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Chapter 1

Comparison and Classification
of Controlled/Living Radical Polymerizations

Krzysztof Matyjaszewski

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

Controlled/living radical polymerization employs the principle of
equilibration between growing free radicals and various types of
dormant species. There are several approaches to achieve good
control over molecular weights, polydispersities and end
functionalities in these systems. They can be classified depending
on the mechanism and chemistry of the equilibration/exchange
process, as well as on the structure of the dormant species. Some of
them are catalyzed and some are not, some of them exhibit the
persistent radical effect and some do not. Currently three methods
appear to be most efficient and may lead to commercial
applications: nitroxide mediated polymerization, atom transfer
radical polymerization and degenerative transfer processes. Their
relative advantages and limitations are compared herein.

INTRODUCTION

There are several approaches to controlling free radical polymerization by
suppressing the contribution of chain breaking reactions and assuring quantitative
initiation.(1) All of these approaches employ dynamic equilibration between growing
free radicals and various types of dormant species. These reactions are described as

controlled radical polymerizations (CRP) or controlled/living radical polymerizations
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rather than as true living radical polymerizations, due to the presence of unavoidable
termination, which is intrinsically incompatible with the concept of living
polymerizations.(2) It is feasible to imagine that in the future a real living radical
polymerization will be invented in which termination will be absent or at least the
termination rate coefficients will be strongly reduced in comparison with conventional
free radical polymerization. This could be accomplished by selective complexation of
the free radical or by carrying out the reaction in a confined  space.

The exchange process is at the very core of the CRP methods and can be
approached in several ways depending on the structure of the dormant and
deactivating species, the presence of the catalyst and the particular chemistry and
mechanism of the exchange. Currently, three methods appear to be most efficient and
can be successfully applied to a large number of monomers: stable free radical
polymerization (SFRP), best represented by nitroxide mediated polymerization
(NMP), metal catalyzed atom transfer radical polymerization (ATRP), and reversible
addition-fragmentation chain transfer (RAFT) along with other degenerative transfer

processes. Their relative advantages and limitations will also be discussed.

CLASSIFICATION OF CRPS

Operationally, all CRPs employ the principle of dynamic equilibration between
dormant and active species. The position and dynamics of this equilibrium define the
observed rates as well as affect molecular weights and polydispersities of the formed
polymers. It is possible to group CRPs into several categories, depending on the
chemistry of exchange and structure of the dormant species. Although it may be
simpler to divide CRPs based on the structure of the dormant species, the mechanistic
classification may be more appropriate, since it enables better correlation of the rates,
molecular weights and polydispersities of the obtained polymers with the
concentration of the involved reagents. Thus, mechanistically, CRPs can be classified

into four different cases:
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In all of these cases dormant, non-propagating species are reversibly activated with
the rate constant of activation (k,) to form the active species, P,*, which react with
monomers, M, with the propagation rate constant, k,. The propagating radicals can be
deactivated with the rate constant of deactivation, kg, or can terminate with other
growing radicals with the termination rate constant, k. Because in all CRPs the
concentration of radicals is kept very low, termination can sometimes be neglected
since it does not significantly affect polymer properties. However, since in cases 1-3,

each act of termination generates radical traps (X*, XY* or Z, respectively)

irreversibly, termination may have some effect on kinetics.
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It must be stressed that some of these methods have been successfully
applied also in the organic synthesis with atom transfer radical addition, and

degenerative transfer with alkyl iodides and xanthates being perhaps the best
examples.(3,4)

Case 1 is best exemplified by nitroxide mediated polymerization in the presence of
TEMPO,(5,6) and bulky acyclic nitroxides, (7,8) triazolinyl radicals,(9) some bulky
organic radicals, e.g. trityl(10,11), photolabile C-S bonds (72) and organometallic
species.(13,14)

Case 2 is a subset of Case 1, since it is based on the catalyzed, reversible cleavage. of
the covalent bond in the dormant species via a redox process. Because the key step in
controlling the polymerization is atom (or group) transfer between growing chains and
a catalyst, this process was named atom transfer radical polymerization (ATRP) and is
catalyzed by various Ru, Cu, Fe and other transition metal derivatives. (15-19)

Case 3 has not yet been as successful as the above two systems. This process involves
the reversible formation of persistent radicals (PR) by reaction of the growing radicals
with a species containing an even number of electrons. PRs do not react with each
other or with monomer. Here, the role of a reversible radical trap may be played by
phosphites,(20a) some reactive, but non-polymerizable alkenes, such as
tetrathiofulvalenes(2/) or stilbene (22) and also metal compounds with an even
number of electrons.(23) It seems that some reversible addition fragmentation chain
transfer (RAFT) systems may also behave in a similar way, especially when a strong
decrease in the polymerization rate is observed. (cf. also case 4).

