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Abstract. Polymerization-induced self-assembly (PISA) is a powerful and versatile technique for the
synthesis of a wide range of sterically-stabilized diblock copolymer nano-objects. Recently, we have
used PISA to prepare epoxy-functional diblock copolymer worms and spheres directly in agqueous
solution by incorporating glycidyl methacrylate into the core-forming hydrophobic block. Herein we
examine the synthesis of diblock copolymer spheres via RAFT aqueous emulsion polymerization of
benzyl methacrylate in which the epoxy groups are exclusively located within a non-ionic poly(glycerol
monomethacrylate)-based stabilizer block. Two synthetic strategies have been explored: (i) using an
epoxy-functional RAFT CTA to place an epoxy group at the terminus of every stabilizer block and (ii)
incorporation of approximately one glycidyl methacrylate per stabilizer chain via copolymerization of
glycidyl methacrylate with glycerol monomethacrylate (GMA). The epoxy groups conferred by the
glycidyl methacrylate comonomer proved to be significantly more resistant to hydrolysis than those
introduced using the epoxy-functional RAFT CTA. The former epoxy-functional nanoparticles were
subsequently reacted with various water-soluble thiols to modify their electrophoretic behavior. Such
nanoparticles are expected to offer potential applications in the context of mucoadhesion.

Introduction

Over the past twenty-five years, living radical polymerization techniques have revolutionized the
synthetic polymer chemist’s ability to design a wide range of well-defined functional block
copolymers.’* Such radical-based chemistries are highly attractive because they are exceptionally
tolerant of monomer functionality and can be performed in many solvents, including protic solvents
such as water.> % In particular, reversible addition-fragmentation chain transfer (RAFT) polymerization
is becoming increasingly widely used by many research groups.!2® This technique is based on the
principle of rapid reversible chain transfer, which is conferred by the use of organosulfur compounds
such as trithiocarbonates, dithiobenzoates or xanthates.?*28 Such chain transfer agents (CTAs) enable
useful functionality such as carboxylic acid,® 2°32 hydroxyl,?? tertiary amines,** 3* quaternary amines,®
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alkyne, sulfonates,® azide, and epoxy groups**2 to be readily introduced at the polymer chain-
ends.?>* RAFT polymerization has been conducted under various conditions, including bulk, solution,
emulsion, dispersion, suspension and miniemulsion polymerization.'* 2> 447 Of particular relevance
to the present work, RAFT polymerization has been exploited for the synthesis of well-defined

amphiphilic diblock copolymers,14 23,4850

Over the past decade or so, polymerization-induced self-assembly (PISA) has become widely
recognized as a powerful platform technology for the rational design of block copolymer nanoparticles
of various morphologies, including spheres, worms, vesicles, framboidal vesicles and lamellae.** 564
In the specific context of RAFT aqueous emulsion polymerization, PISA typically involves chain
extension of a water-soluble polymer precursor using a water-immiscible monomer such as styrene,
3 benzyl methacrylate,” 7> 2,2,2-trifluoroethyl methacrylate’®, methyl methacrylate’ 77 or n-butyl
acrylate.””®1 At a certain critical degree of polymerization (DP) the growing hydrophobic block
becomes insoluble in the aqueous phase, which drives in situ self-assembly to form sterically-stabilized

diblock copolymer nano-objects.

It is well-known that the highly-strained, electrophilic nature of the oxirane ring facilitates its
orthogonal transformation into many useful functional groups.®? In the context of synthetic polymer
chemistry, glycidyl methacrylate (GlyMA) is widely regarded as a highly versatile monomer: its
pendent epoxy group can be readily reacted with thiols, amines, carboxylic acids, azides and water.®*
87 Recently, we reported the RAFT aqueous emulsion polymerization of glycidyl methacrylate to
produce spherical diblock copolymer nanoparticles containing epoxy groups in the core-forming
block.2® In contrast, we examine herein the synthesis of spherical diblock copolymer nanoparticles in
which the epoxy groups are exclusively located within the stabilizer chains. In this context, Ratcliffe et
al.® reported the reaction of epoxy groups located within the stabilizer chains of block copolymer
worms using epoxy-amine chemistry. In contrast, we explore the derivatization of epoxy groups using
epoxy-thiol chemistry. Two synthetic strategies have been explored: (i) using an epoxy-functional
RAFT CTA to place an epoxy group at the terminus of every stabilizer block and (ii) incorporation of
approximately one glycidyl methacrylate per stabilizer chain via copolymerization of glycidyl
methacrylate with glycerol monomethacrylate (GMA). In both cases, the precursor epoxy-functional
nanoparticles are reacted with various thiols to modify their electrophoretic behaviour.

