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Direct synthesis of interface-decorated reactive block copolymer
nanoparticles via polymerisation-induced self-assembly

Yanyan Jiang,” Na Xu,? Jie Han,? Qiuping Yu,” Pan Gao,’ Xinhua Lu® and Yuanli Cai**

Self-assembly of amphiphilic block copolymer in water suffers from the undesired encapsulation of hydrophobic reactive
motifs in core-forming block, which deteriorates the performance as aqueous catalysts. This problem can be circumvented
by polymerisation-induced self-assembly (PISA). Herein, we report a new strategy for one-pot synthesis of reactive block
copolymer nanoparticles whose hydrophobic reactive motifs decorate surrounding core-shell interfaces. We demonstrate
fast RAFT aqueous dispersion polymerisation of a commercial available specialty monomer, diacetone acrylamide (DAAM),
under visible light irradiation at 25°C. PISA is induced by polymerisation via sequentially dehydration, phase separation and
reaction acceleration, and thus complete conversion in 30 min. Replacement of minimal DAAM by NH;"-monomer induces
slight hydration of the core-forming block, and thus a low polydispersity of resultant statistic-block copolymer. Moreover,
simultaneous in situ self-assembly and chain growth favours adjustment of newly-added NHs"-units outward to core-shell
interfaces while the major DAAM units collapse to hydrophobic PISA-cores. Both lead to timely and selective self-assembly
into the new reactive nanoparticles whose NHs"-motifs decorate surrounding core-shell interfaces. These nanoparticles
well suit fabrication of advanced nanoreactors whose hydrophobic dative metal centres decorate surrounding interfaces
via simultaneous imine conversion and Zn(Il)-coordination. Such PISA-nanostructures endow hydrophobic metal centres
with huge and accessible specific surface area and are stabilized by water-soluble shells. Therefore, this strategy holds

fascinating potentials for the fabrication of metalloenzyme-inspired aqueous catalysts.

Introduction

Block copolymer nano-objects have received much attention in
recent decades owing to potential applications in drug delivery,
cosmetics, catalysis and surface coating.l'5 However, assembly
of amphiphilic block copolymers in water sometimes suffers
from undesired encapsulation of hydrophobic reactive motifs
in the core-forming block, which deteriorates performance in
particular as catalysts.e'9 Recently, substantial processes have
been made by virtue of polymerisation-induced self-assembly
(PISA)3'5 via combination of reversible addition-fragmentation
chain transfer (RAFT)m’ " with aqueous emulsion/dispersion
polymerisation. PISA via agueous emulsion RAFT, exploited by
Hawkett’> ** and Charleux,3' 14,15 4g applicable to hydrophobic
monomers.”™" In each case, a macromolecular chain transfer
agent (macro-CTA) acts as a steric stabilizer, and hydrophobic
growing block drives in situ self-assembly.

Of most relevance to the present work, PISA by aqueous
dispersion RAFT polymerisation was explored in recent years.
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A pioneering work was reported by Hawker and co-workers.*®
Recently, substantial processes in PISA via aqueous dispersion
RAFT have been made by Armes,w'28 An,zg"31 Sumerlin,32 and
other groups.s' * This approach relies on the use of macro-CTA
that is chain-extended by water-soluble monomer into water-
insoluble second block, leading to amphiphilic block copolymer
that can assemble in situ into colloidally stable nano-objects.
The convergent growth ensures good colloidal stability due to
the steric stabilization of shells, and also is readily amenable to
industrial scale—up.19 Thus, it has quickly become a powerful
and versatile technique for the synthesis of nano-objects with
well-defined size, morphology and also surface functionality.5
However, there are rare monomers that meet the criterion of
aqueous dispersion RAFT: monomer should be water-soluble
while homopolymer must be water-insoluble. The most wide-
used monomer is 2—hydroxypropy|methacrylate.lg'28 N-lIsopro-
pylacrylamide,ls' 32,34 N,N—diethylacrylamide,33 2-methoxyethyl
acrylate,zg' 3 oligo(ethylene glyt:ol)methacrylate36 are effective
to PISA via aqueous dispersion RAFT, typically at 70°C.
Recently, we reported the sequence control over thermo-
responsive copolymer based on a ketone-functional monomer,
diacetone acrylamide (DAAM).37 It is a commercially-available
specialty monomer that is widely used for the manufacture of
various cosmetic products, such as hair conditioners. We have
demonstrated that DAAM monomer can be polymerized in a
controlled/living manner via RAFT over a wide range of degree
of polymerisation (DP=50-1000) in methanol under visible light
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irradiation at 25°C. Temperature tunable water-solubility was
achieved by sequence-controlled copolymerisation with water-
soluble N,N-dimethylacrylamide (DMA). Reorganization can be
achieved by post-polymerisation with O-benzylhydroxylamine.

We have found that DAAM meets the criterion for aqueous
dispersion RAFT because it is water-soluble but homopolymer
is water-insoluble even as short as at a DP=50. It prompted us
to pursue a PISA via aqueous dispersion RAFT of the monomer.
When we almost finished drafting this article, An and co-
workers®! published online a PISA via aqueous dispersion RAFT
of the monomer using a PDMA3s macro-CTA at 70°C. Uniform
nanospheres and vesicles have been achieved. These ketone-
containing nanostructures could be functionalized via effective
oxime and hydrazone chemistry.

