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ABSTRACT: Particle size effects in the diameter range 70-200 nm in 2,2,6,6-tetramethylpiperidinyl-1-oxy
(TEMPO)-mediated radical polymerization of styrene in aqueous miniemulsion at 125°C using sodium
dodecylbenzenesulfonate as surfactant have been studied. Extensive investigations, including modeling and
simulations of the polymerization, indicate that a significant fraction of free TEMPO is unable to participate in
deactivation reactions if the particles are sufficiently small. The results are in support of our previously proposed
interface effect [Nakamura, T.; Zetterlund, P. B.; Okubo, M.Macromol. Rapid Commun.2006, 27, 2014-2018],
according to which some fraction of the free TEMPO is located/adsorbed at the interface, thus reducing the
effective TEMPO concentration in the organic phase.

Introduction

Controlled/living radical polymerization (CLRP) has brought
about a renaissance in the field of radical polymerization over
the past 15 years. It is now possible to prepare a wide range of
polymers of predefined molecular weights (MW), low polydis-
persities, and various complex architectures by free radical
means.1,2 The three most well-known techniques of CLRP are
nitroxide-mediated polymerization (NMP),3,4 atom transfer
radical polymerization (ATRP),5,6 and reversible addition-
fragmentation chain transfer (RAFT) polymerization.7 The
present contribution is concerned with NMP using the nitroxide
2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO), where control/
livingness is achieved as a result of reversible capping of
propagating radicals by TEMPO.

A major focus of recent work in CLRP is the implementation
in aqueous dispersed systems.8-11 In the case of NMP, early
attempts at ab initio emulsion polymerizations met with limited
success, mainly because of problems associated with nucleation
and nitroxide partitioning.12-14 Very recently, Charleux and co-
workers successfully developed a true ab initio emulsion NMP
system that relies on self-assembly of an in situ formed poly-
(sodium acrylate)-based amphiphilic diblock copolymer using
the versatile nitroxideN-tert-butyl-N-[1-diethylphosphono(2,2-
dimethylpropyl)] (SG1).15,16 Not surprisingly, NMP has been
more straightforward to implement in miniemulsion than ab
initio emulsion because the complex nucleation step is avoided,
and nitroxide transport through the aqueous phase is not a
concern.17-30

In general, conventional (nonliving) radical polymerization
in dispersed systems is more complex than homogeneous
systems due to various mechanistic aspects that are unique to
dispersed systems, such as entry/exit and compartmentaliza-
tion.31 The situation is even more complex in the case of CLRP
in dispersed systems. For example, in NMP, the extent of
nitroxide partitioning to the aqueous phase may influence the
polymerization,8,9,21,32and for sufficiently small particles, the
rate of deactivation may increase due to the confined space
effect33,34 (reaction between propagating radical and nitroxide

occurring rapidly in a confined space). Ideally, one would like
to exploit such characteristics to improve features such as the
control/livingness or the polymerization rate (Rp) relative to the
corresponding homogeneous system. Examples include the
prospect of improving the control/livingness in NMP33,34 and
ATRP35 in dispersed systems by exploiting the confined space
effect on deactivation by use of sufficiently small particles as
well as optimization of control/livingness andRp by exploitation
of nitroxide partitioning to the aqueous phase.21

We have reported in a recent communication that the particle
size exerts a very significant influence onRp and the control/
livingness in the TEMPO-mediated aqueous miniemulsion
polymerization of styrene (S) using sodium dodecylbenzene-
sulfonate (SDBS; 4-8 wt % rel S, [SDBS]aq ) 12-24 mM;
5% solids content) as surfactant at 125°C.30 The value ofRp

increased, and the control/livingness decreased, with decreasing
particle diameter (number-average diameter (dn) ≈ 70-170 nm).
These results were rationalized by invoking an interface effect,
according to which some fraction of TEMPO would be located
near or be adsorbed at the interface between the aqueous and
the organic phase. As a consequence, the effective TEMPO
concentration in the particles would be reduced, which in turn
leads to a reduction in deactivation rate. Cunningham et al.36,37

reported thatRp for the same system at 135°C increased with
increasing SDBS content (3.1-15.4 wt % rel S, [SDBS]aq )
20-100 mM; 20% solids content) for very similar volume-
average particle diameters of∼120 nm (i.e., faster than the
corresponding bulk system). However, in sharp contrast with
our findings, the control/livingness was not significantly af-
fected. These authors proposed that SDBS may participate in
the generation of radicals, thus leading to higherRp.

The aim of the present study is to further investigate the
mechanism of the pronounced effect of particle size on TEMPO-
mediated aqueous miniemulsion polymerization of S using
SDBS as surfactant at 125°C. To this end, a range of specific
miniemulsion polymerizations have been carried out in the
presence of an excess of free TEMPO and also employing a
polymeric analogue of TEMPO to exclude nitroxide partitioning
to the aqueous phase. Moreover, the TEMPO concentration in
the polymer particles has been measured by electron paramag-
netic resonance (EPR) spectroscopy. Extensive modeling and
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simulations of bothRp and molecular weight distributions
(MWD) have been carried out using the software PREDICI.38

The results are discussed within the framework of the interface
effect30 proposed by us and the effect of SDBS proposed by
Cunningham and co-workers.37

Experimental Section

Materials. S was purified by distillation under reduced pressure
in a nitrogen atmosphere. Deionized water with a specific resistance
of 5 × 106 Ω‚cm was distilled prior to use. Benzoyl peroxide (BPO)
was recrystallized using chloroform/methanol. TEMPO, 4-hydroxy-
TEMPO, 2-bromoisobutyl bromide,N,N,N′,N′,N′′-pentamethyldi-
ethylenetriamine (Aldrich), SDBS, toluene, methanol,n-hexadecane,
CuBr, triethylamine (Nacalai Tesque Inc., Kyoto, Japan), anhydrous
tetrahydrofuran (Wako Pure Chemicals), and 1-pyrenylmethyl
methacrylate (Polysciences Inc.) were used as received.

Preparation of PS-TEMPO Macroinitiator. S (27 g), BPO
(0.80 g, 3.31× 10-3 mol), and TEMPO (0.62 g, 3.97× 10-3 mol)
were charged in a glass tube, degassed with several N2 cycles, sealed
off under vacuum, and heated at 125°C for 4 h in an oilbath. The
polymer was precipitated in excess methanol and reprecipitated four
times using toluene/methanol and dried in a high-vacuum oven.
Conversion) 19%,Mn ) 2100,Mw/Mn ) 1.11.

