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ABSTRACT: Reverse atom transfer radical polymerization was successfully carried out in a miniemulsion
system at 70 °C with a doubled solid content (g20%) and 1/6 amount of nonionic surfactant, Brij 98 (2.3
wt % based on monomer, or 0.58 wt % based on the aqueous phase), compared to the previously reported
system. Hexasubstituted TREN/CuBr2 and 2,2′-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-
044) were employed as a highly active radical deactivator and a water-soluble initiator, respectively.
Controlled polymerizations were demonstrated by attaining linear correlations between molecular weights
and monomer conversion, and relatively narrow molecular weight distributions (<1.5). The resulting
latexes showed good colloidal stability with an average particle size around 200-250 nm. Monomer droplet
nucleation was proved to be the predominant nucleation mechanism in the system. The polymerization
kinetics was governed mainly by the atom transfer equilibrium. Other parameters, such as ligand,
surfactant, initiator, temperature, and deactivator (CuII) were investigated from both the polymerization
kinetics and the colloidal stability points of view. The livingness and the end-functionality of the resulting
polymers were demonstrated by the further chain extension study.

Introduction

Controlled/living radical polymerizations (CRP) pro-
vide a simple and versatile route to synthesize (co)-
polymers with controlled molecular weights (and narrow
distributions), well-defined compositions, desired archi-
tectures, and useful end-functionalities.1,2 Stable free
radical polymerization (SFRP),3 atom transfer radical
polymerization (ATRP),4-6 and reversible addition-
fragmentation chain transfer (RAFT) along with other
degenerative chain transfer (DT) polymerization7,8 are
among the well-established methods for CRP. All of
these methods are based on the rapid establishment of
the activation/deactivation equilibrium, between a small
fraction of growing radical chains and a large majority
of dormant species, via either a reversible termination
(SFRP and ATRP) or a reversible transfer (RAFT and
DT) mechanism.9 Extensive studies on CRP were con-
ducted in homogeneous bulk and solution systems.
However, the needs for commercialization of CRP
techniques have directed the attention of research to
the development of CRP processes in heterogeneous
system, such as suspension, dispersion, and emulsion/
miniemulsion. Related reviews of interest can be found
elsewhere.10-12 Among these aqueous dispersed sys-
tems, miniemulsion polymerization has become the
primary approach for the application of CRP techniques
(including SFRP,13-22 ATRP,23 RAFT,24-29 and DT30-32)
because its unique droplet nucleation minimizes the
need of mass transport of the control agents (i.e., stable
free radicals in SFRP, radical activator/deactivator
species in ATRP, chain transfer agents in RAFT or DT)
to the polymerization loci.

The earlier attempt33 to apply copper-mediated ATRP
in aqueous dispersed system using an anionic surfac-
tant, sodium dodecyl sulfate (SDS), and a hydrophilic
ligand, bipyridine, was not successful. However, upon
the identification of some crucial experimental condi-
tions,34 such as using nonionic surfactant with certain

HLB values (HLB ) 20 WEO/WTOTAL, where WEO is the
weight of the hydrophilic part, and WTOTAL is the total
weight of the molecular) (e.g., Brij 98) and hydrophobic
ligand (e.g., 4,4′-di(5-nonyl)-2,2′-bipyridine, dNbpy), ATRP
was conducted successfully in aqueous dispersed media.
Well-defined polymers, including poly(methyl methacry-
late),35,36 poly(n-butyl methacrylate),23,34,37-39 poly(n-
butyl acrylate),34,37 polystyrene,34 and block copoly-
mers40 were synthesized with narrow molecular weight
distributions. However, it was found that the direct
ATRP usually yielded micrometer-size particles with
poor colloidal stability when using an oil-soluble initia-
tor (i.e., ethyl 2-bromoisobutyrate, EBiB). A microsus-
pension, instead of an emulsion, polymerization mech-
anism was utilized to explain the phenomena. To
improve the colloidal stability, a miniemulsion approach
was applied,23 where hydrophobic dNbpy, nonionic Brij
98, hexadecane, and water-soluble azo compound, 2,2′-
azobis(2-methylpropionamide)dihydrochloride (V-50),
were employed as ligand, surfactant, costabilizer, and
normal free radical initiator, respectively. A controlled
polymerization was demonstrated by a linear correlation
between molecular weights and monomer conversion,
and a relatively narrow molecular weight distribution
(<1.5). The resulting latexes showed improved stability
with an average size around 300 nm. However, a large
amount of surfactant (13.5 wt % based on monomer) was
employed to obtain stable latexes with a relatively low
solid content (∼13%). Furthermore, a high surfactant
concentration brings about complexity to the mechanism
of miniemulsion polymerization due to the coexistence
of micelles and submicrometer-sized monomer droplets,
which will be further addressed in the results and
discussion section.

