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The polymerization-induced self-assembly (PISA) of amphiphilic diblock copolymers of poly(ethylene glycol)-
b-poly(vinyl acetate) (PEG-b-PVAc) in water was achieved through macromolecular design via interchange of

xanthate (MADIX) polymerization in emulsion. Poly(ethylene glycol) with a dithiocarbonate (xanthate) end-
group (PEG-X) was synthezised by post-modification of commercial poly(ethylene glycol). The chain extension
of PEG-X was then conducted in water using vinyl acetate (VAc) to produce PEG-b-PVAc amphiphilic diblock
copolymers. Their in situ self-assembly led to stable latexes particles. The molar mass of the PVAc block was
varied to trigger the formation of various morphologies including spheres, vesicles and large compound

vesicles.

Introduction

Polymerization-induced self-assembly (PISA)% 2 is a concept that
takes advantage of a living polymerization technique to chain
extend preformed solvophilic polymer chains with either
solvophobic (emulsion) or solvophilic (dispersion) monomer
units. In both cases, the formed second block is however
solvophobic, and simultaneously to its growth the resulting
block copolymers can self-assemble into nanoparticles. PISA has
been largely employed in the recent years to produce block
copolymer nanoparticles in water, either in dispersion or
emulsion conditions, using mainly reversible addition-
fragmentation chain transfer (RAFT).2 In addition, by varying the
nature and molar mass of the two blocks and/or the solids
content, different morphologies such as spheres, worms or
vesicles, already depicted when self-assembling preformed
block copolymers in a selective solvent of one of the two
blocks,3 can also be produced by PISA in water up to high solids
content.*

While these morphologies seem to be easily obtained in
aqueous dispersion polymerization by simply varying the molar
mass of the hydrophobic block or the targeted solids content,>
emulsion polymerization reveals to be more challenging to
reach higher-order morphologies different from spheres.619 As
now generally accepted, these morphologies result from the
fusion of the original block copolymer spherical micelles and
further chain rearrangements.2% In dispersion polymerization,
the core monomer is soluble in water and swells its polymer,2!
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which favors fusion and rearrangement events. In emulsion
polymerization,22 although the core monomer is also able to
swell its polymer, its hydrophobic character induces the
presence of monomer droplets. A small fraction is also dissolved
in water. Therefore, in emulsion PISA, once the first block
copolymer micelles are formed the monomer has to diffuse
from these droplets through the water phase to feed the
particles with monomer. This diffusion is thus allowed but also
limited by the solubility of the monomer in water, which directly
impacts the plasticization of the particles. This simple
observation naturally led researchers to consider that
hydrophobic monomers exhibiting high water solubility should
favor the fusions and rearrangements of the chains mentioned
above, and thus the formation of various morphologies by PISA
in aqueous emulsion. This was effectively shown when using
methyl methacrylate (MMA) instead of styrene (respective
water solubilities at 50 °C: 15 g L'123vs. 0.45 g L1 24) in a RAFT-
mediated PISA system using poly(methacrylic acid-co-
poly(ethylene glycol) methyl ether methacrylate) as hydrophilic
macromolecular chain transfer agent (macroCTA). Under
exactly the same conditions (pH 3.5), emulsion polymerization
of styrene systematically led to spheres whatever the targeted
degree of polymerization (DP, from to 150 to 570) of the PS
block,2> while the use of MMA allowed the formation of
spheres, fibres and vesicles for DP of 200, 300 and 500,
respectively.® This strategy was recently confirmed by Armes
and coworkers who also obtained non-spherical morphologies
by polymerizing in emulsion 4-hydroxybutyl methacrylate
(HBMA, 20 g L'1at 70 °C),13 glycidyl methacrylate (GlyMA, 24-25
g L1 at 80 °C),'* and 2-methoxyethyl methacrylate (MOEMA,
19.6 g L2 at 70 °C).16

