under almost the same as that in photo-
initiated polymerization. Accordingly, apparent propagation rate constants (kp) for 
thermally- and photo-initiated radical polymerizations of styrene were determined by 
E S R spectroscopy. Apparent values of kp for styrene at 70 °C were (420 ± 30) M _ 1 s _ J 

under UV-irradiation and (180 ± 10) M _ 1 s _ 1 in the dark. The apparent kp value for 
the former at 70 °C was about three times as larger as that for the latter. For an 
understanding of the origin of the difference in the apparent kp values between photo-
and thermally-initiated polymerization, we paid attention to the absorption spectrum of 
the propagating radical, the influence of wavelength of the irradiation light on kp 

values, and activation energy of kp. The absorption spectrum of the propagating 
radical of styrene was investigated by the laser photolysis of azo compound, b i s [ l -
methyl-2-(4-methylphenyl)ethyl]-diazene, which produces a model radical of the 
propagating end of styrene. The spectrum of the radical is shown in Figure 7, where 
an absorption maximum was clearly observed at 320 nm. The influence of 
wavelength of the irradiation light on kp values was investigated by using two kinds 
of UV-filters, U V - 3 1 and U V - 3 7 , which cut off the light below 310 and 370 nm, 
respectively. The apparent kp values obtained are shown in Table III. The apparent 
kp values were dependent on the wavelength of irradiation light. The apparent kp 

values were 290 and 200 in irradiation through UV-31 and U V - 3 7 , respectively. The 
latter was in agreement with the apparent kp value for thermally-initiated radical 
polymerization. These results suggest, as one reason, the change in the reactivity of 
the propagating radical might be due to its photoactivation (photoinduced excitation). 

In order to confirm a wavelength dependence of photoexcitation of the kp values 
for styrene, diene compound (1,3-hexadiene) was chosen, because allylic radicals 
obtained from diene compound have no absorption band higher than 300 nm. 
Accordingly, it is expected to show a weak photoexcitation effect. A n E S R spectrum 
of the propagating radical of 1,3-hexadiene was clearly observed (6). Apparent 
values of kp for photo- and thermally-initiated polymerizations at 60°C were 
determined to be (85 ± 10) and (75 ± 15) M _ 1 s _ 1 , respectively. The difference in 
these values is very small in comparison with that of styrene. The apparent kp value 
for 1,3-hexadiene is considered to support the assumption of photoexcitation of 
propagating radical in the case of styrene. However, this still remains as an unsolved 
problem. 
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Table III. Apparent Propagation Rate Constants of Radical 
Polymerization of Styrene and 1,3-Hexadiene under Various 

Conditions 
Monomer Initiation (Filter) Temp., °C kO, M - V 1 

Styrene Photo -20 (55 ± 10) Styrene 
Photo 0 (120 ± 10) 
Photo 5 (180 ± 10) 
Photo 20 (190 ± 10) 
Photo 40 (290 ± 30) 
Photo 70 (420 ± 30) 
Photo (UV-31)" 70 (290 ± 30) 
Photo (UV-37)* 70 (200 ± 20) 
Thermal 70 (190 ± 10) 

1,3-Hexadiene Photo 5 (20 ± 10) 
Photo 60 (85 ± 10) 
Thermal 60 (75 ± 15) 

a UV-cutoff filter (in parentheses) was used for polymerization 

Polymer Effect on the Determination of Propagation Rate 
Constants (fcp). Ito et al. (16,17) have been reported unusually rapid radical 
polymerization in water of poly(ethylene oxide) macromonomers of a general 
structure 

R O ^ C H 2 C H 2 o } ^ C H 2 j ^ \ — C H = C H 

R-PEO-VB-n (m=1) 
R-PEO-Cm-S-n (m>1) 

where R stands for an alkyl group as an ω-end, P E O for poly(ethylene oxide), V B for 
p-vinylbenzyl, Cm-S for/?-styrylbutyl (m = 4) or -heptyl (m = 7) as an α-end, and η 
for number average degree of polymerization of P E O . 

Because of their amphiphilic constitution, PEO-chains are soluble while 
polystyrylalkyl groups are insoluble in water, and then they organize into micelles 
with the polymerizing end groups locally concentrated in the cores, to apparently 
enhance their polymerization rate. Their aggregation has in fact been confirmed by 
means of static light scattering and fluorescence probe methods. For an 
understanding of the origin of an unusually rapid radical polymerization, propagation 
rate constants and termination rate constants have been estimated in water and 
benzene, respectively, by E S R measurements (17). 

E S R spectra of the propagating radicals in the radical polymerization of C l -
PEO-VB-48 in benzene and water, respectively, are shown in Figure 8 (a) and (b). 
The E S R spectrum in benzene is similar to that of polystyryi radical in benzene, being 
reasonably assigned to the propagating radical of C l - P E O - V B - 4 8 . Although no 
hyperfine structure was observed in the E S R spectrum in water, the reason why 
highly resolved E S R spectrum was not observed is ascribable to micellar organization 
in water. Similar phenomena were also observed in E S R measurements of the radical 
polymerizations of C1-PEO-C4-S-48 (R = C H 3 , m = 4, η = 48). The steady state 
was observed in all cases, and the apparent kO values were easily estimated by the 
concentration of the propagating radical, and apparent kt values evaluated by the 
decay of the E S R spectra upon turning off the irradiation, according to the following 
equation 
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05 

C 

ω 

0 I . . • « . 1 . « . 1 

290 300 310 320 330 340 

Wavelength, nm 
Figure 7. Transient absorption spectrum of cymenyl radical generated by photo 
decomposition of the corresponding azo compound 
bis[l-methyl-2-(4-methylphenyl)ethyl]diazene in cyclohexane at 25 °C. 

(a) ~ 

(b) 

Figure 8. E S R spectra of Po ly (C l -PEO-VB-48) in benzene (a) and water (b) at 
20 °C. 
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([P-]"[P-W/[P-]r = ^t[P-]i (2) 

where [P*]r is the concentration of the polymer radicals at time, t, after the irradiation 
is turned off and [Ρ·] is now that at t = 0 or stationary concentration under the 
irradiation. Results are shown in Table I V . 

Table IV. Kinetic Parameters of Radical Polymerization 
under Irradiation at 20 °Ca 

monomer/solvent initiator Rv χ 10 6 

M s " 1 

[Ρ·] X 10 6 

M 
kp 

M ' V 1 

kt 
M - V 1 

C l - P E O - V B - 4 8 / i B P O * 3.9 2 40 1800 
benzene 

C l - P E O - V B - 4 8 / A V A C 210 4 1100 5400 
water 

C1-PEO-C4-S-48/ rBPO 15 5 45 4500 
benzene 

C1-PEO-C4-S-48/ A V A 510 5 2100 9000 
water 

a [M] = 50 Χ ΙΟ" 3 M , [I] = 2.5 Χ ΙΟ" 3 M for the macromonomers, and [I] = 0.2 M for 
styrene. Values of Rp, [?·], kp, and kt of the macromonomers in this work may 
include errors of 10-30 %. b Di-f-butyl peroxide. c 4,4'-Azobis-(4-cyanovaleric 
acid). 

The apparent kp values for the macromonomers in benzene seem to be a little 
smaller than that of styrene (Table III and ref. (18)), which can be reasonably 
explained by steric effect due to long side chains of macromonomers. Surprisingly, 
the apparent values of kp in water are about 30 to 50 times higher as compared to 
those in benzene. This means that preexponential factor in water is much larger than 
in benzene, because the activation energies of the addition reaction should be almost 
the same in both solvents. Thus, it indicates that a rather easy access of the 
macromonomer double bond to the polymacromonomer radical is possible to perform 
an abnormally controlled propagation. The apparent kt values for the 
macromonomers in benzene are about a half to one third of those in water, although 
the values for macromonomers are much smaller by a factor of 10 - 3 to 1 0 - 4 than that 
of styrene (19), indicating a severely hindered bimolecuiar termination between the 
highly branched polymacromonomer radicals. 

Hatada et al. (20) have prepared stereoregular macromonomers as follows: 

The elementary rate constants were measured by E S R methods. Results are 
shown in Table V . The apparent kp value for isotactic macromonomer in toluene is 
10 times larger than that for syndiotactic macromonomer, and the apparent kt value 
for the former is 10 2 times larger than that for the latter. These results show that the 
mobility in the polymer chains is much higher in isotactic polymer than in syndiotactic 
polymer. 
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Table V . Kinetic Parameters for the Polymerization of P M M A 
Macromonomers or Styrene in Toluene at 60 °C with A I B N * 

Macromonomer 
Mn 

f* Rp, 
Ms" 1 

h, 
M ' V 1 

kp, 
M ' V 1 

iso-2900 0.28 7.4 Χ ΙΟ" 7 70000 50 
syn-2720 0.18 6.6 Χ Ι Ο 7 670 5.2 
syn-5380 0.18 5.3 Χ ΙΟ" 7 590 3.9 

styrene 0.7 C 1.9x10"™ 3.6 X 10" 7 e 176 e 

a [ M ] 0 = 0.05 M , [M] 0/[I]o = 20. b Initiator efficiency. c Data from ref. (5). 
d Calculated from the literature data. e Data from ref. (4). 

Electron Transfer Reaction of Free Radicals and their extension to new 
polymer Formation 

The Influence of Ph2l + PF6" on E S R Spectra of Primary Radicals. 
In the course of an E S R study of primary radicals obtained from azo-initiators, we 
found that some of the radicals transform to the corresponding cations in the presence 
of Ph2l + PF6" , which is an electron acceptor. The influence of P h 2 l + P F 6 " on the 
E S R spectra of primary radicals obtained by thermal decomposition of A I B N , 
A B M P E , and A B P O P are shown in Figure 9 (27). On the addition of Ph^I+PFo" the 
E S R spectrum of the primary radical obtained from A I B N did not change while those 
of primary radicals produced from A B M P E and A B P O P almost disappeared. This 
result suggests that (CH3)2CCN having an electron-accepting substituent did not 
perform an electron-transfer reaction to Ph2l + PF6" , and that ( C H 3 ) 2 C ( C O H 4 0 C H 3 ) 
and (CH3)2C(OC6H5) having an electron-donating substituent undergo the electron-
transfer reaction to form the corresponding carbocation. The E S R spectrum of the 
propagating radical was clearly detected in the radical polymerization of p-
methoxystyrene (MOSt) , while no E S R spectrum was detected in the presence of 
Ph2 l + PF6" . These E S R spectra were shown in Figure 10. The disappearance of the 
E S R spectra of the primary radicals from A B M P E and A B P O P , and the formation of 
carbocation were confirmed by the polymer formation from vinyl ethers which cannot 
be polymerized to high molecular weight polymer by radical initiators, as shown in 
the next section. 

Radical/cation Transformation Polymerization. Polymerizations of p-
methoxystyrene (MOSt) , w-butylvinylether ( B V E ) , or cyclohexene oxide ( C H O ) were 
performed with A I B N , A B M P E and A B P O P , respectively. Polymer was obtained 
from MOSt , and no polymer was obtained by the radical polymerization of vinyl ether 
and cyclohexene oxide with A I B N , A B M P E , and A B P O P (21). In the presence of 
Ph2 l + PF6" , however, high molecular weight polymer was obtained in much higher 
yield from MOSt and B V E by the polymerization with A I B N , A B P O P and A B M P E . 
High molecular weight polymer was also obtained from C H O by polymerization with 
A B M P E and A B P O P in the presence of Ph2i + PF6" , and was not allowed to 
polymerize with A I B N even in the presence of Ph2 l + PF6" . Polymerizations of 
MOSt , B V E , and C H O with Ph2 l + PF6" were performed as control experiments, 
which indicate that only a few polymers were obtained by the polymerizations. 
Results are shown in Table V I . Since B V E and C H O are not allowed to polymerize 
to high molecular weight polymer by radical initiators, the polymer formation from 
these monomers shows that cationic polymerization was performed with A B M P E in 
the presence of Ph2 l + PF6" . E S R study showed that electron transfer reaction took 
place from the primary radical ( C H 3 ) 2 C C Ô H 4 ( O C H 3 ) , which is obtained by 
decomposition of A B M P E , to Ph2 l + PF6" . 
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Table V I . Cationic Polymerization of B V E , M O S t , and C H O 
Promoted by Free Radical Initiators* 

monomer radical cone , P h 2 I + P F 6 - , tcmp,b 

°C 
time, con v., M w X l O " 4 

initiator M M 
tcmp,b 

°C min % 
B V E none 0 6 Χ ΙΟ" 3 80 80 5 1.08 

A I B N 6 Χ ΙΟ" 3 0 80 80 0 
A I B N 6 Χ ΙΟ" 3 6 Χ ΙΟ" 3 80 80 62 0.85 
A B M P E 6 Χ ΙΟ" 3 0 80 80 0 
A B M P E 6 Χ ΙΟ" 3 6 Χ ΙΟ" 3 80 80 68 0.95 
A B P O P 6 X 10- 3 0 80 80 0 
A B P O P 6 Χ ΙΟ" 3 6 Χ ΙΟ" 3 80 80 63 1.11 

MOSt none 0 1.2 X l O " 2 80 120 4 3.40 
A I B N 6 Χ ΙΟ" 3 0 80 120 10 2.26 
A I B N 6 Χ ΙΟ" 3 1.2 X l O " 2 80 120 74 4.23 
A B M P E 6 Χ 10"3 0 80 120 4 4.81 
A B M P E 6 Χ ΙΟ" 3 1.2 X l O " 2 80 120 34 3.24 
A B P O P 6 Χ 10"3 0 80 120 2 6.01 
A B P O P 6 Χ ΙΟ" 3 1.2 X l O " 2 80 120 64 4.46 

C H O none 0 1.2 X l O " 2 80 120 ~1 
A I B N 6 Χ Ι Ο 3 80 120 0 
A I B N 6 χ ΙΟ" 3 1.2 X l O " 2 80 120 ~1 
A B M P E 1.2 Χ ΙΟ" 2 0 100 24(h) 0 
A B M P E 1.2 ΧΙΟ" 2 2.4 Χ ΙΟ" 2 100 24(h) 30 1.74 
none 0 2.4 Χ ΙΟ" 2 100 24(h) 6 2.52 

a Solvent, (CH2)2Ch; monomer:(CH2)2Ch = 1:3 (vol). b Oil bath temperature. 

The polymer formation can be reasonably explained by polymerization with 
carbocation formed by the electron transfer reaction from primary radicals having 
electron-donating substituents to Ph2 l + PF6" . The fact that C H O did not polymerize 
with A I B N even in the presence of Ph2 l + PF6" is in agreement with the E S R 
observation in which no electron transfer reaction took place from (CH3)2CCN to 
Ph2 l + PF6" . However, the finding that B V E was polymerized in a high yield by 
A I B N in the presence of P h 2 l + P F 6 " is inconsistent with this explanation, because it 
does not polymerize with radical initiators. The formation of cationic initiating 
species in the presence of B V E is explained by the electron transfer reaction of an 
initiating radical formed by the addition reaction of (CH3)2CCN to B V E (21). MOSt 
was initiated to form high molecular weight polymer by A I B N , and not by P h 2 l + P F 6 " . 

When the polymerization of MOSt was performed with A I B N in the presence of 
Pf i2l + PF6", polymer formation from MOSt was remarkably promoted, which 
indicates that polyMOSt radicals initiated by A I B N were transformed into polyMOSt 
cations by P h 2 l + P F 6 " before they disappeared by bimolecular termination such as the 
coupling reaction. The transformation of the propagating species from radical to 
cation is consistent with the change in the E S R spectrum as shown in Figure 10. This 
is also explained by the radical/cation transformation of the initiating radical and/or 
propagating radical in the propagation process. 

Block Polymer of MOSt and C H O . We note that MOSt is polymerized 
with an A I B N / P h 2 l + P F 6 " initiating system, and that C H O is not polymerized with the 
initiating system. Since it is already known that the propagating cation of MOSt 
initiates the polymerization of C H O and that the propagating oxonium ion of C H O 
does not initiate the polymerization of MOSt , the formation of block polymers is 
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expected by the polymerization of a mixture of C H O and MOSt with A I B N in the 
presence of P h 2 l + P F 6 " as shown in the Scheme 2. The formation of the block 
copolymer formation was confirmed by solvent extraction, N M R spectroscopy, 
turbidimetric titration and thin layer chromatography ( T L C ) . 

Time-Resolved Electron Spin Resonance Study 

Acylphosphine oxides and acylphosphonates have been exploited by B A S F 
researchers as new types of photoinitiators for photocuring of polymer resins (22). 
Schnabel et al. (23,24) performed laser photolysis of these compounds in the absence 
and presence of vinyl monomers, and suggested that phosphorus-centered radicals 
formed by the photolysis of these compounds were much more reactive with vinyl 
monomers than carbon-centered radicals which were obtained by photolysis of 
benzoin, benzoin methyl ether, or l-phenyl-2-hydroxy-2-methylpropanone-l. 
However, they had no direct evidence on the phosphorus-centered radicals. About 
ten years ago, Kamachi et al. (11) started cooperative research on an understanding of 
the photolysis of 2,4,6-trimethylbenzoyl diphenylphosphine oxide ( T M D P O ) . 
Unfortunately, diphenylphosphonyl and 2,4,6-trimethylbenzoyl radicals, which had 
been considered to be produced by the photolysis of T M D P O (Scheme 5), could not 
be detected by E S R measurements under continuous irradiation with a high pressure 
mercury lamp. 

In order to get more information on the highly reactive radical, we carried out the 
time-resolved E S R spectroscopy combined with laser pulse irradiation. A block 
diagram of the time-resolved E S R measurements is shown in Figure 11. A n example 
of the results of time-resolved E S R spectroscopy is shown three-dimensionally in 
Figure 12. Three absorptions due to transient species were clearly observed. The 
two absorptions at magnetic fields of 315.0 and 350.2 mT at both ends can be 
reasonably assigned to diphenylphosphonyl radicals generated by the laser pulse 
irradiation, because the separation between these absorptions corresponded to the 
hyperfine splitting constant of the diphenylphosphonyl radical with a phosphorus 
nucleus. In addition, the absorption at g = 2.0008 can be reasonably assigned to 
2,4,6-trimethylbenzoyl radical. These results show that the transient species 
proposed by Schnabel et al. have been confirmed by time-resolved E S R spectroscopy 
with laser pulse irradiation. 

Time-resolved E S R studies on the photolysis of T M D P O shows that the lifetime 
of the diphenylphosphonyl radical decreased with increasing concentration of vinyl 
and diene monomers, while that of the 2,4,6-trimethylbenzoyl radical did not change 
in both the presence and absence of vinyl monomers in the time region of 4 ^s after 
irradiation of 355-nm laser light (12). This result shows that the diphenylphosphonyl 
radical is more reactive with vinyl and diene monomers than the 2,4,6-
trimethylbenzoyl radical, and allows us to estimate rate constants for the addition of 
the diphenylphosphonyl radical to vinyl monomers. 

Decays of E S R signals due to the diphenylphosphonyl radicals in the laser 
photolysis of T M D P O are shown in the presence of varying concentrations of phenyl 
vinyl ether (PVE) as an example in Figure 13. The decays became faster with 
increasing concentration of P V E . The first-order plots for the signal intensities gave 
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trigger signal 

Nd:YAG laser 
355 nm 

mirror 

magnet 

cavity 

oscillo 
scope 

Transient 
Memory 

Wide band 
Pre-amplifier 

Figure 11. Schematic diagram of the system for time-resolved E S R 
spectroscopy. 

a ρ = 36-5 mT 

g = 2-0035 ; p = 0 

\ Emission (C1DEP 
\ Enhanced 

absorpt ion(ClDEP) 

Field 

Figure 12. Time dependence of the transient E S R spectrum recorded after 
irradiation of a solution of T M D P O in benzene (0.1 M ) with a 20 ns flash of 
337.1 nm light. 
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linear relationships both in the absence and presence of the monomers (Figure 14). 
The apparent first-order rate constant (/:') increased with increasing monomer 
concentration. The plots of the kx value against the monomer concentration yielded 
linear relationships as shown in Figure 15. Accordingly, V follows 

*' = ki + k2 [M] 

where k \ is the first order decay constant in the absence of the monomer, and k2 is the 
bimolecular rate constant for the reaction of a diphenylphosphonyl radical with the 
monomer. Similar results were observed in the time-resolved E S R measurements in 
the presence of vinyl or diene monomers (8,12). Their k2 values are summarized in 
Table VI I . 

Table VII. Initiation Rate Constants for Monomers (TR-ESR) 
Monomer k2, M - V 1 

1,1-diphenyl ethylene (2.4 ± 0.1) Χ 10 7 

di-Ai-butyl itaconate (1.9 ± 0.4) Χ 10 7 

1-acetoxy butadiene (1.5 ± 0 . 3 ) X l O 7 

α-methyl styrene (1.0 ± 0 . 1 ) X l O 7 

styrene (1.1 ± 0 . 1 ) X l O 7 

ethyl vinyl ether (1.5 ± 0 . 5 ) X l O 6 

w-butyl vinyl ether (4.4 ± 0.4) Χ 10 6 

/-butyl vinyl ether (2.5 ± 0.3) Χ 10 6 

n-decyl vinyl ether (3.1 ± 0.3) Χ 10 6 

phenyl vinyl ether (2.6 ± 0.3) Χ 10 6 

vinyl acetate (2.7 ± 0.3) Χ 10 6 

vinyl pivalate (2.5 ± 0.3) Χ 10 6 

acrylamide-TPP 1 (1.6 ± 0.3) Χ 10 6 

a 5-(4-AcΓylamidephenyl)-10,15,20-tiriphenylpoφhine). 

The diphenylphosphonyl radicals decayed in the time region of 2 μs after 
irradiation, and new E S R signals appeared around that of the 2,4,6-trimethyl benzoyl 
radical at about 200 ns after irradiation. The signals were assigned by computer 
simulation to a radical produced by the addition of the diphenylphosphonyl radical to 
methyl methacrylate ( M M A ) and α-methylstyrene. Therefore, k2 is concluded to be 
the rate constant for the addition reaction of the diphenylphosphonyl radical to a vinyl 
monomer, which corresponds to the initiation rate constant in the radical 
polymerization of a vinyl monomer with T M D P O . These rate constants are on the 
order of 10 6 -10 7 M " 1 s " 1 , which are one or two orders of magnitudes larger than those 
of carbon-centered radicals, whose rate constants have been determined to be on the 
order of 10 4 -10 5 M ' V 1 (25). The decays of the signals due to the 2,4,6-
trimethylbenzoyl radicals, which were formed along with the diphenylphosphonyl 
radical by the photolysis of T M D P O , were identical over a period of 40 ^s after 
irradiation in both the absence and presence of monomers, indicating that the 2,4,6-
trimethylbenzoyl radicals did not attack vinyl monomers within this time region. This 
result shows that the 2,4,6-trimethylbenzoyl radical is less reactive with vinyl and 
diene monomers than is the diphenylphosphonyl radical. 

In conclusion, rate constants for addition of the diphenylphosphonyl radical to 
vinyl monomers were directly estimated by time-resolved E S R spectroscopy with 
laser pulse irradiation, and were found to be one or two orders of magnitude larger 
than those of carbon-centered radicals. 
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c 
CD 

PVE a) 0 
b) 0.31 
c) 0.58 
d) 0.89 
e) 1.33 

M 
M 
M 
M 
M 

500 1000 1500 

Time, ns 
Figure 13. Time profiles of E S R signal intensities due to the 
diphenylphosphonyl radicals in the presence of varying concentrations of phenyl 
vinyl ether (PVE): (a) 0, (b) 0.31, (c) 0.58, (d) 0.89, and (e) 1.33 M . 

Figure 14. First-order plots for the decays of the diphenylphosphonyl radicals in 
the presence of varying concentrations of phenyl vinyl ether (PVE): (a) 0 ( O ) , 
0.31 ( • ) , 0.58 ( Δ ) , 0.89 ( · ) , and 1.33 M ( B ) . 
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20 

0.0 0.5 1.0 1.5 

Monomer, M 
Figure 15. Plots of k} vs the concentration of added monomers: 1,1-
diphenylethylene ( O ) , di-n-butyl itaconate ( · ) , 1-acetoxybutadiene ( • ) , phenyl 
vinyl ether ( Δ ) , and vinyl pivalate ( • ) . 
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Chapter 10 

The Stable Free-Radical Polymerization Process: 
Role of Excess Nitroxide 

M . K. Georges, R. P. N. Veregin, and K. Daimon 

The Xerox Research Centre of Canada, 2660 Speakman Drive, 
Mississauga, Ontario L 5 K 2L1, Canada 

The rate of polymerization of styrene in the stable free radical 
polymerization (SFRP) process is shown to be dependent on the 
excess of free nitroxide in the reaction mixture. Monomer 
conversion is independent of the amount of initiator and, instead, 
dependent on the concentration of excess nitroxide. While the 
excess nitroxide in styrene polymerizations is controlled by a 
combination of auto-initiation and termination, the actual amount 
of free nitroxide is proportional to the amount of initiator-adduct 
used. 

The ability to synthesize narrow polydispersity polystyrene by a living free radical 
polymerization process was first reported in 1993 (1) leading to renewed interest in 
the free radical polymerization process. Living free radical polymerization has gained 
in popularity as a result of the continued expansion of the stable free radical 
polymerization (SFRP) process (2) and the development of the atom transfer radical 
polymerization process (3). Complex architectures, once thought impossible by free 
radical polymerization are now a reality (4) and new structures, previously not 
thought possible by a free radical polymerization process continue to be reported (5). 

The SFRP process (1), typically performed at 125°C, is illustrated in Scheme 1 for 
the polymerization of styrene initiated by benzoyl peroxide. Initiation begins with the 
rapid formation of the benzoyloxy primary radical, which can undergo a series of 
reactions (6). The most important of these reactions is the addition of styrene, the 
products of which immediately react with TEMPO to form a unimer (n=l), referred 
to in Scheme 1 as BST, or a TEMPO terminated oligomer (n>l). The success of the 
SFRP process relies on the ease of homolytic dissociation of the C-O bond between 
the styryl end group and TEMPO at 125°C. The resulting styryl radical can either 
recombine with TEMPO to regenerate the original molecule or it can add monomer 

170 © 1998 American Chemical Society 
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C 6 H 5 C O O C C 6 H 5 

6 5 ι ι M 6 5 

0 0 

C 6 H 5 C O · O C C g H s 
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Ο 

BST, where n=l 

C g H ^ O - l - C ^ - C H 
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ο · 
T E M P O 
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C H 2 - C H — T E M P O 
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Scheme 1. Polymerization of styrene initiated with benzoyl peroxide in the 
presence of T E M P O . 
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before the now growing chain is terminated with TEMPO. This latter sequence 
repeats itself to produce a polymer. Since at any given time the majority of polymer 
chains are capped with nitroxide, the number of reactive propagating chains at any 
one time is very small (10"8 to 10"9 M) limiting the probability of termination by 
coupling (7). The quick initiation of all the chains, the fast exchange between the 
uncapped and capped polymer chains and the lack of premature termination all 
combine to enable narrow polydispersity polystyrene. Since at the end of the 
polymerization the polystyrene chains are terminated with TEMPO, further reaction 
can occur if these chains are heated in the presence of more of the same or another 
monomer. 

The rate of polymerization was subsequently shown to be related to the amount of 
free nitroxide remaining in the reaction mixture after initiation (8). Initial successful 
polymerization employed a molar ratio of TEMPO to initiator of 1.3 to 1. A slight 
excess of nitroxide was required to ensure that all the newly generated polymer chains 
were terminated by nitroxide and that none escaped and grew out of control (9). 
Runaway polymer chains would not only would broaden the polydispersity but also 
result in dead chains (10) which become a problem if further reaction of the living 
chains is contemplated. Some nitroxide is also lost as a result of the promoted 
dissociation of BPO by TEMPO (11). After initiation, the excess nitroxide becomes a 
problem because it shifts the equilibrium from the uncapped to the capped form of the 
polymer chain resulting in a decrease in monomer addition and the polymerization 
rate. Reducing the excess nitroxide levels, and thereby, increasing the rate of 
polymerization, can be accomplished in a number of ways. The initiation can be 
performed with a molar ratio of TEMPO to BPO of less than 1.3. However, this 
causes a broadening in the polydispersity and the formation of dead polymer chains 
(10). Additives, such as camphorsulfonic acid (2a, 12) or 2-fluoro-l-
methylpyridinium /?-toluenesulfonate (13), have been shown to be effective at 
increasing the rate of polymerization by reducing the level of free nitroxide without 
adversely affecting the livingness of the system And finally, the use of initiator-
nitroxide adducts, such as (1) (14), (2) (15), (3) (16), enables the polymerization to 
proceed, ostensibly, with an equal ratio of initiating and nitroxide radicals, although in 
fact, there is always an excess of free nitroxide even in these materials. These 
initiator-adducts are also ideal molecules for studying the kinetics and mechanism of 
the SFRP process. 

In 1996, Catala et aL (16) studied the kinetics of the SFRP process with (3) at 
temperatures below 100°C to avoid auto-initiation and showed that the molecular 
weight of the polystyrene varied according to the amount of initiator (3) used. That 
is, if the amount of initiator was doubled relative to a control polymerization, the 
number average molecular weight of the polymer was halved. This is not unexpected. 
However, what was interesting was that regardless of the amount of initiator used, the 
conversions, for a given set of reaction conditions, remained the same. To explain 
these results, Catala et aL proposed a high association of polymer chains. 
Matyjaszewski et aL (17) proposed the rate of polymerization was not affected by the 
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amount of initiator (adduct) because the majority or all the polymer propagating 
radicals in the SFRP process are produced by auto-initiation. The role of the adduct, 
it was suggested, is to control the molecular weights and polydispersities by 
bimolecular and/or unimolecular exchange. Fukuda et aL (18) explained the 
independence of conversion on the concentration of initiator by invoking a stationary 
state between the active propagating chains and tree nitroxide. This enabled a 
polymerization rate expression to be derived that is the same as that of a conventional 
free radical polymerization and independent of the adduct-initiator concentration. 

In a series of papers on the kinetics of the nitroxide-mediated free radical 
polymerization, initiated by BPO, we proposed that the rate of polymerization, and 
therefore, conversion, is related to the excess nitroxide in the polymerization mixture 
(5,19). Initial polymerizations, in which a 1.3 to 1 molar ratio of nitroxide to initiator 
was used, were slow as a result of the excess nitroxide, readily measured and 
monitored by electron spin resonance, ESR. Reducing the amount of excess 
nitroxide, by adding CSA, for example, resulted in an increase in the rate of 
polymerization and an increase in conversion with time. Catala, however, used (3) as 
the initiator to study the SFRP process assuming that there would be no excess 
nitroxide in the polymerization reaction mixture. This paper describes our results and 
the kinetic analysis of the SFRP process at both very low and high levels of excess 
nitroxide. In the process, the extent of the role of auto-initiation in these 
polymerizations is elucidated. The rate of monomer conversion in the SFRP 
polymerization is shown to be controlled by the excess of nitroxide in the 
polymerization reaction mixture. 
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Experimental 

Polystyrene was distilled over calcium hydride and used immediately. BST was 
prepared by heating BPO and TEMPO in the presence of styrene for 10 minutes 
under argon in a preheated oil bath maintained at 135°C. The excess solvent was 
removed, the reaction mixture was diluted with ethyl acetate and washed with a dilute 
solution of sodium hydroxide to remove benzoic acid. The ethyl acetate solution was 
washed once with water, dried over sodium sulfate and concentrated under vacuum. 
The resulting material was passed through a column of silica gel using methylene 
chloride as the eluant. Yields of 25-30% of BST were typically obtained. The BST 
was recrystallized from either hexanes or isopropanoL Polymerizations were 
performed in sealed tubes after the samples were frozen and thawed twice under 
vacuum to remove air. The sealed tubes were completely submerged in an oil bath 
preheated to 130°C. Molecular weights were estimated using gel permeation 
chromatography (GPC) using a Waters/Millipore liquid chromatograph equipped with 
a Waters model 510 pump, Ultrastyragel columns of pore size 104 À, 103 Â, 500 Â, 
and 100 Â and a flow rate of 0.8 mLNmin. Samples were detected with a Waters 
differential refractometer. Molecular weights were determined on samples without 
any prior purification. Polydispersity was determined by the ratio of the weight 
average molecular weight (Mw) to the number average molecular weight (M„). 

Results and Discussion 

Three polymerizations of styrene were performed with BST at concentrations of 
6.6 χ 10~3, 13.2 χ 10~3, and 26.4 χ 10"3 M , over a period of three hours with samples 
removed at each hour. The molecular weights, polydispersities and conversions of the 
samples from the polymerizations are shown in Table 1. In spite of the fact that we 
initiated our polymerizations with a different initiator-adduct and performed the 
polymerizations at higher temperature, both conditions chosen to mimic a typically 
SFRP process, our results are similar to those of Catala et aL (16). A dependence of 
molecular weight on the amount of initiator was evident. Conversions, however, 
were the same for each polymerization for a given time and independent of the 
amount of initiator. 

While there is a dependence of molecular weight on the amount of initiator used, it 
is clear by looking at the 3 hour samples in Table 1, for example, that the number 
average molecular weights did not vary as expected with the change in concentration 
of the initiator. Ideally, the molecular weights of the 13.2 χ ΙΟ"3 M and 26.4 xlO"3 M 
samples should have been one-half and one-quarter, respectively, that of the 6.6 χ 10"3 

M sample. If one compares the theoretical molecular weights with the actual number 
average molecular weights it can be seen that the lower the concentration of BST the 
larger the deviation between actual and theoretical molecular weights. These 
differences are likely dominated by auto-initiation (20) and the contribution it makes 
to the number of polymer chains in the reaction mixture. Clearly, at low 
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concentrations of initiator, auto-initiation makes a significant contribution to the total 
number of polymer chains, but not to the extent that it completely controls the 
number of propagating chains. However, for a given amount of styrene, the number 
of auto-initiated chains is more or less constant. Therefore, as the concentration of 
initiator is increased, producing more polymer chains, the contribution of the auto-
initiated chains to the total number of polymer chains becomes less important. Thus, 
for the case where a 26.4 χ ΙΟ"3 M concentration of BST is used, there is only a very 
small deviation between actual and theoretical molecular weight. However, these 
results do suggest that to make very high, predictable molecular weights by the SFRP 
process at 125°C or higher, the suppression of auto-initiation will be necessary. 
Furthermore, in spite of the fact that in some of these polymerizations auto-initiation 
is an important contributor and in others it is not significant, the conversions of these 
polymerizations are still the same for a given time. Therefore, the reason the 
conversions are the same from polymerization to polymerization cannot be attributed 
to auto-initiatioa 

Table 1. Physical parameters of polystyrene samples prepared with BST as the 
initiator at a reaction temperature 130°C. 

Sample BST/T M n PD Conversion Sample 
(molar) 

1 10 35,420 1.20 34 
2 5 29,176 1.21 30 
3 4 22,121 1.20 25 
4 3.3 14,311 1.20 19 

Oil bath temperature, 130°C; reaction time 2.5h 

Another series of polymerizations with BST were performed for 2.5 hours in an oil 
bath maintained at 130°C but with added TEMPO, as summarized in Table 2. What 
is immediately evident is that as the concentration of TEMPO is increased the 
conversion is decreased, as is the molecular weight. Under these polymerization 
conditions, excess nitroxide affects the rate of polymerization by affecting the 
equilibrium between the capped and uncapped forms of the polymer chain, with 
excess nitroxide favoring the capped form. The question still remains, how do we tie 
these results in with those that are obtained with the initiator-nitroxide adducts such 
as (3) or BST, reagents which are assumed not to contain any excess nitroxide. To 
answer this question, we went back and looked more closely at the purity of the BST 
adduct. The amount of free nitroxide in a BST sample, crystallized from hexane and 
allowed to sit at room temperature for two weeks, was measured in xylene (2.7 χ 10"3 

M) and found to be 1.5 χ 10"6 M . When the same sample was freshly recrystallized 
from isopropanol, crushed and dried under vacuum for 6 hours, the concentration of 
free nitroxide of a 3.4 χ 10"3 M solution was found to be 5.80 χ ΙΟ"7 M (16). So, 
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while the amount of free nitroxide was reduced, some was still present. As the 
second sample was allowed to sit in solution at room temperature for 6 hours, the free 
nitroxide level increased 250%. If the BST is purified to a very low level of free 
nitroxide, the free nitroxide level quickly equilibrates, at room temperature, to within 
a range of 10"6 M . When the BST is heated in xylene to 125°C, the temperature at 
which the polymerization of styrene is typically polymerized by the SFRP process, 
within minutes, the level of free nitroxide increases even further. Thus, it appears that 
regardless of how well the BST is purified, there will always be some residual 
nitroxide in the polymerization mixture. The total amount of nitroxide in the 
polymerization can be defined as follows: 

[T] t =[T] c q +[T] c x 

where [T]t is the total amount of free nitroxide in the polymerization mixture under a 
given set of polymerization conditions at any given time, [T]cq is the equilibrium 
amount of nitroxide resulting from homolytic dissociation of nitroxide from the 
polymer chain ends and is in the order of approximately 10"8 tolO"9 M (7,8), and [T] e x 

is the excess nitroxide level discussed above and is in the range of 10"6 M . [T]t is 
primarily determined by [T] c x. Doubling the amount of BST will generate twice the 
amount of polymer chains which should lead to twice the conversion for a given 
amount of time. However, doubling the amount of BST will also double the amount 
of excess nitroxide, which will reduce the actual number of propagating radical chains 
at any one time by a half. Thus, although there are twice as many polymer chains in 
the reaction mixture only half as many propagating radical chains are present as 
compared to the reaction with half the amount of initiator. The net result is that both 
polymerizations contain the same number of propagating radical chains resulting in 
the same rate of polymerization for the polymerizations with different amounts of 
initiator adducts. 

To demonstrate this experimentally, two polymerizations were performed under 
the same conditions with the exception that in one polymerization, 1.3 χ 10"3 M BST 
was used and in the second 2.6 χ 10"3 M BST was used. The level of free nitroxide in 
the reaction mixtures were monitored over time and plotted as a function of In [T]/[P-
T] versus time, where [T] is the concentration of free nitroxide in the reaction mixture 
at any given time and [P-T] is the concentration of BST added. What was interesting 
was that the ratio of [T]/[P-T] remained more or less constant throughout the 
polymerizations, Plot 1. After three hours, the measured amount of free nitroxide in 
the polymerization with 13.2 χ 10"3 M BST was 1.32 χ 10"6 whereas, in the second 
polymerization in which 26.4 χ 10"3 M BST was used, the free nitroxide level was 
2.58 χ 10"6, or approximately twice the amount. The same trend has been found with 
substituted styrene polymerizations (21). If the polymerizations were repeated with 
added nitroxide, the [T]/[P-T] ratio decreased with time until it reached the same ratio 
as the polymerization without the added TEMPO and then remained constant (Plot 
2). The free nitroxide levels, after 3 hours, were 1.51 χ 10"6 and 3.48 χ 10"6 for the 
polymerizations with 13.2 χ ΙΟ"3 M and 26.4 χ ΙΟ"3 M BST , respectively, similar to 
the amounts found above for the system with no added nitroxide. In another case, 
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Plot 1. Change of T E M P O concentration as a function of time for the 
polymerization of styrene initiated with 13.2 χ 10"3 ( — ) and 
26.3 χ 10 3 ( ) M BST. 

Plot 2. Change of T E M P O concentration as a function of time for the 
polymerization of styrene initiated with 13.2 χ 10 3 M BST, with 
( ) and without (—) added T E M P O . 

Plot 3. Change of T E M P O concentration as a function of time for the 
polymerization of styrene initiated with a BST sample with very little 
free nitroxide ( _ ) and with added T E M P O ( — ). 
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where the amount of excess nitroxide was very low, the concentration increased and 
then remained constant, Plot 3 (22). The [T]/[P-T] ratio corrects itself to attain an 
equilibrium value defined by reaction parameters such as temperature and [P-T]. 

Table 2. Effect of molecular weight and conversion on the polymerization of 
styrene as a function of added T E M P O to BST. 

Rxn. BST(10 3 M) M n % M n PD % 
ime (h) Deviation Conversion 

1 6.6 27,396 14 1.26 23 
2 6.6 41,054 22 1.20 38 
3 6.6 51,385 23 1.23 48 

1 13.2 14,364 6 1.24 22 
2 13.2 24,053 11 1.19 39 
3 13.2 30,231 13 1.17 50 

3 26.4 16,627 3 1.16 50 

Oil bath temperature, 130°C 

In conclusion, it has been demonstrated that conversion in the nitroxide-mediated 
living free radical polymerization process is controlled by excess free nitroxide in the 
polymerization mixture. The excess free nitroxide is, in turn, determined by the 
amount of initiator (P-T). It has also been demonstrated that in the cases where only 
a small amount of initiator is required in order to achieve very high molecular weights, 
the contribution of auto-initiation to the number of living polymer chains must be 
considered. However, even under these conditions, the number of polymer chains is 
still predominantly determined by the amount of initiator used. 
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Chapter 11 

Mechanism and Kinetics of Nitroxide-Controlled 
Free-Radical Polymerization 

Takeshi Fukuda, Atsushi Goto, Kohji Ohno, and Yoshinobu Tsujii 

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611, Japan 

The mechanism and kinetics of the polymerization of styrene in the 
presence of alkoxyamine (P-X) were discussed on the basis of 
experimental and computer-simulated data for a styrene/TEMPO 
system, where T E M P O is 2,2,6,6-tetramethylpiperidinyl-1-oxy. It 
was confirmed that the stationary-state kinetics holds accurately 
except for an initial short time. Namely, in this state the radical 
concentration [P*] and hence the rate of polymerization are 
determined solely by the balance of the initiation and termination 
reactions, just like in a nitroxyl-free system. E S R studies showed 
the existence of the reversible dissociation of P - X . Two mutually 
related but basically different methods to determine the activation 
rate constant kact were described. It was shown that the 
spontaneous dissociation of P-X is the only main mechanism of 
activation in the styrene/TEMPO system. The polydispersity of the 
product is thus determined by the rate constant of dissociation k d (= 
k a c t ) and polymerization time, and the chain length is determined by 
the number of P-X adducts and [P*]. Hence [X*] and the rate 
constant of combination (association) play no role (in the stationary 
state) but to maintain the stationary state. Other reactions such as 
initiation, termination and the thermal decomposition of P-X 
produce deviations from the behavior of an ideal l iving system. 
Since all these rate constants are available, details of the 
polymerization process and product characteristics can now be 
predicted. 

The recent development of " l iv ing" radical polymerization is opening up a new and 
versatile route to well-defined, narrow-polydispersity polymers (1-7). This method 
has several different branches, but all of them are based on a common basic concept 

180 © 1998 American Chemical Society 
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of the alternating activation-deactivation process. Namely, a potentially reactive 
polymer species in such a system is supposed to go through an activated and a 
deactivated state alternatingly. In the activated state (P*), it may be added by the 
monomer, while in the deactivated state (P-X), the reactive chain end is blocked with 
no polymerization allowed. Examples of blocking agents (X) include sulfer 
compounds (8), stable nitroxyls (9-11), halogens (12-14), and transition metal 
compounds (75, 16). The blocked chain remains dormant until it is reversibly 
deblocked by, e.g., thermal (9-77, 75), photochemical (8, 16) or chemical (12-14) 
activation: 

Here k p is the propagation rate constant, and k a ct and kdeact are the rate constants of 
activation (deblocking) and deactivation (blocking) reactions, respectively, with a 
reaction order dependent on mechanistic details. A number of such activation-
deactivation cycles and a low concentration of P* allow all the chains to grow slowly 
and simultaneously, suppressing irreversible bimolecular termination to a minor level. 
This seems to be the current, most common understanding of the basic mechanism by 
which well-defined polymers are produced in such systems (77). 

However, much remains to be studied of the mechanistic and kinetic details of 
the individual systems. This work concerns the nitroxyl-mediated polymerization 
of styrene, one of the most extensively studied systems (see reviews 7-7). Important 
progress in understanding the mechanistic and kinetic aspects of this system can be 
found in recent publications (18-34; literature 29 includes a recent review on this 
topic). However, there still is a great deal of confusion regarding the mechanism 
and the exact roles of the individual elementary reactions involved in this 
polymerization. The purpose of this work is to summarize published and 
unpublished studies mostly by ourselves, hopefully establishing some unified views 
of this important branch of " l iv ing" radical polymerization. We also hope that the 
particular experimental approaches adopted to the nitroxyl system w i l l also be useful 
to study other systems. 

Elementary Reactions in Alkoxyamine-Mediated Polymerization of Styrene 

We confine ourselves to a styrene system containing a purified alkoxyamine and, i f 
necessary, a radical initiator but with no extra nitroxyl added. In this condition, the 
system wi l l quickly reach a stationary state that can be treated most simply, providing 
the clearest picture of what is happening in such a system. In this work, initiators 
w i l l mean usual initiating compounds like benzoyl peroxide and azobis-
isobutyronitrile but not mediating compounds like alkoxyamines, and the term 
initiation w i l l be used according to this definition, unless otherwise stated. 

P - X 
k P 

(monomer) (1) 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
01

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



182 

Generally, the alkoxyamine-containing styrene system at a high temperature 
may involve the eight elementary reactions given in Figure 1. The rate and rate 
constant of each reaction are defined in the figure. The thermal (spontaneous) 
initiation is assumed to be third order in the monomer concentration [M] with a rate 
constant kj (36). In the presence of a radical initiator I (overall initiation rate 
constant k f ) , the two initiations are assumed to be additive. The rate constants of 
propagation and termination are also available in the literature (36, 37). The chain 
transfer to the monomer (styrene) is known to be unimportant compared with that to 
the Diels-Alder adduct or the Mayo dimer (29, 36). 

L i et al. (26) reported that 2,2,6,6-tetramethy-l-(l-phenylethyl)piperidine (S-
T E M P O ; Figure 2) decomposes at high temperatures through the abstraction of the 
β-proton by the T E M P O radical, producing an alkene (styrene) and a hydroxyamine. 
We made N M R studies with the two model compounds B S - T E M P O and P S - T E M P O 
(Figure 2; η « 10) and confirmed that the decomposition is a first-order reaction with 
rate constants given by W s " 1 = 4.7xl0 1 4 exp(-157kJ/RT) for B S - T E M P O and 
5.7xl0 1 4 exp(-153kJ/RT) for P S - T E M P O , in toluene (38). These results indicate 
that in the TEMPO-mediated polymerization of styrene, the decomposition of the 
active chain-ends would occur at an important level especially at high temperatures. 

The remaining reactions, i.e., dissociation, combination, and degenerative 
transfer (4, 17) are supposed to form the "heart" of this " l iv ing" radical 
polymerization. To shed light on these reactions, in situ E S R studies (19, 20, 33) 
and computer-assisted analyses of the evolution of product polydispersities (21, 29) 
were carried out besides the most common time-conversion studies. Those 
approaches provided a lot of important information but were not necessarily powerful 
enough to reach the center of the "heart". For example, it has been suggested for 
some time that degenerative transfer may participate in the activation process of the 
styrene/TEMPO system (17, 25), but no clear answer has been provided by these 
approaches. We recently devised two mutually related but basically different 
methods that enable us to closely study activation processes, as w i l l be described 
later. 

Polymerization Rate 

The rate (R p ) of nitroxyl-mediated polymerization of styrene had not been well 
understood until recently, when Catala et al. (23) reported the experimental data 
showing that R p is independent of the concentration of the model adduct S - D B N 
(Figure 2) used as a mediator. Even though these authors attempted to interpret 
their result differently, we pointed out that it can be most simply interpreted in terms 
of the stationary-state kinetics (32). O f the eight reactions in Figure 1, only 
reactions 1, 2, 4, and 5 are relevant to changes in radical concentrations, and [P*] and 
[X*] should follow the differential equations 

d[X*]/dt = k d [P -X] - k c [P*][X*] 

d[P*]/dt = kd[P-X] - k c [P*][X*] + R{ - k t [P*] 2 

(2) 

(3) 
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Reaction Rate 

(1) Dissociat ion 

P-X —> Ρ* + X* kd[P-X] 

(2) Combinat ion 

Ρ* + X* —> P-X kc[P*][X*] 

(3) Propagat ion 

Ρ* + M —-> P* kp[P*][M] 

(4) Initiation MM] 3 + k,'[l] 

(5) Termination 
p* + p* —> dead polym. k,[P*]2 

(6) Decomposi t ion of P - X 

P-X —> dead polym. + XH k d e c[P-X] 

(7) Cha in transfer 

P* + RH —-> PH + R* ktr[P*][RH] 

(8) Degenerat ive transfer 

Ρ* + P'-X —> Ρ"* + P-X kex[P*][P-X] 

Figure 1. Possible elementary reactions in a nitroxyl mediated 
polymerization of styrene. 

(a) PS-TEMPO (b) S-TEMPO 

(c) BS-TEMPO (d) S-DBN 

Figure 2. Structures of model compounds. 
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where Rj is the rate of initiation. If Rj is non-zero, the system w i l l sooner or later 
reach the stationary state in which d[P*]/dt = d[X*]/dt = 0, and we have 

[P*] = ( R i / k t ) 1 / 2 (4) 

[X*] = ( k d / k c ) [ P - X ] / [ P * ] (5) 

Namely, the stationary concentration of P* is determined by the balance of the 
initiation and termination rates (equation 4), while that of X * depends not only on 
this stationary value of [P*] but also on [P-X] and the kd/k c ratio (equation 5). 
Hence R p reads 

Rp = k p [Ρ*] [M] 

= ( k p / k t

1 / 2 ) R i 1 / 2 [ M ] (6) 

which is independent of [P-X] , as experimentally observed (23). 
We made further tests of equation 6. In one way, we followed the time-

conversion relation by dilatometry (33). Figure 3 compares the first-order plots for 
the styrene polymerizations with and without a P S - T E M P O or a B S - T E M P O adduct. 
Clearly, the R p s of the nitroxide systems are the same with each other, and when the 
conversion is small (< 30 %), they are equal to that of the thermal (nitroxide-free) 
system. Equation 6 was thus evidenced by this experiment. The deviations at 
higher conversions are due to changes in k t arising from differences in chain length 
and viscosity. In fact, the dotted curve, which was calculated with [M]3-dependent 
Rj and constant k t, gives the smallest R p at high conversions. 

In an alternative way to test equation 6, we added the radical initiator t-
butylhydroperoxide (BHP) to P S - T E M P O containing styrene (35). A s in a 
nitroxide-free system, R p was observed to increase with increasing concentration of 
B H P . For example, the addition of 4x l0" 3 mol L" 1 of B H P increased R p by a factor 
about 3. Nevertheless, the chain length and its distribution were well controlled at 
least in this range of R p . This is demonstrated in Figure 4, in which the number-
average molecular weight M n and the M w / M n ratio are plotted against the conversion. 
The fact that all M n values fall on a single straight line indicates constancy or 
approximate constancy of the number of polymers throughout the course of 
polymerization. For a given conversion, M w / M n increases with increasing [BHP], 
which, at a first sight, may appear to indicate that the control of the polydispersity 
becomes more difficult as [BHP] or R p increases. However, this is not true. Ma in 
reasons for this are the difference in polymerization time and the chain length of the 
product polymer relative to that of the "initiator" adduct, as w i l l be discussed in the 
Computer Simulation section. 

A l l these results show the validity of the stationary-state arguments. The R p 

of a nitroxide system is determined by the balance of the initiation and termination 
rates, as in a conventional system. In this regard, the thermal initiation and a radical 
initiator play essentially the same role. The reversible dissociation of P - X plays the 
role of controlling the chain length distribution but not the stationary value of R p . 
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0 1 2 3 4 5 6 7 
t / h 

Figure 3. First-order plot for the polymerization of styrene at 125 °C: [PS-
TEMPO]o = 36 mmol L" 1 ( • ) ; [ B S - T E M P O ] 0 = 20 mmol L" 1 ( Δ ) ; no nitroxide 
( • ) : the dotted line shows the [M]3-dependent initiation with constant k t (no 
nitroxide): cited from literature 33. 

1.0 1 1 1 1 1 ρ 

16000 h 

0 I . 1 . 1 • 1 • 1 
0 20 40 60 80 

Conversion / % 

Figure 4. Plot of M w / M n and M n vs. monomer conversion for the 
polymerization of styrene at 114 °C with [ P S - T E M P O ] 0 = 48 mmol L ' 1 : [ B H P ] 0 

= 0 ( · ) , 2.0 mmol L 1 ( • ) , and 4.0 mmol L _ 1 ( A ) . 
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Insofar as the cumulative number of the chains produced thermally or by means of a 
radical initiator is small compared with the number of P - X molecules as in the above-
cited systems, the initiation (and termination) reactions have only a minor effect on 
the chain length distribution. This suggests a useful means to control the R p (and 
hence M n ) of the nitroxide-mediated system by means of initiators. Moreover, there 
possibly can be systems in which the reversible dissociation of P - X does occur but a 
thermal initiation does not, and for this reason, controlled polymerization does not 
proceed successfully. Those dormant systems may possibly be "awaken" by using a 
radical initiator (32-35). Nearly the same conclusions regarding the roles of 
initiation and initiator in a nitroxide system have been reached by Greszta and 
Matyjaszewski independently (29; J. Polym. Sci., Polym. Chem. Ed, in press). 

Equilibrium Constant 

The existence of the reversible dissociation of P - X adduct w i l l be evidenced by 
showing the existence of the equilibrium constant Κ 

Since the time scale of " l iv ing" radical polymerization is generally much larger than 
that of chemical equilibration, the validity of equation 8 should not be limited to the 
stationary state discussed above (cf. the Computer Simulation section). 

In situ E S R measurements were made for the same PS-TEMPO/styrene/125°C 
system as in Figure 3 (33). Figure 5a shows the T E M P O concentration [X*] as a 
function of polymerization time, in which [X*] is on the order of 10"5 mol L" 1 and 
gradually increases with time. Figure 5b shows the PS radical concentration [P*] of 
the same system, which was estimated from Figure 3 by use of the known kp value of 
2300 L mol ' 1 s"1 (37). The figure shows that [P*] is on the order of 10'* mol L " 1 , 
and gradually decreases with time. Since the initial concentration of the adduct ([P-
X]o = 3.6xl0" 2 mol L" 1) is much larger than both [X*] and [P*], [P-X] can be equated 
to [P-X]o- The value of Κ thus estimated is 2 . 1 x l 0 " n mol L " 1 , independent of time 
(Figure 5c). The time dependence of [P*] and [X*] is ascribed to the time 
dependence of Rj and k t, as already mentioned. 

A body of experimental data indicating the constancy of Κ have been reported 
also by Veregin et al. (20). The value of Κ at 125 °C estimated from their data 
(Figure 11 in literature 20) is about twice as large as the above-noted value. The 
reason for this discrepancy is unclear. 

Activation-Rate Constant - Direct Evaluation 

Method and Activation Mechanism of a Styrene/Nitroxyl System. The 
existence of the dissociation-combination equilibrium alone does not guarantee 
narrow polydispersity polymers. A n essential parameter that controls the 
polydispersity is the dissociation rate constant kd, or more generally, the activation 

K = k d / k c 

= [ P * ] [ X * ] / [ P - X ] (at equilibrium) 

(7) 

(8) 
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Figure 5. Plots of [Χ*], [Ρ*] and Κ vs. t for the polymerization of styrene at 
125 °C with [PS-TEMPO]o = 36 mmol L " 1 : cited from literature 33. 
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rate constant k a c t . In the stationary state, the combination rate constant k c controls 
the stationary concentration of X * so that k c [X*] is constant, but it has no effect on 
the polymer structure. (The process to reach the stationary state depends on k c , 
however.) This is because the stationary concentration of P* or R p is independent 
of k c (and kd) in styrene/alkoxyamine systems (see above). 

We have proposed a direct method to determine k a c t (34, 39). It is based on 
the gel permeation chromatographic (GPC) observation of an early stage of the 
polymerization containing a probe adduct Po-X. When Po-X is brought to a 
sufficiently high temperature, some Po-X molecules w i l l undergo a cleavage of the C-
O N bond during a given time interval t, and the dissociated Po* radicals w i l l be 
added by the monomer until they are deactivated again by X * to give new adducts P i -
X . Hence Po-X may be distinguishable from P j - X (or any other species possibly 
produced in the system) by G P C , owing to the difference in molecular weight and its 
distribution. Then k a c t may be determined according to the first-order plot 

l n ( S 0 / S ) = k a c t t (9) 

where So/S is the ratio of the Po-X concentrations at time zero and t. 
Technically, however, it is not always easy to resolve such a G P C curve 

quantitatively for the fraction of undissociated (or dissociated) Po-X. To improve 
the resolution, the use of a radical initiator like B H P should be effective, as we have 
seen above. A styrene solution of a constant amount of P S - T E M P O ([P-X]o = 23 
mmol L " 1 ; M n = 1700 and M w / M n =1.11) and a variable amount o f B H P was heated 
at 110 °C for time t, quenched to room temperature, and directly analyzed by G P C 
with a constant amount of the reaction mixture injected to the column system. 
Figure 6 shows the G P C curves of the mixtures for t = 0 and t = 10 min with various 
concentrations of B H P . Evident changes can be seen in the figure before and after 
the heat treatment. When [BHP] = 0, the curve becomes somewhat broader with the 
peak position slightly shifted to the higher-molecular weight side, but it is not easy to 
resolve such a curve into different components. When [BHP]ο > 5 mmol L" 1 , the 
curves become bimodal. Clearly, they are composed of two components, i.e., the 
first component comprising the undissociated Po-X and the second component 
comprising P i - X and other minor species possibly originating from a further 
dissociation of P i - X , the decomposition of B H P , etc. A n analysis o f these G P C 
curves show that the marked increase of the second component with increasing B H P 
is due predominantly to the dissociation of Po-X and the subsequent polymerization 
initiated with Po* that is prolonged by the effect of B H P . Such details, however, are 
not required in the present analysis. 

The bimodal curves can be accurately resolved into the two components. The 
evolution of the Po-X concentration is shown in Figure 7 in a first-order plot. Since 
Po-X originally contains 5 % of potentially inactive species (without a T E M P O 
moiety), it has been corrected by subtracting 0.05So from both So and S in equation 9. 
(The % inactive species was estimated by a chain-extension test. These species are 
presumed to be produced mainly by the thermal decomposition of the active chain 
ends and partly by bimolecular termination; literature 41.) Figure 7 shows that all 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
01

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



189 

I 1 1 1 1 1 1 1 1 1 r 1
 1 1 1 1 

20 22 24 26 28 30 32 34 
Elution Time 

Figure 6. Polymeric regions of the G P C charts of the styrene/PS-TEMPO(Po-
X ) / B H P mixtures heated at 110 °C for 10 min: [P 0-X]o = 23 mmol L " 1 . The 
number attached on each curve indicates [BHP]o in mmol L " 1 . The solid curve 
is for the original (t = 0) solution containing only P 0 - X as polymer species. 

Figure 7. Plot of ln(S 0/S) vs. t: [P 0-X]o = 23 mmol L " 1 ; [ B H P ] 0 = 5 ( · ) , 10 
( • ) , 20 ( A ) and 80 ( X ) mmol L" 1 . 
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the experimental points fall on a straight line passing through the origin with a slope 
of 3.8X10"4 s"1, showing no obvious trend with [BHP]. Thus this method allows us 
to determine the activation rate constant in a direct fashion with no regard to the 
kinetic details of the polymerization. 

Another important implication of the mentioned experiment concerns the 
mechanism(s) of activation of this system. When degenerative transfer (7 7, 25) as 
well as spontaneous dissociation are operative in the system, the apparent rate 
constant of the activation reactions viewed as a first-order process w i l l take the form 
(cf. Figure 1) 

The above observation that k a c t is independent of [BHP] hence R p shows that the 
term keX[P*] is unimportant compared to kd, and k a c t may be identified with k d , at 
least in the studied range of R P / [ M ] < l x l O ' 4 s"1 or [P*] < l x l O " 7 mol L" 1 (40). This 
conclusion should be valid at other temperatures, at least when the system contains 
no or a limited amount of a radical initiator. 

Temperature Dependence of kd. The above-mentioned method was used to 
determine k a c t (actually k d ) of a P S - T E M P O adduct as a function of temperature (41). 
The result is given in an Arrhenius plot in Figure 8, which reads 

(The equation for kd given in our preliminary reports (34, 39, 43) is less accurate and 
should be replaced by equation 11.) 

The k d value of 1.6xl0" 3 s"1 at 125 °C combined with the above-noted Κ value 
of 2 . 1 x l 0 " n mol L" 1 gives a k c value of 7 .6x l0 7 L mol" 1 s"1. This value for the PS-
T E M P O combination is reasonably compared to those between T E M P O and low-
mass model radicals such as 1-phenylethyl (16xl0 7 ) and 2-naphthyl-methyl (5.7x10 7) 
radicals (44). 

B y analyzing the evolution of polydispersities of a S - T E M P O containing 
system, Greszta and Matyjaszewski (29) estimated k c to be 8x10 7 L mol" 1 s"1, in close 
agreement to the above value. By a similar analysis, Veregin et al. (21) reported a 
value of k c of 1.5xl0 7 L mol" 1 s"1 at 115 °C. Since k c should not largely depend on 
temperature, the difference in k c cannot be ascribed to temperature. Possible causes 
for the difference were pointed out (29). Since the value of Κ estimated by Greszta 
and Matyjaszewski is crude, the mentioned agreement of the two k c values may be 
accidental to some extent. A better parameter to make comparison of is kd, which is 
essentially independent of the estimation of Κ (once the stationary state is reached). 
Their value of kd of 8xl0" 4 s"1 is again in good agreement with the value l.OOxlO" 3 s"1 

given by equation 11 (at 120 °C). Since the polydispersities at later stages of 
polymerization are seriously affected by side reactions (29; see also below), kd would 
be best estimated from the evolution of polydispersities at an early stage of 

k a c t = k d + k e x [P*] (10) 

k d / s"1 = 3 . 0 x l 0 1 3 exp ( -124 kJ / RT) ( Π ) 
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polymerization. The kd value obtained by these authors seems to be based primarily 
on the early-stage data (28, 29). We wi l l discuss this matter in detail in the next 
section. 

Regarding the activation energy Ε of the P S - T E M P O dissociation reaction, 
Veregin et al. (20) made an E S R study and indirectly estimated Ε to be about 82 kJ 
mol" 1. This value is much lower than the value 130 ± 4 kJ mol" 1 estimated by the 
same group (19) for the release of T E M P O from the low-mass model adduct B S -
T E M P O . These authors suggested that the release of T E M P O is easier as the 
polymer chain becomes longer. This discussion is open to question, since the Ε 
value in equation 11 is rather close to their unimer value, indicating less significant 
dependence of kd on chain length. 

Activation-Rate Constant - Analysis of Polydispersities 

The method for determining k a c t described in the last section is free from any kinetic 
details, other than the existence of activation and propagation reactions, and it may 
be termed a "direct" method. The alternative approach described here is based on 
the use of G P C to follow the evolution of polydispersities. Unlike previous studies 
of this kind (21, 29), here we focus on a very initial stage of the polymerization 
started with a model adduct Po-X, and analyze the differential polydispersities on the 
basis of the simple relations (35): 

Here the product polymer is viewed as an A - B block copolymer with the subchains A 
and Β referring to Po-X and the incremental part of the molecule, respectively; Y = 

(Xw/X n ) - 1, Y K = (Χνν,κ/Χη,κ) - 1, W A = 1- W B = X n V X n , *n = Χη,Α + Xn,B> a n d X n 

and x w are the number- and weight-average degrees of polymerization (K = A or B) . 
Thus measurements of x n and x w of the product as a function of polymerization time t 
along with the known values of x N ,A and X W J A (of Po-X) allow one to calculate Y B 

according to equation 12 and determine k a c t according to the linear plot indicated by 
equation 13. This method is valid when side reactions are negligible and R p is 
constant. This is an "indirect" method, since it depends totally on the accuracy of 
the theory and G P C and other kinetic details. However, unlike the direct method, it 
requires no particular resolution of G P C peaks (hence no addition of a radical 
initiator). We derived equation 13 by a probabilistic approach. A n equivalent 
equation had been derived by Muller et al. (45, 46) by a kinetic approach, but the 
linearization based on the combination of equations 12 and 13 had never been 
embodied before us. 

For example, Figure 9 shows the G P C traces of the polymers obtained by the 
polymerization of styrene at 110 °C containing a fixed concentration (23 mmol L" 1) 
of P S - T E M P O (xN,A = 16.3 and x w A = 18.1). The area under each curve minus that 
of the t = 0 curve gives the amount of monomer converted to polymer, which 
together with the x n value estimated with the same curve gives the number of 

Y = W A
2 Y A + W B

2 Y B 

2 [ Y B - ( l / x n , B ) ] " 1 = k a c t t 

(12) 

(13) 
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2.50 2.55 2.60 2.65 2.70 2.75 2.80 

Figure 8. Plot of ln(k d) vs. T"1 for the P S - T E M P O dissociation. 
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24 26 28 30 32 34 
Elution Time 

Figure 9. Polymeric regions of the G P C charts of the styrene/ P S - T E M P O 
( P 0 - X ) mixture heated at 110 °C for the time indicated in the figure: [Po-X]ο = 

23 mmol L " 1 . 
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polymers [N p ] per unit volume. The plot of ln([M] 0 / [M]) vs. t thus obtained was 
linear and justified the assumption of stationarity of R p or [P*]. The independence 
of [N p ] on t indicated that side reactions are negligible in this range of t. With the 
G P C values of x n , x w , ΧΠ,Α, and X W , A , we computed Y B from equation 12 and made the 
plot indicated by equation 13. Appropriate correction was made for the inactive 
species included in P 0 - X in about 5 %. A s Figure 10 shows, the plot is almost 
strictly linear. 

The slope of the straight line gives a value of k a c t (actually kd) of 4 .1x1ο - 4 s"1. 
This value well agrees with the one determined by the direct method (see above). 
We have made a similar analysis of experimental data obtained at different 
temperatures with or without a radical initiator. In all cases, the rate constant values 
obtained by this and the direct methods agreed within ± 10 %. Thus, despite its 
indirect nature, this method provides sufficiently accurate values of k a c t at least when 
the mentioned conditions are met (42). 

Computer Simulation 

We have seen that the stationary-state assumption provides simple descriptions of 
important aspects of nitroxide-mediated polymerization of styrene. The validity of 
the assumption was experimentally verified. More rigorous tests can be made by 
computer simulation (43). In this simulation, the transfer reactions (reactions 7 and 
8 in Figure 1) and the termination by disproportionation were neglected, as they are 
of minor importance in the styrene/TEMPO system to be simulated here. The rate 
constants of all the remaining six reactions in Figure 1 are known. (Since the 
temperature dependence of k c should be small, we assume k c = k c (125 °C) = 7.6x10 7 

L mol" 1 s"1.) Hence this simulation includes no adjustable parameters. The 
computation method of Yan et al. (47) was adopted. 

In the simulated styrene polymerization at 110 °C with 23 mmol L ' 1 ôf PS-
T E M P O (Figure 11), for example, it was observed that just after the onset of 
polymerization, [P*] steeply increases to a high value, much higher than the 
stationary-state value. This is because the dissociation of P - X predominates at this 
stage. A s [P*] becomes higher, the combination between P*s occurs more and 
more frequently, leading to a rapid accumulation of X * . Namely X * increases more 
rapidly than P* because of the bimolecular termination. When [P*] and [X*] reach 
a certain level, the combination between P* and X * and that among P*s dominate 
over the (constant rate of) dissociation, so that [P*] goes through a maximum, 
approaching the stationary value from above. On the other hand, [X*] steadily 
increases approaching the stationary value from below. These stationary values of 
[P*] and [X*] accurately agree with the values given by equations 4 and 5, 
respectively (the broken lines in the figure). The maximum in [P*] occurs at about 
30 ms, and [P*] and [X*] reach within ± 10 % of the stationary values in about a few 
minutes after the onset o f polymerization. Thus, the stationary-state approximation 
is accurate enough to describe the polymerizations for t > 10 min. The figure also 
shows that the constancy of [P*][X*]/[P-X] or the equilibration holds from much 
earlier time (< 1 min). 

To demonstrate some other important implications given by the simulation, we 
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Figure 10. Plot of 2 [ Y B - xn,B ] v s - t : d a t a f r o m F i ê u r e 9 · 

^ 5.0 

2.0 

O 1.5 

1 ' ' 1 ' ' ' 1 1 • ' • ' 1 ' • ' 1 ' ' ' 1 

— [X*] 

[Η 
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Figure 11. Plots of [Ρ*], [X*] , and [P*][X*]/[P-X] vs. t: computer-simulated 
for the system in Figures 9 and 10 (110 °C): k d = 4.4xl0" 4 s'1, k c = 7 .6x l0 7 L 
mol" 1 s"1, and other rate constants cited from the literature (see text). The 
broken lines show the stationary-state values (equations 4 and 5). 
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go back to Figure 4. Figure 12a shows the polydispersities of the polymers in 
Figure 4 with the contribution of the initiating Po-X (A subchain) subtracted by 
means of equation 12. A l l the data points fall approximately on the same curve, 
indicating that the polydispersity is determined essentially by polymerization time. 
The increase of R p seems to affect the polydispersities very little in this plot. A 
more critical evaluation of this " l iv ing" radical polymerization is made by the plot of 
equation 13 (Figure 12b). The t axis was corrected for the inconstant monomer 
concentration in the batch polymerization, according to 

t c o r r = 2 C t [ ( C - 2 ) l n ( l - C ) ] ' 1 (14) 

where C is the conversion (42; the factor - 2 appearing in equation 4 in literature 42 
is a misprint for C-2 . ) . The initial slope of the plot is equal to k a c t , as before. If 
the system is an ideal l iving one with constant [P*] and no side reactions, it should 
follow the dotted straight line. Any deviations from the linearity indicate non-
ideality, i.e., side reaction(s). In this plot, the data points clearly exhibit non-ideality 
above about 1 or 2 h, and the small differences observed in Figure 12a are more 
clearly visible: as the initiator concentration increases, the system shows larger 
deviations from the ideality. The three curves in Figure 12b were computer-
simulated, which, with no adjustable parameter included, reproduce the experimental 
results satisfactorily. 

Another implication of this simulation concerns the initial stage of the 
polymerization. In the region of t < 1 h, all the curves agree with each other, 
forming a single straight line and indicating that side reactions are unimportant in this 
region. Strictly speaking, the simulated line in a small t region (t < 5 min) had a 
curvature arising from the non-stationarity of [P*]. However, this curvature was so 
small that the whole curve in the region of 10 min < t < 60 min could be well 
approximated by a straight line passing through the origin. The error in the 
evaluation of k a c t arising from this source is estimated to be never larger than 10 %, i f 
the experiments are made in the region 10 min < t < 60 min. (The experiment given 
in Figure 10 was in fact conducted in this t range.) This magnitude of error is 
comparable with that of experimental one. The optimum range of t for the 
measurements can be different for different systems, but it can be predicted by 
computer simulation, as was illustrated here. Ful l details of the computer 
simulation wi l l be described elsewhere (Tsujii, Y . et al., to be published). 

Conclusions 

(1) Except for a short time (typically a few minutes) after the onset of polymerization, 
the alkoxyamine-mediated polymerization of styrene can be accurately described by 
the stationary-state kinetics with [Ρ*], [X*] and R p given by equations 4, 5, and 6, 
respectively. Like in a nitroxyl-free system, Rj may include the contributions from 
the thermal initiation and radical initiators ( if there is any in the system). 

(2) In the absence of any other reactions (the "ideal" system), the 
polydispersity is determined by the number of activation-deactivation "cycles" that a 
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Figure 12. Plots of (a) XW,B/XII,B V S . t and (b) 2 [ Y B - ΧΠ,Β" 1]" 1 VS. tcorT for the 
system in Figure 4; tcorT = 2Ct[ (C-2) ln( l -C)]" 1 . In (b), the dotted straight line 
is for the "ideal" system, and the other three curves were computer-simulated 
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P - X adduct experiences during the polymerization time t. This number is given by 
kactt (which, in turn, defines the parameter k a ct). The molecular weight M n and 
hence the degree of polymerization per cycle are determined by [P-X] and [P*]. 
Therefore k c and X * play no role but to maintain the stationary state. The 
polydispersity of the ideal system is given by equations 12 and 13 (with equation 14 
for a batch system). 

(3) Other reactions such as initiation, termination and decomposition lower the 
M n and broaden the polydispersity. Since all the relevant rate constants for the 
styrene/TEMPO system are known, details of polymerization process and product 
characteristics can be predicted by computer simulation. 

(4) On the other hand, the plot such as given in Figure 12b may be useful to 
quickly evaluate the system with respect to both the "main" and "side" reactions. 

(5) The rate constant k a ct can be accurately determined by the G P C 
observations of an early stage of the polymerization including a probe adduct Po-X. 
Both the direct method, which is based on the curve resolution, and the indirect one, 
which is based on equations 12 and 13, provide sufficiently accurate values of k a c t for 
the styrene/TEMPO system. 

