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1. Introduction

Controlled/living radical polymerization (CRP) was

described for the first time by Moad and Rizzardo 1 about

30 years ago. The CRP is a powerful tool for the synthesis

of unique polymer materials. In the past decades, CRP was

considered in quite a number of papers and surveyed in

several reviews 2 ± 10 and monographs,11, 12 which are

devoted to various aspects of this process: the synthesis of

controlling agents and initiators,2, 5, 7 the mechanism and

kinetics of polymerization,10 ± 17 the polymerization of var-

ious monomers 3, 4, 7, 12 and practical applica-

tions.3, 7, 12, 18 ± 20 The most popular pseudoliving radical

polymerization techniques are the atom transfer radical

polymerization (ATRP), the reversible addition ± fragmen-

tation chain transfer (RAFT) polymerization and the nitro-

xide-mediated polymerization (NMP). Pseudoliving radical

polymerization is a process, in which the irreversible quad-

ratic termination of growing chains is suppressed by rever-

sible chain termination or transfer using various controlling

agents for each of the three types of polymerization. Main

kinetic features of nitroxide-mediated pseudoliving radical

polymerization are analyzed in detail in the recent review by

Zaremski 10 and in a special chapter in a monograph by

Bagryanskaya and Marque.17 Besides, the review by Zar-

emski describes methods for the determination of the rate

constants of reinitiation and reversible chain termination in

polymerization systems and presents an analysis of the

relevant results.

On the one hand, CRP occurs under relatively mild

conditions typical of conventional radical polymerization,

exhibits broad tolerance to functional substituents in mono-

mers and does not require high-purity reagents. On the

other hand, CRP techniques allow for the preparation of

polymers in a specified molecular-weight range with a

narrow molecular-weight distribution (typical values

1.05 ± 1.5). Besides, CRP methods are suitable for the syn-

thesis of polymers with different architectures (linear poly-

mers, graft polymers, polymer brushes, star-like polymers

and dendrimers) and macromolecules with a complex com-

position (block copolymers, gradient polymers, alternating

polymers) (Fig. 1). Therefore, CRP techniques can be used

in industrial synthesis of macromolecules for high-tech

applications. Nitroxide-mediated pseudoliving radical poly-

merization is most suitable for the synthesis of macro-

molecules for biomedical purposes because it employs non-

toxic organic compounds as controlling agents, which can

be purified to a high degree in the course of the preparation.

In this review, the nitroxide-mediated pseudoliving radical

polymerization will be called the controlled radical poly-

merization for the sake of brevity.

The present review does not aim to duplicate all avail-

able data on the CRP. The major focus is given to studies

devoted to the use of two families of nitroxide radicals

(NRs) Ð imidazoline and imidazolidine nitroxides Ð as

controlling agents for CRP. The application of pyrrolidine

nitroxides and the SG1 nitroxide [SG1 is N-tert-butyl-N-(1-

diethylphosphono-2,2-dimethylpropyl)-N-oxyl] is briefly

considered.
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Figure 1. Synthetic opportunities of controlled radical polymerization.

M.V.Edeleva, S.R.A.Marque, E.G.Bagryanskaya Russ. Chem. Rev., 2018, 87 (4) 328 ± 349 329



2. Mechanism of controlled radical polymerization

The mechanism of CRP is based on the so-called persistent

(long-lived) radical effect,21 which was independently

described by Fischer and co-workers 22, 23 and by Goto and

Fukuda.15 This effect may be better explained by the

homolysis of alkoxyamine R7Y (the adduct generated via

recombination of nitroxide with a carbon-centred radical),

where R
.
is a carbon-centred radical, Y

.
is a persistent

nitroxide radical, which cannot be involved in bimolecular

recombination with the second persistent radical. Carbon-

centred radicals generated via homolysis [reaction (1),

Scheme 1] recombine both with each other [reaction (3)]

and with nitroxide radicals [reaction (2)], while nitroxide

radicals are involved in the reaction only with alkyl radicals

[see reaction (2)]. As a result, the concentration of nitroxide

radicals becomes several orders of magnitude higher than

that of alkyl radicals in a short time after the beginning of

the reaction, and, in the absence of other reactions, the

reversible homolysis of alkoxyamine R7Y is the major

process.

Scheme 1

R7Y R
.
+Y

.
(1)

R
.
+Y

.
R7Y (2)

2R
.

P (3)

In 1987, Fischer and Paul 24 solved kinetic equations

that describe reactions involving stable and short-lived

radicals. A few years later, Daikh and Finke suggested the

term `persistent radical effect'.21 The synthesis of polymers

with precisely specified molecular weight by nitroxide-

mediated pseudoliving radical polymerization was described

in patents.25, 26 Almost at the same time, Otsu et al.27

proposed a model of nitroxide-mediated living polymer-

ization. Subsequently, it was demonstrated that other mol-

ecules can also be used as controlling agents for controlled

radical polymerization, e.g., transition metal complexes,

which were described by Wang and Matyjaszewski 28 and

by Sawamoto and co-workers,29 and dithiobenzoic and

dithioacetic acid derivatives proposed by Rizzardo and co-

workers.30

The mechanism and kinetics of CRP were described in

detail in a number of reviews.31 ± 33 Therefore, we will only

briefly outline the main aspects required for the presenta-

tion of the data in this review. The CRP is generally

described by a scheme that includes the reversible inhibition

reaction of growing polymer radicals with a stable species

X, which does not react with alike species (Scheme 2). It

should be noted that the nature of the species X can be

different. Thus, a stable nitroxide radical, other stable

organic radicals or variable-valence metal complexes can

serve as such species.11 This approach is relevant because

the active radical ± deactivated radical equilibrium plays a

key role in the system; besides, the addition of a monomer

to an active radical gives a structurally equivalent radical.

Recent studies devoted to the kinetics of polymerization

initiation and the influence of termination reactions and

side reactions demonstrated that the initiation and addition

of the monomer to the active growing radical may have a

very significant effect on the polymerization and the char-

acteristics of the resulting polymer. Hence, in our opinion, it

is appropriate to consider the detailed scheme, which

distinguishes the steps of chain initiation and propagation,

reversible recombination of the controlling agent with the

active chain and various chain termination reac-

tions.7, 12, 16, 34 For nitroxide-mediated CRP, the chain ini-

tiation and propagation steps involve the reversible

recombination of the nitroxide radical with the C-centred

radical of the growing polymer chain. This reaction leads to

a decrease in the concentration of carbon-centred radicals

and reduces the contribution of the chain termination

reaction. This results in that most polymer chains carry

the alkoxyamine end group after the completion of the

polymerization. Such non-terminated chains are called

living polymers.

Two main approaches are used to accomplish nitroxide-

mediated radical polymerization. In one case, a bimolecular

initiating system composed of a nitroxide radical and a

radical initiator is used (Scheme 3). Generally, the temper-

ature required for the formation of alkoxyamine is specified

X R
kd

kc
X
.
+R

.
kp + M

M is monomer

Scheme 2

Scheme 3
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.
R0R00NOH+ alkene kcD

kp is the rate constant of chain propagation, kt and kt,ds are the

rate constants of recombination/disproportionation of C-centred

radicals, kdD is the rate constant of intramolecular hydrogen

transfer reaction, kcD is the rate constant of radical hydrogen

transfer between the nitroxide, initiating radical or growing chain

radicals.
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in the initial step, and then the temperature optimal for

controlled polymerization is maintained. Another approach

is based on the use of alkoxyamines as initiators. The chain

initiation and propagation steps involve the reversible

homolysis of alkoxyamine (in the case of initiation) or of

the polymer chain bearing the alkoxyamine end group, the

so-called dormant polymer chain. The polymerization mode

(controlled or uncontrolled) strongly depends on the rate

constants of homolysis and recombination of low- and high-

molecular-weight alkoxyamines (kd , kd,ds , kc and kc,ds),

which, in turn, are determined by the structure of the

nitroxide moiety, the size and polarity of the substituents

and stability of the resulting nitroxide and alkyl radi-

cals.17, 35

The equations describing the time (tw) needed to reach a

certain conversion w (04w4 1) [equation (4)], the poly-

dispersity index at infinite time (PDI?) [equation (5)] and

the number of living chains (j) [equation (6)] using the rate

constants of elementary steps were reported by Fischer and

co-workers 13, 14, 36 and by Goto and Fukuda.15 It should be

noted that these equations are valid only if there are no side

reactions and if the nitroxide radical is sufficiently stable

under polymerization conditions.