With a solubility in water of 26 g L1 at 50 °C,26 vinyl acetate (VAc)
is one of the most hydrophilic monomers among the monomers
classically employed in aqueous emulsion polymerization, and
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poly(vinyl acetate) (PVAc) latexes find industrial applications in
various domains such as adhesives, paints, and coatings.?’ The
particles obtained in this process are systematically spherical.
Taking advantage of the best attributes of PISA for VAc emulsion
polymerization is thus very appealing in order to generate new
types of non-spherical PVAc particles. Vinyl acetate is a less
activated monomer and its RAFT polymerization requires the
use of specific macroCTA carrying dithiocarbamate or
dithiocarbonate (xanthate, X) chain ends.28 In this last case, the
polymerization process is termed macromolecular design via
interchange of xanthate (MADIX). To the best of our knowledge,
only five papers depict the use of MADIX-mediated PISA for less
activated monomers.17.29-32 Two of them focus on VAc emulsion
polymerization, conducted with dithiocarbonate end
functionalized macroCTAs. In the first case, a dithiocarbonate
end functionalized dextran (Dext-X) was wused.?? The
functionalization rate was rather low (ca. 30%), and when
employed to mediate emulsion polymerization of VAc, spherical
particles were obtained. Their formation and stabilization were
possible by a fraction of in situ formed dextran-b-PVAc block
copolymers. In the second study, performed in our group,
emulsion polymerization of VAc was carried out in the presence
of a PEG quantitatively functionalized with a dithiocarbonate
end group (PEG-X).3° Using a redox initiation at 25 °C, kinetics
was slow, but the control of the polymerization was shown by
the increase of the molar mass upon VAc conversion and low
dispersities that remained around 2, as expected. Here again,
however, spherical PVAc particles composed of PEG-b-PVAc
were systematically observed. The choice of the low
temperature initiating conditions was conditioned by the
comparative use in the same paper of poly(N-
acryloylmorpholine) and poly(N-vinylpyrrolidone) macroCTAs,
the thermal instability of the latter having been demonstrated
earlier.33

Building on these results, we anticipated that conducting PEG-X
mediated VAc polymerization at higher temperature may not
only lead to faster kinetics but also favor the softening of the
particles considering both the glass transition temperature (Tg)
of PVAc (ca. 30 °C)34 and the improved plasticization with VAc.
In fine, this could favor fusions and rearrangements of the
polymer chains to achieve the yet unattained higher-order
morphologies.

Emulsion polymerizations of VAc were thus conducted in the
presence of PEG-X at 70 °C using 2,2'-azobis(2-amidinopropane)
dihydrochloride (AIBA) as initiator at a solids content of 10 wt%,
targeting different DP for the PVAc block (DPtarger from 50 to
200). A systematic characterization of the macromolecular and
colloidal features of the resulting latexes was performed.
Particular attention was paid to the development of robust
systems leading to higher-order morphologies.

Materials and Methods

Materials.
Vinyl acetate (VAc, 99%, Aldrich), 2,2'-azobis(2-
amidinopropane) dihydrochloride (AIBA, 97%, Aldrich),
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poly(ethylene glycol) methyl ether (PEG-OH, M,, = 2000 g mol?,
Aldrich), O-ethyl xanthic acid potassium salt (98%, Alfa Aesar),
triethylamine (99%, Aldrich), 2-bromopropionyl bromide (97%,
Aldrich), dichloromethane (ACS reagent, Aldrich), ammonium
chloride (99.5%, ACS reagent, Aldrich), hydrogen carbonate
(ACS reagent, Aldrich), sodium chloride (99%, ACS reagent,
Aldrich), anhydrous magnesium sulfate (99.5%, Alfa Aesar) were
used as received. Water was deionized before use (Purelab
Classic UV, Elga LabWater).

Experimental procedures

Preparation of PEG-X

Synthesis of 2-bromopropionic acid [poly(ethylene glycol)
methyl ether] (PEG-Br). Poly(ethylene glycol) methyl ether (40.1
g, 2.0 x 102 mol) was placed in a three-neck round bottom flask
and stirred with triethylamine (8 mL, 5.9 x 102 mol) in
dichloromethane (100 mL). The mixture was immersed in an ice
bath and the 2-bromopropionyl bromide (5 mL, 4.8 x 102 mol)
was added dropwise. The mixture was stirred at room
temperature overnight. The white precipitate was filtered off.
The resulting solution was washed with saturated ammonium
chloride (2 x 50 mL), saturated hydrogen carbonate (2 x 50 mL),
water (2 x 50 mL), saturated sodium chloride (2 x 50 mL) and
eventually dried over anhydrous magnesium sulfate. The
solvent was evaporated under vacuum. The polymer was
recovered by precipitation in diethyl ether, yielding a white
powder.

