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Morphology Control via RAFT Emulsion Polymerization-Induced
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ABSTRACT: Polymerization-induced self-assembly (PISA) is a
useful formulation for readily obtaining nanoparticles from block
copolymers in situ. Reversible addition—fragmentation chain-
transfer (RAFT) emulsion polymerization is utilized as one of
the PISA formulations. Various factors have so far been
investigated for obtaining nonspherical particles via RAFT
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emulsion polymerization, such as the steric structure of the shell, | ey T, of core

the glass-transition temperature (Tg) of the core-forming block, N < Low |
and the water solubility of the core-forming monomer. This study = = High |
focuses on core-forming blocks without changing the structure of SO Solubility of monomer

the shell-forming block. In particular, we elucidate the balance
between T, for the core-forming block and the water solubility of
the core monomer. A series of alkyl methacrylates, such as methyl
methacrylate (MMA), ethyl methacrylate (EMA), and n-propyl methacrylate (PrMA), are emulsion-polymerized in the presence of a
poly[poly(ethylene glycol) methyl ether methacrylate] (PPEGMA) macromolecular chain-transfer agent via the RAFT process. The
resulting in situ morphology changes to form shapes such as spheres, worms (toroids), and vesicles are systematically investigated.
The properties of the core that determine whether a morphological change occurs from spheres are (i) the solubility of the core-
forming monomer in water, (ii) the relationship between T, for the core-forming block and the polymerization temperature, and (iii)
the hydrophobic core volume, which changes the packing parameter. These factors allow prediction of the block copolymer
morphology produced during RAFT emulsion polymerization of other methacrylates such as n-butyl methacrylate (BuMA),
tetrahydrofurfuryl methacrylate (THFMA) with physical properties of the homopolymer (poly(tetrahydrofurfuryl methacrylate)
(PTHFMA)) between those for poly(MMA) (PMMA) and PBuMA, and 1-adamantyl methacrylate (ADMA) with low monomer
solubility in water and high T, of the homopolymer (PADMA).

~ Core volume
(Packing parameter)

H INTRODUCTION the core-forming block. Thus, there are many examples of PISA

Polymerization-induced self-assembly (PISA) refers to the
formation of nanoparticles such as spheres, worms, and vesicles
through the synthesis of amphiphilic block copolymers and in
situ self-assembly.' ™ Compared to the conventional self-
assemblies of block copolymers in selective solvents,'’ various
nanoparticles can be obtained in a straightforward one-pot
approach while facilitating high yield and scalability, which is
industrially advantageous. In principle, since nanoparticles are
obtained simultaneously with polymerization and can be used as
they are, a metal-free system such as reversible addition—
fragmentation chain-transfer (RAFT) polymerization'"'* that
does not require purification has mostly been employed
(Scheme 1).

In block copolymerization using RAFT polymerization, a
macromolecular chain-transfer agent (macro-CTA) is synthe-
sized at the first stage. The resulting polymer corresponds to the
shell and stabilizer of the nanoparticles. Subsequently, polymer-
izing a second-stage monomer using the resultant macro-CTA
allows for the synthesis of block copolymers. In PISA, nano-
organization is performed using the second-stage monomer as
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via RAFT dispersion polymerization or RAFT emulsion
polymerization without metallic catalysts. The former is
reflected in the morphology given by the diblock copolymer
composition, i.e., relative block volume fractions, because
polymerization starts in a homogeneous system. The morpho-
logical change is generally controlled by the relative volume ratio
of blocks, i.e., the packing parameter."”'* This roughly
corresponds to the blockchain length ratio. Furthermore, the
morphology depends on polymerization conditions such as the
concentration of solids and additives. Many reports have been
published on the synthesis of nanoparticles with various
morphologies.'*~>° However, a special monomer is required
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Scheme 1. RAFT Aqueous Emulsion Polymerization of MMA, EMA, PrMA, BuMA, THFMA, and ADMA Using the PPEGMA

Macro-CTA at 70 °C“
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“The properties of the core that determine whether a morphological change occurs from spheres to worms, toroids, or vesicles: (i) the solubility of
the core-forming monomer in water, (ii) the relationship between T, for the core-forming block and the polymerization temperature, and (iii) the

hydrophobic core volume, which changes the packing parameter.

in an aqueous dispersion system because the monomer must be
soluble in water, while the polymer product must be insoluble in
water.

Emulsion polymerization is also a useful process because it
can be applied to a large number of hydrophobic monomers.
However, there are not as many examples describing the
synthesis of higher-order structures other than spheres, such as
worms and vesicles, as for the case of dispersion polymerization.
However, there are some reports of successful synthesis of
nanoparticles by emulsion polymerization focusing on the
hydrophilic part or the hydrophobic moiety. Charleux et al. first
reported RAFT emulsion polymerization of styrene to produce
nanoparticles such as spheres, worms, and vesicles using a
poly[ (ethylene glycol) methyl ether (meth)acrylate-co-(meth)-
acrylic acid] macro-CTA as an ionic shell.”” " These studies
showed the effect on the block copolymer morphology in water
due to changes in pH and salt concentration. Using a similar
macro-CTA, other groups investigated the effect of end-group
hydrophobicity®" and the random incorporation of a hydrophilic
component.” ~** D’Agosto et al. succeeded in synthesizing
polystyrene (PSt) nanoparticles with various morphologies by
controlling the topology of the macro-CTA of poly(N-
acryloylmorpholine) with poly[poly(ethylene glycol) acryl-
ate].>> In addition, molecular dynamics simulations revealed
that attractive interactions of poly(ethylene glycol) side chains
had a significant effect on morphological changes.*® Sugihara et
al. focused on the relatively high hydrophilic—lipophilic balance
(HLB) of these macro-CTAs that succeeded in preparing
various nanoparticles. Using a nonionic poly[di(ethylene
glycol)vinyl ether] macro-CTA with HLB = 15.4, they
synthesized poly(vinyl acetate) nanoparticles via RAFT
emulsion polymerization.”” Thus, a well-designed macro-CTA
as a shell has the potential to provide various nanoparticles in
RAFT emulsion polymerization.