(6) By these methods, it was confirmed that the degenerative transfer plays no 
detectable role, i.e., k a c t = kd, in the styrene/TEMPO system. 
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Chapter 12 

Styrene Polymerization Mediated by Five-Membered 
Cyclic Nitroxides 

B. Yamada1, Y. Miura, Y. Nobukane, and M. Aota 

Material Chemistry Laboratory, Faculty of Engineering, Osaka City University, 
3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 558, Japan 

To evaluate the structural effect of nitroxides on the l iving free radical 
polymerizat ion of styrene, substituted pyr ro l id iny loxyls and an 
oxazolidinyloxyl were synthesized and employed as mediators at 110 
°C. A l l the cyclic nitroxides, except oxazolidinyloxyl were found to 
control different extents the molecular weight (Mn) and polydispersity 
(Mw/Mn) of the polystyrene samples obtained. Among the nitroxides 
synthesized, 2,2,3,3,5-pentamethyl-5-phenylpyrrolidinyloxyl and 2,3,3,5-
tetramethyl-2,5-diphenylpyrrolidinyloxyl, are of particular interest 
because polystyrene samples with Mn > 100000 and Mw/Mn < 1.5 were 
obtained whereas 2,2,6,6-tetramethylpiperidinyloxyl yielded polymers 
with considerably lower Mn and slightly lower Mw/Mn under similar 
conditions. The polymerization in the presence of oxazolidinyloxyl 
radical was found to proceed almost without any influence of the 
nitroxide. 

The l iving free radical polymerization ( L F R P ) of styrene (St) mediated by 2,2,6,6-
tetramethylpiperidinyloxyl ( T E M P O ) has drawn much attention, because L F R P 
enables to control molecular weight and molecular weight distribution of the 
polymer by preservation of the activity of propagating radical through the reversible 
deactivation by T E M P O (7-7). Indeed, the propagating species rapidly reacts with 
T E M P O to form an alkoxyamine as dormant species that can regenerate the 
propagating radical and T E M P O upon thermally activated dissociation. The 
formation of the reversible bond from the propagating radical and T E M P O reduces 
the steady state concentration of the active radicals and leads to the diminution of 
the probability of uncontrolled bimolecular termination. 

Overview of T E M P O Mediated Polymerization 

Recently, it has been revealed that thermal initiation of St, bimolecular termination, 
chain transfer to the reactive dimer produced by thermal initiation of St, and 
degradation of the alkoxyamine into an unsaturated group at polymer chain end and 
a hydroxyamine occur concurrently in the L F R P system (5-8). Furthermore, the 

'Corresponding author 
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role of thermal initiation as radical supplying process has been disclosed by 
Matyjaszewski et al. (4,6) and Fukuda et al. (5). 

L F R P is conducted using a mixture of nitroxide and peroxide such as benzoyl 
peroxide (BPO) or a unimolecular initiator consisting of an alkoxyamine of the 
structure similar to that of the growing dormant species. Unimolecular initiators can 
be obtained by coupling of T E M P O with the carbon radicals prepared by addition of 
benzoyloxy radical to St (2) or hydrogen abstraction from ethylbenzene (3). 

The overall rate of L F R P is governed by the balance of the rates of thermal 
initiation and termination, which explains that the polymerization rate remains 
constant regardless of the concentrations of T E M P O and unimolecular initiator used 
(3,5,6). A much greater rate constant for the coupling than that for the dissociation 
is considered to bring about an almost constant concentration of the active species 
irrespective of the nitroxide concentration. 

1 R 1 R 
\ Coupl ing \ 

N - O - + R- — N - O - R 
Dissociation 

The chain transfer to the St dimer and the degradation of the alkoxyamine as 
chain stopping processes, which increase polydispersity (My//Mn), are considered to 
compete with propagation. Furthermore, changes in polymerization conditions and 
in the rates of elementary reactions with the increase of conversion also influence the 
relative rate of propagation with respect to chain transfer, bimolecular termination, 
and degradation of the dormant species. Actual ly, L F R P involves all kinds of 
elementary reactions of radical polymerization, besides the reactions in which 
T E M P O and alkoxyamine participate. A s a result of the balance between the rates 
of these reactions, M w / M n is kept well below 1.5 which is the theoretical limit of 
conventional radical polymerization. 

T E M P O functions exclusively as inhibitor of radical polymerization at lower 
temperature such as 60 °C, and the radical polymerization in the presence of a small 
amount of T E M P O may eventually start after an induction period at the same rate as 
that of the polymerization carried out in absence of T E M P O (9). To induce L F R P , 
the alkoxyamine has to dissociate into the active propagating species at a proper rate 
and the polymerization temperature has to be raised to 100 °C or above. The 
coupling of the nitroxide with propagating radical is quite a fast process irrespective 
of temperature ( 10), and the dissociation of the C - O bond seems to be one of the key 
steps of L F R P at 100 °C or above nevertheless thermal polymerization also occurs 
at this temperature range. 

Hawker et al. (11) have explicitly shown that the alkoxyamines yielding carbon 
centered radicals that are less stabilized than poly(St) or phenethyl radicals are not 
adequate as initiator for L F R P , because their dissociation is too slow for L F R P . 
When a nitroxide is inert toward the poly(St) radical, no influence on the 
polymerization rate and M n of the polymer is observed. 

A decrease in the polymerization temperature is preferable to suppress both 
thermal initiation and degradation of the alkoxyamine, although such a decrease may 
bring about a slower cleavage of the C - 0 bond. For L F R P of St at lower 
temperatures, nitroxides that give rise to alkoxyamines of sufficiently labile C - 0 
bond have to be chosen and the structural effects of the nitroxides on L F R P have to 
be studied. However, the polymerization in the presence of substituted nitroxides 
other than T E M P O has not been studied in detail (12-14). Concerning the cleavage 
of the C - 0 bonds in alkoxyamines, Moad and Rizzardo ( 15) have established the 
following increasing order of bond strength for the C - 0 bonds from the measurement 
of the dissociation rates of various alkoxyamines obtained from cyclic and acyclic 
nitroxides. They have shown that the alkoxyamines obtained from 2,2,5,5-

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
01

2

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



202 

tetramethylpyrrolidinyl-l-oxyl (1) and T E M P O in one hand and 2-cyano-2-propyI 
radical in the other have half-life times of 280 and 65 min at 60 °C, respectively, in 
accordance with the order of the C - 0 bond strength. They have also deduced that 
the increase of the rate of dissociation of the C - 0 bond that is due to steric 
congestion depends on the structure of carbon centered radicals and of the nitroxides. 

R - O - N > R - O - N > R - O - N Ν 

X 
In the present study, our effort has been turned toward elucidating the effect of 

the structures of nitroxides on L F R P , our aim being to bring about L F R P with a 
minimum amount of the thermally produced polymer. We have chosen five-
membered cyclic nitroxides, pyrrolidinyloxyls, in which substituents have been 
introduced. Particularly, the substituents introduced in cycl ic nitroxides are of 
interest because steric influences may hinder the coupling of the nitroxide with 
propagating radical and facilitate the dissociation of the alkoxyamine from the 
nitroxide. Rationalization of the steric effect due to the substituents introduced in 
the cyclic nitroxide is not an easy task because of the interposition of the oxygen 
atom between the moiety of the incipient radical and the five-membered cycl ic 
moiety of the nitroxide. 

A s five-membered cyclic nitroxides bearing various substituents at the 2-, 3-, 
and 5-positions, 1, 2,2,5-trimethyl-5-phenylpyrrolidinyloxyl (2), 2,2,3,5-tetramethyl-
5-phenyIpyrrolidinyloxyl (3), 2,2,3,3,5-pentamethyl-5-pnenylpyrrolidinyIoxyl (4), 
2,3,3,5-tetramethyl-2,5-diphenylpyrrolidinyl-l-oxyl (5), and 2,2,4,4-tetramethyI-l-
oxazolidinyl-3-oxyl (6), have been chosen as the mediators. 

Ν 
I 

Ο · 

1 

Ν 
I 

Ο 

6 

Experimental 

The nitroxides, 1-6, were synthesized by the reactions outlined as follows (16-21). 
Ο C H 3 Ο 
II Triton Β ι II 

C H 2 = C H C C H 3 + C H 3 C H C H 3 M _ - CH3-Ç-CH2CH2CCH3 

1 Reflux I 
N 0 2 

N 0 2 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
01

2

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



203 

Z n / a q . NH 4 CI \ 1) RMgBr v / W 1 :R = C H 3 

^ S T 2) P b 0 2 / C 6 H ; ^ N ^ R 2: R = C 6 H 5 

Ο " Ο · 

Π C H 3 C H 3 Ο 
ft aq. N a O H I I II 

C H 3 C H = C H C H + C H 3 C H C H 3 ~ T C H 3 - C — C H C H 2 C H 
N 0 2 C 1 6 H33N + (CH 3 )3CI N 0 2 

Z n / a q . N H 4 C I ^ 1) PhMgBr 

Ν 2 ) 0 2 / C u ( O A c ) 2 · Η 2 0 Ν 
I. 

Ο 

1) C H 3 M g B r 

2) 0 2 / C u ( O A c ) 2 · Η 2 0 

f > J « . • C H 3 Ç H C H , ^5. C^O-tcS^ 
C " 3 N 0 2 0 2 N C H 3 

Z n / a q . N H 4 C I . / \ _ D PhMgBr 

Ν 2 ) 0 2 / C u ( O A c ) 2 · Η 2 0 
I. 

ο 

O Ç H 3 Ο 

^ 3 > = C H U C H , + C H 3 C H 2 N 0 2 C H 3 Ç H - Ç - C H 2 C C H 3 

C " 3 R e 0 2 N C H 3 
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Nitroxides 1-4 were isolated from the respective reaction mixtures by silica gel 
column chromatography using ethyl acetate/benzene (1/3) as eluant. After 
evaporation of the solvent, 1-4 were obtained as yellow to yellowish brown liquids. 
5 was chromatographed on silica gel with diethyl ether/hexane (1/2) eluant to give 
yellow crystals; mp, 96-97 °C. Oxidation of the oxazoline prepared by the reaction 
of the amino alcohol with acetone yielded 6 as an orange liquid. The structures of 
1-6 were verified by IR spectroscopy and J H - N M R spectra of the hydroxyamines 
formed on treatment with phenylhydrazine. 

Commercial T E M P O was used as supplied. Commercially available B P O 
containing 20% water was purified by reprecipitation using chloroform and methanol 
as solvent and precipitant. ter/-Butyl peroxide (TBP) was used as supplied. 
Dimethoxybenzoyl peroxide (dimethoxy-BPO) was prepared by the reaction of p-
methoxybenzoyl chloride with sodium peroxide and purified by the reprecipitation. 
The polymerizations of St in the presence of the nitroxides or T E M P O were run in 
glass ampoules sealed under vacuum at 110 °C. After the polymerization, the con
tents of the ampoule were poured into a large amount of methanol to precipitate the 
poly(St) formed. Conversion was calculated from the weight of the dried polymer. 
Λ ί η and M w / M n were measured by a T O S O H 8000 series high-performance liquid 
chromatograph equipped with G P C columns. ! H - N M R and E S R spectra were taken 
by J E O L a-400 and Bruker ESP300 spectrometers, respectively. IR spectra were 
recorded on a J A S C O F T IR-230 spectrometer. 

Polymerization by B P O / T E M P O under the Present Conditions. The St poly
merizations mediated by the five-membered cyclic nitroxides 1-6 were compared 
with that mediated by T E M P O with a view of evaluating the capability as mediator. 
Calculation of the theoretical molecular weight of the polymer, which is usually 
obtained as the ratio of the mass of polymerized St to that of unimolecular initiator, 
cannot be made for the polymerization with a mixture of BPO/nitroxide because the 
quantitative formation of the unimolecular initiator from the binary system could not 
be expected. However, it has been shown that there is no large difference between 
the polymerizations with the unimolecular initiator and with the B P O / T E M P O 
initiating system; polymerization rate is similar to each other and M^/Mn is 
sufficiently low in both cases (22). Therefore, we can safely anticipate that the 
polymerization of St by the in situ formation of the adduct under the present 
conditions would proceed via L F R P mechanism as well as the polymerization by the 
unimolecular initiator. 

To confirm this point, the efficiency of L F R P under the present conditions was 
estimated from the content of the benzoyloxy end group. Considering the 
convenience of quantification by ϊ Η - N M R spectroscopy, we employed dimethoxy-
B P O instead of B P O in combination with T E M P O . The p-methoxybenzoyloxy 
group was expected to bind to the polymer chain at the α-end, and these peroxides in 
combination__with T E M P O were confirmed to give quite similar results for 
conversion, M n , and M w / M n in L F R P of St at 110 °C. Although the conversion 
appears to depend on the T E M P O concentration, the polymerization rate after the 
induction period was quite similar to those of all the polymerizations including the 
case of the highest concentration of T E M P O . 

The content of the methoxy group was determined from intensity ratio of the 
resonances due to the methoxy and aromatic protons in the ! H - N M R spectra of the 
polymers. It was found that ca. 70% of the polymer bears the methoxy group 
almost irrespective of conversion and the concentration of T E M P O as summarized 
in Table I. Hawker et al. (11) have shown that the efficiency for the polymerization 
using the adduct obtained from T E M P O , St, and substituted B P O as the 
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unimolecular initiator is as high as 95% or above. Even though the lower efficiency 
was confirmed, the ability of the various nitroxides synthesized to control the free 
radical polymerization of St that involves the in situ formation of the adduct could 
be evaluated. 

Table 1. Polymerization of St by d imethoxy-BPO/TEMPO for 16 hours at 110 °C 
[TEMPO] Convn. _ _ _ N o . o f C H 3 0 per chain 
(mmol/L) (%) Mn Before 

reprecipitation 
After 

reprecipitation 
6.5 60.1 49300 1.22 0.64 0.69 
13 56.1 29300 1.19 0.76 0.77 
26 38.5 12500 1.20 0.73 0.70 

Polymerization Rate. The conversion-time plots in Figure 1A show that the 
nitroxides synthesized and T E M P O mediate the polymerization at a similar rate 
except for 1. A l l the polymerizations followed first order kinetics with respect to 
monomer. Although the polymerizations mediated by 2, 3, 4, and 5 seem to be 
faster than that controlled by T E M P O , the difference in the polymerization rates is 
too small to indicate any trend in the order of polymerization rates for a concen-
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Figure 1. Polymerizations of St mediated by pyrrolidinyloxyls 1-5 and T E M P O 
using B P O as initiator at 110 °C: [nitroxide] = 6.5 mmol/L, [BPO] = 5.0 mmol/L. 
• : 1, • : 2, Δ : 3, 0 : 4, • : 5, + : T E M P O . Curvatures for the T E M P O 
mediated polymerization are served as visual guides. 
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tration of the initiating system of 5.0 mmol/L for B P O and 6.5 mmol/L for 
nitroxide. 

The effect of the nitroxide structure on polymerization rate is more significant 
for the higher concentration of the initiating system (10 mmol/L of B P O and 13 
mmol/L of nitroxide) as shown in Figure 2A. The faster polymerizations in the 
presence of 2 and 5 are apparent from conversion-time plots. The slower poly
merization in the presence of 1 irrespective of conversion shown by Figures 1A and 
2 A seems to be due to slower dissociation of the corresponding alkoxyamine as 
predicted by Moad and Rizzardo (75) whereas the effects of the 2- and 5-phenyl 
substituents of 2 and 5 on the dissociation rate have not been known yet. 

A n increase of the concentration of T E M P O in L F R P of St through the in situ 
formation of the adduct has been known to exhibit almost no effect on the 
polymerization rate (6). However, an increase in the concentrations of the initiating 
system from 5 to 10 mmol /L for B P O and from 6.5 to 13 mmol /L for 2 and 5 
brought about 1.6 times faster polymerization. The faster and slower polymeri
zations in the presence of 2 or 5 and 1, respectively, than that mediated by T E M P O 
indicate that the steady state concentration of the propagating radical changes with 
the nitroxide used, and accordingly the propagation rate. The steady state concen
tration of the propagating radical seems to be higher for the system of B P O / 2 or 
BPO /5 than the system of B P O / T E M P O , and the initiation by the binary system and 
thermal initiation is considerably faster than the pure thermal initiation. 

2.20 

T i m e (h) 

Figure 2. Polymerizations of St mediated by pyrrolidinyloxyls and T E M P O using 
B P O as initiator at 110 °C: [nitroxide] = 13 mmol/L, [BPO] = 10 mmol/L. # : 1, 
• : 2, • : 5, + : T E M P O . Curvatures for the T E M P O mediated polymerization 
are served as visual guides. 
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Puts and Sogah (73) have reported that the polymerization mediated by 7 using 
B P O as initiator at 137 °C is faster than that mediated by T E M P O by a factor of 1.9 
for a concentration of 53 mmol/L of the nitroxide, and a higher concentration of the 
propagating radical was estimated. Similar ly, the C - 0 bonds of the dormant 
species formed in the polymerizations using 2-5 are anticipated to be weaker than 
that of the dormant species from 1 and T E M P O . However, an enhanced 
concentration of the propagating radical might increase the rate of bimolecular 
termination. 

Mn of Polystyrene. The variation of the Mn of the resulting poly(St) with time 
gives an indication of the influence of the structure of the nitroxides on the course of 
the polymerization (Figure IB) . Comparison of the M n

f s of the poly(St) obtained 
after heating for 32 hours shows that the polymerizations with 1, 2, 3, and T E M P O 
yield similar Mn of 60000-70000. However, the polymerizations mediated by 4 
and 5 which are the 3,3-dimethyl substituted pyrrolidinyloxyls produced polymers 
with considerably higher Mn of 116000-123000. The presence of two methyl groups 
at the 3-position of 4 and 5 seems not to modify the rate of polymerization which is 
essentially the same (the concentration of the initiating system is 5.0 mmol /L for 
B P O and 6.5 mmol /L for nitroxide) as that mediated by T E M P O , but it markedly 
affect the Mn's of the samples obtained. 

Although Figure 3 A suggest that a lower efficiencies of the initiation by BPO /4 
and B P O / 5 than those by the other initiating systems, 4 and 5 mediated the 
polymerization at similar rates to the polymerization mediated by T E M P O and other 
pyrrolidinyloxyls except for 1. The polymerization initiated by BPO /5 at 10 
mmol /L for B P O and 13 mmol /L for 5 proceeded faster than the polymerization 
initiated by 10 and 13 mmol/L of B P O and T E M P O , respectively, and attained 
which was not so high as 110000-120000. 

These findings imply lower efficiencies of the initiation yielding the smaller 
amount of the polymer chain at the lower concentrations of BPO /4 and BPO /5 , and 
compensation of the slower initiation by the faster propagation because of the 
dissociation of the C - 0 bond to a higher extent. The increase of the concentration 
of the initiating system, which brought about the faster polymerization, improved 
the initiating efficiencies of BPO /5 as high as those of the other initiating systems 
as confirmed by the single relationship in Figure 3 B . Consequently, the 3,3-
dimethyl substitutions are expected to suppress and facilitate the reaction of β-
benzoyl-oxyphenethyl radical with 4 or 5 and the dissociation of the C - 0 bond of the 
dormant species, respectively. 

A s the dimethyl groups at the 3-position cannot be responsible for polar and 
resonance effects, the steric factor could be expected to favor or disadvantage the 
dissociation of the C - 0 bond or the coupling with the active polymer radical, 
respectively. N o direct interaction between the 3,3-dimethyl groups and the 
approaching propagating radical can be anticipated. A change in the C - N - C bond 
angle arising from the introduction of two methyl groups is considered to be one of 
the most probable rationalizations ( 75). 

A s shown in Figure 2B, an increase of the concentration of the initiating system 
BPO /5 resulted in a decrease in Mn which is still higher than M n of the polymer 
obtained by T E M P O . In contrast, Puts and Sogah (13) have reported a faster poly-
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merization of St in the presence of 7 than that mediated by T E M P O by a factor of 
1.9 at 53 mmol/L of the nitroxide, and consistently quite similar M n -conversion plots 
for the polymerization mediated by 7 and T E M P O . 
_ The 3-monomethyl substitution of 3 does not bring about appreciable changes in 
Λ/η as well as polymerization rate. The polymerization mediated by 2 and 3 gave 
polymers whose Mn increased with conversion from ca. 20000 to ca. 70000. The 
higher Mn at low conversions is ascribed to the conventional radical polymerization 
involving bimolecular termination in competition with the coupling of 2 and 3 with 
the poly (St) radical. In L F R P , the active propagating species help to increase Mn 
by reaction with St molecules at each dissociation of the C - 0 bond. It has been 
known that the nitroxide concentration is reduced to minimum at low conversions 
followed by a gradual increase to the almost constant concentration (23), and the 
decrease of the nitroxide concentration could increase the contribution of the 
conventional radical polymerization. 

The polymerization mediated by the 2-methyl and 2-phenyl derivatives such as 2 
and 3 showed profiles of the M n - t i m e plot that are qjiite similar to that mediated by 
T E M P O as shown in Figure IB . Furthermore, the M n -conversion plot in Figure 3 A 
exhibits the same linear relationship for the polymerizations mediated by T E M P O , 
1, 2, and 3. Consequently, the 2- or 5-phenyl substituted nitroxides without the 

1 2 0 

9 0 

6 0 

30 

0 
Ο 
τ— 6 0 
Χ 
c 30 

0 

1 2 0 

9 0 

6 0 

3 0 

- ( C ) 

1 

(B) 

(A) 

π 
°* 

o • • 
I ο μ , 

• l £ ± i 1 _ 

2 5 5 0 75 100 

C o n v e r s i o n ( % ) 

Figure 3. Dependence of M n on conversion of polymerizations by B P O (5.0 
mmol /L) and nitroxide (6.5 mmol /L) (A) , B P O (10 mmol /L) and nitroxide (13 
mmol /L) (B) , and B P O (10 mmol /L) , nitroxide (6.5 mmol /L) , and T B P (1.89 
mmol/L) (C) at 110 °C. · : BPO /1 , • : BPO /2, Δ : BPO /3, O: BPO /4 , + : 
BPO /5 , + : B P O / T E M P O , : B P O / 4 / T B P , EE : B P O / 5 / T B P . Linear 
relationships for the T E M P O mediated polymerization are served as visual guides. 
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3,3-dimethyl substitutions seems not to reduce the initiation efficiency. In the case 
of 1, A / n increased with the conversion from 38000 at 16% conversion to 75000 at 
64% conversion but certainly not linearly and contribution of_bimoIecuIar 
termination cannot be ruled out. It should be noted that the constant M n throughout 
the polymerizat ion is one of the characteristics of conventional radical 
polymerization. A n increase in the nitroxide concentration resulted in a decrease in 
M n as shown in Figure 2B . If the dissociation of the alkoxyamine is too slow, the 
polymerization may be initiated mainly by the thermal process allojwingjast and 
uncontrolled bimolecular termination leading a constant M n and M w / M n > 1.5 
irrespective of conversion. 

MyflMn of Polystyrene. Figure 1C depicts changes in M w / M n with the structure of 
the nitroxide and polymerization time. A l l polymerizations yielded polymers with 
Mw/Mn < 1.5 after sufficiently long polymerization time. Among the nitroxides 
examined, T E M P O was found to control A / W / M n most effectively throughout the 
polymerization. M w / A / n higher than 1.5 can be noticed for conversions below 60% 
in the polymerizations mediated by^pyrrolidinyloxyls. 

The rapid decrease of My//Mn with increasing time or conversion that is 
observed in Figure 2 C can be explained as in any controlled l iving process by the 
fact that the difference between the longest and shortest chains tend to_beJess 
perceptible as increases. Furthermore, at a higher concentration of 5, Μ^ΙΜχ^ < 
1.5 was attained in the initial stage of the polymerization, and the higher steady state 
concentration of the propagating radical presumably offers more chances of 
propagation and exchange among the dormant species resulting in a shorter time for 
averaging the chain length. 

Polymerization by 6. Figure 4 shows the results of the polymerization in the 
presence of 6 at 13.0 mmol/L in 1.3 molar ratio relative to B P O . _ Although a higher 
concentration of 6 was used, all polymers isolated exhibited M w / A / n > 1.5 in the 
whole range of conversion. When the polymerization mixture containing 6 in an 
E S R tube was heated in the cavity, a three-line spectrum assigned to 6 was observed 
at 60 °C or above. The lower limits for the polymerizations in the presence of 7 and 
T E M P O were estimated to be 75 and 90 °C, respectively ( 13). The detection of an 
E S R signal at a lower temperature supports the inference in favor of the thermally 
more labile C - 0 bond in the alkoxyamine obtained from 6 than those obtained from 
T E M P O or 7. 

It can be concluded that 6 is unable to control the polymerization of St. The 
s low^oup l ing relative to the bimolecular termination is considered to result in 
M w / M n > 1.5. The faster polymerization and the almost constant Mn are also 
consistent with this aspect. Georges et al. (24) have predicted by means of energy 
calculation that the C - 0 bond of the alkoxyamine originating from 3,3-dimethyl-1 -
oxa-4-azaspiro[4,5]dec-4-yloxyl (8) is stronger than that from T E M P O . Although 
the slow coupling of 6 with the growing radicals anticipated by Figure 4 is difficult 
to rationalize at this point, a change in the C - N - C bond angle (15) may be 
responsible for weakening for the C - 0 bond. 
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Figure 4. Polymerizations mediated by 6 using B P O and B P O / T B P as initiators at 
110 °C: [6] = 6.5 mmol /L , [BPO] = 5.0 mmol/L, [TBP] = 1.89 mmol /L. H: 
BPO /6 , Β : BPO /6 /TBP , + : B P O / T E M P O . Curvatures shown for the T E M P O 
mediated polymerization are served as visual guides. 

Characteristics of Polymerization Mediated by Cyclic Nitroxide. Figure I and 
its three plots show that 3,3-dimethyl substitution on pyrrolidinyloxyls effectively 
induced substantial change as to the ability of these stable radicals to control the free 
radical polymerization of St. Steric hindrance caused by these substituents seems to 
weaken the C - 0 bond of the dormant species and the effect is more perceptible on 
A / Q S than the rate of polymerization. The polymerizationsjnediated by 1, 2, and 3 
yield the polymers with slightly higher Mn and higher M w / M n at low conversions. 

The plots of Mn vs. conversion for the individual polymerizations shown in 
Figure 3 A reveal that the polymers obtained in the presence of 6.5 mmol/L of 1,4, 
and 5 exhibit higher M n ' s than those obtained by the T E M P O mediated 
polymerization. Considering the polymerizations by BPO /4 and BPO /5 as fast as 
that by B P O / T E M P O at 6.5 mmol /L for the nitroxide and 5 mmol /L for B P O , we 
can conclude that a lower efficiency of the initiation and a faster propagation in the 
polymerization mediated by 4 and 5 attained the A / N as high as 116000-123000. 

It has been reported that the overall rate of polymerization remains constant 
irrespective of the nitroxide or unimolecular initiator concentration (3,5,6). When a 
higher concentration of 1 (13.0 mmol /L) was employed at the same molar ratio 
relative to B P O , slightly slower polymerization than that at 6.5 mmol /L was 
observed. The slower dissociation of this alkoxyamine reduced the polymerization 
rate leading to a lower concentration of the propagating radical as one of the 
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structural effects of the nitroxide. In contrast, the increase in the concentration of 
the initiating system from 5.0 to 10 mmol/L for BPO and from 6.5 to 13 mmol/L for 
2 and 5 brought about the faster polymerization than that controlled by TEMPO. 
The steady state concentration of the propagating species is expected to be higher in 
the polymerizations mediated by 2 and 5 than the TEMPO mediated polymerization 
in which the steady sate concentration of the propagating species could be 
determined by the balance of the thermal initiation rate of St and the bimolecular 
termination rate (3,5,6). 

Samples obtained in the presenceof 5 at 6.5 mmol/L exhibited Mn of 115900 at 
86% conversion (Figure IB), and Mn of 41400 at 87% conversion for the BPO 
concentration of 10 mmol/L and the nitroxide concentration of 13 mmol/L (Figure 
2B). However, the increase in the concentration of the initiating system comprised 
of BPO and 2 from 10 to 13 mmol/L reduced Mn only slightly from 64500 at 80 % 
conversion to 51600 at 90% conversion. The polymerizations mediated by 2 and 
5 at 13 mmol/L also fit to the relationship for the BPO/TEMPO system in Figure 3B. 

The higher Mn of the polymer at the similar polymerization rate irrespective of 
the structure of the nitroxide could be interpreted by a lower efficiency of the 
initiation and a faster propagation which could compensate a smaller amount of 
polymer chain resulting from the lower efficiency of the initiation. As a result of the 
improvementj)f the initiation efficiency at the higher concentrations of BPO/4 and 
BPO/5, the Mn as high as 110000-120000 arising from the smaller amount of 
polymer chain is not expected any more. Alternatively, the faster polymerization 
initiated by BPO/2 and BPO/5 than that by BPO/TEMPO at the higher concen
tration of the propagating species was observed. 

Effect of TBP. Fukuda et ai. (25) have used terf-butyl hydroperoxide to augment 
the rate of LFRP and shown that the overall rate of the polymerization is 
proportional to the square root of the total of the initiation rates. Greszta and 
Matyjaszewski (26) have found the rate enhancement of the TEMPO mediated St 
polymerization in the presence of a variable amount of dicumyl peroxide at 120 °C 
to prepare the polymer retaining polydispersity below 1.5. An increase in the 
concentration ratio of the monomer to the active chain end is considered to 
contribute to a faster polymeri-zation. 

To accelerate the polymerization mediated 5, BPO and TBP were employed as 
initiators: [TBP] = 1.89 mmol/L. Although BPO disappears within a short period, 
the half lifetime of TBP is 65 hours at 110 °C (27). According to the unimolecular 
decomposition rate constant of TBP in the literature, the total initiation rate would 
be greater than thermal initiation rate by a factor of 2.3. The results of the polymeri
zation are illustrated in Figure 5. 

We expected that TBP would supply the active species at almost a constant rate 
so as to facilitate the polymerizations by the systems of _BPQ/4 and BPO/5. 
However^TBP did not affect the polymerization rate and My//Mn even though 
reduced Mn was obtained; they were still higher than those of the TEMPO mediated 
polymerizations in the absence of TBP. These findings suggest that the concen
tration and lifetime of the active species did not change substantially by addition 
of TBP. The polymerization mediated by 4 in the presence of TBP yielded the 
polymer with broader A / w / A / n and GPC elution curve consisted of two components. 
TBP was also added to the polymerization effected in the presence of 6, and the 
results are shown in Figure 4. However, the polymerization rate, Mn of the 
polymer, and M w / A 7 n were not changed by TBP. The Mn vs. conversion plot in 
Figure 3C indicates that TBP contributes to the shift toward higher A/n's. 
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Figure 5. Polymerizations mediated by nitroxide using B P O and B P O / T B P as 
initiators at 110 °C: [nitroxide] = 6.5 mmol/L, [BPO] = 5.0 mmol/L, [TBP] = 1.89 
mmol/L. [3 : BPO /4 /TBP, ffl : BPO /5 /TBP, + : B P O / T E M P O . Curvatures are 
drawn for the T E M P O mediated polymerization as visual guides. 

Conclusion 

1) The polymerization mediated by the pyrrolidinyloxyls except for 1 took place at 
a similar rate to the polymerization mediated by T E M P O when 6.5 mmol /L of the 
nitroxide was used. A t a higher concentration of the initiating system comprised of 
B P O faster polymerizations were observed than in the T E M P O case. The poly-
merizatiori mediated by 1 was slower irrespective of concentration. 
2) The Mn of the poly(St) was found to exceed 100000 when the pyrrolidinylxoyls 
bearing the 3,3-dimethyl groups were chosen as mediators for 6.5 mol /L . A n 
increase in the nitroxide concentration of the initiating system resulted in a decrease 
of Mn, and the difference between the cases of 2 or 5 and T E M P O became smaller. 
3) For concentrationsof initiating system of 5.0 mmol/L for BPO_anc[6.5 mmol /L 
for the nitroxide, M w / M n of the polymer gradually approached to M w / M n as low as 
those by T E M P O at_high conversions. The use of the higher concentration of 5 
effectively reduced M w / M n in low conversion range. 
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Chapter 13 

Nitroxide-Mediated Radical Polymerization: 
End-Group Analysis 

Yucheng Zhu1, I. Q. Li1, B. A . Howell1, and D. B. Priddy 2 

1Center for Applications in Polymer Science, Central Michigan University, 
Mount Pleasant, MI 48859 

2Dow Polystyrene Research and Development, 438 Building, Midland, MI 48667 

This paper is devoted to understanding the limitations of nitroxide 
mediated polymerization (NMP) for making highly end-functional 
polystyrene. It is believed that NMP virtually eliminates chain transfer 
and termination resulting in excellent control (>95%) of chain-end 
architecture. To further study the mechanism of N M P , we synthesized 
N M P initiator/mediators having a U V / v i s chromophore attached to either 
the initiating or terminating fragments. This allowed us to both 
qualitatively and quantitatively analyze the chain-ends using a GPC– 
U V / v i s technique. This technique showed that: 1) the chromophores are 
attached to the chain-ends, 2) initiating fragments give higher chain-end 
functionalization than the terminating nitroxyl fragment, 3) chain-end 
purity diminishes with both conversion and MW, 4) chain-end purity of 
>90% is only achieved when making low MW (i.e., <10,000) polystyrene. 

Recently much attention has been devoted to developing an understanding of nitroxide 
mediated radical polymerization ( N M R P ) . Early on, most of the work focused on 
obtaining narrow polydispersity polystyrene. However, recently most of the effort has 
been aimed at using this technology for the preparation of block copolymers; especially 
styrene-(meth)acrylate block copolymers. 1~4 The successful application of N M R P to the 
synthesis of pure block copolymers requires that the termination processes which 
typically take place during free radical polymerization (i.e., radical coupling, chain 
transfer, and disproportionation) be virtually eliminated.^ A key challenge for the use of 
N M R P for the preparation of block copolymers is that it only appears to work well for 
vinylaromatic monomers.6>7 

214 © 1998 American Chemical Society 
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There have been two approaches to the study of the N M R P of styrene: 1) in situ 
formation of the N M R P in i t i a to r 8 " 1 1 and 2) presynthesis of the i n i t i a t o r . 1 2 - 1 8 Most 
groups believe that presynthesis is best because the in situ approach leads to the 
formation of multiple nitroxide initiating species and there is not perfect stoicheometry 
between the initiating and mediating species. 19 With the presynthesis approach, a pure 
compound can be used to initiate polymerization which should lead to "cleaner 
chemistry". However, Georges et al take issue with this conclusion and believe that 
excess nitroxy radicals is important to achieve narrow polydispersity and good end-group 
pu r i t y . 1 1 

There has been debate over the extent that N M R P eliminates termination processes. 
Priddy et al were the first to synthesize and study the thermal stability of a small 
molecule (I) that models the propagating chain-end of N M P of s t y r e n e . 2 0 ' 2 1 They 
prepared I by Η-atom abstraction from ethylbenzene and trapping the resultant radical 
with T E M P O . Thermolysis of I in an E S R spectrophotometer showed continuous 
formation of T E M P O . Further analysis of the decomposition products revealed the 
formation of primarily styrene. They went on to study the kinetics of the decomposition 
and found that I decomposes in the temperature range utilized for N M R P of styrene at a 
rate comparable to styrene conversion rate. Based on this observation they concluded 
that end-group purity achieved by N M R P of styrene should decrease with both M n and 
monomer conversion. They further concluded that this termination process would likely 
seriously limit the ability of N M R P for the preparation of high molecular weight 
(> 100,000) polystyrene having a narrow polydispersity. These conclusions have been 
disputed by other research groups who have attempted to prove that N M R P chemistry 
virtually eliminates all termination processes. These claims are supported by measuring 
the amount of nitroxyl moiety on the terminal chain-end. Both N M R 2 2 " 2 ^ and nitrogen 
analyses 1 8 have been utilized to determine the nitroxyl content of polystyrene made 
using N M R P . However, these techniques are not very sensitive and provides only an 
approximation of the level of nitroxide groups in the polymer. Further, they cannot 
establish that the nitroxide is at the chain terminus. Furthermore, due to the insensitivity 
of these analytical techniques, TEMPO-end capped polystyrene samples to be analyzed 
have always had molecular weights <10,000. Most researchers have reported levels of 
nitroxide on the terminal chain-end at >90%. Hawker is the only researcher to date to 
quantify the initiated end of a polystyrene chain using N M R P . He synthesized a N M R P 
initiator having a pyrene chromophore attached to the initiating fragment (II). Both 
N M R and U V analyses were used to quantify the amount of initiator fragment attached to 
the chain-end and Hawker reported >95% incorporation. 2 ^' 2 ^ However, again the 
molecular weight of the chromophore tagged polystyrene was again below 10,000. To 
date, no one has reported the evolution of chain-end purity with styrene conversion and 
increasing molecular weight. 
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Recently Priddy developed a G P C - U V technique to precisely quantitate the level of 
chromophore attached to polymers . 2 7 The technique also determines the location of a 
chromophore; i.e., pendant vs chain-end. In this paper we report the results of G P C - U V 
analyses for polystyrenes made using N M R P . We have compared the end-group purity of 
polystyrene made by the in situ and presynthesis of initiator approaches, as well as 
demonstrating the impact of excess nitroxide on nitroxide end-group yield. 

Results and Discussion 

The G P C - U V technique for polymer end-group analysis requires that the 
initiator/mediator be tagged with a chromophore having a unique absorbance; i.e., absorb 
at a wavelength at which polystyrene is totally transparent (>280 nm). The chromophore 
chosen for study was the phenylazophenyl chromophore due to its intense absorption at 
>300 nm. Scheme 1 shows the synthetic route used to generate nitroxide initiators; one 
having a chromophore attached to the mediating fragment (IV) and another having the 
same chromophore attached to the nitroxide initiating fragment (VI). These two tagged 
initiators/mediators (IV and VI) are orange-red crystalline solids and their structures 
were confirmed using mass spectrometry and N M R spectroscopy. 

The U V spectra of IV and VI are almost identical (Figure 1). Furthermore, the relative 
molar absorbtivities of IV and VI were measured at 320 nm and also were found to be 
identical. This allows direct quantitative comparison of both the initiating and terminal 
ends of polystyrene initiated/mediated using these materials. To compare the relative 
performance of the in situ (Scheme 2) vs initiator presynthesis approaches for making 
polystyrene chains having chain-end functionality, we also made T E M P O having the 
same phenylazophenyl chromophore in the 4-position (VII) for use in conjunction with 
benzoyl peroxide (BPO). Polystyrene initiated using B P O and mediated using VII w i l l 
place the same fragment on the terminal chain-end as i f the polymer was 
initiated/mediated using IV. Since the terminal fragment attached to the end of the PS 
chain would be the same regardless of whether the presynthesis or in situ initiator process 
was used, direct comparison of the relative end-group purity can be determined. Also , 
VII was added to polymerizations initiated/mediated using IV to see i f the presence of 
excess nitroxyl indeed enhanced the number of nitroxide functional chain-ends. 
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Scheme 1 Synthesis of initiators for N M P bearing a chromophore on either the initiating 
or mediating fragment 
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220 260 320 340 380 

Wavelength (nm) 

Figure 1 Comparison of the U V spectrum of I V and V I . 

Polymerizations were carried out in glass ampoules at two temperatures (i.e., 120 and 140 
°C) and at a concentration of 27 mmolar in nitroxide. Polymerizations initiated/mediated 
using the in situ approach utilized a mixture of 27 mmolar benzoyl peroxide (BPO) and 
34 mmolar V I I . To see i f excess nitroxide resulted in higher nitroxide chain end-group 
purity, a polymerization was conducted by adding 7 mmolar V I I to a polymerization 
initiated/mediated using 27 mmolar I V . Polymers were isolated by multiple precipitation 
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to remove all non-polymeric components. The purified polymers were analyzed using 
both U V and G P C - U V analyses. The results obtained from the two techniques generally 
were in good agreement (Figure 2). Both techniques were calibrated using I V to 
determine the molar absorbtivity at 320 nm for the phenylazophenyl chromophore. The 
G P C - U V technique is expected to be more precise because it excludes small molecules 
and only measures the absorbance of polymer bound chromophores. 2 7 

Figure 2 Correlation of measurement of percent chains having a phenylazophenyl 
chromophore using direct U V vs. G P C - U V analyses. 

Another advantage of G P C - U V is that it also demonstrates the point of attachment of the 
chromophore to the chain (i.e., pendant vs chain-end). 2 7 If the chromophore is pendant, 
its concentration is independent of chain length. However, i f the chromophore is attached 
to chain-ends, its concentration decreases as chain length increases. A n overlay (Figure 
3) of the G P C - U V curve collected at 260 nm (pendant phenyl absorbance) with the signal 
collected 320 nm (chromophore absorbance) shows an offset with the 320 nm absorbing 
species eluting at a later time (lower M W ) . In other words, the chromophore is more 
concentrated in shorter chains confirming that the chromophores are on the chain-ends 
rather than pendant to the chain. 
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260 nm 

14 15 16 17 

Retention Time (min) 

Figure 3 Comparison of the G P C - U V curves collected at 260 and 320 nm 

Figure 4 Monomer conversion rates for four initiator/mediator systems (functional group 
on nitroxyl (IV), functional group on initiating radical (VI), in situ initiator with 
functional group on nitroxyl (BPO+VII), and functional group on nitroxyl + excess 
functionalized nitroxyl (IV+VII)) at 120 °C 
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80-1 

0 1 2 3 4 5 
T ime (h) 

Figure 5 Styrene conversion vs. time at 140 °C 

The polymerization temperatures (120 and 140 °C) were chosen because most of the 
published N M R P work is carried out in the 110 - 140 °C range. A t 120 °C the rate of 
polymerization is quite slow and it takes many hours to achieve high (>60%) monomer 
conversion (Figure 4). Polymerizations conducted at 140 °C led to high conversion 
within a few hours (Figure 5). The presence of excess nitroxide results in an induction 
period at both temperatures. The presence of an induction period when using excess 
nitroxide has been previously observed. 1 1 

The change in number average molecular weight with conversion is quite linear for all 
four initiator systems (Figure 6). Since industrial polymerization processes normally 
require the achievement of high conversion within a few hours for economic viability, we 
have performed most of our previous N M S P studies at temperatures >130 0 C . ! » 1 6 ' 2 8 

The data consistently show (at both 120 and 140 °C) that the number of polymer chains 
having chromophores attached to a chain-end decreases as number average molecular 
weight ( M n ) (Figures 7 and 8). This trend is not as dramatic i f the chromophore is 
attached to the initiating radical. Since M n and styrene conversion are directly 
proportional (Figures 3 and 4), it follows that chain-end purity also decreases rapidly with 
monomer conversion. This was predicted from our earlier work in which we studied the 
thermal decomposition of a small molecule which models the dormant end during 
N M S P . 16 During the course of this investigation we never obtained a polystyrene 
sample that had both a M n >10,000 and at the same time >90% of one of its chain-ends 
having a chromophore. 
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Figure 6 Linear increase of M n with styrene conversion at 120 °C for four 
polymerization systems. 

Figure 7 Percent of Chains runctionalized vs. M n at 120 °C. 
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100-1 

Figure 8 Percent of Chains functionalized vs. M n at 140 °C 

Conclusions 

It has been suggested that >90% of the chain-ends of polystyrene prepared using N M R P 
contain nitroxyl fragments. However, to maximize analytical sensitivity, low M n chains 
have generally been prepared. Our data shows high chain-end purity is only achieved 
during N M S P when making short chains ( M n <10000). Terminal chain-end purity falls 
off more rapidly as chain length (and monomer conversion) increases than does initiated 
chain-ends. We believe this conclusion is consistent with our earlier work suggesting 
that the nitroxide functional chain-ends thermally decompose by elimination as the 
polymerization progresses.^ A t 140 °C, again the chain-end purity falls rapidly with 
increasing M n , even for the initiated end. This is likely due to an increased contribution 
of autoinitiation at the higher temperature. 

The in situ initiator approach results in about the same number of terminal nitroxide 
functionalized chain-ends as the presynthesized initiator approach. The addition of 
excess nitroxide does not appear to offer a significant improvement of chain-end purity. 
The only significant change that takes place when excess nitroxide is added is the 
introduction of an induction period. 

Our work indicates that i f one wishes to prepare polystyrene having greater than 90% of 
one of its chain-ends functionalized by nitroxyl, conditions must be utilized (i.e., either 
high nitroxyl loading or very low monomer conversion) which leads to a low molecular 
weight polymer (i.e., <10,000 amu). 
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Chapter 14 

Controlled/Living Free-Radical Polymerization 
of Styrene and n-Butyl Acrylate in the Presence 

of a Novel Asymmetric Nitroxyl Radical 

D. Benoit1, S. Grimaldi 2, J. P. Finet2, P. Tordo 2, M. Fontanille1, and Y. Gnanou1 ,3 

1Laboratoire de Chimie des Polymères Organiques U M R Centre National de la 
Recherche Scientifique, Ecole Nationale Supérieure de Chimie et de Physique de 

Bordeaux, Université Bordeaux I, Av. Pey-Berland, B.P. 108, 33402 Talence 
Cedex, France 

2Laboratoire de Structure et Réactivité des Espèces Paramagnétiques U M R 
Centre National de la Recherche Scientifique, Univesité de Provence, Case 521, 

Av. Esc. Normandie Niemen, 13397 Marseille Cedex 20, France 

A novel nitroxyl radical containing a diethyl phosphonate group in the 
β-position to the nitrogen atom has been used as radical scavenger in 
free radical polymerization. In the presence of this stable free-radical, 
styrene and n-butyl acrylate undergo controlled / « living » 
polymerization. The samples o f polystyrene (PS) and poly (n-butyl 
acrylate) (PBuA) obtained in this way exhibit a narrow Poisson-type 
distribution of molar masses. 

Free-radical polymerization remains the most convenient method to synthesize 
polymers. In contrast to ionic polymerizations, free radical processes do not require 
stringent experimental conditions (absence of moisture, expensive solvents) and can 
serve to polymerize a whole host o f monomers. However, samples obtained through 
a free radical mechanism do not exhibit the same characteristics as those obtained by 
living ionic polymerizations in terms of controlled molar mass and well-defined 
chain end structure. Indeed, the radical active center cannot sustain indefinite growth 
because it can be deactivated at any time in competing termination reactions. 
Bimolecular termination being unavoidable, the chemoselectivity of the chain growth 
is poor in free-radical polymerization and therefore these processes cannot be termed 
as « living » or even controlled. 

Despite this very challenging obstacle, many attempts to minimize the effects 
due to termination have been made over the last 15 years. The concept that is 
underlying in all these attempts rests on the same premises as those put forward in 
controlled cationic polymerization (7) : 

'Corresponding author 
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- reversible deactivation of the vast majority of active centers 
- induction o f a fast equilibrium between the dormant species formed and the 

remaining minute amount of active species. 
The literature proposes two major approches to momentarily trap growing 

radicals and ensure the lowest possible concentration of active sites : one is based on 
the use of appropriate radical scavengers (2-4) and second is actually an extension of 
the metal-catalyzed Kharasch reaction to polymerization (5-9). 

The first example of controlled free-radical polymerization emanates from the 
Xerox research group who used nitroxyl stable radicals to reversibly trap growing 
polymeric radicals (3), (4). Thermally labile alkoxylamines in dynamic equilibrium 
with growing styryl radicals were suggested to form in the presence of 2,2,6,6 
tetramethyl -1-piperidinyloxy ( T E M P O ) . This ideal picture, which implies the 
reversible combination of stable free radicals with styryl radicals and chain growth 
during the lifetime of the polymeric radical, was questioned by Catala et al. (10), 
Fukuda et al. (11), (12) and Greszta et al. (13), (14). These authors indeed found a 
zero order dependence of the rate of polymerization with respect to the concentration 
of dormant alkoxylamine, a result contradicting the model presented by the Xerox 
group (16). More recently, Fukuda et al. (11), (12) and Greszta et al (13), (14) 
demonstrated that the rate of nitroxyl-mediated polymerizations of styrene coincides 
exactly with that o f the thermal autopolymerization ; he also disclosed that the 
constant supply of radicals formed by the thermal process is essential for chain 
growth in such systems. In addition to the competing thermal initiation that simply 
mirrors the too slow rate of decomposition of the dormant adduct, another major 
limitation of this system is its inability to satisfactorily function with monomers other 
than styrene. 

The second approach is based on the addition of plurihaloalkanes to alkenes 
via a radical mechanism and proceeds through successive transfer of the halogen 
atom : the so-called "atom transfer radical polymerization" ( A T R P ) is more versatile 
than TEMPO-mediated systems as it functions not only for styrene but also for 
(meth) acrylates. In the system described by Matyjaszewski (5-7), a copper complex 
containing bipyridyl reversibly activates the ω-halide function of a dormant chain 
and acts as a halide carrier in a redox process. Even though A T R P is a robust and 
inexpensive method , it is unfortunate that this mechanism requires rather large 
amounts of transition metal compounds. 

As mentioned above, the crucial point in traditional nitroxyl mediated radical 
polymerization is the slow decomposition of the dormant adduct. Therefore, we 
sought to weaken the - C - O N bond in the alkoxylamine that is formed upon 
combination of nitroxyl radicals with growing radicals. Analogues of classical 
nitroxyl compounds that carry a substituent purposely introduced to impart strong 
electronic and steric effects should give rise to better controlled free-radical 
polymerizations. This reasoning led us to design a novel nitroxyl radical, carrying in 
the β-position to the nitrogen atom a bulky and electron-withdrawing phosphonate 
group. Our interest in phosphonate containing stable radicals was also induced by the 
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work of Matyjaszewski et al. (15) who showed that styrene polymerizes quite fast in 
the presence of 4-phosphonooxy-TEMPO used as radical scavengers. 

The ability of the newly synthesized nitroxyl radical, N-ter/-butyl-l-
diethylphosphono-2,2-dimethylpropyl nitroxyl (DEPN) (Figure 1) to effect faster and 
well controlled polymerization has been investigated. The controlled / « l iving » 
character of the free-radical polymerization of styrene and η-butyl acrylate in the 
presence of D E P N is also thoroughly discussed. 

Experimental section 

Materials. D E P N was obtained by oxidation of 2 ,2-dimethyl- l - ( l , l -
dimethylethylamino)propyl diethylphosphonate with /weta-chloroperbenzoic acid. 
This aminoalkyl phosphonic ester was prepared by reaction between pivalaldehyde, 
tert-butylamine and dialkyl phosphite (17). T E M P O and di-tert-butylnitroxyl 
( D T B N ) were purchased from Aldr ich and used without further purification. 

Styrene and η-butyl acrylate (Aldrich) were distilled over C a H 2 under reduced 
pressure just prior to polymerization. Azo-bis-isobutyronitrile (AIBN) (Aldrich) was 
recrystallized from diethyl ether solution, dried and kept at low temperature under a 
dry nitrogen atmosphere until use. Benzoyl peroxyde (BPO) (Aldrich) was 
recrystallized from methanol-dichloromethane solution and stored at low temperature 
until use. 

Polymerizations. Into a dry Schlenk tube were introduced D E P N , the 
monomer and the required amount of initiator under an inert atmosphere. The 
solution was then thoroughly degassed before heating to the desired temperature. 

Characterizations. A l l molar masses were determined using size exclusion 
chromatography. The latter characterization was performed using a J A S C O H P L C 
pump type 880-PU, a RI-3 refractive index detector and a J A S C O 875 U V /vis 
detector with T H F as eluent. For the determination of the molar masses of PS 
samples, use was made of the calibration curve established with PS standards. The 
molar masses of P B u A samples were obtained from a S E C instrument equipped with 
a light scattering detector (Wyatt). 

Results and discussion 

Polymerization of Styrene in the presence of DEPN 

Choice of the appropriate initiator. N-/er/-butyl-l-diethylphosphono-2,2-
dimethy 1 propyl nitroxyl (DEPN) (Figure 1 ) was first used as radical scavenger in the 
free-radical polymerization of styrene. 

A s the actual ability of the latter radical to control the polymerization of 
styrene was totally unknown to us, we decided to carry out the first experiment with 
the same ratio of stable free radical to initiator as the 1.2 ratio used by Georges et al. 
in their study of the TEMPO/BPO/styrene system (3). The polymerization of styrene 
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Figure 1. structure of DEPN 

was thus effected in bulk and at 110°C, with 5x l0" 3 mol/L of B P O and 6x l0" 3 mol /L 
of D E P N . The increase of molar masses with time was followed by S E C by 
characterization of the aliquots removed from the reaction medium at the times 
indicated in Table I. 

When comparing the results shown in Table I with those reported in reference 
(5), it appears that styrene obviously polymerizes faster in the presence of D E P N 
than it does with T E M P O as moderator, even though the temperature in our case is 
10°C lower than that used by Georges et al (see reference). Molar masses were 
found to increase with conversion. The rather large polydispersity indexes that were 
obtained encouraged us to increase the proportion of D E P N and examine the effect of 
the excess used on the course of the reaction. With 2.5 ratio of D E P N to B P O , the 
distribution of molar masses becomes narrower and the rate of polymerization slows 
moderatly. 

The effect of temperature on the behavior of the system consisting of D E P N / 
B P O / styrene was also examined and a series of two experiments were carried out at 
123°C. Samples of 10 5 g/mol can be obtained within reasonable reaction periods and 
with acceptable polydispersity indices using D E P N as radical scavenger. 

These preliminary results that sharply contrast with those observed in the 
presence of T E M P O indicate that reaction between D E P N and growing styryl 
radicals gives rise to weaker alkoxylamine bonds than in the case of T E M P O . 
However, the molar masses of the samples prepared appear not to correspond to the 
ratio of the monomer consumed to the initial B P O concentration. The experimental 
values of molar masses were found to be systematically higher than the targeted 
ones, indicating that the efficiency of the initiation step is lower than 1. This is in 
accord with the observations made by the Xerox group who also noticed a poor 
efficiency of B P O in the presence of T E M P O and invoked the induced 
decomposition of B P O by T E M P O to account for this result (18). To avoid possible 
degradation of B P O into benzoate by electron transfer from D E P N , A I B N was 
substituted for B P O and a third series of experiments was carried out with A I B N as 
initiator. A s shown in Table II, the system constituted of A I B N and D E P N not only 
gives rise to samples of narrow molar mass distribution ( M M D ) , but it also secures 
almost perfect control o f the sample molar masses. The targeted molar masses and 
those experimentally measured indeed fall in close agreement. 
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Table I. Polymerization of Styrene as a function of DEPN/BPO ratio 

[DEPN]/ 
[BPO] 

[BPO] 
(mol/L) 

aT(°C) btime CP(%) Mn,th 
(g/mol) 

M n,exp 
(g/mol) 

aPDI 

1.66 30 36000 49600 1.42 
1.2 3.7x10"3 110 3.50 45 54000 66000 1.56 

7.00 62 74400 80300 1.76 

1.66 17.5 21000 30600 1.15 
2.5 3.7x10"3 110 3.50 30 36000 47600 1.18 

7.00 51 61200 70000 1.36 

1.66 35 7000 9700 1.13 
2.5 2.2x10" 2 123 3.50 53 10600 15000 1.18 

7.00 95 14000 20000 1.17 

1.66 34 41000 53000 1.35 
2.5 3.7x10"3 123 3.50 51 61200 69000 1.53 

7.00 >95 96000 120000 1.47 

a : Temperature of reaction ; b : reaction time in hours ; c: conversion ; d : 
polydispersity index ( M w / M n ) . 

Table II. Polymerization of Styrene initiated by the AIBN/DEPN system. 

[DEPN]/ 
[AIBN] 

[AIBN] 
(mol/L) 

aT(oC) °time CP(%) 
(g/mol) 

$ n,exp 
(g/mol) 

aPDI 

3.50 5.4 1090 1100 1.17 
2.5 2.2x10' 2 95 7.00 9.5 1900 2000 1.16 

3.50 20 8100 9300 1.22 
2.5 l . l x l O ' 3 95 7.00 30 12000 12800 1.25 

21.50 55 22200 23300 1.12 

2.2x10" 2 

1.66 40 8000 8500 1.12 
2.5 2.2x10" 2 123 3.50 61 12200 12500 1.11 

7.00 80 16000 16000 1.12 

3.50 58 69600 70000 1.30 
2.5 3.6x10"3 123 7.00 80 96000 92000 1.32 

22.00 >95 114000 105000 1.40 

a : Temperature of reaction ; b : reaction time in hours ; c : conversion ; d : 
polydispersity index ( M w / M n ) . 
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The same observations about the control and the distribution of molar masses 
can be made for the polymerization carried out at 95°C ; the rate of polymerization 
appears to be logically slower than that measured at 123°C. 

Controlled / Living nature of the DEPN-mediated polymerization of 
styrene. Two criteria must be concomitantly satisfied to qualify a chain 
polymerization as « l iving » or controlled : 

-linear dependence of In ([M] 0 / [M]) with time, 
-linear variation of M n with conversion. 

As shown in Figure 2, the system constituted of A I B N and 2.5 molar excess 
of D E P N is characterized by a linear variation of In ([M] 0 /[M]) with time. The 
bimolecular termination that certainly occurs to a very moderate extent is not 
detected. 

D • [AIBN]o=2.2x10-2M, 
[DEPN]/ [AIBN] = 2.5, 123°C 

• [AIBN]o=3.6x10-3M, 
[DEPN]/ [AIBN] = 2.5, 123°C 

Δ T h e r m a l po lymer izat ion (20) 

[DTBN]/[AIBN] = 2.5, 123°C 

100 200 300 4 0 0 500 t ime (mn) 

Figure 2. ln([M]0/[M]) versus time for Styrene free-radical polymerization at 
123°C. 

Under similar conditions, that is with 2.5 excess of radical scavenger, the 
A I B N / T E M P O (or D T B N ) system exhibits quite a different pattern ; polymerization 
begins only after a long period of induction, a feature that has also been noticed by 
Matyjaszewski (19). 

Another striking feature which deserves comment is the large difference 
between the processes respectively mediated by D E P N and more classical nitroxyls 
such as T E M P O or D T B N . In the latter cases, Fukuda et al (11) and Greszta et al. 
(13), (14) established that the rate of polymerization is equal to the rate of the 
thermal process, independent of the initiator concentration and the type of nitroxyl 
used. The fact that the rate of DEPN-mediated polymerization strongly differs from 
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that of the thermal process contrasts with Fukuda's observation and can therefore be 
viewed as a major addition to the field of nitroxyl-mediated free-radical 
polymerizations. A s DEPN-moderated processes are little affected by the monomer 
autopolymerization, they have no reason to obey the same kinetics and overall 
mechanisms as those described by Fukuda for the P S - T E M P O system (77). The 
determination of the kinetic orders with respect to initiator and monomer for D E P N -
mediated polymerization and also the evaluation of the rate constants of dissociation 
(k d) and formation (k r e c ) of the dormant species w i l l be the subject of a subsequent 
article. Such measurements indeed require that specific experiments be carried out, 
wherein stoichiometric amounts of initiator and radical scavenger w i l l be used. 

A close examination of the results plotted in Figure 2 reveals an apparent and 
intriguing zero order dependence of the rate of polymerization with respect to the 
initial concentration of A I B N ; regardless of the amount of A I B N used and the molar 
mass targeted, the conversion proceeds at the same pace. This result can be 
rationalized using the following arguments : 

as [P°] (concentration of growing radicals) remains essentially constant 
throughout polymerization and is obviously supplied by the sole decomposition of 
[PS-DEPN] adduct, the formalism that serves to describe the persistant radical effect 
(27) can also be used here : 

d[DEPN] / dt = k d [ P S - D E P N ] t - k r e c [ D E P N ] t [P°] t = 0 

A s [PS-DEPN] can be identified to 2 x [ A I B N ] 0 -the efficiency of A I B N is 
indeed close to 1- and [DEPN] t to 0 .5x[AIBN] o - [DEPN] t is indeed equal to 
[ D E P N ] 0 - 2 x [ A I B N ] 0 - , [P°] can be written as : 

[P°] = 4 k d / k r e c 

This expression shows that [P°] is effectively independent of the 
concentration of chains and is essentially controlled by k d / k r e c when D E P N is used 
in excess with respect to the initiator as was done in this study. 

The second criterion to be met before a chain polymerization qualifies as 
« living » or controlled, is the linear variation of M n with conversion. A s shown in 
Figure 3, M n evolves linearly with monomer consumption for the A I B N / D E P N 
system and coincides ideally with the targeted values. 

Styrene therefore appears to undergo a truly controlled polymerization when 
D E P N is used as radical scavenger and in 2.5 molar excess with respect to A I B N . 

Controlled Polymerization of η-Butyl Acrylate in the presence of DEPN 

The experience gained in the control o f the polymerization of styrene helped us to 
define the best suited conditions for η-butyl acrylate. In the first series of 
experiments, the same conditions as those successfully used with styrene were 
adopted. 

In the presence o f 2.5 molar excess o f D E P N with respect to A I B N , samples 
of narrow M M D are generated but the control of molar masses turns out to be rather 
poor. The efficiency of the initiator is indeed found to revolve around 60-70 %, 
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• [AIBN]o=2.2x10-2M, 
[DEPN]/ [AIBN]=2.5, 
123°C 

ο targeted Mn 's with 
[A lBN]o=2.2x10-2M 

A [AIBN]o=3.6x10-3M, 
[DEPN]/ [AIBN]=2.5, 
123°C _ 

x targeted Mn 's with 
[AIBN]o=3.6x10-3M 

o 20 40 60 80 100 c o n v e r s i o n (%) 

Figure 3. M n versus conversion for DEPN mediated Styrene polymerization at 
123°C. 

denoting that a good proportion of the initiator radicals is lost in unproductive 
reactions. Far better results are obtained upon increasing the molar excess of D E P N 
to 5 fold with respect to A I B N . Experimentally measured number average molar 
masses and targeted values are in excellent agreement whereas polydispersity indices 
never exceed 1.2 (Table III). 

Table HI. Polymerization of η-Butyl Acrylate as a function of [DEPN]/[AIBN] 
ratio 

[DEPN]/ 
[AIBN] 

[AIBN] 
(mol/L) 

aT(°C) °time cp(%) ^n,th 
(g/mol) 

^ n,exp 
(g/mol) 

aPDI 

2.33 12 2900 3800 1.12 
2.5 1.8xl0" 2 120 24.00 67 16000 24000 1.08 

42.00 95 23500 37000 1.20* 

2.50 5 1000 1100 1.12 
5 1.8xl0' 2 120 24.00 55 13000 13500 1.08 

42.00 72 17500 17000 1.09 

a: temperature of reaction ; b : reaction time in hours ; c: conversion ; d : 
polydispersity index ( M w / M n ) ; * shoulder. 

This remarkable control of molar mass is, however, obtained at the expense of 
a slower rate of polymerization, a feature which was expected. 

20000 
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Figure 4. M n versus conversion for various concentrations of AIBN at 120°C 
using 5 : 1 excess of [ DEPN] to [AIBN]. 

A second series of experiments was carried out with the aim of studying the 
effect ofjthe initiator concentration. Concentrations of A I B N corresponding to 
targeted M n ' s o f 25000 and 75000 g/mol were used, the ratio of [DEPN] to [AIBN] 
being kept constant at 5 (Figure 4). 

In these two cases, the samples obtained exhibited a narrow distribution of 
molar masses and the efficiency of the initiator falls close to 1 as shown by the 
excellent agreement between M n e x p and M n t h . 

As to the increase of the molar masses with conversion, it denotes the absence 
of any transfer ; M n indeed increases linearly with conversion and comes close to 
agreement with targeted values whenever a 5 fold excess of D E P N with respect to 
A I B N is used. 

The last parameter that was examined is the temperature of polymerization, 
all other factors being kept invariant. Not surprisingly, it was noticed that the rate of 
polymerization markedly decreases when the temperature drops to 100°C ; it took 
five days to complete 58% conversion whereas one day was enough to achieve the 
same conversion at 123°C. The In ([M] 0 /[M]) vs time plot for the A I B N / D E P N (1 : 
5 ) system exhibits a perfectly linear relationship, regardless of the temperature 
considered or the concentration of initiator used (Figure 5). The absence of any 
downward curvature in this plot indicates that the concentration of growing radicals 
remains essentially constant throughout polymerization. 

Similar to the case of styrene, the rate of polymerization is independent o f the 
concentration of initiator, being essentially governed by the excess of radical 
scavengers used ; for η-butyl acrylate also, the value taken by [P°], that is obtained 
from the rate versus time plot is controlled by Κ = k d / k r e c 

This is to our knowledge the first report disclosing that acrylic monomers can 
also be polymerized under truly « living »/controlled conditions by a free radical 
mechanism, provided appropriate nitroxyl radicals are used as radical scavengers. 
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Figure 5. ln([M]0/[M]) versus time for DEPN-mediated polymerization of n-
butyl acrylate at various temperatures (with 5 : 1 excess of [DEPN] vs. [AIBN]). 

Conclusions 

D E P N is a newly synthesized nitroxyl radical that has been successfully used to 
control the free-radical polymerization of styrene and η-butyl acrylate. The systems 
consisting of A I B N and D E P N yield well-defined polymers ( M w / M n « 1.1 to 1.4 ) 
within a large range of molar masses. In sharp contrast to the processes mediated by 
T E M P O or D T B N , the polymerization of styrene, carried out in the presence of 
D E P N , is not affected by the thermal autopolymerization of the monomer. Indeed, 
D E P N couples to growing styryl radicals and forms alkoxylamine bonds that are 
weak enough to allow fast and yet controlled polymerization of styrene. 

D E P N is even more interesting for acrylic monomers. In contrast to previous 
observations that stressed the inability of nitroxyl radicals to mediate controlled 
chain growth in the case of acrylates, the polymerization of η-butyl acrylate is found 
to fulfill all the criteria o f a « living » system. 

The « l iving »/controlled character that is observed for the two types of 
monomers paves the way for the synthesis of PS-b-PBuA di-and triblock copolymers 
; this aspect w i l l be the subject of a subsequent article. 

Extension of the A I B N / D E P N systems to methacrylic monomers is also 
currently investigated. 
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Chapter 15 

Nitroxide-Mediated Controlled Radical 
Polymerization: Toward Control of Molar Mass 

Stefan A. F. Bon, Frank A. C. Bergman, J. J. G . Steven van Es, 
Bert Klumperman, and Anton L. German 

Eindhoven Polymer Laboratories, Eindhoven University of Technology, 
Laboratory of Polymer Chemistry, P.O. Box 513, 5600 M B Eindhoven, 

Netherlands 

The mechanism of the TEMPO-mediated controlled radical 
polymerization of styrene in bulk is discussed. It is shown that the 
isotropic correlation time (τc) of a nitroxide can be used as a measure of 
the diffusive rate coefficient of trapping (ketD). A general empirical 
relationship for the density of polystyrene as a function of molar mass 
and temperature is established to correct concentration data obtained 
from C R P experiments for volume contraction. It is demonstrated that 
the overall rates of polymerization of styrene in bulk do not show a 
dependence upon alkoxyamine concentration. Broadening of the molar 
mass distribution in a C R P experiment is ascribed to a low rate of 
alkoxyamine C-O bond homolysis and permanent chain-stopping 
reactions, e.g. bimolecular termination. 

The quest for a polymerization technique that can be applied to a wide variety of vinyl 
monomers and affords the possibility to design and synthesize a polymer material 
with control of the molar mass distribution as well as of the configurational and 
compositional monomer sequences may be a mirage. Fact is that numerous efforts are 
being undertaken to develop novel polymerization systems, for which one or 
preferably more of the above criteria are met. 

One of the systems that presumably has the ability to fulfill all these 
expectations and has therefore received great attention lately, is the nitroxide-
mediated controlled radical polymerization (CRP)(7). The concept of this novel 
technique is essentially an elementary living radical polymerization system, consisting 
of a constant number of dormant species that can be reversibly activated, at a rate fast 
compared to the overall rate of polymerization. In the activated form it undergoes 

236 © 1998 American Chemical Society 
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propagation and as a result of the reversibility of the process this occurs via 
"stepwise" insertion of monomer. Scheme 1 represents the reversible homolytic 
dissociation of an alkoxyamine (i.e. 2-tert-butoxy-l-phenyl-l-(l-oxy-2,2,6,6-
tetramethylpiperidinyl)ethane; compound (1)) to yield the corresponding carbon-
centered radical and nitroxide (i.e. l-oxy-2,2,6,6-tetramethylpiperidine; T E M P O ) . 

Scheme 1. Reversible Homolytic Dissociation of an Alkoxyamine 

This fundamental step is implemented into the picture of a conventional free-radical 
polymerization. Consequently, the activation of the dormant species, i.e. the rate of 
the C - 0 alkoxyamine bond homolysis, needs to be a fast process, preferably 
instantaneous on the time scale of the overall rate of polymerization. Moreover, the 
deactivation process, that is the trapping of the polymeric carbon-centered radical by 
a nitroxide, is required to be competitive with the generally diffusion-controlled 
permanent bimolecular termination (2, 3). 

In this paper the impact on the kinetics of the free-radical polymerization of 
styrene in bulk due to the introduction of two novel compounds, i.e. the alkoxyamine-
end-functionalized polymeric chain and the nitroxide, is thoroughly evaluated. The 
rotational correlation time (T c ) of a nitroxide calculated from the E S R spectrum of this 
compound is proposed as a measure for the diffusive rate coefficient of the near-
diffusion controlled process of trapping (k e t

D ) (2). A n Arrhenius expression for the 
rate coefficient of the C - 0 bond homolysis (k ed) of compound (1) in toluene is given 
(4). The Arrhenius parameters were determined by so-called nitroxide exchange 
experiments, based upon the alkoxyamine half-life measurements as performed by 
Solomon et al.(5). Furthermore, an empirical equation to describe the density of 
polystyrene as a function of molar mass and temperature is postulated to correct 
concentration data obtained from controlled radical polymerization experiments for 
volume contraction. Finally, the mechanism of the TEMPO-mediated controlled 
radical polymerization of styrene in bulk is described, with respect to the overall rate 
of polymerization and to the control of the molar mass distributions. 

Rate of Trapping 

It is generally accepted that the rate of trapping of a carbon-centered radical with a 
nitroxide is near-diffusion controlled (2). This implies that both the intrinsic chemical 
reaction as well as the preceding diffusion process of the two reactants need to be 
taken into account. 

compound (1) T E M P O 
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The rate coefficient for trapping (ke t) therefore has to be described as: 

J _ _ _ L 1 
ι _ ι D + ι chem 0) 
K e t K e t K e t 

Diffusion of Τ · and R: The diffusive rate coefficient for trapping (k e t

D ) is a function 
of the diffusion coefficient of the two species involved, i.e. R e and Τ · . Since the 
nitroxide usually is a compound of small size, its diffusion coefficient (D) can be 
described by the Stokes-Einstein equation, with ke/ J K " 1 as the Boltzmann constant, 
Τ/ Κ as the absolute temperature, η / Pa-s as the micro viscosity, r/ m as the 
hydrodynamic radius(d, 7) and a constant β = 4 for stick boundary conditions or β = 6 
for slip boundary conditions (8): 

D = - ^ L ( 2 ) 
β π η τ 

Data obtained in various solvents for the diffusion coefficient o f l-oxy-2,2,6,6-
tetramethylpiperidine ( T E M P O ) reveal that the activation energy for diffusion merely 
coincides with the activation energy for viscosity changes of the solvent, indicating 
that no specific interactions between solvent and nitroxide could be observed (6). 

However, a complication arises in finding a correct value for the microscopic 
viscosity that is perceived by the nitroxide in a polymer solution. It is plausible that 
the viscosity of a medium experienced by a diffusing molecule depends on its size 
and shape. Instead of the macroscopic viscosity, a value for viscosity should be used 
that fits the geometric scale of the solute. 

Rotational Correlation Time (x c). A s a measure of the microscopic viscosity 
of the nitroxide during a controlled radical polymerization, the rotational correlation 
time (x c) can be used. Its value can be calculated from E S R spectra, e.g. the spectra 
obtained when monitoring the nitroxide concentration vs. time during a C R P 
experiment. During the first stages of polymerization the rotational motion of the 
nitroxide w i l l be rapid, which allows a simple analysis for x c , with AH(m=+i)/ G as the 
peak-to-peak distance of the low-field absorption line, I(m=+i)/ a.u. as the peak-to-peak 
height of the low-field absorption line, I(m=.i)/ a.u. as the peak-to-peak height of the 
high-field absorption line (9): 

= 6 .6xlO" 1 0 ΔΗ, 1 (3) 

The isotropic rotational diffusion can be described by the Stokes-Einstein-Debye 
equation, which yields a value for the microscopic viscosity: 

4 π τ 3 η 

If the viscosity of the system becomes high, the rotational motion of the nitroxide is 
restricted. This induces anisotropy implying that severe deformations of the E S R 
spectrum wi l l occur, and, therefore, a more complex analysis to describe the 
microscopic viscosity and, consequently, the diffusion coefficient, is required (10). 
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The other species involved in the trapping reaction is the carbon-centered radical R e . 
Due to the presence of monomer, these radicals w i l l be able to propagate to yield 
species of variable chain length. The chain length distribution of these carbon-
centered radicals depends on the kinetic events that occur throughout the 
polymerization. Together with the solute specificity of the microscopic viscosity, this 
results in an intricate task to describe the diffusive rate coefficient for trapping. 

A n approximation that can be made is to consider only a chain length 
dependence for the diffusive rate coefficient of trapping (ke t

D ) of oligomeric species 
(77). In addition it is assumed that the dimensions for the microscopic viscosity are 
identical for these small species (In general, however, the diffusion coefficient for R e 

w i l l have a minor influence on the mutual diffusion coefficient, D = D R . + Dj.). Thus, 
it can be assumed that the diffusive rate coefficient of trapping (ke t

D ) is solely 
determined by D T -

If k e t

D is expressed as a Smoluchowski equation and the isotropic correlation 
time T c is used as a measure of the microviscosity, with σ Γ / m as the non-reversible 
distance of interaction, N A / mol" 1 as Avogadro's number, ρ as the spin factor, its 
combination with Equations 2 and 4 yields (with σ Γ = r, β = 4 and ρ = lA.)\ 

k ° = 4 π σ Γ N A p ( D R + D T ) = (5) 

From this equation it can be observed that x c can be used as a measure of the diffusive 
rate coefficient (ke t

D ) of trapping. The monitoring of the nitroxide concentration by 
quantitative E S R measurements during a C R P experiment could therefore be used to 
investigate a decrease in ke t

D . 

