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Cationic nano-objects produced by
polymerization-induced self-assembly using
sulfonium-macro chain transfer agents with
different counter anions¥

Hirotsugu Miyakawa and Hideharu Mori @2 *

Sulfonium cations and sulfonium-based polymers have received increased interest as biomedical and
ion-conductive materials because of their unique cationic features. However, the feasible construction of
cationic nanostructures via polymerization-induced self-assembly (PISA) remains limited owing to charge
repulsion. In this study, we report the efficient synthesis of sulfonium cation-based nano-objects from
P(MTEA(SH)IR ])s with different counter anions (R = bis(trifluoromethylsulfonyl)imide, TFSI; trifluoro-
methanesulfonate, OTf; and chloride, Cl), which were prepared by reversible addition—fragmentation
chain-transfer (RAFT) of 2-(methylthio)ethyl acylate (MTEA) and a subsequent anion exchange reaction.
RAFT dispersion copolymerization of styrene (St) and N-phenylmaleimide (PMI) using cationic P(MTEA(S")
[R7]) macro-chain transfer agents (CTAs) afforded various assembled structures (worms, vesicles, and
nanotubes) by tuning the chain lengths of the P(MTEA(S*)[R™]) and P(St-alt-PMI) blocks and their compo-
sition and polymerization conditions (e.g., monomer concentration and solvent polarity). Depending on
the three cationic macro-CTAs, the PISA of St and PMI enabled the efficient copolymerization and con-
struction of cationic assemblies, including unique nanotubes. This is the first study demonstrating the suc-
cessful integration of the sulfonium macro-CTA and PISA, enabling the design and manipulation of cat-
ionic nano-objects with various morphologies and unique functionalities originating from sulfonium

rsc.li/rscapplpolym cations.

Introduction

Polymerization-induced self-assembly (PISA) has been devel-
oped as an efficient methodology to manipulate the mor-
phologies of self-assembled block copolymers by tuning
chemical structures (e.g., the structure of the solvophilic/solvo-
phobic blocks and their composition) and selecting suitable
conditions (e.g., solvent polarity and concentration)."™* PISA
enables the feasible creation of versatile ordered structures
(e.g., spheres, worms, vesicles, and nanotubes) in one step at
high concentration.”"*>' Emulsion and dispersion polymeriz-
ations via the reversible addition-fragmentation chain-transfer
(RAFT) process have been widely employed to produce nano-
objects via PISA.>*>7'* In addition to the feasibility to manip-
ulate self-assembled architectures, increasing attention has
been recently paid to the incorporation of reactive and func-
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tional units via PISA, which is crucial for diverse potential
applications.”**"?* The rational design of the macro-chain
transfer agent (macro-CTA) is essential, as it can be used as a
stabilizing block during PISA and generates functional units
on the shell of the polymeric nano-objects after polymeriz-
ation. Although various functional macro-CTAs (e.g., non-ionic
and ionic CTAs) have been developed as stabilizing blocks for
block copolymer assemblies with shell-functionalities,"*"">
the feasible construction of cationic and anionic nano-
structures is still limited. Owing to the decrease in packing
parameters caused by charge repulsion, only a spherical struc-
ture, the so-called kinetically trapped morphology,®'" has
been observed. To access higher-ordered structures (e.g., worm
and vesicles), several approaches have been proposed, which
include (1) using a copolymer-type macro-CTA consisting of
cationic and non-ionic monomers,* (2) mixing cationic and
non-ionic macro-CTAs,**** and (3) adding a suitable salt to
screen the charge.>?°

Ionic liquid-type macro-CTAs, such as imidazolium,
phosphonium,®® and diallyldimethylammonium®" salt-con-
taining polymers, have been employed to afford cationic nano-
objects, showing morphological evolution in some systems.
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For instance, Bernard et al. reported the formation of poly
(ionic liquid)-based nano-objects involving vesicles and worms
by RAFT polymerization of 4-vinyl pyridine using an imidazo-
lium salt-containing macro-CTA.”” Since the solubilities and
unique cationic features of ionic liquids can be tuned by the
structures of the cationic species, counter ions, and substitu-
ent groups, a variety of ionic liquid-based nano-objects have
been developed by PISA, which include all poly(ionic liquid)
block copolymer nano-objects,?**>* homopolymer nano-
vesicles,** and block copolymer nano-objects with ionic liquid-
based cores.*>*® Some of these poly(ionic liquid)-based assem-
blies afforded morphological transformations (e.g., from
spheres to rods and vesicles*®). However, a comprehensive
understanding of the structural transitions of cationic nano-
objects and the essential parameters affecting their morpho-
logical evolution is highly desirable. In addition to PISA, a
variety of block copolymers consisting of poly(ionic liquid)s
have been developed by controlled polymerization tech-
niques®” and used to form various nanostructures in film**™*!
and solution states.*>** Unique poly(ionic liquid)-based block
copolymer assemblies may be governed by a suitable section of
the cation/anion combination, which can weaken the ion pair
coordination, reduce intermolecular interactions, and break
the symmetry of their chemical structures, in addition to the
essential parameters (e.g., block lengths and composition) of
traditional block copolymer assemblies.*’