Armes et al. carried out a series of studies focusing on the core
of the hydrophobic moiety. They performed RAFT emulsion
polymerization of a 2-hydroxybutyl methacrylate using poly-
[(meth)acrylic acid] macro-CTA and revealed that the aqueous
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solubility of the core-forming monomer is an important factor
that affects the resulting morphology.”®”” Similarly, the effects
of the core-forming monomer structure and solubility on the
morphology were investigated using a-hydroxymethyl acryl-
ate.”” Hatton and Armes et al. then used poly(glycerol
monomethacrylate) (PGMA) to emulsion-polymerize glyci-
dylryl (GlyMA) [aqueous solubility (soly.) = 26.7 g/L at 60 °C,
T, of homopolymer = 45 °C] which is relatively soluble in water,
to selectively obtain worms.*"*> Tan et al. focused on the
solubility and glass-transition temperature (Tg) of the core-
forming monomers.”> They conducted RAFT emulsion
polymerization using a poly[poly(ethylene glycol) methyl
ether methacrylate] (PPEGMA) macro-CTA. The monomers
were GlyMA, methyl methacrylate (MMA, soly. = 22.5 g/L at 60
°C, T, = 125 °C), and benzyl methacrylate (soly. = 0.4 g/L at 70
°C, Ty = 54 °C). They concluded that the aqueous solubility of
monomers and the T, values for the generated polymers are the
two key factors that affect the morphological evolution under
RAFT-mediated emulsion polymerization conditions. However,
there have been no systematic studies on the effects of the T, of
the core-forming block and solubility balance on the
morphology in RAFT emulsion polymerization.

Therefore, we first performed RAFT emulsion polymerization
of three types of monomers: MMA, ethyl methacrylate (EMA),
and propyl methacrylate (PrMA) at 70 °C using PPEGMA
macro-CTA. As shown in Table 1, the descending order of Tg’s
of the homopolymers is poly(MMA) (PMMA), poly(EMA)

Table 1. Properties of Poly(alkyl methacrylate) for Core-
Forming Block”

core-forming block PMMA PEMA PPrMA PBuMA
alkyl carbon number 1 2 3 4
T, (°C) 125 60 38 20
15 [25] sS4 [11] —[s5.5] 0.8[2.6]

soly. of monomer (g/L)" exp.
[caled]

“Refs 44—46. "Aqueous solubility at 25 °C. “Calculated data from
Advanced Chemistry Development (ACD/Labs).
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(PEMA), and poly(PrMA) (PPrMA), and the solubilities of the
monomers in water are MMA, EMA, and PrMA in descending
order. In order for a morphology change to occur during
emulsion polymerization, it is necessary for the T, of the core-
forming block to be relatively low with respect to the
polymerization temperature, and the aggregates must be ergodic
(dynamic). Moreover, the solubility of the core-forming
monomer in water needs to be relatively high. This is because
kinetically trapped spheres derived from the monomer droplets
are not formed. In other words, it is important to achieve
emulsion polymerization conditions that are closer to those for a
dispersion polymerization system. As an alternative scenario, the
morphological transition was caused by kinetically trapped
sphere—sphere fusion.”>* Based on these results, morphology
changes were also predicted and investigated using three types of
core-forming blocks such as poly(butyl methacrylate) (PBuMA)
with a longer alkyl chain, poly(tetrahydrofurfuryl methacrylate)
(PTHFMA) with physical properties between those for PEMA
and PPrMA, and poly(1-adamantyl methacrylate) (PADMA)
with a high T, for the homopolymer and a low monomer
solubility in water.

B EXPERIMENTAL SECTION

Materials. 4-Cyano-4-(thiobenzoylthio)pentanoic acid
(CADB) was synthesized according to a literature protocol.”’
4,4'-Azobis (4-cyanopentanoic acid) (V-501, FUJIFILM Wako
>98.0%) was used as received. Poly[(ethylene glycol) methyl
ether methacrylate] (PEGMA, Sigma-Aldrich; average M, = 500
g/mol, 9 EO units), MMA (FUJIFILM Wako; >98.0%), EMA
(FUJIFILM Wako; >99.0%), PrMA (FUJIFILM Wako;
>96.0%), BuMA (TCI; >99.0%), tetrahydrofurfuryl methacry-
late (THFMA, TCI; >98.0%), and ethylene glycol dimethacry-
late (EGDMA, Sigma-Aldrich; 98%) were purified using the
corresponding inhibitor removers prepacked columns (Sigma-
Aldrich). 1-Adamantyl methacrylate (ADMA) was kindly
donated by Osaka Organic Chemical Industry, Ltd. For solvents,
dry 1,4-dioxane (FUJIFILM Wako; >99.5%, water < 10 ppm)
and ultrapure water (FUJIFILM Wako) were used as received.

