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Abstract: Micelles are a versatile class of molecular assem-
blies typically composed of aliphatic molecules with hydro-
philic groups. Polyaromatic molecules with hydrophilic
groups, on the other hand, usually do not assemble into mi-
cellar structures in water but rather form columnar, m-
stacked architectures. This Minireview article focuses on the

recent development of aqueous micellar nanostructures
with multiple oligoarylene rods or polyaromatic panels. The
new micelles with spherical polyaromatic shells, which we
name “aromatic micelles”, serve as functional molecular
flasks with superior binding abilities for medium to very
large molecules in water.

Introduction

Micelles, one of the oldest classes of supramolecules, are versa-
tile molecular assemblies composed of amphiphilic molecules
with both hydrophobic and hydrophilic subunits (Figure 1a,c).
The term “micelle” (from the Latin “micella” meaning small bit)
was introduced by McBain in 1913 and a roughly spherical
structure was proposed by Hartley in 1936."-? Following these
early reports, the basic properties of micelles and their practi-
cal applications, for example, dissolution, separation, preserva-
tion, and reaction mediators, have been thoroughly investigat-
ed from chemical, physical, and biological viewpoints.”! Ali-
phatic hydrocarbons are typically used as the hydrophobic
subunits, forming the central cores of the micelles through the
hydrophobic effect in water. Alternatively, polyaromatic hydro-
carbons, essential molecular components in organic optoelec-
tronics and many other applications, are seldom employed as
the hydrophobic subunits, due to their proclivities to form in-
finite columnar assemblies.” Except for spherical oligoarylene-
based assemblies (discussed in the next section), there are no
reports on micellar structures with polyaromatic shells in water
before 2013.

In this Minireview, we describe the recent developments of
aqueous micellar nanostructures with multiple oligoarylene
units (Figure 1d) or polyaromatic frameworks (Figure 1e). We
call these “aromatic micelles” in contrast with the standard ali-
phatic micelles. This new class of micelles, formed from bent
polyaromatic amphiphiles (Figure 1b), exhibit improved func-
tions as molecular flasks and can encapsulate medium to very
large molecules such as Nile red, fullerenes, metallo-phthalo-
cyanines, and carbon nanotubes in water. Aqueous columnar,
tubular, and vesicle-like structures assembled from oligoary-
lene-, polyaromatic ring-, and fullerene-based amphiphiles are
excluded from this Minireview.®7%
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Oligoarylene Micelles
Linear oligoarylene-based micelles

Linear rod-coil molecules composed of rigid and flexible blocks
form a wide variety of self-organized, infinite structures in solu-
tion and in the solid state.”! In 2004, Lee and co-workers re-
ported the first installation of an oligo(p-phenylene) unit into a
rod-coil molecule to prepare discrete micellar nanostructures
in water."" Rod-coil molecule 1 is composed of a hydrophobic
hexa(p-phenylene) rod (~2 nm in length) with two hydrophilic
poly(ethylene oxide) coils at both ends (Figure 2a). In water,
the amphiphilic molecules assemble into spherical micelle 2
with outer diameters of approximately 6 nm, confirmed by dy-
namic light scattering (DLS) analysis, through the hydrophobic
effect and m-stacking interactions. The micellar structure is

a) b)

hydrophilic
group

hydrophilic
/ group

7~V
N

bent polyaromatic panel

~

H,O

“\ hydrophobic
group

c) @ 0 @/
vy @Na 106 @ Hoo N
o) ’ i Na (o

(0]
1O) w00 A\ yOH
A e W 40"\
/,N\ (0 Ji e ’

?z"(v)’n\/\/

awmav@}mo“
9 X X o) o N0
: J : J OOO 00 99
5OLG VE ee)

bent & planar B
polyaromatic panel

oligoarylene rod & gear

Figure 1. a) Cartoon representation of the formation of a conventional mi-
celle from amphiphilic molecules in water and b) an aromatic micelle de-
scribed in this Minireview as a new molecular flask. ¢) Typical hydrophilic
and hydrophobic subunits of previous amphiphilic molecules. d) Oligoary-
lene and e) polyaromatic frameworks described in this review as hydropho-
bic subunits for new amphiphilic molecules.
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best described as a disk-like oligophenylene bundle surround-
ed by poly(ethylene oxide) chains (Figure 2a). Oligophenylene
micelle 2 acts as an aqueous nanoreactor; the Suzuki coupling
of a wide range of aryl halides occurs within the hydrophobic
core with quantitative conversion in water at room tempera-
ture for 12 h (Figure 2b). Additionally, micelle 2 shows strong
oligophenylene-based fluorescence at 432 nm, which serves as
readout of host-guest interactions and guest encapsulation.
The final nanostructures of assembled amphiphilic rod-coil
molecules depend on the length of the coil. Lee and co-work-
ers synthesized rod-coil molecules 3a,b consisting of a tetra(p-
phenylene) rod and a poly(ethylene oxide) coil with a mannose
unit at the end (Figure 3)."” Amphiphiles 3a with a longer coil
(n=23) form spherical micelle 4a, whereas amphiphiles 3b
with a shorter coil (n=12) form vesicle 4b in water. The outer
diameters of the micelle and vesicle are approximately 20 and
40 nm, respectively. The critical micelle concentration (CMC) of
micelle 4a is relatively low (/5 um) due to strong -7 interac-
tions between the aromatic segments. These mannose-deco-
rated nanospheres act as multivalent ligands toward a man-
nose-binding lectin protein, concanavalin A (Con A). Binding of
4a by Con A is 1800 times stronger than methyl mannose,
whereas the binding by 4b is two times lower than that by
4a. Strong interactions between the mannose-decorated nano-

