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Reverse sequence polymerization-induced self-
assembly in aqueous media: a counter-intuitive
approach to sterically-stabilized diblock
copolymer nano-objects†

Nicholas J. W. Penfold, a Thomas J. Neal, *a Corentin Plait,a Andrew E. Leigh,a

Gwen Chimonides,a Mark J. Smallridgeb and Steven P. Armes *a

Polymerization-induced self-assembly (PISA) is a powerful platform technology for the efficient synthesis

of block copolymer nanoparticles in many types of solvents, including water. In PISA, a soluble precursor

block is used to grow a second insoluble block, which leads to in situ self-assembly of the block copoly-

mer chains. Thus, in the case of aqueous PISA, the water-soluble block is always prepared first because

this confers steric stabilization. Herein, we challenge this paradigm by demonstrating that amphiphilic

diblock copolymer chains can be prepared in water by preparing the hydrophobic block first via reversible

addition–fragmentation chain transfer (RAFT) polymerization. This counter-intuitive reverse sequence

PISA formulation utilizes an ionic RAFT agent to conduct the RAFT aqueous dispersion polymerization of

2-hydroxypropyl methacrylate (HPMA), which results in the formation of charge-stabilized PHPMA latex

particles of ∼500 nm diameter. Initial attempts to chain-extend these hydrophobic PHPMA chains with

water-miscible monomers such as glycerol monomethacrylate (GMA) were unsuccessful, with only

uncontrolled free radical polymerization being observed in the aqueous phase. However, using a water-

immiscible monomer such as isopropylideneglycerol methacrylate (IPGMA) enabled the synthesis of

charge-stabilized PHPMA-PIPGMA latex particles. Subsequent acid hydrolysis of the PIPGMA block led to

the in situ formation of sterically-stabilized PHPMA-PGMA diblock copolymer spheres. Alternatively, dis-

solution of the precursor PHPMA latex in a methanol/water binary mixture enables RAFT solution

polymerization of water-miscible monomers such as GMA or N,N’-dimethylacrylamide (DMAC) to be

achieved with good control. The resulting amphiphilic diblock copolymer chains then undergo self-

assembly in aqueous solution after removal of the methanol co-solvent. Finally, this reverse sequence

PISA protocol can also be applied to other vinyl monomers such as 2-methoxyethyl methacrylate

(MOEMA) or diacetone acrylamide (DAAM), which significantly broadens its scope.

Introduction

Over the past decade it has become clear that polymerization-
induced self-assembly (PISA) is a powerful and versatile plat-
form technology for the convenient synthesis of a wide range
of block copolymer nano-objects in the form of concentrated
colloidal dispersions.1–11 Typically, PISA involves growing a
polymer chain from one end of a precursor chain using an
appropriate monomer in a suitable solvent. The second chain

becomes insoluble when it reaches a certain critical mean
degree of polymerization: this induces micellar nucleation and
leads to the formation of sterically-stabilized diblock copoly-
mer nanoparticles.12–15 Many vinyl monomers have been used
to prepare such nanoparticles and most of these studies have
employed reversible addition–fragmentation chain transfer
(RAFT) polymerization.16–19 This is no doubt because this tech-
nique is highly tolerant of monomer functionality.19,20

It is well-established that PISA can be conducted in many
different types of solvents.21–31 In the case of water, PISA can
be performed using either water-miscible or water-immiscible
monomers via either aqueous dispersion polymerization or
aqueous emulsion polymerization, respectively.32–67 For such
aqueous PISA formulations, it is seemingly essential that the
hydrophilic block must be prepared first to ensure that col-
loidal stability is retained via a steric stabilization mechanism.
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Recently, we have challenged this paradigm by demonstrating
that the hydrophobic water-insoluble block can be prepared
before generating the hydrophilic block: this new approach is
termed reverse sequence PISA.68 Herein, we report on our new
experiments based on this counter-intuitive strategy. More
specifically, we conduct the RAFT aqueous dispersion of
2-hydroxypropyl methacrylate (HPMA) and the RAFT aqueous
emulsion polymerization of 2-methoxyethyl methacrylate
(MOEMA)15 using a previously reported cationic morpholine-
functional RAFT agent known as MPETTC (Scheme 1).69 At
low pH, the morpholine end-groups become protonated,
which leads to the formation of a cationic precursor latex that
remains colloidally stable via a charge stabilization mechanism.
Two methods were subsequently explored to chain-extend the latex
and hence introduce an appropriate steric stabilizer block. The
first method involved dissolution of the hydrophobic precursor
latex with a suitable water-miscible co-solvent, with subsequent
polymerization of a hydrophilic monomer to produce the steric
stabilizer block via RAFT solution polymerization. The second
method involved extending the hydrophobic chains via RAFT
seeded emulsion polymerization using a second water-immiscible
monomer, isopropylideneglycerol monomethacrylate (IPGMA).
Again, the resulting diblock copolymer latex remains colloidally
stable owing to charge stabilization. Subsequently, the acetone
protecting groups on the PIPGMA chains can be removed via acid
hydrolysis to generate an amphiphilic PHPMA-PGMA diblock
copolymer that self-assembles in situ to form sterically-stabilized
diblock copolymer nano-objects. In addition, the RAFT aqueous
dispersion polymerization of diacetone acrylamide (DAAM) using
a carboxylic acid-based RAFT agent at pH 7 is briefly explored.