tw=
f2 ln�1=�1ÿ w��g3=2

3k
3=2
p

�
ktkc;ds
�I�0kd;ds

�1=2

(4)

PDI?=1+
�I�0
�M�0

�
�

pk3p�I0�
kd;dskc;dskt;ds

�1=2

(5)

j=

�
2kd;dskt;ds ln�1=�1ÿ w��

kc;dskp�I�0

�1=2

(6)

where [I]0 and [M]0 are the initial concentrations of the

initiator and the monomer, respectively.

Equations (4) ± (6) were deduced taking into account

only the chain propagation and termination steps because

the initiation in CRP is much faster compared to the overall

polymerization process. An analysis of the kinetics shows

that, in early stages of CRP, the concentrations of nitroxide

and alkyl radicals increase at the same rate proportionally

to time. The recombination and disproportionation of alkyl

radicals, which make significant contributions at short

polymerization times, give rise to a large excess of nitroxide

radicals compared to alkyl ones. After that, the recombina-

tion of nitroxide and alkyl radicals (kc or kc,ds) becomes

dominant, resulting in the formation of alkoxyamine. Sub-

sequently, the kinetics for nitroxide and alkyl radicals

changes and remains t1/3 and t71/3 dependent, respectively,

over a long period of time (from several hours to several

centuries depending on the structure of alkoxyamine and

experimental conditions). During this period of time, the

alkoxyamine concentration changes only slightly. As a

result, this time interval is long enough for the polymer-

ization to occur (usually 6 ± 8 h) to form high-molecular-

weight alkoxyamine in a yield of about 90%. These polymer

chains bearing an alkoxyamine end group are the target

products of the CRP reaction because they enable the

reinitiation of polymerization and the synthesis of block

copolymers with desired properties.7, 14, 15

Equations (4) ± (6) are used to calculate the kinetics of

polymerization 13, 14, 36 and predict CRP behaviours.7, 16, 17

The plots for equations (4)7(6) in kc7kd coordinates

consist of three intersecting straight lines, which divide the

plane into several regions, which can contain the coordi-

nates of the (kc , kd) point for a particular nitroxide radi-

cal ± alkyl radical pair (Fig. 2). Each region characterizes a

certain polymerization mode. In the region D, the polymer-

ization occurs in a controlled manner with a high percent-

age of living chains; the region X corresponds to non-living

uncontrolled polymerization; in the region C , the polymer-

ization affords a highly dispersed polymer; the region A is

characterized by controlled polymerization but it occurs

over a long period of time; the region B corresponds to slow

polymerization giving a dispersed polymer. Obviously,

Fischer's diagram provides only an estimate of the polymer-

ization mode; however, it is often useful for choosing the

optimal temperature profile for the polymerization process.

It is important to bear in mind that the polymerization

under actual conditions generally follows monoexponential

kinetics, and the t1/3 law is not met, which is a consequence

of the contribution of side reactions, resulting in polymer

chain termination. The kinetics and mechanism of CRP are

considered in more detail in reviews 4, 7, 10, 14, 15 and publica-

tions.37, 38

The equilibrium constant of the homolysis of high-

molecular-weight alkoxyamine and the recombination of

radical chains with nitroxide radicals play a key role in

chain propagation. It should be noted that all effects typical

of initiation and reversible homolysis of low-molecular-

weight alkoxyamine are true in this case as well. In addition,

one should consider the effect of the penultimate monomer

unit in the high-molecular-weight alkyl radical Ð the so-

called penultimate unit effect consisting in that the structure

(polarity and steric characteristics) of the substituent in the

penultimate unit affects the activation energy of homolysis.

This effect was shown to be significant only in the presence

of a tertiary penultimate unit 39 ± 43 and it plays a significant

role only in the polymerization of methacrylate mono-

mers.44 The chain length can also affect polymerization,

particularly, in the case of polymer chains containing polar

substituents.16, 17, 45

The addition of a C-centred radical to the alkene double

bond is the main process in the chain propagation step. This

reaction is described in detail in the literature (see, for

example, Ref. 46). The rate constants for this process

strongly depend on the alkene structure and may vary

1076

1075

1074

1073

1072

1071

100

kd /s71

104 105 106 107 ks /litre mol71 s71

B

A

D

X

C

Figure 2. General layout of Fischer's diagram.
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from a few units to 105 litre mol71 s71 at one and the same

temperature. The effects that influence the chain propaga-

tion are comprehensively described in the review by

Buback 47 and the publication by Barner-Kowollik and co-

workers.48

The chain termination step involves recombination and

disproportionation of simple alkyl radicals and polymer

radicals and is considered in a number of reviews.10, 24, 49, 50

Reactions of alkyl and nitroxide radicals lead not only to

recombination giving alkoxyamine but also to chain termi-

nation: 1) in the reaction between nitroxide and the C-cen-

tred radical accompanied by hydrogen abstraction from the

latter and the formation of alkene and hydroxylamine

(hydrogen transfer reaction) 51 and 2) in intramolecular

proton transfer in alkoxyamine.

The CO7N bond cleavage is yet another side reaction

in CRP. Despite the fact that this reaction can significantly

affect the kinetics of polymerization, it has not been

adequately explored as yet.52 ± 55 Since the CO7N bond

cleavage is competitive with C7ON bond cleavage, this side

reaction would be expected to occur in the case of alkoxy-

amines with the C7ON bond dissociation energy higher

than 140 kJ mol71. It should be noted that such alkoxy-

amines are not applicable in CRP.56 The CO7N and

C7ON homolysis in alkoxyamines was theoretically

studied by Coote and co-workers.54 They showed that,

regardless of the reaction conditions, the C7ON bond

cleavage is 50 kJ mol71 more favourable, and the free

energies (DG) of both reactions are not correlated. The

CO7N homolysis will occur only if the resulting aminyl

radical is stable, while the alkyl radical generated via

C7ON homolysis is unstable.

Another side reaction in CRP is irreversible decomposi-

tion of nitroxides, which leads to uncontrolled polymer-

ization. Stability of nitroxides under different conditions

was studied in detail.57 In some cases, CRP involves thermal

decomposition of NR to alkyl radical as the side reaction

(Scheme 4). This reaction is in essence reverse to the

formation of the nitroxide radical from nitrone. The NR

decomposition leads to a decrease in the polymerization

time because the probability of the formation of dormant

chains is reduced and the polydispersity index increases due

to an increase in the probability of irreversible reactions

involving growing polymer radicals.

Scheme 4

Another side reaction is the chain transfer to mono-

mer,33 resulting in an increase in the polydispersity index of

the polymer and also in an increase in the concentration of

dead chains.58, 59 Investigations of the hydrogen transfer

and other side reactions in the nitroxide-mediated polymer-

ization, in particular, the elucidation of factors that inter-

fere with this reaction, are currently an important issue in

this area. Ultimately, these studies provided an approach to

nitroxide-mediated controlled polymerization of methacry-

late monomers.

Therefore, in order for the CRP to be successfully

accomplished, the rate constants of homolysis of alkoxy-

amine and the rate constants of recombination of nitroxide

and alkyl radicals should be in certain ranges, while the

contribution of side reactions leading to chain termination

should be insignificant. To evaluate the prospects of the

employment of nitroxide radicals having a particular struc-

ture as a controlling agent for CRP, it is necessary to know

the factors affecting the constants kd , kd,ds , kc and kc,ds .