Nanotube formation and polymersome growth via PISA
have attracted great interest owing to their potential for bio-
medical and nanotechnological applications and unique
shapes with large aspect ratios; however, only limited systems
have yet been achieved.'”'®*%7>% In reported mechanisms, the
restriction of chain mobility was demonstrated to be essential
to achieve 1D vesicle fusion to produce nanotubes. Various
approaches have been proposed to realize polymeric nanotube
formation, such as enhanced rigidity by selecting core-forming
blocks with high glass transition temperatures,*®*' employ-
ment of aromatic interactions between solvophobic blocks>*>?
and hydrogen bonding in the core part,'® and polymerization
at low temperature®® and in viscous poly(ethylene glycol)
medium."” Despite recent advances in sophisticated strategies
for constructing polymeric nanotubes and polymersomes, feas-
ible modifications of the surface and interior of polymeric
nanotubes and manipulation of their three-dimensional struc-
tures (e.g., aspect ratios, outer shell diameters, and interior
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holes) remain challenging. In particular, cationic polymeric
tubes with adjustable three-dimensional structures and large
aspect ratios have not been reported.

Herein, we report the synthesis of cationic nano-objects
with structural evolution (worms, vesicles, and nanotubes) by
PISA via RAFT dispersion polymerization using sulfonium
cation-containing macro-CTAs (Fig. 1). Sulfonium cations and
sulfonium-based polymers have received increased interest as
biomedical and ion-conductive materials because of their
unique cationic features (e.g., relatively low viscosities),>* high
ionic conductivity,®® intrinsic ability to form a polyplex with
nucleic acid,’®®® and antibacterial properties.®"*> We focused
on the manipulation of the morphologies of cationic nano-
objects using sulfonium macro-CTAs, P(MTEA(S')[R7])s, with
different counter anions (R = bis(trifluoromethylsulfonyl)
imide, TFSI; trifluoromethanesulfonate, OTf; and chloride, Cl).
These anions are frequently employed as a component for
ionic liquids, and they have different sizes (TFSI” > OTf~ >
CI"), properties (e.g., TFSI™ has low electronegativity to form
ion pairs with soft cations and CI™ has high electronegativity
to act as a highly ionized ion, belonging to soft and hard
anions, respectively), and ability to tune the solubility (e.g,
hydrophobic TFSI™ is used to afford a water-insoluble cationic
block).***4%376¢ A thioether unit in the polymer (PMTEA) pre-
pared from 2-(methylthio)ethyl acylate (MTEA) was used to
introduce sites for cationization and the subsequent anion
exchange reaction, enabling manipulation of the nature of the
sulfonium cation-containing segments. Furthermore, P(MTEA
(SO[R7])s acted as a stabilizing block during RAFT-PISA and
functionalized shell parts in the resulting cationic nano-
objects. The RAFT dispersion polymerization of styrene (St)
and N-phenylmaleimide (PMI) using P(MTEA(S')[TFSI"]) was
investigated by varying the monomer concentration and
polymerization time to determine the optimal conditions for
the construction of cationic nano-objects with various mor-
phologies. Structural transformations of the assembled struc-
tures were evaluated using transmission electron microscopy
(TEM) and dynamic light scattering (DLS). Subsequently, the
effect of the counterions (R = TFSI, OTf, and Cl) of the sulfo-
nium macro-CTAs on the morphology was investigated.
Sulfonium cation-based nanotubes were obtained by tuning
the solvophilic/solvophobic balance using the monomer (St +
PMI)/macro-CTA feed ratio. These findings demonstrate a
promising pathway for design of cationic nano-objects deco-
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Fig. 1 Synthesis of sulfonium-based nano-objects by RAFT-PISA using P(MTEA(S*)[R™]).
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rated with sulfonium-type poly(ionic liquid)s for various poten-
tial applications, such as ionic conductive materials,®” organic
thin-film transistors,°® and gene delivery systems.>*"*°

Results and discussion

Preparation of sulfonium macro-CTAs having different
counterions

The synthesis pathway used for the production of cationic
nano-objects is illustrated in Fig. 1. Three P(MTEA(S)[R™])s
with different counter anions (R = TFSI, OTf, and Cl) were syn-
thesized and used as sulfonium macro-CTAs for RAFT-PISA.
Initially, a non-ionic precursor (PMTEA) with predetermined
molecular weights (Mp,xmr = 7300, My,spc = 7000, My/M,

1.18) was synthesized via the RAFT polymerization of MTEA
with a trithiocarbonate-type CTA (Table S2 and Fig. S37). The
cationization of the thioether unit in the PMTEA side chain
was conducted using methyl iodide as reported previously,*
and the subsequent anion exchange reaction with lithium and
sodium salts (LiTFSI, LiOTf, and NaCl) afforded P(MTEA(S")
[TFSI~]), P(MTEA(S)[OTf]), and P(MTEA(S")[CI]), respectively
(Table S51). The quantitative transformation of the non-ionic
PMTEA into cationic polymers with different counter anions
was confirmed by 'H NMR analysis. After the cationization,
the "H NMR signals attributed to the MTEA unit at 4.2-4.1,
2.8-2.7, and 2.2-2.1 ppm disappeared in all the cases (Fig. 2).
Alternatively, new peaks at 4.5-4.3, 3.7-3.5, and 3.0-2.9 ppm,
corresponding to ~-COO-CH,-, -CH,-S"~, and -S"~(CH3), units,
were visible for P(MTEA(S")[TFSI"]) in DMSO-d, Similarly, new
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peaks at 4.7-4.5, 3.9-3.7, and 3.2-2.9 ppm were detected for
P(MTEA(S")[OTf~]) and P(MTEA(S")[C]7]) in D,O.

