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ABSTRACT: Linear polystyrene−poly(ethylene oxide)−poly-
styrene (PS−PEO−PS) block copolymers and corresponding
cyclized PS−PEO counterparts with three different PS
molecular weights were synthesized and self-assembled to
investigate the effects arising from the topology. Linear PS5−
PEO45−PS5 (L1) and cyclic PS10−PEO45 (C1) formed
micelles. As previously reported for poly(n-butyl acrylate)
and PEO block copolymers, the micelles from C1 showed
more than 30 °C higher phase transition temperature (cloud
point, Tc) than those from L1. Linear PS10−PEO45−PS10 (L2) and cyclic PS20−PEO45 (C2) resulted in the formation of a
structure called large compound micelles. Self-assembly of linear PS40−PEO48−PS40 (L3) and cyclic PS86−PEO48 (C3) lead to
the formation of vesicles. The vesicles were characterized by TEM, DLS, and SLS. Remarkably, the vesicles from L3 (Tc = 69, 59,
and 48 °C in the presence of 1, 5, and 10 wt % of NaCl, respectively) were found to be somewhat more thermally stable than
those from C3 (Tc = 62, 52, and 43 °C in the presence of 1, 5, and 10 wt % of NaCl, respectively). This trend of the thermal
stability was counterintuitively opposed to the case of the micelles. Moreover, Tc of the vesicles was controlled by the ratio of L3
and C3.

■ INTRODUCTION

Cyclic polymers show unique properties and functions, which
are called “topology effects”, due to the absence of their chain
ends and the restricted conformation, in comparison with their
linear or branched counterparts.1 For example, topology effects
were found in the basic properties of polymers such as melting,2

crystallization,3−5 diffusion,6 and rheology7 as well as in gels8

and degradable polymers.9 Moreover, cyclic polymers were
even applied to potential drug delivery systems.10,11 It is
conceivable that cyclic polymers may provide further novel
properties and functions in their self-assembled structures.12

These topology effects can be a novel factor in materials
development, because they improve or change material
properties and stabilities without alteration of the chemical
structure, composition, or molecular weight. Therefore, cyclic
polymers have cultivated curiosity, and the synthesis and self-
assembly of cyclic polymers including cyclic block copolymers
have been greatly developed in the past decade.13−17

Cyclic molecules and their self-assembled structures are also
exploited in nature, typically in DNA,18 polypeptides,19 and
polysaccharides.20 Significant functionalities arise from this
unique shape, especially in relation to the stability of such
structures. Thermophilic archaea, living in high-temperature
environment such as hot springs and submarine volcanoes, have
cyclic lipids in their cell membranes.21,22 Their cell membranes
are considered to enable them to adapt to such extreme
environments by exploiting the topology effect. Therefore,
cyclic amphiphilic block copolymers are expected to exhibit

excellent tolerance to extreme conditions through their self-
assembled nanostructures. Indeed, in recent years, we reported
on micelles formed from synthesized cyclic amphiphilic block
copolymers (i.e., a series of poly(alkyl acrylate)−poly(ethylene
oxide)) exhibiting significantly enhanced thermal stability in
comparison to micelles formed from their linear counter-
parts.23,24 This finding is regarded as the first example of
amplified topology effects by a synthetic cyclic polymer upon
self-assembly.
In this study, we focused on the formation of vesicles (Figure

1), which have a bilayer structure, resembling to the cell
membrane of thermophilic archaea. We expected that vesicles
formed from the synthesized cyclic amphiphilic block
copolymers show excellent thermal stability in comparison to
vesicles formed from their linear counterparts. In order to
construct vesicles, the volume fractions of the hydrophilic and
hydrophobic segments were needed to be properly tuned.25

Thus, the previously reported atom transfer radical polymer-
ization−ring-closing metathesis (ATRP−RCM) method was
applied to provide a variety of cyclic block copolymers having a
programmed combination of the segment components with
narrow PDIs.26 This method was also used in the synthesis of a
8-shaped polymer, demonstrating the versatility in the
construction of cyclic topologies.27 Moreover, amphiphilic
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block copolymers comprised of polystyrene segments are of
importance because self-assembled micellar structures, vesicles,
and other complex aggregates formed from linear PS−PEO
block copolymers have been extensively studied.28,29 Therefore,
relevant cyclic PS−PEO counterparts would warrant the
formation of vesicles and provide unique opportunities to
reveal topology effects upon self-assembly. Furthermore,
polystyrene is one of the most common and utilized polymer
segments in various fields. Having polystyrene as the
hydrophobic segments in the amphiphilic block copolymers
should expand the generality of the chemistry of cyclic
polymers.

