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Supramolecular polymerization of spherical micelles
triggered by donor–acceptor interactions†

Zhegang Huang,a Yongju Kim,b Taehoon Kimb and Myongsoo Lee*b
We synthesized rigid–flexible amphiphilic molecules consisting of an

aromatic block based on a pyrene dimer and a hydrophilic oligoether

dendron. The molecules self-assemble into spherical micelles with a

diameter of�12 nm in an aqueous solution. Notably, these spherical

objects could be polymerized through charge transfer interaction by

addition of an electron acceptor molecule, 2,4,5,7-tetranitro-

fluorenone (TNF), to yield linear supramolecular polymers with

controlled lengths from several tens to a fewmicrometers depending

on the TNF content.
Supramolecular polymerization requires strong directional interac-
tions such as multiple hydrogen bonding,1 metal ion complexa-
tions,2 and host–guest complementary interactions.3 These
directional interactions lead molecular modules to interconnect
with each other in a one-dimensional fashion to form non-covalent
supramolecular polymer chains. The supramolecular polymers
exhibit similar macroscopic properties to those of conventional
covalent polymers, even though they are based on weak non-cova-
lent forces. The examples include gelation of solventmolecules4 and
thermoelastic properties of bulk samples.5 In addition, the highlight
of the non-covalent systems arises from reversible and switchable
characteristics in response to environmental changes. Because of
the reversibility in the bonding, the supramolecular polymers are
under thermodynamic equilibrium, and their properties can be
easily tuned by external stimuli.6 For example, supramolecular
polymers form smart gels through reversible polymerization–
depolymerization processes in response to external forces.7

However, most of the supramolecular polymers reported to date are
based onmolecular modules that are able to hold together through
directional interactions.
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Here we report supramolecular polymerization of the spherical
micelles consisting of a pyrene aromatic core surrounded by
hydrophilic oligoether dendrons in an aqueous solution triggered
by electron donor–acceptor interactions (Fig. 1). We have designed
the aromatic segment based on a pyrene dimer which shows the
unique excimer emission characteristics.8 The molecules consist of
an oligoether dendron and an aromatic segment containing a
dimeric pyrene building block. The synthesis of the molecules was
started from etherication with an oligoether dendron and an
aromatic scaffold, according to the procedures reported previously.9

Molecule 1 based on an acetylene linkage in the aromatic segment
was prepared by Sonogashira coupling of the rigid–exible
Fig. 1 (a) Chemical structures of aromatic amphiphiles 1 and 2. (b) Schematic
representation of supramolecular polymerization from spherical micelles trig-
gered by electron donor–acceptor interactions.
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Fig. 3 (a) Size distribution graphs of 1 (112 mM) in the presence of TNF. (b) A
TEM image of 1 from a 112 mM aqueous solution (scale bar, 200 nm).
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precursor with 1-ethynyl pyrene, while molecule 2 based on a
phenylene linkage was prepared by the Suzuki coupling reaction of
the precursor with pyrene-1-boronic acid.

To investigate the aggregation behavior of 1 and 2, we examined
the emission characteristics of pyrene moieties by means of uo-
rescence spectroscopy (Fig. 2). In aqueous solutions, the emission of
both molecules is dominated by strong signals centered at 510 nm
and 480 nm for 1 and 2, respectively, attributed to excimer emis-
sion,8 indicating that the intramolecular pyrene emitting groups are
in close spatial proximity to form a pyrene dimer within the
hydrophobic cores of the micellar aggregates.

The evidence for the formation of the discrete micelles was
provided by dynamic light scattering (DLS) experiments (Fig. 3a).
DLS experiments of the aqueous samples showed monomodal size
distributions with a hydrodynamic diameter of �12 nm, indicative
of the formation of small micellar aggregates in an aqueous solu-
tion. The micellar structures of 1 and 2 were conrmed by using
transmission electron microscopy (TEM). When the samples were
cast from the aqueous solution and then negatively stained with
uranyl acetate, the images of both molecules showed spherical
micelles with a uniform diameter of �12 nm which is consistent
with the DLS result (Fig. 3b). This dimension of diameter is slightly
larger than twice the extended molecular length (5.3 nm from CPK
modelling), suggesting that the pyrene dimers in the aromatic
segments are loosely packed with bilayer arrangements within the
hydrophobic aromatic core. No circular dichroism (CD) signals
could be detected even though the molecules contain chiral side
groups, suggesting that the aromatic segments within the core are
packed loosely in a random way. Taken together, the micelles
consist of hydrophobic aromatic cores surrounded by hydrophilic
dendrons, in which the aromatic segments based on pyrene dimers
are loosely packed within the hydrophobic cores (Fig. 1).

The pyrene units are well-known to form electron donor–
acceptor complexes with an electron acceptor molecule such as
2,4,5,7-tetranitrouorenone (TNF) by charge transfer interaction.10

This additional interaction would force the aromatic segments
based on pyrene units to be packed in a more dense, parallel
arrangement within the cores. This packing rearrangement could
result in anisotropic micelles to interconnect together in a one-
dimensional fashion to form linear supramolecular polymers. To
substantiate this initial concept, we have investigated the aggrega-
tion behavior of the discrete spherical micelles by addition of TNF
molecules.
Fig. 2 (a) Absorption and emission spectra of 1 in CHCl3 (56 mM, black line) and
in an aqueous solution (56 mM, red line). (b) Absorption and emission spectra of 2
in CHCl3 (53 mM, black line) and in an aqueous solution (53 mM, red line).