1) Aqueous RAFT synthesis of water-soluble PHPMA macro-CTA
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Scheme 1 Schematic illustrations for (1) agueous RAFT synthesis of PHPMA macro-CTA;
(2) PISA via aqueous dispersion RAFT of DAAM in the absence and presence of minimal
AEAM; (3) studies on accessibility and reactivity of NH;"-motifs in PISA-nanoparticles.

As shown in Scheme 1, this article reports PISA via aqueous
dispersion RAFT under visible light irradiation at 25°C. A well-
defined poly(2-hydroxypropylmethacrylamide) (PHPMA) was
synthesized via aqueous RAFT and selected as a macro-CTA.
According to McCormick and co-workers,38 PHPMA is biocom-
patible and water-soluble. Indeed, a hydration-dependent PISA
was observed in aqueous dispersion RAFT of DAAM. Moreover,
a new class of reactive nanoparticles was also exploited by the
replacement of minimal DAAM by NH;"-based N-2-aminoethyl
acrylamide hydrochloride (AEAM). The reactivity was unveiled
by conjugation with pyridine-2,6-dicarboxaldehyde (PDCA) via
imine bonds to form terdendate ligand motifs, which enables

2| J. Name., 2012, 00, 1-3

the coordination with ferrous, cobalt, nickel, copper, and zinc
jons.>® % Therefore, these PISA-particles are promising as the
precursors of metalloenzyme-inspired nanoreactors®® because
chemical environment of dative metal centres can be tuned by
reaction-induced self-assembly surrounding hydrophobic PISA-
cores.®® Zn(ll)-coordination was used to illustrate the proof of

Page 2 of 10

concept. Polymerisation kinetics, dehydration, phase transition,

PISA-structures were studied by 'y NMR, UV-vis spectroscopy,
size exclusion chromatography (SEC), dynamic light scattering,
atomic force microscopy (AFM) and transmission electron
microscopy (TEM). Accessibility of NH;*-motifs was probed by
"H NMR and aqueous electrophoresis. Reactivity and reaction-
induced reorganization of nanoparticles were also reported.

Experimental Section

Materials

DAAM monomer was donated by Hipro Polymer Materials Co.,
recrystallized for 2 times from ethyl acetate. 2-Hydroxypropyl
methacrylamide (HPMA);38 N-(2-aminoethyl)acrylamide hydro-
chloride (AEAM);41 sodium phenyl-2,4,6-trimethylbenzoylphos-
phinate (SPTP);42 4-cyano-4-ethylsulfanylthiocarbonylsulfanyl-
pentanoic acid (CEP);43 these materials were synthesized and

purified according to literatures. PDCA was purchased from TCl;

ZnCl, was from Aladdin; deuterium oxide (D,0, 99.8%D) and
methanol-d, (99.8%D, 0.03%TMS) were from J&K; deuter-
chloric acid (DCl, 99.5%D, 20% in D,0) and sodium deuteroxide
(NaOD, 99.5%D, 40% in D,0) were from Adamas; these agents
were used as received. Deionized water (R > 18.2 mQ/cm) was
obtained from an AQUELX 5 Millipore system.

Visible light source

A 400-W mercury lamp was employed for this purpose. JB400
filters were used to filter UV light (A.,, < 400 nm) and decrease
intensity to l;50nm=0.20 mW/cmZ, which corresponds to ca. 5%
of solar irradiation on a typical cloudless day at noon in May in
East China. The light intensity was determined using a UV-A
radiometer that was equipped with a A=420 nm detector.

Synthesis of poly(2-hydroxypropyl methacrylamide) macro-CTA

A typical protocol for the synthesis of PHPMA 56 macro-CTA is
as follows: HPMA monomer (8.0 g, 55.9 mmol) and CEP chain
transfer agent (58.8 mg, 0.22 mmol) was dissolved in butoxy-
ethanol (2.40 g) in a 50 mL flask. SPTP initiator (17.3 mg, 56
umol) and water (5.60 g) and was added. The flask was sealed
with rubber septa and immersed into water bath at 25°C. The
solution was bubbled with argon gas in the dark for 60 min and
irradiated with visible light for 80 min. Reaction was quenched
by exposure to air. 'H NMR revealed 65% HPMA monomer was
polymerized. Reaction solution was precipitated into acetone,
washed 3 times in the precipitation solvent, and dried under
vacuum at 25°C for 3 days. 'H NMR analysis indicated a DP of
166 for this macro-CTA; DMF SEC analysis indicated the M, and
M, /M, values of 40.0 kDa and 1.13, respectively (Electronic
Supporting Information, ESI, Fig. S1).

This journal is © The Royal Society of Chemistry 20xx
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Aqueous dispersion RAFT polymerisation of DAAM monomer

A typical protocol is as follows: DAAM monomer (0.35 g, 2.07
mmol), PHPMA 6 macro-CTA (0.25 g, 10.3 umol) and water
(3.46 g) was dissolved in a 10-mL flask. SPTP initiator (1.0 wt%
in water, 80.3 mg, 2.59 umol) was added. This flask was sealed
and then immersed into a water bath at 25°C. Solution was
bubbled with argon gas in the dark for 60 min, and irradiated
with visible light. Samples were taken at different time points.
The reaction was quenched by exposure to air and addition of
hydroquinone inhibitor.

Aqueous dispersion RAFT copolymerisation of DAAM and AEAM

A typical protocol is as follows: PHPMA ¢ (0.28 g, 11.6 umol),
DAAM (0.35 g, 2.07 mmol), AEAM (34.6 mg, 0.23 mmol) and
water (3.84 g) was dissolved in a 10 mL flask. SPTP initiator (1.0
wt% in water, 89.2 mg, 2.9 umol) was added in the flask. This
flask was sealed and immersed into water bath at 25°C. The
solution was bubbled with argon gas in the dark for 60 min and
irradiated with visible light. Samples were taken at different
time points. The reaction was quenched by exposure to air and
addition of hydroquinone inhibitor.

