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The environmentally-friendly synthesis of epoxy-functional spherical nanoparticles has been achieved
using polymerization-induced self-assembly (PISA) in aqueous solution. Firstly, a non-ionic hydrophilic
stabilizer block, poly(glycerol monomethacrylate) (PGMA), was prepared by reversible addition—fragmen-
tation chain transfer (RAFT) solution polymerization in ethanol. This water-soluble precursor was sub-
sequently chain-extended via RAFT aqueous emulsion polymerization of glycidyl methacrylate (GlyMA) at
50 °C and neutral pH to ensure maximum retention of the epoxy functionality. PISA leads to the formation
of well-defined PGMA-PGlyMA spherical diblock copolymer nanoparticles at up to 35% w/w solids and
'H NMR spectroscopy studies indicated that virtually all of the epoxy groups survive such relatively mild
conditions. DMF GPC studies confirmed that relatively low dispersities (M,,/M,, < 1.30) were obtained if the
mean degree of polymerization of the core-forming PGlyMA block remained below 100. Well-defined tri-
block copolymer nanoparticles could also be prepared via seeded RAFT emulsion polymerization of
n-butyl methacrylate, with DMF GPC analysis indicating a relatively narrow molecular weight distribution
(Mw/M,, < 1.20). The epoxy groups within the nanoparticle cores were ring-opened by adding sodium
azide to a 10% w/w aqueous copolymer dispersion at 50 °C, as confirmed by FT-IR spectroscopy.
PGMA45-PGlyMA o diblock copolymer nanoparticles could be conveniently converted into cationic
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nanogels by utilizing water-soluble diamines as crosslinkers. These nanogels were characterized by DLS
and aqueous electrophoresis and remained intact when dispersed in DMF; in contrast, the corresponding
linear precursor nanoparticles dissociated to form molecularly-dissolved copolymer chains under the

rsc.li/polymers same conditions.

cases.” Direct thiolation, bromination, iodination and phos-
phorylation of PGlyMA-based triblock copolymers has also

Introduction

Homopolymerization or copolymerization of glycidyl methacry-
late (GlyMA) has been widely reported using atom transfer
radical polymerization," nitroxide-mediated polymerization® or
reversible addition-fragmentation chain transfer (RAFT)
polymerization®® to form well-defined statistical or diblock
copolymers with high degrees of epoxy functionality. This
approach enables a wide range of post-polymerization derivati-
zations with nucleophiles such as amines, hydroxyl groups,
thiols, carboxylic acids or sodium azide. For example, the reac-
tion of PGlyMA homopolymer with various secondary amines,
sodium azide, or a thiol has been studied in DMSO, with high
degrees of functionality being achieved within 2 h in most
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been reported, although reaction times of up to 24 h were
often required.® Potential applications suggested for such deri-
vatized GlyMA-based copolymers include gene and drug deliv-
ery,” biocatalysis,® cell imaging,” inkjet printing,'® chromato-
graphic media,"" denitrogenation of petroleum feedstock,"?
heavy metal absorbents'®'* and pressure-sensitive adhesives.'®

GlyMA has also been utilized as a comonomer to prepare
various types of epoxy-functional polymer colloids such as
latexes,'®!” microspheres,'®° anisotropic particles®* and
microgels.>>** For example, surfactant-free emulsion polymer-
ization was used to prepare both poly(styrene-co-GlyMA)
latexes containing surface epoxy groups and also core-shell
latexes comprising polystyrene cores and poly(GlyMA-co-
methyl methacrylate) shells.’® Surfactant-free emulsion
polymerization was also utilized to prepare crosslinked poly
(styrene-co-GlyMA) particles, whose distinctive framboidal
morphology was attributed to phase separation.>* Mesoporous
silica nanoparticles have been modified via surface-initiated

This journal is © The Royal Society of Chemistry 2017
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polymerization of GlyMA: post-polymerization crosslinking
with cystamine afforded hybrid nanocarriers that could release
encapsulated cargo through external stimuli such as a pH
switch or the addition of glutathione.*® The self-assembly of
GlyMA-based copolymers has also been reported, including
the formation of micelles and reverse micelles, polymersomes
(vesicles), organic-inorganic hybrid materials and polyion
complexes.” Surface-initiated polymerization has been used to
prepare PGlyMA brushes with subsequent derivatization with
octylamine.* In related work, Klok and coworkers found that
the presence of the tertiary amine methacrylate residues in
P(GlyMA-co-2-(diethylamino)ethyl =~ methacrylate)  brushes
resulted in enhanced rates of ring-opening when reacted with
various amines.>®

Organic nanoparticles prepared via block copolymer self-
assembly have received growing attention.”” In particular,
polymerization-induced self-assembly (PISA) has become
recognized as a highly versatile technique that enables the
efficient formation of a wide range of functional diblock co-
polymer nano-objects in various media utilizing many types of
vinyl monomers.?®*> PISA involves chain extension of a
soluble homopolymer with a second monomer that, once poly-
merized, becomes insoluble in the reaction media, thereby
driving in situ self-assembly to form diblock copolymer nano-
objects. First reported in 2002 by Hawkett and coworkers,*
PISA was initially developed in the context of reversible
addition-fragmentation chain transfer (RAFT) aqueous emul-
sion polymerization to prepare poly(acrylic acid)-poly(n-butyl
acrylate) latexes®® and poly(acrylic acid)-polystyrene latexes.*
Subsequently, PISA has been extended to include various dis-
persion polymerization formulations conducted in either
aqueous,®® alcoholic or non-polar media,>®> while RAFT
aqueous emulsion polymerization has continued to be
explored by various groups.>®?%*"37%% PISA formulations
based on dispersion polymerization usually allow facile access
to many nanoparticle morphologies, including spheres, worms
and vesicles.*®*" In contrast, RAFT aqueous emulsion polymer-
izations often result in the formation of kinetically-trapped
spheres, particularly for methacrylic core-forming blocks
based on methyl methacrylate,"*** n-butyl methacrylate,*®*”
benzyl methacrylate®® or 2,2,2-trifluoroethyl methacrylate.
Nevertheless, the latter PISA formulations offer a potentially
important route for the preparation of functional diblock
copolymer nano-objects at up to 50% w/w solids, which rep-
resents a substantial improvement over traditional post-
polymerization self-assembly techniques.*®

We have previously reported using poly(glycerol mono-
methacrylate) (PGMA) as a steric stabilizer block for the prepa-
ration of diblock copolymer nano-objects via RAFT aqueous
dispersion polymerization,”® RAFT alcoholic dispersion
polymerization,®® and RAFT aqueous emulsion polymeriz-
ation.*®*® In principle, PGMA can be obtained via reaction of
PGIyMA with one equivalent of water, but this derivatization
suffers from a cross-linking side reaction and in practice GMA
is commercially available as a specialty monomer. However,
the conversion of water-immiscible GlyMA into water-soluble

