
Mechanism of Controlled/“Living” Radical Polymerization of
Styrene in the Presence of Nitroxyl Radicals. Kinetics and
Simulations

Dorota Greszta and Krzysztof Matyjaszewski*

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

Received June 18, 1996; Revised Manuscript Received August 27, 1996X

ABSTRACT: The polymerization of styrene in the presence of a stable radical, TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxy), has been simulated using a Predici simulations package. On the basis of
the experimental data, a kinetic model for the TEMPO-mediated polymerization of styrene is proposed.
In order to simulate the experimental data properly, it was necessary to include thermal self-initiation,
transfer, and irreversible decomposition of intermediate alkoxyamines in addition to the reversible cleavage
of the TEMPO-polymeric radical adduct. This model, combined with the values of the rate constants of
propagation (kp), termination (kt), transfer (ktrm), and alkoxyamines decomposition (kdecomp), was then
employed to estimate the kinetic and thermodynamic parameters for the exchange between dormant
and active species. The equilibrium constant, K, was estimated to be approximately 10-11 mol‚L-1, the
deactivation rate constant, kd ) 8 × 107 mol-1‚L‚s-1, and the activation rate constant, ka ) 8 × 10-4 s-1,
for bulk styrene polymerization at 120 °C.

Introduction

The description of a mechanism of polymerization
requires the definition of all elementary reactions
involved in the process, i.e., initiation, propagation,
chain breaking reactions (transfer and termination), and
other reactions such as exchange, isomerization, etc. The
absence of chain breaking reactions results in a living
polymerization; however, in homogeneous radical po-
lymerization it is impossible to suppress bimolecular
termination between growing radicals entirely. There-
fore, radical polymerizations can be only apparently
living (or “living”) or just controlled in the sense that
the preparation of polymers with predetermined mo-
lecular weights, low polydispersities, and terminal func-
tionalities is possible.
Radical polymerization, in spite of its commercial

importance, has been difficult to control at the level
attained for anionic and cationic polymerization. A
rational design and approach to controlled/“living” radi-
cal polymerization has been presented only very re-
cently.1 This approach is based on the reversible
formation of growing radicals from various types of
dormant species. The reversible homolytic cleavage of
dormant species can be accomplished by either thermal,
photochemical, or catalytic activation. The most suc-
cessful approaches are as follows: homolytic cleavage
of alkoxyamines2-10 and dithiocarbamates,11-13 use of
various organometallic species,14-19 and catalyzed atom
transfer radical polymerization.20-26 These approaches
could be supplemented with the bimolecular degenera-
tive transfer process.27,28
The use of a stable radical, TEMPO (2,2,6,6,-tetra-

methyl-1-piperidinyloxy), as a moderator in the radical
polymerization of styrenes has been studied most ex-
tensively, but the exact mechanism and the reasons why
well-defined polymers can be prepared are still obscure.
The objective of this paper is to summarize the experi-
mental data obtained from different, but comparable,
systems and to provide a comprehensive view on the
polymerization of styrene in the presence of TEMPO and

other alkoxyamines. We will analyze the effect of
various reactions occurring in this system, including
self-initiation, termination, transfer, decomposition of
alkoxyamines, and the effect of the dynamics of ex-
change on kinetics, molecular weights, and polydisper-
sities. In a subsequent paper we will analyze the effect
of various reaction conditions as well as the polymeri-
zation of other monomers which do not self-initiate.
A computer simulation of the polymerization process

can be relatively simple if only one deviation from the
ideal living system is considered. It has been demon-
strated that such an approach can be extremely useful
in studying the mechanism of controlled/living polymer-
izations such as group transfer, carbocationic, and other
polymerizations.29-32 However, as will be shown later,
a radical polymerization involves several elementary
reactions, and therefore a clean analytic solution is not
available, and oversimplification may lead to an incor-
rect conclusions.33 It has been reported recently that
the Predici computer simulation program can be used
successfully for the simulation of multistep polymeri-
zation systems and that it provides an excellent agree-
ment with purely analytical solutions.34 Therefore, we
have used the Predici program to simulate the TEMPO-
mediated radical polymerization of styrene. Even though
the accuracy of the estimation of the rate and the
equilibrium constants is (50%, the main purpose of this
paper is to show the order of magnitude of the rate
constants and the effect of various reactions on the rate
of polymerization, molecular weights, and polydisper-
sities.

Brief History of the TEMPO-Mediated
Polymerization of Styrene

The first use of nitroxyl radicals and alkoxyamines
in a radical polymerization was reported by Rizzardo
and Solomon2,3 for a variety of vinyl monomers, but it
was generally limited to low-molecular weight polymers
and oligomers. Subsequent extensive studies by Georg-
es and co-workers on the polymerization of styrene in
the presence of TEMPO demonstrated that well-defined
polymers with low polydispersities can be prepared in
this system.4,35-39 Alkoxyamines have been employed
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in three different ways to control the polymerization of
styrene. First, alkoxyamines, themselves, have been
used as well-defined initiators, in a way similar to the
Rizzardo and Solomon original work.2,5,7,9,40,41 It should
be stressed that this approach yields polymers with the
lowest polydispersities and it provides the most lucid
picture of the reactions occurring in such a system.
Second, alkoxyamines may be formed in situ by using
peroxides and/or diazo compounds and corresponding
nitroxyl radicals.4,35-39,42 In this case it is important
to use a concentration of the radical scavenger exceeding
that of the radicals formed by the decomposition of the
initiator. Third, alkoxyamines can also be formed in
situ by using nitroxyl radicals in thermally self-initiated
polymerization.6,42-45 Unfortunately, a TEMPO-medi-
ated system is efficient only for styrene (co)polymeri-
zation and cannot be used succesfully in a polymeriza-
tion of (meth)acrylates and other polar monomers.10,46
As will be discuss later, this could be directly related to
the inability of self-initiation of these monomers.
Modifications to the above systems generally involve