Simultaneous imine conversion and Zn(ll)-coordination of the NH,-
motifs of PISA-micelles: 'H NMR evidence

The reaction solution of PISA-micelles after final conversions at
[AEAM],/[DAAM],=20/180 was dialyzed and then lyophilized.
'H NMR in methanol-d, indicated pure PHPMA g5-b-P(AEAM 15-
co-DAAM ;) (Fig. S8); SEC indicated a polydispersity index (PDlI,
M, /M,) of 1.24. The solids (10.0 mg, [AEAM]=2.7 umol) were
dispersed in D,0 (4.99 g) to a 2.0 mg/mL ([AEAM],=0.54 mM).
The solution was adjusted to pH 3.8 using DCI (1.0 mM in D,0).
Stock solutions of PDCA (2.0 mM) and ZnCl, (4.0 mM) in D,O
also were prepared. The stock solutions of PISA-micelles (2.0 g,
[AEAM]=1.1 umol), PDCA (0.11 g, 0.22 pmol), ZnCl, (27.5 mg,
0.11 pmol) and D,0 (1.86 g) were added in a 10-mL vial. The
reaction solution was adjusted to pH 9.8 using NaOD (2.0 mM
in D,0). Reaction was probed by "4 NMR after equilibration at
25°C for 2 days.

'H NMR spectroscopy

'H NMR spectra either in methanol-d, or in D,O were acquired
on an INOVA 400 MHz NMR instrument, measured at 25°C.

UV-visible spectroscopy

UV-vis spectra were recorded with a Shimadzu UV-3600 UV-vis
spectrometer at 25°C.

Size exclusion chromatography (SEC)

Molecular weights (M,) and polydispersity indices (PDI, M,,/M,)
were determined by a PL-GPC220 integrated system equipped
with a refractive index detector and a set of columns (2xPLGel
MIXED-B+1xPLGel MIXED-D). The eluent was HPLC-grade DMF
that contained 10.0 mM LiBr, which was filtered before use.
Near-monodisperse poly(methyl methacrylate) (Agilent, 7.36-
2136.0 kDa) were used as standards for the calibration. All the
calibration and analysis were carried out at a 1.0 mL/min flow

This journal is © The Royal Society of Chemistry 20xx

rate and 80°C. To avoid absorption of NH;*-motifs onto column
materials, samples that contained AEAM units were protected
by reaction with methyl acrylate under procedures described
by Armes and co-workers.** *

Aqueous electrophoresis

Zeta potentials () of PISA-micelles were assessed by aqueous
electrophoresis on a Malvern Zetasizer Nano-ZS90 instrument.
As-obtained solids of PISA micelles were dispersed in water to
1.0 mg/mL and then adjusted to pH 3.8 using 1.0 mM HCI.

Dynamic light scattering (DLS)

DLS studies were performed on a Brookhaven BI-200SM setup
equipped with a 22-mW He-Ne laser (A=633 nm), a BI-200SM
goniometer and a Bl-TurboCorr digital correlator. The solution
was controlled at 25+0.02°C using BI-TCD controller, measured
at a scattering angle of 90°. Otherwise mentioned, the laser
intensity was decreased to 50% of the initial. The intensity-
averaged hydrodynamic diameters (D) and dispersity (uz/l'z)
were assessed by cumulants analysis in CONTIN routine.

Atomic force microscopy (AFM)

AFM was carried out using a Bruker Multimode 8 microscope
operated in a peak force quantitative nanomechanical mode
using a SCANASYST-AIR probe (spring constants: 0.4 N/m,
resonance frequency: 70 kHz, tip radius: 2 nm). Silicon wafer
was washed by immersing into the mixture of 98% H,SO, and
35% H,0, (7:3, v/v) for 2 h, and thoroughly rinsed with water.
As-cast solution on silicon wafer was lyophilized in a Labconco
Freezone2.5L freeze-drier.

Transmission electron microscopy (TEM)

TEM imaging was performed on a Hitachi HT7700 transmission
electron microscope at an accelerating voltage of 120 kV. As-
cast solution on carbon film-coated copper grid was lyophilized
in a Labconco Freezone2.5L freeze-drier.

Results and discussion

Our recent results demonstrated that visible light irradiation
could induce ultrafast agueous RAFT polymerisation at 25°C.*
This reaction can be commenced and suspended immediately
by turning on-off visible Iight,“’ 8 such that chain length can
be finely tuned during the chain extension.” In this article, we
use this technique to elucidate the PISA via aqueous dispersion
RAFT of commercially available specialty monomer pAAM?Y ¥
under visible light irradiation at 25°C. To this end, sodium
phenyl-2,4,6-trimethylbenzoylphosphinate (SPTP) was selected
as photoinitiator, which was synthesized according to a patent
procedure.42 It is a weak acid (pKa=6.50) and has a broad peak
of n—x* transition at A,,,,=371 nm.** The lithium salt was used
as the photoinitiator to prepare cell scaffolds,49
mimics>° and hydrogels.51 After trying a variety of free radical
initiators, SPTP was proven to be the most effective in terms of
the initiation and chain propagation in response to visible light
irradiation in aqueous solutions at room temperature.41

extracellular
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Scheme 1 shows the synthesis of poly(2-hydroxypropylme-
thacrylamide) (PHPMA) macro-CTA via aqueous RAFT under
visible light irradiation at 25°C. Degree of polymerisation was
targeted at DPyger=250, [HPMA]o/[CEP]o=250, [CEP]o/[SPTP]o=