49,50
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GMA can be readily achieved simply by heating an initial
aqueous GlyMA emulsion at 80 °C for 8-9 h.>' Remarkably, if
this reaction is conducted at around neutral pH in the pres-
ence of air then no background polymerization occurs and no
hydrolysis of the ester bond is detected. We have also reported
using GlyMA as a comonomer in PISA syntheses to facilitate
core cross-linking of block copolymer vesicles in order to
improve their surfactant tolerance.> A similar approach also
works for cationic block copolymer worms, which were
recently demonstrated to be ‘superflocculants’ for micrometer-
sized silica particles.>® In both cases, the PISA synthesis
involved statistical copolymerization of relatively low levels of
GlyMA with 2-hydroxypropyl methacrylate. Subsequent cross-
linking was achieved by adding either a diamine®* or 3-amino-
propyltriethoxysilane (APTES).”>** Of particular relevance to
the present work, Tan et al. recently reported the photoini-
tiated RAFT dispersion polymerization of GlyMA in ethanol-
water mixtures to form various copolymer morphologies.>
Other research teams have also incorporated relatively low
amounts of GlyMA during PISA to introduce desired function-
ality. For example, Esser et al. conjugated a gadolinium chelate
to an epoxy-functional stabilizer block for MRI imaging.®

Herein we report the highly convenient and environmen-
tally-friendly PISA synthesis of epoxy-functional spherical
diblock copolymer nanoparticles via RAFT aqueous emulsion
polymerization of GlyMA. Systematic variation of the radical
initiator type, reaction temperature and solution pH enabled
optimum reaction conditions to be identified that preserved
virtually all of the original epoxy groups on the time scale of
the PISA synthesis. The block copolymer chains were charac-
terized by "H NMR spectroscopy and GPC, while TEM and DLS
were used to characterize the particle size and morphology of
the resulting nanoparticles. The epoxy groups were sub-
sequently reacted with either sodium azide or model dia-
mines. The latter reagents produced highly crosslinked
primary amine-based nanogels with appreciable cationic char-
acter, as confirmed by aqueous electrophoresis studies.

Experimental

Materials

Glycerol monomethacrylate (GMA; >99%) was donated by GEO
Specialty Chemicals (Hythe, UK) and used without further
purification. Glycidyl methacrylate (GlyMA; 97%), n-butyl
methacrylate (BuMA; 99%), 4,4"-azobis(4-cyanopentanoic acid)
(ACVA; 99%), sodium azide (>99.5%), ethylenediamine (EDA;
99%), bis(3-aminopropyl)terminated poly(ethylene oxide)
(PEG3,DA; M,, ~ 1500 g mol ") and tert-butyl hydroperoxide
(TBH; 70% H,O solution) were purchased from Sigma-Aldrich
UK. 2,2"-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride
(VA-044; >97%) was purchased from Wako Chemicals GmBH.
Sodium sulphite (Na,SO;; 98%) was purchased from Alfa Aesar
UK and 2-cyano-2-propyl dithiobenzoate (CPDB) was pur-
chased from STREM Chemicals Ltd (Cambridge, UK).
Ammonium chloride (>99%), hydrochloric acid (35%) and
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sodium hydroxide (98%) were obtained from VWR Chemicals
UK. All chemicals were used as received, unless otherwise
stated. de-DMSO was purchased from Goss Scientific
Instruments Ltd (Cheshire, UK). All other solvents were pur-
chased from Fisher Scientific (Loughborough, UK) and used as
received. Deionized water was used for all aqueous experi-
ments. Dialysis tubing used in this study was standard-grade
regenerated cellulose with molecular weight cut-off values of
1 and 50 kDa, purchased from Spectrum Laboratories, Inc.
(Rancho Dominguez CA, USA).

Characterisation

"H NMR spectroscopy. Spectra were recorded at 20 °C in de-
DMSO using a Bruker Avance III HD 400 spectrometer operat-
ing at 400.23 MHz. Selected spectra were recorded with solvent
suppression utilized a 4 seconds presaturation pulse and spoil
gradient.

Dynamic light scattering (DLS). A Malvern Zetasizer NanoZS
instrument (scattering angle = 173°) was use to record hydro-
dynamic diameters (Dy,) and polydispersity indices (PDI) via
the cumulants method. All measurements were conducted on
0.1% w/w copolymer dispersions in deionized water at 25 °C
with 120 s equilibration time, using disposable plastic cuv-
ettes, or in DMF using glass cuvettes. Data were averaged over
three consecutive measurements, comprising a minimum of
ten runs per measurement. The standard deviation for each
hydrodynamic diameter was calculated from the PDI.

Aqueous electrophoresis. Zeta potentials were determined as
a function of solution pH using a Malvern Zetasizer NanoZS
instrument equipped with an auto-titrator for diblock copoly-
mer nanoparticles diluted to approximately 0.3% w/w using
1 mM NaCl as background electrolyte. The solution pH was
adjusted using NaOH or HCl. Data were averaged over three
consecutive measurements, comprising a minimum of ten
runs per measurement.

Gel permeation chromatography (GPC). The number-average
molecular weights (M,), weight-average molecular weights
(My,) and dispersities (M,/M,,) were assessed using a DMF GPC
instrument comprising two Agilent PL gel 5 pm Mixed-C
columns and a guard column connected in series to an Agilent
1260 Infinity GPC system equipped with both refractive index
and UV-visible detectors (only the refractive index detector was
used in these experiments) operating at 60 °C. The GPC eluent
was HPLC-grade DMF containing 10 mM LiBr at a flow rate of
1.0 mL min~". DMSO was used as a flow-rate marker.
Calibration was achieved using a series of ten near-monodis-
perse poly(methyl methacrylate) standards (ranging in M,
from 625 to 618 000 g mol™'). Chromatograms were analyzed
using Agilent GPC/SEC software.

Transmission electron microscopy (TEM). Copper/palladium
TEM grids (Agar Scientific, UK) were coated in-house to yield a
thin film of amorphous carbon. The grids were subjected to a
glow discharge for 30 s. Aqueous droplets of copolymer disper-
sions (10.0 pL, 0.1% w/w) were placed on freshly-treated grids for
1 min and then carefully blotted with filter paper to remove
excess solution. To ensure sufficient electron contrast, a 10.0 pL
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aqueous droplet of a 0.75% w/w uranyl formate solution was
then placed on the sample-loaded grid for 20 s and blotted to
remove excess stain. Each grid was then carefully dried using a
vacuum hose. Imaging was performed at 80 kV using a FEI
Tecnai Spirit 2 microscope fitted with an Orius SC1000B camera.

Elemental microanalysis. Carbon, hydrogen and nitrogen
contents of freeze-dried copolymers were determined in-house
using a Vario MICRO Cube CHN/S analyzer (detection limit =
0.30%).