3b (n=12), 3a(n=23)

H0 |_>

H,O

vesicle .
O 4b ¢ 4a
Figure 3. Formation of mannose-decorated, spherical micelle 4a and vesicle

4b from amphiphilic tetra(p-phenylene) rods 3a (n=23) and 3b (n=12)
with a mannose unit in water, respectively.
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structures and Con A were further elucidated by transmission
electron microscopy (TEM) experiments.

A toroidal-shaped micelle assembles from a mixture of linear
oligo(p-phenylene) rods with highly branched substituents at-
tached in the middle."*® First, infinite sheet-like nanostructure
6a, with thicknesses of about 6 nm, formed in water from am-
phiphilic hepta(p-phenylene) rod 5a bearing both hydrophilic
oligo(ethylene oxide) and hydrophobic oligo(alkyl ether) den-
drons (Figure 4a)."* Next, Lee and co-workers disrupted the
nanosheets by adding different linear penta(p-phenylene) rod
5b with only a hydrophilic oligo(ethylene oxide) dendron and
thereby obtained discrete, toroid-shaped nanostructure 6a/b
(Figure 4b)."*" The authors proposed that increasing the
number (and volume) of hydrophilic segments at the surface
and decreasing the volume of hydrophobic coils on the interi-
or of the rod-coil interface induce the formation of curved
nanostructures to relieve steric crowding. Toroidal assembly
6a/b has outer hydrophobic surfaces, about 10 nm in diame-
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Figure 4. Formation of a) infinite sheet-like structure 6a from hepta(p-phen-
ylene) amphiphile 5a and b) toroidal-shaped micelle 6a/b from a mixture of
5a and penta(p-phenylene) amphiphile 5b in water.

ter, and a hydrophobic cylindrical cavity, approximately 2 nm
in diameter. The hydrophobic cavities encapsulate fullerene Cg,
molecules in aqueous solution. Remarkably, toroid hosts 6a/b
also stack up to form infinite tubular assemblies upon the en-
capsulation of the C4, guests.

In a similar polymer-based system, Futterer and co-workers
reported the assembly of poly(p-phenylene) polymers with
linear alkyl and oligo(ethylene oxide) side chains in 2003." In
the presence of nonionic surfactants in water, the rod-shaped
amphiphilic polymers form infinite micellar fibers with lengths
greater than 200 nm and cross-sectional diameters of about
6 nm according to cryogenic TEM analysis.

Bent oligoarylene-based micelles

Bent oligophenylene-based amphiphilic molecules can also se-
lectively assemble into infinite micellar tubes.™ In 2012, Lee
and co-workers designed bent oligo(p-phenylene) molecule 7
with a central pyridine spacer bearing a hydrophilic oligo(ethy-
lene oxide) dendron (Figure 5)." The bent amphiphiles assem-
ble into hexameric ring 8, which stacks itself into elongated,
helical nanotube 9 in water (Figure 5). TEM and atomic force
microscope (AFM) analyses revealed that, at room temperature,
the external and internal diameters of tube 9 are 11 and 4 nm,
respectively. Surprisingly, the diameter of the tubular nano-
structure “is. contracted upon thermal stimuli (i.e., heating to
60°C). The oligophenylene segments of 7 slip from a partially
into a fully overlapped arrangement to maximize van der
Waals contacts, and minimize exposed hydrophobic surfaces
and thereby generate a thinner tube with external and internal
diameters of 7 and 3 nm, respectively (Figure 5). This contract-
ing behavior is fully reversible upon cooling and heating. Fur-
thermore, the stimuli-responsive dynamic motion of micellar
tube 9 is accompanied by inversion of the chirality helical as-
semblies.

Chem. Eur. J. 2017, 23,2-14
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Figure 5. Formation of infinite micellar tube 9 from bent oligo(p-phenylene)
amphiphile 7 through the formation of hexameric ring-shaped intermediate
8 in water. The stimuli-responsive dynamic motion of micellar tube 9.

In 2015, Okazawa and Yoshizawa et al. reported small, V-
shaped amphiphilic molecule 10a with a meta-terphenyl
framework possessing pentamethyl groups on the terminal
rings and two hydrophilic sulfonate groups on the central ring
(Figure 6)."” The bulky ortho-methyl groups force the terminal
rings to adopt orthogonal conformations to avoid overcrowd-
ing, similar to related anthracene derivatives."® When bent am-
phiphile 10a is dissolved in water at room temperature, well-
defined, aromatic micelle 11a is quantitatively formed within
1 min. Diffusion-ordered spectroscopy (DOSY) NMR, DLS, and
AFM analyses revealed that about 2 nm spherical assembly
11a is composed of approximately five molecules of amphi-
phile 10a in a very narrow size distribution (Figure 6, right).
Concentration-dependent fluorescence studies determined the
CMC value to be approximately 50 um.