the addition of a catalytic amount of a relatively strong
organic acid or some other additive.47,48 The acids can
be either externally added or built into nitroxyl species
and act in the intramolecular fashion.6 Their role is not
clear, and in this paper we will refrain from a detailed
analysis of the effect of these additives. It has been
postulated, though, that these additives may reduce the
rate of self-initiation,49 reduce the concentration of
TEMPO,48 or catalyze the exchange reactions.
There is a great deal of confusion concerning the

mechanism of styrene polymerization in the presence
of TEMPO and other nitroxides. This confusion can be
ascribed partially to the slightly different experimental
conditions used by different groups, including temper-
ature, purification of reagents, concentrations of TEMPO
and conventional initiators, monomer conversion, meth-
ods of analysis of the polymers (precipitated or not),
degree of oxygen exclusion, etc. However, from all of
these reports a common picture emerges in which (a)
the polymerization rates are first order in monomer and
essentially independent of the TEMPO/alkoxyamine
concentrations; (b) the molecular weights linearly in-
crease with conversion and are relatively well controlled
up to Mn ≈ 20 000-30 000; (c) the polydispersities
usually decrease with conversion but then may increase,
depending upon the conversion and molecular weights;
however, the polydispersities are usually below Mw/Mn
) 1.3; and (d) the concentration of residual TEMPO
during the polymerization is approximately 0.1-1% of
the initial concentration of TEMPO (or alkoxyamine).33,50

The most important characteristics of controlled/living
styrene radical polymerization, listed below, are missing
in many articles devoted to that subject:
(a) The rates of polymerization, very similar to that

of styrene self-initiated polymerization and independent
of [TEMPO], indicate that self-initiation IS RESPON-
SIBLE for providing a sufficient amount of radicals to
maintain reasonable polymerization rates.
(b) A majority of chains contain alkoxyamine end

groups that exchange with the growing radicals present
at very low concentrations.
(c) The rate of the exchange reaction is comparable

to the propagation rate, but at the later stages side
reactions lead to an increase of polydispersities.
(d) Regardless of the initiation mode, polymerization

occurs with a large excess of counter-radicals relative

to growing radicals. This persistent radical effect51 is
due to a continuously occurring bimolecular termination
process which does not allow the radicals to reach
equimolar concentration with TEMPO when TEMPO is
added in excess or results in the rapid initial decrease
of the concentration of the radicals when alkoxyamine
is used as initiator. In all cases, under pseudostationary
conditions, [Pn°] , [TEMPO].
In several cases the above observations have been,

however, interpreted in very unusual and, in our
opinion, erroneous way. Because the above features
have not been recognized properly, incorrect conclusions
have been appearing in recently published papers. For
example, an agglomeration of alkoxyamine end groups
to aggregates with degree of aggregation g 10 was used
to explain the independence of the polymerization rates
of the concentration of the alkoxyamine.7 In another
publication the authors calculated the equilibrium
constant on the basis of the assumption [Pn°] ) [TEMPO],
although in fact [Pn°] ≈ 0.001[TEMPO]. In addition,
the concentration of growing radicals was reported to
be [Pn°] ≈ 6 × 10-7 mol‚L-1, i.e., 60 times higher than
the actual value (≈10-8 mol‚L-1), because kobs was
reported as 2.4 × 10-3 s-1, instead of 2.4 × 10-3 min-1

(cf. Figure 1 in the cited paper).9 An example of
misinterpretation of the experimental data can also be
seen in a publication by Veregin et al.33 in which a
mathematical estimation of the value of the deactivation
rate constant in the TEMPO-mediated polymerization
was attempted. In this work the contribution of self-
initiation and termination was not taken into account;
the increase of polydispersities for [TEMPO]/[BPO] )
1.1 in comparison to 1.3 was ascribed to slower exchange
in the former system rather than to contribution of
chains which have not been trapped by TEMPO due to
its too low concentration. Moreover, the authors mis-
takenly reported the concentration of TEMPO as being
of the order of 10-3 instead of 10-5 mol‚L-1, which
probably led to underestimation of kd (cf. Figures 1 and
3 in ref 33).
In this paper we will discuss the importance and

contribution of various elementary reactions in styrene
bulk polymerization in the presence of TEMPO. As it
will be shown, the neglectance of some of these reactions
could lead to the wrong interpretation and incorrect
mechanistic picture of this important system.

Elementary Reactions Involved in the
TEMPO-Mediated Styrene Polymerization
The simplest system for a TEMPO-mediated styrene

polymerization includes styrene and the corresponding
TEMPO adduct 2,2,6,6-tetramethyl-1-(1-phenylethoxy)-
piperidine. In the simplest mechanistic scheme the
adduct undergoes a reversible homolytical cleavage
producing 1-phenylethyl radical and a counter-radical
TEMPO with a rate constant of activation, ka. 1-Phen-
ylethyl radical reacts with the counter-radical with the
rate constant of deactivation (kd) (Scheme 1).
1-Phenylethyl radical can react with monomer with

a rate constant of propagation (kp) (Schemes 2 and 3).
Although it is recognized that the first addition might
be faster than the subsequent steps, it is assumed that

