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ABSTRACT: Nitroxide-mediated radical polymerizations (NMP) of styrene at 100 �C using the cationic
emulsifier tetradecyltrimethylammonium bromide (TTAB) have been carried out employing 2,20-azoisobu-
tyronitrile (AIBN) and two nitroxides of different water solubilities. The polymerization rate was lower and
themolecular weight distributionmore narrow inmicroemulsion than bulk at low conversion. The results can
be rationalized based on the lower initiator efficiency in microemulsion than bulk, presumably caused by the
confined space effect (compartmentalization) on geminate termination of AIBN radicals, and possibly also
the confined space effect causing an increase in deactivation rate. The extent of retardation relative to bulk
was more severe for the less water-soluble 2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxy (TIPNO) than the
more water-soluble N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide (SG1) as expected
based on more extensive nitroxide exit occurring in the case of SG1 than TIPNO. The results illustrate how
effects of heterogeneity can profoundly influence the course of NMP in dispersed systems.

Introduction

The field of polymer chemistry has been revolutionized in the
past 15 years with the advent of controlled/living radical polym-
erization (CLRP), which enables precise synthesis of polymer of
various architectures.1 CLRP has now been adapted to be
applicable also in a wide range of dispersed systems (e.g.,
emulsion, miniemulsion, microemulsion),2,3 although a number
of challenges still remain.

One such challenge is to further increase the understanding of,
and ultimately exploit, the concept of compartmentalization in
CLRP in dispersed systems.4-15 Compartmentalization refers to
the physical isolation of reactants in discrete confined spaces
(polymer particles and/ormonomer droplets), and comprises two
separate effects: The segregation effect and the confined space
effect.6 The segregation effect refers to two species located in
separate particles being unable to react, whereas the confined
space effect refers to two species reacting more rapidly in a small
particle than in a large particle. Theory dictates that for CLRP
systems based on the persistent radical effect16 (e.g., nitroxide-
mediated polymerization (NMP17,18) and atom transfer radical
polymerization (ATRP19,20)), it is possible to obtain an increase
in both the livingness (end-functionality) and control over the
molecular weight distribution (MWD) as a result of compart-
mentalization.6-8,14,15 Under ideal conditions, the livingness
increases as a result of segregation of propagating radicals
reducing the termination rate, whereas the confined space effect
leads to an increase in the deactivation rate, which in turn results
in an increase in the number of activation-deactivation cycles
and thus a narrower MWD. Under such circumstances, the
polymerization rate (Rp) is reduced relative to the corresponding
bulk system.

Experimental data consistent with compartmentalization
effects in miniemulsion NMP have been obtained by Cunning-
ham and co-workers for 2,2,6,6-tetramethylpiperidine-N-oxyl-
(TEMPO-) mediated miniemulsion polymerization of styrene (S)
at 135 �C.9 A decrease in the particle size resulted in a decrease in
Rp and an increase in livingness, but the control remained
relatively unaffected. No convincing evidence of compartmenta-
lization effects in N-tert-butyl-N-[1-diethylphosphono-(2,2-
dimethylpropyl)] nitroxide (SG1) mediated polymerizations in
emulsion13,21 andminiemulsion22 has to date been reported,most
likely because the relatively high water solubility of SG1 counter-
acts the confined space effect on deactivation13 and/or the par-
ticles have not been sufficiently small. TheNMPequilibrium con-
stant is higher for SG1 than TEMPO,23 resulting in a higher
nitroxide concentration for SG1, and thus smaller particles are
required for compartmentalization effects tobemanifested for SG1.

In general, the heterogeneous polymerization type that yields
the smallest particle size is microemulsion polymerization.24,25 A
microemulsion is a thermodynamically stable, macroscopically
homogeneousmixture of two immiscible liquids and a surfactant,
which forms spontaneously without external shear forces. A
microemulsion initially consists of monomer-swollen micelles
(diameter (d) = 5-10 nm), and some of these micelles are sub-
sequently converted to polymer particles during the polymeriza-
tion. Only a fraction of monomer-swollen micelles become
nucleated, and the remaining monomer-swollen micelles supply
monomer to the growing particles. This process, as well as some
degree of coalescence, normally results in polymer particles with
d = 20-60 nm.

We have previously reported on microemulsion NMP of S at
125 �C with the cationic surfactant tetradecyltrimethylammo-
nium bromide (TTAB).26 Use of TEMPO yielded very low Rp,
consistent with the confined space effect increasing the rate of
deactivation and the rate of geminate termination of sponta-
neously (thermally) generated radicals from S. However, the
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MWDs were broad and the particles were fairly large for a
microemulsion (d=39-129 nm). The broadMWDs are likely to
have originated in alkoxyamine decomposition27 and differing
diffusion rates of monomer and low MW alkoxyamines (and
nitroxide) between monomer-swollen micelles and polymer
particles, causing the ratio [monomer]/[alkoxyamine] to vary
between particles. Polymerizations using SG1 proceeded much
faster, resulting in d = 21-37 nm and markedly lower Mw/Mn

than for TEMPO.
In the present contribution, we have investigated the micro-

emulsion polymerization of S at 100 �C using two nitroxides of
different water solubility: SG1 and the much less water-soluble
2,2,5-trimethyl-4-phenyl-3-azahexane-3-oxy (TIPNO; Scheme 1).
The experimental work is complemented by modeling and
simulations of the effects of compartmentalization using mod-
ified two-dimensional Smith-Ewart equations.6