10a (R = -CH3)
10b (R =-H)

Figure 6. Formation of aromatic micelles 11a,b from V-shaped amphiphilic
molecules 10a,b in water and the optimized structure of 11a (pentamer).
Encapsulation of fluorescent dyes in the hydrophobic cavity of 11a in water.
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The pentamethylbenzene shells of aromatic micelle 11a
expand to an outer diameter of about 10 nm upon binding
various fluorescent dye molecules, that is, fluorescein (X=H)
and Eosin Y (X=Br), in water at room temperature (Figure 6),
confirmed by UV/Vis and DLS analyses. Accordingly, the emis-
sion colors of the dyes are altered upon enclathration and in-
teraction with the host framework. The parent ampbhiphile
without methyl groups (10b) also forms a similar spherical as-
sembly 11b in water. However, the roughly planar conforma-
tion of the meta-terphenyl framework reduces the inner micel-
lar volume so that aromatic micelle 11b displays weaker bind-
ing affinities toward the fluorescent dyes under the same con-
ditions as above.

Gear-shaped oligoarylene-based micelles

In 2008, Hiraoka and Shionoya et al. reported gear-shaped am-
phiphilic molecule 12a based on a hexaphenylbenzene core
that quantitatively forms micellar box 13a in aqueous metha-
nol solution (3:1 CH;OH/H,0) (Figure 7a)."” The assembly of
the box-shaped structure is driven by multiple non-covalent in-
teractions, including the hydrophobic effect, van der Waals
forces, and CH-m interactions. Single crystal X-ray diffraction
analysis established box structure 13a in which the hydropho-
bic cavity (~0.8 nm along each side) is fully surrounded by six
molecules of amphiphile 12a (Figure 7b). The para-methyl
groups on the hexaphenylbenzene core are necessary for sta-
bilizing the discrete box-shaped structure through van der
Waals forces and/or CH-mt interactions. Box-shaped cage 13a
effectively binds two molecules of tribromomesitylene, hexam-
ethylbenzene, or hexafluorobenzene but not the larger hexab-
romobenzene or smaller 1,3,5-trichlorobenzene. Hexamaric box
13a quantitatively reassembles into smaller, tetrameric box
14a in the presence of smaller, spherical molecules such as
adamantane, Me,Si, CBr,, and norbornane to generate 1:1
host-guest complexes (Figure 7a).?” X-ray crystallographic

%
®

O O =B 13ab
o O : O Brj@iarl

‘ E E

—_—
CHZOH/H,0

14ab

12a (R = none) _
12b (R = -CH3©- |e) =

Figure 7. a) Formation of micellar boxes 13a,b from gear-shaped amphiphil-
ic molecules 12a,b in an aqueous methanol solution. The host capability
and conformational change from hexamaric box 13a,b to tetrameric box
14a,b. Crystal structures of b) 13a and c) 14a with an adamantane guest.
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analysis confirmed the tetrahedral box-shaped structure with
four gear-shaped panels and one adamantane guest in the hy-
drophobic cavity (Figure 7c). Reversible catch and release of
the guest molecules is accomplished by adding acid and base.
The addition of HCl to a solution of the host-guest complex
protonates the pyridyl nitrogen atoms causing the host-guest
structure to fall apart due to cationic repulsion between the
pyridinium rings and releases the guest molecule. The original
host—guest complex regenerates upon neutralization with
NaOH.

Replacement of two of the three pyridyl groups on gear-
shaped molecule 12a with N-methylpyridinium groups affords
dicationic analogue 12b, which generates highly stable micel-
lar box 13b in water (Figure 7a).”"" "H NMR study confirmed
that the assembly is stable even at elevated temperatures (up
to =~80°C). UV/Vis analysis indicated that the CMC of 13b is
very low (<1 pm) in water. The high stability stems from elec-
trostatic interactions between the cationic pyridinium rings
and the electron-rich pyridyl nitrogen atoms in a triply stacked
fashion. Monodispersed, hexamaric micelle 13b also encapsu-
lates two tribromomesitylene molecules and transforms into
tetrameric micelle 14b upon encapsulation of one adaman-
tane molecule in water.

Polyaromatic Micelles
Naphthalene bisimide-based micellar tubes

Naphthalene bisimide (NBI) and perylene bisimide offer ex-
tended, electron-poor planar surfaces, which are extensively
used as polyaromatic building blocks for infinite supramolec-
ular architectures in organic solvents.” Yet relatively little at-
tention has been paid to their assemblies in aqueous solutions.
In 2005, Matile and co-workers designed octa(p-phenylene) rod
15 with eight dangling NBI panels, each decorated with an am-
monium and amide group (Figure 8a).”? When amphiphilic
rod 15 is combined with large unilamellar vesicles composed
of egg yolk phosphatidylcholine in an aqueous solution, helical
tetrameric tube 16 with a length of about 3 nm is formed
through m-stacking and hydrogen bonding interactions within
the vesicle (Figure 8a). Upon the addition of electron-rich dia-
Ikoxynaphthalene (DAN)-based amphiphile 17 (Figure 8b) to a
vesicle solution containing 16, intercalation of the DAN subu-
nits into the electron-poor NDI stacks of closed tube 16 gener-
ates open tube 16/17 within the vesicle (Figure 8c). The new
tube, assembled through polyaromatic charge-transfer (CT) in-
teractions, has an internal diameter of about 5 A and a length
of approximately 4 nm and acts as a synthetic ion channel. The
subnanometer channel displays a selective inhibition sequence
for anions, SO, >NO; ~I~>Cl"~Br >AcO™ >F, under ap-
plied pH gradient conditions. In the absence of 17, closed
tube 16 shows poor activity as a synthetic ion channel. Addi-
tionally, femtosecond fluorescence and transient absorption
spectroscopy revealed ultrafast and relatively long-lived charge
separation in the analogous tube.*