In this article, we report a more practical ATRP
miniemulsion system with a reasonable solid content
(g20%) and much lower surfactant concentration (2.3
wt % based on monomer or 0.58 wt % based on water).
A new type of nitrogen-based tetradentate ligand, with
higher catalytic activity and better cost/performance
balance compared to dNbpy, was used. Considering the* Corresponding author. E-mail: km3b@andrew.cmu.edu.
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high sensitivity of the CuI/ligand catalyst complex to air,
a reverse ATRP process (Scheme 1)41,42 starting with a
conventional thermal radical initiator (e.g., azo com-
pound, VA-044) and CuII/ligand was adapted for the
current study.

Experimental Section
Materials. n-Butyl methacrylate (BMA; Aldrich), n-butyl

acrylate (BA, Aldrich), 2-ethylhexyl acrylate (EHA, Aldrich),
and lauryl acrylate (LA, Aldrich) were purified by passing each
compound through an inhibitor removal column filled with
basic aluminum oxide (Aldrich), respectively. The monomers
were stored at -5 °C for later use. 4,4′-Di(5-nonyl)-2,2′-
bipyridine (dNbpy),43 tris(2-bis(3-butoxy-3-oxopropyl)amino-
ethyl)amine (BA6TREN),44 and tris(2-bis(3-(2-ethylhexoxy)-3-
oxopropyl)aminoethyl)amine (EHA6TREN)45 were synthesized
according to previous published procedures, respectively. Tris-
(2-bis(3-dodecoxy-3-oxopropyl)aminoethyl)amine (LA6TREN)
was prepared, via a slightly modified procedure in a reported
work,45 by further extending the reaction at 50 °C for another
24 h. CuBr2 (Aldrich), tris(2-aminoethyl)amine (TREN, Ald-
rich), Brij 98 (Aldrich), NOIGEN RN20 (Montello), Hexadecane
(Aldrich), and 2,2′-azobis[2-(2-imidazolin-2-yl)propane] dihy-
drochloride (VA-044, Wako Chem. Inc.) were used as received.

Miniemulsion Polymerization. A typical recipe for the
preparation of miniemulsions is listed in Table 1. The radical
deactivator (CuBr2 and ligand), monomer, and the costabilizer
(hexadecane) were mixed and heated with magnetic stirring
at 60 °C for 10 min to form a homogeneous solution. After the
reaction cooled to room temperature, the surfactant solution
was added and the mixture was ultrasonified (Heat Systems
Ultrasonics W-385 sonicator; output control at 8 and duty cycle
at 70% for 2 min) in an ice bath to prevent a significant
temperature rise resulting from sonification. The resulting
miniemulsion exhibited good shelf life stability at room tem-
perature, as evidenced by a lack of creaming or phase separa-
tion over 3 days of aging.

After homogenization, the miniemulsion was immediately
transferred to a 25 mL Schlenk flask, where pure argon was
bubbled through the miniemulsion for 30 min before it was
immersed in an oil bath thermostated at 70 °C. The magnetic
stirring speed was set at 700 rpm. Then, the polymerization
was initiated by the injection of pre-deoxygenated initiator
aqueous solution. Samples were withdrawn periodically via
pre-degassed syringe to monitor the kinetics. Further chain
extension reactions were performed as follows: a first-step

miniemulsion polymerization via reverse ATRP process was
carried out as described above; after the polymerization
reached high conversion (>90%, monitored by GC), premixed
and deoxygenated monomer and surfactant solution were
continuously fed into reaction media via syringe pump at a
controlled rate for a period of time. The reaction was continued
to complete the polymerization.

Characterization. A small portion of the emulsion samples
was dissolved in THF for measuring the monomer conversion
using GC (Shimadzu GC-14A gas chromatograph). Samples
for molecular weights analysis were dried in the vacuum oven,
redissolved in THF, and analyzed using GPC, which was
equipped with autosampler (Waters, 717 plus), HPLC pump
at 1 mL/min (Waters, 515), and four columns (guard, 105 Å,
103 Å, and 100 Å; Polymer Standards Services) in series.
Toluene was used as internal standards. A calibration curve
based on linear poly(methyl methacrylate) standands was used
in conjunction with a differential refractometer (Waters, 2410).
The particle size was measured using dynamic light scattering
(Malvern Zetasizer 3000HSA) in dilute solution.

Results and Discussion

The main objective of this work was to develop a more
efficient and practical miniemulsion polymerization
system that allows the application of ATRP technique
in aqueous dispersed media. Qiu46 examined the copper-
mediated ATRP of BMA in emulsion/miniemulsion
system in her thesis. To facilitate a successful ATRP, it
was essential to have both the radical activator and
deactivator available in the organic phase where the
polymerization takes place. Thus, the selection of a
suitable ligand became imperative. One of the roles that
the ligand plays is adjusting the partitioning behavior
of the metal complex, at both higher and lower oxidation
states, between the oil phase and the aqueous phase.
Only those ligands that exhibit sufficient hydrophobicity
bring at least some activator (i.e., CuI) and deactivator
(i.e., CuII) into organic phase to establish and maintain
the atom transfer equilibrium between the growing
radicals and the dormant species. Further, even with a
very hydrophobic ligand, neither the CuI nor the CuII

complex was restricted to the organic phase. Since a
detailed partitioning study of metal complexes was
reported elsewhere,39 it would not be the focus of this
article. Instead, the exploitation and examination of a
new type of efficient ligand that can be applied to the
ATRP in the dispersed system will be addressed. We
will also discuss several other important parameters of
ATRP in the miniemulsion system, such as the concen-
tration of surfactant, initiator, and deactivator, as well
as the temperature. In the last part of this article, the
results from a chain extension study will be used to
evaluate the livingness of the resulting polymers.