Preparation of Polymeric TEMPO Macroinitiator. Nitroxide-
mediated polymerization of S in bulk was carried out by charging
S (27 g), BPO (0.80 g, 3.31× 10-3 mol), and 4-hydroxy-TEMPO
(0.68 g, 3.97× 10-3 mol) in a glass tube, which was subsequently
degassed with several N2 cycles, sealed off under vacuum, and
heated at 125°C for 4 h. The polymer was isolated by precipitation
in methanol and purified by reprecipitation using toluene/methanol
(conversion 22%,Mn ) 2400,Mw/Mn ) 1.15). The thus-obtained
hydroxyl-terminated polymer was subsequently converted toR-bro-
moester-terminated polymer according to a literature procedure39

by dropwise addition of 2-bromoisobutyl bromide to an anhydrous
THF solution of hydroxyl-terminated polymer and triethylamine.
The solution was left overnight at ambient temperature under a
nitrogen atmosphere, and the polymer was purified by reprecipi-
tation using toluene/methanol. Finally, chain extension of the
R-bromoester-terminated polymer with S using ATRP was carried
out by heating a mixture of S (13.6 g), CuBr (0.47 g, 3.33× 10-3

mol), andN,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA;
0.57 g, 3.33× 10-3 mol) in a sealed glass tube under a nitrogen
atmosphere at 70°C until the mixture became homogeneous. The
mixture was transferred to a glass ampule, degassed using several
N2/vacuum cycles, and subsequently a S (20 g) solution of the
R-bromoester-terminated polymer (4.0 g, 1.67× 10-3 mol) was
added under a N2 atmosphere. The mixture was sealed off, shaken
horizontally at 100 cycles/min at 70°C, and polymerized to 7.2%
conversion;Mn ) 3850,Mw/Mn ) 1.09 (Scheme 1).

Nitroxide-mediated polymerization of S (2 g) in bulk was carried
out using the polymeric TEMPO macroinitiator (0.12 g, 3.12×
10-5 mol) to estimate its purity in terms of the number fraction of
chains containing the alkoxyamine moiety. The macroinitiator and
S were charged in a glass tube, degassed with several N2 cycles,
sealed off under vacuum, and heated at 125°C for 5 h in an oil
bath. The polymer was precipitated in excess methanol and dried
in a high-vacuum oven. Conversion) 33%,Mn ) 16 900,Mw/Mn

) 1.27. Transformation of the chain-extended MWD (not shown)
to a number distribution40 (P(M) vs M) and integration of the low-
MW peak (nonextended chains; MW< ∼6000 g/mol) relative to

the overall distribution revealed that∼88% of chains (by number)
were living (in terms of the alkoxyamine moiety being intact).

Preparation of Fluorescence-Labeled TEMPO Macroinitia-
tor. A PS-TEMPO macroinitiator labeled41 with a small amount
of the fluorescence (FL) monomer 1-pyrenylmethyl methacrylate
(Scheme 2) (PSFL-TEMPO) was prepared by charging S (5 g, 4.81
× 10-2 mol), BPO (137 mg, 5.66× 10-4 mol), TEMPO (105 mg,
6.72× 10-4 mol), and 1-pyrenylmethyl methacrylate (5.0 mg, 1.66
× 10-5 mol) in a glass tube, followed by degassing with several
N2 cycles, sealing off under vacuum, and heating at 125°C for 4
h in an oil bath. The polymerization mixture was subsequently
diluted with toluene, and the polymer was precipitated in excess
methanol and reprecipitated several times using toluene/methanol.
The obtained polymer was dissolved in toluene followed by
filtration to remove unreacted FL monomer and finally precipitated
in methanol and dried in a high-vacuum oven. It is crucial that the
obtained PSFL-TEMPO is not contaminated with unreacted FL
monomer because this would invalidate the subsequent FL-detector-
based MWD analysis.41 The absence of unreacted FL monomer
was confirmed by GPC using FL detection. Conversion) 17%,
Mn ) 2350,Mw/Mn ) 1.10.

The RI-detector response is proportional to polymer mass, but
the FL-detector response is proportional to the concentration of FL
units. Consequently, RI GPC data of polymer obtained by NMP in
the absence of FL monomer using PSFL-TEMPO cannot be directly
compared with GPC data derived from the FL detector.41 To enable
direct quantitative comparison between the RI- and FL-detector
derived MWDs, the “raw” MWD derived from the FL detector was
converted to the equivalent RI-derived MWD by considering the
mass ratio of the FL-labeled segment of the polymer to that of the
nonlabeled segment. The correctness of this approach was verified
by carrying out a solution (toluene) polymerization of S using PSFL-
TEMPO at 125°C (data not shown). The raw GPC traces (detector
response vs elution time) were different for the two detectors, as
expected, but having followed the procedure outlined above, the
w(log M) vs logM distributions40 were close to identical. It should
be noted however that an error is introduced when there is
significant termination by combination.

Polymerization Procedures.Miniemulsion polymerizations with
free TEMPO (5.0 wt % solids content): A solution of S (0.75 g),
PS-TEMPO (35 mg, 1.67× 10-5 mol), n-hexadecane (60 mg; 8
wt % relative to S), and TEMPO (0.056, 0.14, or 0.52 mg) was
mixed with an aqueous solution of SDBS (60 mg; 8 wt % relative
to S). Emulsification was carried out using ultrasonication (Ultra-
sonic Homogenizer, Nissei, US-600T, 12 mm diameter tip, set at
“Power 10”) for 12 min at 0°C in a 30 mL glass vial. The emulsions
were subsequently transferred to glass ampules, degassed using
several N2/vacuum cycles, and sealed off under vacuum. Polymer-
izations were carried out at 125°C shaking the ampules (∼4 mL/
ampule) horizontally at 100 cycles/min.

The miniemulsion polymerizations using PSFL-TEMPO were
carried out in the same way (in the absence of free TEMPO),
replacing PS-TEMPO with PSFL-TEMPO (39 mg, 1.66× 10-5

mol).