Fourier transform infrared (FT-IR) spectroscopy. Spectra
were recorded for freeze-dried copolymers at 20 °C (256 scans
accumulated per spectrum) using a Thermo-Scientific Nicolet
IS10 FT-IR spectrometer equipped with a Golden Gate
Diamond ATR accessory.

Synthesis of PGMA,; macro-CTA by RAFT solution polymeriz-
ation in ethanol

A PGMA,; macro-CTA was prepared as previously described.>”
Briefly, CPDB (1.21 g, 4.37 mmol), GMA (50.0 g, 0.312 mol)
and ethanol (78.6 g, 60% w/w) were weighed into a round-bot-
tomed flask. ACVA initiator (245 mg, 0.874 mmol, CPDB/ACVA =
5.0) was added and the reaction mixture was degassed with
N, in an ice bath for 40 min prior to placing the flask in an oil
bath set at 70 °C. The polymerization was quenched after
160 min after the GMA conversion had reached 63%. The
crude macro-CTA was diluted with methanol and precipitated
into excess dichloromethane (twice) to remove unreacted GMA
monomer and other impurities. The mean DP of the purified
PGMA,; macro-CTA was confirmed to be 45 by "H NMR end-
group analysis by comparing the integrated aromatic protons
at 7.4-7.9 ppm assigned to the dithiobenzoate chain-ends to
the GMA pendant proton signals (-CH,-CH(OH)-CH,OH) at
3.4-4.3 ppm and methacrylate backbone signals (-CH,-C
(CH3)-) at 0.7-2.5 ppm.

Synthesis of PGMA,;-PGlyMA,, nanoparticles by RAFT aqueous
emulsion polymerization

The synthesis of PGMA,5-PGlyMA,,, is representative of the
general protocol. PGMA,; macro-CTA (1.20 g, 0.162 mmol),
and deionized water (31.58 g) were weighed into a 100 mL
round-bottomed flask to target a final solids content of 10%
w/w. VA-044 initiator (13.0 mg, 0.0404 mmol, macro-CTA/
VA-044 = 4.0) was added and the solution pH was adjusted to
pH 7.0-7.5 by addition of either 0.1 or 0.01 M NaOH. GlyMA
(2.30 g, 16.2 mmol) was added and the reaction mixture was
degassed with N, in an ice bath for 30 min, before placing in
an oil bath at 50 °C. The GlyMA polymerization was quenched
by removal from the oil bath after 1 h, followed by exposure to
air. The copolymer chains were analyzed by 'H NMR and GPC
while the copolymer nanoparticles were characterized by TEM,
DLS and aqueous electrophoresis.

Synthesis of PGMA,5-PGlyMA,;-PBUMA_; triblock copolymer
by seeded RAFT aqueous emulsion polymerization

The PGMA,5-PGlyMA,;-PBuMA;; triblock copolymer was pre-
pared by in situ chain extension of PGMA,s-PGlyMA,5; nano-

This journal is © The Royal Society of Chemistry 2017
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particles using BuMA. PGMA,5; macro-CTA (0.15 g, 20.2 pmol),
and deionized water (2.01 g) were weighed into a vial to give a
final target solids content of 10% w/w. VA-044 initiator
(0.16 mg, 5.05 pmol, macro-CTA/VA-044 = 4.0) was added using
a freshly prepared stock solution (163 pL, 0.03 M VA-044
stock solution) and the solution pH was adjusted to pH
7.0-7.5 using 0.01 M NaOH. GlyMA (0.072 g, 0.50 mmol) was
added to the vial prior to degassing the reaction mixture with
N, in an ice bath for 30 min, after which the vial was placed in
an oil bath at 50 °C. Aliquots were extracted for '"H NMR and
GPC analyses after 1 h, then degassed BuMA (0.215 g,
1.50 mmol) was added via syringe and the aqueous dispersion
was stirred at 50 °C for a further 3 h. The BuMA polymerization
was quenched by removing the reaction vessel from the
oil bath followed by exposure to air. The copolymer
chains were analyzed by '"H NMR and GPC while the co-
polymer nanoparticles were characterized by TEM, DLS and
aqueous electrophoresis. For the preparation of the corres-
ponding statistical diblock copolymer, the BuMA (0.215 g,
1.50 mmol) was added at the same time as the GlyMA (0.072 g,
0.50 mmol) followed by degassing of the comonomer mixture
using nitrogen.

Derivatization of PGMA,5-PGlyMA, ,, nanoparticles and dis-
solved chains using sodium azide

PGMA,5-PGlyMA, o, nanoparticles were prepared at 20% w/w
solids and diluted to 10% w/w solids using deionized water.
For the DMF scoping experiment, the PGMA,5-PGlyMA;,
nanoparticle dispersion was freeze-dried and then redissolved
in DMF at a copolymer concentration of 3.5% w/w. For an
aqueous PGMA,5-PGlyMA, ,, nanoparticle dispersion (2.0 mL,
10% w/w, containing 1.15 mmol epoxy groups), NaN; (150 mg,
2.30 mmol) and NH,CI (123 mg, 2.30 mmol) were added and
the ring-opening reaction was allowed to proceed for 24 h at
either 20 °C or at 50 °C using an oil bath. Subsequently, the
aqueous dispersions or DMF solution were purified by dialysis
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(molecular weight cut-off = 1 kDa) against deionized water and
freeze-dried for FT-IR spectroscopy studies and elemental
microanalysis. Such copolymers were also redissolved in de-
DMSO for 'H NMR analysis. A control experiment was also per-
formed in the absence of NH,CI in the case of the aqueous
copolymer dispersion derivatization.

Diamine crosslinking of PGMA,;-PGlyMA, ,, nanoparticles

A 20% w/w aqueous dispersion of PGMA,5-PGlyMA,,, nano-
particles was diluted to 10% w/w solids using deionized water.
Each diamine was weighed into a vial and a known volume of
the copolymer dispersion (2.0 mL, 10% w/w, 1.15 mmol epoxy
groups) was added, following which each sample vial was
placed on a roller mixer for 24 h at 20 °C. Each copolymer dis-
persion was then dialyzed against deionized water using regen-
erated cellulose dialysis tubing (molecular weight cut-off =
50 kDa) to remove any free unreacted diamine. Following dialy-
sis, 1.0-2.0 mL of the purified copolymer dispersions were
freeze-dried for elemental microanalyses and FT-IR spec-
troscopy studies.