Nature of the Ligands. Pyridine derivatives with
long alkyl substituents, such as dNbpy, were effectively
employed as ligands for ATRP in emulsion and mini-
emulsion systems.46 However, the catalytic activity of
copper complex with dNbpy is rather low which requires
high polymerization temperature and reduces the sta-
bility of monomer droplets/growing particles during the
polymerization. Moreover, the elevated reaction tem-
perature may result in the hydrolysis of alkyl halide end
groups, which lead to uncontrolled polymerizations or
polymers with less functional end groups. A new type
of ligands that forms a catalyst complex with high
activity and meets the requirements for the miniemul-
sion polymerization is demanded. It has been shown
that nitrogen-based tetradentate ligands currently form
the most efficient catalyst in bulk or solution ATRP.47-51

Scheme 1. General Scheme of a Reverse ATRP
Process

Table 1. Typical Recipe for a Reverse ATRP of BMA in
Miniemulsion Systema

monomer BMA 5.0 g 400 equiv
ligand EHA6TREN 0.11 g 1 equiv
catalyst CuBr2 0.0197 g 1 equiv
costabilizer hexadecaneb 0.18 g
surfactant Brij 98c 0.115 g
deionized water H2O 19.88 g
water-soluble initiator VA-044 0.0284 g 1 equiv

a Solid content ) 20% (based on 100% conversion). b 3.6 wt %
based on monomer. c 2.3 wt % based on monomer; 0.58 wt % based
on water.
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In addition, the structure of this type of ligands could
be easily adjusted by the Michael addition of tris-
(2-aminoethyl)amine (TREN) and 6 equiv of an unsat-
urated reagent (such as acrylate) under mild conditions
(e.g., room temperature), as shown in Scheme 2. A series
of hexasubstituted TREN ligands bearing long acrylate
substituents were synthesized, including BA6TREN,
EHA6TREN, and LA6TREN. The incorporation of
n-butyl acrylate, 2-ethylhexyl acrylate, or lauryl acrylate
increases the partitioning coefficient of the catalyst in
the monomer phase, which could provide better control
over the polymerizations by maintaining the atom
transfer equilibrium in the growing polymer particles.
However, the normal ATRP process faced handling
problem, especially when applied to miniemulsion sys-
tem, because of the high air sensitivity of CuI complex
resulting from the use of these highly active ligands.
Reverse ATRP, using more stable CuII complexes in the
initiating step, would be a more convenient method
allowing to overcome this handling problem.

Figure 1 shows the GPC traces of a typical reverse
ATRP in BMA miniemulsion, where CuBr2/EHA6TREN
and VA-044 were employed as the catalytic system and
the radical initiator, respectively. The clear shifts of
molecular weights toward the higher values with con-
version indicate a well-controlled polymerization. The
kinetic plot and molecular weight evolution during the
miniemulsion polymerizations using various hexasub-
stituted TREN ligands, as well as dNbpy ligand, are
presented in Figure 2. Similar kinetic behavior, with
relatively linear semilogarithmic plots, was observed
when using BA6TREN, EHA6TREN, or LA6TREN as
ligand. The rate increase at the end of polymerization
might due to the partitioning of deactivator (CuII/ligand)
to the aqueous phase. The linear increase of molecular

weight with conversion (Figure 2B) and clear shift of
the entire distributions (Figure 1) indicate the “living”
nature of the polymerizations. It was noted that there
was no significant induction period when using TREN-
based ligands. The induction period observed in the run
using dNbpy as ligand (30-60 min shown in Figure 2A)
was related to the time required for the generation of
sufficient amount of initiating radicals by the decom-
position of a radical initiator to reduce the deactivator
concentration and reach the appropriate atom transfer
equilibium.39 The detectable conversion at the beginning
of the polymerization is attributed to the formation of
oligomeric radicals prior to the establishment of the
atom transfer equilibrium. Theoretically, the number
of living chains (Ntheor,L.C.) is determined by initiator
concentration (Ntheor,L.C. ) NA × 2 f [I-I]0, NA is
Avogadro’s number and f is initiator efficiency) when
[CuII]0 g 2 f [I-I]0. However, in the case of [CuII]0 <
2 f [I-I]0, the excess of the initiating radicals (if any)
leads to the generation and termination of the oligo-
meric chains, which only contribute to the broadening
of the molecular weight distribution but the number of
living chains. Thus, the number of “real” living chains
(NL.C.) would be less than the theoretical value calcu-
lated by the initial radical concentration (NL.C. )
Ntheor,L.C. - Noligomeric chain ). As shown in Figure 2B, the

Figure 1. GPC chromatograms for a reverse ATRP of BMA
in miniemulsion. [BMA]0/[CuBr2-EHA6TREN]0/[VA-044]0 )
400/1/1; [Brij 98]/[hexadecane] ) 2.3/3.6 wt % based on
monomer; 20% solid content; reaction temperature ) 70 °C.