The next section gives examples of the use of imidazoline

and imidazolidine radicals for the investigation of these

factors.

3. Imidazoline and imidazolidine nitroxides as
probes to study the mechanism of key reactions in
controlled radical polymerization

Imidazoline and imidazolidine nitroxides were synthesized

for the first time by Volodarsky and co-workers.60 ± 62

Methods for the preparation of these species were described

in detail in the literature.60 ± 64 The synthesis of nitroxide

radicals and, in particular, of imidazoline derivatives is a

rapidly growing field in organic chemistry. An important

feature of imidazoline and imidazolidine radicals is that

their rings include a nitrogen atom, which can be reversibly

protonated depending on the pH of the medium. This leads

to a change in the spin density on the nitroxide nitrogen

atom, resulting in a change in the g-factor, and the hyper-

fine coupling (HFC) constant can change by 0.1 ± 0.15 mT.

The protonation reactions of tetramethyl imidazolidine and

imidazoline radicals are shown as an example in Scheme 5.

For the imidazolidine radical, the difference between the

HFC constants for the protonated and unprotonated forms

is 0.127 mT, pK=4.7; for the imidazoline radical, the

difference is 0.079 mT, pK=6.1. The changes in the HFC

constants can be detected by EPR spectroscopy and can be

used to measure the pH values.65 Therefore, since the

discovery, imidazoline and imidazolidine radicals have

been considered and widely employed as functional spin

probes for proton electron double resonance imaging

(PEDRI), which combines EPR imaging with Overhauser-

enhanced magnetic resonance imaging (MRI).66 In this

case, the major parameter providing the functionality of

these radicals is resistance to reduction in living cells. The

introduction of bulky substituents at positions 2 and 5 of

the ring leads to a considerable increase in stability of NRs

and a decrease in the rate constant of their reduction by

ascorbic acid.67 Recently, Kirilyuk et al.68 demonstrated

that there is a good correlation between the rate constants

of recombination of these NRs with alkyl radicals and theR N
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rate constants of their reduction by ascorbic acid. More-

over, the approach, which was used to analyze the rate

constants of recombination taking into account the steric

energy and polarity of NRs, proved to be applicable to the

analysis of reduction rate constants. This is evidence that

the rate constants of these reactions are determined by

similar factors. Methods employed for the synthesis of

alkoxyamines based on imidazoline and imidazolidine

nitroxides are the same as for other radicals. In particular,

the procedure developed by Matyjaszewski et al.69 can be

used for this purpose.

As mentioned above, it is necessary to know the rate

constants of reversible inhibition and to explore the key

reactions in CRP under different conditions for the prac-

tical application of CRP. Imidazoline and imidazolidine

nitroxides and related alkoxyamines serve as a good model

for this purpose, because the available procedures for the

synthesis allow one to substantially vary the structure of

nitroxide radicals and, as a consequence, the kinetic param-

eters of the key reactions in CRP.

There are four main areas of investigation of processes

involving imidazoline and imidazolidine nitroxides and

related alkoxyamines.

1. Factors that affect the rate constants of alkoxyamine

homolysis and the rate constants of recombination of nitro-

xide and alkyl radicals with different structures were studied

in relation to imidazoline and imidazolidine nitroxides. The

controlled mode of polymerization mediated by the same

nitroxide was shown to depend on the kp/kd ratio, which

should be taken into account in the development of efficient

polymerization initiators.70, 71

2. Using alkoxyamines based on imidazoline and imida-

zolidine nitroxides and methacrylate monomers,

approaches for the exploration of hydrogen transfer reac-

tions as side processes were tested and the main character-

istic features of this process were revealed.72

3. The RAFT and ATRF methods are suitable for the

controlled polymerization of methyl methacrylate (MMA).

However, the nitroxide-mediated radical polymerization of

MMA was a difficult problem for many years because of the

contribution of the hydrogen transfer reaction or because

the constants kc and kd do no satisfy the controlled

polymerization conditions.73 Charleux and co-workers 44, 74

succeeded in developing an approach to the CRP of methyl

methacrylate using small additives of styrene or acryloni-

trile. The block copolymerization by CRP of this monomer

in the living chain mode in the absence of additives was

successfully performed for the first time in the presence of

imidazoline nitroxide.75

4. Imidazoline nitroxides were employed for the devel-

opment of new `controlled' initiators/controlling agents for

CRP. In 2011, BreÂ mond and Marque proposed to use the

protonation of the 4-pyridylalkyl group of alkoxyamine

based on SG1 to influence the kinetics of alkoxyamine

homolysis.76 It was also shown 77 that the protonation of

the nitroxide moiety of alkoxyamines based on imidazoline

radicals has a significant effect on the reaction rate of

alkoxyamine homolysis and the recombination rate con-

stants of these NRs and alkyl radicals. This effect underlies

the regulation of the controlled polymerization. The same

effect was observed by Marx and co-workers.78 These

studies represent a new area of research on CRP related to

switchable initiators/controlling agents for polymerization.

3.1. Investigation of factors that affect the rate constants of
alkoxyamine homolysis and the rate constants of
recombination of nitroxide and alkyl radicals with different
structures
3.1.1. Homolysis of alkoxyamines

Two methods are currently employed for measurements of

the rate constant kd. One method is based on the analysis of

changes in the molecular-weight distribution of polymer-

ization products synthesized in the presence of macroinitia-

tors.15, 79, 80 The drawback of this method is that it is

difficult to estimate the contributions of the starting macro-

initiator and the product. In recent years, another method

based on competitive inhibition has been increasingly

used.81, 82 The homolysis of alkoxyamine is reversible.

Therefore, regarding the measurements of the rate constant

kd , it is necessary to suppress the recombination of nitro-

xide and alkyl radicals. Experimentally, this is achieved by

adding an alkyl radical scavenger. Oxygen, nitroxide with a

different structure at a higher concentration, benzenethiol,

galvinoxyl, monomers which can add to a growing polymer

chain with a high rate constant (kp), and so on were

described as such scavengers in the literature. In the

presence of a sufficiently large excess of a scavenger, the

alkoxyamine homolysis follows the pseudo-first order

kinetics, because the contribution of the recombination of

alkyl and nitroxide radicals can be disregarded. In this case,

the kinetics of consumption of alkoxyamine and the kinetics

of accumulation of nitroxide (provided that it does not react

with the scavenger) are described by a monoexponential

function with the decay parameter kd . Experimental meth-

ods used to measure the constant kd include EPR spectro-

scopy, NMR spectroscopy (1H and 31P NMR for

phosphorus-containing alkoxyamines), high-performance

liquid chromatography and gel permeation chromatogra-

phy. The choice of a particular method depends on the

availability of instruments and reagents.

The factors that affect the rate constants of homolysis

and recombination of NRs with alkyl radicals are discussed

in a number of reviews.16, 17, 35, 38 The main factors are the

polarity, stability of nitroxide and the C-centred radical and

their steric hindrance. Minor factors include the formation

of intramolecular hydrogen bonds, hyperconjugation, con-

formational effects and solvent effects. All these factors

affect the energy levels for the starting reactants, the

transition state and reaction products, which dictates the

rate constant of alkoxyamine homolysis (kd) and the rate

constant of recombination of nitroxide and alkyl radicals

(kc). The influence of each factor on the rate constants kd is

schematically shown in Fig. 3.

Since the constant kd for structurally different alkoxy-

amines varies in a wide range, it is a common practice to

compare the activation energies (Ea) of homolysis. The

homolysis is a monomolecular process and, correspond-

ingly, the temperature dependence of its rate constant is

described by Eqn (7).

kd=A0 e7Ea/RT (7)

where A0 is the pre-exponential factor, R is the universal gas

constant, T is temperature.

