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Topological Effects on Cyclic Co-Poly(Ionic Liquid)s
Self-Assembly
Qingquan Tang,* Hao Ren, Zdravko Kochovski, Lisheng Cheng, Ke Zhang, Jiayin Yuan,*
and Weiyi Zhang*

Topological geometry of poly(ionic liquid)s (PILs), such as brush-like,
knot-like, hyperbranched and randomly coiled, often exerts a strong influence
on their self-assembly behaviors. As a primary topological form, the cyclic
topology-derived effects have not been investigated on PILs, which concerns
synergy of charges and zero chain end. Herein, linear and cyclic poly(ionic
liquid) copolymers (co-PILs) with randomly distributed counter anions of
B(Ph)4

− and Br− by a template method in combination with a follow-up partial
anion exchange is prepared. The self-assembly phenomena of linear and
cyclic co-PILs are studied in selective solvents, where the hydrophobic
counter anions B(Ph)4

− and hydrophilic counter anions Br− aggregated to
form cores and corona in the assembled nanospheres, showing the average
size of cyclic co-PILs nanospheres is 46.2% smaller (≈120 nm) than linear
co-PILs nano-assemblies (≈176 nm). Based on the CGMD simulations, the
authors speculate that the spherical aggregates are formed by transitioning
from micelles with gradient block-like structures, which formed by enriched
hydrophobic counter anions in the core and enriched hydrophilic counter
anions in the corona. These results indicate a novel synergy of topology
effects and dynamic anion movements, as revealed by cyclic co-PIL
self-assembly in this work.
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1. Introduction

Poly(ionic liquid)s (PILs), as polymers com-
posed of repeating ionic liquid moieties,
inherit some physicochemical properties
both from ionic liquids and polymers. They
are useful materials platforms for versa-
tile applications, e.g. biosensors, catalysis,
actuators, polymer electrolytes, and self-
assembled nanoparticles.[1–7] Self-assembly
behaviors of PILs were influenced by nu-
merous parameters, such as chemical com-
positions, counterions, coulombic inter-
actions, topologies, etc.[1–5] For instance,
hyperbranched,[8] star-like,[9] and brush-
shaped[10] PILs were investigated to eluci-
date their topology/self-assembly relation-
ships. These PILs with differed topolo-
gies bear adequate chain ends in com-
parison with linear ones, which decrease
their entanglements heavily.2 However, self-
assembly behaviors of PILs without chain
ends, such as cyclic PILs, are largely un-
known.
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Scheme 1. Schematic illustration of the speculated self-assembly process of linear (top) and cyclic (bottom) poly(ionic liquid) copolymers. Note: in the
micelles, the B(Ph)4

– dominant core contains a small fraction of Br– anions, and the Br– dominant corona area contains a small fraction of B(Ph)4
–

anions.

Conventionally, the loss of chain ends endows cyclic neutral
polymers with distinctive self-assembly behaviors. For example,
cyclic polystyrene-block-poly(ethylene oxide)s demonstrated 30%
decrease in domain spacings when self-assembled into ordered
patterns in a thin film, in comparison with linear diblock copoly-
mers precursors of similar molecular weights.[11] Alternatively,
well-defined cylindrical nanotubes were creatively constructed by
self-assembly of cyclic brush copolymers, where cyclic polymer
backbones were decorated with randomly distributed polystyrene
and polyisoprene mixtures.[12] In that work, the distinct self-
assembly behaviors of cyclic amphiphilic diblock copolymers
could be ascribed to the stretch of polymer chains restricted by
the loop, which resulted in a smaller hydrodynamic radius of mi-
cellar assembly, in comparison with the linear analogues.[13] In-
triguingly, higher thermal stability and greater tolerance of cyclic
assemblies towards salt additives were observed in contrast with
the corresponding linear ones, due to the smaller effective vol-
ume and the lack of inter-micelle bridges.[14–16] Nevertheless, be-
cause the “polyelectrolyte effect” hampers the direct synthesis
of cyclic PILs by cyclizing linear PILs based on the ring-closure
method,[17–19] the self-assembly of cyclic PILs has not been ex-
plored before.