Synthesis of PPEGMA Macro-CTA. RAFT solution
polymerization of PEGMA was performed in 1,4-dioxane at
[PEGMA],/[CADB],/[V-501],=20:1:0.125 (molar ratio) and
[PEGMA], = 25 wt %. PEGMA (10.0 mmol, 5.00 g; target
degree of polymerization (DP) of20), CADB (0.50 mmol, 139.7
mg), V-501 (0.0625 mmol, 17.5 mg), and 1,4-dioxane (14.84 g)
were added to a 100 mL Schlenk flask with a magnetic stir bar.
The reaction mixture was degassed over three freeze—pump—
thaw (FPT) cycles, and then the flask was filled with nitrogen.
The solution was stirred in a preheated oil bath at 70 °C for a
day. The polymerization mixture was quenched by cooling in an
ice water bath and exposure to air. The product was purified by
dialysis against deionized water using semipermeable cellulose
tubing (SPECTRA/POR, corresponding to a molecular weight
cutoff of 3500 Da) and then freeze-dried to obtain pure
PPEGMA macro-CTA. The number-average molecular weight
(M,) and polydispersity (M,,/M,, M,,: weight-average molecular
weight) were determined via size exclusion chromatography
(SEC). The DP for the macro-CTA was determined by the area
of phenyl signals (7.3—8.1 ppm) on RAFT-end group and
methyl signal (3.3—3.45 ppm) on PEGMA side chain using 'H
NMR spectroscopy.

RAFT Emulsion Polymerization of Core-Forming
Monomer. All RAFT emulsion polymerizations were per-
formed using the following protocol. In the case of the

polymerization of EMA for a target DP = 100 of PEMA,
PPEGMA,, macro-CTA (0.024 mmol, 0.238 g) was mixed with
V-501 (0.0035 mmol, 1.0 mg), EMA (2.81 mmol, 0.321 g; target
DP of 100), and pure water (2.4 g) at [macro-CTA],/[EMA],/
[V-501], = 1:100:0.125 (molar ratio) and 20 wt % solid
concentration in a Schlenk tube. The solid concentration
corresponds to the final copolymer concentration in water,
which is defined as [PPEGMA macro-CTA (g) + core-forming
monomer (g)]/[total reaction mixture (g)] X 100. Since the
solution pH was ca. 3.50, the RAFT-end group is —COOH. The
mixture was degassed over three FPT cycles, and then the tube
was filled with nitrogen. Polymerization was started at 70 °C,
with stirring at 600 rpm using a magnetic stir bar. After the
desired time, the polymerization mixture was quenched by
cooling to room temperature and exposure to air. The monomer
conversion was estimated from the residual EMA monomer in
the resultant latex by 'H NMR spectroscopy, which was
determined by the area of vinyl signals (6.0—6.1 ppm) of EMA
monomer and methyl signals (1.1—1.4 ppm) of PEMA using 'H
NMR spectroscopy.

General Polymer Characterization. '"H NMR spectra
were recorded on JEOL JNM-ECXS00II (500 MHz)
spectrometer in d,-methanol, a d,-methanol/CDCIl; mixture,
or D,0. For example, the resulting dispersion after polymer-
ization was diluted by D,O to ca. 1 wt % before measurement.
Furthermore, for the determination of the DP, the resulting
emulsion was partially evaporated and diluted with d,-methanol
or d,methanol/CDCl; mixture. The molecular weight dis-
tribution (MWD) was assessed by SEC in tetrahydrofuran using
polystyrene (PSt) gel columns [TSK guard column Hy-L +
TSKgel GMHp-M X 3; flow rate: 1.0 mL/min] connected to a
Waters 2695 with 2489 UV/Vis and 2414 RI detectors. M, and
M,,/M, were calculated from the SEC curves based on PMMA
calibration standards. Dynamic light scattering (DLS) measure-
ments of ca. 0.5 wt % diluted latex were performed using a
Malvern Zetasizer Nano-ZSP instrument at 25 °C. The scattered
light was detected at an angle of 173°. The mean particle
diameter (D,) and polydispersity index (PDI) for the nano-
particles were calculated by cumulant analysis of the
experimental correlation function using Zeta Software version
7.04. The results were averaged over 16 consecutive runs. The
morphology of the resulting block copolymer in the emulsion
was observed by scanning probe microscopy (SPM-9700,
Shimadzu) with a silicon probe (Olympus, OMCL-AC160TS-
C3), which had a resonance frequency of 300 kHz and a spring
constant of 26 N/m. The morphology was observed as a height
image by atomic force microscopy (dynamic-mode AFM) at
ambient temperature. The sample for AFM height imaging was
prepared as follows: muscovite mica (V-4 grade, Alliance
biosystems) cut to a 1 X 1 cm” section was taped on a steel
mounting disc 12 mm in diameter, and 20 uL of the resulting
latex solution diluted in water (ca. 0.0S wt %) was dropped on
the mica, and then the sample was air-dried for a day.

