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ABSTRACT: The synthesis by aqueous RAFT polymer-
ization of hydrophilic narrowly dispersed imidazolium-based
poly(ionic liquid)s (P typically below 1.20) is reported. Full
monomer conversion is achieved within hours and high end-
group fidelity of the living end groups affords the preparation
of well-defined block copolymers. The resulting poly(ionic
liquid) macroRAFT agents are finally exploited to polymerize
2-vinylpyridine in water and generate PIL-based nanoparticles
of various morphologies (spheres, vesicles, or worms) in a one-
pot surfactant-free process.
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P olymeric ionic liquids (PILs) are a relatively new class of
polymer electrolytes receiving ever-growing interest for
their applications in the fields of catalysis,' gas separation,”
multifunctional materials,’ electrochemistry,4 or energy-related
technologies.” Standard synthetic routes to PILs rely on chain
growth polymerization of IL, step growth polymerization, or
postmodification of neutral polymers through quaternization
and ion exchange.® In view of optimizing the performances of
PIL-based materials, considerable efforts have been paid to the
production of PIL chains with predetermined molecular weight
and low molecular weight distribution or block copolymer
architectures capable of phase-separating into a range of highly
ordered morphologies.” Access to such tailor-made PILs has
notably benefited from the outstanding advances in the area of
the controlled radical polymerization techniques (CRP).
Polymers possessing pendent imidazolium groups are by far
the most investigated PILs. Depending on the nature of the
imidazolium-based monomer (N-vinyl, (meth)acrylic, or
styrenic derivatives), the growth of precisely defined PIL
chains has been achieved by nitroxide-mediated polymerization
(NMP),”*® atom transfer radical polymerization (ATRP),’
reversible addition—fragmentation chain transfer polymer-
ization (RAFT),"” or cobalt-mediated radical polymerization
(CMRP)."" Despite the affinity of numerous IL monomers for
water (especially when the counteranion is Cl~ or Br™) and the
potential industrial applications of aqueous PIL formulations as
stabilizers or lattices, the use of water as polymerization
medium remains mostly unexplored in homogeneous con-
ditions. To our knowledge, the only example of well-defined
PILs generated by CRP in water has been recently reported by
Detrembleur and co-workers."'” Controlled polymerizations of
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N-vinyl-3-alkylimidazolium monomers were observed at
moderate temperatures (30—S0 °C) in the presence of an
alkyl-cobalt(III) complex or commercially available bis-
(acetylacetonato)-cobalt(II)/ tert-butylhydroperoxide redox bi-
component system. Surprisingly, despite the well-established
compatibility of the RAFT technique with aqueous (homoge-
neous or dispersed) media in acidic or neutral pH conditions
and a wide range of water-soluble monomers,'” water has not
been investigated as a solvent for the RAFT polymerization of
IL monomers.

In the present contribution, we investigate the aqueous
RAFT polymerization of two imidazolium-based monomers,
namely, 1-[2-acryloylethyl]-3-methylimidazolium bromide (AE-
MIBr) and 1-[2-acryloylethyl]-3-benzylimidazolium bromide
(AEBIBr; Scheme 1). We demonstrate that the use of a
conventional trithiocarbonate chain transfer agent affords the
rapid growth of PIL chains with controlled molar mass and high
end-group fidelity of the living end-group. The resulting
macroRAFT agents are further exploited to perform the first
example of one-pot RAFT preparation of PIL-based block
copolymer nanoparticles in water according to the principles of
polymerization-induced self-assembly (PISA)'® and to generate
PIL-based particles with morphology evolving from spheres to
worms and vesicles.

Aqueous RAFT polymerizations of AEMIBr were inves-
tigated at 60, 70, and 80 °C in the presence of a hydrolytically
stable trithiocarbonate (TTC), S-ethyl-S’-(a,a’-dimethyl-a”-
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Scheme 1. Aqueous RAFT Polymerization of Imidazolium-Based Acrylates
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Figure 1. (A) Pseudo-first-order kinetic plots for the aqueous RAFT-mediated homopolymerizations of AEMIBr at 60 (blue triangles), 70 (red

diamonds), and 80 °C (black squares; [AEMIBr] = 2.56 mol-L™}, 40% wt

; [AEMIBr]/[EMP]/[ACPA] = 100/1/0.2); (B) Evolution of the SEC

traces for the aqueous EMP-mediated polymerization of AEMIBr at 80 °C (SEC analyses performed in DMF/bis(trifluoromethylsulfonyl)imide
lithium salt (LiTFSI) as eluent after anion exchange of the bromide counterions by LiTfSI); (C) Main features of the resulting PIL homopolymers.
“Determined by '"H NMR; "Calculated from monomer conversion; ‘Determined from relative integration of TTC chain end group and polymer

backbone peaks; “Determined by SEC (in DMF/LITfSI, PS standards).