Experimental Section

Materials. S was purified by distillation under reduced pres-
sure in a nitrogen atmosphere. 2,20-Azoisobutyronitrile (AIBN;
Wako) was purified by recrystallization. N-tert-Bbutyl-N-
[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide (SG1)
was obtained from ARKEMA K.K. (Japan) and was used as
received. 2,2,5-Trimethyl-4-phenyl-3-azahexane-3-oxy (TIPNO)
was synthesized according to the literature, and purified by
column chromatography before use.28,29 n-Tetradecyltrimethy-
lammonium bromide (TTAB; Tokyo Kasei Kogyo Co. Ltd.,
Tokyo, Japan) and toluene, methanol, and hexadecane (Nacalai
Tesque Inc., Kyoto, Japan) were used as received. Deionized
water with a specific resistance of 5 � 106 Ω cm was distilled
prior to use.

Microemulsion Polymerization. A solution of AIBN (22 mg,
1.35 � 10-4 mol) and SG1 (72 mg, 2.45 � 10-4 mol) in S (10 g,
9.62 � 10-2 mol) was added to an aqueous solution of TTAB
(25 g TTAB in 165 g water), followed by magnetic stirring for
15 min at room temperature, resulting in the formation of a
transparent solution (microemulsion). The microemulsion was
charged in a glass ampule, which was subsequently degassed
using several N2/vacuum cycles and sealed off. Polymerization
was conducted at 100 �C under a nitrogen atmosphere. The
polymerizations were stopped by gradually reducing the tem-
perature to room temperature using coldwater, and the polymer
was isolated by addition of excess methanol (leading to
coagulation), followed by filtration, and drying. The TIPNO-
mediated microemulsion polymerizations were carried out in
the same way.

Microemulsion Polymerizations Used To Investigate Parti-

tioning. Twomicroemulsions were prepared: (A) S (10 g)/AIBN
(22 mg)/water (165 g)/TTAB (25 g); (B) S (10 g)/AIBN (22 mg)/
TEMPO (50.2 mg)/water (165 g)/TTAB (25 g). Microemulsion
A contains noTEMPO, andmicroemulsion B contains twice the
amount of the required TEMPO. On mixing of A and B, the
total [TEMPO]0/[AIBN]0 is 1.2. Microemulsions A and B were
subsequently mixed at room temperature and polymerized at
125 �C. The time taken from the moment when A and B were
mixed together to the start of the polymerization was approxi-
mately 15 min. The polymer was isolated as described above.

Bulk Polymerization. S (20 g; 1.92� 10-1 mol), AIBN (44mg;
2.70 � 10-4 mol), and SG1 (143 mg; 4.86 � 10-4 mol) were
charged in a glass ampule, which was degassed with several

N2/vacuum cycles, sealed off under vacuum, and heated at
100 �C in an oil bath. The polymer was recovered by precipita-
tion in excess methanol, and subsequently purified by repreci-
pitation using toluene/methanol and dried in a high vacuum
oven. TheTIPNO-mediated polymerizations were carried out in
the same way.

Measurements. S conversions were determined by gas chro-
matography (Shimadzu Corporation, GC-18A) with helium as
carrier gas, employing N,N-dimethylformamide as solvent and
p-xylene as internal standard. MWDs were obtained by gel
permeation chromatography (GPC) employing a Tosoh GPC
system equipped with two TSK gel columns (GMHHR-H, 7.8
mm i.d. 30 cm) using tetrahydrofuran (THF) as eluent at 40 �C
at a flow rate of 1.0 mL min-1, and a refractive index detector
(RI-8020). The column was calibrated against five standard PS
samples (1.05 � 103 to 5.48 � 106 g/mol). Particle size distribu-
tions were measured using dynamic light scattering (DLS;
FPAR-1000, Otsuka Electronics, Osaka, Japan) at a light
scattering angle of 160� at 25 �C. Number-average (dn) and
weight-average (dw) droplet diameters were obtained using the
Marquadt analysis routine (dw/dn = 1.1-1.3).

Results and Discussion

SG1-Mediated Polymerizations in Microemulsion and
Bulk. SG1-mediated microemulsion polymerization of S
using the cationic surfactant TTAB were carried out as well
as the corresponding bulk polymerization (the same organic
phase as in microemulsion) with [SG1]0/[AIBN]0 = 1.80 at
100 �C. The microemulsion polymerization proceeded at a
significantly lower rate than the bulk polymerization
(Figure 1a). The initial microemulsion was transparent, but
the emulsion became translucent and whitish with increasing
conversion (Figure 2). DLS measurements revealed that the

Scheme 1. Chemical Structures of SG1 and TIPNO

Figure 1. Conversion vs time for nitroxide-mediated polymerization of
styrene at 100 �Cwith [nitroxide]0/[AIBN]0=1.8 for nitroxides (a) SG1
and (b) TIPNO in bulk and microemulsion.
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particle size gradually increased with increasing conversion
from dn ≈ 23 to 55 nm (Figure 3).

