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ABSTRACT: At the molecular level, intermolecular polymer-
ization can compete with its intramolecular cyclization, which is
known as a ring−chain competition reaction. However, this
competitive phenomenon has rarely been observed in higher-
level systems. Herein, we report a supramolecular ring−chain
competition reaction between the intermicellar polymerization and
intramicellar cyclization of rodlike micelles assembled from rod−
coil graft copolymers. Nanowires and toroidal micelles are the
chain-like and ring-like products of the two supramolecular
reactions, respectively. When the reaction conditions (solvent
composition or temperature) are varied, the competition of the two
supramolecular reactions is induced, and their dynamic competition relation and equilibrium constants can be regulated by the
reaction conditions. The combination of experiments and theoretical simulations reveals that the interplay of the core/shell
interfacial energy, the bending energy of rodlike micelles, and the end-capping energy determines such ring−chain competition. This
study presents an advance in supramolecular self-assembly and provides a progressive way to construct complex hierarchical
nanostructures.

■ INTRODUCTION
Ring−chain equilibrium between intermolecular coupling and
intramolecular cyclization, which is a common competitive
reaction at the molecular level, affects the molecular structures
and yields of products.1−6 For instance, in the enzyme-
catalyzed synthesis process of aliphatic and unsaturated
polyesters, cyclic oligomers are formed concurrently with the
corresponding linear chains, and the yield of cyclic oligomers
depends on the monomer structure and the initial monomer
concentration.3,7,8 Even for the oligomer reaction units, the
macrocyclization reaction can compete with their polymer-
ization driven by the fast association and dissociation of
reversible noncovalent interactions.9−11 For such a system, it
was found that the concentration of cyclic counterparts is
influenced by the concentration and linker length of oligomer
building blocks.9−11 Thus, competition is crucial when
attempting to obtain a high yield of linear or ring-like products
or to build an exquisite buffering system.1,12 However, the
competitive reaction has rarely been observed in higher-level
systems (higher level refers to the assembly of polymeric
micellar subunits, which occurs at the nanoscale).13−19

Complex hierarchical nanostructures can be constructed
through the higher-level assembly of the preassembled micelle
subunits.20−25 For example, Lin et al. reported that poly(γ-
benzyl-L-glutamate)-g-poly(ethylene glycol) (PBLG-g-PEG)
can self-assemble into rodlike micelles, and the preassembled
micelles can further assemble into nanowires.26−28 In the
rodlike micelles of rod−coil graft copolymers, rigid backbones

take a parallel packing manner in the micellar core, and the
imperfect coverage of the micellar core by the coil grafts leads
to high-energy micellar ends. The rodlike micelles assemble
into nanowires to eliminate the high-energy micellar ends,
resembling a polymerization reaction (referred to as supra-
molecular polymerization), but the monomers are polymeric
micelles.
In addition to forming nanowires, such polypeptide rodlike

micelles can cyclize into toroids in an end-to-end closure
manner under certain conditions.29,30 This self-assembly
behavior is attributed to the interplay of the core/shell
interfacial energy, the bending energy of rodlike micelles, and
the end-capping energy. The cyclization phenomenon of
rodlike micelles resembles the intramolecular cyclization of
monomers or oligomers, but it occurs at a supramolecular level
and is referred to as supramolecular cyclization. However, is
there a ring−chain competition reaction at this supramolecular
level? Moreover, revealing the competitive mechanism
between two supramolecular reactions (polymerization and
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cyclization) and realizing precise controls of nanostructures is a
significant advance in supramolecular self-assembly.
Herein, we report unique supramolecular ring−chain

competition between the intermicellar polymerization and
the intramicellar cyclization of rodlike micelles assembled from
PBLG-g-PEG graft copolymers. The supramolecular competi-
tion can be regulated by varying the solvent composition and
temperature. Energy variations calculated from theoretical
simulations reveal the origin of such supramolecular ring−
chain competition. The equilibrium constants of the
intermicellar and intramicellar reactions are evaluated to reveal
their dynamic competition. This study provides a promising
way to construct controllable nanoassemblies.