Scheme 1
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kp1 ) kp2 ) kpn in order to simplify the analysis.
Propagation rate constants are available in the litera-
ture, and for styrene kp ) 2 × 103 mol-1‚L‚s-1 at 120
°C.52,53
The propagating radicals also may react reversibly

with TEMPO with rate constants ka and kd (Scheme 4).
The dynamics of this exchange reaction is not yet
known, and the purpose of this paper is to estimate the
two rate constants.
It is assumed here that not only the propagation rate

constants but also activation and deactivation rate
constants for monomeric and polymeric radicals are the
same due to their close resemblance.
Both the 1-phenylethyl radical and macromolecular

radicals can undergo termination. In the radical po-
lymerization of styrene termination occurs predomi-
nantly and in this simulation exclusively by coupling.
The termination rate obviously depends on the viscosity,
chain length, and temperature, but in this simplified
approach only one value is used for the termination rate
constant kt ) 107 mol-1‚L‚s-1 at 120 °C (Scheme 5).54,55
In addition, it is well-known that styrene can poly-

merize via thermal self-initiation, presumably by radi-
cals formation from unsaturated dimers according to
Mayo56,57 (Scheme 6). The rate of thermal formation of
the dimer has been determined by using various inhibi-
tors. By interpolation of the literature data,58,59 the rate
of dimer formation at 120 °C was calculated to be
approximately 2 × 10-6 mol‚L-1‚s-1. From this value,
kdim ) 3 × 10-8 mol-1‚L‚s-1 was then calculated.
Experimental evidence for the formation of the Mayo

dimer in the thermal self-polymerization of styrene is
quite ample; however, the actual initiation process is
not yet clear. Possibly, initiation occurs via hydrogen
transfer to monomer, as shown in Scheme 7. Although
an analytical model for the thermal polymerization of
styrene has been developed and successfully solved,60
the absolute values of the rate constants are still

unknown. It has been assumed that the dimer radical
(D•) reacts with monomer with the same rate constant
as the monomeric radical (Scheme 8). Thus, in order
to fit the experimental kinetic data, it was necessary to
set ki′ ) 5 × 10-8 mol-1‚L‚s-1.
When the thermal polymerization of styrene was

simulated using the above kinetic parameters, the
obtained molecular weights were approximately 100
times higher than those experimentally determined. The
addition of transfer to monomer (Scheme 9) to the model
did not result in a significant decrease of the molecular
weights (at 120 °C, CtrM ) 1.4 × 10-4;61, i.e., ktrM ) 0.28
mol-1‚L‚s-1).
Literature values of the rate constants of transfer to

polymer are less reliable but usually proposed to be
lower than those for transfer to monomer. Because
most polymerizations were studied only to moderate
conversions (<70%), transfer to polymer was not taken
into account in these simulations.
On the other hand, when transfer to the Mayo dimer

(Scheme 10) was incorporated into the model, the
molecular weights within the range found experimen-
tally were obtained. The optimum fit was achieved for
ktrD ) 50 mol-1‚L‚s-1. This value allowed us to fit
accurately both the kinetic data and molecular weights.
Although the precise determination of the rate constant
of transfer to the Mayo dimer is beyond the scope of this
publication, this relatively large rate constant is justi-
fied experimentally, as shown by Olaj and co-work-
ers.62,63
It has been recently reported that 2,2,6,6-tetramethyl-

1-(1-phenylethoxy)piperidine spontaneously thermally
decomposes to styrene and the corresponding hydrox-
ylamine (Scheme 11) with a rate constant kdecomp ) 3 ×
10-5 s-1 at 120 °C in dimethyl sulfoxide (DMSO).64
More recent experiments conducted in our laboratories
with dimeric and trimeric adducts as well as with low-
molecular weight polymers (Mn ) 3000) indicate that
macromolecular species participate in a similar reaction
with a rate constant kdecomp ≈ 1 × 10-5 s-1. The
observed difference in these two constants can be
ascribed to the statistical factor (three â-H atoms in the
monomeric adduct versus two â-H atoms in the macro-
molecular species) and can be additionally lower due to
solvent effects. It should be noted, though, that for the
macromolecular alkoxyamine this reaction results in the
formation of a polymer with a terminal double bond
rather than a monomer.
In this paper we will not analyze the potential effect

and contribution of the degenerative transfer which we
proposed before.44 It will be shown later that the
experimentally observed polydispersities are already

Scheme 2

Scheme 3

Scheme 4

Scheme 5

Scheme 6

Scheme 7

Scheme 8

Scheme 9

Scheme 10

Scheme 11
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higher than those predicted for unimolecular exchange
alone. Thus, the contribution of bimolecular exchange
(degenerative transfer) would reduce the polydispersi-
ties even further below the observed values. The
unimolecular exchange will be discussed in a subse-
quent paper along with the polymerization of other
monomers.

Results

Kinetics of Polymerization. Figure 1 depicts the
reported kinetic data on the thermal self-initiated
polymerization of styrene, the results of polymerization
in the presence of 2,2,6,6-tetramethyl-1-(1-phenyleth-
oxy)piperidine, and the data available from the litera-
ture on polymerization initiated by azobis(isobutylroni-
trile) (AIBN) and benzoyl peroxide (BPO) in the presence
of TEMPO at 120 °C, as well as the results of computer
simulations of the thermal polymerization of styrene
and the polymerization in the presence of the adduct.
The total initial concentration of alkoxyamine in this
simulation is ≈10-2 mol‚L-1, unless specifically noted
otherwise.
There is a striking conclusion from the inspection of

Figure 1. The polymerization rates are similar and do
not depend upon the concentration of the adduct or on
the way it has been formed. The polymerization rates
in the presence of adducts are very similar to the rate
of thermal self-initiated polymerization in the absence
of adducts. Very recently a similar observation has been
reported by Catala et al. for the di-tert-butyl nitroxide-
mediated polymerization of styrene.7 The authors at-
tributed the independence of the polymerization rate on
the concentration of the alkoxyamine to the association
of alkoxyamines to inactive aggregates with a degree
of association n e 10. We believe that there is neither
physical nor chemical reason nor evidence for the
formation of such aggregates.65 As independently con-
cluded by Fukuda,50 the real origin of the similar rates
in the presence of variable amounts of alkoxyamines is
that self-initiation is primarily responsible for main-
taining a reasonable polymerization rate. The contribu-
tion of the thermal self-initiation to the polymerization
rate is significant due to extremely low values of the

exchange equilibrium constant. The main role of the
alkoxyamines is to control the molecular weights and
polydispersities by exchanging with the thermally gen-
erated radicals. This exchange may be uni- or bimo-
lecular. Thus, the inability to thermally self-initiate
would explain why TEMPO-mediated polymerization of
(meth)acrylates is much less successful than that of
styrene.
For the first stage of simulations we used only