Both in microemulsion and bulk, the MWDs shifted to
higher molecular weight (MW) with increasing conversion,
indicating good livingness (Figure 4). The values of Mn

increased close to linearly with conversion in both micro-
emulsion and bulk (Figure 5a). However, Mn was signifi-
cantly greater in microemulsion than in bulk. The values of
Mw/Mn in bulk initially decreased, went through aminimum
value, and finally increased at high conversion (Figure 5b),
which is normal behavior. In the microemulsion, Mw/Mn

increased closed to linearly with conversion in a manner

distinctly different from in bulk. For conversions below
approximately 20%, Mw/Mn was lower in microemulsion
than in bulk, whereas the control in bulk was superior at
higher conversions. Figure 6 shows an overlay ofMWDs for
bulk and microemulsion at similar MWs, revealing a much
narrower MWD in microemulsion. For example, for Mn ≈
5000 gmol-1,Mw/Mn=1.17 inmicroemulsion to be compa-
red with 1.32 in bulk.

Three factors will now be considered to rationalize the
data: Initiator efficiency, monomer concentration at polym-
erization locus, and compartmentalization.

Initiator Efficiency. In the case of an excess nitroxide as in
the present work, the theoretical Mn (Mn,th) is calculated
from the ratio of consumed monomer units to radicals
generated from decomposition of AIBN (i.e., not relative
to nitroxide): Mn,th = ([S]0RMS)/[R

•]gen, where R is S con-
version, MS is the molar mass of S, and [R•]gen is the total
concentration of radicals generated byAIBNdecomposition
(= 2f [AIBN]0, where f is the initiator efficiency). The linear
relationships between Mn and R in Figure 5a were fitted at
low conversion based on the above equations to give f=0.53
formicroemulsion and f=0.98 for bulk. The value in bulk is
higher than expected for reasons that are not clear. However,
the importantmessage is that f inmicroemulsion is much less
than in bulk. The reason f < 1 is that some fraction of the
cyanoisopropyl radicals engage in side reactions other than
addition to monomer, e.g. geminate termination. The pre-
sent data thus indicate that such side reactions are more
prevalent in microemulsion than bulk. An additional factor
may be exit of AIBN radicals followed by aqueous phase
termination.

Figure 2. Microemulsions at various conversions for SG1-mediated
polymerization of styrene at 100 �C with [SG1]0/[AIBN]0 = 1.8.

Figure 3. Number-average particle diameters (dn) for SG1-mediated
polymerization of styrene at 100 �C with [SG1]0/[AIBN]0 = 1.8.

Figure 4. Molecular weight distributions (normalized to peak height)
for SG1-mediated polymerization of styrene at 100 �C with
[SG1]0/[AIBN]0 = 1.8 in (a) bulk (conversion 10, 25, 77, 95%) and
(b) microemulsion (conversion 8, 12, 16, 26, 42, 92%).

Figure 5. Number average molecular weights (Mn) (a) and polydisper-
sities (Mw/Mn) (b) vs conversion for SG1-mediated polymerization of
styrene at 100 �C with [SG1]0/[AIBN]0 = 1.8 in bulk (triangles) and
microemulsion (circles). The lines in part a are theoreticalMn based on
initiator efficiencies (f) of AIBN of 0.98 for bulk and 0.53 for micro-
emulsion.
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The rate of geminate termination would be expected to be
higher in a sufficiently small particle than in bulk as a
result of the confined space effect, which would explain
f(microemulsion) < f(bulk).4,6,30-32 This explanation is
consistent with Mn vs conversion being close to linear in
both cases, because the events that dictate the slope occur at
very low conversion when the AIBN decomposes (at 100 �C,
95% decomposes in less than 3 min). Interestingly, f(micro-
emulsion) < f(bulk) also indicates that enhanced sponta-
neous initiation in microemulsion relative to bulk does not
appear to be a factor with regards to f (enhanced sponta-
neous initiation would result in an apparent increase in f,
possibly above unity). It has previously been shown that the
rate of spontaneous initiation of S in aqueous miniemulsion
at 110 and 125 �C is markedly greater than in bulk.33

However, it may be that there is enhanced initiation relative
to bulk, but that these radicals, if generated in pairs, undergo
rapid geminate termination due to the confined space effect.
Alternatively, the rate of (enhanced) spontaneous initiation
may be relatively low at 100 �C.