This journal is ª The Royal Society of Chemistry 2013
Upon addition of TNF to the aqueous solution of 1, the excimer
emission was abruptly quenched (Fig. 4a), indicating that the
acceptor molecules are complexed with the pyrene donor through
charge transfer interactionwithin the aromatic cores of themicelles.
Remarkably, addition of TNF to 1 triggers the size of aggregates to
remarkably increase in hydrodynamic diameter from 12 nm to
�130 nm, as conrmedbyDLS experiments (Fig. 3a). To identify the
structural change of the aggregates upon addition of TNF, TEM
experiments were performed with the complexed samples (Fig. 4b–
d). The TEM image of the complexwith 0.4 eq. of TNF revealed short
bers with a reduced diameter of�9 nm and lengths of several tens
of nanometers, in which the trend is consistent with DLS results.
When 0.6 eq. of TNF was complexed with 1, the length of the
nanobers further increased to�300 nm. The image of the complex
containing 1.0 eq. of TNF showed long bers with lengths of a few
micrometers without any noticeable changes in diameter. This
result demonstrates that the spherical micelles grow in one direc-
tion to form linear supramolecular polymers through charge
transfer interaction and the chain length can be controlled as a
function of TNF content from a few tens to several hundreds of
nanometers.

To investigate the role of TNF in the packing arrangements of the
aromatic segments in the hydrophobic cores, UV spectroscopic
Fig. 4 (a) Fluorescence spectra of 1 (112 mM) in the presence of TNF in an
aqueous solution. TEM image of 1 from a 112 mM aqueous solution with (b) 0.4
eq. TNF, (c) 0.6 eq. TNF, and (d) 1.0 eq. TNF (scale bar, 100 nm).
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Fig. 5 (a) Absorption spectra of 1 (56 mM) in the presence of TNF in an aqueous
solution. (b) CD spectra of 1 (112 mM) in the presence of TNF in an aqueous
solution.
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studies were carried out with the complex solutions of 1 containing
different amounts of TNF (Fig. 5a). Upon complexation with TNF,
the absorption maximum centered at 365 nm showed to remain
nearly unchanged up to 0.2 eq. of TNF and then gradually red-
shied by �8 nm at 1.0 eq. of TNF, suggesting that the aromatic
segments adopt a more planar conformation by addition of a
certain amount of TNF. When the complexes were subjected to CD
measurements, no apparent CD signals could be detected up to 0.2
eq. of TNF. Notably, a Cotton effect begins to appear at the complex
with 0.4 eq. of TNF (Fig. 5b), indicating helical stacking of the
aromatic segments with a preferred handedness. Both red-shied
absorption maximum and induction of CD signals at the complex
with 0.4 eq. of TNF are consistent with the drastic size increase at
the complex with 0.4 eq. of TNF in DLS. These results together with
TEM data indicate that donor–acceptor complexation triggers
supramolecular polymerization of the spherical micelles based on
pyrene dimers above a certain amount of TNF.

The ability of the spherical micelles to grow in a one-dimen-
sional way to form supramolecular polymers can be understood by
considering the packing arrangements of the aromatic segments as
a function of TNF content. The pure aromatic segments with a
pyrene dimer without TNF are loosely packed probably due to a
large degree of freedom of the aromatic segments caused by
repulsive interactions between the bulky dendritic blocks. The
loosened packing of the aromatic segments is reected in the
formation of spherical micelles with a diameter larger than twice
the extended molecular length. Complexation with TNF, however,
would strengthen hydrophobic and p–p stacking and charge
transfer interactions, which triggers the aromatic segments to adopt
a more planar conformation due to the restricted rotational
freedom of the pyrene units, as reected in the red-shied
absorptionmaximum. Eventually, the planar aromatic segments are
closely packed to stack on top of one another with mutual rotation
in a preferred direction along the stacking axis to form chiral
supramolecular polymers (Fig. 1). The close packing arrangements
of the aromatic segments are also reected in the reduction in
diameter from 12 nm of the spheres to 9 nm of the polymers. Along
the same line, the increase in the length of the supramolecular
polymers as a function of TNF content is also attributed to
increasing charge transfer interactions.

Molecule 2 based on a phenylene linkage exhibits nearly the
same aggregation behavior as that of 1 based on an acetylene
270 | Polym. Chem., 2013, 4, 268–271
linkage as the donor–acceptor complexation with TNF triggers
supramolecular polymerization. DLS results showed that the size of
aggregates remarkably increases upon addition of 0.4 eq. of TNF.
TEM investigations revealed that this size change is accompanied by
the structural change from spherical to elongated brillar struc-
tures, indicating that the discrete micelles are linearly polymerized
upon donor–acceptor complexation with TNF. In great contrast to 1,
however, no CD signal in the complexes of 2 could be detected even
aer supramolecular polymerization by addition of TNF, indicating
that the complexes of 2 self-assemble into nanobers with a lack of
supramolecular chirality. This result suggests that the phenyl
linkage of the aromatic segment of 2 forces twisted aromatic groups
to reduce steric repulsion between the hydrogen atoms of the
adjacent phenyl rings. Consequently, p–p stacking of the aromatic
segments would be loosened to block the chiral transfer from the
side groups, thereby leading to non-chiral supramolecular
polymers.
Conclusions

We have demonstrated that pyrene-based rigid–exible amphi-
philes self-assemble into spherical micelles in an aqueous solution.
The spherical objects could be polymerized through charge transfer
interaction by addition of an electron acceptor molecule, TNF, to
form linear supramolecular polymers with controlled lengths from
several tens to hundreds of nanometers to a few micrometers
depending on the TNF content. This approach to synthesize
supramolecular polymers offers new opportunities for the
construction of more complex and sophisticated supramolecular
materials with switchable functions. Conductive thermoplastic
elastomers, healable so materials, and optoelectronic supramo-
lecular materials are easily envisioned to be explored.
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