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ABSTRACT

Jeffamines® are commercially available amine-capped poly (alkylene oxides) that have been used for various applications. In this study, a weakly hydrophobic
monoamine-capped propylene oxide-rich Jeffamine® (M2005) is derivatized to introduce a trithiocarbonate end-group via amidation. This precursor is then dis-
solved using N,N'-dimethylacrylamide (DMAC), 2-(N-acryloyloxy)ethyl pyrrolidone (NAEP) or N-acryloylmorpholine (NAM) as a co-solvent to produce a concen-
trated aqueous reaction mixture containing 20 % w/w water. Subsequently, reversible addition-fragmentation chain transfer (RAFT) polymerization is used to
prepare Jeffamine®-core diblock copolymer nanoparticles by reverse sequence polymerization-induced self-assembly (PISA). At intermediate conversion, additional
degassed water is added and each polymerization continues to almost full conversion (>99 %) within 4 h at 60 °C, resulting in a 10-20 % w/w aqueous dispersion of
sterically-stabilized Jeffamine®-core nanoparticles. Efficient chain extension of the Jeffamine® precursor is achieved in most cases and relatively narrow molecular
weight distributions are obtained (M,,/M, < 1.30) as judged by GPC analysis. Transmission electron microscopy studies confirm a polydisperse spherical morphology
and dynamic light scattering studies report hydrodynamic diameters ranging from 145 to 312 nm. Finally, aqueous electrophoresis studies indicate essentially neutral
nanoparticles over a wide range of solution pH, as expected for the three types of non-ionic steric stabilizer chains selected for this study.

1. Introduction

Polymerization-induced self-assembly (PISA) is a well-known plat-
form technology that enables the efficient synthesis of concentrated
colloidal dispersions of block copolymer nanoparticles [1-7]. In the case
of aqueous PISA formulations, a water-soluble homopolymer is first
prepared using reversible addition-fragmentation chain transfer (RAFT)
polymerization [8], atom transfer radical polymerization (ATRP) [9] or
nitroxide-mediated polymerization (NMP) [10]. Subsequently, this
precursor is chain-extended in aqueous media using a suitable monomer
such that the growing block becomes hydrophobic at some critical de-
gree of polymerization (DP), which leads to in situ self-assembly to form
nascent nanoparticles [11,12]. The polymerization continues within
monomer-swollen nanoparticles until full monomer conversion is ach-
ieved. The most common final copolymer morphology is spheres but
highly anisotropic worms or polydisperse vesicles can also be prepared
[13-16]. Compared to traditional post-polymerization processing routes
to block copolymer nanoparticles, PISA is much more efficient and
process-intensive [17-21]. Moreover, PISA can also be conducted in
non-aqueous media [22-28]. However, PISA formulations typically
involve vinyl monomers, which invariably produce non-degradable,
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environmentally-persistent polymers that do not address growing con-
cerns regarding the global problem of microplastic pollution [29-31].
Hence many research groups have recently developed new PISA for-
mulations to produce degradable block copolymer nanoparticles
[32-41]. Primarily, this has involved statistical copolymerization of
cyclic comonomers with vinyl monomers to introduce cleavable (thio)
ester bonds into the polymer backbone [32-35]. In addition, the
ring-opening of N-carboxyanhydrides (NCAs) has been conducted in
either water or THF to produce polypeptide-based block copolymer
nanoparticles [36,37,40].

Recently, we have developed a new approach to hydrolytically-
degradable nanoparticles via PISA [38]. This formulation involves
using a hydrophilic vinyl monomer (N,N-dimethylacrylamide, DMAC)
to solubilize a hydrophobic trithiocarbonate-capped poly (e-capro-
lactone) (PCL) precursor in concentrated aqueous solution at 80°C.
Subsequently, the RAFT polymerization of DMAC is conducted and, at a
convenient intermediate DMAC conversion, the reaction mixture is
diluted with deoxygenated water and in situ self-assembly occurs to
produce nascent nanoparticles. The polymerization is allowed to
continue, eventually  resulting in  the  formation of
hydrolytically-degradable PCL-PDMAC nanoparticles [37]. Since the
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Scheme 1. Amidation of a primary amine-capped Jeffamine® M — 2005 pre-
cursor using a carboxylic acid-functionalized RAFT agent (CEPA) and a DCC/
DMAP catalyst in dry dichloromethane.

hydrophobic block is prepared before the hydrophilic block, we use the
recently introduced term ‘reverse sequence PISA’ to describe such syn-
theses [38,41-43].

