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Abstract: Conventionally, amphiphiles are composed of\
hydrophobic and hydrophilic units. They are able to ex-
hibit a wide variety of structures depending on the envi-
ronment. Such features have been applied in supra-
molecular chemistry, by which apolar and polar groups
are implemented in the molecular design. Here we pres-
ent an attractive approach to introduce unique amphi-
philicity. Relatively simple fullerene (Cgq) derivatives
that bear long aliphatic chains behave as uncommon
surfactants in organic media. Although two hydrophobic
units are used to assemble the derivatives, slight differ-
ences in their polarity and chemical nature may make
them incompatible and thus arrange them in micro-
phase-separated mesostructures as lamellar ones. These
assemblies are maintained by relatively weak forces, m—
7t interactions among C,, moieties and van der Waals
forces between alkyl chains. Therefore, the derivatives
can undergo “supramolecular polymorphism” by which
different supramolecular assemblies arise by changing
the conditions of assembly. A simple modification in
their substituent motif of derivatives influences the in-
termolecular interactions and provides a wide variety of
supramolecular materials.

Keywords: amphiphiles - fullerenes < polymorphism -
supramolecular chemistry - surfactants
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Introduction

Amphiphiles are commonly composed of hydrophilic and
lipophilic groups. They are one of the most important struc-
tural units and are widely studied in chemistry, biochemistry,
biophysics, and colloid science;™ the architectures of
soaps, fats, and oils have been investigated for more than
one hundred years.” In an aqueous environment, aggrega-
tion of the apolar tails occurs, in which the hydrophobic in-
terior is protected from water by polar heads. The long-
range ordering allows amphiphiles to form different types of
micelles, vesicles, lamellar phases,>® tubular arrangements,
as well as various cubic phases depending on the chemical
structure of the amphiphile and the experimental conditions,
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that is, concentration, temperature, and pressure.”'!) They
are also capable of assembling at the air—water interface as
a Langmuir layer or as a self-assembled monolayer on vari-
ous solid substrates."*!

The approach of amphiphilicity, which is often described
by the Israelachvili rule (structural relation to the ratio be-
tween the hydrophilic and hydrophobic components in the
amphiphile),!™! has been applied to the design of numerous
types of building blocks for hierarchical supramolecular as-
semblies. For example, gluconamides containing imidazole
can self-assemble into vesicles, fibers, hollow tubes, and heli-
ces depending on the pH and the presence of Cu ions."!]
Peptide—amphiphile derivatives can form nanofibers and
patterned membranes.!"7?!I Chirality was introduced to the
membrane system by a hydrogen-bonded network composed
of glutamate-derived melamine and ammonium-functional-
ized azobenzene cyanuric acid amphiphiles.’”’ In other
cases, systems with m-conjugated amphiphiles as a nonpolar
tail group were self-assembled to study their potential use
for organic electronics.”*?% Newer types of the compounds
are macromolecular, in which dendrimers and block copoly-
mers display amphiphilicity. The unusual supramolecular as-
semblies composed of giant amphiphiles exhibit unique geo-
metries such as hollow nanospheres, pores, and single and
double helices.*?"

Another widely studied amphiphilic system is that of full-
erene (Cq) derivatives. Owing to their intrinsic hydropho-
bicity and unique electronic and optical properties, the in-
troduction of Cg, to the amphiphilic system and mimicking
of lipid polymorphism will allow the formation of an inter-
esting hybrid system. In this article, we will focus on an
atypical surfactant, Cg derivatives that bear aliphatic
chains; both the head and tail group are hydrophobic. This
is not an ordinary class of amphiphiles because, convention-
ally, surfactants possess hydrophobic and hydrophilic subu-
nits.

Concept

Conventional approach: Advances in C4, chemistry have al-
lowed the introduction of new functionalities and the tuning
of their properties.”*!1 Mostly the focus has been to deriva-
tize Cgq with hydrophilic moieties, that is, polar or charged
groups.’> ™! Such conventional amphiphiles composed of hy-
drophobic and hydrophilic units are water soluble and have
great potential for biological applications. For example, Cg,
bearing a mono- and dicarboxylic acid group has the ability
to cleave DNA, inhibit enzymes, and act as a cytotoxic com-
pound.”? In addition, this type of amphiphile is a promising
candidate for the formation of a Langmuir-Blodgett (LB)
layer because it can spread on water.

Akin to the polymorphism of lipids, Cg functionalized
with hydrophilic groups can self-assemble into various struc-
tures in a polar solvent.’*>"! Cassell, Asplund, and Tour
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have reported one of the earliest examples: The cationic
species Cg—N,N-dimethylpyrrolidinium iodide (1), dissolved
in dimethylsulfoxide (DMSO)/water, forms nanorods upon
the addition of benzene or vesicles when ultrasonication is
applied (Scheme 1). The supramolecular structures were
proposed to have a nonpolar Cy, group associate in the inte-
rior of the assembly in a polar environment, whereas the
ionic units face outward.’®! A similar approach was applied
to anionic species, in which potassium pentaphenyl Cy, as-
sembled into a bilayer vesicle in water.[***!

C4 amphiphile composed of hydrophobic units: The molec-
ular assembly of amphiphile units fabricated by the above
approach proceeds only in a polar medium. If stable assem-
blies are possible in a nonpolar environment, a new type of
supramolecular structures may be discovered.*?! An obvious
approach is to eliminate the hydrophilic units from the Cg,
derivatives. This will increase their solubility in an aprotic
solvent. However, amphiphilicity is only preserved if there
is sufficient solvophobic or solvophilic difference between
the head and tail group. There are reports on assemblies
comprising Cy-based nonpolar/polar/nonpolar ternary
motifs.***) Upon assembly, the hydrophobic tail group pro-
trudes into the environment. In these examples, in addition
to the hydrophobic effect, both the presence of the
diphenylester group!®! or the potassium counterion™ intro-
duced other driving forces for the assemblies.

Nakashima and co-workers have reported C, derivatives
that bear three alkyl chains with an amide and three ester
connectors (2-4, Figure 1a).*! These molecules lack the
high hydrophilic nature of the above-mentioned convention-
al Cq amphiphiles and are thus not water soluble; rather,
they are soluble in various organic solvents (i.e., DMF,
DMSO, chloroform, benzene, and n-hexane). More interest-
ingly, although the molecules are mainly composed of hy-
drophobic Cy and aliphatic chains, they were capable of
forming Langmuir films on water.*”-*! The phase transition
from crystalline to liquid crystalline was observed, thereby
confirming that these systems behave similarly to lipid bio-
membranes (Figure 1b).10#]
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Figure 1. a) Chemical structure (2-4) and Corey-Pauling-Koltun (CPK)
space-filling model of the C, lipid (2), with alkyl chains connected to the
Cg, with one amide and three ester moieties. b) Schematic representation
of the bilayer system undergoing phase transitions.“*