Recently, we reported a post-modification method to prepare
cyclic PILs via applying neutral cyclic polymers as templates,
since under the same conditions the ring-closure cyclization
of PILs is hampered by the “polyelectrolyte effect”, for which
polyelectrolyte backbones are stretched in dilute solution due
to the electrostatic repulsion of neighboring charged units.[20]

Upon circumventing the “polyelectrolyte effect” by using neutral
cyclic polymers as intermediate, charged cyclic ones can be ob-
tained from quaternization reactions and the following anion ex-
change reactions. Interestingly, amphiphilic linear poly(ionic liq-
uid) copolymers (co-PILs) with randomly distributed counter an-
ions were reported to self-assemble into nanoparticles in selective
solvents without the requirement of adopting a well-structured
block copolymers.[21,22] However, there is still a lack of research
on the self-assembly of cyclic co-PILs.

Herein, we report a facile method to prepare cyclic amphiphilic
random co-PILs and compare their self-assembly behaviors with
linear ones (Scheme 1). Linear and cyclic co-PILs with ran-
domly distributed counter anions of Br− and B(Ph)4

− were syn-
thesized by quaternization reaction of linear and cyclic P2VP
and then the subsequent partial anion-exchange. Counter an-
ion of B(Ph)4

− was chosen to realize the partial anion-exchange,
owing to its high hydrophobicity coming from the bulky aro-
matic groups.[23,24] This strategy avoided complicated synthetic
processes and purification steps that are usually involved in
the preparation of amphiphilic block copolymers, in which
well-defined blocks were required for phase separations.[25]

As such, cyclic PILs bearing randomly distributed hydropho-
bic/hydrophilic counter anions can be readily synthesized and
next employed to perform self-assembly in selective solvents. The
self-assembly behaviors between linear and cyclic co-PILs were
studied, and both exhibited similar bulky spheric morphologies,
while a smaller size of cyclic co-PILs-derived nanoassemblies was
found than that of linear ones, as evidenced by various character-
izations and computational simulations through molecular dy-
namics.

2. Results and Discussion

Linear and cyclic co-PILs were synthesized according to our
previously reported literature (Scheme S1).[20] Linear poly(2-
vinylpyridine) (LP2VP) with a controlled molecular weight and a
polydispersity index of Mn = 14100 and PDI = 1.13, respectively,
was prepared by standard reversible addition-fragmentation
chain transfer (RAFT) polymerization technique (Figure S1, Sup-
porting Information, black). The corresponding cyclic P2VP
(CP2VP) was obtained by intramolecular cyclization via photo-
induced Diels-Alder reaction in an extremely diluted solution (3.5
× 10–6 mol L−1). The GPC characterization shows reduced ap-
parent molecular weights of CP2VP (Mn = 11550, PDI = 1.17)
(Figure S1, Supporting Information, red) in comparison with its
linear counterpart, while the MALDI-TOF results demonstrate
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Figure 1. MALDI−TOF mass spectra for LP2VP A) and CP2VP B).

nearly identical data for the absolute molecular weights of LP2VP
and CP2VP in the range from 5000 to 10 000 g mol−1 with a peak
centered at 8000 g mol−1 (Figure 1). Meanwhile, in their UV-vis
spectra the disappearance of the peak at 305 nm ascribing to the
thiocarbonyl moiety (Figure S2, Supporting Information) verified
the completion of Diels-Alder reaction and successful cyclization
of LP2VP into CP2VP. A similar proof is given by the vanish-
ment of the resonance at 10.66 ppm ascribing to the orthoquin-
odimethane end group in their 1H NMR spectra for CP2VP (Fig-
ure S3, Supporting Information). Subsequently, the linear and
cyclic PILs were synthesized by quaternization reaction of LP2VP
and CP2VP with BrCH2CN. The quaternization degrees of lin-
ear PILs and cyclic PILs were measured to be 65% and 60%, re-
spectively, calculated by integrating the 1H NMR spectra (Figure
S4A,B, Supporting Information). To further confirm the success
of quaternization reactions, the FT-IR spectra were measured for
quaternized LP2VP and CP2VP. The production of absorption
bands at 1200 cm−1 and 2200 cm−1 in FT-IR spectra (Figure S5,
blue) can be ascribed to the newly introduced –CH2–CN group,
in accordance with the 1H NMR results. Next, anion-exchange
was applied to prepare linear and cyclic co-PILs, where the Br−

counter anions were only partially exchanged by B(Ph)4
−. Ac-

cordingly, the B(Ph)4
− anions were chosen as the hydrophobic

counter anions because of their bulky aromatic groups.[24] Be-
sides, the characteristic bands of B(Ph)4