B RESULTS AND DISCUSSION

Synthesis of PPEGMA Macro-CTA. PPEGMA macro-
CTA was prepared from RAFT solution polymerization of
PEGMA monomer in 1,4-dioxane at 70 °C for 24 h using CADB
as a RAFT agent and V-501 as an azo-initiator: [PEGMA]y/
[CADB],/[V-501], = 20:1:0.125 (molar ratio). The monomer
conversion was calculated from diluted aliquots of the as-
quenched reaction mixture using '"H NMR spectroscopy in
CDCl,; by comparing the integrated monomer vinyl resonances
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at 5.5—6.2 ppm to the signal due to methylene groups next to the
ester in PEGMA at 4.0—4.4 ppm. The quenched mixture was
diluted using water, followed by dialysis against deionized water
using semipermeable cellulose tubing for a day, and PPEGMA
macro-CTA was isolated by lyophilization. DP (=n) of
PPEGMA obtained here was 19, i.e, PPEGMA, macro-CTA,
which was estimated from the monomer conversion (conv. =
96%). The MWD by SEC and 'H NMR result of PPEGMA,,
macro-CTA are shown in Figures 1 and S1 of the Supporting
Information, respectively.

M, (m,/M,)
(PPEGMA, ;)
10200 (1.08)
13000 (1.09)
14800 (1.09)
18000 (1.10)
21100 (1.11)

—— O min
—— 60 min
—— 100 min

150 min
—— 250 min
300 min

4
10 MW (PMMA)

I I I I I I I I

5
1|0

20 21 22 23 24 25 26 27

Elution volume (mL)

Figure 1. SEC traces at each polymerization time for the targeted
PPEGMA y-b-PEMA, nanoparticles via RAFT emulsion polymer-
ization of EMA using PPEGMA g macro-CTA: [EMA],/[PPEGMA],/
[V-501], = 100:1:0.125 (molar ratio).

RAFT Emulsion Polymerization of MMA, EMA, and
PrMA with PPEGMA,; Macro-CTA. Using the PPEGMA |,
macro-CTA, three hydrophobic methacrylates, MMA, EMA,
and PrMA, underwent RAFT emulsion polymerization (block
copolymerization) with stirring at 600 rpm at 70 °C for 24 h. A

series of block copolymers were synthesized with various target
DPs (=m) of hydrophobic methacrylates in the range of 75—
200. Considering the solubility of the monomer, emulsion
polymerization proceeded in all of the polymerization
conditions at 20 wt % solids conc. As a typical example, RAFT
emulsion polymerization for PPEGMA4-b-PEMA, is shown.
Figure 1 shows MWDs by SEC with respect to the change in
polymerization time. As the polymerization time increased, the
MWD shifted to a higher molecular weight while maintaining a
relatively narrow M, /M, value. Polymerization continued for
more than S h and was finally terminated at 24 h. Note that no
dependence of morphology on polymerization time was found
between S and 24 h (Figure S2 of the Supporting Information).
It will take enough time for the polymerization to complete.
BuMA with a low T, which will be described later, does not
change in morphology at 6 and 24 h (Figure S2). However, in
dispersion polymerization using an organic solvent with a high
polymerization rate, there is an example in which the
morphology changes after the polymerization is completed.”

Table 2 summarizes the results of typical RAFT-mediated
emulsion polymerizations of MMA, EMA, and PrMA using the
PPEGMA,, macro-CTA (entries 1—9), as well as other
polymerization results for BuMA (entries 13 and 14), ADMA
(entries 15 and 16), and THFMA (entries 17 and 18). The
resulting block copolymer morphologies via RAFT emulsion
polymerization are also shown.

An aliquot of the as-quenched emulsion polymerization
mixture was diluted with D,O and measured by 'H NMR
spectroscopy. The remainder was diluted with a good solvent of
either d,-methanol or a d,-methanol/CDCIl; mixture until it
became transparent and was measured by "H NMR spectros-
copy. Representative 'H NMR results for the emulsion
polymerization of EMA are shown in Figure 2. In the case of
entry 4, when the target DP of PEMA was 75 at full monomer

Table 2. Representative Results of RAFT Emulsion Polymerization of Various Core-Forming Methacrylates at 70 °C Using

PPEGMA Macro-CTA“

entry structure” target core DP solids“(wt %) convn (%) M, w° M“‘SECf M,/M;/ D& (am) PDI® morphologyh
1 PPEGMA y-b-PMMA 4, 100 20 >99 19900 19700 1.10 25 0.10 S
2 PPEGMA 4-b-PMMA |, 150 20 >99 24 800 22 500 1.10 44 0.61 w
3 PPEGMA y-b-PMMA,, 200 20 >99 29900 25600 1.18 936 0.43 w
4 PPEGMA,,-b-PEMA,¢ 75 20 >99 18400 18800 LIl 17 047 S (+W)
s PPEGMA o-b-PEMA 19 100 20 >99 21300 21500 L11 48 0.55 W+T
6 PPEGMA y-b-PEMA, ;¢ 150 20 29 26900 27700 1.13 629 0.35 T+V
7 PPEGMA 4-b-PPrMA, ¢ 75 20 >99 19 500 18 100 1.12 71 0.40 W+ T
8 PPEGMA y-b-PPrMA,, 100 20 29 22700 25600 1.07 5SS 0.14 V (+W)
9 PPEGMA y-b-PPtMA 45 150 20 99 28 900 30200 1.15 83 0.14 \'
10 PPEGMA,-b-PEMA, 60 20 98 12 000 13 600 1.09 118 0.76 w
11 PPEGMA,,-b-PEMA,, 96 20 97 16 100 19 600 1.13 828 0.22 \'
12 PPEGMA,,-b-PEMA,,, 241 20 29 42 500 40 600 1.33 140 0.29 N
13 PPEGMA y-b-PBuMA, o 100 20 >99 24100 22 600 1.11 29 0.19 N
14 PPEGMA 4-b-PBuMA |, 150 20 >99 31200 35000 1.12 61 0.10 A\
15 PPEGMA ,-b-PADMA, 75 20 80 23100 18 600 1.34 878" 0.42 S
16 PPEGMA 4-b-PADMA 5, 150 20 89 39300 31500 1.62 213° 0.31 S
17 PPEGMA,,-b-PTHEMA,, 75 20 99 22600 19500  1.09 978 0.55 w
18 PPEGMA y-b-PTHFMA,, 100 20 929 26 800 23 600 1.09 1224 0.50 w