4.0. The reaction was quenched after the irradiation for 80 min.

"H NMR indicated 65% conversion. This reaction solution was
precipitated into acetone and dried to afford a final DP of 166,
judged by 'H NMR (Fig. S1). This macro-CTA have M,=40 kDa
and M,,/M,=1.13, judged by SEC analysis (Fig. S1). Taking into
account DPy,.+=250 and 65% conversion, a high CTA-efficiency
of 98% was assessed within the analysis errors. High fidelity of
CTA chain-ends was confirmed by below-discussed formation
of well-defined block copolymers.
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Fig. 1 the evolution of "H NMR spectrum on aqueous polymerisation at [DAAM]¢=0.5 M,
[DAAM]o/[PHPMA 16610/ [SPTP],=200/1/0.25 under visible light irradiation for 0, 5, 10, 16,
22, 24 min (from bottom to top), in which spectra were recorded in methanol-d, (a) and
D,0 (b). Top: Schematic illustration of the polymerisation.

Polymerisation-induced self-assembly: hydration effect

As shown in Scheme 1, PISA proceeded via aqueous RAFT of
DAAM at [DAAM]p=0.5 M, and DPy,,=200 and 100, using a
PHPMA 6,6 macro-CTA and SPTP initiator in water at pH 3.8
under visible light irradiation at 25°C. As shown in Fig. 1a, the
proton signals of DAAM and PHPMA are completely discernible
in methanol-d,. Upon irradiation, the CH=CH, signals a, b and ¢
decreased, and the signal p (COCH;3 in DAAM unit) increased.
The CH=CH, signals virtually disappeared in 24 min, indicating
fast polymerisation. The monomer conversions were assessed
using the integral signal k as a standard according to Eq. 1, in
which lp o and Iy are the initial integral signals b and k; I, and
Iyt are those at different irradiation time points.

bt Ik,O

Conversion=|1- x100% (D

kit b,0

Moreover, degree of dehydration of the polymeric DAAM
units was determined by "H NMR in D,0. As shown in Fig. 1b,
the signal p is weaker than that in methanol-d, (Fig. 1a), which
suggest that DAAM units have been dehydrated during the
chain extension. Because the signal p overlaps with the signal f,
polymerisation-induced dehydration was determined using the

4| J. Name., 2012, 00, 1-3

integral signal n (CONHCH, in DAAM unit) according to Eq. 2, in
which I, liga4i)0 are initial integral signals k, d+i; l(g.iwnye Ice are
those of d+i+n, k at different time points; DAAM conversions
as determined in methanol-d, by Eqg. 1 were used herein.
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Fig. 2 (a) Kinetic plots of RAFT polymerisation in acidic water at a [DAAM],=0.5 M and
[DAAM]o/[PHPMA66]0/[SPTP]p=200/1/0.25 (black) and 100/1/0.25 (red) under visible
light irradiation at 25°C; (b) dehydration of DAAM units with monomer conversions.

As shown in Fig. 2a, the extremely high conversions (>97%)
were achieved upon irradiation within 30 min due to fast and
effective polymerisation. Moreover, at a DPy,=200, reaction
was accelerated after 45% conversions. It is a typical character
of PISA, as reported by Armes and co-workers.*®?” In contrast,
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onset of acceleration shifts to 64% conversion at a DPy,4.=100.

As shown in Fig. 2b, at DPy,=200, their DAAM units started
dehydration abruptly at 10% conversion and complete after
reaching 80% conversions. At a DPy,=100, the dehydration
started after 20% conversions. The added DPpaav are perfectly
comparable at these critical conversions in both the reactions.
DAAM units completely dehydrated at DPy,=200 but slightly
hydrated at DPy,.4=100 up to 98% conversions. This indicates
that the dehydration depends on PDAAM chain-length.

&
&
2

b

=
=3

2 S

2 B

%360 (a) XY (b)

z g

z g

g g

FRL A 5 60
o

£1s0 o 120 | £ a0

5 30% o7 g e 2

g s 50% <

2 90 A 60 i 220

3 | A solbc £

5 30 60 90 £

0+ + J
0 10 20 30 40 50 60 70 80 90 1 1000

10 00
Monomer Conversion (%) Hydrodynamic Diameter (nm)

Fig. 3 (a) the variation of light scattering intensity upon polymerisation at a DPyarget=200
(black) and 100 (red) under the conditions of Fig. 2, where laser was decreased down to
20%; (b) the size distribution profiles of PISA-micelles formed at 98% conversions.

PISA-induced phase separation was thus monitored by DLS.
As shown in Fig. 3a, at DP,g=200, light scattering intensity
increased significantly after 30% conversions, which suggests
the phase transition from water. This transition is behind as-
mentioned start of dehydration but ahead of onset of reaction
acceleration. These results indicate that PISA process occurred
through sequentially dehydration, phase transition, reaction
acceleration. Same sequence was also observed in reaction at
DPy,rget=100. Similar observations were reported by the groups
of Armes*®?” and Zhangsz' 3 in either water, organic solvent or
the mixture, which suggest that the residual monomers were

This journal is © The Royal Society of Chemistry 20xx
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enriched into the hydrophobic PISA-domains, which led to the
reaction acceleration.

