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Abstract: Water-soluble macromolecular chain transfer agents (Macro-CTAs) were developed for the
microwave-assisted precipitation polymerization of N-isopropylacrylamide. Two types of Macro-CTAs,
amphiphilic (Macro-CTA1) and hydrophilic (Macro-CTA2), were investigated regarding their activity for the
facile formation of nanoparticles and double hydrophilic block copolymers by RAFT processes. While both
Macro-CTAs functioned as steric stabilization agents, the variation in their surface activity afforded different
levels of control over the resulting nanoparticles in the presence of cross-linkers. The cross-linked
nanoparticles produced using the amphiphilic Macro-CTA1 were less uniform than those produced using
the fully hydrophilic Macro-CTA2. The nanoparticles spontaneously formed core-shell structures with surface
functionalities derived from those of the Macro-CTAs. In the absence of cross-linkers, both types of Macro-
CTAs showed excellent control over the RAFT precipitation polymerization process with well-defined, double
hydrophilic block copolymers being obtained. The power of combining microwave irradiation with RAFT
procedures was evident in the high efficiency and high solids content of the polymerization systems. In
addition, the “living” nature of the nanoparticles allowed for further copolymerization leading to multire-
sponsive nanostructured hydrogels containing surface functional groups, which were used for surface
bioconjugation.

Introduction

Reversible addition-fragmentation chain transfer (RAFT)
polymerization,1 along with other controlled/living free radical
polymerization (LFRP) techniques including atom transfer
radical polymerization (ATRP)2 and nitroxide-mediated polym-
erization (NMP),3 has been extensively studied and exploited
for the production of well-defined polymers with predicted
molecular weight, composition, and architechture.4 Compared
with the tremendous success of RAFT polymerization in
homogeneous systems (solution/bulk),5,6 successful implementa-
tion of RAFT in heterogeneous polymerization systems has been
limited.7,8 Polymerization in heterogeneous systems, especially
in aqueous media, has industrially important advantages such
as high solids content, low viscosity, and the use of environ-

mentally benign water as the primary dispersant. In addition
the isolation of the product is facile, and waste is limited.9

Successful adaptation of the RAFT process to aqueous dispersed
media and to functional monomers therefore holds enormous
potential for the efficient production of novel polymer materials
with improved quality and expanded applications.

Increasing attention has recently been directed toward re-
sponsive polymers, macrohydrogels, and nano/microgels based
on N-isopropylacrylamide (NIPAm) due to their potential use
in optical/electronic devices,10-12 biomedical therapies,13-17 and
responsive surfaces.18,19The successful preparation of PNIPAm
homopolymers20-25 and block/random copolymers23-29 with
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narrow polydispersity has been well documented in various
homogeneous systems via the RAFT process. However, po-
lymerization of NIPAm by the RAFT process, and more
generally LFRP techniques, in dispersed media (precipitation
polymerization) has received little attention, and most studies
of RAFT polymerization in heterogeneous systems have focused
on hydrophobic monomers in emulsion polymerization and
related techniques.7,8 For RAFT-mediated precipitation polym-
erization, there are only few relevant examples for precipitation
polymerization in aqueous systems with no studies for NIPAm
being reported. Recently, acrylamide was polymerized in a
mixture of water and 2-propanol (4/1, v/v), however the
dispersity of the resulting nanogels was poor, and in some cases
gelation occurred.30 The precipitation polymerization of NIPAm
by ATRP using a PEG macro-initiator was studied; however,
the polydispersity of the resulting polymers was greater than
1.6, and little control over functional group incorporation was
demonstrated.31

In designing responsive PNIPAm materials based on LFRP
techniques, the well-controlled nature of these systems offers a
number of advantages when compared to the nature of traditional
systems, such as more uniform response behavior and controlled
size and structure.32-34 For example, macrohydrogels produced
by the RAFT process exhibited faster shrinking kinetics and
higher shrinking ratios than traditional hydrogels.35,36To further
extend the range of responsive materials, we report the
microwave-assisted, precipitation polymerization of NIPAm and
its subsequent copolymerization withN-isopropylmethacryla-
mide (NIPMAm) through seeded precipitation polymerization
processes. The combination of microwave irradiation and RAFT
procedures allows for the development of highly efficient,
heterogeneous, and living polymerization strategies. In addition,
the versatility of the RAFT process permits functional materials
such as well-defined, double hydrophilic block copolymers and
multiresponsive nanostructured hydrogel materials to be pre-
pared with novel, core-shell nanogels having surface function-
alities available for coupling to biologically relevant systems.