Scheme 2. Synthesis of Hexasubstituted TREN
Ligands via Michael Addition Reaction

Figure 2. (A) First-order kinetic plots and (B) evolution of
molecular weight and polydispersity vs conversion (filled
symbols represent molecular weights; unfilled symbols repre-
sent polydispersity) for the reverse ATRP of BMA miniemul-
sions using various ligands. [BMA]0/[CuBr2-ligand]0/[VA-044]0
) 400/1/1; [Brij 98]/[hexadecane] ) 2.3/3.6 wt % based on
monomer; 20% solid content; reaction temperature ) 70 °C.
The theoretical molecular weights are calculated based on
[CuII]0 (Mn, theo. on [CuII]0 ) M0([M]0/[CuII]0) × conversion,
where M0 is the molar mass of the monomer) and [I-I]0
(Mn, theo. on [CuII]0 ) M0([M]0/2 f [I-I]0) × conversion, where f, the
initiator efficiency, is assumed to be 1), respectively.
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experimental molecular weights agree relatively well
with the theoretical values computed based on the
number of chains corresponding to the initial concentra-
tion of deactivator (CuII/ligand) (Mn,theo ) M0([M]0/
[CuII]0) × conversion, M0 is the molar mass of the
monomer) instead of the initiator concentration. The
molecular weight distribution (Mw/Mn) of the resulting
polymers are broader (Mw/Mn ∼ 1.5) than that using
CuBr2/dNbpy complex as catalytic system (Mw/Mn )
1.34) at a same 1:1 ratio of [CuII]0/[I-I]0. It may be due
to their different activities and partitioning coefficients.
Polydispersities could be reduced at a high [CuII]0/
[I-I]0 ratio, as discussed later.

From the colloidal point of view, no significant influ-
ence on the particle size (or the particle number) was
observed when using various TREN-based ligands. This
is consistent with the ideal case of miniemulsion po-
lymerization where the particle number is determined
only by the number of monomer droplets prior to the
polymerization, which is a function of surfactant con-
centration. It was noteworthy that there was no coagu-
lum throughout the course of polymerization at a 20%
solid and 2.3 wt % (based on monomer) nonionic
surfactant, Brij 98. The resulting latex particles have
good colloidal stability, with the size around 200-250
nm and relatively low polydispersity (Table 2). Com-
pared to the previously reported miniemulsion system,23

the solid content has been increased to an acceptable
level with the use of 6 times less surfactant.

After the initial success of using hexasubstituted
TREN as ligand in a miniemulsion system via a reverse
ATRP process, miscellaneous polymerizations were
performed. The results are shown in Table 3. Well-
controlled polymerizations were also achieved at 30%
solid content, polymerizing n-butyl acrylate, and by
using polymerizable surfactant, NOIGEN RN20, re-
spectively. Little coagulum was found throughout the
polymerizations.

Effect of Surfactant Concentration. Nonionic sur-
factants with a HLB value around 15 (e.g., Brij 97, Brij

98, and HV25) were found to be capable of providing
better colloidal stability to the latex particles in aqueous
dispersed ATRP.46 A 13.3 wt % (based on monomer)
sample of Brij 98 was initially used to prepare a
miniemulsion.23 However, experiments with the same
recipe resulted in a poor reproducibility when LA6TREN
was employed as ligand (shown in Table 4). The molec-
ular weights showed bimodal distributions in most of
the cases. By monitoring the reaction kinetics, high
molecular weight polymer (Mn > 106 g/mol) was pro-
duced primarily at the beginning of the reaction (<30%
conversion) (Figure 3). This suggested that there were
two polymerization mechanisms operating in the sys-
tem, a conventional free radical polymerization account-
ing for the higher molecular weight polymer and a
controlled radical polymerization for the lower one
(Mn ∼ 104 g/mol). Since a considerable number of
micelles, together with submicrometer-sized monomer
droplets, would exist in the miniemulsion system at
such a high surfactant concentration, both micellar
nucleation and droplet nucleation would occur after
decomposition of the water-soluble initiator, VA-044.
LA6TREN is a highly hydrophobic ligand containing
long hydrocarbon chains. Thus, metal complex formed
with this ligand would be restricted in the monomer
droplets upon homogenization of the oil and aqueous
phases. Diffusion of the catalyst, LA6TREN complexed
with copper ion, between the droplets (or growing
particles) would be highly retarded. As a result, the
particles produced via micellar nucleation would un-
dergo an uncontrolled conventional free radical polym-
erization due to the absence of copper complex as
deactivator/activator. The controlled ATRP would only
take place in the monomer droplets that contained
LA6TREN. To improve the control and minimize the
interference from the presence of micelle, the surfactant
concentration was dramatically decreased to 2.3 wt %
(based on monomer). A well-controlled ATRP in a
miniemulsion system (shown in Figure 2) was ac-
complished with little coagulum formed in the final
latexes. The lack of high molecular weight moiety in the
final polymer implied that the particles were produced
predominately via droplet nucleation, where LA6TREN
complexed with CuII and CuI served as the deactivator/
activator in the growing particles.