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) Formation of micellar tube 16 from NBI-based octa(p-phenylene)
amphiphile 15 within an aqueous vesicle and b) electron-rich DAN-based
amphiphile 17. ¢) Conversion from closed tube 16 to open tube 16/17 by in-
tercalation of 17 (blue) into the NDI stacks within the vesicle.

Perylene bisimide-based micelles

In 2007, Wurthner and co-workers reported the first prepara-
tion of a micellar nanostructure of multiple perylene bisimide
(PBI) subunits in water.”” The group designed and synthesized
wedge-shaped amphiphilic PBI 18 with a terminal hydrophobic
alkylester chain on one end and a hydrophilic oligo(ethylene
oxide) dendron on the other (Figure 9). The PBl-based amphi-
philes assemble into micellar sphere 19 (outer diameters of 4-
6 nm) in aqueous THF solution (98:2 H,O/THF) at room tem-
perature due to solvophobic forces and extensive aromatic-ar-
omatic interactions between the PBI panels. Accordingly, the
aqueous nanostructure emits red PBI excimer-based fluores-
cence with a broad band at 600-800 nm upon excitation at
490 nm. Huge hollow vesicles (=90 nm in diameter) are also
formed in an aqueous THF solution from wedge-shaped PBI
amphiphile 18 in combination with a second, dumbbell-
shaped PBI derivative bearing both hydrophobic and hydro-
philic dendrons.'2*!

T
7N

Figure 9. Formation of micellar sphere 19 from ampbhiphilic PBI molecule 18
in an aqueous THF solution.
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Aromatic micelles with anthracene shells

In 2013, Kondo and Yoshizawa et al. developed novel micelle-
like molecular capsules with polyaromatic shells that function
as molecular hosts, encapsulating a wide range of hydropho-
bic aromatic molecules in water, and introduced the term “ar-
omatic micelle”."® In sharp contrastto previous micellar struc-
tures described above, the research group focused on a bent
polyaromatic framework as the hydrophobic subunit of a new
amphiphilic molecule. Their anticipation is that the V-shaped
framework prevents the typical columnar stacks between the
polyaromatic moieties and instead favors partially overlapped
stacks that generate spherical capsular assemblies (Fig-
ure 10a). Polyaromatic amphiphile 20a designed in the initial
work contains two anthracene panels®® linked by a meta-
phenylene spacer with two hydrophilic ammonium groups
(Figure 10b). Steric clash between ortho-substituents compels
the anthracene panels and the phenylene vertex into orthogo-
nal conformations, which gives a bent framework with flank-
ing polyaromatic surfaces (Figure 10c). Mixing the bent am-
phiphile, which can be prepared on a gram scale, in water at
room temperature (or 80°C) for about 1 min results in the
quantitative formation of aromatic micelle 21a composed of
(20a), (n~5). The spherical shape of the product with outer
diameters of approximately 2 nm was confirmed by wet- and
dry-state AFM analyses. Concentration-dependent NMR study
indicated that the CMC value of 21a is <1.0 mm, which is
about 10-times smaller than that of sodium dodecyl sulfate
(SDS) micelles. The spherical assembly is stable under elevated
temperatures (up to 70°C) and across a wide range of pH
(pH 1-13). The robust stability stems from the hydrophobic
effect and highly efficient m-stacking between anthracene
panels.

Aromatic micelle 21a acts as a fluorescent capsule capable
of accommodating hydrophobic fluorescent dyes in water (Fig-
ure 11a and b)."™ The micelle itself emits weak pale-green fluo-
rescence (Ama=505 nm, @.=7%; Figure 11 ¢) derived from the
partially stacked anthracene moieties. The hydrophobic cavity
of 21a encapsulates hydrophobic Nile red (NR) and 4-(dicyano-
methylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran

Figure 10. a) Quantitative formation of aromatic micelle 21a from bent am-
phiphilic molecule 20a with two anthracene panels in water. Optimized
structures of b) amphiphile 20a (side and back views) and ¢) micellar capsu-
le 21a (a pentamer of 20a).

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 11. a) Encapsulation of fluorescent dyes by aromatic micelle 21a in
water. b) Fluorescent dye guests, Nile red (NR), DCM, and coumarins 153
and 102 (C153 and C102, respectively). Photographs of the aqueous solu-
tions of ¢) 21a and d) its host-guest complex including DCM (left: under
room light, right: under UV light (1.,=365 nm)).