Reaction solution at DP, =200 changed from transparent
to bluish and finally to milky at the extremely high conversions,
while reaction at DPy,5.¢=100 to 98% conversions just led to a
bluish transparent solution (Fig. S2). Moreover, in both cases,
the light scattering intensity decreased linearly on diluting the
solutions (98% conversions) from 15.0 to 0.10 mg/mL (Fig. S3).
These results indicate that PISA aggregates were stable with a
critical aggregation concentration (CAC) below a 0.10 mg/mL.
Thus, the solutions were diluted to 1.0 g/L for the DLS studies.
As shown in Fig. 3b, PISA at DPy,,=200 led to the formation of
bimodal micelles with majority of D,=97 nm and minority of 33
nm at dispersity of 0.17, and light scattering intensity of 200.2
kcps. The formation of bimodal aggregates was also observed
during PISA at DPy,,.=100 to 98% conversion, with majority of
Dy=55 nm and minority of 27 nm at dispersity of 0.082, and
light scattering intensity (63.0 kcps) lower than the former.

15.8 nm

-35nm -43nm

90% conv

00 Height

[large micelles
780m 2|

large

s P Tmall micelles
small 3

. 24 nm

98% conv

11.6nm

-34nm

Fig. 4 AFM images of the micelles formed on polymerisation at [DAAM]o/[PHPMA166]o/
[SPTP]o=200/1/0.25 (top) and 100/1/0.25 (bottom) under the conditions of Fig. 2.

AFM (top of Fig. 4) and TEM (Fig. S4) confirmed formation
of spherical micelles over the 50-98% conversions at DPge=
200. These micelles exhibited bimodal size distribution over
this range, consistent with above-discussed DLS observations.
Typical AFM cross sections at a 98% conversion indicate rigid
large micelles at height/diameter=0.33-0.36 and relatively soft
small ones at a height/diameter=0.20-0.21. PISA at DP.,ge=100
to 98% conversion also led to typical bimodal size distribution
(bottom in Fig. 4). Typical cross sections indicate large micelles
at a height/diameter=0.17-0.21 and small ones at 0.13-0.14.
These bimodal micelles are softer than the former ones. The
bimodal size distribution is most presumably correlated to mild
aqueous reaction circumstance. Currently, we cannot give a
convincible evidence to explain this abnormal behaviour.

As shown in Fig. 5a, at a DPy,=200, their SEC traces are
unimodal and symmetrical before 35% conversions. However,
it was gradually broadened after onset of reaction acceleration,
over which DAAM units were dehydrated and the rigid micelles

This journal is © The Royal Society of Chemistry 20xx
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were formed (Fig. 4). However, at a DPy,5:=100 (Fig. 5b), the
SEC traces are unimodal and symmetrical to 98% conversions,
where DAAM units were slightly hydrated (Fig. 2b) and swollen
micelles were formed (Fig. 4). On one hand, a slight hydration
in hydrophobic PISA-cores favoured mobility of growing-chain
radicals and the permeation of residual monomer molecules to
hydrophobic domains. Both led to closely equal opportunity of
each growing radical to be attacked by monomer molecules,
and thus low dispersity of growing chains.

As shown in Fig. 5c, the molecular weights increase linearly
with conversions. Their plots are parallel to the corresponding
theoretical ones although the molar masses are overestimated
owing to the use of PMMA standards. Thus, all these aqueous
dispersion RAFT processes were well controlled.
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Fig. 5 SEC trace evolution during polymerisation at [DAAM]o/[PHPMA166]o/[SPTP], =
200/1/0.25 (a) and 100/1/0.25 (b) under the conditions of Fig. 2; (c) the variation of
molecular weights (M,) and polydispersity indices (M,,/M,) with monomer conversions
at the feed molar ratios of 200/1/0.25 (black) and 100/1/0.25 (red).

In short, PISA was achieved by aqueous dispersion RAFT of
DAAM using a water-soluble PHPMA macro-CTA under visible
light irradiation at 25°C, which underwent dehydration, phase
separation, micellization and reaction acceleration. Moreover,
the slight hydration inside hydrophobic PISA-cores led to the
low dispersity of the growing chains. Such behaviour inspired
us to pursue a new class of NH;'-based reactive nanoparticles
as to be discussed below.

Direct approach to interfacial NH; -decorated nanoparticles

To elucidate the effectiveness in one-pot synthesis of reactive
nanoparticles, minimal DAAM monomer in as-mentioned PISA
at @ DPy,4+=200 was replaced by NH;"-based AEAM monomer
(Scheme 1), such that the core-forming block can be hydrated
inside the hydrophobic PISA-cores.

Firstly, a reaction proceeded at [AEAM],/[DAAM],=20/180.
As shown in Fig. 6a, the proton signals of PHPMA macro-CTA
and both monomers are discernible by 'H NMR in methanol-d,.
On irradiation, CH=CH, signals of both monomers decreased
and signal p in PDAAM increased. These variations indicate the
effectiveness of copolymerisation. Monomer conversions were
determined according to Egs. 3-4, where |, g, I\,0, lxo are initial
integral signals b, v, k; s, Iy are those at different time points.
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Fig. 6 "H NMR spectrum evolution upon agqueous copolymerisation at [monomers]o=
0.5 M, [AEAM]o/[DAAM],=20/180 and [monomers]o/[PHPMA166]0/[SPTP],=200/1/0.25
under visible light irradiation at 25°C for 0, 8, 15, 28, 37 min (from bottom to top), in
which spectra were recorded in methanol-d, (a) and D,0 (b).