Investigations of alkoxyamines with different structures

demonstrated that the pre-exponential factor A0 varies

within one order of magnitude and is, on average,

2.461014 s71 (see Ref. 83). Therefore, the activation ener-
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gies for homolysis are generally compared using this value

of the pre-exponential factor. For a series of alkoxyamines

containing imidazoline, imidazolidine and pyrrolidine nitro-

xides with different structures and MMA, the rate constants

of homolysis and the energies Ea were measured by

Zubenko et al.70, 71 and by Edeleva et al.72 The activation

energies of homolysis vary from 140 kJ mol71 for tetra-

methyl-substituted alkoxyamines to 114 kJ mol71 for the

diethylcyclohexyl-substituted imidazoline radical. The con-

stants kd were considered at the same temperature for

structurally different alkoxyamines based on nitroxides

1 ± 11 and the phenethyl radical (12) depending on the

polarity parameters (Hammett constants sL) and steric

hindrance (Es).71 The linear correlation (Fig. 4) between

the values of kd and the steric energy and polarity param-

eters was obtained according to Eqn (8).70

log kd (s71)= (8)

=72.98 (�0.14) . sL,n70.86 (�0.03) Es,n75.83 (�0.10)

R2=0.96, s=0.14, N=11

where R2 is the square of the linear regression coefficient, s

is the standard deviation, N is the number of experimental

data used to obtain the correlation equation.

The coefficients in Eqn (8) are similar to those deter-

mined by Fischer and co-workers,83 which made it possible

to use this dependence for the evaluation of kd for alkoxy-

amine with arbitrary structure.

In the study of styrene polymerization initiated by

alkoxyamines, the constant kd was measured for a broad

range of alkoxyamines containing imidazoline and imida-

zolidine nitroxide radicals and the phenethyl radical.70 The
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constant kd was shown to decrease with increasing electron-

donating ability of substituents in the nitroxide moiety, but

it increases in the presence of sterically hindered groups.

The constant kd exerts a significant effect on the rate of

initiation of polymerization and then on the time of achieve-

ment of the controlled mode. For instance, Chauvin et al.84

employed alkoxyamines characterized by different values of

kd and investigated the conversion of the monomer at which

the controlled polymerization is achieved. It was shown

that, in the case of high kd, controlled polymerization can be

obtained in a very short time. Depending on the structures

of nitroxide and alkyl moieties, the rate constant of alkoxy-

amine homolysis varies in a broad range, and the constant

of kd correlates well with the polarity and steric hindrance

of alkoxyamine.85

Apart from the rate constant of alkoxyamine homolysis

and the rate constant of recombination of alkyl and nitro-

xide radicals, the result of controlled polymerization

depends on the efficiency of initiation of chain propagation

by a primary alkyl radical. The study of styrene polymer-

ization initiated by alkoxyamines 13 and 14 based on

imidazolidine radical 8 (Scheme 6) 70 demonstrated that

the initiation step significantly affects the kinetics and

success of CRP (Fig. 5). For instance, at 120 8C the poly-

merization occurred in a controlled manner only in the

presence of alkoxyamine 14 as the initiator, while in the

presence of alkoxyamine 13, the polymerization was uncon-

trolled and stopped at low conversions. Noteworthy is that

the rate constant of homolysis for compound 13 is several

times higher than that for alkoxyamine 14 and, conse-

quently, the former compound is characterized by a higher

rate of initiation. Besides, nitroxide radical 8 served as the

controlling agent for CRP in both cases. This unusual

behaviour is attributed to the hydrogen transfer reaction,72

the contribution of which is *3%, upon the recombination

of alkyl radical 15 with the nitroxide radical.

Scheme 6

The effect of the rate of addition of alkene to the

initiating C-centred radical (kadd) on the polymerization

was described by Fischer and co-workers.36 This step is

particularly important if the polymerization process

involves hydrogen transfer as the side reaction along with

the main reactions, such as the decomposition of the

initiator and the addition to alkene. The key role of the

addition step was demonstrated by Zubenko et al.,71 who

studied the styrene polymerization initiated by two alkoxy-

amines. One of these processes involved the hydrogen

transfer reaction, resulting in a decrease in the efficiency of

initiation and had a detrimental effect on the overall

polymerization process.

As mentioned above, different rate constants of alkoxy-

amine homolysis (kd) and recombination of alkyl and nitro-

xide radicals (kc) are optimal for the polymerization of

different monomers. Consequently, the polymerization of

different monomers should be accomplished using different

nitroxide radicals as controlling agents, while it is impos-

sible to change the structure of the nitroxide during its use.

It is not always possible to achieve the controlled polymer-

ization for different monomers by varying the temperature.

The steric hindrance, which can also lead to a change in the

constant kd , cannot be reversibly changed.

The polarity is another parameter that affects the con-

stant kd . The polarity can be reversibly varied by proto-

nation ± deprotonation of functional groups in

alkoxyamines, because the protonation changes the polarity

of nitroxide and alkyl moieties. The protonation of the

nitroxide moiety of alkoxyamine leads to an increase in the

polarity of the nitroxide moiety, resulting in an increase in

the polarity of the C7O bond due to an increase in the d7
charge on the oxygen atom (Fig. 6). This leads to destabi-
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lization of the transition state of the alkoxyamine homolysis

via the destabilization of the generated nitroxide. This

hinders the C7O bond homolysis and leads to an increase

in the activation energy for homolysis (decrease in kd). On

the contrary, the deprotonation of pH-sensitive groups of

nitroxide leads to a decrease in the polarity of the latter,

resulting in a decrease in d7 on the oxygen atom and a

decrease in the polarity of the C7O bond. Therefore, the

transition state of the alkoxyamine homolysis is stabilized,

resulting in a decrease in the activation energy for homolysis

and an increase in kd. It should be noted that the exper-

imental study provided evidence that the addition of acid

does not cause a change in kd for alkoxyamines based on the

nitroxide radical TEMPO [TEMPO is (2,2,6,6-tetramethyl-

piperidin-1-yl)oxyl], which has no moieties capable of pro-

tonation.86 Calculations performed by Mazarin et al.87

demonstrated that the protonation of the nitrogen atom of

the alkoxyamine moiety can lead to an increase in the

activation barrier to alkoxyamine homolysis.

In recent studies, Rizzardo and co-workers 88,89 pro-

posed a method for the reversible change in the electron-

donating properties of controlling agents for the RAFT

polymerization via protonation of functional substituents.

The authors employed this approach to perform the poly-

merization of so-called `more active' and `less active' mono-

mers using one agent but in different (protonated or

deprotonated) forms. BreÂ mond and Marque 76 extended

this approach to the nitroxide-mediated polymerization. In

particular, they synthesized alkoxyamine based on the

nitroxide radical SG1 containing a protonatable functional

group in the alkyl moiety. It was demonstrated that the

protonation of this group leads to a 15-fold change in the

rate constant of alkoxyamine homolysis in a non-polar

solvent. In aqueous media, the increase in the rate constant

of alkoxyamine homolysis in going from the unprotonated

to protonated form is even larger (64-fold). Subsequently,

different effects emerging from the protonation and quarte-

nization of the N atom in substituents of alkoxyamines were

investigated.90 ± 97

However, the protonation of the alkyl group affects only

the initiation step of polymerization. The rate of reversible

alkoxyamine homolysis can be influenced throughout the

polymerization process via protonation of the nitroxide

moiety of alkoxyamine. Since, as mentioned above, imida-

zoline and imidazolidine nitroxides can be subjected to

protonation,67 these nitroxides were proposed 77 as control-

ling agents for the polymerization of hydrophilic and lip-

ophilic monomers (alkoxyamines 16 ± 28 based on NRs 19

and 20). Nitroxide radicals containing two basic centres,

which were synthesized in the cited study, undergo stepwise

protonation caused by changes in the pH value, which is

easily detected based on the change in the hyperfine cou-

pling constant (aN) in the EPR spectrum depending on the

pH of the medium. The rate constant of recombination of

nitroxide and alkyl radicals also depends on the protonation

of functional groups of NRs, while alkoxyamines based on

such NRs have different rate constants of homolysis

depending on pH; the values of kd vary 10 ± 15-fold.