Results and Discussion

In order to evaluate the scope of the RAFT-mediated
precipitation polymerization and, with the aim of developing
novel, nanostructured hydrogel materials, water-soluble poly-
(dimethylacrylamide)s (PDMAs) with different structural char-
acteristics were examined as chain transfer agents (Macro-CTAs)
for regulation of the radical polymerization of NIPAm (Scheme
1). These Macro-CTAs with diverse end groups and molecular
weights bear several important features. First, they are water
soluble and act as steric stabilizers in the formation of nanogel
particles. Two types of Macro-CTAs were synthesized to
investigate the role of the Macro-CTAs in the formation of the
nanogel particles, Macro-CTA1a-c with hydrophobic dodecyl
tails and fully hydrophilic Macro-CTA2a-c that are not surface
active. Second, the Macro-CTAs were prepared via the RAFT
process under microwave conditions (Supporting Information)
with CTA S-1-dodecyl-S′-2-(2,2′-dimethylacetic acid)trithio-
carbonate37 for Macro-CTA1a-candS-3-(propionic acid)-S′-2-
(2,2′-dimethylacetic acid)trithiocarbonate38 for Macro-CTA2a-
c, respectively. The RAFT process not only endows the
polymers with well-defined end groups, such as carboxylic acids,
but the precipitation polymerization process translates these end
groups into surface functionalities when nanogels are prepared
using these macro-CTAs.

As illustrated in Scheme 1, when aqueous solutions of the
monomers, Macro-CTAs, and initiator 2,2′-azobis(2-methyl-
propionamidine)dihydrochloride (V-50) are irradiated with
microwave to a polymerization temperature of 70°C, chain
extension of the existing Macro-CTAs with NIPAm monomers
occurs to give chain-end functionalized PNIPAm. While
PNIPAm prepared by traditional free radical polymerization
typically shows a volume phase transition around a lower critical
solution temperature (LCST) of 32°C, the LCST was recently
reported to be highly dependent on the molecular weights and
end groups for narrow-dispersity PNIPAm prepared by LFRP
techniques.32-34 Thus, in the precipitation polymerization of
NIPAm mediated by the Macro-CTAs, the initially formed
polymers show different solubility in water due to the dissimilar
chain ends of the Macro-CTAs before the PNIPAm blocks
become sufficiently long such that the PNIPAm chains collapse
to form nanoparticle seeds stabilized by the water-soluble
PDMA blocks. When the cross-linkerN,N′-methylenebisacry-
lamide (BIS) is used, the growing polymers undergo cross-
linking, and after cooling to room temperature, the resulting
fully hydrophilic nanoparticles are in the swollen state with the
integrity of the nanoparticles maintained. When no cross-linker
is used, after cooling to room temperature, the nanoparticles
dissociate into double hydrophilic block copolymers due to the
transition of the PNIPAm block to being soluble below its
LCST. As a result, the same precipitation polymerization process
can lead to a novel range of materials, from responsive
nanoparticles to double hydrophilic block copolymers with
control over structure and functionality.

Novel Nanostructured Hydrogels by Precipitation Polym-
erization. The precipitation polymerization of NIPAm was
carried out under microwave conditions in the presence of
Macro-CTAs and 2 mol % BIS at a pH of 2.5. As monitored
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with dynamic light scattering (DLS), the nanogels quickly
reached their final size within 10-30 min, and the conversion
of the monomers was essentially quantitative after a similar
reaction time. The pH of the polymerization media was
controlled at 2.5 in order to minimize hydrolysis of the Macro-
CTAs, since hydrolysis of CTAs at elevated pH in homogeneous
aqueous polymerization systems has been shown to detrimen-
tally affect the molecular weights and polydispersity of the
RAFT polymers.20,39,40As shown in Figure 1, the size of the
nanogels decreases with increasing concentration of Macro-
CTAs, 1b and 2b, and is relatively independent of the end
groups and surface activity of the Macro-CTAs, suggesting that
both Macro-CTAs function as stabilization agents in the
formation of nanoparticles. At low concentrations of Macro-
CTAs, the polydispersity of the nanoparticles is low. However,
above 1.0 mM, the polydispersity of the amphiphilic system,
1b, increases significantly when compared to that of the fully
hydrophilic system,2b. From the amphiphilic structure of
Macro-CTA1b, it can be postulated that Macro-CTA1b should
behave as a surfactant to stabilize the nanoparticles. Indeed,
the critical micellar concentration (CMC) of Macro-CTA1b was
determined to be 0.23 mM using a spectroscopic method with
rhodamine 6G as the optical probe (Supporting Information).
For the polymerization systems with Macro-CTA1b in the
concentration range of 0.43-1.71 mM, Macro-CTA1b is