Dehydration of DAAM units was probed by "H NMR in D,0.
As shown in Fig. 6b, signal p is weaker than that in methanol-d,
(Fig. 6a) due to the dehydration of DAAM units. Nevertheless,
signals y and t (CH,NH;" in AEAM monomer and unit) are
discernible at high conversions. The results indicate hydration
of AEAM units. Dehydration of DAAM units was determined
according to Eq. 5, in which lio, Iy, ligsx,0 are the initial
integral signals; lgsisnxes),t Ikt @and ly.y are the integral signals
at different time points; DAAM conversions determined in
methanol-d, by Eq. 3 were used herein.

_lelm_](v'ﬂl,z X]ki,o % 1 %100% (5)

Ird-rﬂwr-w),z

I(w,ﬂ)‘o _ZXIAAO _]\xﬂ Ilm

Conversion,,, ,,,

Dehydration = [1 -

As shown in Fig. 7a, at a [AEAM],/[DAAM],=10/190, 14 min
of irradiation led to a 23% DAAM conversion, in which reaction
of AEAM was negligible. Hence, the reaction started from the
formation of PDAAM core-forming block. 36% DAAM and 10%
AEAM were consumed after irradiation for 17 min. Reaction of
DAAM accelerated after 46% conversions, which is comparable
to that (45%) in the homopolymerisation at DP, =200 (Fig. 2).
Thereafter, both the monomers polymerized, indicated by the
simultaneous conversions. DAAM consumed faster than AEAM,
despite active nature of AEAM under such conditions (Fig. S5).

In the reactions at [AEAM],/[DAAM],=20/180 (Fig. 7b) and
30/170 (Fig. 7c), DAAM reaction acceleration started from 56%
and 67% conversions, respectively. Entirely different from that
at 10/190, irradiation initiated simultaneous copolymerisation
and AEAM reaction acceleration also occurred after 49%, 55%
conversions. Reaction acceleration was observed by Armes,54
in copolymerisation of a water-soluble monomer and a water-

6| J. Name., 2012, 00, 1-3

insoluble monomer using a water-soluble macro-CTA. These
results indicate effective enrichment of both monomers due to
the slight hydration inside their PISA-cores.
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Fig. 7 Kinetic curves of RAFT copolymerisation at feed ratios [AEAM]o/[DAAM],=10/190
(a), 20/180 (b), 30/170 (c), and 40/160 (d) under the conditions of Fig. 6.

However, in reaction at [AEAM],/[DAAM],=40/160 (Fig. 7d),
semilogarithmic plots increased linearly to 94% AEAM and 96%
DAAM conversions. The copolymer was soluble in the reaction
solution, as judged by transparent solution at constant integral
signals in D,0 and methanol-d, (Fig. S6). These results indicate
the reaction in a homogeneous solution. Reaction acceleration
did not occur under such aqueous conditions.

100 04
£ 80 g B
5 0.3y R R Ry
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3 ;
a
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g
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g 20 ( )
k]
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Fig. 8 (a) Dehydration of DAAM units with DAAM conversions; (b) hydration of AEAM
units (based on CH,NH;" integral signals y+t using CH(OH)CH; signal k standard, l,./I)
during the reactions at [AEAM]o/[DAAM],=10/190 (black) and 20/180 (red).

As shown in Fig. 8a, at a [AEAM],/[DAAM],=10/190, the
dehydration of DAAM units occurred after 10% conversions,
comparable to that in homopolymerisation at DPy,;=200 (Fig.
2b), but DAAM units were slightly hydrated at high conversions.
In contrast, at [AEAM],/[DAAM],=20/180, dehydration started
from 18% DAAM conversions, and more than 10% DAAM units
were hydrated at final conversions. These results demonstrate
that incorporation of AEAM units into the core-forming block
enhanced hydration of their hydrophobic PISA-cores.

Moreover, the integral signals y and t (CH,NH;" in AEAM
monomer and unit) maintained essentially constant up to the
ultimate conversions in both reactions (Fig. 8b). These results
indicate that the AEAM units are accessible to water, negligible
encapsulation into hydrophobic PISA-domains. These results
indicate that the simultaneous self-assembly and chain growth
favoured the mobility of growing chains, leading to sufficient

This journal is © The Royal Society of Chemistry 20xx
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adjustment of newly-added ionic AEAM units outward to core-
shell interfaces while the hydrophobic DAAM units tended to
collapse into PISA-cores. Such behaviour led to the selective
self-assembling into nanostructures with the ideal accessibility
of reactive NH;"-motifs to be accessible to substance in water.

The effect of water-soluble AEAM units on phase transition
was elucidated by DLS. At [AEAM],/[DAAM],=10/190 (Fig. 9a),
phase separation started at 40% DAAM-conversion, behind the
onset of dehydration (10%) but ahead of the onset of reaction
acceleration (46%). Whereas, at a [AEAM],/[DAAM],=20/180,
phase transition started at 50% DAAM-conversion, behind the
former because of enhanced hydration of core-forming block.