■ RESULTS AND DISCUSSION

Intermicellar Polymerization and Intramicellar Cycli-
zation of Rodlike Micelles. Rodlike micelles were assembled
from PBLG822-g-PEG17 graft copolymers (the subscript
represents the number of repeating units for each segment,
and the details of polymer synthesis are given in Section 1.1 of
the Supporting Information). In the experiments, 0.56 mL of
water (a selective solvent for PEG) was added into 4.0 mL of
the tetrahydrofuran/dimethylformamide (THF/DMF) solu-
tion of copolymers (THF:/DMF, 5:5 by volume, the polymer
concentration is 0.3 g/L) to prepare the rodlike micelles.
Figure 1a shows the scanning electron microscopy (SEM)
image of the morphologies of the PBLG822-g-PEG17 rodlike
micelles. The mean length and the aspect ratio of the rodlike
micelles are 600 ± 28 nm and 6.13 ± 0.31, respectively, as
estimated from the SEM images of more than 400 micelles.
Note that the samples for SEM measurements were prepared
from the micellar aqueous solution obtained by dialyzing
against deionized water (see Section 1.2 of the Supporting
Information). During the dialyzing process, the aggregate
morphologies are frozen, which can rule out the effect of THF
or DMF evaporation.
Then, 1.6 mL of the mixed solvent with various THF/DMF

contents and 0.4 mL of water were added into 1.0 mL of the
micelle solution (THF/DMF/water, 44:44:12 by volume).
The final contents of DMF and THF can be regulated by
varying the THF/DMF ratio of the added mixed solvent. As
the DMF content or THF content increases, two different

supramolecular self-assemblies occur. At higher DMF content,
nanowires are formed via the end-to-end connection of rodlike
micelles (i.e., supramolecular polymerization, Figures 1b−d
and S3). The dynamic light scattering (DLS) results show that
the apparent hydrodynamic radius (Rh) values gradually
increase, and its distribution becomes broader with increasing
DMF content (Figure S4), indicating that nanowires are
formed in the solution. We carried out cryogenic transmission
electron microscopy (Cryo-TEM) measurements on the
solution of rodlike micelles and nanowires. The nodes between
the neighboring rodlike micelles in Cryo-TEM images (see
Figure S5) suggest that the intermicellar polymerization occurs
in the solution.
In the rodlike micelles, the PBLG backbones take a parallel

packing within the micellar core, and the PEG grafts form the
corona to stabilize the micelles. At the micellar ends, the PBLG
cores cannot be entirely covered by PEG, resulting in the
partially exposed ends with higher energy. The increase in
DMF content can lead to the swelling of the PBLG cores,
resulting in more exposure of the active ends. Thus, the
nanowires are formed. The supramolecular polymerization
mechanism is further confirmed by two control experiments
(Figure S6), which verifies the fact that the nanowires are
formed through the elimination of the high-energy ends.
As the THF content increases, the supramolecular

cyclization reaction occurs. Figure 1e−g show the curved
and toroidal micelles generated from the rodlike micelles at
higher THF contents. The average diameter of the toroids is
197 ± 19 nm, and the circumference is 618 ± 60 nm, which is
close to the mean length (600 nm) of the initial rodlike
micelles. This indicates that the toroids are formed via the end-
to-end closure of the rodlike micelles (i.e., supramolecular
cyclization). The Rh values remain unchanged with increasing
THF content, suggesting that the cyclization of rodlike
micelles in the solution is an intramicellar reaction (Figure
S4). The Cryo-TEM image of the toroids (Figure S5) further
confirms that intramicellar cyclization occurs in the solution.
The supramolecular cyclization phenomenon is related to the
interplay of the core/shell interfacial energy, the bending
energy of rodlike micelles, and the end-capping energy.29,30

Under certain conditions, the unclosed curved micelles tend
to connect with each other during the cyclization process due

