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Abstract

Recent developments in nitroxide-mediated polymerizations conducted in emulsion and miniemulsion have advanced the
field across a range of both experimental and theoretical fronts. This article reviews progress in bicomponent initiating systems
(including use of camphorsulfonic acid to enhance rate), unimolecular initiating systems, miniemulsions not requiring the use of
volatile costabilizers, polymerization of acrylates, mathematical modeling and simulation, and theoretical understanding with
regards to issues such as compartmentalization, preservation of polymer chain livingness, the role of aqueous phase kinetics and
phase partitioning. These topics are discussed and analyzed to present an integrated portrait of the current status of nitroxide-
mediated polymerizations in emulsion/miniemulsion and to identify the most pressing concerns, issues, and opportunities.
To cite this article: M.F. Cunningham, C. R. Chimie 6 (2003).
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Résumé

Les récents développements dans la polymérisation induite par les nitroxydes en émulsion et mini-émulsion ont fait avancer
le domaine des points de vue à la fois expérimental et théorique. Cet article passe en revue les progrès dans les systèmes
d’amorçage à deux composants (incluant l’utilisation d’acide camphresulfonique pour augmenter la vitesse), les systèmes
amorceurs monocomposants, les mini-émulsions évitant l’emploi de stabilisants volatils, la polymérisation des acrylates, la
modélisation et la simulation mathématique, la compréhension fondamentale au sujet de la compartimentalisation, la préserva-
tion du caractère vivant de la polymérisation, le rôle de la phase aqueuse et la répartition des espèces entre les phases. Ces sujets
sont discutés et analysés pour présenter un portrait intégré de l’état de l’art, ainsi que pour identifier les principales questions et
les opportunités. Pour citer cet article : M.F. Cunningham, C. R. Chimie 6 (2003).
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1. Introduction

Recent years have witnessed rejuvenation in the
research of free radical polymerization with the devel-
opment of living radical polymerization (LRP) tech-
niques. Unlike conventional radical polymerization, in
which growing radical chains have a lifetime of only
~0.1–1 s before they undergo irreversible radical–radi-
cal termination, in LRP the chains are reversibly deac-
tivated and continue to add monomer throughout the
polymerization. Irreversible termination does occur to
a limited extent, but most of the chains remain ‘living’,
thereby enabling the synthesis of polymers with nar-
rower molecular weight distributions and better con-
trol of the microstructure in comparison to conven-
tional radical polymerization, making them suitable
for producing block, star and comb polymers. There
are three important types of LRP systems, distin-
guished by the nature of the species used to reversibly
terminate the growing radicals; nitroxide-mediated
radical polymerization (NMRP), atom transfer radical
polymerization (ATRP) and reversible addition frag-
mentation transfer (RAFT). While research on these
systems initially focused on homogeneous systems
(bulk, solution polymerization), there has been consid-
erable activity in the past few years on adapting LRP
systems to heterogeneous polymerizations, especially
emulsion and miniemulsion polymerization.

The well-known advantages offered by emulsion/
miniemulsion polymerization include polymer reac-
tion engineering concerns such as improved heat trans-
fer and ease of mixing in comparison to viscous
bulk/solution polymerizations, environmental advan-
tages because water is used as the continuous phase,
and the extensive experience industry has with emul-
sion polymerization. Unfortunately, another key ad-
vantage of emulsion polymerization, that of increased
reaction rates and molecular weight due to radical
compartmentalization, is not realized with NMRP or
ATRP systems, although RAFT systems do retain the
advantage of increased rate. Two recent reviews of
LRP in heterogeneous systems have recently appeared
[1,2], but there have been significant advances since
their publication. This paper reviews recent progress is
using nitroxide-mediated polymerization with emul-
sion or miniemulsion polymerization. Results from
various research groups, including our own, are dis-
cussed and analyzed to present an integrated portrait of

the current status of NMRP in emulsion/miniemulsion
polymerization and identify the most pressing con-
cerns, issues, and opportunities.

2. Nitroxide-mediated radical polymerization

Nitroxide-mediated radical polymerization, also
known as Stable Free Radical Polymerization (SFRP),
employs a stable nitroxyl such as TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxy) to reversibly terminate
growing polymer chains (Scheme 1), yielding a dor-
mant chain. The equilibrium is shifted strongly toward
the dormant species so that the active (propagating)

Scheme 1. Reversible deactivation of polymeric radical by TEMPO.
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radical concentration is lower than in conventional
radical polymerization. Under typical reaction condi-
tions, a dormant chain may be activated every ~102–
103 seconds on average, and add ~0–5 monomer units
before deactivation occurs. The deactivation step is fast
but slightly slower than diffusion-controlled rates, and
leads to an average activation period of ~10–4–10–3 s.
Since propagation is first order with respect to radical
concentration, while irreversible biradical termination
is second order, the lower radical concentration results
in a significantly reduced termination rate that pre-
serves the living character of the chains. Irreversible
termination, which leads to dead chains and broaden-
ing of the molecular weight distribution, cannot be
eliminated but under appropriately chosen conditions
its rate is minimized. Irreversible termination also
leads to higher nitroxide concentration, which forces
the equilibrium to shift toward the dormant state,
thereby lowering the active radical concentration and
reaction rate. To minimize the breadth of the molecular
weight distribution, conditions are selected so that all
chains are initiated within minutes of the start of reac-
tion. Initiation may be done using either bicomponent
systems (conventional free radical initiator and nitrox-
ide are added to the reaction mixture) or unimolecular
systems (unimers) consisting of an alkoxyamine that
dissociates upon heating to give a nitroxide and an
active radical that can add monomer. While bicompo-
nent systems are simpler in that unimer synthesis is
avoided, using unimers provides better control of the
number of polymer chains and therefore better predict-
ability of molecular weight.

The equilibrium between active and dormant chains
is sensitive to temperature, and temperatures in the
range 115–135 °C are necessary to achieve reasonable
reaction rates using TEMPO and many other nitrox-
ides. The acyclic phosphonylated nitroxide SG1 (N-
tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl)
has a larger equilibrium constant than most nitroxides
and can be used at temperatures as low as ~90 °C [3].
NMRP has proven useful in polymerization of styrenic
monomers and the copolymerization of styrenics with
some monomers. However homopolymerization of
acrylates is often difficult, and is sensitive to the struc-
ture of the nitroxide. Success has not been achieved
with methacrylates due to a rapid disproportionation
reaction that involves b–H abstraction from the poly-
meric radical by the nitroxide to give dead, terminally

unsaturated polymer and the corresponding hydroxy-
lamine. Newer alkoxyamines have been shown to be
effective for a variety of monomers, including 1,3-
dienes, acrylates, acrylamides and acrylonitrile [4,5].
Monomers that do not easily autopolymerize are more
difficult to polymerize with nitroxides, because the
existence of biradical termination causes a gradual
increase in the free nitroxide concentration until the
polymerization is completely suppressed. Thermal ini-
tiation of styrene provides a source of radicals to con-
sume the excess nitroxide concentration, thus allowing
reasonable reaction rates. Mayo [6] first proposed the
mechanism shown in Scheme 2. Thermally initiated
radicals can result in increasing polydispersity, how-
ever, they provide a means of mitigating the effects of

Scheme 2. Mayo mechanism of thermal styrene polymerization.
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nitroxide accumulation. Some thermal initiation is thus
beneficial for most nitroxide-mediated polymeriza-
tions. Scheme 3 shows the important reactions and
their rate expressions in NMRP.

3. Emulsion and miniemulsion polymerization

Ideally NMRP could be performed in emulsion,
which is a simpler and more commercially established
process than miniemulsion polymerization, albeit less
versatile. In traditional emulsion polymerization, an
aqueous phase consisting of water, surfactant and
buffer is mixed with an organic phase consisting of
‘water-insoluble’ monomer (the monomer may have
low to moderate solubility in the aqueous phase, but
readily disperses as a distinct phase) and perhaps chain
transfer agents or cross-linking agents. Initiator is usu-
ally soluble in the aqueous phase, although it is pos-
sible to use monomer-soluble initiators. Most of the
monomer disperses in droplets 1–20 µm in diameter,
while a small portion swells the surfactant micelles.
Upon heating the mixture, initiator decomposes yield-
ing primary radicals in the aqueous phase. In micellar
nucleation, monomer adds to these radicals until they

reach a critical length to become sufficiently hydro-
phobic to enter a micelle, thereby nucleating a particle.
Homogeneous nucleation can occur when the surface
area of the micelles and particles is low; propagating
aqueous oligoradicals may add enough units to pre-
cipitate from solution before being ‘captured’ by mi-
celles or particles, thus forming the precursor for a
polymer particle. Emulsion polymerizations are usu-
ally run with surfactant concentrations above the criti-
cal micelle concentration so that micellar nucleation
dominates. As the monomer in the new particles is
consumed, the droplets act as monomer reservoirs;
monomer diffuses from droplets through the aqueous
phase to the particles, maintaining near constant mono-
mer concentration in the particles until the droplets are
consumed. In the final stages, the remaining monomer
in the particles is polymerized. Emulsion polymeriza-
tion readily allows near-complete conversion (>99%)
to be achieved in short reaction times. However the
nucleation step is sensitive to several factors, and vari-
ability in the number of particles nucleated translates
into variation in the final particle size distribution.
Furthermore because the reaction rate increases with
particle number, variability in the rate and heat re-
moval requirements are also a concern.