Results and discussion

First, a PGMA,5 macro-CTA was synthesized by RAFT solution
polymerization of GMA in ethanol at 70 °C, as previously
described.”” The resulting purified PGMA,s macro-CTA was
subsequently chain-extended via RAFT aqueous emulsion
polymerization of GlyMA. The synthesis parameters employed
for this PISA formulation were systematically varied while tar-
geting a constant diblock copolymer composition (PGMA,s-
PGlyMA, o) in order to identify the optimum reaction con-
ditions required to preserve the epoxy functionality, see
Table 1. In principle, epoxy groups can be ring-opened via
nucleophilic attack by either water or a hydroxyl group (which
may be located on the PGMA stabilizer chains or formed

Table 1 Summary of monomer conversions and molecular weight data obtained for the synthesis of a series of PGMA45-PGlyMA; o, diblock copoly-
mer nanoparticles at 10% w/w solids via RAFT aqueous emulsion polymerization of GlyMA using a PGMA,s macro-CTA under various reaction

conditions

Entry number  Initiator type®  Temperature (°C)  Solution pH  Reaction time? (h) ~ M,“(gmol™")  M,°(gmol™)  M,/M,°
1 ACVA 70 5.2 1.0 28300 37900 1.34
2 ACVA 70 5.2 2.0 29 800 41500 1.39
3 ACVA 70 7.1 1.0 27 600 38000 1.38
4 ACVA 70 7.1 2.0 29900 44 800 1.50
5 VA-044 40 4.5 1.0 23400 36700 1.57
6 VA-044 40 7.2 1.0 24 000 37500 1.56
7 VA-044 50 4.2 1.0 23900 29200 1.22
8 VA-044 50 4.2 2.0 25100 32700 1.30
9 VA-044 50 7.1 1.0 25100 31200 1.24
10 VA-044 50 7.1 2.0 24 600 32400 1.32
11 tBH/Na,SO; b 30 3.1 2.5 24 500 48 800 1.99
12 tBH/Na,SO; 30 3.0 2.5 25200 46 700 1.85

“PGMA,; CTA/initiator molar ratio = 4.0, unless otherwise stated. b PGMA,; CTA/TBH-Na,SO; molar ratio = 10. * PGMA,; CTA/TBH-Na,SO; molar
ratio = 5.  Monomer conversion reached more than 98% for all entries, as determined by "H NMR analysis in d;-DMSO. ¢ Determined by gel per-
meation chromatography using DMF containing 10 mM LiBr as eluent and calibrated using a series of near-monodisperse poly(methyl methacry-

late) standards.

This journal is © The Royal Society of Chemistry 2017

Polym. Chem., 2017, 8, 4856-4868 | 4859


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7py01107e

Open Access Article. Published on 27 July 2017. Downloaded on 1/11/2026 9:41:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

in situ after initial reaction of GlyMA residues with water). In
the latter case, intermolecular reaction can result in chain
branching and hence broadening of the molecular weight dis-
tribution. In principle, conducting the RAFT aqueous emul-
sion polymerization of GlyMA at lower temperatures, for
shorter reaction times, and at neutral pH should suppress
ring-opening side-reactions. The two azo initiators investigated
in this initial set of experiments, ACVA and VA-044, have 10 h
half-lives of 69 and 44 °C respectively in water. In addition, a
tert-butyl hydroperoxide-sodium sulfite (TBH-Na,SO;) redox
couple was also examined to enable these PISA syntheses to be
conducted at 30 °C. Indeed, GlyMA polymerizations conducted
using ACVA at 70 °C resulted in relatively broad molecular
weight distributions (M,,/M, = 1.34-1.50) (Table 1, entries 1-4).
Perhaps surprisingly, syntheses conducted at 40 °C using
VA-044 (Table 1, entries 5 and 6) yielded similar results, while
the redox-initiated polymerizations performed at 30 °C actually
gave the highest dispersities (Table 1, entries 11 and 12).
Notably, employing VA-044 at 50 °C produced relatively
narrow molecular weight distributions at both pH 4 and pH 7,
particularly for shorter reaction times (entries 7-10). In all
cases, monomer conversion exceeded 98% within 1.0 h as
determined by "H NMR analysis, with longer reaction times
merely leading to broader molecular weight distributions.
Thus, intermolecular side-reactions can be suppressed simply
by minimizing the reaction time without having any deleter-
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ious effect on the monomer conversion. Henceforth, all
further PISA syntheses were conducted for just 1.0 h at 50 °C
using VA-044 (PGMA,; CTA/VA-044 = 4.0) at a solution pH of
approximately 7.0, see Scheme 1. Under such conditions, the
potential loss of epoxy functionality during GlyMA polymeriz-
ation was investigated by "H NMR spectroscopy, employing
3-(trimethylsilyl) propionic acid (TMSP) as an internal stan-
dard (see Fig. S11). Comparison of the integrated epoxy proton
signals at 2.7 and 2.8 ppm with the TMSP signals located at
0.0 ppm indicated that minimal (<1%) ring-opening occurred
under the above optimized conditions when targeting
PGMA,5-PGlyMA 0.

Following these initial studies, the kinetics of the RAFT
aqueous emulsion polymerization of GlyMA was investigated
when targeting PGMA,5-PGlyMA,,, see Fig. 1. The reaction
solution was periodically sampled throughout the GlyMA
polymerization and aliquots were diluted using ds-DMSO for
'"H NMR analysis and DMF for GPC analysis; this ensures
molecular dissolution of the copolymer chains in each case.
The PGMA,; CTA/VA-044 molar ratio was varied from 2.0 to 8.0
at a fixed PGMA,; CTA concentration. As expected, faster poly-
merizations were observed when using a higher VA-044 con-
centration, with more than 99% conversion being attained
within 30 min at 50 °C for a PGMA,; CTA/VA-044 molar ratio of
2.0. DMF GPC analysis revealed a linear increase in number-
average molecular weight (M,) with monomer conversion,

spheres

Schematic representation of the chain extension of a PGMA,4s macro-CTA via RAFT aqueous emulsion polymerization of GlyMA.
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Fig. 1 Kinetics of the RAFT aqueous emulsion polymerization of GlyMA at 50 °C. These PISA syntheses were conducted at 10% w/w solids and a
solution pH of 7.0-7.5. The PGMA45 macro-CTA/VA-044 molar ratio was varied from 2.0 (red circles) to 4.0 (blue triangles) to 8.0 (green squares).
(A) Conversion vs. time curves obtained from *H NMR studies. (B) Evolution of M,, (closed symbols) and M,,/M,, (open symbols) with monomer con-
version. The target copolymer composition was PGMA45-PGlyMA; 0 in each case.
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while dispersities (My/M,) remained below 1.35 in all cases.
Perhaps surprisingly, using a PGMA,5 CTA/VA-044 molar ratio
of 4.0 resulted in the lowest final M,/M, of 1.26. Previous
studies have shown that increasing the CTA/initiator molar
ratio usually reduces the dispersity.”® Presumably, the slightly
higher final dispersity (M,,/M, = 1.32) obtained when employ-
ing a PGMA,; CTA/VA-044 molar ratio of 8.0 indicates that
some degree of latent branching via epoxy ring-opening occurs
over the longer time scale required for approximately full con-
version (80 min vs. 40 min; see Fig. 1A).