(DCM) in water to produce blue and red solutions, respectively,
which contain the corresponding host-guest complexes. The
NR-containing capsule shows a weak greenish blue fluores-
cence (@ =2%) upon irradiation of the anthracene absorption
band at 370 nm. Alternatively, the DCM-containing capsule ex-
hibits a strong red emission (@ =23 %) under the same condi-
tions (Figure 11d), due to efficient host-guest energy transfer
(ET) from the anthracene shell of 21a to the encapsulated
DCM. The efficiency of the ET is estimated to be >95%. The
capsular assembly is essential for both guest encapsulation
and the efficient host-guest energy transfer. When the isolated
host-guest complex is dissolved in CH;0H, the complex disas-
sembles into monomeric species and only blue emission
(Amax=417 nm) is observed from free monomer 20a.

The local environment within anthracene-based aromatic mi-
celle 21a was investigated by Sartin and Tahara et al. using
steady-state and time-resolved spectroscopy.””” The absorption
band of a solvatochromic dye, coumarin 153 (C153; Fig-
ure 11b), encapsulated within 21a is red-shifted (44,.,=
=~ 20 nm) relative to that of free C153 in water, indicative of a
highly polar environment inside the micelle. The fluorescence
Stokes shift of the encapsulated dye (/3700 cm™) is much
smaller than that of free C153 in water. The femtosecond fluo-
rescence anisotropy data revealed that the orientational diffu-
sion of the host-guest complex is slower (860 ps) than that of
the empty micelle (510 ps). These findings indicate that the
host structure expands in order to accommodate of the guest
molecule and that the host—guest complex rotates in solution
as a single unit. The C153 fluorescence lifetime of the host-
guest complex is 1.0 ns. These steady-state and time-resolved
data characterize the softness of the polyaromatic shell of the
new micelle.

Shell-functionalization of the aromatic micelle

Photophysical properties of the aromatic micelle as well as en-
capsulated fluorescent dyes can be effectively tuned by simple
functionalization of the polyaromatic shell in micelle 21a.?®
The Yoshizawa group synthesized bent amphiphilic molecules
with electron-withdrawing groups, that is, R=Cl, Br, and |, and
linear m-conjugating groups, that is, R=CN and CCPh, on the
anthracene rings (Figure 12a). Without the steric repulsion be-

Chem. Eur. J. 2017, 23,2-14 www.chemeurj.org
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R=-H, -Cl, -Br, -,
(@) (b)

Figure 12. a) Shell-functionalization of aromatic micelles by simple function-
alization of the anthracene-based amphiphilic subunits and b) an optimized
structure of micelle 21b (a pentamer of 20b) bearing multiple chloro
groups (red spheres). c) Anionic and zwitterionic hydrophilic groups.

tween the attached groups, spontaneous and quantitative for-
mation of spherical aromatic micelles with external diameters
of 2-3 nm occurs in aqueous solutions of the functionalized
amphiphiles at room temperature within 1 min (Figure 12b;
R=Cl). Micelles 21 ¢ (with cyano groups) and 21d (with phe-
nylethynyl groups) emit strong greenish blue fluorescence
with @, =25% and 16%, respectively, in water, in contrast to
the original micelle (21a, @;=5%). As expected, emission
from encapsulated dyes depend on the nature of the function-
alized aromatic micelles.” For example, irradiation of the host
frameworks at 370 nm for DCM-containing micelles 21b (with
chloro groups) and 21d (with phenylethynyl groups) gives red
emission (Anx=~650 nm; @.=24 and 29%, respectively)
from the encapsulated DCM through efficient ET from the host
to the guest. Emission from NR (@ =16%) is also significantly
increased upon encapsulation by 21c.

Varying the pendant hydrophilic groups on anthracene-
based amphiphile 21a affords similar aromatic micelles with
different electrostatic properties on the outer surfaces.'®* For
example, bent amphiphilic molecules 20e bearing sulfonate
groups and 20 f bearing sulfobetaine groups form spherical
particles with anionic and zwitterionic outer surfaces, respec-
tively, in water (Figure 12¢). The stability of the resultant mi-
celles depends on the identity of the attached hydrophilic
groups: the CMC value of zwitterionic micelle 20 f is about
100-times smaller than that of the original 21a with ammoni-
um groups (Figure 10a).

AIEE-active aromatic micelles

Emission from aromatic molecules is almost always partially or
completely quenched upon aggregation in concentrated solu-
tions, called aggregation-caused emission quenching (ACEQ).
In contrast, aggregation-induced enhanced emission (AIEE) has
been found in non-planar organic chromophores with pendant
aromatic rings through restriction of the intramolecular motion
upon aggregation.®” Fluorescent aromatic micelles with AIEE
was reported by Okazawa and Yoshizawa et al. in 2015.5" V-
shaped polyaromatic amphiphiles with flanking phenanthrene
(22a) and naphthalene (22b) rings (Figure 13a) quantitatively
assemble into aromatic micelles 23a and 23 b, respectively, in
water. The new micelles again possess spherical polyaromatic
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Figure 13. a) Bent amphiphilic molecules 22 a bearing phenanthrene rings
and 22b bearing naphthalene rings. b) UV/Vis and c) fluorescence spectra
(H,0, r.t.) of aromatic micelles 23a,b and 21 e. d) Fluorescent quantum yields
(2r) of 22a,b and 23 a,b. Excitation wavelengths: 297 nm for 22a and 23a,
293 nm for 22b and 23 b, and 368 nm for 21e.