The lower value of f inmicroemulsionmeans that there is a
greater excess of free nitroxide in microemulsion than in
bulk, which would result in lower Rp and better control/
livingness. In order to quantify this effect, simulations were
carried out for a homogeneous system (bulk), varying the
value of f, using the software PREDICI34 based on eqs 1-7:

d½I�
dt

¼ - kd½I� ð1Þ

d½M�
dt

¼ - kp½P•�½M� - ki½R•�½M� - 3ki, th½M�3 ð2Þ

d½PT�
dt

¼ kdeact½P•�½T•� - kact½PT� ð3Þ

d½RT�
dt

¼ kdeact½R•�½T•� - kact½RT� ð4Þ

d½P•�
dt

¼ kact½PT�

- kdeact½P•�½T•� - 2kt½P•�2 - kt½R•�½P•� ð5Þ

d½T•�
dt

¼ kact½PT� - kdeact½P•�½T•� - kdeact½R•�½T•� ð6Þ

d½R•�
dt

¼ 2fkd½I� þ kact½RT� þ ki, th½M�3 - ki½R•�½M�

- 2kt½R•�2 - kt½R•�½P•� - kdeact½R•�½T•� ð7Þ
where R• denotes “small radicals” (cyanoisopropyl radicals
from AIBN decomposition and radicals generated by ther-
mal initiation of S35,36), T• is nitroxide, P• denotes propagat-
ing radicals, PT denotes oligomeric/polymeric alkoxyamine,
RT is low MW alkoxyamine, M is monomer, and I is
initiator. This model represents an ideal NMP mechanism for
a system that starts with free nitroxide and a radical initiator,
not accounting for side reactions such as e.g. nitroxide37,38 and
alkoxyamine27 decomposition. Parameter values (100 �C):
kd(AIBN) = 1.41 � 10-3 s-1;39 kp = 1200 M-1 s-1;40

kt = 1.46 � 108 M-1 s-1;41 ki,th = 1.62 � 10-11 M-2 s-1;35

ki = 1.08 � 104 M-1 s-1.42 The reported Arrhenius para-
meters (Aact and Eact) of kact of S/SG143 (polymeric alkox-
yamine, unlike Table 1) give kact= 1.25� 10-3 s-1 at 100 �C.
The value of kdeact was taken as 6.8� 105M-1 s-1, which has
been reported for the polymeric system at 80 �C44 (radical
coupling reactions have weak temperature dependence),
resulting in K (=kact/kdeact) = 1.84 � 10-9 M. All rate
coefficients involving P• and R•were assumed to be the same
(except for ki and kp). Simulations were carried out with f=
0.98 and 0.53, with [M]0= 8.7M, [I]0= 1.21� 10-2 M, and
[T•]0 = 2.20� 10-2 M. All rate coefficients were assumed to
be independent of chain-length and conversion. This intro-
duces an error due to kt conversion dependence.45-47 How-
ever, the purpose of the simulations is to quantify the effect
of f, the relative extent of which will not be significantly
affected by kt conversion dependence. Termination was
assumed to occur by combination only.

Simulated conversion-time and MWDs are shown in
Figure 7 for f = 0.98 and 0.53, confirming that Rp is lower
and the MWD is narrower for f = 0.53 than 0.98, as
expected. The results are in semiquantitative agreement with
experimental data (Figures 1a and 6). Thus, one important
contributing factor to lower Rp and narrower MWD in
microemulsion than bulk is the lower value of f in micro-
emulsion, presumably caused mainly by the confined space
effect on geminate termination of AIBN radicals.

Monomer Concentration at Polymerization Locus. When
comparing microemulsion and bulk NMP, an additional
possible factor is that in the microemulsion system, some
fraction of monomer resides in monomer-swollen micelles
that have not been nucleated, and these micelles act as
monomer reservoirs similar to in an emulsion polymeriza-
tion. The average monomer concentration at the locus of
polymerization at a given conversion is therefore lower than
in the corresponding bulk system, which would result in a
reduction in Rp in microemulsion. In theory, this would also

Figure 6. Molecular weight distributions (normalized to peak height)
for SG1-mediated polymerization of styrene at 100 �C with
[SG1]0/[AIBN]0 = 1.8 in microemulsion (full lines) and bulk (dotted
lines). (a) Microemulsion: Mn = 5100 g mol-1, Mw/Mn = 1.17, 8%
conversion (4.5 h). Bulk: Mn = 4200 g mol-1, Mw/Mn = 1.32, 10%
conversion (2 h). (b) Microemulsion:Mn = 27900 g mol-1,Mw/Mn =
1.1.30, 42% conversion (21 h). Bulk:Mn = 35700 g mol-1,Mw/Mn =
1.29, 95% conversion (48 h).

Table 1. Literature Rate Coefficients for Activation (kact) and
Deactivation (kdeact) of 1-Phenylethyl-SG1 and 1-Phenylethyl-

TIPNO at 120 �C

nitroxide kact (s
-1)37 kdeact (M

-1 s-1)48 K (=kact/kdeact)

SG1 5.5� 10-3 4.6� 106 1.2� 10-9

TIPNO 3.3� 10-3 8.2� 106 4.0� 10-10
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lead to a narrowing of the MWD as fewer monomer units
would be added per activation-deactivation cycle. How-
ever, this effect is believed to be relatively minor.

Compartmentalization. We next consider effects of com-
partmentalization. In a conventional, nonliving microemul-
sion polymerization, Rp is much greater than in bulk.24,25 In
such a system, there is no deactivation reaction as in CLRP,
and segregation of propagating radicals leads to an increase
in Rp. Segregation is expected to operate also in microemul-
sionNMP.6,8,14However, if the confined space effect exerts a
stronger influence on Rp than segregation, the net effect will
be a decrease in Rp.