Synthesis of PEG-X. PEG-Br (30 g, 1.4 x 102 mol) was dissolved
in dichloromethane (100 mL) in a 250 mL round bottom flask
placed in an oil bath. O-ethyl xanthic acid potassium salt (4.85
g, 3.0 x 102 mol) was added portion-wise. The mixture was
stirred at room temperature overnight. The precipitate was
filtered off. The resulting solution was washed with saturated
ammonium chloride (2 x 50 mL), saturated hydrogen carbonate
(2 x 50 mL), water (2 x 50 mL), saturated sodium chloride (2 x
50 mL) and eventually dried over anhydrous magnesium sulfate.
The solvent was evaporated under vacuum. The polymer was
recovered by precipitation in diethyl ether, yielding a white
powder that was characterized by 'H and 13C nuclear magnetic
resonance (See Figures S1-S3 in ESI).

General procedure for the emulsion polymerization of VAc in
the presence of PEG-X.

All emulsion polymerizations were performed using the
following protocol. VAc, PEG-X, AIBA and deionized water were
introduced in a 50 mL one-neck round bottom flask, which was
immersed in an ice bath. After degassing of the medium for 15
min under argon, the flask was placed in an oil bath previously
heated at 70 °C. After 90 min under stirring at about 400 rpm,
the reaction was quenched by immersion of the flask in an ice
bath and exposure to air. VAc consumption was followed by
gravimetric analysis of samples withdrawn from the medium at
different times.

Analytical techniques

Nuclear magnetic resonance (NMR). *H and 13C spectra were
recorded on a Bruker Avance Il 400 MHz spectrometer (*H: 400
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MHz; 13C: 100 MHz) at 25 °C. The samples were diluted in CDCl3
at concentrations of about 30 mg mL? for *H and 90 mg mL! for
13C. NMR spectra were recorded with a 5 mm BBFO+ probe with
a z-gradient coil.

Size exclusion chromatography (SEC). SEC analyses were
performed using a Viscotek system (Malvern Instruments)
including a four-capillary differential viscometer, a differential
refractive index (RI) detector and a UV detector. THF was used
as the mobile phase at a flow rate of 1 mL min! at 35 °C. All
samples were injected at a concentration of 3 to 5 mg mL1 after
filtration through a 0.45 um PTFE membrane. The separation
was carried out on three Polymer Standard Service columns
(SDVB, 5 um, 300 x 7.5 mm) and a guard column. The average
molar masses (number-average molar mass, M, and weight-
average molar mass, M,,) and the molar mass dispersity, b =
Mu/M,, were calculated from the Rl signal with a calibration
curve based on polystyrene standards (Polymer Standards
Service).

Dynamic light scattering (DLS). The intensity-weighted mean
diameter (or Z-average diameter), Z,v., of the latex particles and
the dispersity factor (Pdl) were measured at 25 °C using a
Zetasizer Nano Series (Nano ZS) from Malvern Instruments.
Before measurements, the latex was diluted with water. The
mean particle diameter was averaged over three consecutive
runs. The data were collected at 173° scattering angle using the
fully automatic mode of the Zetasizer system and fitted with the
cumulants analysis.

Cryogenic-transmission electron microscopy (cryo-TEM). The
diluted latex samples were dropped onto 300 mesh holey

carbon films (Quantifoil R2/1) and immediately quench-frozen
in liquid ethane. The grid was then mounted on a precooled
Gatan 626 specimen holder and transferred in the Philips
CM120 microscope operating at an accelerating voltage of 120
kV (Centre Technologique des Microstructures (CTu), platform
of the Université Claude Bernard Lyon 1, Villeurbanne, France).
The number-average diameter (D,), the weight-average
diameter (Dw) and the diameter dispersity (Dw/Dn) were
determined from the TEM images using the ImageJ software
and the following equations:

Yin;x Dj Yin;x D;*
= 2MX2i 5pg p,, = 2O
Zing Xinix Dj

DTL

Results and discussion

PEG-X mediated emulsion polymerization of VAc for a DP:arget
of 51

As mentioned in the introduction, PEG-b-PVAc spherical
particles were already successfully obtained through PEG-X
mediated VAc emulsion polymerization in water at 25 °C.30
Building on those preliminary results, a new set of experiments
was implemented using an azo initiator (AIBA), setting the
temperature at 70 °C, and targeting different DP for the PVAc
segment. The solids content was set to 10 wt%.