Three sulfonium macro-CTAs, P(MTEA(S")[R™])s, were
soluble in methanol but insoluble in 1,4-dioxane, regardless of
the counterions (R = TFSI, OTf, and Cl), as shown in
Table S6.7 Note that P(IMTEA(S")[OTf~]) and P(MTEA(S")[C17])
were soluble in water but insoluble in chloroform, while
P(MTEA(S")[TFSI"]) was soluble in chloroform and DMSO, but
insoluble in water, suggesting that P(MTEA(S')[OTf™]) and
P(MTEA(ST)[CI"]) are more hydrophilic than P(MTEA(S")
[TFSI"]). The different polarities of the sulfonium macro-CTAs
may affect their self-assembly behavior via PISA.

RAFT-PISA using P(MTEA(S)[TFSI]) as a sulfonium macro-
CTA

P(MTEA(S")[TFSI"]) was used as a sulfonium macro-CTA for
the construction of cationic nano-objects with various mor-
phologies. Initially, St was polymerized using 2,2"-azobis(isobu-
tyronitrile) (AIBN) with the P(MTEA(S")[TFSI"]) macro-CTA at
[AIBN]/[macro-CTA]/[St] = 1/5/1000-10000 in methanol
(Table S7f). P(MTEA(S')[TFSI"])-b-PSts were obtained with
reasonable conversions (40-83%) at 80 °C after 48 h. However,
almost spheres were obtained (Fig. 3 and S4%), implying a
kinetically trapped morphology, regardless of the PSt chain
length (degree of polymerization (DP) = 123-2464) for PSt,
compared to 48 for P(MTEA(S")[TFSI]).

Next, RAFT copolymerization of St and PMI was examined
because alternating copolymerization is preferable for achiev-
ing high yield polymeric products, and the rigidity of the P(St-

PMTEA
P(MTEA(S *)[TFSI)
—_ P(MTEA(S*)[CI ])

d DMSO e

(L
E[

(d)

1 1 1

2 1 0
(ppm)

Fig. 2 'H NMR spectra of (a) PMTEA in DMSO-dg (b) P(MTEA(S*)[TFSI7]) in DMSO-ds, (c) PIMTEA(S*)ICL]) in DO and (d) P(MTEA(S*)[OTf 1) in D,O.
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(a)
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(b)

TFSlg-b-PSty

-."

Micelle Micelle

Fig. 3 TEM

P(MTEA(S™)[TFSI"])-b-PSts
RAFT-PISA at [AIBN]/[macro-CTAl/[St] = 1/5/1000-10 000 (solid content
= 20 wt%) using P(MTEA(S™)[TFSI"]) macro-CTA (M, = 21500) for (a)
24 h and (b—d) 48 h.

images of obtained by

alt-PMI) segment (high glass transition temperatures) can con-
tribute to the formation of sheet-like two dimensional
structures.*®’® The copolymerization was conducted with
AIBN in methanol/1,4-dioxane (7/3, wt/wt) at 80 °C. Methanol
was a good solvent for P(MTEA(S")[TFSI"]), St, and PMI, while
P(St-alt-PMI) was soluble in 1,4-dioxane and insoluble in
methanol. When copolymerization was performed for [AIBN]/
[macro-CTA]/[St]/[PMI] = 1/5/1000/1000 at a low concentration
(solid content = 5 wt%), the transparent solution gradually
turned into a white dispersion with increasing polymerization
time (0.5, 1, and 3 h) (Fig. 4a). An initial increase in the
monomer conversion was detected after 0.5 h (27%), followed
by plateau (84, and 89% for 1 and 3 h), as monitored by 'H
NMR spectroscopy (Table 1). The chemical structure and com-
position of P(MTEA(S")[TFSI~])-b-P(St-alt-PMI)s were confirmed
by "H NMR in CDCl;/DMSO-d, (1/1 vol%, Fig. S77). The mole-
cular weights of P(MTEA(S")[TFSI~])-b-P(St-alt-PMI)s calculated
from 'H NMR increased from 34 000 to 62 000, whereas the DP
of the core-forming P(St-alt-PMI)s increased from 46 to 148,
compared to 48 for P(MTEA(S")[TFSI~]) (Table 1). The copoly-
mer structure was also analyzed using diffusion-ordered NMR
spectroscopy  (DOSY).  P(MTEA(S")[TFSI~])-b-P(St-alt-PMI)
showed the same diffusion coefficient for the DOSY NMR
signals from both P(St-alt-PMI) and P(MTEA(S')[TFSI]) seg-
ments (Fig. S8 and S97), implying the formation of the block
copolymer. Therefore, PISA processes using St and PMI in the
presence of the sulfonium macro-CTA in methanol/1,4-dioxane
(7/3, wt/wt) at 5 wt% prompted the search for suitable reaction
parameters to obtain high monomer conversion with a pre-
determined hydrophilic/hydrophobic balance. A similar
kinetic behavior and an increase in the chain length of P(St-
alt-PMI)s with polymerization time were observed at higher
monomer concentrations (solid contents = 10 and 20 wt%,
Fig. S101). The resulting P(MTEA(S")[TFSI™])-b-P(St-alt-PMI)s
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Fig. 4 (a) Turbidity changes and (b) DLS traces of P(MTEA(S*)[TFSI"])-b-P
(St-alt-PMl)s prepared by RAFT-PISA at [AIBN]/[macro-CTAl/[Stl/[PMI] = 1/5/
1000/1000, solvent = methanol/1,4-dioxane = 7/3 (wt/wt, solid content =
5 wt%).