6,14 Compartmentalization effects are
discussed in more detail later in this article.

Theory on compartmentalization in NMP in dispersed
systems dictates that a decrease in Rp is accompanied by a
reduction in Mw/Mn.

6,8,14 The microemulsion system did
exhibit lowerMw/Mn than in bulk at low conversion, but at
higher conversions, Mw/Mn(microemulsion) > Mw/Mn

bulk). Mainly three reasons can be conceived of to rationa-
lize theMWDs being broader in microemulsion than bulk at
higher conversions:26 (i) Diffusion of monomer from non-
nucleated monomer-swollen micelles to polymer particles
would give rise to different ratios [monomer]/[alkoxyamine]
in different particles, and thus different Mn in different
particles. (ii) On the basis of an initial monomer-swollen
micelle radius of 8 nm, one micelle would contain approxi-
mately three alkoxyamine species after AIBN decomposi-
tion. With such a low average number, there would be
considerable variation in the number of alkoxyamines be-
tween different particles, resulting in differentMn in different
particles. (iii) Due to the relatively lowRp in microemulsion,
alkoxyamine decomposition27 would play a more significant
role than in the bulk.

TIPNO-Mediated Polymerizations. TEMPO-mediated
microemulsion polymerization of S at 125 �C is severely
retarded relative to bulk,26 in contrast with the present SG1
results where only fairly mild retardation was observed
(Figure 1a). From the viewpoint of compartmentalization,
this would suggest that the confined space effect is weaker for
SG1 than TEMPO. SG1 is considerably more water-soluble
than TEMPO, and it is possible that exit of SG1 counteracts
the confined space effect on deactivation. To test this hy-
pothesis, microemulsion NMP was carried out using the

nitroxide TIPNO (Scheme 1), which has similar activation
(kact) and deactivation (kdeact) rate coefficients to SG1
(Table 1), but is expected to be considerably less water-
soluble. One would thus anticipate a stronger confined space
effect, and thus lower Rp, for TIPNO than SG1.

Figure 1b shows conversion-time data for the TIPNO-
mediated microemulsion and bulk polymerizations of S at
110 �C with [TINPO]0/[AIBN]0 = 1.80. The polymerizing
microemulsion was transparent/translucent with dn ≈ 20-
25 nm. Themicroemulsion polymerization was very strongly
retarded, much more so than in the case of SG1 (Figure 1a).
The MWDs were narrow and shifted to higher MW with
increasing conversion both in microemulsion and bulk
(Figure 8). Similarly to in the case of SG1, at Mn ≈ 20,000
g mol-1, the MWD was considerably narrower in micro-
emulsion than in bulk (Mw/Mn = 1.30 compared to 1.56;
Figure 9), as also indicatedby theMw/Mn values inFigure 10.
The Mn data also indicate that f(microemulsion) < f(bulk)
also for TIPNO, although the scatter in the data precludes
meaningful estimation of f in microemulsion.

These observations are consistent with expectation based
on TIPNO being less water-soluble than SG1, thus resulting
in a stronger confined space effect on deactivation and
therefore lower Rp than for SG1.

Nitroxide Phase Transfer. In order to investigate the
ability of nitroxide to undergo phase transfer, two S micro-
emulsions, A and B, were prepared. A and B were identical,
except that A contained no TEMPO and B contained twice
the amount of TEMPObased on [TEMPO]0/[AIBN]0= 1.2.
Mixing of A and B thus results in a microemulsion with
[TEMPO]0/[AIBN]0 = 1.2. The results of this “mixing”
preparation was then compared with a microemulsion pre-
pared in the normal way with [TEMPO]0/[AIBN]0 = 1.2.

Figure 11 shows conversion-time,Mn andMw/Mn data of
both polymerizations at 125 �C, revealing virtually identical
results (within experimental error). These results clearly
show that TEMPO is able to exit from one particle
(monomer-swollen micelle), diffuse through the aqueous
phase, and enter another particle, and that the time taken for
this diffusive process is less than 15 min (i.e., the time taken
after initial mixing of A and B until the start of the poly-
merization). These findings are consistent with theoretical
work byCunninghamand co-workers, who found that phase

Figure 7. Simulated conversion-time (a) andMWDs (b) for nitroxide-
mediated polymerization of styrene at 100 �C with [SG1]0/[AIBN]0 =
1.8 in bulk with f = 0.98 (dotted lines) and 0.53 (full lines).

Figure 8. Molecular weight distributions (normalized to peak height)
for TIPNO-mediated polymerization of styrene at 100 �C with
[TIPNO]0/[AIBN]0 = 1.8 in (a) bulk (conversion 28, 35, 47, 58, 76%)
and (b) microemulsion (conversion 4, 6, 9, 18%).
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equilibrium with respect to TEMPO is reached very rapidly
(<10-4 s) under typical miniemulsion NMP conditions,
even at high conversion.49 However, our experiment does
not provide information as to whether nitroxide exit can
compete with deactivation in any given particle. Charleux
showed theoretically that for TEMPO, exit is much faster
than deactivation unless d < 20 nm.13 For SG1, which is
more water-soluble than TEMPO, exit by far dominates
(>98%) even for particles with d = 10 nm.13 Given the
above, it is likely that exit is faster than deactivation in the
present TEMPO and SG1 microemulsion polymerizations.