Case 4 is based on a thermodynamically neutral exchange process between a growing
radical, present at very low concentrations, and dormant species, present at much
higher concentrations (at least three or four orders of magnitude). This degenerative
transfer process can employ alkyl iodides, (24) unsaturated methacrylate esters,(25) or
thioesters.(26) The latter two processes operate via addition-fragmentation chemistry
with the redundant or degenerate loops which force radicals in the desired direction. A

recent paper on the application of xanthates in organic synthesis "Riding the tiger:
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Using degeneracy to tame wild radical processes", describes well the essence of these
reactions.(4)

In the first three cases the equilibrium is strongly shifted towards dormant non-
propagating species and rates depend on the concentration of the persistent radical
species, such as X*.

The only difference between the first two cases is the bimolecular activation and
catalyzed nature of the second system. The X-Y* species plays the role of PR. Case 3
is nearly identical to case 1, the only difference is that in case 3, the dormant species
has an odd number of electrons and the radical trap is not a radical. Thus, formally the
role of persistent radical is played by a non-radical species. Currently this is the least
explored chemistry. Case 4 is very different from the other three. There is no PR in it,
the equilibrium constant equals K=1 (k,=kq=kexc:) and rates should conform closely to
conventional radical systems with 1/2 external order in radical initiator. However,
some rate reduction may be expected if the transition state in which atom or group is
being transferred from one to another chain is strongly stabilized and becomes an
intermediate product.

Thus, each system has a specific dependence of the polymerization rates, molecular
weights and polydispersities on conversion and concentrations of the involved

reagents. They are summarized in Table 1 below.

Table 1. Typical Kinetic Laws and Dependence of Degree of Polymerization and
Polydispersity on Conversion for Controlled Radical Polymerization Systems

No [Example [Kinetic Law DP, [Polydispersity

1 INMP/TEMPO Rp=kpKeq[I]o/[X*] DPy=A[M}/[1}o wMn=1+(2/p-1)(kp[T]o)/ (ke[ X*])
2  |ATRP Ro=k;Keq[ o[ YVIXY*] [DP=AIMV/[1]o M./My=1+(2/p-1)(Kp[1]o)/(ka[XY*]
3 P Ry=kpKeq[T]o/[Z] DP,=A[M]/[1], M /My=1+(2/p-1)(kp[I]o)/ (k[ Z])

4 Deg. Tr/RAFT Ry=kpfka(k) “([1]0)"* [DP:=A[MI/([TAJs+A[[1]) Mw/Mu=1+2/p-1)(kp/ke)

Polymerization rates in the first three systems depend on the free radical propagation
rate constant, k,, on the equilibrium constant, K.=k./ks, on the concentration of
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initiator, [I],, and inversely on the concentration of a radical trap ([X*], [XY*], or

[Z]). It has to be realized that the concentration of the trap, i.e. PR, changes during the

polymerization, which may lead to some peculiar kinetic behavior. In case 2, rates

increase with the concentration of activator, [Y]. For degenerative transfer, the rate

law should be similar to that for the conventional radical process, but some retardation

may also be observed.

Degrees of polymerization (DP) increase linearly with conversion and depend

inversely on the initiator concentration, provided that the initiation is fast. DP may be

higher than predicted, if primary radicals terminate too fast before addition to

monomer, resulting in lower initiator efficiency. In degenerative transfer, the number

of chains is the sum of the used transfer agent and consumed initiator.

Polydispersities, M,/M,, decrease with conversion, p, and chain length, meaning that

they depend inversely on the concentration of the used initiator. Polydispersities also

depend on the ratio of rates of propagation and deactivation, the latter being a product
of the rate constant of deactivation and the concentration of the radical trap. However,

in case 4, the exchange (deactivation) proceeds by the reaction with the transfer agent
which also (predominantly) defines chain length. Therefore, in this unique system,

polydispersities should not depend on the chain length provided that the proportion of
the used initiator is small in comparison with that of the transfer agent. (27)

It has to be noted, that if the equilibrium constants are very low and/or concentrations
of the reagents are small enough, then the overall rate may be defined by the rate of
the thermal process and give apparent zero orders with respect to the involved
reagents. Also, when the PRs are formed spontaneously, the deviations from both
internal and external first orders with respect to monomer, initiator and catalysts may
be observed.