Although both Cg, and saturated hydrocarbon chains are
hydrophobic, their chemical natures essentially differ. A
buckyball (Cy,) is composed of carbon atoms with three sp*
hybrid orbitals with one delocalized m orbital such as ben-
zene. As a result, it has a high affinity toward aromatic sol-
vents (i.e., benzene, toluene, xylenes). On the other hand,
the saturated hydrocarbon group consists of an sp*® hybrid
and thus has a higher affinity toward alkanes than the aro-
matic compounds. Such a difference can be the basis of the
unusual amphiphilicity and is one of the driving forces for
the molecular assemblies in Cy, derivatives that bear aliphat-
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Scheme 1. Vesicles and nanorods formed from a lamellar organization of the Cg—N,N-dimethylpyrrolidinium iodide amphiphile (1).5%
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Figure 2. a) Schematic illustration of the Langmuir monolayer assembled
from the Cg, lipid (2; Figure 1a), which was based on the results from in
situ X-ray reflectivity studies at the air-water interface.**! b) TOF-
SIMS spectra before (top) and after (bottom) PDMS was stamped onto a
Cq film.*” (Reproduced with permission from the American Chemical
Society).

ic chains. In addition, Cy, is less hydrophobic than the hy-
drocarbon group; the Cg film has lower water contact
angles than the alkane monolayer (75-100° for Cg, and 110°
for alkane film),”*>" and in situ X-ray reflectivity of the
Langmuir monolayer of 2 indicated that the Cq, moieties are
located adjacent to the water (Figure 2a).*! Accordingly, in
a relatively polar environment, unlike that of ionic Cg, am-
phiphile (Scheme 1), the C4 group form the surface of the
assembly. In fact, the variation of polarities between these
two hydrophobic units is significant enough that the hydro-
philic polydimethylsiloxane (PDMS) can adsorb onto Cg,
and not onto other hydrocarbons.’”) This was shown by
time-of-flight secondary ion mass spectroscopy (TOF-
SIMS), in which peaks of PDMS fragments were only ob-
served after the stamping on a Cg, film (Figure 2b).

Unlike conventional amphiphiles, for which the molecular
assemblies rely mostly on the hydrophobic effect, the unusu-
al surfactants composed of hydrophobic components are
sensitive to both the type and polarity of solvents. Concep-
tually, they should be more versatile in forming various
types of self- and supramolecular assemblies.
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Assemblies of C4, That Bear Aliphatic Chains

We have proposed a series of simple fulleropyrrolidine de-
rivatives with a phenyl ring functionalized with alkyloxy
chains (5-10, Scheme 2)P**%) The basis of such a design is to
keep the cross-sectional width of the Cy, and the alkoxylated
phenyl group comparable; geometrically, the derivatives
that are cylindrical in shape (with comparable cross-section-
al size between head and tail group) have a propensity to
self-assemble into a bilayer.F**¢! This will ensure that the
curvature is introduced upon an unequal degree of solvation
at the two ends of the molecule. The novelty of the design is
that the substitution patterns, number, and the type of alkyl
chains can be altered by the phenyl substituents, therefore
enabling a systematic study. As elaborated in the following
sections, such minor variations will have a drastic effect on
the morphologies and functions of the resulting supramolec-
ular fullerene structures.

5:R3 = R* = R5 = -0-(CH,)1CH;
: R3 = R% = -0-(CH,)14CH;3, RS = H
: R4 = -0-(CH,);gCH3, R3=RS = H

: R3 = R4 = R5 = -0-(CH,);5CH;

0 0 N O

1 R3 = R* = R% = -0-(CHy)3(CF,);CF3
10: R3 = R4 = R5 = -0~(CH,)gC=C-C=C(CH,);;CH;
Scheme 2. Fulleropyrrolidine derivatives (5-10): the Cq with a phenyl

ring functionalized with alkyloxy chains with varying chain lengths, sub-
stituent position, and type.

Supramolecular polymorphism: There are numbers of Cg,
derivatives that are capable of forming supramolecular as-
semblies, but only a few that undergo “supramolecular poly-
morphism.” This is because when strong intermolecular
forces are introduced into the system, a specific structure
dominates and structural transformation will no longer
occur. This is seen, for example, in the case in which a hy-
drogen-bonding moiety is introduced into the molecular
design. For instance, the presence of two amides in the Cg,
derivative causes gelation and can form nanowires (by
means of the LB method) but it does not lead to other
structures.® Therefore our system (5-10) in Scheme 2, in
which the self-assembly relies on weak van der Waals forces
of alkly chains and s—m interactions of Cg, moieties, exhibits
the unique ability to supramolecularly polymorph.

Hierarchical supramolecular assemblies: A fulleropyrroli-
dine with 3,4,5-(hexadecyloxy)phenyl (8, Scheme 2) assem-
bles various supramolecular structures depending on the sol-
vent (Figure 3). A vesicular aggregate with an average diam-
eter of 250 nm is assembled in the solvent of a 2-propanol/
toluene mixture (Figure 3a).*®! High-resolution transmission
electron microscopy (HRTEM) reveals an empty core and a
wall thickness of 8-9 nm, which corresponds to the two bi-
layer arrangement. With 1-propanol, 1D fibrous structures
resulted with a length greater then 20 um (Figure 3b).F"
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Figure 3. SEM images of 8 assembled into a) vesicular, b) fibrous,
c) cone-shaped, d) left-handed spiral, e) right-handed spiral, and f) flow-
erlike assemblies.**°! (Reproduced with permission from the Royal Soci-
ety of Chemistry).

Cone-shaped objects, with hole diameter of approximately
60 nm and shell thickness of approximately 150 nm, were as-
sembled in an equimolar mixture of water/THF (Fig-
ure 3c).’8! Chirality can be introduced into the supramolec-
ular structures, in which left- and right-handed structures
result under the presence of 2-(R)-butanol and 2-(S)-buta-
nol, respectively (Figure 3d and €).'l A flowerlike object
was observed by heating it in 1,4-dioxane at 60°C for 2 h
followed by aging (at around 20°C for 24 h and subsequent-
ly in cooler conditions, around 10°C, for at least 12 h; Fig-
ure 3f).[°

A supramolecular polymorphism was also observed for
the 3,4,5-(eicosyloxy)phenyl derivative (5, Scheme 2).5%%
After solubilization by heating (around 70°C) in an appro-
priate solvent, a dark brown precipitate resulted upon cool-
ing as a nonequilibrium product. These precipitates possess
three-dimensional architectures in which micrometer-sized
globular particles exhibit flaked outer surfaces with submi-
cron features (similar to that of Figure 3f). The size, mor-
phology, and particle dispersity of supramolecular assem-
blies depended on the solvent and cooling conditions. The
particle prepared from 1,4-dioxane (heated and then cooled
to around 20°C) resembled those prepared from derivative
8 (as shown in Figure 3f), albeit with smaller diameter with
flakes that are less extended (Figure 4a). With n-decane
cooled to 5°C after solubilization of 5, particles with smaller
and denser flakes were formed (Figure 4c). A shaggy parti-
cle with pointy flakes is obtained in n-dodecane by cooling
to around 20°C (Figure 4d). High-resolution cryogenic-TEM
(HR-cryo-TEM) on the edges of these flake structures re-
vealed multilayer nanostructures (Figure 4b) with a lamellar
periodicity (estimated from XRD) of a bilayer arrangement;
units with alkyl chains interdigitated.”®>®! FTIR (methyl-
ene asymmetric stretches with a lower wavenumber,
2918 cm™!) and differential scanning calorimetry (DSC)
thermograms (crystalline-to-liquid-crystalline phase transi-
tion) indicated that the molecules are well-packed and in a
crystalline state. %6