Results and discussion
Synthesis of latex precursors via RAFT aqueous dispersion
polymerization

Kinetic data were obtained for the RAFT aqueous dispersion
polymerization of HPMA at 56 °C by periodic sampling of the
reaction mixture followed by 1H NMR spectroscopy studies and
DMF GPC analysis. This scoping experiment was performed at
pH 3 by targeting a mean degree of polymerization (DP) of 140
for the PHPMA chains at 10% w/w solids. The conversion vs.
time curve and corresponding semi-logarithmic plot are

shown in Fig. S1.† Initially, a relatively slow RAFT solution
polymerization was observed, with only 43% conversion being
achieved after 1.5 h at 56 °C. Thereafter, a gradual increase in
turbidity indicated micellar nucleation; this coincides with a
dramatic increase in the rate of polymerization, with more than
99% conversion being obtained within 3 h. Similar observations
have been reported for conventional aqueous PISA
syntheses.70–72 Visual inspection of the final latex dispersion
indicated a milky-white, free-flowing fluid (see Fig. 1A).

Importantly, the evolution in Mn is linear with monomer
conversion and the relatively narrow molecular weight distri-
butions (Mw/Mn < 1.15) confirm that this polymerization pro-
ceeds with good RAFT control.73–77 Scanning electron

Scheme 1 Schematic cartoon of the RAFT aqueous dispersion
polymerization of HPMA using a cationic morpholine-functionalized
RAFT agent (MPETTC) and an azo initiator (AIBA) at pH 3 to yield a
charge-stabilized precursor PHPMA latex at 56 °C.

Fig. 1 (a) SEM image recorded for a dried PHPMA140 latex, indicating its
spherical morphology (digital photograph of a 10% w/w aqueous dis-
persion; see inset). (b) Intensity-average particle size distribution
obtained by dynamic light scattering analysis of a 0.1% w/w PHPMA140

latex at pH 3. (c) Variation in DLS diameter and zeta potential with pH for
this charge-stabilized PHPMA140 latex [a 0.1% w/w aqueous dispersion
in 1 mM KCl was initially prepared at pH 3 and the solution pH was
adjusted using KOH or HCl].
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microscopy (SEM) images revealed a polydisperse spherical
morphology with a number-average SEM diameter of 432 ±
78 nm (see Fig. 1a). This is consistent with dynamic light scat-
tering (DLS) studies, which indicate a z-average diameter of
512 ± 172 nm (see Fig. 1b). Such latex particles are much
larger than those usually obtained for conventional aqueous
PISA syntheses of sterically-stabilized diblock copolymer nano-
particles, for which mean diameters of less than 100 nm are
typically obtained when targeting spheres.56,60,78,79 In the
present study, the weakly hydrophobic nature of the PHPMA
chains results in their partial plasticization by water80–82 and
hence a somewhat larger than expected latex diameter. Indeed,
higher magnification SEM images suggest that some degree of
dehydration of the PHPMA latex particle occurs under the
ultrahigh vacuum conditions required for this technique (see
Fig. S2†). It is well-known that ionic RAFT end-groups can have
a dramatic effect on the electrophoretic footprint39,50,69,83,84

and colloidal stability85 of block copolymer nano-objects.
Accordingly, the pH-responsive behavior of this PHPMA140
latex was examined using DLS and aqueous electrophoresis
(see Fig. 1C). Zeta potentials of approximately +40 to +50 mV
were observed between pH 2.5 and pH 4.5 owing to protona-
tion of the morpholine-based RAFT groups located at the latex
surface. Above pH 4.5, these tertiary amine groups gradually
become deprotonated, leading to an isoelectric point at
around pH 7. Below pH 2.5, the excess acid acts as a salt and
screens the cationic surface charge, leading to lower zeta
potentials. DLS studies indicate a colloid stability window
from pH 1.8 to pH 5.6; the latex particles retain a sufficiently
high zeta potential over this pH range to remain stable with
respect to aggregation.

Next, the target PHPMA DP was systematically varied from
60 to 200 (see Table S1†). High HPMA conversions (>99%)
were achieved in all cases and relatively narrow, unimodal
molecular weight distributions (see Fig. 2a) were indicated by
DMF GPC analysis. Furthermore, the linear relationship
between Mn and the target PHPMA DP (combined with disper-
sities of less than 1.13) indicate that good RAFT control was
achieved for such surfactant-free aqueous PISA syntheses (see
Fig. 2b). Each of these eight latexes was diluted to 0.1% w/w
(using 1 mM KCl adjusted to pH 3) to afford dispersions for
DLS and aqueous electrophoresis studies (see Fig. 2C).
Unexpectedly, the latex with the lowest target DP (PHPMA60)
proved to be unstable with respect to dilution and became
solubilized, as judged by its relatively low scattered light inten-
sity. However, with the benefit of hindsight this is perhaps not
surprising: it is well known that similarly short PHPMA blocks
can become water-dispersible when conjugated to hydrophilic
blocks.81 In contrast, each of the other seven PHPMA latexes
proved to be stable to dilution. Zeta potentials of approxi-
mately +50 mV were determined for this latex series regardless
of the target PHPMA DP (see Fig. 2C). Similarly, there was sur-
prisingly little change in z-average diameter when varying the
PHPMA DP from 80 to 160. These observations suggest that at
least some (perhaps most) of the cationic morpholine RAFT
end-groups remain buried within the interior of the latex par-

ticles, rather than being exclusively located at their surface.
DLS studies also indicated that PHPMA latexes with DPs
greater than 160 were relatively polydisperse and contained
some macroscopic precipitate. This suggests that a DP of
160 may represent a realistic upper limit for such aqueous
PISA syntheses, at least under the stated conditions.
Nevertheless, in principle this should be sufficient to access
sphere and worm morphologies via subsequent chain exten-
sion experiments using appropriate water-soluble methacrylic
monomers.86,87 Many RAFT agents contain a carboxylic acid
group.88,89 In part, this is because such functionality usually
ensures that these compounds exist as solids at ambient temp-
erature, which reduces their malodor. In the context of the
present study, we wanted to examine whether carboxylic acid-
based RAFT agents might offer the opportunity to conduct the