■ EXPERIMENTAL SECTION
Reagents. Styrene (99%, Nacalai Tesque, Inc.) was purified

through an alumina column. CH2Cl2 (99%, Kanto Chemical Co., Inc.)
was distilled from CaH2 before use. A PEO macroinitiator with 2-
bromoisobutyryl end groups (Mn(NMR) = 2300) was prepared by
esterification of hydroxy-terminated PEO (Mn = 2000, Aldrich) with 2-
bromoisobutyryl bromide (98%, Aldrich) and triethylamine (99%,
Kanto Chemical Co., Inc.) according to the previously reported
procedure.30,31

Linear PS−PEO−PS (L1, L2, and L3) (Mn = 500−2000−500,
1100−2000−1100, 4100−2100−4100) and cyclic PS−PEO (C1, C2,
and C3) (Mn = 1000−2000, 2100−2000, 8900−2100) were
synthesized using the method described in the previous report.26

TEM. A drop of an aqueous solution containing self-assembled
structures was placed on a carbon-coated copper grid and blown away
with an air blower. TEM observations were carried out on a Hitachi H-
7650 microscope operating at 80 kV.
Turbidity of Micellar Solutions. The transmittance of a micellar

solution was measured at 600 nm on a JASCO V-670 spectropho-
tometer with a stepwise temperature increase from 20 to 80 °C. The
temperature was equilibrated for 1 min before measurements.
DLS and SLS. DLS and SLS measurements were performed on a

Malvern Zetasizer Nano spectrometer equipped with a He−Ne laser
(λ = 532 nm). The light scattering signal was obtained at a fixed angle
of 173°. Dh distributions were determined by the non-negative least-
squares32−35 fit to the autocorrelation functions. Z-average diameters
were calculated from the second-order cumulant of the autocorrelation
functions. Nagg and A2 were determined by Debye plots using the
Zimm equation with polymer concentrations of 0.10, 0.075, 0.050,
0.020 mg/mL for L3 and 0.10, 0.075, 0.050, 0.030, 0.020 mg/mL for
C3. Specimens were filtered off with a 0.45-μm membrane filter before
measurements.

Self-Assembly of PS5−PEO45−PS5 (L1) and Cyclic PS10−PEO45
(C1). Aqueous micellar solutions of L1 and C1 were prepared
according to literature.23 Thus, distilled water (10 mL) was added to a
vigorously stirred THF solution of L1 or C1 (5.0 mg/mL, 2.0 mL) at a
drop rate of one drop per 5 s. THF was removed under reduced
pressure, and distilled water was added to a total volume of 10 mL to
give a 1.0 mg/mL micellar solution. The solution was further diluted
to 0.33 mg/mL.

Self-Assembly of PS10−PEO45−PS10 (L2) and Cyclic PS20−
PEO45 (C2). Aqueous large compound micellar solutions of L2 and C2
were prepared according to literature.36,37 Thus, distilled water (10
mL) was added to a vigorously stirred THF solution of L2 or C2 (10
mg/mL, 1.0 mL) at a drop rate of one drop per 5 s. The THF/water
solution was dialyzed against water for 3 days.

Self-Assembly of PS40−PEO48−PS40 (L3) and Cyclic PS86−
PEO48 (C3). A THF solution of L3 or C3 (1.0 mg/mL, 1.0 mL) was
added at a drop rate of one drop per 5 s to distilled water (10 mL),
which was stirred at a specific rate (500, 900, 700, and 1100 rpm). The
THF/water solution was dialyzed against water for 5 days.