exhibited tunable molecular weights (M, nmr = 35 000-71 000)
and monomer compositions (P(St-alt-PMI)s: 49-158 and
112-182, compared to 48 for P(MTEA(S")[TFSI"])). These
results imply efficient chain extension of the P(MTEA(S")
[TFSI™]) with St and PMI with increasing monomer conversion
to afford P(MTEA(S')[TFSI"])-b-P(St-alt-PMI)s with pre-
determined composition of cationic P(MTEA(S")[TFSI"]) and
hydrophobic P(St-alt-PMI) chains.

The assembled structures of P(MTEA(S")[TFSI™])-b-P(St-alt-
PMI)s prepared under various conditions were evaluated by
TEM and DLS. Initially, TEM images were employed without
staining to visualize the morphologies, in which the dark areas
can be attributed to the cationic P(MTEA(S')[R7]) block con-
sisting of the sulfonium cation/TFSI anion ion pairs, leading
to a higher electron density compared to the hydrophobic P(St-
alt-PMI) block. The stain-free TEM images of the P(MTEA(S")
[TFSI™])-b-P(St-alt-PMI)s assemblies prepared via PISA at a low
concentration (5 wt%) after 0.5 h showed worms and vesicles
with some defects, which were slightly changed into stable
assemblies maintaining the worm and vesicle structures up to
3 h (Fig. 5). The intensity-averaged hydrodynamic diameters
evaluated by DLS measurements indicated a gradual increase
in the particle size (657, 764, and 924 nm) from 0.5 to 3 h
(Fig. 4b). The zeta potentials were 30-38 mV, implying the
presence of the cationic P(MTEA(S")[TFSI"]) on the surface of
the block copolymer assemblies.

A remarkable effect of the monomer concentration on the
assembly of P(MTEA(S")[TFSI™])-b-P(St-alt-PMI)s was observed.
At an intermediate concentration (10 wt%), the worm-like
structures observed after 0.5 h were changed into small vesi-
cles that were partially connected to each other after 1 h and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthesis of P(MTEA(S*)[TFSI7])-b-P(St-alt-PMI)s by RAFT-PISA at 80 °C?

Run  Time(h) Solid (wt%) Conv.” (%)  Yield° (%) M,”(*HNMR) n:m” D,%(nm)  Zeta potential (mV)  Morphology®
1 0.5 5 27 22 34000 48:46 657 +34.2 W,V

2 1 84 63 55000 48:123 764 +38.0 W,V

3 3 89 64 62 000 48:148 924 +30.0 W,V

4 0.5 10 13 29 35000 48:49 255 +30.8 w

5 1 92 34 54 000 48:120 241 +31.4 \%

6 3 93 30 65 000 48:158 323 +43.3 \%

7 0.5 20 65 51 52000 48:112 155 +32.3 M, W

8 1 94 56 64 000 48:154 720 +29.5 \%

9 3 92 77 71000 48:182 268 +43.4 \%

“[AIBN)/[macro-CTA]/[St}/[PMI] = 1/5/1000/1000, P(MTEA(S")[TFSI"]) macro-CTA: M,, = 21 500, solvent = methanol : 1,4-dioxane = 7: 3 (w/w, solid

content = 5-20 wt%).

Calculated by 'H NMR in CDCl;: DMSO-ds = 1:1. “Dialysis in MeOH for 3 days. “Measured by DLS in MeOH.

¢ Morphology was determined by TEM, where M, micelle; W, worm; V, vesicle.

Conc.
(Wt %) 0.5h 1h 3h
5 wt%
Worm, vesicle
10 wt%
Vesicle
TFSl,5-b-P(St-alt-PMI),,, TFSl,z-b-P(St-altPMI),s,
20 wt%
Micelle, worm Vesicle

Fig. 5 TEM images of P(MTEA(S*)[TFSI~])-b-P(St-alt-PMIl)s obtained by RAFT-PISA at [AIBN]/[macro-CTA]/[Stl/[PMI] = 1/5/1000/1000 (solid content

= 5-20 wt%) using P(MTEA(S*)[TFSI"]) macro-CTA (M,, = 21500).

large spherical vesicles (>200 nm) after 3 h, which were
detected by TEM (Fig. 5). DLS studies indicated the formation
of assemblies with a broad size distribution (Dy, = 255 nm)
after 0.5 h, which changed into assemblies with narrower dis-
tributions with slight changes over time (D}, = 241 and 323 nm
after 1 and 3 h, respectively). At a higher concentration

© 2025 The Author(s). Published by the Royal Society of Chemistry

(20 wt%), a clear morphological transformation was detected
from small micelles mixed with worms at 0.5 h into large vesi-
cles with thicker shells at 1 and 3 h (Fig. 5). The DLS results
indicated a drastic increase in the size of P(MTEA(S")[TFSI™))-
b-P(St-alt-PMI) assemblies obtained after 0.5 h (Dy = 155 nm)
into that after 1 h (D, = 720 nm), followed by a decrease in size
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after 3 h (D = 268 nm, Fig. S11}). In all cases, a substantial
change in the size and morphology of the assembled struc-
tures with increasing polymerization time was observed by
DLS and TEM measurements while maintaining positive
charges (29-44 mV). This behavior was distinct from that of
conventional cationic macro-CTAs, in which a positive charge
on the initial assembled structures suppresses further mor-
phological changes.