Intrinsic Chemical Reaction between R* and Τ · . The overall rate of trapping (ke t) 
also depends on the intrinsic chemical reaction between R* and Τ·(72) . Therefore, to 
study the corresponding intrinsic chemical rate of trapping ( k e t

c h e m ) both species, i.e. 
R e and Τ · , have to be considered. 

One of the relevant aspects that has to be taken into account is the two 
canonical forms of the nitroxide bond (see Figure 1). Polar solvents w i l l stabilize the 
dipolar form, thereby increasing the spin density on nitrogen. This effect decreases the 
reactivity of the nitroxide for the trapping reaction, as has been confirmed by 
Beckwith et al.(13) for the trapping of benzyl radicals with T E M P O . 

\ - \ -yN_Q. • yj-OI 

A Β 

Figure 1. Canonical structures of a nitroxide. 

Rate of Alkoxyamine C-O Bond Homolysis 

The rate coefficient of homolytic dissociation (ked) of the alkoxyamine C - 0 bond is 
one of the fundamental aspects that has to be considered in a controlled radical 
polymerization (4). We have developed a method to obtain data for ked, inspired by 
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the half-life measurements of Rizzardo et al.(5). These so-called nitroxide-exchange 
experiments are based upon a system that obeys pseudo-first order kinetics. 

In a typical experiment an alkoxyamine (Li) is dissociated into radical species 
R9 and the corresponding nitroxide T i * . A n excess of a different nitroxide ( Τ 2 · ) 
present in the reaction mixture assures that the only fate for Κ· is to be trapped with 
this nitroxide Τ 2 · to yield the alkoxyamine L 2 . In this study the dissociation of 
compound (1) in toluene with 4-benzoyloxy-l-oxy-2,2,6,6-tetramethylpiperidine as 
Τ 2 · was investigated by following its consumption and the corresponding production 
of L 2 by reversed phase H P L C analysis, leading to ked (4). 

The following Arrhenius equation for the rate coefficient o f homolytic 
dissociation (k e d ) of compound (1) in toluene was obtained (333 Κ < Τ < 373 Κ): 

k e d = 9 . 1 2 x l 0 1 4 e x p 
' - 1 3 8 . , χ 1 0 3 Λ 

R T (6) 

Noteworthy is that a hydrogen atom abstraction by 4-benzoyloxy-l-oxy-2,2,6,6-
tetramethylpiperidine from toluene to yield a benzyl radical and the corresponding 
hydroxyl amine, has been observed as a non-intervening side-reaction. 

Relative Inertness of Nitroxides. It is known that nitroxides are able to abstract 
hydrogen atoms readily under photochemical conditions. The hydrogen atom is 
abstracted by the photoexcited nitroxyl group in the η ^ π * excited state (14). Thermal 
hydrogen atom abstraction, as has been observed, is possible at elevated temperatures 
for conventional nitroxides, such as T E M P O and derivatives thereof (75, 16). 
(Nitroxides with electron-withdrawing substituents are much more reactive towards 
hydrogen atom abstraction and addition reactions to vinyl groups, e.g. l-oxy-1,1-
bis(trifluoromethyl)amine (7 7)). This confirms that nitroxides are not completely inert 
and capable of hydrogen atom abstraction. 

The hydrogen atom abstraction from the styrene Diels-Alder dimer, observed 
by Moad et al. (18) for T E M P O and T M I O would influence the initiation process 
markedly. However, it is likely to assume that the hydrogen atom abstraction of the 
Diels-Alder dimer is a side reaction o f minor importance in a C R P experiment, since 
the overall concentration of Τ · is low in comparison with the systems for which the 
hydrogen atom abstraction was observed. 

However, the capability of nitroxides to abstract hydrogen atoms may lead to 
trapping by disproportionation, that is hydrogen atom abstraction from R» to yield an 
unsaturated end-functionalized dead polymeric chain and the corresponding hydroxyl 
amine. This indeed is observed clearly for systems having an α-methyl group as 
substituent next to the alkoxyamine bond (5,19). 

Since absolute inertness of the nitroxide species is ruled out, any possible 
addition of a nitroxide to a monomer to yield a carbon centered radical species also 
has to be considered. Whether this occurs at all , and i f so as a simple addition or via a 
concerted mechanism induced by polarization of the vinyl group by the nitroxide is 
still unsolved (16-18, 20). 
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Impact of Reversible Homolysis of Alkoxyamine C - O Bond on Fundamental 
Free-Radical Polymerization Kinetics 

The occurrence of permanent chain stopping reactions, i.e. bimolecular termination 
and transfer, cannot be excluded in a free-radical polymerization. If no specific 
interaction between Τ · and R e occurs, the alkoxyamine C - 0 bond homolysis and 
trapping can be incorporated as additional reactions in the events occurring during a 
free-radical polymerization. 

Imagine a system composed of an alkoxyamine dissolved in an inert solvent. 
The three fundamental reactions that can occur in this system are the homolytic 
dissociation of the alkoxyamine, trapping of R* by Τ · and permanent bimolecular 
termination of two R*. It is easy to understand that the occurrence of permanent 
bimolecular termination leads to a continuous production of Τ · , resulting in [Τ·] 
being considerably higher than [R«]. It can be inferred that, due to a continuous 
decrease in the probability of bimolecular termination, a quasi-equilibrium w i l l be 
reached when time goes to infinity (4): 

| L J t - * * k e t

 q 

The continuous decrease in [R»] results in a decreasing overall rate of polymerization, 
eventually leading to long reaction times and incomplete conversion. 
To suppress the production of [Τ·] , as a direct result of bimolecular termination, and 
to simultaneously increase the overall rate of polymerization, an additional radical 
flux, i.e. the production of radicals by a source other than the homolytic dissociation 
of the alkoxyamine, can be added. In Figure 2, [Τ · ] and [R e ] vs. time are plotted for 
an imaginary system discussed above, having an additional radical flux of σ = 1.0 χ 
10"8 m o l - L ' V 1 with k e d = 1.0 χ 10"5 s"1, k e t = 5.0 χ 10 8 L - m o l ' V 1 , k t = 2.5 χ 10 9 

L-mol ' 1 *" 1 and [ L ] 0 = 0.01 mol-L* 1, [R«] 0 = [ Τ · ] 0 = 0 mol-L" 1. 
It can be observed from this picture that the current system reaches a steady-

state after a certain period of time with a value of the overall radical concentration 
corresponding to: 

R = (8) 
\ 2 k t 

The process eventually leading to steady-state conditions is also referred to as the 
"persistent radical effect" (27, 22). Furthermore, the steady-state implies: 

γ [R IS . IT ]S S fcr (Q\ 

• = [ L L = EQ 

These simulations indicate that the overall radical concentration in a C R P experiment 
with a properly adjusted additional radical flux is independent of the radical 
production by homolytic dissociation of the alkoxyamines present. 
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Figure 2. Imaginative system of an alkoxyamine dissolved in an inert solvent, in 
which the three fundamental reactions that can occur are the homolytic dissociation 
of the alkoxyamine, trapping o f R* by Τ · and permanent bimolecular termination o f 
two R«. Simulated [Τ · ] and [R»] vs. time (Δ and • , resp.) with ked = 1.0 χ 10"5 s"1, 
k e t = 5.0 χ 10 8 L - m o l ' V 1 , k t = 2.5 χ 10 9 L -mol" 1 * ' 1 , σ = 1.0 χ 10"8 mol-L"1-s"1 and 
[ L ] 0 = 0.01 mol-L" 1, [R»] 0 = [ Τ · ] 0 = 0 mol-L" 1. 

It can be calculated that for chain length-independent values for ket and k t, the ratio of 
radicals derived from the additional radical flux over radicals derived from 
alkoxyamine homolysis (rCT) equals: 

σ _ (10) 
Γ σ = k e d [ L ] 

As Γσ is small, the major part of the radicals propagating are derived from an 
alkoxyamine. This results in a controlled chain-growth of the constant number o f 
alkoxyamines leading, under ideal conditions, to a linear relation between average 
molar mass vs. conversion ( X w ) and narrow molar mass distributions. 

Volume Contract ion 

To investigate the kinetics of a TEMPO-mediated controlled radical polymerization 
of styrene in bulk, e.g. by monitoring the overall gravimetrically determined 
conversion, X w , vs. time or the concentration of T E M P O , [Τ·] , it is important to 
mention that the data obtained need to be corrected for volume contraction, as a direct 
result of polymerization. 
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It is assumed that a negligible volume contraction occurs upon mixing of polymer and 
monomer (23). Ideal behavior of mixing leads to the following expression for the 
average density of the system: 

(11) P M PP 

P ( l - X w ) p P +
 X w P M 

The molar mass distribution ( M M D ) of a controlled radical polymerization is a 
function of conversion, as can be observed in ,e.g., Figures 9a and 9b. Consequently, 
the molar mass dependence of the density of the polymer has to be taken into account. 
A s a measure of the molar mass, the theoretical weight average molar mass can be 
taken: 

I = ( 1 - X w ) +

 X w ( 1 2 ) 

Ρ P M PP((Mr)) 
However, a more accurate description representing the polymer solution is obtained, 
when using the normalized weight M M D determined from S E C analysis, yielding: 

Ρ P M P P ( M ) 

To correct the data of the polymerization reactions of styrene for volume contraction, 
an empirical relationship for the density of polystyrene as a function of molar mass 
and temperature has been established (24): 

with: 

p ( M , T ) = A - B x l ( T 4 T (14) 

A = a A + ο Α ξ + οΑξ2 + d ^ 3 

Β = a B + ο Β ξ - ' + οΒξ~2 + d ^ " 3 (15) 

ξ = ln ( log (M)) 

The values for the constants aA, de are given in Table I. Figure 3 represents the 
density of polystyrene, p, vs. log (M) at 393.15 K . A s can be observed, a large 
dependence of ρ on molar mass is observed for low molar mass material up to about 
5.0 χ 10 4 g-mol"1. 

Table I. Constants of p ( M , T) for Polystyrene 

Index: a\ bj Cj dj 

A 
Β 

0.96402817 0.42456027 -0.23245121 0.045159034 
6.289622 -1.6441887 0.16572399 1.5493251 
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1.05-, 

0.80 
2.0 3.0 0 4.0 

log ( M / g - m o F ) 
5.0 6.0 

Figure 3. Density (ρ χ 10"3/ g-L"1) vs. log molar mass ( M / g-mol"1) of polystyrene 
at 393.15 K . 

These results indicate that a constant value for the density of polystyrene cannot be 
assumed implying that molar mass dependent volume contraction has to be taken into 
account when analyzing concentration data. 

Controlled Radical Polymerization of Styrene in Bulk 

Initial Overall Rate of Polymerization. In Figure 4 the concentration of monomer, 
[M], vs. time for both a thermally initiated spontaneous polymerization of styrene and 
CRPs at 393 Κ with [ L ] 0 = 9.63 χ 10"4 mol-L - 1 , 9.02 χ 10"3 mol-L" 1 and 4.51 χ 10"2 

mol-L" 1 are given. The initial overall rates of polymerization are presented in Table II. 
The data were corrected for volume contraction on the basis of their theoretical molar 
mass assuming an ideal " l iv ing" polymerization system, using Equations 12, 14 and 
15. 

Table II. Initial Overall Rates of CRPs of Styrene in Bulk at 393 Κ 

[L]o/ mol -L -i R P , t = o x 10 4/mol-L" 1-s" 

0.0 1.1 
1.0 
1.0 
1.2 
1.2 
1.1 

9.63 χ 10" 
9.02 χ ΙΟ-

4.51 χ 10" 
4.51 χ ΙΟ-

4.51 χ 10" 

r4 
1-3 

1-2 
1-2 
r2 
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Figure 4. [M] vs. time for both a thermally initiated spontaneous polymerization of 
styrene (•) and CRPs in bulk at 393 Κ with [ L ] 0 = 9.63 '' ~'A — -1 — — 
10"3 mol-L - 1 ( A ) and 4.51 χ 10"2 m o l L " 1 (O) . 

10"4 mol-L _ 1 (x), 9.02 

From these results it can be seen that the initial rates of polymerization merely 
coincide for all cases within experimental error and, therefore, do not show a 
significant dependence upon alkoxyamine concentration. This behavior is properly 
described by the imaginative system represented previously (see also Equation 8). The 
steady-state overall radical concentration depends on the spontaneous thermal self-
initiation of styrene (25) and the average rate coefficient of bimolecular termination. 

Since the overall rates of polymerization of the experiments carried out merely 
coincide and the additional radical flux is presumed not to be influenced markedly by 
the presence of the alkoxyamines and nitroxides (see section on alkoxyamine C - 0 
bond homolysis) the average rate coefficients for bimolecular termination have to be 
identical within experimental error. However, the chain length distribution of R* is 
different in each case and strongly depends on the amount o f alkoxyamines present. 
Therefore, it can be concluded that for the initial stages of polymerization the chain 
length dependence of the average rate coefficient of bimolecular termination is 
leveled out. 
E S R Measurements: [Τ·] vs. time and x c . In Figure 5 the [Τ·] vs. time is plotted for 
a C R P of styrene in bulk at 393 Κ with [L 0 ] = 9.0 χ 10"3 mol-L" 1. The E S R spectra 
measured consisted only of a conventional signal for T E M P O , indicating that a large 
excess of Τ · , in comparison with R% is present and no specific interactions occur 
throughout the controlled radical polymerization. The slight increase in [Τ·] vs. time 
can be ascribed to a decrease in the rate of thermal self-initiation of styrene (25) and 
to the volume contraction o f the system, for which the data acquired have not been 
corrected. 
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Figure 5. T E M P O concentration ([Τ·]) vs. time for a C R P of styrene in bulk at 393 
Κ with [Lo] = 9.0x 10"3 mol-L" 1. 

No distinct differences between the intensities of the high-field and low-field 
absorption lines of the E S R spectra could be detected during polymerization up to 
high conversion. Therefore, a value of the rotational correlation time needed to 
calculate a value for k e t

D (see Equations 3 and 5) cannot be obtained from these 
spectra at these elevated temperatures. This indicates that no severe changes in the 
diffusion coefficient of T E M P O occur, in other words the microscopic viscosity for 
T E M P O does not show a pronounced change when conversion increases. This can 
partly be ascribed to the relatively low molar mass material and to the strongly 
reduced thermal self-initiation of styrene at high conversion levels. (As comparison 
the diffusion coefficient of toluene in different solutions of polystyrene (26) and the 
diffusion of styrene-analog penetrants in different solutions of polystyrene can be 
given (27). A sharp decrease of the diffusion coefficient at moderate temperatures is 
observed for toluene and styrene at high weight fractions of polystyrene.) 
Consequently, the ketD can be considered as a constant under the present experimental 
conditions. 

Trommsdorf f Effect. In Figure 6 the concentration of monomer, [M] , vs. time for 
both a thermal spontaneous polymerization of styrene and a C R P with [L]o = 4.40 χ 
10"2 mol-L" 1 at 413 Κ are given. The data were corrected for volume contraction on 
the basis of their theoretical molar mass assuming an ideal " l iv ing" polymerization 
system, using Equations 12, 14 and 15. 
The average molar mass produced in a C R P is much lower than in a spontaneous 
thermal polymerization, as a result of the monomer distribution over the relatively 
large number of alkoxyamines (see e.g. Figures 7a, 7b and 7c). This difference is also 
reflected in the chain length distribution (CLD) of the propagating radicals (R«). 
Together with a lower microviscosity for a specific Rj* in the C R P experiment in 
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comparison with the thermal polymerization at the same X w , the Trommsdorff effect 
is less pronounced in the C R P experiment. (Noteworthy is that when all radical 
species are considered to be identical, the process of reversible homolytic dissociation 
could be described as randomly removing a radical from the system by trapping with 
Τ · , and reintroducing it at a new position of a randomly chosen alkoxyamine. 
Whether or not this process contributes to the suppression of the Trommsdorff effect 
in a highly microviscous system, by enhancing the probability for two radicals to 
terminate at a specific time scale, is uncertain and needs to be investigated.) 

0 ' 60 ' 120 ' 180 ' 240 ' 300~ 
time/ min 

Figure 6. [M] vs. time for both a thermal spontaneous polymerization of styrene (•) 
and a C R P with [ L ] 0 = 4.40 χ 10"2 mol-L" 1 (O) in bulk at 413 K . 

Fundamental C R P Kinetics. From the data on the overall rate of polymerization 
and the [Τ·] determined for a C R P of styrene at 393 K , with [ L ] 0 = 9.0 χ 10"3 mol-L" 1 , 
a value of 1.33 χ 10"11 mol-L' 1 for Keq can be calculated (k p = 2045 L - m o l ' V 1 , [ M ] 0 = 
7.86 mol-L" 1, R p = 1.1 χ 10"4 mol-L" 1 s"1 and [Τ·] = 1.75 χ 10"5 mol-L" 1). (Since a 
specific interaction between T E M P O and the carbon-centered radical or monomer is 
not observed it is assumed that the benchmark values of the Arrhenius parameters for 
the k p of the bulk polymerization of styrene can be applied (28).) The ked of 
compound (1) at 393 Κ calculated with Equation 11 is 3.3 χ 10"4 s"1. This results in ket 
= 2.5 χ 10 7 L-morV 1 . In comparison with literature values of ket for analogous 
systems (2, 12, 13), the obtained value is an underestimate. This, however, was to be 
expected, because the rate coefficient of alkoxyamine C - 0 bond homolysis (ked) is 
markedly larger for longer chain lengths, implying that a higher value of the rate 
coefficient of alkoxyamine homolysis during a C R P experiment must be used. 

A large enhancement in ked is expected and ascribed to the disappearance of 
the stabilizing electrostatic effect of the electrophilic ter/-butoxy group on the C - 0 
bond. Moreover, the entropie effects for a higher chain length presumably result in a 
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small increase in the pre-exponential factor of the Arrhenius equation describing k ed 
(29). Both effects w i l l result in a higher calculated value for the rate coefficient of 
homolytic dissociation (ked). 

"Stepwise" Growth . A n important requirement to synthesize a uniform polymer 
material by C R P with proper control of both the molar mass distribution and the 
chemical composition distribution, is that the average number of monomelic units 
polymerized per event of chain activation (v) needs to be smaller than 1 to assure "step
wise" growth of the propagating radicals. 

k p [ M ] [ R ] 
V " k e , [ R ] [ T ] + 2 k , [ R ] 2 <16> 

A value of 37 for ν can be calculated for the system given above (assuming: k t = 1.0 x 

10 7 L - m o l ' V 1 ) , which would rule out control of the M M D . Figures 7a, 7b and 7c 
represent the number and weight average molar masses, <M n > and <M W >, together 
with theoretical molar mass of an ideal living polymerization system ( < M n

t h e o r > = 
< M w

t h e o r > , γ = 1) for both a thermally initiated spontaneous polymerization of styrene 
and CRPs at 393 Κ with [ L ] 0 = 9.63 χ 10"4 mol-L" 1 and 4.51 χ 10*2 mol-L" 1 . In Figures 
7b and 7c the polydispersity of the M M D (γ) is included. From these plots it can be 
concluded that a reasonable control of the M M D is still possible. This confirms the 
earlier statement that a higher ked is to be expected for polymeric alkoxyamines. 

7 . 0 . 

6.0-

5 .0J 

4.0-

3.0-1 

2.0-

1.0-

0.0-
0.00 0.05 0.10 0.15 

X / -

0.20 0.25 0.30 

Figure 7a. <M n > (•) and <M W > (O) vs. X w for a thermally initiated spontaneous 
polymerization of styrene in bulk at 393 K . 
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Figure 7b. <Μ η > (•), <MW> ( Ο ) and γ (χ) , together with theoretical molar mass of 
an ideal l iving polymerization system (—) (<M n

t h e o r> = <M w

t h e o r >, γ = 1) vs. X w for 
a C R P of styrene in bulk at 393 Κ with [ L ] 0 = 9.63 χ 10"4 mol-L" 1. 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 
X / -

w 

Figure 7c. <Mn> (•), <MW> (O) and γ (χ) , together with theoretical molar mass of 
an ideal living polymerization system (—) (<M n

t h e o r> = <M w

t h e o r >, γ = 1) vs. X w for 
a C R P of styrene in bulk at 393 Κ with [ L ] 0 = 4.51 χ 10"2 mol-L" 1 . 
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However, the control of the M M D is inadequate and a low polydispersity (γ) is not 
obtained, in terms of what could be expected from a proper C R P experiment. This could 
be ascribed to both the slow rate of homolytic dissociation and to the occurrence of 
permanent chain-stopping reactions. 

The ked of compound (1) at 393 Κ calculated from Equation 11 is 3.3 χ 10"4 s"1 

and, therefore, (1) has a corresponding half-life of about 35 min. Since the overall rate 
of polymerization and, therefore, the monomer consumption rate is fixed, this slow 
activation leads to broadening of the M M D as a result of the non-instantaneous rate of 
activation. The molar mass of the polymer material produced during the initial stages 
of polymerization wi l l be higher than the theoretical value calculated for an ideal 
" l iv ing" radical polymerization system. This effect is clearly seen in Figures 7b and 
7c. From Figure 8 the slow dissociation of the initial alkoxyamine, monitored as the 
outer right peak in the S E C plots, is clearly observed for a C R P of styrene at 393 K , 
with [ L ] 0 = 4.51 χ 10"2 mol-L ' 1 . 

e lut ion vo lume/ a.u. 

Figure 8. Dissociation of compound (1) monitored as the outer right peak for a 
C R P of styrene in bulk at 393 K , with [ L ] 0 = 4.51 χ 10"2 mol-L" 1 ( X w = 1.4 χ 10"3, 
9.7 χ 10"3, 4.0 χ 10"2, 0.10 and 0.21). 

Permanent chain-stopping events restrict the molar mass that can be achieved and 
broaden the M M D . The production of dead polymer material can largely be ascribed 
to the additional radical flux. The cumulative fraction of the dead polymer chains has 
to be kept low to yield a uniform polymer material that is able to undergo further 
polymerization (e.g. to synthesize a blockcopolymer). Since the overall rates of 
polymerizations are similar up to moderate conversion, the total number of radicals 
produced by thermal self-initiation is equal in all cases, implying a similar number of 
dead polymer chains in each system. Consequently, the fraction of dead polymer 
material is higher in C R P systems with a lower amount of alkoxyamines. This w i l l be 
reflected in a broader M M D for these systems. This is confirmed by the polydispersity 
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(γ) of the M M D from the C R P experiments with [ L ] 0 = 9.63 χ 10"4 mol-L" 1 and 4.51 χ 
10"2 mol-L" 1 plotted in Figures 7b and 7c. 

To reduce the effect of the low rate of alkoxyamine bond homolysis on the 
M M D , experiments were carried out at higher temperatures. In Figure 9a the x (M) vs. 
log (M) at different stages of conversion for a C R P of styrene with [L]o = 4.40 χ 10"2 

mol-L" 1 and [Τ·]ο = 1.0 χ 10"4 mol-L" 1 is presented. A small amount of T E M P O is 
added to prevent the average number of monomeric units polymerized per chain 
activated (v) to exceed unity at the initial stages of polymerization. In Figure 9b the 
number and weight average molar masses, <M n > and <M W >, together with the 
corresponding polydispersity γ are given. The line represents the theoretical molar 
mass for an ideal living polymerization system ( < M n

t h e o r > = < M w

t h e o r > , γ = 1) . 

I ' 1 « 1 « 1 ' 1 

2.5 3.0 3.5 4.0 4.5 

log (M/g-moW) 
Figure 9a. x(M) vs. log (M) at different stages of conversion for a C R P of styrene 
in bulk at 413 K , with [ L ] 0 = 4.40 χ 10"2 mol-L" 1 and [ Τ · ] 0 = 1.0 χ 10"4 mol-L" 1 . 

A t this temperature the measured values for <Mn> and <Mw> at the initial stages of 
polymerization are comparable to the theoretical values for an ideal " l iv ing" 
polymerization system. Therefore, the ked for compound (1) at 413 Κ calculated from 
Equation 6, being 2.6 χ 10"3 s"1, which corresponds to a half life of about 4.5 min, is 
sufficiently fast. The comparable average molar masses also indicate that the average 
number of monomeric units polymerized per event of chain activation (v) is small. If 
RP/(ked[L]o) is taken as an estimate for ν (R p , t=o = 4.3 χ 10"4 mol-L"1-s"1) , a value of 
3.8 would be obtained. Since the ked value for compound (1) is an underestimate for 
its value for a polymeric alkoxyamine, it can be presumed that "stepwise" insertion of 
monomer takes place. This is confirmed by the S E C results shown in Figure 9a. 
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14 

w 

Figure 9b. <M n > ( • ) , <M W > (O) and γ (χ) , together with theoretical molar mass of 
an ideal living polymerization system (—) ( < M n

t h e o r > = < M w

t h e o r > , γ = 1) vs. X w for 
a C R P of styrene in bulk at 413 Κ with [ L ] 0 = 4.40 χ 10' 2 mol-L ' 1 . 

The occurrence of permanent chain stopping reactions is reflected in negative 
deviation for <M n > and <M W > vs. conversion ( X w ) , from the dependence of the 
average molar masses on conversion for the ideal " l iv ing" polymerization system. 
Due to the thermal self-initiation of styrene (25), short-short and short-long 
bimolecular termination (3, 11) are in direct competition with the trapping of R* by Τ · 
(2, 12, 13). This results in the production of dead polymer material and the formation 
of novel alkoxyamines of, relatively, low molar mass. Consequently, a broadening of 
the M M D w i l l occur, acting as a cumulative effect throughout the polymerization. 
This effect is more pronounced in the number M M D . This, indeed, is observed in 
Figures 9a and 9b. 

Conclusions 

Further progress in molar mass control of nitroxide-mediated controlled radical 
polymerization requires detailed insight in the impact on the kinetics and mechanism 
upon addition of the alkoxyamine and nitroxide. Several aspects to investigate these 
influences were presented in a study on the TEMPO-mediated radical polymerization of 
styrene in bulk. It has been shown that the isotropic correlation time (xc) of a nitroxide 
can be used as a measure of the diffusive rate coefficient of trapping (ketD) and that 
under the conditions of the C R P experiments performed a constant value of ket can be 
assumed. The Arrhenius parameters obtained for model compound (1), accurately 
determined by the nitroxide-exchange experiments, give an underestimated value of the 
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ked of polymeric alkoxyamines. A general empirical relationship for the density of 
polystyrene as a function of molar mass and temperature has been established to correct 
concentration data obtained from C R P experiments for volume contraction. 
Finally, it has been found that the overall rates of polymerization of styrene in bulk do 
not show a dependence upon alkoxyamine concentration. Broadening of the molar mass 
distribution in a C R P experiment has been ascribed to a low rate of alkoxyamine C - 0 
bond homolysis and permanent chain-stopping reactions, e.g. bimolecular termination. 

Experimental 

Syntheses. The syntheses of the nitroxides and alkoxyamines have been described 
elsewhere (4). 

Simulations. The differential equations were solved using a Gear algorithm for 
solving a set of stiff differential equations, modified from the N A G library subroutine 
D 0 2 A E F . A l l calculations were performed on a Silicon Graphics Challenge X L 
Supercomputer (30). 

Quantitative ESR (31). A l l measurements were carried out on a Bruker ER200D 
S R C spectrometer, operating with an X-band standard cavity and interfaced to a 
Bruker Aspect 3000 data system. Temperature was controlled by a Bruker ER4111 
variable temperature unit. The T E M P O concentrations were determined by double 
integration of the E S R spectra and the data were calibrated with stock solutions of 
T E M P O measured in ter/-butylbenzene under identical conditions. 

Procedure. Prior to use ter/-butylbenzene was distilled and stored over 
molsieves (4Â). Styrene was distilled and passed over a column of inhibitor remover 
(Aldrich) before use. A ITO" 2 M solution of compound (1) in styrene was prepared 
(0.0333 g in 10 mL). Approximately 1 m L was put in an N M R tube and de-
oxygenated by purging helium through the solution in the N M R tube for several 
minutes. Next, the tube was placed under an argon atmosphere and sealed. Time-
resolved measurements were performed at 393 K . 

Controlled Radical Polymerizations of Styrene in Bulk. Styrene was distilled and 
passed over a column of inhibitor remover (Aldrich) before use. Compound (1) was 
purified by recrystallization from methanol. 

Procedure. Styrene, compound (1) and T E M P O were charged into a three-
necked 100 m L round-bottomed flask equipped with a Teflon-coated magnetic stirrer. 
The reaction mixture was deaerated by three freeze-pump-thaw cycles in order to 
place the reaction mixture under an argon atmosphere. The flask was placed in a 
thermostated oi l bath at the required temperature. Conversion was determined 
gravimetrically. 

S E C Analysis. The molar mass distributions ( M M D ) of the polymers produced were 
determined by SEC. 0.1 w/v % Solutions in tetrahydrofuran (THF, stabilized, Biosolve, 
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A R ) were prepared of each sample which was isolated by freeze drying. The solutions 
were filtrated through 0.2 μπι syringe filters. The SEC analyses were carried out with 
two Shodex K F - 8 0 M (linear) columns or two P L gel 10 3 and 500, at 40 °C. The eluent 
was T H F at a flow rate of 1 mLmin" 1 . A Waters 410 differential refractometer and a 
Waters 440 U V detector (254 nm) were used for the detection. Narrow-distribution 
polystyrene standards (Polymer Labs) with molar masses (M) ranging from 370 to 6.5 χ 
10 6 g-mol"1 were used for calibration of the columns. After a baseline correction, the 
SEC chromatograms were converted to the differential log molar mass distributions 
(x(M) vs log(M)), weight M M D (w(M) vs. M ) and number M M D (n(M) vs. M ) accord
ing to the procedure described by Shortt (32). 
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Chapter 16 

Mechanistic Aspects of Atom Transfer Radical 
Polymerization 

Krzysztof Matyjaszewski 

Department of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, 
Pittsburgh, PA 15213 

Typical conditions and experimental results of Atom Transfer Radical 

Polymerization (ATRP) of styrene, (meth)acrylates, acrylonitrile and other 

monomers are reviewed which include polymerization rates, evolution of 

molecular weights and polydispersities with conversion. The role of all 

major componenents of A T R P is discussed which comprises the structure of 

various alkyl halides, metals, ligands, solvents, additives as well as reaction 

times and temperatures. Enhancement of the initiation efficiency by some 

special procedures such as slow addition of initiator or catalyst is described. 

Origins and contributions of side reactions such as bimolecular termination, 

electron transfer and β-Η elimination are discussed. 

This paper is focused on the mechanistic aspects of Atom Transfer Radical 

Polymerization (ATRP) and wil l attempt to explain the role of various components and 

reaction conditions on A T R P . Synthetic aspects as well as a general introduction to 

controlled radical polymerization are reviewed in Chapters 15 and 1, respectively 

Atom Transfer Radical Addition (ATRA) and A T R P 

Until recently, radical reactions had found limited application in organic synthesis 

due to the low yields of desired addition and substitution products caused by radical 

termination reactions. The importance of radical reactions increased dramatically after the 

discovery that persistent radicals could be used to reduce the stationary concentration of 

258 © 1998 American Chemical Society 
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reacting radicals and minimize the contribution of termination//-6) One of the most 

efficient methods developed using this concept is atom transfer radical addition ( A T R A ) . 

A T R A employs atom transfer from an organic halide to a transition-metal complex to 

generate the substrate radical, followed by the addition to an alkene and the back-transfer 

from the transition metal to the product radical, resulting in the final product (cf. top left 

corner of Scheme 1). 

In A T R A a metal catalyst, usually a complex of a copper(I) halide and 2,2'-

bipyridyl (5,7,8) (although Ni , (9 , /0 j Pd,(7/J Ru,(72j ¥t(4) and other metals (6) have 

been used as well), undergoes a one-electron oxidation with simultaneous abstraction of a 

halogen atom from a substrate. This inner-sphere electron transfer process reversibly 

generates an organic radical and a copper(II) complex. The experimental evidence is not 

conclusive whether the intermediate radicals are free-radicals, in a solvent cage, or 

coordinated to the metal center, but the most plausible mechanism based upon 

experimental evidence involves free-radicals. After the back-transfer, the copper(I) 

complex is reformed, completing the catalytic cycle. The substrates are typically chosen 

such that if addition occurs, then the newly formed radical is much less stabilized relative 

to the initial radical and wil l essentially react irreversibly with the copper(II) complex to 

form an inactive alkyl halide product. Therefore, in A T R A , only one addition step should 

occur. 

Atom transfer radical addition can be extended to atom transfer radical 

polymerization (ATRP) if the conditions can be modified such that more than one addition 

step is possible. Thus, i f the radical species, before and after addition of the unsaturated 

substrate, possess comparable stabilization, then the activation-addition-deactivation cycle 

wil l repeat until all of the unsaturated substrate is consumed. This process results in a 

chain-growth polymerization. 

Scheme 1 shows the mechanism of A T R P adapted from A T R A . The mechanism 

consists of phenomenologically related initiation and propagation processes. These 

sequences are comprised of an atom-transfer equilibrium along with radical addition to the 

monomer. Termination by radical coupling and disproportionation are included in the 

mechanism because of the magnitude of the associated rate constants; however, only a few 

percent of the polymer chains in A T R P undergo bimolecular termination. Additionally 

some other side reactions may limit attainable molecular weights.f/Jj The presence of 

radical intermediates in the mechanism is consistent with experimental results from 

trapping experiments,(74/5) copolymerization reactivity ratios,(76,17) and the regio- and 

stereochemistry of the polymerization.( 14) Thus, the net propagation sequence can be 

considered an "insertion" process proceeding via radical intermediates. A "reverse A T R P " 

experiment demonstrated that the proposed copper(II) complex formed after atom transfer 
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is also an intermediate in A T R P . In reverse A T R P , the polymerization is entered from the 

right-hand side of the atom transfer by generating radicals from A I B N or B P O in the 

presence of C u B r 2 / 2 bipy and monomer.(75) 

The proper choice of the initiator, R X , is very important for efficient A T R P . As 

will be discussed later, important parameters include correct values of the rate constants of 

activation, deactivation and addition at the initiation stage in comparison with those at the 

propagation stage (k a°, k d °, k{ versus k a, k d , k^). 

Scheme 1 

Genera l M e c h a n i s m of A T R P 

k, R R \ R . 

Initiation: 

R - X + M t

n 

kd° 
R* + X M , ' 

+M 

n+1 

R - M - X + M t

n R - M* + X M t n + 1 

Propagation: 

R - M n - X + M t

n • * — ^ R - M n * + X M t

n + 1 

kd 

( ^ + M)I 

Termination 

R - M n * + R - M m * R - M n + m - R + R - M n

H / R - M n 

Polymerization systems utilizing this concept have been developed using 

Cu(I),(/4,79-22) Μ(Π),(23,24) Ru(II) / A l ( O R ) 3 / 2 5 ) and Fe(II),(26-28) complexes to 

catalyze the radical-forming equilibrium; however, this Chapter is primarily focused on 

developments in copper-based A T R P . 
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Kinetics and Mechanism of A T R P 

A typical A T R P system consists of an initiator, a copper(I) halide complexed with 

some ligand(s), and of course, monomer. Thus far, the copper-based A T R P system has 

been used successfully for the controlled/"living" (co)polymerization of styrenes, 

acrylates, methacrylates, acrylonitrile, isoprene, acrylamide and some other monomers: 

Scheme 2 

Monomers Polymerized and Copolymerized by A T R P 

homo & copolymerization: 

R OH 

copolymerization only: 

=< -
0 

The choice of monomer to be polymerized dictates the types of other components that can 

be used. The initiator usually, but not always, should have a structure homologous to the 

corresponding polymer endgroup. The halogen atom in both the initiator and copper(I) 

halide is usually, but not necessarily the same. Typically, two equivalents of a bidentate 

ligand are added per copper center. The most effective ligands for A T R P are derivatives 

of 2,2 ,-bipyridine (19,20) or other π-accepting, chelating nitrogen-based ligands such as 

2-iminopyridines.f22) Aliphatic polyamines are also successful.(29) 

Scheme 3 

Typical Ligands for Cu-based A T R P 

4 ) ^—Ν N - ^ 

\ l 1/ 
yr-W Ν—V 

R = H, 5-nonyl, n-heptyl, etc. 
n=1,2,3 
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Long alkyl chain substituents at the 4,4'-positions of the bipyridine ligand are necessary to 

solubilize the copper complex in the nonpolar media of bulk polymerizations, as the 

complexes from the parent 2,2'-bipyridine with copper(I) halides are largely insoluble 

under such conditions.(20,30) 

The rate law for A T R P can be derived from Scheme 1 by neglecting contribution 

of termination, assuming that initiation is complete and using the fast equilibrium 

approximation - a necessary condition for observing low polydispersities.(31) Under 

these conditions the concentration of propagating radicals, [Ρ·] , is equal to (k a/k d) [ R - M n -

X ] ( [Cu'MXCu 1 1 ]) : 

Rp = ka p p[M] = kp [P#] [M] = kp*ka/ k d* [M] [RX]0 ([Cu1] / [XCu11]) 
(D 
In eq. 1 [ R X ] 0 refers to the initial concentration of the initiator which corresponds to the 

concentration of dormant chains ( [R-M n -X] ) . Results from kinetic studies of the 

polymerizations using soluble catalyst systems indicate that the rate of polymerization is 

first order with respect to monomer, alkyl halide (initiator), and copper(I) complex 

concentrations.fi/) These observations are all consistent with eq. 1. However, in the 

polymerization of styrene, even at low concentration of both initiator and catalyst, the rate 

of polymerization can not be smaller than the rate of self-initiated polymerization.(32,33) 

Thus, under such conditions, kinetics may change from external first order to zero order in 

both initiator and catalyst. This observation is limited only to styrene derivatives which 

can thermally autopolymerize. 

It is recognized that in A T R P and in all other controlled radical polymerizations 

termination is not entirely eliminated. Therefore, chains wil l continuously terminate 

resulting in the increase of the persistent radical concentration and the progressive decrease 

of the growing radical concentration which may lead to some deviation from the first order 

kinetics in respect to monomer. However, contribution of the termination process under 

appropriate conditions is small and the concentration of radicals is reduced less than 10% 

during consumption of nearly all monomer and, therefore, deviation from the first order 

kinetics may not be detectable. 

The polymerization rate is usually inverse first order with respect to the copper(II) 

complex concentration; however, determining the precise kinetic order with respect to the 

deactivator concentration is rather complex due to the generation of copper(II) via the 

persistent radical effect. In the atom transfer step, a reactive organic radical is generated 

along with a stable copper(H) species regarded as a persistent metallo-radical. If the initial 

concentration of copper(II) in the polymerization is not sufficiently large to ensure that the 

rate of deactivation is fast, then coupling of the organic radicals wil l occur leading to an 
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increase in the deactivating copper(II) concentration. This process has been observed 

experimentally using E S R , *H N M R , U V - V i s and G C - M S techniques. More radicals and 

deactivator wi l l be formed and more radical combination wi l l occur until the radical 

concentration decreases approximately to ΙΟ"7 M and the deactivator concentration 

increases approximately to 10"3 M . At these concentrations the rate at which radicals 

combine ( k ^ [R # ] 2 ) wil l be significantly slower than the rate at which radicals wil l react 

with the copper(II) complex (k d e a c t [R«] [Cu(II)]) in a deactivation process, and a controlled 

/ "living" polymerization wi l l ensue. Under the aforementioned conditions, less than 10% 

of the polymer chains are terminated during this initial, short nonstationary process, but 

the majority of the chains (>90 %) continue the polymerization successfully. If a small 

amount of a deactivator (~ 10 %) is added initially to the polymerization, then the 

proportion of terminated chains is greatly reduced.(37) 

In styrene polymerization, radicals are additionally generated by self-initiation with 

the rate approximately 10"3 M/hour at 130 °C.(32) Thus, a small excess of C u X 2 is rapidly 

consumed by newly generated radicals and should have no effect on polymerization. 

However, the addition of 10"2 M C u X 2 at the beginning of the reaction leads to 

approximately twice lower rate, indicating that the concentration of C u X 2 under normal 

A T R P conditions is twice less than was the added amount (5 10"2 M , i.e. 5% of C u X ) . 

In a polymerization based upon the A T R P catalytic cycle, the control of the 

polymerization and of the resulting polymers wil l depend upon the stationary concentration 

of the growing radicals and the relative rates of propagation and deactivation. During one 

activation step any number of monomer units can be added to the polymer chain with 

varying effects upon the polydispersities of the polymers formed. 

Equation 2 explains how the polydispersities in polymerization systems with 

relatively fast exchange decrease with conversion, where ρ is the polymerization 

conversion, [ R X ] 0 corresponds to the concentration of dormant polymer chains, and 

[XCu u ] is the concentration of deactivator.^,35) Polydispersities are higher for shorter 

chains (higher [RX] 0 ) due to the fact that, relative to longer chains, the growth of smaller 

chains involves fewer activation-deactivation steps and therefore fewer opportunities for 

exchange and controlled growth. Second, the final polydispersities should be higher for 

higher values of the ratio, k p /k d . Thus, under similar conditions, the polymerization of 

acrylates yields higher polydispersities than that of styrene, because k p for acrylates is 

much larger than that for styrene. 

(2) 
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At the limit in which the deactivation process is very slow or does not occur 

( k p » k d ) , A T R P simply becomes a conventional redox-initiated radical 

polymerization,f36j and high polydispersities are observed. At the limit in which an 

average of one or a few monomer molecules are added per activation step, the 

polymerization is well-controlled and the polydispersities can approach a Poisson 

distribution.(20) 

Finally, A T R P is a catalytic process in which rates depend on concentrations of 

Cu(I) and Cu(II) species but molecular weights do not. Polymerization degree is 

exclusively defined by the ratio of concentrations of the reacted monomer to the introduced 

initiator (provided that initiation is complete) as shown in eq. 3: 

D P n = A [ M ] 0 / [ R X ] 0 ^ / ( [ C u l / l l ] 0 ) _ 

The Role of Components and Reaction Conditions in A T R P 

Although all A T R P processes utilize similar initiators and catalysts, one set of 

conditions cannot be applied to every set of monomers because of the specific values of 

propagation and exchange rate constants. For each particular A T R P , a specific initiator, 

metal, ligands, deactivator, temperature, reaction time, and solvent should be selected. 

Therefore, understanding the role of each component of A T R P is crucial for obtaining 

well-defined polymers as well as for potentially expanding the scope of A T R P to new 

monomers. 

1. Monomers: A T R P can be used for many vinyl monomers including styrenes,(79,27) 

acrylates,(74,) methacrylates,(74,22,23,25,) acrylonitrile,(37,) and dienes.f26J The 

currently used catalyst systems are not sufficient to polymerize less reactive monomers that 

produce non-stabilized, reactive radicals such as ethylene, α-olefins, vinyl chloride and 

vinyl acetate, though copolymerization is sometimes successful. This may be due to 

inherently small values of the propagation rate constants even though the cross-

propagation rate is much faster. Unfortunately, there are a limited number of reliable 

kinetic data on propagation and nearly no data on crosspropagation rate constants. A few 

reliable kp values (in l t f M V , at 20 °C and extrapolated to 100 °C) include: 0.070 and 1.2 

(styrene)/30V 0.28 and 2.0 (methyl methacrylate),(39j 2.9 and 33 (vinyl acetate),(40) 14 

and 65 (butyl acrylate).^/) 

Fortunately, more data are available from model addition s tud ie s . ^ ) Table 1 

illustrates some examples of the rate constants of the addition of carbon centered radicals 

to alkenes and shows that addition of t-butyl radicals to isobutene is 1000 times slower 

than to (meth)acrylates. 
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Table 1(42) 

Rate constants of room temperature addition of model radicals 

to substituted alkenes C H 2 = C X Y 

kad 
X/Y 

±£Me3 ±OH2ÔH ±CH2iô2fc *CH 2CN ±i!H2ï>h Me2é*CN 

H/OEt 390 180 1.5.10" 4.3.10" 14 108 

Me/Me 740 240 1.8.105 1.1.104 - -
H/Et 1100 300 5.4.10 4 1.1.104 

H / H 1250 410 1.1.104 3.3.10 3 

H / O A c 4200 590 6.5.10 4 1.3.104 15 41 

H / C l 1.6.104 5000 7.1.10 4 1.2.104 

H/Ph 1.3.105 2.3.10 4 1.9.106 3.8.10 5 1100 2410 

M e / C 0 2 M e 6.6.10 5 6.10 5 1.3.106 2.4.10 5 2100 1590 

Ph/Ph 1.0.106 1.4.105 ~10 7 2.4.10 6 4100 7010 

H / C 0 2 M e 1.1.106 7.1.10 5 4.9.10 5 1.1.105 430 370 

H / C N 5.2.10 6 1.1.106 5.4.10 5 1.1.105 2200 1590 

A similar difference can be noted for the hydroxymethyl radical which can be considered 

as a model of the vinyl acetate species. Thus, nucleophilic radicals exhibit higher 

selectivities than electrophilic radicals. The second conclusion from Table 1 is that the rate 

constants of addition of model compounds are significantly larger than the 

homopropagation rate constants. Thus, a benzyl radical reacts with styrene at 20 °C with 

k=1100 M ' V 1 , whereas k p= 70 M ' V (approximately the same values were found for 

cumyl radical and can be assumed for 1-phenylethyl radical) (43) This difference is 

assigned primarily to the entropie factor. Similar differences may be expected for the 

activation and deactivation processes in A T R P . Such kinetic studies are very important 

and urgently needed. 

Some peculiarities of A T R P for each class of monomers are discussed below. 

A . Styrenes: Styrene A T R P is usually conducted at 110 °C for bromide-

mediated polymerization and 130 °C for the chloride-mediated polymerization.( 14,21,31) 

The corresponding 1-phenylethyl halide is commonly used as the initiator; however, a 

wide variety of compounds have been used successfully as initiators for styrene A T R P , 

such as benzylic halides,(79) allylic halides/44) oc-bromoesters,(74) polyhalogenated 

alkanes,(74) and arenesulfonyl chlorides.(27) Solvents may be used for styrene A T R P , 

but the stability of the halide endgroup displays a pronounced solvent dependence as 
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evidenced by model studies using 1-phenylethyl bromide/7.3) Therefore, nonpolar 

solvents are recommended for styrene A T R P . 

Well-defined polystyrenes can be prepared within the molecular weight range of 

1,000 to 90,000. In the region from 1,000 to 30,000, polydispersities ( M w / M n ) are less 

than 1.10/20) and above 30,000, polydispersities increase to within the range of 1.10 to 

1.50 due to some side reactions, predominantly H X elimination//.?) These side reactions 

can be reduced at lower polymerization temperatures. For example, the bulk A T R P of 

styrene at 110 °C allows synthesis of a polymer with a predetermined molecular weight, 

M n = 40,000 and MJMN = 1.18; however when the synthesis of polystyrene of M n = 

80,000 is attempted, a polymer with M n = 70,000 and MJMN = 1.5 is obtained. At 100 

°C the molecular weight control is slightly better. For example, polystyrene with a 

predetermined molecular weight M n = 55,300 can be prepared with M y M n = 1.15; 

however when the synthesis of polystyrene with M n = 180,000 is attempted, a polymer 

with M n = 150,000 and M w / M n = 1.7 is obtained. 

A wide range of styrene derivatives have been polymerized in a controlled fashion 

using A T R P ; however, there are some limitations in monomer structure. For example, the 

polymerization of /7-methoxystyrene is accompanied by side reactions, and the structure of 

the oligomers formed suggests the involvement of cationic intermediates/45) The 

growing radical for this polymerization is very electron rich and might be oxidized to the 

corresponding cation. Generally, styrenes with electron withdrawing substituents 

polymerize faster The Hammett correlation provides an overall value of p~1.5 which is 

significantly larger than the correlation for the propagation rate constants, p~0.5/45) 

This indicates that the equilibrium is shifted more towards the radical species for styrenes 

with the electron donating substituents. It seems that the observed dependence, for 

styrene derivatives, is caused by lower stability of the corresponding dormant alkyl halides 

because reactivities of radicals are very similar. Nearly identical conclusions come from 

model studies of benzyl halides and benzyl radicals.(46,47) 

For a typical bromine-mediated bulk styrene A T R P at 110 °C the observed rate 

constant is k o b s = 1.6 χ 10' 4 s 1 ( [CuBr] 0 = [dNbipy] 0/2 = [ l - P E B r ] 0 = 0.087 M ) . Using 

the known rate constant of propagation (kp = 1.6 χ 103 M " 1 s"1 at 110°C), one can calculate 

the steady state radical concentration: [Ρ·] = 1.0 χ ΙΟ"7 M . If the polymerization is 

conducted with an initial 10 mol % excess of the copper(II) complex, relative to Cu(I), in 

order to keep the deactivator concentration relatively constant, then the atom transfer 

equilibrium constants can be estimated: =k a/kd= 4 χ 10"8/57) 

B . M e t h y l Methacry la te : The standard conditions for methyl methacrylate 

( M M A ) A T R P are similar to those of styrene A T R P except that less copper(I) catalyst is 
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needed and the polymerizations are conducted in 50% solution in diphenyl ether or 

dimethoxybenzene at 90 °C. The use of copper bromide instead of copper chloride leads 

to more rapidly decreasing polydispersities (/7-TsCl/CuCl, conversion = 25 %, M n = 

8500, MJMN = 2, while for /?-TsCl/CuBr for the same conversion, M n = 7800, MJMN = 

\.\S).(48) This is due to the better efficiency of bromine in the deactivation step. The 

polymerization also is less controlled when bipy is used instead of dNbipy due to the 

correspondingly smaller concentration of deactivator (as discussed later). The best 

initiators for M M A A T R P are p-toluenesulfonyl chloride(p-TsCl), 2-bromo-2-methyl 

malonate and benzhydryl chloride. With these initiators the apparent rate constant of 

initiation is larger than that of propagation. 

t Well-defined poly(methyl methacrylate) has been prepared within the molecular 

weight range of 1,000 to 180,000. In the region from 1,000 to 90,000 the 

polydispersities are less than 1.10, and above 90,000 the polydispersities fall within the 

range of 1.10 to 1.50.(4S) For a typical bromine-mediated solution M M A A T R P , the 

observed rate constant is k o b s = 8.3 χ 10"5 s"1 ( [ M M A ] 0 = 4.7 M ; [CuBr] 0 = [dNbipy] 0/2 = 

0.0105M; [^-TsCl] 0 = 0.021 M ) . The steady-state radical concentration of 5.1 χ ΙΟ"8 M 

can be calculated using the aforementioned propagation rate constant. The estimated 

equilibrium constant, Κ^=2 χ 10"7, is larger than in the styrene polymerization in spite of 

the lower temperature used. This must be due to the structure of the tertiary radical which 

does not react fast enough with XCu(II) species to form the more sterically hindered 

tertiary alkyl halide. Earlier inhibition studies indicate that inhibition coefficients for F e C l 3 

and C u C l 2 in D M F in the polymerization of styrene are significantly higher than in M M A 

polymerization .(49) 

C . M e t h y l Acry la te : The standard conditions for methyl acrylate (MA) A T R P 

are similar to those of styrene A T R P except that the polymerizations are conducted at 90 

°C. Typically, an alkyl bromopropionate is used as the initiator, because its structure is 

homologous to that of the polymer endgroup, however, 1-phenylethyl and isobutyryl 

derivatives are also very efficient initiators. Well-defined poly(methyl acrylate) with 

polydispersities of less than 1.10 can be prepared within the molecular weight range of 

1,000 to 80,000.(50) Above 90,000 the polydispersities increase to >1.3. The estimated 

equilibrium constant for M A is K e q =3 χ 10*9 at 90 °C which is nearly 100 times smaller 

than for M M A which can be mainly attributed to the difference between secondary and 

tertiary structure of the growing radicals. 

Because the monomer is an ester, a wide range of polyacrylates with differing side 

chains were prepared using A T R P . Thus far, acrylates with primary, secondary and 

tertiary alkyl groups (51) have been polymerized successfully, as well as those with 

alcohol, epoxide and vinyl groups.(52) Acrylic acid polymerization has not yet been 
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succesful. Some polymerizations such as 2-hydroxyethyl acrylate were carried out in 50% 

aqueous solution showing low sensitivity of catalyst and growing species to water and 

alcohols. 

D. Acrylonitrile: The A T R P of acrylonitrile is necessarily conducted using a 

solvent, because polyacrylonitrile is not soluble in acrylonitrile. The polymerizations are 

conducted at 45 to 65 °C using a 33 % solution in ethylene carbonate, 0.1 mole percent 2-

bromopropionitrile initiator, and 0.01 to 0.05 mole percent copper(I) catalyst/37) Again, 

α-halopropionitriles are good initiators for these polymerizations, since they are 

homologous to the structure of the dormant polymer endgroup. Well-defined 

polyacrylonitrile with polydispersities of less than 1.05 can be prepared within the 

molecular weight range of 1,000 to 10,000.(53) Acrylonitrile can be copolymerized with 

styrene in a well-controlled fashion to yield gradient copolymers with molecular weights 

ranging from 1,000 to 15,000.(54) 

E . Other monomers: Some other monomers require additional adjustments to 

the reaction conditions. For example, the polymerization of N-vinylpyrrolidinone and 2-

hydroxypropyl methacrylamide requires the use of a tetradentate ligand such as cyclam. 

Otherwise, the Cu/bipy complex dissociates and the nature and activity of the catalyst is 

altered by complexation of the amide functionalities of the polymer and/or monomer. 

2. Initiators: The main role of the alkyl halide (RX) species is to dictate the number of 

initiated chains. The polymerization rates in A T R P are first order with respect to the 

concentration of R X , and the molecular weights scale reciprocally with the initial 

concentration of initiator. The (pseudo)halide group, X , must rapidly and selectively 

migrate between the growing chain and the transition-metal complex. Thus far, bromine 

and chlorine are the halogens that afford the best molecular weight control. With alkyl 

fluorides, the fluorine-carbon bond strength is apparently too strong for atom transfer to 

occur. Iodine works well for acrylate polymerizations; however, in styrene 

polymerizations the heterolytic elimination of hydrogen iodide is too fast at high 

temperatures.(55) A s for other groups, X , some pseudohalogens, specifically 

thiocyanates, have been used successfully in polymerization of acrylates and styrenes.(55) 

To choose a good initiator, the ratio of the apparent initiation rate constant (1^·Κ0, where k{ 

and K 0 refer to the absolute rate constant of addition of the initiating radical to the alkene 

and the atom transfer equilibrium constant for the initiating species, respectively) to the 

apparent propagation rate constant ( k p K e q , where k p and K e q refer to the absolute rate 

constant of propagation and the atom transfer equilibrium constant for the dormant chain, 

respectively) must be considered. If kj-K 0 is much less than k p - K e q , then initiation wi l l be 
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incomplete during the polymerization, and the molecular weights and polydispersities wil l 

be too high. 

To a first approximation, the structure of the alkyl group, R, of the initiator should 

be similar to the structure of the dormant polymer species. For example, 1-phenylethyl 

derivatives resemble dormant polystyrene chain ends, α-halopropionates approximate 

dormant acrylate end groups, etc. This is true for secondary radicals but not necessarily 

for tertiary radicals. For example, isobutyrates are not the best initiators for M M A . This 

is probably due to the so called B-strain effect.(56') For initiators that are not structurally 

related to the dormant polymer chain end, it is better to use organic (pseudo)halides that 

form less reactive radicals and that have relatively higher efficiency than the dormant chain 

ends. For example, alkyl 2-chloroisobutyrates and arenesulfonyl chlorides are good 

initiators for styrene and alkyl (meth)acrylate A T R P , but chloroacetates, 2-

chloropropionates and 1-phenylethyl chloride are poor initiators for the polymerization of 

methyl methacrylate. In general, any alkyl halide with activated substituents on the oc-

carbon, such as aryl, carbonyl, or allyl groups, potentially can be used as A T R P initiators. 

Polyhalogenated compounds (CC1 4 and CHC1 3 ) and compounds with a weak R - X bond, 

such as N - X , S - X , and O - X , also can be used as A T R P initiators.(7427) This list 

includes not only small molecules, but also macromolecular species which can be used to 

synthesize block / graft copolymers. There is an upper limit to the stability of the initiating 

radicals beyond which it becomes an inefficient initiator. Trityl halides, for example, are 

poor initiators for A T R P . 

A final important factor to consider in choosing an A T R P initiator is that R - X 

bonds can be cleaved heterolytically, as well as homolytically, depending on the 

substituents on R, the nucleophilicity of X , the Lewis acidity of the transition-metal 

complex, the solvent, and the polymerization temperature. Hence, some initiators work 

well when R possesses electron-withdrawing substituents but fail when R possesses 

electron-donating substituents. For example, alkyl iodides are useful initiators for acrylate 

polymerizations but not for styrene polymerizations. Other initiators that possess multiple 

strong electron-withdrawing groups, such as malonate derivatives, exhibit a noticeable 

side reaction which is presumably the reduction of the radical to the corresponding 

carbanion. 

It is possible to improve the efficiency of initiation in several ways. The first 

approach involves the exchange of ligands. When M M A polymerization was initiated by 

benzyl chloride with CuBr/ 2 dNbipy as the catalyst, molecular weight of the obtained 

polymer was >10 times higher than predicted and the polydispersity was M w / M n = 3 . 2 . On 

the other hand, when benzyl bromide was used as the initiator and C u C l / 2 dNbipy as the 
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catalyst, final molecular weight was in good agreement with the predicted value and the 

polydispersity was much lower, M w / M n = 1 . 3 . This is due to the fact that alkyl bromides 

are easier to activate than alkyl chlorides and, at the initiation stage, alkyl bromides were 

exclusively present whereas at the propagation stage predominantly alkyl chlorides were 

formed. N M R studies indicate that when equimolar amounts of either R C l / C u B r or 

R B r / C u C l are mixed, the same equilibrium state is rapidly reached at which 83% of 

R C l / C u B r and 17% of R B r / C u C l are formed by rapid ligand exchange. 

The second way to improve initiator efficiency is to add the initiator slowly to the 

reaction mixture. When benzhydryl chloride is added rapidly at the beginning of M M A 

polymerization, slow polymerization is observed and molecular weights are significantly 

higher than predicted although they increase linearly with conversion and polydispersities 

are low ( M w / M n < l . l ) . This is due to the fact that the equilibrium constant at the initiation 

stage is very large ( K ^ 0 » ^ ) and benzhydryl radicals react with one another (k t) rather 

than initiating polymerization (k). Approximately 40% of 1,1,2,2-tetraphenylethane is 

formed in less than 5 minutes. This system, however, can be converted to a well 

controlled polymerization when a solution of RC1 is added slowly over a 10 minute 

period. The instantaneous concentration of radicals is significantly reduced, allowing 

monomer addition to compete successfully, and dominate over termination. As a 

consequence, less C u X 2 is formed, reactions are faster and molecular weights agree well 

with theoretical values (Scheme 4). 

Scheme 4 

Increasing Inititiation Efficiency by Slow R X Addition 

+ CuCI 

P h 2 C H C I 
added slowly ! Ç H 3 

P h 2 H C — C - C — C I + CuCI 
H 2 I 

C 0 2 C H 3 

Ç H 3 

P h 2 H C — C - C · 
H 2 I 

C 0 2 C H 3 

+ C u C I 2 

The third way of improving initiator efficiency is by slow addition of catalyst. 

This is related to electron transfer reactions which may occur between Cu(I) species and 
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organic radicals with strong electron withdrawing groups, such as malonate radicals or 

trichloromethyl radicals (Scheme 5). 

Scheme 5 

Increasing Initiation Efficiency by Slow Catalyst Addition 

R - X + Cu 

>j<+M 

R-M-X + Cu 
R" H- Cu111 

not formed if 
Cu 1 added slowly! 

When the Cu(I) species is present in large amounts, the malonate radicals or CC1 3 radicals 

are easily reduced to the corresponding anions. In the polymerization of styrene with 

dNbipy as a ligand, a nearly instantaneous change in color from brown-red to dark-green 

indicates the formation of a Cu(II) species. N o monomer is consumed in this case. 

However, when a solution of the catalyst is added slowly (over 10 minutes at room 

temperature) to the reaction mixture containing monomer and initiator, polymerization 

occurs with a typical rate and well defined polystyrenes are formed. Thus, the small 

amount of Cu(I) in the system is sufficient for the formation of radicals which add to 

styrene and are converted to less active R - M - X species but there is not enough Cu(I) 

species available for the electron transfer process and this side reaction is suppressed. 

3. Catalysts: In the case of copper-catalyzed A T R P , the most active catalyst system 

contains two equivalents of a bidentate ligand, such as dNbipy, per copper(I) halide 

(CuX). The rate of polymerization is first-order with respect to the concentration of C u X / 

2 dNbipy, and the molecular weights do not depend upon the concentration of C u X / 2 

dNbipy. The role of the copper(I) complex is to generate radicals via atom transfer, and it 

was demonstrated that the copper(I) complex does not react reversibly with the growing 

radicals in any manner that results in polymerization control/.?/) This experiment 

involved adding C u X / 2 dNbipy to dicumyl peroxide-initiated free-radical polymerizations 

of styrene and monitoring the kinetics, molecular weights and polydispersities of the 

polymerizations. 

The kinetically optimum ratio of dNbipy to copper depends on the monomer and 

counterion. For the polymerization of styrene and acrylates it was determined to be two-
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to-one. Below this ratio the polymerization rate was usually much slower, and above this 

ratio the polymerization rate remained unchanged. The same behavior was observed in 

polymerization of M M A catalyzed by CuPF 6 . However, in A T R P of methyl methacrylate 

catalyzed by CuBr , the maximum rate was found at a one-to-one ratio. This may be 

explained by the presence of different structure with different reactivities of the C u X 

species with different counterions. For example, dimeric structure A or structure Β with a 

linear Cu(I)X 2" anion shown in Scheme 6 have an average ratio dNbipy/Cu = 1: 

Scheme 6 

Some Possible Structures of Complexes of Copper(I) 

with Bidentate Ligands (e.g. bipy) 

O v O I OO I ™"-**ΟΝ * * Os, 
A B Ç D 

X = C1 or Br 

For C u P F 6 , bridging is unlikely and presumably structure Ε is responsible for the atom 

transfer process. It has been independently detrmined that CuX 2 ~ (as a counterion of tetra-

n-butyl ammonium salt) is not an efficient catalyst. However, it should be remembered 

that according to eq. 1, the rate depends on the ratio [Cu(I)]/[XCu(II)]. Thus, it may 

happen that at less than a two-to-one ratio, less Cu(II) species is soluble and the rate is 

comparatively faster. A similar set of equilibria can be considered for the XCu(II) species. 

Preliminary E P R and U V studies indicate the formation of mixed-valency dimers 

(Cu^X-Cu 1 1 ) . The exact structure of Cu(I) and Cu(II) species is not clear and it perhaps 

changes with temperature, concentration, solvent, monomer or small amounts of 

additives. It is most likely that several species coexist together in a dynamic equilibrium. 

Bipyridyl ligands are quite labile and when four equivalents of 4,4 ,-(di-feri-butyl)-2,2'-

bipyridine to CuBr are used, only one set of ! H N M R signals corresponding to the rapidly 

exchanging complexed and free ligands is observed down to -50 °C. Only at lower 

temperatures is the ligand exchange slow on the N M R time scale, resulting in two separate 
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sets of signals. Therefore, the simplified picture that the Cu(I)/bipy 2 species is in a 

tetrahedral coordination (57) and XCu(II)/(bipy) 2 is a trigonal bipyramid/5S) adopted 

from the X-ray structures of the corresponding isolated solid, may not be fully correct in 

solution, especially in non-polar solvents. (Scheme 7) 

Scheme 7 

Idealized Tetrahedral Cu(I) and Trigonal Bipyramidal Cu(II) Species 

Involved in A T R P 

R — C I 

There are several requirements for an effective A T R P catalyst. First, the metal 

complex must have an accessible one-electron redox couple to promote atom transfer, but 

this requirement alone is not sufficient. A second requirement is that upon one-electron 

oxidation, the coordination number of the metal center must be able to increase by one in 

order to accommodate a new ligand, X , via atom transfer. Another common feature to 

each of these systems is that the lower oxidation state complex has an even number of d-

electrons which are all paired, providing a stable electronic configuration for the metal 

center. The higher oxidation state complex has an odd number of electrons, and can be 

thought of as a metalloradical. A third requirement for an effective A T R P catalyst is that it 

must show selectivity for atom transfer and therefore possess a low affinity for alkyl 

radicals and hydrogen atoms on alkyl groups. If not, then transfer reactions, such as β-Η 

elimination and the formation of organometallic derivatives, may be observed. These 

reactions would reduce the selectivity of the propagation step and the livingness of the 

polymerization. The fourth requirement is that the metal center must not be a strong Lewis 

acid, otherwise the ionization of certain initiators or endgroups to carbocations may occur. 

These species most certainly would be short-lived under the polymerization conditions and 

therefore result in chain termination. Finally, the metal center should not participate in 

outer-sphere electron transfer processes. Scheme 8 presents some values for redox 

processes for the metal centers, together with the estimated potentials for the oxidation and 

reduction of organic radicals.(59-63) Some of these values were determined in various 
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solvents and some only estimated, however, they provide a general picture of some 

potential electron transfer processes. 

Scheme 8 

Redox Potential for Various Organometallic Complexes and Various 

Organic Radicals 

I s t + / * l I VE+/* ι 
MeOCH(Me)+/' 

Γ'" RO*' 

more stable anions 

PhO*'" [RC(0)] 2CH v[ROC(0)] 2CH v- ROC(0)CH 2*' 

|Acr*/- { 

more stable cations 

Cu(MeCN) 4

n / I Ruibpyb1"7" (cu(bipy)£J Cu(tpy)2"" CuL4

m

 Cu(PAhm better ATRP catalysts 

PhCH 2 

R* + Cu(ll) R + + Cu(l) side reactions due to carbocations 

R* + Cu(l) R" + Cu(ll) side reactions due to carbanions 

There are several important conclusions from the inspection of Scheme 8. It 

appears that poor A T R P catalysts may additionally participate in an electron transfer 

process to oxidize many organic radicals, including styryl radicals. The C u ( M e C N ) 4 

complex leads to cationic styrene polymerization.(W) As mentioned before, p-

methoxystyrene also forms carbocations when Cu(bipy) 2 is used (45) and the radical 

homopolymerization of vinyl ethers has been unsuccesful for the same reason. Thus, it 

may be predicted that using more powerful catalysts which better stabilize higher 

oxidation states (like C u X with aliphatic polyamines) the radical polymerization of some of 

these monomers can be accomplished. 

On the other hand, a better catalyst may reduce the electrophilic radicals such as 

those in the polymerization of acrylates or acrylonitrile. Cu(bipy) 2 can already reduce 

malonate, acetylacetonate and trichloromethyl radicals under the appropriate conditions. 

More powerful catalysts may increase the proportion of side reactions for electrophilic 

monomers. It seems that Cu/bipy 2 is a relatively universal catalyst which may be used for 

many but not all monomers. Further development of new A T R P catalysts may require 

specific design for each group of monomers. 

The most important system variables in designing selective A T R P catalysts are the 

position of the atom transfer equilibrium and the dynamics of exchange between the 

dormant and active species. As mentioned above, adjusting the structure of the metal 
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catalyst wi l l serve to achieve this aim. The equilibrium constant values required for the 

successful polymerization of methacrylates, styrenes, acrylates, and acrylonitrile range 

from 10"6 to 10"1 0. Achieving the controlled / living radical polymerization of monomers 

possessing weaker stabilizing substituents, such as vinyl chloride, vinyl acetate, and 

potentially ethylene, wi l l require a much more active catalyst (the equilibrium constant for 

benzyl bromide is in the range of 10"4 to 10"6). The deactivation step, or the reaction of the 

polymeric radical with the copper(II) complex, must be very fast, (k d =10 7 ± 1 M " 1 s"1), 

otherwise the polymerization wil l display high polydispersities and poor control over 

molecular weights. In the limiting case in which the deactivation step is exceedingly slow, 

A T R P simply becomes a conventional free-radical polymerization. This is, for example, 

the case for the XCu ! (tpy) catalyst which may form a relatively stable X 2 Cu(tpy) trigonal 

bipyramidal species which slowly deactivates growing radicals, resulting in a redox-type 

conventional radical polymerization of styrene. 

A n important factor that influences the position and dynamics of this equilibrium is 

the relative bond strengths of the corresponding carbon-halogen and copper-halogen 

bonds. Much lower polydispersities are observed in A T R P using an organobromine 

initiator with 2 dNbipy / CuBr than an organochlorine initiator with 2 dNbipy / CuCI. The 

difference in bond strengths between the carbon-bromine and copper(II)-bromine bonds is 

smaller relative to the carbon-chlorine and copper(II)-chlorine bonds. The free energy of 

equilibrium is slightly smaller for bromine-mediated A T R P ( A G 0 = 13 kcal mol"1) versus 

chloride-mediated A T R P ( A G 0 = 14 kcal mol"1). This difference allows bromine-mediated 

A T R P to be conducted at lower temperatures at which any potential side reactions and 

thermal self-initiation, in the case of styrene, are slower. Also, the copper(II)-bromine 

bond strength is smaller than the copper(II)-chloride bond strength, so the former bond 

should be weaker, resulting in a faster deactivation reaction. These facts are also 

consistent with earlier studies on the efficiency of free-radical polymerization inhibition 

using various metal salts. In these studies it was shown that for the polymerization of 

methyl methacrylate, C u B r 2 in D M F was approximately two times more efficient of an 

inhibitor than C u C l 2 in ΌΜ¥.(49) 

The key to tailoring the chemistry of the metal catalysts to achieve the desired atom 

transfer equilibrium constant and dynamics of exchange is the appropriate choice of 

ligands. The electronic, steric, and solubility characteristics of each ligand system will 

determine the effectiveness of the metal catalyst. Ligands that are good σ-donors and π -

acceptors wil l stabilize the lower oxidation state of the metal center. This factor serves to 

shift the atom transfer equilibrium towards the side of the dormant species. When 2,2'-

bipyridyl ligands with electron-withdrawing substituents, such as carbomethoxy groups, 
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at the 4,4'-positions are used in copper-catalyzed A T R P , the polymerization rate is >10 

times slower relative to polymerizations using unsubstituted 2,2'-bipyridine. Apparently, 

the carbomethoxy groups make the ligands better π-acceptors and further stabilize the +1 

oxidation state and destabilize the +2 oxidation state of copper. Such effects would reduce 

the corresponding atom transfer equilibrium constant. 

Ligands that sterically crov/d the metal center prevent the approach of the alkyl 

halide initiator or endgroup and therefore are poor ligands for A T R P . Thus, the use of 

6,6'-dialkylsubstituted-2,2'-dipyridyl ligand for copper-catalyzed A T R P results in no 

observable polymerization. 

Ligands that possess long alkyl chains increase the solubility of the A T R P copper 

catalysts in nonpolar polymerization media. When 2,2'-bipyridine (bipy) is used, the 

copper halide is sparingly soluble in the polymerization medium and the polymerization is 

heterogeneous, whereas bipyridyl ligands with long alkyl chains at the 4,4'-positions 

(such as = 4,4'-di(5-nonyl)-2,2'-bipyridyl, dNbipy) completely solubilize the copper 

halide. Qualitatively, A T R P behaves in a similar manner whether or not the catalyst is 

highly soluble in the polymerization medium, because the catalyst is not bound to the 

growing chain. Somewhat higher polydispersities are observed in the heterogeneous 

systems due to the lower concentration of the Cu(II) complex (deactivator) and 

consequently a slower deactivation process; however, the overall difference is not too 

dramatic. For instance, in the bulk polymerization of styrene (at 100 °C with 0.5 mole % 

of 1-phenylethyl bromide, 1-PEBr, initiator) the polydispersity, M w / M n , averages around 

1.1 when C u B r / 2dNbipy is the catalyst, versus 1.3 when CuBr / 2 bipy is the 

catalyst.(74,20) 

The last, nearly trivial parameter which can affect A T R P is the solubility of both 

the Cu(I) and Cu(II) species. Sometimes, for synthesis of short chains with low 

polydispersities, a high concentration of XCu(II) species is necessary, however, this 

slows down polymerization. Thus, for the synthesis of longer chains, a lower solubility 

may be beneficial. Adjustement of the solubility of the catalyst by the ligand structure is 

very important in the synthesis of hyperbranched polymers, with a very high 

concentration of active halogen aioms.(65) For homogeneous systems, no polymerization 

of 2-(2-bromopropionyloxy)ethyl acrylate was observed because all Cu(I) species were 

very rapidly converted to XCu(II) species. However, in a heterogeneous system a lower 

stationary concentration of both Cu(I) and XCu(II) allowed controlled polymerization. (65) 

During the process, Cu(I) was progressively dissolving and converting to XCu(II) which 

was precipitating because of its low solubility; both species maintained their low stationary 

concentrations. 
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Another approach to reduce concentration of Cu(II) species involves its reaction 

with Cu(0) and regeneration of Cu(I). The addition of the zero valent metal, copper 

powder, allows for the slow removal of excess Cu(II) plausibly by a simple 

oxidation/reduction process (Scheme 9). In this case, the Cu(0) is oxidized to Cu(I) while 

the Cu(II) is reduced to Cu(I). Removal of small amounts of Cu(II) enhances the rate, 

while still maintaining control of the polymerization. For example, in bulk polymerization 

of M A at 90 °C initiated by 1 mol% of methyl 2-bromopropionate and catalyzed by 0.1% 

of CuBr/2dNbipy reaction rate increases 10 fold in the presence of 2 mol% of Cu(0) 

powder (no extra ligand is added) while molecular weights are well controlled and 

polydispersities increase only slightly.(66) Apparently, the position of the equilibrium in 

the disproportionation ( C u X 2 + Cu(0) = 2 C u X ) depends very strongly on ligands and it is 

as low as 10" 6 M for water (67) but 10 5 M for ethylene (68) and presumably has a similar 

large value for bipy as ligand. 