■ RESULTS AND DISCUSSION
Linear and cyclic PS−PEO block copolymers with three
different volume fractions (Table 1) were prepared by the

ATRP−RCM cyclization method using PEO with molecular
weight of 2 kDa (Figures S1 and S2).26 Block copolymers with
various molecular weights of the PS segments were synthesized
in order to control the hydrophobic/hydrophilic volume ratio.
According to the critical packing parameter (CPP) theory,38,39

this ratio copolymer determines the morphology of the self-
assembly such as micelles, wormlike micelles, and vesicles.40,41

The self-assembly of linear PS5−PEO45−PS5 (L1) and cyclic
PS10−PEO45 (C1) was performed by dissolving a block
copolymer (10 mg) in THF (2.0 mL) and adding water (10
mL) dropwise to the vigorously stirred THF solution. THF was
removed under reduced pressure to give an aqueous solution of
the block copolymer, and water was added to adjust the
concentration to 1.0 and 0.33 mg/mL. The hydrodynamic
diameter (Dh) of both self-assembled structures formed from
L1 and C1 was determined to be 10 nm with a polydispersity
index of 0.56 and 0.54, respectively, by dynamic light scattering
(DLS) shown in Figure S3. This suggests the conversion of the
polymer topology from linear to cyclic did not cause distinctive
changes in their Dh.

23,24 The thermal stability of the micelles
were determined by the turbidity of the micellar solutions and
Dh by DLS upon raising the temperature. The transmittance of
the micellar solution of L1 started to decrease at 33 °C,
indicating the collapse of the micelles and formation of larger
agglomerates (Figure S4). In sharp contrast, the micellar

Figure 1. Chemical structures of (a) linear (L1, L2, and L3) and (b)
cyclic (C1, C2, and C3) amphiphilic PS−PEO bock copolymers and
schematic representation of vesicles from (c) L3 and (d) C3.

Table 1. Properties of the Linear and Cyclic PS−PEO
Amphiphilic Block Copolymers and Their Self-Assembled
Structures

chemical structure Mn(NMR)
self-assembled

structure

L1 linear PS5−PEO45−PS5 500−2000−500 micelle
C1 cyclic PS10−PEO45 1000−2000 micelle
L2 linear PS10−PEO45−PS10 1100−2000−1100 large

compound
micelle

C2 cyclic PS20−PEO45 2100−2000 large
compound
micelle

L3 linear PS40−PEO48−PS40 4100−2100−4100 vesicle
C3 cyclic PS86−PEO48 8900−2100 vesicle
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solution of C1 did not show significant reduction in
transmittance until 64 °C. DLS showed a sharp increase in
the z-average diameter at corresponding Tc. Thus, the phase
transition temperature, or cloud point (Tc), increased by more
than 30 °C through the topological conversion of the polymeric
component, where Tc of the micellar solutions was defined by
the temperature, at which the transmittance becomes 99% of
the initial value. This process was reversible, allowing for the
formation of micelles or agglomerates by cooling or heating,
respectively (Figure S5).
The self-assembly of linear PS10−PEO45−PS10 (L2) and

cyclic PS20−PEO45 (C2) shown in Table 1 was performed by
adding water to a THF solution of a copolymer, followed by
dialysis. The morphology of the polymer aggregates was
observed by TEM. Figure S6 shows agglomerated structures
with a diameter from 100 nm to 1 μm for L2 and from 100 to
500 nm for C2. DLS demonstrated that the formation of
particles that have Dh of 700 and 500 nm, respectively (Figure
S7). The structures were likely large compound micelles,25

suggesting that the volume fractions of the block copolymers
was not appropriate for the formation of either micelles or
vesicles.
The molecular weight of the PS segment was further