Schemes 1-8 without taking into account transfer and
decomposition reactions. In order to fit experimental
kinetic data, we found it necessary to use equilibrium
constant values K ) ka/kd < 10-10 mol‚L-1, and the best
fit was found for K ≈ 10-11 mol‚L-1. Of course, K )
10-10 mol‚L-1 is the upper limit for the equilibrium
constant, and lower values such as 10-12 mol‚L-1 also
fit the observed kinetics. Apparently the dynamics of
exchange has no effect on kinetics. Using either the
upper limit of the rate constant of deactivation kd ) 109
mol-1‚L‚s-1 or a 100 times lower value kd ) 107
mol-1‚L‚s-1 (and correspondingly ka ) 10-2 and 10-4 s-1)
resulted in the same rate of monomer consumption.
It must be stressed here that styrene polymerization

is a special case in which the growing radicals are
formed by both the self-initiation and dissociation
(activiation) of alkoxyamines. The ratio of the observed
rate coefficient (slope in the semilogarithmic coordi-
nates) to the rate constant of propagation equals the
concentration of growing radicals kobs/kp ) [Pn°]. Linear
kinetic plots indicate a rather constant value of [Pn°] ≈
10-8 mol‚L-1.
Equilibrium TEMPO Concentrations. Figure 2

presents the simulated concentration of TEMPO for a
variety of equilibrium constants. The available litera-
ture EPR data and also our estimates of the concentra-
tion of TEMPO by UV-vis spectroscopy indicate that
approximately 0.1-1% of TEMPO (based on the initial
concentration of alkoxyamine) is formed in the reac-
tion.6,42,50,66 This indicates that the lower limit of the
equilibrium constant is K g 10-11 mol‚L-1. Comparison
of this value with that estimated from the kinetics gives
relatively good agreement and sets the value of K ) ka/
kd ) 10-11 mol‚L-1 at 120 °C. Previously we have
estimated K ≈ 10-10 mol‚L-1,67 on the basis of the
apparently overestimated concentration of TEMPO
(g1%), probably due to the oxidation of the hydroxyl-
amines. More precise EPR data indicate that the
concentration of TEMPO is approximately 0.1%. The
equilibrium constant, estimated in this way, equals

Figure 1. Kinetic plots for the simulated polymerization of
styrene in the presence of adduct [AT]0 ) 0.012 M with
variable kinetics and thermodynamics of exchange, simulated
thermal polymerization of styrene, and experimental data: b,
thermal polymerization (ref 64 and this work); 9, [AT]0 ) 0.010
M (this work); 0, [AT]0 ) 0.012 M;67 O, [AT]0 ) 0.009 M67; ×,
[AT]0 ) 0.003 M67; (, [AIBN]0 ) [TEMPO]0 ) 0.010 M44; 2,
[BPO]0 ) [TEMPO]0 ) 0.010 M (this work). [ST]0 ) 8.7 M;
temperature ) 120 °C. The lines correspond to the simulated
results.

Figure 2. Simulated relative concentration of TEMPO in
systems with variable kinetics and thermodynamics of ex-
change: a, K ) 1 × 10-9 mol‚L-1, kd ) 1 × 109 mol-1‚L‚s-1; b,
K ) 1 × 10-10 mol‚L-1, kd ) 1 × 109 mol-1‚L‚s-1; c, K ) 1 ×
10-11 mol‚L-1, kd ) 1 × 109 mol-1L s-1; d, K ) 1 × 10-11

mol‚L-1, kd ) 1× 108 mol-1‚L‚s-1. The horizontal lines indicate
the range of the experimentally observed concentrations of
TEMPO. [AT]0 ) 0.012 M; [ST]0 ) 8.7 M; temperature ) 120
°C.
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A small increase of the concentration of TEMPO with
monomer conversion is due to a continuous termination
process which is not being completely balanced by the
progresively slower self-initiation.
Neither the kinetics of polymerization nor the deter-

mination of the equilibrium TEMPO concentrations
allow one to estimate the dynamics of exchange. Here,
as in some systems analyzed earlier,30 the most useful
method for determining the dynamics of this process is
to analyze the evolution of polydispersities and molec-
ular weights with conversion.
Evolution of Molecular Weights and Polydisper-

sities with Conversion. (a) No Transfer, No De-
composition. Figure 3 illustrates the evolution of
molecular weights with conversion for the simplest
systems (without transfer and decomposition) with
variable exchange rates but a constant value of K )
10-11 mol‚L-1. It seems that some of the reported data
agree relatively well with the simulations if the rate of
deactivation is larger than kd > 107 mol-1‚L‚s-1 (ka >
10-4 s-1 ). Too high initial molecular weights are
calculated for smaller values of the exchange rate
constants.
The linear increase of molecular weights with conver-

sion for the simulated dependencies indicates that the
proportion of chains that are self-initiated and termi-
nated by coupling is relatively low (below a noticeable
level), as will be shown below in Figure 8.
Figure 4 depicts the variation of polydispersities with

conversion for various values of the rate constants of

activation and deactivation. The initial best fit was
found for kd ) 1 × 108 mol-1‚L‚s-1, a value which is
lower than the diffusion controlled values kd ≈ 109
mol-1‚L‚s- 1 but is very close to the rate constant for
the reaction of TEMPO with 1-phenylethyl radical.68
In systems with slow exchange, a monotonic decrease

of polydispersity with conversion is expected; however,
the experimentally observed polydispersities increase
at higher conversions. Thus, it appears that the simple
system including only propagation, exchange, self-
initiation, and termination cannot fit the observed
dependence of the polydispersities on conversion for any
rate constants of exchange while using the estimated
earlier value of the equilibrium constant K ) 10-11

mol‚L-1. Therefore some additional side reactions must
also contribute to the broadening of the molecular
weight distribution. Taking the side reactions (namely
transfer to monomer and decomposition of the alkoxy-
amine) into account, the optimum fit of the experimen-
tally observed polydispersities was found for kd ) 8 ×
107 mol-1‚L‚s-1 (see Figure 5).
(b) Systems with Transfer to Monomer and