Scheme 9 

Plausible Mechanism for the Regeneration of C u X 2 by Cu(0) 

Pn—X + XCuV2dNbipy- Ρ · + X—XCun/2dNbipy 

: Slow 

Y 
1/2 Ρ — P m + excessX—XCun/2dNbipy 

Cu° J X 

4. Solvents and Additives: Typically, A T R P is conducted in bulk, but solvents may 

be used and are sometimes necessary when a polymer is insoluble in its monomer. 

Solution polymerizations are slower relative to bulk polymerizations using the same 

amounts of reagents due to the reaction orders of each component. When solvents are 

used they are usually very non-polar, such as benzene, /7-dimethoxybenzene, and diphenyl 

ether, but some polar solvents, such as ethylene carbonate and propylene carbonate, have 

been used successfully.(31,37) Solvent choice should be dictated by several factors. 

First, with some solvents there is the potential for chain transfer, depending upon the 

corresponding transfer constant, C s . This factor usually only limits the maximum 

molecular weight attainable in that particular solvent. Thus, when low molar mass 

polymer is targeted (i.e., M n < 20,000) toluene and xylene can be used as A T R P solvents. 

Second, solvent interactions with the catalyst system should be considered. Specific 

interactions with the catalyst, such as solvolysis of the halogen ligand or displacement of 
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the bipyridyl ligands, should be avoided. For example, bromine-mediated A T R P of 

styrene in D M F and acetonitrile is much slower and exhibits less molecular weight control 

than the corresponding A T R P in nonpolar solvents or in bulk. Third, certain polymer 

endgroups, such as polystyryl halides, can undergo solvolysis or elimination of H X at 

110 to 130 °C in many polar solvents.(13) 

A T R P also can be conducted with additives to identify specific functional group 

compatibilities and incompatibilities. Additives that are good ligands for Cu(I) and (II) 

significantly reduce the rate of polymerization. The addition of five volume percent 

pyridine to the A T R P of styrene greatly slows down the rate of polymerization, and the 

addition of two mole equivalents of triphenylphosphine per copper center entirely 

deactivates the catalyst.f37) The polymerization is rather sensitive to oxygen. A T R P will 

proceed when a small amount of oxygen is added, because this amount of oxygen can be 

scavenged by the catalyst which is present at much higher concentration than the polymeric 

radicals. However, the reaction of oxygen with the catalyst reduces the concentration of 

the copper(I) complex and may form an excess of the copper(II) species. This reaction 

would also have the effect of reducing the rate of polymerization. 

In a very recent paper it was proposed that propagation in Cu-based A T R P of 

M M A did not take place via a carbon-centered free radical, since no effect on rates and 

molecular weights was observed in the presence of phenol s.(<59,) However, several earlier 

studies clearly demonstrated that although phenols do affect polymerization of styrene, 

their action on radical polymerization of (meth)acrylates is very week. For example, less 

than 1% retardition was observed for M M A with 0.2 M of hydroquinone and 4-

methoxyphenol even increased polymerization rate initiated by ADBN at 45 °C. In the 

latter case transfer coefficient is k t/k p<0.0005.(70) A similar observation was made for 

methyl acrylate, were inhibition was again insignificant at 50°C, k x/k p<0.0002.(7/) 

Thus, week retardition/transfer effect of phenols on polymerization of (meth)acrylates 

does not contradict the radical mechanism. On the other hand, phenols may even 

accelerate polymerization by exchanging ligands at Cu center. Similar effect was noticed 

for Cu carboxylates and C u PF6.(55,72) 

6. Temperature and React ion Time: In A T R P , the observed rate of polymerization 

is enhanced by increasing temperature due to increases in both the rate constant for radical 

propagation and the atom transfer equilibrium constant. The atom transfer enthalpies for 

styrene A T R P are Δ Η 0 = 4.8 kcal mol"1 ( A S 0 = -22 kcal mol"1) for the bromine-mediated 

process and Δ Η 0 = 6.3 kcal mol"1 ( A S 0 = -20 kcal mol"1) for the chlorine-mediated 

process.(37j In the bromine-mediated A T R P of methyl acrylate, Δ Η 0 « 12 kcal mol"1 
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which indicates that the formation of radicals is more endothermic in comparison to the 

styrene system. This result correlates well with the higher reactivity of the acrylate radical 

with respect to the styryl radical. 

The energy of activation for radical propagation is appreciably higher than that for 

termination by radical combination and disproportionation. Consequently, the ratio k p / k t 

is higher and therefore better polymerization control (livingness) is observed at higher 

temperatures. If only the ratio of termination-to-propagation is considered, the best 

control wil l be observed for slower reactions at higher temperatures, but at elevated 

temperatures the rate of chain transfer and other side reactions also become faster. 

Therefore, an optimum temperature for each type of A T R P must be found. This 

temperature wi l l depend upon the monomer, catalyst system (catalyst structure and activity 

may change with temperature), targeted molecular weight, and the chemist's patience. 

The effect of reaction time is also important. At high polymerization conversions 

the rate of propagation is very slow, because of the dependence upon monomer 

concentration. The rate of most side reactions does not depend upon monomer 

concentration, so such processes may still proceed at their observed rate. Even though the 

rate of such side reactions may be perceived as slow, they can have a significant effect 

upon the structure of the final polymer. In such situations significant loss of endgroup 

functionality can occur. The fact that the final polydispersities may be very low and the 

polymer may appear to be well-defined could be misleading. Therefore, when conducting 

A T R P in which maintaining the endgroup functionality is a concern (i.e., in the 

preparation of block copolymers), the polymerization conversion should not exceed 95% 

in order to avoid potential endgroup loss. 

C o n c l u s i o n s 

Atom transfer radical polymerization is a new versatile method to control the 

radical polymerization of styrenes, various (meth)acrylates, acrylonitrile and other 

monomers. It can be used to prepare polymers with controlled architectures, compositions 

and functionalities. Although very often the same catalyst and initiator can be used for the 

synthesis of many polymers, particular reaction conditions, ratios of reagents and even the 

mode of addition of all the reaction components may affect control. Thus, it is important 

to understand the role of each component and the effect of its structure and concentration 

on A T R P . This paper only attempts to describe this complex system and more detailed 

kinetic and spectroscopic studies are necessary to determine the precise structure and 

reactivities of the Cu(I) and Cu(II) species, as well as the propagating species. It is 

possible that many of these species coexist and depending on monomer, metal, ligand, 
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protecting group, temperature, solvent and concentrations one species may dominate but 

others may be major contributors to the propagation and exchange reactions. 
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Chapter 17 

Atom Transfer Radical Polymerization of Methyl 
Methacrylate: Effect of Phenols 

D. M. Haddleton, A . J. Shooter, A. M. Heming, M. C. Crossman, 
D. J. Duncalf, and S. R. Morsley 

Department of Chemistry, University of Warwick, Coventry, CV4 7AL, 
United Kingdom 

Atom transfer radical polymerization of methyl methacrylate initiated by 
ethyl-2-bromoisobutyrate and catalyzed by 2-pyridinal-alkylimine 
copper(I) complexes has been demonstrated to be effective in the 
presence of large excesses of phenolic radical inhibitors. In the absence 
of phenol an induction period is observed which is reduced on addition 
of phenol, topanol, 4-methoxy phenol and 2,6-diisopropylphenol. Single 
crystal x-ray diffraction studies and variable temperature N M R 
experiments suggest that this is due to the formation of a bridged 
copper(II) species. The results indicate that propagation in this type of 
ATRP system does not proceed via a free radical but via a complexed 
bridging halide atom species. 

Atom transfer radical polymerization (ATRP) is emerging as an efficacious method for 
the controlled polymerization of styrene, acrylates, methacrylates and other vinylic 
monomers (1-7). The reaction has been developed from the Kharash reaction used for 
carbon-carbon bond formation in organic synthesis. Two groups, independently, 
reported this chemistry for Irving polymerization of vinyl monomers. Sawamoto 
described the use of Ru(PPh3)3Br2 in conjunction with an alkyl chloride and an 
aluminum phenoxide/alkoxide activator for the living polymerization of methyl 
methacrylate in toluene at 60 °C (5-6). Matyjaszewski utilized copper(I) halides in 
conjunction with 2,2'-bipyridine as a complexing ligand for the controlled radical 
polymerization of styrene, methyl and butyl acrylate and methyl methacrylate in a range 
of solvents at between 80 °C and 130 °C (1 - 4). The role of the 2,2'-bipyridine was 
originally described as increasing the solubility of the inorganic salt although with 2,2'-
bipyridine a heterogeneous polymerization ensues. This work has been extended for 
styrene by use of a 4,4'-dialkyl substituted 2,2'-bipyridine e.g. 4,4'-di-n-heptyl-2,2'-
bipyridine, which increases the solubility of the catalyst system in hydrocarbon such that 
living polymerization is observed with Mn up to 10,000 and PDI < 1.10 (3). It is noted 
that even with this soluble copper(I) species the reaction is approximately first order 

284 © 1998 American Chemical Society 
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with respect to copper for both 1-phenylethyl bromide and 1-phenylethyl chloride 
initiated polymerization o f styrene. Subsequently, Percec has reported that the alkyl 
halide initiator may be replaced with an arenesulfonyl chloride. Teyssie and Granel have 
extended the catalyst set to nickel(II) with Ni(II)[C6H3(CH2NMe2)2-2,6]Br (8), 
although this was previously reported by Percec to decompose under the appropriate 
reaction conditions (7). Ni(II)[C6H3(CH2NMe2)2-2,6]Br leads to living polymerization 
o f methyl methacrylate with M n up to 65,000 and P D I = 1.2 in toluene at 80 °C. 

The role o f the 2,2'-bipyridine (bpy) when used in conjunction with copper(I) 
halides is not only to solubilize the active species but to stabilize copper(I) relative to 
copper(II) by accepting electron density into a π * orbital (9). We have reported that 
bipyridines may be replaced with other α-diirnines with the N=C-C=N skeleton e.g. 1 
and 2 where R, R ' = alkyl, aryl, etc. 
(10). Both 1 and 2 also have the R , R 

capability o f accepting electron density ι I 
into a π * orbital and have been found R N 

to be superior to bpy in stabilizing j 
metals in low oxidation states. Ligands R' 
such as 1 have recently been used 
coordinated to N i as very effective 1 
ethene polymerization catalysts (11). 
Both 1 and 2 type ligands are very facile to synthesize involving the reaction of the 
appropriate aldehyde, or ketone, with a primary amine. The wide range o f R groups 
available, from primary amines and carbonyl compounds, as well as the possibility of 
substitution on the aromatic ring in the case o f 2 gives control over the position of the 
Cu(I)/Cu(H) redox couple. Electron donating and withdrawing groups on the ligand 
stabilize Cu(II) and Cu(I) respectively, as well as allowing control over catalyst 
solubility. The availability o f catalysts with a range of solubilities is important in 
deterrriining the amount o f active species present in solution as well as in the subsequent 
application o f this chemistry to heterogeneous polymerization, e.g. mini-emulsion. 

Both ourselves (10) and Matyjaszewski (4) have proposed the mechanism 
shown in scheme 1 as an integral part o f this chemistry, where [I] initiates 
polymerization via free radical attack on a vinyl monomer. Propagation proceeds as in 
normal free radical polymerization. The reverse reaction, end-capping the polymer with 
a bromide atom and regenerating a [Cu(I)] complex, reduces the free radical 
concentration, and hence the rate o f conventional bimolecular termination. 

-Br r*'/ Ν ^ Γ Λ + - J . 

Scheme 1 
[Cu(I)] [Cu(n)Br] [1] 
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This mechanism allows for propagation to occur via a free radical process. Indeed, all 
three metal based A T R P catalysts Cu(I), Ru(II) and Ni(II) have been described as 
proceeding via a radical process. Sawamoto uses two tests to demonstrate the 
involvement o f free radicals in the A T R P o f M M A mediated by Ru(II): (A) the addition 
of radical inhibitors such as galvinoxyl or D P P H immediately stops or prevents 
polymerization from occurring and (B) 1 3 C N M R indicates the stereochemistry o f the 
P M M A product to be consistent with a Bernoullian process with stereochemistry similar 
to P M M A prepared from A I B N in toluene at 60 °C (5, 12). Matyjaszewski also reports 
that the stereochemistry o f P M M A as prepared with a [Cu(I)] catalyst is similar to that 
from classical free radical initiators and that galvinoxyl acts as an efficient inhibitor (2) . 
Again these two pieces of evidence are used as proof for a free radical process. Teyssie 
also reports inhibition by galvinoxyl and a persistence ratio o f close to unity with Νι(Π) 
which are used as an argument for free radical propagation. It is noted that only in the 
case o f Ni(II) are the radicals discussed as being temporarily confined within the 
coordination sphere of the metal. (8) 

One o f the potential advantages o f a radical type living polymerization over an 
anionic polymerization is robustness towards various functional groups in monomers, 
solvents and impurities present in the reaction (13). A s such we have been interested in 
examining the effect o f various functionality's on A T R P . Surprisingly, we have found 
that certain phenolic compounds enhance A T R P as opposed to inhibiting polymerization 
as might have been expected. This paper discusses preliminary results from this study. 

Experimental 

General: Methyl methacrylate ( M M A , Aldrich) and xylene ( A R grade, Fischer 
Scientific) were purged with nitrogen for 2 hours prior to use. The initiator, ethyl-2-
bromoisobutyrate (98%, Aldrich), and C u B r (99.999%, Aldrich) were used as received. 
The phenols used, phenol (99%, Pronalys A R ) , 4-methylphenol (99%, Aldrich), 2,6-
diisopropylphenol (97%, Aldrich) and Topanol (2,6-di-ter^butyl-4-methylphenol, 99%, 
Aldrich) were all used as received. 

Monomer conversion was measured by gravimetry. Molecular weights and 
molecular weight distributions were found by size exclusion chromatography using T H F 
as eluent with one 5 μπι guard and one mixed-E (3000 χ 7.5mm) column (Polymer 
Laboratories), calibration was against poly(methyl methacrylate) standards. 
Preparation of 2-pyridinal-pentylimine (1): "Pentylamine (24.4 mL, 0.21 moL, 99%, 
Aldrich) was added dropwise to Pyridine-2-carboxaldehyde (20.0 mL, 0.21 mol, 99%, 
Aldrich) with stirring in an ice bath. After complete addition o f the amine approximately 
5 g of dried magnesium sulfate was added and the reaction left for a further 2 hours. 
The solution was filtered and distilled under reduced pressure. The product was 
collected at 60 °C, 0.4 mbar (14, 15). ! H N M R (CDC1 3 , 250 M H z ): δ = 8.60 (d, 1H), 
8.33 (s, 1H), 7.94 (d, 1H), 7.69 (t, 1H), 7.27 (t, 1H), 3.63 (t, 2H), 1.69 (sextet, 2H), 
1.31 (overlapping quintets, 2 H each), 0.87 (t, 3H). 2-pyridinal-ethyliniine (2), 2-
pyridinal-propylimine (3), 2-pyridinal-butylirnine (4) and 2-pyridinal-fer/-butyliniine (5) 
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were prepared in a similar manner replacing /7-pentylamine with the appropriate primary 
amine. 

Typica l polymerization. In a typical reaction, CuBr (0.134 g; [Cu] : [Initiator] = 1 :1 ) 
was placed in a predried Schlenk tube which was evacuated and then flushed with 
nitrogen three times. Methyl methacrylate (10 mL) followed by 2-pyridinal-pentylimine 
(0.17 mL, [ligand] : [Cu] = 2 : 1 ) was added with stirring and witfiin a few seconds, a 
deep, brown solution formed. Xylene (20 mL) and , where appropriate, substituted 
phenol were then added and the flask heated in a constant temperature oil bath to 90 °C. 
When the solution had equilibrated ethyl-2-bromoisobutyrate (0.14 mL, [Monomer] : 
[Initiator]=100 : 1) was added. Samples were taken 30, 60, 120, 180, and 240 minutes 
after initiator was added. 

Crystals for single crystal x-ray diffraction study. [ C u ( C H 3 C N ) 4 ] [ B F 4 ] , (7), was 
added to a solution o f 5 in degassed methanol under nitrogen. The solution was filtered 
and red crystals suitable for a single crystal x-ray diffraction study recovered at 5 °C. 
Copper (I) bromide was added to a solution of 5 (two fold excess) in degassed methanol 
under nitrogen. A n equimolar amount phenol with respect to 5 was then added and the 
solution cooled to 5 °C. After 24 Hrs green crystals were isolated. 

Results and Discussion 

Polymerization of M M A by Cu(I)Br/2,2'-bipyridine/ethyl-2-bromoisobutyrate (6) 
in the presence of phenol. Polymerization o f M M A in xylene solution at 70 °C with 
[ M M A ] : [Initiator] = 100:1 (i.e. Μ η Λ 6 0 Γ = 10,000) in the presence o f CuBr and bpy 
proceeds to approximately 50% conversion after 180 mins, with P D I narrowing over 
the course o f the reaction (Table I). The addition of a 5 mole equivalent o f phenol 
dramatically increases the rate o f polymerization reaching 76% conversion over the 
same time period. Increasing the amount of phenol by a factor o f two results in the rate 
o f polymerization increasing such that greater than 97% conversion is achieved in 180 
mins. The increase in rate is seen by the increase in the gradient o f a semi first order plot 
(gradient = k p [Pol*] , where P o l * is the active chain end). Each reaction shows an 
induction period, where the number of active species increases, prior to a relatively 
linear region indicating that the active species is not destroyed in the reaction. A value 
for kp[Pol*], i.e. kP(apparent), can be calculated and this is found to increase from 1.2 χ 10"3 

s"1 to 5.5 χ 10"3 s"1 on addition o f phenol. Thus phenol accelerates the rate of 
polymerization and does not inhibit the reaction as might have been expected for either a 
radical or anionic propagation step. It is noted that in this set o f reactions the PDI is 
considerably greater than would be expected for a living polymerization. 

*H N M R study; role of phenol. Figure l a shows the variable temperature lH N M R 
spectrum of Cu(I)Br/2,2'-bipyridine in d 6 - D M S O . At room temperature we see four 
peaks from pseudo-tetrahedral Cu(bpy)2+. A t higher temperature, corresponding to 
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Table I. Polymerization o f M M A , with Cu(I)Br/2,2'-bipyridine/ethyl-2-
isobutyrate 100 [ M M A ] : 1 [In] : 1 [CuBr] : 3 [bpy] at 70 °C. 

[Phenol] il mins M n M w P D I % C o n v . 
/[Inl 
0 30 4984 8816 1.77 2.4 
0 60 6390 9630 1.51 10.1 
0 120 9287 14402 1.55 30.4 
0 180 12392 18240 1.47 52.7 
5 30 4444 6974 1.57 12.3 
5 60 6841 10523 1.53 23.4 
5 120 9877 15426 1.56 58.4 
5 180 12038 18527 1.54 76.1 
10. 30 5754 9182 1.6 26.8 
10 60 8978 13420 1.5 47.1 
10 120 10587 17535 1.66 78.8 
10 180 14173 23064 1.63 97.6 

(a) 

25°C 
final 
85°C 

65°C 

45°C 

25°C 
initial 

9.: 9/ i.i Î4 8C 7 5 7.2 

(b) 

9f 9/ a -:< -:r 7.- 7, t.; e< 

Figure 1. Partial 400 M H z lH N M R of (a) Cu(I)Br/2,2'-bipyridine and (b) 
Cu(I)Br/2,2'-bipyridine/phenol in d 6 - D M S O 
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ATRP reaction temperature, exchange occurs on the NMR time scale indicated by the 
observed peak broadening. On cooling the original spectrum is regenerated. In the 
presence of phenol (Figure lb), the bipyridine ligands exchange at 25 °C. Exchange of 
bipyridine with phenol occurs at the reaction temperature as evidenced by the 
broadening of the resonance's at approximately 6.7 and 7.1 ppm This is good evidence 
for coordination of the phenol to copper at some point in the reaction. 

Polymerization of M M A by Cu(I)Br/2-pyridinal-alkylimine /ethyl-2-
bromoisobutyrate in the presence of phenol. Polymerization of M M A using copper 
complexes of 2-pyrid%al-alleyliniines 4 and 1 in conjunction with 1 as initiator in the 
presence of phenol leads to polymers of narrow PDI in high conversion (Table Π). 
Increasing the amount of phenol relative to the amount of initiator and catalyst causes a 
slight increase in polymerization rate, as evidenced by a higher conversion after 240 
mins, with no marked effect on the PDI. Figure 2 shows the pseudo-Gist order plots for 
reactions using 1 as the complexing ligand. There is a slight narrowing of 

1.2-

1.1 -

1.0-

0.9-

0.8-

ο 0.7-

[Μ
]/ 0.6-

M 0.5-

0.4-

0.3-

0.2-

0.1 -

• [Phenol] :[I] = 0:1 /V 

ο [Phenol]:[I]= 1:1 
• [Phenol] :[q = 5:1 / . A / 

V [Phenol]:[I] =10:1 
' ° / 

/ 
ο / 
/ / 

t / 

é 
y 

D 
1 1 1 1 1 

50 100 150 
1 I 

200 
I 

250 

Time/min 

Figure 2. Kinetic plots for the polymerization of M M A , in the presence of different 
amounts of phenol, by Cu(I)Br/2-pyri(Unal-pentyliniine 100 [MMA] : 1 [6] : 1 
[CuBr] : at 90 °C in xylene solution . 

PDI with 1 relative to 4. This is ascribed to the solubility of the copper species derived 
from 1 being greater than that from 4. This increase in solubility with an increase in alkyl 
chain length is similar to that observed by Matyjaszewski for various substituted 2,2'-
bipyridine complexes. 
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Table Π. Polymerization o f M M A with Cu(I)Br/2-pyridinal-alkylinim 16 100 [ M M A ] : 
1 [6] : 1 [CuBr] : at 90 °C in xylene solution, reaction stopped after 240 rnins. 

Ligand [Phenol] : % Conv. M n P D I 
[6] 

4 0 31 6530 1.30 
4 1 40 6200 1.30 
4 5 47 6190 1.29 
4 10 56 6200 1.31 
1 0 54 6790 1.21 
1 1 59 7250 1.20 
1 5 63 7610 1.22 
1 10 68 8330 1.27 

(a) 

0>) 

85°C 

9.6 9.? 8.8 8.4 8.0 7.6 7.? 6.8 6.4 

(ppm) 

Figure 3. Partial 400 M H z *H N M R o f (a) Cu(I)Br/ 2-pyriclinal-butylimine and (b) 
Cu(I)Br/2-pyrid%al-butylimine /phenol in d 6 - D M S O . 
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*H N M R study; role of phenol. Figure 3a shows the partial 400 M H z lH N M R 
spectrum of Cu(I)Br/3. Unlike 2,2'-bipyridine no exchange is observed even at elevated 
temperatures. Five resonances are observed at between 6 and 10 ppm, two doublets and 
two triplets from the ring protons and a singlet from the inline proton at approximately 
8.8 p p m When equimolar amounts o f phenol, with respect to Cu(I)Br is added no 
exchange is observed at room temperature but exchange is seen at 85 °C, which is 
similar to the reaction temperature. 

Single crystal X-ray diffraction study: role of phenol. When 
[Cu(CH 3 CN) 4 ] [BF 4 ] is mixed with a two fold excess o f 5 crystals o f structure (Figure 
4a) were isolated. [ C u ( C H 3 C N ) 4 ] [ B F 4 ] was used as it is a source o f soluble copper(I) 
and the large counter-ion gives good crystalline products. The structure shows the 
coordination o f two equivalents o f 5 to give a /wet/flfo-tetrahedral copper(I) complex 
with B F 4 counter-ion (Figure 4a), as might have been expected (16). When the product 
from reaction o f Cu(I)Br and 5 is isolated in the presence o f phenol a dinuclear 
copper(II) complex is observed (Figure 4b). The two copper(H) centers are bridged 
with methoxy groups which presumably originate from the methanol solvent in addition 
to a coordinated bromide ligand. Full crystallographic details wi l l be published 
elsewhere. 

(a) ^ ^ ^ ^ ^ ^ (b) ^ 

x><9 

Figure 4. Single crystal X-ray diffraction structures. 

Polymerization of M M A in the presence of substituted phenols. Substituted phenols 
are often used as free radical inhibitors during the storage and transport o f methacrylates 
(17). However, polymerization o f M M A by 6 in conjunction with a copper(I) Schiff 
base complex in the presence o f a range of phenols occurs to high conversion in 
relatively short time periods (Table III) polymerization is not inhibited. Even with a ten 
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fold excess of substituted phenol, with respect to initiator, narrow molecular weight 
distribution polymer is observed. Figure 5 shows the S E C traces, normalized to 
conversion, for the polymerization in the presence o f 4-methoxy phenol. The molecular 
weight and conversion both increase whilst PDI remains narrow. Little effect on rate is 
observed with equimolar amounts o f substituted phenol. However, an increase in rate is 
observed with a ten fold excess. The presence of phenol also gives a slight narrowing of 
the P D I as compared to the control reactions 

Figure 6 shows the effect o f adding a stiochiometric amount o f phenol on the 
rate o f reaction. The results were obtained using automated dilatometry, collecting one 
data point every 20 s. The final rate o f polymerization is similar in both the presence and 
absence o f 4-methoxy phenol. Both are fairly linear between 60 and 180 minutes prior 
to showing a decrease in k p [Pol*] , the gradient o f the graph. In control experiment an 
induction period is seen over the first 60 minutes, (observed as in an increase in 
kp[Pol*]). Induction periods have previously been observed in the A T R P o f M M A 
using Νΐ(Π) catalyst. The induction period is essentially removed by 4-methoxy phenol 
which suggests that the initiation reaction is not rate determining. This accounts for the 
narrowed P D I observed in the presence o f phenol since all the chains begin growing at 
the same time 

Table ΙΠ. Polymerization o f M M A with Cu(I)Br/2-pyrio^al-alkyliniine 16 100 [ M M A ] 
1 [6] : 1 [CuBr] : at 90 °C in xylene solution, reactions stopped at 240 mins. 

Ligand Phenol [Phenol] % Conv. M n PDI 

US 
4 none 
4 phenol 
4 4-methoxy phenol 
4 2,6-diisopropyl phenol 
4 topanol 

none 
phenol 
4-methoxy phenol 
2,6-diisopropyl phenol 
topanol 
none 
phenol 
4-methoxy phenol 
2,6-diisopropyl phenol 
topanol 

66.7 9260 1.22 
66.1 9900 1.17 
47.2 7280 1.21 
64.0 8830 1.17 
65.0 10090 1.14 
57.8 7820 1.19 
60.1 7810 1.21 
54.4 7010 1.23 
58.6 7820 1.19 
56.8 7460 1.21 

0 66.1 8110 1.21 
0 70.5 9500 1.20 
0 74.0 8970 1.25 
0 64.9 7660 1.19 
0 74.6 7970 1.21 
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τ • 1 ' 1 1 Γ 

I . I ι I 1 1 
25 aO 3.5 40 45 5.0 

log (M) 

Figure 5. S E C overlay for the polymerization o f M M A with Cu(I)Br/2-pyridinal-
pentylimine 100 [ M M A ] : 1 [6] : 1 [CuBr] : at 90 °C in xylene solution in the 
presence o f equimolar amounts o f 4-methoxy phenol, areas normalized for 
conversion from gravimetry. 

τ— 1—ι— 1—ι— 1—ι— 1—ι—•—ι— 1—Γ 

-0.1 Li—I « I i I i I ι I i I ι I—ι—I—•—I—«-> 
0 25 50 75 100 125 150 175 200 

log M 

Figure 6. Dilatometry for the polymerization o f M M A with Cu(I)Br/2-pyridinal-
pentylimine 100 [ M M A ] : 1 [6] : 1 [CuBr] : at 90 °C in xylene solution In the 
presence and absence o f 4-methoxy phenol. Conversion data obtained using 
dilatometry. 
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General Discussion. A t o m transfer radical polymerization of M M A catalyzed by 
Cu(I)Br/2-pyridinal-alkyliniine complexes is not inhibited by phenol or a range of 
substituted phenols, commonly used as free radical inhibitors. Indeed, phenols accelerate 
the overall polymerization rate. However, it is noted that phenolic inhibitors are usually 
more effective in the presence o f oxygen (17). Inhibition and transfer constants for 
phenols are not readily available, nevertheless even i f the rate o f both transfer and 
inhibition is zero the acceleration o f the rate o f polymerization is indeed unexpected. 
This is due to the removal o f an induction period which is observed in the absence of 
phenol. This induction period implies that the number o f active polymerization sites 
increases over the initial stage o f the reaction resulting in a broadening of the PDI . The 
single crystal x-ray diffraction study suggests that a possible role o f the phenols is to 
accelerate the formation o f dinuclear copper complexes which are intermediates in the 
polymerization mechanism It seems likely that this also occurs in the absence o f phenol 
but is accelerated by favorable bridging interactions. The exchange in solution, as 
observed by N M R supports this. The absence o f inhibition of the rate o f initiation in the 
presence o f phenols suggests that propagation may not occur via a free radical process. 

A combination o f these results indicate that a copper(II) species maybe an active 
intermediate, with coordination to the bromine atom o f the propagating polymer chain 
(scheme 2). It is likely that the second halide atom is also involved in a bridging species. 
At the onset o f polymerization one o f the bis coordinating ligands is displaced from the 
copper(I) center which is a relatively slow reaction in the absence the favorable phenolic 
bridging interaction. The coordinated polymer is most likely to also be in equilibrium 
with the free 2-pyrid^al-alkylimine ligand in solution. The brornine atom is never fully 
displaced from the propagating polymer chain and hence propagation may occur via a 
concerted mechanism We are currently undertaking experiments to investigate the 
mechanism o f A T R P further which is undoubtedly more complex than at first thought. 

CuBr + 

R 2 

6 
χ (MMA) 

Scheme 2 
Br 

P M M A — C H H - Br Cu-N 

C 0 2 C H 3 

active species 
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Chapter 18 

Living Radical Polymerization Mediated by 
Transition Metals: Recent Advances 

Mitsuo Sawamoto1 and Masami Kamigaito 

Department of Polymer Chemistry, Graduate School of Engineering, 
Kyoto University, Kyoto 606-01, Japan 

This paper discusses the current scope, mechanism, and some exam
ples of l iv ing radical polymerizations mediated by transition metal
-complexes. Combinations of alkyl and other halides (initiators; R-X) 
and metal complexes (MXn) lead to l iving polymerizations of meth
acrylates, acrylates, and styrene at 60-100 °C; examples of the MXn 

include homogeneous complexes of Ru(II), Ni(II), and Fe(II) such as 
RuCl2(PPh3)3 and NiBr2(P«Bu3)2. In addition to controlled molecular 
weights and their very narrow distributions of the product polymers, 
these processes are characterized by (a) tolerance towards water and 
alcohols as solvents and occurrence of l iving polymerizations therein, 
(b) quantitative attachment of halogens at the ω-terminals that are able 
to re-initiate l iving polymerization in the presence of RuCl2(PPh3)3, 
and (c) versatility towards various monomers as realized by modulat
ing the structures of initiators and metal complexes. Some mechanistic 
aspects of the metal complex-mediated l iving radical polymerization 
are also discussed. 

In the last few years, as vividly witnessed in several symposia attached to this A C S 
Meeting, many efforts have rapidly been devoted to development of l iv ing (or con
trolled) radical polymerization, and promising systems have begun to emerge (7,2). 
In 1994-96, for example (eq 1), we first reported l iv ing radical polymerization of 
methyl methacrylate ( M M A ) mediated by a ruthenium(II) complex in conjunction 
with carbon tetrachloride or related alkyl halides as initiators ( R - X ) (3-8). Similar 
l iv ing radical polymerizations via transition metal catalysis have recently been 
reported by Matyjaszewski (9), Percec (10), and Teyssié (77). 

In the ruthenium-based systems the initiators R - X are mostly a lkyl halides and 
their derivatives (e.g., haloketones) (4,5) whose carbon-halogen bonds are homolyti-
cally or radically cleaved by RuCl2(PPh3)3 and other metal complexes to induce l i v 
ing and most l ikely radical propagation. As we proposed (2,3), a key to the fine 
reaction control is the Ru(II)-assisted reversible and homolytic cleavage of the car
bon-halogen bond, which w i l l reduce the instantaneous concentration of the active 
radicals and thereby suppress bimolecular termination reactions (radical recombina
tion and disproportionation), which have been considered to be inherently unavoid
able in conventional "free radical" polymerizations. Another important aspect is the 
rapid interconversion between the dormant/covalent alkyl halide terminals and the 

'Corresponding author 

296 © 1998 American Chemical Society 
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growth-active radical ends generated via the assistance of the ruthenium and other 
metal complexes (eq 1), which is crucial to achieve controlled molecular weights and 
narrow molecular weight distributions (MWDs) . 

Since these findings have been reported, the use of transition metal complexes as 
a component of initiating systems has rapidly been expanded and, more important, 
generalized, to achieve hitherto difficult well-defined, l iving radical polymerizations 
of methacrylates, acrylates, and styrene derivatives (1-3; also see below). 

This paper discusses our recent results in this area, particularly directed to the 
scope and design of metal complexes and initiating systems, understanding of the 
mechanism of the l iving radical polymerizations, and the development of novel l iving 
processes such as those operable in alcohols and even in water. 

Transition Metal-Mediated Living Radical Polymerization: Scope 

Figure 1 summarizes the current scope of our l iving radical processes that have 
been extended on the basis of the original ruthenium-based system (2,3,). 

Initiators. The initiators for the metal-mediated l iving radical polymerizations are 
mostly alkyl halides ( R - X ; X = C l , Br , I) and related compounds that have carbon-
halogen bonds to be homolytically cleaved v ia the assistance of transition metal 
complexes (2,3,7). A s summarized in Figure 1, reported examples include haloalka-
nes, haloketones, halonitriles, haloesters, and haloalkylbenezenes; note that the latter 
two groups bear "alkyl" moieties mimicking the structures of the growing ends to be 
generated from respective monomers. For example, esters of halogenated carboxylic 
acids are suited for (meth)acrylates and haloalkylbenzenes are preferentially 
employed for styrene and its derivatives. In addition, as shown below, haloketones 
are particularly suitable for M M A and related methacrylates to give polymers of con
trolled molecular weights and very narrow M W D s . 

Metal Complexes. A feature of the metal-mediated l iving radical polymerizations is 
of course the use of transition metal complexes that induce reversible and homolytic 
cleavage of the initiator's carbon-halogen bond to give the initiating radical, along 
with the similar radical-forming processes in the propagation step. In this aspect, the 
metal complexes should be such that carry suitable metals, mostly group 8-10 transi
tion metals, that can undergo one-electron oxidation to receive the halogen from the 
initiator in the radical forming (forward) step. Equally important, they should be able 
to regenerate the dormant covalent species by releasing the once-captured halogen via 
a one-electron reduction; there should be no oxidative addition reactions. 

Thus, reported examples of these metal complexes include those of Ru(II) (4-
6,8), Cu(I) (9,70<z), Ni(II) (77,72), Fe(II) (73), and R h (10b). They are almost invari
ably halides with suitable ligands, the latter including triaryl and trialkyl phosphines 
(4,8), amines (77), and related nitrogen bases (9). In our work, therefore, 
RuCl2(PPh3)3 (4-8), FeCl2(PPh3)3 (13), NiBr2(PPh3)2 (12), and NiBr2(PnBu3)2 (72) 
are employed. A s well known in transition metal chemistry, the roles of ligands are 
very important in determining their effectiveness in inducing suitable radical propaga
tion processes, and these roles are not only for facilitating solubility of the halide salts 
but also to modify the electric and steric nature of the complexes as a whole. These 
points are now under investigation in our laboratories. 

Living Radical Polymerization of M M A with Ru(II) Complex: Examples 

In typical examples, l iv ing radical polymerization of M M A is initiated with 
RuCl2(PPh3)3 coupled with dichloroacetophenone (1; initiator) and Al (0 /P r )3 in 
toluene at 80 °C (eq 2 and Figure 2) (5). Under these relatively mi ld conditions, the 
polymerization proceeds quantitatively, though rather slow (requiring 5-30 hr in 
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R-CI 
Ru" 

R « R u m C I 

( Ru":RuCl2<PPh3)3) 

•Ru" 
Ç H 3 

R — C H 2 - Ç 
C = 0 

O C H 3 

C l 

MMA 

MMA 

Ç H 3 

R—CH2-C-»»»' ,""Ru , l ,CI 
0 = 0 
OCH3 

R - f C H 2 - C 

R u " / A l ( 0 / P r ) 3 

Ç H 3 

— — — C H 2 - C Cl 
9=0 
Ô C H 3 

Dçmmt 

R u " / A I ( 0 / P r ) 3 

Ç H 3 

C H 2 - C - ' » »Ru m CI 
c=o 
0 C H 3 

Activated 
( D 

H 
C l - C — C l 

c=o 
Ru" 

H 
- C I - C - » - " - R u l l l C I 

c=o 
MMA 

Al(0 /Pr) 3 

( Ru": RuCI 2(PPh 3) 3 ) 

H / Ç H 3 

— Ç / C H 2 Ç 

(2) 

• Transi t ion 
Metal 

C o m p l e x e s 

( M L „ ) 

> Initiators 

(R-X) 

V 

R •""X—ML n 

Cl 

CPpRu P P h 3 

P h 3 P ^ N P P h 3 
C K \ 

Cl 

I 
F e . , P P h 3 

P P h 3 

n B u 3 P * 

Br„. ^.-»P/7Bu 3 

x B r 

CCI4 
CCI 3 Br 
CHCI 3 

Haloalkanes 

C C I 3 C 0 C H 3 

C H C I 2 C 0 P h 

Haloketones 

C H 3 - C H - C I 

CN 
Halonitriles 

Br 

B r / N i ^ " P P h 3 

P P h 3 

C C I 3 C 0 2 C H 3 C H C I 2 C 0 2 C H 3 

C H 3 - C H - C I C H 3 - C H - B r C H 3 - C r H B r 

C 0 2 E t 

ÇH 3 

C H 3 - C - B r 

C 0 2 E t 

C 0 2 E t 

C 0 2 E t 

C H 3 - Ç - B r 

C 0 2 M e 

C 0 2 E t Haloesters 

C H 3 - C H - B r C H 3 - C H - B r C H 2 - C I 

ό ό ό 
Haloalkylbenzenes 

(3) 

(4) 

F igure 1. The status quo of transition metal-mediated l iving radical polymeriza
tions: typical transition metal complexes (MX«) and initiators ( R - X ) for suitable 
initiating systems (2,3). 
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completion) to give polymers of controlled molecular weights and very narrow 
M W D s ( M w / M n = 1.05-1.2). The number-average molecular weights (Mn; by S E C 
and 1H N M R ) increases in direct proportion to M M A conversion and in excellent 
agreement with the calculated values based on the assumption that one polymer chain 
forms from one initiator molecule. The M W D s progressively shift toward higher 
molecular weights, while retaining their narrowness. A l l these aspects conform with 
the occurrence of l iving polymerizations. Addition of a fresh M M A feed to the com
pletely polymerized solution further induced polymer growth that is also judged to be 
l iv ing, as seen from the linear extension of the molecular weight-conversion profile 
and the generation of very narrow M W D s . 

Mechanistic Features 

Some detailed studies have been carried out on this system to uncover the mechanism 
and other features. 

Polymer End Groups. A s suggested in eq 2, the poly ( M M A ) from the l / R u C l 2 -
(PPh3)3 system carries an aromatic ketone residue of the initiator at the α-end and a 
tertiary chloride at the ω-end. This structure and the quantitative attachment of both 
end groups has been verified by 500 M H z 1H N M R analysis (Figure 3; in cooperation 
with Professor Tatsuki Kitayama and his associates, Osaka University) (7). 

For example, in addition to the large signals (al-cl) of the p o l y ( M M A ) main 
chains, the spectrum exhibits sharp resonances (a2-c2) of the terminal M M A unit that 
carries ω-end chlorine originating from the initiator 1. In particular, the terminal ester 
methyl group gives a sharp singlet (c2) next to the large peak of the corresponding 
pendent methyl. Because of the use of aromatic ketone as an initiator, the polymer 
shows a typical signals (e-g) assignable to the benzene ring attached to the polymer 
main chain; a small peak (d) due to the methine unit from 1 is also detected. 

Integration of these terminal and main-chain resonances in turn gives the num
ber-average molecular weight or the degree of polymerization of the sample, which 
turned out to be in excellent agreement with the calculated value, or confirming that 
one initiator fragment and the halogen are attached to the a- and ω-end groups, 
respectively. 

Re-initiation of Living Radical Polymerization from Recovered Polymers. 
Equally important, the recovered polymers, even after work-up with acid and water, 
retain the chloride terminals from which they re-initiate similar l iving polymerization 
in the presence of RuCl2(PPh3)3 and Al(0/Pr)3 (eq 3) (8). Figure 4 presents a typical 
result. Thus, polymer samples of molecular weights around 3,000-30,000 are iso
lated and purified from the l iving polymerization systems with l/RuCl2(PPh3)3, and 
they are used as a macroinitiator for polymerization of M M A in toluene at 80 °C. 
The second-phase polymerization proceeds at nearly the same rate as in the first phase 
with 1, and the produced polymers give clearly increased molecular weights and even 
narrowed M W D s . The M n increased in proportion with M M A conversion from the 
molecular weight of the preformed polymeric initiator. 

These results demonstrate the complete survival of the terminal chlorine groups 
and their ability to re-initiate l iving radical polymerization in the presence of RuCl2-
(PPh3)3 and Al(0/Pr)3. 

Effects of Additives. For understanding the polymerization mechanism with the 
transition metal complexes, a series of additives or potential terminating agents were 
added to the polymerization system initiated with l/RuCl2(PPh3)3/Al(0/Pr)3 (8). The 
reaction was instantaneously quenched with stable radicals (nitroxides, etc.), whereas 
it remained intact and proceeded smoothly in the presence of methanol and water; 
namely: 
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ÇH 3 

C H 2 = Ç 

R—Cl 
RuCI 2(PPh 3) 3 

Al(0/Pr) 3 

C 0 2 C H 3 Polymer 
Recovery 

Ru(ll) 

AI(Q/Pr)3 

Reinitiation 
(3) 
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Ί 1 ' 1 1 1 ' ' 1 ' 1 1 ' 1 1 1 ' 1 1 ' 1 1 ' 1 1 1 ' ' ' 1 1 1 ' ' 1 Γ 
8 7 6 5 4 3 2 1 

Figure 3. 500 M H z 1H N M R spectrum of p o l y ( M M A ) obtained in the l iv ing 
radical polymerization with l/RuCl2(PPh3)3/Al(0/Pr)3: M n = 2,500; Mw/Mn = 
1.31 (7). 

F igure 4. L i v i n g radical polymerization of M M A from a prepolymer with a car
bon-chlorine terminal, obtained with the l/RuCl2(PPh3)3/Al(0/Pr)3 (20/10/40 
m M ) and fully recovered from the reaction mixture (8). Polymerization condi
tions: M M A , 3.0 M ; prepolymer (initiator)/RuCl2(PPh3)3/Al(0/Pr)3 = 10/10/40 
m M ; in toluene at 80 °C. 
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• Radical quenchers (galvinoxyl and T E M P O ) : termination 
• Anion quenchers (methanol and water): no effects 

In the former, the polymer molecular weights remained unchanged even after a pro
longed time, whereas those with methanol and water smoothly increased just as in the 
system without any additive. The polymers quenched with T E M P O turned out to 
carry an exo methylene terminal that is most likely originated from the T E M P O - a s -
sisted hydrogen abstraction from the transient radical end. 

These results strongly support a radical propagation mechanism. 

Living Radical Polymerization in Alcohols and Water 

Living Polymerization in Alcohols. The absence of adverse effects of alcohols 
prompted us to examine their use as solvents for the ruthenium-mediated M M A 
polymerization (Figure 5) (8). Even in the presence of a large amount of methanol, 2-
butanol, and 2-methyl-2-butanol (MMA/a lcoho l = 1/4 v/v) at 80 °C, l iving polymer
ization in fact proceeded, in which polymer molecular weights are directly propor
tional to conversion and narrow M W D s result. The reactions are faster than in 
toluene, suggesting an accelerating effect of polar solvents. Under our reaction con
ditions, the reaction mixtures with methanol are slightly hazy but without polymer 
precipitation, though the alcohol is a non-solvent for p o l y ( M M A ) with high molecular 
weights. W i t h the other two alcohols the solutions are homogeneous and almost 
transparent. 

Living Polymerization in Water. Importantly, the ruthenium-mediated polymeriza
tion can also be feasible in water (9,14). Thus, a deep brown solution of M M A and 
the CCl3Br/RuCl2(PPh3)3/Al(0/Pr)3 system was added to a large amount of water 
( M M A / water = 1/4 v/v) at room temperature, and with vigorous stirring the hetero
geneous mixture was placed in a water bath kept at 80 °C (eq 4). A n efficient poly
merization ensued, and the mixture became more difficult to phase-separate as con
version increased. The recovered polymers had relatively narrow M W D s (Mw/Mn = 
1.1-1.3) and molecular weights proportional to conversion, indicating the occurrence 
of l iv ing polymerization in water. A n important reason for this unique process is 
obviously the low oxophilicity of the ruthenium complexes, which permits them 
effective in water (and alcohol). Further research along with this line is in progress in 
our laboratories. 

Living Polymerizations with Fe(II) and Ni(II) Complexes 

Recently we have expanded the scope of transition metals for our l iving radical poly
merization to Fe(II) and Ni(II) complexes in place of the Ru(II) counterparts. For 
example, l iv ing M M A polymerization proceeds with a combination of C H 3 C B r -
(C02C2H5)2 (initiator) and FeCl2(PPh3)2 in toluene at 80 °C (Figure 6) (13). A n 

Water 

MMA 
C C I 3 B r 

RuCI^PPhaJa 
Toluene 

80 °C 

Initiation Polymerization 
(4) 
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Figure 5. L iv ing radical polymerization of M M A (2.0 M ) with l/RuCl2(PPh3)3/ 
Al(0/Pr)3 (20/10/40 mM) in three alcohols at 80°C (S). 

Conversion, % 

Figure 6. L i v i n g radical polymerization of M M A (2.0 M ) with C H 3 C B r ( C 0 2 -
C2H5)2/FeCl2(PPh3)2 (40/10 mM) in toluene at 80°C (70). 
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important aspect of this system is that it does not need such an aluminum compound 
as Al(0/Pr)3, which is required for the Ru(II)-based systems in organic media. Simi
larly, NiBr2(PPh3)2 and NiBr2(P«Bu3)2 induce living MMA polymerization with 
CCl3Br as an initiator; for this Al(0/Pr)3 is either employed or not needed (72). 
Teyssié and his group also reported initiating systems based on Ni(II) complexes (77). 
The PHBU3-complex is of interest because of its high solubility in organic solvents 
and higher thermal stability relative to the corresponding PPh3-complex. 
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Chapter 19 

Control of Radical Polymerizations 
by Metalloradicals 

B. B. Wayland1, S. Mukerjee1, G . Poszmik1, D. C. Woska1, L . Basickes1, 
A . A. Gridnev2, M . Fryd 2 , and S. D. Ittel3 

1Department of Chemistry, University of Pennsylvania, 
Philadelphia, PA 104-6323 

2DuPont Marshall Laboratory, Philadelphia, PA 19146 
3Central Research and Development, DuPont Experimental Station, 

Wilmington, D E 19880-0328 

Cobalt(II) porphyrin complexes ((por)CoII•) are used to illustrate how 
metalloradicals (Μ•) can function to control radical polymerization 
through both chain transfer catalysis and living polymerization. Chain 
transfer catalysis (CTC) is best achieved when there are minimal steric 
demands. This allows β-hydrogen abstraction from oligomer radicals 
by Μ•, as illustrated by the radical polymerization of methyl 
methacrylate in the presence of tetraanisylporphyrinato cobalt(II). 
When β-Η abstraction from the oligomer radical is precluded by 
sterics, then a metalloradical mediated l iving radical polymerization 
(LRP) can occur. Radical polymerization initiated and mediated by 
organo-cobalt tetramesitylporphyrin complexes manifest high l iv ing 
character as shown by the linear increase in Mn with conversion, 
formation of block copolymers and relativity low polydispersity homo 
and block copolymers. Kinetic studies provide rate and activation 
parameters for the living radical polymerization process. 

Bond homolysis of an organometallic complex ( M - C ( C H 3 ) ( R ) X ) in solution proceeds 
through the intermediacy of a caged radical pair ( M e » C ( C H 3 ) ( R ) X ) that can 
recombine, separate into freely diffusing radicals, or react by Μ · abstracting a β-Η 
from the organic radical to form a metal hydride (M-H) and an olefin ( 7). 

M—C(CH 3 ) (R)X Μ · •C(CH 3 ) (R)X 

Μ · + •C(CH 3 ) (R)X 

M - H + CH 2 =C(R)X 

In the absence of events that irreversibly terminate radicals and metal hydride, the 
homolytic dissociation of an organo-metal complex can potentially provide a constant 
equilibrium source of both an organic radical and a metal hydride. The broad 
objectives of this program are to evaluate the kinetic and thermodynamic factors that 

© 1998 American Chemical Society 305 
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govern the bond homolysis and subsequent radical and metal hydride reactions, and 
to apply this information in exercising control over the radical polymerization of 
olefins. Chain transfer catalysis (CTC) and quasi-living radical polymerization 
( L R P ) are two important processes that can be mediated and controlled by 
metalloradicals. 

Chain transfer catalysis occurs when the metalloradical abstracts a β-Η from the 
growing polymer radical to form a metal hydride that reinitiates polymerization by 
reaction with the olefin monomer (2-5). C T C is useful for controlling the polymer 
molecular weight and introducing terminal alkene functionality (6). 

^ W ^ C H 2 C ( C H 3 ) X » + M - • ^ A W C H 2 C ( X ) = C H 2 + M - H 

M - H + C H 2 = C ( C H 3 ) X M " C ( C H 3 ) 2 X Μ · + < : ( C H 3 ) 2 X 

Metalloradical mediated L R P requires that the only reaction of the metalloradical is 
to bind reversibly with the growing polymer radical to produce a constant equilibrium 
concentration of propagating polymer radicals ( 7). 

' W W C H 2 C H ( X ) . + Μ · ^ w w - C H 2 C H ( X ) - M 

When a fixed initial quantity of radical source is used to initiate polymerization, 
neither C T C nor L R P can continue indefinitely because of inherent termination 
reactions of organic radicals and metal hydrides {e.g. 2 R e • R-R , 
2 Μ Ή • 2 M » + H 2 , M - H + R« • Μ · + RH) . Kinetic suppression of these 
termination reactions relative to polymer propagation is required in order to attain 
L R P . Formation of a dormant organometallic derivative ( M - R ) by reaction of Μ · 
with R» and M - H with olefin can be used, in principal, to control the concentrations 
of the active R» and M - H species at levels where irreversible termination is 
improbable compared to monomer conversion. The general challenge is to design 
systems that minimize termination of active species, provide adequate organic radical 
concentrations for useful rates of polymerization, and selectively direct the radical 
polymerization to C T C or L R P . The specific challenges in using metalloradicals is to 
identify Μ · species that bind and control the polymer radical concentration in the 
range for a useful rate of polymerization in a particular temperature range, and either 
facilitate or prohibit β-Η abstraction from the polymer radical to attain effective C T C 
or L R P respectively. 

Chain Transfer Catalysis by Cobalt(II) Porphyrins. 

Four and five coordinate low spin (s=l/2) cobalt(II) complexes constitute a class of 
metalloradicals that are known to be effective chain transfer catalysts in radical 
polymerizations (2-6). Table I illustrates the inverse dependence of polymer chain 
length on the concentration of tetraanisylporphyrinato cobalt (II) ( (TAP)Co) in the 
bulk radical polymerization of methylmethacrylate ( M M A ) . 

When perdeuterated M M A is substituted for M M A using the conditions in 
Table I, the average polymer chain length increases by a factor of 4.4±0.4 (8). Both 
the deuterium isotope effect and the (TAP)Co 1 1 concentration dependence for P M M A 
chain length indicate that the rate determining step for terminating polymer radical 
chain growth is β-Η abstraction by (TAP)Co 1 1 . 

Studies of Ή N M R line broadening for ( T A P ) C o - C ( C H 3 ) 2 C 0 2 C H 3 provide rate 
constants and activation parameters for a Co-R bond homolysis that models the 
( T A P ) C o - P M M A oligomer complex (Figure 1) (9). Very rapid Co-R bond homolysis 
(fcdiss(333 °K) = 3,300 s"1 ; ΔΗ* = 18.210.5 kcal mol ' 1 ; A S r = 12±2 cal ^ " ' m o l - 1 ) results 
from a relatively small C o - R bond dissociation enthalpy (ΔΗ° = 15 kcal mol" 1). 
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Table I: Effect of (TAP)Co 1 1 Concentration on Oligomer Chain Length 
in Radical Polymerization of Bulk Methylmethacrylate. 

[(TAP)Co"] Mn M n ' M w / M n 

4.0x10 4 630 430 1.79 
2.0x1 a 4 1010 810 1.83 
l.OxlO" 4 1900 1700 2.06 

[VAZO-52]i = 0.04 M , reaction time 3 hours at Τ = 40 °C. Monomer 
conversion equals 2 0 ± 1 % , polystyrene standards used for G P C analysis. 
M N = M„ ' - 2(monomer molecular weight) 

Figure 1. Determination of activation parameters for the homolytic 
dissociation of ( T A P ) C o — - C ( C H 3 ) 2 C 0 2 C H 3 in C D C 1 3 by N M R line width 
measurements. K* = &diss(/z/fcT), & d i s s = nAvm. 

A series of kinetic-mechanistic and thermodynamic factors are favorable for 
effective C T C by cobalt(II) porphyrins in the radical polymerization of methyl 
methacrylate. Relatively small bond dissociation enthalpies and fast dissociation of 
the dormant intermediate organo-cobalt complexes ( ( p o r ) C o - P M M A ) provide 
favorable concentrations of Ρ Μ Μ Α · and (por)Co I I # to attain both fast monomer 
conversion and rapid termination of polymer chain growth by β-Η abstraction from 
Ρ Μ Μ Α · . Exceptionally fast β-Η abstraction by (por)Co · and re-addition of 
(por)Co-H to M M A that produces effective C T C result primarily from the small 
energy change in forming the radical pair (Co* # R) intermediate from addition of 
(por)Co-H to M M A (Figure 2). Markovnikov regioselectivity for the addition of 
(por)Co-H with M M A that forms the more weakly bonded tertiary alkyl complex 
( ( p o r ) C o - C ( C H 3 ) 2 C 0 2 C H 3 ) is another important consequence of the hydrogen atom 
transfer mechanism (JO). 
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Co-H + 

t \ -

Figure 2. Illustration of the near thermally neutral reaction of (por)Co-H 
with M M A to produce a radical pair and the relatively small (por)Co-
C ( C H 3 ) 2 C 0 2 C H 3 bond dissociation enthalpy (-15 kcal mol" 1) that are 
favorable for chain transfer catalysis. 

Living Radical Polymerization of Acrylates Controlled by Organo-Cobalt 
Porphyrins. 

Substantial progress in attaining effective living radical polymerization of olefins has 
been achieved by controlling the propagating radical concentrations through 
e q u i l i b r i a wi th several different types of dormant species (11-27). 
Tetramesitylporphyrinato cobalt neopentyl ( ( T M P ) C o - C H 2 C ( C H 3 ) 3 ) is observed to 
initiate and control the l iv ing radical polymerization of acrylates (22, 27). A 
combination of porphyrin ligand and oligomer radical steric demands provide a 
kinetic barrier that blocks β-Η abstraction from the growing polymer radical by 
(TMP)Co» which shuts down the chain transfer pathway (Figure 3). 

Figure 3. Illustration of the high activation barrier for β-Η abstraction from 
M A polymer radical by (TMP)Co» that results from the large steric demands 
of the T M P is favorable for living radical polymerization. 
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The changes in degree of l iving character in radical polymerization of methyl 
acrylate ( M A ) with changes in porphyrin steric demands are illustrated by the use of 
a series of organo-cobalt porphyrin complexes to initiate and mediate the 
polymerization process. In the case of the tetraphenylporphyrin cobalt ((TPP)Co) 
system the polydispersity increases from 1.1 to 1.9 as the degree of polymerization 
increases from 80 to a maximum of -200 which then remains approximately constant 
as the monomer conversion continues. This behavior for the ( T P P ) C o - M A system is 
a clear signature of C T C (Table II). The maximum degree of M A polymerization for 
a series of (porphyrin)Co-MA systems was observed to increase as the porphyrin 
steric demands increased which is consistent with polymer chain growth being 
limited through β-Η abstraction by the (por)Co 1 1 metalloradical. 

Table II: Bulk Polymerization of M A by ( T P P ) C o - C H 2 C ( C H 3 ) 3 

Time (hrs.) % Conversion M n M w / M n 

4 5 6,900 1.10 
24 14 19,700 1.66 
48 17 17,400 1.90 
120 25 18,200 1.86 

[ (TPP)Co-CH ? C(CH 3 ) 3 ] i = l .OxlO" 3 M ; [MA]j = 2.5 M ; [(TPP)Co"] i = 
2.5x ΙΟ"4 M ; solvent = C 6 D 6 ; Τ = 60 °C. 

For a series of porphyrin derivatives, the maximum degree of M A polymerization 
increases as the steric demands of the porphyrin ligand increases. This is consistent 
with M A polymer chain length growth being limited through β-Η abstraction by 
(por)Co D # species. The ligand steric requirements of tetramesityl porphyrin (TMP) 
effectively prohibit β-Η abstraction by ( T M P ) C o * such that the radical 
polymerization of M A initiated by ( T M P ) C o - C H 2 C ( C H 3 ) 3 manifests high l iv ing 
character (Table III) (22). ( T M P ) C o - C H ( C H 3 ) C 0 2 C H 3 was substituted for the 
neopentyl derivative in the polymerization of M À in order to initiate the process with 
a species that more nearly emulates the oligomer-Co(TMP) complex that produces 
growing polymer chains. Reaction with M A at 60 °C in benzene results in the 
formation of P M A with relatively small polydispersities (1.1-1.2) and a linear 
increase in M n ( 6 x l 0 3 to 1.6x10 s) with M A conversions of 3-85% (DP = 65-1850) 
(Table IV , Figure 4). Relatively large molecular weights ( M n > 5x 105) and low 
polydispersities ( M w / M n < 1.15) of acrylate polymers have been prepared using this 
approach (Table V) (22, 27). 

Table III: Polymerization of M A using ( T M P ) C o - C H 2 C ( C H 3 ) 3 

Time (hours) % Conversion M n M w / M n 

0.5 5.5 7,856 1.10 
1.5 11.5 18,930 1.16 
5 20 38,120 1.21 
15 42 91,930 1.17 
38 66 143,600 1.21 

[ ( T M P ) C o - C H 2 C ( C H 3 ) 3 ] i = l.OxlO" 3 M ; [MA]j = 2.5 M ; [ (TMP)Co I I ] i = 
2.0x ΙΟ"4 M ; solvent = C 6 D 6 ; Τ = 60 °C. 
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Table IV: Polymerization of M A using (TMP)Co - C H ( C H 3 ) C 0 2 C H 3 

Time (hours) % Conversion Mn M w / M n 

0.5 3 5,900 1.12 
6 21 40,300 1.17 
12 40 76,500 1.21 
20 50 99,000 1.21 
96 85 163,000 1.10 

[ ( T M P ^ o - C H i C H O C O . Œ ^ = 1 . 1 5 x l 0 3 M ; [MA] j = 2.5 M ; 
[ ( Τ Μ Ρ ) 0 ) π ] ; = 2.5x10^ M ; solvent = C 6 D 6 ; Τ = 60 °C. 

200,000. 

% Conversion 

Figure 4. Polymerization of M A in C 6 D 6 at 60 °C using ( T M P ) C o -
C H ( C H 3 ) C 0 2 C H 3 . 

Table V : Bulk Polymerization of M A by ( T M P ) C o - C H ( C Q 2 C T 3 ) C H 3 

Time (hrs.) % Conversion M N 
M W / M N 

0.75 3.5 176,800 1.15 
2.0 10.5 554,300 1.13 

[ ( T M P ) C o - C H ( C 0 2 C H 3 ) C H 3 ] i = 1 . 7 5 x l O " 4 M ; [ C H ^ C H i C O . C H , ) ] ; = 
10.5 Μ; [ ( Τ Μ Ρ ) Ο / ] ; = 3.1xl0" 5 M ; solvent = ΜΑ; Τ = 60 °C. 

The l iv ing nature of the M A polymerization induced by ( T M P ) C o organo 
complexes is also illustrated by formation of acrylate block copolymers. Reaction of 
( T M P ) C o - C H ( C H 3 ) C 0 2 C H 3 with M A ( [ M A ] / [ ( T M P ) C o - C H ( C H 3 ) C 0 2 C H 3 ] = 2,174) 
in benzene at 60 0 C is used to form a block of P M A attached to ( T M P ) C o ( M n = 
39,500, M w / M n = 1.15) (Figure 5a). Removal of unreacted M A followed by addition 
of butyl acrylate ( B A ) and benzene to the preformed P M A - C o ( T M P ) complex and 
heating at 60 °C results in Β A polymerization (Figure 5b) to form an ( M A ) n ( B A ) m 

block copolymer ( M n = (82-272)xlO\ M w / M n = 1.15-1.23). 
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% Conversion of M A 

300,000. 

% Conversion of ΒΑ 

Figure 5. B l o c k copolymerization of M A and B A by ( T M P ) C o -
C H ( C H 3 ) C O ? C H 3 in C 6 D 6 at 60 °C. [ ( T M P ) C o - C H ( C H 3 ) C 0 2 C H 3 ] i = 
1.15x1a 3 M . " a) ( T M P ) C o - P M A block [MA ] j = 2.5 M ; M w / M n 1) 1.14 2) 
1.15; b) ( T M P ) C o - P M A - P B A block copolymer [ΒΑ] ( = 2.5 M ; M w / M n 3) 
1.15 4) 1.17 5)1.23. 

Polymerization of acrylates induced by (TMP)Co-R complexes is envisioned to 
occur by the reaction sequence given by equations 1-5 ( X = C 0 2 R \ R' = C H 3 , 
( C H 2 ) 3 C H 3 ) . Bond homolysis of (TMP)Co-R produces a carbon centered radical (R») 
(equation 1) that initiates polymerization by reacting with an acrylate monomer to 
form R C H 2 C H X » (equation 2) which either combines reversibly with (TMP)Co 1 1 * 
(equation 3) or reacts with additional acrylate monomers to form an oligomer radical 
(equation 4) that subsequently combines reversibly with ( T M P ) C o u # (equation 5). 
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(TMP)Co-R ( T M P ) C o n - + R« (D 

R* + C H 2 = C H X RCH 2 CHX« (2) 

R C H 2 C H X * + (TMP)Co"* R C H 2 C H X - C o ( T M P ) (3) 

R C H 2 C H X - + ( n + l ) C H 2 = C H X R C H 2 C H X ( C H 2 C H X ) n C H 2 C H X - (4) 

R C H 2 C H X ( C H 9 C H X ) n C H 2 C H X * + (TMP)Co 1 1 * 
R C H 2 C H X ( C H 2 C H X ) n C H 2 C H X - C o ( T M P ) (5) 

Repetition of these events without radical termination or chain transfer would result 
in a fully l iving radical polymerization process. The real polymerization process 
cannot be fully l iving because of inherent bimolecular radical termination processes 
(equations 6 and 7) and Η · transfer reactions with monomer, polymer, solvent 
(equation 8) and ( T M P ) C o I I # (equation 9) which result in non-living polymer chains. 

2 ^ w c H 2 C H X . • ^ w v \ r c H 2 C H X - C H X C H 2 ^ w (6) 

2 ^ w w c H 2 C H X « • ^ W W ^ C H 2 C H 2 X + ^ w w > C H = C H X (7) 

' w w ^ C H 2 C H X * + H T • ' w w ^ C H 2 C H 2 X + T* (8) 

^ w w ^ C H 2 C H X * + ( T M P ) C o n - • ' n ^ w ^ C H = C H X + ( T M P ) C o - H (9) 

In spite of the processes that can l imit polymer growth (equations 6-9), 
observation of linear increases in M n with conversion, formation of block copolymers, 
and relatively small polydispersities clearly demonstrate that (TMP)Co-R complexes 
initiate and control effective living radical polymerization of acrylates. 

Representative results from rate studies for the polymerization of M A that is 
initiated and controlled by (TMP)Co-R complexes are illustrated in Figures 6, 7, and 
8. In a radical polymerization, the rate of conversion of monomer (M) is first order in 
both the radical and monomer concentrations with the radical propagation constant 
(kp) as the rate constant (-d[M]/dt = £.,[R»][M]). In a l iving radical process, the 
concentration of radicals is maintained constant at a value determined by an 
equilibrium with a dormant species. In the organometallic mediated polymerization 
of M A , the radical concentration is determined by the equilibrium constant for the 
homolytic dissociation of (TMP)Co-R (K = [(TMP)Co] [R«] / [ (TMP)Co-R]; [R«] = 
K e q [ (TMP)Co-R] / [(TMP)Co-]). The rate of M A polymerization is thus given by the 
expression such that the slope of the plot of 

l n ( [ M A ] 0 / [ M A ] t ) versus time (t) gives the product of the propagation constant, kp, and 
the equilibrium constant ( K e q ) at temperature, T. Temperature dependence of the rate 
of M A polymerization gives the overall activation parameters (ΔΗ*, AS*) which are 
composed of activation parameters for the radical propagation (ΔΗ *, AS *) and the 
thermodynamic parameters (ΔΗ°, AS°) for the dissociation of ( T M P j C o - P M A . 
Kinetic analysis of the ( T M P ) C o - R controlled l iving polymerization of M A gives 
effective activation parameters of ΔΗ* = ΔΗ ρ * + ΔΗ° = 28 kcal mol"1 and AS* = ASp* + 
AS° = 4.4 cal K" 1 mol" 1. Thermodynamic values for the homolytic dissociation of 

-d[MA] = ^ K M [(TMP)Co-R] 
[ΜΑ]Λ [(TMP)Co«] 
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( T M P ) C o - P M A (ΔΗ° = 24 kcal m o l 1 , AS° = 29 cal °KA mol" 1) are estimated by 
assuming that the activation parameters for radical propagation of M A are 
comparable to those determined for butylacrylate ( A H p * « 4 kcal mol"1 ; ASp* « -25 cal 
""K"1 mol" 1) (75, 18). The thermodynamic values obtained for dissociation of 
( T M P ) C o - P M A (AH° = 24 kcal m o l \ AS° = 29 cal K" 1 m o l 1 ) compare favorably 
with those determined for ( T A P ) C o - C H ( C H 3 ) C 0 2 C H 3 (AH° = 25.0±0.4 kcal m o l \ 
AS° = 34±1 cal 0Κ"' mol"1) (9). 

2.5 

Time (hours) 

Figure 6. First order rate plots for polymerization of a 2.50 M solution of 
M A in C 6 D 6 at 60 °C using 1.15xlO"3 M ( T M P ) C o - C H ( C H 3 ) C 0 2 C H 3 and 
varying initial concentrations of (TMP)Co» (•) [(TMP)Co»]j"= 5 . 8 χ 1 ά 5 M 
(#)[(TMP)Co«]i = 1.38X10"4 M (A ) [(TMP)Co«]i = 2.53x10^ M . 

Conclusions. 

Cobalt(II) porphyrins are prototype metalloradicals that illustrate the control of 
radical polymerizations through both chain transfer catalysis (CTC) and living radical 
polymerization (LRP) . Major challenges for the continued development of this area 
are to expand the range of both metalloradicals and monomers that can be 
incorporated into systems that accomplish C T C and L R P . 
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Ο 10 20 30 40 50 60 70 

Time χ ΙΟ"4 s 

Figure 7. Kinetics for radical polymerization of ( T M P ) C o - P M A at various 
temperatures. Slope equals (([Co«]/[Co-R])ln(M 0/M t) = ^ K ^ t ) . 

-44 I I ' ' • ' I ' • ' » I ' » ' ' I ' ' ' ' ι ι 
3.00 3.05 3.10 3.15 3.20 

1000/T(°K) 

Figure 8. The plot of ln(K Κ *) versus 1/T yields the effective activation 
parameters for the polymerization of M A by ( T M P ) C o - P M A ( K * = 
kp(MT)) . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
01

9

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



315 

References 

1. Ng, F. T. T.; Rempel, G. L.; Mancuso, C.; Halpern, J. Organometallics 1990, 9, 
2762. 

2. Morozova, I. S.; Mairanovskii, V. G.; Smirnov, B. R.; Pushchaeva, L. M.; 
Enikolopyan, N. S. Dokl. Akad. Nauk SSSR 1981, 258, 895. 

3. Gridnev, Α. Α.; Bel'govskii, I. M.; Enikolopyan, N. S. Dokl. Akad. Nauk SSSR 
1986, 289, 616. 

4. Davis, T. P.; Haddleton, D. M.; Richards, S. N. J. Macromol. Sci., Rev. 
Macromol. Chem. Phys. 1994, C34, 243. 

5. Gridnev, Α. Α.; Ittel, S. D. Macromolecules 1996, 29, 5864. 
6. Parshall, G. W.; Ittel, S. D. Homogeneous Catalysis; Wiley: New York, NY, 

1992; p. 85. 
7. Otsu, T.; Yoshida, M.; Tazaki, T. Makromol. Chem., Rapid Commun. 1982, 3, 

133. 
8. Gridnev, Α. Α.; Ittel, S. D.; Wayland, Β. B.; Fryd, M. Organometallics 1996, 15, 

5116. 
9. Woska, D. C.; Wayland, Β. B. Inorg. Chim. Acta, in press. 
10. Gridnev, Α. Α.; Ittel, S. D.; Fryd, M.; Wayland, Β. B. Organometallics 1993, 12, 

4871. 
11. Georges, M. K.; Vergin, R. P. N; Kazmaier, P. M.; Hamer, C. K.; Saban, M. 

Macromolecules 1994, 27, 7228. 
12. Fukuda, T.; Terauchi, T.; Goto, Α.; Ohno, K.; Tsujii, Y.; Miyamoto, T.; 

Kobatake, S.; Yamada, B. Macromolecules 1996, 29, 6393. 
13. Yamada, B.; Miura, Y.; Nobukane, Y.; Aota, M. ACS Polymer Preprints, 1997, 

38, 725. 
14. Hawker, C. J.; Hedrick, J. L. Macromolecules 1995, 28, 2993. 
15. Benoit, D.; Grimaldi, S.; Finet, J.; Tordo, P.; Fontanille, M.; Gnanou, Y.; ACS 

Polymer Preprints, 1997, 38, 729. 
16. Puts, R.; Sogah, D. Y. Macromolecules 1996, 29, 3323. 
17. Percec, V.; Barboiu, B.; Newmann, Α.; Ronda, J. C.; Zhao, M. Macromolecules, 

1996, 29, 3665. 
18. Matyjaszewski, K.; Wang, J. S. Macromolecules 1995, 28, 7901. 
19. Patten, T.; Xia, J.; Abernathy, T.; Matyjaszewski, K. Science 1996, 272, 866. 
20. Haddleton, D. M.; Shooter, A. J. ACS Polymer Preprints, 1997, 38, 738. 
21. Sawamoto, M.; Kato, M.; Kamigaito, M.; Higashimura, T. Macromolecules 1995, 

28, 1721. 
22. Wayland, B. B.; Poszmik, G.; Mukerjee, S.; Fryd, M. J. Amer. Chem. Soc. 1994, 

116, 7943. 
23. Arvanitopoulos, L. D.; King, Β. M.; Huang, C.; Harwood, H. J. ACS Polymer 

Preprints, 1997, 38, 752. 
24. Frechet, J. M. J.; Leduc, M. R.; Weimer, M.; Grubbs, R. Β.; Liu, Μ.; Hawker, C. 

J. ACS Polymer Preprints, 1997, 38, 756. 
25. Gaynor, S. G.; Edelman, S. Z.; Matyjaszewski, Κ. Macromolecules 1996, 29, 

1079. 
26. Nakano, T.; Okamoto, Y.; Sogah, D. Y.; Zheng, S. Macromolecules 1995, 28, 

8705. 
27. Wayland Β. B.; Mukerjee, S.; Poszmik, G.; Woska, D. C.; Fryd, M. ACS Polymer 

Preprints 1997 742. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
01

9

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



Chapter 20 

Photochemical Polymerizations Initiated 
and Mediated by Soluble Organocobalt Compounds 

Labros D. Arvanitopoulos1, Michael P. Greuel2, Brian M. King 1, 
Anne K . Shim1, and H . James Harwood13 

1Maurice Morton Institute of Polymer Science, University of Akron, 
Akron, O H 44325-3909 

2 3 M Corporation, 3M Center, Building 236-GC-01, St. Paul, M N 55144-1000 

The use of organocobaloximes as photoinitiator/mediators for the con
trolled polymerization of acrylate esters is discussed. Polymer 
molecular weights increase with conversion for polymerizations 
conducted in the presence of chloroform, suggesting pseudo-living 
polymerization behavior, but catalytic chain transfer reactions compete 
with polymer chain growth at high conversions. However, block 
copolymers can be prepared by polymerizing monomers sequentially if 
conversions are kept below about 70 percent. Organocobaloximes 
bearing hydroxyl, carboxylic acid, ester, and nitrile groups can be used 
to prepare polymers bearing these functions at chain ends. Compounds 
bearing two or more cobaloxime moieties can be used for the 
preparation of triblock copolymers and polymers with star or radial-
block architectures. The cobaloxime ends of the polymers can be 
functionalized by reaction with aromatic disulfides or methacrylate 
esters. Macromonomers with methacrylate functionality result, in 
addition, from the latter reactions. 