increased to change the volume fractions (L3, PS40−PEO48−
PS40; C3, PS86−PEO48) as shown in Table 1. We first
attempted to self-assemble by the same methods above.
However, precipitate formed upon removing THF from the
aqueous solution under reduced pressure. After all the efforts to
investigate the conditions for the self-assembly, dripping a THF
solution of a polymer to agitating water at a specific rate and
following dialysis was found to be successful. Thus, 1.0 mg/mL
of a THF solution containing 2.0 mg of a copolymer was added
dropwise to water (20 mL), which was being agitated at the rate
of 500 rpm. The THF/water solution was dialyzed against
water for 5 days. The resulting solution was pale blue due to the
scattering of the particular wavelengths by the formed particles
(Figure S8). The morphology of self-assembled structures was
observed by TEM (Figure 2). The structure was confirmed to

be vesicles by observing a void likely enveloped with a bilayer.
Torn bilayers can be observed in Figure 2, left, leaving a hole on
the vesicles. This was presumably caused by the evaporation of
encapsulated water under vacuum conditions. The diameter of
the vesicles were 30−120 nm for L3 (Figure 2, left) and 30−
100 nm for C3 (Figure 2, right). By DLS, the Dh distribution of
the vesicles formed from L3 and C3 had a peak at 109 and 112

nm (Figure 3, top), respectively, through the above procedure.
Here, the effects of the agitation rate of water at the dripping of

a THF solution of a copolymer were investigated. The agitation
rate was increased to 700 and 900 rpm, and Dh of the vesicles
decreased to 105 and 90 nm for L3 and 96 and 96 nm for C3
(Figure 3, middle and bottom, respectively). This suggests that
the stronger shear during agitation caused smaller size of the
vesicles. When the agitation rate was further increased to 1100
rpm, a precipitate formed. Hence, too strong shear likely
disturbed the formation of the bilayer structure. By means of
SLS, the weight-average molecular weight of the vesicles
formed at 500 rpm was determined to be 85 and 95 MDa for
L3 and C3, respectively (Figure S9). Based on the molecular
weight of the block copolymers, the aggregation number (Nagg)
was calculated to be 8300 and 8600, respectively. Considering
the comparable size recorded for both vesicles by DLS (L3,
109; C3, 112 nm), the density of the bilayer was not
significantly altered. The second virial coefficient (A2), which
accounts for the strength of the interaction between the
dispersed particles in a solvent, was determined to be 6.4 ×
10−5 mL·mol/g2 for L3 and 7.4 × 10−5 mL·mol/g2 for C3. This
trend was same as that for micelles.23 This result suggests that
the repulsive interaction between the vesicles formed from C3
was stronger than those from L3, which could be due to the
absence and presence, respectively, of the intervesicular
bridging just like micelles.42−44

The thermal stability of the vesicles was investigated by
temperature-dependent DLS measurements. Both vesicles from
L3 and C3 were stable from 25 to 75 °C in water, and no
difference was observed by this experiment. Thus, NaCl (1, 5,
and 10 wt %) was added to the aqueous vesicular solutions to

Figure 2. TEM images of air-blown and vacuum-dried aqueous
vesicular solutions of L3 (left) and C3 (right) formed at the agitation
rate of water at 500 rpm upon addition of a THF solution of a
copolymer.

Figure 3. Dh distributions by number for vesicular solutions of L3
(left) and C3 (right) formed at the agitation rate of water at 500 (top),
700 (middle), and 900 rpm (bottom) upon addition of a THF
solution of a copolymer.46 At the agitation rate of water at 1100 rpm, a
precipitate formed from both L3 and C3.
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decrease Tc by salting-out to evaluate potential differences in
their thermal stability. Figure 4 shows the temperature-
dependent Dh distributions for vesicular solutions of L3 and
C3 in the presence of 5 wt % NaCl. Large particles (Dh > 150
nm) started to form at 59 °C for L3, and this temperature was
defined as Tc. Upon agglomeration of the vesicles, a precipitate
appeared. On the other hand, large particles appeared at 52 °C
in the case of C3. Unlike the case of micelles from L1 and C1,
the formation of these large particles was irreversible, and thus,
these large particles were expected to be agglomerates of
disturbed vesicles. The z-average diameter of the vesicles was
plotted against temperature in Figure 5. In the 5 wt % NaCl
solutions of L3 and C3 vesicles, a sharp increase in the z-