Table 1. Experimental conditions and results for the aqueous emulsion polymerisation of VAc in presence of PEG-X macroCTA.?

Morphology“

E DP R t th T Conv. M, th M, SEC o M, NMR Zave (NM) . )
T min) ) we)e e 0 (EmOM)T (gmolye Emo' gy GO
Al 51 80 10.4 9.8 93 47 6400 5460 1.5 6300 22 $(15.9/1.04)
0.05
A2 62 120 10.4 9.8 95 59 7400 8300 1.7 7230 65 S+V
0.50
A3 75 125 10.2 9.6 94 71 8400 7930 1.8 8130 113 S+V
0.21
A4 100 130 10.0 9.4 92 92 10200 9450 21 11800 203 \
0.16
A5 152 80 10.2 9.7 95 144 14700 14360 21 14450 197 V!
0.07
A6 199 90 10.1 9.1 94 187 18400 17920 23 18270 - LCvV
B1 51 80 15.4 14.8 95 48 6400 6930 1.5 6300 - S (17.3/1.04)
B2 76 90 15.1 14.9 97 73 8600 8800 1.8 7780 - S+V(+W)
B3 100 80 15.0 14.6 97 97 10600 10730 1.9 11200 \

a All experiments were performed at 70 °C with [PEG-X]/[AIBA] = 3. The final pH was around 3 for each latex (for an initial pH ranging between 4.5 and 5. The slight
decrease of the pH value can likely be attributed to formation of some acetic acid resulting from hydrolysis of VAc, which is however very limited at pH ca. 4.5 34). b DParget
is defined by the experimental ratio: [PEG-X]/[VAc]. ¢ Theoretical solids content (tt") and experimental final solids content measured by gravimetric analysis (t). ¢
Conversion calculated from the solids content. ¢ Experimental DP calculated from the conversion. f Theoretical number-average molar mass of the block copolymer
calculated using the conversion and the targeted DP. & Experimental number-average molar mass of the block copolymer determined by SEC-THF using a calibration
based on polystyrene standards. M Dispersity of the block copolymers, Mw/Mn, determined by SEC-THF. ' Experimental number-average molar mass of the block
copolymers determined by *H NMR. | Intensity-average diameter and polydispersity of the final latex from DLS. ¥ Main Morphologies based on cryo-TEM images on the
final latex: S = spheres, W = worms, V = vesicles, LCV = Large compound vesicles. For the spheres, the number-average diameter and dispersity index determined by
statistical analysis of the TEM images are also indicated (Figure S17). ' For this experiment, multilamellar vesicles were also observed (see A5 cryo-TEM image, Figure 6).
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Figure 1. PEG-X mediated VAc emulsion polymerization for DPy,rget = 51 (entry A1, Table 1). a) Evolution of conversion versus time, b) SEC traces (RI detection) for samples withdrawn
during the polymerization. c) Corresponding evolution of the number-average molar masses M, (plain squares) and dispersity (P = M,,/M,, hollow squares) with VAc conversion (the

dashed line corresponds to the theoretical M, values).

A first experiment was conducted targeting a DP of 51 (entry A1,
Table 1). As expected, and in strong contrast with our previous
works for which 80% conversion was reached in 50 h, the
polymerization went to conversions higher than 90% in less
than 60 min (Figure 1a). SEC traces of samples withdrawn during
the polymerization show the presence of more than one
population (Figure 1b). Accordingly, the dispersities are
somewhat high and increase with the conversion (Figure 1c).