Free radical initiated polymerizations that are mediated by organocobalt compounds 
can take two principal courses, catalytic chain transfer and pseudo-living polymeriza
tion. Of these, catalytic chain transfer has been the most studied and has become im
portant industrially for the synthesis of oligomers of methacrylic acid and its esters. (7-
5) This process involves the transfer of hydrogen atoms from a propagating polymer 
to a low spin cobalt compound. This yields an unsaturated polymer chain and a 
hydrocobalt intermediate, viz. 

'Corresponding author 

316 © 1998 American Chemical Society 
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C H . C H . ι 3 // 2 
CH—C* + Co(II) — - C H ^ ~ C + Co(III)H (1) 

COOR COOR 

The hydrocobalt intermediate can then transfer a hydrogen atom to a monomer mole
cule and thereby initiate the growth of a new polymer chain, viz. 

C H 3 Ç H 3 

Co(III)H + H C=C — • C H , — C * + Co(II) (2) 

COOR COOR 

Reaction 1, being a radical-radical reaction, is extremely rapid and occurs at 
diffusion controlled rates. Overall, the catalytic chain transfer process is very efficient, 
turnover numbers for the termination/re-initiation sequences being in the thousands. 
Catalytic chain transfer works well with methacrylates, less well with styrenes, and 
not at all with acrylates. (7,2) 

During efforts to polymerize and copolymerize acrylate esters in the presence 
of cobaloxime, an easily synthesized low spin Co(II) compound, we discovered that 
low molecular oligomers containing acrylate-cobalt bonds were produced.(6) This 
was indicated by chromatographic and spectroscopic evidence. It seemed reasonable 
to conclude that the growth of polyacrylate radicals had been terminated by combina
tion with cobaloxime. A literature search revealed that free radicals react readily with 
cobaloxime and other low spin Co(II) compounds to form relatively stable Co(III) 
compounds. 

Furthermore, the search revealed that the organocobalt compounds that result 
from these and other reactions are valuable models for vitamin B i 2 , a compound that 
is a source of free radicals in living systems. This led us to realize that the carbon-
cobalt bonds present at the ends of the polyacrylates we had isolated could be 
reversibly broken, photochemically or thermally, and that cobaloxime and related 
Co(II) compounds could serve as mediators for the controlled free radical polymeri
zation of acrylates and perhaps other monomers as well. In this paper, we provide 
information about our studies on this possibility, some of which have already 
appeared in preprint (6,7) and patent (8) formats. Another group has simultaneously 
been using cobalt porphyrins to mediate acrylate polymerizations with considerable 
success. (9-11) 

Experimental 

Acrylate and Methacrylate Esters. These were washed three times with 5 percent 
NaOH and then three times with distilled water to remove inhibitors. They were then 
dried with CaCl 2 for 2 hr and with CaH 2 overnight. Following vacuum fractional 
distillation over CaH 2 , the center cuts were stored over 3Â Molecular Sieves under 
argon at - 2 0 ° C until used. 

Organo(pyridinato)cobaloximes. These were prepared according to published 
general procedures (12-16) via reactions of the bis(dimethylglyoximato)(pyridinato)-
cobalt(I) anion with alkyl halides (benzyl bromide, 2-bromopropane, 1,6-dibromo-

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

0

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



318 

hexane, xylidene dibromide, p-nitrobenzyl chloride) or oxiranes (1,2-epoxybutane) in 
methanol or by introducing hydrogen into a suspension of Co(DMG) 2 -H 2 0 in methan
ol that contained a slight excess of pyridine and a stoichiometric amount of olefin 
(acrylic acid, ethyl acrylate, acrylonitrile, trimethylolpropane triacrylate and pentaeri-
thritol tetraacrylate). The bright orange products were isolated (generally in about 65 
percent yield) by pouring the reaction mixtures into water containing a little pyridine. 
They were purified by washing with distilled water until the washings were colorless. 
If the alkyl(pyridinato)cobaloxime was soluble in water, it was extracted with ether or 
methylene chloride and then recovered by evaporation of the solvent. The materials 
exhibited single spots when analyzed by T L C on silica gel. The products exhibited the 
expected relative areas when analyzed by ^ - N M R . They were dried at 40-60°C at 1 
mm Hg and stored under argon in the dark. All reactions and manipulations were 
conducted under an atmosphere of argon and as much as possible in the dark. 

Polymerizations. These were conducted by exposing solutions containing monomer 
(20 mL), solvent (0, 20, 33 or 50 percent by volume) and organocobaloxime (0.125-
0.5 mole percent based on monomer) to illumination by a 500W tungsten lamp. The 
reaction mixtures were flushed with dry argon prior to the reaction. Samples were 
periodically removed from the mixtures by syringe for analysis by NMR and GPC to 
determine conversions and molecular weights. Polymers were isolated by evaporating 
solvent and excess monomer at 40°C (1 mm Hg). When block copolymerizations 
were performed, polymerization of the first monomer was terminated, often after 
about 60 percent conversion, by turning off the tungsten lamp. Residual monomer and 
solvent were then removed in the dark using a rotary evaporator. Subsequently, fresh 
solvent and the second monomer were added to the system and illumination of the 
system was resumed. 

*H-NMR measurements. These were made using a Varian Gemini 200 MHz instru
ment and CDC13 as the solvent. Conversions were calculated from the relative reso
nance areas of olefinic proton resonance due to unreacted monomer (5.7-6.8 ppm) 
and the relative resonance area due to methyleneoxy protons (4.1-4.3 ppm) of ethyl 
or butyl groups present on both monomer and polymer. The average numbers of mo
nomers present per cobaloxime unit in the polymers and copolymers were calculated 
from the relative resonance areas of (pyridinato)cobaloxime group resonances and the 
relative area of methyleneoxy proton resonances of monomer units (4.1-4.3 ppm). 

G P C measurements. These were obtained using a Waters Model 150-C ALC/GPC 
instrument equipped with a differential refractometer and a 6-column set with pore 
sizes of 106, 10*, 104, 103, 500 and 100Â. THF flowing at 1 mL/min was the carrier 
liquid. A calibration based on standard poly(methyl methacrylate) samples was used. 

Results and Discussion 

Polymerization of acrylate esters in the presence of cobaloxime have been conducted 
photochemically using a 500W tungsten lamp source as a means to generate polymer 
radicals from alkylcobaloximes and cobaloxime-terminated polyacrylates. The process 
is believed to involve the following steps: 
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CH — CH-
2 I 

-Co(DMGL 

COOR Py 

CH — C H -
2 I 2 \ 

COOR 

hvv 

H 

COOR 

CH — C H -

C H . — C H — C H r - C H - + Co(DMG). 
2 I 2 I i 2 

COOR COOR Py 

COOR 

Co(DMG). 
! 
Py 

C H — C H — C H * 

COOR 

*CH=CH 
I 

I 
COOR 

COOR 

HCo(DMG). 
! ^ 

Py 

0) 

(4) 

(5) 

HCo(DMG)2 

Py 

2 \ 
COOR 

C H - C H -
3 ι 

COOR 

Co(DMG). (6) 

Reaction (3) represents the reversible initiation-termination process that is the 
heart o f the cobaloxime mediated process. This is indicated here as a photochemical 
process, but the acrylate-cobalt bond can also be broken thermally. Reaction (4) is a 
conventional free radical propagation reaction, while reactions (5) and (6) are 
reactions that can terminate the growth of propagating radicals and reinitiate the 
growth of others. They are analogous to reactions (1) and (2) which predominate in 
the catalytic chain transfer polymerization of methacrylates. Reactions (5) and (6), i f 
they occur to a significant extent, can limit the control that is possible in an 
alkylcobaloxime-initiated-cobaloxime-mediated acrylate monomer polymerization. 
Our studies have shown (a) that reaction (3), can be induced photochemically, thus 
enabling the polymerization to be mediated by cobaloxime, and (b) that propagation 
reactions predominate sufficiently over chain transfer reactions that this chemistry 
merits investigation as a route to polymers with controlled end group functionality, 
block copolymers and star polymers, etc. 

Figure 1 provides conversion-time plots for polymerizations of an 80 percent 
solution of ethyl acrylate in chloroform containing 0.125 mole percent 
isopropyl(pyridinato)cobaloxime. The plot at the extreme left indicates that the 
reaction proceeds rapidly to nearly complete conversion in about 5 hours. There is no 
evidence of a Trommsdorff effect, even though the amount o f solvent present was 
very small. The central plot shows the conversion-time curve that resulted after a 
second portion of monomer was added and polymerization was continued and the 
plot at the extreme right is the conversion-time curve that resulted after a third 
portion of monomer was added. It can be seen that the second and third portions of 
monomer polymerized at nearly the same rates as the first portion. This indicates that 
the activity of cobaloxime derived species present in the system was not lost 
appreciably during the course of the reaction. This and the fact that a Trommsdorff 
effect was not evident in any of the curves indicates that the polymerization is 
distinctly different from conventional acrylate polymerizations. 

Figure 2 shows the molecular weight-conversion relationship obtained when a 
66 percent solution of ethyl acrylate was polymerized in chloroform using 0.125 mole 
percent isopropyl(pyridinato)cobaloxime as the photoinitiator/mediator. The molecu-
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TIME (HRS) 

Figure 1. Conversion versus time for isopropyl(pyridinato)cobaloxime (0.125 
mole percent) initiated polymerization of an 80 percent solution of ethyl acrylate 
in chloroform. 

40 

% C O N V E R S I O N 

Figure 2. Number average molecular weight versus conversion for isopropyl-
(pyridinato)cobaloxime (0.125 mole percent) initiated polymerization of a 66 per
cent solution of ethyl acrylate in chloroform. 
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lar weight increases linearly up to approximately 70 percent conversion and then falls, 
perhaps due to chain transfer processes becoming significant as the monomer 
concentration decreases. Although the molecular weight-conversion curves are 
approximately linear at moderate conversions, the molecular weights are less than 
those calculated from conversions and initial alkylcobaloxime-monomer ratios, 
assuming chain transfer reactions or other means of limiting molecular weight do not 
operate. 

The departure of observed molecular weights from theoretically expected 
values increases with conversion, becoming as much as 40 percent at high 
conversions, in some cases. Despite this, the molecular weights of the polymers can 
be controlled in chloroform solution by varying initial alkylcobaloxime/monomer 
(I/M) ratios. This is illustrated by Table I which compares the molecular weights of 
poly(ethyl acrylates) obtained after 60 percent conversion for various initial I/M 
ratios. 

Table I. Number average molecular weight with respect to initiator/monomer 
ratio for isopropyl(pyridinato)cobaloxime initiated polymerization of a 50 
percent solution of ethyl acrylate in chloroform. 

Mole percent Number Average MWD % Conversion 
Initiator/Monomer Molecular Weight 

GPC Theoretical 
0.125 24400 51200 2.40 64 
0.25 15000 24400 2.14 61 
0.5 8500 12400 2.30 62 

Mw/Mn values (MWD) for polyacrylates formed in these polymerizations are 
generally between 1.4 and 1.9, even at conversions above 90 percent. The values may 
reach 2.5 when large amounts of chloroform (e.g., 50 volume percent) are present, 
and they tend to increase with the amount of chloroform present. There are 
indications that they increase slightly with conversion. 

Although some termination/transfer seems to occur in cobaloxime-mediated 
polymerizations of acrylates, block copolymers can be prepared by adding monomers 
sequentially to the polymerization mixture. Figure 3 shows GPC curves observed for 
a poly(ethyl acrylate) (Mn 7400, MWD 1.6) prepared in 60 percent conversion from a 
66 percent solution of ethyl acrylate in chloroform and for a poly[(ethyl acrylate)-b-
(butyl acrylate)] block copolymer prepared by using the poly(ethyl acrylate) sample as 
a macroinitiator for the polymerization of butyl acrylate. Although the curves are not 
completely resolved, the shape of the block copolymer curve is nearly the same as 
that of the parent copolymer, with only a slight indication of a low molecular weight 
tail. This indicates that blocking occurs efficiently if the conversion obtained in 
preparing the first block is not too high (i.e. < 60 percent). 

Scope of the Reaction 

These polymerizations are most conveniently conducted using chloroform as a diluent 
in amounts as low as 10 volume percent. Polymerizations conducted with bulk mono-
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mer or using benzene, methylene chloride, or DMSO as diluents occur more slowly 
(Figure 4) and yield polymers whose molecular weights are low (1200-6000) and do 
not increase with conversion. Apparently chain transfer or termination competes 
effectively with propagation when diluents other than chloroform are present or are 
absent altogether. The almost unique behavior of chloroform as a necessary diluent 
may be related to its ability to react with cobaloxime and form the dichloromethyl 
radical and chlorocobaloxime, viz. 

Control experiments have established that chlorocobaloxime is inert in these 
polymerization systems. Reaction 7 thus provides a means for the system to remove 
excess cobaloxime. If present in excess, cobaloxime would reduce polymerization rate 
and the number of monomer units incorporated in a polymer chain during the interval 
between a reinitiation and a termination step in the mediated process. Although we do 
not have at this time a good understanding of the role played by chloroform in this 
system, it does seem that it may be similar to that played by thermal styrene 
polymerization in TEMPO-mediated polymerizations. 

These polymerizations work well with acrylate esters but not with styrene or 
vinyl acetate. Copolymerization of a nearly equimolar mixture of acrylonitrile and 
ethyl acrylate occurred very slowly, affording a 15 percent yield of copolymer (Mn = 
7500) in 4 days. 

Polymerizations of acrylates conducted using most organo(pyridinato)cobal-
oximes as the initiator/mediator performed similarly, as will be discussed 
subsequently, except for benzyl(pyridinato)cobaloxime. This compound is not very 
soluble and slow polymerization rates are often obtained when it is used. In addition, 
it has been reported to undergo a side reaction that may interfere with its performance 
as an initiator/mediator. (7 7) Organo(triphenylphosphinato)cobaloximes did not work 
well as initiator/mediators. Chain transfer seems to be very significant when these 
materials are used. 

Since the best results that have been obtained thus far have been obtained in 
acrylate polymerizations conducted photochemically using organo(pyridinato)cobal-
oximes as initiator/mediators, we have explored ways to use this chemistry for 
controlling the end functionality and architecture of polyacrylates. Results of these 
approaches are summarized in the remainder of this paper. 

Initiator Synthesis 

Organocobaloximes can be synthesized by a variety of methods,(72-76) and it is 
possible to prepare materials with useful functional groups, such as hydroxyl, 
carboxyl, ester, halogen and nitrile. When these are used as photoinitiators for 
acrylate polymerizations, polymers with useful functionality (X) can be prepared, viz. 

CHC13 + Co(DMG) 2Py -> C12CH- + ClCo(DMG) 2Py CO 

H hv 
XCo(DMG) 2Py + nH 2 C=C X(CH 2 CH) n Co(DMG) 2 Py (8) 

COOR 
COOR 
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Poly(ethyl acrylate) 
M„ = 7400 

Poly(ethyl acrylate co butyl acrylate) 
M„ = 25800 

Elution volume 

Figure 3. G P C curves of poly(ethyl acrylate) and of poly[(ethyl acrylate)-b-(butyl 
acrylate)] derived from it. 

100 

TIME (HRS) 

Figure 4. Conversion versus time curves for ethyl acrylate polymerizations con
ducted in bulk and various solvents using 0.125 mole percent isopropyl(pyridina-
to)cobaloxime (bulk, 50 percent in benzene, 66 percent in chloroform and 66 
percent in D M S O ) and 0.125 mole percent l-carboethoxyethyl(pyridinato)cobal-
oxime (66 percent in methylene chloride). 
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The compounds that have been prepared and used as photoinitiator/mediators 
for acrylate polymerizations are listed in Table II, along with the yields obtained in 
their preparation. 

Table Π. Photoinitiator/Moderators Investigated and Yields Obtained in Their 
Preparation 

Photoinitiator/Moderator Yield, % 
C6H5CH2Co(DMG)2Py 76 
p-N0 2C6H 5CH 2Co(DMG)2Py 74 
Br(CH 2) 6Co(DMG) 2Py 67 
CH 3 CH 2 CH(OH)CH 2 Co(DMG) 2 Py 65 
(CH 3) 2CHCo(DMG) 2Py 60 
CH 3CH(COOH)Co(DMG) 2Py 54 
CH 3CH(COOCH 3)Co(DMG) 2Py 75 
CH 3CH(CN)Co(DMG) 2Py 93 
Py(DMG)2CoCH2C6H4 CH 2Co(DMG) 2Py 33 
Py(DMG) 2Co(CH 2) 6Co(DMG) 2Py (HERCO) 99 
CH 3 CH 2 C[CH 2 C0 2 C(CH 3 )Co(DMG) 2 Py] 3 (TTPCO) 67 
C[CH 2 C0 2 C(CH 3 )Co(DMG) 2 Py] 4 (PEPCO) 41 
C6H 5CH 2Co(DMG) 2P(C6H 5) 3 70 
(CH 3) 2CHCoCDMG) 2P(C 6H 5) 3 75 

We have used the functionality X as a tag to investigate the efficiency of alkyl-
cobaloximes as initiators and the extent that chain transfer and other processes are in
volved in the polymerizations. For example, when 6-bromohexyl(pyridinato)cobal-
oxime was used in large amount for ethyl acrylate polymerization, an oligomer having 
a Mn of 4600, as measured by GPC, was obtained. By comparing the relative area of 
resonance at δ = 3.3 ppm (-CH 2Br, triplet) to that of methyleneoxy proton resonance 
at « 4 ppm (-OCH->CHi) in the NMR spectrum of the polymer, an Mn of 4100 was 
calculated for the polymer. This indicated that about 90 percent of the polymer chains 
contained 6-bromohexyl end groups. 

Similarly, GPC and NMR techniques were used to estimate Mn values for 
poly(ethyl acrylate)s prepared using isopropyl(pyridinato)cobaloxime. These studies 
were done because of the ease of preparing and handling this initiator and because the 
six methyl protons of isopropyl end groups in the polymers were easily measured by 
NMR. The resonance areas of the methyl protons of the isopropyl end groups and of 
the methyleneoxy protons on the ethyl acrylate groups were used to estimate Mn's by 
NMR. Table III compares Mn values determined by GPC and NMR with values cal
culated from initial monomer/cobaloxime ratios and conversions, assuming that chain 
transfer and termination reactions did not occur. The fractions of polymer chains with 
isopropyl ends, as calculated from the GPC and NMR results, are also provided. It 
can be seen that the percentage of functionalized chains decreases as conversion 
increases and that the difference between measured and calculated Mn's increases 
with conversion. Similar results were obtained when other organocobaloximes were 
used although extensive studies were not conducted with other initiators. It is clear 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

0

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



325 

that some of the polymer chains are not initiated by the organocobaloximes. Chain 
transfer reactions are probably responsible for their formation. 

Table ΠΙ. Number average molecular weight values determined by G P C and 
N M R and percentages of functionalized chains in poly(ethyl acrylate) prepared 
by polymerizing a 66 percent solution of ethyl acrylate in chloroform using 
isopropyl(pyridinato)cobaloxime (0.5 mole percent) as the photoinitiator/ mode
rator. 

% Conversion Number Average Molecular Weight % Functionalized 
GPC 'H-NMR Theoretical Chains 

10 1930 1840 2020 95 
35 5860 5360 7040 92 
46 8190 7000 9120 86 
60 9560 7850 12000 82 
74 9750 7640 14800 78 

Initiators containing several cobaloxime moieties were also synthesized and in
vestigated. They are of interest for the synthesis of triblock copolymers and polymers 
with star (multi-arm) and radial-block architectures. For example, HEPCO was used 
for the synthesis of poly[(butyl acrylate)-b-(ethyl acrylate)-b-(butyl acrylate)], a 
triblock copolymer as shown below. 

P>Co(DMG) 2-(CH 2) 6-Co(DMG) 2Py + nCH 2=CHCOOEt — " 

m CH.=CHCOOBu 
P y C o ( D M G ) ^ < t H C H ^ ^ ^ ± > 

COOEt COOEt 

Mn(GPC)=19,000 ; Mw/Mn=2.4 

PyCo(DMG)-(ÇH C H ^ ^ - f c H C H 2 > j ^ H ^ C H 2 Ç H ) ^ Co(DMG)2Py Œ 

COOBu COOEt COOEt COOBu 

Mn(GPC)=33,500 ; Mw/Mn=2.7 

This particular synthesis was made difficult by the poor solubility of HEPCO 
but the Mn's of the poly(ethyl acrylate) macroinitiator and the triblock copolymer de
rived from it were approximately 75 percent of those expected theoretically. 

Similarly, photoinitiator/mediators containing three (TTPCO) and four 
(PEPCO) cobaloxime moieties per molecule were synthesized by adding hydrogen to 
a mixture of Co(DMG) 2Py and polyacrylate esters derived from tris(hydroxymethyl)-
ethane and pentaerithritol. Figure 5 shows a Mn-conversion plot for the polymeriza
tion of ethyl acrylate using TTPCO. Mn increases linearly with conversion as expec
ted for a mediated polymerization but the Mn values are approximately 80 percent of 
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the expected values. While this may be in part due to uncertainty in the GPC 
determinations, it seems that chain transfer reactions may also be responsible. 

Ο 

C H p i ^ ( C H 2 O C C H = C H 2 ) 3 + 3 Co(DMG)2Py + 3/2 H 2 

° CH =CHCOOEl 
CHfHf (CH2OCCHCo(DMG)2Py ) 3 - • 

CHj:H^(CH 2 OCÇH^H 2 CH) n Co(DMG) 2 P>) 3 (10) 

C H . COOEt 

By comparing the resonance areas of the methyleneoxy protons of the acrylate 
groups in the polymers to the ortho proton resonances of the pyridines coordinated to 
the cobaloxime moiety it was established that the ratio of acrylate units to cobaloxime 
ends was approximately 80 percent of that expected based on the Mn's determined by 
GPC, assuming each polymer molecule contained three cobaloxime groups. It seems 
reasonable to assume that all three arms of this star polymer grew uniformly but addi
tional experiments need to be done to prove this. Table IV compares Mn values 
determined by NMR and GPC with theoretical values for several samples. 

Table IV. Number average molecular weight values determined by G P C and 
N M R and calculated from monomer/initiator ratios and conversions for several 
star polymers prepared from ethyl acrylate and T T P C O . 

Number Average Molecular Weight 
GPC 'H-NMR Theoretical 
3200 2600 4300 
5100 4200 6800 

Figure 6 shows that the conversion-time plots for ethyl acrylate 
polymerizations initiated by TTPCO and PEPCO (0.0625 mole percent Co) are 
similar. This indicates that a 4-arm star probably formed when PEPCO was the initia
tor/mediator. 

Chain End Functionalization Studies. Provided that the cobaloxime units at the 
ends of growing polyacrylate chains are not lost by chain transfer or conventional 
termination reactions, they will be present at the end of the polymerization reactions 
and can be used to functionalize the ends of the polymer chains. Typical reactions of 
alkylcobaloximes (16,18) can be used for this. For example, photolysis of an ethyl 
acrylate sample having a terminal (pyridinato)cobaloxime group in the presence of 
bis(p-aminophenyl) disulfide yielded a polyacrylate with an aminophenylthioether 
group, as shown below. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

0

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



327 

40 

% CONVERSION 

Figure 5. Number average molecular weight versus conversion for a T T P C O ini
tiated polymerization of a 66 percent solution of ethyl acrylate in chloroform. 

100 

T I M E (IIRS) 

Figure 6. Conversion versus time relationships for polymerizations of ethyl acry
late initiated by T T P C O and P E P C O (0.0625 mole percent Co) in chloroform 
solution (66 volume percent monomer). 
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The p-aminophenylthioether end groups present in the polymer were identified 
by *H-NMR resonances at 3.8, 6.55 (doublet), 7.25 (doublet) ppm. The relative areas 
of these resonances, and those due to the methyleneoxy proton resonances of the 
ethyl acrylate units in the product were in excellent agreement with those expected 
based on the molecular weight of the original polymer, as estimated by GPC and 
NMR measurements, assuming complete conversion of cobaloxime ends to p-amino
phenylthioether ends. 

(CRj^CHiCH^H^-CopMG^Py + H^N—^ \—S-S-V \ NH 2 

COOEt 

Mn 3800 by Ή-NMR 

hv 

(CH 3) 2CH(CH 2CH) nS Η ^ ^ - Ν Η 2 + H 2 N ~ \ / S " C ° ( D M G ) 2

P y ( U ) 

COOEt 

Mn 3400 by Ή-NMR 

A very convenient way to functionalize the ends of the polymers that are at
tached to cobaloxime groups is to add a methacrylate ester. Such monomers undergo 
catalytic chain transfer reactions after having added to the polymer. This leads to 
polymers with only one or, at most, a few methacrylate units at the chain end, viz. 

™, 
(CH2CH)n-Co(DMG)2Py + CH^C-COOR' — * 

COOR 

f 3
 r > 

CH CH) -(CRX) -CH.-C + PMMA oligomers (12) ^ ι η ζ ι m ζ 
I T 

COOR COOR' C 0 0 R ' 

This approach can be used to introduce hydroxyl, carboxyl and oxirane units 
at the ends of the polymer. The products that result are, in addition, methacrylate-
functional macromonomers. As a specific illustration of this approach, a cobaloxime 
terminated poly(ethyl acrylate) having a molecular weight of about 8000 was 
prepared. An amount of methyl methacrylate equal to ten times the amount of isopro-
pyl(pyridinato)cobaloxime used to prepare the polymer was added to the 
polymerization mixture and the system was irradiated. This yielded a poly(ethyl acry
late) that was devoid of cobaloxime ends as indicated by its behavior on column chro
matography. Figure 7 shows the ^ - N M R spectrum of the polymer. It contains reso
nances of terminal methyl methacrylate units at 5.5, 6.2 and 3.7 ppm as well as meth
oxy proton resonance of methyl methacrylate units near chain ends at 3.5-3.6 ppm. 
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After purification by column chromatography over silica, using chloroform as the elu-
ent, the molecular weight of the polymer was 7600 as measured by GPC and 7100 as 
calculated for the relative areas of the olefinic proton resonance and the methyleneoxy 
proton resonances. It seems that chain end functionalization by this process is very ef
ficient. 

Conclusions 

We thus conclude that pseudo-living polymerization behavior is obtained when acry
lates are polymerized photochemically using organo(pyridinato)cobaloxime com
pounds as photoinitiator/mediators and that such polymerizations can be used for the 
synthesis of polymers with controlled end group functionality, block copolymers and 
polymers with star architectures. The polymerizations work best when chloroform is 
present and chloroform may even be necessary for pseudo-living behavior to be ob
tained. This feature of the polymerizations is not understood and requires further in
vestigation. 

Chain transfer accompanies these reactions and is especially significant at low 
monomer/organocobalt ratios. This behavior stands in marked contrast to the results 
obtained when cobalt porphyrins are used as mediators for thermal polymerizations of 
acrylates and chain transfer is insignificant.(9-71) This suggests that it may be possible 
to diminish the amount of chain transfer by changing the equatorial ligand present in 
the organocobalt compound. 
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Chapter 21 

Controlled-Growth Free-Radical Polymerization 
of Methacrylate Esters: Reversible Chain Transfer 

versus Reversible Termination 

Graeme Moad1,3, Albert G . Anderson2, Frances Ercole1, Charles H . J. Johnson1, 
Julia Krstina1, Catherine L. Moad1, Ezio Rizzardo1, 

Thomas H . Spurling1, and San H . Thang1 

1Commonwealth Scientific and Industrial Research Organization, Molecular 
Science, Private Bag 10, Clayton South M D C , Victoria 3169, Australia 

2Central Research and Development, Dupont Experimental Station, 
Wilmington, D E 19880-0101 

Several processes for controlled growth free radical polymerization are 
contrasted with respect to reaction mechanism and their particular 
advantages and limitations. Kinetic simulation is used to examine 
relationships between reaction conditions, the significance of various 
side reactions, and the evolution of molecular the weight distribution. 
Expressions used to calculate molecular weights and polydispersities for 
the various mechanisms are reported 

Alkoxyamine-initiated polymerizations of methacrylate esters give 
only low conversions (10-40%, dependent on particular nitroxide and 
reaction conditions). Polymerization ceases due to a build up in the 
nitroxide concentration and the init ially formed alkoxyamine is 
ultimately converted to an unsaturated macromonomer. The 
conversion, molecular weight and polydispersity are determined by the 
rate and equilibrium constants and combination:disproportionation ratio 
associated with the nitroxide - propagating radical reaction. 

Polymerization of methacrylate monomers in the presence of 
methacrylate macromonomers provides a viable method for controlled 
growth polymerization to high conversions. However, narrow 
polydispersities are difficult to achieve by solution polymerization due 
to a slow rate of exchange between dormant and active propagating 
species. 

A perusal of the recent literature in the field of polymer chemistry wi l l bear witness 
to a marked resurgence of activity in the study of free-radical polymerization processes. 
This resurgence can be traced back to several major advances in our ability to control 
and predict the outcome of free radical polymerizations (7). Syntheses of narrow 
polydispersity polymers, block copolymers, gradient copolymers and other products of 
controlled-growth polymerization, once thought to be at odds with the nature of free-
radical polymerization mechanisms, are now possible (1-8). Furthermore, as 
'Corresponding author 

332 © 1998 American Chemical Society 
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techniques continue to be refined we can easily envisage how free-radical 
polymerization may soon become the preferred route to such structures. 

In this paper we contrast several processes that have been developed for controlled-
growth free radical polymerization and discuss their application to the synthesis of 
narrow polydispersity polymers based on methacrylic monomers pointing out their 
particular advantages and limitations. Kinetic simulation has been used to explore the 
relationships between reaction conditions, the extent and significance of various side 
reactions, and the evolution of the molecular weight distribution and to gain further 
understanding of the polymerization mechanisms. 

Controlled-growth polymerization is usually considered synonymous with l iving 
po lymer iza t ion (9). The keys to the development of processes for radical 
polymerization with living characteristics are methods which reduce the significance of 
processes which irreversibly terminate polymer chains with respect to that observed in 
conventional free radical polymerization. Two processes most important in this context 
are: termination by the bimolecular reactions of radical species (i.e. combination, 
disproportionation); and termination by chain transfer (to monomer, solvent, etc.). 
Three strategies (not mutually independent) should be considered in this regard. 

The first strategy is to limit the concentration of radical species so as to reduce the 
importance of radical-radical reactions. This involves providing a mechanism whereby 
some of the chains are held in a dormant state and providing an effective means for 
equilibration between active and dormant chains. Three mechanisms for achieving this 
wi l l be considered in the following discussion: (a) reversible termination; (b) reversible 
atom or group transfer; and (c) reversible chain transfer 

A second strategy is to modify the inherent reactivity of the propagating radicals 
such that propagation is preferred over the above-mentioned chain termination reactions 
(7). It has been suggested that some of the reagents currently used in controlled-growth 
radical polymerization may achieve this sought after goal by complexation of the 
propagating radical. However, there are currently no unequivocal examples of this 
behavior. The literature on template polymerization can also be consulted in this context 
(10). However, these methods do not have general application. We have previously 
been pointed out that the chain length distribution of the propagating radicals in 
controlled-growth free radical polymerizations is quite different to that in conventional 
radical polymerization.(7 7) In particular, depending on the particular mechanism (see 
below) there are no or relatively few short chain radicals. This should mean that the rate 
of radical-radical termination in controlled-growth free radical polymerization is lower 
than it is in the conventional process. 

A third strategy is to choose reaction conditions such that the kinetic chain length, 
imposed by irreversible termination processes, is substantially higher than the chain 
length required for the polymeric product (77). 

Mechanisms 

(a) Reversible Termination. The first process we wish to consider is controlled 
radical polymerization based on a reversible termination step (Scheme 1) (7, 3-5). 

monomer 
* - R - ( M ) n » 

R - N R - ( M ) n - N 

Scheme 1 
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The first examples of this methodology appeared more than fifteen years ago (72) 
and a wide variety of reagents have now been utilized in this context. The process relies 
on the use of a reagent (Ν·) which reversibly caps the propagating species (R-(M) n ») by 
radical-radical combination. Reagents that have been employed include various stable 
radicals, for example: 

Ν · = nitroxides (5, 13-22) 
di -or triarylmethyl radicals (23-27) 
dithiocarbamyl radicals (72, 28-35) 
borinate radicals (36) 
verdazyl radicals (37) 
triazolinyl radicals (38) 
inorganic radicals (39) 

and organometallic reagents, for example: 

Ν · = square planar cobalt complexes (40-42) 
organo aluminum complexes (43, 44) 

One of the most widely studied processes is alkoxyamine-initiated polymerization 
(in this case Ν · is a nitroxide) (75). However, while many papers have now appeared 
on the synthesis of narrow polydispersity polystyrene and derivatives (5, 16-22), 
relatively little has appeared on the synthesis of other polymers. In earlier reports (14, 
15), we have shown that a major factor in the success of alkoxyamine-initiated 
polymerizations is the magnitude of the rate constants for alkoxyamine homolysis. Rate 
constants for the coupling of nitroxides with carbon centered radicals are high and may 
lie close to the diffusion controlled limit (19, 45-47). Thus, it is mainly the homolysis 
rate constant that determines the position of the equilibria and the rate of exchange 
between active and dormant propagating species. It is also important that the lifetime of 
the 'initiator' alkoxyamine is not substantially longer than those of the alkoxyamines 
formed during polymerization. We have also shown how the structure of the particular 
nitroxide and radical fragments determine the rate constant for alkoxyamine homolysis 
(15). 

Ideally, the reaction between the propagating species and Ν · should occur 
exclusively by combination as shown in Scheme 1. A side reaction that can lead to 
chain death is disproportionation of the propagating species with Ν · (Scheme 2). This 
side reaction w i l l l imit conversion and block purity and lead to an increase in 
polydispersity. It has also been proposed (79, 48) that phenylethyl alkoxyamines may 
react by unimolecular elimination of hydroxylamine to yield the same products as would 
be produced by disproportionation. Although there is no literature precedent for the 
elimination process, based on the current experimental data, it is not possible to 
rigorously distinguish between these two mechanisms. It is also possible that both 
mechanisms operate simultaneously as appears to be the case in cobalt mediated 
polymerization (49, 50). For alkoxyamine-initiated polymerizations of styrene, the 
successful synthesis of narrow polydispersity and block copolymers indicates that, 
while formation of hydroxylamine is observed in some circumstances (57, 52), 
disproportionation (or elimination) is only a very minor pathway (79). 

In the case of methacrylate polymerization, the importance of disproportionation is 
such that the alkoxyamines are converted after a relatively short polymerization time to 
the corresponding macromonomer and hydroxylamine (refer Scheme 2). 
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disproportionation 

initiator MMA 
• R. 

combination combination elimination 

ÇH 3 C H 3 

R _ j - C H 2 - C C H 2 - C — Ν 

C 0 2 M e C 0 2 M e 
J η 

Scheme 2 

A series of bulk methyl methacrylate ( M M A ) polymerizations have been carried out 
with azobis(2,4-dimethyl-2-pentanenitrile) as initiator and in the presence of various 
nitroxides as a screening exercise to find the most effective reagent. The results are 
summarized in Table I. The initiator in these experiments was chosen such that it, and 
the derived alkoxyamine, have extremely short half-lives under the reaction conditions 
and thus generate the M M A propagating species in situ according to Scheme 3. 

CH 3 CH 3 CH 3 CH 3 

C H 3 — C — C H 2 — C N = N C — C H o — C — C H 3 

I I I I 
CH 3 CN CN CH 3 

CH 3 CH 3 

/ 
CH 3 —C CH 2—C* + 

CH 3 CN 

• O - N 

CHo 

C H 2 — C -

C0 2 Me 

CH, 

CH 2 — 

CH 3 CH 3 

I I 
C H 3 — C — C H 2 — C Ο Ν 

CH 3 CN 

products (see Scheme 2) 

C0 2 Me 

Scheme 3 
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Table I. Molecular Weight/Conversion Data for Polymerizations (90°C, 
bulk) of Methyl Methacrylate in the Presence of Various Nitroxides.*1 

Nitroxide (Ν·) M n

b M w / M n Con v. [nitroxide] [initiator]0 calc. M n d 

N - O · 

% M M 
35700 
33800 
20400 e 

1.57 
1.65 
1.70 

38.2 
35.8 
19.2 

0.0077 
0.0069 
0.0077 

0.0054 
0.0054 
0.0054 

36800 
34500 
18500 

18300 
5600 

1.71 
1.68 

18.4 
6.9 

0.0079 
0.0115 

0.0054 
0.0054 

17400 
5900 

6500 1.44 6.4 0.0077 0.0049 6100 

10500 2.24 11.2 0.0076 0.0054 10800 

17000 3.30 17.5 0.0077 0.0054 16900 

22100 3.11 14.3 0.0076 0.0054 13800 

19200 4.10 17.9 0.0076 0.0054 17200 

a Reaction mixtures were placed in an ampoule, degassed with three freeze-thaw-
evacuate cycles, and the ampoule sealed and heated in a constant temperature bath at 
the prescribed temperature. In each case a series or experiments was performed with 
reaction times between 0.5 and 6 hours 

b Molecular weights were determined by G P C and are given in polystyrene equivalents. 
c Initiator = azobis(2,4-dimethyl-2-pentanenitrile). 
d Calculated molecular weight based on an initiator efficiency of 90%. Values shown 

have been rounded to nearest hundred. 
e Reaction temperature = 100°C. 

After less than 1 hour at 90°C, the reaction product is a M M A macromonomer 
(identified by Ή N M R analysis in the case of lower molecular weight products) and the 
nitroxide moiety is largely converted into the corresponding hydroxylamine (indicated 
by a rapid formation of nitroxide on exposure of the reaction mixture to air). N o further 
polymerization is observed for longer reaction times. Generally similar observations 
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(rapid polymerization followed by chain death) were made for experiments initiated by 
preformed alkoxyamines (see Table Π). 

Table II. Molecular Weight/Conversion Data for Polymerizations of 
Methyl Methacrylate in the Presence of Various Alkoxyamines. 

Alkoxyamine M n a M w / M n Conv. [nitroxide] [alkoxy Temp. 
% M amine] M 

13300 1.55 12.3 0 0.0108 80 
11100 1.66 14.4 0 0.0108 120 
13400 1.60 15.5 0.0001 0.0108 80 
11100 1.76 14.4 0.0001 0.0108 120 

5900 1.60 5.4 0 0.0108 120 

a Molecular weights were determined by G P C and are given in polystyrene equivalents. 

Conversions, molecular weights and polydispersities depend on the particular 
nitroxide employed and its concentration. Even though the product is a "dead" 
polymer, the molecular weights obtained in these experiments are close to those 
expected based on the monomer conversion (see Figure 1). 

A linear relationship between molecular weight and conversion is often quoted as 
an indication of living behavior. However, this observation only indicates that there are 
some living chains present in the system. As long as some living chains remain in the 
system and there are no other side reactions (e.g. transfer to monomer, solvent, etc.), 
the number average molecular weight is expected to vary in a linear way with 
conversion irrespective of the number of dead chains formed by radical-radical 
reactions. What this result does show is that the majority of chains are formed from the 
alkoxyamine and that there is no significant termination by chain transfer under the 
reaction conditions. 

M 

40000 

30000 

20000 

10000 

.6 

β' 

0 & ι ι • I • . . . I . . . . I . . 

0 5 1 0 1 5 20 25 30 35 40 

Conversion (%) 

Figure 1. Molecular weights obtained in M M A polymerizations as a function of 
conversion. Data are from Table I. The dashed line indicates the molecular 
weight expected if the initiator efficiency is 90% (based on computer simulation). 
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We attribute the dependence of molecular weight, polydispersity and conversion on 
nitroxide structure to variations in the combinatiomdisproportionation ratio and the 
association/dissociation equilibrium constant for the reaction between the M M A 
propagating species and the nitroxide. It is likely that the same factors which lead to 
enhanced alkoxyamine homolysis rates also lead to an increase in the extent of 
disproportionation. This effect is explored in more detail below. 

It should be noted that the product of alkoxyamine-initiated polymerization of 
M M A is a macromonomer which wi l l be reactive under the polymerization conditions 
(see section on reversible chain transfer below). 

(b) Reversible Atom or Group Transfer. A second mechanism for controlled 
growth polymerization involves a reversible termination of the initiating or propagating 
species by transfer of an atom or group (X) from a metal complex (Mt-X) (2, 53-60). 
Examples of X include halogen and thiocyanate. The use of metal complexes based on 
ruthenium (2, 57-59), copper (53-56), and nickel (60) has been reported. Reaction 
mechanisms have not been fully elucidated. However, according to the most widely 
accepted mechanism (Scheme 3) this process can be considered analogous to that 
described above except that the propagating radical is converted to a dormant species by 
atom or group transfer rather than by radical-radical coupling. A further difference is 
that reactivation is a bimolecular process. In principle, only a very small concentration 
of the metal complex is required (equal to that of the propagating radical concentration). 
However, it has been found that much larger amounts are required. Typica l ly 
concentrations of metal complex are of the same order of magnitude as the 'initiator' (R-
X ) . 

monomer 
R» *~ R-(M) n» 

+ Mt-X + Mt-X 

! * 
R - X R - (M )n-X 

+ Mt + Mt 
Scheme 3 

According to this mechanism, since the chain equilibration process does not 
involve a radical-radical reaction, the complication of irreversible disproportionation 
competing with reversible termination is avoided. However, other side reactions 
(elimination of X from R - ( M ) n - X , reaction with the metal complex by electron rather 
than ligand transfer) may be possible but have not been reported as complications. 
Requirements for the minimization of chain transfer and the self reaction of propagating 
species would still apply. 

The process has been successfully applied to the synthesis of narrow 
polydispersity methacrylate polymers and block copolymers based on these as precursor 
materials (56, 58). 

(c) Reversible (degenerative) chain transfer. A third method for achieving 
controlled-growth radical polymerization is based on reversible chain transfer (refer 
Scheme 4). The species A - X is a transfer agent which reacts with initiating (R e ) or 
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propagating radicals (R-(M) n ») to give another transfer agent ( R - X , R - ( M ) n - X ) and a 
species capable of initiating polymerization (Α·) . The rate of exchange between active 
( Α · , R«, R-(M) n ») and dormant species ( R - X , R - ( M ) n - X , A - X ) is determined by the 
transfer constants of the species A - X ( and R - X , R - ( M ) n - X ) and the relative 
concentrations of these species vs monomer. This process has been termed 
degenerative chain transfer (61-63). 

_ monomer 
F> • R - ( M ) n -

+ A - X V + A - X 

ι 
R - X R - (M)n-X 

+ Α · + Α · 

Scheme 4 

In the processes (a) and (b) described above no external source of free radicals is 
required; even though such may in some circumstances control the rate of 
polymerization (21, 55). In controlled-growth radical polymerization based on 
reversible chain transfer, polymerization must, l ike conventional free-radical 
polymerizations, be continuously initiated by a source of free radicals. 

The mechanism of chain transfer may be homolytic substitution. Certain alkyl 
iodides (X=I) have been shown to give this form of reversible chain transfer (62). 
Alternatively, chain transfer may occur by an addition-fragmentation sequence (64) as is 
observed for macromonomers of general structure CH2=C(Z)CH2 (A) n [where ( A ) n is a 
free-radical leaving group and Ζ is usually an activating group, e.g. C O 2 R or Ph] (11, 
65, 66). The mechanism of the chain transfer step is shown in Scheme 5. The 
transferred group (X) is then the CH2=C(Z)CH2- moiety. 

Ç H 3 

/ C H 3 ^ C H 2 _ c _ C H 2 ^ w . 

^ +**CH2—C« + C H 2 = C ^ C O 2 R 

C 0 2 R C O 2 R 

Ç H 3 

Ç H 3 C H 2 - C - C H 2 - w 

· Λ Λ Λ Ο Η 2 — c — C H 2 — 0 · C o 2 R monomer graft 
c o 2 R X c o 2 R copolymer 

C H 3 

C H 3 £ H 2 + )c— C H 2 ^ w 

, C H 2 _ Î _ C H 2 _ / CO2R " β " 0 ™ 6 * » ^ 
I \ 2 polymer 

c o 2 R c o 2 R 

Scheme 5 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



340 

It is important that the lifetime of the adduct radical formed by addition to the 
macromonomer is short with respect to the life time of propagating species (otherwise 
there w i l l be retardation) and that it does not react with monomer (to form a graft 
copolymer) or other radical species (to give inhibition). 

In the case of polymerizations involving only methacrylate esters, there is little i f 
any retardation and graft copolymer formation is generally not observed. Even so, 
attention must be paid to reaction conditions. Since the transfer constants of 
methacrylate macromonomers are <0.5 (67), the [macromonomer]:[monomer] ratio 
needs to be maintained as high as possible so as to maximize transfer events. This can 
be achieved through the use of starved feed conditions (77). 

Initiation rates should be maintained as low as practicable consistent with obtaining 
an acceptable rate of polymerization since radical-radical reaction produces non-
macromonomer (dead) chains (i.e. long kinetic chain lengths are essential). 

Bearing these constraints in mind, the conditions that lead to narrow polydispersity 
polymers are most readily achieved by emulsion polymerization. Emuls ion 
polymerizations can be performed at much lower [monomer]:[macromonomer] ratios 
than is possible in conventional bulk or solution polymerizations. The process is 
illustrated in Figure 2 for the synthesis of poly(2-ethyl hexyl methacrylate-Mocfc-methyl 
methacrylate) (77). The emulsion polymerization of 2-ethylhexyl methacrylate in the 
presence of a M M A macromonomer ( M n 2040 and M w / M n 1.68) was carried out under 
feed conditions with the 2-ethylhexyl methacrylate added over 3.9 hours at a rate such 
that the instantaneous conversion was > 95%. Polydispersities were observed to 
decrease with conversion while molecular weights increase linearly with conversion. 

M x10" 

0 10 20 30 40 50 60 70 

E H M A a d d e d (mole equiv.) 

Figure 2. Evolution of molecular weight ( , ) and polydispersity ( o , — ) 
with monomer addition for the emulsion polymerization of 2-ethylhexyl 
methacrylate in the presence of a M M A macromonomer. The dashed line is the 
expected molecular weight calculated from the monomer and macromonomer 
concentrations (77). 

Notwithstanding these comments, controlled growth polymerizations, including the 
synthesis of block copolymers, can and has been successfully carried out by solution to 
yield block copolymers (77, 66). However, it is generally not possible to achieve the 
very narrow polydispersities or the high molecular weights that can be achieved by 
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emulsion polymerization. A typical G P C trace for a solution polymer is shown in 
Figure 3. The example is for M M A block copolymer based on a hydroxyethyl 
methacrylate macromonomer. The synthesis of this material has been detailed 
elsewhere (77). The factors that determine polydispersity and block/macromonomer 
purity in solution polymerizations are discussed in greater detail below. 

102 1 0 3 1 0 4 

mo lecu la r we igh t 

Figure 3. G P C Traces of hydroxethyl methacrylate macromonomer ( M n 1230, 
M w / M n 2.5) ( ) and poly(hydroxyethyl methacrylate-block-MMA) (M„ 3620, 
M w / M n 1.83) ( ) prepared by solution polymerization. 

Kinetic Simulation of Controlled-Growth Free-Radical Polymerization 

There have been a number of studies on kinetic simulation of l i v ing radical 
polymerization processes (14, 19, 68, 69). In 1990 we (14) reported a study of the 
alkoxyamine-initiated polymerization which demonstrated the potential of this chemistry 
(13) for the production of narrow polydispersity polymers. The simulation method 
involved the use of numerical integration to solve the complete set of differential 
equations which result from analysis of the reaction mechanism. This approach offers 
significant advantages. It is rigorous in being able to provide the time evolution for all 
species and processes involved in the polymerization process and it is simple to 
implement. Limitations arise because it is necessary, due to the way that the simulation 
time increases rapidly with the number of species included, to treat all those with chain 
length above some cut-off value as composite species. This cut off is in the range 200-
1000 monomer units depending on the number and type of polymeric species included 
in the simulation. For example, the simulation can be speeded up by leaving out 
termination by combination and assuming that all radical-radical termination is by 
disproportionation. Such approximations which limit the accuracy of the simulation 
should be avoided. Another method for improving calculation efficiency is to treat all 
'dead' species (from combination, disproportionation, transfer) together as a single 
distribution. This does not limit the accuracy of the simulation but does reduce the 
information content. 

The original simulations (14) were carried out with use of a supercomputer. 
Advances in machine speed and programming efficiency mean that simulations of a 
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similar size can now be carried out on a workstation or one of the more powerful 
personal computers and somewhat larger calculations can be carried out on 
supercomputers. Nonetheless, the limitations still apply. 

Very recently, Greszta and Matyjaszewski (79) reported the application of the 
PREDECI program (70) to study alkoxyamine-initiated polymerization of styrene. The 
PREDECI program overcomes the problem of having to treat high molecular weight 
species as a composite species by application of a Galerkin method to model molecular 
weight distributions (70). Work published to date indicates that this method is well 
suited to these simulations. However, the programming task associated with 
implementing the method is relatively complex and the commercial package is currently 
priced out of the reach of many users. 

A p p l i c a t i o n of the M e t h o d of Moments . Veregin et al. (68) and Y a n et al. 
(69) have reported on modeling ' l iv ing ' free-radical polymerization by adapting a 
method developed by Mueller et al. (61, 63, 71) for the study of l iving group transfer 
and cationic polymerizations. In these works, polydispersities were evaluated using a 
method of moments and Veregin et al. (68) have indicated that they can predict those 
observed in alkoxyamine-initiated polymerization of styrene. However, their approach 
is based on a simplified reaction mechanism which neglects all side reactions (including 
radical-radical termination or propagating species, chain transfer, etc.). Thus, while, 
the method appears useful in predicting polydispersities for some systems and may be 
valuable as a method for preliminary parameter estimation, it is limited in its application. 
The effects of the various side reactions cannot be readily assessed and no information 
on the time scale of the polymerization process is obtained. 

In this work we show that, given the full mechanism and the associated kinetic 
parameters, the time-evolution of the molecular weights and polydispersities of 
polymers formed by polymerization processes can be accurately modeled by applying 
the method of moments. Expressions for moments of the molecular weight distribution 
for the polymeric species involved in conventional radical polymerization involving 
initiation, propagation, termination by (irreversible) combination or disproportionation, 
and (irreversible) chain transfer have appeared in the literature. The contributions to the 
moment expressions for the polymeric species involved in the various pathways 
associated with controlled growth free-radical polymerization can be simply derived and 
are reported below for the three mechanisms described above. It should be noted that 
the contributions due to the various reaction pathways associated with a polymerization 
are additive and thus can simply be summed as follows: 

α μ χ ( Ρ η * ) _ Γ Δ α μ χ ( Ρ η · ) ^ M j x ( M ] 
dt ~ I dt k nitiation I dt /propagation 

V °-t /transfer V a t /termination 

V dt /reversible termination 

These differential equations are readily solved by numerical integration. 
In this preliminary study, we have assumed that all steps are chain length 

independent. This does not mean the chain length dependence of radical-radical 
termination and other steps is considered unimportant (vide infra). The full derivation 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



343 

of these expressions and the derivation of expressions for the case where the rate 
constants are dependent on chain length wi l l be reported elsewhere (72). 

Moment expressions (a) Reversible Termination. In the case of 
alkoxyamine-initiated polymerization Ν · is a nitroxide. 

Reaction Rate constant 

Ρη· + Ν · -> P n N *Nc 

P n N - > Ρ η · + Ν · fc.Nc 

Contributions to moments: 

Δ d ^ t

P n ' } = - *Nc [Ν· ]μ χ (Ρη · ) +k _ N c μ χ ( Ρ η Ν ) 

Δ ά μ χ ( Ρ η Ν ) = ^ [ Ν . ] μ χ ( Ρ η . ) -k -Νομχ(ΡηΝ) 

The molecular weight of the group Ν is assumed to be negligible. 

W e also need to consider two side reactions. Namely, disproportionation between Ρ η · 
and Ν · and the reaction of the product of disproportionation (NH) with Ρ η · . In the case 
of alkoxyamine-initiated polymerization N H is a hydroxylamine. 

Reaction Rate constant 

Ρ η · + Ν · -> P d

n + N H *Nd 

Ρ η · + N H -> P d n + Ν · Λ Ν Η 

Contributions to moments: 

Δ d ^ t

P n ' } = - *Να[Ν·]μχ(Ρ„·) - % Η [ Ν Η ] μ χ ( Ρ η · ) 

Δ Φ χ ^ η ) = % ( ΐ [ Ν · ] μ χ ( Ρ η · ) + % Η [ Ν Η ] μ χ ( Ρ η . ) 

Another side reaction that has been postulated to complicate some systems is the 
unimolecular elimination of N H to give dead polymer. 

Reaction Rate constant 

PnN - > P d n + N H fc-Ne 

Contributions to moments: 

A d p x ( P n N ) 
dt = -£-Ν 6 μχ(ΡηΝ) 
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Δ φ χ ^ η ) = k N # x ( p n N ) 

In the case of polymerizations involving methacrylic monomers the product formed 
by disproportionation with Ν · is a macromonomer which may react further (see (d) 
below). The disproportionation reaction should therefore be written as follows: 

Ρ η · + Ν · - » P n E + N H % d 

This pathway has not been included in the current simulations. For low conversion 
polymerizations, the consumption P n E should be small. 

A further reaction that may be considered is the donation of a hydrogen by N H to 
monomer to initiate a new chain. This reaction is of importance when Ν is a 
cobaloxime. 

Reaction Rate constant 

N H + Μ -> Ρ ι · + Ν · k N i 

Δ α ^ Ρ η ! ) = fcNi[NH][M] 

(b) Reversible Atom Transfer. A n example is atom transfer polymerization 
(X=halogen, Mt=metal complex). 

Reaction Rate constant 

Ρη · + ΧΜί -> P n X + M t kx 

P n X + M t -> Ρ η · + X M t k . χ 

Contributions to moments: 

Δ d ^ f n ° = - kx [ Χ Μ ί ] μ χ ( Ρ η · ) +* . χ μ χ ( Ρ η Χ ) [Mt] 

Δ ά μ χ ( Ρ η Χ ) = ^ [ χ Μ ι ] μ χ ( ρ η # ) _ k χ μ χ ( Ρ η Χ ) [ M t ] ) 

The molecular weight of the group X is assumed to be negligible. 

(c) Reversible Chain Transfer. A n example is transfer to iodo-compounds 
(S=iodine). 

Reaction Rate constant 

Ρ „ · + P m S -> P m - + P n S ks 
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Contributions to moments: 

Δ ά μ χ ( Ρ η « ) = ^ ( μ ^ ρ ^ μ ^ . ) „ μ 0 ( Ρ η 8 ) μ χ ( Ρ η · ) } 

Δ d ^ n S ) = - * S {- μχ(Ρη8) μο(Ρη)· + μ ο ( Ρ η 8 ) μ χ ( Ρ η · ) } 

The molecular weight of the group S is assumed to be negligible. 

(d) Reversible Chain Transfer by Addition-Fragmentation. A n example 
is transfer to methacrylate macromonomers (E=methacrylate unit). 

Reactions Rate constant 

Ρ η · + P m E -> A ( n , m ) » kE 

A(n,m)e -> P m

# + PnE k.E\ 

Δ(η,πι)β 

-> Ρ η · + P m E LE2 

The molecular weight of the group Ε is assumed to be negligible in deriving the 
moment equations. In this treatment, two independent moment expressions are 
associated with the adduct A . Experimental data suggest that, while the rate constants 
fcE show some chain length dependence for n,m < 4 (67), for chain lengths n,m 4, k. 
E l = &-E2 = constant (= /:_ E). The moment expressions become somewhat more 
complex i f the rate constant &E is chain length dependent (72). 

Contributions to moments: 

dUx(P n*) 

dt = 0.5£_ Εμχ(Α (η,ΐ)·) + 0 . 5 £ _ Ε μ χ ( Α α η ) · ) - kE μ 0 ( Ρ η Ε ) μ χ ( Ρ η · ) 

d M * m E ) = 0 . 5 £ _ Ε μ χ ( Α ( η , 0 · ) + 0 . 5 £ _ Ε μ χ ( Α α , η ) · ) - kE μ χ ( Ρ η Ε ) μ ο ( Ρ η · ) 

αμχ(Α ( η , ΐ )-) = μ χ ( Α ( η . ) β ) + ^ μ ο ( ρ η Ε ) μ χ ( Ρ η . ) 
ό μ χ ( Α ( ί , η ) - ) = k _ Ε μ χ ( Α ( . η ) β ) + ^ μ χ ( ρ η Ε ) μ ο ( ρ η . ) 

It should also be noted that methacrylate macromonomers have an identical 
structure to the unsaturated product from termination by disproportionation. Ideally, 
this should be taken into account when defining the products of the latter reaction. 
Thus: 
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Ρη· + Pm* -> Pdn+m *tc 

Pn* + Pm* - > P d

n + P m E kid 

Computation Procedure. The moment calculations were performed within a 
few minutes computation time on a Macintosh LC630 computer. The program to solve 
the differential equations was written in Language Systems Fortran version 1.2 (Former 
Research) and the N A G library subroutine D 0 2 E B E was used to perform numerical 
integration. Simulations of full molecular weight distributions were performed on a 
Cray Y M P 4 e computer. 

Kinetic Simulations of Methyl Methacrylate Polymerizations 

The value of kinetic simulation wi l l be illustrated by its application to two systems: 

(a) The polymerizations of M M A in the presence of 1,1,3,3-tetraethylisoindolin-N-
oxyl for which the experimental data are shown in Tables I and Π. The aims are to 
estimate the magnitude of the equilibrium constant (fc-N^Nc) associated with the 
reaction between the nitroxide and the M M A propagating radical and the relative 
importance of combination and disproportionation associated with this process 
(^Nc/^Nd)-

(b) The polymerization of M M A in the presence of a transfer agent which gives 
reversible chain transfer. The aim is to establish the relationship between the 
magnitude of the transfer constant and the time-evolution of the polydispersity. 

The main problem associated with any kinetic simulation is in choosing reasonable 
values of the rate constants. This is particularly a problem in the case of alkoxyamine 
initiated polymerization where few of the necessary rate constants have been measured 
directly. 

Alkoxyamine-initiated Polymerization. The following rate constants (Table III) 
taken from the literature have been used to describe M M A polymerization at 90°C with 
azobis(2,4-dimethyl-2-pentanenitrile) as initiator. 

Table III. Kinetic Parameters Used in Simulations 
Reaction Rate Constant Value Ref. 
propagation kp 1.16 χ 10 3 M " 1 s-1 (73, 74) 
termination kt 3.70 χ 10 8 M - 1 s"1 (74) 

ktc/kti 0.3 
initiator decomposition 2.92 χ ΙΟ" 2 s-1 (75) 
initiator efficiency f 0.9 

N o initiator efficiency data for azobis(2,4-dimethyl-2-pentanenitrile) has been 
reported. The value of 0.9 at 90°C was chosen so as to provide agreement between 
expected and found molecular weights. The current simulations do not include such 
processes as transfer to monomer, macromonomer, etc. 

In order to choose appropriate values for the other kinetic parameters associated 
with alkoxyamine initiated polymerization, the effect of these rate constants on 
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molecular weight, polydispersity and polymerization rate was explored by kinetic 
simulation. 

(a) Combination of Nitroxide and Propagating Radical (k^c). K n o w n 
rate constants for the reaction between simple alkyl radicals and nitroxides approach the 
diffusion controlled limit ca 10 9 M _ 1 s _ 1 at 18 °C (45-47) while that for benzyl radicals is 
an order of magnitude lower at ca 10 8 M _ 1 s _ 1 at 18 °C (47). The activation energy is 
reported to be small though non-zero (46). Rate constants also vary with the nature of 
the nitroxide and have some dependence on solvent (46). The rate constant for coupling 
of 2,2,6,6-tetramethylpiperidin-N-oxyl with polystyryl radicals has been estimated to be 
c f l l O S M " 1 s - U t ^ C (19). 

On this basis, k^c at 90 °C is likely to have a value in the range 10 7 to 10 8 M _ 1 s _ 1. 

(b) Alkoxyamine homolysis ( £ - Ν ) · F e w values of rate constants for 
alkoxyamine dissociation have been reported (75). For polystyryl radicals the 
dissociation rate is thought to be ca 10 - 4 s _ 1 at 120°C (79). On the basis of the known 
dissociation rate for simple models (75), £ - N for the M M A propagating species is likely 
to be several orders of magnitude higher (75). 

On this basis, values for fc-N at 90 °C in the range 10 - 2 to 10° s _ 1 seem reasonable. 

(c) Equilibrium Constant (K =A>N/&NC)» The simulations show that the 
equilibrium constant k-^/k^c rather than the absolute value of the rate constants w i l l 
determine the polymerization kinetics over the timescale of interest. A n example of how 
the molecular weight decreases and polydispersity increases as Κ increases is shown in 
Figure 4. Similar data are obtained from simulations where £ - N is in the range 10' 1 -
10 1 s _ 1 . Other rate constants used in the simulation are as shown in Table III and 
[monomer] = 8.68 M , [initiator] = 0.0055 M , [nitroxide] = 0.0115 M and a reaction 
time of 6 hours. 

(d) Disproportionation Combination Ratio (^Nd^Nc)* Ear ly work 
carried out with T E M P O derivatives at lower temperatures (60°C) under conditions 
where trapping is essentially irreversible suggest that the extent of disproportionation 
with nitroxides (2,2,6,6-tetramethylpiperidin-N-oxyl, 1,1,3,3-tetramethylisodolin-N-
oxyl) should be small ( « 2 % ) since these products are not observed (76). The 
predicted dependence of the degree of polymerization and polydispersity on &Nd/&Nc f ° r 

a given reaction time (1 hour) and Κ (10 - 8 ) is shown in Figure 5. A s the extent of 
disproportionation ( % d ^ N c ) increases, the molecular weight decreases and the 
polydispersity increases. Note that the value of % d that gives rise to a particular 
molecular weight and polydispersity is constant for a given value of Κ (for k-N 10 - 2 ) . 
Thus, the following rate constant combinations (Table IV) all give rise to a similar 
polymerizat ion rate and product with similar polydispersity and degree of 
polymerization (the same within <1%; other rate constants as shown in Table III; 

k-wca2x 10"4 s"1 a t60°C fc-N <2 χ 10"5 s"1 at 80°C 
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[monomer] = 8.68 M , [initiator] = 0.0055 M , [nitroxide] = 0.0115 M and a reaction 
time of 6 hours). 

Table IV. Rate Constant Combinations Giving Similar Polymerization 
Kinetics. 

Κ &Nd%Tc 
M M " 1 s"1 S - l M " 1 s-1 

ΙΟ" 8 ΙΟ 7 0.1 0.006 6 x 10 4 

10-8 108 1 0.0006 6 x 10 4 

10-8 ΙΟ 9 10 0.00006 6 x 10 4 

Figure 4. Results of simulations showing the dependence of the degree of 
polymerization ( ) and polydispersity ( ) on the equilibrium constant 
K . Reaction parameters given in text. 

X 

20*'' I • 1 1.0 
0.0000 0.0004 0.0008 0.0012 

disproportionation/combination 

Figure 5. Results of simulations showing the dependence of the degree of 
polymerization ( ) and polydispersity ( ) ov the disproportionation 
combination ratio %d/^Nc- Reaction parameters given in text. 
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Figure 6. Variation in concentrations with conversion for alkoxyamine - P n N 
( ), dead polymer formed by combination or disproportionation ( ), 
dead polymer formed by chain transfer to hydroxylamine ( ) , 
macromonomer from disproportionation with nitroxide ( ), nitroxide 
(— - — ) and hydroxylamine ( ) for systems (a) 1, (b) 2 and (c) 3 
described in Table V . 
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F igure 7. Calculated 4 G P C traces' for polymerization system 1 (refer Table V ) 
for (a) 0.5 and (b) 1 hour reaction time. Overall ( ), alkoxyamine ( ), 
dead polymer ( ). Y axis in arbitrary concentration units. 
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F i g u r e 8 Evolut ion of (a) molecular weight and (b) polydispersity with 
conversion for polymerization system 1 (refer Table V ) . Total polymer ( ), 
alkoxyamine ( ), dead polymer ( ). 
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Conclusions. Alkoxyamine initiated polymerizations of M M A , whether initiated 
by a mixture of nitroxide and initiator or by a preformed alkoxyamine, give low to 
moderate conversions of monomer (10-40%). The rate of polymerization slows due to 
the increase in the nitroxide concentration. This favors the propagating radical reacting 
with nitroxide at the expense of propagation. The alkoxyamine is ultimately converted 
to a M M A macromonomer and a hydroxylamine. 

Even though the kinetic parameters found to fit the experimental data are possibly 
not unique, it is possible to reach some general conclusions on the factors controlling 
the nature of the product. For polymerizations involving 1,1,3,3-tetraethylisoindolin-
N - o x y l , the data are consistent with an equilibrium constant Κ of ca 10 8 M . This 
compares with a value of ca 10 1 1 M estimated for styrene polymerization in the presence 
of 2,2,6,6-tetramethylpiperidin-N-oxyl (79). The higher Κ is most likely due to a faster 
rate of alkoxyamine homolysis for the M M A system. Chain death can be attributed to a 
disproportionation reaction between nitroxide and propagating radical. The extent of 
disproportionation relative to combination is estimated significantly less than 0.1%. A t 
higher conversions, because of the higher nitroxide concentration, there is an increased 
probability of that propagating species w i l l react with the nitroxide (reversibly by 
combination or irreversibly by disproportionation) rather than monomer. 

It is found experimentally that the conversion, and molecular weight and 
polydispersity of the product strongly depend on the structure of the nitroxide involved. 
The narrowest polydispersities (ca 1.5) and highest conversions (approaching 40%) 
result from the use of 5-membered ring nitroxides. It is proposed that increased steric 
congestion about the C - O bond undergoing scission, which is an important factor in 
causing an increased rate of alkoxyamine homolysis, also results in an increase in the 
disproportionatiomcombination ratio for the reaction between nitroxide and propagating 
radical. 

Lower combination:disproportionation ratios and lower values of Κ both result in 
increased polydispersities, reduced molecular weights, and lower conversions at chain 
death. A combination of these factors can rationalize the observed dependence of the 
polymerization kinetics on nitroxide structure (Table I). Further refinement of the 
kinetic parameters w i l l follow from additional experimental data. In particular, 
measurements of concentrations of nitroxide and hydroxylamine during the experiment 
and a study of the short time behavior (prior to chain death) would be desirable. 

Polymerization with Reversible Chain Transfer. The following rate constants 
(Table V u ) taken from the literature have been used to describe M M A polymerization at 
60°C. 

Table VII. Kinetic Parameters Used in Simulations 
Reaction Rate constant Value Ref. 
propagation kp 0.67 χ 10 3 M " 1 s"1 (73, 74) 

termination kt 3.40 χ 10 8 M " 1 s"1 (74) 
hJha 0.3 

initiator decomposition kd 8 . 4 x l 0 _ 6 s _ 1 (7) 
initiator efficiency / 0.7 
[macromonomer] 0.1 M 
[monomer] 8.91 M 
[initiator] 0.03 M _ _ 
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Rate Constants associated with Reversible Chain Transfer. Recen t ly , 
we have determined Arrhenius parameters for the various steps (cf. Scheme 4) 
associated with addition-fragmentation chain transfer involving M M A macromonomers 
in M M A polymerization (67). The value of &E was found to be independent of chain 
length for chain lengths greater than 3 units and at 80°C should have a value of 2.7 χ 
1 0 3 M - 1 s - 1 . The value of k.E could not be estimated precisely. However, the 
observation that these polymerizations showed no retardation with respect to 
polymerizations carried out in the absence of macromonomer suggests a value greater 
than 10 2 s - 1 . A s long as k.E is above this value, it has no influence on molecular 
weights or on the polymerization kinetics. 

Results of Simulations. The value of kE/kp determines the shape of the 
molecular weight distribution and the viability of narrow polydispersity polymer 
synthesis. In Figures 9-11 we indicate how the values of fcn/kp determines the way in 
which the molecular weight, polydispersity and macromonomer purity evolve with 
conversion. The simulations are for a series of polymerizations described by the rate 
constants given in Table VII and with various values of kE/kp. 

In order to obtain a linear molecular weight conversion profile and narrow 
polydispersities characteristic of l iv ing polymerization in a bulk polymerization of 
M M A , it is necessary that the value of &E/kp m u s t be greater than 10 and approach 100. 
However, the overall molecular weight and the macromonomer purity at >95% 
conversion is the same for polymerizations with fcE/kp greater 3. Thus, even though the 
products formed in polymerizations with relatively low kE/kp have a relatively broad 
polydispersities, the fraction of dead chains is small. This observation is of critical 
importance since it means that it is possible to prepare block copolymers and telechelics 
of reasonable purity using reagents with relative low kE/kp. 

X 

0 Γ Γ I • I I I I I . . I I I I I I I • I Ί 

0 0.2 0.4 0.6 0.8 1 

Fractional Conversion 

Figure 9. Dependence of degree of polymerization of polymer formed on 
conversion for system described by the rate constants shown in Table V I I and 
with kElkp = 100 ( ), kE/kp = 10 ( ), kE/kp = 3 ( ), kElkp = 1 
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1.0 Γ ι ι ι I ι • • I • • • I • • ι I • ι ι 1 
0 0.2 0.4 0.6 0.8 1 

Frac t i ona l C o n v e r s i o n 

Figure 10. Dependence of polydispersity of polymer formed on conversion for 
system described by the rate constants shown in Table VII and with k^/kp = 100 (-

), kE/kp = 10 ( ), kElkp = 3 ( ), kElkp =1 ( — - — ) . 

0 0.2 0.4 0.6 0.8 1 

Fractional Convers ion 

Figure 11. Dependence of concentration of the product macromonomer [ P n E ] 
on conversion for system described by the rate constants shown in Table V I I and 
with kElkp = 100 ( ), kElkp = 10 ( ), kElkp = 3 ( ), kBlkp = 1 
(— ). The concentration of dead polymer ( - - - - ) is independent of 
kElkp. 
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The methacrylate macromonomers are characterized by having a value of &E/k p of < 
1.0 (transfer constant <0.5) (67). The resultant low rate of equilibration between active 
and dormant chains means that these reagents are not suited for use in batch 
polymerization processes. To use these reagents it is necessary to manipulate the 
reaction conditions so as to increase the rate of exchange between dormant and l iving 
polymer chains. The rate of exchange can be increased simply by reducing the 
monomer concentration relative to that of the macromonomer. It is then necessary to 
feed the monomer so as to obtain the desired molecular weight. It may also be 
necessary to use a reduced initiator concentration to keep the number of dead chains 
below at an acceptable level. 

The predicted conversion dependence of the molecular weight and polydispersity 
for a polymer prepared in the presence of a macromonomer with &E/k p = 0.8 (other rate 
constants as summarized in Table VII) is shown in Figure 12. The following initial 
conditions were used in the polymerization: [monomer] 0 0.891 M ; [initiator] 0 0.016 M ; 
[macromonomer]ο 0.1 M . The monomer and initiator were fed at a rate such that their 
concentrations were maintained at a near constant level. Even though the overall 
polydispersity remains broad throughout the polymerization (at ca 2.0), a linear 
molecular weight conversion profile is obtained (see Figure 12) and final 
macromonomer purity (fraction of ' l iv ing chains' = [total macromonomer]/[total 
polymeric species]) is >70% at 80% monomer conversion (see Figure 13). Conversion 
of the precursor macromonomer is predicted to be >70%. 

2.4 

60 
2.2 

X 
η 

40 

2.0 

1.8 

x/x 
w r η 

20 I I I I I I I I I I I I I I I I I I I ι ι ι ι l ι ι I 1.6 
0.8 0.2 0.3 0.4 0.5 0.6 0.7 

Frac t i ona l C o n v e r s i o n 

Figure 12. Predicted evolution of molecular weight ( ) and polydispersity (-
) as a function of monomer conversion during feed polymerization process. 

Reaction conditions given in text. 
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1 I I . I-IJJJJ J j l̂ j I ι ι I I I ι ι I I I ι ι I I I I 

Ο I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Fractional Conversion 

Figure 13. Predicted evolution of the conversion of macromonomer ( ) and 
fraction of ' l iv ing ' chains ( ) as a function of monomer conversion during 
feed polymerization process. Reaction conditions given in text. 

Conc lus ions . Even though narrow polydispersities are difficult to achieve by 
solution polymerization due to a slow rate of exchange between dormant and active 
propagating species, polymerization of methacrylate monomers in the presence of 
methacrylate macromonomers provides a viable method for the synthesis of block 
copolymers. Success depends on the use of feed conditions to maximize the rate of 
exchange between dormant and active propagating species. That much narrower 
polydispersities can be achieved by emulsion polymerization can be attributed to the fact 
that it is possible to utilize much lower instantaneous monomer concentrations during 
feed processes whilst maintaining a long kinetic chain length. 