Fig. 2 (a) Normalized DMF GPC curves (refractive index detector; cali-
brated against a series of poly(methyl methacrylate) standards) recorded
for eight PHPMA latexes prepared using MPETTC RAFT agent where the
PHPMA DP was systematically varied from 60 to 200. (b) Linear evol-
ution in number-average molecular weight (Mn) and dispersity (Mw/Mn)
with increasing target PHPMA DP for the same series of eight PHPMA
latexes (the dashed line indicates the theoretical Mn). (c) Variation in
z-average diameter and zeta potential with target PHPMA DP for the
same series of eight PHPMA latexes.
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surfactant-free RAFT aqueous dispersion polymerization of
HPMA at pH 7, i.e. under conditions where ionization should
confer negative surface charge via anionic carboxylate groups.
Accordingly, we attempted the synthesis of PHPMA90 latexes
using a carboxylic acid-functionalized trithiocarbonate-based
RAFT agent known as PETTC (see Scheme S1† and
Experimental section for further details).90,91 Indeed, these
syntheses yielded free-flowing, milky-white dispersions. 1H
NMR spectroscopy and DMF GPC analysis indicated high con-
version (>99%) with the HPMA polymerization proceeding
under RAFT control (Mn = 22 400, Mw/Mn = 1.12). Furthermore,
SEM and DLS studies indicated polydisperse, anionic spherical
latexes with a zeta potential of −52 ± 7 mV (see Fig. S3†).
Interestingly, such latexes were somewhat smaller (z-average
diameter = 213 ± 29 nm) than the corresponding cationic
latexes. We hypothesize that conducting these experiments at
higher temperatures (70 °C vs. 56 °C) resulted in somewhat
less hydrated PHPMA latexes and therefore smaller particles.
In the remainder of this manuscript, we focus mainly on chain
extension experiments conducted using cationic PHPMA
latexes prepared using MPETTC. We have chosen to include
the synthesis and characterization details for the anionic
PHPMA latexes prepared using PETTC because such precursor
particles exhibit complementary pH-sensitive behavior and
hence may be of interest for specific applications.

Synthesis of PHPMA-PGMA diblock copolymer nanoparticles

Next, chain extension of the cationic PHPMA140 precursor was
attempted in aqueous media using glycerol monomethacrylate
(GMA) targeting PHPMA140-PGMA56 diblock copolymer
nano-objects. In an initial scoping experiment, GMA monomer
was simply added to the as-synthesized aqueous PHPMA140
latex (prepared using MPETTC) and allowed to polymerize for
16 h at 56 °C without any additional AIBA initiator.
Unfortunately, DMF GPC analysis (using refractive index and
UV detectors in tandem) indicated that only uncontrolled free
radical solution polymerization of the GMA had occurred, with
the production of water-soluble PGMA homopolymer chains
rather than the desired diblock copolymer nano-objects (see
Fig. S4†). With the benefit of hindsight, this is because the
aqueous phase contained unreacted initiator and there is no
physical reason for the water-miscible GMA monomer to enter
the PHPMA latex particles (which contain the buried RAFT
chain-ends). In view of these negative results, the PHPMA latex
synthesis was repeated in the absence of any azo initiator
using a blue LED source (λmax = 395 nm, 0.37 mW cm−2).92–97

This photoinitiated RAFT protocol97–100 (see ESI; pages S15
and S16†) afforded colloidally stable PHPMA145 latex particles
at 10% solids (>99% conversion) and DMF GPC analysis indi-
cated good RAFT control (Mn = 26 900; Mw/Mn = 1.10).
However, subsequent photoinitiation of GMA in the presence
of this PHPMA latex again led to the formation of a substantial
fraction of polydisperse water-soluble PGMA chains that con-
tained no RAFT chain-ends (see Fig. S5†). Presumably, this is
because photoinitiation generates water-soluble radicals, which

then polymerize the GMA monomer in the aqueous continu-
ous phase via uncontrolled free radical polymerization, rather
than within the latex particles.