Interestingly, nanotube-like structures with hollow channels
covered with dark walls were observed in the case of a pro-
longed polymerization time (6 h) at a higher concentration
(20 wt%), as shown in Fig. 6a, b and S12a, b.} Occasionally,
vesicles sticking to the wall of the nanotube were visible. The
length of the P(MTEA(S")[TFSI ]),5-b-P(St-alt-PMI);o; nano-
tubes exceeded one micrometer (>1 pm) with a diameter of
70-120 nm and wall thickness of 25-30 nm, and the size of
the vesicles ranged from 80 to 100 nm. A further increase in
the polymerization time (24 h) led to the predominant for-
mation of similar nanotube-like structures mixed with a small
number of vesicles (Fig. 6¢, d, Fig. S12¢, d, and Table S87). The

Vesicle, nanotube |. |

® 20 wt%
A 10 W% M:
5200{ & 5wt% vV T
5 oy
S A W:
£ 150- owyv 4V oV
2 oWV
8 s AV o w
q)100- V:
w
k]
& 50 AW
. oW,V o o
T FND,
Nanotube
0 T T ]
5wt% 10w% 20 w%

Fig. 6 (a—d) TEM images and (e) phase diagrams constructed of
P(MTEA(S™)[TFSIT])-b-P(St-alt-PMI)s obtained by RAFT-PISA at [AIBN]/
[macro-CTA]/[Stl/[PMI] = 1/5/1000/1000 (solid content = 5, 10, and
20 wt%) using P(MTEA(S*)[TFSI~]) macro-CTA (M, = 21500) for (a, b) 6 h
and (c and d) 24 h (20 wt%). (e) Morphology was determined by TEM,
where M = micelle, W = worm, V = vesicle, and T = nanotube,
respectively.
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positive charge (approximately 26-37 mV) was maintained on
the assembled structures, implying the feasibility of the struc-
tural transformation even if the cationic P(MTEA(S")[TFSI"])
existed predominantly on the outermost surface of the assem-
bles. This implies that further morphological changes are not
disturbed by the repulsion of the sulfonium macro-CTA, which
is distinct from the conventional cationic macro-CTA. Fig. 6e
shows a phase diagram for P(MTEA(S")[TFSI])-b-P(St-alt-PMI)
assemblies prepared at different concentrations (solid content =
5, 10, and 20 wt%). Mixed morphologies of worms and vesicles
were predominantly observed at a low concentration (5 wt%),
suggesting that the limited possibility of the fusion of initially
assembled structures inhibited further progress to form higher-
ordered structures. In contrast, clear vesicles were observed for
the P(MTEA(S")[TFSI"])-b-P(St-alt-PMI)s with long P(St-alt-PMI)
chains prepared at higher concentrations (10 and 20 wt%).
Nanotube-like structures were observed when the DP of the
hydrophobic P(St-alt-PMI) chain was close to 200, compared to
48 for the cationic P(MTEA(S")[TFSI"]) chain. Isolated nano-
tubes with partially broken and disconnected sections were
occasionally observed. Similar to another nanotube formed via
PISA,*® the intrinsically brittle structure, which probably orig-
inates from the rigid P(St-alt-PMI) segment in the present
system, may have contributed to breakage along the nanotubes
during the drying process for TEM sample preparation. A
further increase in the monomer concentration (30 wt%)
afforded fused vesicles located at the end-capping part of the
short tube-like structure (Fig. S14t), suggesting the progress of
one-dimensional fusion from the vesicles, as proposed in the
reported nanotube formation mechanism.*® Therefore,
RAFT-PISA of St and PMI was realized using the sulfonium
P(MTEA(S")[TFSI"]) macro-CTA, enabling the design of cationic
assemblies with various morphologies from micelles to
nanotubes.

The effect of the solvent polarity on the assembled struc-
tures of P(MTEA(S")[TFSI™])-b-P(St-alt-PMI)s was evaluated.
When St/PMI was copolymerized with the P(MTEA(S")[TFSI])
macro-CTA in methanol under the same conditions, spherical
structures were predominantly observed by TEM (Fig. S16, and
Table S107). Sheet-like structures were obtained by the copoly-
merization in methanol/1,4-dioxane (9/1, wt/wt), suggesting
that the addition of a small amount of 1,4-dioxane to metha-
nol increased the solubility of core-forming P(St-alt-PMI), but
decreased the solubility of the P(MTEA(S™)[TFSI"]) macro-CTA,
possibly enabling further structural evolution. A suitable
solvent polarity of the mixed solvent (methanol/1,4-dioxane =
7/3 wt/wt) for the solvophilic P(MTEA(S")[TFSI"]) and solvopho-
bic P(St-alt-PMI) is essential to achieve morphological growth
of P(MTEA(S")[TFSI"])-b-P(St-alt-PMI) assemblies from micelles
into nanotubes.