To further develop this approach (protonation of ini-

tiating alkoxyamines and nitroxide radicals as controlling

agents of CRP), Parkhomenko et al.98 studied the effect of

acidity of the medium on the energy parameters of the

alkoxyamine homolysis by the density functional theory.

The protonation of functional substituents in the nitroxide

part of alkoxyamine was demonstrated to cause an increase

in the Gibbs free energy of alkoxyamine homolysis; the

protonation of the alkyl moiety decreases this energy.

Calculations demonstrated that the protonation of the

nitroxide moiety stabilizes the final homolysis products,

resulting in an increase in the activation barrier of the

reaction. Therefore, the results of calculations are in good

agreement with the experimental data and provide insight

into the mechanism of influence of protonation on the rate

constants of alkoxyamine homolysis and recombination of

alkyl and nitroxide radicals.

The polarity of alkoxyamine can also be reversibly

affected by the complexation with metal ions. In recent

studies, Audran et al.99, 100 synthesized complexes of copper

hexafluoroacetylacetonate and alkoxyamines based on the

nitroxide SG1 containing the pyridine substituent in the

alkyl group. The complexation was found to significantly

affect the rate of C7ON bond homolysis in alkoxyamine.

Thus, the constant kd for the complex form is 21 times

higher than that for the free form.

3.1.2. Recombination between nitroxide and alkyl radicals

There are currently no methods for the direct determination

of the rate constants of recombination of polymer radicals

with nitroxides. Generally, these values are calculated

relative to the rate constant of chain propagation or relative

to the already known rate constants of adduct decomposi-

tion and the equilibrium constant. Methods for measure-

ments of rate constants for polymer radicals and nitroxides

are considered in a review of Zaremski.10 These are a

method for the measurement of the degree of polymer-

ization of a product prepared at a given concentration of a

nitroxide free radical under conditions in which the rein-

itiation reaction can be ignored,101 and a simpler method of

competitive inhibition.102 In the latter case, the polymer-

ization is performed in the presence of two nitroxide

radicals, with a known rate constant of recombination for

one of them.
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The first measurements of the rate constants of recom-

bination between carbon-centred radicals (low-molecular-

weight analogues of polymer radicals) and nitroxides were

reported by Ingold and co-workers.103, 104 In these studies,

the rate constants of recombination of alkyl radicals with

nitroxides were measured by a direct method Ð nanosecond

laser flash photolysis.105 The constants kc were shown to be

smaller than the diffusion rate constants. Besides, the

constants kc depend on the polarity and viscosity of the

solvent. Thus, the constants kc may decrease by an order of

magnitude in going from nonpolar to polar and from

nonviscous to viscous solvents.106 The recombination of

two radical species usually occurs through a barrierless

process, due to which the rate constants kc are weakly

temperature-dependent. Besides, in some cases, the constant

kc decreases with temperature, which is attributed to a

negative activation entropy of the recombination of these

radicals.106 Other methods for measurements of the con-

stants kc in these systems are the time-resolved chemically

induced dynamic nuclear polarization (CIDNP) techni-

ques 107, 108 and the switched external magnetic field

CIDNP technique.109

The results of measurements of the rate constants of

recombination of imidazoline and imidazolidine nitroxide

radicals with different C-centred radicals were reported by

Zubenko et al.110, 111 The authors studied the factors that

affect the constant kc and revealed correlations of the steric

and polar parameters with the rate of recombination of

nitroxides with alkyl radicals. The measured kc values for

different nitroxides and alkyl radicals were substantially

lower than the diffusion-controlled limit and were weakly

temperature-dependent. For a large series of imidazolidine

and imidazoline nitroxides, the rate of radical recombina-

tion was shown to decrease with increasing bulkiness of

substituents in the vicinity of the nitroxide group. Besides,

the polarity of substituents in the nitroxide radical was

demonstrated to significantly affect the constant kc . There-

fore, in the synthesis of new nitroxide radicals promising for

controlled polymerization, the rate of their recombination

with alkyl radicals can be varied by changing the polarity of

the substituents with the retention of steric hindrance.

Measurements of the constants kc for a broader range of

nitroxides 21 ± 52, including a large series of imidazoline

and imidazolidine nitroxides,112 allowed for a multipara-

meter analysis of the factors that affect the rate constants of

recombination (Fig. 7). Based on these results, the follow-

ing trends were elucidated: 1) stabilization of an alkyl

radical and an increase in steric hindrance of nitroxide

lead to a decrease in kc ; 2) the presence of an electron-

donating group in nitroxide leads to an increase in the

electron density on the nitroxide oxygen atom, thereby

increasing kc; 3) steric effects of substituents in the nitroxide

moiety are provided by the hONCRi dihedral angle <908.
The constants kc can be rather precisely estimated using the

correlations derived from the structural data for nitroxide

radicals. The influence of each factor on the rate constants

kc is schematically presented in Fig. 8.

The effect of the structures of nitroxide and alkyl

radicals and the solvent effects on the rate of their recombi-

nation kc for a wide range of nitroxides are integrated in the
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review by Bagryanskaya and Marque,106 where, in partic-

ular, data for 20 imidazoline and imidazolidine nitroxides

and a large series of C-centred radicals are summarized. In

this review, the kc values are reported and the factors that

affect the rate of recombination between nitroxides and

C-centred radicals are thoroughly discussed.

3.2. Hydrogen transfer and intramolecular proton transfer
reactions in alkoxyamines
Chain termination reactions involving the recombination

and disproportionation of simple alkyl radicals and poly-

mer radicals are considered in a number of reviews.24, 49, 50

The reactions of alkyl and nitroxide radicals lead not only
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to recombination giving alkoxyamine but also to chain

termination in 1) the reaction between nitroxide and C-cen-

tred radical accompanied by the hydrogen abstraction from

the latter giving rise to alkene and hydroxylamine (radical

hydrogen transfer reaction) 51 and 2) the intramolecular

proton transfer in alkoxyamine. Both reactions afford the

same products, though following different mechanisms: the

radical mechanism in the former case and the intramolecu-

lar (ionic) mechanism in the latter case. It was shown that

the experimental conditions used may sometimes lead to

erroneous conclusions concerning the reaction mechanism.

The reaction that proceeds via an intramolecular mecha-

nism was studied for the first time by Skene et al.113 It is

worth noting that the mechanism of intramolecular hydro-

gen transfer reaction is similar to that of Cope elimina-

tion.72, 114 Different approaches should be employed to

affect these processes in order to decrease their contribution

to the polymerization process. Hydrogen transfer reactions

were investigated for the most commonly used nitroxides,

such as TEMPO,115 DPAIO (2,2-diphenyl-3-phenylimino-

2,3-dihydroindol-1-yloxyl, 52) 116 and SG1;117 meanwhile,

investigations of imidazoline and imidazolidine nitroxides

made the most substantial contribution to the understand-

ing of these processes.

The mechanism of the hydrogen transfer reaction in the

polymerization of methyl methacrylate is shown in

Scheme 7.72 There are two pathways for this reaction. One

of them involves the reaction of the nitroxide radical Y
.

with the polymer alkyl radical R
.
affording hydroxylamine

YH and alkene R(7H) Ð the radical hydrogen transfer

(kcD). Another mechanism involves the non-radical decom-

position of the starting alkoxyamine to form alkene R(7H)

and hydroxylamine YH Ð the intramolecular proton trans-

fer via the Cope elimination mechanism (kdD). The occur-

rence of the side reaction giving rise to dead chains R(7H)

plays a significant role in the polymerization and changes its

character. Thus, the amount of nitroxide radicals Y
.
and

propagating radicals R
.
decreases and finally the polymer-

ization stops.