To circumvent this problem, we added sufficient methanol
(32% v/v) to the aqueous precursor latex to form soluble
PHPMA chains, which enables their efficient chain extension
to be achieved via RAFT solution polymerization of GMA in an
aqueous methanol milieu in the absence of any additional
AIBA initiator. In such syntheses, GMA conversions of 98–99%
were routinely obtained. Moreover, DMF GPC analysis indi-
cated efficient chain extension of the PHPMA140 precursor
with a Mn of 46 300 and Mw/Mn of 1.15 being obtained when
targeting PHPMA160-PGMA90 (see Fig. S6† and Fig. 3a); syn-
thetic details for related diblock copolymers are summarized
in Table S2.† The methanolic co-solvent was then removed
from the reaction mixture under reduced pressure and the
resulting aqueous solution was freeze-dried to obtain a copoly-
mer powder. Redispersion of this copolymer in ice-cold water
at 10% w/w and pH 7, followed by warming to 20 °C led to
in situ self-assembly of the amphiphilic PHPMA-PGMA diblock
copolymer chains to afford either spherical (see Fig. 3b and c)
or worm-like nanoparticles (see Fig. 3d), depending on the
precise diblock copolymer composition.82 Furthermore, the
resulting worm-like nanoparticles displayed thermoresponsive
behavior, as evidenced by temperature-dependent rheology
experiments (see Fig. 3e). At room temperature, the worm-like
nanoparticles form a percolating 3D network to produce a free-
standing gel.67 However, when cooled, these worm-like nano-
particles undergo a morphological transition to form non-
interacting spherical nanoparticles, thus producing a free-
flowing liquid. Similar thermoresponsive behavior for
PGMA-PHPMA nano-objects prepared by conventional PISA
has been widely reported.43,45,72,80,101 Although the above
RAFT solution polymerization protocol was undoubtedly suc-
cessful, we wished to examine whether wholly aqueous reverse
sequence PISA formulations were feasible.

Recently, we reported that poly(isopropylideneglycerol
monomethacrylate) (PIPGMA) particles prepared via RAFT
aqueous emulsion polymerization of IPGMA can be readily
converted into water-soluble PGMA chains via acid hydro-
lysis.102 Accordingly, water-miscible GMA was replaced with
water-immiscible IPGMA monomer (see Fig. 4a). Thus, a pre-
cursor cationic PHPMA140 latex (prepared at 10% w/w solids
using MPETTC) was chain-extended via seeded RAFT aqueous
emulsion polymerization of IPGMA using a one-pot protocol,
targeting a final diblock composition of PHPMA140-PIPGMA55

at 14% w/w solids. Unlike GMA, the water-immiscible IPGMA
monomer is preferentially located within the hydrophobic
PHPMA latex cores, where it can be polymerized with good
RAFT control to afford charge-stabilized PHPMA140-PIPGMA55

particles within 2 h. TEM and DLS confirmed the presence of
large, spherical latex particles with a modest increase in
z-average diameter compared to that of the precursor
PHPMA140 latex (see Fig. S7†). Subsequent acid hydrolysis of
the PIPGMA block using HCl (pH ∼ 1.2) at 70 °C afforded a
13.2% w/w aqueous dispersion. 1H NMR spectroscopy and
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TEM studies (see Fig. 4) indicate that the charge-stabilized
PHPMA140-PIPGMA55 latex is transformed into sterically-stabil-
ized PHPMA140-PGMA55 spherical nanoparticles. This is an
example of reverse sequence PISA because the hydrophobic
structure-directing block is synthesized first, rather than last.68

Chain extension of a PHPMA latex with DMAC to afford
PHPMA-PDMAC nano-objects

So far, we have demonstrated that PHPMA latexes can be
chain-extended using a wholly aqueous formulation when
employing a water-immiscible monomer (i.e. IPGMA). An
alternative strategy is molecular dissolution of the PHPMA latex
using a water-miscible co-solvent. In principle, this provides an
opportunity to prepare new PHPMA-based diblock copolymers,
where the water-soluble block is, for example, poly(N,N′-di-
methylacrylamide) (PDMAC). Notably, well-defined
PDMAC-PHPMA diblock copolymers cannot be prepared using
a conventional PISA formulation. This is because the hydro-
philic PDMAC precursor cannot be efficiently chain-extended
using a methacrylic monomer such as HPMA since fragmenta-
tion of the radical intermediate preferentially forms the
methacrylic tertiary radical rather than the acrylamide-based

secondary radical, thus resulting in a mixture of PDMAC and
PHPMA homopolymers.103–105 This is a well-known limitation
of RAFT chemistry: methacrylates must be polymerized before
acrylamides for efficient radical cross-over.106 Similar synthetic
problems have been recently reported by Tan and co-workers
when attempting to chain-extend a hydrophilic acrylic block
with HPMA.107

Accordingly, we added sufficient methanol co-solvent to dis-
solve an aqueous dispersion of cationic PHPMA140 latex par-
ticles to prepare a range of PHPMA-PDMAC diblock copoly-
mers in the resulting water/methanol binary mixture (see
Fig. S8† and Fig. 3a). Representative kinetic data for the RAFT
solution polymerization of DMAC using a PHPMA140 precursor
in a 68 : 32 v/v water/methanol mixture at 56 °C are shown in
Fig. S8.† When targeting a PDMAC DP of 160, more than 90%
DMAC conversion was achieved within 4 h with good RAFT
control, as demonstrated by the linear evolution of Mn with
monomer conversion and narrow dispersities. Informed by
such kinetic experiments, a precursor PHPMA140 latex (Mn =
29 300, Mw/Mn = 1.10) was molecularly dissolved via methanol
addition and the resulting PHPMA140 chains were then chain-
extended to prepare a PHPMA140-PDMAC160 diblock copolymer