A globular particle was observed with dieicosyloxy-substi-
tuted Cq as well (6, Scheme 2).°°! Compound 6 in 1,4-diox-
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Figure 4. SEM images of 5 assembled in a) 1,4-dioxane, c) n-decane, and
d) n-dodecane.”*®! b) High-resolution cryogenic TEM image of a flake
edge of the microparticle shown in (a). (Reproduced with permission
from the Royal Society of Chemistry).

ane (cooled to around 20°C after solubilization) assembled
into large particles with a diameter of a few tens of micro-
meters (Figure 5a); they are made up of a plating structure
with a thickness of around 100 nm (Figure 5b). HR-cryo-
TEM, FTIR, XRD, and DSC studies confirmed that the as-
sembled structures are similar to those prepared from 5 and
8. On the other hand, although the monoeicosyloxy-substi-
tuted derivative (7, Scheme 2) self-assembled into hierarchi-
cally organized objects (Figure 5c and d; from heated 1,4-di-
oxane solution, vesicle particles or micron sheets were
formed upon cooling at around 5°C and around 20°C, re-

Figure 5. a, b) SEM images of 6 prepared in 1,4-dioxane at 20°C. SEM
images of 7 assembled in 1,4-dioxane at c) 5 and d) 20°C.*) (Reproduced
with permission from the Royal Society of Chemistry).

Chem. Eur. J. 2010, 16, 9330-9338
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spectively), their molecular arrangement was different from
that of the above examples. It is multilamellar yet the alkyl
tails are in a noncrystalline state (based on the relatively
high wavenumber of the IR peak of the methylene asym-
metric stretches). A substantial difference in the cross-sec-
tional width of the alkyl group and C4, seems to limit the
packing of the alkyl chains; therefore they do not form an
all-trans oligomethylene configuration. It is noteworthy that
the crystallinity of Cy, became higher as the number of alkyl
substituents was reduced. The “delicate balance” between
the van der Waals and m—m interactions in the assemblies
can lead to versatile supramolecular objects.

These hierarchical assemblies are primarily, if not exclu-
sively, multilamellar structures. There are two possible ar-
rangements for a lamellar structure: the configuration in
which either the Cg, or the alkyl group is exposed to the sol-
vent. As described, Cq, is relatively less hydrophobic than
the alkyl tails (Figure 2). Accordingly, we can presume that
in nonpolar solvents (i.e., n-decane, n-dodecane), alkyl tails,
and with more polar solvents (i.e., 1,4-dioxane), Cg, will be
situated at the outer layer of the assemblies. This was
indeed proven by the microparticles prepared from the Cg,
derivative with 3,4,5-(semiperfluoroalkyloxy)phenyl group
(9, Scheme 2 and Figure 6d).”*! Due to the small surface
free energy of fluorinated compounds, it should even be
nonwetting towards oil droplets. However, the microparti-
cles prepared from these molecules in relatively polar sol-
vent (diethoxyethane) did not repel n-hexadecane (oil con-
tact angle of 22°); this is an indication that C,, is exposed to

Figure 6. Films prepared from 5 in a) 1,4-dioxane, b) n-decane, and c) n-
dodecane, as well as from d) 9 in diethoxyethane. The insets show water
droplets with static water contact angles: a) 152, b) 163, c) 164, and
d) 148°, respectively.”*®! (Reproduced with permission from the Royal
Society of Chemistry).

Chem. Eur. J. 2010, 16, 9330—-9338
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the outer surface. The dewetting nature of these assemblies
toward water will be discussed below.

Plasticization and metallization: The major drawback of
supramolecular objects is that they are assembled by weak
noncovalent interactions. A change in environment (i.e.,
acidity, solvent, temperature, and mechanical stress) will
induce structural changes or disintegration of the assemblies.
This limits the potential utilization of these organic/supra-
molecular materials for certain applications. To tackle such
an issue, a photo-crosslinker (diacetylene) was implemented
in the long alkyl chains (10, Scheme 2). After flaked micro-
particles were assembled from the derivative, they, both the
diacetylene and Cy moieties, were polymerized by UV
light.®! This not only retained the surface morphologies, it
also became chemically and mechanically robust. The poly-
merized assembly resists acidic or basic aqueous media,
most organic solvents (even in high-solubility solvents for
10), heat (up to 200°C), and improved its stiffness by about
25-fold (judged by colloidal probe atomic-force studies).

Another alternative is to transcribe the morphologies of
the supramolecular assemblies into more robust matter. A
transcription of Cyy-based microparticles (e.g., the flaked mi-
croparticles of 5 in Figure 4a) into various metals was dem-
onstrated. The procedure involved sputtering of the desired
metal (Au, Pt, Ti, and Ni) directly onto a thin film of the
supramolecular assemblies. This was followed by the remov-
al of the Cg, template (by means of dissolving in organic sol-
vents). The recovered template can in principle be reused,
thereby making the entire process sustainable. Even though
the intrinsic properties of Cy, are lost during transcription,
their nano-/micrometric features can greatly enhance certain
properties of metal. Nanostructured metal surfaces exhibit
plasmonic enhancement, and therefore surface-enhanced
Raman scattering (SERS) of the resulting metal nanoflake
was demonstrated. The enhancement factor of the Au nano-
flake was on an order of magnitude of 10°.1¥

Morphology-Dependent Functions

Superhydrophobic film: Nano-/microstructured fractal surfa-
ces often display superhydrophobicity, a property that is
seen in nature (e.g., Lotus leaf) and is defined as a surface
that exhibits water contact angles greater than 150° (an ex-
treme case of dewetting). This phenomenon is caused by air
trapped within the rough surface. A water droplet is essen-
tially sitting on top of the film of air (with minimum contact
with the surface).l Intrinsically, hydrophobic Cy-based mi-
croparticles with rough nanoflake microstructure (Figure 6)
fit all the criteria to be an excellent superhydrophobic mate-
rial.

To investigate their hydrophobicity, thin films of these
particles on a flat substrate (i.e., glass and silicon wafer)
were prepared by slow evaporation of the solvent.F* Ag
shown in Figure 6, well-defined 3D fractal architectures
demonstrated superhydrophobicity (145-164°: Table 1). In
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Table 1. Static water contact angles of films prepared from the assem-
blies of Cg, derivatives.