“[Monomer],/[PPEGMA],/[V-501], = 75—388:1:0.125 (molar ratio). All polymerizations were conducted for a day. The final assembly
morphology did not change w1th continued heating after the polymerization has been completed. All of the final reaction mixtures were turbid,
except for entries 1, 4, and 13. *DP of core block: target core DP X convn. “Solids concentration (wt %) = 100 X [PPEGMA macro-CTA (g) +

monomer (g) + V-501 (g)]/[all reaction mlxtures (2)]-

By monomer consumption using 'H NMR spectroscopy. “M, ¢ = M, ppEGMA macro-CTA T

target DP X MWqrc forming monomer X CODVIL. By SEC in THF (PMMA standards). By DLS measurement at 25 °C. hBy dynamic-mode AFM
analysis: S = spheres, W = worms, T = toroids, and V = vesicles. ‘Partly necklace-like spheres.
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Figure 2. '"H NMR spectra at 20 °C of PPEGMA,o-b-PEMA  (entry 4)
prepared from RAFT emulsion polymerization directly diluted with
(A) D,O or (B) d,-methanol.

conversion, only signals from the PPEGMA moiety are observed
in the spectrum, and no (or only broad) PEMA signals are visible
in D, 0 in Figure 2A. In contrast, all proton signals expected for
the PPEGMA and PEMA chains are clearly visible in the 'H
NMR spectrum recorded in d,-methanol in Figure 2B. These 'H
NMR observations suggest that the PPEGMA 4 chains act as the
reactive emulsifier (shell), while the PEMA chains form the
micelle core, as expected. Furthermore, since the characteristic
methylene proton signals derived from the EMA monomer were
not observed at 5.5—6.2 ppm, full monomer conversion is
confirmed in this case. Thus, the resultant diblock copolymer
composition was determined from the monomer conversion to
be n = 19 and m = 75, i.e, PPEGMA-b-PEMA 5, assuming
100% blocking efficiency for the PPEGMA |y macro-CTA. The
composition was also confirmed from the area ratio of peaks (c
and k) in Figure 2B. All of the synthesized block copolymer
compositions were determined similarly, as shown in entries 1—
18 of Table 2.

Figure 3 shows typical SEC curves for entries 1, 5, and 8.
These results correspond to those for block copolymers via
RAFT emulsion polymerization of MMA, EMA, and PrMA,
respectively, with a target DP = 100 using a PPEGMA |y macro-
CTA. Thus, [PPEGMA,],/[hydrophobic methacrylate], was
set to a molar ratio of 100. All polymers have a nearly
monodisperse distribution with a narrow MWD (M,,/M, =
1.07—1.11). The high- and low-molecular-weight regions have
very slight shoulders. These are likely due to polymers via
termination such as combination and residual PPEGMA
homopolymers that do not act as macro-CTAs, respectively.
However, the MWD is shifted toward a significantly higher
molecular weight relative to the PPEGMA; macro-CTA,
depending on the molecular weight of the hydrophobic
methacrylate, i.e, MMA < EMA < PrMA. Each M, is in good
agreement with the target DP in the conversion. Similarly,
irrespective of the target DP of the core poly(methacrylate) and
PPEGMA macro-CTA length (n = 10—29), similar block
copolymers with narrow MWDs (M,,/M, = 1.07—1.18) were
obtained via RAFT emulsion polymerization of the three
hydrophobic methacrylates in entries 1—12 of Table 2.

mmy,)

9300
PPEGMA,,macro-CTA (1.10)

19700

entry 1 (1.10)
21500

entry 5 (1.11)
25600

entry 8 (1.07)

6 5 4
10 10 10" Mw (PMMA)
1 1

I I I I
16 18 20 22 24 26

Elution Volume (mL)

Figure 3. Typical SEC traces of the resultant of entries 1, 5, and 8.