Fig. 3 (a) Schematic representation of a reverse sequence PISA synthesis. A charge-stabilized cationic PHPMA latex precursor (prepared by surfac-
tant-free RAFT aqueous dispersion polymerization of HPMA using MPETTC) is first dissolved by adding sufficient methanol co-solvent. The soluble
PHPMA chains are then chain-extended via RAFT solution polymerization of either GMA or DMAC to produce PHPMA-PGMA or PHPMA-PDMAC
diblock copolymers in a water/methanol mixture. Methanol co-solvent is then removed under vacuum prior to freeze-drying from water.
Subsequent redispersion of the amphiphilic diblock copolymer chains in initially cold water at 10% w/w solids induces their self-assembly to yield
sterically-stabilized nanoparticles. (b) TEM image recorded after drying a 0.1% w/w aqueous dispersion of PHPMA160-PGMA90 nanoparticles. These
nanoparticles formed a free-flowing liquid at 10% w/w solids (see inset digital photograph). (c) DLS particle size distribution data obtained for a 0.1%
w/w aqueous dispersion of PHPMA160-PGMA90 nanoparticles at pH 7 and 20 °C. (d) TEM image recorded after drying a dilute aqueous dispersion of
PHPMA160-PGMA55 nanoparticles at 20 °C. The inset shows a digital photograph of the free-standing 10% w/w worm gel that is formed at 20 °C. (e)
Variation in storage (G’, filled circles) and loss (G’’ open circles) moduli with temperature for a 10% w/w aqueous dispersion of PHPMA160-PGMA55

nanoparticles at pH 7. The heating sweep (red data) was performed prior to the cooling sweep (blue data). A thermal equilibration time of 5 min was
allowed for each 1 °C increment and data were recorded at 1% applied strain and 1 rad s−1.
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(Mn = 39 800, Mw/Mn = 1.17). DMF GPC analysis indicated a
relatively high blocking efficiency for the PHPMA chains. The
methanol co-solvent was then removed under reduced
pressure, followed by freeze-drying to afford a PHPMA140-
PDMAC160 diblock copolymer powder. Subsequent redisper-
sion of these amphiphilic copolymer chains in initially ice-
cold water (to ensure molecular dissolution of the PHPMA
chains)82 at 10% w/w solids resulted in the formation of
spherical nanoparticles (z-average diameter = 41 ± 12 nm; see
Fig. 5), with the hydrophilic PDMAC block conferring steric
stabilization.82 Similarly, adjusting the diblock copolymer
composition to target PHPMA160-PDMAC40 (Mn = 34 500, Mw/
Mn = 1.13) resulted in the formation of a free-flowing liquid at
5 °C. At its native solution pH of 4.7, this 10% w/w copolymer
dispersion underwent a thermoreversible sol–gel transition on
heating to form a soft, free-standing gel at 20 °C with a bulk
modulus, G′, of 97 Pa (see Fig. S9†).80

Precursor latex based on an acrylamide-based monomer

We also wished to examine whether other water-miscible
monomers could be used to form charge-stabilized precursor
latexes. In principle, diacetone acrylamide (DAAM) should be a
suitable monomer.108–113 In order to prepare such PDAAM
latexes, an appropriate RAFT agent was selected and the solu-

tion pH was adjusted to ensure colloidal stabilization.
Accordingly, a PDAAM99 latex was prepared at 10% w/w solids
via RAFT aqueous dispersion polymerization of DAAM using a
carboxylic acid-functionalized PETTC RAFT agent at pH 7 to
confer anionic surface charge and hence charge stabilization.
More than 99% DAAM conversion was achieved and
GPC analysis indicated an Mn of 22 600 and an Mw/Mn of 1.18
(see Scheme S2†). DLS studies of this precursor PDAAM latex
gave a z-average diameter of 71 nm and a polydispersity index
of 0.12.

Chain extension was achieved via RAFT solution polymeriz-
ation of DMAC in a 61 : 39 w/w water/methanol mixture to
afford a well-defined PDAAM99-PDMAC40 diblock copolymer
(Mn = 25 400, Mw/Mn = 1.21; see Scheme S2†). This proof-of-
concept experiment confirms that this new reverse sequence
PISA route is applicable to acrylamide-based monomers as
well as methacrylic monomers, which significantly broadens
the scope of this strategy.

Synthesis of latex precursors via RAFT aqueous emulsion
polymerization

So far, we have focused on water-miscible monomers for the
synthesis of the charge-stabilized precursor latex. However,
RAFT PISA of water-immiscible monomers has been widely

Fig. 4 (A) Reaction scheme for the surfactant-free one-pot synthesis of sterically-stabilized PHPMA140-PGMA55 spherical nanoparticles. A charge-
stabilized cationic PHPMA140 precursor latex is chain-extended via RAFT emulsion polymerization of IPGMA to afford a charge-stabilized PHPMA140-
PIPGMA55 diblock copolymer latex. Subsequent acid hydrolysis at pH 1.2 affords sterically-stabilized PHPMA140-PGMA55 spheres. (B)

1H NMR spectra
recorded for PHPMA140-PIPGMA55 and PHPMA140-PGMA55 diblock copolymers in d7-DMF. Hydrolysis of PHPMA140-PIPGMA55 to form PHPMA140-
PGMA55 is confirmed by the disappearance of the six methyl protons (black arrows) at 1.36 ppm and 1.44 ppm associated with the acetone protect-
ing group. (C) DMF GPC curves recorded for the PHPMA140, PHPMA140-PIPGMA55 and PHPMA140-PGMA55. Molecular weight data are expressed rela-
tive to a series of near-monodisperse poly(methyl methacrylate) calibration standards. (D) TEM image obtained after drying a 0.1% w/w dispersion of
sterically-stabilized PHPMA140-PGMA55 nanoparticles at pH 1.2.
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reported in the PISA literature.57,58,114–126 Interestingly,
many RAFT aqueous emulsion polymerization formulations
only yield kinetically-trapped spheres.78,114,124,127–129

Recently, we reported the synthesis of sterically-stabilized
spheres, worms or vesicles via RAFT aqueous emulsion
polymerization of MOEMA by systematic variation of the target
DP of the PMOEMA block while employing a relatively short
steric stabilizer block. This was rationalized in terms of the

relatively high aqueous solubility of the MOEMA monomer
(19.6 g dm−3 at 70 °C) compared to many other water-immisci-
ble vinyl monomers. In view of this prior study, we selected
MOEMA for the reverse sequence aqueous PISA formulations
described herein.