expected to exist in an equilibrium of free molecules and
micelles. Because the monomer and initiator are water soluble,
initiation should occur in the homogeneous solution. After
initiation, there are two different fates for the formed oligomeric
radical and/or dormant species; they can either form particle
seeds via a homogeneous nucleation mechanism by reacting with
the free Macro-CTAs, or they can enter the Macro-CTA micelles
(radical entry process) via a micelle nucleation mechanism.41

As a consequence, there are two competing particle nucleation
mechanisms for Macro-CTA1b-mediated precipitation polym-
erization systems, resulting in the higher polydispersity in
particle size (DLS in Figure 1 and AFM in Figure S2) than
that found for the polymerization systems mediated by Macro-
CTA2b in which a single homogeneous nucleation process is
expected. These results further indicate that the Macro-CTAs
function as steric stabilizers for the nanogels and that Macro-
CTAs with a surfactant-like structure are not necessary for the
stabilization of the formed particles.

A positively charged free radical initiator, V-50, was selected
for these experiments as it offers an opportunity to differentiate
two possible nanoparticle structures: traditional nanostructure
A vs novel core-shell nanostructureB (Figure 2). If the
precipitation polymerization process occurs via a traditional
process, i.e. nanoparticles that are electrostatically stabilized by
the radical initiator fragments, the surface of the nanoparticles
should be positively charged. In contrast, if the precipitation
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Scheme 1. Macro-CTAs and Schematic Representation of the RAFT Precipitation Polymerization Process

Hydrophilic Block Copolymer and Nanogel Synthesis A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 46, 2007 14495



polymerization is mediated by the RAFT agents, the nanopar-
ticles would have a core-shell structure with the carboxylic
acid groups located at the surface and therefore at pH> pKa

would have a negatively charged surface. For polymerizations
mediated by both Macro-CTA1b and2b at various concentra-
tions,ú-potential measurements showed that the nanoparticles

were all negatively charged (Supporting Information), suggesting
that the precipitation polymerization is mediated by the RAFT
process with the Macro-CTAs located on the surface of the
nanoparticles giving rise to a defined core-shell nanostructure
with surface functionalities. Control experiments without Macro-
CTAs, however, only led to the formation of flocculate when
V-50 concentration was in the range of 0.9-90 mM.

In order to further assess their stabilization ability, Macro-
CTAs with different molecular weights were used in the
precipitation polymerization process, and the results demonstrate
a strong dependence of the nanoparticles size on the molecular
weight of the Macro-CTAs. For these experiments, the con-
centration of NIPAm was controlled at 0.15 M and the ratio of
NIPAm/Macro-CTA/V-50 was 333:1:2. As the molecular weight
of Macro-CTA1 decreased from 8300 (Macro-CTA1a) to 5900
(Macro-CTA1b), the size of the nanoparticles increased from
129 to 168 nm. Further decreasing the molecular weight to 4300
(Macro-CTA1c) resulted in the formation of agglomerate. A
similar trend was also observed for Macro-CTA2; the nano-
particle size was 185 and 199 nm for Macro-CTA2a (Mn )
8700) and Macro-CTA2b (Mn ) 5800), respectively, and
agglomeration was observed for Macro-CTA2c (Mn ) 3500).
These results further confirm the stabilization role of the Macro-
CTAs and show a significant molecular weight effect.