Figure 1. SEM images of (a) the rodlike micelles of PBLG822-g-PEG17 and (b, c, e, f) the aggregates generated from the rodlike micelles with
increasing DMF or THF content. (d, g) The corresponding TEM images of (c) and (f), respectively. The preparation temperature in (a−g) is fixed
at 30 °C. Scale bar: 300 nm.
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to the competition between polymerization and cyclization
(Figure S7). Additionally, we examined the effect of copolymer
structures. For example, with respect to the rodlike micelles
formed by PBLG548-g-PEG17 with a shorter PBLG backbone,
its aspect ratio decreases to 3.8 ± 0.3. The shorter rodlike
micelles can assemble into nanowires at higher DMF content
or bend into curved micelles at higher THF content (Figure
S8). Therefore, by varying the solvent composition, ring−chain
competition occurs in this higher-level self-assembly system.
We termed the competition between the intermicellar
polymerization and the intramicellar cyclization as a supra-
molecular ring−chain competition reaction.
Supramolecular Ring−Chain Competition Reaction

of Rodlike Micelles. To gain insights into such supra-
molecular competition, the effect of temperature was examined
in addition to the solvent composition. The mixed solvent (1.6
mL, THF/DMF, 6:4 by volume) and water (0.4 mL) were
added into 1.0 mL of the rodlike micelle solution, and then the
mixture micelle solution was stabilized for 3 days at various
temperatures. The morphologies of the formed aggregates
were characterized by SEM, transmission electron microscopy
(TEM), and atomic force microscopy (AFM). As shown in
Figures 2a−d and S9, with increasing temperature from 5 to 50
°C, nanowires, rodlike, curved, and toroidal micelles can be
observed. This means that the supramolecular polymerization
occurs at lower temperatures, while its cyclization reaction
becomes dominant at higher temperatures. With further
increasing the temperature to 60 °C, the toroidal micelles
collapse into ellipsoidal aggregates (Figure 2e).
To reveal the supramolecular competition mechanism, we

performed the turbidity (optical density, OD) measurements
of PBLG822 homopolymers at various temperatures, and then
carried out circular dichroism (CD) experiments on the
solutions of PBLG822-g-PEG17 micelles formed at various
temperatures. According to the OD results (Figure S10), the

critical water content of PBLG822 for aggregation decreases
from 7.9 vol % at 50 °C to 6.3 vol % at 5 °C, which indicates
that the hydrophobicity of PBLG increases as the temperature
decreases.28 At lower temperatures, the partial exposure of the
micellar core with stronger hydrophobic PBLG leads to higher
end-capping energy at the micellar ends. Thus, eliminating the
unfavorable micellar ends leads to the polymerization of
rodlike micelles.
CD measurements can provide the conformation informa-

tion of PBLG segments and the packing manners of their
pendant phenyl groups. As shown in Figure 2f, all of the CD
spectra present a positive peak (230−280 nm) and a negative
peak (200−230 nm). The signal at 200−230 nm is attributed
to the right-handed α-helix conformation of PBLG segments.
The region at 230−280 nm represents the chiral arrangement
of the pendant phenyl groups on the PBLG backbones.31−36

The positive band at 230−280 nm indicates a shrunken left-
handed arrangement, and the negative signal corresponds to a
loosely packed right-handed arrangement.31−36 With increas-
ing temperature, the intensity of the positive signals of pendant
phenyl groups around 230 nm gradually increases (see the
arrow in Figure 2f), and the peaks shift toward the shorter
wavelengths. This indicates that higher temperatures enhance
the left-handed arrangement of pendant groups, that is, the
packing manner of pendant groups becomes more ordered.
This constriction leads to higher unfavorable core/shell
interfacial energy.29 To offset this energy variation, the rodlike
micelles bend into curved micelles and then cyclize into
toroidal micelles to reduce the interfacial energy (the
interfacial area is decreased). It is also observed from CD
that an increase in THF content can give rise to a constriction
of the pendant groups (Figure S11). This constriction results
in higher unfavorable core/shell interfacial energy, inducing
the intramicellar cyclization at the higher THF content.
Therefore, the stronger hydrophobicity of PBLG at lower