Varying the target degree of polymerization (DP) of the
core-forming PGlyMA block from 35 to 300 resulted in the for-
mation of a series of sterically-stabilized nanoparticles of
increasing size, as judged by dynamic light scattering (DLS)
and transmission electron microscopy (TEM) studies, see
Fig. 2 and Table S1.7 For relatively short core-forming block
DPs (<100), the former technique indicated narrow particle
size distributions (PDI < 0.10), with mean particle diameters
ranging from 20 to 40 nm. Targeting longer PGlyMA blocks
(100 < DP < 300) produced less uniform nanoparticles with
hydrodynamic diameters of up to 462 nm. TEM studies con-
firmed an exclusively spherical morphology in all cases.
However, this technique revealed the presence of much
smaller particles than those indicated by DLS, suggesting inci-
pient aggregation. This is consistent with the much broader
size distributions observed when targeting higher PGlyMA DPs
(e.g. DP = 300). This is illustrated in the data set shown in
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Fig. 2A, where the error bars represent the width of each par-
ticle size distribution, rather than the experimental error.
There is also a discernible change in gradient at a PGlyMA DP
of approximately 100, which appears to correspond to the
onset of flocculation. Further TEM images of other PGMA,5-
PGlyMA,, nanoparticles support this hypothesis, see Fig. S2.}
Furthermore, targeting PGlyMA DPs of more than 400 led to
visible signs of macroscopic precipitation. Subsequent analysis
of such failed PISA syntheses confirmed the presence of large
aggregates comprising spherical nanoparticles, see Fig. S3.7
We do not have a satisfactory explanation for this unexpectedly
low upper limit DP: we have been able to target much longer
core-forming blocks for other aqueous PISA syntheses using
PGMA stabilizer blocks with similar DPs without significant
nanoparticle aggregation.*®°%°°

DMF GPC analyses indicate that relatively low dispersities
(M,/M,, < 1.30) were obtained when targeting PGlyMA DPs of
up to 100 (Fig. 3 and Table S1t). Given the well-known propen-
sity of GlyMA residues to undergo intermolecular crosslinking
reactions in the presence of water and/or other hydroxyl-func-
tional polymers such as PGMA,>* we were pleasantly surprised
by these observations. However, increasing the core-forming
block DP above 100 led to a dramatic broadening in the mole-
cular weight distribution (M/M,, = 1.44 to 1.85). Inspecting
the relevant chromatograms reveals substantial tailing to
higher molecular weight, which is most obvious for the
PGMA,5-PGlyMA,, diblock copolymer (Fig. 3 and also

A 200 B n =140
E n=120 73 nm (0.17) n=160
c 175 4 52 nm (0.13) 85 nm (0.16)
= V. n=180
% 150 122 nm (0.20)
E 125 ¢ n=100
- 35 nm (0.05) n=200
© 100 - 133 nm (0.21)
E n=>50
© 75
c 26 nm (0.06) n =300
>
g 50 4 §% 462 nm (0.54)
= n=35
T 25 pte * 20nm (0.01)
I
0 —— ——————r , L
25 50 75 100 125 150 175 200 1 10 100 1000 10000
PGIyMA DP Diameter (nm)

Fig. 2

n=180

(A) Relationship between DLS diameter (Dy,) and target PGlyMA DP for a series of PGMA45-PGlyMA,, diblock copolymer nanoparticles pre-

pared by RAFT aqueous emulsion polymerization of GlyMA at 10% w/w solids; error bars indicate the standard deviations for each particle size distri-
bution, rather than the experimental error. (B) Selected DLS intensity-average size distributions, with Dy, and PDI indicated, and (C) TEM images of
representative samples, where n indicates the mean DP of the core-forming PGlyMA block. Scale bars represent 200 nm in all five images.
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b =1.52
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bD=144 D=1.26
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Fig. 3 Overlaid GPC chromatograms obtained for PGMA,5-PGlyMA,
diblock copolymers prepared by aqueous RAFT emulsion polymerization
of GlyMA at 50 °C and 10% w/w solids, where the mean DP for the core-
forming PGlyMA block (n) = 35, 100, 150, 200, 300 or 400.

Table S1t). This feature is consistent with increasing levels of
light branching.®>®" Nevertheless, blocking efficiencies were
high in all cases, with little or no evidence for unreacted
PGMA,; macro-CTA. The pseudo-living character of such RAFT
aqueous emulsion polymerizations was confirmed by a ‘self-
blocking’ experiment, see Fig. S4.F

Thus a just-nucleated PGMA,5-PGlyMA,s; precursor pre-
pared by RAFT aqueous emulsion polymerization was used as
a seed and chain-extended by a further 75 GlyMA units. This
second-stage polymerization proceeded to more than 99%,
yielding PGMA,5-PGlyMA(, with a unimodal molecular weight
distribution and a final M,/M, of 1.20 (Fig. S4t). For RAFT
aqueous dispersion polymerizations, Blanazs et al. have shown
that a relatively high copolymer concentration is an important
parameter for the formation of higher order morphologies.’”
However, with only a few exceptions,®> ®® RAFT aqueous emul-
sion polymerization formulations usually result in kinetically-
trapped spheres.?®*>73%6%70 Nevertheless, it was considered
prudent to explore higher copolymer concentrations, if only to
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establish the upper limit for the production of well-defined
epoxy-functional spheres. Thus PGMA,5-PGlyMA,,, syntheses
were conducted at 50 °C at up to 40% w/w solids, see Table 2.
In each case, uniform spherical nanoparticles were obtained
with remarkably similar diameters and polydispersities
reported by DLS (Table 2). Moreover, the molecular weight dis-
tributions obtained for these five diblock copolymers were
almost identical, which suggests that relatively high copolymer
concentrations are not detrimental to the preservation of the
epoxy groups. However, a thin film was formed at the surface
of the relatively viscous reaction mixture for the PISA synthesis
conducted at 40% w/w solids. In principle, more efficient stir-
ring might alleviate this problem, but this possibility was not
explored in the present study. It is perhaps noteworthy that
other aqueous and non-aqueous PISA formulations have also
been reported to have effective upper limit copolymer concen-
trations of around 35-40% w/w solids.*®"*

Preparation of ABC triblock copolymers via seeded RAFT
aqueous emulsion polymerization