Livingness of the RAFT-Mediated Precipitation Polym-
erization Process.Having established the character of NIPAm
precipitation polymerizations mediated by the RAFT process,
the properties of the double hydrophilic block copolymers
produced in the absence of cross-linkers were examined. Under
similar conditions but without BIS, the initially formed nano-
particles dissociated into double hydrophilic block copolymers,
PDMA-b-PNIPAm, upon cooling to room temperature, allowing
for the characterization of the RAFT process from the aspect
of the generated block copolymers under precipitation polym-
erization conditions. As shown in Figure 3, while maintaining
the concentrations of V-50 and the monomer, an increase in
the Macro-CTA concentration leads to a decrease in the
molecular weight of the PNIPAm block. Furthermore, at
constant V-50 concentration, increasing the Macro-CTA con-
centration increases the ratio between Macro-CTA and V-50
from 0.5 to 2. Accordingly, the polydispersity index (Mw/Mn)
(PDI) of the block copolymers decreases from 1.56 to 1.13 for
the block copolymers mediated with Macro-CTA1b and from
1.82 to 1.18 for the block copolymers mediated with Macro-
CTA2b. The increased control over molecular weight distribu-
tion with increasing CTA/initiator ratio resembles that for the
RAFT-mediated polymerization in homogeneous polymerization
systems.

It was previously reported that gel permeation chromatog-
raphy (GPC) using tetrahydrofuran (THF) overestimates the
molecular weights of PNIPAm homopolymers due to the
formation of intermolecular hydrogen-bonding.22 However,
overestimation of molecular weights was not observed for these
PDMA-b-PNIPAm block copolymers (Supporting Information)
with THF GPC. Examination of the GPC traces reveals small
shoulders on the higher molecular weight side, which is
especially clear for the block copolymers with narrower peaks.
These higher molecular weight shoulders (<5%) are attributable
to higher molecular weight polymers formed by radical-radical
coupling reactions. While higher molecular weight shoulders

Figure 1. (Top) Evolution of nanoparticle size and polydispersity with
the concentration of Macro-CTAs, [NIPAm]) 0.15 M, [BIS] ) 3.0 mM,
[V-50] ) 0.9 mM, 70°C, 1 h. (Bottom) AFM micrograph (5µm × 5 µm)
of the dried nanogels prepared with 0.9 mM Macro-CTA1b.

Figure 2. (A) Nanostructure by traditional free radical precipitation
polymerization. (B) Novel, core-shell nanostructure by RAFT-mediated
precipitation polymerization.
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are sometimes observed in the RAFT-mediated homogeneous
polymerization systems,27,42,43it is possible that in heterogeneous
systems the nanoparticles may contain two or more active radical
species which would favor coupling. Nevertheless, when the
ratio of Macro-CTA/V-50 is increased to 2, low PDIs (<1.2)
can still be achieved, suggesting that the amount of both higher
molecular weight polymers formed by radical-radical coupling
reactions and Macro-CTA residue is small. Provided that the
ratio of CTA/initiator is routinely maintained larger than 10 in
order to gain good control over the RAFT process in homoge-
neous systems, the obtained block copolymers with a Macro-
CTA/V-50 ratio of 2 are of high quality.

The living nature of the precipitation polymerization process
was further evaluated by increasing the ratio of Macro-CTA/
V-50 to 5 and the concentration of NIPAm to 1.18 M with a
ratio of NIPAm/Macro-CTA/V-50 of 2600:5:1. As shown in
Figure 4, the obtained molecular weights mediated by both
Macro-CTA1a and Macro-CTA2b show good agreement with
the expected values, suggesting excellent RAFT control of the
precipitation polymerization process. The PDIs of the double
hydrophilic block copolymers, PDMA-b-PNIPAm, mediated by

Macro-CTA2b consistently fall in the narrow range of 1.1-
1.2 throughout the entire conversion range, whereas the PDIs
of the block copolymers mediated by Macro-CTA1a are larger
than 1.2 at conversions<60% and drop to values around 1.2.
Given that these two Macro-CTAs have similar structures with
the PDMA as the leaving group (the R group) and the
stabilization ability of the stabilizing group (the Z group)
-C12H25 and-CH2CH2COOH being similar, these two types
of Macro-CTAs are not expected to behave differently in their
ability to control the RAFT polymerization process.