Scheme 1. Polymeric TEMPO Macroinitiator

Scheme 2. 1-Pyrenylmethyl Methacrylate
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The miniemulsion polymerizations using the macroinitiator based
on polymeric TEMPO (Scheme 1) were also carried out as described
above, except that PS-TEMPO was replaced with the polymeric
TEMPO macroinitiator (64.0 mg), and no free TEMPO was added.
The polymer obtained in the miniemulsion polymerizations was
isolated by centrifugation (after addition of methanol) and drying.

Chain extensions in solution using polymer isolated from the
TEMPO-mediated miniemulsion polymerizations detailed in our
previous communication30 were carried out to gain information on
livingness for the polymerizations with (a)dn ≈ 110 nm at 79%
conversion and (b)dn ≈ 70 nm at 92% conversion (see Figure 1):
Solutions of (a) polymer (0.15 g) and S (1.06 g) in toluene (1.06
g) and (b) polymer (0.30 g) and S (0.34 g) in toluene (0.85 g) were
degassed using several N2/vacuum cycles and sealed off under
vacuum. Polymerizations were carried out at 125°C for 200 min
(a) and 10 h (b) shaking the ampules horizontally at 80 cycles/
min. Polymer was isolated for GPC measurements by precipitation
in methanol. The value ofRp was higher in chain extension (a)
than (b) because the S concentration was higher in the former. (In
TEMPO-mediated S polymerization in bulk/solution,Rp is governed
by the rate of thermal initiation of S (which depends on S
concentration) and the termination rate and is independent of the
PS-TEMPO concentration.2)

Measurements.Particle size distributions were measured by
dynamic light scattering (DLS-7000, Otsuka Electronics, Osaka,
Japan) at the light scattering angle of 90° at room temperature after
dilution to 10 ppm using S-saturated water. Number- (dn) and
weight-average (dw) particle diameters were obtained using the
Marquadt Analysis routine. The particle sizes remained ap-
proximately constant throughout the polymerizations (values given
refer to average values).

S conversions were determined by gas chromatography (Shi-
madzu Corp., GC-18A) with helium as carrier gas, employingN,N-
dimethylformamide as solvent andp-xylene as internal standard.

MWDs were measured by gel permeation chromatography (GPC)
using two S/divinylbenzene gel columns (TOSOH Corp., TSKgel
GMHHR-H, 7.8 mm i.d× 30 cm, separation range per column:
approximately 50-4 × 108 g/mol (exclusion limit)) using THF as
eluent at 40°C at a flow rate of 1.0 mL/min with refractive index
detection (TOSOH RI-8020/21) and FL detection (JASCO FP-2020
Plus). The columns were calibrated with six standard PS samples
(1.05× 103-5.48× 106, Mw/Mn ) 1.10-1.15).

Interfacial tensions were measured by the pendant drop method
using a Drop Master 500 (Kyowa Interface Science Co. Ltd.)

instrument at room temperature. The accuracy of the measured
interfacial tensions is of the order(0.2 mN/m.

Electron Paramagnetic Resonance (EPR) Spectroscopy.In
order to quantify the concentration of free TEMPO in the particles,
EPR measurements were carried employing a JEOL (Japan) JES-
T300 spectrometer using 5 mm o.d. quartz tubes at room temper-
ature. EPR parameters: center field: 3350 G; microwave power:
0.5 mW; modulation amplitude: 5 G; number of scans: 1. Aqueous
miniemulsion polymerization for EPR measurement was carried
out as described above (no free TEMPO added; 8 wt %n-
hexadecane and SDBS relative to S;dn ≈ 110 nm; 52% conversion
in 100 min).

EPR sample preparation: The glass ampule containing the
miniemulsion after polymerization was quenched in ice/water and
subsequently placed in a freezer. Upon thawing, near complete
coagulation had occurred. A known amount of the coagulum (which
thus contains polymer, monomer, nitroxide, hexadecane, and some
water) was collected and dried. The wt % of the organic phase in
the coagulum before drying was calculated from the weight of the
dried sample. The volume of the organic phase in the coagulum
before drying was calculated on the basis of an assumed density
of 1 g/cm3. The actual EPR sample was subsequently prepared by
dissolving a known amount of the coagulum (before drying) in
toluene. The absolute concentration of TEMPO was obtained
from the double integral of the EPR signal based on calibration
with TEMPO. A linear calibration line was obtained by plot-
ting the double integral of the EPR signal intensity vs the
TEMPO concentration (10-6-10-3 M) using toluene solutions of
TEMPO.

Results and Discussion

Polymerization Rate and Livingness. Figure 1 shows
conversion-time data of TEMPO-mediated polymerization of
S in aqueous miniemulsion using SDBS as surfactant at 125°C
from our previous communication,30 revealing howRp increased
markedly with decreasing particle size. For particle diameters
greater than∼170 nm,Rp was the same as in bulk. The increase
in Rp was accompanied by some loss of control, as evidenced
by the MWDs displayed in ref 30. In the present study, adverse
effects also on the livingness were confirmed by chain exten-
sions of the isolated polymer. The polymerization with inter-
mediateRp (dn ≈ 110 nm; 79% conversion sample) exhibited
partial livingness, as evident from the overall shift to higher
MW (Figure 2a). However, a pronounced low-MW shoulder
existed. Transformation of the chain extended MWD to a

Figure 1. Conversion-time data for TEMPO-mediated miniemulsion
polymerizations of S with [PS-TEMPO]0 ) 0.02 M at 125°C using 4
(b; dn ) 170 nm anddw ) 220 nm) and 8 (y; dn ) 110 nm anddw )
150 nm;O; dn ) 70 nm anddw ) 90 nm) wt % SDBS (relative to S),
8 wt % PVA (relative to S) (concentric circles;dn ) 200 nm anddw )
240 nm), and using macroinitiator based on polymeric TEMPO (open
circles with thick lines; [macroinitiator]0 ) 0.02 M) with 8 wt % SDBS
(dn ≈ 62 nm anddw ≈ 76 nm). All polymerizations contained 8 wt %
hexadecane (relative to S). The broken line is bulk at 125°C from ref
52. All data except the polymeric TEMPO data are from ref 30.