Results and Discussion

Recently we reported the PISA synthesis of several examples of epoxy-functional diblock copolymer
nano-objects in aqueous solution.®>®8 In each case, GlyMA was utilized as a convenient comonomer
to introduce the epoxy groups. When placed in the core-forming block, the epoxy groups can be used
to crosslink the nanoparticle cores using either epoxy-amine or epoxy-thiol chemistry.8¢% When
placed in the steric stabilizer block, post-polymerization modification of the epoxy groups either
enables crosslinks to be introduced between nanoparticles or provides a convenient route to modify
their surface chemistry.®

In principle, using an epoxy-functional RAFT CTA provides significantly better control over the spatial
location of the epoxy groups, since they are placed exclusively at the terminus of the stabilizer chains,
rather than being distributed statistically within the steric stabilizer chains. This inspired us to
synthesize the epoxy-functional RAFT CTA shown in Scheme 1 via Steglich esterification of a carboxylic
acid-functionalized trithiocarbonate-based RAFT agent (PETTC).
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Scheme 1. Synthesis of an epoxy-functional RAFT CTA (E-PETTC) via Steglich esterification.

The desired E-PETTC RAFT CTA was isolated in good yield (62%), characterized by 'H NMR spectroscopy
(see Figure S1) and subsequently used for the synthesis of (i) a well-defined epoxy-functional
poly(glycerol monomethacrylate) [E-PGMA4] macro-CTA and (ii) epoxy-functional poly(glycerol
monomethacrylate)-poly(benzyl monomethacrylate) [E-PGMA44-PBzMA>s0] nanoparticles via RAFT
aqueous emulsion polymerization of BzMA (see Scheme 2). *H NMR studies suggest that most of the
epoxy groups survive the polymerization conditions employed for the synthesis of the macro-CTA
(>95%) and the diblock copolymer (>90%) respectively, which is consistent with observations reported
by Chambon et al.®’ for related aqueous PISA formulations.
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Scheme 2. Synthesis of (i) an epoxy-functional poly(glycerol monomethacrylate) macro-CTA [E-
PGMAu44] via RAFT aqueous solution polymerization of glycerol monomethacrylate using E-PETTC and
(ii) epoxy-functional poly(glycerol monomethacrylate)-poly(benzyl methacrylate) [E-PGMA44-
PBzMA;s0] nanoparticles via RAFT aqueous emulsion polymerization of benzyl methacrylate at 70 °C.

However, DMF GPC analysis of the final E-PGMA.4-PBzMA;s0 nanoparticles indicated a relatively broad
molecular weight distribution (My/M, = 1.53), see Figure 1a. Significantly narrower molecular weight
distributions (My/M, < 1.30) were reported by Cunningham and co-workers for conventional PGMAGs;-
PBzMA nanoparticles under the same conditions,”* which suggests that some of the terminal epoxy
groups reacted with the hydroxyl groups on the poly(glycerol monomethacrylate) stabilizer block
during the RAFT aqueous emulsion polymerization of benzyl methacrylate. Indeed, we recently
observed similar problems during the RAFT aqueous emulsion polymerization of glycidyl methacrylate
at70°C.®8
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Figure 1. DMF GPC curves recorded for: (a) the E-PGMA44 macro-CTA precursor and the corresponding
E-PGMA44-PBzMA 50 diblock copolymer prepared via RAFT aqueous emulsion polymerization of BzZMA
at 70 °C; (b) the P(GMA47-co-GlyMA;) macro-CTA precursor and the corresponding P(GMA47-co-
GlyMA;)-PBzMA;so diblock copolymer prepared via RAFT aqueous emulsion polymerization of BzMA
at 70 °C.

Moreover, further investigations confirmed that the E-PGMA4, macro-CTA is relatively unstable in
aqueous solution at pH 8.5, which corresponds to the solution pH employed for the subsequent
functionalization reactions described below. More specifically, *H NMR studies indicated that the
terminal epoxy group on this precursor was rather prone to ring-opening hydrolysis by water to form
the equivalent diol. Furthermore, some elimination also occurred under such conditions, generating
glycidol as a small-molecule by-product (see Figure 2a). The relative intensities of the respective H
NMR signals suggests that the majority of the epoxy end-groups are hydrolyzed, rather than
eliminated. These side-reactions limit the extent of derivatization that can be achieved using epoxy-
thiol chemistry (see below).