Two phenomena could explain these results. (i) A shoulder on
the high molar mass side of the molar mass distribution (MMD)
is visible. It is shifted, together with the whole distribution,
towards high molar masses upon VAc conversion. It is worth
mentioning here that PEG-X MMD features such a shoulder too,
yet of very small intensity (Figure S4). Indeed, this shoulder
probably corresponds to dihydroxy telechelic PEG
contamination formed as a side product during anionic
polymerization of ethylene oxide (traces of water initiation).
The presence of these species probably led to the formation of
a small amount of dixanthate telechelic PEG after
functionalization of PEG-OH (X-PEG-X), visible on the SEC
analyses using both Rl and UV detections at 270 nm (Figure S4).
During the VAc emulsion polymerization, these chains could
thus be extended into PVAc-b-PEG-b-PVAc triblock copolymers
and would correspond to the shoulder observed on the high
molar mass of the distribution (Figure S5). (ii) The MMD is also
featuring a tailing on the low molar mass side. VAC’s inclination
to produce head-to-head (HH) units during the polymerization
is documented in the literature and has been particularly
discussed in the case of RAFT/MADIX.35-38 The corresponding
chains terminated by -CH(OAc)-CH,-X are much less
reactivatable than the expected -CH,-CH(OAc)-X. Indeed, the
tailing observed on the low molar mass is thus not ascribed to
unreacted PEG-X (see below), although it is worth mentioning
that degradation of PEG-X during the reaction or slow
reinitiation could contribute to this tailing. Rather, -CH(OAc)-
CH,-X terminated block copolymers probably accumulate. This
is indeed consistent with the SEC traces recorded using UV at
270 nm (Figure S5) that show that the chains forming this tailing
are also carrying a xanthate moiety. All in all, either (i) or (ii)
assumption gives rise to side populations that are nevertheless
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amphiphilic block copolymers containing PEG and PVAc
segments that will be involved in the self-assembly process.
The *H NMR spectrum (Figure 2) performed on the powder
obtained after drying the latex confirms the presence of signals
at about 3.15 ppm and 4.05 ppm, which are, respectively,
characteristics of HH units linked to a xanthate and of dead
chains.36
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Figure 2. 'H NMR spectrum (CDCls, 256 scans) of the dried latex obtained from entry A1,
Table 1, after 93% conversion.

The full assignment of this H NMR spectrum shows that no
trace of remaining PEG-X could be detected indicating that the
majority of these chains have been chain extended. The 1H NMR
assignments further allow to calculate the final molar mass of
the formed chains by the relative integration of the signal
attributed to the protons f at 4.90 ppm compared to the signal
attributed to the protons of the methoxy group at 3.37 ppm. It
shows an almost perfect fit with the expected theoretical values
(Table 1, Al). Those data are additionally consistent with the
molar mass data collected from SEC that show a linear increase
of the number-average molar masses upon VAc conversion
(Figure 1c). A good match between expected and experimental
values is obtained although the values obtained using
polystyrene calibration might be slightly flawed. Nevertheless,

This journal is © The Royal Society of Chemistry 20xx
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the consistency between the molar mass values obtained from
1H NMR, SEC and theory is a good indication that the
degradation of PEG-X suspected above is low (if any), and that
the majority of the chains have been chain extended during VAc
polymerization. Those results allow confirming that the
expected amphiphilic block copolymers were formed.

The polymerization Al in Table 1 visually led to a clear solution
(Figure 3, DPeyp = 47). However, as shown by the cryo-TEM
image (Figure 4) and DLS results (Table 1), the obtained medium
is a latex made of isometric spherical particles with a diameter
of ca. 20 nm. Remarkably—it-can-be-neticed-thatthe particle
i iscl loneth-of two-back-to-back PVAc chai
H%W‘ i .. 0 0 7
Figure—S17in—ESHfora—detalled—ealenlation): It can thus be
acknowledged that those spherical particles are made of PEG-
b-PVAc amphiphilic block copolymers resulting of their direct
self-assembly, which is consistent with the expected PISA
mechanism.

Figure 3. Digital pictures of the crude latexes A1, A2, A3 and A6 (Table 1).

Relative Frequency (%)

Figure 4. Representative cryo-TEM image of the latex obtained from entry Al in Table 1
and corresponding particle size distribution of the crude latex.

This journal is © The Royal Society of Chemistry 20xx
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Influence of the targeted DP of PVAc block

DP:arget Was then increased to investigate the impact on the PEG-
b-PVACc self-assembly. A set of experiments was thus performed
varying DPiarget Of the PVAc block between 50 to 200 (entries Al
to A6, Table 1). The total solids content was kept at 10 wt%.
For all the aforementioned syntheses, and as exemplary shown
in Figure 5a, the polymerization went to almost completion (>
92%) in less than 60 min. The kinetics of the different
experiments remain however difficult to compare one with
each other in detail since the initiator, monomer and PEG-X
concentrations were modified simultaneously to maintain the
solids content constant. Nevertheless, the very similar profiles
obtained are consistent with a rapid compartmentalization of
the reaction within particles (nucleation).