shells, with diameters of about 2 nm and absorption bands re-
flecting the phenanthrene and naphthanlene panels (Fig-
ure 13b). The emission quantum yield of micelle 23a in water
is 1.3 times greater than that of starting amphiphile 22a (@, =
20%) in methanol (Figure 13 ¢c,d), Furthermore, the emission in-
tensity of naphthalene-based micelle 23 b is > 2-times higher
than that of the monomer. Presumably non-radiative pathways
in amphiphiles 22a,b involve torsion around the aryl-aryl
bonds and the rotation is dampened in micellar structures
23a,b, increasing the emission quantum yield, that is, AIEE.
This is in sharp contrast to anthracene micelle 21e in which
anthracene-based emission is significantly quenched (@ =1%)
relative to free amphiphile 20e (®:=52%) owing to strong ar-
omatic-aromatic stacking. The quantum yield of naphthalene-
based micelle 23b further increases another 1.5-times upon
encapsulation C102 (Figure 11b) as compared with that of
empty 23b.

Water-solubilization of nanocarbons

Fullerenes, nanographenes, and carbon nanotubes (CNTs), the
so-called nanocarbons, have attracted great attention as
emerging functional materials.®? Accordingly, the water-solubi-
lization of unfunctionalized nanocarbons through non-covalent
interactions has been an area of intense study. However, due
to their extreme hydrophobicity and strong predilection to ag-
gregate, improved and general solubilizing methods are
needed for the various size and shape of nanocarbons. In
2015, Kondo et al. reported a facile protocol for solubilizing a
wide range of fullerenes, polyarenes, and CNTs in water using
bent polyaromatic amphiphile 20a.2® As a typical procedure, a
mixed solid of amphiphile 20a and fullerene Cg, (in a 2:1 ratio)
is ground for 1 min using a mortar and pestle (Figure 14a). The
resultant solid immediately dissolves in water at room temper-
ature to give a clear brown solution of 21a>Cq, after filtration
of excess suspended Cq,. Quantitative formation of the host-
guest complex and the detailed structure was confirmed by
UV/Vis, DLS, and AFM analyses. Broadened absorption bands
derived from the bound C, are observed at 340 nm and 400-
550 nm. DLS analysis revealed the formation of spherical parti-
cles with diameters of about 2 nm (Figure 14b). The size and
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Figure 14. a) Preparation of water-soluble Cg, complex 21a>Cq, by grinding
a mixture of amphiphile 20a and fullerene Cg, b) Size distributions of 21a
(top) and 21a>DCy, (bottom) by DLS analysis. ¢) Molecular modeling of
21a>C,, composed of five molecules of 20a. d) Higher fullerenes C,, Cg,
and C,,, and the photographs of water-soluble 21a>C, complexes (n=70,
84, and 120).

shape of the product agree with those of an optimized struc-
ture composed of one molecule of Cg, fully covered with five
molecules of 20a (Figure 14c). Water-soluble Cg, complex
21aDC,, is stable towards heat (up to =~80°C) and high con-
centration (>3 mm upon evaporation). The grinding operation,
which assists in initiating m-stacking interactions between 20a
and C, is essential for solubilization of the highly hydrophobic
Ceo in water and subsequent host-guest complex formation.

Water-soluble nanocomposites of higher fullerenes C,,, Cg,,
and C,,, are also obtained from amphiphile 20a and the corre-
sponding fullerenes through the same grinding method (Fig-
ure 14d). The solubilizing abilities of 20a toward C;, and Cg,
are about 13- and =& 7-fold higher, respectively, than those of
y-cyclodextrin (y-CD) under similar conditions. y-CD is a superi-
or water-solubilizing reagent for Cg, but is rather ineffective for
higher fullerenes owing to the limited size of the cavity. The
large, dumbbell-shaped C,,, molecule® is even less soluble in
organic solvents, yet grinding a mixture of 20a and C,,, affords
a 21a>C,;,, complex with enhanced water-solubility.

The structural flexibility and extended aromatic surface of
micelle 21a enables the successful encapsulation of a variety
of planar polyarenes, such as tetracene (24), pentacene (25),
perylene, coronene, and hexabenzocoronene. Like the ful-
lerenes, water-soluble polyarene complexes are prepared by
the simple grinding protocol using amphiphile 20a (Fig-
ure 15a,d). To illustrate, the obtained vyellow solution of
21a>(24), and blue solution of 21a>(25), show absorption
bands for the bound polyarenes in the ranges of 420-540 and
420-700 nm, respectively (Figure 15b). The absorption maxima
are greatly red-shifted as compared with those of the free
polyarenes in organic solvents. These characteristic spectra and
the DLS analysis indicate the quantitative formation of stacked
polyacenes (n=2,3) within aromatic micelle 21a in water. The
light-sensitive 24 and 25 are significantly stabilized toward
light irradiation upon encapsulation. For instance, half-life
values (t,,,) for the photodecomposition of polyarene 25, un-
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Figure 15. a) Preparation of water-soluble polyarene complexes 21a>(24),
and 21aD>(25), by the grinding method and b) their UV/Vis spectra (r.t.,
H,0). ¢) Time course of the absorption intensity of 24 and 25 within/without
21a upon light irradiation (Xe lamp, r.t.). d) Perylene, coronene, and hexa-
benzocoronene, and the photographs of the corresponding water-soluble
21aD(polyarene), complexes.

bound and bound within 21a, indicate that the photostability
of 25 is enhanced by more than 4100-times upon encapsula-
tion (Figure 15¢). The observed unusual photostability of the
encapsulated polyacenes likely arises from fast energy transfer
from the excited guests to the host frameworks via a host-
guest exciplex.