Decomposition of Alkoxyamines. Figure 5 demon-
strates the effect of transfer to the monomer and the
decomposition of alkoxyamines on molecular weight
distribution. Transfer alone leads to a relatively small
increase in polydispersities, much lower than experi-
mentally observed. However, a larger increase in
polydispersities that is much closer to that observed
experimentally is predicted by taking into account the
decomposition reaction (Scheme 11) already reported for
model species.64

Figure 3. Simulated dependence of the number average
degree of polymerization DPn on the conversion in systems
with variable kinetics of exchange and equilibrium constant
K ) 1× 10-11 mol‚L-1. Solid points correspond to experimental
data. [AT]0 ) 0.012 M; [ST]0 ) 8.7 M; temperature ) 120 °C.

Figure 4. Simulated dependence of molecular weight distri-
butions on conversion in systems with variable kinetics of
exchange and equilibrium constant K ) 1 × 10-11 mol‚L-1: a,
kd ) 1 × 109 mol-1‚L‚s-1; b, kd ) 1 × 108 mol-1‚L‚s-1; c, kd )
1 × 107 mol-1‚L‚s-1. Solid points correspond to experimental
data. [AT]0 ) 0.012 M; [ST]0 ) 8.7 M; temperature ) 120 °C.

K ) [Pn°] ([TEMPO°]/[Pn - TEMPO]) )

(10-8 mol‚L-1) × 0.001 ≈ 10-11 mol‚L-1

Figure 5. Effect of various side reactions on the simulated
dependence of molecular weight distributions upon conversion
in systems with K ) 1 × 10-11mol‚L-1 and kd ) 8 ×
107mol-1‚L‚s-1 with the following: a, exchange and termina-
tion; b, exchange, termination, and thermal initiation; c,
exchange, termination, thermal initiation, and transfer to
monomer; d, exchange, termination, thermal initiation, and
decomposition of alkoxyamines; e, exchange and all side
reactions combined. Solid points correspond to experimental
data. [AT]0 ) 0.012 M; [ST]0 ) 8.7 M; temperature ) 120 °C.

Figure 6. Effect of side reactions on simulated kinetics in
systems with K ) 1 × 10-11 mol‚L-1, kd ) 1 × 108 mol-1‚L‚s-1

with the following: a, exchange, termination, and thermal
initiation; b, exchange and all side reactions (cf Figure 5)
combined. Solid points correspond to experimental data. [AT]0
) 0.012 M; [ST]0 ) 8.7 M; temperature ) 120 °C.
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Figures 6 and 7 illustrate the cumulative effect of
transfer and decomposition on the molecular weights
and kinetics of polymerization. Apparently, decomposi-
tion of alkoxyamines reduces the concentration of
TEMPO in the system only slightly, resulting in only a
small overall effect on the concentration of the growing
radicals and the polymerization rate. Transfer to the
monomer and to the Mayo dimer, on the other hand,
contributes much more to the final molecular weights
which are about 20 000 lower than expected on the basis
of the initiator concentration.
Variation of the Concentration of Various Spe-

cies with Conversion. Figures 8-11 show the varia-
tion of the concentrations of the most important species
as a function of conversion for a hypothetical system
with exchange, self-initiation, and termination without
transfer to the monomer and the decomposition of
alkoxyamines (Figures 8 and 9) and with these two
reactions (Figures 10 and 11).

Figure 8 shows the variance in the concentration of
the Mayo dimer, TEMPO and growing radicals in the
absence of transfer and decomposition. The concentra-
tion of a Mayo dimer reaches 10-2 mol/L at 40%
conversion and stays rather constant. The concentra-
tion of the Mayo dimer is influenced the most by
transfer, and the error in the determination of ktrd will
be reflected by either too low or too high concentration.
However, since the simulated kinetics of polymerization
agrees very well with the experimental one (directly
related to the concentration of the Mayo dimer), the
value of ktrd used in these simulations is probably close
to the true value. The relatively low concentration of
the Mayo dimer is consistent with the spectroscopic
difficulty in directly observing these species. Olaj and
co-workers63 reported even lower concentration of the
Mayo dimer and higher ktrd, but the product ktrd[D] was
nearly the same as the product ktrd[D] of the values used
in this work. This discrepancy could most likely origi-
nate from overestimating the extinction coefficient for
the Mayo dimer in the spectroscopic measurements
conducted by Olaj.
The alkoxyamines cleave homolytically, providing

high initial concentration of radicals [P°]0 ) [TEMPO]0
) (K[P-TEMPO]0)1/2. However, in a very short time,
the excess of the radicals recombine, leading to a new
stationary concentration of [Pn°] ≈ 10-8 mol‚L-1 and
[TEMPO] ≈ 10-5 mol‚L-1 (Figure 8) which corresponds
to the value K ≈ 10-11 mol‚L-1. The stationary con-
centration of TEMPO corresponds to approximately
0.1% concentration of the initial concentration of the
alkoxyamine. Simulations beginning with BPO and
TEMPO as starting compounds provide similar station-
ary conditions.

Figure 7. Effect of side reactions on the simulated depen-
dence of the number average degree of polymerization DPn on
the conversion in systems with K ) 1 × 10-11 mol‚L-1, kd ) 1
× 108 mol-1‚L‚s-1 with the following: a, exchange, termination,
and thermal initiation, b, exchange and all side reactions (cf.
Figure 5) combined. Solid points correspond to experimental
data. [AT]0 ) 0.012 M; [ST]0 ) 8.7 M; temperature ) 120 °C.