It is possible to further mechanistically subdivide the four systems into several
additional categories, depending on the molecularity of exchange, catalytic nature of
the process, occurrence of PRE (persistent radical effect) and the particular chemistry

involved in the exchange.
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The molecularity of the exchange. The dormant species can be converted to active
species either via an unimolecular (cases 1,3) or a bimolecular process (cases 2,4).
The catalytic nature of activation of dormant species. In most CRPs, the activation
process is spontaneous and can be accelerated only by increasing the reaction
temperatures. The only example of a catalytic process is ATRP, in which rates depend
on the concentration of transition metals in their lower oxidation state, e.g. case 2. The
rates in degenerative transfer systems, including RAFT, depend on the concentration
of the radical initiator. Thus, although it should not be considered as a catalyst, since it
is irreversibly consumed, it plays a role similar to catalyst in affecting the
polymerization rate.

Persistent radical effect. (PRE). (28) Most CRP systems conform to the PRE model:
(cases 1,2,3). Systems based on degenerative transfer, including addition-
fragmentation chemistry do NOT conform to PRE model. Hypervalent iodine-based
radicals and sterically hindered tertiary radicals are considered oﬁly as short- lived
intermediates (case 4). However, under some conditions they may be present at higher
concentrations and retardation is plausible. These systems may behave partially like
those in case 3.

Mechanism of equilibration. There are three general mechanisms for the reversible
formation of propagating radicals:

4.A. Bond scission-recombination. This most common mechanism includes all
unimolecular activation systems (cases 1,3). One of the most common cases, TEMPO

mediated polymerization of styrene, is shown below:

Kact
——CHZ-?H—CHZ-c':H—o-—N. ~—T——-—‘ —CHZ-?H-CHZ-CI:H +  *O0—N
deact
CeHs  CeHs - CeHs  CeHs
%)
M

(%)
4B. Reversible atom or group transfer. This describes both iodine mediated
degenerative transfer systems and ATRP. (cases 4 and 2)
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ATRP is schematically shown below together with the relevant rate constants for the
styrene polymerization in bulk at 110 °C catalyzed by CuBr complexed by 4,4'-di (5-
nonyl)-2,2'-bipyridine (dNbpy):

R* 7 +
k = R' 1
SN e | ka=0.45M"s
Pi—Br + cu”
7 T, N k=t 10" M's™,
~ s 4
Rl \ R

Q)
4.C. Addition-fragmentation. This type of bimolecular exchange process employs

reversible addition of the radicals to compounds with non-polymerizable multiple

bonds (case 4 and potentially case 3). It may include methacrylate oligomers prepared

by catalytic chain transfer:
CH; CHy CHy  CHy
<I:H3 ?Hfa_\' CHzC—CHyC—CHyp- CHy  CHy — CHyb—CHar
—CH;C—CH,C COCH, & Kadd o) : ’
\Z 2CHyCO,CHy  ___30C CHyG—CHyC—CHz X/ "C0,CH, CO,CH;
CO,CH;3 CO,CH; CO,CH3 | CO,CH3
kp COchg CO,CHj
N Jee
CH3 CH3 CHz CH; CHa
—CHyC—CH;C—CH, *C—CH,C—CH,-

CO,CH;CO,CH; COCH3 C)o,cmco,cu,
kp
M

®
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but also dithioesters in polymerization of styrenes and various (meth)acrylates

IR I Yo
—cH,c—CH,e!  ('s= Kadd !
2] 25 L/S —_— CHZC—CHZC s——cQ
CO,CHs coch3 Y
@ COch3 COZCH;;
M
H H S
Vi

I I
—CH,C—CH,C—S—C R

CO,CHs COcH; 2 (M)
M

®
In principle, addition-fragmentation chemistry could be also described as a reversible
group transfer process.
Structure of dormant species. Nevertheless, perhaps the most transparent criterion
for classification of various CRP is one based on the structure of the dormant species
and the type of bond which is reversibly broken. However, mechanistically, CRP will
always follow one of the four examples shown as cases 1-4 and summarized in Table
1 above.
5.A. C-C bonds. The triphenylmethyl radical was used first as a reversible trap in
methyl methacrylate polymerization (case 1). (10,11) Polymerization of methacrylate
macromonomers mediated by the addition-fragmentation chemistry also proceeds by
C-C bond cleavage (case 4, eq. 8) (25)
5.B. C-N bonds. To this category belong triazolinyl (9) and verdazyl derivatives.(29)
(case 1). The most efficient appears triazolinyl radical with all phenyl substituents as
shown in eq. 10; apparently a derivative with spiroindanyl substituent at 3,3’-position

is less efficient due to its higher thermal stability.
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(10)
5.C. C-O bonds. The classic example here is alkoxyamine, with TEMPO being the
most common and most thoroughly studied nitroxide. (case 1). However, some new
more bulky nitroxides provide better control and can be extended to a larger number

of monomers (7,20b,8):