Water-solubilization of CNTs is accomplished by a combina-
tion of grinding and sonicating with polyaromatic amphiphile
20a. A mixture of (6,5) single-walled carbon nanotubes
(SWCNTs; with diameters of =1 nm and lengths of ~700 nm)
and 20a is ground for 1 min, and the resultant solid is sonicat-
ed in water for 30 min to afford a clear black solution including
(20a),D(SWCNTs),, (0.2mgmL™" in the concentration of
SWCNTs) after removal of excess SWCNTs by centrifugation
(Figure 16a). The UV/Vis-near-IR spectrum displays wide-rang-
ing broadened absorption bands with relatively sharp peaks at
994 and 578 nm corresponding to the typical E;; and E,, transi-
tions of SWCNTs (Figure 16b), suggesting that a single SWCNT
is encapsulated (m=~1) by (20a),. Molecular modeling studies
indicate that the concave polyaromatic surfaces of bent amphi-

a) bent amphiphile 20a

1) grinding

2) H,0, r.t. (20a),D(SWCNTs),,,
or

3) sonication (20a),O(MWCNTSs),,

4) centrifugation

MWCNTs

(20a),D(SWCNTs),,
/

o

absorbance

after 1 month

500 700 900 1100 1300 nm
Figure 16. a) Preparation of water-soluble CNTs nanocomposites
(20a),D>(SWCNTs),, and (20a),D(MWCNTs),, by the combination of grinding
and sonicating methods. b) UV/Vis-near-IR spectra (r.t., H,0) of
(20a),D(SWCNTs),, before and after 1 month. c) Optimized partial structure

of SWCNT stacked with bent amphiphiles 20a (side and top views).
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phile 20a can tightly pack, forming extensive m-stacks, around
the polyaromatic surfaces of SWCNT (Figure 16c). In the same
way, multi-walled carbon nanotubes (MWCNTs) with large di-
ameters (=~ 10 nm) and long lengths (3-6 um) are also solubi-
lized in water through the formation of (20a),D(MWCNTs),,.
The SWCNTs and MWCNTs encircled by (20a), are stable
enough in aqueous solutions at room temperature for more
than one month (Figure 16 b).

Water-solubilization of planar metal complexes

Metallo-phthalocyanines ~ (MPcs) and  metallo-porphyrins
(MPors) are highly fascinating planar metal complexes exten-
sively used as pigments, sensors, and catalysts, and in optical
and medical materials.*® However, unfunctionalized MPcs and
their larger derivatives exhibit very poor to no solubility in or-
ganic solvents as well as water, because of the rigid, planar,
and large (> 1.5 nm in diameter) aromatic surface. Very recent-
ly, Kondo etal. showed that bent polyaromatic amphiphile
20a can act as an excellent solubilizing reagent for non-func-
tionalized MPcs in neutral water through encapsulation.®” For
example, when a mixture of Cu"-phthalocyanine (CuPc) and
20a (in a 1:2 ratio) is manually ground for 1 min, most of the
resultant solid is quickly dissolved in water. After removal of
suspended excess CuPc by filtration, a clear blue solution of
21a>(CuPc), is obtained quantitatively based on 20a (Fig-
ure 17 a,b). The resultant aqueous solution showed prominent

T, D @
MnPor & 4 CuPc
—
grinding grinding
‘ method 20a method
21aDMnPor 21aD(CuPc),

Figure 17. a) Preparation of water-soluble metal-complex composites
21a>(CuPc), and 21a>MnPor by the grinding method. b) Metallo-phthalo-
cyanines CuPc, CuNPc, and M(Pc), (M=Y(lll) and Lu") and c) metallo-por-
phyrinares MnPor and MnPorF, and the photographs of their water-soluble
composites. Optimized structures of d) 21a>(CuPc), and e) 21a>MnPor.
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broad absorption bands in the range of 500-800 nm derived
from the Q-band of CuPc and a single DLS peak with an aver-
age diameter of 1.9 nm, which indicates the formation of a
spherical (20a),,0(CuPc), assembly (n~2, m~6; Figure 17d).
Highly hydrophobic perchlorinated and perfluorinated CuPcs,
Cu"-naphthalocyanine (CuNPc), CuPc polymers, and double-
decker M"-phthalocyanines (M(Pc),; M=Y and U) are also solu-
bilized in water upon encapsulation by amphiphile 20a (Fig-
ure 17b). The same grinding method with Mn"-tetraphenylpor-
phyrin chloride (MnPor) or its fluorinated derivative (MnPorF)
generates water-soluble capsular catalysts containing one mol-
ecule of MnPor or MnPorfF, respectively (Figure 17a,c.e).