A theoretical study of the ideal CRP mechanism and the

influence of the hydrogen transfer side reaction on the

polarization parameters was performed by Souaille and

Fischer.118 Equations (9) ± (11) derived in this study

describe the kinetics of changes in the amount of living

chains and radical species for the hydrogen transfer reaction

(Fig. 9). In the absence of side reactions, the amount of

living chains slightly decreases during the polymerization

(curve [I] in Fig. 9) with high monomer conversion (curve

[M] in Fig. 9 a). A small contribution of the hydrogen

transfer reaction to the chain termination step leads to a

rapid decrease in the amount of living chains, and the

monomer conversion stops (curves [I] and [M] in Fig. 9 b).

It was found that the character of polymerization is not

significantly changed if the contribution of the hydrogen

transfer reaction is <0.7% of the recombination reaction;

in other words, the hydrogen transfer is observed only in

seven of 1000 recombining pairs.

[YH]= [I]0(17e7fDkdt) (9)

[I]= [I]0 e7fDkdt (10)

fD=
kcD

kc � kcD
(11)
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Ananchenko et al.82 established that the hydrogen trans-

fer does not occur in the polymerization of MMA in the

presence of the nitroxide radical SG1. Therefore, it would

be expected that this radical will be a promising controlling

agent for MMA polymerization. Unfortunately, a high

value of the measured equilibrium constant K= kd/kc for

the corresponding alkoxyamine leads to an increase in the

concentration of active chains and, consequently, to uncon-

trolled MMA polymerization.

The factors that affect the hydrogen transfer side reac-

tion for alkoxyamines with different structures were studied

by experimental methods. The results of these investigations

are important because the knowledge of the dependence of

the hydrogen transfer reaction on the structure of the

nitroxide radical allows the proper selection of the control-

ling agent for the controlled polymerization of MMA. The

hydrogen transfer in alkoxyamines, including those based

on imidazolidine radicals, was experimentally investigated

by Edeleva et al.72, 119 In these studies, NMR and CIDNP

techniques were applied to analyze the mechanism of this

reaction and elucidate the influence of different factors. The

hydrogen transfer reaction was explored by theoretical

methods in a number of works.120, 121 The three-dimen-

sional geometry of the transition state and the energy

barriers for the hydrogen transfer reaction are difficult to

calculate because of the complex structures of the starting

molecules.

The investigation of side reactions in the nitroxide-

mediated CRP includes the analysis of the end groups in

the resulting polymer by different methods, such as 1H

NMR spectroscopy and mass spectrometry (MALDI TOF

technique). BurguieÁ re et al.115 studied the hydrogen transfer

reaction in the TEMPO-mediated polymerization of n-butyl

methacrylate at a variable TEMPO concentration using

either a low-molecular-weight alkoxyamine initiator or a

TEMPO-capped polystyrene macroinitiator. In both cases,

the complete consumption of the initiator was observed, but

the monomer conversion was low. The end groups of the

polymer were analyzed by 1H NMR spectroscopy and

MALDI TOF mass spectrometry. The end group in the

poly(n-butyl methacrylate) was found to be the attached

initiator, i.e., the block copolymer was synthesized via the

reaction with the polystyrene macroinitiator. The other

terminal functionality of the polymer was not a TEMPO-

based alkoxyamine but unsaturated methylene. Meanwhile,

a saturated polymer, which could be formed by dispropor-

tionation, was absent among the reaction products. From

this result, it has been concluded 115 that the b-hydrogen
transfer from a propagating radical to TEMPO is the main

chain termination reaction (disproportionation reaction). A

similar procedure was employed to detect the hydrogen

transfer reaction in the MMA polymerization in the pres-

ence of a large excess of SG1.122 Another approach is based

on gel permeation chromatography.58 Zetterlund et al.58

evaluated the role of the chain transfer to monomer in the

kinetics of styrene polymerization by molecular-weight

distribution analysis. Spin trapping is the most appropriate

technique for the detection of intermediate radicals gener-

ated during the thermolysis of alkoxyamines.53 In this case,

the EPR spectrum of adducts of structurally different

radicals to a spin trap is simulated and compared with the

experimental spectrum. The structures of the radical prod-

ucts of alkoxyamine thermolysis can be established from the

correspondence between the simulated and experimental

spectra.

An original method for investigating side reactions was

described by Edeleva et al.,116 who studied the mechanism

and kinetics of intramolecular and radical hydrogen trans-

fer reactions for nitroxide-based alkoxyamine using
1H NMR spectroscopy. The approach is based on the

examination of kinetics and investigation of alkoxyamine

thermolysis products in a pure solution and in the presence

of benzenethiol as a reducing agent for alkyl and nitroxide

radicals. In the presence of benzenethiol, the reactions of

nitroxide and alkyl radicals in solution, including the

radical hydrogen transfer reaction, are suppressed. There-

fore, the appearance of alkene in the reaction mixture in

such experiments is evidence that hydrogen transfer occurs

via an intramolecular mechanism. The nature and mecha-

nism of side reactions can be revealed by analyzing the

alkoxyamine homolysis products obtained in the absence of

benzene thiol. This approach was employed to analyze the

kinetics and mechanism of side reactions for alkoxyamines

based on the nitroxide radicals TEMPO and DPAIO.116

Subsequently, this method was used to experimentally study

the reaction mechanism of the hydrogen transfer reaction

for imidazoline nitroxide-based alkoxyamines with different

structures.72 It was shown that the contribution of both

radical and intramolecular hydrogen transfer reactions

decreases with increasing steric hindrance of the nitroxide

moiety.

Parkhomenko et al.123 performed a theoretical study of

the factors that affect the hydrogen transfer reaction for a

series of nitroxide radicals, including imidazoline and imi-

dazolidine radicals. The calculations confirmed that if the

hydrogen transfer reaction follows an intramolecular mech-

anism, the process occurs in two steps. Two possible geo-

metries of the transition state are shown in Scheme 8.

According to the calculations, the transition state includes

a five-membered ring, the structure and geometric parame-

ters of which are independent of the substituents in the

nitroxide moiety of alkoxyamine. The results of this study

provide an explanation for the experimental observation

that the presence of sterically hindered substituents causes a

decrease in the contribution of the proton transfer reaction:

this side reaction always competes with alkoxyamine

homolysis. In the case of sterically hindered alkoxyamines,

the activation energy for homolysis significantly decreases

due to stabilization of the corresponding reaction products.

This leads to an increase in the difference between the

activation energies for homolysis and hydrogen transfer,
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resulting in that the side reaction is virtually absent

(Fig. 10).

4. Use of imidazoline and imidazolidine nitroxides
as controlling agents for controlled radical
polymerization

4.1. Polymerization of styrene
Styrene is the simplest monomer, which serves as a model

for the nitroxide-mediated polymerization, because side

reactions make an insignificant contribution to the kinetics

of CRP of styrene, while the rate constants kd and kc
suitable for controlled polymerization of styrene vary in

wide ranges. The utilization of imidazoline nitroxides for

the CRP of styrene was described for the first time by

Grishin and co-workers.125 ± 128 The authors studied the

effect of various sterically hindered amines and their deriv-

atives on the kinetics of styrene polymerization.125 The

introduction of such compounds into the polymerization

process was shown to slow down the polymer chain prop-

agation, while the molecular weight of the polymers linearly

depends on the conversion, resulting in the formation of a

polymer with a narrow molecular-weight distribution. This

was attributed to the fact that the polymerization via a

radical mechanism in situ produces a nitroxide radical,

which mediates the polymerization process. Lazarev et

al.126 performed styrene polymerization using nitroxide

radicals 26 (TPIO) and 59. These radicals proved to be

efficient controlling agents for polymerization. Styrene

polymers with molecular weights of 3000 ± 6000 Da and

the polydispersity index (PDI) of 1.3 ± 1.5 were synthesized.