Figure 2. Chain extensions (thick lines) with S of the polymer (thin
lines) obtained in TEMPO-mediated miniemulsion polymerizations by
solution polymerization in toluene at 125°C. Original polymer from
miniemulsion polymerizations in Figure 1: (a)dn ≈ 110 nm at 79%
conversion; chain extension: 200 min, 18% conversion; (b)dn ≈ 70
nm at 92% conversion; chain extension: 10 h, 16% conversion. See
Experimental Section for details. The MWDs have been normalized to
peak height.
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number distribution40 (P(M) vs M) and integration of the
distinctive low-MW peak (nonextended chains; MW< ∼36 000
g/mol) relative to the overall distribution revealed a degree of
livingness of∼71%. The polymerization with the highestRp

(dn ≈ 70 nm; 92% conversion sample) resulted in essentially
all chains being dead, as revealed by the completely unsuccessful
chain extension in Figure 2b.

Extensive discussion of experimental results of TEMPO-
mediated radical polymerization of S in aqueous miniemulsion
published to date has recently been provided elsewhere.30,33 In
short, previous experimental work has in the vast majority of
cases indicated great similarity with the corresponding bulk
system.17,19,20,22-24,26 However, it is believed that this is as a
result of the particles having been too large for compartmen-
talization33,34 and interface30 effects to be significant. (Even if
dn is low, a broad particle size distribution, as is often the case
in miniemulsions, will mean most polymer is formed in the
larger particles.20)

Confirmation of Nucleation Mechanism Using Fluores-
cence Analysis.Considering thatRp was extremely high in the
miniemulsion with the smallest particle size (dn ≈ 70 nm; Figure
1), an issue of concern is whether monomer droplet nucleation
according to the generally accepted mechanism in miniemulsion
polymerization42 is the only significant mode of nucleation or
whether secondary nucleation may be occurring to some extent.
On the basis of the data at hand (in particular, the nonliving
nature of the MWDs for the smallest particles30), one might
envisage that secondary nucleation may occur, thus leading to
some conventional (nonliving) polymerization in these second-
ary particles (because they would contain an insufficient amount
of nitroxide).

To this end, miniemulsion polymerizations were carried out
using a PS-TEMPO macroinitiator labeled with a small amount
of the FL monomer 1-pyrenylmethyl methacrylate (PSFL-
TEMPO), using the same recipe and emulsification technique
as the miniemulsion withdn ≈ 70 nm in Figure 1. Because of
the hydrophobicity of the PSFL-TEMPO macroinitiator, any
polymer formed as a result of secondary nucleation would not
contain any segment originating from PSFL-TEMPO, and thus
it is possible to differentiate between polymer initiated by PSFL-
TEMPO (i.e., in the monomer droplets) and polymer formed
by secondary nucleation by comparison of MWDs obtained from
the RI and FL detectors in the GPC analysis.

The particle size, the conversion-time data, and the MWD
in the polymerization using PSFL-TEMPO were essentially the
same as those of the polymerization withdn ≈ 70 nm in Figure
1. Figure 3 shows an overlay of the MWDs derived from RI
and FL detection (see Experimental Section for details) at 65%
conversion (15 min), revealing that the two MWDs were close
to identical. The very vast majority of chains have thus been
initiated by PSFL-TEMPO; i.e., secondary nucleation plays a
negligible role in the polymerization.

Compartmentalization. Compartmentalization in NMP33,34,43,44

(and ATRP35) in dispersed systems manifests itself as segrega-
tion effects and confined space effects. For S/TEMPO/125°C
with [PS-TEMPO]0 ) 0.02 M, d < 70 nm is required for
compartmentalization effects to become important.33,34The main
effect of compartmentalization in the present system (i.e., ford
< 70 nm) would be an increase in the deactivation rate as a
result of the confined space effect,33,34 the overall result being
a reduction inRp. In the present system, a very significant
increase inRp was observed for the miniemulsion withdn ≈ 70
nm, and it can be concluded that compartmentalization effects
are not likely to be important, as expected, in the present system.

Very recently, Maehata et al.45 reported data on the TEMPO-
mediated polymerization of S in miniemulsion at 135°C using
the surfactant DOWFAX 8390. Asdw decreased from 180 to
50 nm with increasing surfactant concentration,Rp decreased
and the livingness increased, butMw/Mn remained relatively
unaffected.Rp in miniemulsion was lower than in bulk, but the
bulk system exhibited intermediate livingness (i.e., not the
lowest livingness as predicted by compartmentalization effects
only). These results (with the exception of the livingness in the
bulk system) are consistent with compartmentalization effects.
More specifically, the confined space effect on deactivation and
geminate termination of thermal radicals generated in pairs
(thermal initiation of S) results in lowerRp for small particles,
and segregation of propagating radicals results in improved
livingness.33,34On the basis of thedw values reported, the particle
sizes in the work by Maehata et al. are smaller than in the present
study (dw ) 50-180 nm, to be compared withdw ) 90-220
nm (main data set in Figure 1)). It is speculated that for
sufficiently small particles the confined space effect outweighs
the interface effect. Very recent work on TEMPO-mediated
polymerization of S in microemulsion also supports this notion.46

However, as discussed below (in the section Simulations and
Mechanistic Discussion), it is also likely that the absence of
SDBS in Maehata’s work contributed to the absence of rate
enhancement for small particles. Moreover, hexadecane was
employed in the present study (to suppress Oswald ripening),
but not in the work of Maehata et al.

Nitroxide Partitioning . Nitroxide partitioning to the aqueous
phase may influence miniemulsion NMP.8,9,21,32 In order to
experimentally confirm the absence of significant nitroxide
partitioning effects, a macroinitiator based on polymeric TEMPO
(Scheme 1) was employed. The polymeric segment renders this
nitroxide sufficiently hydrophobic for partitioning to the aqueous
phase to be negligible. Prior to the miniemulsion polymerization,
the polymeric TEMPO macroinitiator was confirmed to behave
without abnormalities in the corresponding bulk polymerization
(see Experimental Section).

The conversion-time data in Figure 1 (dn ≈ 62 nm) reveal
that Rp was very high also using polymeric TEMPO, and thus
one can conclude that nitroxide partitioning is not an important
factor with regards toRp in the present systems. The corre-
sponding MWDs were bimodal at all conversions and displayed
essentially no signs of control/livingness (Figure 4). The peak
at low MW at 39% conversion largely corresponds to macro-

Figure 3. Molecular weight distributions (normalized to peak height)
derived from RI (thick line) and FL detection (thin line) at 65%
conversion in TEMPO-mediated miniemulsion polymerizations of S
with 8 wt % SDBS and 8 wt % hexadecane (relative to S) using a
fluorescence-labeled macroinitiator ([PSFL-TEMPO]0 ) 0.02 M) at
125 °C (dn ≈ 70 nm).
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initiator that has not yet partaken in significant propagation.
As conversion increased, a bimodal distribution formed, with
little change in the MWD with conversion. This behavior was
similar to that observed in the polymerization withdn ≈ 70 nm
and PS-TEMPO, although in the latter polymerization a mono-
modal MWD was obtained (not counting the low MW corre-
sponding to PS-TEMPO).