Macromonomer purities and polydispersities predicted for solution feed 
polymerizations by simulation appear worse than those observed experimentally. One 
possible explanation is that the effects of chain length dependent termination (to increase 
the kinetic chain length) have not been allowed for. This w i l l be examined in future 
work. 

A b b r e v i a t i o n s 

I · initiator derived radical 
M monomer 
M M A methyl methacrylate 
Ν · stable free radical 
Pn- propagating species of chain length η 
P d n 'dead' species formed by disproport ionat ion or 

combination of chain length η 
PnN species formed by reversible termination process of chain 

length η 
PnE macromonomer of chain length n, species formed by 

reversible addition-fragmentation chain transfer 
kE 

rate constant for addition to macromonomer 
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k{ rate constant for initiator decomposition 
/ efficiency of initiator decomposition 
kp rate constant for propagation 
kt rate constant for termination 
he/km combination:disproportionation ratio 
M n number average molecular weight 
M w _ weight average molecular weight 
M w / M n polydispersity 
X n number average degree of polymerization 
X w weight average degree of polymerization 
X w /Xn polydispersity 
M*(Pn) = nx[Pn] xth moment of molecular weight distribution for species 

Pn 

Other kinetic parameters and species are defined in the text. 

Acknowledgments 

The support of Drs Chuck Berge and Michael Fryd (DuPont Marshall Laboatories, 
Philadelphia) is gratefully acknowledged. We also thank Dr Alexei Gridnev (DuPont, 
Experimental Station, Wilmington) for providing a preprint of his forthcoming 
publication (52). 

Literature Cited. 

(1) G. Moad and D. H. Solomon The Chemistry of Free Radical Polymerization 
Pergamon: Oxford, 1995. 

(2) M. Sawamoto and M. Kamigaito Trends Polym. Sci., 1996, 4, 371-7. 
(3) G. Moad, E. Rizzardo and D. H. Solomon In Comprehensive Polymer Science; 

G. C. Eastmond, A. Ledwith, S. Russo and P. Sigwalt Eds.; Pergamon: 
London, 1989; vol 3, p 141. 

(4) D. Greszta, D. Mardare and K. Matyjaszewski Macromolecules, 1994, 27, 
638-44. 

(5) M . K. Georges, R. P. N. Veregin, P. M. Kazmaier and G. K. Hamer Trends 
Polym. Sci., 1994, 2, 66-72. 

(6) B. Ameduri, B. Boutevin and P. Gramain Adv. Polym. Sci., 1997, 127, 87-
142. 

(7) E. Rizzardo and G. Moad In The Polymeric Materials Encyclopaedia: Synthesis, 
Propeties and Applications; J. C. Salamone Ed.; CRC Press: Boca Raton, 
Florida, 1996; vol 5, p 3834-40. 

(8) S. Gaynor, D. Greszta, D. Mardare, M. Teodorescu and K. Matyjaszewski J. 
Macromol. Sci., Chem., 1994, A31, 1561-78. 

(9) R. P. Quirk and B. Lee Polym. Int., 1992, 27, 359-67. 
(10) Y. Y. Tan In Comprehensive Polymer Science; G. C. Eastmond, A. Ledwith, 

S. Russo and P. Sigwalt Eds.; Pergamon: London, 1989; vol 3, p 245-59. 
(11) J. Krstina, C. L. Moad, G. Moad, E. Rizzardo, C. T. Berge and M . Fryd 

Macromol. Symp., 1996, 111, 13-23. 
(12) T. Otsu and M. Yoshida Makromol. Chem., Rapid Commun., 1982, 3, 133-

40. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



358 

(13) D. H. Solomon, E. Rizzardo and P. Cacioli US 4,581,429 (Chem. Abstr. 
(1985) 102: 221335q) 

(14) C. H. J. Johnson, G. Moad, D. H. Solomon, T. H. Spurling and D. J. Vearing 
Aust. J. Chem., 1990, 43, 1215-30. 

(15) G. Moad and E. Rizzardo Macromolecules, 1995, 28, 8722-8. 
(16) C. J. Hawker Macromolecules, 1996, 29, 2686-8. 
(17) T. Fukuda and T. Terauchi Chem. Lett., 1996, 293-4. 
(18) E. Yoshida J. Polym. Sci., Part A: Polym. Chem., 1996, 34, 2937-43. 
(19) D. Greszta and K. Matyjaszewski Macromolecules, 1996, 29, 7661-7670. 
(20) D. Bertin and B. Boutevin Polym. Bull. (Berlin), 1996, 37, 337-44. 
(21) T. Fukuda, T. Terauchi, A. Goto, K. Ohno, Y. Tsujii, T. Miyamoto, S. 

Kobatake and B. Yamada Macromolecules, 1996, 29, 6393-8. 
(22) S. A. F. Bon, M . Bosveld, B. Klumperman and A. L. German 

Macromolecules, 1997, 30, 324-6. 
(23) A. Bledzki, D. Braun and K. Titzschkau Makromol. Chem., 1983, 184, 745-

54. 
(24) A. Bledzki, D. Braun, W. Menzel and K. Titzschkau Makromol. Chem., 1983, 

184, 287-94. 
(25) T. Otsu and T. Tazaki Polym. Bull. (Berlin), 1986, 16, 277-84. 
(26) T. Otsu, A. Matsumoto and T. Tazaki Polym. Bull. (Berlin), 1987, 17, 323-

30. 
(27) T. Tazaki and T. Otsu Polym. Bull. (Berlin), 1987, 17, 127-34. 
(28) T. Doi, A. Matsumoto and T. Otsu J. Polym. Sci., Part A: Polym. Chem., 

1994, 32, 2911-8. 
(29) T. Doi, A. Matsumoto and T. Otsu J. Polym. Sci., Part A: Polym. Chem., 

1994, 32, 2241-9. 
(30) T. Otsu, T. Matsunaga, T. Doi and A. Matumoto Eur. Polym. J., 1995, 31, 

67-78. 
(31) P. Lambrinos, M. Tardi, A. Polton and P. Sigwalt Eur. Polym. J., 1990, 26, 

1125-35. 
(32) A. R. Kannurpatti, S. Lu, G. M. Bunker and C. N. Bowman Macromolecules, 

1996, 29, 7310-5. 
(33) V. B. Golubev, M. Y. Zaremskii, S. M. Mel'nikov, Α. V. Olenin and V. A. 

Kabanov Polymer Science, 1994, 36, 264-9. 
(34) S. R. Turner and R. W. Blevina Macromolecules, 1990, 23, 1856-9. 
(35) M . Roha, H.-T. wang, J. H. Harwood and A. Sebenik Macromol. Symp., 

1995, 91, 81-92. 
(36) T. C. Chung, W. Janvikul and H. L. Lu Macromolecules, 1996, 118, 705-6. 
(37) B. Yamada, H. Tanaka, K. Konishi and T. Otsu J. Macromol. Sci., Chem., 

1994, A31, 351-66. 
(38) D. Colombani, M. Steenbock, M. Klapper and K. Mullen Macromol. Rapid 

Commun., 1997, 18, 243-51. 
(39) J. D. Druliner Macromolecules, 1991, 24, 6079-82. 
(40) Β. B. Wayland, G. Poszmik, S. L. Mukerjee and M. Fryd J. Am. Chem. Soc., 

1994, 116, 7943-4. 
(41) I. S. Morozova, A. G. Oganova, V. S. Nosova, D. D. Novikov and B. R. 

Smirnov Bull. Acad. Sci. USSR, 1987, 2628-30. 
(42) L. D. Arvanitopoulos, M. P. Gruel and H. J. Harwood Polym. Prepr. (Am. 

Chem. Soc., Div. Polym. Chem.), 1994, 35(2), 549-50. 
(43) D. Mardare, K. Matyjaszewski and S. Coca Macromol. Rapid Commun., 

1994, 15, 37-44. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



359 

(44) M . Dimonie, D. Mardare, K. Matyjaszewski, S. Coca, V. Dragutan and J. 
Ghiviriga Macromol. Rapid Commun., 1992, 13, 283-8. 

(45) A. L. J. Beckwith, V. W. Bowry and G. Moad J. Org. Chem., 1988, 53, 
1632-41. 

(46) A. L. J. Beckwith, V. W. Bowry and K. U. Ingold J. Am. Chem. Soc., 1992, 
114, 4983-92. 

(47) V. W. Bowry and K. U. Ingold J. Am. Chem. Soc., 1992, 114, 4992-6. 
(48) B. Howell, D. B. Priddy, L Q. Li , P. B. Smith and P. E. Kastl Polym. Bull. 

(Berlin), 1996, 37, 451-6. 
(49) F. T. T. Ng, G. L. Rempel and J. Halpern J. Am. Chem. Soc., 1982, 104, 

621-3. 
(50) F. T. T. Ng, G. L. Rempel, C. Mancuso and J. Halpern Organometallics, 

1990, 9, 2762-72. 
(51) I. L i , B. Howell, K. Matyjasewski, T. Shigemoto, P. B. Smith and D. B. 

Priddy Macromolecules, 1995, 28, 6692-3. 
(52) A. A. Gridnev Macromolecules, 1997, submitted. 
(53) J.-S. Wang and K. Matyjaszewski Macromolecules, 1995, 28, 7901-10. 
(54) J.-S. Wang, S. Gaynor and K. Matyjaszewski Macromolecules, 1995, 28, 

7572-3. 
(55) K. Matyjaszewski, T. E. Patten and J. Xia J. Amer. Chem. Soc., 1997, 119, 

674-80. 
(56) T. Grimaud and K. Matyjaszewski Macromolecules, 1997, 30, 2216-8. 
(57) M. Kato, M. Kamigaito, M. Sawamoto and T. Higashamura Macromolecules, 

1995, 28, 1721-3. 
(58) Y. Kotani, M. Kato, M . Kamigaito and M. Sawamoto Macromolecules, 1996, 

29, 6979-82. 
(59) T. Nishikawa, T. Ando, M. Kamigaito and M . Sawamoto Macromolecules, 

1997, 30, 2244-2248. 
(60) H. Uegaki, Y. Kotani, M. Kamigaito and M. Sawamoto Macromolecules, 

1997, 30, 2249-53. 
(61) A. H. E. Müller, R. Zhuang, D. Yan and G. Litvenko Macromolecules, 1995, 

28, 4326-33. 
(62) S. Gaynor, J.-S. Wang and K. Matyjaszewski Macromolecules, 1995, 28, 

8051-6. 
(63) A. H. E. Müller, R. Zhuang, D. Yan and G. Litvenko Macromolecules, 1995, 

28, 7335-8. 
(64) E. Rizzardo, G. F. Meijs and S. H. Thang Macromol. Symp., 1995, 98, 101-

23. 
(65) J. Krstina, G. Moad, E. Rizzardo, C. L. Winzor, C. T. Berge and M . Fryd 

Macromolecules, 1995, 28, 5381-5. 
(66) G. Moad, C. L. Moad, J. Krstina, E. Rizzardo, C. T. Berge and T. R. Darling 

PCT Int. Appl. WO 9615157 (Chem. Abstr. (1996) 125: 115512) 
(67) G. Moad, C. L. Moad, E. Rizzardo and S. H. Thang Macromolecules, 1996, 

29, 7717-26. 
(68) R. P. N . Veregin, P. G. Odell, L. M . Michalak and M . K. Georges 

Macromolecules, 1996, 29, 3346-52. 
(69) D. Yan, H. Jiang and X. Fan Macromol. Theory Simul., 1996, 6, 333-45. 
(70) M. Wulkow Macromol. Theory Simul., 1996, 5, 393-416. 
(71) A. H. E. Müller, R. Zhuang, D. Yan and G. Litvenko Macromolecules, 1996, 

29, 5065-71. 
(72) C. H. J. Johnson, G. Moad and T. H. Spurling 1997, to be submitted. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



360 

(73) M. Buback, L. H. Garcia-Rubio, R. G. Gilbert, D. H. Napper, J. Guillot, A. 
E. Hamielec, D. Hill, K. F. O'Driscoll, O. F. Olaj, J. Shen, D. Solomon, G. 
Moad, M. Stickler, M. Tirrell and M. A. Winnik J. Polym. Sci., Part C: Polym. 
Lett., 1988, 26, 293-7. 

(74) H. K. Mahabadi and K. F. O'Driscoll J. Macromol. Sci., Chem., 1977, All, 
967-76. 

(75) C. G. Overberger and M. B. Berenbaum J. Am. Chem. Soc, 1951, 73, 2618-
2621. 

(76) D. Bednarek, G. Moad, E. Rizzardo and D. H. Solomon Macromolecules, 
1988, 21, 1522-8. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

1

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



Chapter 22 

Free-Radical Synthesis of Functional Polymers 
Involving Addition-Fragmentation Reactions 

P. Chaumont1, D. Colombani2, L. Boiteau2, J. P. Lamps2, M . - O . Zink 2, 
C. P. R. Nair 3, and D. Charmot4 

1 Université Claude Bernard, L E M P B , Bât. 305, 43 Boulevard du 11 
Novembre 1918, 69622 Villeurbanne, France 

2Institut Charles Sadron, 6 rue Boussingault, 67083 Strasbourg, France 
3Polymer & Special Chemical Division, Vikram Sarabhai Space Center, 

Trivendrum 69022, India 
4Centre de Recherches Rhône-Poulenc, 52 rue de la Haie Coq, 93308, 

Aubervilliers, France 

The synthesis o f functionalized polymers by means o f addition– 
fragmentation agents in free radical polymerization has been studied in 
order to determine the efficiency o f the method. In such systems, a 
strong decrease o f the rate o f polymerization, that can be attributed to 
some retardation or degradative chain transfer, is generally observed. 
A study o f the kinetics o f these systems has been initiated in order to 
investigate the cause o f such retardation and its influence on the 
functionality o f the polymers formed. 

Chain transfer reactions have been extensively used in free radical polymerization in 
order to both control the molar mass and to functionalize polymers. The conventional 
chain transfer agents such as mercaptans act by hydrogen abstraction. This radical 
transfer is a one step process, i.e. the thiyl radical and the terminated polymer are 
formed simultaneously. 

Reactions other than hydrogen abstractions may be used in order to achieve the 
same goals. This is the case o f the so-called addition-fragmentation reactions, which 
are two step processes. A recent review (7) has been published, giving a list o f such 
addition-fragmentation chain transfer agents ( A F C T A ) . As the overall process is the 
same as in the classical chain transfer reactions, i.e. the termination o f the polymer 
chain and the re-initiation o f a new one, the activity o f A F C T A s is generally analysed 
in the same way, by determining the chain transfer constants. However, the two step 
reactions o f such systems implies some differences. This article deals with the 
calculation o f the kinetics o f such systems, and the prediction of the functionality o f 
the polymers formed, whatever the A F C T A used. 

In order to compare the mathematical predictions with some experimental data, 
the results obtained in the study of pentadiene-like A F C T A have been used. Since the 

362 © 1998 American Chemical Society 
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main objective of this paper is not to describe such systems, these latter studies have 
been published (2a) or wil l be published elsewhere (2b). However, some information 
needed for the comprehensiveness of the text are reported below. 

Experimental 

Polymerizations were carried out in the bulk, excepted an experiment devoted to the 
study of the influence of the concentration of the overall polymerization medium, and 
at low conversion, i.e. below 10%, in order to maintain the ratio 
[AFCTA]/[Monomer] constant. A l l reactants were purified as previously described 
(2a). The polymerizations were carried out in sealed ampoules, the polymerization 
medium being degassed by freeze-vacww/w-thaw cycles. The instruments used for 
macromolecular and chemical characterizations are described in reference 2a. 

Mechanism and Kinetics of Addition-Fragmentation Reactions 

Addition-fragmentation reactions wil l now be considered in detail. Such reactions may 
be described as the result o f (a) the addition of some radical species, the "primary 
radicals", to the addition site of the A F C T A , which is generally an alkene structure, 
giving rise to the formation o f a new "intermediate radical" and (b) the subsequent 
intramolecular evolution of this latter intermediate radical, the so-called fragmentation 
reaction, i.e. the breaking of some "weak" bonds located elsewhere inside the 
molecule. This latter reaction may be (a) a β-scission or (b) an homolytic substitution 
(Cf. Scheme 1). 

R . + « addition X Ë Z = n ^ Y

+ ( R ^ 

^ - X i R ' ) " ^ - X ( R ' ) v 

homolytic Y 
. A addrtion χ R H C + ( R ' ) X 

Λ ^—X—X(R') ^ — X - X ( R ' ) substitution L ^ X 

Scheme 1. Addition-fragmentation Reaction 

I f R° represents the primary radical, M X the A F C T A , RX° the intermediate 
radical, Ζ the product and X° the radical expelled in the reaction medium after the 
fragmentation reaction respectively, such processes can be written as: 

Addition R* + M X -> R X * 
Fragmentation R X * -> Ζ + X e 

I f ka is the rate constant o f the addition reaction, kf is the rate constant o f the 
fragmentation process, and i f [R°] represents the concentration of the primary radical 
and [RX°] the concentration of the intermediate radical respectively, then the rates of 
these two reactions can be written as: 

Addition 

Fragmentation 

R , = k J R - ] [ M X ] 

R f = k f [ R X * ] 

(1) 

(2) 
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However, these equations do not take into account the origin and the rate of 
formation of the primary radicals R°. Whatever the value of this constant and whatever 
the evolution of the expelled radical X°, due to the steady state hypothesis regarding 
the radical [RX°] it can be considered that Ra is equal to Rf, i f side reactions are 
ignored. 

Thus, the ratio o f the two radical concentrations can be written as: 

[ R X * ] _ k a [ M X ] ( 3 ) 

[R-] k f 

Hence, at low values o f kf compared to ka, a high concentration o f the intermediate 
radical RX° is expected. Due to this high value of [RX°], the rate of side reactions 
involving the intermediate radical may be increased. The same behavior is expected by 
increasing the concentration of the A F C T A . 

Addition-Fragmentation Reactions in Free Radical Polymerisation Processes 

When the A F C T A is added to a free radical polymerization medium, the growing 
macroradicals (P°) replace the primary radical R° described in the preceding 
paragraph, but the reaction sequence remains the same (Cf. Scheme 2 ). As a result o f 
the addition-fragmentation chain transfer reaction, a functionalized polymer is formed, 
and the expelled X° radical re-initiates a new polymer chain. 

Scheme 2. Addition-fragmentation chain transfer reaction 

In such experiments, the concentration of the A F C T A is generally much lower 
than the concentration of the monomer (M). However, in many cases (7), even low 
concentrations of A F C T A may provoke a strong decrease of the molar mass o f the 
formed polymer, this is expected for a chain transfer agent, but also a strong decrease 
of the overall rate of polymerization (Rp). In conventional chain transfer studies, such 
behavior is generally described as the consequence o f a low rate o f re-initiation. 

Two cases are observed (3): (a) I f the rate constant o f the chain transfer reaction 
ktr is o f the same order o f magnitude as the rate constant o f propagation kp, the 
behavior is described as "retardation", (b) If ktr is much greater than k p a "degradative 
chain transfer" is obtained. 

Thus, a conventional explanation for the decrease of the rate of polymerization in 
the presence of A F C T A is the primary radical termination (2d). However, in many 
studies of A F C T A s , such retardations or degradative chain transfers may be observed, 
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even though the rate o f re-initiation is not expected to be particularly slow, such an 
example is the case o f the polymerization of methyl methacrylate ( M M A ) in the 
presence of 5-i-butylthiopentadiene (TBTP) as A F C T A (Cf. Figure 1). 

In fact, the radical expelled in the polymerization medium after the addition 
fragmentation process, X°, is a /-butylthiyl radical, which does not provoke 
considerable retardation of the polymerization of M M A , as is observed when the 
classical 2-methyl-2-propanethiol is used instead of the pentadienic A F C T A (Cf. 
Scheme 3 and Figure 1). 

Thus, the decrease of the overall rate o f polymerization by primary radical 
termination which is invoked in the reference 2a seems to be not sufficient to explain 
the magnitude of this decrease, in contrast to other systems like thiuramdisulfide 
iniferters (4). Therefore, the kinetics o f such systems have been re-examined. 

In order to find other reactions which might causes decrease of Rp, it must be first 
remarked that the sulfur content o f the poly(methyl methacrylate) obtained by using 
T B T P is higher than expected. According to the scheme of addition-fragmentation 
chain transfer reactions (Cf. Scheme 2), the number of sulfur atoms per polymer chain 
(n s) must be less than unity. This expected value < 1 comes from the fact that the 
polymer chains may be initiated both by the radical formed by the thermolysis o f the 
initiator and by the radical X° expelled in the medium after the fragmentation reaction. 

Generally, due to multiple transfer reaction steps during the lifetime of each 
radical generated by the initiator, the number o f chains initiated by X°, i.e. the thiyl 
radical, is much higher than the number of chains initiated by the initiator. Thus, the 
number o f sulfur atoms per chain, due to the presence of the thiyl fragment at the 
"beginning" o f the chain, must be close to, but less than, one. 

Nevertheless, in the case of the polymerization o f M M A with T B T P as chain 
transfer agent in bulk conditions, the experimental value is close to 2.5 (2). This 
abnormal value can be explained by the occurrence of some side reactions, namely the 
cross propagation of the intermediate radical (Cf. Scheme 4 ). This latter hypothesis is 
difficult to prove directly but some experimental facts are compatible only by this 
explanation, such as the decrease o f n s when the overall concentration of the 
polymerization medium is decreased (see paragraph dealing with the interconversion). 

(a) 

+ 

(b) 

Scheme 3. Chain transfer reactions using 
(a) a conventional mercaptan and (b) pentadienic A F C T A 
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One very important consequence o f the occurrence of this cross-propagation 
reaction, is the fact that the lifetime o f the intermediate radicals, i.e. the macroradical 
species present in the polymerization medium between the addition and the 
fragmentation reactions, appears to be high enough to allow side reactions, which are 
in competition with the fragmentation process. This "long" lifetime may be interpreted 
as the consequence of a slow fragmentation process because o f the stability o f the 
intermediate radical and/or the stability o f the weak carbon-sulfur bond. For example, 
by using bromo-pentadiene instead of T B T P , ns becomes equal to 0.9 (2b). 

Whatever may be the explanation o f the long lifetime of the intermediate radicals, 
it affords more opportunities for other side reactions involving these macroradical 
species to occur, including an increase in occurrence of termination processes. Such 
termination processes, like polymer radical homo- and cross-terminations, are 
generally invoked in conventional free radical copolymerizations involving two 
different monomers, to explain the decrease of the rate of polymerization, especially 
the cross-termination reaction. Thus, two questions arise from this analysis: (a) Is it 
possible to explain the decrease of the rate of polymerization by the occurrence of 
polymer radical terminations ? (b) What is the consequence o f such termination 
processes on the functionality o f the polymers formed ? 

Kinetic Studies 

In order to answer these two preceding questions, an equation for the rate o f 
polymerization must first be established. The chemical reactions taken into account are 
listed in Table I. 

According to the proposed hypothesis, i.e. the absence of retardation and/or 
degradative chain transfer reactions, the only termination reactions considered are the 
reactions involving macroradical species. Due to the low relative concentration o f the 
A F C T A with respect to the concentration o f the monomer, the influence of the 
penultimate effect can be neglected. Lastly, it can be assumed that i f experiments are 
carried out at low conversions of the monomer the following are avoided : (a) the 
effect o f the viscosity o f the polymerization medium on the kinetics o f the 

X 

Scheme 4. Cross-propagation of the intermediate macroradical. 
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Figure 1. Variation o f the relative rate of polymerization o f M M A in the presence 
o f T B T P , Pentadiene and t-Butyl-mercaptan. 

Table I. Reactions Involved in the Free Radical Polymerization of Vinylic 
Monomers in the Presence of Addition-Fragmentation Chain Transfer Agents 

Constants Products Notations Rate Remarks 

Initiator 

h ka 1° Ra 

Initiations 
P + M ki IM° P° R» Initiation 
I° + M X kjd IX° PX° Rxi 
X° + M k'i XM° P° R'i Re-initiation 
X° + M X k' XX° PX° R'xi 

Macroradicals 
Reactions 
P° + M k„ po Rh 
P° + M X PX° Ra Addition 
PX° + M k x 

po R x 
Cross propag. 

PX° + M X k'h PX° R'h 
PX° k f P f + X ° Rf Fragmentation 

Terminations 
2 P ° kt Ρ Rt 
P° + PX° ket Ρ Ret Cross termin. 
PX° ktx Ρ Rtx 
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macroradical reactions and (b) the change of the relative concentration of the A F C T A 
versus the concentration o f the monomer expected i f the chain transfer constant is not 
equal to one. 

Applying the steady state conditions to all radical species, four equations are 
obtained: 

[P] => Ri + Rxi = Ra (5) 
[X°] =̂> R'i + R'xi = Rf (6) 
[P°] => Ri + R'i + Rh+Rx - Ra+Rh + Rt + Rct (7) 
[PX°] => Rxi + R'xi + Ra = R x + R f + Ret + Rtx (8) 

Adding equation 7 and 8 and subtracting equation 6 gives: 

Ri + RXi = R ^ R c t + R* (9) 

Equation 9 reflects the fact that, in absence o f some degradative processes, the 
overall rate o f initiation is equal to the overall rate o f termination of the macroradical 
species. A s the rate of initiation (equation 5) is equal to Ra, i.e. the rate of thermolysis 
of the initiator moderated by the efficiency factor, it can be assumed that, i f the only 
parameter modified in these experiments is the concentration of A F C T A , then the 
overall rate o f termination remains constant. 

In particular, the overall rate o f termination is equal to the rate o f termination o f 
the experiment carried out in absence o f A F C T A , Rto ; such a condition can be written 
as: 

R t 0 = R t + 2 R c t + R t x (=R d) (10) 

Equation 10 may be developed as: 

k t[P-]o = k t [ P - ] 2 4 - 2 k c t [ p - ] [ P X - ] + k J P X - ] 2 (11) 

Introducing α as the ratio o f the two macroradical species ( α = [ΡΧ°]/[Ρ°] ), the 
above equation may be written as: 

[Ρ · ] f k c t k t e 2 V 1 / 2 (12) 

[Ρ Ί ο Κ Κ Κ J 

The overall rate of polymerization is calculated as the sum of all the reactions 
giving rise to the increase o f any macroradical species: 

R p = R h + R h + R a + R x (13) 

The fact to consider the addition step of the addition-fragmentation process as a 
propagation step is not conventional. In the case of mercaptans, such consideration is 
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not founded because o f the termination o f the chain through hydrogen abstraction. 
However, in the case of addition-fragmentation, the addition step provokes the 
increase of the degree of conversion value by one. Such influence may be neglected in 
conventional experimental conditions, i.e. low concentration o f A F C T A , as discussed 
in the paragraph dealing with the study of the chain transfer constant. 

Equation 13 can be written as: 

R p = k h [ P - ] [ M ] + k J P r ] [ M X ] + k a [ P - ] [ M X ] + k x [ P r ] [ M ] O 4 ) 

In absence of A F C T A , the rate of polymerization becomes: 

R P o = M n 0 [ M ] ( 1 5 > 

Dividing equation 14 by equation 15 expresses the relative rate of polymerization: 

Rpo [P*] 0 

kx k h k a 
1 + τ ^ α + | ^ α + τ- 1 - , 

KJ 

[ M X ] 

[ M ] 

(16) 

Finally, replacing the ratio [P°]/[P°] 0 in the equation 16 by the value written in 
equation 12, the equation of the relative rate of polymerization is obtained: 

R 
1 + ~ α + | τ ^ α + τ ^ 

[ M X ] 

[ M ] (17) 
R, pO 1 + 2 ^ α + ^ α 2 

k, k t 

Generally, few values of the rate constants used in the above equation are known. 
Five parameters (k x ,k' h ,k a , kc t , ktx ) in equation 17 are to be determined. However, 
it can be remarked that this equation is compatible with both the increase and decrease 
of the relative rate of polymerization, depending upon the values of α and o f the rate 
constants. 

Interconversion 

In order to determine a , an attempt to apply the same type of calculations as in the 
case of classical free radical copolymerizations has been made, i.e. the fact that the 
rate o f interconversion o f the two macroradical species must be equal. 

The reactions involved in the interconversion of P° and PX° are shown in the 
Scheme 5. It can be seen that, according to our hypothesis o f the absence of side 
reactions involving the radical X° , the conversion o f P° into PX° is achieved by the 
first step of the addition-fragmentation process, and the conversion of PX° into P° is 
achieved by both (a) the cross-propagation and (b) the fragmentation of the PX° 
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radical. In fact, this latter reaction does not directly provoke the formation of a P° 
radical, but a X° radical. 

However, as it is shown in the Scheme 5, the only evolution o f this radical is (a) 
the re-initiation of a new polymer chain, i.e. the formation of a new P° radical, and (b) 
the addition onto the A F C T A . This latter reaction (a) gives rise to the formation of a 
new X° radical and/or (b) is slower than the re-initiation because of the greater 
concentration of the monomer compared to the concentration of the A F C T A . 

Thus, it can be assumed that the rate o f fragmentation o f the macroradical PX° is 
actually approximately the same as that of the rate of reinitiation of P° The 
fragmentation process appears to act as an interconversion process o f PX° into P°. 

P # • P X * P X # P # 

cross propagation 

+ M (R x ) 

Scheme 5. Reactions involved in the interconversion process. 

Commenting on this conclusion, it should be remarked that the expression "slow 
rate of re-initiation" seems to be inappropriate to explain the behavior o f retardation. 
In fact, the rate of any chemical reaction results from (a) the value o f the rate constant, 
(b) the concentrations o f the reagents and (c) the order o f the reaction for each 
reagents. In the case o f the re-initiation process involving the X° radical, the rate 
constant may be low, i.e. the reactivity o f the radical may be low. However, as the rate 
of formation of this radical species is governed by the fragmentation process, the only 
direct consequence o f a low value of the re-initiation constant is the increase o f the 
concentration o f the X° radical into the polymerization medium. In the absence o f any 
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side reaction, [X°] increases rapidly until the rate o f re-initiation becomes equal to the 
rate of fragmentation, which is generally expected i f the steady state hypothesis is 
verified. A consequence of this increase o f [X°] may be the simultaneous increase of 
any side reaction involving this radical, such as termination reactions. However, i f the 
rate constant o f re-initiation is not equal to zero, i.e. the radical X° is able to react 
with the monomer, the low value o f the rate constant o f re-initiation does not affect 
directly the overall rate of polymerization. 

A s a consequence o f the above discussion, it can be assumed that: 

R a = R x + R f (18) 

The above equation may be developed as: 

k a [ P ' ] [ M X ] = k x [ P r ] [M] + k f [ P X * ] (19) 

The parameter α may be calculated as: 

J ç J M X ] _ (20) 
k x [ M ] + k f 

Actually, this expression represents both (a) free radical copolymerization i f 
k x [ M ] » k f and (b) the addition-fragmentation processes, i f k x [ M ] « k f. In this latter 
case, the expression is identical to the equation 3. In intermediate cases, such as the 
polymerization of M M A in the presence o f T B T P , a decrease of the concentration of 
the monomer must also decrease the yield o f the copolymerization compared to the 
yield o f fragmentation. This conclusion has been confirmed. Thus, i f n s is equal to 2.3 
in bulk conditions, this value becomes equal to 1.2 when the system, i.e. with the same 
relative concentrations o f the reagents, is polymerized at 20% in toluene(2£). 

Replacing α in equation 17 gives the final expression o f the relative rate of 
polymerization as: 

k k J M X ] f k h k J M X ] k V M X ] 

R p k h k x [ M ] + k f U h k x [ M ] + k f k J [ M ] ( 2 1 ) 

f k c t k J M X ] k J k a [ M X ] V V / 2 

k t k x [ M ] + k f k t U x [M] + k f> 

RpO 

The usefulness of such equation is very limited, due to the large number of 
unknown parameters. However, it appears that it is not necessary to invoke 
degradative behavior o f the chain transfer reaction to explain the strong decrease o f 
the rate o f polymerization. Thus, as suggested by equation 21, such decrease could be 
due to high values o f the cross-termination constant between the two macroradicals, 
kct, and/or of the homo-termination constant of the intermediate radical, ktx. 

Since such high values do not depend upon the fragmentation process, they can be 
checked easily by the comparison o f the decrease o f the relative rate o f polymerization 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

2

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



372 

determined for two systems: (a) monomer A / A F C T A and (b) monomer A / monomer 
B , since the monomer Β presents a chemical structure analogue to that o f A F C T A , i.e. 
the same structure of the addition site. Such a comparison is shown in Figure 1 (see 
also Table II) for the systems (a) M M A / T B T P and (b) MMA/pentadiene. It can be 
seen that the decrease o f the relative rate of polymerization is o f the same order o f 
magnitude, the slight difference between the two curves being easily explained by the 
difference of the reactivity o f the pentadiene group in the case of A F C T A compared to 
the case of pentadiene. 

Chain transfer constant 

The chain transfer constant o f any A F C T A may be calculated in the same way as a 
conventional chain transfer reaction, i.e. through the determination o f the kinetic chain 
length (v) o f the polymer5 formed. This kinetic chain length represents the average 
number o f steps o f growth per effective radical and is given by the ratio o f the 
propagation rate to the rates of all processes involving the termination o f the chain. 

Thus, i f R T stands for the rate o f macroradical terminations, ν can be written as: 

v = — ^ — ο - = ^ + ^ (22) 
R T + R f ν R p R p 

In the absence o f A F C T A , the kinetic chain length becomes: 

ν = ^ (23) 
° " R T 

Since the overall rate o f macroradical termination is the same, the variation o f the 
relative rate of polymerization can be taken into account and written as follows: 

1 _ 1 R P ° +

 R f (24) 
ν v 0 R p R p 

Replacing Rf and Rp by their values, the above equation can be written as: 

1 _ 1 R P O + M ç (25) 
ν v 0 R p (k h + k x a ) [ M ] + (k. + k h a ) [ M X ] 

In order to simplify this equation, it can be assumed that (a) the cross propagation 
and (b) the homo-propagation o f the intermediate radical may be neglected. In other 
words, the chain transfer process is a "pure" addition-fragmentation reaction. In this 
case, the α parameter can be written as: 

a = ^ 3 (26) 
k . 
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Table Π. Bulk Polymerization* of M M A in the Presence of Additives M X 
Additive MX Concentration of MX Relative Rate of 

(mol/L xlO4) Polymerization* 

0.0 1.00 
0.5 0.97 
2.5 0.95 

T B T P 5.0 0.83 
10 0.74 
25 0.59 

0.0 1.00 
0.5 0.99 
2.5 0.97 

Pentadiene 5.0 0.95 
10 0.91 
25 0.72 

0.0 1.00 
0.6 0.98 
2.8 1.03 

t -BuSH 5.6 1.01 
11 1.00 
28 1.03 

experimental Conditions: [AIBN] = 3.05 χ 10 3 mol/L, temperature 60°C, 
polymerization time 1 hour. 
kRatio of rates of polymerization with and without A F C T A , determined from S E C 
data. 
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Therefore, the kinetic chain length becomes: 

1 _ 1 R p 0 k a [ M X ] ( 2 7 ) 

ν v 0 R p [ M X ] [ M ] 
* h K [ M ] 

Thus, the conventional chain transfer constant, as determined by Mayo's equation, 
can be written as: 

r ^ (28a) 

[ M ] 

In the above equation 28, the expression k. comes from the fact that the 
[ M ] 

addition has been considered as a propagation step. This equation may be written as : 

1 _ k h + [ M X ] ( 2 8 b ) 

C * k a [ M ] 

Thus, the dependency of C* to the ratio [ M X ] / [ M ] remains low i f 
[ M X ] / [ M ] « kh/ka., that is generally the case for experiments carried out in the 
presence of low concentrations of the transfer agent. However, the chain transfer 
constant is expected to decrease with the increase of the concentration of the A F C T A 
and the decrease of the concentration o f the monomer. Furthermore, the calculation is 
much more complicated i f the cross-propagation interferes with the fragmentation 
process. 

However, in all cases, a constant may be found by the extrapolation of the Ctr 
value to a null concentration of A F C T A : C^o = ka/kh- For systems exhibiting low 
values of Cuo, this extrapolated constant may be used in order to calculate the kinetic 
chain length. 

Functionality 

B y using the chain transfer constant Cbo, the functionality (f) o f the formed polymer 
may be derived as the ratio of the number of functionalized chains versus the overall 
number of polymer chains formed during the lifetime of an effective radical. In order 
to calculate this number, the decrease of the kinetic chain length due to the decrease o f 
the relative rate o f polymerization must be considered. Therefore, the functionality can 
be written as: 
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B y replacing ν by its value, it becomes: 

f = 

R

P Γ v [ M X ] 
R P 0 »° 0 [M] 

R„ 
1 + — - C ν 

R P „ tt0 0 [ M ] 

[ M X ] 
(30) 

From this last equation, a decrease of the functionality can be expected with (a) a 
decrease of the relative rate of polymerisation, (b) a decrease o f the chain transfer 
constant, (c) a decrease of the kinetic chain length of the homopolymer and (d) a 
decrease o f the ratio [AFCTA)/[monomer]. In order to check the dependency o f the 
functionality to the relative rate of polymerization, both Cuo and v 0 values have been 
taken from the study o f the system M M A / T B T P (2), i.e. = 2.4, v 0 = 4000. For 
each value o f the ratio [ T B T P ] / [ M M A ] , the experimental decrease of the relative rate 
o f polymerization has been measured. 

A s shown in Figure 2, with 1% of T B T P , the relative rate o f polymerization is 
roughly 0.3, whereas the functionality o f the formed polymer remains greater than 
0.95. 

Conclusion 

The main results o f this study are: (a) The decrease of the relative rate o f 
polymerization observed in many chain transfer reaction involving addition-
fragmentation processes can be explained by the termination reaction involving the 

1.0 
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Figure 2. Theoretical functionality (equation 30) o f polymer formed. Bulk 
polymerization o f M M A in the presence of T B T P as chain transfer agent. 
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macroradical species. The occurrence of some degradative side reactions, like primary 
radical termination, is not necessary to observe a strong decrease of the rate of 
polymerization, even if such degradative side reactions cannot be a priori excluded, 
(b) For such systems, the chain transfer constant shows some dependency upon the 
concentration of the AFCTA that can be neglected in conventional experimental 
conditions, (c) The influence of the decrease of the relative rate of polymerization on 
the functionality may be neglected, since the chain transfer activity of the AFCTA and 
its concentration remain sufficiently high. 
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Chapter 23 

Applications of Barton Esters in Polymer Synthesis 
and Modification via Free-Radical Processes 

W. H . Daly and T. S. Evenson 

Macromolecular Studies Group, Department of Chemistry, Louisiana 
State University, Baton Rouge, LA 70803-1804 

Esters of N-hydroxypyridine-2-thione (Barton esters) dissociate 
homolytically upon exposure to heat or visible light generating 
initiating alkyl or benzoyloxy radicals and non-initiating 2,2'-dipyridyl 
disulfide. Kinetics of free radical styrene polymerization are 
independent of phenyl Barton ester concentration; the molecular weight 
is controlled by chain transfer to initiator. Incorporation of Barton 
esters into the side groups of polymer chains facilitates synthesis of 
graft copolymers with minimal concomitant homopolymerization. 
Copoly(4-vinylbenzoyl chloride-r-styrene), carboxylated poly(arylene 
ether sulfones) and carboxymethyl cellulose have been converted to the 
corresponding poly(Barton esters) and utilized to prepare graft 
copolymers with styrene and methyl methacrylate. 

Thiohydroxamic esters, including esters of N-hydroxypyridine-2-thione, were first 
used as free-radical precursors by Derek Barton (7), and have come to be known as 
Barton esters. N-hydroxypyridine-2-thione esters are most easily synthesized by 
reacting the sodium salt of N-hydroxypyridine-2-thione and an acid chloride (2). 
Carboxylic acids may also be converted to Barton esters using coupling reagents such 
as chloroformâtes or dicyclohexylcarbodiimide (3). Through the use of different 
carboxylic acid substrates and thiohydroximes, a wide variety of Barton esters can be 
synthesized (4-6). 

The decomposition of Barton esters by heat or visible light initially yields 
acyloxy radicals and pyridine thiol radicals (Scheme 1). Laser flash photolysis studies 
have shown that the pyridine thiol radical is consumed by attacking the pyridine 
thione ring of the starting Barton ester producing 2,2'-dipyridyl disulfide and a second 
acyloxy radical (7). The aliphatic acyloxy radicals lose carbon dioxide rapidly to form 
carbon centered radicals. If no trapping reagents are present, the radical intermediate 
can induce the cleavage of another molecule of Barton ester to produce a thioether. 

© 1998 American Chemical Society 377 
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If an appropriate trapping reagent ( X - Y ) captures the alkyl radicals, a more 
useful organic transformation can be achieved. Barton has used these free radicals in 
several organic syntheses in the presence of many common functional groups (1-6). 
For example, reductive decarboxylation occurs when X - Y is R S - H and 
decarboxylase chlorination is accomplished in 95% yield (4) when X - Y is C1-CC1 3 . 
Formation of an acid chloride by treatment with thionyl chloride followed by reaction 
with sodium N-oxopyridine-2-thione produced a Barton ester intermediate. 
Irradiation of this intermediate in carbon tetrachloride induces a homolysis to an 
acyloxy radical, which decarboxylates to an alkyl radical. Attack by the alkyl radical 
on one of the carbon-chlorine bonds of carbon tetrachloride yields a chlorinated 
product and a trichloromethyl radical which propagates a chain reaction by attacking 
the thiocarbonyl of a second Barton ester and regenerating an acyloxy radical. 
Judicious selection of X - Y allows elaboration of reactive acid derivatives under rather 
mi ld conditions. 

S - R 

Scheme 1. Barton Ester Decomposition 

Barton esters (BE) have been used as chain transfer agents to control free-
radical polymerizations (8). Polymerizations of styrene, methyl methacrylate, methyl 
acrylate and vinyl acetate initiated by either benzoyl peroxide (BPO) or 
azobisisobutyronitrile (AIBN) were conducted in the presence of Barton ester. The 
chain transfer constants (C x ) for the various Barton esters ( R = C 1 5 H 3 1 , B z , or Ph) were 
then calculated by the Mayo method (9) from the molecular weight data obtained by 
size exclusion chromatography (SEC). The chain transfer mechanism involves 
induced decomposition of the B E by propagating radical attack on the thiocarbonyl o f 
the B E as shown in Scheme 2. Chain transfer constants for several Barton esters in 
the monomers used are summarized in Table I. 
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Table I. Chain Transfer Constant, C x , for Barton Esters (8) 
R Methyl Styrene Methyl V i n y l 

methacrylate acrylate acetate 

C15H31 4.0 3.8 20 36 

Benzyl 4.3 3.9 80 
Phenyl 2.8 

ο 

Χ χ 

Scheme 2. Chain Transfer to Barton Ester 

Barton esters have been used to modify polymer film surfaces by grafting (10). 
Generation of carboxyl groups of the surface of polyethylene by oxidation followed 
by esterification with N-hydroxypyridine-2-thione introduced Barton ester sites on the 
f i lm (Scheme 3). These esters were then decomposed by visible light in the presence 
of acrylonitrile to form polyacrylonitrile grafts on the fi lm surface. The average graft 
length was estimated by infrared (IR) spectroscopy to be 25 monomer units. This is 
the first reported application of Barton esters as initiators. 

P E . 
surface ' 

C r 0 3 

H 2 S O 4 

P E 
surface ' 

^A-COOU 
I . S O C I 2 

2 . H O N 

S 

P E O j - C O N 
/==\ surface y\ 

hv ΡΕ ; 

surface ' 

CN 
: v A S P y 

n=25 
Scheme 3. Barton Esters Applied to Grafting on Polyethylene 

It is the goal of this research to show the versatility of Barton esters as 
initiators in the radical polymerization of vinyl monomers. Further, the unique 
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properties of Barton esters as initiators and chain transfer agents present several 
opportunities for controlling molecular architecture, particularly in preparing graft 
copolymers. 

Experimental 

Materials. A l l materials were obtained from Aldr ich unless noted otherwise. 
Styrene was dried over sodium sulfate, passed through a short alumina column, then 
vacuum distilled before use. Methyl methacrylate was purified by vacuum distillation 
before use. A l l monomers were purged with argon before polymerization. 
Dichloromethane ( D C M ) and tetrahydrofuran (THF) were obtained from 
Mallinckrodt, and the D C M was distilled from C a H 2 before use. Sodium N -
oxypyridine-2-thione was obtained from Ol in and purified by previously published 
procedure (2). Carboxylated poly(aryl ether sulfone) samples were obtained from 
National Research Council-Canada. A l l polymer samples were dried under vacuum at 
25°C for 24 hours. 

Characterization. Molecular weights were determined with a size exclusion 
chromatograph equipped with a Waters differential refractometer and a Dawn 
multiangle light scattering detector. The dried polymers were dissolved in T H F and 
eluted at a flow rate of 0.9 mL/min through Phenogel columns from Phenomenex. 
S E C calibration was performed using polystyrene standards. Molecular weights of 
linear copolymers were calculated using light scattering data assuming that the dn/dc 
of the corresponding homopolymer in T H F could be applied. The cellulose 
copolymers were analyzed in toluene. 

Matrix assisted laser desorption/ionization ( M A L D I ) time of flight (TOF) 
mass spectrometry (MS) was performed on low molecular weight polymers on a 
PerSeptive Biosystems Voyager linear M A L D I - T O F M S equipped with a nitrogen 
laser (337 nm) and a dual micro-channel plate detector. Samples were ionized from 
an indoleacrylic acid ( IAA) matrix. 

Proton nuclear magnetic resonance ( N M R ) was performed on a Bruker 250 
M H z instrument. Fourier transform (FT) IR was performed on a Perkin-Elmer 1760 
F T I R spectrometer, utilizing K B r pellets of polymer samples. 

Initiation of Homopolymerization. Phenyl and tert-butyl Barton esters were 
prepared by a previously published procedure (2). Initial polymerizations were 
performed in bulk with 0.05 mol methyl methacrylate or styrene. Initiation was 
accomplished using 0.5 mmol Barton ester (tert-butyl for M M A and phenyl for 
styrene) and temperatures of 95° ( M M A ) or 100°C (styrene). Dissolution of the 
polymers in T H F and reprecipitation in methanol facilitated in the removal o f any 
yellow color from pyridine disulfides and remaining Barton ester. L o w molecular 
weight samples of polystyrene were synthesized using 2 mole % (0.18M) solutions of 
phenyl Barton ester in styrene. Initiation was effected by either heating a 10 m L 
aliquot to 80°C in the absence of light, or subjecting a 10 m L aliquot to the light of a 
125 W tungsten lamp at a distance of 30 cm at 25°C. The low molecular weight 
samples were examined by IR, S E C , and M S . 
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Rates of polymerization were measured with a dilatometer using solutions of 
phenyl Barton ester in styrene, and initiating polymerization by either heating the 
solutions to 80°C in the absence of light or subjecting the solutions to the light of a 
tungsten lamp as described above. Solutions were prepared with concentrations from. 
8mM-80mM. Polymerizations were limited to approximately 15% conversion. The 
polymer samples were dissolved in T H F , reprecipitated in methanol, filtered, and 
dried. 

Polymerizations of styrene by benzoyl peroxide in the presence of phenyl 
Barton ester were also performed. A stock solution of benzoyl peroxide (0.01M) in 
styrene was prepared, and 10 m L aliquots were used to make solutions with phenyl 
Barton ester with concentrations ranging from 0.02M-0.1M. The polymerizations 
were performed by heating the solutions to 60°C in the absence of light. The 
polymers were reprecipitated in methanol, filtered, and dried. 

N-Hydroxypyridine-2-thione, Methacryloyl Ester Copolymers. The 
copolymers were synthesized by heating to 70°C solutions of benzoyl peroxide (0.12 
g, 0.5 mmol), methacryloyl chloride (0.26 g, 2.5 mmol), and methyl methacrylate (5.0 
g, 0.05 mol) in 5.0 m L of benzene. Similar experiments yielded copolymers with 5 
mole % acryloyl chloride and styrene. A 0.5 m L aliquot o f polymer solution was 
precipitated in methanol and isolated for S E C analysis. To the remaining solution, 
sodium N-oxypyridine-2-thione, 0.37 g (2.5 mmol) was added and stirred in the 
absence of light at room temperature for 2 hours. A 5 m L aliquot o f this solution was 
mixed with 5.0 m L dodecanethiol and heated to 75°C for 24 hours. The polymer was 
dissolved in T H F and reprecipitated in methanol twice. The dried polymer was then 
examined by S E C . Another 5 m L aliquot of copolymer solution was mixed with 2.5 
g (0.025 mol) of styrene and heated to 75°C for 24 hours. The resulting polymer was 
isolated by precipitation in methanol and analyzed by N M R and S E C . 

N-Hydroxypyridine-2-thione, Vinylbenzoate Copolymers. 4-Vinylbenzoyl 
chloride was synthesized by heating 0.5 g (3.4 mmol) 4-vinylbenzoic acid and 1.0 g 
oxalyl chloride in 2.0 m L benzene. The benzene and excess oxalyl chloride were 
removed by vacuum. The residual yellow oil was obtained in 96% yield, examined by 
proton nuclear magnetic resonance { N M R , CDC1 3 , d=8.05 (d, 2H), 7.50 (d, 2H), 6.75 
(dd, 1H), 5.90 (d, 1H), 5.45 (d, 1H)}, and used without further purification. 4-
Vinylbenzoyl chloride, 0.41 g (2.5 mol), was copolymerized at 60 °C with 5.0 g (0.05 
mol) styrene by 0.12 g (0.5 mmol) benzoyl peroxide in 5.0 m L benzene. A 0.5 m L 
aliquot of this solution was precipitated in methanol and stirred for 1 hour to assure 
complete conversion of the acid chloride to the methyl ester, the polymer was then 
isolated and dried. The acid chloride groups in the remaining polymer solution were 
reacted with 0.37 g (2.5 mmol) sodium N-oxypyridine-2-thione for 2 hours in the 
absence of light at room temperature. A 5.0 m L aliquot o f modified copolymer 
solution, was heated to 75°C in the presence of 5.0 g (0.05 mol) of styrene for 24 
hours. The polymer solution was precipitated in methanol, filtered, then dried; 6.2g of 
graft copolymer was obtained (61% conversion). The graft copolymer and the 
backbone copolymer (isolated from methanol) were then analyzed by N M R and S E C . 
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A second 5.0 m L aliquot was heated at 75°C for 24 hr in the presence of 5.0 m L of 
dodecanethiol before isolating the polymer as described above. 

A polystyrene-g-poly(methyl methacrylate) was also synthesized. The 
backbone was synthesized as described above. The B E copolymer was precipitated in 
methanol, filtered, and dried to remove remaining monomer. Linear copolymer yield 
was 2.42 g (conversion = 45%). After dissolving 0.5 g of the B E copolymer in 5.0 g 
(0.05 mol) methyl methacrylate, exposure to visible light at 25°C effected 
copolymerization. The copolymer was precipitated in methanol and dried, yield = 
2.02 g ( M M A conversion = 31%). The copolymer was analyzed by N M R and S E C . 
Extractions on 0.1 g samples of the copolymer were performed using either 10 m L 
ethanol or cyclohexane. The extracts were evaporated to dryness, dissolved in C D C 1 3 , 
and analyzed by N M R . 

Poly(aryl ether sulfone) Graft Copolymers. Graft copolymerization 
experiments have also been performed by grafting styrene or 4-vinylpyridine to a 
poly(aryl ether sulfone) backbone. The carboxylated poly(aryl ether sulfone) 
(DS=1.0, 0.5 g) was dissolved in 15 g thionyl chloride and refluxed until evolution of 
HC1 ceased. The excess thionyl chloride was evaporated, the acid chloride derivative 
was vacuum dried, and then dissolved in dry dichloromethane. Sodium N -
oxypyridine-2-thione (0.5 g, 3.4 mmol) was added and stirred for 4 hours in the 
absence of light at room temperature. The resultant B E modified poly(aryl ether 
sulfone) was purified by precipitation in methanol, filtered, and dried. Quantitative 
yield o f Barton ester was confirmed by UV-V i s ib l e spectroscopy of C H C 1 3 solutions 
of the modified polymers using a previously reported extinction coefficient (5). 
Grafting was accomplished by adding 0.2 g poly(aryl ether sulfone-Barton ester) to a 
mixture of 10 g (0.096 mol) vinyl monomer and 2.3 g of dimethylformamide ( D M F ) , 
followed by exposing the solution to visible light at 25°C for 12 hours. The poly(aryl 
ether sulfone)-g-polystyrene was isolated by precipitation in methanol and analyzed 
by S E C , lH N M R (in CDC1 3 ) , and IR. A corresponding poly(aryl ether sulfone)-g-
polyvinylpyridine was prepared using similar conditions and precipitated in methanol, 
filtered, and dried by vacuum. 

Introduction of Barton ester groups was achieved on carboxylated poly(aryl 
ether sulfones) with degrees of substitution equal to 0.15, 0.54, and 1.0. A stock 
solution of styrene (75mole% in D M F ) was prepared. Samples of Barton ester-
substituted poly sulfones (D.S. = 1) were dissolved in the styrene/DMF mixture so that 
the concentration of Barton ester was 1-100 m M . The solutions were exposed to 
visible light as before. The polymers were precipitated in methanol, filtered, and 
dried. The copolymers were then analyzed by N M R and S E C . 

Carboxymethyl Cellulose Graft Copolymers. Carboxymethyl cellulose, 
C M C , samples ( M w ca. 250,000, Aldrich) with DS= 0.7, 0.9, 1.2 were used (1.07-1.56 
g, 5 mmol carboxylic acid). The polymers were slurried in pyridine in 1% w/v 
concentration. The mixtures were cooled to -15°C. Isobutyl chloroformate, 0.69 g (5 
mmol), was added and stirred for 20 minutes under nitrogen atmosphere. Sodium N -
oxypyridine-2-thione, 0.75 g (5 mmol), was then added and the mixture was stirred in 
the dark for 1 hour under nitrogen at -15°C. The modified cellulose was dried by 
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evaporation using nitrogen at room temperature. Quantitative conversion of Barton 
ester was confirmed by U V - V i s i b l e spectroscopy of C H C 1 3 solution. The B E -
cellulose was slurried in 55 m L styrene and the mixture was irradiated with visible 
light. The resulting copolymer was diluted with T H F , precipitated in methanol, 
filtered, and dried. The graft copolymers were weighed, then analyzed by N M R , IR, 
and S E C . Copolymer solutions (10 wt% in toluene) were filtered through a fritted 
funnel to remove any insoluble fraction. The mass of the insoluble portion was 
measured. Extractions of the copolymers were performed using cyclohexane at 34°C. 
The extraction mixture was filtered through a 0.2 micron filter (Whatman) and 
analyzed by U V - V i s spectroscopy. 

Results and Discussion 

Initiation of Homopolymerization. tert-Butyl Barton ester was used to initiate the 
bulk polymerization of methyl methacrylate and acrylonitrile. Solution 
polymerizations were conducted in benzene and dimethylformamide respectively. 
The poly(methyl methacrylate)s isolated exhibited molecular weights between 60-80K 
and polydispersities of 1.9 - 2.5. Phenyl Barton ester was used to initiate styrene and 
4-vinylpyridine polymerizations either in bulk or after diluting the monomers with 25 
mole % D M F . Polystyrene molecular weights were 50-70K, with polydispersities of 
1.9-2.4 and conversions of 70-80% were easily achieved. These results encouraged 
further studies; the styrene/phenyl Barton ester system was chosen as a model system. 

The mechanism for polymerization is shown in Scheme 4. For the phenyl 
Barton ester, initiation is shown occurring with the benzoyloxy radical. While most 
alkyl acyloxy radicals lose carbon dioxide readily (77), aromatic acyloxy radicals lose 
carbon dioxide 105 times slower (72). The benzoyloxy radical is therefore expected to 
initiate polymerization before decarboxylation occurs. After initiation, propagation 
occurs via normal radical polymerization means. Polymer chains are terminated 
predominately by a chain transfer reaction with the initiator, which results in a 
pyridinesulfide end-group. Based upon the independence of polymerization rate on 
B E concentration, termination by coupling of growing chains or coupling between 
growing chains and pyridine thiol radicals are minor contributors to the process. A s 
discussed above, the pyridine sulfide radical promotes a molecularly induced 
homolysis of B E and does not appear to initiate polymerization. The chain transfer 
constants for 2-pyridine thiol (73) and 2.2'-bipyridyl disulfide (14) are orders of 
magnitude less than those reported for the Barton ester so it is unlikely that either of 
these potential intermediates contribute significantly to the polymerization kinetics. 
Thus, the kinetics of polymerization can be described by the 
following equations: 

R i = k i [ O C O O ] [ M ] = f k d [ I ] 
R p = k p [ M ] [ M ] 
R t r = k t r [ I ] [M] . 
R t = 2 k t ( p p ) [ M f + k, û . ) [M-][PyS1 
-d[M-]/dt = - k, [ O C O O ] [ M ] - k s i [PyS][M] + k , [I][M] + 21^ ( ρ ρ ) [ M f 
+ k t ( p s ) [M][PyS] + k t r 2 [M][PySSPy] 
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If [Ι][Μ·] » 21ς ( ρ ρ ) [ M f + k ^ [M][PyS] + Κ ι [M][PySSPy] and k, [ O C 0 0 ] [ M ] 
» k s i [PyS][M], then: 

-d[M-]/dt = : kj [ O C 0 O ] [ M ] + k,T [I][M]. 

Assuming a steady-state, i.e., -d[M-]/dt = 0, f k d [I] = k t r [I][M] and [ M ] = f k d / k t r, 

R p = k p [ M ] f k d / k t r . 

Indeed, the rates of polymerization measured by dilatometry are independent of 
initiator concentration. Based upon an average kinetic chain length, n a v = Rp /(Rtr+ R J , 
and assuming that R^ » Rt, the D p a v = n a v = kp [M] / k t r [I] which shows that the 
molecular weight is controlled by the monomer to initiator ratio. The chain transfer 
constant for the initiator, Q = k^/kp, is calculated from the slope o f 1/Dp a v vs ([I]/[M]). 

The structure of the end-groups was confirmed by M A L D I - T O F mass 
spectrometry. L o w molecular weight polystyrenes were prepared by polymerizing 
solutions of phenyl Barton ester (2 mol %) in styrene by heat or light. The polymers 
were characterized first by S E C ; the M n ' s for the samples were 5300 and 6900 for 
thermal initiated and for light initiated samples respectively. The samples were then 
analyzed by M A L D I - T O F - M S . B y subtracting the appropriate number of monomer 
units for each oligomer, the remaining mass is the mass of the end-groups. Average 
end-group mass was calculated to be 229.3 for the heat initiated PS, and 230.3 for the 
light initiated PS, each with a measurement error o f +/- 3. The total mass o f the 
benzoyloxy and pyridine sulfide units is 231. The mass spectra support the 
mechanism where the initiating fragment is the benzoyloxy group, and the terminal 
fragment is the pyridine sulfide group as would be expected when the molecular 
weight is controlled by chain transfer to the initiator. The presence of the benzoyloxy 
end group was confirmed by infrared spectroscopy. Along with the characteristic C -
C, C - H , and aromatic stretches, a sharp peak at 1726 cm"1 was present. This peak is 
indicative o f an ester carbonyl stretch. 

In a series of kinetic experiments, initiations were carried out either by heating 
solutions in a dilatometer to 80°C in the absence of light, or by subjecting solutions to 
the visible light of a tungsten lamp at 25°C. The rates of polymerization for the 
various concentrations and initiation methods are given in Table II. The rates are 
dependent upon temperature or light intensity, but the rates measured are the same 
order of magnitude as those found with conventional initiators at the lower initiator 
concentrations. The rate of polymerization was found to be independent of initiator 
concentration, supporting the assumptions made in the polymerization mechanism. 

The molecular weights o f the polymers isolated from the dilatometry 
experiments were measured by S E C . The molecular weight data is also shown in 
Table II. Figure 1 shows the linear relationship between 1/Dp and [I}/[M]. From the 
molecular weight data, Q was calculated to be 0.95-0.96; these results were consistent 
with those of Meijs (#) for C x in similar systems. The polymerizations were repeated 
at 60°C with added benzoyl peroxide initiator. The resulting value for C x , calculated 
by the Mayo method (9), was 1.4. 
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Initiation 

Chain transfer to initiator 

Termination by coupling 

Ο 

Scheme 4. Mechanism of Polymerization 
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Backbone Stability. Because Barton esters are easily synthesized from reactive 
carboxylic acid derivatives, initial graft copolymerizations were attempted from 
backbone polymers containing acid chloride units. Barton esters are especially useful 
in the synthesis of graft copolymers because they decompose into an initiating alkyl 
radical and a relatively unreactive pyridine sulfide radical with a propensity to attack 
B E residues. Thus, two radicals are formed on the polymer backbone along with a 
relatively inert 2,2'-dipyridyl disulfide by-product. This favors grafting to the 
substrate polymer with a minimal amount of concomitant homopolymerization. Only 
one other previously published procedure for graft copolymerization describes 
asymmetric initiator substituents; it involves a Friedel-Crafts alkylation and 
subsequent oxidation to form hydroperoxides (75). 

Table II. Influence of B E Concentration on Polystyrene Rp and Mol. Wt. 
[I] (mM) Rp (min 1 ) M w M n 

Thermal Initiation, 
T=80°C 

8.7 7.2e-4 88,000 52,000 
18.6 8.0e-4 40,000 26,000 
35.6 7.2e-4 25,000 18,000 
70.1 7.7e-4 23,000 11,000 

Photo Initiation, 
T=25°C 

10.0 3.6e-4 74,000 41,000 
20.0 3.7e-4 64,000 37,000 
40.0 3.6e-4 39,000 23,000 
80.0 3.6e-4 20,000 10,000 

Our planned synthesis for forming polymeric Barton esters is shown in 
Scheme 5. In the initial syntheses, the v iny l -X repeat units in the backbone were 
either methyl methacrylate or styrene; and the v iny l -Y repeat units for grafting was 
styrene. In the synthesis of the backbone, methyl methacrylate was copolymerized 
with methacryloyl chloride (19:1 M M A : a c i d chloride) in benzene solution, initiated 
by B P O . In similar experiments, styrene was copolymerized with acryloyl chloride 
(19:1 sty:acid chloride). Analysis of the linear copolymers by S E C assumes that the 
dn/dc's for homopolymer were appropriate. Barton esters were then formed on the 
backbone copolymers. To these modified backbone copolymers, more monomer was 
added. The solutions containing esterified backbone and additional monomer were 
heated to effect the decomposition of the Barton esters. The resulting polymers were 
isolated and analyzed by S E C . The molecular weights of the expected graft polymers 
were actually slightly less than those of the original backbone polymers. The 
explanation for these unexpected results is a chain cleavage reaction. The proposed 
mechanism for chain cleavage is also shown in Scheme 5. When the decomposition 
of a Barton ester on a backbone polymer chain results in the formation of a free 
radical directly on the carbon chain of the polymer, chain cleavage can result. 
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This theory was tested by decomposing the Barton esters of the modified 
polymer backbones in the presence of dodecanethiol. If the decomposition of a 
Barton ester resulted in a free radical that abstracted hydrogen from thiol, the polymer 
molecular weight would be unchanged. However, i f the decomposition o f Barton 
ester results in chain cleavage before interaction with thiol, a reduction in molecular 
weight would be observed. The molecular weights o f the polymers after 
decomposition of the Barton esters were approximately half o f the molecular weights 
of the unreacted polymers. These results confirm that the chain breaking mechanism 
is competitive with hydrogen abstraction. Due to the chain cleavage side reaction, no 
further characterizations were performed on these polymers. 

X X X 

Cleavage before reaction 

Scheme 5. Graft Copolymerization with Acry loy l Copolymers 
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Graft Copolymerization to Styrene Benzoate Derivatives. To further test the 
feasibility of using Barton esters for graft copolymerization, and to avoid the 
formation of free radicals directly on a polymer backbone, the acid chloride monomer, 
4-vinylbenzoyl chloride (4 -VBC) was synthesized from 4-vinylbenzoic acid. The 
4 - V B C was copolymerized with styrene (19:1 sty:acid chloride) in the presence of 
benzoyl peroxide (99:1 sty:BPO) to give a polymer chain suitable for grafting. A 
portion of the polymer with the acid chloride pendant groups was then reacted to form 
Barton esters. Aliquots of this polymer were then heated either in the presence of 
dodecanethiol to test for backbone stability, or styrene to initiate grafting. The 
polymers were analyzed by S E C . The polymer heated in the presence of 
dodecanethiol showed no change in molecular weight. 

Styrene was grafted to the 4 - V B B E copolymer and the graft copolymer was 
analyzed by S E C . The S E C - L S curves are shown in Figure 2. The shift towards 
lower elution volume and increased light scattering intensity of the S E C curves 
indicate that grafting occurred. Assuming that the 4 - V B C copolymerizes randomly 
with styrene, the degree of substitution on the backbone was 5%. Then, assuming 
quantitative synthesis of Barton ester, the number of Barton ester moieties per chain 
(and grafts per chain) is calculated to be 8. Based on the difference in M n of the two 
polymers, the average graft length for the branched polymer is then estimated to be 12 
monomer units. 

A graft copolymer polystyrene-g-poly(methyl methacrylate) was synthesized. 
A s before, the backbone was synthesized from styrene and 4 - V B C . Barton esters 
were synthesized, and this backbone copolymer was isolated to insure the purity of the 
backbone by removing remaining monomer. The backbone polymer was dissolved in 
methyl methacrylate, and the Barton ester pendant groups were decomposed by light 
to effect copolymerization, a 300% weight increase was observed. Analysis o f the 
copolymer by N M R indicated the presence of both polystyrene and poly(methyl 
methacrylate). To insure that the sample was not merely a mixture of homopolymers, 
and was in fact a graft copolymer, extractions were performed on samples by ethanol 
or cyclohexane. Analysis of the extracts by N M R did not indicate the presence of 
pure homopolymer. 

Grafting to Poly(aryl ether sulfone) Backbone. Graft copolymerization experi
ments have also been performed by grafting styrene or 4-vinylpyridine to a well 
characterized carboxylated poly(aryl ether sulfone) (1) backbone. The substrate 

. C - O H 

polymer was converted to an acid chloride, and then to a Barton ester. The grafting 
was accomplished by adding the poly(aryl ether sulfone-BE) to a mixture of v inyl 
monomer and D M F (3:1 proportion), and exposing the solution to visible light. The 
weight gain of the copolymer was 311%. The poly(aryl ether sulfone)-g-polystyrene 
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was analyzed by S E C and *H N M R (CDC1 3). The S E C curves and molecular weight 
data are shown in Figure 3. The results of the S E C and N M R experiments show that 
polystyrene was successfully grafted to the polysulfone. The mass increase of the 
poly(aryl ether sulfone)-g-polyvinylpyridine copolymer was 93%. 

The effects of degree of substitution and polymer concentration on grafting 
efficiency and graft length was explored using carboxylated poly(aryl ether sulfone)s 
with degree of substitution equal to 0.15, 0.54, 1.0. Samples of these Barton ester-
substituted polysulfones were dissolved in a 75% styrene in D M F mixture so that the 
Barton ester concentration was 10 - 100 m M , then polymerization was effected by 
light. The resulting copolymers were purified, weighed, and analyzed by N M R and 
S E C . The results in Table III clearly show an additional effect of degree of 
substitution on graft length. The calculated length is based upon the mean 
concentration of Barton ester in solution does not accurately reflect the observed graft 
length. I f the chain transfer constant is recalculated using the data obtained on 
polymers at the lowest concentration and/or lowest D S , an apparent C x is obtained 
that considers the effect of chain transfer to intramolecular Barton ester groups. Using 
the "polymer" Cx , a reasonable prediction of the graft length formed based upon mean 
Barton ester and styrene concentrations is feasible. Graft length measured is an 
average of graft lengths measured by mass increase, N M R , and S E C . 

Table III. Polysulfone-g-polystyrene Synthesis 
Substrate [BE](mM) a %weight graftb calc. c calc. d 

mass (g) gain length length length 

DS=0.15 
0.04 1.4 1050 162 5290 290 
0.22 7.5 114 43 980 55 
0.44 15.0 32 25 490 28 

DS=0.54 
0.05 5.3 860 54 1390 78 
0.27 28.5 200 12 260 15 
0.51 53.8 104 11 130 8 

DS=1.0 
0.06 10 867 36 750 41 
0.30 50 200 10 150 8 
0.60 100 92 8 75 4 

a I n 10 m L 75 mole% styrene in D M F 
b Average of values from mass increase, N M R , and S E C 
Calcu la ted from [BE]/[M] and C x=0.96 
d Calculated from [BE]/[M] and C x =l7.2 

Grafting to Carboxymethyl Cellulose Backbone. Further graft copolymers were 
synthesized from carboxymethylcellulose (CMC) as shown in Scheme 6. Barton 
esters were synthesized on the cellulose by using a mixed anhydride intermediate 
(16,17). The carboxylate groups were first reacted with isobutyl chloroformate to 
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0.95 rPoly(styrene-co-4-vinyl benzoyl chloride-methyl ester) 
• Mn=17000 
ι 
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Figure 2. S E C - L S (THF eluent, 0.9ml/min flow rate) of copolymers before 
(a) and after (b) grafting. 
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Figure 3. S E C curves of (a) graft copolymer and (b) backbone. 
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form the mixed anhydride, then sodium 2-pyridinethiol-l -oxide was added to form the 
Barton esters. The modified cellulose samples were then dissolved in styrene and 
subjected to visible light to form graft copolymers. Three grades of C M C were used 
in the grafting experiments. A l l were molecular weight ca. 250,000, but had DS=0.7, 
0.9, 1.2. The graft copolymers formed were weighed, then analyzed by N M R , IR, and 
S E C . The results are compiled in Table IV. 

Table IV. Carboxymethylcellulose-g-Polystyrene Copolymers 
D S a Substrate % Weight Graft % Soluble in 

Mass (g) Gain Length1 5 

Toluene Cyclohexane 
0.7 1.56 319 13 90 6.6 
0.9 1.3 422 13 93 6.7 
1.2 1.07 635 13 95 6.8 

a [BE](mM) = 91, in styrene 
b Average of values from mass increase and N M R 

The graft lengths calculated from N M R and mass increase were in agreement and the 
averages are shown in Table IV. The percent soluble in cyclohexane was calculated 
from U V - V i s data using the previously reported extinction coefficient for polystyrene 
(18). Absorption due to residual styrene monomer is also possible. In any case, the 
amount of homopolymer formed is low. The amount insoluble in toluene is also low, 
and may be due to variations in the C M C itself. S E C - L S experiments assume that the 
dn/dc for homopolystyrene is applicable. Molecular weights ( M w ) for the copolymers 
ranged from 170,000 to 200,000. These low values make graft length calculations 
impossible, and indicate that chain-breaking reactions are occurring to some extent 
along with grafting. The IR spectra do not show carbonyl peaks, indicating that 
decarboxylation occurs before any reactions with styrene. 

Conclusions 

The results show that Barton esters serve as initiators in the polymerization of 
vinyl monomers. Further, chain transfer to Barton ester allows for control of 
molecular weight and end-group composition. Polymeric initiators can be produced 
by converting carboxyl substituents on backbone polymers to Barton esters using 
either the corresponding acid chloride or isobutyl formyl anhydride to promote 
reaction with sodium 2-pyridinethiol-l-oxide. Decomposition of the Barton ester 
substituted backbone polymers in the presence of vinyl monomer results in the 
formation of graft copolymers with minimal homopolymerization. The length of the 
graft formed depends upon the extent of Barton ester substitution on the backbone as 
well as the monomer to initiator ratio employed in copolymerization. Grafting may be 
accompanied by backbone chain cleavage, particularly when initiating radicals reside 
directly on the backbone. 
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Scheme 6. Formation of Carboxymethylcellulose-g-polystyrene 
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Chapter 24 

H o w to M a k e Polymer Chains of Var ious Shapes, 
Compositions, and Functionalities by Atom Transfer 

Rad ica l Polymerizat ion 

Scott G . Gaynor and Krzysztof Matyjaszewski1 

Department of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, 
Pittsburgh, PA 15213 

Atom transfer radical polymerization, A T R P , is a controlled / 
" l iv ing" radical polymerization system which has been developed in our 
laboratories. The use of A T R P to prepare well-defined polymers with 
novel compositions (statistical, alternating, block), topologies (linear, 
graft, branched, hyperbranched), and functionalities (telechelic polymers, 
functional monomers, etc.) is reviewed. 

Polymer chemistry is largely driven by the motivation to make new materials that 
are better than those that currently exist. Whether it be a rheologist studying the effects 
of polymer additives, a synthetic chemist synthesizing new materials or studying the 
mechanism of existing polymerization systems, the goal of making better materials 
remains the same. To make better materials, two approaches can be taken: make new 
formulations of existing polymers or prepare completely new polymers. Although 
formulation is widely used, it is not the focus of this chapter. 

To prepare new polymers, two routes can be taken. The first involves the 
synthesis and polymerization of new monomers, and the second is to use existing 
monomers to prepare polymers with novel compositions, topologies, and/or 
functionalities. Since it is economically more feasible to use existing monomers, there 
has been a strong desire to optimize/control existing polymerization systems. The 
ultimate control of a polymerization system is the attainment of a l iving polymerization. 