To illustrate colloidal stability in water, the solutions were
dialyzed against water to remove the residual monomers and
then lyophilized. The solids were dispersed in water to a 1.0
mg/mL and re-adjusted to pH 3.8. DLS confirmed essentially
the same micelles as the originals. These results illustrate the
colloidal stability of these PISA-micelles.
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Fig. 9 (a) The variation of light scattering intensity upon copolymerisation at [AEAM]o/
[DAAM],=10/190 (black) and 20/180 (red) under the conditions of Fig 6, in which laser
was decreased down to 20%; (b) the size distribution profiles of the PISA-micelles.
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Fig. 10 AFM images of the PISA-micelles formed at [AEAM],/[DAAM];=10/190 (a) and
20/180 (b) under the conditions of Fig. 6.
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As shown in Fig. 9b, PISA at [AEAM],/[DAAM],=10/190 to
93% DAAM and 46% AEAM conversion led to bimodal micelles
at D,=68 and 31 nm with a dispersity of 0.16, with an intensity
of 71.7 kcps. The micelles are smaller and swollen than those
formed in homopolymerisation at DPic=200 (Fig. 3). These
micelles were stable after diluted to 0.10 g/L (Fig. S7). In
contrast, at [AEAM],/[DAAM],=20/180 to 95% DAAM and 67%
AEAM conversions, bimodal swollen micelles with the majority
at D;,=101 nm and minority at D,=27 nm and dispersity of 0.26,

This journal is © The Royal Society of Chemistry 20xx
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were observed. A low light scattering intensity (30.1 kcps) was
detected due to the hydration of hydrophobic PISA-cores.

AFM (Fig. 10) confirmed the formation of spherical micelles.
At [AEAM],/[DAAM],=10/190, these bimodal profiles indicate
micelles at a height/diameter=0.20-0.21 for the large ones and
a 0.13-0.15 for the small ones. In contrast, the PISA-micelles
formed at [AEAM]o/[DAAM],=20/180 was clearly softer than
the formers. Their typical bimodal cross sections indicated the
height/diameter of 0.06-0.08.
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M /M =1.40

M=89.9kDa
M /M =128

(b)

(@) J
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Fig. 11 SEC trace evolution upon copolymerisation in water at [monomers],=0.5 M and
DPiarger=200 under visible light irradiation at 25°C, with the feed ratio [AEAM]o/[DAAM],
of 10/190 up to 93% DAAM and 46% AEAM conversions (a), 20/180 up to 95% DAAM
and 67% AEAM conversions (b), 30/170 up to 94% DAAM and 81% AEAM conversions
(c) and 40/160 up to 96% DAAM and 94% AEAM conversions (d).

As shown in Fig. 11, all the SEC traces are unimodal and
symmetrical before phase separation but gradually broadened
after the onset of reaction acceleration. Polydispersity (M,,/M,)
of final samples decreased from 1.40 to 1.28, 1.18 and 1.14 on
the increase of [AEAM],/[DAAM], from 10/190 to 40/160. The
variations confirm that the slight hydration inside hydrophobic
PISA-cores indeed exerts crucial control over the dispersity.

Accessibility and reactivity of NH;"-decorated nanoparticles

Zeta potential ({) represents the surface charge of particles in
relation to surrounding conditions in a given medium.> Thus,
inspection of zeta potential variation with conversions allows
convenient discrimination of the accessibility of NH;"-motifs.
Accordingly, a range of reaction solutions at [AEAM],/[DAAM],
=10/190 and 20/180 at different conversions were selected.
These solutions were dialyzed against water to remove the
residual monomers and then lyophilized. Solids were dispersed
in water to 1.0 mg/mL and re-adjusted to pH 3.8 at 20°C for
aqueous electrophoresis studies.

As shown in Fig. 12, all these micelles show positive zeta
potentials, confirming the ionization of AEAM units. Moreover,
C values increased with the monomer conversions, in which {
values increased from +9.8 to +21.0 mV on increase of DAAM
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conversions from 68% to 93% at a [AEAM],/[DAAM],=10/190,
and from +15.0 to +32.1 mV on increase from 69% to 95% at a
[AEAM]o/[DAAM],=20/180. The results confirm that the NH;"-
motifs decorate surrounding the core-shell interfaces. These
results are consistent with the complete AEAM-hydration but
significant DAAM-dehydration at high conversions as judged by
"H NMR (Fig. 8). The interface distribution of these NH; -motifs
endows the ideal accessibility to substrates in water.
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Fig. 12 Aqueous electrophoresis data obtained for the PISA-micelles at varied DAAM

conversions at [AEAM]o/[DAAM]o=10/190 (black) and 20/180 (red) in water at pH 3.8.

On one hand, simultaneous process of in situ assembly and
chain growth favoured adjustment of growing chains. On the
other hand, hydrophilic/hydrophobic natures of AEAM/DAAM
units determine either hydration or dehydration. Both effects
induced timely and selective self-assembly of the core-forming
block, in which hydrophobic DAAM units tended to collapse to
PISA-cores while AEAM units tended to enrich outward to the
core-shell interfaces, leading to interfacial decoration of NH5*-
motifs. Electrostatic repulsion force of interfacial NH; -motifs
enhanced colloidal stability against coacervation in water.”® >

To illustrate the reactivity, these NH;*-motifs were further
conjugated with PDCA to form typical terdendate ligand motifs
after adjusted to pH 9.8 (Scheme 1). These hydrophobic ligand
motifs have high coordination constants with ferrous, cobalt,
nickel, copper ions and zinc ions.3>4° Moreover, their chemical
environment can be tuned by the self-assembly surrounding
hydrophobic t:ores,e'8 and thus are promising as precursors of
enzyme-inspired aqueous catalysts.s"9 Zn(ll)-coordination was
selected to illustrate the reactivity of the interfacial-decorated
reactive nanoparticles (see Scheme 1).
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K
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£04
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=
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Fig. 13 (a) 'H NMR spectra of the resulting micelles at [AEAM]o/[DAAM],=20/180 (1.0

mg/mLin D,0 at pH 3.8) (black) after adding NaOD solution to pH 9.8 (red), conjugation

with PDCA ([AEAM]o/[PDCA]4=1/0.2, blue) and coordination ([AEAM]o/[PDCA]o/[Zn(11)]o