AFM studies confirmed that these RAFT emulsion for-
mulations provided higher-order morphologies, depending on
the composition of the resultant block copolymer. Figure 4
shows AFM images of the morphological changes with respect
to the DP of the core-forming poly(methacrylate). The cores of
PMMA, PEMA, and PPrMA are arranged vertically, and the
horizontal axis is the target DP of the core. The conversions for
entries 1—9 shown here were greater than 98%. Even in cores
such as PMMA, where T, is higher than the polymerization
temperature, which is disadvantageous for morphological
transition, morphological changes from spheres occurred. It is
also possible that the monomer acts as a plasticizer."” The
shorter the chain length, the lower the T, of PMMA.*° Thus,
short-chain PMMA has sufficient mobility at the polymerization
temperature and may cause morphological changes. However,
since DPs of PMMAs are 150 and 200 for entries 2 and 3,
respectively, and the T of final products is significantly above
the polymerization temperature. Hence, this is likely due to the
high solubility of the monomer in water. In the range from
entries 1—3, no morphological change from worms to vesicles
was found. This is because the worms could not transform to
vesicles at longer chain lengths due to the higher T, of the core
block as the DP of PMMA increased.

Herein, we focused on emulsion polymerization of alkyl
methactylates using PPEGMA macro-CTA, but only spheres
were obtained with a different shell of PGMA macro-CTA.”" In
addition, as described in the introduction, there is an example of
morphological change using PDEGV macro-CTA with a high
HLB value.”” Thus, it is suggested that the mobility of the core-
forming block stabilized by a shell during polymerization is a
significant factor for morphology change at the temperature of
RAFT emulsion polymerization. In practice, PrMA has relatively
low solubility in water, but T, for PPrMA was sufficiently lower
than the polymerization temperature. Thus, morphological
change from worms (some toroids) to vesicles was observed
(entries 7—9). Although the emulsion polymerization system is
not homogeneous from the beginning, unlike at the start of
dispersion polymerization, such morphological changes can
occur. Even if either the solubility of the core-forming monomer
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PMMA

DP of hydrophobic block

Figure 4. Representative AFM (height) images of nanoparticles prepared with a different target DP of hydrophobic core-forming block via RAFT
emulsion polymerization of either MMA, EMA, or PrMA using the PPEGMA; macro-CTA at a solids concentration of 20 wt % at 70 °C: 500 X 500

2

nm? images for entries 1 and 8; 1 X 1 yum? images for entries 2, 5, 7; 1.5 X 1.5 ym” image for entry 3; and 5 X 5 ym” images for entries 4 and 6. Scale for
the inset of magnified AFM images: 50 X 50 nm? for entry 1; 100 X 100 nm? for entries 2 and 8; 200 X 200 nm” for entries 3, 5, and 9; 1 X 1 um? for

entries 4 and 6; and 150 X 150 nm? for entry 7.

or T, for the core-forming block is an unfavorable condition, the
possibility of morphological change has been found. In addition,
when each DP for PEMA and PMMA was further increased
(target DP of core-forming block > 250), a bimodal distribution
in SEC was obtained (Figure S3). This is likely because the
monomer could not diffuse into the micelle from the monomer
droplet due to the influence of the high T, in the core-forming
block, and higher molecular weight polymer formation occurred
on the outside of the micelle. For the sample with DP = 100,
viewed vertically in Figure 4, there was a difference in structure
(spheres, worms/toroids, and vesicles for PMMA, PEMA, and
PPrMA, respectively), even for the same DP. This is due to the
systematic change in the packing parameter due to the volume
change of the hydrophobic block. Therefore, these results
suggest that the properties of the core that determine whether a
morphological change occurs from spheres are a balance of three
factors: (i) the solubility of the core-forming monomer in water,
(i) Ty for the core-forming block relative to the polymerization
temperature, and (iii) the hydrophobic core volume, which
changes the packing parameter.

Phase Diagram of PPEGMA-b-PEMA Prepared via
RAFT Emulsion Polymerization. Varying the target DP of
the PEMA using a PPEGMA,, or a PPEGMA,, macro-CTA
partly leads to similar morphological control. The morpho-
logical observations are summarized in the phase diagram shown
in Figure S. In the case of emulsion polymerization using
PPEGMA |, nearly monodisperse SEC curves were obtained
(e.g,, entry 10; Figure S4). The resulting nanoparticles were

spheres, worms, and vesicles, depending on the DP of PEMA.
When using PPEGMA,,, it was found that as the DP of PEMA
was increased, the SEC curve became bimodal and higher
molecular weights were obtained at DP > 241 in entry 12 (SEC
curves; Figure SS). Judging from the packing parameter, due to
the longer hydrophilic PPEGMA block, a sufficient length of the
hydrophobic PEMA of the core-forming block is required for
morphological change. However, morphological change cannot
be seen in the region of PPEGMA,,. This is because of the
difficulty of diffusion of EMA due to the high T, in the core-
forming block, similar to that for the target PPEGMA o-b-
PEMA;,, and PPEGMA ,-b-PMMA,, described above. Thus,
morphological change cannot be seen in the region of
PPEGMA,,. In the PPEGMA,, series, only spheres were
observed (AFM images; entry 12 in Figure S and others in
Figure $6). In the case of such incomplete polymerization, a few
worms and vesicles were sometimes observed. However, the
morphology lacks reproducibility due to the presence of high-
molecular-weight polymers. In the range where monomodal
MWDs were obtained by SEC, spheres, worms, or vesicles were
formed according to the DP of PEMA. This is due to the
systematic change of the packing parameter due to the volume of
the hydrophobic block. Worms were formed in the range where
the DP was approximately PPEGMA/PEMA = 1:5, and vesicles
were formed when the PEMA in the hydrophobic block was
longer than that.