Compound Solvent T °C) Anglel [°]
5 1,4-dioxane 20 152

5 n-decane 5 163

5 n-dodecane 20 164

6 1,4-dioxane 20 151

7 1,4-dioxane 5 148

9 diethoxyethane -13 148

10 THF/MeOH 14 1451

[a] Aging temperature. [b] Static water contact angle. [c] The contact
angle value was evaluated at the sample after UV treatment.

comparison, spin-casted films had a water contact angle of
around 103°. The fractal pattern of the assemblies and there-
fore the roughness induced a tremendous enhancement of
hydrophobicity as predicted by the Cassie-Baxter law.*

One of the advantages of these Cy-based superhydropho-
bic surfaces is that they are prepared by self-assembly. Since
they dissolve in certain organic solvents (i.e., chloroform
and toluene), molecules can be recovered, recycled, and re-
applied to a surface. They can be a promising material as
they withstand acidic/basic aqueous media, polar organic
solvents and heat (stable under 100°C)."”) Furthermore, by
introducing photo-cross-linkers into the alkyl chains of the
derivatives and photo-polymerizing, even more robust mate-
rials can be fabricated (as discussed in the previous sec-
tions). Even after polymerization, the dewetting nature of
the surface is preserved.

Liquid crystal: C4 is an n-type organic semiconductor.
Therefore the amphiphilic nature of the C4, derivatives can
be applied to the construction of bicontinuous networks of
electron-donor and -acceptor phases. Numerous Cg-based
liquid crystals have been reported.””""! Their carrier mobili-
ty in the organized Cy, phase is appealing for their use as
charge-transporting materials.”! If practical Cg-based pho-
toconductive liquid-crystalline materials are to be achieved,
two factors must be considered: a suitable and dense Cy, ar-
rangement and a high Cg, content of the system. In these re-
gards, our fullerenes with aliphatic chains (e.g., 5, 6, and 8)
can be good candidates. They act as amphiphiles in solvents
(mentioned above) and, furthermore, can behave as good
molecular building blocks for liquid-crystalline organizations
in solvent-free conditions with C4 microphases separated in
layers. In addition, a relatively compact molecular design
allows for higher Cy, content (up to around 50 % ).>7

The insets of Figure 7a, c, and e display polarized optical
microscopy (POM) images of alkylated Cg, derivatives (5, 6,
and 8) in the mesophase. The thermotropic mesophase was
observed in the temperature range of 62-193, 33-223, and
44-226°C, respectively. They were fluid and yet retained a
long-range ordered lamellar mesophase (confirmed by XRD
study, Figure 7a, c, and e); they also show birefringence.
More importantly, they exhibit high electron carrier mobility
(around 3x1072cm?*V~!s™!), as investigated by a time-of-
flight setup.’” X-ray diffraction patterns of high-order and
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Figure 7. Three-box electronic density profiles and illustration of corre-
sponding molecular arrangements (b, d, and f) derived from the fits (red
line) of X-ray diffraction data (a, c, and e, experimental original data in
blue line) of 5, 6, and 8, respectively (in the mesophase).”>™! The insets
in a), c), and e) are polarized optical microscopy images. (Reproduced
with permission from the American Chemical Society).

systematic intensity variation can be observed. This proves
the perfectly lamellar structure and allows detailed studies
of the density profile (Figure 7a, c, and e).”*" These pat-
terns were well-fit by a three-box electronic density model
(Figure 7b, d, and f) with three distinct regions of electron
density. The three sections correspond to the Cg, alkyl
chains, and their connection segment. Judged from XRD,
the molecules are arranged in bilayers in which their long
axis is arranged perpendicular to the plane of the layers.
Unlike the lamellar structures of microparticles introduced
in the previous section, in the mesophase, Cg, derivatives
are arranged without interdigitation of alkyl tails. It is appar-
ent that the liquid crystal arises from the balance between
the disordering of the alkyl chains (entropic effect) and the
attractive Cg m—m interactions.”>”*! Our molecular design
allows a systematic study of such intermolecular interactions
by varying the number, position, and type of alkyl chains.
These findings are promising for Cy-based soft materials
with electrochemical and optoelectronic properties imple-
mented into a device.

Nanocarbon fluid: The position of the alkyl chains on the
phenyl group can influence the intermolecular interactions
between the Cg, derivatives and greatly impact the resulting
structure. Some of the intriguing examples are the Cy, deriv-

Chem. Eur. J. 2010, 16, 9330—-9338
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a)

11:R2=R4=Ré= -o-(CH2)1gCH3
12: R2 = R = R6 = -0-(CHy)15CHs
13: R2= R4 = R6 = -0-{CH,)11CH;

Figure 8. The molecular structure and photo images of room-temperature
Cq liquids (11-13).! (Reproduced with permission from the American
Chemical Society).

atives with alkyl chains tethered at 2,4,6-positions of the
phenyl substitution (11-13, Figure 8a). Such a substitution
pattern prevents aggregation of the Cg, moieties, and they
are liquid at room temperature (Figure 8b).”! Rheology
studies of these fluids revealed that the viscosity increases as
the length of alkyl chains decreases (approximately 1.2 x 10,
1.3x10* and 1.1x10°Pa for 13, 12, and 11, respectively).
This phenomenon is opposite to that of common alkane
molecules. The exact reason for the reversed trend is not
certain. Perhaps longer alkyl chains further isolate Cq and
increase their fluidity. Nevertheless, the redox properties of
Cq as well as their relatively high hole mobility (around 3 x
102 ecm?*V~'s™!) in these fluid nanocarbons make them an
attractive electronic material.

Summary and Outlook

Cg, derivatives that bear aliphatic chains act as uncommon
amphiphiles. Even though both C4 and the alkyl tails are
hydrophobic, there is sufficient lipophilic difference among
the two moieties to drive long-range ordered structures. In
addition, Cg, is relatively less hydrophobic than alkyl chains
and therefore contributes to the unique amphiphilic nature.
These derivatives are able to assemble various supramolec-
ular architectures depending on the preparation conditions
(“supramolecular polymorphism”). One of the unique fea-
tures of alkyl-conjugated Cgq, derivatives is their ability to
polymorph depending on the environment or on their mo-
lecular design. A wide variety of materials (microparticles,
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CONCEPT

thermotropic liquid crystals, and room-temperature liquids)
can be prepared by changing the substitution patterns,
number, and the type of alkyl chains on the phenyl group of
the C, derivative. Their self-assembly relies mainly on rela-
tively weak interactions, the van der Waals interaction of
alkyl tails, and m—m interactions among Cg,. The absence of
strong intermolecular forces, such as hydrogen bonding, and
the delicate balance between the van der Waals and n—m in-
teractions allows these molecules to exhibit a wide variety
of morphologies and functions. Perhaps such phenomena
may be also observed with other m-conjugated mole-
cules.”* The next milestone will be to develop a method
to implement these novel Cq, materials into a device. Precise
control over their morphology and the direction of their or-
ganization at the desired position (i.e., between electrodes)
will be critical for further development of supramolecular
technology.

Acknowledgements

This work was supported in part by KAKENHI (21655054 and 21111522)
from the Ministry of Education, Culture, Sciences, Sport, and Technology
(Japan), and “PRESTO,” JST (Japan). Much of the work was performed
within the joint German-Japanese laboratory supported by the Max-
Planck Society and the National Institute for Materials Science. The au-
thors are grateful to their co-workers and those who appear in our origi-
nal publications. We thank to Dr. H. Murakami (Nagasaki Univ.) for
helping with the CPK model preparation of molecule 2.