Herein we seek to expand such reverse sequence PISA formulations
by evaluating several hydrophilic vinyl monomers and a hydrophobic
precursor. More specifically, Jeffamines® (Huntsman Chemicals, The
Netherlands) are a class of commercially available amine-functionalized
poly (alkylene oxides) comprising propylene oxide (PO) and ethylene
oxide (EO) comonomers [44-46]. In principle, placing an amide bond at
the block junction is likely to reduce the potential hydrolytic degrad-
ability of the overall diblock copolymer. However, this is not the focus of
the current study. Instead, we exploit the relatively high solubility of the
Jeffamine® M — 2005 precursor in various vinyl monomers to examine
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the effect of varying the nature of the hydrophilic block, which has so far
been mainly restricted to PDMAC [38,41,47].

Accordingly, a weakly hydrophobic trithiocarbonate-capped Jeff-
amine® precursor (M — 2005) is prepared via amidation (see Scheme 1)
and then chain-extended via RAFT polymerization using various hy-
drophilic vinyl monomers in turn, e.g. DMAC, N-(2-acryloyloxy)ethyl
pyrrolidone (NAEP), or N-acryloyl morpholine (NAM), see Scheme 2.
Such polymerizations are conducted initially in concentrated aqueous
solution prior to dilution with deoxygenated water to 10-20 % w/w
solids at a suitable intermediate conversion. The resulting diblock
copolymer chains/nanoparticles are analyzed using 'H NMR spectros-
copy, gel permeation chromatography (GPC), transmission electron
microscopy (TEM), dynamic light scattering (DLS) and aqueous
electrophoresis.

2. Experimental
2.1. Materials

Glycerol monomethacrylate (GMA) was donated by GEO Specialty
Chemicals (Hythe, UK). 2-(N-Acryloyloxy)ethyl pyrrolidone (NAEP; 95
%) and 2-(N-methacryloyloxy)ethyl pyrrolidone (NMEP; 98 %) were
donated by Ashland Specialty Ingredients (Cherry Hill, NJ, USA). N,N'-
Dimethylacrylamide (DMAC; 99 %), N-hydroxyethyl acrylate (HEA), N-
hydroxyethyl acrylamide (HEAC), N-acryloylmorpholine (NAM; 97 %),
anhydrous magnesium sulfate, lithium bromide, dichloromethane, 2,2'-
azobis(2-methylpropionamidine) dihydrochloride (AIBA; 97 %), N,N'-
dicyclohexylcarbodiimide (DCC; 99 %), deuterated chloroform (99.8 %)
and n-hexane were purchased from Sigma Aldrich (Dorset, UK). 4-
(Dimethylamino)pyridine (DMAP) was purchased from Alfa Aesar
(Heysham, UK). Dimethylformamide (DMF) and triethylamine was
purchased from VWR (Leicestershire, UK). Ethyl acetate, chloroform
and methanol were purchased from Fisher Scientific (Loughborough,
UK). Deuterated methanol (CD30D, 99.8 %) was purchased from Goss
Scientific Instruments Ltd (Cheshire, UK). Unless otherwise stated, all
reagents were used as received. The NAEP monomer was purified prior
to use by diluting in chloroform and washing with 5 % aqueous Na,COs,
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Scheme 2. RAFT polymerization of (a) DMAC, (b) NAM or (c) NAEP when using a Jeffamine®-based precursor conducted in concentrated aqueous solution (80 %
w/w solids) at 60 °C, along with corresponding digital photographs to illustrate the physical appearance of the final aqueous copolymer dispersions when targeting a
steric stabilizer DP of 120. At a suitable intermediate monomer conversion, dilution to 10-20 % w/w solids using deoxygenated water leads to in situ self-assembly of
the amphiphilic block copolymer chains and the formation of sterically-stabilized diblock copolymer nanoparticles comprising Jeffamine® cores.
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Fig. 1. H NMR spectra (CDCl3) recorded for (a) CEPA RAFT agent, (b) Jeffamine® M — 2005 precursor (denoted ‘Jeff’ hereafter), (c) the corresponding Jeff-TTC
RAFT agent, (d) Jeff-PDMAC, 4o diblock copolymer, (e) Jeff-PNAM; 4o diblock copolymer and (f) Jeff-PNAEP; 4o diblock copolymer.