11)
5.D. C-S bonds. Iniferters based on dithiocarbamates were the first species with
photochemically labile C-S bonds (predominantly case 1) (72). Dithioesters act as
very efficient degenerative transfer reagents in the RAFT process with transfer
coefficients more than 100 times higher than the dithiocarbamates. (case 4, eq. 9)
(26,30)
5.E. C-Halogen. ATRP. (case 2). Degenerative transfer with alkyl iodides has been
successfully used for styrene, acrylates and vinyl acetate. (case 4, eqgs. 6 and 7)
5.,F. C-Metal bonds. Homolytic cleavage of organometallic bonds has been
successfully applied in polymerization of acrylates and styrene using cobalt
derivatives, especially complexed by sterically demanding porphyrins. (case 1) It is
also feasible that some transition metals with even numbers of electrons (high spin?)
may reversibly react with organic radicals to form paramagnetic organometallic
species (case 3)
5.G. Other systems. In principle, other systems can be simply formed by extrapolating
group SA to P, As, and Sb, group 6A to Se and Te. One can also use heavier

Matyjaszewski; Controlled/Living Radical Polymerization
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halogens and other transition metals. In addition, there have been some reports on
polymerization in the presence of B- and Al- species, however, more detailed studies

in the latter systems excluded the presence of hypervalent aluminum radicals.(31)

BASIC REQUIREMENTS FOR CONTROLLED/LIVING
RADICAL POLYMERIZATION

Perhaps the most important difference between conventional and controlled/living
radical polymerizations is the lifetime of an average chain. In.conventional systems
chain is born, grows and dies within approximately 1s; during this time it is not
possible to perform any synthetic manipulations such as chain extension, end
functionalization, variation of monomer feed, etc. On the other hand, under
controlled/living conditions, chains grow during several hours enabling precise
macromolecular engineering. Long lifetime of chains requires sufficiently low
concentrations of macroradicals but also sufficiently high concentration of
propagating chains. This can be accomplished via equilibration between active free
radicals and various dormant chains which should exchange rapidly. In many CRP
systems concentration of radicals is similar to those in conventional systems, meaning
that overall polymerization rates are similar and the absolute concentration of
terminated chains are similar. However, the proportion of the terminated chains in
CRP systems is much lower (usually <IO%). Finally, because most chain are in the
dormant state and radicals remain at low concentration, it is possible to initiate all
chains at approximately same time and achieve growth in several directions making
well-defined stars, bottle brush structures, but also end functional polymers and block
copolymers.

Thus, there are three general requirements for CRP(1). They include:

fast exchange between dormant species and growing radicals

a small proportion of chains involved in chain breaking reactions

fast and quantitative initiation

Matyjaszewski; Controlled/Living Radical Polymerization
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Exchange. It is perhaps more instructive to first analyze the dynamics of exchange
since all CRPs employ this concept in one or the other way. Here, one of the most
important parameters is the number of monomer molecules added to the growing
chain during one activation step. If this number is very low, preferentially less than
unity, then polymers with low polydispersities and good control of molecular weights
are obtained. If this number is very large, exceeding the targeted degree of
polymerization, then poor control is obtained and the polymerization may resemble a
conventional, thermally or redox initiated system. As discussed before, the evolution
of polydispersities in systems based on degenerative transfer is different from those in
other CRP systems which obey the persistent radical effect (PRE). In the PRE
systems, represented by nitroxide mediated polymerization and atom transfer radical
polymerization, polydispersities depend on the ratio of rate constants of propagation
to deactivation (ky/ky), the concentration of deactivating persistent radicals ([D]), the
chain length, which is reciprocally correlated with the concentration of the initiator
([RX],), and conversion, p.(32) For sufficiently high polymerization degrees, the

following equation operates:

Mw/Mn=1+ ([RX], ko)/([D] kq) (2/p — 1)
(12)
It is also possible to express the polydispersities as a function of the reaction time and
rate constant of activation, k, (for a bimolecular activation like in ATRP, a product of

the concentration of activator and k, must be used)(33):

Mw/Mp=1+ 2/(ka t)
(13)
Both equations can be applied leading to similar results, since ([RX], k;)/([D] kq) =
[P*Ik/k, = Ry/[M] k,, especially under pseudo-stationary conditions, when the
numbers of activation and deactivation steps are equal. However, kinetic data (as a
function of time) may sometimes be affected by adventitious impurities, the mixing

process, etc. Usually the evolution of molecular weights and polydispersities with
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conversion is more reliable and easier to reproduce. However, the first method
requires either direct measureruents of the concentration of the deactivator, by e.g.
EPR, or application of a known excess of deactivator.