Next, BuMA, which has alower T, for the homopolymer and a
lower solubility in water than those for PrMA, was emulsion-
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Figure 5. Phase diagram constructed for PPEGMA-b-PEMA nanoparticles: S = spheres, W = worms, and V = vesicles. Coexisting phases are indicated
by two letters, where appropriate. Height AFM images for representative morphologies: (A) entry 10 [worms, 1 X 1 ym? image and scale bar = 500 nm
(inset: magnified 125 X 125 nm”image)], (B) entry 11 [vesicles, 5 X 5 ym?” image and scale bar = 2 ym], and (C) entry 12 [spheres, 1 X 1 ym” image
and scale bar = 200 nm (inset: magnified 200 X 200 nm?® image)]. Two black circles in parentheses are nanoparticles with a bimodal distribution in
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Figure 6. (A) AFM height images for entry 14 [vesicles, 1 X 1 um? image and scale bar = 200 nm (inset: magnified 200 X 200 nm? image)], (B) a cross-
sectional profile of a—b, and (C) DLS particle size distribution for the resultant vesicles in water.

polymerized using a PPEGMA g macro-CTA under the same
conditions at 70 °C for 24 h at 20 wt % solid concentration:
[macro-CTA],/[EMA],/[V-501], = 1:100:0.125 or
1:150:0.125 (molar ratio). Polymerization proceeded smoothly,
and well-defined block copolymers such as PPEGMA y-b-
PBuMA, o, and PPEGMA ,-b-PBuMA |, were obtained. The
polymerization results are shown in entries 13 and 14 in Table 2
(SEC curves; Figure S7). For entry 14, vesicles were observed in

26900

the AFM image, and a monomodal distribution was found by
DLS analysis, as shown in Figure 6. Although PPEGMA ¢-b-
PBuMA, o (entry 13) formed spheres (AFM image; Figure S8),
PPEGMA y-b-PBuMA 5, formed vesicles whose morphology
was judged from the height of the central domain to be much
lower than that at the edge (Figure 6B). Moreover, the mean
diameter is smaller (61 nm) than any other polymer vesicles, and
the PDI is relatively narrow (PDI = 0.10). Since PBuMA has the
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highest volume among the use poly(alkyl methacrylate)s, the
packing parameter for vesicle formation can be satisfied even if
the DP of the core is the smallest among the methacrylates used
in the present study. In fact, it is less soluble in water than PrMA,
which is disadvantageous for morphology change. However,
vesicles can be observed, since the T, for PBUMA is lower (20
°C) than the polymerization temperature (70 °C), and the chain
mobility during polymerization is high. This morphological
change may be caused primarily by the kinetically untrapped
spheres under the polymerization conditions. However, the
shorter PPEGMA4-b-PBuMA, (entry 13) shows a spherical
morphology, as expected. To the best of our knowledge, there
have been no reports of morphological changes in RAFT
emulsion polymerization of BuMA.*” Various nanoparticles can
be obtained through our comprehensive and systematic studies.

Morphological Changes in Block Copolymers with
Other Core Structures. Based on the results so far, we
investigated morphological changes in other core-forming
methacrylates that differ from alkyl methacrylates, as shown in
Table 3. Here, we used ADMA, which was expected from the

Table 3. Properties of Core-Forming Block”

core-forming block PTHFMA PADMA
T, (°C) 57 202
soly. of monomer (g/L) be 6.0 0.026

“Refs 52 and 53. YAqueous solubility at 25 °C. “Calculated data from
Advanced Chemistry Development (ACD/Labs).

packing parameter to easily change morphology because
PADMA has a bulky side chain. However, the T, for PADMA
is much higher than the polymerization temperature of 70 °C.
Moreover, ADMA is a highly hydrophobic monomer with
extremely low solubility in water. Thus, both T, and the
monomer solubility in water are expected to work against a
morphology change.

RAFT emulsion polymerization of ADMA was conducted at
target DPs of PADMA = 75 and 150, affording nanoparticles of
PPEGMA 4-b-PADMAy, (entry 15) and PPEGMA,y-b-
PADMA, 3, (entry 16) in situ. These polymerizations had
broader MWDs than other entries in Table 2 (SEC curves;
Figure S9). In particular, the larger the DP of the target PADMA,
the broader the MWD. This is likely due to the highly
hydrophobic ADMA and high T, for PADMA. Figure 7 shows
AFM images of nonmorphological changes with respect to the

DP of core-forming PADMA. Despite the increase in the DP of
PADMA from 60 to 134, the spherical shape was maintained,
and the mean diameter in the AFM image increased from 33 to
63 nm, even in a dry state. Interestingly, physical gelation was
observed visually for both entries 15 and 16 during polymer-
ization at a solid concentration of 20 wt %. However, the gelation
was not due to the entanglement of worms. Since the mean
diameters by DLS analysis in Table 2 are obviously larger than
those in the AFM images, the resulting spheres are likely to form
a macrolattice by collisions between spheres.”* This indicates
that the spheres are simply connected to each other while
maintaining their shape. Since T, for PADMA is too high, the
core mobility is poor during polymerization. Since collisions
between spheres can transform spheres into worms,”* it would
be necessary to devise a shell structure for PADMA in the future.