L iv ing polymerizations are polymerizations with no chain breaking reactions such 
as transfer and termination. (1,2) The polymers prepared by these systems are generally 
characterized with degrees of polymerization defined by D P n = Δ[Μ]/[Ι ] 0 (Δ[Μ] and [I]0 

are the concentration of reacted monomer and added initiator, which should be consumed 
at low conversion, respectively) and narrow molecular weight distributions, M^Mn < 1.1. 
L iv ing polymerizations also allow for the preparation of polymers with novel 
compositions and topologies, i.e., block copolymers or graft copolymers, respect ively.^ 
Unfortunately, most l iving polymerizations have been confined to ionic polymerization 
sys tems,^ which are limited to only a small number of monomers and have rarely been 

'Corresponding author 
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used for the random/statistical copolymerization of two or more monomers. Also , as the 
reaction conditions require the complete absence of water, the extension of l iving 
polymerizations into commercial applications has been limited. 

To overcome the drawbacks presented by ionic polymerization systems, it has 
been desirable to develop a l iving polymerization system based on radical 
polymerization. Radical polymerization has three benefits: the number o f monomers 
that can be (co)polymerized radically is quite extensive, a wide variety of monomers can 
be copolymerized and the polymerizations are tolerant o f water and, in some cases, can 
be conducted in water. However, obtaining a l iving radical polymerization was thought 
to be nearly impossible due to the unavoidable bimolecular termination o f two 
propagating radicals. 

To reduce the contribution of bimolecular termination, it has been proposed that 
an equilibrium between active and dormant species be established with the equilibrium 
shifted towards the dormant species, thus keeping the instantaneous concentration of the 
active radicals low.(4) B y keeping the radical concentration low, the contribution of 
termination can be suppressed to low levels. Since termination is present, such systems 
which do provide control o f molecular weight and molecular weight distributions similar 
to the l iving ionic polymerizations should be called controlled or " l iv ing" 
polymerizations. 

Many systems have been proposed to provide controlled / " l iv ing" radical 
polymerization systems,(6-14) but these have generally provided poor control o f 
molecular weights (6,10,13,14) or were successful for only one class o f monomers, i.e., 
only styrenes,(^) acrylates/P,72) or methacrylates/77^) In our laboratories, we have 
pioneered the development o f copper based atom transfer radical polymerization, A T R P , 
as a general controlled / " l iv ing" radical polymerization system.(75-7 7) The 
polymerization system based on copper and other transition metals has been shown to be 
especially robust, as it has been used to obtain well-defined polymers of styrene(s),(75-
22) acrylates/76,23,24) methacrylates/76,25-32) and aerylonitrile.(33-35) 

A T R P involves the reversible activation and deactivation o f alkyl halides by 
transition metal complexes, Scheme 1. Activation of the organic halide (R-X) occurs via 
an inner sphere electron transfer reaction between the transition metal (e.g., Cu(I)/ligand) 
and the organic halide (rate constant k a ) , resulting in the formation of a radical and the 
transition metal whose oxidation state has increased by one and now has the halide 
covalently bound to it (X-Cu(II)/ligand). The resulting radical then initiates the 
polymerization o f the monomer(s). A s the polymer chain propagates (rate constant kp), it 
reacts with the metal halide, which should be a good deactivator o f radical 
polymerizations (rate constant k j , to reform the lower oxidation state metal complex and 
an oligomer/polymer chain with a halogen end group. This reaction repeats itself, now 
using the oligomer/polymer as the organic halide to reinitiate the polymerization. A s 
long as deactivation o f the propagating radical is sufficiently fast, well-defined polymers 
with D P n = Δ[Μ]/[ Ι ] 0 and M ^ / M ^ < 1.5 are obtained. It should be noted that in 

Scheme 1 

R-X + Cu(I)/Ligand R» + X-Cu(II)/Ligand 
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conventional radical polymerizations, the minimum polydispersity that can be obtained is 
MJMn =1.5, assuming termination by coupling and low conversion. 

B y using A T R P , we have been able to exploit the potential that controlled / 
" l iv ing" radical polymerizations provide the synthetic polymer chemist. This chapter 
outlines the work that has been done in our laboratories to prepare polymers with well-
defined molecular weights, compositions, topologies, and/or functionalities. 

Composition 

Homopolymers 

A s stated above, A T R P has been shown to successfully polymerize a wide variety 
of monomers. The first examples o f A T R P used a heterogeneous catalyst system, 
copper(I)-X complexed with 2, 2'-bipyridyl (bipy). Although the catalyst was largely 
heterogeneous, sufficient amounts of copper (I) were soluble to allow for activation of the 
organic halides, and thus catalyze the polymerization. Monomers that were successfully 
polymerized were styrene, acrylates, and methyl methacrylate. (15,16) These polymers 
had molecular weights that were proportional to Δ[Μ]/[Ι] 0 and had polydispersities that 
were much lower than conventional radical polymerizations, 1.1 < MJMn < 1.5. 

The development o f homogeneous catalysts. (4, 4 ' -alkyl substituted bipyridines), 
first reported by our group/77) allowed for the synthesis of polymers with very narrow 
molecular weight distributions, MJMn < \λ.(17,18,20,25) The enhancement o f the 
control o f the polymerization by using homogeneous catalysts was ascribed to the 
increase in the solubility o f the copper (II)-X species. Since the molecular weight 
distribution is dependent on the chain length and the rate of exchange between active and 
dormant species,(3<5,J7; MJMn = l+[(kp[R-X]/k d[Cu(II)-X]], it can be seen that by 
increasing the concentration of deactivator, the polydispersity w i l l be lower. 

This effect was also demonstrated by using copper (I)/bipy in a highly polar 
solvent which would render the catalyst completely soluble. A n example is the A T R P of 
acrylonitrile (34,35) in ethylene carbonate. In these polymerizations, the molecular 
weights increased linearly with conversion and the resulting polymers had very narrow 
molecular weight distributions, M ^ M , , <1.05. Figure 1 shows a representative M A L D I -
T O F spectrum of the obtained polyacrylonitrile. This represents the first example of such 
well-defined polyacrylonitrile. 

Mn»2656 Mw2691 

2000 2200 2400 2000 2M0 3000 3200 3400 
MaM(fiwi) 

Figure 1. MALDI-TOF spectrum of polyacrylonitrile prepared by ATRP. 
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Statistical and Gradient Copolymers 

To extend the usefulness of A T R P , copolymerizations of two different monomers 
were undertaken. Table 1 lists some of the copolymers that have been successfully 
prepared. The first entry, a S t y / M M A copolymer, was polymerized using the 
heterogeneous copper(I)/bipy catalyst. Although the molecular weights o f these 
polymers were relatively wel l controlled, the polydispersites were somewhat high. M u c h 
narrower molecular weight distributions, < 1.2, were obtained for the S ty /BA 
copolymers when a homogeneous catalyst was used, copper(I)/dNbipy (dNbipy = 4, 4 ' -
di(5-nonyl)-2, 2'-bipyridyl). It should be noted that the control of the polymerization was 
maintained regardless o f the relative amounts o f comonomer. This is in contrast to other 
reports o f the copolymerization of styrene and acrylates using nitroxide based 
"living'Vradical polymerizat ions . f io 3 -^ 

A T R P has also been used to copolymerize radically polymerizable monomers 
with monomers that can not be homopolymerized radically. Examples of this are the 
copolymerizations of isobutene with acrylates or acrylonitrile using C u (I)/bipy. When 
an excess of isobutene was in the monomer mixture, alternating copolymers were 
obtained. 

Although vinyl acetate has not yet been homopolymerized by A T R P , copolymers 
of v inyl acetate and methyl acrylate have been successfully prepared, possibly due to a 
faster cross-propagation step in comparison with homopropagation for v inyl acetate. 

Table 1. Copolymers Prepared bv ATRP* 
% A 

A Β Feed Polymer · M n M w / M n 
T e ( ° C ) 

Sty M M A 49 47 11,700 1.4 
Sty B A 13 13 13,800 1.18 -38 

23 25 11,200 1.18 -24 
51 55 11,200 1.12 -17 
75 69 12,000 1.11 -48 
87 83 12,300 1.13 -72 

Isobutene M A 50 26 6,500 1.5 -24 
A N 78 50 3,500 1.5 48 
B A 78 49 3,180 1.4 -48 

A N Sty 47 61 14,150 1.05 
M A V A c 50 83 

(36% Conv.) 
1,840 1.3 

a) A l l conversions are >90% unless indicated. Sty = styrene; B A = butyl acrylate; M A = 
methyl acrylate; M M A = methyl methacrylate; A N = acrylonitrile; V A c = vinyl acetate. 

Based on the reactivity ratios of the monomers, one monomer is often consumed 
at a faster rate than its comonomer. In conventional free radical polymerizations, this 
results in a distribution of comonomer compositions among the polymer chains unless 
under azeotropic conditions. That is, the polymer chains have varying amounts of 
comonomer; some contain more monomer A , while others, less monomer A . The 
distribution of compositions arises from the continually changing monomer feed in the 
polymerization system as one monomer is consumed faster than another. In controlled / 
" l iv ing" radical polymerizations all o f the polymer chains grow at nearly the same rate 
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with very little termination. Therefore, the change in monomer feed composition is 
recorded in the individual polymer chains. Since the change in monomer concentration 
along the polymer chain is formed spontaneously, these types o f polymers have been 
termed spontaneous gradient copolymers. Examples o f these gradient copolymers are 
the Sty/ΒΑ copolymers listed in Table 1.(41) Other examples include S t y / M M A , 
M A / M M A , and StyMA.(42,43) 

If the reactivity ratios of the monomers are similar and gradient copolymers can 
not be readily prepared spontaneously, forced (or controlled) gradient copolymers can be 
prepared by addition of one (or more) monomer(s) during the polymerization. A n 
example o f the preparation o f a gradient copolymer by the forced gradient approach is the 
synthesis o f S t y / A N (44) or S t y / M A (45) gradient copolymers. 

Block Copolymers 

Block copolymers are polymers which consist o f two or more monomers that are 
segregated into separate regions o f the polymer chain, but are covalently bound to each 
other. The simplest method to prepare block copolymers is by sequential addition of 
monomer Β to a " l iv ing" polymer comprised o f monomer A . The classic example is the 
synthesis o f polystyrene/polybutadiene block copolymers by anionic polymer iza t ion .^ 
A T R P has been used in a similar manner to prepare block copolymers o f radically 
polymerizable monomers/15,46) 

Since activated halogen functional groups, such as benzyl halides, 2-
halopropionate, or sulfonyl halides, can be used to initiate A T R P , block copolymers of 
non-radically polymerized monomers and radically polymerizable v iny l monomers can 
be prepared by using macroinitiators containing these halogen groups. The synthesis o f 
such copolymers have been described as transformation polymerizations. Such 
transformations from cationic, ring opening metathesis polymerization ( R O M P ) or step-
growth polymerizations to controlled / " l iv ing" radical polymerizations have been 
performed successfully in our laboratories. 

Transformation from " L i v i n g " Carbocationic to Contol ledTLiving" Radical 
Polymerization 

Several controlled / " l iv ing" carbocationic polymerizations are mechanistically 
similar to A T R P , with the exception that the carbon-halogen bond is heterolytically 
cleaved, not homolytically. Therefore, it was proposed that polymers prepared by 
controlled / " l iv ing" carbocationic polymerization could be used as macroinitiators for 
A T R P . This was first demonstrated by the cationic polymerization o f styrene using 1-
phenylethyl chloride in the presence of S n C l 4 / n - B u 4 N C l / 4 7 j A B block copolymers were 
successfully prepared by using the obtained polymers as macroinitiators for the 
polymerization o f styrene, methyl acrylate and methyl methacrylate. 

A s styrene can be polymerized by A T R P , such block copolymers need not be 
prepared using cationic techniques. Therefore, to demonstrate that this transformation 
chemistry is useful, the formation of A B A block copolymers of isobutene (B) with 
radically polymerizable monomers (A) was undertaken. (48,49) Polyisobutene was 
polymerized using a difunctional initiator, /?-dicumylmethyl ether, with a SnCl 4 /2 , 6-di-i-
butyl pyridine catalyst, Scheme 2. Before quenching o f the polymerization, a small 
amount of styrene was added to the reaction to cap the polyisobutene chains with a few 
units o f styrene. This was done to prevent the elimination o f HC1 from the 
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polyisobutene ends, avoid heterolytic cleavage of the carbon halogen bond in the 
presence of copper (I) catalysts, and facilitate homolytic cleavage using styryl-halogen 
chain ends. 

After the polymer was isolated ( M n = 7,500; M w / M n = 1.3), it was dissolved in a 
radically polymerizable monomer and used as a macroinitiator for A T R P , Scheme 2. 
Monomers that were successfully polymerized include: styrene ( M n = 13,400; Μ,/Μη = 
1.2), methyl acrylate ( M n = 11,800; UJMN = 1.4), methyl methacrylate (Μ„ = 23,100; 
MJMN = 1.5) and isobornyl acrylate ( M n = 17,300; Μ ^ Μ η = 1.4). The copolymers 
prepared with styrene, methyl methacrylate or isobornyl acrylate were thermoplastic 
elastomers. 

Scheme 2 

2n 

T iC I 4 /DTBP ^ 

CH2CI2 / CgH^4 
-80 °C 

Vinyl 
Monomer 

Cu (I) CI/dNbipy 
toluene, 100 °C 

Polyvinyl—Poly(lsobutene)—Polyvinyl 

Transformation from L iv ing R O M P to " L i v i n g " Radical Polymerization 

A B block copolymers of vinyl polymers with either polynorbornene or 
polydicyclopentadiene were synthesize by first conducting the l iving R O M P using a 
molybdenum catalyst, Scheme 3. The molybdenum catalyst was removed from the chain 
ends by quenching with jp-bromomethylbenzaldehyde to yield the polynorbornene, M n = 
59,000; MJMN = 1.06 (or polydicyclopentadiene, M n = 11,300; UJMN = 1.5) 
macroinitiator. These macroinitiators were successfully used to prepare block 
copolymers with either styrene or methyl acrylate. Figures 2 and 3 show S E C 
chromatograms o f the macroinitiators and the resulting block copolymers. A s can be 
seen, there was a clean formation of the block copolymers using the R O M P prepared 
macro initiators/50) 

Scheme 3 

Br 

CuBr/dNBipy 
Δ 

R = Phenyl, C(0)OCH 3 
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Transformation from Polycondensation to " L i v i n g " Radical Polymerization 

Macroinitiators were prepared from poly(dimethyl siloxane), P D M S , and 
polysulfone. Commercially prepared P D M S , with either Si-Η or vinyl end groups, was 
used in a hydrosilation reaction using a Karstedt's catalyst, Scheme 4. These bifunctional 
macroinitiators were then used to polymerize vinyl monomers such as styrene, butyl 
acrylate, methyl acrylate and isobornyl acrylate. The resulting polymers were A B A 
block copolymers, Table 2, and those prepared with styrene or isobornyl acrylate were 
thermoplastic elastomers.(51) 

Poly(Norbornene - b - Methyl Acrylate) 
M =80,400; M / M =1.03 

Poly(Norbornene - b - Styrene) 
M =114,000; M / M =1.04 

Polynorbornene 
M =59,000; M / M =1.06 

10° 103 

Molecular Weight 

Figure 2. SEC chromatograms of polynorbornene/vinyl AB block copolymers. 

i<r 

Poly(Dicyclopentadiene - b - Methyl Acrylate) 
M =26,000; M / M =1.48 

Poly(DicycIopentadiene - b - Styrene) 
M =20,400; M / M =1.39 

Polydicyclopentadiene 
M = 11,300; M / M =1.49 

106 105 10" 
Molecular Weight 

Figure 3. SEC chromatograms of polydicyclopentadiene/vinyl AB block copolymers. 
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Scheme 4 

Table 2. A B A B lock Copolymers of P D M S with V i n y l Monomers 

P D M S 

M N M W Z M N Monomer M N M W Z M „ 

4,500 1.2 Styrene 9,800 1.2 
9,800 2.4 Styrene 20,700 1.6 
2,600 1.2 Methyl Acrylate 4,600 1.3 
4,500 1.2 Isobornyl Acrylate 13,700 1.6 
9,800 2.4 Butyl Acrylate 24,000 1.6 

Polysulfone ( M n = 4,480; MJMn = 1.5) was prepared by condensation of bis(4-
fluorophenyl) sulfone and an excess o f bisphenol A . This was then reacted with 2-
bromopropionyl bromide to prepare the a,œ-bis(2-bromopropionyloxy)polysulfone, 
Scheme 5. This macroinitiator successfully initiated the polymerization o f both styrene 
and butyl acrylate, Figure 4.(52) Both o f these materials were soluble in common 
solvents and were cast as transparent films. 

Scheme 5 

H 0 f Ρ . , ^ Ο Η "V *7MM ï !*4-0V' 

Q Q Vinyl Monomer ii π y i v A u i i u i i i c i / \ 
B r -~T- J U ~-0-(polysulfone)-O^S-' B r ATRP '

 Ρ ο 1 ^ 1 Τ Ρ ο 1 > ' 8 » 1 ί ο η 6 Γ Ρ ο 1 ^ > ' 1 
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Poly(BA-b-S-b-BA) 
M = 15,300 (M / M =1.2) 

η w η 
/ 

ι \ 

y \ 

Poly(Sty-b-S-b-Sty) 
M =10,700 (M / M =1.1) 

η w η 

6 5 4 3 2 
Molecular Weight 

Figure 4. SEC chromatograms of polysulfone macroinitiator and ABA block copolymers of polysulfone 
(S) with polystyrene (Sty) or poly(butyl acrylate) (BA). 

Polymer Architecture 

Graft Copolymers 

There are three methods to prepare grafts copolymers: grafting-through, grafting-
onto and grafting-from. Grafting-through involves the copolymerization o f a monomer 
with a macromonomer, while the grafting-onto or -from methods either attach growing 
polymer chains onto a polymer backbone or grow them off of it. We have used A T R P to 
prepare graft copolymers by the grafting-through and grafting-from methods. 

For grafting-through, we were able to prepare macromonomers ( M M ) of 
polystyrene with a v inyl acetate end group by using vinyl chloroacetate to initiate the 
A T R P of styrene, Scheme 6. Since the reactivity ratios o f styrene and vinyl acetate are 
not favorable for cross propagation between the two monomers, only styrene was 
polymerized while the vinyl acetate end groups remained unreacted. This resulted in the 
formation of well-defined polystyrene with a vinyl acetate end group. The functionality 
of the polymers was > 90% as molecular weights determined by *H N M R and S E C were 
in agreement with each other. (55,54) 

The macromonomers were then copolymerized with N-v iny l pyrrolidinone, N V P , 
by conventional radical polymerization in D M F . D M F was used since it was a good 
solvent for both the polystyrene and poly(NVP) chains. After the graft copolymer was 
precipitated and isolated, it had swelled in solvents that were selective for either the 
poly(NVP) backbone (water) or the polystyrene side chains (benzene). The polymers 
were also found to be highly water absorbent. Table 3 lists the results o f the 
copolymerizations using macromonomers o f various size and weight percents. The 
equilibrium water content was determined by soaking a dry polymer sample in water for 
a week and determining the amount of water that was present in the sample (by weight). 
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Ο 

-o-N-cH 2a 

Scheme 6 

η Styrene, CuCl / bipy 

130 °C, Ph20 

Ο 

-o-^-(sty)-a 

ο — X
M Ν 0 AIBN, D M F 

60 °C 
(Sty)n (Sty)n (Sty)n 

Tal t)le 3. Phvsicallv Crosslinked Hvdrogels Prepared Using A T R P 
M M M n M M wt%a Copolymer M n M J M n Crafts/Chain % Water 

5,800 34 (40) 316,000 5.9 18.6 85 
13 (20) 219,000 2.5 4.9 92 
7.7 (10) 185,000 1.8 2.5 97 

11,900 40 (50) 65,700 1.6 2.2 82 
30 (30) 83,300 1.8 2.1 93 
24 (20) 114,200 1.8 2.3 92 

a) Wt% of graft copolymer as determined by Ή N M R . Values in parenthesis are 
amounts of macromonomer added to polymerization reaction. 

Thermoplastic elastomers were synthesized using A T R P to graft from 
commercially available isobutene copolymers, Scheme 7. Poly(isobutene) copolymers 
with p-methylstyrene ( P I B - B M S ) or isoprene (PIB-PIP(Br)), which had been brominated 
to provide initiating sites for A T R P , are the commercial Exxpro™ elastomers. Upon 
dissolving these macroinitiators in the respective monomer, a copper (I) catalyst was 
added and the reaction mixture heated. The molecular weight o f the polymers increased 
with conversion and with increasing graft chain length, i.e., wt% grafts, Table 4. 

Scheme 7 

Br 
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Table 4. Graft Copolymers with Isobutene Backbones Prepared bv A T R P 

Backbone M n

a Graft Wt % 
Grafts 

PIB - B M S 108,000(2.3) Styrene 139,000(2.5) 

193,000(2.6) 

250,000(2.4) 

14 

33 

69 

-52 

5 

-60, 98 

Isobornyl 
Acrylate 

181,000(2.5) 21 -10 

PIB-
PIP(Br) 

273,000(1.8) Styrene 359,000(1.7) 14 -51 

Isobornyl 
Acrylate 

387,000(1.7) 18 -52 

a) Values in parenthesis are polydispersities, M w / M n . 

Branched and Hyperbranched Polymers 

The preparation of highly branched polymers by polycondensation reactions was 
first proposed by Flory (55) and put to synthetic use by Webster and Kim.(56,57) 
However, not until Frechet demonstrated that functionalized vinyl monomers could be 
used (58) was it possible to prepare hyperbranched polymers by chain growth processes 
such as ionic or radical polymerization. This polymerization has been termed, "Self 
Condensing V i n y l Polymerization ( S C V P ) . " Frechet cationically polymerized m-(\-
chloroethyl)styrene to obtain hyperbranched polystyrene. Subsequently, it was extended 
to radical polymerization using T E M P O based systems (59) and ATRP.(60) 

Scheme 8 

A — b — a — A * 

2 A — B * A — b — A * 
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The mechanism of chain growth to obtain hyperbranched polymers has been 
discussed e l sewhere / Jo 5 -^ and is only briefly outlined in Scheme 8. The monomer is 
described by A B * . The A represents the double bond and the B * is a functional group 
which can be activated to initiate the polymerization of the double bonds. A * is a newly 
formed active (or potentially active) site, wheras a and b represent the corresponding 
inactive parts o f the macromolecule. The scheme shows that, after activation o f the B * 
group and addition of monomer there are now two sites in the dimer 2 which can be 
activated (A* and B*) to initiate polymerization, i.e., formation o f 3a and 3b. 
Subsequent activation at any of the sites results in a branched polymer, so long as the 
relative rate constants of polymerization at A * (k A) and B * (k B) are similar.(62,63) It 
should be noted that each macromolecule has one double bond which can also participate 
in the polymerization and be incorporated into other growing polymer chains. 

To expand the scope of hyperbranched polymers that could be prepared by S C V P 
using A T R P , we prepared several acrylic A B * monomers.(Wj For example, 2-(2-
bromopropionyloxy)ethyl acrylate ( B P E A ) was prepared by reacting 2-bromopropionyl 
bromide with 2-hydroxyethyl acrylate. The acrylic double bond is A , and the 2-
bromopropionyloxy group is B * . This monomer was polymerized in bulk using 1 m o l % 
of copper (I) bromide and 2 m o l % 4, 4-di-(i-butyl)-2, 2-bipyridine (dTbipy). 

The polymerization was monitored by Ή N M R , Figure 5, and S E C , Figure 6. In 
the ! H N M R spectra, the signals from the double bonds are observed from 6.5 to 5.8 ppm. 
The signal at 4.4 ppm is assigned to the ethylene linkage and the protons geminal to 
bromine in A * and B * . The doublet at 1.8 ppm is the signal from the methyl protons in 
the 2-bromopropionyloxy group. The signals at 3.8 and 1.5 ppm are from p-
dimethoxybenzene (internal G C standard) and dTbipy, respectively. A s the 
polymerization progressed, two new sets of signals appeared: the broad set o f signals 
(2.8-1.5 ppm) and the multiplet at 1.2 ppm. The broad set o f signals was assigned to the 
formation of the C H 2 - C H polymer backbone by polymerization of the double bonds. The 
signal at 1.2 ppm was assigned to the methyl protons in b (The bromine in B* was 
homolytically cleaved to form the radical which then reacted with a double bond to 
initiate polymerization.). B y comparison of the intensity of signal (b), 1.2 ppm, to that of 
the methyl group geminal to bromine (B*), 1.8 ppm, the proportion of b and B* could be 
calculated in the polymer. From these proportions, the degree of branching (DB) (64) in 
the macromolecule was calculated, D B &0A9.(63) 

In the S E C chromatograms, Figure 6, the lower molecular weight species, i.e., 
monomer, dimer, trimer, etc., can be seen in the early stages o f the polymerization. A s 
the polymerization progressed, these species were consumed and incorporated into other 
polymer chains to form the higher molecular weight polymer. It should be noted that the 
molecular weights listed were determined against linear polystyrene standards, and are 
not indicative of the true molecular weight o f the macromolecule due to branching. After 
precipitation into methanol, the low molecular weight species were easily fractionated, 
leading to a polymer with a higher molecular weight ( M n = 6,510) and lower 
polydispersity ( M w / M n = 3.3). 
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Figure 5. H NMR spectra of BPEA and polymer samples at various conversions. 

io4 

Molecular Weight 

Figure 6. Overlay of SEC chromatograms of the ATRP of BPEA at various conversion. Molecular 
weights were obtained against linear polystyrene standards. 

The density o f branching in the polymer can be attenuated by copolymerization of 
the A B * monomer with a conventional v inyl monomer. This has been demonstrated for 
the copolymerization o f /?-chloromethylstyrene ( C M S ) with styrene. The first order 
kinetics o f the polymerization were linear, as in the A T R P of linear polymers. However, 
a plot o f M n versus conversion, Figure 7, shows a deviation from the expected behavior, 
assuming only linear polymer chains. This deviation was ascribed to the incorporation of 
the double bonds on the polymer chain ends as a result o f being initiated by C M S . 
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—θ— Μ η 

Theoretical M Theoretical M 
Γ 

0.4 0.6 
Conversion 

Figure 7. Plot of M n and M w / M n versus conversion for the copolymerization of CMS (2 mol%) with 
styrene by ATRP. 

It has also been possible to prepare star and/or multi-armed polymers. This is 
accomplished by using a multifunctional initiator. The initiator can be a small molecule, 
i.e., hexakis(bromomethyl)benzene,f¥6'J or a macromolecule, i.e., the hyperbranched 
poly(2-(2-bromopropionyloxy)ethyl acrylate).(65) 

Functionalized Polymers by A T R P 

Polymerization of Functional Monomers 

Since radical reactions are tolerant of functional groups, such as hydroxyl and 
amine, it is possible to polymerize monomers which contain various functional groups. 
We have demonstrated that A T R P can also be extended to polymerize various functional 
monomers such as styrenes and acrylates. 

A study of the Hammett relationship o f ring substituted styrenes was 
undertaken.(66) A linear relationship was observed in the Hammett plot, Figure 8, with 
the styrenes containing electron withdrawing substituents having faster rates o f 
polymerization. It was subsequently determined that this rate enhancement was not due 
to the substituent's effect on the propagating radical but on the destabilization of the 
dormant polymer chain end, P - X . This required lower activation energies to cleave the 
carbon-halogen bond and form the radical; the result was a shift in the equilibrium 
increasing the concentration o f the propagating radicals. 

Acrylates with functional groups were also successfully polymerized. These 
acrylates included glycidyl acrylate (GA) , 2-hydroxyethyl acrylate ( H E A ) , v inyl acrylate 
( V A ) and allyl acrylate (AA).(23) A l l were successfully polymerized with the exception 
of allyl acrylate, Table 5. Polymerization o f the allyl acrylate by A T R P resulted in the 
formation of a gel. Presumably, this was due to the polymerization of both the acrylate 
and allyl functional groups. Such a side reaction was not observed in the polymerization 
of v inyl acrylate. The higher observed molecular weights as compared to the theoretical 
values for the polymerization o f H E A was attributed to the differences obtained by S E C 
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when comparing the po ly (HEA) to linear polystyrene standards since good agreement 
between M n t h and values measured by N M R and M A L D I was observed for lower 
molecular weight polymer. 

.0.8 I 1 1 1 1 1 • 1 1 1 . • ' 1 ' ' ' 1 

-0.4 -0.2 0 0.2 0.4 0.6 
σ 

Figure 8. Hammett plot of the polymerization of substituted styrenes by ATRP. 

It has not been possible to directly polymerize monomers that contain carboxylic 
acid functionalities such as acrylic acid. However, the polymerization o f /-butyl acrylate 
or isobornyl acylate by A T R P has been successful. (24) This polymer was then treated 
with acid in the presence of water to yield poly(acrylic acid). 

Table 5 Polymerization of Functional Acrylates by A T R P 

Monomer Conv. (%) M n , t h M n , S E c M w Z M n 

G A 95 3,440 4,320 1.23 
98 25,000 27,500 1.21 
98 50,000 52,800 1.20 

H E A 92 3,130 6,170 1.19 
91 15,000 30,000 1.19 
90 18,000 36,000 1.17 

V A 89 2,940 2,810 1.21 
A A 99 Insoluble 

Polymers with Functional End Groups 

The simplest way to obtain end functionalized polymers by A T R P is to use an 
initiator that contains the desired functional group. For example, i f al lyl terminated 
polymers were desired, al lyl halides could be used as initiators for ATRP.(67) Since 
such initiators are simple molecules, many are commercially available. Tables 6 and 7 
list the results obtained for a variety o f functional initiators in the polymerization o f 
styrene and methyl acrylate. 
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Table 6. Preparation of Functional Polystyrene Prepared by A T R P 

Initiator 
Structure 

Initiator 
Name 

% Conv. M n , S E C 

4-Methylbenzyl bromide 51 4,400 1.17 

/ = \ Br 4-Cyanobenzyl bromide 
48 5,500 1.10 

/ = \ Br 4-Bromo-benzyl bromide 
48 4,500 1.16 

\ ^ B r 

CN 

2-Bromopropionitrile 
48 5,100 1.09 

Br 
NC— 1 

Bromoacetonitrile 
48 4,500 1.10 

0 

Q r > ^ o ^ B r 

Glycidol 
2-bromopropionate 62 6,800 1.12 

1 0 tert-Butyl 
2-bromopropionate 41 4,000 1.17 

H 0 ^ 0 X ^ B r 
Hydroxyethyl 

2-bromopropionate 48 7,500 1.10 

0 
V i n y l chloroacetate 94 5,800 1.12 

0 A l l y l chloroacetate 
14 2,600 1.77 

0 a-Bromobutyrolactone 
41 4,000 1.17 

0 

H 2 N ^ ^ C I 2-Chloroacetamide 12 4,000 1.51 
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Table 7. Preparation of Functional PolyfMethyl Acrvlateï Prepared bv A T R P 

Initiator 
Structure 

Initiator 
Name %Conv M n , S E C 

M / M 
w η 

A l l y l bromide 89 6220 1.34 

ι ο 2-Bromopropionic acid tert-
butyl ester 94 3980 1.22 

» 0 ^ . 0 ΐ γ Β Γ 
Hydroxyethyl 

2-bromopropionate 97 4560 1.30 

a-Bromo-n-butyrolactone 
83 4120 1.13 

4-Cyanobenzyl bromide 93 4110 1.13 

Glyc idyl 
2-bromopropionate 

93 4020 1.23 

V 
CN 

2-Bromopropionitrile 82 3550 1.10 

0 
2-Chloroacetamide 32 7220 1.22 

0 
V i n y l chloroacetate 70 3260 1.34 

4-Bromo-benzylbromide 95 4010 1.22 

A T R P is not limited to just using functional initiators to introduce functional 
groups to the polymer chain ends. Because all chains have halogen end groups, these can 
be converted to other functional groups by nucleophilic/electrophilic substitution and 
addition reactions. This has been demonstrated by conversion o f α ,ω-
dibromopolystyrene to α ,ω-diaminopolys tyrene^P) The difunctional polystyrene was 
prepared by using p-bromoxylene as an initiator for the A T R P of styrene. The resulting 
α,ω-dibromopolystyrene was then treated with trimethylsilyl azide in the presence of 
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tetrabutyl ammonium fluoride. Further, the α,ω-diazidopolystyrene was reacted with 
lithium aluminum hydride to afford the α,ω-diaminopolystyrene. 

The transformation o f halogen groups to azido groups was used to prepare 
crosslinkable materials. The hyperbranched polymer obtained by the A T R P of B P E A , as 
described in the previous section, was treated with trimethylsilyl azide to afford a 
hyperbranched polymer with azido functional groups, Scheme 9. Upon heating or 
irradiation, this fluid material became brittle and insoluble in solvents. In the D S C of the 
polymer sample, Figure 9, a large exotherm occurred at 180 °C when the azido groups 
decomposed and crosslinking ensued. This was confirmed by qualitative D M T A , Figure 
10. A t 200 °C, the shear modulus of the polymer sample increased dramatically. (The 
observed upper limit o f the shear modulus of the sample was the upper limit o f the 
D M T A instrument in the shear mode.) 

Scheme 9 

50 100 150 200 250 
Temperature (C) 

Figure 9. DSC of azido functionalized hyperbranched BPEA. 
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_ 200 _ 
Temperature (C) 

Figure 10. DMTA of azido functionalized hyperbranched BPEA. 

Conclusions 
Atom transfer radical polymerization, A T R P , is a controlled / " l iv ing" radical 

polymerization system which uses an equilibrium between active radicals and dormant 
alkyl halide chain ends to maintain a low concentration of radicals while obtaining wel l -
defined polymers with D P n = Δ[Μ]/[Ι] 0 and MJMn < 1.5. This system has been 
demonstrated to be successful for the polymerization of a wide variety of monomers 
including substituted styrenes, functional acrylates, methacrylates, and acrylonitrile. 

A T R P has also been successfully used to copolymerize the above monomers, as 
well as others that can not be homopolymerized by A T R P . These monomers include 
isobutene, and vinyl acetate. The composition of the polymers has been extended beyond 
simple random/statistical copolymers to include block copolymers. Block copolymers 
have also been prepared by transformation polymerizations from carbocationic, R O M P 
and step-growth polymerizations. 

A T R P has allowed for the preparation of polymeric materials with novel 
architectures by radical polymerization. Examples include graft, branched and 
hyperbranched (co)polymers. 

A T R P allows for the synthesis o f functionalized polymers by simply using a 
functional initiator. The halogen end groups at the polymer chain end(s) can also be 
converted into more useful functional groups by simple organic chemistry reactions. 

In summary, A T R P has been shown to be a versatile and robust polymerization 
system which allows for the preparation of a wide variety of polymeric materials by 
radical polymerization. 
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Chapter 25 

Controlled Radical Polymerization Methods 
for the Synthesis of Nonionic Surfactants for CO2 

D E . Betts, T. Johnson, D. LeRoux, and J . M . DeSimone1 

Department of Chemistry, C B 3290, Venable and Kenan Laboratories, 
University of North Carolina at Chapel Hill, Chapel Hill, N C 27599-3290 

Several examples of fluorocarbon containing amphiphilic block 
copolymers have been synthesized using controlled free radical 
polymerization methods. These block copolymers contain a C O 2 
soluble fluorocarbon acrylate or methacryate block and a CO2 insoluble 
block that is either lipophilic or hydrophilic. The synthesis of these 
block copolymers is wel l suited to the controlled free radical 
polymerizat ion methods of iniferter and atom transfer radical 
polymerization ( A T R P ) . Addi t iona l ly , the synthesis of block 
copolymers containing a poly(dimethylsiloxane) (PDMS) block using a 
combined l iving anionic and iniferter synthetic technique is described. 
These block copolymers have been characterized by G P C , 1H-NMR, 
and S A N S , and their solubility in CO2 has been examined. Potential 
uses for these block copolymers include surfactants for dispersion 
polymerizat ions in C O 2 and cleaning and surface treatment 
technologies. 

Only a few classes of polymers show appreciable solubility in supercritical carbon 
dioxide under relatively "mild" conditions (T < 100 °C, Ρ < 5000 psi): amorphous or 
low melting fluoropolymers and silicones (7-5). These CO2 soluble materials have 
been termed "C02 -ph i l i c " because they have high solubility at relatively low 
temperatures and pressures (6). Conventional hydrocarbon polymers, either 
hydrophilic or lipophilic, are relatively insoluble in CO2 (7) and are therefore termed 
"C02 -phob ic . " However, some block copolymers containing a C 0 2 - p h o b i c 
hydrocarbon segment and a C02-phil ic fluorocarbon segment are soluble in CO2 (2,3). 
These amphiphilic block copolymer materials are currently being studied for their use 
as surfactants in the dispersion polymerization of several different classes of monomers 
in CO2 (8,9). In addition, they are also being used in cleaning and surface treatment 
technologies that take advantage of the enhanced emulsification capabilities afforded by 
surfactant modified C O 2 (10). Micel les may form when block copolymers are 
dissolved in a solvent that is selectively good for one of the blocks but is a nonsolvent 
for the other block (11-13). For A B diblock copolymers dissolved in CO2, where the 
A block is a C02 -phi l ic block and the Β block is C02-phobic, we have shown that the 

'Corresponding author 

418 © 1998 American Chemical Society 
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Β blocks aggregate to form the core of a micelle which is surrounded by a corona of 
solvated A blocks. The C02-phobic block may be either lipophilic or hydrophilic. 
With in the C02 -phobic core of the micelle, the solubilization of otherwise CO2 
insoluble materials is achieved (70). 

Controlled free radical polymerization techniques provide the best route for the 
preparation of these amphiphilic block copolymers due to the relative ease of synthesis 
and the limited mechanisms by which the fluorocarbon monomers can be polymerized. 
In addition, since most fluoropolymers are insoluble in common organic solvents, the 
compatibility of controlled free radical polymerization techniques with a wide range of 
solvents makes these techniques the most versatile methods available (14,15). 
Specifically, iniferter (16) and atom transfer radical polymerization (ATRP) (17,18) are 
attractive routes to the synthesis of these block copolymers. We report the synthesis of 
both lipophilic and hydrophilic hydrocarbon-fluorocarbon block copolymers using both 
iniferter and A T R P polymerization techniques. We also report the synthesis of silicone 
block copolymers by crossover from a living anionic polymerization to iniferter (19). 

The concept of iniferter was first demonstrated by T. Otsu in 1982 for the 
synthesis of polymers by a radical mechanism with a controlled structure and 
functionality (16,20). The technique was subsequently used for the synthesis of block 
copolymers (21,22). The term "iniferter" comes from the three-fold role of the 
compound: initiator, chain transfer agent, and reversible terminating agent. The 
reversible termination of the polymer chain allows for the synthesis of block 
copolymers. The iniferter technique makes use of a photoactive compound that upon 
photolysis yields an initiating fragment (R») and a stable free radical species (S»), 
typically a thiuram, which serves as a reversible capping agent (Figure 1). The end 
capping agent does not initiate polymerization. Iniferter polymerizations typically give 
molecular weight polydispersity indices (PDIs) of 1.4 - 1.8. In contrast to iniferter, 
A T R P employs a haloalkane that serves as the initiator along with a copper(I) catalyst 
and a dipyridyl ligand that serves to help solubilize the copper catalyst. A T R P 
polymerizations are typically run at 80 - 130 °C. In A T R P , initiation occurs by the 
abstraction of the halogen atom from the haloalkane by the copper(I) catalyst giving a 
carbon-centered radical that initiates polymerization, and a copper(II) species. The 
radical polymerization is controlled by the reversible transfer of the halogen atom 
between the growing polymer chain and the copper species (Figure 1). Polymers 
synthesized by A T R P typically have PDIs less than 1.3, but values less than 1.1 have 
been reported (17,18,23). Both iniferter and A T R P give well defined polymers with 
controlled structure, functionality and polymer molecular weight. 

The iniferter controlled free radical polymerization technique is effective for the 
synthesis of a wide range of hydrophilic, l ipophil ic and fluorocarbon polymers 
inc luding poly(2-dimethylaminoethyl methacrylate) ( P D M A E M A ) , poly(2-
hydroxyethyl methacrylate) ( P H E M A ) , polystyrene (PS), polyvinyl acetate) (PVAc) , 
poly(l , l ' -dihydroperfluorooctyl acrylate) ( P F O A ) , and poly(l , l ' -dihydroperfluoro-
octyl methacrylate) ( P F O M A ) . While the types of monomers that can be used with 
A T R P are more limited than for iniferter (e.g. F O A and acetates do not work), A T R P 
gives much more controlled and well-defined polymers. A T R P has proven to be 
effective for the polymerization of a broad range of lipophilic hydrocarbon monomers 
including acrylates, methacrylates and styrenics as well as fluorocarbon monomers 
such as F O M A , 2-(N-ethylperfluorooctanesulfonamido)ethyl acrylate (FOSEA) , 2-(N-
ethylperfluorooctanesulfonamido)ethyl methacrylate ( F O S E M A ) , l,r,2,2"-tetra-
hydroperfluorooctyl methacrylate (TM), and l,r,2,2'-tetrahydroperfluorooctyl acrylate 
(TA-N) (24). Although A T R P is quite useful for making lipophilic-fluorocarbon block 
copolymers, the synthesis of hydrophilic-fluorocarbon block copolymers must 
overcome the complexation of the copper catalyst species to the polar groups frequently 
encountered in hydrophilic monomers. One solution is the use of protected hydrophilic 
monomers such as 2-(trimethylsilyloxy)ethyl methacrylate ( H E M A - T M S ) and tert-
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a.) R-S R. + S * b.) R - X + C u ( I ) — • R* + C u ( I I ) X 

R* + M • R-Μ· R* + Ρ • R-Ρ · 

R - M . + S- R - M - S R ~ P - + C u ( I I ) x P " X + Cu(I> 
*deact. * d e a c t -

Figure 1. Mechanism of Polymerization a.) Iniferter b.) A T R P 
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butylacrylate (f-BuA) to yield P H E M A and poly(acrylic acid) respectively upon 
deprotective hydrolysis after polymerization. 

C H 2 = C 

R 
/ 

\ 
c=o 

R 
/ 

C H 2 — C 

R 

C H 9 = C 

Ο 
\ 

R = H F O A 
R = C H 3 F O M A 
* = 25% branching 

ο 
\ 

C H 2 c 7 F i 5 C H 2 C H 2 ( C F 2 ) 6 - i o C F 3 

R = Η T A - N 
R = C H 3 T M 

\ 
/ C = o 

° \ f 
CH2CH2NS0 2 (CF 2 )6 - ioCF3 

R = H F O S E A 
R = C H 3 F O S E M A 

Both the iniferter and A T R P controlled free radical polymerization techniques 
offer the same advantages as conventional free radical polymerizations: relative ease of 
synthesis and monomer compatibility. Additionally, they offer the ability to control the 
polymer structure and functionality thus affording polymers with narrow poly-
dispersities, targeted molecular weights and complex architectures. 

Experimental 

Materials. Tetraethylthiuram disulfide (TD, Aldrich) was recrystallized twice from 
methanol and the purity was checked by i H - N M R . sec-Butyllithium (1.3 M in cyclo
hexane, Aldr ich) , c o p p e r © bromide (99.999%, Aldr ich) , 2,2 '-dipyridyl (99+%, 
Aldrich), ethyl 2-bromoisobutyrate (98%, Aldrich) and diethyldithiocarbamate sodium 
salt (Aldrich) were used as received. Benzyl Ν,Ν-diethyldithiocarbamate (BDC) and 
xylylene bis(N,N-diethyl dithiocarbamate) ( X D C ) were synthesized as described in the 
literature (15,21,22). Styrene (Aldrich), vinyl acetate (Aldrich), 1,1-dihydroperfluoro-
octyl acrylate ( F O A , 3M) , and 1,1-dihydroperfluorooctyl methacrylate ( F O M A , 3M) 
were passed through an alumina column to remove the inhibitor and deoxygenated by 
purging with argon prior to use. Hexamethylcyclotrisiloxane ( D 3 , Acros) was kindly 
provided by Bayer and was purified by vacuum sublimation, l-(dimethylchloro-silyl)-
2-(p,m chloromethyl phenyl) ethane was synthesized as described in the literature (25). 
Cyclohexane (Fisher) was stirred over concentrated sulfuric acid for ca. 2 weeks, 
decanted, and distil led over sodium under an argon atmosphere prior to use. 
Tetrahydrofuran (THF, Mallinckrodt) was distilled from a sodium/benzophenone 
solution under argon atmosphere prior to use. Methanol (Mallinckrodt), heptane 

(Mallinckrodt), acetone (Mallinckrodt), and α ,α ,α- t r i f luoroto luene (TFT, Aldr ich , 
99+%) were used as received. l,l,2-trichloro-2,2,l-trifluoroethane (F-113, DuPont) 
was used as received. Carbon dioxide (SFC/SFE Grade) was kindly provided by A i r 
Products and was used as received. 

Iniferter. 
Synthesis of Polystyrene-Iniferter (TD-PS). Polystyrene was 

synthesized by the iniferter controlled free radical method using T D as the iniferter as 
reported earlier (75). The polymerizations were conducted in bulk and stopped at about 
50% conversion. In a typical polymerization, 1.90 g of T D was dissolved in 15.0 g of 
deinhibited styrene monomer. The solution was then purged with argon and placed in a 
constant temperature bath at 70 °C for 15 hours. A t the end of the reaction, the viscous 
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polymer solution was diluted with T H F and then the polymer was recovered by 
precipitation into a ten fold excess of methanol and dried under vacuum. (Gravimetric 
yield = 7.9 g, 53.9%, M n = 3.2 kg/mol, PDI = 1.9). The polymer was purified twice 
by dissolution in T H F and precipitation into methanol (reprecipitation yield = 89%). 
The M n and PDI of the purified polymer were determined to be 3.7 kg/mol and 1.7, 
respectively. 

Synthesis of Polyvinyl Acetate)-Iniferter (BDC-PVAc) . Polyvinyl 
acetate) was synthesized using B D C as the iniferter. The polymerizations were 
conducted in bulk and stopped at about 20% conversion. In a typical polymerization, 
40 g of deinhibited vinyl acetate monomer was added to a quartz flask equipped with a 
stir bar and then 1.0 g of B D C was added along with 2.2 mg of T D . (The T D added 
does not initiate polymerization of the vinyl acetate but serves to better control the 
polymerization of the reactive monomer by increasing the concentration of the end 
capping agent in solution through chain transfer (26).) The flask was then sealed with 
a septum and purged with argon. The solution was photolyzed at room temperature 
with stirring for 30 hours in a sixteen bulb Rayonet equipped with 350 nm wavelength 
bulbs. The polymer was then collected by precipitation into heptane and dried under 
vacuum giving a crude yield of 8.7 g, or 21.7% ( M n = 4.7 kg/mol, P D I = 1.5). The 
polymer was purified twice by dissolution in acetone and precipitation into heptane 
(reprecipitated yield = 8.3 g, 95.4%). The M n and PDI of the purified polymer were 
4.4 kg/mol and 1.6, respectively. 

Block Copolymer Synthesis. The diblock copolymers were synthesized 
by the subsequent polymerization of a fluorocarbon monomer using either T D - P S , 
B D C - P V A c or X D C - P D M A E M A as the macroiniferter. The synthesis of X D C -
P D M A E M A was conducted in a manner similar to the synthesis of B D C - P V A c but 
using X D C . Polymerizations were conducted in T F T as the solvent. Whi le the 
polymerizations with B D C - P V A c were homogeneous throughout the reaction, the 
polymerizations with TD-PS were initially cloudy but became clear after a few hours of 
irradiation. A s an illustration, the synthesis of PVAc-2?-PFOA is described herein. In a 
typical experiment, 2.0 g B D C - P V A c ( M n = 4.4 kg/mol) was dissolved in 25 m L of 
T F T in a quartz flask equipped with a stir bar. F O A monomer (18.0 g) was then added 
and the flask was purged with argon. After purging, the solution was photolyzed at 
room temperature with stirring for 30 hours in a sixteen bulb Rayonet equipped with 
350 nm bulbs. The polymer was then collected by precipitation into methanol and dried 
under vacuum (yield = 12.7 g, 61.9%). The block copolymer was purified by Soxhlet 
extraction using methanol for ca. 2 days to remove any unreacted P V A c homopolymer. 
The composition and relative molecular weights of the blocks in the block copolymer 
were determined by * H - N M R ( M n P V A c = 4.4 kg/mol, 34.9 mol %; P F O A M n = 43.1 
kg/mol, 65.1 mol %). 

Silicone block copolymer synthesis. 
Synthesis of PDMS-iniferter. The PDMS-inifer ter was synthesized by 

the l iv ing anionic polymerization of D3 according to procedures described in the 
literature. A 35% D3/cyclohexane solution (17.5 g, 50 mL) was added via syringe to a 
flame dried round bottom flask equipped with a stir bar and under argon atmosphere. 
&?c-butyllithium (0.45 m L , 5.85 χ 10 - 4 mol) was then added via syringe to the flask to 
give a targeted molecular weight of 30 kg/mol. The solution was allowed to stir for 
about 2 h and then 20 v/v % (10 mL) of dry T H F was added to start the chain 
propagation. The reaction was allowed to proceed for two days and then was 
terminated with a six fold molar excess (0.87 g, 3.51 χ 10 - 3 mol) of l-(dimethylchloro-
silyl)-2-(/?,ra chloromethyl phenyl) ethane. Upon adding the terminating agent, the 
precipitation of l i thium chloride was observed and the solution was left to stir for 
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several hours. The P D M S was then precipitated into methanol and isolated using a 
separatory funnel. The polymer was dried under vacuum and its weight and yield 
determined (yield = 14.8 g, 84.5%). 

The P D M S was then functionalized to afford the PDMS-iniferter. The polymer 
was dissolved in ca. 30 m L T H F and a three fold molar excess of diethyldithio-
carbamate sodium salt (0.40 g, 1.76 χ 10 - 3 mol) was added. The yellow solution was 
stirred overnight at room temperature. The PDMS-iniferter was precipitated into 
ethanol and dried under vacuum. The PDMS-iniferter was then purified by dissolving 
in hexanes and washing with a 3:1 methanol:water mixture. After washing, it was 
collected and dried under vacuum (yield = 13.1 g, 95%). The M n and P D I of the 
polymer were 26.8 kg/mol and 1.10, respectively. 

PDMS Block Copolymer Synthesis. B lock copolymers of P D M S with 
vinyl monomers such as F O A and V A c were synthesized. The synthesis of PDMS-&-
P V A c is described as an example. Deinhibited vinyl acetate monomer (1.0 g), 5.0 g of 
the PDMS-iniferter ( M n = 26.8 kg/mol), and 15 m L of T H F were added to a quartz 
flask equipped with a stir bar. The flask was then purged with argon and photolyzed 
for 30 h in a 16 bulb Rayonet equipped with 350 nm bulbs. A t the end of the reaction, 
the polymer was precipitated into methanol, collected, and dried under vacuum (yield = 
4.3 g, 70.5%). Molecular weight determination of the second block was determined by 
subtracting the molecular weight of the P D M S block synthesized from the total block 
copolymer molecular weight as determined by G P C ( M n block copolymer = 39.8 
kg/mol, PDI = 1.4; M n P V A c block = 13.0 kg/mol, 29.5 mol %). 

A T R P . 
Synthesis of Poly(methyl methacrylate) ( P M M A ) . Into a round 

bottom flask equipped with a stir bar was added 20.0 g deinhibited methyl methacrylate 
monomer, 0.78 g (4 χ Ι Ο - 3 mol) ethyl 2-bromoisobutyrate, 0.58 g (4 χ 10" 3 mol) 
copper(I) bromide, 1.87 g (1.2 χ 10" 2 mol) dipyridyl, and 20 m L ethyl acetate as 
solvent. The flask was then sealed with a septum and purged with argon. After 
purging, the flask was placed into a 100 °C oi l bath for 5.5 hours. The reaction was 
heterogeneous due to the insolubility of the copper catalyst. A t the end of the reaction, 
the reaction solution was diluted with ethyl acetate and passed through a short alumina 
column to remove the copper catalyst. The polymer was precipitated into methanol, 
collected, and dried under vacuum (yield = 14.9 g, 74.6%, M n = 8.1 kg/mol, PDI = 
1.3). 

Block Copolymer Synthesis. The previously synthesized P M M A block 
(3.24 g, M n = 8.1 kg/mol) was placed into a round bottom flask equipped with a stir 
bar. T F T (40 mL) was added as the solvent for the reaction and 5.7 χ 10"2 g (4 χ ΙΟ" 4 

mol) copper(I) bromide and 0.19 g (1.2 χ Ι Ο - 3 mol) dipyridyl were added. Deinhibited 
F O M A monomer (20 g) was then added and the flask was sealed with a septum and 
purged with argon. After purging, the flask was placed in a 110 °C oil bath for 5.5 h. 
A t the end of the polymerization, the flask was removed from the oi l bath and the 
reaction solution was diluted and passed through a short alumina column to remove the 
insoluble copper catalyst. The polymer was then precipitated into heptane, collected, 
and dried under vacuum (yield = 5.9 g, 25.4%). The block copolymer was purified by 
Soxhlet extraction using T H F and the relative block lengths were determined by lU-
N M R ( P M M A : M n = 8.1 kg/mol, 26.7 mol %; P F O M A : M n = 104.0 kg/mol, 73.3 
mol%). 

Characterization. The molecular weight data for the polymer samples were 
determined using a Waters 150-CV gel permeation chromatograph (GPC) with 
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Ultrastyragel columns of 100, 500, 10 3 , and 10 4 Â porosities using T H F as the eluent 
and PS standards (Showa Denko). The molecular weight data for the P D M S 
homopolymers and block copolymers were determined using a modular Waters 610 
G P C instrument with two Ultrastyragel columns of 10 3 and 10 4 Â porosities and a 
μStyragel H T linear column, using dichloromethane as the eluent and PS standards 
(Showa Denko). i H - N M R spectra were obtained from a Bruker W M 2 5 0 spectrometer. 
ϊΗ-NMR spectra of the hydrocarbon/fluorocarbon block coploymers were conducted in 
a mixed solvent of F - l 13 and either CDCI3 or d6-acetone. 

Results and Discussion 

For the synthesis of diblock copolymers using the iniferter polymerization technique as 
developed by Otsu, the C02-phobic block was synthesized first using either T D or 
B D C as the iniferter in conjunction with either heat or U V light, respectively. 
Addi t ional ly , for the formation of B A B triblock copolymers, the difunctional 
photoiniferter X D C was used. The polymer formed with terminal dithiocarbamate 
groups was then isolated, purified and characterized. The macroiniferter first block 
was then used, in the presence of U V light, to initiate the polymerization of the second 
monomer (CC>2-philic fluorocarbon) to form the block copolymer. U V irradiation of 
the macroiniferter causes the reactive end groups to dissociate generating polymeric 
radicals which, in the presence of additional monomer, initiate the polymerization of the 
second monomer and lead to the formation of the second block of the block copolymer 
(Figure 2). Through the use of this technique, block copolymers such as PS-&-PFOA, 
P S - 6 - P F O M A , P V A c - f c - P F O A , P V A c - f c - P F O M A , P F O A - Z ? - P V A c - Z ? - P F O A , 
P D M A E M A - f c - P F O M A and P T A N - 6 - P D M A E M A - f c - P T A N have been successfully 
synthesized. 

Listed in Tables I and II are several examples of P V A c - ^ - P F O A and PS-b-
P F O A diblock copolymers synthesized using the iniferter technique and the description 
of their solubility in C O 2 at 65 °C and 5000 psi. These conditions correspond to a C O 2 
density of 0.846 g/cc. A s can be seen in comparison between the two materials, the 
P V A c block copolymers have a much higher solubility in C O 2 than the PS block 
copolymers. The P V A c block copolymers are soluble and form transparent solutions 
with a P V A c mole % of greater than 55%, compared to the PS block copolymers that 
are only soluble up to a PS mole % of around 30%. This is due to the much higher 
solubility of P V A c in C O 2 than PS: McHugh has shown that PS of molecular weight 
greater than 1000 g/mol is insoluble in C O 2 even at temperatures of 225 °C and 30,000 
psi, while P V A c of a molecular weight of 125,000 g/mol is soluble in C O 2 at about 
9000 psi and room temperature (7) . 

Table I. PVAc-fr-PFOA Diblock Copolymers 

M n (kg/mol) 
P V A c a 

PDI Mole % 
P F O A b 

M n (kg/mol) 
C 0 2 Solubility c 

65 °C, 5k psi 

4.4 1.6 34.9 43.1 clear 
4.4 1.6 24.8 70.1 clear 
10.3 1.5 55.8 43.1 clear 
30.9 1.5 75.3 53.5 turbid 

Characterized by G P C . bCharacterized by * H - N M R . c 4 % wt/vol; determined visually 
with a high pressure view cell. 
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C H o = 

C H 3 

I 
Î 
c=o 
I 

O C H 2 C H 2 N ( C H 3 ) 

D M A E M A U V h v 

C H 2 - S — C — N ( E t ) 2 

B D C 

Ç H 3 S 

C H 2 - ^ C H 2 - C " ) - S — C — N ( E t ) 2 

c=o 
I 

O C H 2 C H 2 N ( C H 3 ) 

C H o 

C H 3 

I 
I I U V h v 

C 

I 
O C 7 F 1 5 

F O M A 
P D M A E M A - f e - P F O M A 

Figure 2. Synthesis of P D M A E M A - é - P F O M A Using the Iniferter 
Technique. 
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Table II. PS-fr-PFOA Diblock Copolymers 

M n (kg/mol) 
P S a 

PDI Mole % 
P F O A b 

M n (kg/mol) 
C O 2 Solubility 0 

65 °C, 5k psi 

3.7 1.7 37.0 27.5 cloudy 
3.7 1.7 28.9 39.8 clear 
3.7 1.7 20.9 61.2 clear 
4.5 1.8 44.5 24.5 turbid 
6.6 1.6 45.1 34.9 translucent 
6.6 d 1.6 41.2 42.3 clear 

Characterized by G P C . bCharacterized by ÏH-NMR. c 4 % wt/vol; determined visually 
with a high pressure view cell. d PS -&-PFOMA. 

A n adaptation of the synthesis scheme developed by Kumar for the crossover 
from a l iving anionic synthesis to controlled free radical iniferter synthesis (27) was 
used for the synthesis of several P D M S - & - P F O A and P D M S - & - P V A c block 
copolymers. In this synthesis technique, the siloxane block is synthesized first using 
established living anionic polymerization techniques. A t the end of the polymerization 
the chain ends are terminated with l-(dimethylchlorosilyl)-2-(/7,m-chloromethyl 
phenyl)ethane to afford the benzyl chloride terminated poly (dimethyl siloxane). The 
terminal chloro group is then substituted with diethyldithiocarbamic acid to afford the 
diethyldithiocarbamate terminated P D M S . This macroiniferter-PDMS can then be used 
in conjunction with U V light to initiate the polymerization of a second monomer to yield 
a diblock copolymer (Figure 3). The results of the synthesis of a P D M S - Z ? - P V A c 
diblock copolymer is given in Table III. The anionic polymerization of the first block 
( P D M S ) gave a very narrow molecular weight distribution with a P D I of 1.1. The 
polymerization of the second block (PVAc) using the iniferter technique broadened the 
polydispersity of the block copolymer due to the less "living" nature of the iniferter 
polymerization. The P D M S - & - P V A c block copolymer synthesized by this technique 
was also employed as a stabilizer for the dispersion polymerization of vinyl acetate in 
C 0 2 (25). 

Table III. P D M S - ^ - P V A c 

P D M S block Viny l Acetate block 
M n 

PDI Mole % M n 
P D F Mole % 

(kg/mol) (kg/mol) 

26.8 1.1 70.5 13.0 1.4 29.5 

a Polydispersity of the block copolymer. 

Several hydrocarbon monomers, including acrylates, methacrylates, styrenics, 
and acetates, along with several fluorocarbon monomers have been successfully 
polymerized using the controlled free radical polymerization techniques (iniferter or 
A T R P ) . Of the block copolymers synthesized, the PS-fc-PFOA, PS- fc -PFOMA and 
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P V A c - b - P F O A block copolymers have been studied by small angle neutron scattering 
(SANS) in C O 2 and found to self assemble into micelles with a hydrocarbon core and a 
fluorocarbon corona (10). Furthermore, these block copolymers have been found to be 
effective stabilizers for dispersion polymerizations in C O 2 (9). 

S A N S studies of several examples of the P S - & - P F O A block copolymers 
synthesized using the iniferter technique have shown that these amphiphiles self 
associate in C O 2 to form spherical micelles with a PS hydrocarbon core stabilized by a 
P F O A fluorocarbon corona. It was also noted that the size and aggregation number of 
the micelles changed slightly based on the density of the C O 2 medium. These block 
copolymers were also shown to solubilize C O 2 insoluble 500 g/mol polystyrene 
oligomer into the C O 2 continuous phase (10). The S A N S studies were complemented 
with high pressure, high-resolution N M R spectroscopy of these block copolymers in 
supercritical C O 2 (29). ! H - N M R studies revealed that at low C O 2 densities only the 
resonances from the P F O A blocks are visible, indicative of the PS blocks being 
immoblized in micelle cores. But with increasing C O 2 density, the P F O A resonances 
shift upfield, and N M R signals from the PS blocks grow in and also shift upfield. The 
appearance of the PS resonances arises from the increased mobilization of the PS 
blocks in the micelle core as the core is plasticized and the P F O A solubility is increased 
by the denser C O 2 . 

These PS-&-PFOA block copolymers were also studied in the solid phase by X -
ray photoelectron spectroscopy (XPS) (30). P F O A is a very low surface energy 
material (ca. 11 dyn/cm) while PS has a fairly high surface energy (40 dyn/cm); these 
materials therefore are expected to strongly phase separate. X P S studies confirmed that 
P F O A preferentially exists at the air/surface interface. The enhanced mole % of P F O A 
at the surface was also shown to increase upon annealing as this increased the polymer 
chain mobility, allowing the P F O A chains to move to the surface. For an unannealed 
PS-&-PFOA sample comprised of 50 mole % PS, less than 20 mole % PS was found at 
the surface. The mole % PS was observed to further decrease to less than 10% upon 
annealing. 

Additionally, these block copolymers are effective stabilizers in the dispersion 
polymerization of styrene in C O 2 . In using these block copolymers as stabilizers it was 
observed that the length of the anchoring block (PS) relative to the length of the 
solubilizing block (PFOA) is very important to the stability of the latex formed and the 
particle size obtained. The best results were obtained using the block copolymers with 
the longer anchoring blocks (Table IV) (9). 

Table IV. Results of Styrene Polymerizations in C 0 2 a 

Stabilizer b Stabilizer yield M n 
Particle size 

(kg/mol) cone, (w/v) (%) (kg/mol) (urn) 

none 0 22.1 3.8 _ 

P S ^ - f c - F F O A 1 ™ 4 72.1 19.2 0.40 

P S 4 - 5 - & - P F O A 2 4 - 5 4 97.7 22.5 0.24 
PS 6 - 6 -Z?-PFOA 3 4 -9 4 93.6 23.4 0.24 

a Polymerizations in C O 2 at 3000 psi and 65 °C in a 10 m L high pressure view cell with 
2.0 g styrene and 2.4 χ ΙΟ" 2 Μ ΑΓΒΝ. b F o r simplicity, the block copolymer molecular 
weights are listed as P S < M n > - f c - P F O A < M n > . 
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Based upon the results obtained from the S A N S studies of the P S - & - P F O A 
block copolymers which showed that the size of the micelle changed slightly with 
pressure, the concept of a critical micelle density ( C M D ) was developed. Below the 
critical density, the surfactants are predominantly located in micelles. But, at higher 
densities, the block which was previously insoluble and in the core of the micelle is 
solubilized in the denser C O 2 medium and the surfactant exists as unimers in solution 
(Figure 4) (10,31). Due to the higher C O 2 solubility of P V A c compared to PS (7) , 
P V A c - & - P F O A block copolymers were synthesized by the iniferter technique with the 
idea that these block copolymers would exhibit greater changes in solution aggregation 
behavior than the PS-&-PFOA block copolymers and thus clearly demonstrating the 
existence of a C M D . Indeed, the existence of a C M D was clearly seen by S A N S for a 
P V A c - b - P F O A block copolymer. A t lower densities the P V A c block is relatively 
insoluble leading to the formation of micelles in solution, but at higher densities the 
P V A c block is solubilized leading to a decrease in the aggregation number and the 
breakup of the micelles into unimers. 

In P V A c dispersion polymerization studies in C O 2 with these P V A c - & - P F O A 
block copolymers these block copolymers proved to be effective stabilizers, affording 
stable latexes, high yield, and high molecular weight P V A c (28). 

When using A T R P to make block copolymers, a haloalkane (e.g. (1-
bromoethyl)benzene, ethyl 2-bromoisobutyrate) was used as the initiator in conjunction 
with either copper(I) chloride or bromide and 2,2'-dipyridyl as the catalyst. The 
initiatoncopper haliderdipyridyl mole ratio typically used was 1:1:3. In the presence of 
sufficient heat, the halogen atom is believed to dissociate from the haloalkane initiator 
giving an initiating alkyl-radical which initiates polymerization of the first monomer to 
form the first block. After polymerization of the first block is complete, the halogen 
endcapped polymer is isolated, purified, and characterized. The formation of the 
second block is accomplished by sufficiently heating a solution of the redissolved first 
block, the second monomer, additional copper halide, and dipyridyl catalyst (Figure 5). 
Using A T R P , various block copolymers have been synthesized including poly(methyl 
methacrylate)-fc-PFOMA, P H E M A - f c - P F O M A , PS-fc-PFOMA, poly(i-butylacrylate)-Z?-
P F O M A , and poly(ethylhexyl acrylate)-fc-PFOMA (Table V ) . 

Table V . Hydrocarbon-fluorocarbon block copolymers synthesized by 
A T R P 

Hydrocarbon block M n 
PDI Fluorocarbon block M n 

(kg/mol) (kg/mol) 

P M M A 8.1 1.3 P F O M A 104.0 
P(i-BuAc) 5.0 1.6 P F O M A 52.6 
P H E M A 4.0 1.5 P F O M A 40.0 

In the synthesis of these hydrocarbon-fluorocarbon block copolymers, the first 
block synthesized is typically the hydrocarbon block due to the relative ease of 
characterization (high solubility in common organic solvents) compared to the 
fluorocarbon block. The hydrocarbon block molecular weight was determined by 
G P C , and * H - N M R was used to determine conversion and polymer purity. Once the 
hydrocarbon-fluorocarbon block copolymer was made, it was purified by Soxhlet 
extraction with a good solvent for the hydrocarbon homopolymer block, and 
characterized by ϊ Η - N M R to determine the relative molecular weight of the second 
block in comparison to the first block. 
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sec-BuLi + D 3 

1. cyclohexane, T H F 

2. 

CH 3 

I 3 

C I - C H 2 - ^ y— CH2CH2— Si—CI 

ÇH3 ÇH3 

C 4 H 9 - ( S i - O ^ S Î - C H 2 C H 2 - ^ y - C H 2 C I 

CH 3 CH 3 

î 
+NaS—C-N(Et)2 

CHo CHo 
1 , 1 

C 4 H 9 -(Si-0)^Si-CH 2 CH2-^ y — CH 2S-C-N(Et) 2 

C H 3 C H 3 

hv 
V A c 

PDMS-£-P V A c 

CHo 

Figure 3. Synthesis of PDMS-fc-PVAc Via the Combination of 
Anionic and Iniferter Polymerization Techniques 

Increasing CO 2 density 
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unimers 

Figure 4. Illustration of Critical Micelle Density (CMD) 
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C H 3 

I 
C H 2 = C 

C = 0 

O C H 3 

P M M A 

Br 
I 

C H 3 — C H 

I 
c=o 
I 

O C H , 
C u B r + bpy 

110 °C 

C H 3 

CH 3—CH-(CH2-C^-Br 

C = 0 C = 0 

I OCH3 O C H 3 

110 °C 

C u B r + bpy + 

C H s 

C H 2 = C I c=o I 
O C 7 F i 5 

F O M A 

P M M A - & - P F O M A 

F igu re 5. Synthesis of P M M A - f t - P F O M A U s i n g A T R P 
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Conclusion. 

A T R P and iniferter controlled free radical polymerization techniques have been found to 
be effective for the synthesis of various hydrocarbon-fluorocarbon block copolymers. 
Several of the hydrocarbon-fluorocarbon block copolymers synthesized have been 
shown to be effective stabilizers for dispersion polymerizations in C O 2 . Additionally, 
these block copolymers have been studied using various analytical techniques including 
S A N S , ïH-NMR, and X P S . Many of the block copolymers synthesized are soluble in 
C O 2 under suitable conditions and have been observed to self assemble into micelles 
that display interesting solution behavior. These micelles have been observed to change 
in size based upon the density of the C O 2 phase, leading to the concept of a critical 
micelle density. X P S analysis showed these block copolymers to be strongly phase 
separated with the fluorocarbon block being dominant at the surface. Research is 
continuing to design and synthesize more effective and wel l defined stabilizers for 
dispersion polymerizations in C O 2 and the emulsification of C02 - insoluble materials. 
The latter has implications for the use of C O 2 in surface treatment and cleaning 
technologies. 
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Chapter 26 

Design Strategies for Branched and Highly Branched 
Macromolecular Architectures Using Nitroxide-

Mediated Living Free-Radical Procedures 

Craig J. Hawker1, Eva E . Malmström 1 , Jean M. J. Fréchet2, Marc R. Leduc2, 
R. Bernard Grubbs 2, and George G . Barclay3 

1 I B M Almaden Research Center, 650 Harry Road, San Jose, C A 95120-6099 
2Department of Chemistry, University of California, Berkeley, C A 94720-1460 

3Shipley Company, 455 Forest Street, Marlborough, MA 01752-3092 

Free radical procedures play a dominant role in the 
synthesis of a wide variety of commodity polymers due to the 
mild, non-demanding reaction conditions and compatibility with 
numerous functional groups. However, one of the major 
disadvantages of free radical polymerizations is the lack of 
control over macromolecular structure. For example, the 
polymers obtained are frequently polydisperse and the technique 
provides poor control over molecular weight, chain ends, and 
architecture. Many of these shortcomings have recently been 
overcome using nitroxide mediated 'living' free radical 
procedures, coupled with well defined unimolecular alkoxyamine 
initiators. In this report, various strategies for the control of 
polymeric structure and macromolecular architecture using novel 
'living' free radical procedures w i l l be discussed and compared 
with currently available techniques. 

The control and manipulation of the physical and mechanical properties of 
polymeric materials is an ongoing challenge in polymer science.1 One method which 
has recently gained prominence as a means to obtain this goal is the controlled 
incorporation of branching in linear polymer structures. L o w levels of branching 
gives graft copolymers, while increasing the amount of branching leads to 
hyperbranched structures and eventually to dendritic macromolecules. These highly 
branched macromolecules, such as dendrimers and hyperbranched polymers, are a 
new class of macromolecular architecture which have received considerable attention 
recently. 2 One of the primary reasons for this explosion of interest in branched 
macromolecules is the belief that new and/or improved properties w i l l be observed for 
these materials. In fact a number of unique properties, such as intrinsic viscosity, 3 
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melt viscosity, 4 molecular inclusion, 5 etc. have already been observed for dendritic 
macromolecules and many more w i l l not doubt be realized as other macromolecular 
architectures become available. For example, globular dendrimers are believed to be 
essentially free of chain entanglements, in direct contrast to most linear polymers 
where physical properties are dominated by chain entanglements. This leads to the 
observed differences in intrinsic and melt viscosity for dendrimers when compared to 
linear polymers. However one difficulty associated with dendritic and hyperbranched 
macromolecules is the limited range of reaction types that can be used for their 
construction. B y their design, dendrimers and hyperbranched macromolecules are 
typically prepared by condensation chemistry. Since one of the most intriguing and 
potentially useful applications for branched macromolecules is in their blending with 
commodity linear polymers to improve the mechanical and physical properties of the 
linear material, the restriction to polymers based on poly condensation chemistry 
severely limits the study and exploitation of these materials. In a similar vein, well 
defined graft copolymers are typically prepared by living techniques, such as anionic 
polymerization, which are synthetically demanding and incompatible with a wide 
range of useful functional groups and monomer units. 6 This results in a narrow range 
of possible structures with little opportunity for the incorporation of functional 
groups. 

The development of an alternative approach to branched macromolecular 
architectures which relies on simple free radical chemistry is therefore highly 
desirable and would alleviate many of the above difficulties. Such an objective 
would, under traditional free radical polymerization conditions, be extremely 
problematic, i f not impossible. This is due to the uncontrolled nature of normal free 
radical polymerizations coupled with numerous termination reactions which leads to 
polydisperse, poorly defined materials. Also the tendency to undergo termination by 
radical-radical recombination is a serious drawback for branched systems since 
coupling of the chain ends would soon result in crosslinking and gelation. The recent 
development of a "living" free radical polymerization process based on stable 
nitroxidé radicals as reversible chain termination agents offers the possibility of 
reducing the influence of termination reactions and therefore overcoming many of the 
drawbacks traditionally associated with free radical chemistry. Nitroxide mediated 
'living' free radical procedures may therefore have a number of advantages when 
compared to traditional techniques for the preparation of novel branched polymer 
systems. 