Figures 1 and 2 illustrate the evolution of polydispersities for several

simulated ATRP systems.
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Fig. 1. Evolution of polydispersities with conversion. Simulations were performed for

the systems resembling polymerization of acrylates initiated by alkyl bromides and
catalyzed by CuBr/2dNbpy at 80 °C using the following concentrations: [M],=10 M,

[RX],=0.1 M, [Cu(])],=0.1 M, [Cu(l])],= 0.05 M and rate constants: k,=5 10° M s°

T k=10 M' s, k°=5 10° M" s, and the following values of the exponents of the
rate constants of activation (k) and deactivation (k) =1,8; -1,8; -2,8; .1,7; -2,7; -
3,7, -2,6; -3,6, -4,6. In addition, the theoretically predicted evolution of
polydispersities is plotted according to eq. 12 and 14 (thicker lines).

Matyjaszewski; Controlled/Living Radical Polymerization
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV OF NORTH TEXAS on January 21, 2017 | http://pubs.acs.org
Publication Date: August 15, 2000 | doi: 10.1021/bk-2000-0768.ch001

15

A correlation of simulated results (symbols refer to different values of k, and
kg) with dependence predicted by Eq. 12 is better than with Eq. 13 (cf. Figures 1 and

2, respectively).
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Fig. 2. Evolution of polydispersities with time. Simulations were performed for the
systems identical to those in Fig.1. Lines represent theoretically predicted evolution
of polydispersities according to eq. 13.

It can be also noticed in Fig. 1, that polydispersities simulated by Predici
software are generally higher than those predicted by eq. 12. This is due to
termination reactions which broaden MWD. Also, the fit is poor when deactivation

becomes slow. This is due to incomplete initiation and requires using a more complex
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equation to account for the unreacted initiator (27) as shown by eq. 14 and the thick
lines in Fig. 1, which fit the results better than the thin lines derived from eq. 12:

Mu/Mq={1+ ([RX]o ko)/([D] ka) (2/p — 1)H{1-(1-p) V12
(14)
Nevertheless at higher conversion there is relatively good agreement with values
calculated based on the simpler eq. 12. It is worth noting that polydispersities depend
only on values of kg4 and, for the same kg,are not affected by k, (Fig. 1)
Although there is a rough correlation between evolution of MWD with time and
values of k,, small differences remain, due to different values of k4. (Fig. 2) It is
difficult to plot all data and compare them, because of the dramatic differences in the
polymerization rates (approaching five orders of magnitude).

Termination. In all controlled and conventional radical polymerization systems
termination does occur. In the first approximation, the concentration of terminated
chains depends only on polymerization rate (i.e. concentration of propagating
radicals). However, the ratio of the concentrations of terminated chains to the sum of
the active and dormant chain concentrations can be dramatically different in both
systems. In conventional radical polymerization, nearly all chains are terminated
(except a tiny fraction, ppm, of actually growing chains). In controlled systems, the
proportion of terminated chains can be very small, usually less then 10%. It is
important to know precisely the proportion of these chains since they can not be
functionalize or extended in the form of block copolymers, etc. It has to be
remembered that the overall polydispersity may not always indicate a low proportion
of terminated chains.

Rate coefficients of radical termination are very large, often diffusion
controlled (k>10" mol™* L s™). They decrease with the chain length and also with the
viscosity of the reaction medium.(34) Up to now, attempts to further reduce these rate
coefficients have not been fully successful. However, a nearly terminationless radical

polymerization of methyl methacrylate (MMA) in the presence of large amounts of
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phosphoric acids has been reported, presumably due to the complexation of PMMA
radical by the acid and reduction of termination rate coefficients due to steric or
electronic reasons. (35) Termination between two growing radical chains may also be
absent in polymerizations carried out in a confined space such as in cavities of zeolites
or other three dimensional compounds.(36,37) Such approaches, based on the physical
or chemical stabilization of growing radicals, may lead to a living radical
polymerization in which termination would be absent. However, in these early
systems, polymers with uncontrolled molecular weights and high polydispersities were
formed due to slow initiation and/or variation of the propagation rate with the
steric/electronic effects in the surrounding of growing chains. It would be interesting
to combine both approaches which would rely on the dynamic equilibration between
active and dormant chains and quantitative initiation together with the physical or
chemical stabilization of the growing radicals. The latter systems may potentially have
chemoselectivities and stereoselectivities which are different from those of
conventional systems and of currently available controlled/living free radical
polymerizations, possibly leading to new not yet accessible polymers.