More specifically, MOEMA was polymerized using MPETTC
at pH 3 to ensure protonation of this RAFT agent’s morpholine
group (Fig. 6a). Initial scoping experiments indicated that
stable PMOEMA latexes could be consistently obtained
between 5.0 and 7.5% w/w solids when conducting the RAFT
aqueous emulsion polymerization of MOEMA at 56 °C. Further
experiments confirmed that minimal latex coagulation was
observed for syntheses conducted at up to 10% w/w solids but
extensive coagulation was observed at either 15 or 20% w/w
solids (see Fig. S10†). Kinetic data were obtained for the RAFT
emulsion polymerization of MOEMA when targeting a
PMOEMA DP of 60 and 7.5% w/w solids at 56 °C. In this
experiment, aliquots were periodically extracted from the reac-
tion mixture and analysed by 1H NMR spectroscopy and GPC
(Fig. 7).

The MOEMA conversion remained relatively low for the first
100 min. This slow initial stage is most likely related to the
relatively low concentration of this monomer within the
aqueous phase, although induction periods for RAFT polymer-
izations appear to be a more general phenomenon.130

Nevertheless, micellar nucleation occurs at around 10% con-
version, which corresponds to an instantaneous PMOEMA DP
of just 6. Monomer then diffuses from the monomer droplet
reservoirs into these nascent particles, leading to a relatively
high local concentration and hence the observed rapid rate
acceleration (Fig. 7a). A final MOEMA conversion of more than
99% is achieved within the following 140 min, giving a total
reaction time of 4 h at 56 °C. The evolution in the molecular
weight distribution for this first-stage polymerization was
assessed by GPC. The number-average molecular weight (Mn)
increased linearly with monomer conversion, indicating that
this MOEMA polymerization proceeds with good RAFT control
(Fig. 7b). Moreover, dispersities remained low (Mw/Mn < 1.20)
throughout the polymerization.

Fig. 5 (A) Chemical structure of the PHPMA140-PDMAC160 diblock
copolymer. (B) DMF GPC curves recorded for the PHPMA140 precursor
and the final PHPMA140-PDMAC160 diblock copolymer. Molecular
weight data are expressed relative to a series of near-monodisperse poly
(methyl methacrylate) calibration standards. (C) TEM images recorded
after drying a 0.1% w/w dispersion of PHPMA140-PDMAC160 nano-
particles, indicating a pseudo-spherical morphology. Intensity-average
particle size distribution obtained by dynamic light scattering studies of
a 0.1% w/w dispersion of cationic PHPMA140 latex particles at pH 3.

Fig. 6 Schematic representation of a reverse sequence aqueous PISA formulation based on the RAFT aqueous emulsion polymerization of 2-meth-
oxyethyl methacrylate (MOEMA). (a) Formation of the cationic PMOEMA latex precursor. (b) Chain extension of the PMOEMA chains with isopropyl-
ideneglycerol monomethacrylate (IPGMA) to form a PIPGMA-PMOEMA core–shell latex. (c) Deprotection of the hydrophobic PIPGMA block via acid
hydrolysis to produce hydrophilic PGMA chains and hence amphiphilic PMOEMA-PGMA diblock copolymer nanoparticles.
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A series of PMOEMAx latexes were prepared targeting
various DPs (x = 20, 30, 40, 50, 60 or 70) to examine the effect
of this parameter on the final particle size. 1H NMR studies
indicated that more than 99% MOEMA conversion could be
obtained in each case.

As expected, GPC analysis confirmed the expected progress-
ive increase in PMOEMA Mn when targeting higher x values,
with minimal increase in the final Mw/Mn (Fig. 8a). Each
PMOEMA latex was then diluted to 0.1% w/w and analyzed by
DLS to determine its z-average diameter. A monotonic increase
in particle size was observed with increasing DP, with a
z-average diameter of more than 200 nm being obtained when
targeting PMOEMA70 (Fig. 8b).

The initial PMOEMA seed latex was then chain-extended
with IPGMA to produce a diblock copolymer latex. Empirically,
we found that a one-pot synthesis protocol prevented multi-
modal molecular weight distributions. Thus, IPGMA is added
to the reaction mixture just as the initial MOEMA polymeriz-

ation approaches full conversion (with no further AIBA
initiator being required). The water-immiscible IPGMA
monomer diffuses through the aqueous phase and the second-
stage polymerization takes place within the IPGMA-swollen
PMOEMA latex particles. IPGMA has a significantly lower
aqueous solubility than MOEMA,102 so PIPGMA is expected to
be more hydrophobic than PMOEMA. Hence the PIPGMA
block should form the latex core while the PMOEMA block
forms the shell, as depicted schematically in Fig. 6.