Figure 8. Simulated concentration of growing chains (P*),
TEMPO, and the Mayo dimer vs conversion in a system with
K ) 1 × 10-11 mol‚L-1, kd ) 1 × 108 mol-1‚L‚s-1 with thermal
intiation and no other side reactions. [AT]0 ) 0.012 M; [ST]0
) 8.7 M; temperature ) 120 °C.

Figure 9. Simulated concentration of dormant chains (PT),
chains terminated by coupling (PP), chains initiated thermally
(P*THERM), and chains involved in transfer to the Mayo dimer
(PTHERM) vs conversion in a system with K ) 1 × 10-11 mol‚L-1,
kd ) 1 × 108 mol-1‚L‚s-1 with thermal intiation and no other
side reactions. [AT]0 ) 0.012 M; [ST]0 ) 8.7 M; temperature
) 120 °C.

Figure 10. Simulated concentration of growing chains (P*),
TEMPO and hydroxylamine (TH) vs. conversion in a system
with K ) 1 × 10-11 mol‚L-1, kd ) 1 × 108 mol-1‚L‚s-1 with
thermal intiation, transfer to monomer, and decomposition of
alkoxyamine. [AT]0 ) 0.012 M; [ST]0 ) 8.7 M; temperature )
120 °C.

Figure 11. Simulated concentration of dormant chains (PT),
chains terminated by transfer (PTRM), alkoxyamine decomposi-
tion (P)) and coupling (PP), and chains involved in transfer
to the Mayo dimer (PTHERM) vs conversion in a system with K
) 1 × 10-11 mol‚L-1, kd ) 1 × 108 mol-1‚L‚s-1 with thermal
initiation, transfer to monomer, and decomposition of al-
koxyamine. [AT]0 ) 0.012 M; [ST]0 ) 8.7 M; temperature )
120 °C.
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Figure 9 shows that the concentration of dormant
chains (PT) is roughly equal to the initial concentration
of the adduct (10-2 mol/L). Only a very small number
of chains terminate by coupling ([PP] ≈ 2%). The
amount of the terminated chains (PP) is equal to exactly
half of the amount of the radicals formed thermally
(P*THERM). Because of very efficient transfer to the
Mayo dimer, the proportion of chains marked by trans-
fer to the Mayo dimer and self-initiated (P*THERM) is
much higher (up to 20% at the end of polymerization).
A sufficiently low concentration of TEMPO (and there-
fore high enough concentrations of growing radicals and
reasonable polymerization rates) is attained by scaveng-
ing TEMPO with the continuously formed radicals from
the self-initiation process. The concentration of TEMPO
rapidly increases to 10-5 mol/L and then stays roughly
constant.
Figure 10 describes similar changes in the concentra-

tion of different species present in the system when
monomer transfer and decomposition are included in the
model. Both reactions are important and lead to
continuous decrease of the concentration of dormant
chains accompanied by an increase in polydispersities.
The molecular weights are not affected because the
decomposition does not change the total number of
chains. The kinetics is also not affected very strongly
because the concentration of TEMPO and the growing
radicals is rather constant, even at high conversions.
Figure 11 depicts the dependence of the concentration

of chains that were terminated, self-initiated, or par-
ticipated in the transfer and decomposition upon con-
version. At 60% conversion approximately 80% of the
chains are still active and carry an alkoxyamine end
group. The proportion of self-initiated and terminated
chains is below 1% and of chains that have lost activity
by either transfer or decomposition is about 20%.
However, at 80% conversion nearly half of the chains
have lost activity, and at complete conversion less than
20% of chains are potentially active. This means that
it is still possible to prepare relatively well-defined
homopolymers and block copolymers from a starting
block up to molecular weights ≈ 60 000 (i.e., at 60%
conversion with the initial concentration of alkoxyamine
0.01M). For higher concentrations of alkoxyamines and
for shorter chains, the control over the polymerization
can be extended even to higher conversions.

Discussion

Effects of Self-Initiation and Termination. Ter-
mination and self-initiation are inherent elementary
reactions in bulk polymerization of styrene at temper-
atures g 100 °C. In the TEMPO-mediated polymeri-
zation the termination by recombination leads to the
concentration of TEMPO a few orders of magnitude
higher than that of growing radicals. This persistent
radical effect51 occurs regardless of the initiating system
and provides similar stationary concentration of growing
radicals and counterradicals irrespectively of whether
the alkoxyamines, TEMPO alone, and TEMPO with
conventional initiators such as AIBN and BPO are used
in the polymerization. Small differences between vari-
ous systems originate in a lack of stoichiometric balance
between the concentrations of scavanger and initiator
and in some side reactions occurring during the initia-
tion. Alkoxyamines seem to be the best initiators since
they do not lead to any side reactions at the initiation
stage, provide perfect balance between scavenger and
polymeric chains, eliminate any induction periods, and

could be used together with a controlled excess of
TEMPO.
Self-initiation is responsible for maintaining reason-

able polymerization rates in the presence of TEMPO due
to the very low value of the equilibrium constant. In
some other systems with more stericaly hindered ni-
troxides9 or in atom transfer radical polymerization
(ATRP)21 where the equilibrium constants are higher,
the polymerization rates are also significantly higher.
In these systems, the proportion of chains formed by
self-initiation is low and does not affect the overall
molecular weights and polydispersities forMn < 50 000.
In the absence of self-initiation, for example in po-

lymerization of (meth)acrylates and acrylonitrile, the
control of molecular weights and polydispersities is
much less satisfactory. However, notably, random
copolymers of acrylates and acrylonitrile with styrene
have been successfully prepared.10,46 This can be, at
least partially, ascribed to the self-initiation of styrene
and to slower styrene polymerization.
Exchange Reactions. The exchange between radi-

cals continuously generated by self-initiation and dor-
mant alkoxyamines is a key feature of the controlled/
living polymerization of styrene in the presence of
TEMPO. This reaction allows good control over poly-
dispersities and molecular weights, which are prede-
termined by the ratio ∆[M]/[TEMPO], if the initial
concentration of TEMPO is higher than that of the
radicals formed by the decomposition of the initiator.
The rate of exchange is comparable to the propagation

rate, and therefore, the polydispersities decrease with
conversion during the initial stages of the polymeriza-
tion. At the beginning of the reaction, but after the
equilibrium has established (ca. at 2% conversion), the
propagation seems to be 20 times faster than deactiva-
tion which leads to the formation of oligomers with DP
≈ 20. This value, observed experimentally, can also be
estimated from the following expression:

The above calculations also indicate that recently
estimated value of kd ≈ 1.5 × 107 mol-1‚L‚s-1 33 is too
low, because if this value were correct, at the begining
of the polymerization polymers with DPn ≈ 100 should
be obtained.
The kd values estimated in this study are very close

to those determined directly for the model reactions of
the 1-phenylethyl radical with TEMPO. The relatively
slow exchange should lead to a continuous decrease of
polydispersities throughout the polymerization. But in
fact it was found that the polydispersities increase at
higher conversions. This observation can be explained
in two ways. One is that the exchange rate is progres-
sively reduced in comparison with the propagation rate
and another one is that additional side reactions become
important. It is possible that, at higher conversion due
to increased viscosity, the diffusion rate limit is reduced
below 108 mol-1‚L‚s-1 and therefore kd becomes smaller
while kp is not yet affected. The latter case will be
discussed in the subsequent section.

DPn0 ) Rp0/Rd0 ) kp[M]0[Pn°]/kd[TEMPO]st[Pn°] )
kp[M]0/kd[TEMPO]st

DPno ≈ ((2 × 103 mol-1‚L‚s-1) ×
(10 mol‚L-1))/((108 mol-1‚L‚s-1) ×

(10-5 mol‚L-1)) ≈ 20
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We refrained here from discussing the contribution
of bimolecular degenerative transfer. The polydisper-
sities are already higher than those predicted for a
system with the unimolecular exchange only. The
addition of bimolecular exchange (degenerative transfer)
would reduce the polydispersities even further below the
experimentally observed values. In principle, the poly-
dispersities at final conversion can be described by the
following equations for conventional exchange and
degenerative transfer, respectively:

It is predicted that the polydispersities should depend
on [I]0 only in the former case. The limiting polydis-
persity for the conventional exchange is estimated to
beMw/Mn ) 1.01 for [I]0 ) 0.01 mol‚L-1, whereas values
higher than 1.3 are actually observed. This value is
even higher than that estimated for the kd ≈ 107
mol-1‚L-1‚s-1 (Mw/Mn ) 1.1), and therefore, it is impos-
sible to assess the contribution of degenerative transfer
in this system. However, the rate constant of degenera-
tive transfer must be much faster than that of propaga-
tion in order to lead to the significant reduction of
polydispersities. Such a process has been observed for
alkyl iodides but not yet for alkoxyamines which are
more sterically hindered. Because free TEMPO is
observed during the TEMPO-mediated polymerization
of styrene, the unimolecular exchange has to take place.
Side Reactions. In this study it was assumed that

the rate constants for all of the elementary reactions
were identical to those in conventional radical polym-
erization. This assumption was applied to transfer to
the monomer. As in most radical polymerization,
transfer to styrene is not very important, even at 120
°C. Less than 10% of chains participated in the transfer
at complete conversion, as shown in Figure 11, and at
lower conversion and higher initiator concentration this
value is below the detection limit.
On the other hand, it appears that the decomposition

of alkoxyamines is a more important process. At 60%
conversion, 20% of the chains decomposed, and, at 80%
conversion, half of the chains lost activity.
Decomposition was described previously as an uni-

molecular process. However, it is possible that TEMPO
may attack not only a carbon atom of the growing
radical but it may also abstract â-hydrogen atoms
(Scheme 12).
Taking into account the observed rate constant for the

oligomeric/polymeric species, kdecomp ) 10-5 s-1, and the
determined equilibrium constant, K ) 10-11 mol‚L-1,
one can estimate kx ) kdecomp/K≈ 106 mol-1‚L‚s-1, which
is approximately 100 times slower than the deactivation
process. This means that the chemoselectivity of TEMPO
reacting with the carbon-centered radical versus hydro-
gen atom abstraction is approximately 99% for poly-
styryl radicals.

In previous studies of the mechanism of self-initiated
styrene polymerization in the presence of TEMPO,
several by-products were identified (Chart 1) 59.
The presence of 1,2-bis(2,2,6,6-tetramethyl-1-piperi-

dinyloxy)(1,2-bis(TEMPO) adduct in the reaction mix-
ture indicates that TEMPO can initiate the polymeri-
zation. However, the proportion of this species was low,
and the use of a large excess of TEMPO in these
experiments led to long induction periods during which
polymerization was not possible but rather side reac-
tions could be detected. Although such reactions should
be taken into account, we believe that their contribution
is rather small; otherwise they would prevent the
formation of well-defined polymers.
Trommsdorf Effect and Chain Length Depend-

ent Termination. In order to simplify the simulations
in this study, we assumed that all of the rate constants
do not vary with the chain length. We realize that this
is a gross oversimplification and plan to make the
corresponding corrections in the future. By using
diffusion controlled rate constant of termination be-
tween two 1-phenylethyl radicals kt1 ) 109 mol-1‚L‚s-1,
we observed no significant variation of kinetics, molec-
ular weights, and polydispersities. However, when all
of the rate constants of termination were increased to
kt ) 109 mol-1‚L‚s-1, a significantly slower polymeri-
zation was observed due to lower concentration of
growing radicals and higher concentration of TEMPO.
This is in disagreement with the reported data.
Although the simulated concentrations of chains