Figure 2. (a−e) TEM images of the aggregates generated from rodlike micelles after adding the THF/DMF mixture solvent (6/4, v/v) at various
temperatures, where the final THF content is fixed at 46 vol %. Scale bar: 300 nm. (f) Circular dichroism (CD) spectra of the initial rodlike micelles
and the formed aggregates at various temperatures and the fixed THF content of 46 vol %. The arrow guides the variation of the bands related to
the pendant groups. (g) Morphological diagram of the aggregates generated from rodlike micelles in the space of temperature and the THF content
in the added mixed solvent.
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temperatures is responsible for the intermicellar polymer-
ization, while the increasing core/shell interfacial energy at
higher temperatures or higher THF contents gives rise to the
intramicellar cyclization.
Summarizing the experimental data, we constructed a

morphological diagram of the generated aggregates to show
the supramolecular ring−chain competition under various
conditions. Here, the THF content in the added mixed THF/
DMF solvent varies from 0 to 100 vol %, and the temperature
varies from 5 to 60 °C. We mapped out the morphological
diagram with THF content versus temperature. As shown in
Figure 2g, the morphological diagram consists of five zones,
including rodlike, nanowire, curved, toroidal, and ellipsoidal
micelles. The nanowires are formed at lower temperatures and
lower THF content, where eliminating the high-energy
micellar ends is the main driving force for supramolecular
polymerization. The initial rodlike micelles remain unchanged
in the medium region of the diagram. With increasing
temperature or THF content, the rodlike micelles gradually
bend into curved micelles. The toroidal micelles are obtained
when the temperature is above 30 °C, and the THF content in
the added mixed solvent is above 80 vol %. In this region, the
variation of the core/shell interfacial energy plays a dominant
role in supramolecular cyclization. Further increasing the
temperature is unfavorable to the stability of toroids, and
toroids collapse into ellipsoid micelles. Higher temperatures
lead to the stronger constriction of PBLG pendant groups,
generating higher core/shell interfacial energy. As a result, the
rigidity of micelles cannot maintain the toroids, and the
collapsed ellipsoids are formed.
To support the proposed mechanism, we carried out a

control experiment. The micelles solution was dialyzed to be
an aqueous solution, and the intermicellar polymerization of
rodlike micelles cannot be observed, while their cyclization still
occurs (Figure S12). It is believed that the dialysis shrinks the
hydrophobic PBLG core, reduces the exposed area at the
micellar ends, and results in the elimination of reactive points.
Thus, the high-energy end is crucial for supramolecular
polymerization but plays a less important role in the cyclization
process.
Theoretical Simulations of the Supramolecular

Competition Reaction. To further reveal the mechanism
of the supramolecular competition reaction, we performed
Brownian dynamic (BD) simulations on the supramolecular
reaction of the rodlike micelles. First, a coarse-grained BD
model of the Rm-g-(Cn)2 graft copolymer was constructed
(Figure 3a). Rm-g-(Cn)2 contains one backbone and two
grafted side chains, where R and C beads represent the PBLG
backbone and the PEG graft, respectively. One P bead is
connected to each R bead to represent the pendant groups of
the PBLG backbones. The subscripts denote the bead
numbers, and they are chosen as m = 16 and n = 4 to
match the relative lengths of PBLG and PEG segments for the
PBLG822-g-PEG17 copolymer used in the experiments. Thus,
the graft copolymer is modeled as R16-g-(C4)2. The angle
bending potential describes the rigidity of the PBLG backbone.
All of the pairwise interactions are described by the standard
Lennard-Jones (LJ) potentials with different cutoff radii.37−39

The hydrophobicity of PBLG is simulated by an attractive LJ
potential for R−R pairwise interaction, and its strength is
denoted by the interaction parameter εRR. The hydrophilicity
of PEG and the incompatibility between PEG and PBLG
segments are described by setting the repulsive potentials for

C−C and R−C pairwise interactions, respectively. To describe
the noncovalent interaction between the pendant phenyl
groups, the P−P interaction is modeled as an attractive LJ
potential, and the P−P interaction strength is denoted by
εPP.