Subsequently, this research group 127 explored the applic-

ability of a series of five imidazoline nitroxides [25 (PMIO),

26, 35, 60a,b] to styrene polymerization. Each nitroxide was

examined in the styrene polymerization under different

conditions. The optimal initiator, the temperature profile

and the optimal monomer to initiator ratio were chosen,

which allowed the authors to prepare polymers with molec-

ular weights of 3 ± 48 kDa and the polydispersity index of

1.23 ± 3.68. A good agreement between the calculated and

experimental molecular weights of the polymer was

achieved using benzoyl peroxide as an initiator (Fig. 11).
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Apart from styrene homopolymers, Grishin et al.128

successfully synthesized copolymers of styrene, methyl

methacrylate, butyl acrylate and acrylonitrile using the

same NRs.

Zhu et al.129 used imidazoline nitroxides 25, 59 and 61 as

controlling agents for CRP of styrene. The authors suc-

ceeded in performing the controlled polymerization at

135 8C up to a conversion of 80% and prepared a polymer

with a narrow molecular-weight distribution (the polydis-

persity index was 1.32) and a rather high molecular weight

(29 kDa). The resulting polymer was suitable for the reini-

tiation of polymerization, which is indicative of a high

percentage of living chains.

Alkoxyamines containing an imidazoline or imidazoli-

dine moiety and an alkyl isopropionate or isobutyrate

moiety were also used as initiators of CRP of styrene.70 In

the cited study, the rate constants of homolysis and recom-

bination of alkoxyamines, as well as of hydrogen transfer

side reactions, were measured. Taking into account the

measured parameters, the polymerization temperature was

chosen and the styrene polymerization was explored. The

hydrogen transfer side reaction in the initiation step was

found to lead to considerable deviations of the experimental

molecular weight from the theoretically calculated value.

These results are in good agreement with the data published

by Zubenko et al.,71 who studied the styrene polymerization

initiated by various alkoxyamines based on imidazoline

nitroxides and alkyl moieties of different nature and dem-

onstrated that the initiating moiety significantly affects the

CRP process. Therefore, the polymerization occurs in a

controlled manner only in the absence of side reactions in

the initiation step.

4.2. Polymerization of (meth)acrylates
The living radical polymerization can be used to polymerize

various vinyl monomers Ð styrene and acrylate deriva-

tives.130 However, until recently, attempts to perform the

controlled polymerization of methacrylate monomers to

form a living polymer failed. The polymerization stops at

a low monomer conversion, is non-living and affords a

polymer with high dispersity.34, 113, 131 ± 134 This polymer-

ization character is attributed to the side reaction Ð the

hydrogen abstraction from the alkyl radical by nitroxide.132

Besides, the thermolysis of high-molecular weight alkoxy-

amine involves the C7O bond homolysis along with intra-

molecular proton transfer.

The data on the employment of various NRs as control-

ling agents for MMA polymerization are available in the

literature. The TEMPO-mediated MMA polymerization

proceeds to a monomer conversion of 3%.34 This process

affords a polymer with the end double bond (macromono-

mer) and hydroxylamine (TEMPO-H) as the major prod-

ucts, which attests to the hydrogen transfer reaction. The

quantitative formation of the macromonomer in the

TEMPO-mediated methacrylate polymerization was used

to create the functional o-unsaturated polystyrene-block-

poly(n-butyl methacrylate) copolymer.115 The nitroxide

SG1 is of limited use in the MMA polymerization because

of a high equilibrium constant.52 This results in a significant

contribution of recombination of two alkyl radicals to the

polymerization process and in the accumulation of an

excessive amount of NR that inhibits polymerization.

Charleux and co-workers 44, 74 succeeded in performing

controlled MMA polymerization giving a living polymer in

the presence of small amounts of styrene and acrylonitrile

(4.4 mol.% ± 8.8 mol.%). However, the presence of a como-

nomer sometimes changes the properties of the resulting

polymer. Therefore, this method is undesirable. The nitro-

xide radical DPAIO (52) can be employed as a controlling

agent of the controlled MMA polymerization in the absence

of an additive of the comonomer.135 This process occurs

with high conversion (80%) and affords a polymer with a

narrow molecular-weight distribution. However, the per-

centage of living chains in the resulting polymer is low.

Later, it was shown that the DPAIO-mediated MMA

polymerization involves the N7O bond cleavage in alkoxy-

amine as the side reaction.116

It should be noted that, although such CRP techniques

as ATRP and RAFT are suitable for the controlled poly-

merization of methacrylates and the synthesis of polymers

with good characteristics,136 ± 141 investigations on the nitro-

xide-mediated CRP of methacrylates are still ongoing since

there remains a need to synthesize polymers that would be

free from metal traces and would have no offensive odour

caused by the presence of sulfur compounds. This task is

difficult to accomplish using ATRP or RAFT. Detailed

studies of side reactions and the elucidation of the factors

playing a key role in these reactions have enabled some

advances in developing controlling agents for polymeriza-

tion of MMA and analogues. Examples of the nitroxide-

mediated controlled polymerization of methacrylate mono-

mers are given below.

The first attempt to employ imidazoline radicals for the

MMA poymerization 128 was unsuccessful: the polymeriza-

tion was uncontrolled due to hydrogen transfer side reac-

tions. Subsequently, the CRP of methyl methacrylate was

achieved using imidazoline radicals with bulky substituents

as controlling agents:72 n-butyl-tert-butyl-substituted imi-

dazoline nitroxide 62 and related alkoxyamine 63. The

contributions of both the radical and intramolecular hydro-

gen transfer reactions to the thermolysis of this alkoxy-

amine were found to be small. Thus, the polymerization
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Figure 11. Correlation between the experimental and calculated
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occurs in a controlled manner up to the conversion of 40%;

however, at higher conversions, the molecular weight of the

polymer stops to grow (Fig. 12). This is due to thermal

instability of the nitroxide. The latter decomposes by a

radical mechanism on heating during the polymerization

process, which makes the polymerization uncontrolled.

In a more recent study, Edeleva et al.75 utilized ther-

mally stable nitroxides 64 ± 67 containing a spirocyclic

substituent, for which the contribution of hydrogen transfer

was negligible. In the presence of radical 64 as a controlling

agent for MMA polymerization, the monomer conversion

was 55% and the polymerization produced a narrow-dis-

perse (PDI=1.45) polymer (Fig. 13). A macroinitiator was

used for styrene polymerization affording the correspond-

ing block copolymer. Hence, the polymerization was shown

to be living, and it was demonstrated that poly(methyl

methacrylate)-block-polystyrene copolymers can be synthe-

sized in the presence of imidazoline nitroxide as a single

controlling agent.

4.3. Polymerization of vinyl chloride
Grishin and co-workers 142, 143 employed imidazoline nitro-

xides to accomplish polymerization of such functional

monomers as vinyl chloride. Nitroxides 26, 60a,b and
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C-phenyl-N-tert-butyl nitrone (PBN) were used as control-

ling agents. This polymerization produced polymers with a

molecular weight of up to 20 kDa and a polydispersity

index of up to 1.7 (Fig. 14). The resulting macromolecules

were utilized as high-molecular-weight initiators for styrene

polymerization and the synthesis of poly(vinyl chloride)-

block-polystyrene copolymers.