involved in bimolecular termination was low, the real
values might have been even lower, because the reaction
rate between two polymeric radicals may be signifi-
cantly reduced at higher conversion and high viscosity.
It is assumed that for conventional free radical polym-
erization at high conversion the macromolecular radical
can react only with a small initiating or oligomeric
radical.69 In contrast, in controlled/living systems there
are no low molecular weight radicals because all chains
grow simultaneously and the proportion of low-molar
mass styrene-based radicals is very low. The average
value of termination between two macroradicals may
be as low as kt ≈ 102 mol-1‚L‚s-1.69 In conventional
systems such a strong reduction in the termination rate
leads to the Trommsdorf effect, i.e., a rapid increase in
radicals concentration, acceleration of the polymeriza-
tion, a loss of control, and, potentially, explosions. It
has been reported that the Trommsdorf effect is absent
in TEMPO-mediated polymerizations.70 The main rea-
son for the absence of the Trommsdorf effect is that in
these systems the primary mode of termination is a
reversible reaction of the macromolecular radical with
a low-mass scavenger, and as such this reaction is not
significantly slower for longer chains or at higher
viscosity. In a conventional radical polymerization at
high conversions, termination occcurs mainly by recom-
bination of two macromolecular radicals. This reaction
becomes extremely slow for longer chains or at high
viscosity resulting in a sudden increase in the concen-
tration of radicals and uncontrollable acceleration of the
polymerization.
In summary, the values of the rate constants used in

this work lead to a successful simulation of the observed

Scheme 12

Mw/Mn ) 1 + (kp[I]0)/(kd[TEMPO])

Mw/Mn ) 1 + (kp)/(kdtr)

Chart 1
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rates, molecular weights, polydispersities, and TEMPO
concentrations. The apparently simple polymerization
of styrene mediated by TEMPO includes several other
reactions: self-initiation, termination, transfer, and
decomposition of alkoxyamines. These reactions affect
the polymerization in very different but important ways.

Conclusions

The TEMPO-mediated polymerization of styrene pro-
ceeds with a very low stationary concentration of
radicals generated by the homolytic cleavage of alkoxy-
amines. Polymerization rates in the absence and in the
presence of variable concentrations of alkoxyamines are
nearly the same, indicating that while the total number
of chains equals to that of the alkoxyamine molecules,
the propagating radicals are produced mainly by self-
initiation. The equilibrium constant for the reversible
cleavage of alkoxyamines at 120 °C is K ≈ 10-11 mol/L
as estimated from the kinetics and the stationary
concentration of TEMPO in the polymerization. The
rate constant of deactivation (reaction of growing radi-
cals with TEMPO) is in the range of kd ≈ 1 × 108
mol-1‚L‚s-1. Correspondingly, the rate constant of
deactivation (cleavage of alkoxyamines) is approxi-
mately ka ≈ 1 × 10-3 s-1. In addition to self-initiation,
propagation, exchange, and termination, two other side
reactions, namely, transfer and decomposition of alkoxy-
amines, are present. The role and contribution of the
elementary reactions are summarized below:
The reversible homolytic cleavage of alkoxyamines is

an important process which leads to a reduction of
polydispersities and allows synthesis of well-defined
polymers. The equilibrium constant of exchange is
extremely low (K ≈ 10-11 mol‚L-1), and therefore the
propagating radicals are mainly generated by self-
initiation.
Self-initiation is responsible for maintaining a rea-

sonable polymerization rate. Without self-initiation the
polymerization would be slower (approximately 3 times);
however, only 2% of the total number of chains are
formed by thermal initiation at [alkoxyamine]0 ≈ 10-2

mol‚L-1. Thermal initiation provides a self-correcting
system in which a small amount of radicals is continu-
ously supplied, making styrene polymerization an unique
system.
Termination occurs as it does in any radical system,

but the contribution of termination is very low, espe-
cially at low radical concentration. The proportion of
terminated chains is negligible as compared to the total
number of chains. Additionally, termination leads to a
persistant radical effect, i.e., much higher concentration
of scavenger than that of growing radicals.
Transfer to monomer occurs at elevated temperatures,

and its contribution is significant, especially for rela-
tively high-molecular weight polymers. The proportion
of chains marked by transfer is below 10% at [alkoxy-
amine]0 ) 10-2 mol/L, but the molecular weights are
lower than expected.
The decomposition of alkoxyamines strongly affects

the polydispersities and the kinetics at higher conver-
sions. At 60% conversion, 20% of the alkoxyamines
have decomposed, and at 80% conversion, 50% of the
chains have decomposed.

Experimental Section

2,2,6,6-Tetramethyl-1-(1-phenylethoxy)piperidine was syn-
thesized either from ethylbenzene, tert-butyl hydroperoxide,
and TEMPO as described before8 or in 90% yield at 20 °C via

entrapment by TEMPO of the 1-phenylethyl radical produced
from 1-phenylethyl bromide and CuCl/(Bipy)2 (Bipy ) 2,2′-
bipyridine) in benzene. The adduct was purified by column
chromatography, and its purity as determined by NMR was
>98%. Dimer/trimer mixtures were prepared in an analogous
way.
Polymerizations were performed with freshly distilled sty-

rene and a controlled amount of the adduct in sealed glass
tubes. The reactions were stopped by quenching to low
temperatures after variable times. The polymers were dis-
solved in tetrahydrofuran (THF), precipitated into methanol,
dried, and analyzed by SEC. Conversions were determined
either by gravimetric method or by GC by following the amount
of unreacted styrene.
The simulations were performed using a simulation package

Predici which is based on an adaptive Rothe method71,72 as a
numerical strategy for time discretization. The package uses
a discerete Galerkin h-p method to represent chain length
distribution and allows one to follow the concentrations of all
substrates and low- and high-molecular weight products and
intermediates as well as molecular weights and the corre-
sponding distributions of all types of macromolecules.73 It has
been previously reported that the agreement between full
analytical solutions and results obtained using the Predici
package was excellent.34
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