In principle, ABC triblock copolymer nanoparticles can also be
prepared via seeded RAFT aqueous emulsion polymeriz-
ation.>**> This approach could either lead to the generation of
higher order morphologies (ie. worms or framboidal
vesicles)”>””* or produce onion-type nanostructures if the final
copolymer morphology remains confined to kinetically-
trapped spheres.”” Accordingly, PGMA,;-PGlyMA,; spheres
were chain-extended with #n-butyl methacrylate (BuMA).
PGMA,5-PGlyMA, 5 was selected for the initial diblock compo-
sition in this experiment because a PGlyMA DP of 25 is
sufficient to induce nucleation but not so high as to cause inci-
pient flocculation. "H NMR confirmed essentially full GlyMA
conversion after 1.0 h at 50 °C, and BuMA was then added via
syringe, targeting a DP of 75 for the third block. After a further
3.0 h at 50 °C, the polymerization was quenched and analyzed
by "H NMR spectroscopy and high BuMA conversion (>99%)
was achieved. In a control experiment targeting the same
overall DP of 100, the corresponding statistical diblock copoly-
mer nanoparticles were also prepared whereby the core-
forming block comprised GlyMA and BuMA. DMF GPC data
for the resulting PGMA,5-PGlyMA,5-PBUMA;; triblock copoly-

Table 2 Monomer conversions, molecular weight data and DLS diameters (D) (and polydispersities) obtained for the synthesis of PGMA,s-
PGlyMA ;o0 diblock copolymer nanoparticles via RAFT aqueous emulsion polymerization of GlyMA at 50 °C using a PGMA45 macro-CTA conducted

at 10 to 40% w/w solids

Target composition Solids® (% w/w) Conversion” (%) M, ° (g mol™) M,, € (g mol™) My/M, ¢ Dy, (nm) PDI
PGMA,5-PGlyMA, o, 10 >99 25100 31200 1.24 35 0.05
PGMA,5-PGIyMA, oo 20 >99 25400 31400 1.24 35 0.03
PGMA,5-PGlyMA, 0, 30 >99 23 900 30000 1.26 37 0.06
PGMA ;5-PGlyMA o 35 >99 25 000 31000 1.24 37 0.05
PGMA,5-PGlyMA, o, 407 >99 24900 29900 1.20 38 0.06

“The amounts of monomer and macro-CTA were both increased in order to increase the solids content. ” Determined by "H NMR analysis in
ds-DMSO after a reaction time of 1.0 h. “ Determined by gel permeation chromatography analysis using DMF eluent containing 10 mM LiBr and
calibrated with a series of near-monodisperse poly(methyl methacrylate) standards. ¢ Reaction mixture became viscous and a thin film formed

on its surface.
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(A) Overlaid GPC chromatograms recorded for PGMA45-PGlyMA,s-PBuMA; s triblock copolymer prepared by seeded RAFT aqueous emulsion

polymerization at 10% w/w solids. In a control experiment, the corresponding PGMA5-[GlyMA,5-co-PBUuMA;s] statistical diblock copolymer was
also prepared by RAFT aqueous emulsion copolymerization. The original PGMA,4s CTA precursor (black dotted lines; M, = 12200 g mol™, M,,/M,, =
1.16) is shown as a reference. (B) DLS intensity-average size distributions, with D,, and PDI indicated, and (C) TEM images obtained for the PGMA,s5-
PGlyMA,5-PBuMA,5 and PGMA,5-[GlyMA,5-co-PBuMA;s] nanoparticles. Scale bars represent 200 nm in both images. PGMA and PGlyMA are

denoted by ‘G" and ‘Gly’ for brevity.

mer and PGMA,5-[PGlyMA,;-co-BuMA,;] statistical diblock
copolymer are shown in Fig. 4A, with the GPC curve for the
PGMA,5 macro-CTA precursor included as a reference. The two
copolymers have essentially identical unimodal molecular
weight distributions and relatively low dispersities (M/M, <
1.20), which suggests that high blocking efficiencies and good
living character were achieved in these syntheses. DLS particle
size distribution curves for the same two copolymers are
shown in Fig. 4B, with the PGMA,s-PGlyMA,5; seed nano-
particles included for reference.

Colloidally stable nanoparticles with rather narrow size dis-
tributions are obtained in both cases, but their hydrodynamic
diameters are 44 nm and 33 nm, respectively. This unexpected
difference is also apparent in TEM images recorded for these
two dispersions, see Fig. 4C. Clearly, these preliminary results
are very encouraging, but higher DPs will most likely be
required to drive microphase separation within such triblock
copolymer spheres.

Long-term stability of epoxy groups for aqueous dispersions of
PGMA,;5-PGlyMA, ,, nanoparticles

In order to assess whether epoxy ring-opening occurs during
long-term storage at ambient temperature and pH 7, a 10%
w/w aqueous dispersion of PGMA,5-PGlyMA,,, nanoparticles
was periodically sampled for "H NMR, GPC, and DLS analyses
over twelve weeks. The DLS diameter and polydispersity
remained constant over this time period (Fig. 5A), which indi-
cates no change in the colloidal stability of the nanoparticles.
However, DMF GPC analysis (Fig. 5B) provided strong evidence
for intermolecular reactions occurring during long-term
storage: gradual evolution of a high molecular weight shoulder
led to a significant increase in both M, and M,,/M,,. 'H NMR
analysis corroborated the concomitant loss of epoxy function-
ality (Fig. 5C). Ring-opening causes a reduction in the intensity
of the two non-equivalent CH, protons in the epoxy ring at 2.6
and 2.8 ppm, and a concomitant increase in the signal corres-

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Evaluation of the colloidal and chemical stability of a 10% w/w
aqueous dispersion of PGMA,45-PGlyMA;oo nanoparticles during long-
term storage at 20 °C and pH 7. (A) Intensity-average DLS particle size
distributions and (B) DMF GPC chromatograms recorded for diluted
copolymer dispersions at various time points. The former indicates
excellent colloidal stability, whereas the latter suggests light branching
caused by intermolecular ring-opening reactions. (C) Partial 'H NMR
spectra confirming the gradual loss of epoxy group functionality over
time as a result of ring-opening.
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ponding to the PGMA oxymethylene protons observed at
3.4 ppm. This spectral shift enables the loss of epoxy function-
ality to be conveniently monitored by comparing these inte-
grated signals to those of the methacrylate backbone protons,
since the latter remain constant. After six weeks storage at
20 °C, the epoxy functionality was reduced by 15%, and after
12 weeks only 73% of the original epoxy groups remained
intact. This hydrolytic instability may be related to the rela-
tively high local concentration of epoxy groups within the
nanoparticle cores. Since the partially-reacted epoxy groups
only lead to light branching rather than highly crosslinked
nanoparticles, this suggests that the majority of the ring-
opening events actually involve intramolecular cyclization,
rather than intermolecular reactions.

Most likely, a small fraction of epoxy groups first react with
water to form cis-diol units, which can then react with neigh-
boring epoxy groups either on the same chain or on adjacent
chains. In view of these observations, all of the following deri-
vatization reactions were conducted on fresh aqueous disper-
sions of PGMA,5-PGlyMA,, nanoparticles to ensure maximum
epoxy functionality.