4.4. Polymerization of hydrophilic monomers
Polymers prepared from hydrophilic monomers are widely

used in different areas. Polymers based on such monomers

as acrylamide, sodium acrylate, sodium 4-styrenesulfonate,

4-hydroxymethyl methacrylate and vinylpyrrolidone are of

great practical importance and are employed in medi-

cine,144, 145 oil industry for enhanced oil recovery from oil

fields, mining industry for mineral recovery and processing,

industrial wastewater treatment, as additive in the paper

industry and so on.146 Hence, the synthesis of high-quality

polymers from hydrophilic monomers is a challenge. One

way to achieve this goal is to perform controlled living

polymerization in an aqueous medium.

The nitroxide-mediated polymerization of water-soluble

monomers was performed in a monomer medium and in an

aqueous-organic emulsion using TEMPO and its water-

soluble analogues (4-hydroxy and 4-amino derivatives) as

controlling agents.147 ± 149 For instance, the 4-hydroxy-

TEMPO-mediated polymerization of sodium styrenesulfo-

nate followed by the partial replacement of the sulfo groups

by the porphyrin ring produced a polymer capable of

absorbing light in the visible region. In aqueous solutions,

this polymer forms nanospheres that can serve as nano-

reactors. The polymerization of acrylic acid was described

by LadavieÁ re et al.;150 Bian and Cunningham 151 performed

the SG1-mediated polymerization of 2-hydroxyethyl acryl-

ate. Many examples of the application of macroinitiators

based on water-soluble polymers for the emulsion and
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miniemulsion polymerization of styrene and acrylates have

been reported. Delaittre et al.152 prepared copolymers using

an acrylic acid-based macroinitiator, which was produced

by SG1-mediated living radical polymerization. This

method was applied to synthesize an amphiphilic block

copolymer. Huang et al.153 demonstrated that nitroxide

radicals of the isoindoline and piperidine series are efficient

controlling agents for the polymerization of sodium styr-

enesulfonate and sodium acrylate in an aqueous medium.

The polymerization in their presence produced the corre-

sponding polymers and a block copolymer with a narrow

molecular-weight distribution (PDI<1.5). The main draw-

back of nitroxide-mediated CRP of hydrophilic monomers

is the high polymerization temperature (generally>100 8C)
and, consequently, the polymerization should be performed

under high pressure or in water ± high-boiling solvent mix-

tures.154

Edeleva et al. 77 performed the polymerization of hydro-

philic and hydrophobic monomers using a single controlling

agent. The polymerization of hydrophilic monomers, such
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Figure 16. Kinetics of polymerization of acrylamide (a) and sodium 4-vinylbenzenesulfonate (b) initiated by alkoxyamine 16 at 90 8C.77

Plots of the molecular weight and dispersity during polymerization of acrylamide at pH 3.0 and different monomer : initiator ratios (c) and
polymerization of sodium 4-vinylbenzenesulfonate at monomer : initiator=1000 : 1 and different pH (d ); (a, c) the ratio monomer : -
initiator=1000 : 1 (1), 250 : 1 (2), 100 : 1 (3); (b, d) pH 8.7 (1), 6.7 (2), 3.0 (3). The solid lines indicate the calculated molecular weights; the
dashed lines show linear approximations of the experimental data.
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as sodium 4-vinylbenzenesulfonate (SVBS) and acrylamide

(AAm), and lipophilic styrene was accomplished in the

presence of pH-sensitive imidazoline nitroxide 19. Fischer's

diagrams were applied to select the optimal conditions for

the polymerization of each monomer in particular, taking

into account changes in the rate constants of alkoxyamine

homolysis and recombination between nitroxide and alkyl

radicals in the protonation of alkoxyamines and nitroxide

radicals (Fig. 15). The polymers poly-SVBS and poly-AAm

were synthesized under optimal conditions (pH, temper-

ature and the concentrations of the monomer and the

initiator). The polymerization was shown to be living and

controlled (Fig. 16). It should be noted that the same

nitroxide was employed for the controlled polymerization

of styrene. Among other nitroxides, only the nitroxide SG1

is universal with respect to hydrophilic and lipophilic

monomers without structural modifications.

5. Conclusion

The data summarized in this review clearly demonstrate

that imidazoline and imidazolidine nitroxides hold promise

as controlling agents for nitroxide-mediated polymeriza-

tion. The structural diversity and the available methods

for the synthesis make it possible to introduce diverse

substituents into the nearest environment of the nitroxide

moiety. Therefore, the rate constants of alkoxyamine

homolysis can be changed hundred-fold. Besides, the intro-

duction of hydrophilic, protonatable and complexing

groups offers routes to directly influencing the reaction

rate constants by varying the pH of the solution. Imidazo-

line and imidazolidine nitroxide radicals can also form

complexes with metal ions. Consequently, the complexation

would be expected to cause changes in the constants kd and

kc for these compounds, as it was demonstrated recently for

alkoxyamines based on the nitroxide radical SG1.99, 100

Currently, the nitroxide-mediated radical polymeriza-

tion is used not only for research purposes but also in

industry. This suggests that there are quite efficient nitro-

xides, which can be utilized in the large-scale production

based on this reaction. The question that arises then is what

are the advantages of imidazoline radicals compared to

other radicals.

Table 1 presents a brief comparison in relation to several

important parameters of imidazoline nitroxides and the

radicals TEMPO and SG1 commonly employed in the

industry as controlling agents. The evident advantage of

the latter radicals is that there are industrial processes using

these radicals, while such processes for imidazoline radicals

are absent. However, the procedure for the synthesis is quite

facile for TEMPO and SG1, as well as for imidazolines.

Therefore, the development of industrial processes, if neces-

sary, will not cause a problem.

In terms of the synthesis and variations in the structure,

the advantage of imidazoline nitroxides is broad functional

group tolerance, while only OH groups can be introduced

into SG1; otherwise, unstable radicals are produced.

Another important parameter is the efficiency of con-

trolling agents for the polymerization of different mono-

mers. Above, we have considered examples of the

application of imidazoline radicals as controlling agents

for the polymerization of various monomers, including

styrene and (meth)acrylates. In particular, imidazolines

can be used in aqueous media for the polymerization of

hydrophilic monomers. Noteworthy is that neither TEMPO

nor SG1 can be employed for the polymerization of pure

MMA in the absence of additives. Besides, imidazolines are

characterized by high thermal stability. They are also stable

in the presence of acids and bases. Therefore, nitroxides

compare favourably with SG1 and TEMPO (the former has

a very short lifetime in an acidic medium). This is why

imidazolines are efficient in the design of switchable initia-

tors. For SG1, the polymerization becomes uncontrolled in

protonated switchable initiators because of decomposition

of the nitroxide. For quite stable TEMPO, the effect of the

protonation on the constant kd is weak, thereby making this

radical useless.

Table 1. Comparison of the characteristics of imidazoline nitroxides and the TEMPO- and SG1-based radicals.

Characteristics Imidazoline nitroxides TEMPO and its derivatives SG1

Simplicity of the synthesis + + +

Industrial processes for 7 + +

the synthesis

Possibility of introducing + Limited Only OH

functional groups

Green technology + + +

Efficiency of controlling Styrene and derivatives+, Styrene and derivatives+, Styrene and derivatives+,

polymerization of different MMA+, MMA derivatives+, MMA and derivatives7 MMA7 (only with a copolymer),

monomers acrylates+, hydrophylic mono- (only in the presence of MMA derivatives7, hydrophylic

mers+, vinyl acetate7 additives), hydrophylic mono- monomers+, vinyl acetate7
mers+/7, vinyl acetate7

Stability Very high thermal stability, Low stability, unstable in Low

including in acidic medium acidic medium

Possibility of designing Nitroxide moiety+, Nitroxide moiety7, Nitroxide moiety+/7,

switchable initiators alkyl moiety+ alkyl moiety+ alkyl moiety+

(very weak effect)
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Owing to some properties (stability, ability to undergo

protonation and complexation), imidazoline nitroxides can

be considered as promising controlling agents for nitroxide-

mediated polymerization.
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