[1] D. W. P. M. Lowik, J. C. M. van Hest, Chem. Soc. Rev. 2004, 33, 234
245.
[2] J. A. A. W. Elemans, A. E. Rowan, R.J. M. Nolte, J. Mater. Chem.
2003, 13, 2661 -2670.
[3] A.Mueller, D. F. O’Brien, Chem. Rev. 2002, 102, 727-757.
[4] T. Kunitake, Angew. Chem. 1992, 104, 692-710; Angew. Chem. Int.
Ed. Engl 1992, 31, 709-726.
[5] P.L. Luisi, P. Walde, Perspectives in Supramolecular Chemistry), Vol.
6: Giant Vesicles, Wiley, New York, 2000.
[6] D. A. Edwards, F. Schneck, I. Zhang, A. M. J. Davis, H. Chen, R.
Langer, Biophys. J. 1996, 71, 1208-1214.
[7] J.-H. Fuhrhop, W. Helfrich, Chem. Rev. 1993, 93, 1565-1582.
[8] J-H. Ryu, D.-J. Hong, M. Lee, Chem. Commun. 2008, 1043-1054.
[9] W. Jin, Y. Yamamoto, T. Fukushima, N. Ishii, J. Kim, K. Kato, M.
Takata, T. Aida, J. Am. Chem. Soc. 2008, 130, 9434-9440.
[10] K. Yoshida, H. Minamikawa, S. Kamiya, T. Shimizu, S. Isoda, J.
Nanosci. Nanotechnol. 2007, 7, 960-964.
[11] J. M. Seddon, R. H. Templer, Philos. Trans. R. Soc. London Ser. A
1993, 344, 377-401.
[12] K. Lunkenheimer, J. C. Earnshaw, W. Barzyk, V. Dudnik, Prog. Col-
loid Polym. Sci. 2000, 116, 95-99.
[13] I. Kuzmenko, H. Rapaport, K. Kjaer, J. Als-Nielsen, I. Weissbuch,
M. Lahav, L. Leiserowitz, Chem. Rev. 2001, 101, 1659-1696.
[14] M. P. Krafft, M. Goldmann, Curr. Opin. Colloid Interface Sci. 2003,
8, 243-250.
[15] J. Israelachvili, Intermolecular and Surface Forces, Academic Press,
London, 1991.
[16] R.J. H. Hafkamp, M. C. Feiters, R. J. M. Nolte, Angew. Chem. 1994,
106, 1054-1055; Angew. Chem. Int. Ed. Engl. 1994, 33, 986-987.
[17] J. D. Hartgerink, E. Beniash, S.1. Stupp, Science 2001, 294, 1684—
1688.
[18] J. D. Hartgerink, E. Beniash, S. I. Stupp, Proc. Natl. Acad. Sci. USA
2002, 99, 5133-5138.

www.chemeurj.org — 9337


http://dx.doi.org/10.1039/b212638a
http://dx.doi.org/10.1039/b212638a
http://dx.doi.org/10.1039/b212638a
http://dx.doi.org/10.1039/b304972h
http://dx.doi.org/10.1039/b304972h
http://dx.doi.org/10.1039/b304972h
http://dx.doi.org/10.1039/b304972h
http://dx.doi.org/10.1021/cr000071g
http://dx.doi.org/10.1021/cr000071g
http://dx.doi.org/10.1021/cr000071g
http://dx.doi.org/10.1002/ange.19921040605
http://dx.doi.org/10.1002/ange.19921040605
http://dx.doi.org/10.1002/ange.19921040605
http://dx.doi.org/10.1002/anie.199207091
http://dx.doi.org/10.1002/anie.199207091
http://dx.doi.org/10.1002/anie.199207091
http://dx.doi.org/10.1002/anie.199207091
http://dx.doi.org/10.1016/S0006-3495(96)79334-7
http://dx.doi.org/10.1016/S0006-3495(96)79334-7
http://dx.doi.org/10.1016/S0006-3495(96)79334-7
http://dx.doi.org/10.1021/cr00020a008
http://dx.doi.org/10.1021/cr00020a008
http://dx.doi.org/10.1021/cr00020a008
http://dx.doi.org/10.1039/b713737k
http://dx.doi.org/10.1039/b713737k
http://dx.doi.org/10.1039/b713737k
http://dx.doi.org/10.1021/ja801179e
http://dx.doi.org/10.1021/ja801179e
http://dx.doi.org/10.1021/ja801179e
http://dx.doi.org/10.1166/jnn.2007.406
http://dx.doi.org/10.1166/jnn.2007.406
http://dx.doi.org/10.1166/jnn.2007.406
http://dx.doi.org/10.1166/jnn.2007.406
http://dx.doi.org/10.1021/cr990038y
http://dx.doi.org/10.1021/cr990038y
http://dx.doi.org/10.1021/cr990038y
http://dx.doi.org/10.1016/S1359-0294(03)00046-3
http://dx.doi.org/10.1016/S1359-0294(03)00046-3
http://dx.doi.org/10.1016/S1359-0294(03)00046-3
http://dx.doi.org/10.1016/S1359-0294(03)00046-3
http://dx.doi.org/10.1002/ange.19941060927
http://dx.doi.org/10.1002/ange.19941060927
http://dx.doi.org/10.1002/ange.19941060927
http://dx.doi.org/10.1002/ange.19941060927
http://dx.doi.org/10.1002/anie.199409861
http://dx.doi.org/10.1002/anie.199409861
http://dx.doi.org/10.1002/anie.199409861
http://dx.doi.org/10.1126/science.1063187
http://dx.doi.org/10.1126/science.1063187
http://dx.doi.org/10.1126/science.1063187
http://dx.doi.org/10.1073/pnas.072699999
http://dx.doi.org/10.1073/pnas.072699999
http://dx.doi.org/10.1073/pnas.072699999
http://dx.doi.org/10.1073/pnas.072699999
www.chemeurj.org

CHEMISTRY

T. Nakanishi et al.

A EUROPEAN JOURNAL

[19] E. Kokkoli, A. Mardilovich, A. Wedekind, E. L. Rexeisen, A. Garg,
J. A. Craig, Soft Matter 2006, 2, 1015-1024.

[20] R. Oda, F. Artzner, M. Laguerre, I. Huc, J. Am. Chem. Soc. 2008,
130, 14705-14712.

[21] H. Matsui, C. Holtman, Nano Lett. 2002, 2, 887-889.

[22] T. Kawasaki, M. Tokuhiro, N. Kimizuka, T. Kunitake, J. Am. Chem.
Soc. 2001, 123, 6792-6800.

[23] F.J. M. Hoeben, I. O. Shklyarevskiy, M. J. Pouderoijen, H. Engel-
kamp, A.P. H.J. Schenning, P. C. M. Christianen, J. C. Maan, E. W.
Meijer, Angew. Chem. 2006, 118, 1254—1258; Angew. Chem. Int. Ed.
2006, 45, 1232-1236.

[24] H. Maeda, Y. Ito, Y. Haketa, N. Eifuku, E. Lee, M. Lee, T. Hashish-
in, K. Kaneko, Chem. Eur. J. 2009, 15, 3706-3719.

[25] X. Zhang, S. Rehm, M. M. Safont-Sempere, F. Wiirthner, Nat.
Chem. 2009, 1, 623-629.