29,30 The setting and variation of simulation parameters
match the assembly conditions in the experiments. The other
parameter settings in the simulations are shown in Section 2 of
the Supporting Information.
As shown in Figure 3a, the rodlike micelles are formed by

R16-g-(C4)2 under the condition of εRR = 4.0ε and εPP = 2.0ε
(Figure S14). The simulation morphology of rodlike micelles
shows that the rigid backbones in the micellar core take an
ordered parallel packing manner and the coil side chains in the
corona stabilize the rodlike micelles. At the micellar ends, the
imperfect coverage of coil side chains onto the micellar core is
observed (see the marked regions in Figure 3a). These partially
exposed ends can serve as reaction points in the supra-
molecular reactions. We took out the preassembled rodlike
micelles and randomly dispersed them into another simulation
box. Then, εRR and εPP were varied to simulate the variations of
solvent composition and temperature. Higher εRR corresponds
to the stronger hydrophobicity of the PBLG backbones with
decreasing temperature in the experiments. The increase of εPP
corresponds to the constriction of the pendant phenyl groups
of PBLG with increasing temperature or THF content (i.e., the
increase of the core/shell interfacial energy) (see Figure 2f).
Figure 3b−e shows the representative simulation morphologies
obtained under four groups of simulation conditions. When
εRR is fixed at 3.0ε, with increasing εPP from 0.5ε to 5.0ε,
nanowires, rodlike, curved, and toroidal micelles are obtained.
This indicates that the supramolecular polymerization of
rodlike micelles occurs at lower εPP, while its cyclization
reaction is dominant at higher εPP. The simulation results well

Figure 3. (a) BD model of a rod-g-coil graft copolymer and the
representative simulation structure of rodlike micelle. (b−e)
Simulation snapshots of aggregates generated from the initial rodlike
micelles under different groups of interaction parameters. (f)
Morphological diagram of simulation aggregates generated from
rodlike micelles in the space of εRR and εPP. The right side shows the
representative simulation structures.
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reproduce the two supramolecular reactions of rodlike
micelles.
To reveal the competitive relation between two kinds of

interactions, the effects of the interaction parameters εRR and
εPP on such a ring−chain competition reaction were examined
systematically. According to the simulation results, a
morphological diagram of the generated aggregates in the
simulations was constructed. Four regions, including nano-
wires, rodlike, curved, and toroidal micelles, are shown in the
phase diagram (Figure 3f). Nanowires are formed in the region
of high εRR and low εPP, and the supramolecular cyclization
occurs in the region of low εRR and high εPP. It is noted that
appropriately adjusting the simulation parameters could give
rise to an overlapping phase boundary. Coexistence regions
containing two structures (e.g., curved micelles and connected
curved micelles) appear. Such a variation suggests that the
composition of final products can be tuned by the reaction
conditions.
Mechanism and the Theoretical Model of the

Supramolecular Ring−Chain Competition Reaction.
The energy variations during the ring−chain competition
process were calculated to reveal the origin of such
competition. The total energy E of rodlike micelles contains
the core/shell interfacial energy Einter, the bending energy Ebend,
and the end-capping energy Eend.

40,41 Ebend can be evaluated
from the angle potential of the copolymer backbones, and Eend
and Einter can be obtained from the pairwise LJ potential of all
the coarse-grained beads at the exposed micellar ends and on
the micellar interface, respectively.29 The energy variations
were calculated from the initial rodlike micelles to the
generated aggregates under different conditions (for details,
see Section 2.3 of the Supporting Information).
According to the morphological diagram (Figure 3f), we

chose the simulation condition of εRR = 3.0ε and varied the εPP
to induce the polymerization or cyclization of the rodlike
micelles, corresponding to varying temperatures at the fixed
THF content in the experiments. The energy variations during
the competition process are presented in Figure 4. In the left
region of Figure 4, with decreasing εPP, Eend and Einter gradually
decrease, while Ebend shows only a slight decrease. The total
energy E goes down significantly and the nanowires are
formed. As can be seen, the variation of Eend contributes mainly