‘When the proportion of terminated chains is relatively low, it depends on the
ratio k,/kpz, increases with the polymerization rate (din[M}/dt), with conversion
(AIn[M]) and with the chain length (reciprocally correlated with the concentration of

initiator, 1/[RX],):

%i=(ki/kp2)(dIn[M}/dt) AIn[MY/[RX],

(15)
Figure 3 illustrates more precise evolution of the proportion of terminated chains with
the progress of the reaction in polymerization of MMA in diphenyl ether at 80 °C,
using a 100:1:1 ratio of [M],:[RBr],:[CuBr/2dNbpy]),, whereas Figure 4 shows the

final simulated MWD of the obtained polymers.
The simulations were carried out using Predici software. (38) A simplified
scheme was used, in which the rate constants of activation and deactivation were the

same for the low and high molar mass species; addition of initiating radical to
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monomer was 10 times faster than propagation; rate coefficients of termination of
initiating radicals were diffusion controlled (k°= 10° M's"), but those for the
polymeric species did not vary with the chain length and were identical for

recombination and disproportionation.

1.5 T T T | T T T | T T T l T T T I T T T T 1

[xdliixd]

o

0.2 04 0.6 0.8 1
Conversion

Fig. 3. Predici simulations of the evolution of polydispersities and the proportion of
preserved end functionalities in polymerization of [MMA],= 5 M , initiated by [ethyl
2-bromoisobutyrate] ,~0.05 M and catalyzed by [CuBr/2dNbpy] ,=0.05 M at 80 °C in
diphenyl ether. Simulations were carried out using the following rate constants:
k=10° M's", k=10 M's”, k=10 M's”, k=10 M's"".

Therefore, when approximately 60 % of the chains were deactivated, half of the dead
chains formed a polymer with double molecular weight, resulting in an increase of the
overall polydispersities but only tc e value of M,/M,=1.2. It has to be recognized
that such polymers with relatively low polydispersities will be very inefficient
precursors for block copolymerization due to significant loss of functionalities. Thus,

lower temperatures and/or lower concentrations of catalyst are needed to reduce the
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concentration of free radicals in similar systems. Another possibility would be to limit

polymerization to lower conversion or target lower molecular weight polymer.

1 T T T T |' T : T
3 - { DP=128 :
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2 ]
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Q r 4
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o e —— PO PP -g dezoscosocccos:an M, i

50 60 70 80 90100 200 300 400

Log M

Fig. 4 Simulated final molecular weight distribution for the system described in Fig.
3.

Initiation. Some attributes of controlled/living polymerizations include the linear
evolution of molecular weights with conversion, and the formation of polymers with
low polydispersities and high degrees of end functionality as well as efficient block
copolymerization. All of these features require quantitative initiation. In CRP systems
this is translated into a constant or nearly constant number of growing chains. In NMP
and ATRP, it is necessary to select an initiator which resembles the structure of
dormant chains or has somewhat higher intrinsic reactivity. If the initiator generates

too many radicals, termination may reduce its efficiency. Here, a notable exception
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are sulfonyl halides which do not dimerize fast enough and provide fast initiation
especially for methacrylate monomers.(39)

In most controlled/living systems the highest polydispersities for slow
initiation systems are defined by the Gold distribution (M,/M,<1.35). However, in
CRP, slow initiation is also accompanied by a lower concentration of spontaneously
formed PR and therefore slower exchange. As a result polymers with much higher
polydispersities can be obtained.

Systems based on degenerative transfer, including RAFT, belong to a special
case where initiation is very slow and, in fact, never completed. However, a large
majority of the chains are formed early on by an efficient transfer agent which is
usually present in a large excess over the initiator. Therefore, a small amount of
continuously generated chains does not contribute significantly to the overall number
of chains and good control over molecular weights and polydispersities can be

achieved.