− are clearly seen in the
FT-IR spectra (Figure S5, Supporting Information, red), verifying
the occurrence of anion-exchange. Ultimately, the exchange effi-
ciency from Br− to B(Ph)4

− is determined to be 77.5% and 84.6%
for linear and cyclic co-PILs, respectively, by integrating the cor-
responding peak areas in the 1H NMR spectra (Figure S4C,D,
Supporting Information). The results indicate that the linear
and cyclic co-PILs bear randomly distributed counter anions of
Br− and B(Ph)4

− and their chemical structures can be expressed
as Lco-PILs([Br−]0.22-ran-[B(Ph)4

−]0.78) and Cco-PILs([Br−]0.15-ran-
[B(Ph)4

−]0.85), respectively.
Self-assembly of random co-PILs in solution was conducted

by dropping water into the as-formed polymer solution in good
solvents (DMF or DMSO) with an initial concentration of Cini
= 12 mg mL−1. Then, the steady solution with self-assembled

co-PILs was obtained under stirring until water content (CH2O)
reached 90 vol%. By dropping water into the solution of co-
PILs, an opaque dispersion formed, indicating that large poly-
mer colloids were obtained and kept stable even without stirring.
Afterward, the morphologies of the dispersed polymer colloids
were observed by TEM measurements. When using DMF as the
good solvent for co-PILs, the morphologies of dispersed colloids
were revealed by TEM images as similar spheric particles for
Lco-PILs and Cco-PILs (Figure 2). During the assembly process,
the movable hydrophobic B(Ph)4

− counter anions aggregated to
form the insoluble core of those spheric nanoparticles, minimiz-
ing the interfacial interactions between hydrophobic B(Ph)4

− and
water.[21,22] By contrast, the movable hydrophilic Br− counter an-
ions were driven to form the corona of the nanospheres to sta-
bilize the nanoassemblies.[21,22] Specifically, TEM images of Lco-
PILs revealed polydispersed spheric nanoparticles, whose diam-
eter ranges from 40 nm to 300 nm. By contrast, the particle di-
ameter of Cco-PILs ranges from 30 to 160 nm, indicative of re-
duced nanosphere diameters. Meanwhile, a bimodal distribution
with polydispersity index (PDI) of 0.462 in the size range of 30–
600 nm was observed by DLS plot for Lco-PILs nanoassemblies
(Figure S6A, Supporting Information). Oppositely a monomodal
distribution with PDI of 0.091 in the size range of 40–250 nm was
observed for Cco-PILs nanoassemblies, which peaks at 100 nm
(Figure S6B, Supporting Information). The bimodal distribution
of Lco-PILs nanoassemblies and the contrary monomodal dis-
tribution of Cco-PILs nanoassemblies in DMF indicate that the
cyclic topology has sound influence on the self-assembly of co-
PILs. The AFM measurement was further applied to investigate
the spheric morphologies of these nanospheres. From the obser-
vation of Figure 3A, the large Lco-PILs nanoparticles were mea-
sured to show an average width (planar diameter) of 260 nm and a
height of 80 nm. In the same AFM setup, the Cco-PILs nanopar-
ticles were measured to show an average width of 120 nm and
a height of 40 nm (Figure 3B). Apparently, the size of Cco-
PILs nanoassemblies was smaller than the Lco-PILs ones. The
obtainment of large self-assembled nanoparticles for Lco-PILs
and Cco-PILs can be ascribed to the predominantly hydropho-
bic segments and minorly hydrophilic segments, because the

Macromol. Chem. Phys. 2022, 2200134 2200134 (3 of 7) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

 15213935, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

acp.202200134 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [28/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mcp-journal.de

Figure 2. TEM and cryo-TEM images of nanoparticles obtained via the self-assembly of Lco-PILs([Br−]0.22-ran-[B(Ph)4
−]0.78) A–C) and Cco-PILs([Br−]0.15-

ran-[B(Ph)4
−]0.85) D–F) prepared by dropping water into their initial solutions in DMF (12 mg/mL) till a water content of 90 vol.%. The red dotted circles

show the higher electron densities derived from a denser distribution of B(Ph)4
– in the core (C, F).

hydrophilic segments are too short to balance the elastic and in-
terface energy of the solvophobic segments by solvation so that
the relative energy minima can be reached by arrangement to
large nanoparticles.[26–29] To note, no internal structure was ob-
served for these two nanoassemblies by cryo-TEM (Figure 3C,F),
and the observed size difference between Lco-PILs and Cco-PILs
nanoassemblies in the cryo-TEM survey is in agreement with the
results from the TEM analysis.