to the decrease of E. This result indicates that the intermicellar
polymerization is mainly related to the elimination of exposed
micellar ends with high end-capping energy (Eend). In contrast,
with increasing εPP, cyclization of rodlike micelles occurs, and
the total energy E gradually decreases (see Figure 4). During
this intramicellar cyclization process, Einter shows a significant
decrease, Ebend rapidly increases, and Eend decreases when
toroids are eventually formed. The results indicate that the two
supramolecular reactions present different evolution pathways.
When the energy variations of Einter and Ebend dominate,
cyclization occurs. Conversely, the rodlike micelles polymerize
into nanowires when the variation of Eend serves as the main
energy contribution. The supramolecular ring−chain competi-
tion reaction is a result of the interplay of the interfacial energy,
the bending energy, and the end-capping energy of micelles.
In addition, we examined the dynamic competition process

and proposed a ring−chain equilibrium model. The Jacobson−
Stockmayer (JS) theoretical model well describes the ring−
chain equilibrium at the molecular level.4,6,42 According to this
concept, we developed a supramolecular ring−chain competi-
tion model to evaluate the intermicellar (Kinter) and intra-
micellar (Kintra) equilibrium constants for the supramolecular
reactions of micelle subunits. Definitions of Kinter and Kintra are
given as follows

=
[ ]

[ ][ ]
+K

M

M M
i j

i j
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where M and C represent the micelle subunits and the cyclized
product, respectively. M1, Mi, and Mj represent the initial
rodlike micelle and the formed nanowires, respectively, where
the subscripts i and j are the numbers of micelle units in the
nanowires (i.e., the degree of polymerization). The formed
toroidal micelles are denoted as C1. Since the supramolecular
polymerization of rodlike micelles follows the principle of step-
growth manner,26 we can obtain Kinter from Kinter = Xn − 1 (Xn
is the number average degree of polymerization, and the details
of calculation and derivation are given in Section 2.4 of the
Supporting Information). By counting the number of toroidal
micelles in 10 groups of simulation boxes, we estimated the
concentration ratio of toroids to initial rods as the intramicellar
equilibrium constant Kintra from eq 2.
We calculated Kinter and Kintra under various εPP at fixed εRR

of 3.0ε (solid lines) and 5.0ε (dashed lines). The results are
shown in Figure 5a, which corresponds to various temperatures
at the fixed THF content in the experiments. Under the
condition of lower εPP, Kinter is higher than Kintra, corresponding
to the occurrence of polymerization. With increasing εPP, the
difference between the two equilibrium constants gradually
decreases. When εPP is higher than the equivalence point (the
intersection in Figure 5a), Kintra exceeds Kinter, corresponding to
the cyclization of rodlike micelles. The increase of εRR from
3.0ε to 5.0ε shifts the equivalence point toward the condition
of higher εPP.
By employing the proposed supramolecular ring−chain

equilibrium model in eqs 1 and 2, we evaluated the equilibrium
constants Kinter and Kintra from the experiments. In the
experiments, the mixed THF/DMF solvent (1.6 mL, THF
content 60 vol %) and water (0.4 mL) were added into 1.0 mL
of the rodlike micelle solution. The final THF content was 46

Figure 4. Variations of the bending energy Ebend, the end-capping
energy Eend, the interfacial energy Einter, and the total energy E in the
supramolecular ring−chain competition. The energy variations were
calculated from the pairwise interaction potential and the angle
potential in the simulations, where εPP varies from 0.5ε to 5.0ε at a
fixed εRR of 3.0ε.
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vol %, and the mixture solution was stabilized for 3 days at
various temperatures. The number average degree of polymer-
ization (Xn) and the fraction of toroidal morphologies were
estimated from the SEM images of more than 400 micelles. For
the supramolecular reactions at various temperatures, the
values of Kinter and Kintra were calculated and plotted in Figure
5b. At lower temperatures, Kinter is higher than Kintra, meaning
that the supramolecular polymerization is dominant. Kinter
gradually decreases with increasing temperature. When the
temperature is above 30 °C (the equivalence point in Figure
5b), Kintra increases, and the supramolecular cyclization occurs.
In addition, the variations of Kinter and Kintra can also be
regulated by varying the THF content (see Figure S13). At the
lower THF content, Kinter is higher than Kintra, corresponding to
the occurrence of supramolecular polymerization. With
increasing THF content, Kintra exceeds Kinter, and supra-
molecular cyclization takes place. Therefore, the proposed
ring−chain equilibrium model can well describe the supra-
molecular competition reaction observed in both experiments
and simulations.
Supramolecular versus Molecular Ring−Chain Com-