saturated aqueous NaCl, and deionized water. Jeffamine® M — 2005 the synthesis of the trithiocarbonate-capped Jeffamine® precursor
was donated by Huntsman Corporation (Rotterdam, The Netherlands). (denoted hereafter as ‘Jeff-TTC’), anhydrous dichloromethane was ob-
The mean degree of polymerization of the Jeffamine® M — 2005 was tained from an in-house Grubbs purification solvent system. Deionized
determined using 'H NMR spectroscopy (see Fig. S1). The 4-cyano-4- water was obtained from an Elgastat Option 3 A water purification unit

(ethylsulfanylthiocarbonyl)sulfanyl pentanoic acid (CEPA) RAFT agent (resistivity = 15 MQ cm) and used for all aqueous formulations.
was prepared in 82 % yield according to a literature protocol [48]. For
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Fig. 2. Conversion vs. time curves obtained by 'H NMR spectroscopy for the
reverse sequence aqueous PISA synthesis of (a) Jeff-PDMAC;¢o nanoparticles,
(b) Jeff-PNAM; ¢, nanoparticles and (c) Jeff-PNAEP,¢o nanoparticles at 60°C.
Initially, these RAFT polymerizations were conducted at 80 % w/w solids, with
subsequent dilution to 10 % w/w solids (or 20 % w/w solids for the Jeff-
PNAEP; 4o nanoparticles) using deoxygenated water. Intermediate conversions
were estimated by interpolation and corresponded to (a) 38 %, (b) 16 % and (c)
45 %. Final vinyl monomer conversions of more than 99 % were achieved in all
cases. Conditions: [Jeff-TTC]/[AIBA] molar ratio = 5.0.

2.2. Characterization techniques

H NMR Spectroscopy. Samples were diluted with CDCl3 prior to
NMR analysis. For aqueous dispersions, each sample was dried with
anhydrous magnesium sulfate and filtered prior to CDCl3 addition. For

Polymer 310 (2024) 127474

kinetic studies, all samples were diluted with CD30D. To calculate in-
termediate conversions, the integrated vinyl proton signals for each
hydrophilic monomer at approximately 5.6-6.8 ppm were compared to
the integrated signal at 1.15 ppm assigned to the pendent methyl group
of the Jeffamine® precursor. "H NMR spectra were recorded using a 400
MHz Bruker Avance-400 spectrometer operating at 298 K; 16 scans were
averaged per spectrum.

Gel Permeation Chromatography (GPC). GPC analysis of Jeff-
PDMACy and Jeff-PNAEPy copolymers was performed at 60°C using
DMF eluent containing 10 mM LiBr at a flow rate of 1.0 mL min~". The
GPC set-up comprised an Agilent 1260 Infinity GPC system equipped
with two Agilent PL-gel 5 pm Mixed-C columns, a guard column, a dif-
ferential refractive index detector and a UV-visible detector operating at
305 nm. GPC analysis of Jeff-PNAMy copolymers was performed at 35°C
using chloroform eluent containing 0.25 % v/v triethylamine. Each
copolymer solution was diluted to 1.0 % w/w using the relevant eluent
prior to GPC analysis. For Jeff-PNAM, samples in chloroform, residual
water was removed by drying with anhydrous magnesium sulfate fol-
lowed by filtration. In all cases, chromatograms were analyzed using
Agilent GPC/SEC software to determine the number-average molecular
weight (M), the weight-average molecular weight (M,,) and dispersity
(My/My). A series of twelve near-monodisperse poly(methyl methac-
rylate) standards with Mj, values ranging from 800 g mol ™ to 2 200 000
g mol ! were used for calibration.