The experimental finding that nitroxide partitioning has little
effect on these polymerizations is in agreement with theory. In
the absence of compartmentalization effects33,34,43 (i.e., for
sufficiently large particles) and assuming phase transfer equi-
librium,47 nitroxide partitioning only affects the polymerization
in the prestationary state32 (the same principles apply to ATRP
in dispersed systems48). In the prestationary state, increased
nitroxide partitioning to the aqueous phase leads to a higher
concentration of propagating radicals in the organic phase
and thus higherRp and more termination (lower livingness).
However, as more nitroxide is released as a result of termination,
the nitroxide concentrations in both the organic and aqueous
phases keep increasing until the concentration in the organic
phase is the same as in the corresponding bulk system at the
stationary state. The net effect of partitioning is thus that in the
prestationary state more termination is required to occur to
release enough nitroxide to reach the stationary state organic
phase concentration because of loss of nitroxide to the aqueous
phase. However, once the stationary state has been reached, the
polymerization proceeds exactly as it would in the absence of
partitioning. The stationary state is reached within minutes for
S/TEMPO/125°C in bulk.2 Simulations32 based on the parti-
tioning coefficient of TEMPO between S and water ([TEMPO]S/
[TEMPO]aq ) 98.8 at 135°C47,49) have shown that partitioning
results in an increase in the propagating radical concen-
tration of less than a factor of 2 for the first 5 min of the
polymerization, consistent with the experimental findings that
partitioning has a negligible effect on the present polymerization
system. It is not clear whyRp was greater for TEMPO than
polymeric TEMPO at conversions beyond∼50% (Figure 1),
although this is not believed to be related to nitroxide partition-
ing.

Addition of Free TEMPO . Free TEMPO was added to the
miniemulsion NMP system for two reasons: (i) to examine
whether this would increase the control/livingness for small
particles and (ii) to gain mechanistic understanding.

Figure 5 shows conversion-time data for TEMPO-mediated
polymerization of S in aqueous miniemulsion at 125°C with
PS-TEMPO and 2 (dn ≈ 80 nm), 5 (dn ≈ 74 nm), and 20 mol
% (dn ≈ 73 nm) free TEMPO (relative to [PS-TEMPO]0). Rp

decreased significantly on addition of TEMPO; the miniemul-
sion system containing 20% free TEMPO polymerized with a
rate similar to the bulk system in the absence of free TEMPO.
The miniemulsion polymerizations with 2 and 5% free TEMPO
were slower than the corresponding miniemulsion system
without free TEMPO but faster than the bulk system without
free TEMPO. As anticipated, the addition of free TEMPO led
to an increase in control/livingness. Figure 6 shows MWDs at
different conversions obtained in the presence of 5 mol % free
TEMPO, revealing how the control/livingness was good, with
Mw/Mn ) 1.22 at 62% conversion, despiteRp being significantly
greater than in the bulk system. Thus, the present approach may
offer a way of increasingRp in TEMPO-mediated polymeriza-
tions while still maintaining a reasonable level of control/
livingness.

In order to analyze the effect of addition of TEMPO onRp

in a more quantitative manner, simulations using the software
PREDICI38 of the corresponding bulk polymerization of S in
the presence of various amounts of free TEMPO were carried

Figure 4. Molecular weight distributions at different conversions as
indicated in “polymeric TEMPO”-mediated miniemulsion (dn ≈ 62 nm,
dw ≈ 76 nm) polymerization of S ([macroinitiator]0 ) 0.02 M) with 8
wt % SDBS and 8 wt % hexadecane (relative to S) at 125°C. The
GPC distributions (w(log M)) correspond to normalized weight distribu-
tions (relative to conversion, considering the mass of the initial
macroinitiator), i.e., direct comparison of the distributions is possible.

Figure 5. Conversion-time data for TEMPO-mediated miniemulsion
polymerizations of S with [PS-TEMPO]0 ) 0.02 M at 125°C in the
presence of 2 (b, dn ≈ 80 nm), 5 (k, dn ≈ 74 nm), and 20 mol %
(open circles with thick lines,dn ≈ 73 nm) free TEMPO (relative to
PS-TEMPO). The fastest polymerization from Figure 1 (O, dn ) 70
nm, no free TEMPO) is included for comparison. All polymerizations
contained 8 wt % SDBS and 8 wt % hexadecane (relative to S). The
broken line is bulk at 125°C from ref 52.

Figure 6. Molecular weight distributions (normalized to peak height)
at different conversions as indicated in the TEMPO-mediated mini-
emulsion polymerizations of S with [PS-TEMPO]0 ) 0.02 M and 8 wt
% SDBS and 8 wt % hexadecane (rel. to S) at 125°C in the presence
of 5 mol % free TEMPO (relative to PS-TEMPO) (dn ≈ 74 nm).
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out based on the generally accepted mechanism in a homoge-
neous system according to eqs 1-4:2

where M, PT, P•, and T• denote monomer, alkoxyamine (living
chains), propagating radicals, and nitroxide, respectively, and
kp (2.32× 103 M-1 s-1 50), kc (7.6× 107 M-1 s-1 51,52), kd (1.6
× 10-3 s-1 51), kt (1.72 × 108 M-1 s-1 53), and ki,th (1.70 ×
10-10 M-2 s-1 54) are the rate coefficients for propagation,
coupling (deactivation), alkoxyamine dissociation (activation),
bimolecular termination, and thermal (spontaneous) initiation
of S, respectively, with initial concentrations [PT]0 ) 0.02 M
and [M]0 ) 8.73 M. The simulations were only taken to 25%
monomer conversion, thus justifying the use of conversion-
independent values ofkp, kt, andkc.55 Equations 1-4 are the
chain-length-independent versions of the actual equations that
PREDICI solves, which are based on each individual chain
length. PREDICI keeps track of the individual molecular weight
distributions of propagating radicals, dormant chains (PT), and
dead chains, and the degree of livingness (the number fraction
of dormant chains) can readily be calculated from simulated
data (see below).