petition Reactions. The ring−chain competition between
linear polymer chains and their cyclic counterparts is widely
observed for monomers and even some oligomer units, for
example, ditopic pyrimidinone, ribonuclease peptide, and
oligomer units containing the bisporphyrin head and the
trinitrofluorenone (TNF) tail.9−11,16−19 In this work, we found
a novel supramolecular ring−chain competition phenomenon
that exhibits the following uniqueness: (1) Different kinds of
interactions: Polymerization and cyclization at the molecular
level are related to the covalent interaction between end
groups.3−8 In this work, the supramolecular competition
involves the noncovalent hydrophobic interaction. (2) The
variable conformation of reaction units: In the classical JS
model for the ring−chain competition at the molecular level,
the chain conformation change is ignored. Our supramolecular
competition system, however, involves the bending of rodlike
micelles in the cyclization. In the present work, we proposed a
concept, i.e., the supramolecular ring−chain competition
reaction, according to experiments, simulations, and theoretical
analysis. Moreover, its ring−chain equilibrium model was
proposed, which profoundly revealed the origin of such a
competition reaction.
The supramolecular ring−chain competition can be used to

construct various complex nanostructures by a stepwise self-
assembly strategy.20 The key is inducing out-of-equilibrium
and then rebalancing the assembly system via the energy
manipulation in the supramolecular ring−chain competition.
For example, nanowires can be first prepared under the

conditions where polymerization is dominant, and then these
aggregate solutions are placed under new assembly conditions
where cyclization is dominant (higher temperatures or THF-
rich environment). The supramolecular ring−chain competi-
tion is moved to an out-of-equilibrium state, and then some
new aggregates can be formed through the rebalancing of
ring−chain competition. For example, we speculate that the
nanowires can further cyclize into quaternary or polygonal
ring-like structures. In addition, the curved crescent micelles
formed in the cyclization process can also serve as micelle
subunits to further assemble into hierarchical nanostructures
via a stepwise self-assembly process. However, the expectations
require the precise implementation of supramolecular reactions
by the stepwise self-assembly strategy. The construction of
these complex nanostructures will be the focus of our future
work.

■ CONCLUSIONS

In summary, we report a supramolecular ring−chain
competition reaction between the intermicellar polymerization
and intramicellar cyclization of PBLG-g-PEG rodlike micelles.
Nanowires, curved and toroidal micelles are obtained from
such a supramolecular competition reaction, which can be
regulated by the solvent composition and temperature. Lower
temperatures give rise to the stronger hydrophobicity of PBLG
and thereby result in the polymerization of rodlike micelles. In
contrast, higher temperatures or higher THF content leads to
the constriction of the pendant groups of PBLG. This
constriction causes an increase in the core/shell interfacial
energy and results in the intramicellar cyclization of rodlike
micelles. The energy variations predicted by the simulations
indicate that eliminating the unfavorable ends is the main
driving force of the intermicellar polymerization, and balancing
the interfacial energy and the bending energy causes the
intramicellar cyclization. In the proposed supramolecular ring−
chain equilibrium model, varying the intermicellar and
intramicellar interactions essentially regulates the dynamic
competition relation and the equilibrium constants of two
supramolecular reactions. This supramolecular competition
reaction provides a progressive way to construct various
complex hierarchical nanostructures with controllable archi-
tectures.
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*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.1c01020.

Figure 5. Variations of the intermicellar Kinter and intramicellar Kintra equilibrium constants in the supramolecular ring−chain competition, (a) The
interaction parameter εPP varies from 0.5ε to 5.0ε at fixed εRR of 3.0ε (solid lines) and 5.0ε (dashed lines). (b) The temperature varies from 5 to 60
°C, and the final THF content is fixed at 46 vol %.
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