Dynamic Light Scattering (DLS). Aqueous dispersions of copol-
ymer nanoparticles were diluted to 1.0 % w/w using deionized water
and equilibrated for 5 min prior to DLS analysis. DLS analysis was per-
formed at 20°C using a Malvern Instruments Zetasizer Nano ZS instru-
ment fitted with a 4 mW He-Ne laser (A = 633 nm). An avalanche
photodiode detector collected scattered light at an angle of 173°. Data
obtained from three consecutive runs consisting of ten measurements
per run were averaged to calculate the z-average particle diameter (D)
and the polydispersity index (PDI).

Transmission Electron Microscopy (TEM). Nanoparticles were
imaged by placing a 10 pL droplet of a 1.0 % w/w aqueous copolymer
dispersion onto a copper/palladium grid (Agar Scientific, UK) that had
been coated in-house with a thin film of amorphous carbon and exposed
to plasma glow-discharge for 30 s to generate a hydrophilic surface.
Each droplet was left for 1 min before blotting with filter paper to
remove any excess. Subsequently, the nanoparticles were exposed to a
0.75 % w/v aqueous uranyl formate solution (negative stain) for 20 s.
Again, excess solution was removed by blotted and the TEM grid was
carefully dried with a vacuum hose. Imagining was performed with a FEI
Tecnai Spirit TEM instrument operating at 80 kV and equipped with a
Gatan 1kMS600 C W CCD camera. ImageJ software was used to estimate
number-average particle diameters (based on the analysis of 50 nano-
particles per sample).

Aqueous Electrophoresis. Aqueous dispersions of copolymer
nanoparticles were diluted to 1.0 % w/w using an aqueous solution of 1
mM KCl as a background electrolyte. In each case, the electrophoretic
mobility was determined at 20 °C using a Malvern Instruments Zetasizer
Nano ZS instrument and the Henry equation was used to calculate zeta
potentials using the Smoluchowski approximation.

2.3. Experimental procedures

2.3.1. Synthesis of the Jeff-TTC precursor

Jeffamine® M — 2005 (5.00 g, 2.36 mmol), DMAP (0.05 g, 0.45
mmol), DCC (1.65 g, 7.99 mmol) and CEPA (1.05 g, 4.00 mmol) were
weighed into four separate flame-dried glass vials. Each vial was sealed
with a rubber septum and then dried in a vacuum oven for 2 h at 35°C. A
minimal amount of dry dichloromethane was used to dissolve each re-
agent and the Jeffamine®, DMAP and CEPA solutions were transferred
via syringe to a dry two-necked 100 mL round bottom flask fitted with a
condenser, containing a magnetic stirrer bar, and sealed with rubber
septa. This solution was cooled using an ice bath and the DCC solution
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Fig. 3. M, (blue points) and M,,/M,, (red points) data determined during the
reverse sequence aqueous PISA synthesis of (a) Jeff-PDMAC;¢( nanoparticles
(DMF eluent), (b) Jeff-PNAM;4o nanoparticles (CHCl3 eluent) and (c) Jeff-
PNAEP;6o (DMF eluent) nanoparticles at 60°C via GPC analysis using a
refractive index detector and calibrated using a series of poly(methyl methac-
rylate) standards. Initially, these RAFT polymerizations were conducted at 80 %
w/w solids, with subsequent dilution to 10 % w/w solids (or 20 % w/w solids
for Jeff-PNAEP; ¢ nanoparticles) using deoxygenated water. The corresponding
intermediate monomer conversions calculated by 'H NMR spectroscopy prior to
dilution were (a) 38 % (DMAC), (b) 16 % (NAM) and (c) 45 % (NAEP). Final
monomer conversions exceeded 99 % in each case. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
zersion of this article.)

was added dropwise via syringe. The reaction solution was then heated
to reflux and stirred continuously for 48 h. The dicyclohexylurea by-
product was removed by filtration and the solvent was removed under
reduced pressure using a rotary evaporator.