It should be noted, however, that when the precipitation
polymerization proceeds in heterogeneous media, other factors
such as radical entry/exit and mass transportation can affect and
complicate the polymerization process. Previous reports on
heterogeneous RAFT polymerization have shown that the
molecular weights can significantly depart from the expected
linear relationship between molecular weight and conversion.
For example, lower molecular weights were observed in the
mini-emulsion polymerization of styrene mediated by RAFT
agents44,45and in seeded emulsion copolymerization ofn-butyl
acrylate mediated by a xanthate.46 The lower molecular weights

(42) Donovan, M. S.; Lowe, A. B.; Sumerlin, B. S.; McCormick, C. L.
Macromolecules2002, 35, 4123-4132.

(43) Schilli, C.; Lanzendo¨rfer, M. G.; Müller, A. H. E. Macromolecules2002,
35, 6819-6827.

Figure 3. Dependence of molecular weights and polydispersity indices of
double hydrophilic block copolymers, PDMA-b-PNIPAm, on the concentra-
tion of Macro-CTAs, [NIPAm]) 0.15 M, [V-50] ) 0.9 mM, 70°C, 1 h.

Figure 4. Evolution of molecular weights and polydispersity indices of
block copolymers, PDMA-b-PNIPAm, with conversion of NIPAm monomer
mediated by Macro-CTA1a (top) and Macro-CTA2b (bottom); 0% conver-
sion represents data for the Macro-CTAs only, solid blue line represents
linear fitting of conversions determined from1H NMR. [NIPAm] ) 1.18
M, [V-50] ) 0.45 mM, [Macro-CTA1a] ) 3.46 mM, [Macro-CTA2b] )
3.50 mM, 70°C.
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were ascribed to direct polymerization by free radicals, instead
of polymerization mediated by the RAFT process.44-46 In the
above case, the excellent agreement observed for the molecular
weights of the block copolymers with NIPAm conversion
suggests negligible direct polymerization by free radicals and,
instead, a well-controlled RAFT process, independent of the
two competing nucleation mechanisms in the case of Macro-
CTA1. The excellent RAFT control of the precipitation polym-
erization process can be in part attributable to the fast initiation
under microwave conditions (vide infra) and to the water-soluble
Macro-CTAs that function as both stabilization and RAFT
agents, in contrast to the water-insoluble RAFT agents used in
other heterogeneous polymerization systems in which mass
transportation of the RAFT agents in the aqueous media is
problematic.7,44-46 Through microwave irradiation,47 the pre-
cipitation polymerization process was observed to proceed with
high efficiency, and 90-100% conversion of monomers could
be obtained within 5 min for thoroughly degassed samples, in
contrast to hours of reaction under thermal conditions. The
promotion effect for RAFT processes by microwave irridiation
was also previously observed for polymerizations in homoge-
neous systems.48-50 In addition, a dramatic increase in the
viscosity of the polymer solutions was observed when the
noncross-linked colloidal nanoparticles dissociated into soluble
polymers, demonstrating another advantage of precipitation
polymerization which proceeds with low viscosity even at solids
content of ca. 15%.

“Living” Nanoparticles for Multiresponsive Hydrogel
Materials. Having established the role of the Macro-CTAs in
the stabilization of the nanoparticles and in the regulation of
precipitation polymerizations via the RAFT process, the ex-
ploitation of the functional groups at the surface of the
nanoparticles and their ability to form nanostructured materials
was studied. After precipitation polymerization, the nanogels
are “living” in the sense that the RAFT moieties are still present
in the nanoparticle and may act as initiating sites for further
polymerization and/or functionalization. To investigate the scope
of this secondary polymerization, nanoparticles consisting of
cross-linked PDMA-PNIPAm chains were used as the particle
seeds. Further polymerization was observed when feeding the
seed solution with the same type of monomer (NIPAm) or a
different type of monomer (N-isopropyl methacrylamide, NIP-
MAm), as evidenced from the increase in the particle size. When
nanoparticles prepared with Macro-CTA2b (66 nm) were used
as the “seeds”, reaction with different amounts of NIPAm (31
wt % and 57 wt % relative to NIPAm in the seed nanoparticle)
in the presence of 2 mol % BIS gave nanoparticles with
increased diameter (77 and 84 nm, respectively). The controlled
nature of this subsequent polymerization can be judged by the
small polydispersity (<5%) for the nanoparticles and the lack
of formation of smaller secondary nanoparticles. In addition,

the new nanoparticles were still negatively charged, indicating
that the original “core-shell” structure was maintained, and with
the phase transition temperature of 32-33 °C they displayed
thermosensitivity similar to that of the original seed nanopar-
ticles (Figure 5).