[26] Y. Yamamoto, T. Fukushima, Y. Suna, N. Ishii, A. Saeki, S. Seki, S.
Tagawa, M. Taniguchi, T. Kawai, T. Aida, Science 2006, 314, 1761—
1764.

[27] V. Percec, A. E. Dulcey, V. S. K. Balagurusamy, Y. Miura, J. Smidr-
kal, M. Peterca, S. Nummelin, U. Edlund, S.D. Hudson, P. A.
Heiney, H. Duan, S. N. Magonov, S. A. Vinogrado, Nature 2004, 430,
764-768.

[28] N. Martin, Chem. Commun. 2006, 2093 -2104.

[29] L. Sanchez, R. Otero, J. Gallego, R. Miranda, N. Martin, Chem. Rev.
2009, 109, 2081 -2091.

[30] A. Mateo-Alonso, D. M. Guldi, F. Paolucci, M. Prato, Angew. Chem.
2007, 119, 8266-8272; Angew. Chem. Int. Ed. 2007, 46, 8120-8126.

[31] D. Bonifazi, O. Enger, F. Diederich, Chem. Soc. Rev. 2007, 36, 390—
414.

[32] E. Nakamura, H. Isobe, Acc. Chem. Res. 2003, 36, 807-815.

[33] J.-F. Nierengarten, New J. Chem. 2004, 28, 1177-1191.

[34] B. Schade, K. Ludwig, C. Bottcher, U. Hartnagel, A. Hirsch, Angew.
Chem. 2007, 119, 4472-4475; Angew. Chem. Int. Ed. 2007, 46, 4393 —
4396.

[35] N. Nakashima, T. Ishii, M. Shirakusa, T. Nakanishi, H. Murakami, T.
Sagara, Chem. Eur. J. 2001, 7, 1766—1772.

[36] A.M. Cassell, C. L. Asplund, J. M. Tour, Angew. Chem. 1999, 111,
2565-2568; Angew. Chem. Int. Ed. 1999, 38, 2403-2405.

[37] M. Brettreich, S. Burghardt, C. Boéttcher, T. Bayerl, S. Bayerl, A.
Hirsch, Angew. Chem. 2000, 112, 1915-1918; Angew. Chem. Int. Ed.
2000, 39, 1845-1848.

[38] V. Georgakilas, F. Pellarini, M. Prato, D. Guldi, M. Melle-Franco, F.
Zerbetto, Proc. Natl. Acad. Sci. USA 2002, 99, 5075-5080.

[39] D.M. Guldi, F. Zerbetto, V. Georgakilas, M. Prato, Acc. Chem. Res.
2005, 38, 38—-43.

[40] S. Zhou, C. Burger, B. Chu, M. Sawamura, N. Nagahama, M. Toga-
noh, U. Hackler, H. Isobe, E. Nakamura, Science 2001, 291, 1944 —
1947.

[41] H. Isobe, T. Homma, E. Nakamura, Proc. Natl. Acad. Sci. USA
2007, 104, 14895-14898.

[42] Y. Ishikawa, H. Kuwahara, T. Kunitake, J. Am. Chem. Soc. 1994,
116, 5579-5591.

[43] A. Patnaik, J. Nanosci. Nanotechnol. 2007, 7, 1111-1150.

[44] T. Homma, K. Harano, H. Isobe, E. Nakamura, Angew. Chem. 2010,
122,1709-1712; Angew. Chem. Int. Ed. 2010, 49, 1665—1668.

[45] H. Murakami, T. Nakanishi, M. Morita, N. Taniguchi, N. Nakashima,
Chem. Asian J. 2006, 1, 860-867.

[46] H. Murakami, Y. Watanabe, N. Nakashima, J. Am. Chem. Soc. 1996,
118, 4484 -4485.

[47] T. Nakanishi, H. Murakami, N. Nakashima, Chem. Lett. 1998, 1219 -
1220.

[48] E. Mouri, T. Nakanishi, N. Nakashima, H. Matsuoka, Langmuir
2002, 18, 10042-10045.

[49] T. Nakanishi, M. Morita, H. Murakami, T. Sagara, N. Nakashima,
Chem. Eur. J. 2002, 8, 1641 -1648.

[50] F. Song, S. Zhang, D. Bonifazi, O. Enger, F. Diederich, L. Echegoy-
en, Langmuir 2005, 21, 9246-9250.

[51] Y.-S. Shon, K. F. Kelly, N.J. Halas, T. R. Lee, Langmuir 1999, 15,
5329-5332.

[52] R.R. Sahoo, A. Patnaik, Appl. Surf. Sci. 2005, 245, 26-38.

[53] D. Dattilo, L. Armelao, M. Maggini, G. Fois, G. Mistura, Langmuir
2006, 22, 8764 —-8769.

[54] M. R. Linford, P. Fenter, P. M. Eisenberger, C. E. D. Chidsey, J. Am.
Chem. Soc. 1995, 117, 3145-3155.

[55] C.D. Bain, E. B. Troughton, Y.-T. Tao, J. Evall, G. M. Whitesides,
R. G. Nuzzo, J. Am. Chem. Soc. 1989, 111, 321-335.

[56] T. Nakanishi, Y. Shen, J. Wang, H. Li, P. Fernandes, K. Yoshida, S.
Yagai, M. Takeuchi, K. Ariga, D. G. Kurth, H. Méhwald, J. Mater.
Chem. 2010, 20, 1253-1260.

[57] L. Yang, N. Shirahata, G. Saini, F. Zhang, L. Pei, M. Asplund, D. G.
Kurth, K. Ariga, K. Sautter, T. Nakanishi, V. Smentkowski, M. R.
Linford, Langmuir 2009, 25, 5674—5683.

[58] T. Nakanishi, W. Schmitt, T. Michinobu, D. G. Kurth, K. Ariga,
Chem. Commun. 2005, 5982—-5984.

[59] T. Nakanishi, Chem. Commun. 2010, 46, 3425-3436.

[60] T. Nakanishi, T. Michinobu, K. Yoshida, N. Shirahata, K. Ariga, H.
Mohwald, D. G. Kurth, Adv. Mater. 2008, 20, 443 —-446.

[61] T. Nakanishi, K. Ariga, T. Michinobu, K. Yoshida, H. Takahashi, T.
Teranishi, H. Mohwald, D. G. Kurth, Small 2007, 3, 2019-2023.

[62] R. Tsunashima, S. Noro, T. Akutagawa, T. Nakamura, H. Kawaka-
mi, K. Toma, Chem. Eur. J. 2008, 14, 8169-8176.

[63] J. Wang, Y. Shen, S. Kessel, P. Fernandes, K. Yoshida, S. Yagai,
D. G. Kurth, H. Moéhwald, T. Nakanishi, Angew. Chem. 2009, 121,
2200-2204; Angew. Chem. Int. Ed. 2009, 48, 2166-2170.

[64] Y. Shen, J. Wang, U. Kuhlmann, P. Hildebrandt, K. Ariga, H. Moh-
wald, D. G. Kurth, T. Nakanishi, Chem. Eur. J. 2009, 15, 2763-2767.

[65] X.-M. Li, D. Reinhoudt, M. Crego-Calama, Chem. Soc. Rev. 2007,
36, 1350-1368.

