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A convenient methodology involving cascade aminolysis/
Michael addition and alkyne-azide click reaction was developed
for polymers and polymeric core-shell nanoparticles, synthe-
sized via RAFT-mediated homogeneous and heterogeneous poly-
merisation processes, respectively, to provide well-defined
heterofunctional polymeric materials.

Reversible addition—fragmentation chain transfer (RAFT)
polymerisation, amenable to a wide range of monomers and
easily performed under various conditions, has proven to be a
highly versatile technique for the preparation of well-defined
polymers.! It also provides easy access to virtually unlimited
types of telechelic polymers due to the high degree of end
functionalisation of the RAFT process.? Telechelic polymers
can be obtained by using pre-functionalised chain transfer
agents or through post modification processes of the obtained
RAFT polymers.> In the latter case, simple and efficient
chemical approaches are highly desirable to provide polymers
with a high degree of functionality, eliminating unnecessary
laborious purification procedures.

While well-defined functional polymers, enabled by various
living polymerisation processes,” have attracted attention in a
number of important technological fields,* nearly mono-
disperse multivalent polymeric nanoparticles are particularly
interesting in nanobiotechnologies ranging from bioimaging to
targeted cancer therapy.’ In this regard, great effort has been
directed towards the development of novel strategies for the
production of narrowly disperse nanoparticles with distinct
functionalities that can be subsequently employed to interact
with biological entities.®

Among various chemical approaches for the modification of
polymers, the highly modular alkyne—azide click reaction is
perhaps the most frequently employed process to efficiently
functionalise a variety of polymers,” which otherwise is un-
fortunately difficult to realise. For the RAFT polymers in
particular, the dithioester or trithiocarbonate group at the
polymer end can be readily modified through aminolysis® and
the generated thiol can be used for further modification by
Michael addition process.’
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We report the development of a novel methodology for
the preparation of heterofunctional polymers via cascade
aminolysis/Michael addition and alkyne-azide click reaction
for RAFT polymers. Further, we apply this methodology to
nearly monodisperse core—shell nanoparticles, synthesized via
facile RAFT-mediated precipitation polymerisation process, '
to afford multifunctional nanoparticles with selectively defined
heterofunctional groups in the core and on the surface.

In order to demonstrate our strategy for the preparation of
heterofunctional polymers, we used azido-functionalised chain
transfer agent, 1, to prepare well-defined polymers with
different molecular weights, poly(N-isopropylacrylamide)
(PNIPAm) and poly(VN,N-dimethylacrylamide) (PDMA)
(Scheme 1). These telechelic polymers, bearing a trithiocarbo-
nate group at one end and an azido group at the other, have
low polydispersities (M,/M, < 1.15) with molecular weights
ranging from 6900 to 13 000. Chain extension of these homo-
polymers as macromolecular chain transfer agents to prepare
block copolymers was successfully performed as indicated by
the narrow polydispersity (<1.15) of the resultant block
copolymers (see ESIt), suggesting a high degree of end
functionalisation of the RAFT polymers.

Heterofunctional polymers were effected by sequential modi-
fication of the trithiocarbonate and the azido group at the
ends of the RAFT polymers (Scheme 2). In the one-pot
aminolysis/Michael addition process, PNIPAm or PDMA
polymers were dissolved in THF in the presence of the
antioxidant agent, trioctylphosphine, followed by treatment
with 5 equivalents of 2-hydroxyethylamine and 10 equivalents
of 2-hydroxyethylacrylate at room temperature. The charac-
teristic yellow color of the trithiocarbonate group quickly
faded away and UV-Vis measurements for PNIPAm-hydroxy
(PDMA-hydroxy) showed that 96% (88%) of the trithio-
carbonate groups at the end of polymers were aminolysed.
PNIPAm-hydroxy (PDMA-hydroxy) was then subject to
click reaction with 5 equivalents of 5-hexynoic acid using
CuSOy/sodium ascorbate catalyst system in water to furnish
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Scheme 1 Synthesis of azido-functionalised RAFT polymers.
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Scheme 2 Preparation of heterofunctional polymers via cascade aminolysis/Michael addition and alkyne—azide click reaction.