COMPARISON OF NMP, ATRP AND RAFT

Currently, the three most efficient methods of controlling radical
polymerization with a commercial promise include NMP, ATRP and RAFT. Each of
these methods has advantages as well as limitations. The relative advantages and
limitations of each method can be discussed by comparing four typical features. They
include the range of polymerizable monomers, typical reaction conditions
(temperature, time, sensitivity to impurities,etc.), the nature of transferable end
groups/atoms and various additives such as catalysts, accelerators, etc.

NMP was originally best represented by TEMPO. TEMPO could be
successfully applied only to styrene and copolymers due to its relatively small
equilibrium constant. For acrylates and methacrylates it yields either unsaturated
oligomers/polymers or poorly controlled polymers. Some improvement was reported
for polymerization of acrylates when nitroxides with a lower thermal stability (4-oxy
TEMPO) were used. Most recently, much better results were obtained with more

sterically bulky nitroxides, such as phosphonate ester derivatives. Due to a higher
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equilibrium constant, polymerization of acrylates and acrylamides was successful.
When TEMPO is used for NMP, reactions are carried out in bulk and at high
temperatures (>120 °C) because they are inherently slow, although some acceleration
was described in the presence of sugars, acyl compounds and acids. Polymerizations
in solution, dispersion and emulsion have been also reported. As initiators, either a
combination of conventional initiator (BPO, AIBN) and free nitroxide (1.3:1 ratio is
apparently the best) or preformed alkoxyamines can be used. End groups in the
dormant species are alkoxyamines and some unsaturated species formed by
abstraction of B-H atoms or other inactive groups formed by side reactions, e.g.,
termination. Conversion of alkoxyamines to other useful functionalities generally
requires radical reactions. For example, via reaction with FeCls, halogen terminal
groups have been successfully incorporated. Alkoxyamines are relatively expensive,
generally difficult to remove from the chain end, not yet commercially available and,
hence, need to be synthesized. However, the process typically does not require a
catalyst and is carried out at elevated temperatures. The most promising new
nitroxides provide easier thermal cleavage of alkoxyamines and can be applied to
other monomers such as acrylates, but not yet methacrylates. The synthesis and
evaluation of new nitroxides is probably the most interesting and important area of
research for the future of NMP. l

ATRP has been used successfully for the largest range of monomers,
although the homopolymerization of vinyl acetate has not yet been successful. The
careful selection of pH and initiating systems led recently to the controlled
polymerization of methacrylic acid. ATRP has been carried out in bulk, solution,
suspension, dispersion and emulsion at temperatures ranging from —20 °C to 130 °C.
Some tolerance to oxygen and inhibitors has been reported in the presence of zero-
valent metals, indicating that ATRP may be the most robust CRP method.(40) The
catalyst must be available for the reaction and it should be sufficiently accessible in
the reaction medium. The catalyst is based on a transition metal which regulates the
polymerization rate and polydispersities. It can facilitate cross-propagation for the

synthesis of difficult block copolymers(e.g. polyacrylates to polymethacrylates) and
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can scavenge some oxygen, but it should be removed or recycled from the final

_polymerization product. Some interesting results were obtained by using an

immobilized catalyst system.(4/,42) Perhaps the biggest advantage of ATRP is the
inexpensive end group consisting of simple halogens. This is especially important for
short chains due to the high proportion of the end groups. The terminal halogen can be
easily displaced with other useful functionalities using Sn2, Sy1, radical processes and
other chemistries.(43) There is a multitude of commercially available initiators and
macroinitiators for ATRP. They include alkyl halides with a-phenyl, vinyl, carbonyl,
cyano and multiple halogen atoms as well as any compound with a weak halogen —
heteroatom bond, such as sulfonyl halides. The halogen from the chain end can be
exchanged with that bound to the catalyst. Such an exchange process improves
efficiency of crosspropagation from polyacrylates to e.g. polymethacrylates which can
not be achieved by other CRP methods.(44) The future research directions in ATRP
should address better removal/recycling (immobilization?) of the catalyst, the
development of new catalytic systems to expand the range of monomers to less
reactive ones (e.g. olefins) and elucidation of a comprehensive structure-reactivity
relationship for alkyl halides and transition metal complexes.

