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Abstract: Polymerization-induced self-assembly (PISA) was
employed to compare the self-assembly of different amphi-
philic block copolymers. They were obtained by emulsion
polymerization of styrene in water using hydrophilic poly(N-
acryloylmorpholine) (PNAM)-based macromolecular RAFT
agents with different structures. An average of three poly
(ethylene glycol acrylate) (PEGA) units were introduced either
at the beginning, statistically, or at the end of a PNAM
backbone, resulting in formation of nanometric vesicles and
spheres from the two former macroRAFT architectures, and
large vesicles from the latter. Compared to the spheres obtained
with a pure PNAM macroRAFT agent, composite macro-
RAFT architectures promoted a dramatic morphological
change. The change was induced by the presence of PEGA
hydrophilic side-chains close to the hydrophobic polystyrene
segment.

The self-assembly of block copolymers in solution has been
the focus of many exciting studies owing to a corresponding
broad range of potential applications.[1] This relies on the
various morphologies that can be obtained by selecting
a suitable solvent of one of the two blocks.[2] In the particular
case of amphiphilic block copolymers, water can be used to
generate spherical or cylindrical (worms/fibers) micelles, or
vesicles from a diluted solution of the preformed amphiphilic
block copolymer by the so-called co-solvent method. This
property, which was largely studied by Eisenberg and co-
workers[3] since the 1990s, is analogous with the behavior of
molecular amphiphiles.[4] Self-assembly of molecular amphi-
philes has been thoroughly rationalized by Israelachvili,[5]

who showed that the resulting nanostructures could be
predicted by the packing parameter (P) defined by the ratio
of the volume of hydrophobic chains (n) divided by the
product of the optimal area of the head group (a0) and the
length of the hydrophobic tail (lc). Although easily deter-
mined for molecular surfactants, these parameters cannot be
applied to block copolymers, and the hydrophobic/hydro-
philic balance is generally considered instead. In this case, P
depends on the relative volume fractions of the hydrophilic

and hydrophobic blocks, and the interfacial energy associated
with the di-block junction. Varying the relative volume
fractions of each block (by altering their molar masses)
usually dictates the final morphology. This is the result of the
inherent molecular curvature and its influence on the packing
of copolymer chains.[4b]

Among the large number of studies dedicated to self-
assembly of amphiphilic block copolymers, only a few focus
on the effect of hydrophile topology on the final morpholo-
gies. In parallel with the first report by Eisenberg,[3a] van Hest
et al. showed that aggregation in water of preformed amphi-
philic block copolymers based on a hydrophobic polystyrene
block and hydrophilic polypropyleneimine dendrons was
governed by generation of the latter.[6] The finding enabled
consistent prediction of structures based on the packing
parameter. Synthesizing DNA-brush copolymer amphiphiles,
Chien et al. reported that micelle morphologies could be
governed by selective cleavage in the DNA shell,[7] resulting
in manipulation of the magnitude of steric and electrostatic
repulsions within the shell, and thus of the packing parameter.
Very recently, Martinez et al. synthesized polystyrene-b-
polyisoprene (PS-b-PI) block copolymers using anionic
polymerization.[8] Poly(ethylene glycol) side-chains were
grafted onto the polyisoprene segment. The morphologies
formed by aqueous self-assembly of the resulting amphiphilic
block copolymers were dependent upon the brush density.
Densely grafted polymers only formed spherical micelles,
whereas sparsely grafted brushes formed higher-order struc-
tures, including cylindrical micelles and vesicles. Lovett et al.
showed that ionization of a single carboxylic acid group on the
hydrophilic block of a preformed amphiphilic block copoly-
mer (namely poly(glycerol monomethacrylate)-b-poly(2-
hydroxypropyl methacrylate)), sufficiently increased the
degree of hydration of the hydrophilic segment to induce
a morphological transition from worms to spheres after
dissolution of pre-formed worms and re-assembly.[9]