As another control experiment, a non-ionic PMTEA (before
cationization) was used as a macro-CTA to elucidate the effect
of P(MTEA(S)[TFSI']) as a sulfonium macro-CTA on the
assembled structures formed via PISA. RAFT-PISA of St and
PMI was conducted using a PMTEA macro-CTA (Mynmr =
6600, M,,/M, = 1.18) with [AIBN]/[macro-CTA]/[St]/[PMI] = 1/5/

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lp00009b

Open Access Article. Published on 11 March 2025. Downloaded on 1/12/2026 4:23:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

RSC Applied Polymers

1000/1000 in methanol/1,4-dioxane (7/3 wt/wt, solid content =
20 wt%) at 80 °C (Table S117). The progress of the copolymeri-
zation and the structure of the resulting PMTEA-b-P(St-alt-PMI)
were confirmed by the turbidity and "H NMR measurements
(Fig. S171). SEC measurements revealed that the unimodal
peak of the PMTEA macro-CTA shifted to a higher molecular
weight region without a shoulder or tailing peak (Fig. S187),
implying the formation of PMTEA-b-P(St-alt-PMI) (M, spc =
24 000, M,,/M,, = 1.41). However, no clear assembled structures
were detected using TEM (Fig. S197). These results suggest
that the sulfonium macro-CTA, P(MTEA(S")[TFSI"]), could
promote bridging between the initial assembled structures
(e.g., spherical micelles and vesicles) during RAFT-PISA, result-
ing in the formation of higher-ordered structures.

Structural effect of the sulfonium macro-CTAs having different
counter anions

The effect of the counterion (R = TFSI, OTf, and Cl) of the
sulfonium macro-CTA on the morphologies of P(MTEA(S")
[R7])-b-P(St-ait-PMI) assemblies were investigated in methanol/
1,4-dioxane (7/3, wt/wt). When the copolymerization of St and
PMI was conducted using P(MTEA(S")[OTf~]) macro-CTA at
[AIBN]/[macro-CTAJ/[St]/[PMI] = 1/5/1000/1000, a remarkable
morphological change was detected by TEM. At an intermedi-
ate concentration (solid content = 10 wt%), tadpole-like struc-
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tures including long worms with partially fused vesicles were
visible after 0.5 h and 1 h, and then transformed into spherical
vesicles at 3 h (Fig. 7a-c). DLS traces showed a gradual
decrease in the size of the P(MTEA(S")[OTf~])-b-P(St-alt-PMI)
assemblies (D = 811, 492, and 170 nm after 0.5, 1, and 3 h,
respectively) with an increase in the monomer conversion
from 85% to 86%, and then 93%. Relatively lower zeta poten-
tials of the P(MTEA(S")[OTf ~])-b-P(St-alt-PMI) assemblies were
obtained after 0.5 and 1 h (14 and 6 mV), which may suggest
the presence of unstable tadpole-like structures at those
stages. These finally transformed to stable vesicle structures
(zeta potential = 33 mvV) after 3 h. These morphological
changes using the P(MTEA(S")[OTf ~]) macro-CTA were substan-
tially distinct from those using the P(MTEA(S")[TFSI"]) macro-
CTA. At a higher concentration (solid content = 20 wt%),
P(MTEA(S")[OTf ])-b-P(St-alt-PMI) self-assembled to afford
sheet-like structures (Fig. 7d) in the early stage of PISA (0.5 h).
As the hydrophobic P(St-alt-PMI) chain extended at longer
polymerization times, the assemblies were transformed into
long worms connected occasionally to the vesicles as an end-
capping part (1 h), followed by long nanotubes (3 h), as con-
firmed by the TEM images (Fig. 7d-f, h, i). The length of the
P(MTEA(S")[OTf ])45-b-P(St-alt-PMI),,; nanotubes obtained
after 3 h exceeded one micrometer (>1 pm) with a diameter of
800-150 nm and a wall thickness of 20-40 nm. Relatively long

(9)243, 1079 nm —05h

125,780nm  / N

10’ 10* 10° 10
Dr (nm)

713 nm

Fig. 7

(a—f, h and i) TEM images and (g) DLS measurements of P(MTEA(S*)[OTf ~])-b-P(St-alt-PMI)s obtained by RAFT-PISA at [AIBN]/[macro-CTAl/

[Stl/[PMI] = 1/5/1000/1000, solvent = methanol : 1,4-dioxane = 7:3 at (a—c) 10 wt% and (d—i) 20 wt% using P(MTEA(S*)[OTf"]) macro-CTA (M, =