Miniemulsion polymerization, pioneered by El-
Aasser’s research group at Lehigh University [7] em-
ploys a costabilizer and high shear mixing to reduce
the size of the monomer droplets to 0.05–0.5 µm. The
droplets are nucleated, and ideally a 1:1 mapping is
obtained between the initial monomer droplet size dis-
tribution and the final polymer particle size distribu-
tion. In practice, not all of the droplets may be nucle-
ated and some homogeneous nucleation can occur,
depending on choice of reaction conditions. (Surfac-
tant concentrations are maintained below the critical
micelle concentration to eliminate micellar nucle-
ation.) The costabilizer can be either a hydrophobe
(e.g., long-chain alkane), which thermodynamically
reduces the tendency to Ostwald ripening (diffusional
degradation) of small droplets with high surface ener-
gies, or it may be a long chain alcohol (e.g., cetyl
alcohol) that partitions at the particle interface, reduc-
ing interfacial tension and providing a barrier to drop-
let coalescence, as well as acting to reduce Ostwald
ripening. Because the particle size distribution is not
determined by a sensitive nucleation step as with emul-
sions, reproducibility of the particle size distribution

Scheme 3. Primary reactions in nitroxide-mediated radical polyme-
rization.
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and therefore reaction rate is excellent. A variety of
monomer-soluble additives (liquid and solid) can be
easily incorporated into particles using miniemulsion
polymerization, while this is not possible in emulsion
because of the necessity of transporting the additive
through the aqueous phase from droplets to particles.
Miniemulsions also allow the polymerization of highly
water-insoluble monomers that are difficult to poly-
merize in emulsion because of their slow transport
rates through the aqueous phase. There are two fea-
tures of miniemulsion polymerization that may disad-
vantage it in comparison to emulsion: use of a volatile
costabilizer that is undesirable in the final product, and
the necessity of using a high-shear mixing step. How-
ever, Schork has shown that polymer can function
adequately as a costabilizer, eliminating the first con-
cern [8]. There are now available (at industrial scale)
in-line high-shear mixers capable of providing the re-
quired shear rates to make submicron droplets, thus
reducing the concern about an additional process step.

4. Nitroxide-mediated polymerizations in
emulsion

Initial efforts at conducting NMRP in heteroge-
neous systems attempted to use emulsion polymeriza-
tion [9–12]. However, severe problems with colloidal
stability were invariably experienced, ranging from
complete coagulation of the latex at low conversions to
the presence of large (>1 µm) particles. Some success
was achieved using 4-amino-2,2,6,6-tetramethyl-1-
piperidinyloxy (69% conversion in 36 h, Mn = 6.0 k,
polydispersity = 1.7) and an amino alkoxyamine (69%
conversion in 36 h, Mn = 42 k, polydispersity = 1.7)
[10]. These polydispersities are higher than typical
values for bulk SFRP polymerizations (1.1–1.3). Using
four differently substituted TEMPO derivatives of
varying water solubilities, Cao et al. [12] were able to
achieve reasonably well-controlled reactions in sty-
rene emulsion polymerization. Significant differences
were observed for the different nitroxides. Very low
water solubility of the nitroxide resulted in an uncon-
trolled polymerization, while too high water solubility
resulted in slow aqueous phase initiation that hindered
the polymerization rate. Using ATEMPO (4-acetoxy-
2,2,6,6-tetramethyl-1-piperidinyloxy), 81% conver-
sion was reached in 12 h, giving a polymer with

Mn = 18k and polydispersity ~1.3. A small portion
(~2–10%) of high molecular weight polymer was also
observed. The proportion of the high molecular weight
was higher at low conversions, and was probably
caused by some particles being nucleated without ni-
troxide. The latex was reported to be stable, with par-
ticle sizes < 100 nm. However it is important to note
that complete particle size distributions were not re-
ported, and therefore it is premature to conclude that
emulsion polymerization was successfully conducted,
since it is colloidal instability that provides the greatest
challenge in these systems.

The reasons for the colloidal stability problems in
NMRP emulsion polymerization have often been at-
tributed to the nucleation step and/or the presence of
polymerization in the monomer droplets. Unquestion-
ably some of the problems have been related to diffi-
culties in stabilizing very small particles in the early
stages of polymerization. This may be compounded by
the unusual condition in NMRP systems that in the
early stages of reaction there is a high concentration of
polymer chains (all chains are initiated at the outset of
reaction), and they are oligomeric. In contrast, with
conventional emulsion polymerization the chain con-
centration is much lower and most are high molecular
weight. This problem is related to the effectiveness of
the chosen surfactant system, and can probably be
resolved with selection of appropriate surfactant(s).

Of much greater concern is the thermal polymeriza-
tion that occurs in the monomer droplets. In itself this
is not overly serious, since droplet polymerization also
occurs in conventional emulsion polymerization. The
real issue is lack of compartmentalized kinetics in
heterogeneous NMRP systems coupled with droplet
polymerization. In conventional emulsion polymeriza-
tion, the polymerization rate in the particles in much
higher than in the droplets because the growing chains
are segregated from each other. Therefore the droplets
will always have a lower polymer concentration than
particles and will continue to act as reservoirs. (Con-
ventional styrene autopolymerization in emulsion
yields stable latexes.) However with NMRP, compart-
mentalization effects are not observed [13–16] and
therefore the polymerization rate and polymer concen-
tration in the droplets and particles are the same. Con-
sequently there is no thermodynamic driving force for
monomer diffusion from droplets to particles, and so
the monomer droplets do not disappear. Unpublished
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results from our laboratory have demonstrated we can
conduct NMRP emulsion polymerizations up to ~60–
70% conversion to obtain a latex consisting of a popu-
lation of 50–100 nm particles, but also a population of
~1–5-µm particles. These larger particles tend to settle
out slowly, forming a sticky layer of polymer on the
reactor internals. If we continue the polymerization,
more of the small latex particles (which incidentally
are quite stable) coalesce with the larger particles until
complete coagulation occurs. Our results, consistent
with the findings of other authors, showed that the
living radical polymerization continues in a well-
behaved manner even after colloidal instabilities occur.
We have also conducted seeded styrene NMRP emul-
sion polymerizations beginning with different initial
amounts of monomer (non-living seed polymer). If
droplets are initially present, the existence of large
particles and coagulation persist as problems. However
if no monomer droplets are initially present, the poly-
merization can be conducted with the preservation of
the original particle size distribution.

At present, a successful NMRP emulsion polymer-
ization system has not yet been demonstrated. To be
considered successful, preservation of both the living
nature of the polymerization and elimination of over-
size particles needs to be established. Creative solu-
tions may be found that could enable NMRP emulsion
polymerization, including running the polymerization
in a starved mode so that no monomer droplets exist.
However, the added complexities in conducting the
process may exceed the slight additional complexity in
using miniemulsions, which have demonstrated far
greater robustness for NMRP.