acetic acid)trithiocarbonate (EMP), as chain transfer agent
(CTA),"* 4,4"-azobis(4-cyanovaleric acid) (ACPA) as initiator,
and trioxane as internal standard ([AEMIBr] = 2.56 mol-L™},
40% wt; [AEMIBr]/[EMP]/[ACPA] = 100/1/0.2). To
overcome solubility issues in water, the CTA was systematically
first dissolved in the ionic monomer. Aliquots of polymerization
medium were withdrawn at selected time intervals and
monomer conversions versus time were monitored by 'H
NMR analyses (see Supporting Information). Experimental
data for the EMP-mediated homopolymerizations of AEMIBr
are collected in Figure 1. After a short inhibition period (~$
and 30 min at 80 and 60 °C, respectively), linear pseudo-first
order kinetic plots are observed up to high AEMIBr
conversions (see Figure 1A). Evolution of the molecular weight
and molecular weight distribution with conversion is given in
Figure 1B. Consistent with a controlled polymerization process,
molecular weights gradually increase with conversion and
remain narrowly distributed (D < 1.12, with the exception of
aliquots withdrawn at the early stage of the polymerization).
Accordingly, an excellent agreement between the experimental
molecular weight estimated by 'H NMR from relative
integration of polymer backbone protons (methine protons)
and TTC chain end group protons (methylene protons) and
theoretical molecular weight is observed. At this point, it is
important to note that when aqueous polymerization of
AEMIBr is performed at 80 °C, high conversion of AEMIBr
(95%) can be reached in 30 min without detection of
bimodalities (see SEC traces in Figure 1B). As illustrated by
Table S1 and Figure S8, PIL molecular weight can be easily
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tuned by adjusting the [AEMIBr]/[EMP] ratio (40/1, 100/1 or
400/1). In all cases, polymerizations proceed in a controlled
fashion and SEC traces remain sharp and unimodal even at the
highest [AEMIBr]/[EMP] ratio (400) and conversion (71%,
M, sgc = 149000 g-mol ™" after ionic exchange;ls b = 1.19, see
Supporting Information). To emphasize the general applic-
ability of aqueous imidazolium-based acrylate RAFT polymer-
ization, we further investigated the RAFT polymerization of a
second ionic liquid monomer (AEBIBr) in water at 70 and 80
°C ([AEBIBr] = 1.98 mol-L™!, 40% wt; [AEBIBr] /[EMP]/
[ACPA] = 100/1/0.2). As observed for AEMIBr, the
polymerization of AEBIBr is complete within hours (94% of
conversion after 2 h of reaction at 80 °C) and exhibits an ideal
behavior up to high conversion. Polymers having narrow molar
mass distribution (D typically below 1.20) and experimental
molar mass concurring with theoretical values are obtained (see
Table S2 and Figures S9 and S10). To assess the formation of
well-controlled living chains, the blocking efficiency of the
resulting PIL macroCTAs was subsequently evaluated.
Following purification procedures (dialysis and freeze-
drying), a PAEMIBr macroCTA (PAEMIBr3, M, xpm = 7900
g-mol~; M, gec = 47200 g'mol™'; D = 1.19) was then used for
the RAFT block copolymerization of AEBIBr in water. As
illustrated by the SEC traces given in Figure 2, the chain
extension of PAEMIBr;, proceeds effectively resulting in the
generation of unimodal and narrow molecular weight
distributed PIL block copolymer (PAEMIBry,-b-PAEBIBry,
M, = 38400 g:mol™', M, vz = 39200 g:mol™'; M, ¢ =
89200 g-mol ' D = 1.21). Similar transfer efficiency and quality
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Figure 2. SEC traces of PAEMIBr macroCTA and PAEMIBr-b-

PAEBIBr block copolymer (SEC in DMF/LiTfSI after anion
exchange).

of control is observed for the chain extension of PAEMIBr
macroCTA with N-isopropylacrylamide (see Figure S12).