Overall, all the experiments showed a good blocking efficiency
as shown by the linear increases of number-average molar
masses with the conversion (Figure 5b). Once again, the molar
masses obtained using SEC are not fully matching the expected
ones probably due to the use of polystyrene standards, which
are not well suited for the particular nature of the PEG-b-PVAc
block copolymers. However, the molar masses calculated
according to the 'H NMR spectra of the final latexes are in good
agreement with the theoretical ones (Table 1).

The SEC traces obtained for all these experiments are similar to
those of latex Al (Figures S6-S10). However, the dispersity
tends to increase with both the conversion and the targeted
degree of polymerization of the PVAc block. This might be
related to the above-mentioned side formation of PVAC-b-PEG-
b-PVAC triblock copolymers, the impact of which on the
dispersity is probably exacerbated when the DP of the PVAc
segment increases.

The obtained latexes showed different aspects depending on
the DPexp of the PVAc segment. As mentioned above, the
synthesis with the lowest DP (A1, DPey, = 47) led to a completely
transparent dispersion. However, as the DP increases, the latex
becomes slightly translucent (A2, DPey, = 59) before showing the
aspect of a classical milky dispersion (A3, DPeyp = 71 to A6, DPexp
= 187) (Figure 3). DLS analyses of these dispersions are quite
consistent with these observations, with a particle diameter
that increases with the final DP (Table 1). However, as shown by
the polydispersity index, the DLS results tend to show that the
objects present in the latexes are either very dispersed in size
or that not only spherical particles are present.

Polym. Chem., 2013, 00, 1-3 | 5
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Figure 5. PEG-X mediated VAc emulsion polymerizations when targeting different DPs
for the PVAc block. Evolution of a) conversion versus time and b) number-average molar
masses M, (plain squares) and dispersity (P = M,/M,, hollow squares) with VAc
conversion (the dashed lines correspond to the theoretical M, values). See Table 1 for
details.

Further analyses of the latexes by cryo-TEM however show that
the in situ formed amphiphilic block copolymers self-assemble
into nano-objects of various sizes and morphologies (Figure 6).
As the DP of the hydrophobic PVAc block increases, the
morphology of the particles shifts from isometric spherical
particles (A1, DPeyp = 47) to vesicles (A4, DPeyp = 92) and then to
higher-order morphologies (A6, DPexp, = 187). For a DPeyp
comprised between 59 and 92 (A2, A3 and A4), the latexes are
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composed of vesicles and spherical particles, the size and
proportion of vesicles increasing with DPeyp. Further increase of
the hydrophobic block molar mass gives access to higher-order
morphologies such as distorted or multilamellar vesicles (A5,
DPexp = 144) and eventually to “large compound vesicles” (LCVs,
A6, DPeyp = 187) (see additional cryo-TEM images in Figure S11).

Morphology prediction in PISA is difficult since the mechanisms
involved are complex and depend on many parameters.
Nonetheless, a reproducible pattern for the morphological
transitions has now been settled through various studies.2 20,39
41 |t is agreed that initial spherical particles merge to form
worm-like particles which themselves give rise to branched
“octipi-like” structures as a transition state to vesicles. The
morphologies observed match with this established pattern,
and morphologies of even higher-order than vesicles are
observed. However, according to this pattern, the worm/fibre
morphology that is not seen here should be formed for DP
between 47 (A1, spheres) and 59 (A2, spheres + vesicles). The
narrowness of this DP window is consistent with the PISA
literature concerning the formation of worm/fibre particles.4?

Nevertheless, to the best of our knowledge, these experiments
are the first depicting the obtention of non-spherical
morphologies by VAc PISA in emulsion. Indeed, as mentioned
above, the morphologies obtained in emulsion are most of the
time restrained to kinetically trapped spheres, the number of
reports of higher-order morphologies remaining limited.2 The
formation of these morphologies in PISA is the result of particle
collision/fusion phenomena (vide supra).20 As such, their
formation is directly linked with the mobility of the polymer
chains. In this specific system, several factors may be involved.
Especially, the solubility of VAc in water is most certainly crucial.
As mentioned in the introduction, the importance of the
monomer solubility in water for the formation of non-spherical
objects in PISA emulsion-based systems was recently
highlighted. Cockram et al. obtained unusual “monkey nut”
particles through RAFT-mediated emulsion polymerization in
water using a core forming monomer, namely HBMA, with a
water solubility higher than those usually employed (20 g L' at
70 °C).13 The authors postulated that a higher monomer
aqueous solubility would lead to a more efficient plasticization
of the hydrophobic core, which would facilitate the
rearrangement of the polymer chains. The same group then
obtained well-defined worms by emulsion polymerization of
GlyMA, which has a similar aqueous solubility (24-25 g L'* at 80
°C),*4 and both worms and vesicles with MOEMA (19.6 g L'* at
70 °C).16 With a water solubility of 26 g L (at 50 °C), VAc
provides a system with comparable features. Thus, the results
obtained through this work tend to confirm the determining
role of this parameter to trigger the formation of particles with
higher-order morphologies.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Representatives cryo-TEM images of the crude latexes A1-A6 (Table 1).