In view of this unexpected problem, we decided to revisit the glycidyl methacrylate comonomer route
but to prepare the epoxy-functional macro-CTA precursor via a two-step synthesis route similar to
that recently reported by Yao and co-workers.®® Thus, GlyMA was initially statistically copolymerized
with GMA to afford an oligomer with a mean DP of 4. This precursor was then chain-extended with
GMA to produce the desired P(GMA47-co-GlyMA;) macro-CTA (see Supporting Information for further
details). This afforded a precursor with a relatively narrow molecular weight distribution (see Figure
1b) and a corresponding low-dispersity P(GMA47-co-GlyMA;)-PBzMA;so diblock copolymer (My/M, ~
1.27). The latter result provides further indirect evidence for a branching side-reaction associated with
the terminal epoxy groups during the RAFT aqueous emulsion polymerization of BzMA at 70 °C
(compare Figures 1a and 1b).



Moreover, this alternative synthetic route also ensured that the epoxy groups were located near the
periphery of the sterically-stabilized nanoparticles when this water-soluble macro-CTA was
subsequently used for the RAFT aqueous emulsion polymerization of BzZMA (see Scheme 3).
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Scheme 3. (i) Synthesis of an epoxy-functional P(GMA.7-co-GlyMA;:) macro-CTA via RAFT aqueous
solution copolymerization of glycerol monomethacrylate with glycidyl methacrylate. (ii) Synthesis of
epoxy-functional P(GMA47-co-GlyMA;)-PBzMA;so nanoparticles via RAFT aqueous emulsion
polymerization of benzyl methacrylate using this P(GMA47-co-GlyMA;) macro-CTA at 70 °C.

Encouragingly, *H NMR studies indicated that the pendent epoxy group in this P(GMA47-co-GlyMA;)
macro-CTA was much more stable towards hydrolysis than that in the E-PGMA44 macro-CTA during
long-term storage in aqueous solution at pH 8.5 (see Figure 2b). Presumably, this reflects the greater
steric congestion for the methacrylic ester group in the GlyMA repeat unit compared to the relatively
exposed ester end-groups produced when using the epoxy-functional RAFT CTA.
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Figure 2. (a) Partial 'H NMR spectra (CDsOD) recorded for the E-PGMA44 macro-CTA, before (upper
spectrum) and after (middle spectrum) ageing as an aqueous solution for 16 h at pH 8.5. A 'H NMR
spectrum recorded for glycidol in CD3;0D is also included as a reference (lower spectrum). Clearly, the
epoxy ring does not survive such storage conditions and peak integration suggests that both hydrolysis
and elimination side-reactions occur. (b) Partial *H NMR spectra (CDsOD) recorded for the P(GMAg7-
co-GlyMA;) macro-CTA before (upper spectrum) and after (lower spectrum) ageing as an aqueous
solution for 16 h at pH 8.5. In this case, the epoxy groups are clearly much more resistant to hydrolysis
and elimination side-reactions.



We recently reported that epoxy-thiol chemistry can be used to crosslink the cores of epoxy-functional
diblock copolymer worms in aqueous solution at 20 °C.%! Thus we explored whether this chemistry
could be utilized for the surface modification of the epoxy-decorated nanoparticles described above.
These reactions were conducted at pH 8.5, hence the thiol is in its more reactive thiolate form (pK, ~
8.2) and the amine group on cysteamine (pK. ~ 10.7) remains protonated to prevent epoxy-amine
side-reactions. Furthermore, a twenty-fold excess of thiol groups relative to epoxy groups was utilized
to minimize the possibility of side reactions between the amine (or carboxylic acid) group and the
epoxy ring. Moreover, Ratcliffe and co-workers demonstrated that reacting a twenty-fold excess of a
diamine reagent relative to pendent epoxy groups was sufficient to ensure monofunctionalization (i.e.
only one primary amine reacted to form a secondary amine).® Indeed, *H NMR studies of the P(GMA,7-
co-GlyMA;) macro-CTA confirm the success of such epoxy-thiol reactions when using either
cysteamine or 3-mercaptopropanoic acid (see Figure S2).

Scanning electron microscopy (SEM) studies confirmed a well-defined spherical morphology for the E-
PGMA44-PBzMA ;50 nanoparticles and epoxy-functional P(GMA47-co-GlyMA;)-PBzMA;so nanoparticles
(see Figure 3). Dynamic light scattering (DLS) analysis indicated relatively narrow size distributions in
each case: the former nanoparticles had a pH-independent DLS diameter of around 83 nm (PDI = 0.06),
while the latter nanoparticles had a pH-independent mean hydrodynamic diameter of around 75 nm
n (PDI < 0.10).
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Figure 3. Representative SEM images obtained for (a) the E-PGMA44-PBzMA;s0 nanoparticles and (b)
the epoxy-functional P(GMA4;-co-GlyMA;)-PBzMA2so nanoparticles, confirming their well-defined
spherical morphology in each case.

As expected, aqueous electrophoresis studies indicated only very weak anionic character for these
precursor spherical nanoparticles, with zeta potential of -2 to -5 mV being obtained over a wide pH
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range (see Figure 4). For comparison, the corresponding E-PGMA.4-PBzMA;so nanoparticles exhibited
slightly higher negative zeta potentials (-10 mV) at alkaline pH (see Figure S3).