Simulated conversion-time profiles (Figure 7) reveal that
2, 5, and 20 mol % free TEMPO result in very significant
inhibition, the extent of which increases with increasing amount
of free TEMPO. After the inhibition, the polymerizations
proceed with the sameRp as in the absence of free TEMPO,
regardless of the initial amount of TEMPO. These simulations
are in agreement with previous experimental work56 and current
mechanistic understanding.2 During the inhibition period,
TEMPO is gradually consumed by radicals generated by thermal
initiation54 of S. (Thermal radicals may add to S prior to reaction
with TEMPO depending on the TEMPO concentration.57)

No inhibition was observed in the experimental miniemulsion
systems, despite the presence of as much as 20 mol % free
TEMPO (Figure 5). Moreover,Rp decreased with increasing
amount of free TEMPO (unlike in the simulated bulk system,
whereRp is unaffected by the initial amount of free TEMPO
after the inhibition). Thus, the experimental and simulated results
using free TEMPO provide further evidence that the miniemul-
sion polymerizations proceeded very differently from the
corresponding bulk system.

Pan et al.58 did observe induction periods on addition of free
TEMPO to thermal miniemulsion polymerizations of S (i.e.,
no added initiator or PS-TEMPO) at 125°C using the surfactant
Dowfax 8390 (disulfonated alkyldiphenyl oxide sodium salt),
andRp after the induction period was not significantly affected
by the initial amount of TEMPO. However, no information on
particle size was given in that work.

Interface Effect. We have previously proposed that an
interface effect is operative in the present miniemulsion
polymerizations, whereby the effective TEMPO concentration
in the particles is reduced due to a significant fraction of
TEMPO being located in the vicinity of and/or adsorbed at the
interface between the aqueous and the organic phases.30 Some
fraction of the nitroxide would thus be unable to participate in
the NMP mechanism (i.e., the deactivation reaction), and the
significance of this effect would increase with decreasing particle
size (increasing total interfacial area).

The interfacial tension between water and S/hexadecane (100/
8, w/w) containing various amounts of TEMPO was measured
by the pendant drop method. The interfacial tension decreased
with increasing TEMPO concentration, consistent with TEMPO
being surface active and some fraction of TEMPO being located
at the interface (Figure 8). The maximum surface excess
concentration (Γmax ) was calculated from the data using Gibbs’
adsorption isotherm:59

whereR is the gas constant (8.314 J K-1 mol-1) andT is the
temperature (298 K), resulting inΓmax ) 8.9× 10-9 mol dm-2.
The minimum area per TEMPO molecule (Amin) was subse-
quently calculated from eq 6:

Figure 7. Simulated conversion-time data (eqs 1-4) for TEMPO-
mediated bulk polymerization of S at 125°C with PS-TEMPO in the
presence of various amounts of free TEMPO (percentages indicate initial
mol % free TEMPO relative to PS-TEMPO; [PS-TEMPO]0 ) 0.02
M).

d[M]
dt

) -kp[P
•][M] (1)

d[PT]
dt

) kc[P
•][T •] - kd[PT] (2)

d[P•]
dt

) kd[PT] - kc[P
•][T •] - 2kt[P

•]2 + ki,th[M] 3 (3)

d[T•]
dt

) kd[PT] - kc[P
•][T •] (4)

Figure 8. Interfacial tension between styrene/n-hexadecane (100/8,
w/w) containing dissolved TEMPO and water as a function of TEMPO
concentration measured by the pendant drop method.

Γmax) -1
RT ( ∂γ

∂ ln[TEMPO])T
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whereNA is Avogadro’s number, givingAmin ) 1.87 nm2. This
is similar to what has been obtained for aqueous solutions of
sodium dodecyl sulfate (SDS) at the air-liquid interface.60 For
a miniemulsion polymerization withdn ≈ 110 nm, this
maximum adsorption corresponds to [TEMPO]) 0.19 M (i.e.,
at full surface coverage, complete desorption would result in
[TEMPO] ) 0.19 M in the particle). In other words, the interface
of a particle with dn ≈ 110 nm has more than sufficient
“capacity” to adsorb all the free TEMPO available during a
TEMPO-mediated polymerization (where [TEMPO], 0.19 M).
The interfacial tensions in Figure 8 do not correspond to the
interfacial tensions between the particle phase and the aqueous
phase in the actual miniemulsion system due to the presence of
the surfactant (which lowers the interfacial tension).

It has previously been reported that the presence of TEMPO
results in a reduction in the interfacial tension between dodecane
and water.61 The notion of an interface effect finds further
support in electron spin resonance (EPR)62-64 and optical
absorption spectroscopy65 studies indicating that the nitroxide
group (NO•) of various nitroxides tends to be located at the
interface in latex particles62,63 and micelles.62-65 On the basis
of the literature,62-64 it appears possible (although most likely
experimentally challenging) to exploit EPR to gain quantitative
information on the distribution of TEMPO (and other nitroxides)
between the interior of a latex particle and the interface.

Simulations and Mechanistic Discussion.In order to further
test the proposed interface effect quantitatively, simulations were
carried out using PREDICI. The simulated conversion-time
data and MWDs were subsequently compared with the experi-
mental data. The model comprised eqs 1-4, using the same
basic set of values for the rate coefficients as listed above ([S]0

) 7.64 M). The simulations were only taken to∼40%
conversion, and thus conversion-independent values ofkp, kt,
andkc could be employed.55 In order for this modeling exercise
to be meaningful, it is essential that the model is able to
reproduce the conversion-time data in the corresponding bulk
polymerization. Even though relatively reliable literature values
are available for the required rate coefficients, perfect agreement
between model and experiment cannot be expected due to
accumulated error in the rate coefficients and chain-length
dependence of rate coefficients (mainlykt

66). The accuracy of
the literature value ofki,th is also compromised by assumptions
in the model employed by Hui and Hamielec54 when fitting their
experimental data to obtainki,th. In the present study, the model
(eqs 1-4) was fitted to the bulk conversion-time data in Figure
1 usingki,th as an adjustable parameter, resulting inki,th ) 5.4
× 10-10 M-2 s-1. This value is higher than that reported by
Hui and Hamielec (1.70× 10-10 M-2 s-1).54