5. Nitroxide-mediated polymerizations in
miniemulsion

5.1. Initiation by bicomponent systems

Using a bicomponent initiating system, consisting
of a nitroxide and a free-radical initiator such as ben-
zoyl peroxide (BPO) or potassium persulfate (KPS), is
a simple and reasonably effective approach to conduct-
ing nitroxide-mediated polymerizations. Upon thermal
decomposition of the initiator to yield two primary
radicals in the first few minutes of reaction, an
alkoxyamine is formed in situ by the addition of one or

more monomer units and subsequent deactivation by
nitroxide. In-situ formation of the alkoxyamine elimi-
nates the need to synthesize and purify alkoxyamine,
which can be a time-consuming and sometimes diffi-
cult step. However, there can be considerable variation
in the number of chains initiated as reaction conditions
are changed in bicomponent systems [3,16–19]. The
nitroxide-to-initiator ratio is critical to the progress of
the polymerization, affecting both the kinetics and
molecular weight. Too much nitroxide causes long
induction periods due to the excess nitroxide present at
the outset of reaction, while uncontrolled polymeriza-
tion results if the nitroxide:initiator ratio is too low.
Nitroxide:initiator ratios of ~1.1–1.8 have been found
to give an optimal balance, providing reasonably fast
rates while maintaining a controlled polymerization.
Achieving effective control of the molecular weight
using bicomponent systems is more difficult with het-
erogeneous systems than homogeneous systems be-
cause of the different nature of the chain initiation
mechanism. Chain initiation in bulk or solution in-
volves only one phase, and is therefore relatively pre-
dictable and not as sensitive to factors such as changes
in the initiator or nitroxide type. However in heteroge-
neous systems, the initiation mechanism can be more
complex.

In a miniemulsion, nitroxide and initiator partition
between the aqueous and organic phases. The partition
coefficients for TEMPO, 4-hydroxy-TEMPO and
4-amino-TEMPO have been reported [20], but such
data is often not available. Either monomer-soluble or
water-soluble initiators may be used in miniemulsion
NMRP, although the locus of initiation is likely differ-
ent. Using monomer-soluble initiators such as BPO,
the chains will be predominantly initiated in the mono-
mer droplets. The limited water solubility of BPO may
lead to a small fraction of chains being initiated in the
aqueous phase. When a water-soluble initiator such as
KPS is used, almost all chains will originate in the
aqueous phase, except for those derived from styrene
thermal initiation. After addition of at least one mono-
mer unit to a primary radical in the aqueous phase, the
oligoradical may be deactivated by nitroxide, propa-
gate or terminate with another radical. After reaching a
critical length (probably 2–3 monomer units in the case
of styrene), an active oligoradical or alkoxyamine (dor-
mant chain) may enter a droplet/particle. If a radical
enters, it is likely to propagate, thus becoming too
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hydrophobic to subsequently exit the particle. If an
alkoxyamine enters a particle however, its absorption
may be reversible since it will take on average ~102–
103 seconds to dissociate and then add monomer. The
hydrophilicity of the nitroxide and the nature of the
initiator end-group will be important in determining
the critical length for entry of an oligoradical or
alkoxyamine into a droplet/particle. It has been shown
that when the relatively water-soluble 4-hydroxy-
TEMPO is used to mediate styrene miniemulsion poly-
merization, the observed number of chains (as deter-
mined from molecular weight measurements made by
gel permeation chromatography) continued to increase
for a prolonged time regardless of whether KPS or
BPO was used as initiator [18,19]. However when
TEMPO was used, the number of chains was nearly
constant from the outset of polymerization (Fig. 1).
This behavior is consistent with slow entry of
4-hydroxy-TEMPO-terminated aqueous oligoradicals
into particles. Because of the greater solubility of the
4-hydroxy-TEMPO, longer times were required to
reach the critical length for entry, while with the more

hydrophobic TEMPO, critical entry lengths were
reached quickly.

Tortosa et al. conducted a systematic study of the
effects of varying the water solubility of both nitroxide
and initiator [19]. Polymerizations were initiated with
KPS or BPO in the presence of either TEMPO or
4-hydroxy-TEMPO. Four different bicomponent initi-
ating systems were therefore studied (BPO/TEMPO,
BPO/4-hydroxy-TEMPO, KPS/TEMPO, KPS/4-
hydroxy-TEMPO). Miniemulsion styrene polymeriza-
tions were undertaken by separately varying the initia-
tor concentration and the nitroxide:initiator ratio in
each of the four systems. Initiator efficiency, which
determines the number of polymer chains and hence
molecular weight, and the final conversion were found
to be strongly affected by both the amount and type of
nitroxide in the system, as well as the choice of water-
soluble versus oil-soluble initiator. Selection of appro-
priate conditions allowed synthesis of polystyrene with
low polydispersity (PDI < 1.25) and number average
molecular weight up to 50 000 g mol–1 in 6 h reaction
time.

The respective partition coefficients between styrene
and water are 2.2 M/M for 4-hydroxy-TEMPO) and
98.8 M/M for TEMPO [20], where M/M is moles of
nitroxide in styrene per moles of nitroxide in water. In
Tortosa’s experiments, approximately 98% of the un-
bound TEMPO was calculated to be in the droplet/
particle phase, while only ~36% of the unbound
4-hydroxy-TEMPO resided in the droplet/particle
phase. At a nitroxide:initiator ratio of 1.7:1, the conver-
sion plots, –ln(1 – x) versus time, were approximately
linear with the non-zero intercept indicating the pres-
ence of an induction period of ~1 h (Fig. 2). The linear-
ity indicates the expected living behavior. In the case of
polymerizations mediated by TEMPO, nearly identical
conversion versus time behavior was observed using
either BPO or KPS. With 4-hydroxy-TEMPO, the ki-
netic plots were also very similar for the BPO- and
KPS-initiated runs. All four bicomponent systems show
nearly identical kinetics, which can be attributed to
thermal polymerization playing a major role in deter-
mining the overall polymerization rate, as has been
previously observed in nitroxide-mediated styrene po-
lymerizations [21,22]. Charleux also observed induc-
tion periods of ~45 min in styrene miniemulsion poly-
merizations initiated by a redox system (Na2S2O5/
K2S2O8) and mediated by SG1 (nitroxide:
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Fig. 1. a. Variation of the total number of chains as a function of
conversion for TEMPO-mediated runs (0.4 mmol initiator,
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a function of conversion for OH-TEMPO-mediated runs (0.4 mmol
initiator, OH-TEMPO/initiator = 1.7).
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initiator = 1.2) [3]. The induction period was attributed
to free SG1, and it was also noted that aqueous phase
propagation would be slow, resulting in the slow growth
and transfer of aqueous alkoxyamines to the particle
phase. It was unclear whether or not this slow entry into
the particles would affect the rate. However, in Tor-
tosa’s experiments, there was not a significant differ-
ence observed in the length of the induction periods
when BPO was used instead of KPS. Because the BPO-
derived radicals would be mostly in the particles, high
initial levels of excess nitroxide resulting from ineffi-
cient initiation are probably primarily responsible for
the induction periods and not slow growth of oligoradi-
cals in the aqueous phase. Furthermore, it is curious that
no significant rate differences were observed in the
length of the induction periods between the TEMPO-
and 4-hydroxy-TEMPO-mediated runs, despite their
widely varying partition coefficients. This is consistent
with the findings from our calculations of nitroxide
diffusion rates that showed for emulsion/miniemulsion
size particles, nitroxide diffusion between phases
would be sufficiently fast to maintain equilibrium [23].
With 4-hydroxy-TEMPO, it is clear that entry into the
particles was much slower than with TEMPO, as de-
scribed above, which does affect the molecular weight
profile. However the kinetics are not affected.

While the rate is insensitive to the choice of initiator
for these reaction conditions, the number of chains
initiated and the Mn vs. conversion profiles are strongly
affected by the choice of both initiator and nitroxide.

For TEMPO-mediated runs, the Mn plots are linear
with conversion and have an intercept near zero. Mn is
higher at a given conversion for the BPO-initiated runs
than for the KPS-initiated runs, indicating higher ini-
tiation efficiency for KPS (Fig. 3). For 4-hydroxy-
TEMPO-mediated runs, Mn versus conversion profiles
are nearly independent of initiator type, indicating the
same number of chains is initiated with either BPO or
KPS. Furthermore the plots of Mn versus conversion
display a non-zero intercept, although they are linear,
suggesting the polymerization was poorly controlled in
the early stages, probably due to low 4-hydroxy-
TEMPO concentration in the particles. For either
TEMPO or 4-hydroxy-TEMPO mediated runs, the fi-
nal polydispersity varied in the range from 1.08 to
1.26.