Influence of the solids content

To investigate further this system and identify conditions for
which worms/fibres could be obtained, three additional
syntheses were performed at a higher solids contents, that is 15
wt%, targeting a DP of 51, 76 and 100 for the PVAc block (Entries
B1, B2 and B3 in Table 1, respectively). The same good control
(Figures S12-S16) over the chain extension of PEG-X with VAc is
observed as attested by the nice match between expected and
experimental molar mass values obtained upon VAc
conversions, and the rather low dispersities (Table 1). In
addition, the morphology evolution as the DP increases is
similar to the one reported in the previous series of experiments
(10 wt% solids content), with a transition from spherical
particles (B1, DPexp = 48) to vesicles (B3, DPey, = 97) as shown by
the cryo-TEM images (Figure 7). However, the increase in the
solids content allowed triggering the formation of short worms
along with the spheres and vesicles in B2 (DPexp = 73).

The coexistence of the three morphologies indicate that finding
the experimental window (i.e. the DP) for which the worm/fibre
morphology can be exclusively attained is very narrow. The

This journal is © The Royal Society of Chemistry 20xx

difficulty in obtaining pure worm/fibre morphology in this
system probably lies on the fact that the underpinning
formation mechanisms are intricate. Indeed, in addition to VAc
hydrophilicity, PVAc’s low T; (ca. 30°C) should also play a
significant role. The synthesis temperature is fixed way above
the T of the PVAc, which implies that the hydrophobic block
keeps a certain mobility ensuring a labile structure for the self-
assemblies. This provides more opportunities for morphological
transitions that we did not meet in our seminal works on PEG-X
mediated VAc emulsion polymerization, where the
polymerizations were performed at 25 °C. Eventually, the
nature of the hydrophilic block plays an important role in the
self-assembly and rearrangement mechanism. More
specifically, the relatively low steric repulsion between the PEG
corona compared to other hydrophilic macroCTA, including
charged ones, would enhance the effective collision of the
assemblies and thus promote their rearrangement.*3 The fine
tuning of these parameters should allow to find conditions
leading to pure worm/fibre morphologies. These investigations
are underway is our laboratories.
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Figure 7. Representatives cryo-TEM images of the crude latexes B1-B3 (Table 1).

Polymer Chemistry

Conclusions

The aqueous MADIX-mediated emulsion polymerization of vinyl
acetate was conducted using a poly(ethylene glycol) bearing a
xanthate chain-end as hydrophilic macroCTA. The study focused
mainly on synthesis performed at 70 °C with a targeted solids
content of 10 wt%, which led to relatively well controlled
polymerizations, with a good blocking efficiency, and to the
formation of stable latexes. Increasing the DP of the PVAc block
allowed to trigger morphological transitions of the self-
assembled PEG-b-PVAc nano-objects, from spherical particles
for a DP of 47 to a mix of spheres and vesicles for DP comprised
between 62 and 100, and eventually to higher-order
morphologies, notably large compound vesicles for DP of 187.
Increasing the solids content to 15 wt%, worm morphology was
obtained for a DP¢y, of 73, however coexisting with spheres and
vesicles.

The access to non-spherical morphologies depicted here for the
first time for VAc emulsion polymerization was interpreted as
the result of the high water solubility of VAc compared to other
hydrophobic monomers classically employed in emulsion
polymerization. Although the overall picture of the phenomena
impacting the formation of a specific morphology is still to
provide, adjusting the polymerization temperature and solids
content may allow to isolate pure PVAc worm/fibre particles
and eventually establish a phase diagram for this system.
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