Kinetic data were also obtained for the IPGMA polymeriz-
ation. In this case, no induction period was observed and
approximately 87% conversion can be achieved within
210 min at 56 °C (see Fig. 7a). GPC analysis confirmed that the
Mn for the diblock copolymer chains increased linearly with
IPGMA conversion and Mw/Mn values remained below 1.20.
Moreover, a relatively high blocking efficiency was observed for
the PMOEMA precursor chains. Thus, good RAFT control is
also achieved for the second-stage IPGMA polymerization.

The pH-responsive behavior of the PMOEMA-PIPGMA
latex particles was assessed by DLS and aqueous electrophor-
esis (Fig. S11†). Zeta potentials ranging from +10 to +15 mV
were observed between pH 2 and pH 5 because the morpho-
line-based RAFT end-groups are protonated under such con-
ditions and thus confer cationic surface charge. Above pH 5,

Fig. 7 Kinetic data obtained for the RAFT aqueous emulsion polymeriz-
ation of MOEMA using a cationic MPETTC RAFT agent at 56 °C and the
subsequent extension of the PMOEMA chains with IPGMA: (a) monomer
conversion vs. time curves; (b) evolution in number-average molecular
weight (Mn) and dispersity (Mw/Mn) with monomer conversion.
Polymerization conditions: [MOEMA]/[MPETTC] molar ratio = 60,
[IPGMA]/[PMOEMA60] = 27, [MPETTC]/[AIBA] molar ratio = 5.0, targeting
7.5% w/w solids at pH 3. (c) DMF GPC curves recorded for PMOEMA60

and PMOEMA60-PIPGMA27. Molecular weight data are expressed relative
to a series of near-monodisperse poly(methyl methacrylate) calibration
standards.

Fig. 8 (a) Normalized DMF GPC curves (refractive index detector; cali-
brated using a series of poly(methyl methacrylate) standards) recorded
for six cationic PMOEMA latexes where the PMOEMA DP was systemati-
cally varied from 20 to 70. (b) Variation in z-average diameter and DLS
polydispersity (PDI) vs. PMOEMA Mn for the same series of six PMOEMA
latexes.
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these tertiary amine groups gradually became deprotonated,
leading to an isoelectric point at around pH 7. DLS studies
confirmed that the latex particles retained their colloidal stabi-
lity between pH 2.0 and pH 5.8. However, the near-neutral
latex particles began to flocculate above the latter pH, with
macroscopic precipitation being observed at pH 6.5.

Deprotection of PMOEMA-PIPGMA latex to form
PMOEMA-PGMA nanoparticles

As reported by Jesson et al., PIPGMA can be readily converted
into PGMA via acid hydrolysis.102 Because PGMA is hydro-
philic, acid hydrolysis of the hydrophobic PIPGMA block
should lead to the in situ formation of an amphiphilic
PMOEMA-PGMA diblock copolymer. Accordingly, acid hydro-
lysis of the PIPGMA block was performed at pH 1: 1H NMR
spectroscopy studies confirmed that essentially all of the
IPGMA repeat units were converted into GMA repeat units
within 3 h at 70 °C (Fig. S12†). This drives a dramatic change
in copolymer morphology: the double-hydrophobic
PMOEMA-PIPGMA chains within the relatively large charge-
stabilized latex particles rearrange to form much smaller steri-
cally-stabilized diblock copolymer nanoparticles with PGMA
now acting as the steric stabilizer. Indeed, the initial milky-
white dispersion becomes a relatively transparent dispersion (see
inset digital photographs in Fig. 9). Moreover, DLS studies indi-
cated that the z-average diameter is significantly reduced from
145 nm for the PMOEMA40-PIPGMA27 precursor latex to just
23 nm for the final PMOEMA40-PGMA27 nanoparticles (Fig. 9a).
TEM images recorded before and after hydrolysis followed by
dialysis (Fig. 9b & c) confirmed that the precursor latex particles
are converted into much finer spherical nanoparticles after
hydrolysis. Furthermore, there is minimal difference between the
GPC traces recorded for the initial PMOEMA40-PIPGMA27
PMOEMA40-PGMA27 and final PMOEMA40-PGMA27 diblock copo-
lymer chains (Fig. S13†). The resulting aqueous dispersion of
PMOEMA-PGMA nanoparticles was subsequently dialyzed
against deionized water overnight to remove small molecule
impurities (excess acid, traces of acetone, spent initiator etc.).

After dialysis, the final pH of the aqueous dispersion was essen-
tially that of deionized water (pH ∼ 6). In summary, a rather
efficient reverse sequence PISA formulation has been developed
based on RAFT aqueous emulsion polymerization.

DLS and aqueous electrophoresis were used to assess the
pH-responsive behavior of the nanoparticles obtained after de-
protection of the PIPGMA block (Fig. S11c†). At pH 2, the steri-
cally-stabilized PMOEMA40-PGMA27 nanoparticles exhibited a
zeta potential of +10 mV owing to the protonated morpholine-
based RAFT end-groups. An isoelectric point was observed at
pH 5 and the zeta potential became −10 mV at pH 8.

This weakly anionic character is attributed to the presence
of a small number of methacrylic acid (MAA) repeat units
within the PGMA stabilizer block owing to partial hydrolysis of
methacrylic ester bonds. Thus, acetone deprotection of the
IPGMA residues via acid hydrolysis is not perfectly selective.
Further investigations indicated that approximately one MAA
unit was produced per diblock copolymer chain. It was hypoth-
esized that performing the hydrolysis at pH 2 might prevent
ester hydrolysis. Unfortunately, these milder conditions
required much longer reaction times to achieve complete de-
protection but did not prevent this unwanted side-reaction.
Unlike the precursor PMOEMA40-PIPGMA27 latex particles, the
PMOEMA40-PGMA27 nanoparticles remained colloidally stable
across the entire pH range studied owing to the steric stabiliz-
ation conferred by the hydrophilic PGMA block.