We next investigated RAFT emulsion polymerization of
THFMA using the same PPEGMA ¢ macro-CTA. THFMA has
intermediate physical properties (solubility of monomer in
water and T of the polymer) between those for EMA and PrMA.
Therefore, it is expected that morphologies other than spheres
can be easily created. When polymerization was conducted at
target DPs of PTHFMA = 75 and 100, nanoparticles of
PPEGMA ,o-b-PTHFMA,, (entry 17) and PPEGMA-b-
PTHFMA,, (entry 18) were obtained in situ. Both polymer-
ization mixtures were physically gelled during the polymer-
ization process, but well-defined block copolymers with narrow
MWDs (M, /M, < 1.1) were obtained at almost full conversions
in 24 h (SEC curves; Figure S10). Figure 8 shows AFM images
of the resulting nanoparticles for entries 17 and 18. As expected,
both possessed worm-like morphologies that differed from
spheres. In particular, the longer the chain length of PTHFMA,
the larger the worm diameter. This is the result of the
morphology control using Figures 4 and S as a road map for
various nanoparticles. Therefore, if the solubility of the core-
forming monomer in water and T for the polymer are similar to
those for EMA and PrMA, the morphology can be controlled via
RAFT emulsion polymerization using PPEGMA macro-CTA at
70 °C.

Stable Worms of Crosslinked PPEGMA-b-PEMA Using
EGDMA. Stable nanoparticles with a crosslinked core were
prepared as a typical example. The worms derived from
PPEGMA y-b-PEMA,, synthesized by RAFT emulsion poly-
merization (entry 5) have a frozen structure in water and do not
change even when diluted with water. However, when dissolved
in ethanol or chloroform as good solvents for both segments, the
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Figure 7. AFM height images for (A) entry 15 and (B) entry 16 [spheres; 1 X 1 gm?* images].
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Figure 8. AFM height images for (A) entry 17 [worms; 1 X 1 yum? images, (inset: magnified 200 X 200 nm? image)] and (B) entry 18 [worms; 1 X 1
um? images, (inset: digital photograph obtained for the inclined sample tube after emulsion polymerization)].
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Figure 9. AFM height image for stable crosslinked worms derived from PPEGMA,y-b-PEMA o (entry S) [1 X 1 um? image]. The target structure is
shown as PPEGMA -b-P(EMA 4g-co-EGDMA,) ¢, on the basis of polymerization condition.

worms dissolve because they are physical aggregates of micelles.
Thus, RAFT emulsion polymerization was performed by adding
2 mol % EGDMA during PEMA polymerization so that
PPEGMA y-b-PEMA y, could withstand solvent changes, and
the core was crosslinked to obtain stable worms. Ethanol was
added to the aqueous solution of the resulting nanoparticles
obtained after emulsion polymerization, and the same amount of
chloroform was added until it became transparent. Figure 9
shows an AFM image of nanoparticles in the crosslinked
PPEGMA y-b-PEMA , i.e., PPEGMA,4-b-P(EMA ¢5-co-
EGDMA,)102- It can be seen that the worm shape is
maintained even in an ethanol/chloroform mixture. Although
PPEGMA y-b-PEMA |, obtained via RAFT emulsion polymer-
ization (entry S) was completely dissolved in an ethanol/
chloroform mixture by the same operation, the crosslinked
PPEGMA,y-b-PEMA o, worms remained intact. Therefore, it is
possible to obtain stable worms in situ by RAFT emulsion
polymerization.

B CONCLUSIONS

RAFT emulsion polymerization of alkyl methacrylates such as
MMA, EMA, and PrMA at 70 °C using PPEGMA macro-CTA
was conducted for the formation of nanoparticles with shapes
such as spheres, worms (toroids), and vesicles. We found that

higher-order morphologies could be obtained by increasing the
DP of the core and the alkyl chain length in the pendant of the
core. Thus, the systematic change of morphology due to
increasing volume of the hydrophobic block was confirmed.
Even in cores such as PMMA, where T, is higher than the
polymerization temperature, which is disadvantageous for
morphological transition, morphological changes from spheres
occurred. This is due to the high solubility of the monomer in
water. However, when PMMA was used for the core, no
morphological change from worms to vesicles occurred. This is
because the worms could not transform to vesicles at longer
chain lengths due to the higher T of the core block as DP
increased. On the basis of these morphology changes, the main
properties of the core that determine whether morphological
change occurs from spheres were the balance of three factors: (i)
the solubility of the core-forming monomer in water, (ii) T, for
the core-forming block relative to the polymerization temper-
ature, and (jii) the hydrophobic core volume, which changes the
packing parameter. Knowledge of these factors enabled the
prediction of morphology changes by RAFT emulsion polymer-
ization of methacrylates using PPEGMA macro-CTA. The
resulting PBuMA vesicles were observed despite the lower
solubility of the core-forming monomer in water. In the case of
ADMA, which has the highest T, core-forming block and lowest
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aqueous solubility, spherical particles were maintained in spite of
the bulky side chain, as expected. THFMA has intermediate
physical properties (solubility of monomer in water and T|, for
the polymer) between EMA and PrMA. Therefore, morphol-
ogies other than spheres were easily produced. Finally, RAFT
emulsion polymerization was performed in the presence of a
cross-linking agent (2 mol % EGDMA) to prepare PPEGMA -
b-P(EMA, y5-co-EGDMA ,) 1, Worms that remained intact in

the presence of a good solvent for both blocks.
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