When the methacrylamide derivative, NIPMAm, was used
as the second monomer in the presence of 2 mol % BIS, a
similar increase in the nanoparticle size was observed, from 66
to 86 nm (62 wt %), and significantly the nanoparticles now
displayed a dual thermal sensitivity with two distinct volume
phase transitions at 33 and 44°C. This corresponds with the
LCSTs for PNIPAm51-52 and PNIPMAm,53 respectively. No-
ticeably, this dual thermosensitivity of the nanoparticles is
similar to that of traditional core-shell microgels in which the
second polymer is directly deposited onto the surface of the
seed particles without any chemical connection between the
polymers in the core and the shell.53 These distinct volume phase
transitions in the copolymer nanoparticles indicate that the two
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Figure 5. Thermosensitivity of nanogels by RAFT-mediated precipitation
(co)polymerization. In both figures, red circle represents PDMA-PNIPAm
seed nanogels that are used for subsequent seeded copolymerization with
either 31% or 57% more NIPAm (top) and 62% NIPMAm (bottom) in the
presence of 2% BIS.
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blocks of the polymers are in separate domains and are not phase
mixed, similar to the observation of two glass transition
temperatures for phase separated block copolymers. Experiments
were also performed for seeded polymerization of NIPAm and
NIPMAm without cross-linkers. The obtained nanogels from
seeded polymerization processes without cross-linkers were also
stable with low polydispersities, and their size was larger than
that obtained in the corresponding seeded polymerization process
with cross-linkers. These results suggest that the formed
secondary polymers in the seeded polymerization process are
chemically connected to the seed particles. If there were no
chemical connection between the secondary polymers and the
seed particles, the noncross-linked secondary polymers would
dissolve in the solution, and the size increase would not be
observed in the seeded polymerization process without cross-
linkers. The ability of the RAFT-derived nanoparticles for
further functionalization by polymerization from the embedded
initiating sites demonstrates the “living” nature of the nanopar-
ticles and the versatility of this methodology for the preparation
of multiresponsive nanostructured hydrogel materials.

Surface Bioconjugation.One of the remarkable features of
the RAFT nanogels is the distinct surface functionalities
inherited from the end groups of the Macro-CTAs. These surface
functionalities provide useful handles for preparing various
biocomposites by coupling the nanoparticles with biologically
interesting macromolecules. Conjugation with RAFT polymers
for potential applications in biotechnology has recently received
attention as the RAFT agents are highly amenable to various
functionalizations.54-56 To demonstrate the utility of the surface
functionalities and the feasibility for making biocomposites, the
nanoparticles were coupled with fluorescein-labeled albumin by
activation of the carboxylic acid groups on the nanogels with

1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide in
aqueous solution. An excess amount of protein was used to
suppress cross-coupling between nanoparticles. The nanopar-
ticle-albumin composites showed an increase in size (120( 1
nm) as compared with the nanogels themselves (100( 1 nm)
and an increase in polydispersity:∼16% for nanogel-Albumin
vs 3.5% for the nanogels. The surface functionalization process
was quantified by UV-vis spectroscopy, and it was found that
over 250 wt % of the protein could be attached to the starting
nanoparticles, indicating the functionalization process is very
facile. As a result these nanostructured hydrogel materials are
attractive in a variety of bionanotechnology applications, and
research is ongoing to exploit these materials for targeted
delivery in cancer cells.

Conclusions

We demonstrated a successful methodology for RAFT-
mediated precipitation polymerization process, which showed
excellent control over molecular weights with negligible side
reactions from direct free radical polymerization. The polym-
erization process was highly efficient under microwave condi-
tions at high solids content. The produced nanogels showed
narrow dispersity and novel, core-shell nanostructures with
distinct surface functionalities that were used for facile prepara-
tion of bioconjugates.
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