With regards to nitroxide water solubility, one must
distinguish between two separate effects: (i) Nitroxide parti-
tioning. This simply refers to the overall fractions of nitr-
oxide that are located in the organic and aqueous phases. For
NMP that proceeds in the nonstationary state under normal
conditions (e.g., S/SG1 andS/TIPNO, but not S/TEMPO23),
this leads to an increase in Rp and decrease in control/
livingness.50 (ii) Exit of nitroxide. This refers to the effect
on the polymerization in a given particle if exit of nitroxide
occurs. The effect of exit depends on the overall nitroxide
concentration, i.e. the number of nitroxide species in the
particle. If the concentration is so high that each particle
contains say 3-4 nitroxide species or more, then exit,
followed by entry into another particle, would only have a
minor effect on the kinetics. However, if the concentration is
so low such that an average particle contains 2 or only 1
nitroxide species, then exit would have a more significant
effect. If a particle containing 1 propagating radical and 1
nitroxide experiences exit of nitroxide, the remaining propa-

gating radical would propagate rapidly until chain transfer
to monomer occurs or until another nitroxide enters the
particle (which may exit before deactivation). This would
cause an increase inRp and a reduction in control/livingness,
and counteract the confined space effect.

Despite Rp in bulk being almost the same for SG1 and
TIPNO, Rp in microemulsion was much lower for TIPNO
than SG1 (Figure 1). If nitroxide partitioning, not exit of
nitroxide, were themain reason forRp(microemulsion) being
lower for TIPNO than SG1, then one would not expect the
MWD to be more narrow in microemulsion than bulk for
SG1. It thus seems reasonable to conclude that the main
reason for the much stronger retardation in microemulsion
for TIPNO than SG1 is related to exit of nitroxide, i.e., the
competition between nitroxide exit and deactivation. On the
basis of the expected water solubilities, exit would occur
more rapidly for SG1 than TIPNO.

In view of the above, it is of interest to estimate the average
number of propagating radical and nitroxide species per
particle, np• and nT•. A very rough approach (shortcomings
detailed below) is to employ eqs 8 - 11:

ln
½M�0
½M� ¼ kp½P•�t ð8Þ

K ¼ ½P•�½T•�
½PT� ð9Þ

where t is time, and usingkp=1200M-1 s-140 andK(SG1)=
1.84 � 10-9 M (see PREDICI section above). The value of
K(TIPNO) was taken to be 1/3 x K(SG1) (= 6 � 10-10 M)
based on the values in Table 1 for low MW alkoxyamines.
[M]0 and [M] are the initial and instantaneous monomer

Figure 9. Molecular weight distributions (normalized to peak height)
for TIPNO-mediated polymerization of styrene at 100 �C with
[TIPNO]0/[AIBN]0 = 1.8 in microemulsion (full line) and bulk
(dotted line). Microemulsion: Mn = 19300 g mol-1, Mw/Mn = 1.30,
18% conversion (36 h). Bulk: Mn = 20200 g mol-1, Mw/Mn = 1.56,
28% conversion (2 h).

Figure 10. Number averagemolecular weights (Mn; open symbols) and
polydispersities (Mw/Mn; filled symbols) vs conversion for TIPNO-
mediated polymerization of styrene at 100 �C with [TIPNO]0/
[AIBN]0 = 1.8 in bulk (triangles) and microemulsion (circles).

Figure 11. TEMPO-mediated microemulsion polymerization of styr-
ene at 125 �C (5 wt % styrene; [TEMPO]0/[AIBN]0 = 1.2) using
“normal” (circles) microemulsion preparation and “mixing” prepara-
tion (squares; see text for details): (a) conversion vs time; (b)Mn (open
symbols) and Mw/Mn (filled symbols) vs conversion. The line in is the
theoretical Mn (Mn,th) based on AIBN initiator efficiency (f) = 0.6.
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concentrations in the organic phase, respectively. Equation 8
gives [P•] (from the initial slope), which is inserted into eq 9 to
yield [T•]. The value of [PT] was estimated from the slope of
Mn vs conversion (Figure 5a; i.e., via f, which gives the
number of initial alkoxyamine species generated), yielding
[PT] ≈ 0.013 M for both SG1 and TIPNO. The values of np•
and nT• are then obtained from eqs 10 and 11:

nT• ¼ NAvp½T•� ð10Þ

nP• ¼ NAvp½P•� ð11Þ
where NA is Avogadro’s number and vp is the particle
volume, taken as corresponding to d = 23 nm, resulting in:
SG1: np• = 1.8 � 10-5, nT• = 19; TIPNO: np• = 3.6 � 10-6,
nT• = 1.3.