[66] A.B.D. Cassie, S. Baxter, Trans. Faraday Soc. 1944, 40, 546-551.

[67] H. Mamlouk, B. Heinrich, C. Bourgogne, B. Donnio, D. Guillon, D.
Felder-Flesch, J. Mater. Chem. 2007, 17, 2199-2205.

[68] C.-Z. Li, Y. Matsuo, E. Nakamura, J. Am. Chem. Soc. 2009, 131,
17058-17059.

[69] M. Sawamura, K. Kawai, Y. Matsuo, K. Kanie, T. Kato, E. Naka-
mura, Nature 2002, 419, 702-705.

[70] S. Campidelli, T. Brandmiiller, A. Hirsch, I. M. Saez, J. W. Goodby,
R. Deschenaux, Chem. Commun. 2006, 4282 —-4284.

[71] W. Li, Y. Yamamoto, T. Fukushima, A. Saeki, S. Seki, S. Tagawa, H.
Masunaga, S. Sasaki, M. Takata, T. Aida, J. Am. Chem. Soc. 2008,
130, 8886—-8887.

[72] T. Nakanishi, Y. Shen, J. Wang, S. Yagai, M. Funahashi, T. Kato, P.
Fernandes, H. Mohwald, D. G. Kurth, J. Am. Chem. Soc. 2008, 130,
9236-9237.

[73] P. A. L. Fernandes, S. Yagai, H. Mohwald, T. Nakanishi, Langmuir
2010, 26, 4339-4345.

[74] L. G. Parratt, Phys. Rev. 1954, 95, 359-369.

[75] T. Michinobu, T. Nakanishi, J. Hill, M. Funahashi, K. Ariga, J. Am.
Chem. Soc. 2006, 128, 10384-10385.

[76] S. Yagai, T. Kinoshita, M. Higashi, K. Kishikawa, T. Nakanishi, T.
Karatsu, A. Kitamura, J. Am. Chem. Soc. 2007, 129, 13277-13287.

[77] L. Wang, Y. Zhou, J. Yan, J. Wang, J. Pei, Y. Cao, Langmuir 2009,
25,1306-1310.

[78] H. Maeda, Y. Kusunose, M. Terasaki, Y. Ito, C. Fujimoto, R. Fujii,
T. Nakanishi, Chem. Asian J. 2007, 2, 350-357.