The control and the livingness of RAFT polymerization of IL
monomers in water finally prompted us to explore the
preparation of concentrated aqueous solutions of PIL-based
nanoparticles. Whereas several examples of poly(ionic liquid)
colloidal particles have been reported over the past decade,'®
the generation of PIL-based nanoparticles with controlled
morphologies using PISA concepts has not been explored yet.

To do so, the RAFT emulsion polymerization of 2-
vinylpyridine (2VP), a precursor of N-alkylpyridinium-based
poly(ionic liquid) chains, was investigated in the presence of
PAEMIBr;, macroCTA at 80 °C. Series of PAEMIBr,-b-P2VP,
block copolymers were prepared by tuning the total solids
concentration from 25 to SO wt % (at full monomer
conversion) and the targeted degree of polymerization (DP)
of the P2VP block from 200 to 1000. 2VP polymerization data
are given in Figure 3. Complete conversion of 2VP is achieved
within hours (Figure S14). SEC traces of PAEMIBr;,-b-P2VP,
block copolymers are clearly shifted toward higher molar
masses versus PAEMIBr;, and block copolymers dispersity
gradually increases with targeting high degree of polymerization
(from B ~ 1.38—1.62 for PAEMIBr,,-b-P2VP,,, and
PAEMIBr3;-b-P2VP,y,, respectively). As revealed by TEM
studies, the resulting PAEMIBr;;-b-P2VP, block copolymers
formed nanoparticles with various shapes depending on the
length of the P2VP block and on the total solids concentration.
PISA targeting DP < 500 for the P2VP block reproducibly
afforded spherical particles with narrow size distribution (Dy
ranging from 80 nm (PDI = 0.036) to 180 nm (PDI = 0.051)
for P3gV,09-25 and P4(Vi0-40, respectively), whatever the total
solids concentration. When higher DP are targeted for the
P2VP block, increasing the total solids concentration above
25% leads to the observation of worms, branched worms, and
vesicles, as reported in previous reports of PISA (see Figure
3)."* Finally, we undertook cross-linking of the P2VP inner
domains with 1,4-dibromobutane (0.1 equiv per 2VP repeating
unit).'” This procedure allowed for maintaining the integrity of
the nano-objects in good solvents of both blocks (see DLS and

43%
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P30V1000-25 96 241 960 85 1.62 S
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Figure 3. (a) Features of PAEMIBr;-b-P2VP, block copolymers prepared by RAFT polymerization-induced self-assembly. “The notation P3;V,4-25
refers to a PAEMIBr;y-mediated polymerization of 2VP targeting a DP of 200 and a total solids content of 25% wt, respectively. All the
polymerizations were performed in water for 14 h at 80 °C using PAEMIBr, as macroCTA (80.3 mg, 1.0 X 107> mol-L™") and VA-044 as initiator
([macroCTA],/[VA-044], = 2); *Determined by 'H NMR; Solid content = (mass of 2VP X conv + mass of PAEMIBry,)/(total mass of the
reaction mixture); “Determined from 2VP conversion; “Determined by SEC (in DMF/LiTfSI, PS standards); fMorphologies observed by TEM,; S,
W, and V refer to spheres, worms, and vesicles, respectively; 8Few vesicles were also observed in this sample. (b) Evolution of SEC traces for
PAEMiBry,-mediated polymerization of 2VP at 80 °C ([2VP]/[ PAEMiBry,] = 700. (c) TEM pictures of nano-objects obtained by RAFT

polymerization-induced self-assembly.
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TEM pictures of cross-linked nanoparticles in acidic water,
Figures S15—16), while advantageously transforming pendent
pyridine groups located in the core of the nanoparticles into
pyridinium bromide units.

In summary, aqueous RAFT polymerization was successfully
exploited for the preparation of well-defined poly(ionic liquid)s.
Homopolymers with DP up to 300 and dispersity below 1.20
were obtained within hours using EMP as chain transfer agent.
Achievement of high chain-end fidelity allowed for effective
chain extension of the PIL chains with ionic or neutral
monomers and paved the way to the generation of stable PIL-
based nanoparticles with various morphologies using the PISA
concept. These features make these nanoparticles promising
candidates as binders for lithium-ion battery applications.”
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