=1/0.2/0.1, green); (b) the UV-vis spectra of PDCA, PDCA/Zn(ll) and the micelles after

the simultaneous PDCA-conjugation and Zn(ll)-coordination.
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As shown in Fig. 13a, AEAM co-units have been dehydrated
after conversion into NH,-motifs, indicated by the attenuation
of CH,NH, signals t. Alkalization induced the dehydration of
initially-hydrated DAAM units, leading to the attenuation of
signals p and o. These results implied that neighbouring NH5"-
motifs enhanced the hydration of DAAM units. AEAM/DAAM
signals disappeared after simultaneous PDCA-conjugation and
Zn(ll)-coordination. Hydrophobic dative bonds were confirmed
by the red-shift to characteristic UV band of Zn(ll)-coordinated
ligand motifs (Fig. 13b). Zn(ll)-coordination of the AEAM-PDCA
motifs was confirmed by "H NMR and UV-vis spectroscopy of
their corresponding small compounds (Fig. S9).
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Fig. 14 Size distribution profiles of PISA micelles formed at a [AEAM],/[DAAM],=20/180
(1.0 mg/mL in water) at pH 3.8 (a) and pH 9.8 (b), and those after PDCA-conjugation
and Zn(ll)-coordination at a [AEAM]o/[PDCA]/[Zn(I1)]o=1/0.2/0.1 (c).
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Furthermore, as shown in Fig. 14, the swollen PISA-micelles
were shrunken after deionization, in which the minors shrank
from D,=23-32 to 21-28 nm, the majors from D,=83-126 to 55-
74 nm, and the light scattering intensity increased from 30.1 to
51.5 kcps. Moreover, hydrophobic dative ligand motifs led to
the shrinkage of large micelles and the coacervation of small
micelles into rigid micelles at D,,=40-57 nm with the unimodal
dispersity of 0.066, and an increase of intensity to 102.4 kcps.
The aggregation of the highly-swollen small micelles was most
presumably induced by the dative-bonded inter-particle cross-
linking. Currently, we cannot give a convincing evidence for
this behaviour. However, at least, the results demonstrate the
reconstruction of these PISA-micelles.
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Fig. 15 AFM height (/eft) and the cross sections (right) of (a) the PISA-micelles formed at
[AEAM]o/[DAAM],=20/180 after alkalization to pH 9.8, and (b) Zn(ll)-hybridized micelles.
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AFM (Fig. 15) visualized the formation of spherical micelles
after the deionization to NH,-motifs. The typical cross sections
show height/diameter=0.17 of large micelles and 0.13 of small
ones. These micelles are more rigid than those in acidic water
at pH 3.8 (height/diameter=0.06-0.08, Fig. 10). These results
are consistent with those observed by DLS. Moreover, small
micelles aggregated and the large micelles were shrunken into
compact nanoparticles with a height/diameter=0.21-0.22 after
these simultaneous PDCA-conjugation and Zn(ll)-coordination.
Consequently, functional dative metal centres have decorated
surrounding the core-shell interfaces. Such unique architecture
endows function dative metal centres with both huge specific
surface area and excellent accessibility to substrates in water.
Self-assembly of amphiphilic block copolymers in water suffers
from the encapsulation of hydrophobic reactive motifs in core-
forming block. According to above-discussed results, the new
strategy effectively circumvented this accessibility problem.

These hybridized PISA-particles are stable in water owing
to steric stabilization of water-soluble shells. DLS unveiled the
same sizes and dispersity as initials after keeping the solutions
at room temperature for 2 months. Both the huge assessable
specific surface area of functional dative metal centres and
excellent colloidal stability provided fascinating potentials of
these new reactive nanoparticles as the precursors of enzyme-
inspired aqueous catalysts.ﬁ'9

Conclusions

This article described a fast PISA via aqueous dispersion RAFT
polymerisation of a commercially available specialty monomer
DAAM using a water-soluble PHPMA macro-CTA under visible
light irradiation at 25°C. Polymerisation induced sequentially
dehydration, phase separation and reaction acceleration inside
spherical micelles. More importantly, a slight hydration inside
hydrophobic PISA-cores led to narrowing-down of molar mass
distribution of the block copolymer. Similarly, incorporation of
minimal AEAM units into core-forming block induced the slight
hydration of hydrophobic core-forming block, thus leading to a
low dispersity of PHPMA-b-P(AEAM-co-DAAM) statistic-block
copolymers.

More importantly, simultaneous in situ assembly and chain
growth favoured adjustment of growing-chain conformations,
in which the newly-added water-soluble AEAM co-units tended
to shift outward to the core-shell interfaces while DAAM units
tended to collapse into hydrophobic PISA-cores. This led to the
timely and selective self-assembly of core-forming block into
new reactive nanoparticles whose interfacial NH;*-motifs are
accessible to substrates in water. Hence, simultaneous PDCA-
conjugation and Zn(ll)-coordination led to the decoration of
functionalized dative metal centres surrounding the core-shell
interfaces. The PISA-nanostructures are sterically stabilized by
water-soluble PHPMA-shells. The structures endow functional
dative metal centres with huge accessible specific surface area.
Thus, these reactive nanoparticles are promising as precursors
of metalloenzyme-inspired aqueous catalysts.s'9

This journal is © The Royal Society of Chemistry 20xx
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