Preparation of azide-functional nanoparticles

It is well-known that epoxy groups can be ring-opened by reac-
tion with sodium azide:”® the resulting azide-functional copo-
lymers can be further reacted with various alkynes via Huisgen
cycloaddition, a so-called ‘click’ reaction.”” Moreover, this
chemistry is known to be highly orthogonal, hence azide deri-
vatization significantly broadens the scope for designing
bespoke functional nanoparticles for potential applications. In
an initial scoping experiment, PGMA,5-PGlyMA, ,, was molecu-
larly dissolved in DMF to afford a 3.5% w/w solution and its
epoxy groups were reacted with excess sodium azide at 20 °C
in the presence of NH,Cl, which acts as a coordinating salt.®
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This model reaction was successful: the "H NMR spectrum
recorded in ds-DMSO for the product indicated complete loss
of epoxy signals (CH, at 2.6 and 2.8 ppm and CH at 4.3 ppm)
while a characteristic azide stretch appeared at 2100 cm™ in
the corresponding FT-IR spectrum (Fig. 6). Subsequently, the
same azide ring-opening reaction was performed on 10% w/w
aqueous dispersions of PGMA,5-PGlyMA,,, nanoparticles at
either 20 °C or 50 °C. At ambient temperature, epoxy signals
(at 2.6, 2.8 and 4.3 ppm) were still discernible in the '"H NMR
spectrum even after 24 h. However, no epoxy signals could be
detected after the same time period when this reaction was
run at 50 °C. Moreover, such derivatizations did not require
the addition of NH,CI. Visual inspection and 'H NMR end-
group analysis also confirmed that cleavage of the dithio-
benzoate RAFT end-groups occurred under these conditions,
as indicated by the change in color (from pink to white) of the
dispersion and complete loss of the aromatic proton signals at
7.9-7.5 ppm (data not shown).

Core crosslinking of PGMA,5-PGlyMA, o, nanoparticles using
various diamines

Given the high density of epoxy groups within the nanoparticle
cores, diamine crosslinking should be readily achieved, see
Scheme 2. Indeed, nucleophilic reaction of GlyMA residues
with diamines has been utilized to covalently stabilize diblock
copolymer vesicles prepared via PISA.>”> Bearing in mind the
long-term hydrolytic instability of the GlyMA residues dis-
cussed above, all derivatizations were conducted within 1-2
weeks of the PISA synthesis of the precursor PGMA,s-
PGlyMA, oo nanoparticles to ensure minimal loss of epoxy func-
tionality. Two water-soluble diamines were investigated in this
study: ethylenediamine (EDA) and bis(3-aminopropyl)-termi-
nated poly(ethylene oxide) (PEG3;DA). In the following experi-
ments, the amount of diamine crosslinker added to the
PGMA,5-PGlyMA, o, nanoparticles is expressed in terms of an

>
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Fig. 6 (A) ATR-FTIR spectra and (B) 'H NMR spectra (dg-DMSO) recorded for PGMA,5-PGlyMA,oo nanoparticles/chains after their reaction with
excess sodium azide: (a) PGMA45-PGlyMA; oo precursor; and (b)—(d) after reaction with 2 eq. NaNs in the presence of 2 eq. NH4Cl, (b) in DMF at
20 °C; (c) for a 10% w/w aqueous dispersion at 20 °C; (d) for a 10% w/w aqueous dispersion at 50 °C; and (e) under the same conditions as (d), but in

the absence of any NH,4CL.
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Scheme 2 Schematic representation of diamine crosslinking for 10%
w/w aqueous dispersions of the epoxy-functional PGMA,5-PGlyMA;oo
nanoparticles.

amine/epoxy molar ratio. Thus an amine/epoxy molar ratio of
2.0 corresponds to a diamine/epoxy molar ratio of 1.0. The
desired diamine was added directly to a 10% w/w aqueous dis-
persion of the nanoparticles. Initially, DLS studies were con-
ducted in DMF to examine the extent of crosslinking.

DMF is a good solvent for both PGMA and PGlyMA, so the
linear precursor nanoparticles are molecularly dissolved in
this solvent, as confirmed by GPC analysis (Fig. 3) and also the
very weak light scattering observed by DLS. In contrast, suc-
cessful diamine crosslinking produces appreciably swollen
nanogels that cannot be dissolved in DMF (Fig. 7). The same
nanogels are significantly less swollen in aqueous media, as
confirmed by DLS studies conducted at pH 3-10, and the
nanogel diameters did not vary significantly when adjusting
the solution pH. EDA crosslinking at 10% w/w solids gave
nanogels of around 37 nm diameter in water and 42-44 nm
diameter in DMF, respectively. Similarly, PEG;;DA crosslinked
nanogels exhibited DLS diameters ranging from 50 to 59 nm
when dispersed in DMF but only approximately 38-42 nm
when analysed in dilute aqueous solution. Following cross-
linking at 10% w/w solids, nanogels were purified by dialysis
against deionized water to remove any unreacted diamine, fol-
lowed by dilution with de-DMSO for 'H NMR analysis of the
residual epoxy protons at 2.6 and 2.8 ppm. No epoxy signals
could be detected in any of the EDA-crosslinked nanogels (see
Fig. S5t), indicating the formation of densely crosslinked
nanogels even when using relatively low amine/epoxy molar
ratios. However, residual epoxy signals could be detected for
the PEG;;DA-crosslinked nanogels when using amine/epoxy
molar ratios of 0.1 or 0.25 (Fig. S61). Moreover, using higher
PEG3;; DA concentrations increases the extent of crosslinking of
the nanogels.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 DLS analysis of PGMA,45-PGlyMA;00 nanoparticles crosslinked at
10% w/w solids using either (A) EDA or (B) PEGs;1-DA at 20 °C, followed
by dilution to 0.1% w/w solids using either deionized water (blue dia-
monds) or DMF (red squares). The corresponding empty symbols rep-
resent the original PGMA45-PGlyMA;o0 nanoparticles prior to diamine
crosslinking. The error bars indicate the standard deviation in the DLS
particle size distributions, rather than the experimental error.