Moreover, 'H NMR studies indicated that the P(GMA47-co-GlyMA;)-PBzMA;so nanoparticles retained
their epoxy functionality after the RAFT aqueous emulsion polymerization of BzMA (see Figure S4).
Reaction of a twenty-fold excess of either 3-mercaptopropanoic acid or cysteamine with these epoxy
groups (see Scheme 4) led to a significant change in the electrophoretic behavior of the nanoparticles

(see Figure 4).

RSH/epoxy = 20
_
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R = CH,CH,COOH

Scheme 4. Schematic derivatization of epoxy-functional P(GMA47-co-GlyMA;)-PBzMA;so
nanoparticles at 20 °C via their reaction with water-soluble functional thiols (either cysteamine or 3-
mercaptopropanoic acid in its sodium salt form) at pH 8. Subsequent aqueous electrophoresis
studies indicate that this epoxy-thiol chemistry was successful (see Figure 4).
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Figure 4. (a) Aqueous electrophoresis data obtained for the P(GMA47-co-GlyMA;)-PBzMA;so spherical
nanoparticles before and after reaction with either cysteamine or 3-mercaptopropanoic acid (MPA).
(b) Schematic cartoon illustrating the surface charge of the derivatized nanoparticles at high and low
pH. Clearly, epoxy-thiol derivatization has been successful in both cases: the primary amine groups
confer cationic character at low pH, while the carboxylic acid groups confer anionic character at high
pH.

Incorporating the former reagent within the steric stabilizer chains confers significant anionic
character above pH 6, as well as the pH-sensitivity anticipated for isolated pendent carboxylic acid
groups at lower pH. In contrast, the latter reagent produces nanoparticles with appreciable cationic
character: zeta potentials are approximately +20 mV between pH 3 and pH 7 and there is an isoelectric
point at around pH 9.5. Thus these epoxy-thiol reactions clearly produce nanoparticles decorated with
either amine (cysteamine) or carboxylic acid (3-mercaptopropanoic acid) groups. For comparison, the



corresponding aqueous electrophoresis data obtained when reacting the epoxy groups of the E-
PGMA4-PBzMA;s0 nanoparticles with either cysteamine or 3-mercaptopropanoic acid are shown in
Figure S3. Using the former reagent, only weakly cationic character (zeta potential ~ +13 mV) is
observed at low pH. With the latter reagent, appreciable anionic character is observed at high pH (zeta
potential ~ -28 mV). However, in this case it is noteworthy that premature elimination of the terminal
epoxy group via ester hydrolysis would also confer a carboxylic acid end-group, in addition to that
formed via reaction of the 3-mercaptopropanoic acid. Finally, DMF GPC analysis of the P(GMA47-co-
GlyMA;)-PBzMA;so diblock copolymer chains confirmed that the narrow molecular weight distribution
exhibited by the precursor was retained in the final cysteamine- or 3-mercaptopropanoic acid-
derivatized copolymer (see Figure S5).

We plan to evaluate the mucoadhesion properties of these new functional sterically-stabilized
nanoparticles in due course. For such applications, the chemical functionalities most often exploited
are amines, thiols and hydroxyl groups.®*®* The latter are conferred by the GMA residues on the
stabilizer chains, while the former can be readily introduced via reaction with cysteamine, as
demonstrated in the present study. In principle, thiol functionality can be introduced by reacting the
pendent epoxy groups using an excess of a suitable water-soluble dithiol such as 2,2'-
(ethylenedioxy)diethanethiol. It is perhaps also noteworthy that the epoxy functionality alone may
well enable efficient chemical grafting of these nanoparticles to biological tissues, hence promoting
strong, irreversible (muco)adhesion via epoxy-amine chemistry.

Conclusions

In principle, the epoxy-functional RAFT CTA described herein enables the precise placement of epoxy
groups at the periphery of sterically-stabilized nanoparticles prepared via PISA. In practice, the
synthetic utility of this CTA appears to be rather limited in aqueous media because its ester linkage is
susceptible to hydrolysis. As an alternative, similar epoxy-functional nanoparticles can be readily
prepared via PISA by using glycidyl methacrylate as a comonomer when synthesizing the water-soluble
steric stabilizer block. Although the spatial location of such epoxy groups is less precise, they are much
more stable with respect to in situ hydrolysis. These epoxy groups can be reacted with water-soluble
thiols to introduce either amine or carboxylic acid functionality, which is shown to dictate the
electrophoretic mobility of the nanoparticles. Such model nanoparticles are expected to offer
potential applications in the context of mucoadhesion.
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