DMSO was next used as well as the 2nd good solvent to carry
out the self-assembly of co-PILs, and its solvent effect was in-
vestigated on the co-PILs’ self-assembly behaviors. Similarly, the
spheric nanoparticles were observed when measuring the sam-
ples of Lco-PILs and Cco-PILs by TEM. The sizes of nanoassem-
blies were measured to be ≈50 nm for Lco-PILs and ≈30 nm for
Cco-PILs, according to the TEM images (Figure S7, Supporting
Information). Size distributions of these nanoassemblies were
analyzed by DLS (Figure S8, Supporting Information) and exhib-
ited a monomodal size distribution for Lco-PILs and Cco-PILs
nanoassemblies, which centered at 45 nm and 25 nm with PDI
of 0.105 and 0.072, respectively. The DLS data was in consistence
with the TEM results. The smaller diameter range for both Lco-
PILs and Cco-PILs nanoassemblies than that obtained in DMF
as the starting good solvent, may be ascribed to the different
polymer-solvent interaction and the polarity of the solvent, which
were reported to have a distinct influence on the self-assembly
process.[26,27,30] Alternatively, the bimodal distribution in DMF
but monomodal distribution in DMSO for Lco-PILs nanoassem-
blies also can be attributed to the difference of polymer-solvent
interaction and the polarity of the solvent.[26,27,30] These data also
indicate that the cyclic topology plays indeed a significant role
in co-PILs’ self-assembly behavior, which may be ascribed to the
restriction of co-PILs’ chain stretch by the loop.

To get an insight into the experimental results, the self-
assembly dynamics of Lco-PILs and Cco-PILs were further in-
vestigated by coarse-grain molecular dynamics (CGMD) simula-
tions. As shown in Figures S21–S28, Supporting Information, we
conducted self-assembly simulations for both Lco-PILs and Cco-
PILs systems with a chain length of 100 and 200 repeating units,
respectively. The B(Ph)4

– and Br– ions and P2VP monomer are
namely represented by BPh, BR and PVP beads for convenience.
The ratio of B(Ph)4

– to Br– in the Lco-PILs systems was 0.22:0.78,
and that in the Cco-PILs systems was 0.15:0.85. More details
about the simulations can be found in the Supporting Informa-
tion. As illustrated in Figure 4, the statistical radii of Lco-PILs
nanoassemblies are larger than Cco-PILs ones, which is consis-
tent with the experimental observations. There are several poly-
mer chains in each nanoassembly for both Lco-PILs or Cco-PILs
systems. For the nanoassemblies shown in Figure 4B,E, they con-
tain 24 and 15 polymer chains, respectively. The B(Ph)4

– counter
anion is away from the surface and the Br– is relatively enriched
on the outside of nanoassemblies with a gradient distribution
along the polymer chain. In detail, the radius of gyration of Lco-
PILs nanoassemblies ranges from 3.42 nm to 5.68 nm with an
average of 4.16 nm. The average number of Lco-PILs nanoassem-
blies was 8.45, with 1968 coarse-grained beads contained in each
nanoassembly on average. As can be seen from the density pro-
files in Figure S22, Supporting Information, the geometric di-
ameter of the largest Lco-PILs nanoassemblies is approximately
16 nm. By contrast, for the Cco-PILs system, the radius of gy-
ration of the nanoassemblies ranges from 3.19 nm to 4.66 nm
with an average of 3.90 nm, and the average number of the
Cco-PILs nanoassemblies was 10.00, with 1679 coarse-grained
beads contained in each nanoassembly in average. The geomet-
ric diameter of the largest Cco-PILs nanoassemblies is ≈14 nm

Macromol. Chem. Phys. 2022, 2200134 2200134 (4 of 7) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 3. AFM images of nanoparticles obtained via the self-assembly of Lco-PILs([Br−]0.22-ran-[B(Ph)4
−]0.78) A) and Cco-PILs([Br−]0.15-ran-[B(Ph)4

−]0.85)
B) prepared by dropping water into their initial solutions in DMF (12 mg Ml−1) till a water content of 90 vol.%.