If an interface effect is operative as outlined above, then the
effective TEMPO concentration would be reduced due to some
fraction of TEMPO being located at or in the immediate vicinity
of the interface, resulting in a reduced deactivation rate. This
scenario was modeled by reducing the value of the deactivation
rate coefficient (kc) to k′c, which is equivalent to assuming that
a constant mol % of the total amount of free TEMPO is adsorbed
at (or located near) the interface in such a fashion that it is unable
to react with propagating radicals. The mol % free TEMPO
adsorbed at the interface is then equal to 100(1- k′c/kc).
Relatively good agreement between model and experiment in
terms ofRp was obtained usingk′c ) 0 (dn ≈ 70 nm) and 1.5×
105 M-1 s-1 (dn ≈ 110 nm) (Figure 9). This would correspond
to 100% (dn ≈ 70 nm) and 99.8% of free TEMPO being
adsorbed at the interface, respectively. There was also relatively
good agreement (although by no means perfect) between the

simulated and experimental MWDs (Figure 10). In particular,
the very good agreement between the positions of the MWD
peak tops in both cases is noteworthy. The presence of the
unreacted PS-TEMPO macroinitiator even at relatively high
conversion was reproduced by the model (the low-MW peak
in Figure 10b). The chain extension indicated the livingness
was close to zero in the fastest polymerization (dn ≈ 70 nm;
Figure 2b) at 92% conversion, which is in agreement with the
simulations. (kc ) 0 means the livingness is zero when the initial
macroinitiator has dissociated.) Under such a scenario, PS-
TEMPO simply acts as a radical initiator, each dissociation event
providing one macroradical. The polymerization withdn ≈ 110
nm was determined to have a livingness of∼71% at 79%
conversion by chain extension (Figure 2a), which is not
inconsistent with the simulations yielding 86% livingness at 37%
conversion. (The livingness decreases with increasing conver-
sion.)

If it is assumed that the NMP equilibrium equation (eq 7) is
satisfied (theoretical work indicates that this is the case fordn

Figure 9. Experimental (O; dn ) 70 nm;b; dn ) 110 nm; from Figure
1) and simulated (full lines; eqs 1-4) conversion-time data for
TEMPO-mediated miniemulsion polymerizations of S ([PS-TEMPO]0

) 0.02 M) with 8 wt % SDBS and 8 wt % hexadecane (relative to S)
at 125°C. The simulations were carried out with reduced deactivation
rates according tok′c ) 0 (thin line) and 1.5× 105 M-1 s-1 (thick line)
(see text for details). The broken line is bulk at 125°C from ref 52.

Figure 10. Experimental (thick lines) and simulated (thin lines; eqs
1-4) molecular weight distributions of TEMPO-mediated miniemulsion
polymerizations of S ([PS-TEMPO]0 ) 0.02 M) with 8 wt % SDBS
and 8 wt % hexadecane (relative to S) at 125°C; (a) dn ≈ 110 nm,
conversion) 37%; (b)dn ≈ 70 nm, conversion) 42%. The simulations
were carried out with reduced deactivation rates according tok′c ) 1.5
× 105 (a) and 0 M-1 s-1 (b) (see text for details). The GPC distributions
(w(log M)) correspond to normalized weight distributions (relative to
conversion, considering the mass of the initial macroinitiator), i.e., direct
comparison of the distributions is possible.
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> 70 nm; for smaller particles, the apparent value of the
equilibrium constantK decreases due to the confined space effect
causing an increase in the deactivation rate33sthis would cause
[TEMPO] as calculated below to be overestimated, and the
conclusion below is thus unaffected), NMP in the stationary
state obeys eqs 7 and 8:2,52

where R denotes fractional monomer conversion. Graphical
estimation of the rate of conversion from Figure 1 for the
polymerization withdn ≈ 110 nm at 52% conversion yields
[P•] ≈ 4.1× 10-8 M (based on eq 8), which in turn gives [T•]
≈ 8.7 × 10-6 M (eq 7) based on the values of the rate
coefficients listed above and assuming∼85% living chains
(consistent with the chain extension in Figure 2a; i.e., [PT])
0.02× 0.85) 0.017 M). This value of [T•] corresponds to free
TEMPO that is available to react with P•; i.e., it is not adsorbed
at the interface. The concentration of free TEMPO in the organic
phase at 52% conversion (100 min) in the miniemulsion
polymerization withdn ≈ 110 nm was measured by EPR (see
Experimental Section; Figure 11), yielding [TEMPO]) 1.30
× 10-4 M, i.e., a factor of 15 higher than calculated based on
eqs 7 and 8. The value obtained by EPR corresponds to the
total TEMPO concentration in the organic phase, i.e., TEMPO
adsorbed at the interface and TEMPO located inside the particle.
These results suggest that 93.3% () 100(1- (8.7× 10-6/1.30
× 10-4))) of the free TEMPO is adsorbed at the interface, which
is not too dissimilar from the figure of 99.8% derived above
based on kinetic modeling only with a reduced deactivation rate
(i.e., not using the EPR data). The EPR measurement of the
concentration of free TEMPO is thus consistent with a signifi-
cant fraction of TEMPO being unable to partake in deactivation,
i.e., consistent with an interface effect as described above.

The lack of inhibition on addition of free TEMPO (Figure
5) is also consistent with the proposed interface effect. If a
significant fraction of the added free TEMPO is located at the
interface, then the rate of deactivation (i.e., reaction with
radicals) would be markedly diminished, and consequently the
extent of inhibition would be reduced.