For each of the four bicomponent initiating systems,
polymerizations were also run at two initiator levels
(0.4 or 1.24 mmol) and two nitroxide:initiator ratios
(1.7 or 3.6). The low nitroxide:initiator ratio (1.7) rep-
resents a slight deficiency of nitroxide molecules com-
pared to the number of radicals arising from the de-
composition of the initiator, and the high ratio (3.6)
corresponds to an excess of nitroxide. For BPO-
initiated polymerizations, there were not significant
differences in kinetic behavior between the two nitrox-
ides, while KPS-initiated polymerizations were more
influenced by the water solubility of the nitroxide.
Induction periods can be seen in most of the –ln(1 – x)
versus time plots, indicating the presence of excess

Fig. 2. –ln(1 – x) versus time for BPO- or KPS-initiated runs mediated by either TEMPO or OH-TEMPO (0.4 mmol initiator; nitroxide:initia-
tor = 1.7).
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nitroxide at the beginning of the polymerization. Dif-
ferences in the lengths of the induction periods are due
to different amounts of excess nitroxide present after
initiator decomposition. When the nitroxide:initiator
ratio is high (3.6), longer induction periods (> 2 h) are
observed. Fig. 4 shows plots of conversion for the
KPS/4-hydroxy-TEMPO system, illustrating the large
differences in conversion at different [KPS] and
4-hydroxy-TEMPO:KPS ratios, while Fig. 5 illustrates
that differences in Mn are considerably smaller, and
reflects changes in initiator efficiency.

Tortosa found that initiator efficiency varied consid-
erably between the four bicomponent initiating sys-

tems, and also showed significant variation within a
given system as conditions were varied. Initiator effi-
ciency is defined as:

(1)F =
#chains

2 × nI

with nI: number of moles of initiator, #chains

=
� mstyrene �t=0 × conversion

M̄n

The range of F is considerable, from ~0.1–1, de-
pending on the experimental conditions (Fig. 6). For
the TEMPO-mediated polymerizations at a given set of
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Fig. 4. Effect of variation of KPS and OH-TEMPO concentrations on conversion (e: 0.41 mmol KPS, OH-TEMPO:KPS = 1.7, ×: 1.24 mmol
KPS, OH-TEMPO:KPS = 1.7, _: 0.41 mmol KPS, OH-TEMPO:KPS = 3.6, C: 1.24 mmol KPS, OH-TEMPO:KPS = 3.6).

1359M.F. Cunningham / C. R. Chimie 6 (2003) 1351–1374



conditions, F is higher for KPS-initiated runs than
BPO-initiated runs. In contrast, with the 4-hydroxy-
TEMPO-mediated runs there are not significant differ-
ences between the two initiators. TEMPO-mediated
runs usually have higher F than runs mediated by
4-hydroxy-TEMPO. For a given bicomponent system,
F may vary by a factor of > 2, as the initiator concen-
tration and nitroxide:initiator ratio are varied. Higher
initiator concentrations result in lower efficiencies,
while higher nitroxide:initiator ratios raise efficiencies,
although at the cost of longer induction periods and
lower final conversions.

While reasonably good results have been obtained
with bicomponent systems in miniemulsion NMRP,

the sensitivity of initiation efficiency to reaction condi-
tions and initiator/nitroxide selection makes it difficult
to obtain predictable molecular weights. Despite their
attractive simplicity, if controlling molecular weight is
critical, alkoxyamine-initiated systems are more desir-
able.

5.2. Rate enhancement

The low polymerization rates of NMRP reactions
compared to conventional free radical polymerizations
prompted the use of rate-enhancing additives, includ-
ing organic acids such as camphorsulfonic acid (CSA),
to accelerate bulk NMRP polymerizations [24–27].

0

10000

20000

30000

40000

50000

60000

0            10           20           30           40           50           60

Conversion (%)

M
n

 (
g

/m
o

l)

Fig. 5. Effect of variation of KPS and OH-TEMPO concentrations on molecular weight. Legend as in Fig. 4.

0

0,2

0,4

0,6

0,8

1

KPS - TOH KPS - T BPO - T BPO -TOH

Initiating system

In
it

ia
to

r 
e

ff
ic

ie
n

c
y

0.41 mmol I; N:I=1.7

0.41 mmol I; N:I=3.6

1.24 mmol I; N:I=1.7

1.24 mmol I; N:I=3.6

Fig. 6. Initiator efficiency at t = 6 h for the bicomponent initiating systems at different initiator concentrations and nitroxide:initiator ratios.

1360 M.F. Cunningham / C. R. Chimie 6 (2003) 1351–1374



The addition of CSA to TEMPO-mediated styrene
polymerizations yields higher molecular weight in less
time, but at the expense of a broader molecular weight
distribution if the CSA concentration is too high. The
role of CSA is not straightforward, and it is known to
have three separate effects. The most important is di-
rect consumption of free nitroxide, as shown by Vere-
gin et al. using in situ ESR measurements in bulk
styrene NMRP [24]. Nitroxide disproportionation by
the acid was believed to be the most probable route for
TEMPO consumption. Lower nitroxide concentration
shifts the equilibrium in favor of active radicals,
thereby increasing the polymerization rate. Veregin et
al. also found the rate constant for the deactivation
between a growing radical and nitroxide is decreased
in the presence of acid [24] based on their observation
of a ~30% increase in the ratio of the propagation rate
parameter to the equilibrium constant for deactivation
(kp/K) in the presence of CSA. Finally, the thermal
polymerization of styrene is influenced by CSA and
other organic acids. Buzanowski et al. demonstrated
that, in the presence of acid, the dimer 1 in Scheme 2 is
reduced to 4 [28]. Georges et al. studied the autopoly-
merization of styrene in presence of TEMPO with and
without added CSA [25,29]. Less low molecular poly-
mer was seen when CSA were used, which was taken
as evidence of reduced thermal initiation. The number
of thermally initiated chains was reportedly reduced by
a factor of 4 with CSA.

CSA has been used in bicomponent NMRP mini-
emulsions by Prodpran et al. [17] and Cunningham et
al. [30]. Cunningham et al. conducted an extensive
study of the effects of CSA in BPO-initiated styrene
NMRP mediated by TEMPO or 4-hydroxy-TEMPO
under a range of conditions. The CSA:nitroxide ratios
used in their study ranged from 0.5 to 5.0. The ob-
served effects of CSA addition on conversion and mo-
lecular weight did not generally show significant dif-
ferences between TEMPO and 4-hydroxy-TEMPO
mediated polymerizations, despite the vastly greater
tendency of 4-hydroxy-TEMPO to partition into the
aqueous phase. The dominant role of thermal initiation
in determining the radical concentration is likely why
few differences are observed between the two nitrox-
ides.

CSA addition moderately increased conversion at
nitroxide:BPO = 1.7 but had a much more pronounced
effect at nitroxide:BPO = 3.6. The larger effect is

expected when the nitroxide concentration is initially
high, as there is more nitroxide available to consume.
The effects of the CSA concentration on conversion
and molecular weight are shown in Fig. 7 for TEMPO-
mediated polymerizations (TEMPO:BPO = 2.7). Early
in the polymerization, conversions are higher with in-
creasing [CSA]. However as the polymerization
progresses the differences become much less pro-
nounced. The effects of CSA on molecular weight at a
given conversion are minimal for CSA:nitroxide ratios
of 0.5 or 1.0 but become more significant at ratios of
1.5 and 5.0. As more CSA is added, fewer chains are
initiated because of nitroxide consumption. Conver-
sion is enhanced without any significant increase in
polydispersity except at the highest concentration of
CSA. Interestingly, CSA addition usually resulted in a
decrease in particle diameter, i.e. more miniemulsion
droplets were nucleated in the presence of CSA. The
cause is unknown but may be attributable to lower
nitroxide concentrations in droplets that allows ther-
mal initiation to proceed more readily in monomer
droplets, thereby leading to increased nucleation.

CSA can be expected to partition to some extent into
the aqueous phase during polymerization, reducing the
concentration inside the particles. Prodpran et al. re-
ported CSA being less effective in rate enhancement in
miniemulsion polymerizations than in bulk [17]. Stud-
ies in bulk systems reported in the literature report
significant rate enhancements with CSA:nitroxide ra-
tios of~ 0.5–1.0, but the magnitude of the rate enhance-
ment in miniemulsion is smaller. For example, Veregin
et al. observed an increase in the six hour conversion
from 50% to 80% in bulk using CSA:TEMPO = 0.34
(TEMPO:BPO = 1.3) [24]. This represents a much
greater increase then observed in our experiments even
though we used higher CSA:TEMPO ratios, and a
TEMPO:BPO ratio of 1.7, which should give a larger
effect than a TEMPO:BPO ratio of 1.3. These results
are consistent with reduced CSA concentrations in the
particles due to phase partitioning, indicating higher
CSA:TEMPO ratios concentrations are required in
miniemulsion to achieve the same degree of rate en-
hancement seen in bulk.