The effect of surfactant concentration was further
investigated using EHA6TREN as a ligand. Well-
controlled polymerizations were achieved even at a high
surfactant concentration. Molecular weights increased
linearly with conversion at 13.3 and 2.3 wt % (based on
monomer) Brij 98, respectively, as shown in Figure 4.
This indicates that EHA6TREN, with lower hydropho-
bicity and lower steric hindrance than LA6TREN, might
have sufficient diffusional capability through the aque-
ous phase to the growing particles, although it prefer-
ably partitioned in the organic (monomer) phase. Thus,
controlled polymerizations might take place in particles
generated by either micellar nucleation or droplet
nucleation. The molecular weight is little affected by the
amount of surfactant. The independence of molecular
weight on the surfactant concentration was also ob-
served in a nitroxide-mediated miniemulsion system.52

Nevertheless, an increase in the polydispersity (Figure
4) at a high surfactant concentration would be related
to the insufficient deactivation in a large number of
growing radicals (polymerization loci). Since the solid
contents are different in each case (13.5% at the higher

Table 2. Particle Sizes of Latexes Prepared via Reverse
ATRP in Miniemulsions

expt ligand
[Brij 98]
(wt %)a

temp
(°C)

[M]0/[CuII]0/
[L]/[I-I]0

DI
b

(nm) PDIc

E52 BA6TREN 2.3 70 400/1/1/1 206 1.18
E51 EHA6TREN 2.3 70 400/1/1/1 212 1.01
E56 LA6TREN 2.3 70 400/1/1/1 237 1.21
E87 dNbpy 2.3 70 400/1/2/1 261 1.43d

E18 LA6TREN 13.3 60 400/1/1/1 151 1.01
E21 LA6TREN 13.3 60 400/1/1/1 193 1.06
E25 LA6TREN 13.3 60 400/1/1/1 212 1.04
E40 LA6TREN 2.3 60 400/1/1/1 229 1.01
E44 LA6TREN 2.3 60 400/1/1/1 242 1.16
E38 EHA6TREN 13.3 60 400/1/1/1 188 1.84 e

E49 EHA6TREN 2.3 60 400/1/1/1 245 1.01
E57 EHA6TREN 2.3 70 200/1/1/1 215 1.03
E58 EHA6TREN 2.3 70 800/1/1/1 242 1.02
E60 EHA6TREN 2.3 70 800/2/2/1 238 1.01
E63 EHA6TREN 2.3 70 400/1.5/1.5/1 254 1.05

a On the basis of monomer; solid content (based on 100%
conversion) is 20% at 2.3 wt % Brij 98, and 13.5% at 13.3 wt %
Brij 98, respectively. b Intensity-average diameter measured by
dynamic light scattering. c Polydispersity index ) volume-average
diameter (Dv)/number-average diameter (Dn). d Latex particles
showed bimodal size distribution with two peaks at 53 nm (15%
in area) and 264 nm (85% in area) in mean volume-average
diameter, respectively. e Latex particles showed bimodal size
distribution with two peaks at 61 nm (64% in area) and 210 nm
(36% in area) in mean volume-average diameter, respectively.
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surfactant concentration vs 20% at the lower surfactant
concentration), the effect of surfactant concentration on
the polymerization rate cannot be quantitatively ana-
lyzed. Little effect was reported in nitroxide-mediated
miniemulsion systems.52,53

When 13.3 wt % (based on monomer) surfactant was
employed, the resulting latex particles showed bimodal
size distribution (Table 2) with one peak around 60 nm
and the other around 210 nm, which provided direct
evidence for the presence of both micellar nucleation and
droplet nucleation in miniemulsion system at a high
surfactant concentration. The unimodal particle size,
when using 2.3 wt % (based on monomer) surfactant,
accounts for the predominant droplet nucleation mech-
anism.