(Figure S24, Supporting Information). Briefly, the dynamical
trend for the self-assembly difference between Lco-PILs and
Cco-PILs exhibited by the preliminary results of the CGMD
simulations is consistent with that of the experiments, al-
though the specific radii of each system are statistically smaller
than the experimental observations, due to the limited simula-
tion time of 960 ns. For self-assembly of amphiphilic diblock
copolymers bearing predominantly hydrophobic segments, the
spherical aggregates were generally transitioned from spher-
ical micelles.[26–29] Based on the results of CGMD simula-
tions, we speculate that the spherical aggregates are formed
by transitioning from micelles, which formed by enriched hy-
drophobic counter anions in the core and enriched hydrophilic
counter anions in the corona, showing gradient block-like struc-
tures (Scheme 1). Such distribution differences of counter
anions can be evidenced by the varied contrast of the self-
assembled coPIL nanoparticles observed in the Cryo-TEM im-
ages (Figure 2C,F). In these nanoparticles, the higher con-
trast of core areas than corona areas can be ascribed to the
higher electron densities derived from denser B(Ph)4

– in the
core. Generally, the simulation results, despite the variation
in resulting dimensions, agreed dynamically and statistically

with the observations in the self-assembly experiments both
in size difference as well as in variation tendency for the
nanoassemblies.

3. Conclusion

In summary, Lco-PILs and Cco-PILs bearing randomly dis-
tributed counter anions of [Br−] and [B(Ph)4

−] were synthesized
by partial counter anion exchange of quaternized linear and
cyclic P2VP. The obtained Lco-PILs([Br−]0.22-ran-[B(Ph)4

−]0.78)
and Cco-PILs([Br−]0.15-ran-[B(Ph)4

−]0.85) were self-assembled into
nanoparticles in DMF/H2O (v/v = 1/9) mixture solutions, show-
ing a regulated spheric morphology but multi-dispersed diam-
eters. The Cco-PILs nanoassemblies demonstrated 46% maxi-
mum diameter reduce in comparison with the corresponding
Lco-PILs nanoassemblies, which may be caused by the restric-
tion of polymer chains’ stretch due to their cyclic architecture.
Both Lco-PILs and Cco-PILs were found to self-assemble into
smaller bulky spheres in DMSO/H2O (v/v = 1/9) mixture so-
lutions and exhibited similarly a smaller diameter of Cco-PILs
nanoparticles than Lco-PILs ones. CGMD simulation shows the
tendency of that Lco-PILs nanoassemblies have a larger average

Macromol. Chem. Phys. 2022, 2200134 2200134 (5 of 7) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 4. CGMD simulation of self-assembled Lco-PILs([Br−]0.22-ran-[B(Ph)4
−]0.78) and Cco-PILs([Br−]0.15-ran-[B(Ph)4

−]0.85) nanoparticles. Simulation
results of A) Lco-PILs([Br−]0.22-ran-[B(Ph)4

−]0.78) and D) Cco-PILs([Br−]0.15-ran-[B(Ph)4
−]0.85) with a chain length of 100 beads in the simulated box with

a size of 600× 600× 600 Å3. Microstructures of obtained largest single nanoparticle for B) Lco-PILs([Br−]0.22-ran-[B(Ph)4
−]0.78) and E) Cco-PILs([Br−]0.15-

ran-[B(Ph)4
−]0.85) (Purple, chartreuse and blue beads represent polymer chains, B(Ph)4

− anions, and Br− anions, respectively). Evolution of the radius
of gyrations for self-assembled C) Lco-PILs([Br−]0.22-ran-[B(Ph)4

−]0.78) and F) Cco-PILs([Br−]0.15-ran-[B(Ph)4
−]0.85) nanoparticles.

diameter than Cco-PILs nanoassemblies. This work provides a
valuable example of self-assembly of cyclic PILs by incorporat-
ing randomly distributed counter anions, without involving am-
phiphilic block structures. The experimental observation and the-
oretical simulation of cyclic topology on the self-assembly show
a size decrease of the obtained spherical nanoparticles in com-
parison to linear ones, which are believed to benefit the in-depth
understanding of the topological effects on the self-assembly be-
haviors of cyclic PILs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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