5.3. Initiation by unimer (alkoxyamine) systems

The use of bicomponent initiating systems creates
the challenge of effective molecular weight control
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because of the variable nature of the initiation effi-
ciency. Recent work has explored the use of unimers in
miniemulsion NMRP [15,31–33]. Pan et al. [15,31]
used a TEMPO-terminated oligomer of polystyrene
(TTOPS) as a polymeric initiator that has the advan-
tage of not having even marginal solubility in the
aqueous phase (free nitroxide can of course partition
into the aqueous phase). In their first study, styrene was

polymerized at 125 °C using a TTOPS initiator with
Mn = 7050 at loadings of 5 wt% and 20 wt% in the
organic phase. A linear relationship was seen between
Mn and conversion up to the final conversion (~75%).
Experimental molecular weights were consistently
lower than theoretically expected values, with the dis-
crepancy increasing as time progressed. This may have
been caused by an increasing chain number due to
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thermal initiation. The final polydispersities seem rela-
tively high for NMRP, at 1.76 for the 5% TTOPS run
(76% conversion), and 1.86 for the 20% TTOPS run
(77% conversion), which may be due to the presence of
dead chains in the synthesis of the TTOPS. Throughout
the run, lower polydispersity was observed for the
higher TTOPS concentration, which is consistent with
thermal initiation having less proportional impact be-
cause of the higher number of chains.

The role of surfactant (DOWFAX 8390; disul-
fonated alkyl diphenyl oxide sodium salt) concentra-
tion was subsequently studied by Pan et al. [31] using
the same system described above, except with a lower
molecular TTOPS (Mn = 1500). Final polydispersities
were lower than in the study above (~1.4), and theoreti-
cal Mn values were close to experimentally observed
values. The lower molecular weight TTOPS likely had
far fewer dead chains than the TTOPS used previously,
which may account for these improvements. Increas-
ing the surfactant concentration from 1.25 to 15 mM
resulted in a decrease in mean particle diameter from
~150 to ~60 nm. Particle size was observed to increase
with conversion, with more pronounced increases at
lower surfactant concentrations. The particle number
almost doubled during the course of polymerization at
15 mM DOWFAX, but showed only a very small
increase at 1.25 and 2.5 mM. At the lower DOWFAX
concentrations, no micelles were present and therefore
the small increase in particle number was attributed to
homogeneous nucleation. The final particle number
was more than an order of magnitude higher at 15 mM
DOWFAX compared to 1.25 mM. Despite the large
span of diameters and particle numbers, only minor
differences were observed in the rate and molecular
weight profiles. Rate and molecular weight in conven-
tional emulsion/miniemulsion polymerizations exhibit
strong dependence on particle size; the implications of
these findings will be discussed further in Section
5.6 on compartmentalization.

A modified, hexadecane-free miniemulsion process
was reported by Keoshkerian et al. [32]. They first
conducted a TEMPO-mediated bulk styrene polymer-
ization to ~5% conversion to generate a macroinitiator
with Mn ~ 2000, and then directly dispersed the par-
tially polymerized bulk mixture into an aqueous phase
containing sodium dodecyl benzene sulfonate (SDBS).
Although no hexadecane was added, a stable latex
(mean diameter ~200 nm) was formed, with the

TTOPS acting as both initiator and costabilizer. The
conversion was reported to be > 99% in six hours at
135 °C, with a final Mn = 18,789 and PD = 1.15,
considerably faster than any previously reported
NMRP. A subsequent chain extension with butyl acry-
late (BA) to yield block copolymer gave 99.4% conver-
sion of the BA while maintaining narrow polydisper-
sity.

The reason for the surprisingly high rates was not
clearly understood. It was speculated that increased
droplet nucleation may have contributed through (1)
higher average monomer concentrations at the reaction
site, and/or (2) less nitroxide accumulation in each
particle because of lower chain numbers per particle.
These explanations suggest compartmentalization ef-
fects are important, but Pan’s data [31] suggests other-
wise. Smith et al. [33,34], in studying the same system,
noticed that at lower [SDBS] of 0.021 M, there was
only moderate rate improvement with the hexadecane-
free process. Because the overall polymerization rate is
determined largely by thermal initiation, removal of
the hexadecane leads to increased rate since it results in
slightly higher monomer concentration. (Because the
thermal initiation rate has a third order dependence on
monomer concentration, the effect of removing hexa-
decane seems disproportionately large). However at
higher [SDBS] of 0.089 M, similar results to Keoshk-
erian et al.’s ones were obtained, with conver-
sions > 95% obtained in 3 h while maintaining poly-
dispersities ~1.3 (Fig. 8). The final particle size
distribution was nearly identical at the low and high
[SDBS] (mean diameter ~ 150 nm). This observed
insensitivity of particle size to [SDBS] is in contrast to
Pan’s results with DOWFAX but consistent with pre-
vious experience in our laboratory.

It remains unclear what causes the dependence of
rate on [SDBS]. The effect may be attributable to either
the SDBS itself or impurities (e.g., sulfonic acid) that
may consume nitroxide. We have determined that dif-
ferent batches of SDBS display very different kinetic
behavior when used in miniemulsion NMRP. We have
also conducted experiments using DOWFAX 8390.
Over a wide range of concentrations (0.021–0.12 M),
we found that variation in DOWFAX 8390 concentra-
tion did not significantly affect the rate. The
DOWFAX-stabilized runs all had lower conversion
than any of our SDBS stabilized runs (yielding ~40%
conversion in six hours), providing further evidence
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that the SDBS is influencing the kinetics even when
used in low concentrations.

Although the high conversions and short reaction
times are encouraging (we have recently ob-
tained >99% conversion as measured by gas chroma-
tography in 2 h with PD ~ 1.3) there needs to be
concern about the livingness of the system displaying
such high rates. If there is significant loss of livingness,
it seems surprising that such low polydispersities are
maintained, although polydispersity in itself is not a
very sensitive measure of livingness. Chain extension
experiments were conducted in which polymer from
the final latex was dried, dissolved in styrene, and then
further polymerized in bulk. Chain extension experi-
ments are useful but are complicated by the additional
loss of chains during the chain extension process. A
chain extension experiment with polymer from a mini-
emulsion polymerization using [SDBS] = 0.089 M
revealed that the majority of the chains remain liv-
ing under these reaction conditions, but there is signifi-
cant dead chain formation. Work is now in progress in
our laboratory to quantify the livingness using a re-
cently developed technique discussed in Section 5.7
[35].

5.4. Colloidal stability

Colloidal stability in NMRP miniemulsions has fre-
quently been a challenge and a concern, particularly
for polymerizations run at temperatures >100 °C
where traditional surfactants often perform poorly. So-
dium dodecyl sulfate, for example, is subject to hy-
drolysis at these temperatures [10]. SDBS and the
structurally similar DOWFAX 8390 are more stable,
and have shown good performance as surfactants, giv-
ing stable latexes with minimal coagulation. SDBS is
available only in a technical grade, and as discussed
previously, does influence the kinetics and exhibits
batch-to-batch variation in its effects on the kinetics.
We heated a non-polymerizing styrene miniemulsion
stabilized with SBDS and hexadecane at 135 °C for six
hours to determine how stable the droplet size distribu-
tion was under these conditions (tert-butylcatechol
was added to the styrene to inhibit polymerization)
[16]. The mean droplet size increased from ~150 to
~190 nm (Table 1). This experiment was valuable not
only in providing a measure of how stable the initial
miniemulsion is, but in allowing us to draw conclu-
sions about the fraction of droplets nucleated and/or
whether or not additional nucleation occurred.

In almost all of our experiments with bicomponent
initiating systems, the mean particle size was relatively
large (>190 nm) with a broad distribution. Given an
initial droplet size of ~150 nm, this indicates that in
most cases less than half of the droplets were nucle-
ated. However for systems initiated with unimers, the
particle sizes are considerably smaller, typically ~120–
150 nm, indicating there are more final particles than
there were droplets initially [33]. With the compara-
tively high solubility of styrene in water at 135 °C [20],
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Table 1
Stability of styrene miniemulsion monomer droplet sizes under
non-polymerizing conditions (T = 135 °C). (Dv = volume average
diameter; (D84/D50)0.5 = geometric standard deviation. Measure-
ments made using Malvern Mastersizer 2000

Time (h) Dv (nm) (D84/D50)0.5

0 151 1.33
1 173 1.42
2 179 1.52
3 182 1.55
4 190 1.61
5 186 1.59
6 188 1.60
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there is a distinct possibility of homogeneous nucle-
ation. However, the presence of unimer or TTOPS in
the droplets at the start of reaction guarantees polymer-
ization will occur in each droplet (several thousand
chains are present in each droplet). Examination of
El-Aasser’s data for bicomponent (BPO/TEMPO) [17]
versus TTOPS [15,31] systems at the same surfactant
concentration shows the same trend of larger particle
sizes with the bicomponent systems. Even when the
free radical initiator is monomer-soluble, so that most
chain initiation should occur in the droplets and not the
aqueous phase, the final particle size is large. This is
consistent with our findings that there was no signifi-
cant difference in final particle size between bicompo-
nent systems using BPO versus KPS, although more
nucleated droplets would be expected using BPO [19].
Pan et al. [15] reported an increase in particle number
up to ~70% conversion, and then a small decrease
suggesting limited aggregation. The effects of varying
surfactant concentration on particle size and number
were investigated by Pan et al. [31] and discussed in the
preceding section. An unusual observation we have
made is that low conversion samples (<20%) will often
phase separate within a few minutes to give a milky
latex with a clear liquid layer on top, presumably
monomer. With stainless steel reactors, we cannot see
if this liquid layer exists during polymerization. The
final latexes did not exhibit this layer unless the final
conversion was low. A similar colloidal instability has
been reported using RAFT systems in miniemulsion,
and a theoretical argument proposed to explain its
occurrence [36].