These calculations rest on two assumptions: (i) All of the
monomer is available to undergo propagation at any given
time. However, monomer located in non-nucleated micelles
would be excluded from propagation and should thus not
be included in the first-order plot. For this very same reason,
a first-order plot cannot be applied to an emulsion polym-
erization in intervals I and II. This leads to underestimation
of [P•] (because the organic phase [M]0/[M] as estimated from
overall monomer conversion is too low, also including
monomer not available to react) and thus overestimation
of [T•] and nT•. (ii) The NMP equilibrium constant in a
homogeneous system is applicable. If the confined space
effect is operative, the deactivation rate is significantly
increased, and thus K decreases.6 It follows that assumption
ii also leads to overestimation of nT•. The above estimates of
nT• can at best be considered very rough estimates of upper
limits of nT•.

It can thus be concluded that nT• is likely to be low enough
for nitroxide exit to influence the polymerization kinetics. A
fundamental criterion for the confined space effect on deac-
tivation to be operative is that some particles contain no
nitroxide, i.e. that (approximately) nT•<1.14 This seems very
likely to be the case for TIPNO simply based on the upper
limit of nT• = 1.3 (see above). In the case of SG1, the upper
limit of nT• = 19 cannot be invoked to support the existence
of a confined space effect on deactivation.

We have previously reported an interface effect in TEM-
PO-mediated miniemulsion polymerization of S at 125 �C,
according towhich some fraction of TEMPO is located near/
adsorbed at the interface, leading to a reduction in deactiva-
tion rate, higher Rp and (partial) loss of control/living-
ness.51,52 This effect was observed for particles too large
for compartmentalization to be significant. It has also been
reported that enhanced spontaneous (thermal) initiation of
S related to the oil-water interface,33 as well as radical
generation involving the surfactant sodium dodecylbenze-
nesulfonate (SDBS),53 may lead to increased Rp relative to
bulk in S/TEMPO miniemulsion. In the present microemul-
sion polymerizations using nitroxides SG1 and TIPNO, rate
enhancement relative to bulk was not observed, indicating
that the above effects played only aminor role, if any at all, in
comparison with compartmentalization (and other un-
known effects).

Modeling of Compartmentalization.Modeling and simula-
tions of nitroxide-mediated polymerization of S in a dis-
persed system at 100 �Cwas carried out using our previously
developed approach based on two-dimensional Smith-
Ewart equations, which account for compartmentalization
of both propagating radicals and nitroxide. The approach
itself and the underlying assumptions have been reported in
detail elsewhere.6,8,14 The modified Smith-Ewart equations

describe the number fractions of particles Ni
j (particles con-

taining iP• and jT•):

dN
j
i

dt
¼ NAvpkact½PT�fNj - 1

i - 1 - Nj
ig þ 0:5ki, th½S�3NAvp

fNj
i - 2 - N

j
ig þ kt

NAvp
fði þ 2Þði þ 1ÞNj

i þ 2 - ðiÞði - 1ÞNj
ig

þ kdeact

NAvp
fði þ 1Þðj þ 1ÞNj þ 1

i þ 1 - ðiÞðjÞNj
ig ð12Þ

where kt is the termination rate coefficient, and ki,th is the rate
coefficient for spontaneous (thermal) initiation of S. The
simulations were not taken beyond 20% monomer conver-
sion, thus justifying the use of conversion-independent va-
lues of kp, kt and kdeact.

45-47 The values of kact and kdeact for
PS-SG1 were employed in the simulations (as above: kact =
1.25� 10-3M-1; kdeact=6.8� 105M-1 s-1). On the basis of
the rate coefficients for the low MW adducts of SG1 and
TIPNO in Table 1, it can be expected that the rate coeffi-
cients for TIPNO are very similar. Other rate coefficients:
ki,th = 1.62 � 10-11 M-2 s-1;35 kt = 1.46 � 108 M-1 s-1.41

Equation 12 does not account for phase transfer events,
e.g., exit and entry of nitroxide. Moreover, the simulated
system comprises alkoxyamine and no free nitroxide at time
zero. In the real experimental systems of the present work,
the polymerizations start with AIBN and nitroxide, with an
excess nitroxide. For these reasons, direct comparison be-
tween the experimental results and the simulated data is not
possible. However, the simulations nonetheless provide an
indication as to what may be expected in the experimental
systems based on theory.

Figure 12a shows simulated conversion-time data for
various particle sizes, revealing how Rp decreases with
decreasing particle size. For d e approximately 15 nm, Rp

Figure 12. (a) Simulated conversion vs time for different particle
diameters (in nmas indicated) for SG1-mediated radical polymerization
of styrene in dispersed system at 100 �C (thermal initiation included;
[PT]0= 0.013M). The thick line denotes simulated bulk conditions. (b)
Simulated propagating radical concentrations vs particle diameter at
1% styrene conversion for the conditions in part a. The dotted lines
denote the simulated propagating radical concentration under bulk
conditions.