The resulting crude product was then purified via silica column
chromatography. A 60:40 ethyl acetate/n-hexane eluent was used to
remove the first fraction and the second fraction (containing the prod-
uct) was isolated using a 90:10 dichloromethane/methanol eluent. The
relevant fraction was concentrated under reduced pressure to produce a
viscous orange oil. UV GPC analysis of the product confirmed that no
residual CEPA was present (Fig. S2). End-group analysis was conducted
via 'H NMR spectroscopy: the integrated proton signal at 1.91 ppm
assigned to the methyl group of the RAFT agent was compared to the
integrated Jeffamine® signals assigned to the backbone at 3.47-3.65
ppm and the pendent methyl groups at 1.15 ppm. This approach indi-
cated a mean degree of esterification of 101 + 1 % for Jeff-TTC (see
Fig. S3).

2.3.2. RAFT polymerization of a hydrophilic monomer in concentrated
aqueous solution using Jeff-TTC followed by dilution at an intermediate
monomer conversion

A glass vial was charged with a magnetic stirrer bar, Jeff-TTC (0.10 g,
0.04 mmol), DMAC (0.59 g, 5.91 mmol) and an aqueous AIBA solution
(0.17 mL of a 50 mM solution, or 8.5 pmol AIBA; Jeff-TTC/AIBA molar
ratio = 5.0) to target 80 % w/w solids. The vial was sealed with a rubber
septum and a stream of nitrogen gas was used to deoxygenate the re-
action mixture. After degassing for 30 min, the glass vial was immersed
in a preheated oil bath set at 60°C. After 23 min, a significant increase in
viscosity was observed for the reaction mixture. At this point, deoxy-
genated water (6.03 mL, targeting 10 % w/w solids, preheated to 60°C
prior to addition) was added via syringe. An aliquot was immediately
taken from the reaction mixture to determine the intermediate monomer
conversion via 'H NMR spectroscopy (see Table S1). The polymerization
was allowed to proceed for 16 h at 60°C, before quenching by exposing
the reaction mixture to air while cooling to 20°C. 'H NMR studies
confirmed that essentially full DMAC monomer conversion (>99 %) was
achieved. For analogous syntheses using either NAEP or NAM mono-
mers, the reagent quantities and volume of water were adjusted
accordingly (see Table S1 for a summary of the details).

3. Results and discussion

According to its manufacturer, the monoamine-capped Jeffamine®
M — 2005 precursor used in this study has a DP of 35 and a propylene
oxide/ethylene oxide (PO/EO) molar ratio of 29/6. However, 'H NMR
studies of this precursor (that integrated PO and EO proton signals at
3.36-3.46 ppm and 3.47-3.65 ppm were compared to the integrated
primary amine end-group protons at 1.15 ppm) suggested a mean degree
of polymerization of 37 with a PO/EO molar ratio of 33/4 (see Fig. S1).
Moreover, similar results were reported by Haddleton and co-workers
[44].

The terminal primary amine group on this Jeffamine® precursor was
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Fig. 4. GPC curves recorded using a refractive index detector for three series of
Jeffamine®-based diblock copolymers prepared by reverse sequence aqueous
PISA at 60°C. (a) Jeff-TTC precursor and a corresponding series of Jeff-PDMAC,
(n = 60-140) diblock copolymers (DMF eluent). (b) Jeff-TTC precursor and a
corresponding series of Jeff-PNAM,, (n = 100-180) diblock copolymers (CHCl3
eluent). (c) Jeff-TTC precursor and a corresponding series of Jeff-PNAEP,, (n =
100-180) diblock copolymers (DMF eluent). Conditions: [Jeff-TTC]/[AIBA]
molar ratio = 5.0. [N.B. DMF GPC curves are only shown up to an elution
time of 17.9 min to omit the signal assigned to LiBr in this particular eluent
(‘see Fig. S8)].

reacted with a carboxylic acid-functional RAFT agent (CEPA) using a
well-known DCC/DMAP catalyst according to Scheme 1 to yield an in-
termediate denoted as Jeff-TTC [49,50]. Such amidation differs from the
esterification chemistry employed for our recent reverse sequence PISA
studies, whereby the same CEPA RAFT agent was reacted with either a
primary or secondary monohydroxy-capped poly(e-caprolactone) or
poly(propylene oxide) precursor.g’g’41 'H NMR spectroscopy was used to
determine the degree of amidation and to examine whether any ami-
nolysis of the trithiocarbonate RAFT agent had occurred [51]. Accord-
ingly, the integrated Jeffamine® signals at 1.15 ppm and 3.47-3.65 ppm
(assigned to the pendent methyl and backbone signals of the precursor
respectively, see Fig. 1) were compared to that of the methyl group
assigned to the RAFT agent at 1.91 ppm. This indicated a mean degree of
amidation of 101 + 1 %.