5.5. Modeling and simulation

5.5.1. Interfacial mass transfer
The complexity of conducting living radical poly-

merizations in miniemulsion, with the existence of
phenomena unique to a heterogeneous environment,
has posed many questions in the search for explana-
tions to unexpected behavior, particularly where ex-
perimental observations differ from bulk NMRP sys-
tems or conventional miniemulsion polymerizations.
We have conducted a series of mathematical modeling
and simulation studies to address critical issues and
questions that have arisen in the course of our experi-
mental work [23,37–39]. We had previously measured
the partition coefficients of TEMPO, 4-hydroxy-

TEMPO and 4-amino-TEMPO at various tempera-
tures, and examined the effect of added polystyrene,
hexadecane and SDBS on the partition coefficients to
enable us to do quantitative modeling [20].

We began with the basic questions related to diffu-
sion of nitroxide between phases, and the time scales
on which this occurs at different times during the
polymerization [23]. There are two relevant aspects to
this issue. First relates to the time required for diffusion
of the nitroxide between phases, allowing for specific
characteristics of the system such as particle size and
nitroxide diffusivity. The second aspect is how this
time compares to the time required for deactivation of
radicals by a nitroxide, and thus whether phase equi-
librium will be maintained under polymerizing condi-
tions. Specifically, we developed a mathematical
model to predict the interfacial mass transfer of nitrox-
ides in a non-reacting NMRP miniemulsion system.
Simulations were used to examine how the time re-
quired for TEMPO to achieve phase equilibrium is
influenced by the TEMPO diffusivity in the aqueous
and organic phases, and by average droplet diameter.
The analysis was also extended to include 4-amino-
TEMPO and 4-hydroxy-TEMPO. Predicted equilibra-
tion times were compared with the characteristic time
required for the nitroxide to deactivate polymer radi-
cals to ascertain whether the nitroxide will achieve
phase equilibrium during polymerization.

5.5.1.1. Influence of TEMPO diffusivity in monomer
droplets. The diffusivity of TEMPO in the particles
will decrease during polymerization as viscosity in-
creases. If the rate of molecular diffusion is sufficiently
reduced, the rate of radical trapping by TEMPO could
exceed the rate of mass transfer, resulting in non-
equilibrium conditions. Our simulations predict that
phase equilibrium is achieved within ~10–4 s. The
relatively fast equilibration times can be attributed to
the exceptionally large interfacial surface area, which
for the system considered in this study, is ca. 8.0 × 103

m2 per liter of miniemulsion. Furthermore, the time
required to reach phase equilibrium changes little
when the TEMPO diffusivity DTEMPO,drop is varied
from 1 × 10–11–1 × 10–8 m2 s–1, but increases signifi-
cantly when DTEMPO,drop < 1 × 10–11 m2 s–1, indicating
that longer equilibration times may be needed at high
monomer conversions. The diffusivity of styrene in a
solution of 3 wt% styrene/97 wt% polystyrene has
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been measured to be 3 × 10–11 m2 s–1 at 135 °C [40].
Assuming the diffusivity of TEMPO in polystyrene is
comparable to that of styrene, phase equilibrium will
still be maintained even at high monomer conversions.
Note, however, that in low temperature systems
(~90 °C), such as those employing SG1, diffusivity
may be significantly lower which may lead to greater
equilibration times and possibly non-equilibrium con-
ditions during polymerization.

5.5.1.2. Influence of droplet diameter. Since the rate
of interfacial mass transfer is dependent on the total
interfacial surface area, process variables affecting av-
erage droplet diameter (method of homogenization,
surfactant type and concentration, costabilizer) may
also influence the rate of interfacial mass transfer. In
simulations conducted for a range of average droplet
diameters (100–300 nm), we found that phase equilib-
rium is achieved in < 3 × 10–5 s. However, at larger
droplet diameters corresponding to suspension and
emulsion polymerizations, the predicted equilibration
times are significantly greater (Table 2).

The relatively slow rates of interfacial mass transfer
predicted for emulsion and suspension polymerization
systems may lead to conditions where the concentra-
tion of TEMPO in either the aqueous or organic droplet
phases is insufficient to effectively mediate polymer
growth, leading to poorly controlled (non-living) poly-
merization and increased bimolecular termination.
Systems particularly susceptible are those in which the
nitroxide and initiator tend to partition preferentially
into different phases.

5.5.1.3. Influence of nitroxide partitioning. Since the
equilibrium concentration of nitroxide in the aqueous
phase and monomer droplets is governed by the parti-
tion coefficient of the nitroxide, simulations were per-
formed to investigate the role of the partition coeffi-
cients on equilibration times. At 135 °C, the styrene-
water partition coefficients of TEMPO, 4-amino-

TEMPO and 4-hydroxy-TEMPO are Cj = 98.8, 6.7 and
2.2 M M–1, respectively [20]. Varying Cj was predicted
to change the equilibrium concentrations of nitroxide
but not the time required to reach phase equilibrium
(< 1.5 × 10–5 s).

5.5.1.4. Comparison of equilibration times to deacti-
vation times. If the rate of radical deactivation by
TEMPO is significantly faster than the rate of interfa-
cial mass transfer, the nitroxide could deactivate poly-
mer radicals before achieving phase equilibrium, re-
sulting in non-equilibrium concentrations of TEMPO
in the aqueous and organic phases. Conversely, if the
rate of radical deactivation is slower than interfacial
mass transfer, phase equilibrium will be established.
The characteristic time required for a nitroxide mol-
ecule to react with a polymer radical is:

(2)sd=1⁄� kd �R•
� �

where sd is the characteristic time for radical
deactivation; kd is the rate coefficient for radical
deactivation; and [R•] is the concentration of active
polymer radicals in either the aqueous or organic
droplet phases. Under typical polymerization
conditions, the characteristic radical trapping times
within particles are more than ten times greater than
predicted equilibration times. Phase equilibrium
should be established before much of the nitroxide can
deactivate polymer radicals in either the aqueous or
organic phases, and thus TEMPO is expected to be at
phase equilibrium at all times during polymerization.

5.5.2. Modeling alkoxyamine initiated NMRP
miniemulsions

A detailed model incorporating NMRP kinetics for
alkoxyamine initiated styrene polymerizations was
coupled to a mass transfer model to describe mini-
emulsion NMRP of styrene [37]. The model includes
reactions in the aqueous and organic phases, particle
nucleation, the entry and exit of oligomeric radicals,

Table 2
Predicted equilibration times for TEMPO-mediated styrene miniemulsion polymerization systems with varying average droplet diameters
(T = 135 °C)

System d (nm) Interfacial surface area (m2 l–1 of system) Equilibration time (s)
Miniemulsion 200 8.0 × 103 1.5 × 10–5

Emulsion 1 × 103 1.5 × 103 5 × 10–4

Emulsion or Suspension 1 × 104 1.5 × 102 5 × 10–2

Suspension 1 × 106 1.5 500
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and the partitioning of nitroxide and styrene between
phases. The influence of nitroxide partitioning on the
polymerization kinetics was examined by modeling
systems initiated by the unimers BST and OH-BST
(BST and OH-BST are benzoylstyryl radicals termi-
nated by the TEMPO and 4-hydroxy-TEMPO respec-
tively as shown in Scheme 4.). The model was also
used to make quantitative estimates of; monomer con-
version, number average molecular weight, polydis-
persity, the molecular weight distributions of active
and dormant polymer radicals (derived from both
alkoxyamine initiators and thermal initiation), and the
molecular weight distributions of living and dead poly-
mer chains.