Effect of Temperature. Temperature plays an
important role in controlling the polymerization rate.
In a reverse ATRP process, the decomposition rate of
the normal radical initiator, the equilibrium constant

of the atom transfer reaction, and the propagation rate
constant are all affected by temperature. From a colloid
stability point of view, the stabilization of monomer
droplets/growing particles becomes more difficult in a
miniemulsion system at an elevated temperature. A
primary motivation of this work is to develop an
emulsion/miniemulsion ATRP system that can be oper-
ated at a relatively low temperature. In such a system,
both the control over the polymerization and the pres-
ervation of the colloid stability would be fulfilled.
Conversely, a low temperature may introduce a slow
initiation process and a continuous supply of free
radicals from a normal radical initiator in reverse
ATRP, both of which lead to poorly controlled polymer-
izations. The use of an initiator with a low decomposi-
tion temperature, such as VA-044 (10 h t1/2, temperature
) 44 °C), and a highly active catalytic complex, such as
CuBr2/EHA6TREN, would be a feasible strategy to
approach the goal. Two polymerizations were carried
out at 60 and 70 °C, respectively, as shown in Figure 5.
Since the influence of temperature on the colloidal
stability is not significant over this temperature range,
the focus of discussion would be directed to the polym-
erization kinetics. As expected, a higher temperature
led to a higher polymerization rate (Figure 5A). An
apparent 30 min induction period was observed in the
polymerization at 60 °C. It might result from the slower
decomposition rate of VA-044 (t1/2,60 °C ) 60 min vs
t1/2,70 °C ) 15 min) at a lower temperature. The molecular
weights increase linearly with conversion and fairly fit
the theoretical values. It is noted that the polydipersities
of the resulting polymers are slightly lower at 60 °C.
Plausibly, the temperature influences the partitioning
behavior of the deactivator, CuII/ligand. A higher organic

Table 3. Miscellaneous Miniemulsion Polymerizations via a Reverse ATRP Processa

monomer [surfactant]b solid contentc (%) conversion (%) Mn, theor (g/mol) Mn, sec (g/mol) Mw/Mn

BMA Brij 98 20 98.8 56 100 63 300 1.53
BMA Brij 98 30 98.7 56 100 60 400 1.52
BMA NOIGEN RN20 20 91.0 51 700 49 200 1.55
BA Brij 98 20 92.0 47 100 40 500 1.70
a [M]0/[CuBr2-EHA6TREN]0/[VA-044]0 ) 400/1/1; 2.3/3.6 wt % surfactant/costabilizer (hexadecane) based on monomer, respectively;

Reaction temperature ) 70 °C. b Brij 98: C12H25(OC2H5)20OH; NOIGEN RN20:

c On the basis of 100% conversion.

Figure 3. GPC chromatograms for the reverse ATRP of BMA
in miniemulsion at a higher surfactant concentration (13.3 wt
% Brij98 based on monomer), where LA6TREN was used as
ligand (Run E21). [BMA]0/[CuBr2-LA6TREN]0/[VA-044]0 ) 400/
1/1; [hexadecane] ) 3.6 wt % based on monomer; 13% solid
content; reaction temperature ) 60 °C.

Table 4. Reverse ATRP of BMA Miniemulsionsa Using
LA6TREN as Ligand

[Brij 98]
(wt %)b expt

conversion
(%)

Mn,sec
(g/mol)

Mn,theor
c

(g/mol) Mw/Mn

13.3 E18 99.3 58 100 56 400 1.59
E21 98.0 59 400 56 800 8.10d

E25 100 33 400 56 800 9.29d

2.3 E40 65.3 32 600 37 100 1.59
E44 100 57 900 56 800 1.61

a [BMA]0/[CuBr2-LA6TREN]0/[VA-044]0 ) 400/1/1; reaction
temperature ) 60 °C; Solid content (based on 100% conversion) is
20% at 2.3 wt % (based on monomer) Brij 98, and 13.5% at 13.3
wt % (based on monomer) Brij 98, respectively. b On the basis of
monomer. c Mn,theo ) M0([M]0/[CuII]0) × conversion, where M0 is
the molar mass of the monomer. d Bimodal distribution. Two peaks
were included in the calculation of Mw/Mn.

Figure 4. Evolution of molecular weight and polydispersity
vs conversion (filled symbols represent molecular weights;
unfilled symbols represent polydispersity) for the reverse
ATRP of BMA in miniemulsion with different surfactant
concentrations. [BMA]0/[CuBr2-EHA6TREN]0/[VA-044]0 ) 400/
1/1; [hexadecane] ) 3.6 wt % based on monomer; 20% solid
content; reaction temperature ) 60 °C. See Figure 2 for the
calculation of theoretical molecular weights.
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partitioning of the CuII species at a lower temperature
favors the control over the polymerization, resulting in
a narrowing of the molecular weight distribution.