The recent application of controlled radical polymeri-
zation (CRP) techniques to dispersed media (in dispersion
and emulsion polymerization for example)[10] has unlocked
a powerful new approach for producing self-assembled nano-
objects. This approach, known as polymerization-induced
self-assembly (PISA), starts with a hydrophilic living polymer
chain that is extended in water using hydrophobic monomers.
Consequently, amphiphilic block copolymers self-assemble in
tandem with growth of the hydrophobic block, resulting in the
aforementioned morphologies. A morphological evolution
from spheres to worms to vesicles can be observed during this
type of PISA synthesis, which is driven by the increase of the
packing parameter as the core-forming block grows. Com-
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pared to the co-solvent method, PISA offers an extremely
convenient, simple, and rapid method for preparation of
nano-objects at high concentrations (solids content is typically
> 10 wt % and � 40 wt%) under relatively non-demanding
conditions. Morphology diagrams can be constructed for
a fixed degree of polymerization of the hydrophilic block, by
varying the degree of polymerization of the core-forming
block and the solids content (that is, the final di-block
copolymer concentration). This approach enables the desired
nano-object morphology to be targeted consistently a poste-
riori.[11] However, morphologies remain difficult to predict
because a constant change of the packing parameter is
observed as the hydrophobic block grows, combined with
decreased plasticization of the core of the formed objects on
conversion of the hydrophobic monomer.

Inspired by the pioneering work of Ferguson et al. ,[12] we
recently performed the whole PISA process in one-pot in
water,[13] from growth of the hydrophilic segment to self-
assembly of the final amphiphilic block copolymers. The
polymerization of various hydrophilic monomers in water was
performed using the reversible addition–fragmentation chain
transfer (RAFT) process.[14] The resulting water-soluble
macroRAFT agents were subsequently chain extended with
a hydrophobic monomer under emulsion polymerization
conditions. Control of morphology was achieved by altering
the molar mass of the hydrophobic block, or adjusting the
pH.[15] Unexpectedly, some PISA systems (prepared in “one-
pot” or by sequential steps) invariably led to spherical
morphologies, irrespective of the degree of polymerization
of the hydrophobic block.[16]

We recently turned our attention to the effect of hydro-
phile on the PISA process. Targeting alginate-decorated
polystyrene spherical nanoparticles, we introduced one to two
units of alginate macromonomer into poly(N-acryloylmor-
pholine) (PNAM) to serve as a hydrophilic macroRAFT
agent for styrene emulsion polymerization.[16d] Depending on
the nature of the alginate (mannuronan or guluronan), its
polymerization degree and its localization in the PNAM
backbone, drastic changes in the final particle morphologies
were observed. The origin of this phenomenon is not fully
understood but may be explained by the present work.

Herein, we provide new insight into the PISA process by
precisely controlling the position of oligomeric side-chains
within the hydrophilic macroRAFT agent. This original
approach allows alteration of the size and shape of the
hydrophilic block, and consequently of the packing parame-
ter, affording an easy tool to probe the impact of the
hydrophilic block architecture on the formation of specific
morphologies in PISA. We synthesized four hydrophilic
macroRAFT agents, each with a degree of polymerization
(DP) of 26. The first was a homopolymer of NAM, denoted
PNAM26. The three others were copolymers containing 23
units of NAM on average and three units of PEGA (Mn =

454 gmol¢1). The three copolymers differed only in the
position of PEGA units, which were introduced either
exclusively at the beginning (P(NAM8-co-PEGA3)-b-
PNAM15), or statistically along the entirety (P(NAM23-co-
PEGA3)), or exclusively at the end (PNAM15-b-P(NAM8-co-
PEGA3)) of the copolymer chains (Scheme 1; Supporting

Information, Table S1). NAM and PEGA comonomers were
chosen because they exhibit similar hydrophilic character, no
sensitivity to pH value, and no intermolecular hydrogen
bonding (both are hydrogen bond donors, water being the
only acceptor in our system).