Article Macromolecules, Vol. 42, No. 18, 2009 6951

is lower than in bulk. Figure 12b depicts log[P•] vs log d,
showing that there is a particle size range where Rp is
significantly greater than in bulk, with the max Rp at
d ≈ 60 nm. When Rp > Rp,bulk, the segregation effect on
termination dominates over the confined space effect on
deactivation, leading to lower control (broader MWD) but
higher livingness than in bulk. When Rp < Rp,bulk, both the
control and the livingness are superior to bulk.6,8,14

Thus, according to theory, very small particles (d<20 nm)
are required to obtain a reduction inMw/Mn relative to bulk.
Moreover, it is assumed in the model that the nitroxide does
not undergo exit into the aqueous phase. In reality, as
addressed above, it is however likely that the nitroxide (in
particular SG1) partitions significantly to the aqueous
phase,13 and this would weaken the confined space effect,
and thus even smaller particles would be required to obtain
an improvement in control over the MWD. In the present
experimental work, an improvement inMWDcontrol (lower
Mw/Mn) was obtained at low conversionwith dn<35 nm for
SG1 (Figure 3) and dn ≈ 20-25 nm for TIPNO. Thus,
although there is admittedly a slight discrepancy between
experiment and theory in terms of absolute particle size, the
agreement is at the very least semiquantitative.

The effects of compartmentalization on the individual
reactions of deactivation and termination can be assessed
using our previously reported approach, whereby in an
imaginary experiment, the dispersed phase is instanta-
neously converted into a continuous bulk phase, and the
compartmentalized deactivation and termination rates (Rc)
are compared with the corresponding noncompartmenta-
lized rates (Rnc) based on eqs 13 - 16:6,8,14

Rc
deact ¼ kdeact

ðNAvpÞ2
X

i

X

j

ijNj
i ð13Þ

Rc
t ¼ 2kt

ðNAvpÞ2
X

i

X

j

iði - 1ÞNj
i ð14Þ

Rnc
deact ¼ kdeact½P•�½T•� ð15Þ

Rnc
t ¼ 2kt½P•�2 ð16Þ

Figure 13 shows the termination rate in a compartmenta-
lized system relative to that in the corresponding noncom-
partmentalized system. Over a wide particle size range, the
termination rate is significantly reduced (Rt

c/Rt
nc> 1 for very

small particles is caused by the contribution of geminate

termination of radicals from spontaneous initiation of S,
which occurs rapidly in small particles due to the confined
space effect6). At d = 40 nm, the termination rate in the
compartmentalized system is reduced by a factor of 198 (Rt

c/
Rt
nc = 5.05 � 10-3) at 1% conversion. Under these condi-

tions, np• = 9.2 � 10-3. It is thus very likely that the
segregation effect is operative in the present microemulsion
systems, where SG1: np• ≈ 1.8 � 10-5 (SG1) and 3.6 � 10-6

(TIPNO). Now, if the segregation effect is operative,
Rp,microemulsion would be expected to be greater than Rp,bulk

unless the confined space effect on deactivation is stronger
than the segregation effect on termination. In the absence of
a deactivation step (i.e., as in conventional nonliving radical
polymerization), a microemulsion polymerization is very
rapid due to the segregation effect causing a reduction in
the termination rate. The fact that Rp,microemulsion < Rp,bulk

(Figure 1) thus suggests that the confined space effect on
deactivation dominates. According to the simulations, the
confined space effect leads to an increase in the deactivation
rate for d<approximately 65 nm (Figure 13). At d=40nm,
the simulations indicate that deactivation is increased by a
factor of 8.7 relative to bulk (Rdeact

c /Rdeact
nc = 8.7).

Conclusions

Microemulsion polymerizations of S at 100 �C using the
cationic emulsifier TTAB have been carried out using two
nitroxides of different water solubilities (SG1: relatively high
water solubility; TIPNO: relatively low water solubility). All
polymerizations proceeded with good control/livingness, but
the AIBN initiator efficiency was markedly lower in microemul-
sion (0.53) than bulk (0.98). For both nitroxides,Rp was lower in
microemulsion than in bulk, and the MWDs were significantly
narrower in microemulsion than bulk at low conversion. Two
main explanations are proposed: (i) The lower value of f of AIBN
in microemulsion than bulk leads to a higher free nitroxide
concentration, which causes lower Rp and narrower MWD. (ii)
Compartmentalization is the second. The confined space effect
acts on deactivation, exerting a stronger influence onRp than the
segregation effect on termination, resulting in a reduction in Rp

and narrower MWD. The reduction in f would most likely be
mainly a result of the confined space effect increasing the rate of
geminate termination of AIBN radicals, i.e. point i is also a
manifestation of compartmentalization.

Specifically designed microemulsion NMP experiments re-
vealed that the nitroxide TEMPO can diffuse between mono-
mer-swollenmicelles on the time scale of approximately 15min or
less. The extent of retardation relative to bulk was much more
severe for the less water-soluble nitroxide TIPNO than for SG1,
consistent with TIPNO undergoing less exit from the particles to
the aqueous phase.

Modeling and simulations (not accounting for phase transfer
events) indicated that particle diameters less than approximately
15-20nmwould be required for the confined space effect to exert
an influence on the deactivation reaction, to be compared with
the experimental particle diameters of 20-25 nm for both
nitroxides at low (<20%) conversion.

The present work illustrates that NMP in dispersed systems
(nanoreactors) can proceed significantly differently from the
homogeneous counterpart. By careful choice of polymerization
conditions and particle size, it is possible to exploit particle size
effects to improve the level of control and livingness.
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