Effect of Initiator Concentration. The water-
soluble azo initiator, VA-044, was employed in this
series of experiments as a normal free radical initiator
to start the reverse ATRP process in miniemulsion
system. The ATRP initiator, an alkyl halide, is gener-
ated in situ by the deactivation reaction of radicals
produced by VA-044 with CuII/ligand complex. Thus, the
variation of VA-044, as well as CuII/ligand complex,
corresponds to the changes in the concentration of the
resulting normal ATRP initiator (i.e., alkyl halide, RX).
Usually, the ratio of monomer to initiator ([M]0/[RX]0)
was varied by targeting polymers with different degrees
of polymerizations (DPs) in ATRP. From our previous
miniemulsion studies, the molecular weight (Mn,theo)
depends on the initial concentration of CuII species
([CuII]0) at a ratio of [I-I]0/[CuII]0 ) 1:1. Keeping this
ratio of [I-I]0/[CuII]0 constant, the reverse ATRP was
performed by varying the ratio of monomer to initiator,
hence CuII/ligand complex, with a targeted degree of
polymerization (DPtarget ) [M]0/[CuII]0 ) [M]0/[I-I]0) at
200, 400, and 800, respectively. The linear dependence
of ln([M]0/[M]) vs reaction time (Figure 6 A) and the
linear development of the molecular weights with
monomer conversion (Figure 6B) indicated a controlled
polymerization in each case. Usually, a higher initiator
concentration results in a larger number of growing

chains, and therefore, a faster rate of polymerization.
However, radical termination occurs more rapidly as
well, leading to decreased initiator efficiency and con-
sequently the formation of a larger excess of CuII

species. The two phenomena have opposite effects on
the rate of polymerization, which depends on the ratio
of [CuI][growing chains]/[CuII]. The slightly faster po-
lymerization rate at a higher initiator concentration
(Figure 6A) suggests that the growing radicals are
slightly larger in number despite the enhanced termi-
nation rate at meantime. The broader molecular weight
distribution (Mw/Mn in Figure 6B) at a lower [I-I]0,
hence [CuII], indicates the insufficient deactivation or
formation of dead chains in the course of polymerization
when targeting a higher degree of polymerization.

The final particles size is little affected by the initiator
concentration. It was in the range 210-240 nm for each
case (Table 2). The lack of dependence of the final
particle size, hence number of particles, on the initiator
concentration is a strong indication for a predominant
droplet nucleation mechanism in current miniemulsion
system.54

Effect of Initial Concentration of Deactivator
(CuII/Ligand). CuII species are essential for achieving
a controlled radical polymerization in a reverse ATRP
process, as illustrated in Scheme 1. Sufficient deactiva-
tion reactions are not only to start the controlled
polymerization by an in situ generating ATRP initiator,

Figure 5. (A) First-order kinetic plots, and (B) evolution of
molecular weight and polydispersity vs conversion (filled
symbols represent molecular weights; unfilled symbols repre-
sent polydispersity) for the reverse ATRP of BMA in mini-
emulsion at different reaction temperatures. [BMA]0/[CuBr2-
EHA6TREN]0/[VA-044]0 ) 400/1/1; [Brij 98]/[hexadecane] )
2.3/3.6 wt % based on monomer; 20% solid content. See Figure
2 for the calculation of theoretical molecular weights.

Figure 6. (A) First-order kinetic plots, and (B) evolution of
molecular weight and polydispersity vs conversion (filled
symbols represent molecular weights; unfilled symbols repre-
sent polydispersity) for the reverse ATRP of BMA in mini-
emulsion at various [M]0/[I-I] ratio. [BMA]0/[CuBr2-EHA6-
TREN]0/[VA-044]0 ) 200, 400, or 800/1/1; [Brij98]/[hexadecane]
) 2.3/3.6 wt % based on monomer; 20% solid content; reaction
temperature ) 70 °C. See Figure 2 for the calculation of
theoretical molecular weights.
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alkyl halide, but also to enable the controlled polymer-
ization by reversible deactivation of growing chains. As
shown in Figure 7 A, the initial ratio of CuII/ligand
complex to initiator concentration has a great effect on
the kinetics of a reverse ATRP reaction. The polymer-
ization is much slower when excess CuII species was
employed, which is in agreement with the rate law of
ATRP.42,43 For a reverse ATRP, the amount of initial
CuII species should be high enough to deactivate all the
free radicals generated from the normal free radical
initiator in order to conduct a well-controlled polymer-
ization. Apparently, a relatively higher amount of CuII

resulted in a better control over polymerization (in
terms of molecular weight evolution, shown in Figure
7B), especially at the beginning of the polymerization
(i.e., in the case of DPtarget ) 800). This suggests that
the aqueous partitioning of CuII species should be
considered, especially at a high targeted DP, where less
deactivator is employed. The molecular weight distribu-
tion is narrower with higher amount of CuII (Mw/Mn )
1.29 at [CuII]0/[VA-044]0 ) 1.5:1 and DPtarget ) 400, or
[CuII]0/[VA-044]0 ) 2:1 and DPtarget ) 800 in Figure 7B).
This is related to slower propagation and high parti-
tioning of the deactivator, CuII/EHA6TREN, in the
organic phase, which affords more efficient reversible
deactivation of the growing chains. Thus, more CuII

species are needed for a better-controlled polymerization
and a final polymer with relatively lower polydispersity.