Degenerative transfer systems, and RAFT in particular, can be potentially
used for any radically polymerizable monomer. However, reactions of vinyl esters
are apparently more difficult and RAFT of vinyl esters requires either very high
temperatures (T>140 °C) or replacement of dithioesters by xanthates. It may be
difficult to assure an efficient crosspropagation for some systems. In principle, all
classic radical systems can be converted to RAFT or to another degenerative transfer
systems in the presence of efficient transfer reagents. The end groups are either alkyl
iodides, methacrylates or thioesters (RAFT). The latter are colored and can give some
odor for low molar mass species and may require radical chemistry for removal and
displacement. Dithioesters are not commercially available. Methacrylate oligomers
formed by the catalytic chain transfer are efficient only in the polymerization of
methacrylates. No catalyst is needed for degenerative transfer but, in fact, the role of

the catalyst is played by the radical initiator. This also means that the initiator may
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incorporate some undesired end groups and the amount of termination is governed by
the amount of the decomposed initiator. A potential disadvantage of degenerative
transfer is that there is always a low molecular weight radical available for
termination. By contrast, in the ATRP and NMP systems, at sufficient conversions
only long chains exist, and, therefore, they terminate more slowly. The future research

in DT and RAFT should address better (cheaper, less toxic, with less color and odor)
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transferable groups and methods for crosspropagation.

Table 2. Comparison of NMP, ATRP and Degenerative Transfer Systems

Feature  Systems
NMP ATRP Deg. Transfer
(RAFT)
Monomers |styrenes for TEMPO |nearly all monomers tnearly all monomers
Lalso  acrylates & with activated double
pcrylamides for new ponds
mitroxides -NO vinyl acetate
-NO methacrylates
Conditions elevated temp (>120 Hlarge range of televated temperatures
°C for TEMPO) temperatures (-30 to 150 {for less reactive
°C) monomers
Fwater-borne systems [water-borne  systems water-borne  systems
OK OK OK
Lsensitive to oxygen  ftolerance to O, and Gsensitive to oxygen
inhibitor with Mt°
End lalkoxyamines ialkyl (pseudo)halides [dithioesters, iodides &
Groups  (requires radical }either Sy, E or radical methacrylates
chemistry for chemistry for |radical chemistry for
transformations transformations transformations (Sy for
Hrelatively expensive  Finexpensive & [RI)
-thermally unstable  javailable -relatively expensive
-Hthermally and |thermally and photo
photostable less stable
Lhalogen exchange for color/odor
enhanced Cross-
ropagation
Additives [none transition metal catalyst [conventional radical
-NMP may be |should be removed / [initiator
pccelerated with acyl recycled Fmay  decrease  end
compounds functionality
+tmay produce too many
new chains
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Table 2 above summarizes the main features of the three discussed systems.
Thus, the main advantage of the nitroxide mediated system is the absence of any
metal. TEMPO is applicable for styrene but new nitroxides are useful for other
monomers. ATRP may be especially well suited for low molar mass functional
polymers due to the cost of end groups and easier catalyst removal. It may be also
very successful for the synthesis of "difficult” block copolymers and some special
hybrids with end functionalities. It does require catalyst recycling, however, it is able
to tolerate small amounts of oxygen, inhibitor and impurities. DT and especially
RAFT should be successful for the polymerization of many less reactive monomers
and for the preparation of high molecular weight polymers. Due to some limitations
of the sulfur containing compounds, the search for new efficient transferable groups

should be continued.

GENERAL FEATURES AND FUTURE PERSPECTIVE OF CRP

It appears that the above discussed CRP systems resemble in many cases conventional
radical processes. They have chemoselectivities (reactivity ratios), regioselectivities
(head-to-tail conmectivity) and stereoselectivities (tacticities) and termination rate
coefficients very similar to those of conventional systems.(45) Though extremely
important, the only difference is that it is possible, by assuring fast initiation and by
extending the time of building up the polymer chains from a fraction of a second to
hours, to perform many synthetic manipulations, i.e. employ macromolecular
engineering for each chain. It is possible to control chain topologies, functionalities
and composition in a way similar to living ionic polymerizations.

However, it has to be recognized that the proportion of terminated chains and
loss of functionalities increases with thé chain length and concentration of growing
radicals. Thus, to grow long chains, especially using monomers which propagate
relatively slowly such as styrenes and methacrylates, will require long reaction times
during which radiéal termination may be suppressed but other chain breaking

reactions may become more prevalent.
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Therefore, it should be recognized that at present CRPs could be most
efficiently applied to the synthesis of polymers with low and moderate molecular
weights, unless propagation rate constants are very high (e.g. acrylates). At the same
time, there are so many interesting structures to be prepared by CRP that this
technique should find commercial use and many new industrial applications in the
very near future. It is possible to design novel surfactants, dispersants, lubricants,
adhesives, gels, coatings, and many other materials which can only be prepared by

controlled/living radical polymerization.
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