Measured and predicted monomer conversions ver-
sus time are shown in Fig. 9 for BST and OH-BST-
initiated systems. Conversion is predicted to level off
after reaching ~60% due to increasing nitroxide con-
centration. Monomer conversions are nearly indepen-
dent of the type of unimer and the initial concentration
of BST or OH-BST, a reflection that the rate of poly-
merization is controlled by the rate of styrene thermal
initiation. Experimental and predicted values of Mn are
plotted versus conversion in Fig. 10 for BST runs. Mn
increases almost linearly with conversion; the slight
non-linearity is due to continuous initiation of polymer

radicals by styrene thermal initiation, which causes the
total number of polymer chains to increase throughout
the simulation. This can be seen from the predicted
number of polymer chains shown in Table 3.

5.5.2.1. Nitroxide partitioning effects. At phase equi-
librium, the aqueous phase concentration of nitroxide,

Scheme 4. Structure of the two unimers BST and OH-BST [33].
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[T•]aq, and [T•]org are related through the partition
coefficient, C = [T•]org /[T•]aq. We had anticipated
that [R•]org would be influenced by the value of C.
4-hydroxy-TEMPO partitions into the aqueous phase
more favorably than TEMPO, which should result in
lower values of [T•]org and faster polymerization rates
compared to TEMPO-mediated systems. However, the
predicted organic phase concentrations of active poly-
mer radicals were found to be nearly equal regardless
of whether BST or OH-BST was used to initiate poly-
merization, which is consistent with the experimental
data showing nearly coincidental conversion profiles
with BST and OH-BST. Thermal initiation offsets the
loss of polymer radicals by termination such that
[R•]org exhibits little sensitivity towards C. Conse-
quently, the polymerization rate is not significantly
influenced by the different partitioning coefficient of
the nitroxides. However, in the absence of styrene

thermal initiation, both [R•]org and the rate were found
to be quite sensitive towards the value of C with the
rate predicted to be significantly faster in the OH-BST-
initiated systems (Fig. 11). For monomers that do not
thermally initiate as readily as styrene (e.g., butyl acry-
late), nitroxide partitioning may greatly influence the
kinetics. Recently, Tortosa et al. [41] reported that in
the nitroxide-mediated copolymerization of styrene
and butyl acrylate in miniemulsion at 135 °C, the rate
of butyl acrylate polymerization was found to be sig-
nificantly faster in systems employing 4-hydroxy-
TEMPO compared to systems employing TEMPO.
These experimental results corroborate the behavior
predicted by our model.

5.5.2.2. Polymer radical distributions and degree
of livingness. Our model was designed to keep track of
the different radical populations based on how polymer
radicals are initiated (unimer homolysis or thermal
initiation), how dead polymer chains are created (ter-
mination by combination and disproportionation,
transfer to monomer, alkoxyamine disproportionation
and hydroxylamine disproportionation), and whether
living polymer chains are active or dormant.
Alkoxyamine disproportionation involves hydrogen
abstraction from form the polymer chain end to yield a
chain with termination unsaturation and a hydroxy-
lamine, and thus results in the loss of a living chain and
a nitroxide [42]. In the presence of trace oxygen, the
hydroxylamine can undergo disproportionation to re-
turn to a nitroxide. Fig. 12 shows the different polymer

Fig. 10. Measured and predicted number average molecular wei-

ghts, M̄n , for styrene miniemulsions initiated by BST. C,
7 mM; h, 14 mM BST; e, 20 mM BST. Lines are model predic-
tions.

Table 3
Predicted number of polymer chains in BST- and OH-BST-initiated
styrene miniemulsion systems at 0%, 20% and 60% monomer
conversion

System Total number of polymer chains (×1020 chains)
0% conversion 20% conversion 60% conversion

BST-01 1.7 1.8 2.1
BST-02 3.2 3.3 3.6
BST-03 4.7 4.8 5.1
OH-BST-01 1.6 1.7 2.0
OH-BST-02 3.2 3.3 3.6
OH-BST-03 4.6 4.7 5.0

Fig. 11. Predicted conversion-time profiles for BST- and OH-BST-
initiated styrene miniemulsions in the presence and absence of
thermal initiation.
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chain populations as a fraction of the total number of
polymer chains. At the start, dormant IGRs (initiator
(unimer) generated radicals) make up 100% of all
polymer chains but after 60% monomer conversion,
the population of dormant IGRs decreases to only 50%
of the total number of polymer chains, with 41% of the
polymer chains predicted to be dead. Dormant TGRs
(thermally generated radicals) were predicted to make
up ~9% of the total polymer chains.

The continuous decline in the population of dor-
mant IGRs reflects a decay in the overall livingness.
We defined the degree of livingness (DOL) as the
number of living polymer chains (active and dormant
polymer radicals) divided by the total number of poly-
mer chains. Fig. 13 shows that alkoxyamine dispropor-
tionation is responsible for terminating the majority of
polymer chains and begins to dominate over the other
mechanisms early in the simulation. After 60% conver-
sion, ~70% of the dead polymer chains are formed by
alkoxyamine disproportionation, while combination
and disproportionation, transfer to monomer, and hy-
droxylamine disproportionation accounted for only
15%, 15% and 1% of the total number of dead polymer
chains, respectively.

The amount of dead polymer chains formed by
alkoxyamine disproportionation is disturbingly large.
The relatively high reaction temperatures contribute,
and lowering the temperature would reduce the dispro-
portionation rate [43]. However this would also extend
the reaction time required to achieve a given conver-
sion, thereby increasing the number of dead chains
formed by disproportionation. Preserving livingness is

complicated by the conflicting constraints posed by
minimizing dead chain formation due to irreversible
termination versus disproportionation. Minimizing ter-
mination requires maintaining a low active radical con-
centration, which also results in low reaction rates.
However the long reaction times required will result in
significant dead chain formation via disproportion-
ation. Minimizing dead chain formation due to dispro-
portionation requires reduction of the overall reaction
time (higher reaction rates), an objective in direct op-
position to that for minimizing biradical termination.
An optimized balance must therefore be obtained be-
tween losses due to disproportionation and biradical
termination.

5.5.2.3. Polymer molecular weight distributions.
Fig. 14 shows the number molecular weight distribu-
tions (MWDs) of the living and dead polymer chains at
25% conversion. The majority of living polymer radi-
cals are dormant IGRs with a narrow molecular weight
distribution. There is a low molecular weight tail due to
transfer to monomer. At such a low conversion, the
contribution from thermal radicals is small. The MWD
of the active TGRs is broad (PD = 1.47) compared to
the MWD of the active IGRs (PD = 1.15). The MWDs
of the different dead polymer species are broad, with
the majority of dead polymer chains formed by
alkoxyamine disproportionation, as shown earlier.

Fig. 12. Predicted population profiles of active, dormant and dead
polymer chains for system BST-02 (14 mM BST). The predicted
degree of livingness (DOL) is also shown.
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Fig. 13. Predicted population profiles of dead polymer chains for
system BST-02. Dead polymer chains are formed by termination,
transfer to monomer, alkoxyamine disproportionation, and hydroxy-
lamine disproportionation.
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5.6. Compartmentalization

It has long been recognized that the kinetics and
molecular weight obtained in a bulk or suspension
polymerization are different than obtained in emulsion
polymerization. With particles larger than ~0.5–1 µm,
there are enough propagating radicals in each particle
to ensure the kinetic equations describing biradical
termination are valid. However as particle volume de-
creases, eventually the number of radicals in each

segregated reaction volume (particle) becomes too
small (0, 1 or 2 radicals/particle) to be adequately
described by the bulk kinetic expressions, and instead
balances must be written to account for particles con-
taining a specified number of radicals. The reduction in
size changes the primary chain-stopping event from
biradical termination to the entry of a radical from the
aqueous phase into a particle already containing a
radical. This segregation of growing radicals from each
other, known as compartmentalization, results in a
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Fig. 14. a. Predicted number molecular weight distributions from system BST-02 for living polymer chains at 25% conversion. b. Predicted
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decrease in the effective termination rate, leading to
much higher rates and molecular weights in
emulsion/miniemulsion than in bulk. With NMRP, the
main chain-stopping event is not biradical termination
but rather deactivation by nitroxide. However as par-
ticle volume decreases, the number of free nitroxide
molecules typically remains high (~101–102). The de-
activation step is not affected by reduced particle size
and therefore compartmentalization effects are not ex-
pected under most conditions.