15200).
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P(St-alt-PMI) blocks, compared to cationic P(MTEA(S")[R),
may lead to a high packing parameter, resulting in nanotube
formation.”” The breakage and partially connected parts were
also visible along the nanotubes (Fig. 7i), implying that the
nature of the cationic P(MTEA(S")[R™]) had a limited impact
on the brittleness of the nanotubes, and partial breakage was
attributed to the rigid P(St-alt-PMI) segment. Under these con-
ditions, the monomer conversion increased slightly with
polymerization time (86, 93, and >99% for 0.5, 1, and 3 h,
respectively), as monitored vie 'H NMR spectroscopy.
Furthermore, the DP of the P(St-alt-PMI) segment, calculated
from the sulfur content estimated by elemental analysis,
increased slightly from 210 to 223, compared to 48 for P(IMTEA
(SH[OTf™]) (Table S127). DLS measurements of P(MTEA(S")
[OTf™))-b-P(St-alt-PMI)s indicated the presence of large assem-
blies (>700 nm), which increased with polymerization times (1
and 3 h), as shown in Fig. 7g. Two species with different sizes
(243 nm and above 1000 nm) were detected in the P(MTEA(S")
[OTf™))-b-P(St-alt-PMI) assembly obtained after 3 h, suggesting
the formation of nanotubes with large aspect ratios.
Additionally, the zeta potential was approximately 35-40 mV
and was independent of the polymerization time, implying the
construction of cationic nano-objects with various mor-
phologies, particularly nanotubes, which are covered with the
cationic P(MTEA(S")[OTf]) block. Obviously, DLS is not suit-
able for accurate characterization of nanotube dispersions.
Nevertheless, TEM image of the P(MTEA(S")[OTf])45-b-P(St-
alt-PMI),3; assembly stained with OsO, solution showed the
morphology with a hollow channel and dark wall (Fig. S227),
implying the formation of nanotube structures.

The P(MTEA(S')[CI"]) macro-CTA was then used for the
copolymerization of St and PMI under the same conditions
([AIBN]/[macro-CTA]/[St])/[PMI] = 1/5/1000/1000, solid content =
20 wt% in methanol/1,4-dioxane (7/3, wt/wt), Table S16%), and
almost monodisperse spherical micelles were obtained after
0.5 h (Fig. 8a). Subsequently, the assemblies underwent
further structural changes to vesicles mixed with worms (1 h),
then to large vesicles (3 h), as shown in Fig. 8b-d. An increase
in the monomer conversion from 31% to 80% was observed
with an increase in the DP of the P(St-alt-PMI) segment from
59 to 192 and the size (Dy,) from 125 to 576 nm after 0.5 and
3 h, respectively. The zeta potential was approximately
29-38 mV. At lower concentrations (10 wt%) for 0.5 h (Fig. 8e),
longer and thinner worms were formed, which were probably
obtained by the connection of spherical micelles, as per a pre-
viously reported mechanism.? At longer polymerization times
(1 and 3 h), worm structures were maintained, implying no
further structural growth (Fig. S291 and 8e, f). Therefore, the
assemblies obtained from the P(MTEA(S')[CI]) macro-CTA
underwent a spheres-to-worms-to-vesicles transition at a high
concentration (20 wt%). Fig. 9 shows a phase diagrams con-
structed for P(MTEA(S")[R7])-b-P(St-alt-PMI)s with different
counter anions (R = TFSI, OTf, and Cl) prepared in methanol/
1,4-dioxane = 7/3 (conc. = 20 wt%). This transition is governed
by an increasing packing parameter via increasing solvophobic
block length according to a general trend of the amphiphilic
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Fig. 8 (a—c) TEM images of P(MTEA(S*)[CL™])-b-P(St-alt-PMI)s obtained
by RAFT-PISA at [AIBN]/[macro-CTAl/[Stl/[PMI] = 1/5/1000/1000 (solid
content: (a—d) = 20 wt% and (e and f) = 10 wt%) using P(MTEA(S™)[CLT])
macro-CTA (M,, = 9800) for (aand e) 0.5 h, (b) 1 hand (c, d and f) 3 h.

block copolymer, whereas limited structural evolution
occurred at a lower concentration (10 wt%). These results
suggest the formation of cationic nano-objects covered predo-
minantly with the P(MTEA(S")[R™]) chain, regardless of the
counterion (R = TFSI, OTf, and Cl). The morphological trans-
formation and resulting morphologies were affected by the
nature of the P(MTEA(S")[R™]) chain modulated by the counter-
ions and the composition of the solvophilic/solvophobic
blocks manipulated by the polymerization time and concen-
tration (solid content in the feed). The calculated molecular
weight of the P(MTEA(S")[CI7]) macro-CTA (M, = 9800), based
on the DP (48) of the pristine P(MTEA), was substantially lower
than those of P(MTEA(S")[OTf ]) (M,, = 15 200) and P(MTEA(S")
[TFSI'])(M, = 21500). This difference may also affect the
volume fraction of the solvophilic block and the solvophilic/
solvophobic balance, resulting
structures.

in different assembled

Formation of sulfonium nanotube-like structures with long
hydrophobic chains

To verify the feasibility to form nanotube-like structures, we
attempted to prepare P(MTEA(S')[R])-b-P(St-alt-PMI)s with
extending the DP of the core forming block beyond 200, while
maintaining the DP of the shell part (DP = 48). Initially,
P(MTEA(S")[TFSI ])-b-P(St-alt-PMI)s with longer hydrophobic
chains were prepared at a higher monomer-to-CTA ratio
([AIBN]/[macro-CTA]/[St)/[PMI] = 1/5/1500/1500). As shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Phase diagrams constructed for P(MTEA(S*)[R™])-b-P(St-alt-PMIl)s with different counter anions (R = TFSI, OTf, and Cl) prepared in metha-
nol/1,4-dioxane = 7/3 (conc. = 20 wt%). Morphology was determined by TEM, where M = micelle, W = worm, S = sheet, V = vesicle, T = nanotube,

and AG = aggregates, respectively.