Effect of added salt on the copolymer morphology

Varying amounts of NaCl were added to a 7.3% w/w aqueous dis-
persion of PMOEMA40-PGMA27 spherical nanoparticles to produce
salt concentrations of 50, 100 or 150 mM, respectively. In the pres-
ence of 50 mM NaCl, the dispersion became significantly more
turbid and viscous but remained a free-flowing fluid. In contrast, a
free-standing gel was obtained in the presence of either 100 or
150 mM NaCl (Fig. 10). According to the PISA literature, this
suggests a salt-induced sphere-to-wormmorphology transition.131

TEM studies confirmed that a sphere-to-worm transition
occurred in the presence of sufficient NaCl (Fig. 10). The

Fig. 9 (a) Normalized DLS intensity-average particle size distributions recorded at 20 °C for 0.1% w/w aqueous dispersions of (i) charge-stabilized
PMOEMA40-PIPGMA27 latex particles and (ii) sterically-stabilized PMOEMA40-PGMA27 nanoparticles. (b) TEM image recorded after drying the
PMOEMA40-PIPGMA27 latex, which formed a free-flowing turbid dispersion at 8.2% w/w solids (see inset digital photograph). (c) TEM image recorded
after drying an aqueous dispersion of PMOEMA40-PGMA27 nanoparticles (after dialysis against deionized water). These nanoparticles afford a rela-
tively transparent free-flowing dispersion at 7.3% w/w solids (see inset digital photograph).
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added salt screens the anionic charge arising from the MAA
repeat unit(s) within the otherwise neutral PGMA chains,
which enables the amphiphilic PMOEMA40-PGMA27 chains to
self-assemble to form worms. In contrast, mutual repulsion
between the weakly anionic spheres formed in the absence of
any added salt prevents their stochastic 1D fusion to form
worms.39 It is well-known that highly anisotropic worms can
form a 3D percolating network via multiple inter-worm con-
tacts, which enables the formation of a free-standing gel at
relatively low copolymer concentration.67 Moreover, shear-
induced polarized light imaging (SIPLI) studies133 of the free-
standing gel recorded at 20 °C under constant shear produced
a distinctive Maltese cross motif (see inset within TEM image
shown in Fig. 10), which is characteristic of the shear-induced
alignment of anisotropic worms.45

Conclusions

We report new surfactant-free aqueous PISA formulations that
enable the structure-directing hydrophobic block to be syn-
thesized first when targeting amphiphilic diblock copolymers.
This counter-intuitive reverse sequence approach requires an
ionic RAFT agent to confer charge stabilization on the precur-
sor latex, which can be prepared via RAFT aqueous dispersion
polymerization of 2-hydroxypropyl methacrylate (HPMA).
Unfortunately, attempted chain extension of this PHPMA latex
precursor using water-miscible monomers only led to their
uncontrolled free radical polymerization in the aqueous phase.
However, chain extension utilizing a water-immiscible
monomer, isopropylideneglycerol monomethacrylate (IPGMA),
afforded a charge-stabilized PHPMA-PIPGMA diblock copoly-
mer latex; this is because the water-immiscible IPGMA
monomer preferentially partitions into the latex core.
Subsequent acid hydrolysis afforded the desired sterically-
stabilized PHPMA-PGMA nano-objects. Alternatively, addition

of methanol to solubilize the precursor PHPMA latex enables
efficient chain extension via RAFT solution polymerization in
water/methanol binary mixtures. This protocol enables the for-
mation of both PHPMA-PGMA diblock copolymer nano-
particles and also new copolymer examples that cannot be
accessed via conventional aqueous PISA. Moreover, this counter-
intuitive reverse sequence PISA approach is also applicable to
acrylamide-based monomers. Finally, charge-stabilized poly(2-
methoxyethyl methacrylate) (PMOEMA) latexes were prepared
via RAFT aqueous emulsion polymerization. Subsequent chain
extension using IPGMA leads to a charge-stabilized
PMOEMA-PIPGMA diblock copolymer latex of approximately
150 nm diameter. Finally, acid-catalyzed removal of the acetone
protecting groups from the PIPGMA block affords amphiphilic
PMOEMA-PGMA diblock copolymer chains that undergo in situ
self-assembly to form sterically-stabilized diblock copolymer
nanoparticles. Given the excellent control over molecular weight
distribution, relatively high atom economy and minimal levels
of residual monomer, we envisage that such new reverse
sequence PISA routes are likely to become a useful addition to
the synthetic polymer chemist’s toolbox for the rational syn-
thesis of functional block copolymer nanoparticles.
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Fig. 10 Digital photograph (left) illustrating the effect of addition of 50–150 mM NaCl to an aqueous dispersion of PMOEMA40-PGMA27 nano-
particles at pH 6 to produce a soft free-standing gel at 20 °C. The corresponding TEM image (right) confirms the anisotropic worm-like particles that
are formed in the presence of 150 mM NaCl. The inset image shows a shear-induced polarized light image of the corresponding 7.3% w/w worm
dispersion recorded at a maximum shear rate of 1.0 s−1. The Maltese cross motif indicates birefringence arising from the in situ worm alignment that
occurs under such conditions.132
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