Received: April 2, 2010
Published online: June 25, 2010

www.chemeurj.org

9338 ——

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2010, 16, 9330—-9338


http://dx.doi.org/10.1039/b608929a
http://dx.doi.org/10.1039/b608929a
http://dx.doi.org/10.1039/b608929a
http://dx.doi.org/10.1021/ja8048964
http://dx.doi.org/10.1021/ja8048964
http://dx.doi.org/10.1021/ja8048964
http://dx.doi.org/10.1021/ja8048964
http://dx.doi.org/10.1021/nl025606v
http://dx.doi.org/10.1021/nl025606v
http://dx.doi.org/10.1021/nl025606v
http://dx.doi.org/10.1021/ja010035e
http://dx.doi.org/10.1021/ja010035e
http://dx.doi.org/10.1021/ja010035e
http://dx.doi.org/10.1021/ja010035e
http://dx.doi.org/10.1002/ange.200502187
http://dx.doi.org/10.1002/ange.200502187
http://dx.doi.org/10.1002/ange.200502187
http://dx.doi.org/10.1002/anie.200502187
http://dx.doi.org/10.1002/anie.200502187
http://dx.doi.org/10.1002/anie.200502187
http://dx.doi.org/10.1002/anie.200502187
http://dx.doi.org/10.1002/chem.200802152
http://dx.doi.org/10.1002/chem.200802152
http://dx.doi.org/10.1002/chem.200802152
http://dx.doi.org/10.1038/nchem.368
http://dx.doi.org/10.1038/nchem.368
http://dx.doi.org/10.1038/nchem.368
http://dx.doi.org/10.1038/nchem.368
http://dx.doi.org/10.1126/science.1134441
http://dx.doi.org/10.1126/science.1134441
http://dx.doi.org/10.1126/science.1134441
http://dx.doi.org/10.1038/nature02770
http://dx.doi.org/10.1038/nature02770
http://dx.doi.org/10.1038/nature02770
http://dx.doi.org/10.1038/nature02770
http://dx.doi.org/10.1002/ange.200702725
http://dx.doi.org/10.1002/ange.200702725
http://dx.doi.org/10.1002/ange.200702725
http://dx.doi.org/10.1002/ange.200702725
http://dx.doi.org/10.1002/anie.200702725
http://dx.doi.org/10.1002/anie.200702725
http://dx.doi.org/10.1002/anie.200702725
http://dx.doi.org/10.1039/b604308a
http://dx.doi.org/10.1039/b604308a
http://dx.doi.org/10.1039/b604308a
http://dx.doi.org/10.1021/ar030027y
http://dx.doi.org/10.1021/ar030027y
http://dx.doi.org/10.1021/ar030027y
http://dx.doi.org/10.1039/b402661f
http://dx.doi.org/10.1039/b402661f
http://dx.doi.org/10.1039/b402661f
http://dx.doi.org/10.1002/ange.200604784
http://dx.doi.org/10.1002/ange.200604784
http://dx.doi.org/10.1002/ange.200604784
http://dx.doi.org/10.1002/ange.200604784
http://dx.doi.org/10.1002/anie.200604784
http://dx.doi.org/10.1002/anie.200604784
http://dx.doi.org/10.1002/anie.200604784
http://dx.doi.org/10.1002/1521-3765(20010417)7:8%3C1766::AID-CHEM17660%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3765(20010417)7:8%3C1766::AID-CHEM17660%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3765(20010417)7:8%3C1766::AID-CHEM17660%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3757(19990816)111:16%3C2565::AID-ANGE2565%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1521-3757(19990816)111:16%3C2565::AID-ANGE2565%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1521-3757(19990816)111:16%3C2565::AID-ANGE2565%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1521-3757(19990816)111:16%3C2565::AID-ANGE2565%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3C2403::AID-ANIE2403%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3C2403::AID-ANIE2403%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3773(19990816)38:16%3C2403::AID-ANIE2403%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3757(20000515)112:10%3C1915::AID-ANGE1915%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3757(20000515)112:10%3C1915::AID-ANGE1915%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3757(20000515)112:10%3C1915::AID-ANGE1915%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1845::AID-ANIE1845%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1845::AID-ANIE1845%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1845::AID-ANIE1845%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(20000515)39:10%3C1845::AID-ANIE1845%3E3.0.CO;2-Q
http://dx.doi.org/10.1073/pnas.072006599
http://dx.doi.org/10.1073/pnas.072006599
http://dx.doi.org/10.1073/pnas.072006599
http://dx.doi.org/10.1021/ar040222s
http://dx.doi.org/10.1021/ar040222s
http://dx.doi.org/10.1021/ar040222s
http://dx.doi.org/10.1021/ar040222s
http://dx.doi.org/10.1126/science.291.5510.1944
http://dx.doi.org/10.1126/science.291.5510.1944
http://dx.doi.org/10.1126/science.291.5510.1944
http://dx.doi.org/10.1073/pnas.0705010104
http://dx.doi.org/10.1073/pnas.0705010104
http://dx.doi.org/10.1073/pnas.0705010104
http://dx.doi.org/10.1073/pnas.0705010104
http://dx.doi.org/10.1021/ja00092a008
http://dx.doi.org/10.1021/ja00092a008
http://dx.doi.org/10.1021/ja00092a008
http://dx.doi.org/10.1021/ja00092a008
http://dx.doi.org/10.1166/jnn.2007.303
http://dx.doi.org/10.1166/jnn.2007.303
http://dx.doi.org/10.1166/jnn.2007.303
http://dx.doi.org/10.1002/asia.200600229
http://dx.doi.org/10.1002/asia.200600229
http://dx.doi.org/10.1002/asia.200600229
http://dx.doi.org/10.1021/ja960037c
http://dx.doi.org/10.1021/ja960037c
http://dx.doi.org/10.1021/ja960037c
http://dx.doi.org/10.1021/ja960037c
http://dx.doi.org/10.1246/cl.1998.1219
http://dx.doi.org/10.1246/cl.1998.1219
http://dx.doi.org/10.1246/cl.1998.1219
http://dx.doi.org/10.1021/la0204895
http://dx.doi.org/10.1021/la0204895
http://dx.doi.org/10.1021/la0204895
http://dx.doi.org/10.1021/la0204895
http://dx.doi.org/10.1002/1521-3765(20020402)8:7%3C1641::AID-CHEM1641%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3765(20020402)8:7%3C1641::AID-CHEM1641%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3765(20020402)8:7%3C1641::AID-CHEM1641%3E3.0.CO;2-4
http://dx.doi.org/10.1021/la051377r
http://dx.doi.org/10.1021/la051377r
http://dx.doi.org/10.1021/la051377r
http://dx.doi.org/10.1021/la981597n
http://dx.doi.org/10.1021/la981597n
http://dx.doi.org/10.1021/la981597n
http://dx.doi.org/10.1021/la981597n
http://dx.doi.org/10.1016/j.apsusc.2004.07.071
http://dx.doi.org/10.1016/j.apsusc.2004.07.071
http://dx.doi.org/10.1016/j.apsusc.2004.07.071
http://dx.doi.org/10.1021/la060833o
http://dx.doi.org/10.1021/la060833o
http://dx.doi.org/10.1021/la060833o
http://dx.doi.org/10.1021/la060833o
http://dx.doi.org/10.1021/ja00116a019
http://dx.doi.org/10.1021/ja00116a019
http://dx.doi.org/10.1021/ja00116a019
http://dx.doi.org/10.1021/ja00116a019
http://dx.doi.org/10.1021/ja00183a049
http://dx.doi.org/10.1021/ja00183a049
http://dx.doi.org/10.1021/ja00183a049
http://dx.doi.org/10.1039/b916612b
http://dx.doi.org/10.1039/b916612b
http://dx.doi.org/10.1039/b916612b
http://dx.doi.org/10.1039/b916612b
http://dx.doi.org/10.1021/la804272n
http://dx.doi.org/10.1021/la804272n
http://dx.doi.org/10.1021/la804272n
http://dx.doi.org/10.1039/b512320h
http://dx.doi.org/10.1039/b512320h
http://dx.doi.org/10.1039/b512320h
http://dx.doi.org/10.1039/c001723j
http://dx.doi.org/10.1039/c001723j
http://dx.doi.org/10.1039/c001723j
http://dx.doi.org/10.1002/adma.200701537
http://dx.doi.org/10.1002/adma.200701537
http://dx.doi.org/10.1002/adma.200701537
http://dx.doi.org/10.1002/smll.200700647
http://dx.doi.org/10.1002/smll.200700647
http://dx.doi.org/10.1002/smll.200700647
http://dx.doi.org/10.1002/chem.200800493
http://dx.doi.org/10.1002/chem.200800493
http://dx.doi.org/10.1002/chem.200800493
http://dx.doi.org/10.1002/ange.200900106
http://dx.doi.org/10.1002/ange.200900106
http://dx.doi.org/10.1002/ange.200900106
http://dx.doi.org/10.1002/ange.200900106
http://dx.doi.org/10.1002/anie.200900106
http://dx.doi.org/10.1002/anie.200900106
http://dx.doi.org/10.1002/anie.200900106
http://dx.doi.org/10.1002/chem.200802358
http://dx.doi.org/10.1002/chem.200802358
http://dx.doi.org/10.1002/chem.200802358
http://dx.doi.org/10.1039/b602486f
http://dx.doi.org/10.1039/b602486f
http://dx.doi.org/10.1039/b602486f
http://dx.doi.org/10.1039/b602486f
http://dx.doi.org/10.1039/tf9444000546
http://dx.doi.org/10.1039/tf9444000546
http://dx.doi.org/10.1039/tf9444000546
http://dx.doi.org/10.1039/b700460e
http://dx.doi.org/10.1039/b700460e
http://dx.doi.org/10.1039/b700460e
http://dx.doi.org/10.1021/ja907908m
http://dx.doi.org/10.1021/ja907908m
http://dx.doi.org/10.1021/ja907908m
http://dx.doi.org/10.1021/ja907908m
http://dx.doi.org/10.1038/nature01110
http://dx.doi.org/10.1038/nature01110
http://dx.doi.org/10.1038/nature01110
http://dx.doi.org/10.1039/b610350b
http://dx.doi.org/10.1039/b610350b
http://dx.doi.org/10.1039/b610350b
http://dx.doi.org/10.1021/ja802757w
http://dx.doi.org/10.1021/ja802757w
http://dx.doi.org/10.1021/ja802757w
http://dx.doi.org/10.1021/ja802757w
http://dx.doi.org/10.1021/ja803593j
http://dx.doi.org/10.1021/ja803593j
http://dx.doi.org/10.1021/ja803593j
http://dx.doi.org/10.1021/ja803593j
http://dx.doi.org/10.1021/la903429j
http://dx.doi.org/10.1021/la903429j
http://dx.doi.org/10.1021/la903429j
http://dx.doi.org/10.1021/la903429j
http://dx.doi.org/10.1103/PhysRev.95.359
http://dx.doi.org/10.1103/PhysRev.95.359
http://dx.doi.org/10.1103/PhysRev.95.359
http://dx.doi.org/10.1021/ja063866z
http://dx.doi.org/10.1021/ja063866z
http://dx.doi.org/10.1021/ja063866z
http://dx.doi.org/10.1021/ja063866z
http://dx.doi.org/10.1021/ja075257c
http://dx.doi.org/10.1021/ja075257c
http://dx.doi.org/10.1021/ja075257c
http://dx.doi.org/10.1021/la8038494
http://dx.doi.org/10.1021/la8038494
http://dx.doi.org/10.1021/la8038494
http://dx.doi.org/10.1021/la8038494
http://dx.doi.org/10.1002/asia.200600379
http://dx.doi.org/10.1002/asia.200600379
http://dx.doi.org/10.1002/asia.200600379
www.chemeurj.org