After purification, Jeff-TTC was chain-extended via reverse sequence
aqueous PISA using a suitable hydrophilic vinyl monomer (e.g. DMAC,
NAEP or NAM). This monomer acts as a co-solvent to ensure solubili-
zation of the weakly hydrophobic Jeff-TTC precursor in the initial 80 %
w/w reaction mixture, which comprises 5-23 % w/w Jeff-TTC, 57-75 %
w/w monomer and 20 % w/w water depending on the target diblock
copolymer composition (see Scheme 2). At intermediate conversion of
the vinyl monomer (see Table S1) a significant increase in solution
viscosity was observed. At this point, deoxygenated water (preheated to
60°C) was added to the reaction mixture. Although the time of water
addition varies from experiment to experiment, our recent studies sug-
gest that this variation results in no discernible change in either the
diblock copolymer chains or the final colloidal dispersion [47]. The
polymerization was allowed to proceed for 16 h at 60°C before
quenching by exposing the reaction mixture to air while cooling to 20°C.
'H NMR analysis indicated that essentially full monomer conversion
(>99 %) was achieved under such conditions.

In our prior studies, DMAC was utilized as the sole hydrophilic
monomer for such reverse sequence PISA formulations [38,41]. In the
present study, six alternative hydrophilic vinyl monomers were evalu-
ated along with DMAC: glycerol monomethacrylate (GMA),
2-(N-(methacryloyloxy)ethyl pyrrolidone (NMEP), 2-hydroxyethyl
acrylate (HEA), 2-hydroxyethyl acrylamide (HEAC), 2-(N-acryloylox-
yethyl pyrrolidone (NAEP), and N-acryloylmorpholine (NAM). Howev-
er, successful reverse sequence PISA formulations could only be
achieved for DMAC, NAEP and NAM when targeting a degree of poly-
merization (DP) for the hydrophilic block of 160. Using GMA, NMEP,
HEA or HEAC enabled initial solubilization of the weakly hydrophobic
Jeff-TTC precursor at 60°C but subsequent addition of deoxygenated
water at intermediate conversion invariably led to these reaction mix-
tures becoming highly turbid. Moreover, final copolymer molecular
weight distributions were relatively broad, with M,,/M,, values ranging
from 1.53 to 1.84 (see Fig. S4a). Furthermore, the chain extension ef-
ficiency was only 30-60 % for such diblock copolymers (as indicated by
UV GPC analysis, see Fig. S4b). This indicates that a significant pro-
portion of the Jeff-TTC precursor did not participate in the in situ
polymerization of the hydrophilic vinyl monomer.

After dilution to 10 % w/w at intermediate monomer conversion, the
DMAC and NAM formulations produced colloidally stable aqueous dis-
persions of Jeffamine®-core diblock copolymer nanoparticles at essen-
tially full conversion of the respective vinyl monomer. However,



M.A.H. Farmer et al.

M Initial RAFT M Dilution to Continued
M M polymerization 10-20% wiw growth of
M at 80% w/w solids with degassed corona block
in aqueous solution M water at 60°C at 60 °C
M M M® M
M

Jeffamine® precursor
dissolved in monomer M

Amphiphilic diblock
copolymer chains
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Nascent nanoparticles Final sterically-stabilized

nanoparticles

Scheme 3. Schematic cartoon of the reverse sequence PISA formulation investigated in the present study, Initially, a Jeffamine® precursor (red) bearing a tri-
thiocarbonate end-group (yellow) is dissolved in hydrophilic monomer (blue). Subsequent polymerization produces diblock copolymer chains at 80 % w/w solids.
Dilution with water produces nascent nanoparticles, with the hydrophilic coronal chains continuing to grow outwards until full monomer conversion is achieved.

macroscopic precipitation was observed under the same conditions
when using NAEP. Fortunately, such colloidal instability could be
avoided by dilution to 20 % w/w solids, which produced a free-flowing
aqueous dispersion of nanoparticles (see Scheme 2).