average diameter was observed at corresponding Tc. The
thermal stability test was performed at different NaCl
concentrations. In 1 wt % NaCl, vesicular solutions of L3
and C3 formed large particles at 69 and 62 °C, respectively
(Figure S10). Moreover, Tc decreased to 48 and 43 °C in 10 wt
% NaCl (Figure S11). The results are summarized in Table 2.
In any cases, vesicles from the linear block copolymer showed
higher thermal stability than the cyclic counterpart to some
extent opposing to the case of the micelles.24 These
experiments were repeated to confirm the reproducibility of
the relative thermal stability of the vesicles using different
batches of self-assembly (Figures S12 and S13). Although each
Tc differed by a few degrees by batches, the trend of Tc(C3) <

Figure 4. Temperature-dependent Dh distributions by number for vesicular solutions of L3 (left), a one-to-one mixture of L3/C3 (middle) and C3
(right) in the presence of 5 wt % NaCl. Aggregates started to form at 59, 56, and 52 °C for L3, L3/C3, and C3, respectively.46

Figure 5. Temperature-dependent z-average diameter plots (1 °C step) for vesicular solutions of L3, a one-to-one mixture of L3/C3, and C3 in the
presence of NaCl (1, 5, and 10 wt %).46
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Tc(L3) was consistent. Moreover, we attempted to control Tc

by mixing a one-to-one ratio of the linear and cyclic copolymers
(L3/C3) as previously reported for the micelles.23,24 In the
results, Tc was successfully tuned to the approximate midst of
those of the vesicles from L3 and C3 in all the NaCl
concentrations (Figures 4, 5, S10, and S11, Table 2).
We consider that this difference in the thermal stability is

because of packing of the bilayer especially at the hydrophobic
chains. By cyclization of the block copolymer, the bilayer
structure is disturbed to some degree likely due to the bent
conformation of the polymer chain. Concerning thermophilic
archaea, the cell membrane is not constructed only with cyclic
lipids. It also includes various proteins, cholesterol, and so on as
well as double-tailed lipids and tetraether lipids with two head
groups.22 Thus, the above results show that the cyclic topology
of the amphiphile is not a unique factor to determine the
vesicles’ thermal stability. Interactions with other substances in
the cell membrane are also essential. Nevertheless, the topology
of the amphiphile is indeed one of the novel approaches to
control the properties of self-assembled entities for the
production of new functional materials.
In the meantime, for the construction of vesicles, we initially

employed linear poly(n-butyl acrylate)−poly(ethylene oxide)−
poly(n-butyl acrylate) and cyclic poly(n-butyl acrylate)−
poly(ethylene oxide), which were previously used for the
formation of flower-like micelles.23,24 However, no matter what
segment ratio and self-assembly method were attempted, a
precipitate formed, and no selective formation of vesicles was
attained. This was likely due to the glass transition temperature
(Tg) of the hydrophobic segments that would form the inner
layer of the bilayer structure. Because poly(n-butyl acrylate) is
in a rubbery state at ambient temperature (Tg = −49 °C),45 a
sufficiently robust inner layer cannot not be constructed. On
the other hand, PS has Tg at 100 °C and is in a glassy state
under the experimental temperatures, likely allowing for the
formation of a robust inner layer. Presumably, the use of PS
segment was the successful cause to construct the vesicles.

■ CONCLUSIONS

Self-assembled structures were investigated by varying the
volume fractions of the hydrophilic and hydrophobic segments
of cyclic block copolymers. Based on the molecular weight of
the PS segment, the self-assembled structure was micelles, large
compound micelles, or vesicles. The successfully constructed
vesicles from the cyclic amphiphilic block copolymer may serve
as a model for the cell membrane of thermophilic archaea.
However, the vesicles from cyclic amphiphiles were actually less
thermally stable than the linear counterparts. These results
provide insights into the role of other substances existing in the
lipid bilayer such as proteins and cholesterol for the significant
thermal stability.
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