The impact of these differing macroRAFT agent struc-
tures on the final particle morphology was compared for
styrene polymerization in water, targeting the same molar
mass for the polystyrene block. Our previous work[16d] has
shown that spheres are systemically produced for polystyrene
polymerization degrees between 150 and 1200 when using
PNAM26. Nevertheless, a lower DP (90) was chosen in this
work to accentuate the impact of a small number of
introduced PEGA units. Additionally, none of the macro-
RAFT agents synthesized for this study show a lower critical
solution temperature (LCST) at the emulsion polymerization
temperature (80 88C). Any morphological changes can there-
fore be related to differences in the hydrophilic block
architecture. PNAM26 was first synthesized by RAFT poly-
merization in water (Supporting Information, Figures S1–S3)
and then directly used for styrene polymerization. PNAM26-
mediated PISA was very well-controlled, as shown by a shift
towards high molar masses and the low dispersities (Ø)
obtained for the final latex (Figure 1A; Supporting Informa-
tion, Table S2). As reported in our previous studies,[16d]

monodisperse and spherical particles (Figure 2A) were
obtained with a diameter (Dn = 30.3 nm, Dw/Dn = 1.07) con-
sistent with particles composed of self-assembled PNAM-b-
PS block copolymers. Transmission electron microscopy
(TEM) observations were corroborated by small-angle X-
ray scattering (SAXS) analyses (Figure 3). Scattering inten-
sities were well fitted using a spherical form factor, giving
a diameter of 38 nm (s = 0.15).

PNAM15-b-P(NAM8-co-PEGA3) was obtained by first
polymerizing 15 units of NAM in water using RAFT. In
a second step, the resulting PNAM15 macroRAFT was
successfully extended with a mixture of NAM and PEGA
(molar ratio 8/3; Supporting Information, Figures S6 and S7).
Individual conversions of NAM and PEGA were similar

Scheme 1. Chemical structures of monomers, 4-cyano-4-thiothiopropyl-
sulfanylpentanoic acid (CTPPA) control agent, and the structure of the
hydrophilic macroRAFT architectures with their corresponding amphi-
philic block copolymers.
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(Supporting Information, Figure S5), showing that the two
monomers were statistically copolymerized during the second
step leading to the targeted structure.

Styrene polymerization mediated by PNAM15-b-
P(NAM8-co-PEGA3) macroRAFT led to well-controlled
PNAM15-b-P(NAM8-co-PEGA3)-b-PS amphiphilic block
copolymers, as attested by a shift toward high molar mass
and a low Ø observed after size-exclusion chromatography
(SEC) analyses (Figure 1B; Supporting Information,
Table S2). Rather than obtaining small spheres, large vesicles
were the predominant morpholology (Figure 2 B), in con-
junction with a very minor population of fibers (Supporting
Information, Figure S8). SAXS intensities displayed in
Figure 3 showed the form factor characteristic of unilamellar
vesicles and did not show the presence of rod-like morphol-
ogy (which would have given a q¢1 power law in the high q-
range). This suggests that the objects obtained here were in
fact primarily vesicles and the observed fibers were indeed
present in a relatively small amount. Introduction of three
PEGA units, located close to the interface between the
hydrophobic and the hydrophilic blocks, was thus enough to
perturb the PISA system that was systematically giving rise to
spherical morphologies with PNAM26. The sole presence of
PEGA units in the hydrophilic block definitely has an impact
on morphology, and may locally rigidify the hydrophilic
backbone and strongly lower the curvature obtained when
pure PNAM is employed.

To confirm whether the effect described above was related
to specific localization of the PEGA units in the hydrophilic
segment, P(NAM23-co-PEGA3) macroRAFT was further
investigated for the polymerization of styrene. Copolymer-
ization of NAM and PEGA generated a well-defined
statistical copolymer with similar consumption of the two
monomers (Supporting Information, Figures S9–S11). Sty-
rene polymerization mediated by this macroRAFT was very
well controlled (Figure 1C; Supporting Information,

Figure 1. SEC chromatograms of the macroRAFT architectures and of
the final polymers after styrene emulsion polymerization mediated by
A) PNAM26, B) PNAM15-b-P(NAM8-co-PEGA3), C) P(NAM23-co-PEGA3),
and D) P(NAM8-co-PEGA3)-b-PNAM15.