Chain Extension. To check the chain end function-
ality of the polymers prepared via reverse ATRP in
miniemulsion and explore the potential for block copo-
lymerization in this system, a chain extension study was
performed by feeding the monomer and surfactant
solution into the resulting polymer latexes. Feeding of
the second-stage monomer started at 98.3% conversion
of the first-stage monomer. The GPC traces of the
precursor and chain-extended polymers are shown in
Figure 8. A clear shift of the GPC traces after chain
extension indicates the livingness of the polymers in the
seed latexes. The experimental data from GPC analysis
showed DPprecursor,expt ) 149 and DPchain-extended,expt )
191, respectively, both of which deviated from
the theoretical values (DPprecursor,theor ) 200 and
DPchain-extended,theor ) 260). However, the extent of chain
extension, calculated by (DPchain-extended - DPprecursor)/
DPprecursor, were comparable for the theoretical () 30%)
and experimental () 28%) values. The volume-average
diameter of the final particle size is 271 nm (Table 5),
which is also close to the theoretical value of 274 nm
(Dv ) Dv0 (1 + (Wadd/W0))1/3, where Dv0 is the volume-
average diameter of the seed particles; W0 and Wadd are
the mass of the seed and the feed monomer, re-
specitively). This result provides additional evidence for
the success of the chain extension reaction.

Conclusion

This work demonstrated a successful reverse atom
transfer radical polymerization in the miniemulsion
system with a doubled solid content (g20%) and one-
sixth of the amount of surfactant, Brij 98 (2.3 wt %
based on monomer, or 0.58 wt % based on aqueous

Figure 7. (A) First-order kinetic plots, and (B) evolution of
molecular weight and polydispersity vs conversion for the
reverse ATRP of BMA in miniemulsion at different [CuII]/
[I-I] ratio. [Brij98]/[hexadecane] ) 2.3/3.6 wt % based on
monomer; 20% solid content; reaction temperature ) 70 °C;
for 400 DP: [BMA]0/[VA-044]0 ) 400/1; for 800 DP: [BMA]0/
[VA-044]0 ) 800/1. See Figure 2 for the calculation of theoreti-
cal molecular weights.

Figure 8. GPC traces of precursor polymer and chain-
extended polymer obtained by chain extension via reverse
ATRP in miniemulsion. Same reaction conditions as in Table
5.

Table 5. Chain Extension of Miniemulsion Latexes via a
Reverse ATRP Processa

mol wt particle size

polymer latexes Mn, sec (g/mol) Mw/Mn Dv (nm) polydispersity

1st stage seed 21 000 1.51 251 1.01
after chain

extension
27 000 1.46 271 1.01

a First-stage seed-latexes preparation conditions: ([BMA]/
[CuBr2-BA6TREN]0/[VA-044]0 ) 200/1/1; [Brij 98]/[Hexadecane]
) 2.3/3.6 wt % based on monomer; 20% solid content (based on
100% conversion); reaction temperature ) 70 °C. Second-stage
feeding conditions: 1.5 g of BMA and 0.0345 g of Brij 98 at a feed
rate of 0.056 mL/minute for 30 min. The reaction was continued
for another 30 min to complete the polymerization.

6034 Li and Matyjaszewski Macromolecules, Vol. 36, No. 16, 2003



phase), compared to the previously reported system. A
series of hydrophobic hexasubsituted TREN (i.e.,
BA6TREN, EHA6TREN, and LA6TREN)/CuBr2 com-
plexes, with high catalytic activity and better cost/
performance balance than 2,2′-bipyridine derivatives
(i.e., dNbpy), were employed as catalytic systems. The
use of such ligands and a radical initiator with fast
decomposition rate (i.e., water-soluble azo compound,
VA-044) enables a well-controlled polymerization at a
relatively low temperature (i.e., e 70 °C), which favors
the colloidal stability of the monomer droplets/growing
particles in the course of the polymerization. Controlled
polymerizations were demonstrated by linear semiloga-
rithmic plots, linear correlations between molecular
weights, and monomer conversions, as well as relatively
low molecular weight distributions (Mw/Mn < 1.5). The
independence of the particle size, hence the number of
particles, on initiator concentration strongly indicated
a predominant droplet nucleation mechanism in this
miniemulsion system. There was little coagulum ob-
served throughout the polymerization, and the resulting
latex particles showed good colloidal stability. The
average particle sizes were in the range of 200-250 nm
with relatively low polydispersity. The above system
showed a “living” nature for ATRP of several monomers
(i.e., n-butyl methacrylate and n-butyl acrylate), sur-
factants (i.e., Brij 98 and NOIGEN RN20), at a higher
solid content (i.e., 30%), and at various degrees of
polymerization (DPdesigned ) 200, 400, 800).

The polymerization kinetics was mainly governed by
atom transfer equilibrium. The higher the initiator
concentration and the lower the deactivator concentra-
tion, the faster the polymerization rate, which is in
agreement with the rate law of ATRP.
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