The encapsulated MPcs can be released onto glass or poly-
mer plates by casting followed by washing. An aqueous blue
21a>(CuPc), solution is first cast onto a glass plate and, after
air-drying, the glass surface is gently washed with methanol to
selectively remove the amphiphilic 20a to give a thin CuPc
layer on the plate (Figure 18a). UV/Vis spectrum of the resul-
tant glass plate confirmed the removal of 20a and showed
only broadened absorption bands from CuPc (Figure 18b).
Similarly, thin layers of CuNPc and CuPc polymers are also
readily obtained on glass plates from the corresponding aque-
ous micellar host-guest complexes.

a) 21a>(CuPo)

n
r in water/ methanol/ A 20a

glass plate drylng

3) washing
drymg

before washing

af\er washing
02 ﬁ?\ CuPc layer

Figure 18. Preparation of a thin CuPc layer on a glass plate from an aqueous
21a>(CuPq), solution by casting and washing with methanol. d) UV/Vis
spectra (r.t.) of the thin CuPc layer on a glass plate before and after washing.

absorbance

The encapsulation of metallo-porphyrins in the cavity of syn-
thetic cages through non-covalent interactions is a promising
method to develop novel bio-inspired catalysts®® yet remains
a significant challenge owing to the difficulty of binding the
large (> 1 nm) molecules. In 2015, Omagari et al. demonstrated
that the efficient epoxidation of styrenes in water is catalyzed
by Mn"-porphyrins encapsulated in aromatic micelle 21a (Fig-
ure 17e) under ambient conditions.?? In previous epoxidation
reactions, addition of an excess amount of imidazole as an
axial ligand is crucial to activate the Mn center. When 4-chlor-
ostyrene and iodosylbenzene (oxidant) are agitated in a H,O
solution of capsular catalyst 21a>MnPor in the absence of imi-
dazole at room temperature for 4 h, the corresponding epox-
ide is formed in 52% vyield with a turnover number (TON) of
280. In contrast, the reaction barely proceeds in the presence
of free MnPor in organic solvent (CH,Cl,) under similar condi-
tions (=2% yield). The catalytic efficiency of 21a>MnPor is
about 30-fold higher than that of MnPor without imidazole.
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Furthermore, fluorinated Mn"-porphyrin MnPorF displays

higher catalytic reactivity toward 4-chlorostyrene within capsu-
le 21a in water (70% yield, TON=1167) than that without 21a
in CH,Cl, (12% yield, TON=200) under imidazole-free condi-
tions (1 h). The catalytic efficiency of MnPorF is enhanced
about 6 times by using capsule 21a. Catalytic epoxidation of
3- and 2-chlorostyrene gives the corresponding epoxides in 78
(TON=1300) and 81% (TON=1350) yields, respectively, in the
presence of 21a>MnPorF under the same conditions. UV/Vis
studies and competitive-binding experiments indicate that the
keys for the efficient catalytic cycle are (i) the enforced proximi-
ty of the Mn"-porphyrin catalyst and substrates through the
hydrophobic effects and also (i) the smooth replacement of
the slightly hydrophilic products by the more hydrophobic
substrates in the hydrophobic cavity (Figure 19).

21aDMnPor or @

21adDMnPorF m

o

g
=@® H.0
up to 81% yield
up to 1350 TON
(rt., 1 h, without imidazole)

Figure 19. Catalytic epoxidation of chlorostyrenes by capsular catalysts
21aDMnPor or 21aDMnPorF in water at room temperature without imida-
zole.
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Summary and Outlook

In this Minireview, we have highlighted the design, synthesis,
and properties of aqueous micellar structures with multiple oli-
goarylene rods or polyaromatic panels. In sharp contrast to
conventional micelles composed of amphiphilic molecules
with aliphatic subunits, the oligoarylene-based micelles can
form various structures such as sphere, toroidal, tubular, and
box shapes, with regulated dimensions of about 2-20 nm in
aqueous solutions. The size and shape of some of the nano-
structures can be transformed by external stimuli. Bent polyar-
omatic-framed amphiphilic molecules assemble into well-de-
fined spherical particles (=2 nm in diameter) with polyaromat-
ic shells in water through the hydrophobic effect and n-stack-
ing interactions. The resultant aromatic micelles act as adapta-
ble molecular flasks and encapsulate a wide ranging of
medium to large molecules. Within the micelles, efficient host-
guest ET emission, unusual AIEE behavior, facile water-solubili-
zation of various nanocarbons, solubility switching of Cu'-
phthalocyanines, and enhanced catalytic activity of Mn"-por-
phyrins are exclusively achieved under ambient conditions.
Although the research on the aromatic micelles just started
several years ago,"” this unique class of aromatic supramole-
cules holds great potential as the newest member of “the mi-
celle family” (including conventional micelles and polymer mi-
celles™") for industrial and daily applications in the near future.
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In particular, aromatic micelles offer three specific attributes to
drive future development. First, the new isolated cavities encir-
cled by multiple polyaromatic panels allow us to harness a
greater variety of host-guest interactions within the micelles.
For example, aromatic micelles possessing electron-poor heter-
ocyclic aromatic rings could be used to encapsulate not only
electron-rich but also electron-poor guest substrates. Second,
unlike the malleable structure of aliphatic micelles, the struc-
tural rigidity of the polyaromatic shell offers relatively stable
host structures with sharp size distribution. When coupled
with stimuli-responsive structural changes, we envision the po-
tential for highly efficient system for substrate catch and re-
lease. Finally, the photophysical properties of the polyaromatic
amphiphiles provide a built-in read out response for tracking
micellar assemblies, with the potential for energy conversion
and storage applications.
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