Fig. 9, P(MTEA(S")[TFSI ]),s-b-P(St-alt-PMI);0, and P(MTEA(S")
[TFSI™])4s-b-P(St-alt-PMI),,5 obtained after 0.5 and 1 h exhibited
nanotube structures with uniform diameter and shell thickness.
Nanotubes with partially broken and disconnected sections that
adhered to each other to connect the two tubes were also
observed (Fig. S317). Similar nanotube-like structure was also
observed, independent of staining (Fig. S321). Nanotubes with
many spherical vacant parts inside the tubes, shorter tubes with
several disconnected points, and intermediated structures were
observed for P(MTEA(S")[TFSI])45-b-P(St-alt-PMI),95, which was
obtained after 3 h (Fig. 9 and S31, Table S177). Using P(MTEA
(S")[TFSI ))4s, block copolymer nanotubes were observed over a
relatively wide DP range of P(St-alt-PMI) from approximately 192
to 298. A further increase in the DP of the P(St-alt-PMI) blocks
prepared at higher monomer-to-CTA ratios (JAINB]/[macro-CTA]/
[St}/[PMI] = 1/5/2000/2000) led to the formation of aggregated
structures with numerous pores (Fig. S331). This behavior may
be related to the mobility of the polymer chain because limited
mobility was reported to be required to achieve a one-dimen-
sional connection of the vesicles to afford nanotubes,*® whereas
high mobility leads to the three-dimensional fusion of vesicles
and migration to afford large porous vesicles and assemblies
consisting of many porous vesicles.

Similarly, block copolymer assemblies with longer hydro-
phobic P(St-alt-PMI) chains were prepared using P(MTEA(S")

© 2025 The Author(s). Published by the Royal Society of Chemistry

[OTf7]) and P(MTEA(S)[CI~]) macro-CTAs at a high monomer-
to-CTA ratio ([AIBNI]/[macro-CTA]/[St]/[PMI] = 1/5/1500/1500).
Using P(MTEA(S")[OTf ])4s, bangle-like structures formed by
connecting the shell of several nanotubes, and three dimen-
sional reticular structures consisting of many nanotubes were
obtained with increasing the DP of P(St-alt-PMI) from 330 to
377 (Fig. 9 and S36, Table S187). The nanotube structure was
obtained only in the narrow DP range (roughly 200) for
P(MTEA(S")[OTf ~])45-b-P(St-alt-PMI)s. This is likely ascribed to
the nature of P(MTEA(S")[OTf~]), such as its ability to stick to
each other and its limited solubility in methanol. For assem-
blies using P(MTEA(S")[C1]),s, nanotube-like structures with a
rough surface were obtained, which likely correspond to nano-
tubes with incorporated vesicles in the DP range of P(St-alt-
PMI) from 202 to 312 (Fig. 9 and S38, Table S20%).
Characteristic morphologies, which are probably cubosomes,
were also observed for P(MTEA(S")[OTf ~])4s-b-P(St-alt-PMI);,,
(Fig. 9) and the same block copolymers with relatively long
P(St-alt-PMI) chains (Fig. S23 and S257%). Further investigations
are required to characterize such unique structures, which will
be communicated separately. Therefore, the nature of the
counter anion (R = TFSI, OTf, and Cl) of the sulfonium
P(MTEA(S")[R™]) macro-CTAs had a remarkable effect on the
formation of stable nanotube structures with homogeneous
three-dimensional structures and the practical range of the sol-
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vophilic/solvophobic balance to afford characteristic nanotube
structures.

Conclusion

Cationic block copolymer assemblies with tunable mor-
phologies were developed via RAFT-PISA of St and PMI using
three sulfonium macro-CTAs, P(MTEA(S")[TFSI"]), P(MTEA(S")
[OTf~]), and P(MTEA(S")[CL7]). Positively charged nano-objects
with various assemblies (e.g., spheres, worms, vesicles, and
nanotubes) were obtained for P(MTEA(S")[R™])-b-P(St-alt-PMI)s,
depending on the counterion (R = TFSI, OTf, and Cl) of the
sulfonium macro-CTA. The assembled structures were gov-
erned by the adequate adjustment of the solvophilic/solvopho-
bic block composition, P(St-alt-PMI) chain lengths tuned by
the initial monomer-to-CTA feed ratios, solvent polarity
(methanol/1,4-dioxane), monomer concentration (5-20 wt%),
and polymerization time, in addition to the nature of the sulfo-
nium cations tuned by the counter anion. Characteristic nano-
tube structures were produced by selecting suitable range of
the solvophilic/solvophobic blocks and the nature of the sulfo-
nium macro-CTA, enabling manipulation of the cationic
charge of the nanotubes. This work not only proves the impor-
tance of the sulfonium macro-CTAs with different counter
anions for constructing poly(ionic liquid)-based nano-
structures but also demonstrates an efficient strategy for
manipulating cationic functionalities and assembled struc-
tures via PISA and expanding the application potential.
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