Figure 2. TEM images of the final nano-objects obtained after styrene
emulsion polymerization mediated by A) PNAM26, B) PNAM15-b-
P(NAM8-co-PEGA3), C) P(NAM23-co-PEGA3), and D) P(NAM8-co-
PEGA3)-b-PNAM15.
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Table S2). However, the resulting P(NAM23-co-PEGA3)-b-PS
amphiphilic block copolymers self-assembled into a mixture
of nanometric vesicles and small spheres (the average size of
nano-objects was Dn = 36.0 nm, Dw/Dn = 1.08; Figure 2C).
TEM images also show a very minor population of tubular
structures[4a] (Supporting Information, Figure S12).

Further structural information was obtained by SAXS
analyses (Figure 3). The SAXS trace does not show an
obvious cylindrical form factor but rather a lamellar domi-
nated form factor. Solution assemblies contained a majority
of vesicles, as well as a very small amount of cylinders. The
SAXS trace cannot be fitted perfectly by a vesicle form factor
because scatterers with other shapes are present. Indeed,
scattering intensities were in good agreement with vesicle
structures having an inside diameter of 14 nm and a polymer
layer thickness (t) of 5 nm, showing that the main morphol-
ogies are likely nanovesicles. A q¢1 power law is observed at
high q range, which is consistent with the presence of rod-like
objects, as shown in the TEM observations. The different
morphologies obtained with this macroRAFT architecture
confirmed that the proximity of the PEGA units to the
hydrophobe–water interface is responsible for the formation
of the large vesicles obtained with PNAM15-b-P(NAM8-co-
PEGA3) macroRAFT.

When P(NAM8-co-PEGA3)-b-PNAM15 (see synthesis;
Supporting Information, Figures S13-S15) was used as a mac-
roRAFT, morphologies similar to those obtained with
P(NAM23-co-PEGA3) were obtained (Figure 2D; Supporting
Information, Table S2). A mixture of nanometric vesicles and
spheres (average size: Dn = 42.8 nm, Dw/Dn = 1.04) and a very
small amount of “double-walled fibers”[4a] (Supporting Infor-
mation, Figure S16) was generated. Control of polymeri-
zation and formation of amphiphilic block copolymers

remained as good as that described in the previous experi-
ments (Figure 1D). In P(NAM8-co-PEGA3)-b-PNAM15 there
are no opportunities for a PEGA unit to be close to the PS
segment, while in P(NAM23-co-PEGA3) the probability is
very low. In both of these cases the hydrophilic block segment
close to the interface is not rigidified and the packing
parameter is intermediate between that of the pure PNAM
system and the system with side-chain PEGA units close to
the interface (PNAM15-b-P(NAM8-co-PEGA3)). Mixed mor-
phologies between spheres and vesicles are therefore favored.

To gain further understanding of the morphology changes,
a preliminary molecular dynamic simulation was performed
(provided in the Supporting Information). PNAM15-b-
P(NAM8-co-PEGA3) and P(NAM23-co-PEGA3)-based sys-
tems (with side-chains potentially lying close to the hydro-
phobic block) led to objects with a smaller aggregation
number than PNAM or P(NAM8-co-PEGA3)-b-PNAM15

systems (lacking side-chains, or located far from the hydro-
phobic block; Supporting Information, Figure S17). The
simulation suggests that the presence of side-chains impacts
on the dynamics of the self-assembly process. Therefore, the
drastic change of morphology obtained with PNAM15-b-
P(NAM8-co-PEGA3) (formation of large vesicles) might be
the result of geometric constraints (packing parameter) as
well as of a modification of self-assembly kinetics.

In conclusion, we have shown that introduction of only
three PEGA units to the hydrophilic segment of amphiphilic
block copolymers, obtained by PISA, impacted strongly on
the final morphology. The presence of PEGA close to the PS
hydrophobic segment achieved vesicle morphology that could
not be obtained with a pure PNAM system, whatever the
molar mass of the hydrophobic block. The controlled radical
polymerization technique involved in PISA, namely the
RAFT process described herein, was advantageously used
to architect a hydrophilic segment, and will contribute to
a greater understanding of the self-assembly that occurs
during polymerization. This tool holds great promise in the
formation of pure morphologies.
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