heterofunctional polymer PNIPAm-hydroxy-acid (PDMA-
hydroxy-acid). The molecular weights of PNIPAm (PDMA),
PNIPAm-hydroxy (PDMA-hydroxy) and PNIPAm-hydroxy-
acid (PDMA-hydroxy-acid) experienced a slight increase in
that order due to further purification after each step, but the
polydispersity of the polymers remained low (< 1.2), indicat-
ing that no coupling between polymers occurred during the
transformation processes and thus demonstrating the ortho-
gonal nature of these processes. 'H NMR (Fig. 1) showed that
after one-pot aminolysis/Michael addition process, the
methylene (3.28 ppm) and methine (4.55 ppm) protons next
to the trithiocarbonate group of PNIPAm disappeared in
PNIPAm-hydroxy, accompanied by the obvious appearance
of the methylene groups at 3.82 ppm (-CH,—OH), 2.79 ppm
(-CH»-S-), and 2.64 ppm (—OC(O)-CH,-) in PNIPAm-
hydroxy. After click reaction, the methylene group at
347 ppm (—CH»-Nj3) in PNIPAm-hydroxy underwent a
notable shift to 4.62 ppm for the methylene protons next to
the heterocyclic aromatic ring, formed during the click reac-
tion, in PNIPAm-hydroxy-acid. Click reaction between chain
transfer agent 1 and 5-hexynoic acid was also performed, and
the "H NMR spectrum of the product (Fig. S1, ESIt) was used
for comparison to ensure correct assignment of "H NMR for
the products of the polymer click reactions. Similarly, the end
group transformation processes for the PDMA series also led
to distinct changes in '"H NMR spectra with somewhat lower
efficiencies (see ESIY).

Having demonstrated the success of the methodology for
the production of heterofunctional polymers via aminolysis/
Michael addition and click reaction on RAFT polymers, we
next showed that the same methodology can be applied to

prepare multifunctional core—shell nanoparticles (Scheme 3).
First, nearly monodisperse core—shell nanoparticles (see ESIT)
were synthesized using our previously established approach,'°
namely RAFT-mediated precipitation polymerisation in
which PDMA RAFT polymers were used as both chain
transfer agents and stabilising agents during the precipitation
polymerisation of N-isopropylacrylamide. The PNIPAm
generated during the precipitation polymerisation process
constituted the core in which the trithiocarbonate groups were
located while the PDMA blocks formed the shell with the
azido groups on the surface of the shell. Core—shell nano-
particles of different sizes, 65 nm (polydispersity 6.5%) and
95 nm (polydispersity 7.1%), were obtained using PDMA
macromolecular chain transfer agents with molecular weights
of 12980 and 6900, respectively. First, the core of the nano-
particles was functionalised with fluorescein through one-pot
aminolysis, with 10 equivalents of 2-hydroxyethylamine, and
Michael addition, with 10 equivalents of fluorescein o-acrylate
(2), in the presence of sodium bisulfite antioxidant to obtain
NP-fluorescein. The purified NP-fluorescein was then subject
to further modification with 10 equivalents of dansyl probe (3)
via click chemistry using CuSQOy/sodium ascorbate catalyst
system to obtain NP-fluorescein-dansyl. The purified
NP-fluorescein at pH = 7.0 showed the characteristic absorp-
tion spectrum of fluorescein with a functionalisation efficiency
of 36%. The NP-fluorescein-dansyl showed absorption of
both fluorescein and the dansyl probe and the conversion
efficiency of the click reaction step was essentially quantitative.
Therefore, the prepared heterofunctional core—shell
nanoparticles were decorated with fluorescein in the core
and dansyl probe on the surface. Both NP-fluorescein and
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Fig. 1

"H NMR spectra of PNIPAm (top), PNIPAm-hydroxy (middle) and PNIPAm-hydroxy-acid (bottom).
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Scheme 3 Preparation of heterofunctional core—shell nanoparticles via cascade aminolysis/Michael addition and click reaction.

NP-fluorescein-dansyl were similar in size to the original
nanoparticles and could be well dispersed in water.

In conclusion, we have demonstrated a facile methodology
for the preparation of well-defined, heterofunctional polymers
and core—shell nanoparticles, using the easily performed reac-
tions of one-pot aminolysis/Michael addition coupled with the
efficient click reaction. It is anticipated that this methodology
should be readily adopted to functionalise polymers and
polymer nanoparticles with a wide variety of functional
groups, thus greatly expanding the applications of these
materials.
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