To gain a better understanding of the kinetics of such polymeriza-
tions, the reaction mixture was periodically sampled both before and
after dilution with water and such aliquots were subjected to 'H NMR
and GPC analysis. 'H NMR spectroscopy indicated that the fastest rate of
polymerization was achieved for the NAM formulation. In this case,
water was added after 8 min (corresponding to 16 % NAM conversion)
and full monomer conversion was achieved within 105 min (see Fig. 2).
When DMAC was employed as the hydrophilic monomer, water was
added after 23 min (DMAC conversion = 38 %) and full conversion was
achieved within 3 h. Finally, water was added after 23 min (45 % con-
version) when using NAEP, with full conversion being achieved within 4
h at 60 °C.

In all cases, GPC analysis indicated a linear increase in number-
average molecular weight (M,) with conversion (see Fig. 3). More-
over, efficient chain extension was observed (see Fig. S5) and relatively
narrow molecular weight distributions were obtained (My,/Mj, < 1.30 in
all cases), suggesting that good RAFT control can be achieved during
these reverse sequence aqueous PISA syntheses [52-54].

After establishing that reasonably well-controlled polymerizations
could be achieved when using DMAC, NAM and NAEP, a series of such
Jeffamine®-based diblock copolymers was prepared (see Fig. 4). When
using DMAC, UV GPC analysis (A = 305 nm, which corresponds to the
absorption maximum for the trithiocarbonate chain-ends) confirmed
very high chain extension efficiencies (>96 %, see Fig. S6) with minimal
evidence for unreacted Jeff-TTC chains. However, a high molecular
weight peak/shoulder is also observed in the GPC trace. Moreover, the
molecular weight of this secondary feature is always approximately
double that of the main peak, which suggests some degree of termina-
tion by combination (i.e. chain-chain coupling). One reviewer of this
manuscript has suggested that the probability of such chain-chain
coupling may be enhanced by the outward growth nature of the steric
stabilizer chains, as exemplified in Scheme 3. We agree that this is a
plausible explanation and note that similar chain-chain coupling is well-
documented for the synthesis of star polymers in the literature [55,56].

The same technique indicated significantly less efficient reverse
sequence PISA syntheses when using either NAM or NAEP. A linear
relationship between M, and target DP was observed in each case (see
Fig. S7) but tailing of UV GPC traces recorded for the Jeff-PNAM diblock
copolymer chains suggested the presence of approximately 7-9%
unreacted Jeff-TTC chains. Furthermore, chain extension efficiencies
were reduced to 70-84 % for NAEP-based formulations. This implies
that up to 30 % of the Jeff-TTC precursor remained unreacted in such
syntheses (see Fig. S6). It is perhaps worth emphasizing that such chain
extension problems are not discernible in the corresponding refractive

index GPC curves (see Fig. 4).

DLS and TEM studies were performed to examine the nanoparticle
size and morphology. Unimodal populations were observed in all cases
for the Jeff-PDMAC and Jeff-PNAEP nanoparticles, with z-average di-
ameters ranging from 196 to 245 nm and 145-212 nm respectively (see
Fig. 5a and b). In contrast, targeting a PNAM DP of 100, 160 or 180
produced multimodal size distributions for Jeff-PNAM nanoparticles,
with a major population at 140-160 nm while targeting a PNAM DP of
140 produced a relatively broad size distribution. On the other hand, a
unimodal population of 163 nm was obtained when targeting a PNAM
DP of 120 (see Fig. 5c). This latter observation suggests that further
optimization is required for such NAM-based reverse sequence aqueous
PISA formulations.

For a series of Jeff-PDMACy diblock copolymers, DLS studies indi-
cated the formation of larger particles when targeting progressively
lower PDMAC DPs. This is consistent with the accepted theory of diblock
copolymer self-assembly, as outlined by Mai and Eisenberg [57].
Moreover, similar experimental findings have been recently reported by
Warren and co-workers for a series of diblock copolymers in which the
DP of the steric stabilizer block was varied from 47 to 143 while the
core-forming block was held constant at 400 [58].