Cunningham and co-workers37 have recently reported ex-
perimental evidence that the surfactant SDBS participates in
the generation of radicals during TEMPO-mediated polymeri-
zation of S in aqueous miniemulsion at 135°C, thus providing
an additional source of radicals (see Introduction). Before

examining this in more detail in connection with the present
experimental results, it is important to stress that there was a
tradeoff between control/livingness andRp in the present work
(higher Rp being accompanied by a reduction in control/
livingness). Cunningham et al. reported that control/livingness
was only marginally affected at the higherRp.36,37 However,
the polymerization with the highestRp in the present study
(Figure 1) was in fact markedly faster than the polymerization
with the highestRp reported by Cunningham et al.,37 and it is
possible that for smaller particles (i.e., higherRp) control/
livingness would have been adversely affected also in the system
of Cunningham and co-workers. Pan et al.22 carried out TEMPO-
mediated miniemulsion polymerizations of S at 125°C using
various concentrations of the surfactant Dowfax 8390 (disul-
fonated alkyldiphenyl oxide sodium salt), obtaining final
volume-average particle diameters in the range 60-150 nm,
but no significant effects on the polymerization process were
detected. (Rp was similar to the bulk system in all cases.) The
same authors reported in an earlier study of the same system
that the particle size distributions were indeed relatively broad.20

In the absence of information on the particle size distributions
in ref 22, it is reasonable to assume that they were equally broad,
and this may thus (at least partially) explain the absence of any
particle size effects in that particular study. Importantly, this
explanation is also consistent with the absence of compartmen-
talization effects in ref 22 (i.e., most particles were too large
for compartmentalization to be significantssee Compartmen-
talization section). Another contributing factor to the lack of
particle size effects in ref 22 is that DOWFAX 8390 was
employed as surfactant as opposed to SDBS, the latter of which
(as discussed above) has been proposed to lead to enhanced
radical generation with decreasing particle size.

The rate of spontaneous generation of radicals in S emulsion
polymerization (using SDS or sodium dioctyl sulfate (Aerosol
MA80) as emulsifiers) at 50°C for 100 nm diameter particles
exceeds that of the corresponding bulk system.31,67,68 The
mechanism remains to be clarified, but radical generation occurs
in all three phases (monomer droplets, particles, and the aqueous
phase).69 As such, it cannot be excluded that particle size may
influence the rate of such radical generation if the mechanism
is related to the interface between the particles and the aqueous
phase. The rate of spontaneous styrene emulsion polymerization
is suppressed by the addition of an aqueous phase radical trap
(Fremy’s salt), consistent with radical generation occurring in
the aqueous phase and/or on the particle surfaces.70

Simulations were carried out to investigate whether the
particle size effect on TEMPO-mediated polymerization of S
in miniemulsion can be explained by the rate of spontaneous
initiation increasing with decreasing particle size, without
invoking an interface effect. This was done by employing the
literature value forkc (7.6× 107 M-1 s-1 51,52) but treatingki,th

as an adjustable parameter. Enhanced spontaneous radical
generation would thus be accounted for by an elevated value
of ki,th. The conversion-time data of the miniemulsion poly-
merizations were fitted to the model (eqs 1-4). Good agreement
between experimental and simulated conversion-time data was
obtained withki,th ) 6.0× 10-9 (dn ≈ 110 nm) and 4.9× 10-7

(dn ≈ 70) M-2 s-1 (simulated data not shown). The simulated
MWD for dn ≈ 110 nm was in relatively good agreement with
the experimental MWD (Figure 12a). However, a major
discrepancy between the simulated and experimental MWDs
was seen fordn ≈ 70 nm (Figure 12b), the simulated MWs
being much lower than the experimental. The simulated degrees
of livingness were 90.2 (dn ≈ 110 nm; 37% conversion) and

Figure 11. EPR spectrum recorded of particle phase (organic phase)
of TEMPO-mediated miniemulsion polymerization of S using PS-
TEMPO ([PS-TEMPO]0 ) 0.02 M) as macroinitiator with 8 wt %
SDBS and 8 wt % hexadecane (relative to S) at 125°C at 52%
conversion. The spectrum can unambiguously be assigned to free
TEMPO.
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49.6% (dn ≈ 70 nm; 41% conversion), considerably higher than
the experimental estimates of 71 (37% conversion) and 0% (92%
conversion), respectively. The model predicts [TEMPO]) 1.42
× 10-5 M at 52% conversion (dn ≈ 110 nm), which is close to
1 order of magnitude lower than the value obtained by EPR
(1.30× 10-4 M). This is a consequence of the increased radical
generation rate leading to a higher rate of consumption of
TEMPO. Thus, the information at hand suggests that spontane-
ous radical generation is most likely playing a significant role
in the particle size effects observed in the present study, but
this effect cannot alone explain the results.

Conclusions

The origin of particle size effects in the diameter range of
70-200 nm has been investigated for TEMPO-mediated radical
polymerization of S in aqueous miniemulsion with SDBS as
surfactant at 125°C. Extensive experimental and theoretical
investigations have been carried out to clarify our earlier
reported results that smaller particle size in the diameter range
investigated leads to higherRp but lower control/livingness.30

The decrease in livingness with decreasing particle size was
confirmed by chain extensions. It was confirmed by use of
“polymeric TEMPO” that TEMPO partitioning to the aqueous
phase has no significant effect on the present results. The results
are consistent with an interface effect being operative, whereby
some fraction of the free TEMPO is located/adsorbed at the
interface, thus reducing the effective TEMPO concentration in
the organic phase, which in turn leads to a reduction in the
deactivation rate between TEMPO and propagating radicals.
This explanation is consistent with experimental results with
addition of free TEMPO (no induction period) as well as
extensive simulations of the polymerization process using the
software PREDICI. Moreover, it was experimentally confirmed
that the presence of TEMPO results in a reduction in the
interfacial tension between styrene and water, consistent with
TEMPO being surface active. However, enhanced (spontaneous)
radical generation for smaller particles, possibly related to the
presence of SDBS as suggested by Cunningham and co-

workers,36,37 is also likely to play a significant role. Effects of
compartmentalization (confined space effect and segregation)
are important in nitroxide-mediated radical polymerization of
S in dispersed systems but, within the context of the present
study, only for particle diameters smaller than∼70 nm (for [PS-
TEMPO] ) 0.02 M, as in the present study).33,34

The present results offer interesting insight into how one can
influence the course of NMP in aqueous dispersed systems by
using particle size as an experimental parameter and may as
such have practical applications. In the case of styrene/TEMPO,
it is possible to obtain a significantly higher polymerization rate
while still maintaining reasonable control/livingness by using
sufficiently small (but not too small) particles in the presence
of an appropriate amount of free TEMPO (for systems initiated
by an alkoxyamine). Moreover, it may be possible to exploit
the interface effect in TEMPO-mediated polymerization of
acrylates, which is severely hampered by excessive buildup of
free TEMPO.71,72 In an acrylate/TEMPO miniemulsion system
with sufficiently small particles, the interface effect may lead
to a sufficient reduction in the “effective” TEMPO concentration
for the polymerization to proceed satisfactorily.
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