Freeze-dried nanogels were also analyzed by nitrogen
microanalysis, see Table 3. Increasing the amine/epoxy molar
ratio used to prepare the EDA-crosslinked nanogels led to
higher nitrogen contents, as expected. It is worth noting that
the theoretical values shown in Table 3 were calculated assum-
ing that each amine group reacts just once with an epoxy
group (i.e. every diamine reacts with just two epoxy groups to
form two secondary amines). However, in principle each
primary amine can react with two epoxy groups; thus the first
epoxy group reacts to produce a secondary amine, which then
reacts with the second epoxy group to form a tertiary amine.
Furthermore, the hydroxyl group produced via epoxy ring-
opening can also react, albeit more slowly, with other epoxy
groups. Both these ‘side reactions’ should lower the nitrogen
content of the resulting nanogels and may well be more preva-
lent when using the PEG;,DA crosslinker. This is because this
polymeric diamine diffuses more slowly into the nanoparticle
cores than EDA, which should allow more time for the
initially-formed secondary amines to react with neighboring
epoxy groups. FT-IR studies (Fig. S7 and S8t) did not corrobo-
rate the formation of secondary amine groups. However, the
C-O stretch at around 1100 cm™" became broader when using
higher amine/epoxy molar ratios for the synthesis of the
PEG;;DA-crosslinked nanogels, suggesting successful incor-
poration of the PEG chains, see Fig. S8.t
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Table 3 Nitrogen microanalyses obtained before and after diamine
crosslinking of 10% w/w aqueous dispersions of PGMA,5-PGlyMA;qo
spherical nanoparticles at 20 °C using either ethylenediamine (EDA) or
bis(3-aminopropyl)-terminated poly(ethylene oxide) (PEG3;DA)

N content (%)

Diamine type Amine/epoxy molar ratio Theory Exp
Original sample 0.00 0.06 0.10¢
EDA 0.10 0.70 0.76
EDA 0.25 1.63 1.05
EDA 0.50 3.09 1.25
EDA 1.00 5.74 1.49
PEG5,DA 0.10 0.53 0.02¢
PEG;,DA 0.25 0.90 0.24%
PEG;,DA 0.50 1.21 0.36
PEG;,DA 1.00 1.46 0.66

“Below the instrument detection limit of 0.3%.

Aqueous electrophoretic behavior of crosslinked nanogels

Diamine crosslinking also conferred cationic character on the
nanogels owing to protonation of pendent unreacted primary
amine groups (and also the newly-formed secondary amine
groups). Zeta potential vs. pH curves were constructed for two
types of crosslinked nanogels prepared using an amine/epoxy
molar ratio of 1.0, see Fig. 8. These dispersions possessed the
highest nitrogen contents as judged by elemental microanaly-
sis and hence were expected to be the most cationic in nature.
The original linear PGMA,5-PGlyMA,,, particles exhibit
negative zeta potentials of between —2 and —6 mV across the
whole pH range. This weakly anionic character is attributed to
a minor fraction of carboxylic acid groups located on some of
the PGMA stabilizer chain-ends, because this macro-CTA was
prepared using an anionic azo initiator (ACVA). In contrast, the
EDA-crosslinked nanogel has an isoelectric point of approxi-
mately pH 9.7 and becomes moderately cationic at lower pH,

25 PEG;,DA-crosslinked nanogel
20 A oo,00
= 8 g98g oo
z 15 oo
= 5100 216/95
.g, 10 A oo
g EDA-crosslinked nanogel o
- o
o 5
=%
0 frmrn e Q...
N X X
5] = XEX Xy x Xx X x o
Original PGMA 45-PGIlyMA o T\
-10 T T T - T ——Tr

2.0 3.0 40 50 6.0 70 80 9.0 10.0
pH

Fig. 8 Zeta potential vs. pH curves recorded for PGMA,5-PGlyMA oo
nanogels crosslinked using either PEG3z;DA (blue squares) or EDA (red
circles) at an amine/epoxy molar of 1.0. The data set obtained for the
original linear PGMA45-PGlyMA,oo diblock copolymer nanoparticles is
also shown for comparison (black crosses).
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with a maximum zeta potential of +13 mV at around pH 4-6.
Interestingly, the PEG;;DA-crosslinked nanogel exhibited a
positive zeta potential of at least +10 mV across the whole pH
range, with a maximum zeta potential of +20 mV obtained at a
pH of 3-6. The enhanced cationic nature of this latter nanogel
is attributed to the long-chain nature of the PEG3;DA cross-
linker, which enables pendent primary amine groups not
involved in epoxy ring-opening reactions to protrude further
into the PGMA,5 stabilizer layer and hence exert a stronger
influence over the electrophoretic behavior of the nanogel.
These cationic nanogels can be compared to sterically-stabil-
ized spherical nanoparticles prepared via PISA by Semsarilar
et al.,’® who statistically copolymerized a small amount of a
quaternized methacrylic monomer with GMA to prepare a
weakly cationic stabilizer block. In a different approach,
Williams et al.”® utilized a binary mixture of cationic and non-
ionic stabilizer blocks to prepare primary amine-functionalized
diblock copolymer nano-objects with similar electrophoretic
behavior via RAFT aqueous dispersion polymerization.

Clearly, the PISA syntheses reported herein provide multiple
opportunities for the design and convenient synthesis of well-
defined cationic nanoparticles. Moreover, primary amine func-
tionality can be introduced without utilizing relatively expen-
sive primary amine-based vinyl monomers such as 2-amino-
ethyl methacrylate.”®

Conclusions

Well-defined epoxy-functional diblock copolymer nano-
particles can be conveniently prepared via RAFT aqueous
emulsion polymerization of glycidyl methacrylate using a
water-soluble poly(glycerol monomethacrylate) precursor as
the stabilizer block. Optimization of the reaction conditions
ensured that essentially all of the epoxy groups were retained
throughout the polymerization. More specifically, polymeriz-
ations were performed at pH 4-7 and more than 99% conver-
sion was achieved within 1 h at 50 °C, with DMF GPC analyses
indicating relatively low dispersities (M.,/M, < 1.30). However,
longer reaction times led to significantly broader molecular
weight distributions because the hydrolytic instability of the
epoxy groups leads to latent branching. Colloidally stable
diblock copolymer nanoparticles could be obtained at up to
35% w/w solids, but only when targeting relatively short core-
forming blocks (DP < 100). Targeting longer PGlyMA chains
led to nanoparticle flocculation. Well-defined triblock copoly-
mers could also be prepared via seeded RAFT aqueous emul-
sion polymerization, which extends the scope of this new PISA
formulation. Gradual loss of epoxy functionality was observed
during long-term storage at 20 °C, but fresh aqueous disper-
sions of PGMA,5-PGlyMA, ,, nanoparticles could be derivatized
via various nucleophilic ring-opening reactions. For example,
addition of various diamines led to the formation of cationic
core-crosslinked nanogels that remained stable when sub-
jected to a solvent challenge. In contrast, the original linear
diblock copolymer nanoparticles dissolved fully in a good

This journal is © The Royal Society of Chemistry 2017
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solvent for both blocks (DMF). This study demonstrates that
glycidyl methacrylate can be utilized for RAFT aqueous emul-
sion polymerization provided that appropriate care is taken to
optimize the reaction conditions in order to minimize the
well-known side-reactions associated with this highly versatile
monomer.
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