TEM studies proved to be technically challenging because the glass
transition temperature (Tg) of the core-forming Jeffamine® M — 2005
block is around —70°C [44]. Nevertheless, TEM images were obtained
for Jeff-PDMAC;5, Jeff-PNAEP15; and Jeff-PNAM;5, nanoparticles,
confirming a polydisperse spherical morphology in each case (see
Fig. 6). Number-average diameters of 94 + 27 nm, 92 + 32 nm and 96
+ 46 nm nm respectively were estimated from such images. Presumably,
the relatively high T, value of around 120°C for the PDMAC chains [59],
140°C for the PNAM chains [60] and 20°C for the PNAEP chains [61]
raises the effective Ty of the Jeffamine® core-forming chains, which
hence enables TEM analysis of the diblock copolymer nanoparticles.

TEM is only sensitive to the nanoparticle cores because the steric
stabilizer chains are of negligible thickness under the ultrahigh vacuum
conditions required for electron microscopy. In contrast, DLS ‘sees’ the
whole nanoparticle (e.g. the Jeffamine® core plus the solvated steric
stabilizer coronal chains). Moreover, the latter technique is biased to-
wards larger nanoparticles for particle size distributions of finite width.
These factors account for the apparent discrepancy between the TEM
and DLS data. TEM studies were also performed on dried aqueous dis-
persions of Jeff-PDMAC; 4 and Jeff-PDMACg( nanoparticles. Inspecting
the TEM images shown in Fig. 7 and Fig. S9, polydisperse spheres were
observed in both cases. Number-average diameters of 84 + 31 nm and
285 + 139 nm were estimated for the former and latter nanoparticles,
respectively.

For Jeff-PDMAC; 5, Jeff-PNAEP; 5, and Jeff-PNAM; o nanoparticles,
zeta potentials were determined to be close to zero from pH 4 to pH 9,
(see Fig. 8). This is consistent with the non-ionic nature of the PDMAC,
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Fig. 5. DLS particle size distributions recorded for 1.0 % w/w aqueous dis-
persions of (a) Jeff-PDMACeg0.140, (b) Jeff-PNAEP;00.180 and (c) Jeff-PNAM; g
180 nanoparticles prepared via reverse sequence aqueous PISA at 60°C.
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Fig. 6. Representative TEM images recorded after drying dilute aqueous dis-

persions of (a) Jeff-PDMAC; 2o nanoparticles, (b) Jeff-PNAM;5, nanoparticles
and (c) Jeff-PNAEP; 5, nanoparticles.



M.A.H. Farmer et al.

Fig. 7. Representative TEM images recorded after drying dilute aqueous dis-
persions of (a) Jeff-PDMAC;49 nanoparticles and (b) Jeff-PDMACqq
nanoparticles.

PNAEP and PNAM steric stabilizer chains. Thus the aqueous electro-
phoresis data suggest that the colloidal stability observed for these
nanoparticles in aqueous media is simply the result of steric stabiliza-
tion, rather than charge stabilization.

4. Conclusions

Our original reverse sequence PISA protocol [38] has been expanded
to include a Jeffamine®-based precursor. The higher solubility of this
precursor enables these syntheses to be performed at only 60°C, rather
than 80°C. Moreover, such wholly aqueous formulations enable two new
hydrophilic vinyl monomers (NAM and NAEP) to be employed, in
addition to the original DMAC monomer. In each case, a linear evolution
in number-average molecular weight with conversion and relatively low
copolymer dispersities (M,,/M;, < 1.30) were observed when targeting a
DP of 160 for the hydrophilic block, suggesting good RAFT control.
However, UV GPC studies confirmed significantly higher chain exten-
sion efficiencies for DMAC polymerizations compared to reverse
sequence PISA syntheses performed using either NAM or NAEP. TEM
studies indicated the formation of polydisperse spherical nanoparticles
in all cases and DLS studies reported hydrodynamic z-average diameters
ranging from 145 nm to 245 nm. Unimodal populations could be
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obtained for some (but not all) reverse sequence PISA formulations.
Finally, aqueous electrophoresis data suggested a steric stabilization
mechanism for these Jeffamine®-core nanoparticles.
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