The development of a polymerization process, based on free radical chemistry, 
which displays many of the characteristics of a living polymerization has long been a 
goal of polymer chemists. 7 Early attempts to realize a "living" free radical procedure 
involved the concept of reversible termination of growing polymer chains by 
iniferters, 8 ' 9 however this concept was plagued by high polydispersities and poor 
control over the functional groups at the chain ends. Following this approach Moad 
and R izza rdo 1 0 introduced the use of stable nitroxide free radicals, such as 2,2,6,6-
tetramethylpiperidinyloxy ( T E M P O ) , as reversible terminating agents to "cap" the 
growing polymer chain. The advantages of using nitroxide free radicals are their near 
diffusion controlled rate of reaction with carbon centered free radicals which leads to 
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efficient capping of the growing chain end and their inability to self-initiate vinyl 
polymerizations. Subsequently, Georges 1 1 refined the use of T E M P O in "living" free 
radical polymerizations and demonstrated that narrow molecular weight distribution 
polystyrene (PD. = 1.10-1.30) could be prepared using bulk polymerization 
conditions. Recently, it has been shown that nitroxide mediated "living" free radical 
polymerizations can also be used to control molecular weight 1 2 and chain end 
functional groups 1 3 while maintaining low polydispersities and permitting the 
synthesis of block copolymers. 1 4 These results, combined with the complementary 
work o f Sawamoto, 1 5 Matyjaszewski, 1 5 Percec, 1 6 and Jerome 1 6 in the related area o f 
metal assisted 'living' radical polymerization, have demonstrated that a free radical 
polymerization process having the characteristics of a l iving polymerization can be 
achieved. 

We foresee that in addition to the intrinsic scientific interest possessed by both 
the "living" free radical procedure and these new branched macromolecules based on 
addition monomers, a large number of potential advanced technological applications 
exist. This is due to the greatly improved properties, such as rheology and 
compatibilization, that we anticipate for these novel materials when compared to their 
linear or even star analogs as well as the ability to tailor and control the number and, 
in some cases, location of reactive functionalities or catalytic sites. Such property 
enhancements and/or new properties may prove useful in a variety of advanced 
materials and technological applications such as compatibilizing agents, surface 
agents, polymeric additives, modifying agents for a variety of polymer properties 
(melt rheology, compressibility, modulus, etc.), macromolecular catalysts and carriers 
(i.e. dye or drug applications), high performance crosslinking agents, etc. 

In this report, we detail the underlying features of nitroxide mediated 'living' 
free radical procedures which permit numerous strategies to be developed for the 
synthesis o f branched polymers. These branched macromolecular architectures range 
from graft copolymers to hyperbranched macromolecules and hybrid dendritic-linear 
block copolymers. The advantages of 'living' free radical strategies w i l l be compared 
and contrasted with traditional procedures used for the synthesis of complex 
macromolecular architectures. It should be noted that many of the strategies 
developed for nitroxide mediated systems can also be successfully applied to A T R P 
polymerizations. 

Experimental Section 

Nuclear magnetic resonance spectroscopy was performed on a Bruker A M 250 FT-
N M R spectrometer using deuterated chloroform as solvent and tetramethylsilane as 
internal reference. Gel permeation chromatography was carried out on a Waters 
chromatograph connected to a Waters 410 differential refractometer with T H F as the 
carrier solvent. Differential scanning calorimetry was performed on a Perkin Elmer 
DSC-7 calorimeter using a scanning rate of 10 C/minute under a nitrogen 
atmosphere. The glass transition temperature was defined as the half way point of 
transition heat flow. Analytical T L C was performed on commercial Merck plates 
coated with silica gel GF254 (0.25 mm thick). Silica gel for flash chromatography 
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was Merck Kieselgel 60 (230-400 mesh). A l l solvents used for synthesis were dried 
and distilled in the appropriate manner before use. 

1 -Phenyl-1 -(2 * ,21,6* ,6 f -tetramethy 1-1f -piperidiny loxy )ethane 1, 
To ethylbenzene (100 ml) was added di-t-butyl peroxide (5.0 g, 33.0 mmol) 

followed by T E M P O (10.5 g, 66.0 mmol). The reaction mixture was then heated at 
reflux under argon for 16 hours and evaporated to dryness. The crude product was 
purified by flash chromatography eluting with hexane gradually increasing to 1:1 
hexane/dichloromethane. This gave the T E M P O derivative, 1, as a crystalline white 
solid which could be recrystallized from cold ethanol (-78°C), (7.20 g, 42%); m.p. 46-
47°C; IR (neat) 2950, 1490, 1390, 1375, and 1040 cm"!; l H N M R (CDCI3) δ 0.64, 
1.05, 1.16, 1.36 (each br s, 12H, C//3), 1.23-1.58 (m, 6H, CH2); 1.44 (d9J= 7 Hz , 3 
H , C H ( C / / 3 ) ) , 4.76 (q, J= 7 Hz, 1 H , C / / ( C H 3 ) ) , and 7.25-7.35 (m, 5 H , Ar#); 13c 
N M R (CDCI3) δ 17.22, 20.34, 23.55, 31.59, 34.49, 40.37, 59.66, 83.10, 126.59, 
126.74, 127.97, and 145.84; mass spectrum (EI) m/z 261. 

l-Benzyloxy-2-phenyl-2-(2 , ,2 f ,6 f ,6 '-tetramethyl-r-piperidinyloxy)ethane 13, 

To a solution of benzoyl peroxide (4.0 g, 16.5 mmol) in distilled styrene (160 
ml) was added 2,2,6,6-tetramethyl-l-piperidinyloxy ( T E M P O ) (5.68 g, 36.4 mmol) 
and the solution heated at 80 C under nitrogen for 20 hours. After cooling the 
solution was evaporated to dryness and purified by flash chromatography eluting with 
1:1 hexane/dichloromethane, gradually increasing to 1:9 hexane/dichloromethane to 
give the modified T E M P O initiator, 13, as a pale yellow oil (2.64 g, 42%); IR (neat) 
3100-2850, 1720, and 1200 c m " 1 ; ^ H N M R (CDCI3) δ 0.75, 1.07, 1.21, 1.37 (each 
br s, 12H, C//3), 1.38-1.52 (m, 6H, CH2); 4.53 ( A B q , J = 6 Hz , 1 H , C / / H ) , 4.83 
( A B q , J= 6 Hz , 1 H , C H / / ) , 5.06 ( A B q , J= 3 Hz , 1 H , CH), 7.25-7.56 (m, 8 H , ArH) 
and 7.91 (B of A B q , J = 6 Hz , 2 H , ArH); 13c N M R (CDCI3) δ 17.09, 20.31, 34.00, 
40.36, 60.01, 66.68, 83.90, 127.54, 127.97, 128.18, 129.48, 130.14, 132.72, 140.61, 
and 166.20; mass spectrum (EI) m/z 381; Anal . Calcd. for C24H31NO3: C , 75.6; H , 
8.19; N , 3.67. Found: C , 76.0; H , 7.97; N , 3.86. 

l-Hydroxy-2-phenyl-2-(2 f ,2 f ,6 ? ,6 , -tetramethyl-l f -piperidinyloxy)ethane 7, 

To a solution of the benzyl ester, 13, (3.2 g, 8.4 mmol) in ethanol (100 ml) 
was added aqueous sodium hydroxide (10 ml of a I N solution, 10.0 mmol) and the 
solution heated at reflux under nitrogen for 2 hours. After cooling, the solution was 
evaporated to dryness, partitioned between water (200 ml) and dichloromethane (200 
ml) and the aqueous layer extracted with dichloromethane (2 χ 100 ml). The 
combined organic layers were dried with magnesium sulfate, evaporated to dryness 
and the crude product purified by flash chromatography eluting with 1:4 
hexane/dichloromethane, gradually increasing to 1:9 hexane/dichloromethane to give 
the hydroxy derivative, 7, as a pale yellow oil (2.01 g, 87%); ; l H N M R (CDCI3) δ 
I. 14, 1.21, 1.33, 1.50 (each br s, 12H, C//3), 1.38-1.72 (m, 6 H , CH2); 3.71 (br d, J = 
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9 Hz , 1 H , C i / H ) , 4.21 (d of d, J= 2 and 6 Hz , 1 H , C H / / ) , 5.29 (d of d, J = 2 and 3 
Hz , 1 H , C i / ) , 5.88 (br s, O//) ; and 7.25-7.56 (m, 5 H , A r i / ) ; 1 3 C N M R (CDC1 3 ) δ 
17.15, 20.41, 20.73, 32.76, 34.61, 40.23, 40.41, 60.38, 61.69, 69.73, 83.59, 126.20, 
127.89, 128.34, and 138.92; mass spectrum (EI) m/z 277; Anal . Calcd. for 
C 1 7 H 2 7 N 0 2 : C , 73.6; H , 9.81; N , 5.05. Found: C , 73.8; H , 10.05; N , 5.08. 

2-Pheny l-2-(2 1,2 f ,6f ,6 * -tetramethy 1-1 -piperidiny loxy )-1 -(4f -viny lbenzy loxy)ethane 
4, To a solution of the alcohol, 7, (1.0 g, 3.6 mmol) in dry tetrahydrofuran (20 ml) 
was added sodium hydride (200 mg, 5.0 mmol) and the mixture stirred at room 
temperature for 10 minutes. A solution o f p-vinylbenzyl chloride (1.52 g, 10.0 mmol, 
3.0 equiv.) was added and the mixture stirred at room temperature for 1 hour, then 
heated at reflux for 16 hours. The reaction mixture was then evaporated to dryness 
and partitioned between dichloromethane (50 ml) and water (50 ml) and the aqueous 
layer extracted with dichloromethane (2 χ 50 ml). The combined organic layers were 
dried, evaporated to dryness and purified by flash chromatography eluting with 1:1 
hexane/dichloromethane increasing to dichloromethane. This gave the styrene 
derivative, 4, as a pale yellow oi l . Y ie ld 71%; ! H N M R ( C D C l 3 ) δ 0.63,1.01 (each 
br s, 6H , Ci/3), 1.15-1.55 (m, 12H, 3 χ CH2 and 2 χ C / / 3 ) , 3.65 ( A B q , J= 6 Hz , 1 H , 
C i / H ) , 3.95 ( A B q , J= 6 Hz , 1 H , C H / / ) , 4.41 (s, 2H , CH2), 4.84 (d of d, J= 2 and 6 
Hz , 1 H , C i / H ) , 5.20 (d of d, J= 2 and 7 Hz , 1 H , =CUH), 5.71 (d of d, J= 2 and 6 
Hz , 1 H , =CH#), 6.66 (d of d, J = 6 and 7 Hz , 1 H , =Ci/) , 7.08 (d, 2 H , AiH) and 
7.25-7.52 (m, 7 H , ArH); 1 3 C N M R (CDCI3) δ 17.17, 20.56, 33.87, 40.48, 59.36, 
72.74, 72.83, 85.41, 113.52, 126.04, 127.24, 127.53, 127.82, 127.88, 136.62, 138.14, 
and 141.79; mass spectrum (EI) m/z 393. 

General Procedure for Synthesis of Dendritic Initiators, [G-4]-init, 11, 
To a solution of the alcohol, 7, (392 mg, 1.50 mmol) in dry tetrahydrofuran 

(25 ml) was added sodium hydride (80 mg, 60% dispersion in oi l , 2.0 mmol) and the 
reaction mixture was stirred under argon at room temperature for 15 minutes. The 
dendritic bromide, [G-3]-Br, 10, (1.70 g, 0.51 mmol) dissolved in dry tetrahydrofuran 
(10 ml) was then added dropwise and the reaction mixture heated at reflux under 
argon for six hours. The reaction mixture was then cooled, evaporated to dryness, 
and partitioned between dichloromethane (100 ml) and water (100 ml). The aqueous 
layer was extracted with dichloromethane (2 χ 50 ml) and the combined organics 
dried and evaporated to dryness. The crude product was purified by flash 
chromatography eluting with dichloromethane gradually increasing to 1:9 diethyl 
ether/dichloromethane to give the dendritic initiator, 11, as a colorless foam (1.61 g, 
86%); IR (neat) 2950, 1500, 1380, and 1030 c m " 1 ; ! H N M R (CDCI3) δ 0.54 (br s, 
3H , Ci/3), 0.91-1.50 (br m, 15H, CH2 and C//3), 3.55 ( A B q , 1H, C H / / ) , 3.88 ( A B q , 
1H, C H / / ) , 4.36 (s, 2 H , CH2), 4.85, 4.92 and 5.00 (each s, 28H, A r C / / 2 0 ) , 4.89 
( A B q , 1H, CH), 6.35-6.60 (complex m, 21H, ArH), and 7.25-7.35 (m, 45 H , ArH); 
1 3 C N M R (CDCI3) δ 17.30, 20.49, 34.10, 39.76, 40.58, 60.06, 70.09, 70.18, 72.93, 
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85.51, 101.35, 101.71, 106.00, 106.50, 127.18, 128.05, 128.70, 136.90, 139.37, 
139.50, 141.31, 142.10, 159.96, 160.17, and 160.28. 

Copolymer of 4 with styrene, 5, A solution of the styrene-TEMPO monomer, 4, 
(450 mg, 1.15 mmol), styrene (2.40 g, 23.0 mmol, 20 equiv.) and A I B N (40 mg, 0.23 
mmol) in dry tetrahydrofuran (20 ml) was heated at reflux under argon for 24 hours. 
The reaction mixture was evaporated to dryness, redissolved in dichloromethane (10 
ml) and precipitated into methanol (500 ml) followed by hexane (500 ml). The 
copolymer, 5, was isolated as a white powder. Yie ld 72%; M n = 12 000 and P D = 
1.80; ! H N M R (CDCI3) δ 0.65, 0.90-1.70, 3.65, 3.95, 4.30, 4.82, and 6.40-7.25 (br 
m); 1 3 C N M R (CDCI3) δ 17.25, 39.0-43.5, 125.3 (br), 127.5 (br), 128.30, and 
144.7-145.8 (a number of resonances were too small to observe). 

Preparation of graft polymers, 8, A solution of the polymeric initiator, 5, (200 mg, 
0.085 mmol equiv.) in styrene (1.82 g, 17.5 mmol, 200 equiv.) was heated at 130°C 
with stirring under argon for 72 hours. During this time the viscosity of the solution 
was observed to gradually increase and the clear reaction mixture eventually 
solidified. The reaction mixture was then dissolved in dichloromethane (25 ml) and 
precipitated into hexane (1 1) followed by re-precipitation into methanol (1 1). The 
graft polystyrene, 8, was isolated as a white solid after drying. Yie ld 80%; M n = 86 
000 and P D = 2.01; N M R (CDCI3) δ 0.90-1.70 (br m), and 6.40-7.25; 1 3 C N M R 
(CDCI3) δ 39.0-44.5, 125.0 (br), 127.5 (br), and 144.5-146.0.8 

General Procedure for Macromonomer Copolymerization 
A mixture of the initiator, 1, (65.0 mg, 0.25 mmol) and poly(caprolactone) 

macromonomer, 2, ( M n = 3 500, PD. = 1.10) (2.00 g, 0.6 mmol) was dissolved in 
styrene (7.02 g, 67.5 mmol) and the reaction mixture heated at 125°C for 48 hours. 
During this time the polymerization mixture became progressively more viscous and 
eventually solidified. The reaction mixture was then cooled to room temperature and 
redissolved in tetrahydrofuran (25 ml) and precipitated (2x) into methanol (1 1) to 
give the graft copolymer, 13, as a white solid; (8.24 g, 82 %); IR. 3200-3000, 2920, 
2850, 1720, 1600, 1490, 1470 cm" 1 ; ] Η N M R (CDCI3) δ 1.28-2.05 (complex m), 
2.30 (t, C # 2 C O ) ; 4.10 (t, C # 2 O C O ) ; and 6.40-7.22 (complex m); 1 3 C N M R (CDCI3) 

δ 22.30, 40.20, 40.35-45.0 (broad multiplet), 53.20, 125.40, 127.62, 127.98, 144.50-
145.5 (br), and 173.5. 

Results and Discussion 

One of the unique features associated with 'living' free radical procedures which 
permit the synthesis of numerous complex macromolecular architectures is the 
compatibility of the alkoxyamine initiating center with a wide variety of reaction 
conditions. 1 7 This allows functionalized unimolecular initiators to be readily 
prepared and then polymerized, or coupled with a preformed polymer, to give well 
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defined multifunctional or polymeric initiators. This feature, coupled with the low 
occurrence of radical-radical coupling reactions, allows a wide variety of complex 
macromolecular architectures to be prepared. Alternatively, the tolerance of nitroxide 
mediated 'living' free radical polymerizations to various functional groups permits 
well defined linear polymers with functionalized chain ends or backbone units to be 
prepared which can then be coupled to give unusual graft, star, and block polymers. 

Graf t Copolymers. The high degree of latitude available in the design of synthetic 
strategies for the preparation of complex macromolecular architectures is perhaps best 
appreciated by examining the synthesis of graft copolymers using 'living' free radical 
procedures. Essentially all possible strategies for the construction of graft copolymers 
can be, or have been, accomplished using 'living' free radical chemistry. For example, 
the polymerization of macromonomers has been demonstrated using the alkoxyamine, 
1, as unimolecular initiator. 1 8 A s shown in scheme 1, copolymerization of 
methacrylate terminated poly(caprolactone), 2, with styrene using the unimolecular 1 
gives the graft copolymer, 3, which was shown to have the anticipated structure by a 
variety of spectroscopic and chromatographic techniques. 1 9 Significantly, even under 
standard bulk polymerization conditions a variety of macromonomers could be 
readily incorporated with the weight percentage of macromonomer in the final graft 
copolymer being essentially the same as the feed percentage. The degree of control 
over the structure of the graft copolymers was also not affected by the bulk 
polymerization conditions and low polydispersity materials with controlled molecular 
weights were routinely obtained. It should be noted that the preparation of well 
defined graft copolymers of styrene and poly(caprolactone) by other techniques is not 
feasible due to the reactivity of the ester linkages in poly(caprolactone) and further 
demonstrates the versatility of 'living' free radical procedures. 

Alternatively, a polymeric initiator containing numerous initiating sites along 
the backbone can be prepared and then arms grown from the backbone to give the 
desired graft copolymer. The versatility of 'living' free radical procedures is further 
exemplified in this instance since the two possible approaches to polymeric initiators 
can be realized using alkoxyamine derivatives. In the first example, a monomer unit, 
4, containing a single alkoxyamine group is polymerized under normal free radical 
conditions to give the desired linear polymeric initiator, 5 (Scheme 2 ) . 2 0 This result 
is noteworthy since it demonstrates the stability of the initiating alkoxyamine group to 
standard free radical conditions and may indicate that the initiating center is stable to 
a variety of other polymerization conditions. If this is the case, new graft copolymers 
containing vinyl grafts and backbones formed from condensation, metathesis, or ring 
opening polymerizations may be easily prepared. 

Polymeric initiators, such as 5, can also be prepared by coupling of reactive 
polymers with a functionalized alkoxyamine. For example, a mixture of styrene and 
p-chloromethylstyrene can be polymerized using the unimolecular initiator, 1, to give 
a well defined linear polymer, 6, which contains numerous chloromethyl groups along 
the backbone. Reaction of 6 with the sodium salt of the hydroxy functionalized 
alkoxyamine, 7, then gives the polymeric initiator, 5 (Scheme 2 ) . 2 1 The advantage of 
this route is that the molecular weight and polydispersity of the backbone polymer 
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can be readily controlled by the 'living' free radical procedure and also demonstrates 
the compatibility of nitroxide chemistry with reactive functional groups. In both 
cases a range of graft copolymers could be readily grown from the backbone and it 
was found that the individual grafts grow at approximately the same rate with little or 
no crosslinking due to radical coupling reactions. 

Hyperbranched Macromolecules. The ability to introduce polymerizable groups 
into the alkoxyamine structure also raises the possibility of preparing hyperbranched 
macromolecules by nitroxide mediated 'living' free radical procedures. The success of 
this approach is based on the recent report by Frechet of a novel self-condensing vinyl 
polymerization which, under cationic conditions, affords hyperbranched polymers. 2 2 

The important feature of this self-condensing strategy is a single monomer unit which 
contains a polymerizable double bond as well as an initiating center. Application to 
alkoxyamines then gives self-condensing monomers such as 4 which contain a 
polymerizable styrene group as well as an initiating/propagating alkoxyamine group. 
Therefore, polymerization of 4 at 130°C was found to give the hyperbranched 
macromolecule, 9, whose structure was confirmed by a combination of nmr and 
infrared spectroscopy (Scheme 3 ) . 2 3 Significantly, no insoluble or cross-linked 
material was observed, which provides further support for the low occurrence of 
termination by radical-radical coupling in nitroxide mediated systems. Interestingly, 
when the kinetics of the reaction are investigated it is apparent that the polymerization 
involves the step-wise coupling of vinyl monomers and oligomers, typical of 
condensation polymerizations, yet it proceeds by 'living' free radical vinyl chemistry. 
This can be better appreciated i f the evolution of molecular weight is followed with 
time which clearly shows a gradual build up, and then disappearance, of dimers, 
trimers, and low molecular weight oligomers (Figure 1). It should be noted that this 
system is different from the Cu(I) assisted 'living' free radical polymerization of p-
chloromethylstyrene as reported by Matyjaszewski. 2 4 In contrast to the above case, 
where propagation occurs from only secondary benzylic radical intermediates, the 
polymerization of p-chloromethylstyrene involves both primary and secondary radical 
intermediates. Since it has been recently shown that propagation from a primary 
radical is a much less efficient process than from a secondary radical , 1 7 the structure 
of both hyperbranched systems should be different. In the alkoxyamine case, the 
polymerization is a true self-condensing vinyl polymerization leading to a 
hyperbranched macromolecule with a higher degree of branching than the branched 
macromolecule obtained from p-chloromethylstyrene. 

The versatility of 'living' free radical systems can also be used to extend this 
concept of vinyl based hyperbranched macromolecules to hyper-star and randomly 
branched macromolecular architectures. The presence of bound alkoxyamine groups 
at the numerous chain ends of 9 permits further chain growth to be initiated and star 
branched polymers with a hyperbranched core to be obtained. Alternatively the self-
condensing monomer, 4, can be copolymerized with normal vinyl monomers to give 
novel randomly branched macromolecular architectures. 2 0 In this case, 4, acts as 
both the initiating group for the formation of linear units as well as branch points for 
the assembling of these linear units into a randomly branched structure. The 
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Scheme 3 
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Elution volume (ml) 

Figure 1. Gpc traces for the homopolymerization of the self-condensing 
monomer, 4, at (a) 8 hours; (b) 16 hours; (c) 30 hours; and (d) 44 hours. 
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interesting feature of these novel macromolecular architectures is that the linear units 
have low polydispsersities and controlled molecular weights which further reinforces 
the degree of control available in 'living' free radical polymerizations. 

Hybrid Dendritic-Linear Macromolecules. The compatibility of the alkoxyamine 
functionality with a wide range of reaction conditions also allows their incorporation 
into a variety of macromolecular architectures at predetermined locations. One 
example of this modular approach to the preparation of complex structures is the 
synthesis of hybrid dendritic-linear block copolymers by 'living' free radical 
procedures. 2 5 In this case, dendritic poly ether macromolecules containing a single 
bromomethyl group at the focal point are prepared by the convergent growth 
approach. The focal point group is then used as the attachment point for the 
functionalized alkoxyamine by reaction of 10 with 7 in the presence of sodium 
hydride. This gives the dendritic initiator, 11, which has a single alkoxyamine 
initiating group at its focal point (Scheme 4). A variety of monomers and comonomer 
mixtures can then be polymerized under standard 'living' free radical conditions using 
11 to give a series of novel hybrid dendritic-linear block copolymers, 12, in which the 
molecular weight of the linear block could be accurately controlled by the ratio of 11 
to monomer. For example, polymerization of a 4:1 mixture of styrene and methyl 
methacrylate (150 equivalents) with 11 gave the block copolymer, 12, which was 
shown to have a M n of 18 000 and a polydispersity of 1.10. This compares favorably 
with the theoretical molecular weight of 17 500 (Scheme 5). The structure of 12 was 
confirmed by ] Η and 1 3 C nmr spectroscopy and G P C which showed the total absence 
of starting dendrimer in the final hybrid block copolymer (Figure 2). It should be 
noted that the synthesis of hybrid dendritic-linear block copolymers by other 
techniques is either difficult, or in the case of 12 not possible. 

Conclusion 

It is apparent from the above discussion that the versatility of 'living' free radical 
procedures, coupled with their synthetic ease, opens up a number of unique 
possibilities in polymer synthesis, especially in the preparation of complex 
macromolecular architectures. Unique polymeric architectures, such as hybrid 
dendritic-linear block copolymers, which are difficult, i f not impossible, to prepare 
using known techniques can now be prepared readily. Also known macromolecular 
architectures such as graft copolymers can be prepared with significantly greater 
synthetic ease while permitting an improvement in structural control. It is envisaged 
that the increased availability of these complex macromolecular architectures, 
coupled with the ability to readily incorporate reactive functional groups, w i l l lead to 
advanced materials for a variety of technological applications ranging from 
adhesives 2 6 to advanced coatings. 2 7 
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Scheme 5 
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Figure 2. Comparison of the G P C traces for the starting (a) dendritic 
initiator, 11, and (b) the final hybrid dendritic-linear block copolymer, 12. 
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Chapter 27 

Stereochemical Control of Free-Radical 
Polymerization of Vinyl Monomers 

Tamaki Nakano and Yoshio Okamoto 

Department of Applied Chemistry, Graduate School of Engineering, 
Nagoya University, Chikusa-ku, Nagoya 464-01, Japan 

This chapter describes stereoregulation methods for free-radical 
polymerization based on (I) rationally designed monomers, (II) 
chiral initiators and chain-transfer agents, (III) reaction conditions 
(monomer concentration, temperature, solvent), and (IV) template 
molecules. Method I includes polymerization of bulky 
methacrylates giving highly isotactic polymers. Method II in
volves menthol-based peroxides and thiols that can control helic-
ity in 1-phenyldibenzosuberyl methacrylate polymerization. 
Method ΙII was effective for triphenylmethyl methacrylate polym
erization where isotacticity content of resulting polymer was con
trollable in the range >99-64%. Method IV was realized for 
methacrylic acid polymerization in the presence of amine com
pounds. 

Stereoregulation by free-radical polymerization has been achieved only in limited 
cases. On the other hand, stereochemical control of polymerization is an important 
topic in macromolecular chemistry because polymer properties are often significantly 
influenced by main-chain configuration and conformation, and various effective 
methods and catalysts for stereoregulation have been found for anionic, coordination, 
and related polymerizations (7,2). However, because free-radical polymerization is 
applicable to much wider range of monomers and generally less expensive compared 
with the other polymerizations (J), it wi l l be a powerful and practical tool for pro
ducing various types of polymers having ordered structures once effective methods 
for stereocontrol are developed. This article describes our recent studies on configu-
rational and conformational control of free-radical polymerization. 

© 1998 American Chemical Society 451 
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Control Based on Monomer Design 

Monomer structure can affect propagation stereochemistry not only in free-radical but 
also in the other polymerizations. Although free-radical polymerization of vinyl 
monomers such as acrylic monomers, vinyl esters, and styrene generally results in 
atactic polymers or polymers that are moderately rich in syndiotacticity (4,5), use of 
rationally designed monomers can lead to more ordered structures including highly 
isotactic main-chain and also can induce configurational or conformational chirality in 
the main chain. 

Bulky or Chiral Monomers. Several bulky, triarylmethyl methacrylates have 
been known to give isotactic polymers by free-radical polymerization as well as by 
asymmetric anionic polymerization (4-6). The isotactic specificity in the polymeriza
tion of the monomers is related to helix formation of growing radical chain and the 
degree of stereospecificity is dependent on the structure of ester group. Above all , 1-
phenyldibenzosuberyl methacrylate (1) leads to an almost perfectly isotactic polymer 
by radical mechanism (7,8). The growing radical derived from 1 may have more 
complete, rigid helical structure compared with those derived from other monomers 
such as triphenylmethyl ester and its analogues that result in lower isotactic specific
ity. The higher rigidity of p o l y - Γ s helix may be based on the rigidity of the ester 
group. Because the two phenyl groups of 1 are tied to each other with an ethylene 
group, the side group of 1 should have less freedom of internal rotation of bondings 
compared with triphenylmethyl group. 

In the polymerization of chiral 2, use of optically active monomer can lead to a 
helical polymer with excess right- or left-handed helicity although the isotacticity of 
poly-2 is lower (-75%) compared with the poly-1 obtained under similar conditions 
(9). Table I summarizes the conditions and results of polymerization of 2 having 
various enantiomeric excesses (e.e.'s). The e.e. values of the monomer had little ef
fect on the tacticity of the obtained polymers, suggesting that the helix formation is 
mainly governed by the bulkiness of monomer but little by chirality of the monomer 
in this case. The obtained polymers showed optical activity which was opposite in 
sign to that of the starting monomer. This strongly suggests that the optical activity 
of the polymers is mainly based on excess helicity of the main chain. The optically 
pure (+)-2 gave a polymer with large levorotation (run 7), but by anionic polymeriza
tion, the same monomer gave a highly isotactic polymer whose optical activity was 
about twice as large as that of the radically obtained polymer (10). The smaller opti
cal activity of the radically obtained polymer seems to be based on the lower isotac
ticity which can mean that the polymer has shorter single-handed helical sequences 
compared with the anionically obtained polymer. 

1 2 
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Table I. Radical Polymerization of 2 with ( / -PrOCOO) 2 

a t40°C inToluene a 

Polymer b 

Run 
E.e. (%) of 
monomer 
in feed 

Yield 
(%) 

M 365 
(deg) 

Tacticitv (%)d 

m m / m r / I T 

E.e.(%) of 
remaining 
monomer 

1 0 90.4 0 7 4 / 1 9 / 7 0 
2 -6.9 98.6 +76 7 3 / 1 9 / 8 -3.4 
3 -15.9 88.4 +246 7 2 / 1 9 / 9 -9.0 
4 -26.1 84.9 +313 7 2 / 2 1 / 7 -20.6 
5 -53.4 95.5 +520 7 5 / 1 9 / 7 -50.3 
6 -80.0 90.8 +608 7 5 / 1 9 / 7 -74.6 
7 +100 93.7 -617 7 4 / 1 6 / 1 0 +100 
8f +100 -1280 9 8 / 1/1 +100 

Conditions: [2]/[(/-PrOCOO)2] = 13, time 24 h. bHexane-insoluble part. 
Degree of polymerization and M w / M n of the polymer were in the range 32-
35 and 1.52-1.77, respectively. °In CHCl 3-2,2,2-trifluoroethanol (9/1). 
Determined by CrPC of P M M A derived from poly-2. determined by chiral 

H P L C analysis. Anionic polymerization with n -BuLi in tetrahydrofuran at 
-78°C. 
S O U R C E : Adapted from ref. 9. 

Figure 1 shows the relation between the e.e. of monomelic unit in the polymer and 
the optical activity (absolute value) of the polymer based on the data in Table I. The 
e.e. of monomelic unit was calculated from the polymer yield, the e.e. of the starting 
monomer, and the e.e. of the recovered monomer. The optical rotation of the poly
mer was in all cases larger than that expected based on the e.e. of monomelic unit 
which is indicated as a Une connecting the optical activity values at 0% and 100% 
e.e.'s of monomelic unit. This observation can reasonably rule out the possibility 
that the optical activity of the polymer arises simply from the chiral side group of 
monomelic units. In addition, it can be concluded that an excess helical sense in
duced by the effect of successive, several (-)-monomeric units based on the major 
antipode of the starting monomer, can overcome the opposite chiral induction based 
on the incorporation of (+)-monomeric unit based on the minor antipode of the 
monomer. In the polymerization of 2 having different e.e.'s, low enantiomer selec
tion was observed. The e.e. of the unreacted monomer was always lower than that of 
the starting monomer, meaning that the excess antipode was selectively incorporated 
into the polymer chain. 
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700 

0 10 20 30 40 50 60 70 80 90 100 

e.e. of monomeric units 
in polymer (%) 

Figure 1. Relation between the absolute values of op
tical activity of the poly-2s and the e.e. of monomeric 
units in the polymers. (Reproduced from ref. 9. Copy
right 1995 American Chemical Society). 

Optically active acrylamides 3 also afford isotactic polymers (mm -92%) (77). 
It has been shown that in the oligomerization of 3, growing radical adds to the vinyl 
group of monomer selectively from one enantioface by the steric influence of the chi
ral side group. 

° s / ^ R R = -Ph, - B u l , -Pr' 

3 

Cyclopolymerization of Bifunctional Monomers. Design of birunctional 
monomers that cyclopolymerize is another approach to stereoregulation. Cyclopoly
merization of 4 and 5 gives polymers rich in heterotacticity (poly-4, mm/mr/rr = 
14/51/33; poly-5, mm/mr/rr = 12/49/39) (72,73). In the cyclopolymerization of 6, 
an isotactic polymer (mm 84%) is produced; probably a cyclization effect and helix 
formation of growing radical are both responsible for the result (14,15). The optical
ly active monomer 7 having two styrene moieties gives polystyrene by copolymeriza
tion with styrene followed by removal of the chiral side group (16). In this polymeri
zation, configurational chirality is induced to the main-chain asymmetric centers 
through cyclization of 7 that forms ( S ^ - d y a d units in a largely atactic polystyrene 
chain and the resulting polystyrene shows optical activity ([oc] 3 0

3 6 5 -0.5 to -3.5°). 
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P M M A derived from the heterotactic-rich poly-5 also shows optical activity ([a] 
-4.3°) and C D absorptions based on configurational chirality of main chain. 

Control by Chiral Initiator and Chain-Transfer Agent 

As described in the preceding section, 1 gives almost perfectly isotactic polymer 
(7,8). The poly-1 prepared under achiral reaction conditions is considered to be an 
equimolar amount mixture of right- and left-handed helices. This assumption was 
supported by chiral H P L C analysis of the polymer in which the polymer was re
solved into (+)- and (-)-fractions probably corresponding to single handed helical 
isomers. We carried out the polymerization of 1 under chiral reaction conditions in 
order to examine the possibility of production of single-handed helical poly-1 via 
free-radical mechanism (17). 

Polymerization of 1 with Chiral Initiator. The possibility of chiral induction 
through initiation and the following stages of propagation was tested using chiral ini
tiators 8 and 9 that were synthesized from optically active menthol. Table II shows 
the conditions and results of polymerization. The polymerization products were 
mostly insoluble in common solvents but contained a THF-soluble, benzene-hexane 
(1:1) (B/H)-insoluble fraction. This fraction, which has a degree of polymerization 
of ca. 40-45 and is free from oligomeric products, was separated from the original 
products and used for chiroptical property analysis. The polymer obtained using 8 at 
[l]/[8] = 1 showed dextrorotation though the one obtained at [l]/[8] = 50 did not 
show significant optical activity (runs 1 and 2). The optically active polymer exhib
ited C D absorptions whose spectral pattern was similar to that of one-handed helical 
poly-1 obtained by asymmetric anionic polymerization (18), indicating that the optical 
activity is based on excess right- or left-handed helicity. The production of the opti
cally active polymer only at the higher [l]/[8] ratio suggests mat the helix-sense se
lection took place more effectively through primary radical termination rather than 
through initiation reaction. Because a polymer chain obtained from 1 is considered to 
have a complete helical structure probably without helix reversals or some defects, 
helix-sense selection through initiation reaction would give an optically active poly
mer regardless of the concentration of 8. The conclusion was supported by G P C 
analysis of the polymer with polarimetric and U V detections. The G P C analysis of 
the polymer of run 2 indicated that the polymer consists of (+)-fraction with higher 
molecular weight and (-)-fraction with lower molecular weight. This can be ex
plained in terms of unequal rates of primary radical termination for (+)- and (-)-helical 
growing radicals having opposite sense of helix. 
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Table IL Helix-Sense-Selective Free-Radical Polymerization of 1 
with 8 and 9 as Initiator in Toluene 

THF- inso l . THF-soL , B/H-insol . 
part part 

Run Initiator [l]/[8 or 9] Temp. Yield 2 1 Yield Yield [ a ] 3 6 5

b D P C 

( ° Q (%) (%) (deg) 

1 8 50 40 75 69 1 ~0 40 
2 8 1 50 48 30 3 +40 44 
3 9 1 50 59 41 12 +20 40 

aHexane-insoluble products. bMeasured in T H F . °Deteimined by G P C analy
sis of P M M A derived from poly-1. 
S O U R C E : Adapted from ref. 18. 

(s-4 (s-^l 
8 9 

The polymerization with 9 also gave optically active polymer (run 3) but the 
polymer showed a C D spectrum that is more similar to that of 9 itself rather than to 
that of helical poly-1 obtained by anionic polymerization. The chiroptical properties 
of poly-1 of run 3 may be principally ascribed to the chiral group attached to the chain 
terminals originating from the initiator. 

Polymerization of 1 with Chiral Chain-Transfer Agent. Chiral thiols as 
chain-transfer agents can induce single-handed helix through the three possible 
mechanisms as shown as eqs. (l)-(3) where a dot (·) denotes a radical electron: 

poly-1* + R S H • p o l y - l - H + RS« (1) 

RS* + n l • RS-po ly - Ι · (2) 
p o l y - Ι · + RS* • po ly - l -RS (3) 

Reaction (1) is hydrogen transfer from a thiol to a helical growing radical, (2) initia
tion or polymerization by the thio radical formed through (2), and (3) coupling ter
mination of a helical growing radical with the thio radial formed through (2). 

The polymerization of 1 was carried out with (/-PrOCOO) 2 in the presence of 
(+)- and (-)-neomenthanethiol (10) and (-)-menthanethiol (11). The conditions and 
results are shown in Table III. Under all conditions, optically active polymers were 
obtained and optical activity of the polymers was larger than that of the polymers ob
tained using chiral initiators. The use of (+)- and (-)-10 resulted in the polymers with 
opposite optical activity. Also, a higher concentration of 10 results in a lower over
all yield of products and higher optical activity of the polymer. The polymers showed 
a similar C D spectral pattern to that of anionically obtained single-handed helical poly-
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1, indicating the optical activity of the polymers obtained in the presence of the chiral 
thiols is based on excess single-handed helicity. 

From G P C analysis of the polymer of run 3, it was found that the polymer con
sisted of (-)-fraction with higher molecular weight and (+)-fraction of lower molecu
lar weight. The (+)- and (-)-fractions collected by G P C fractionation experiments 
exhibited C D spectral patterns which are symmetrical to each other. This strongly 
suggests that the opposite sign of optical rotation means opposite excess helicity in 
the fractions. These results indicated that chiral induction occurred through the reac
tions of eqs. (1) and/or (3) (termination reactions). However, detailed *H N M R 
studies of P M M A derived from the poly-1 of run 3 showed that the polymer bears a 
hydrogen atom and no neomenthyl group at the co-end of the main chain. This obser
vation excludes the possibility of chiral induction through eq. (3). Therefore, it can 
be concluded that difference in the hydrogen transfer rate in eq. (1) for (+)- and (-)-
growing radicals is responsible for the helix-selection. 

The G P C fractionation of poly-1 of run 3 gave a (-)-fraction whose optical ac
tivity was estimated to be ca. [a ] 3 6 5 -750°. This value corresponds to an enantiomeric 
excess of ca. 40% that means a mixture of (-)- and (+)-helices in a ratio of 7 to 3. 

Table III. Helix-Sense-Selective Free-Radical Polymerization of 1 
with ( /-PrOCOO) 2 at 40°C in the Presence of 10 and 11 

as Chain-Transfer Agent in Toluene 

THF- inso l . THF-soL , B/H- insol . 
Chain- partb part 

Run Transfer [1]/[10 or 11] Y i e l d a Yield Yield [ a ] 3 6 5

c D P d 

Agent (%) (%) (deg) 

1 (+)-10 0.05 82 73 2 -80 42 
2 (+)-10 0.1 80 70 3 -130 41 
3 (+)-10 0.2 71 54 5 -140 42 
4 (+)-10 0.4 18 ~0 11 -140 40 
5 (-)-10 0.4 19 ~0 10 +110 51 
6 ( + ) - l l 0.05 86 82 2 +60 50 

aHexane-insoluble products. bDegree of polymerization was in the range 84-
150 as determined by G P C analysis of P M M A derived from poly-1. M e a s 
ured in T H F . determined by G P C analysis of P M M A derived from poly-1. 
S O U R C E : Adapted from ref. 17. 

SH SH £H 

CK -o< ck 
(+)-10 (-)-10 (+)-ll 

Polymerization of 1 in the presence of optically active menthol or neomenthol 
also gave optically active, helical polymers. The alcohols appeared to function as 
chain transfer agents similarly to the chiral thiols. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 8

, 1
99

8 
| d

oi
: 1

0.
10

21
/b

k-
19

98
-0

68
5.

ch
02

7

In Controlled Radical Polymerization; Matyjaszewski, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1998. 



458 

Control by Adjusting Reaction Conditions (Monomer Concentration, 
Temperature, and Solvent ) 

Free-radical stereochemistry is generally recognized to be almost independent on the 
reaction conditions such as substrate concentration, temperature, and solvent. H o w 
ever, we have found that the reaction conditions remarkably affect the stereochemistry 
of polymerization of triphenylmethyl methacrylate (12) and tacticity of the polymer 
can be controlled in a wide range by simply adjusting the three factors in reaction 
conditions (8). 

Controlled Stereochemistry of Polymerization of 12. The conditions and 
results of polymerization of 12 are shown in Table IV along with those of 1 and 
M M A . In the polymerization of 12, higher polymerization temperatures and lower 
[ M ] 0 gave higher isotacticity (runs 1-6). Tetrahydrofuran (THF) and chloroform as 
solvent were found to lead to higher isotacticity of the products than toluene. Polym
erization in T H F under the same conditions as those for run 3 gave a polymer with a 
triad tacticity of mm / mr / rr = 99.1 / 0.9 / ~0. The isotacticity of poly-12 obtained 
by free-radical polymerization was previously reported to be 64% (19) but thus we 
have achieved nearly perfect isotacticity that is comparable to that of poly-12 obtained 
by asymmetric anionic polymerization (20,21). In contrast, the effect of reaction 
conditions on the propagation stereochemistry was not seen for 1 and M M A polym
erizations giving an almost perfectly isotactic polymer (runs 7-10) and a polymer rich 
in syndiotacticity (runs 11-13), respectively. 

A proposed mechanism for the stereocontrol is based on postulated existence of 
at least two types of propagating radicals with different monomer addition stereo
chemistries that are interchangeable and of different thermodynamic stability. The 
propagating radical in T r M A polymerization has been assumed to take helical confor
mation (6,19). However, the helical conformation may have some flexibility in the 
chain terminals and the proposed two propagating radicals may have conformational 
differences in the vicinity of the active end of the chain. The stereochemical charac
teristics described above can be interpreted using these models as shown in Figure 
2. On monomer addition, the thermodynamically less stable radical (conformation) 
having lower meso monomer addition probability is formed and this can stereomutate 
to the other radical having a higher meso monomer addition probability at a rate com
parable to monomer addition. The stereomutation of growing radical can be faster 
than propagation at a lower [ M ] 0 and a higher reaction temperature can facilitate the 
stereomutation. Solvent may also affect the conformation of growing radial and its 
mutation. 
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Table I V . Free Radical Polymerization of Methacrylates 
in Toluene under Various Reaction Conditions 3 

Run Monomer [ M ] 0 Temp Tacticity b 

(M) ( ° Q m m / m r / r r 

1 12 0.95 60 63.6/24.1 / 12.3 
2 12 0.34 60 8 2 . 6 / 1 3 . 1 / 4 . 3 
3 12 0.18 60 9 3 . 4 / 5 . 2 / 1 . 4 
4 12 0.12 60 9 8 . 2 / 1 . 7 / 0 . 1 
5 12 0.18 40 8 1 . 7 / 1 3 . 4 / 4 . 9 
6 12 0.18 30 69.9 / 20.2 / 9.9 
7 1 0.17 60 9 9 . 9 / 0 . 1 / - 0 
8 1 0.17 40 99.8 / 0.2 / ~0 
9 1 0.17 30 99.7 / 0.3 / ~0 
10 1 0.40 60 99.5 / 0.3 / 0.2 
11 M M A 6.3 40 2.5 / 30.8 / 66.7 
12 M M A 0.82 40 2 . 5 / 3 1 . 3 / 6 6 . 2 
13 M M A 0.23 40 2 . 6 / 3 1 . 0 / 6 6 . 4 

initiator: A I B N for the polymerizations at 60°C, (/-PrOCOO) 2 for 
the polymerizations at 30°C and 40°C. [Monomer]/[Initiator] = 50 
or 25. determined by *H N M R as P M M A . 
S O U R C E : Adapted from ref. 8. 

hel ical growing 
radical 

v/v\A/vv\yvrv/* . 
higher meso monomer 
addition probability 

monomer addition 

lower meso monomer 
mutation i l addition probability 

Figure 2. A proposed mechanism for the stereochemical characteristics in 
the polymerization of 12. 

The growing radical derived from 1 also takes helical conformation but the he
lix may be too rigid to allow the two types of propagating species assumed for the 
polymerization of 12. The growing species in the M M A polymerization may have 
only the thermodynamically stable conformation because the conformational dynam
ics of M M A growing radical is reasonably assumed to be much faster than that of the 
growing radical of 12 under the reaction conditions shown in Table I V . 
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Control Based on Template Molecule 

As described in the first section of this chapter, proper design of monomer can lead to 
controlled stereostructure of polymer by free-radical polymerization. In such type of 
polymerization, the side group of monomer can be considered as "template" that con
trols reaction stereochemistry of the vinyl moiety through steric repulsion. However, 
this technique has an inherent limitation that synthesizing polymers with various tac-
ticities requires polymer reactions involving cleavage of the covalent bonding between 
the template moiety and polymer main chain as in the conversion from poly-1 to 
poly(methacrylic acid) by hydrolysis. In order to improve this method, we have 
searched for reaction systems involving a relatively weak interaction between mono
mer and template. 

Methacrylic Acid Polymerization in the Presence of Amines. We found 
that stereochemistry of methacrylic acid ( M A A ) polymerization can be regulated in the 
presence of various amine compounds including racemic and optically active 1,2-
diaminocyclohexane (13) (22). Table V summarizes the conditions and results of 
polymerization of M A A using α,α'-azobisisobutyronitrile (AIBN) . 

Degree of polymerization (DP), molecular weight distribution (Mw/Mn) , and 
tacticity of the products were determined by the analysis of P M M A derived from the 
obtained po ly (MAA) . A simple procedure consisting of removal of polymerization 
solvent, addition of small amount of H C l - M e O H , methylation of diazomethane in 
benzene, and removal of benzene insoluble part (HC1 salt of amine) readily gave the 
P M M A (benzene solution) from the polymerization mixture. The polymerizations in 
M e O H and C H C 1 3 without using amines exhibited different stereochemical features 
which are consistent with the previous report (23). The presence of amines resulted 
in increased iso- and heterotacticity (mm and mr) at the expense of syndiotacticity ( I T ) 
in both M e O H and C H C 1 3 . The effect was more obvious for the polymerization in 
CHC1 3 than in M e O H , suggesting that polar interaction between the amines and M A A 
has a role in the stereoregulation. Also , higher M n ' s and broader M w / M n ' s were ob
served in the presence of amines especially for the polymerization in C H C 1 3 . Among 
the amines examined in this study, 13 had the most significant stereoeffect although 
the effect of chirality of 13 ((±)-trans-, (/?,#)-trans-, or cis-) was not clearly ob
served. The interaction between M A A and the added amine in C H C 1 3 was suggested 
to be based on both Η-bonding between 13 and M A A and ionic interaction between 
ammonium cation of 13 and M A A anion by IR analysis. The stoichiometry of the 
interaction in C D C 1 3 was found to be [MAA]/[13] = ca. 3/2 by *H N M R analysis. In 
contrast to 13 , Af-acetylated 13 (14) did not show clear effects on polymerization 
stereochemistry. Therefore, ionic interaction may be more important than H-bonding 
in inducing stereochemistry of the main chain although the acylation experiment can
not completely rule out Η-bonding effects. 

M A A 13 14 
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Table V. MAA Polymerization Using AIBN in the Presence and 
the Absence of Amine Compounds at 60°Ca 

Run Solvent Amine Tacticityb 

mm / mr / rr 

1 MeOH (R,R)-13 4.0/34.6/61.4 
2 MeOH none 3.9/29.1 /67.0 
3 CHC13 (R,R)-13 16.3/48.8/34.9 
4 CHCI3 CH 3(CH 2) 4NH 2 

cyclohexyl-NH2 

12.9/46.2/40.9 
5 CHCI3 

CH 3(CH 2) 4NH 2 

cyclohexyl-NH2 12.3/47.0/40.7 
6 CHCI3 none 8.1/41.0/50.9 

a [MAA] 0 = 0.1 M, [-NHJ 0 = 0.1 M, [AIBN]0 = 0.004 M. 
determined by Ή NMR as PMMA. 

Previously, several methods of stereoregulation for MAA polymerization were 
studied. Syndiotactic specificity of MAA polymerization in 2-propanol was reported 
to be enhanced up to rr = 95% by lowering reaction temperature to -78°C (24). 
Concerning increasing isotactic specificity, polymerization of MAA complexes af
fording optically active poly(MAA) is known though this method requires fairly com
plicated procedures of polymer synthesis and isolation (25,26). Thus, the use of 
amines provides a simpler way of enhancing isospecificity of MAA polymerization. 
Also, although stereochemistry of MAA polymerization can be affected by changing 
polymerization solvent (23), the method using amines is advantageous in mat it is ef
fective even at much lower concentration of amine (0.05M) compared with solvent 
concentration. 
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chromophore, 216-218 

nitroxyl end-group by N M R and nitrogen 
analysis, 215 

Entry rate coefficients, free radical 
emulsion polymerization, 111 

Free radical emulsion polymerization 
comparing theory and experiment, 114— 

116 
distributions for zero-one and pseudo-

bulk conditions, 109-112 
entry rate coefficients, 111 
obtaining rate coefficients from M W D 

data, 104-105,107-108 
seeded styrene polymerization 

procedure, 108-109 
surface anchoring for M W D at higher 

conversions, 116-117 
termination rate coefficient comparison 

with relaxation experiments, 113-114 
termination rate coefficient theory, 105-

106 
theory for molecular weight 

distributions, 106-107 
zero-one and pseudo-bulk kinetics, 105 

Free radical polymerization. See 
Stereochemical control of free radical 
polymerization 

Functionality of polymer chains 
addition-fragmentation reactions, 374-

376 
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A T R P of functional monomers, 409-410 
polymers with functional end groups by 

A T R P , 410-414 

Gel effect, termination rate coefficient in 
emulsion polymerization, 117 

Gel permeation chromatography-
ultraviolet ( G P C - U V ) 

analysis of chromophore-tagged 
polystyrene, 219-223 

initiator/mediator synthesis with 
chromophore, 216-218 

nitroxyl end-group analysis with 
chromophore tags, 216 

Giese reactions, unimolecular cascade 
radical reactions, 68-69 

G P C - U V . See Gel permeation 
chromatography-ultraviolet ( G P C - U V ) 

Graft copolymers 
atom transfer radical polymerization, 

404-406 
nitroxide-mediated polymerization of 

styrene and macromonomer, 439-440 
nitroxide synthesis, 436 
polymeric initiator synthesis, 438 
polymeric initiator with numerous 

initiating sites, 439, 441-442 
preparation from polymeric initiator, 438 
schematic o f routes to polymeric 

initiator, 441 
See also Dendrimers; Hyperbranched 

macromolecules; Barton esters (BE) 
Group transfer polymerization 
contribution to controlled/living radical 

polymerization, 15 
living polymerization system, 3 
mechanism for controlled-growth radical 

polymerization, 338 
mechanisms with organozinc radicals, 

79-80 
organozinc with coordinated a-diimines, 

78-80 

Hammett σ~ parameters, radical addition 
to monosubstituted alkenes, 52-53 

Hartree-Fock procedure, ab initio 
molecular orbital theory, 34 

Homolytic cleavage of covalent species 
approach to controlled/living radical 

polymerization, 19-21 
atom transfer radical polymerization, 20 -

21 
bulky arylalkyl radicals, 20 
dithiocarbamate iniferters, 20 
nitroxide moderators for styrene 

polymerization, 20 
weak direct bond of metalloradical and 

organic radical, 20 
N-Hydroxypyridine-2-thione esters 

decomposition by heat or visible light, 
377-378 

methacryloyl ester copolymers 
procedure, 381 

synthetic methods, 377 
vinylbenzoate copolymer procedure, 

381-382 
See also Barton esters (BE) 

Hyperbranched macromolecules 
evolution of molecular weight buildup, 

444/ 
Cu(I)-assisted living radical 

polymerization o f p-
chloromethylstyrene, 442 

nitroxide-mediated l iving free radical 
procedures, 442-445 

polymerization of monomer with both 
styrene and initiating/propagating 
alkoxyamine groups, 443 

Inhibitors, contribution to 
controlled/living radical 
polymerization, 15 

Iniferter controlled free radical 
polymerization 

block copolymer characterization in 
carbon dioxide, 427 
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block copolymer stabilizers for styrene 
polymerization in carbon dioxide, 427 

block copolymer synthesis using 
macroiniferters, 422 

critical micelle density for block 
copolymers, 428, 429/ 

crossover from living anionic to iniferter 
synthesis for block copolymers, 426, 
429 / 

dithiocarbamate contribution to 
controlled/living radical 
polymerization, 16, 20 

examples of diblock copolymer 
formation, 424-426 

hydrocarbon-fluorocarbon block 
copolymers, 419, 420/ 

iniferter tetraethylthiuram disulfide, 421 
silicone block copolymer synthesis, 422-

423 
synthesis of polystyrene-iniferter ( T D -

PS), 421-422 
synthesis of poly(vinyl acetate)-iniferter 

( B D C - P V A c ) , 422 
Initiation 

initiation improvement methods for 
A T R P , 269-271 

rate constants for phosphorus-centered 
radicals, 161,163-166 

role of alkyl halides, 268-269 
Interconversion in addition-fragmentation 

reaction, 369-372 
Iron(II) complex, l iving radical 

polymerization of M M A , 297, 302-304 
Isoprene 

E S R spectra, 150/ 
propagation rate constants by E S R , 151-

153 
Isotacticity. See Stereochemical control in 

free radical polymerization 
I U P A C Working Party, pulsed laser 

polymerization-size exclusion 
chromatography ( P L P - S E C ) 
discussions, 87, 89,101 

Kharasch addition reaction 
concentration effects on catalysis, 74-75 
mechanistic studies of nickel-catalyzed 

addition, 73-75 
organonickel complexes with 

diaminoaryl ligand, 72-73, 75 
organonickel ligand modification, 73-74 
spectroscopic studies during catalysis, 74 

Ligands for copper-based A T R P 
2,2'-bipyridine derivatives, 261-262 
optimum ratio of ligand to copper, 271 -

272 
tailoring the chemistry of metal catalysts, 

275-277 
Liv ing anionic polymerization, 

contribution to controlled/living radical 
polymerization, 15 

L iv ing free radical polymerization 
acrylate block copolymers by organo-

cobalt porphyrins, 310-311 
acrylate polymerization by organo-cobalt 

porphyrins, 308-310 
activation-deactivation process, 180-181 
blocking agents, 181 
chain growth without chain breaking, 3 
overview of TEMPO-mediated 

polymerization, 200-202 
preparation of novel block and graft 

copolymers by A T R P , 396-398 
reaction sequence for organo-cobalt 

porphyrin-controlled polymerization, 
311-312 

representative rate study for organo-
cobalt complex polymerization, 312-
314 

See also A tom transfer radical 
polymerization ( A T R P ) ; 
ControlledVliving" radical 
polymerization; Nitroxide-mediated 
radical polymerization 

Macromonomers, M M A by controlled-
growth polymerization, 335-338 
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Mayo dimer, thermal self-initiation 
contribution to controlled radical 
polymerization, 11 

Mayo method, rate coefficient 
determinations, 104-105, 107-108, 117 

Methacrylates 
conversion studies by pulsed sequence 

P L P ( P S - P L P ) experiments, 97-98 
isotactic specificity of triarylmethyl 

methacrylates polymers, 452-454 
low monomer conversion by P L P - S E C 

experiments, 89-91 
polymer optical activity comparison with 

enantiomeric excess of monomer, 452-
454 

protecting groups (diaryl and triaryl) 
contribution to controlled radical 
polymerization, 16 

reaction conditions for stereochemical 
control in radical polymerization, 458-
459 

See also 1-Phenyldibenzosuberyl 
methacrylate 

Methacrylic acid, polymerization with 
amines for stereochemical control, 460-
461 

Method of moments in kinetic simulations 
atom transfer moment expression, 344 
controlled-growth free radical 

polymerization, 342-343 
moment expression for chain transfer, 

344-345 
moment expression for chain transfer by 

addition-fragmentation, 345-346 
reversible termination moment 

expression, 343-344 
Methyl acrylate 
functionalized poly(methyl acrylate) by 

A T R P , 410, 412/ 
l iving radical polymerization by organo-

cobalt porphyrins, 308-311 
pecularities o f A T R P , 267-268 

Methyl methacrylate ( M M A ) 

reaction conditions for stereochemical 
control in radical polymerization, 458-
459 

chain transfer catalysis by Co(II) 
porphyrins, 306-308 

kinetic simulation of alkoxyamine-
initiated polymerization, 346-352 

nitroxide screening for l iving radical 
polymerization, 335-338 

pecularities of A T R P , 266-267 
phenol addition to A T R P , 287-293 
polymerization rate with additives, 373/ 
propagation rate constants by E S R , 151— 

153 
rate variation with chain transfer agents, 

367/ 
ruthenium(II) complex-mediated l iving 

radical polymerization, 297, 299, 300 / 
theoretical functionality with chain 

transfer agent, 375/ 
Methyl radical addition to alkenes 
alkene ionization energy and electron 

affinity influences, 42-43 
curve-crossing representation of 

potential energy profile of reaction, 
34-36 

effect of level of theory on calculated 
barriers, 36-37 

polar effect examinations, 41, 42/ 
theoretical and experimental result 

comparison for ethylene, 38-39, 40/ 
See also Radical addition to alkenes 

M M A . See Methyl methacrylate ( M M A ) 
Molecular orbital theory, polar effects for 

radical addition to alkenes, 54-55 
Molecular weight distributions ( M W D ) 
instantaneous number for zero-one and 

pseudo-bulk systems, 106-107 
rate coefficient determination, 107-108, 

117-118 
surface anchoring at higher conversions, 

116-117 
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zero-one and pseudo-bulk conditions of 
styrene emulsion polymerization, 109-
112 

Moller-Plesset perturbation, ab initio 
molecular orbital theory, 34 

Monomer conversion. See Pulsed laser 
polymerization (PLP) 

Monomer reactivity ratios, effect on 
radical reactivity ratios, 132-134 

Nickel(II) complex, l iving radical M M A 
polymerization, 297, 302-304 

Nitroxide-mediated radical 
polymerization 

activation mechanism of styrene/nitroxyl 
system, 186, 188-190 

activation rate constant by G P C , 186, 
188-190 

activation rate constant for 
styrene/nitroxyl system, 186, 188-194 

activation rate constant from 
polydispersity evolution, 191-193 

AIBN/nitroxide-mediated styrene 
polymerization, 227-232 

branched macromolecular structures, 
433-435 

w-butyl acrylate polymerization with 
D E P N , 231-234 

chromophore-tagged initiator/mediator 
synthesis, 216-218 

computer simulation of styrene/TEMPO 
system, 193-196 

controlled/living nature of nitroxide-
mediated polystyrene, 230-232 

controlled polymerization of styrene, 
244-252 

cyclic nitroxide mediators, 200-202 
diffusion coefficients for nitroxyl and 

polymeric radicals, 238-239 
elementary reactions, 181-182, 183/ 
end-group analysis o f chromophore-

tagged polystyrene, 219-223 
equilibrium constant for initiation 

adduct, 186, 187/ 

high chain-end purity only for short 
chains, 223-224 

impact of alkoxyamine homolysis on 
polymerization kinetics, 241-244 

initiator choice with DEPN-controlled 
styrene polymerization, 227-230 

kinetic simulations for M M A 
polymerization, 346-352 

overview of TEMPO-mediated 
polymerization, 200-202 

polymerization rates equivalent to 
nitroxide-free system, 182, 184-186 

quantitating polymer-bound 
chromophores by G P C - U V , 216 

rate of alkoxyamine C - 0 bond 
homolysis, 239-240 

relative inertness of nitroxides, 240 
reversible homolytic alkoxyamine 

dissociation, 236-237 
styrene polymerization with D E P N , 227-

231 
temperature dependence on dissociation 

rate constant, 190-191 
terminal nitroxyl by N M R and nitrogen 

analyses, 215 
volume contraction correction for 

polymerization kinetics, 242-244 
See also Cycl ic nitroxides; Dendrimers; 

Graft copolymers; Hyperbranched 
macromolecules; Nitroxides; Stable 
free radical polymerization 

Nitroxides 
canonical structures, 239 / 
diffusion coefficients o f radical species, 

238-239 
effect of excess T E M P O on styrene 

polymerization, 174-178 
intrinsic chemical reaction between 

radicals in trapping reaction, 239 
phosphonate-containing nitroxyl radical, 

227, 228/ 
radical trapping rate, 237-238 
reversible homolytic cleavage to 

covalent species, 20 
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rotational correlation time of nitroxide 
by E S R spectra, 238-239,245-246 

synthesis of JV-/-butyl-l-
diethylphosphono-2,2-dimethylpropyl 
nitroxyl (DEPN) , 227 

T E M P O concentration vs. time in 
styrene polymerization, 176-178 

See also Cycl ic nitroxides 

Organocobaloximes 
initiator/mediator for photochemical 

polymerization, 318-319 
initiator synthesis, 322, 324 
multifunctional initiator/mediator for star 

and radial-block architectures, 325-
327 

Organometallic complexes 
l iving radical polymerization, 305-306, 

313 
See also Cobalt(II) porphyrins 

Organonickel complexes 
controlled radical polymerization, 76 
dendrimer catalysts, 76-78 
heterogeneous catalysis, 78 
homogeneous catalysis, 72-73, 75 
mechanistic studies of nickel-catalyzed 

Kharasch addition, 73-75 
nickel ions incorporation in inorganic 

colloids, 78 
potential mechanism, 74-76 

Organozinc radicals 
α-diimine ligands, 78-80 
group transfer reactions, 78-80 
radical mechanisms in group transfer, 

79-80 
iV-Oxypyridine-2-thione 

carboxymethyl cellulose graft copolymer 
procedure, 382-383 

poly(aryl ether sulfone) graft copolymer 
procedure, 382 

See also Barton esters (BE) 

Penultimate model, radical reactivity 
ratios, 121-122 

Persistent hypervalent radicals, 
controlled/living radical 
polymerization, 21 

Phenols 
acceleration of M M A polymerization 

rate by phenol in A T R P , 294 
A T R P enhancement study, 286, 292/ 
M M A polymerization by A T R P with 

substituted phenols, 291-293 
role of phenol in A T R P of M M A , 287-

291 
Phenyl vinyl ether (PVE) 
initiation rate constants by E S R , 164/ 
time-resolved E S R study, 161, 164-166 

1-Phenyldibenzosuberyl methacrylate 
isotactic polymer by radical mechanism, 

452 
polymerization with chiral chain transfer 

agent, 456-457 
polymerization with chiral initiator, 455-

456 
Phosphorus-centered radicals 
photoinitiators, 161 
time profiles of E S R signal due to 

diphenylphosphonyl radicals, 165/ 
time-resolved E S R study, 161, 163-166 

Photochemical polymerization 
acrylate conversion and molecular 

weight vs. time, 319-321 
actual molecular weight (Mn) vs. 

theoretical, 324-325 
block acrylate copolymer preparation, 

321 ,323/ 
chain-end functionalization studies, 326, 

328-330 
chloroform necessary diluent with 

cobaloxime, 322, 323 / 
molecular weight control by 

initiator/monomer ratio, 321 
organocobaloxime initiator synthesis, 

322, 324 
organocobaloxime as 

photoinitiator/mediator o f acrylate 
esters, 316-317, 330 
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polymerization method with 
organo(pyridinato)cobaloximes, 317— 
318 

polymerization steps for acrylates, 318— 
319 

star and radial-block architectures from 
multifunctional 
photoinitiator/mediators, 325-327 

subsequent polymerization at equivalent 
rates, 319 

Trommsdorff effect absent for acrylate 
polymerization, 319 

Poly(ethylene oxide) macromonomers, 
propagation rate determination, 154-
157 

P R E D I C I simulation program 
controlled-growth radical 

polymerization, 341-342 
pulsed laser polymerization-size 

exclusion chromatography ( P L P - S E C ) 
procedure discussions, 87-88, 92-93 

Propagation rate coefficients 
comparison of thermal and photo-

initiated radical polymerization, 153— 
155 

effect of radical reactivity ratios for 
s tyrene-MMA copolymerization, 139— 
140 

effect of uncertainty on radical reactivity 
ratios, 131-132 

E S R determination of 
photopolymerization, 151-153 

polymer effect by E S R with 
poly(ethylene oxide) macromonomers, 
154-157 

See also Pulsed laser polymerization 
(PLP) 

Pseudo-bulk class o f emulsion 
polymerization 

instantaneous M W D number, P(M) , 
106-107 

kinetic theory, 105 
obtaining rate coefficients from M W D 

data, 107-108 

styrene emulsion polymerization 
procedure, 108-110 

Pulsed laser polymerization (PLP) 
principal types of P L P experiments, 8 5 / 
propagation rate constant comparisons 

with ESR, 151 
P S - P L P with spectroscopic analysis o f 

monomer conversion, 95-101 
pulse sequence ( P S - P L P ) experiments, 

85-86 
radical reactivity ratios from P L P -

derived propagation rate coefficients, 
126-131 

single pulse ( S P - P L P ) experiments, 85-
86 

size exclusion chromatography ( P L P -
SEC) technique, 84-85, 87-93 

S P - P L P with spectroscopic analysis o f 
monomer conversion, 94-95, 100-101 

Pulse sequence-pulsed laser 
polymerization ( P S - P L P ) 

conversion studies of slow propagating 
monomers, 85-86 

monomer conversion experiments with 
spectroscopic analysis, 95-99, 101 

Pyridine, slowing rate of styrene A T R P , 
278 

Quadratic configuration interaction (QCI), 
ab initio molecular orbital theory, 34 

Quinolines, cyclopenta-fused, radical 
annulations, 66-67 

Radial-block polymer architectures, 
multifunctional cobaloxime 
initiator/mediator, 325-327 

Radical addition reactions, contribution to 
controlled/living radical 
polymerization, 13 

Radical addition to alkenes 
ab initio molecular orbital theory, 31-32 
addition of methyl radical to alkenes, 

39-44 
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addition of other radicals to alkenes, 44-
47 

assessment of theoretical procedures, 
36-39 

/-butyl radical comparisons, 46-47 
charge-transfer states for radicals, 44, 45/ 
enthalpy dependence of barriers for 

radical addition reaction, 44-47 
experimental measurements by mercury 

method, 50-51 
influence of alkene electron affinity, 4 3 / 
influence of alkene ionization energy, 

4 3 / 
molecular orbital theory for polar effects, 

54-55 
polar and stability effects, 52-55 
polar effects in the addition reactions, 

44-46 
propagation step in radical 

polymerization, 50 
radical polymerization, 59-60 
regioselectivity, 56-58 
shielding substituents on olefins, 57 
stereochemistry, 58-59 
steric effects, 55-56 
theoretical considerations, 32-36 
See also Methyl radical addition to 

alkenes 
Radical annulations, cascade reactions, 

66-68 
Radical reactions. See Cascade radical 

reactions 
Radical reactivity ratios (s) 
alternative measuring methods, 135-136 
assumptions in statistical analysis, 124-

131 
catalytic chain transfer viable alternative, 

137-139 
chain transfer in copolymerization as 

alternative, 136-137 
implications of reported values, 134-135 
increasing s effect on calculated fraction 

of unsaturated end-groups, 140-142 

increasing s effect on chain transfer 
constant, 140-141 

increasing s effect on propagation rate 
coefficient, 139-140 

limited physical meaning, 120 
penultimate model, 121-122 
problems with current determination, 

122-124 
terminal model as basis, 121-122 
uncertainty of homopropagation rate 

coefficients, 131-132 
uncertainty of monomer reactivity ratios, 

132-134 
See also Statistical analysis of radical 

reactivity ratios 
γ-Radiolysis relaxation experiments 
average termination rate coefficients, 

117 
termination rate coefficient comparison, 

113-114 
Reactivity ratios. See Monomer reactivity 

ratios; Radical reactivity ratios (s) 
Retarders, contribution to 

controlled/living radical 
polymerization, 15 

Ring-opening intramolecular radical 
reaction, 64 

Ring-opening metathesis polymerization, 
3,401-402 

Rotating sector, radical reactivity ratio 
determination, 126-129 

Ruthenium(II) complex, l iving radical 
polymerization of M M A , 297, 299, 300/ 

Self condensing vinyl polymerization 
(SCVP) , hyperbranched polymers, 406 

Sequential radical reactions. See Cascade 
radical reactions 

Shielding substituents, radical additions to 
alkenes, 57 

Single pulse-pulsed laser polymerization 
( S P - P L P ) 

conversion studies of monomers with 
high propagation rates, 85-86 
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monomer conversion with online 
spectroscopic analysis, 94-95, 100-
101 

Size exclusion chromatography-pulsed 
laser polymerization ( P L P - S E C ) 

low monomer conversion restriction, 84-
85 

P L P - S E C experiments, 87-93 
P R E D I C I simulation program, 87-88, 

92-93 
Smoluchowski model 
diffusion rate coefficient of trapping, 239 
termination rate coefficient, 105, 116 

Spatially intermittent polymerization, 
radical reactivity ratios, 126-129 

Stable free radical polymerization 
l iving free radical polymerization, 170-

173 
nitroxide concentration vs. time for 

styrene polymerization, 176-178 
polymerization sample properties, 174, 

178/ 
preparation of initiator-nitroxide 

complex, 175-176 
role of excess nitroxide ( T E M P O ) , 170, 

174-178 
schematic of styrene with benzoyl 

peroxide/TEMPO, 171 
styrene polymerization methods, 1.74 
See also Nitroxide-mediated radical 

polymerization; TEMPO-mediated 
styrene polymerization 

Star polymer, multifunctional cobaloxime 
initiator/mediator, 325-327 

Statistical analysis of radical reactivity 
ratios 

error in independent variable, 125-126 
independent normally distributed error 

variance, 126-129 
weighted non-linear least squares, 124-

125 
weighting of residuals, 129-131 

Stereochemical control of free radical 
polymerization 

bulky or chiral monomers, 452-454 
chiral initiator, 455-456 
chiral menthol or neomenthol chain 

transfer agents, 457 
chiral thiol chain transfer agents, 456-

457 
cyclopolymerization of bifunctional 

monomers, 454-455 
methacrylic acid polymerization in the 

presence of amines, 460-461 
model for characteristics of 

triphenylmethyl methacrylate, 458, 
459/ 

monomer design, 452-455 
reaction conditions, 458-459 

Stokes-Einstein-Debye equation, 
isotropic rotational diffusion of 
nitroxide, 238-239 

Stokes-Einstein equation, nitroxide 
diffusion coefficient, 238 

Styrene emulsion polymerization. See 
Free radical emulsion polymerization 

Styrene monomer 
controlled polymerization with A I B N 

and D E P N mediator, 227-232 
conversion studies by pulse sequence 

P L P ( P S - P L P ) experiments, 96-97, 99, 
101 

end-functionalized polystyrene by 
A T R P , 410, 411/ 

low monomer conversion by P L P - S E C 
experiments, 87-90, 93 

pecularities of atom transfer radical 
polymerization, 265-266 

propagation rate constants by electron 
spin resonance, 151-153 

See also Cycl ic nitroxides; Nitroxide-
mediated radical polymerization; 
Stable free radical polymerization 

Tandem radical reactions. See Cascade 
radical reactions 

TEMPO-mediated styrene polymerization 
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effect of camphorsulfonic acid-type 
additives, 172-173 

initiator structure resemblance to 
dormant macromolecular species, l u 

l l 
stable free radical polymerization, 170-

173 
T E M P O concentration vs. time, 176-178 
thermal self-initiation contribution, 11-

13 
See also Nitroxide-mediated radical 

polymerization; Stable free radical 
polymerization 

Termination 
mechanism in controlled-growth radical 

polymerization, 333-338 
moment expression in kinetic simulation 

for alkoxyamine-initiated 
polymerization, 343-344 

Termination rate coefficients 
comparing theory and experiment, 114-

116 
comparison with relaxation experiments, 

113-114 
determination from M W D , 107-108 
gel effect contribution in free radical 

polymerization, 117 
pulsed laser polymerization experiments, 

92-93,96-101 
Smoluchowski model, 105, 116 
styrene emulsion polymerization 

procedure, 108-112 
theory in free radical polymerization, 

105-106 
2,2,6,6-Tetramethylpiperidinyl-1 -oxyl 

( T E M P O ) . See Nitroxides; T E M P O -
mediated styrene polymerization 

Transfer rate coefficients, pulsed laser 
polymerization experiments, 91 

Transition metal-mediated living radical 
polymerization 

additive effects, 299, 302 
alkyl halides as initiators, 297 

examples of M M A polymerization with 
Ru(II) complex, 297 

living radical polymerization in alcohols 
and water, 302-303 

living radical polymerization of M M A 
with Fe(II) and Ni(II) complexes^ 302-
304 

mechanistic features, 299-302 
polymer end groups, 299, 301 / 
re-initiating polymerization in recovered 

polymers, 299-301 
ruthenium-based systems with alkyl 
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