Butté et al. first discussed compartmentalization in
living radical systems, showing that it would operate in
reversible transfer systems (e.g., RAFT) but not in
reversible termination systems such as NMRP and
ATRP [13,44]. They also modeled the NMRP of sty-
rene in miniemulsion, considering both radical and
nitroxide compartmentalization [44], predicting that in
TEMPO-mediated systems, compartmentalization
would lead to fewer dead chains and lower polydisper-
sity but at the expense of a lower rate. The explanation
for the lower rate was the loss of the beneficial effects
of thermal initiation when the number of free TEMPO
molecules per particle became small. For nitroxides
with a more favorable equilibrium constant to active
radicals, they predicted significant rate enhancement
with only a moderate loss of livingness. In a theoretical
discussion of living radical polymerizations in dis-
persed media, Charleux considered the effects of radi-
cal compartmentalization for SG1-mediated styrene
polymerizations at 90 °C, and concluded that as par-
ticle size decreased (below ~100 nm), the rate would
increase with a broader molecular weight distribution
but fewer dead chains [14]. These conclusions do not
apply to cases where thermal initiation is important but
are generally applicable for nitroxide-mediated sys-
tems for monomers such as butyl acrylate. It is difficult
to compare the findings from the above two studies,
since they considered different systems, and the role of
thermal initiation is probably important.

Pan et al.’s study of surfactant effects in TEMPO-
mediated NMRP of styrene in miniemulsion provide a
complete set of kinetic and molecular weight data for
particles ranging in size from ~150 to ~60 nm [31].
They did not observe significant differences in the
conversions or molecular weights, although the
smaller particles appear to consistently display slightly
higher conversions. This data indicates, as is discussed
in their paper, that NMRP systems under their condi-

tions do not exhibit compartmentalization effects, at
least down to the lowest particle sizes attained.

5.7. Measurement of livingness

For many applications, maximizing the fraction of
living chains is a priority, and yet reliable techniques to
quantify livingness are scarce. Chain extension experi-
ments, in which polymer is dissolved in more mono-
mer and then polymerization continued to extend the
growing chains, can provide a crude assessment of the
degree of livingness by comparing the evolving mo-
lecular weight distributions. If a low-molecular-weight
shoulder appears, it is evidence of dead chains. How-
ever this is not a sensitive technique, and suffers from
the loss of more chains during the actual chain exten-
sion process. The most common representation of mo-
lecular weight distribution data in chain extension tests
is the GPC molecular weight distribution (dW(M)/
dlogM vs M), where W is the cumulative weight frac-
tion distribution and M is molecular weight. However,
the true weight fraction distribution w provides a more
discriminating look at chain extension tests. (The two
distributions differ by a factor of 1/M; i.e. W(1/M) =w
[45]). By emphasizing the higher molecular weight
fractions, W reduces the apparent presence of the low
molecular weight region where the dead chains reside.
Livingness appears better when examining W, but the
weight fraction distribution w more clearly highlights
the number of dead chains at low molecular weights.
Polydispersity is also a relatively insensitive measure
of livingness. It should be kept in mind that polydisper-
sities of ~1.1–1.3 are not really ‘narrow’ in an absolute
sense, and that the absolute span of the molecular
weight distribution is considerable.

Scott et al. [35] have recently developed a technique
that involves exchange of the nitroxide on the sample
chain end with a nitroxide that fluoresces strongly in its
alkoxyamine form, but only weakly in its free state (a
naphthoyloxy analogue of TEMPO). By measuring the
fluorescence of the exchanged sample, the number of
moles of living chains can be calculated. Furthermore,
coupling of a fluorescence detector with a gel perme-
ation chromatograph led to analyses of the molecular
weight distributions of the living chains, while a differ-
ential refractive index detector gives the molecular
weight distributions of the overall sample (living and
dead chains). The population of living chains can thus

1371M.F. Cunningham / C. R. Chimie 6 (2003) 1351–1374



be directly compared to the total chain population. For
a series of styrene miniemulsion polymerizations initi-
ated by the BST [33], the concentration of living chains
as a function of conversion is shown in Fig. 15 for three
different unimer concentrations. The livingness de-
creases relatively slowly until ~50% conversion, after
which it decreases sharply. However the polymeriza-
tion rate decreased rapidly after 50% conversion, and
the observed sharp decrease in living chain concentra-
tion is believed to be primarily a reflection of extensive
alkoxyamine disproportionation occurring at long re-
action times.

5.8. Acrylate polymerizations

Recent studies have been published on the polymer-
ization of acrylates in miniemulsion [46–48]. With
very low rates of thermal initiation compared to sty-
rene, acrylate polymerizations are susceptible to rapid
accumulation of nitroxide from termination reactions
that suppress the polymerization rate. Therefore suc-
cessful acrylate polymerization usually requires a
means to remove the excess nitroxide, for example by
using a nitroxide that spontaneously decomposes
slowly (e.g. SG1) or by using an additive to consume
the excess nitroxide. Farcet et al. made n-butyl acrylate
homopolymers (112 °C and 125 °C) and n-butyl
acrylate-co-styrene gradient copolymers (120 °C) in
miniemulsion using an SG1-terminated alkoxyamine
[46,47]. Excess SG1 was added to some of the poly-

merizations to provide better control. Conversions of
65–70% were achieved in 6 h when SG1 was added,
compared to 92% conversion without added SG1. Fi-
nal Mn ranged from ~30–50 k. Polydispersities were
higher without added nitroxide (1.42) than with SG1
(~1.1–1.4), but these results are still exceptionally
good for acrylates. They provided a kinetic analysis
that showed, consistent with the experimental findings,
that the rate was determined mostly by the initial free
SG1 concentration, or more specifically. The copoly-
mers formed were gradient copolymers with a narrow
copolymer composition distribution, features caused
by the living nature of the polymerization. Because the
chains remain alive throughout the polymerization,
drift in the monomer composition with time does not
lead to composition variation between chains as in
conventional radical polymerization, but rather to
composition variation along the length of the chain,
thus forming gradient copolymers [46,47]. These SG1-
terminated polymers also provided a unique tool for
differentiating between inter- and intramolecular chain
transfer in n-butyl acrylate polymerization [49]. In the
n-butyl acrylate homopolymerizations, initiator effi-
ciencies were less than one (~0.8). This unexpected
behavior was believed to be caused by a relatively low
alkoxyamine activation rate at 112 °C, as well as exit of
some of the alkoxyamine initiator into the aqueous
phase. Increasing the temperature to 125 °C or using a
macroinitiator of Mn = 9550 (prepared using bulk
polymerization) were successfully implemented as so-
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lutions to each respective problem, and both ap-
proaches increased the initiator efficiency to ~1.

Keoshkerian et al. used two different nitroxides in
their miniemulsion polymerizations of n-butyl acrylate
[48]. They used a polystyrene oligomer (Mn = 1156)
terminated with an acyclic nitroxide developed by
Hawker [4] as initiator, and added excess TEMPO to
give adequate control. Three hours at 135 °C yielded
86% conversion with Mn = 11,816 (polystyrene stan-
dards) and PD = 1.27. They also used TEMPO-
terminated polystyrene as initiator, with added ascor-
bic acid, at the same reaction conditions. Three-hour
reaction time gave ~60–65% conversion with a final
Mn = 12,494 and PD = 1.62. The overall results were
not as good using TEMPO but the results were respect-
able, and the economic attractiveness of using the
commercially available TEMPO makes these findings
noteworthy, and more generally makes the point that
effective control of nitroxide concentration may over-
come inherent deficiencies of a given nitroxide.

6. Concluding remarks

Miniemulsion polymerization is a process well
suited for nitroxide-mediated polymerizations, yield-
ing stable latexes with the inherent advantages of using
aqueous dispersions. With the advent of hexadecane-
free NMRP processes, there is little incentive to de-
velop emulsion polymerizations, since additional pro-
cess steps required to circumvent problems with
droplet polymerization would add more complexity
than running a miniemulsion. In polymerizations
where thermal initiation is important, partitioning ef-
fects (especially of the nitroxide) become nearly neg-
ligible. However with acrylates and lower temperature
styrene polymerizations (< 100 °C), nitroxide parti-
tioning is an important phenomenon. Interfacial mass
transfer of the nitroxide is sufficiently fast that phase
equilibrium will be maintained, provided particles
and/or droplets are < 1 µm. For larger droplets and
particles, the surface area may be too small to maintain
equilibrium. High conversions (> 99%) narrow poly-
dispersities can now be achieved with styrene mini-
emulsion NMRP in ~3 h or less, however the living-
ness of these systems needs to be further investigated.
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